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Preface

In the present scenario of using thin films to realize miniature devices, multilayer
thin films have become important for applications. Although the single layer is the
ideal technology, the multilayer thin films are a more realistic technology, from
the price index and the device dimensions point of view. Mechanical, electrical 
and electronic, magnetic, and optical devices have shown better performance with
large scale integration thereby saving lots of space. Ultra-thin films with multilayer
configurations can function more efficiently. If we consider the physics, chemistry, 
and engineering aspects, multilayer thin films can be controlled more precisely. 
It is also relatively easier to fabricate and study the multilayer films than the single
layer films. With these views, technologists prefer multilayer thin films for recent
applications in solar cells, sensors, and spintronic devices.

This edited book consists of thirteen chapters. The authors have presented different
aspects of multilayer thin films. Repeated research has confirmed the vital use
of multilayer thin films with optimal results. Except for some rigorously precise
gadgets where single layer thin films are superior, the multilayer films are largely
used and make miniature devices more popular. The chapters discuss the different
materials and their thin films for various applications. Of late, solar cells and sensors
technology have replaced many conventional textures of thin films and are using
multilayer thin films. Especially in the sensor devices with graphene technology
with multilayer structures shown as the most efficient detectors. The authors
have described the use of multilayer graphene thin films as gas/vapor sensors for
monitoring environmental pollution. The composite thin films with different
combinations of nanomaterials have also been highlighted with a score of advantages.

The chapters are evenly distributed on different aspects of materials, devices, and
the mechanism of ultrathin layers. With the development of multilayer thin films,
a new type of binary and ternary composite sensors has been evaluated and been
found to be quite efficient as multilayer devices. The material part is very relevant for
the formation of nanolevel thin films. In this book, most of the chapters discuss the
materials technology. The device configurations are also given importance. Finally,
the applications have been elaborated on in some chapters. It is envisaged that this
book will lead to more awareness of the multilayer thin films, its importance, and
the advantages over the single layer films for uses in the modern technology.

Finally, it is expected that the book may act as a map for the scientists and 
technologists for carrying on more research and development work on multilayer
thin films for varied applications. This development will show how a material with
some intrinsic defects in the language of science and technology can have more
advantages than the so-called more perfect materials. The successful technology
does not only mean the theoretical perfections and available at much higher
costs but it means the relatively low-cost materials with appreciably high output. 
In the present trend, the functional materials mean the upliftment of so-called 
inferior materials through different modifications such as thermal annealing, 
laser annealing, and chemical treatment of the multilayer thin films. In this book we
aim to bring attention on these directions.
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Chapter 1

A Review on Metal
Oxide-Graphene Derivative
Nano-Composite Thin Film
Gas Sensors
Arnab Hazra, Nagesh Samane and Sukumar Basu

Abstract

Most of the available commercial solid-state gas/vapor sensors are based on
metal oxide semiconductors. Metal oxides (MOs) change their conductivity while
exposed to gas or vapors ambient can be utilized as gas or vapor sensing materials.
In recent days, graphene has attracted tremendous attention owing to its two-
dimensional structure with an extremely high surface to volume ratio, electron
mobility, and thermal conductivity. However, intrinsic graphene is relatively inef-
ficient for the adsorption of gas/vapor molecules. In this regard, graphene oxide
(GO) and reduced graphene oxide (rGO), which are graphene species
functionalized with different oxygen groups that offer a higher amount of adsorp-
tion sites improving the sensitivity of the film. Up to now, many research groups
across the globe have reported the promising performance towards gas detection
using various GO/rGO-metal oxide nanocomposites. This chapter reviews the com-
posites of graphene oxide or reduced graphene oxide and metal oxides in nanoscale
dimensions (0-D, 1-D, 2-D, and 3-D) for gas sensing applications considering two
specific focus areas, that is, synthesis of nanocomposites and performance
assessment for gas/vapor sensing.

Keywords: nanoscale metal oxide, graphene derivatives, nanocomposites,
efficient gas sensing

1. Introduction

In today’s world, gas/vapor sensors have received significant attention because
of their important applications in numerous areas such as environmental monitor-
ing at industry and domestic area [1], disease diagnosis [2], agriculture [3], indus-
trial wastes [4], food quality monitoring, etc. The detection of gases like NO, NO2,
NH3, CO, CO2, SO2, H2S, etc. is essential in many fields especially in environmental
monitoring due to their toxicity and the related risk to the ecosystem [1–4]. Detec-
tion of volatile organic compounds (VOCs) is of great importance in environmental
safety, supervision of human health, and food quality monitoring [1–3]. The detec-
tion of frequently used VOCs like acetone [5], formaldehyde [6], methanol [7], etc.
is essential because they produce toxic effects, even in low concentrations, on
human health. Detection of ethanol in human breath is important to restrict the
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drunken driving-related issue [8]. Timely detection of released VOCs from stored
vegetables and fruits is important to monitor their quality and freshness [9]. So,
simple and reliable detections of gases and VOCs are important in everyday life.

Most of the existing commercial gas/vapor sensors are based on metal oxide
(MO) semiconductors and polymer materials. However, the limitations of these gas
sensors can be one or more as follows: costly, low sensitivity in lower ppm or ppb
level, poor selectivity, limited lifetime, poor repeatability, difficult to miniaturiza-
tion high power consumption [4, 10, 11], etc. As an alternative, nanostructured
material-based gas/vapor sensors have gained significant importance due to many
promising electrical, thermal, and optical characteristics combined with very high
effective surface area, high sensitivity, fast response and recovery, selectivity,
repeatability and stability [11], etc. Different carbon nanomaterials, such as
graphene, graphene oxide (GO), carbon nanotube (CNT), charcoal, etc. have been
shown to be promising gas/vapor sensing behavior due to the simple modifying
their sensitivity by easy chemical treatments [12–14].

The limitations of intrinsic graphene are: (i) difficult to synthesize in large scale,
(ii) it has almost no functional groups that can use for the adsorption of gas/vapor
molecules, and (iii) it has metallic behavior with almost zero band gap [4, 13]. The
prime performance enhancement methods in graphene-based sensors are found to
be suitable impurity doping, composite formation, functionalization, implementa-
tion in field-effect transistor (FET) structure, etc. In this situation, reduced
graphene oxide (rGO), which is graphene functionalized with different oxygen
groups that provide enhanced adsorption sites, is more favorable for improving
sensitivity. Besides very high thermal stability, the rGO sample contains many
dangling bonds which can act as adsorption sites for gas analytes [15, 16].

Although many literatures suggested that the gas sensing performance can be
improved by the structural and morphological variations, this is an insufficient
approach for the growing demands of the gas/vapor sensing device performance.
Single component transition metal oxide and carbon-based materials still suffer
from some limitations arising from their inadequate physical and chemical charac-
teristics that may hinder their large scale applications for high-performance
gas/vapor sensors. Owing to their variable chemical conformation, synergistic
properties, heterostructured nano-hybrids components, and nanocomposites are
expected to show more admirable gas/vapor sensing performance [15, 17].

Metal oxide nanostructures are frequently hybridized with (i) noble and transi-
tion metals like Pd, Pt, Au, Ag, Ni, Nb, and so on, (ii) other metal oxides,
(iii) carbon-based nanomaterials like CNT, graphene, and graphene-derivatives like
GO and rGO to improve the gas sensing performance. Among all these
functionalized materials, graphene and its derivatives attract tremendous attention
for hybridizing with nanostructured metal oxides for promising gas/vapor sensing
applications. Improvement of gas sensing properties of graphene/metal oxides
hybrids principally depends on the following four factors:

(i) graphene derivative like GO or rGO supplies more dangling bonds and active
interaction sites for gas/vapor molecule adsorption/reaction; (ii) its large effective
surface area also enhance the gas sensing performance [15, 16]; (iii) metal oxide
nanostructures have been extensively discovered as gas/vapor sensors due to the
relatively high sensitivity of their electrical conductance to the target adsorbents.
Thus the presence of rGO layers on metal oxide surface, electrical properties exhibit
large and fast changes in the occurrence of gases/vapors improving overall sensing
performance of the sensor; (iv) while GO and rGO show ambipolar behavior in the
electron and hole concentration, they show hole-dominant p-type conducting
properties owing to the adsorbed water and oxygen molecular species. Also, a
nanocomposite of p-type rGO with an n-type transition metal oxide form a p-n
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heterojunctions and the resulting complex nanostructure may exhibit better sensing
performances than those of the individual materials. Numerous research has
confirmed that the p-n heterojunction formed by p and n-type materials can play
a positive role in the sensing mechanism [18–20].

However, a wide variety of nanostructured metal oxides and its composite with
GO and rGO have been reported for efficient gas/vapor sensing applications in last
one decade. In this chapter, we have categorized the graphene nanocomposites
based on the morphology of metal oxides, that is, zero-dimensional (0-D like
nanoparticles, quantum dots, etc.), one dimensional (1-D like nanorods, nanotubes,
nanofibers, etc.), two dimensional (2-D like nanosheets, nanoplates, etc.), and
three-dimensional (3-D like nanoflower, nanospheres, etc.). Synthesis, fabrication
of graphene/nanoscale metal oxides nanocomposites and their performance
assessment for gas/vapor sensing application are the main objective of the article.

2. Synthesis nanoscale metal oxides and graphene derivatives composite

In this section, the synthesis of graphene and its derivatives like graphene oxide
(GO) and reduced graphene oxides (rGO) is described in the first sub-section. Then
the synthesis of nanoscale metal oxides, as well as the nanohybrid formation, is
described in the next sub-section.

2.1 Synthesis of graphene and graphene-derivatives

Graphene is considered as the parent of all graphitic forms [21]. The purest form
of graphene is named as pristine graphene (with no heteroatomic contamination)
where ‘scotch tape method’ widely accepted for producing the highest quality of
graphene [22]. Graphene produced from micromechanical cleavage, that is, adhe-
sive tape method can isolate only a small amount of graphene, hence this method is
used to isolate graphene for research purposes. For large scale production of
graphene, various methods have been reported in the literature which can be
broadly classified into two categories: top-bottom approach and bottom-up
approach [23].

Top-bottom methods mainly involve breaking of the van derWaals bonds which
hold layers of graphene to form graphite [22]. Top-bottom approach involves elec-
trochemical exfoliation, exfoliation of graphite intercalation compounds (GIC),
micromechanical cleavage, solvent-based exfoliation of graphite oxide, arc dis-
charge, etc. [23]. Among these methods, exfoliation of graphite oxide has received
great attention as graphite oxide is easily produced by oxidation of graphite as
reported in the Hummers method. Graphite oxide is exfoliated to obtain graphene
oxide which is reduced to form reduced graphene oxide (rGO). Reduction process
can be thermal, chemical, or UV-based method [24]. Bottom-up approach involves
forming of large-area graphene sheet via growth over the substrates and one of the
most potential methods is chemical vapor deposition (CVD) [23].

Along with graphene, researchers have also worked on the synthesis of graphene
oxide (GO) as well as reduced graphene oxide (rGO) in recent years. rGO
nanoparticles was prepared by thermal reduction of GO which is again obtained
from Hummer’s method [25]. However, the required quality of graphene and
graphene derivatives (rGO, GO) depends on its applications and based on that the
methods of production are decided. Till date, CVD [26, 27] and modified Hummer’s
method [28–30] are most suitable for the synthesis of graphene and GO,
respectively, in context of the formation of metal oxide/graphene, metal
oxide/rGO, metal oxide/GO nanocomposite.
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relatively high sensitivity of their electrical conductance to the target adsorbents.
Thus the presence of rGO layers on metal oxide surface, electrical properties exhibit
large and fast changes in the occurrence of gases/vapors improving overall sensing
performance of the sensor; (iv) while GO and rGO show ambipolar behavior in the
electron and hole concentration, they show hole-dominant p-type conducting
properties owing to the adsorbed water and oxygen molecular species. Also, a
nanocomposite of p-type rGO with an n-type transition metal oxide form a p-n
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heterojunctions and the resulting complex nanostructure may exhibit better sensing
performances than those of the individual materials. Numerous research has
confirmed that the p-n heterojunction formed by p and n-type materials can play
a positive role in the sensing mechanism [18–20].

However, a wide variety of nanostructured metal oxides and its composite with
GO and rGO have been reported for efficient gas/vapor sensing applications in last
one decade. In this chapter, we have categorized the graphene nanocomposites
based on the morphology of metal oxides, that is, zero-dimensional (0-D like
nanoparticles, quantum dots, etc.), one dimensional (1-D like nanorods, nanotubes,
nanofibers, etc.), two dimensional (2-D like nanosheets, nanoplates, etc.), and
three-dimensional (3-D like nanoflower, nanospheres, etc.). Synthesis, fabrication
of graphene/nanoscale metal oxides nanocomposites and their performance
assessment for gas/vapor sensing application are the main objective of the article.

2. Synthesis nanoscale metal oxides and graphene derivatives composite

In this section, the synthesis of graphene and its derivatives like graphene oxide
(GO) and reduced graphene oxides (rGO) is described in the first sub-section. Then
the synthesis of nanoscale metal oxides, as well as the nanohybrid formation, is
described in the next sub-section.

2.1 Synthesis of graphene and graphene-derivatives

Graphene is considered as the parent of all graphitic forms [21]. The purest form
of graphene is named as pristine graphene (with no heteroatomic contamination)
where ‘scotch tape method’ widely accepted for producing the highest quality of
graphene [22]. Graphene produced from micromechanical cleavage, that is, adhe-
sive tape method can isolate only a small amount of graphene, hence this method is
used to isolate graphene for research purposes. For large scale production of
graphene, various methods have been reported in the literature which can be
broadly classified into two categories: top-bottom approach and bottom-up
approach [23].

Top-bottom methods mainly involve breaking of the van derWaals bonds which
hold layers of graphene to form graphite [22]. Top-bottom approach involves elec-
trochemical exfoliation, exfoliation of graphite intercalation compounds (GIC),
micromechanical cleavage, solvent-based exfoliation of graphite oxide, arc dis-
charge, etc. [23]. Among these methods, exfoliation of graphite oxide has received
great attention as graphite oxide is easily produced by oxidation of graphite as
reported in the Hummers method. Graphite oxide is exfoliated to obtain graphene
oxide which is reduced to form reduced graphene oxide (rGO). Reduction process
can be thermal, chemical, or UV-based method [24]. Bottom-up approach involves
forming of large-area graphene sheet via growth over the substrates and one of the
most potential methods is chemical vapor deposition (CVD) [23].

Along with graphene, researchers have also worked on the synthesis of graphene
oxide (GO) as well as reduced graphene oxide (rGO) in recent years. rGO
nanoparticles was prepared by thermal reduction of GO which is again obtained
from Hummer’s method [25]. However, the required quality of graphene and
graphene derivatives (rGO, GO) depends on its applications and based on that the
methods of production are decided. Till date, CVD [26, 27] and modified Hummer’s
method [28–30] are most suitable for the synthesis of graphene and GO,
respectively, in context of the formation of metal oxide/graphene, metal
oxide/rGO, metal oxide/GO nanocomposite.
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2.2 Synthesis metal oxide nanostructures and graphene derivatives composites

Synthesis of hybrid graphene with different nanoscale metal oxides are classified
in four categories, that is, graphene/0-D metal oxides, graphene/1-D metal oxides,
graphene/2-D metal oxides, and graphene/3-D metal oxides.

2.2.1 Synthesis of graphene/0-D metal oxides composites

Synthesis of metal oxide nanoparticles (NPs) and GO/rGO composites which
was used for efficient gas sensing applications is described in this section. Among all
the metal oxides, SnO2 was reported mostly to synthesize nano composites with
graphene and its derivatives (GO and rGO). At the same time, nanoparticles of
metal oxides were preferred majorly to prepare the monohybrids with GO and rGO.
Different chemical synthesis techniques were followed to develop the
nanocomposites of metal oxide/rGO like hydrothermal, solvothermal, flame spray
pyrolysis, etc. [31, 32].

Hydrothermal is one of the commonly reported techniques for preparing metal
oxide nanoparticles-rGO composites. Among different metal oxides, SnO2

nanoparticles were reported extensively to prepare nano-hybrid with rGO for effi-
cient gas sensing application [33–42]. SnO2/rGO [33–35] nano-hybrid was prepared
by facile hydrothermal treatment where precursor was prepared with mixture of
SnCl4, HCl, H2O, and GO (or rGO). Heating temperatures were reported as 120°C
[33] and 180°C [34, 35] whereas the heating time was 12 h, consistent for all the
reports. Different weight% (0.5–5 wt.%) of Au was added in the SnO2/rGO
nanocomposite by using HAuCl4 salt to study the effect of Au concentration on the
sensitivity of SnO2/rGO gas sensors [34]. Scanning electron micrograph (SEM) of
SnO2/rGO films which was used for promising gas sensing application are
represented in Figure 1(a and b). Mishra et al. reported rGO/SnO2 nanocomposite
by surfactant-assisted hydrothermal method, in which hexamethyldisilazane
(HDMS) was used as a surfactant [36]. Ghosh et al. [37] reported SnO2 nanoparticle
synthesis by hydrothermal method and SnO2/rGO film synthesis by mixing of SnO2

nanoparticles with GO. The GO-SnO2 mixture was then ultrasonicated to obtain
uniform dispersion. Then the sample was drop cast on the platinum electrode and
heated at 160°C to reduce GO and get SnO2/rGO hybrid sensing layer [37]. The
hydrothermal method was also used for the synthesis of SnO2/rGO hybrid with

Figure 1.
SEM image of hydrothermally grown SnO2 nanoparticles and rGO composites reported by (a) Zhang et al. [33]
and (b) Peng et al. [41].
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a high concentration of oxygen vacancy [40, 42] and Pt-activated SnO2

nanoparticles-rGO hybrid [41]. Transmission electron micrograph (TEMs) of SnO2

quantum dot decorated on rGO surface is represented in Figure 2(a–c).
NiO/rGO nanohybrid [39] was prepared via two-step hydrothermal treatment.

NiO nanoparticles powder was prepared by hydrothermal method using
NiCl4�6H2O as the source of Ni and then calcined at 400°C. NiO nanoparticle
powder was then mixed with rGO solution and treated by hydrothermal method
with a various ratio of NiO/rGO as 2:1, 4:1, and 8:1 (Figure 3).

Undoped and Ni-doped SnO2 nanoparticle and graphene composites were
developed by flame spray pyrolysis (FSP) method as reported in references
[32, 43], respectively. About 0.1�2 wt.% Ni-doped SnO2 nanoparticles were syn-
thesized by FSP technique and graphene was produced from graphite by the elec-
trolytic exfoliation technique. Then, a paste was prepared by mixing Ni-doped SnO2

and graphene powder and finally spin coating method was used to deposit a film for
gas sensing application. Bright field (BF) TEM images of 0.5 wt.% SnO2 NPs loaded
graphene composites and 2 wt.% Ni doped SnO2 NPs loaded graphene composites
are represented in Figure 4(a) and (b), respectively.

ZnO/rGO composite was prepared by the solvothermal method for low-
temperature acetylene sensing as reported by Iftekhar Uddin et al. [44, 45]. ZnO
powder was prepared through the solvothermal method by using Zn(NO3)2 and
NaOH in ethanol at 120°C. Ag-loaded ZnO/GO hybrid was synthesized by chemical
route. AgNO3 was added to the ZnO/GO solution with 2:1 ratio, then stirred con-
tinuously for 30 min. Hydrazine hydrate was then added to the mixer to reduce GO

Figure 2.
TEM images of hydrothermally grown SnO2 nanoparticles and rGO composites (a) SnO2 quantum dot on rGO
film surface [36], (b) high resolution (HR) TEM image of SnO2 NPs on rGO [40], and (c) dense SnO2 NPs on
rGO [42].

Figure 3.
SEM of hydrothermally grown (a) NiO NPs and (b) NiO/rGO nanocomposites with 2:1 ratio [39].
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at 110°C for 8 h [44]. Morphology of ZnO NPs and rGO nanocomposite is shown in
Figure 5(a and b).

ZnO quantum dots (QDs) decorated on graphene nanosheets were synthesized
by facile solution-processed method (Figure 6(a)). ZnO QDs were nucleated and
grown on the surface of graphene by controlling the distribution density by reaction
time and precursor concentration [46]. ZnO-rGO hybrid was prepared by wet
chemical method followed by deposition of Au using HAuCl4, which was added to
the ZnO-rGO dispersion. Finally, the addition of NaBH4 through sonication process
completed the formation of ZnO QD [47]. To understand the impact of particle size
on gas sensing performance, Tung et al. [48] prepared rGO-Fe3O4 nanoparticle
hybrid with different particle sizes (5, 10, and 20 nm) via in situ chemical reduction
of GO in presence of poly-ionic liquid (PIL) (Figure 6(b)). Kamal [49] prepared
graphene-NiO nanoparticles composites by decomposition of nickel benzoate
dihydrazinate complex used for hydrogen sensing application.

Graphene oxide was synthesized from natural graphite flakes by Hummers’
method which was further used to prepare rGO-CuFe2O4 nanocomposite by com-
bustion method [50]. In this process, sonicated GO was dissolved with 1:2 ratio of

Figure 4.
BF TEM images of 0.5 wt.% SnO2 NPs loaded graphene composites and 2 wt.% Ni-doped SnO2 NPs loaded
graphene composites. Inset: Corresponding selected area electron diffraction (SAED) pattern [32, 43].

Figure 5.
Plane-view FESEM micrographs of (a) pure ZnO nanoparticles and (b) ZnO nanoparticle rGO hybrids [44].
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Cu2+ to Fe3+ salts and distilled water. The resulting mixture was stirred at 100°C to
get a viscous solution which was further heated around 450°C in a muffle furnace.
Finally, the mixture was frothed and it gave a foamy powder of nanocomposite
(Figure 6(c)). The one-pot microwave-assisted non-aqueous sol-gel method was
used to synthesize pure SnO2 nanoparticles and SnO2/rGO nanocomposite
(Figure 6(d)) [51]. Kim et al. [52] reported the microwave-assisted the formation
of SnO2/graphene nanocomposite in which mixture of SnO2 nanopowder and
graphene flakes dispersed in ethanol, the resulting solution was dried. The dried
powder mixture was treated in the commercial microwave heater for heating pro-
cess. Microwave-treated powder was again dispersed in ethanol and then the solu-
tion was spray-coated on SiO2 substrate placed on a hot plate. Along with
SnO2/graphene nanocomposite, a small amount of secondary SnOx (x < 2)
nanoparticles were also deposited on the surface. Secondary SnOx nanoparticles
tend to increase as the microwave heating time is increased [52].

2.2.2 Synthesis of graphene/1-D metal oxides composites

One dimensional (1-D) nanostructures of the metal oxide like nanotubes,
nanorods, nanofibers, nanowires, etc. are considered as most promising for the
detection of analytes in gaseous phases [53, 54]. Owing to its large surface-to-
volume ratio, large open porosity and most importantly one of its dimension is

Figure 6.
SEM images of (a) ZnO QDs/graphene nanocomposites [46], (b) rGO-Fe3O4 nanoparticles [48] synthesized
by facile solution-processed method. TEM images of (c) rGO-CuFe2O4 by combustion method [50] and (d)
microwave assisted rGO-SnO2 nanparticles composites [51].
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comparable to the Debye length which enhances the gas sensitivity significantly.
Gas sensing performance is improved further in 1-D materials by using as a
nanocomposite with graphene, GO and rGO. Here, we reviewed different methods
used for the synthesis of 1-D metal oxide nanostructure and its composite with
graphene and graphene derivatives.

ZnO nanowires (NW) and graphene hybrid architecture were reported by Yi
et al. [55] where graphene sheets covered with thin metal layers were used as top
electrodes for ZnO where graphene sheets coated with thin metal layers were
employed as top electrodes for ZnO vertical-NW channels. The ZnO NWs-
graphene/metal hybrid architectures maintained sufficient spaces between the
NWs for easy and fast gas transport. However, ZnO nanorods (NRs) were synthe-
sized by using hydrothermal reaction and graphene sheets were synthesized by the
CVD method and transferred to the top of the ZnO NRs by PMMA treatment. The
scanning electron micrograph of ZnO NRs-graphene/metal hybrid architectures are
represented in Figure 7(a). Single crystalline WO3 nanorods on the surface of
graphene were synthesized through a one-step hydrothermal method [56]. WO3

nanorods with 3.5 wt.% graphene composites improved gas sensitivity of 25 times
showing good selectivity towards NO2. SEM image of WO3 nanorods and graphene
hybrids is shown in Figure 7(b).

Large-scale sandwich-like heterostructures of ZnO nanorod arrays with reduced
graphene oxide sheets were reported by Zou et al. [30] as shown in Figure 7(c).
Highly dense ZnO nanorods were grown by hydrothermal method and double sides
coverage of reduced graphene sheets by ZnO NRs formed a sandwich like
heterostructures of ZnO/graphene/ZnO for efficient ethanol detection.

Electrospinning is a potential and well-reported technique for the synthesis of
nanofibers (NFs) network of metal oxides. N,N-dimethylformamide (DMF) and
polyvinyl pyrrolidone (PVP) are mixed with target metal oxide precursor and the
whole mixture is poured into a syringe having a suitable needle attached. A high
voltage (a few kV, DC) is applied between the needle and the collector plate to get
the NFs of the target metal oxides. In electrospinning method, composites of metal
oxide NFs and graphene derivatives are synthesized by two different routes, that is,
(i) GO or rGO solutions are added into the base mixture before electrospinning and
(ii) synthesized NFs are decorated with GO or rGO solutions. rGO/Co3O4 NFs [57]
and rGO/ZnONFs composites [54] were synthesized where rGO was added into the
precursor before electrospinning and both the nanohybrids were tested towards
different gases and vapors like NH3, ethanol, etc. rGO/Co3O4 NFs [58], rGO/SnO2

NFs [53], and rGO/WO3 NFs composites [59] were synthesized where Co3O4, SnO2,

and WO3 nanofibers were synthesized by electrospinning method first and then
functionalized with rGO solution. All three composites were used to detect acetone
in the selective route. Figure 8(a) and (b) represents the TEM and SEM images of

Figure 7.
SEM images of 1-D metal oxides and graphene nanocomposites synthesized by hydrothermal route (a) ZnO
NRs-Gr/M hybrid architectures [55], (b) WO3 nanorods/graphene composites [56], and (c) ZnO/G array
structures [30].
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rGO/Co3O4 NFs [57] and rGO/ZnONFs composite [54], respectively. Here, rGO
film was almost invisible due to the mixing of rGO in solution before
electrospinning. rGO film was clearly visible in rGO/Co3O4 NFs [58] and rGO/SnO2

NFs [53] composites in SEM images shown in Figure 8(c) and (d) as the rGO
functionalization was carried out after electrospinning.

Synthesis of TiO2 nanotubes array was done by electrochemical anodization of
metallic titanium films [60] and rGO/TiO2 nanotubes composite was synthesized
by electrodeposition of rGO on TiO2 nanotubes [61, 62]. Electrodeposition method
was also used to synthesize ZnO nanorods and selective electrochemical etching
of those nanorods to synthesized ZnO nanotubes. rGO/ZnO nanotubes hybrid
structure was synthesized by dip-coating technique for efficient alcohol sensing
application [63].

One step colloidal synthesis was employed for rGO/SnO2 quantum wire
nanocomposite for room temperature H2S sensing [25]. Single crystal SnO2 nanowire
was directly grown on the platinum electrode by thermal evaporation and compos-
ites was formed by using CVD grown graphene layer for efficient NO2 sensing [26].
Hydrolysis method was used in absence as well as in presence of GO to form ZnO
nano-seed and GO supported ZnO nano-seed, respectively, and ultrathin ZnO
nanorod/rGO mesoporous nanocomposites were synthesized for NO2 sensing [29].

2.2.3 Synthesis of graphene/2-D metal oxides composites

Metal oxides nano-sheets and nameplates were functionalized with graphene
and its derivatives for efficient gas sensing behavior. Ni-doped ZnO nanosheets

Figure 8.
(a) TEM images of rGO/Co3O4 NFs [57], (b) SEM image of rGO/ZnO NFs composite [54], SEM image of (c)
rGO/Co3O4 NFs composites [58], and (d) rGO/SnO2 NFs composites [53].
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Electrospinning is a potential and well-reported technique for the synthesis of
nanofibers (NFs) network of metal oxides. N,N-dimethylformamide (DMF) and
polyvinyl pyrrolidone (PVP) are mixed with target metal oxide precursor and the
whole mixture is poured into a syringe having a suitable needle attached. A high
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the NFs of the target metal oxides. In electrospinning method, composites of metal
oxide NFs and graphene derivatives are synthesized by two different routes, that is,
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and rGO/ZnONFs composites [54] were synthesized where rGO was added into the
precursor before electrospinning and both the nanohybrids were tested towards
different gases and vapors like NH3, ethanol, etc. rGO/Co3O4 NFs [58], rGO/SnO2

NFs [53], and rGO/WO3 NFs composites [59] were synthesized where Co3O4, SnO2,

and WO3 nanofibers were synthesized by electrospinning method first and then
functionalized with rGO solution. All three composites were used to detect acetone
in the selective route. Figure 8(a) and (b) represents the TEM and SEM images of

Figure 7.
SEM images of 1-D metal oxides and graphene nanocomposites synthesized by hydrothermal route (a) ZnO
NRs-Gr/M hybrid architectures [55], (b) WO3 nanorods/graphene composites [56], and (c) ZnO/G array
structures [30].
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rGO/Co3O4 NFs [57] and rGO/ZnONFs composite [54], respectively. Here, rGO
film was almost invisible due to the mixing of rGO in solution before
electrospinning. rGO film was clearly visible in rGO/Co3O4 NFs [58] and rGO/SnO2

NFs [53] composites in SEM images shown in Figure 8(c) and (d) as the rGO
functionalization was carried out after electrospinning.

Synthesis of TiO2 nanotubes array was done by electrochemical anodization of
metallic titanium films [60] and rGO/TiO2 nanotubes composite was synthesized
by electrodeposition of rGO on TiO2 nanotubes [61, 62]. Electrodeposition method
was also used to synthesize ZnO nanorods and selective electrochemical etching
of those nanorods to synthesized ZnO nanotubes. rGO/ZnO nanotubes hybrid
structure was synthesized by dip-coating technique for efficient alcohol sensing
application [63].

One step colloidal synthesis was employed for rGO/SnO2 quantum wire
nanocomposite for room temperature H2S sensing [25]. Single crystal SnO2 nanowire
was directly grown on the platinum electrode by thermal evaporation and compos-
ites was formed by using CVD grown graphene layer for efficient NO2 sensing [26].
Hydrolysis method was used in absence as well as in presence of GO to form ZnO
nano-seed and GO supported ZnO nano-seed, respectively, and ultrathin ZnO
nanorod/rGO mesoporous nanocomposites were synthesized for NO2 sensing [29].

2.2.3 Synthesis of graphene/2-D metal oxides composites

Metal oxides nano-sheets and nameplates were functionalized with graphene
and its derivatives for efficient gas sensing behavior. Ni-doped ZnO nanosheets

Figure 8.
(a) TEM images of rGO/Co3O4 NFs [57], (b) SEM image of rGO/ZnO NFs composite [54], SEM image of (c)
rGO/Co3O4 NFs composites [58], and (d) rGO/SnO2 NFs composites [53].
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were deposited on a p-Si substrate by using radio frequency (RF) sputtering tech-
niques. GO was synthesized by Hummer’s method and reduced thermally at high
temperature (600°C). rGO flakes were then decorated on Ni-doped ZnO
nanosheets by drop-casting method. rGO/Ni-doped ZnO nanosheets were used for
low ppm hydrogen detection [64]. Highly wrinkled SnO2/rGO composite was syn-
thesized by one-time hydrothermal technique and used for the detection of ethanol
at 250°C (Figure 9(a)) [65]. Nanocomposites of ZnO nanosheets and GO were
synthesized for highly efficient acetone sensing. The nanocomposites sensor was
flexible, high effective surface area and enhanced functional groups due to GO
which were in favor of gas adsorption (Figure 9(b)) [66]. rGO/hexagonal
WO3nanosheets hybrid materials were fabricated through the hydrothermal
method and post-annealing treatment. 2-D porous WO3nanosheets were attached
on rGO. The sensor based on 3.8 wt.% rGO/hexagonal-WO3composites offered
promising sensing performance to H2S [67].

2.2.4 Synthesis of graphene/3-D metal oxides composites

3-D metal oxides like nanoflower and nanosphere were used to synthesize
nanocomposites with graphene and its derivatives by the hydrothermal and sol-gel
method [15, 68–70].

Hybrids with flower-like hierarchical ZnO and rGO were synthesized by the
facile and mild solution-processed method. Compared with the pristine flower-like
ZnO, NO2 sensing was increased significantly in case of hierarchical rGO/ZnO
hybrids [15]. A facile one-pot hydrothermal method was used to synthesize rGO/
In2O3 composites. The flower-like hierarchical structure of In2O3 showed high
effective surface area enhancing the active interaction sites. In the composite, rGO
formed local p-n heterojunctions enhancing the gas sensing performance signifi-
cantly. The rGO/In2O3 composite exhibited an excellent selectivity towards NO2 in
the wide concentration range from 10 ppb to 1 ppm [68]. α-Fe2O3/rGO
nanocomposites with nanosphere-like α-Fe2O3 structure were synthesized by a
hydrothermal route at 120°C. α-Fe2O3 nanosphere was 40–50 nm in diameter and
constructed by a few nanometer-sized nanoparticles where rGO was intercalated
single sheets. These nanocomposites showed excellent response and selectivity
towards NO2 at room temperature [69]. Graphene-WO3 nanostructure with

Figure 9.
SEM images of rGO/2-D metal oxide nanocomposites (a) wrinkled SnO2/rGO composite [65]
and (b) GO/ZnO nano-sheets [66].
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gauze-like graphene nanosheets wrapping up spherical WO3 nanoparticles was
synthesized by a facile sol-gel method. Graphene-wrapped WO3 nanocomposites
offered uniform nanospheres with 200–400 nm diameter. Graphene/WO3 nano-
composites showed good sensitivity and selectivity to low concentrations of NO2 gas
at room temperature when pure WO3 and graphene-based sensors did not show any
response towards NO2 at room temperature [70]. Scanning electron micrograph of
3-D metal oxides and graphene nanocomposites is shown in Figure 10(a–d).

3. Assessments of gas/vapor sensing performances

3.1 Sensing performance of graphene/0-D metal oxides composites

Gas/vapor sensing performance of metal oxide nanoparticles (0-D)
functionalized with graphene or graphene derivatives (GO, rGO) is represented in
Table 1 where 37 references are considered for performance assessment of
graphene/0-D metal oxide oxides composites sensors.

Graphene/metal oxide NPs (0-D) composites and its gas sensing performance
were explored extensively in case of SnO2 where hydrothermal method was com-
monly used as the synthesis technique. The gas sensing performance of rGO/SnO2

NPs was further improved by functionalization with Pd, Au, Pt, and Ag
nanoparticles [31, 34, 41, 78]. ZnO nanoparticles occupied the second position to
use as a nanocomposite with graphene and its derivatives other metal oxide

Figure 10.
SEM images of (a) rGO/flower-like hierarchical ZnO composites [15], (b) rGO/In2O3 nanoflower composite
[68], (c) rGO/α-Fe2O3 nanosphere [69], and (d) graphene-wrapped WO3 nanosphere [70].
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Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

Graphene-SnO2

nanoparticles
NO2 150 (30–190) 5 (1–5) Rgas/Rair = 72.6 129/107 [52]

rGO/SnO2

nanoparticles
Acetone Room

temperature
2000 (10–
2000)

Rair � Rgas/Rair =
9.72%

95/141 [33]

Graphene
aerogel-SnO2

nanoparticle

NO2 Room
temperature

200 (10–200) Rgas � Rair/Rair =
�12%

190/224 [71]

Graphene-SnO2

nanoparticles
H2 50 100 (1–100) Igas/Iair = 6 1.1/1.1 [72]

rGO-SnO2

quantum dots
H2 200 500 Rair � Rgas/Rair =

89.3%
�50/�155 [36]

LPG 250 500 Rair � Rgas/Rair =
92.4%

�80/�155

rGO/SnO2

nanoparticles
NH3 200 (100–200) 1000 (25–

2800)
— — [37]

rGO/SnO2

nanoparticles
C2H2 180 (100–300) 50 (0.5–500) Rair/Rgas = 12.4 54/23 [38]

rGO-SnO2

nanoparticles
NO2 30 (30–100) 1 (0.05–2) Rair/Rgas = 3.8 14/190 [40]

rGO-SnO2

nanoparticles
NO2 Room

temperature
5 (1–20) Iair � Igas/Iair =

65.5%
12/17 [42]

Graphene/SnO2

nanoparticles
NO2 150 (25–350) 5 Rgas/Rair = 26342 13/— [43]

rGO/SnO2

nanoparticles
NO2 50 (30–60) 5 (0.5–500) Rair/Rgas = 3.31

(25% RH)
135/200 [35]

rGO/SnO2

nanoparticles
SO2 60 (22–220) 500 (10–500) Rair � Rgas/Rgas

= �22
144/210 [73]

Graphene/SnO2

nanoparticles
NO2 Room

temperature
100 (0.3–100) Gg � Go/Go =

�11
— [74]

Graphene/SnO2

nanoparticles
Ethanol 350 (150–350) 1000 (50–

1000)
965 1.8/�120 [76]

Graphene/SnO2

nanoparticles
NO2 60 (25–120) 4 (1–4) Rg – Ra/Ra = �22 — [75]

rGO/SnO2

nanoparticles
CO Room

temperature
1600 (50–
1600)

Rg – Ra/Ra =
9.5%

�60/�60 [76]

Sulfonated
graphene/SnO2

nanoparticles

NO2 Room
temperature

5 (1–50) Rair � Rgas/Rgas

= 1.203
40/357 [77]

Graphene-SnO2

nanoparticle with
doped Ni

Acetone 350 (150–350) 200 (1–50) Rair/Rgas = 169.7 5.4/150 [32]

Graphene-
Pd/SnO2

nanoparticles

H2

Ethanol
Room

temperature
20,000

200 (25–200)
Ro � Rgas/Ro =
11%(H2), 14.8%

(ethanol)

34/27 [31]

rGO/SnO2

nanoparticles
decorated
Au NPs

NO2 50 (30–60) 50 (5–100) Rgas/Rair = 2.68 19/20 [34]
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nanoparticles like NiO, CuO, WO3, Fe3O4, CeO2, etc. were reported as promising
gas/vapor sensing composite materials with graphene and its derivatives. However,
among all the target gases and vapors, NO2 was the mostly explored gas and
detected successfully by graphene/metal oxide nanocomposite sensors [79]. Other
gases like H2, NH3, CO, C2H2, CH4, SO2, and organic vapors like acetone, ethanol,

Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

rGO-SnO2

nanoparticles
(activated by Pt)

Methanol 110 (20–180) 500 (10–500) Rair/Rgas = 203 6/21 [41]

rGO/SnO2

nanoparticles
(with Ag NPs)

NO2 Room
temperature

5 (0.5–500) Rair/Rgas = 2.17
(25% RH)

49/339 [78]

Graphene-ZnO
quantum dots

HCHO Room
temperature

100 (25–100) Gg � Go/Go = 1.1 30/40 [46]

Graphene/ZnO
nanoparticles

C2H2 250 (25–350) 100 (30–1000) Rair/Rgas = 143 100/24 [45]

rGO/ZnO
nanoparticles

NO2 50 (25–140) 50 (5–275) Rg � Ra/Ra =
32%

96/1552 [74]

rGO/ZnO
nanoparticles

NO2 Room
temperature

5 (1–25) Rg – Ra/Ra =
25.6%

165/499 [80]

3-D rGO/ZnO
nanoparticle

CO 200 1000 (1–1000) Rg – Ra/Ra =
85.2%

7/9 [81]

rGO-ZnO/Ag
nanoparticles

C2H2 150 (25–250) 100 (1–1000) Rair/Rgas =21.2 25/80 [44]

rGO/ZnO-Au
nanoparticles

NO2 80 (60–90) 100 (20–100) Rair � Rgas/Rair =
32.55

27/86 [47]

Graphene-NiO
nanoparticles

H2 250 (100–350) 2000 (400–
2000)

Rg – Ra/Ra =
52.4%

NA [49]

rGO/NiO
nanoparticles

CH4 260 (20–400) 1000 (100–
1000)

Rair � Rgas/Rgas

= 15.2
16/20 [39]

rGO/NiO NP
with SnO2

nanoplates

NO2 Room
temperature

60 (5–60) Gg � Go/Go =
62.28

220/835 [82]

rGO/CuO
nanohybrid

NO2 135 (25–225) 75 (1–75) Igas � Iair/Iair =
51.7

50/105 [83]

rGO/CuFe2O4

nanoparticles
NH3 110 200 (5–200) Rg – Ra/Ra =

24.41
3/6 [50]

rGO/Fe3O4

nanoparticles
Ethanol Room

temperature
1 Rair � Rgas/Rgas

= 1.86
— [48]

NO2 200 (250–450) 2.5 (1–5) Rair � Rgas/Rgas

= 4.68
—

Graphene/WO3

nanoparticle
NO2 250 (200–300) 5 (1–20) Rgas/Rair = 133 �25/— [84]

Graphene-CeO2

nanoparticles
NO2 — (10–200 ppm) — — [85]

Table 1.
Summary of the performance of sensors fabricated by using the nanocomposites of metal oxide nanoparticles
(0-D) and graphene or graphene derivatives (GO, rGO).
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vapor
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methanol, and formaldehyde were detected successfully by using graphene/NP
metal oxide hybrids. Sensors were tested at different temperature range varying
from room temperature �25°C to 400°C. The average operating temperature of
graphene/NP metal oxide nanocomposites was recorded below 150°C. Among the
37 research articles, room temperature sensing was reported by 13 groups of
researchers mentioned in the literature. The detailed transient behavior of
graphene/metal oxide NPs sensors is shown in Figure 11(a–f) where all the sensing
was reported at room temperature. So, overall study confirms the lowering of gas
sensing the temperature of metal oxide nanoparticles due to the formation of
composites with graphene, GO, and rGO. Most of the article showed a lower
detection limit of gases and vapors (<100 ppm). Depending on the surface mor-
phology, sensing temperature and device structures the detection range varied from
ppb to ppm level as shown in Table 1. Finally, the response magnitude and
response/recovery time were fully dependent on the operating temperature and
concentration range of the analyte. However, all the sensors showed adequate
response magnitude towards the target gas/vapors. Response/recovery time
increased and decreased with decrease and increase of operating temperature,
respectively. Response time and recovery time varied from 1 s to 220 s and 1 s to
1552 s, respectively, as shown in Table 1. Wang et al. confirmed that the uniform
distribution of SnO2 nanoparticles on rGO sheets is an effective factor for enhanced
NO2 sensing performances [42]. The p-n junction existed in the interface of nano-
particle and rGO contributed to good room temperature NO2 sensing properties
which is associated with the valid electron flow from SnO2 nanoparticle to rGO.

3.2 Sensing performance of graphene/1-D metal oxides composites

One dimensional (1-D) metal oxide like nanorods, nanotubes, nanowires,
nanofibers, quantum nanowires, etc. functionalized by graphene, GO, and rGO

Figure 11.
Room temperature sensing of graphene (GO, rGO)/metal oxide nanoparticles composites. (a) NO2 sensing by
graphene aerogel/SnO2 nanoparticle [71], (b) CO sensing by rGO/SnO2 nanoparticles [76], (c) NO2 sensing
by sulfonated graphene/SnO2 nanoparticles [77], (d) NO2 sensing by rGO/SnO2 nanoparticles with Ag NPs
[78], (e) formaldehyde sensing by graphene-ZnO quantum dots [46], and (f) NO2 sensing by rGO/ZnO
nanoparticles [80].
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temperature
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Functionalized
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nanorods
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NO2 400 (300–400) 5 (1–5) Rgas/Rair =
119
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CO 400 (300–400) 5 (1–5) Rair/Rgas =
22.6

—

Non-oxidized
graphene/ZnO
nanofibers
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rGO/ZnO
nanorods
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�27
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rGO/SnO2
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33.7
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10.4

<198/<114

Graphene/SnO2

nanowires
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Graphene/SnO2

nanorods
H2S 260 50 (1–50) Rair/Rgas =

130
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quantum wires
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nanofibers
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2.29
— [58]
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temperature
50 (5–100) ΔR/Rair =

53.6%
4/300 [57]
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was reported at room temperature. So, overall study confirms the lowering of gas
sensing the temperature of metal oxide nanoparticles due to the formation of
composites with graphene, GO, and rGO. Most of the article showed a lower
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particle and rGO contributed to good room temperature NO2 sensing properties
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Room temperature sensing of graphene (GO, rGO)/metal oxide nanoparticles composites. (a) NO2 sensing by
graphene aerogel/SnO2 nanoparticle [71], (b) CO sensing by rGO/SnO2 nanoparticles [76], (c) NO2 sensing
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nanoparticles [80].

14

Multilayer Thin Films - Versatile Applications for Materials Engineering

Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

rGO/ZnO
nanorods

NO2 Room
temperature

1 (0.120–1) Rgas � Rair/
Rair = 50%

120/320 [86]

Functionalized
graphene/ZnO
nanorods

Ethanol 340 (200–370) 100 Rair � Rgas/
Rair = 93.5%

5/20 [28]

rGO/ZnO
nanofibers

NO2 400 (300–400) 5 (1–5) Rgas/Rair =
119

143/259 [54]

CO 400 (300–400) 5 (1–5) Rair/Rgas =
22.6

—

Non-oxidized
graphene/ZnO
nanofibers

Acetone 350 (250–450) 5 (1–5) Rair/Rgas =
18.5

12.8/— [59]

rGO/ZnO
nanotubes

Ethanol 125 (27–150) 100 (1–800) 79.14% 41.1/98.32 [63]

rGO/ZnO
nanorods

Ethanol 260 50 (5–50) Rair/Rgas =
�27

<10/<10 [30]

rGO/ZnO
nanorods

NO2 Room
temperature

1 (1–10) Rair � Rgas/
Rgas = 1.19

75/132 [29]

Graphene/ZnO
nanorod doped by
Au/Ti

Ethanol 300 50 (10–50) Rair/Rgas =
�90

— [55]

Au/Pd
functionalized
rGO/ZnO
nanofiber

CO 400 (300–450) 5 (1–5) Rair/Rgas =
35.8

191.3/82.1 [87]

C6H6 400 (300–450) 5 (1–5) Rair/Rgas =
22.8

110.3/318.2

rGO/SnO2

nanofibers
H2S 200 5 (1–5) Rair/Rgas =

33.7
<198/<114 [53]

Acetone 350 (150–400) 5 (1–5) Rair/Rgas =
10.4

<198/<114

Graphene/SnO2

nanowires
NO2 150 (100–250) 0.1 (0.01–0.1) Rair/Rgas = 11 43/37 [26]

Graphene/SnO2

nanorods
H2S 260 50 (1–50) Rair/Rgas =

130
5/10 [27]

rGO/SnO2

quantum wires
H2S Room

temperature
50 (10–100) Rair/Rgas = 33 2/292 [25]

Nanoporous
graphene hybrid-
SnO2 nanorods

CH4 150 (100–200) 1000 |Rgas – Rair|/
Rair = 24.9 %

369/
519.8217.9/

242

[88]

rGO/TiO2

nanotubes
H2 200 (100–300) 480 (120–480) |Ggas � Go|/

Go = 37.6
1110/<300 [60]

rGO/TiO2

nanotubes
Methanol Room

temperature
800 (10–800) Rair � Rgas/

Rair = 96.93%
18/61 [61]

GO/Co3O4

nanofibers
Acetone 300 (200–350) 5 (1–5) Rgas/Rair =

2.29
— [58]

rGO/Co3O4

nanowires
NH3 Room

temperature
50 (5–100) ΔR/Rair =

53.6%
4/300 [57]

15

A Review on Metal Oxide-Graphene Derivative Nano-Composite Thin Film Gas Sensors
DOI: http://dx.doi.org/10.5772/intechopen.90622



were reported as the promising gas sensing materials. A total of 21 reports on
graphene/1-D metal oxide nanocomposites have been summarized in Table 2 and
compared in terms of target gas/vapors and its concentration, operating tempera-
ture, response magnitude, and response/recovery time. In the case of 1-D
nanomaterials, ZnO was most explored metal oxide used to synthesize
nanocomposites with rGO in the form of nanorods, nanotubes, and nanofibers.
Other metal oxides are SnO2 nanofibers/nanorods, TiO2 nanotubes, Co3O4

nanofibers, WO3nanorods, αFe2O3 nanofibers, etc. reported for nanocomposites
with graphene for gas sensing application. NO2 and ethanol were the mostly
explored target gas and vapor in case of graphene/1-D metal oxide nanocomposites.
Other selective gases and vapors are CO, H2S, CH4, H2, NH3, acetone, benzene,
methanol, etc. Though the operating temperature range was in-between room tem-
perature �25°C and 450°C, average sensing temperature was slightly high (�200°
C) in case of 1-D compared with 0-D metal oxide nanocomposites with graphene.
However, the detection range of gases/vapors was quite small in case of graphene/1-
D metal oxide nanocomposites where 1 ppm and below 1 ppm detection were
reported frequently. Quite a high response magnitude and moderate response/
recovery time were recorded in case of graphene/1-D metal oxide nanocomposites.

Figure 12(a) represents very efficient H2S sensing for rGO/SnO2 quantum wires
sensor for the concentration range of 10–100 ppm at room temperature. Being a
room temperature sensing, the sensor showed a very fast response of 2 s only [25].
Highly selective NH3 sensing was reported for rGO/Co3O4 nanowires at room
temperature as shown in Figure 12(b) where response time was only 4 s [57].
Improvised NO2 sensing was observed for rGO/Cu2O nanowires compared with the
pure Cu2O nanowires and pure rGO in the concentration range of 0.4–2 ppm at
room temperature (Figure 12(c)) [89]. However, the overall study envisages the
potential gas sensing of 1-D metal oxides functionalized by graphene, GO, and rGO.

Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

rGO/Cu2O
nanowires

NO2 Room
temperature

2 (0.4–2) Igas � Iair/Iair
= 67.8%

— [89]

Graphene/WO3

nanorods
NO2 300 20 (0.025–20) Rgas/Rair =

202
— [56]

rGO/αFe2O3

nanofibers
Acetone 375 (250–400) 100 (0.05–2) Rair/Rgas =

8.9
3/9 [18]

Table 2.
Summary of the performance of the sensor fabricated by using the nanocomposites of 1-D metal oxides and
graphene or graphene derivatives (GO, rGO).

Figure 12.
Room temperature transient response of graphene/1-D metal oxide nanocomposites sensors. (a) H2S detection
by for rGO/SnO2 quantum wires [25], (b) selective NH3 sensing by rGO/Co3O4 nanowires [57], and (c) NO2
sensing was observed for rGO/Cu2O nanowires [89].
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The 1-dimensional structure of TiO2 nanotubes (NTs) in its hybrid with rGO pro-
vided large amount of gas interaction sites which lead to high response magnitude
of the sensor [61].

3.3 Sensing performance of graphene/2-D metal oxides composites

Table 3 shows gas sensing performance of 2-D metal oxides and GO (or rGO)
nanocomposites where ZnO, SnO2, and WO3 nanosheets were used as 2-D mate-
rials. Relatively high operating temperature was reported for graphene/2-D metal
oxide nano composites. Average sensing temperature was more than 200°C. Mod-
erate response magnitude, response/recovery time were recorded for graphene/2-D
metal oxide nano composites. Transient behavior of GO/ZnO nanosheets in the
exposure of 100 ppm acetone at 240°C and rGO/hexagonal WO3nanosheets in the
exposure of 40 ppm H2S at 350°C are shown in Figure 13(a) and (b) [66, 67].

3.4 Sensing performance of graphene/2-D metal oxides composites

The gas sensing performance of nanocomposites developed by 3-D metal oxide
and graphene derivatives are shown in Table 4. Nanoflowers and nanosphere
structures were reported here. Interestingly, all the nanocomposites showed their

Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

rGO/Ni-doped
ZnO nanoplates

H2 150 100 (1–100) |Rair – Rgas|/
Rair = 63.8%

28/— [64]

GO/ZnO
nanosheets

Acetone 240 100 (50–500) Rair/Rgas =
35.8%

13/7 [66]

rGO
nanosheets/
wrinkled SnO2

Ethanol 250 (150–300) 100 (5–5000) Rair/Rgas =
80%

9/457 [65]

rGO/hexagonal
WO3

nanosheets

H2S 350 (50–400) 40 (0.01–40) |Rgas – Rair|/
Rair =

168.58%

7/55 [67]

Table 3.
Summary of the performance of a sensor fabricated by using the nanocomposites of 2-D metal oxides and
graphene or graphene derivatives (GO, rGO).

Figure 13.
Response behavior of (a) GO/ZnOnanosheets in the exposure of 100 ppm acetone at 240°C [66] and
(b) rGO/hexagonal WO3nanosheets in the exposure of 40 ppm H2S at 350°C [67].
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D metal oxide nanocomposites where 1 ppm and below 1 ppm detection were
reported frequently. Quite a high response magnitude and moderate response/
recovery time were recorded in case of graphene/1-D metal oxide nanocomposites.
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sensor for the concentration range of 10–100 ppm at room temperature. Being a
room temperature sensing, the sensor showed a very fast response of 2 s only [25].
Highly selective NH3 sensing was reported for rGO/Co3O4 nanowires at room
temperature as shown in Figure 12(b) where response time was only 4 s [57].
Improvised NO2 sensing was observed for rGO/Cu2O nanowires compared with the
pure Cu2O nanowires and pure rGO in the concentration range of 0.4–2 ppm at
room temperature (Figure 12(c)) [89]. However, the overall study envisages the
potential gas sensing of 1-D metal oxides functionalized by graphene, GO, and rGO.
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The 1-dimensional structure of TiO2 nanotubes (NTs) in its hybrid with rGO pro-
vided large amount of gas interaction sites which lead to high response magnitude
of the sensor [61].

3.3 Sensing performance of graphene/2-D metal oxides composites
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nanocomposites where ZnO, SnO2, and WO3 nanosheets were used as 2-D mate-
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oxide nano composites. Average sensing temperature was more than 200°C. Mod-
erate response magnitude, response/recovery time were recorded for graphene/2-D
metal oxide nano composites. Transient behavior of GO/ZnO nanosheets in the
exposure of 100 ppm acetone at 240°C and rGO/hexagonal WO3nanosheets in the
exposure of 40 ppm H2S at 350°C are shown in Figure 13(a) and (b) [66, 67].

3.4 Sensing performance of graphene/2-D metal oxides composites

The gas sensing performance of nanocomposites developed by 3-D metal oxide
and graphene derivatives are shown in Table 4. Nanoflowers and nanosphere
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selective behavior towards NO2. Operating temperature of the sensor was quite low
and most of the cases room temperature sensing was reported. The detection range
was quite high where lower and higher detection limit varied from a few ppb to
1000 ppm. Very high response magnitude was reported in case of graphene/3-D
metal oxide nanocomposites. Reported response time and recovery time were quite
high in the case of 3-D metal oxide composites compared with 0-D and 1-D metal
oxide nanocomposites. Highly selective NO2 sensing was reported for rGO/ZnO
nanoflower (1.7% rGO in ZnO) as shown in Figure 14(a). Promising NO2 sensing
was observed for rGO/In2O3 nanoflower where the response was poor for pure
In2O3nanoflower as shown in Figure 14(b). The nanoflower-shaped CuO nano-
structure in its nanocomposite with rGO is effective to prevent the aggregation of
rGO sheets and form porous structure with rGO, which greatly facilitate the
adsorption and diffusion of gas molecules [92].

Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

rGO/ZnO
nanoflower

NO2 100 (50–150) 0.5 (0.005–0.5) Rgas/Rair = 12 258/288 [15]

rGO/In2O3

nanoflower
NO2 74 (25–110) 1 (0.01–1) Rgas/Rair =

1337
208/39 [68]

rGO/Fe2O3

nanosphere
NO2 Room temperature 90 (0.18–90) Rair � Rgas/

Rgas =
150.63%

80/1648 [69]

rGO/CuO
nanoflower

NO2 Room temperature 1000 (0.25–
1000)

|Rgas – Rair|/
Rair = 6.61 %

76/232 [90]

Graphene/
WO3

nanosphere

NO2 Room temperature 56 (7–56) Igas – Iair/Iair
= 40.8%

— [70]

rGO/WO3

porous
nanoflakes

NO2 90 (20–200) 10 (5–200) Rgas/Rair =
5%

4.1/5.8 [91]

Table 4.
Summary of the performance of sensor fabricated by using the nanocomposites of 3-D metal oxides and
graphene or graphene derivatives (GO, rGO).

Figure 14.
NO2 response of (a) rGO/ZnO nanoflower (1.7% rGO in ZnO) at 100°C [15] and (b) rGO/In2O3nanoflower
at 74°C [68].
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4. Conclusion

Hybrids of graphene/nanoscale metal oxides have been extensively discussed in
this chapter where the major focused area was synthesis/fabrication of monohybrid
and its performance assessment for gas/vapor sensing applications. Detailed litera-
ture survey confirmed that metal oxide nanoparticle (0-D) are the most reported
nanostructure used for the synthesis of nanocomposites with graphene (and GO
and rGO) for potential gas sensing application while 1-D metal oxides like
nanorods, nanotubes, nanowires, etc. were in the second place. Use of 2-D and 3-D
metal oxides were relatively less to form composites with graphene. In chemical
synthesis, GO/rGO functionalization was carried out in two routes, that is, (i)
mixing of GO/rGO in precursor before synthesizing a nanostructure and (ii)
functionalization by GO/rGO after synthesis of nanostructures. Hydrothermal was
the most popular method followed by solvothermal, sol-gel, spray pyrolysis, etc.
reported to synthesize a composite of 0-D metal oxides. Hydrothermal,
electrospinning, electrochemical anodization, etc. were used for the synthesis of
graphene/1-D metal oxide composites. Most of the 2-D and 3-D nanocomposites
were grown by low-cost chemical methods. Therefore, the graphene/nanoscale
metal oxide composites can synthesize via a cost-effective way.

Among all the metal oxides, SnO2 was mostly reported materials in 0-D struc-
ture used in composites with graphene. Other popular metal oxides are ZnO, WO3

and TiO2 mostly used for 1-D metal oxide hybrid. A large number of the report
showed NO2 selective behavior of rGO/metal oxide nanocomposite gas sensors
especially for 3-D and 0-D metal oxide hybrids. Other reported gases/vapors are H2,
NH3, CO, H2S, C2H2, ethanol, methanol, acetone, benzene, etc. A significant varia-
tion was observed in case of operating temperature of the sensors in case of differ-
ent nanoscale metal oxides. The average sensing temperature was highest in case of
2-D nanocomposites and decreased from 1-D, 0-D and 3-D. However, the overall
study confirmed the relatively low-temperature detection of gases and vapors after
the formation of composites of graphene and nanoscale metal oxides. The detection
range was varying from lower ppb to higher ppm level but most of the report was
confined near a low ppm range (1–100 ppm). A significant improvement was also
observed in case of response magnitude and response time/recovery time.

Finally, we would like to conclude with the comment that gas/vapor sensing
performance was improved significantly due to the formation of nanohybrid of
nanoscale metal oxides and graphene derivatives like GO and rGO. Further study
may be necessary with these nano thin-film sensors to encourage the performance
in terms of high selectivity and long-term stability. Then these hybrid sensors to
make these nanocomposite sensors more suitable for practical applications.
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selective behavior towards NO2. Operating temperature of the sensor was quite low
and most of the cases room temperature sensing was reported. The detection range
was quite high where lower and higher detection limit varied from a few ppb to
1000 ppm. Very high response magnitude was reported in case of graphene/3-D
metal oxide nanocomposites. Reported response time and recovery time were quite
high in the case of 3-D metal oxide composites compared with 0-D and 1-D metal
oxide nanocomposites. Highly selective NO2 sensing was reported for rGO/ZnO
nanoflower (1.7% rGO in ZnO) as shown in Figure 14(a). Promising NO2 sensing
was observed for rGO/In2O3 nanoflower where the response was poor for pure
In2O3nanoflower as shown in Figure 14(b). The nanoflower-shaped CuO nano-
structure in its nanocomposite with rGO is effective to prevent the aggregation of
rGO sheets and form porous structure with rGO, which greatly facilitate the
adsorption and diffusion of gas molecules [92].

Composite
material

Target
gas/
vapor

Operating
temperature
(range) (°C)

Concentration
and range
(ppm)

Response
magnitude

Response/
recovery
time (s)

Ref.

rGO/ZnO
nanoflower

NO2 100 (50–150) 0.5 (0.005–0.5) Rgas/Rair = 12 258/288 [15]

rGO/In2O3

nanoflower
NO2 74 (25–110) 1 (0.01–1) Rgas/Rair =

1337
208/39 [68]

rGO/Fe2O3

nanosphere
NO2 Room temperature 90 (0.18–90) Rair � Rgas/

Rgas =
150.63%

80/1648 [69]

rGO/CuO
nanoflower

NO2 Room temperature 1000 (0.25–
1000)

|Rgas – Rair|/
Rair = 6.61 %

76/232 [90]

Graphene/
WO3

nanosphere

NO2 Room temperature 56 (7–56) Igas – Iair/Iair
= 40.8%

— [70]

rGO/WO3

porous
nanoflakes

NO2 90 (20–200) 10 (5–200) Rgas/Rair =
5%

4.1/5.8 [91]

Table 4.
Summary of the performance of sensor fabricated by using the nanocomposites of 3-D metal oxides and
graphene or graphene derivatives (GO, rGO).

Figure 14.
NO2 response of (a) rGO/ZnO nanoflower (1.7% rGO in ZnO) at 100°C [15] and (b) rGO/In2O3nanoflower
at 74°C [68].
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4. Conclusion

Hybrids of graphene/nanoscale metal oxides have been extensively discussed in
this chapter where the major focused area was synthesis/fabrication of monohybrid
and its performance assessment for gas/vapor sensing applications. Detailed litera-
ture survey confirmed that metal oxide nanoparticle (0-D) are the most reported
nanostructure used for the synthesis of nanocomposites with graphene (and GO
and rGO) for potential gas sensing application while 1-D metal oxides like
nanorods, nanotubes, nanowires, etc. were in the second place. Use of 2-D and 3-D
metal oxides were relatively less to form composites with graphene. In chemical
synthesis, GO/rGO functionalization was carried out in two routes, that is, (i)
mixing of GO/rGO in precursor before synthesizing a nanostructure and (ii)
functionalization by GO/rGO after synthesis of nanostructures. Hydrothermal was
the most popular method followed by solvothermal, sol-gel, spray pyrolysis, etc.
reported to synthesize a composite of 0-D metal oxides. Hydrothermal,
electrospinning, electrochemical anodization, etc. were used for the synthesis of
graphene/1-D metal oxide composites. Most of the 2-D and 3-D nanocomposites
were grown by low-cost chemical methods. Therefore, the graphene/nanoscale
metal oxide composites can synthesize via a cost-effective way.

Among all the metal oxides, SnO2 was mostly reported materials in 0-D struc-
ture used in composites with graphene. Other popular metal oxides are ZnO, WO3

and TiO2 mostly used for 1-D metal oxide hybrid. A large number of the report
showed NO2 selective behavior of rGO/metal oxide nanocomposite gas sensors
especially for 3-D and 0-D metal oxide hybrids. Other reported gases/vapors are H2,
NH3, CO, H2S, C2H2, ethanol, methanol, acetone, benzene, etc. A significant varia-
tion was observed in case of operating temperature of the sensors in case of differ-
ent nanoscale metal oxides. The average sensing temperature was highest in case of
2-D nanocomposites and decreased from 1-D, 0-D and 3-D. However, the overall
study confirmed the relatively low-temperature detection of gases and vapors after
the formation of composites of graphene and nanoscale metal oxides. The detection
range was varying from lower ppb to higher ppm level but most of the report was
confined near a low ppm range (1–100 ppm). A significant improvement was also
observed in case of response magnitude and response time/recovery time.

Finally, we would like to conclude with the comment that gas/vapor sensing
performance was improved significantly due to the formation of nanohybrid of
nanoscale metal oxides and graphene derivatives like GO and rGO. Further study
may be necessary with these nano thin-film sensors to encourage the performance
in terms of high selectivity and long-term stability. Then these hybrid sensors to
make these nanocomposite sensors more suitable for practical applications.
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Chapter 2

Crystalline Silicon Nitride Films 
on Si(111): Growth Mechanism, 
Surface Structure and Chemistry 
down to Atomic Scale
Subhashis Gangopadhyay

Abstract

A detailed investigation of the growth mechanism of ultra-thin silicon nitride 
(Si3N4) films on Si(111) substrates, their structure, morphology and surface chem-
istry down to atomic scale have been investigated using various surface analytical 
techniques such as low energy electron diffraction (LEED), scanning tunneling 
microscopy (STM) and ESCA microscopy. A radio frequency N2 plasma source 
from Epi Uni-bulb has been used for the nitridation of atomically clean Si(111) 
surfaces. The substrate temperatures during the nitridation process were ranging 
from 600–1050°C and the plasma exposure times were varied from 5 s for initial 
nucleation up to 45 min for saturation thickness. The initial stage of N nucleation on 
Si(111), how the structure and morphology of the nitride films depend on thick-
ness and temperature, surface atomic reconstructions and the nitride film chemical 
composition are discussed here. All findings are explained in terms of thermally 
activated inter-diffusion of Si and N atoms as well as the surface adatom diffusion/
mobility.

Keywords: silicon nitride thin film, growth mechanism, surface reconstruction, 
STM, LEED

1. Introduction

In semiconductor technology, one of the most important parts is the formation 
of homogeneous insulating layers and are of high practical importance as it is an 
integral part all kinds of integrated circuits. Due to the recent miniaturization in 
nanotechnology, insulating layer thickness needs to be precisely controlled down to 
a few nanometer ranges. This nanometer scale insulating films not only reduce the 
devices size, but also provide a platform for novel device fabrication such as reso-
nant tunneling diodes [1] or memory devices for magnetic tunnel junction [2].

Since last few decades, SiO2 on silicon (Si) is found to be the most useful insulat-
ing material in VLSI device technology because of its high quality and superior 
homogeneity. However, continuous miniaturization of device size now demands a 
thickness of this insulating layer down to a few atomic layers. Here, the homogene-
ity of the insulating film in terms of morphology and chemical purity becomes 
more pronounced. Very small fluctuations in thickness of the oxide layer may lead 
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to the break-down due to the enhanced electron tunneling as this insulating bar-
riers is extremely thin. Hence, demand for new materials with a higher dielectric 
constant is of high priority which can replace the SiO2 layer to overcome this issue. 
In this regard, crystalline silicon nitride (Si3N4) films received considerable atten-
tion to replace the existing SiO2 gate dielectric materials, as it is compatible with 
existing Si processing technologies as well as larger dielectric constant and diffusion 
resistive materials properties [3, 4]. Plasma assisted amorphous silicon nitride layer 
has recently been used as high performance gate dielectric [5]. High thermal stabil-
ity and refractive index of Si3N4 make it capable for high temperature structural 
ceramics and anti-reflective coating materials, respectively. Finally, crystalline Si3N4 
on Si can also serve as a substrate for highly demanding GaN growth to integrate 
the opto-electronic devices to the well-established silicon based device technology 
[6, 7]. Therefore, better understanding of the initial Si3N4 films growth on Si, their 
structural and morphological evolution as well as chemical properties in a very local 
(atomic) scale are of high technological importance.

1.1 Structure and properties

Silicon nitride is a structural ceramics, which exhibits high mechanical strength 
at room as well as elevated temperature. It can also be useful because of its high 
fracture toughness. It shows a very high thermal stability, up to 1600°C in air and 
also has a much larger dielectric constant (ε = 7.5) as compared to the conventional 
SiO2 (ε = 3.8). It is a semiconducting material with an energy band gap of about 
4.7 eV, which is almost half of SiO2 (9 eV). Usually the bulk Si3N4 has been pro-
duced by sintering method and structurally appeared as poly-crystalline ceramic. 
Crystalline silicon nitride appears with two different phases, such as α-phase and 
β-phase of Si3N4. Both the phases have space groups of P31c and P63 for α- and 
β-Si3N4, respectively and the structures appeared with a hexagonal symmetry. 
Although there were some contradiction about these two phases, finally it has been 
well accepted that the only stable phase is the β-Si3N4 phase whereas the α-Si3N4 
phase is a meta-stable one and has a lattice constant along c-axis (0001) just double 
of the β-phase.

Various groups have already described the crystal structure of β-Si3N4 and for 
the bulk crystals. A lattice constant of ‘a’ = 7.595 Å in the hexagonal (X-Y) plane 
whereas ‘c’ = 2.902 Å in the vertical (Z) direction are obtained [9]. A schematic 
model of the β-Si3N4 structure (top view), containing 14 atoms in the lateral plane 
(normal to c-axis) can be seen in Figure 1 where half of the atoms are placed below 
(at Z = −c/4 plane) and the other half above (at Z = c/4 plane) the X-Y plane. Local 
geometrical configuration indicates a combination of sp3 and sp2 hybridized orbital 
for Si and N atoms, respectively. This structure can also be considered as tetrahe-
drons of Si3N4 complex network, connected through their corners. Further struc-
tural information of β-phase of silicon nitride and how it is related to the α-phase 
has also be reported elsewhere [8, 9].

1.2 Different approaches

Formation of crystalline silicon nitride films has been performed using various 
growth methods. Chemical vapor deposition (CVD) growth process has been used 
to grow silicon nitride where a mixture of silicon-hydrogen (SiH4, Si2H6, Si3H8) 
and nitro-hydro compounds (NH3, N2H4, HN3) are used. In general, resulting films 
are usually appeared in an amorphous phase, non-stoichiometric and significantly 
contaminated [10]. However, without supplying any Si -H2 source compound, it 
also possible to obtain nitride layers by direct nitridation of a Si substrate at elevated 
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temperature. Si(111) surface exhibits a threefold rotational symmetry. Moreover, 
its 2 × 2 unit cell is having a lattice mismatch of only about 1.1% with the ‘a’ axis 
of hexagonal Si3N4. These two properties make it a very compatible substrate for 
the growth of Si3N4 films in the (0001) lattice direction. It can be done by expos-
ing the atomically clean Si substrate to various N2 compound reactive gases such 
as NH3 [11–17], NO [18–21] or other gaseous at high nitridation temperatures 
or by post exposure thermal annealing. In addition, ion bombardment methods 
[22–25] or sputter deposition technique have also been employed. However, use 
the pure nitrogen gas would be the simplest and easiest way for the nitridation of 
the Si surface. But a very high growth pressure is required due to the inertness of 
molecular nitrogen. This may lead to a huge out gassing and finally lead to a severe 
contamination within the nitride film. If we can provide an atomic nitrogen source, 
this problem can be solved. Therefore, nitrogen plasma sources can be used for the 
exposure of active nitrogen flux on Si surface. The atomic nitrogen exposure on 
Si(111) and Si(001) surfaces at relatively lower nitridation temperatures leads to the 
formation of amorphous nitride layer and appears with a highly disorder interface 
of nitride/Si. However, a crystalline interface and well-ordered films of hexagonal 
β-Si3N4 films have only been observed for nitridation temperature only above 700°C 
[13–17, 22–27]. Epitaxial β-Si3N4 formation on Si(111) by thermal annealing of 
N-irradiated Si(111) surface has been reported by Yamabe et al. [28]. Silicon nitride 
growth kinetics and surface thermodynamics at elevated temperature under ammo-
nia exposure is recently been reported [29]. N2-plasma assisted surface nitridation 
of Si(111) followed by vacuum annealing at high temperature (900°C) results in a 
better quality Si3N4 film [30].

Various analytical characterization methods have been employed to investigate 
the growth mechanism and structural properties of thermally grown nitride 
layers. In general, surface probing instruments collect the information on lateral 
averaging over the surface. As diffraction method, low energy electron diffraction 
(LEED), reflected high energy electron diffraction (RHEED) [28–29] are used for 
surface whereas low angle X-ray diffraction (XRD) is used for interface studies. 
Similarly, to investigate the chemical properties as well as bonding configura-
tion, Auger electron spectroscopy (AES), photoelectron spectroscopy with X-ray 
(XPS) and ultraviolet light (UPS), electron energy loss spectroscopy (EELS), 
thermal desorption spectroscopy(TDS) etc. have been used. However, for atomic 
scale local information such as growth kinetics and surface reconstructions, direct 
microscopic imaging using low energy electron microscopy (LEEM), atomic 
force microscopy and scanning tunneling microscopy have been utilized. X-ray 
reflectivity (XRR) has also been carried out in some cases, to find the information 
about nitride layer thickness and subsurface interface.

Figure 1. 
Schematic top (0001) view of the β-Si3N4 structure model in a lateral (x-y) plane with 14 atoms. The bigger and 
smaller circles represent the Si and N atoms respectively, whereas the parallelogram indicates the unit cell [8].
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2. Experimental details

Highly oriented p-type Si(111) wafers (boron doped, 0.02° miscut angle) were 
used as substrates and a clean Si(111) surface with well reconstructed 7 × 7 structure 
was prepared prior to the nitridation process. This preparation was routinely checked 
by both LEED and STM, and a clear 7 × 7 reconstruction was reproducibly observed. 
The sample temperature was measured using an infrared pyrometer with an uncer-
tainty of 20°C. Si substrate nitridation process was performed by exposing the 7 × 7 
reconstructed clean Si(111) surface to atomic nitrogen flux at different substrate tem-
peratures. A commercial radio frequency (RF) plasma source from Epi Uni-bulb was 
used as atomic nitrogen sources. Plasma chamber pressure was maintained at about 
10−5 mbar during plasma discharge. The pressure was controlled by a leak valve con-
nected to the inlet line of N2 gas. The plasma source was operated at with a RF power 
of 450 W. The exposure time of the active nitrogen flux on Si substrate was varied 
such a way that the coverage of the nitride films starts from sub-monolayer and ends 
up to the saturation thickness. Crystalline quality and surface reconstructions of the 
nitride layer were characterized by LEED. The surface morphology, growth kinetics, 
as well as nucleation process and the real space atomic structure were studied using an 
in-situ STM. Chemical composition and stoichiometry of the film are studied using 
ESCA microscopy and X-ray photoelectron spectroscopy, which finally provides the 
information about film thickness and its homogeneity.

3. Results

3.1 LEED results

An average information about the Si3N4 surface reconstruction grown on 
Si(111) and its crystalline quality after the nitridation process at different substrate 
temperatures ranging from 600–1100°C, have been investigated using low energy 
electron diffraction (LEED) method. Prior to any nitride formation, clean Si(111) 
surface appears with a sharp 7 × 7 LEED patterns. LEED patterns appear with a very 
faint “8 × 8” reconstruction for nitridation below 600°C. This finding indicates a 
pour crystallinity of the nitride films and mostly amorphous silicon nitrides later is 
formed. With increasing nitridation temperature, crystalline quality of the nitride 
films drastically improves and appears with a sharp “8 × 8” LEED patterns. After 
nitridation for about 15 min under the RF-plasma source at different temperatures, 
the evolution of the “8 × 8” structures has been shown in Figure 2. The LEED 
patterns of clean Si(111)-7 × 7 have been shown in Figure 2(a). The yellow and cyan 
circles represent the (0,0) and (1,0) diffraction spots of the reconstructed Si(111) 
surface. After nitridation at 700°C, faint diffraction spots of Si3N4-“8 × 8” struc-
ture (1, 0) starts to appear. Increase the nitridation temperature results in a much 
brighter LEED spots along with an additional faint superstructures of “8/3 × 8/3” 
[6]. In case of a further increase in nitridation temperature to 920°C (Figure 2(b)), 
the LEED patterns get significantly sharpen. The “8/3 × 8/3” superstructures (red 
circles) appear in a much brighter contrast and dominate in lower beam energy. 
From the positions of the diffraction spots of the Si3N4-“8 × 8” structure and 
comparing those with the initial Si(111) diffraction spots, a periodicity of about 
2.79 Å has been observed for the “8 × 8” structures. However for the “8/3 × 8/3” 
superstructures, the periodicity appears to be 10.2 Å.

For surface nitridation above 950°C, another type of surface reconstruction 
of Si3N4/Si(111) appears in LEED pattern, which is known as the ‘quadruplet 
structure’ or 3/4 × 3/4 reconstruction. This pattern appears in coexistence with 
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the existing “8 × 8” structure. With further increasing in nitridation tempera-
ture, the quadruplet structure starts to dominate over the “8 × 8” patterns. Clear 
LEED patterns of quadruplet structure have been observed only above 1000°C 
(Figure 2(c)). This is appeared in bright spots (blue ellipse) with the crystalline 
domains angular rotations of ±5° and ± 10°, with respect to the underlying Si 
lattice. The (1, 0) spots of the Si3N4 “8 × 8” structure has also been observed within 
the purple circles. By comparing the quadruplet structure LEED spots with the (1, 
0) diffraction spot of Si(111), a surface lattice periodicity of about 2.88 Å, has been 
observed for the quadruplet structures. It has been observed that the quadruplet 
structures usually appear with a contaminated surface, sometimes even at lower 
nitridation temperatures [13, 31].

3.2 STM results

Exposure of atomic nitrogen on the Si(111) surface at elevated substrate tem-
peratures results in silicon nitride formation. A clear understanding of the silicon 
nitride growth mechanism and its impact on the structural properties of the as 
grown film is of high fundamental interest. STM studies of various silicon nitride 
films after nitridation at various temperatures, as well as Si3N4 film thicknesses 
starting from sub-monolayer coverage up to the saturation thickness can be seen 
here. The initial nucleation stage of silicon nitride films, their various growth steps 
along with the evolution of surface morphology and finally surface atomic struc-
tures of are discussed with atomic precision.

Initial nucleation: In order to understand how the initial nucleation mechanism 
takes place and the absorption of N atoms on Si surface to form nitride layer, sub-
monolayer coverage of Si3N4-“8 × 8” structures formation on Si(111) surface have 
been studied here. After a plasma exposure for 5 s, many small nucleation pits starts 
to appear within the terraces of the Si(111) surface (dark spots) as well as step edges 
exhibit many discrete nucleation patches within the upper terrace (also appeared in 
darker contrast) (Figure 3). For simplicity, henceforth, we will be mention those dot-
like dark structures within the terrace area as ‘nucleation pits’ and refer those step edge 
patches as the ‘nucleation patches’ [32]. With increase in nitridation temperature, it has 
been observed that the density of the nucleation pits/patches both within terraces or 
at the step edges are significantly decreased, whereas the average size has drastically 
increased (Figure 3). Usually, the nucleation patches are larger in size as compared to 

Figure 2. 
LEED patterns show the evolution of the Si3N4-“structure with increasing nitridation temperature”. (a) Clean 
Si(111)- 7×7 structure: Yellow and cyan circles correspond to the (0,0) and the (1,0) diffraction spots. (b) 
Si3N4-“8 × 8” structures: Purple circles corresponds to the (1,0) diffraction spots of Si3N4-“8 × 8” structures, 
whereas the “8/3 × 8/3” superstructures are indicated by red circles (nitridation at 920°C, electron beam energy 
43 eV). (c) Si3N4 ‘quadruplet structures’: Intense quadruplet structures are indicated by blue ellipses, whereas 
the (1,0) diffraction spots of the Si3N4-“8 × 8” structure are represented by the purple circles (nitridation at 
1050°C, electron beam energy 52 eV).
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2. Experimental details
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reconstructed clean Si(111) surface to atomic nitrogen flux at different substrate tem-
peratures. A commercial radio frequency (RF) plasma source from Epi Uni-bulb was 
used as atomic nitrogen sources. Plasma chamber pressure was maintained at about 
10−5 mbar during plasma discharge. The pressure was controlled by a leak valve con-
nected to the inlet line of N2 gas. The plasma source was operated at with a RF power 
of 450 W. The exposure time of the active nitrogen flux on Si substrate was varied 
such a way that the coverage of the nitride films starts from sub-monolayer and ends 
up to the saturation thickness. Crystalline quality and surface reconstructions of the 
nitride layer were characterized by LEED. The surface morphology, growth kinetics, 
as well as nucleation process and the real space atomic structure were studied using an 
in-situ STM. Chemical composition and stoichiometry of the film are studied using 
ESCA microscopy and X-ray photoelectron spectroscopy, which finally provides the 
information about film thickness and its homogeneity.

3. Results

3.1 LEED results

An average information about the Si3N4 surface reconstruction grown on 
Si(111) and its crystalline quality after the nitridation process at different substrate 
temperatures ranging from 600–1100°C, have been investigated using low energy 
electron diffraction (LEED) method. Prior to any nitride formation, clean Si(111) 
surface appears with a sharp 7 × 7 LEED patterns. LEED patterns appear with a very 
faint “8 × 8” reconstruction for nitridation below 600°C. This finding indicates a 
pour crystallinity of the nitride films and mostly amorphous silicon nitrides later is 
formed. With increasing nitridation temperature, crystalline quality of the nitride 
films drastically improves and appears with a sharp “8 × 8” LEED patterns. After 
nitridation for about 15 min under the RF-plasma source at different temperatures, 
the evolution of the “8 × 8” structures has been shown in Figure 2. The LEED 
patterns of clean Si(111)-7 × 7 have been shown in Figure 2(a). The yellow and cyan 
circles represent the (0,0) and (1,0) diffraction spots of the reconstructed Si(111) 
surface. After nitridation at 700°C, faint diffraction spots of Si3N4-“8 × 8” struc-
ture (1, 0) starts to appear. Increase the nitridation temperature results in a much 
brighter LEED spots along with an additional faint superstructures of “8/3 × 8/3” 
[6]. In case of a further increase in nitridation temperature to 920°C (Figure 2(b)), 
the LEED patterns get significantly sharpen. The “8/3 × 8/3” superstructures (red 
circles) appear in a much brighter contrast and dominate in lower beam energy. 
From the positions of the diffraction spots of the Si3N4-“8 × 8” structure and 
comparing those with the initial Si(111) diffraction spots, a periodicity of about 
2.79 Å has been observed for the “8 × 8” structures. However for the “8/3 × 8/3” 
superstructures, the periodicity appears to be 10.2 Å.

For surface nitridation above 950°C, another type of surface reconstruction 
of Si3N4/Si(111) appears in LEED pattern, which is known as the ‘quadruplet 
structure’ or 3/4 × 3/4 reconstruction. This pattern appears in coexistence with 
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the existing “8 × 8” structure. With further increasing in nitridation tempera-
ture, the quadruplet structure starts to dominate over the “8 × 8” patterns. Clear 
LEED patterns of quadruplet structure have been observed only above 1000°C 
(Figure 2(c)). This is appeared in bright spots (blue ellipse) with the crystalline 
domains angular rotations of ±5° and ± 10°, with respect to the underlying Si 
lattice. The (1, 0) spots of the Si3N4 “8 × 8” structure has also been observed within 
the purple circles. By comparing the quadruplet structure LEED spots with the (1, 
0) diffraction spot of Si(111), a surface lattice periodicity of about 2.88 Å, has been 
observed for the quadruplet structures. It has been observed that the quadruplet 
structures usually appear with a contaminated surface, sometimes even at lower 
nitridation temperatures [13, 31].

3.2 STM results

Exposure of atomic nitrogen on the Si(111) surface at elevated substrate tem-
peratures results in silicon nitride formation. A clear understanding of the silicon 
nitride growth mechanism and its impact on the structural properties of the as 
grown film is of high fundamental interest. STM studies of various silicon nitride 
films after nitridation at various temperatures, as well as Si3N4 film thicknesses 
starting from sub-monolayer coverage up to the saturation thickness can be seen 
here. The initial nucleation stage of silicon nitride films, their various growth steps 
along with the evolution of surface morphology and finally surface atomic struc-
tures of are discussed with atomic precision.

Initial nucleation: In order to understand how the initial nucleation mechanism 
takes place and the absorption of N atoms on Si surface to form nitride layer, sub-
monolayer coverage of Si3N4-“8 × 8” structures formation on Si(111) surface have 
been studied here. After a plasma exposure for 5 s, many small nucleation pits starts 
to appear within the terraces of the Si(111) surface (dark spots) as well as step edges 
exhibit many discrete nucleation patches within the upper terrace (also appeared in 
darker contrast) (Figure 3). For simplicity, henceforth, we will be mention those dot-
like dark structures within the terrace area as ‘nucleation pits’ and refer those step edge 
patches as the ‘nucleation patches’ [32]. With increase in nitridation temperature, it has 
been observed that the density of the nucleation pits/patches both within terraces or 
at the step edges are significantly decreased, whereas the average size has drastically 
increased (Figure 3). Usually, the nucleation patches are larger in size as compared to 

Figure 2. 
LEED patterns show the evolution of the Si3N4-“structure with increasing nitridation temperature”. (a) Clean 
Si(111)- 7×7 structure: Yellow and cyan circles correspond to the (0,0) and the (1,0) diffraction spots. (b) 
Si3N4-“8 × 8” structures: Purple circles corresponds to the (1,0) diffraction spots of Si3N4-“8 × 8” structures, 
whereas the “8/3 × 8/3” superstructures are indicated by red circles (nitridation at 920°C, electron beam energy 
43 eV). (c) Si3N4 ‘quadruplet structures’: Intense quadruplet structures are indicated by blue ellipses, whereas 
the (1,0) diffraction spots of the Si3N4-“8 × 8” structure are represented by the purple circles (nitridation at 
1050°C, electron beam energy 52 eV).
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the nucleation pits. Moreover, larger etch pits preferentially appear along the initial 
Si(111)-7 × 7 domain boundaries. For nitridation above 800°C, shape of the dark 
nucleation pits becomes regular (equilateral triangle). Triangular nucleation patches 
at the upper terrace of the step edges are also observed where the apex of the triangles 
point towards the [-1 -1 2] crystal direction, away from the steps. This direction of the 
nitride pit/patch growth is determined by comparing the faulted and unfaulted half 
unit cell of the Si(111)-7 × 7 (Figure 3(d)). A closer view STM image of this nitrified 
surface is shown in Figure 4 (nitridation at 800°C). Nucleation etch pits of triangular 

Figure 3. 
STM images of submonolayer coverage silicon nitride nucleation with nitridation temperatures: [(a) and (b) 
720°C, (c) and (d) 760°C, and (e) and (f)] 800°C, respectively, using rf-plasma exposure for 5 s. Scan areas: 
(a), (c) and (e) 400 × 400 nm2 and (b), (d) and (f) 100 × 100 nm2.

35

Crystalline Silicon Nitride Films on Si(111): Growth Mechanism, Surface Structure…
DOI: http://dx.doi.org/10.5772/intechopen.89412

pattern can clearly be seen. Surprisingly, both nucleation pits appear with a clean 
Si(111)-7 × 7 structure with 1.5 Å lower than the Si terrace. Si and/or N adatoms are 
preferentially found around the outer periphery of the 7 × 7 nucleation pits and in 
STM image appear as bright dots (Figure 4). Sometimes, adatoms have also found 
within the larger nucleation pits. However, nucleation patches located at the step 
edges generally shows a disordered structure in STM imaging. Figure 4 shows 
an interesting feature where a transition from Si(111)-7 × 7 nucleation patches to 
initial nucleation of “8 × 8” structures at the step edge has been observed. Inner 
side of the step shows an atomically resolved Si(111)-7 × 7 structure, whereas 
outer side of the step shows a Si3N4-“8 × 8” structure. Comparing the height 
difference it is confirmed that the patch appears with a similar height scale as 
the pits within terrace (1.5 Å, lower/higher) than the (upper/lower terrace). 
Furthermore, the Si(111)-7 × 7 structure exhibits the same rotational symmetry 
within nucleation pits and nucleation patches, having only translational shifts. 
Nitridation at 850°C results in atomically resolved honey-comb structures 
(“8 × 8”) of Si3N4. In this case, Si(111)-7 × 7 structures are not found any more 
within the nucleation site.

Effect of annealing: The effect of the post-exposure thermal annealing at differ-
ent temperatures for sub-monolayer coverage nitride films grown at 800°C is shown 
here in Figure 5. STM images depict the evolution of Si(111) surface after 800°C 
nitridation for 30 s, using RF-plasma source followed by subsequent post-annealing 
for one minute at 850°C and 900°C, respectively. As expected, nucleation pits (Si(111) 
terrace area) and nucleation patches (upper terrace of step edge) of triangular 
shapes are formed after 30 s nitridation at 800°C (Figure 5(a) and (b)), with an 
enhanced density and size as compared to earlier result presented in Figure 4(e) 
(5 s  nitridation). After annealing at 850°C for 1 min, thermal energy increases the 
surface adatoms mobility, which significantly changes the surface morphology as 
shown in (Figure 5(c) and (d)). It has been observed that those triangular pits located 
away from the surface steps are not affected much, however, the patches/pits at the 
surface steps/close proximity of lower steps, are strongly affected. Some of the patches 
form free standing islands of silicon nitride getting detached from the upper terrace. 
Moreover, free standing nitride islands also appear in larger size, due to the coalescence 
between nucleation patches and pits. Comparing with earlier images (Figure 5(a)), it 
can be concluded that the surface steps are locally retracted towards the upper terrace, 
leading towards the formation of free standing nitride islands within the lower terrace 

Figure 4. 
Closer view STM image shows the formation of nucleation pits within Si(111)-7 × 7 surface terrace and at the 
step edge (nitridation at 800°C for 5 s). Scan areas 65 × 60 nm2.
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the nucleation pits. Moreover, larger etch pits preferentially appear along the initial 
Si(111)-7 × 7 domain boundaries. For nitridation above 800°C, shape of the dark 
nucleation pits becomes regular (equilateral triangle). Triangular nucleation patches 
at the upper terrace of the step edges are also observed where the apex of the triangles 
point towards the [-1 -1 2] crystal direction, away from the steps. This direction of the 
nitride pit/patch growth is determined by comparing the faulted and unfaulted half 
unit cell of the Si(111)-7 × 7 (Figure 3(d)). A closer view STM image of this nitrified 
surface is shown in Figure 4 (nitridation at 800°C). Nucleation etch pits of triangular 

Figure 3. 
STM images of submonolayer coverage silicon nitride nucleation with nitridation temperatures: [(a) and (b) 
720°C, (c) and (d) 760°C, and (e) and (f)] 800°C, respectively, using rf-plasma exposure for 5 s. Scan areas: 
(a), (c) and (e) 400 × 400 nm2 and (b), (d) and (f) 100 × 100 nm2.
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pattern can clearly be seen. Surprisingly, both nucleation pits appear with a clean 
Si(111)-7 × 7 structure with 1.5 Å lower than the Si terrace. Si and/or N adatoms are 
preferentially found around the outer periphery of the 7 × 7 nucleation pits and in 
STM image appear as bright dots (Figure 4). Sometimes, adatoms have also found 
within the larger nucleation pits. However, nucleation patches located at the step 
edges generally shows a disordered structure in STM imaging. Figure 4 shows 
an interesting feature where a transition from Si(111)-7 × 7 nucleation patches to 
initial nucleation of “8 × 8” structures at the step edge has been observed. Inner 
side of the step shows an atomically resolved Si(111)-7 × 7 structure, whereas 
outer side of the step shows a Si3N4-“8 × 8” structure. Comparing the height 
difference it is confirmed that the patch appears with a similar height scale as 
the pits within terrace (1.5 Å, lower/higher) than the (upper/lower terrace). 
Furthermore, the Si(111)-7 × 7 structure exhibits the same rotational symmetry 
within nucleation pits and nucleation patches, having only translational shifts. 
Nitridation at 850°C results in atomically resolved honey-comb structures 
(“8 × 8”) of Si3N4. In this case, Si(111)-7 × 7 structures are not found any more 
within the nucleation site.

Effect of annealing: The effect of the post-exposure thermal annealing at differ-
ent temperatures for sub-monolayer coverage nitride films grown at 800°C is shown 
here in Figure 5. STM images depict the evolution of Si(111) surface after 800°C 
nitridation for 30 s, using RF-plasma source followed by subsequent post-annealing 
for one minute at 850°C and 900°C, respectively. As expected, nucleation pits (Si(111) 
terrace area) and nucleation patches (upper terrace of step edge) of triangular 
shapes are formed after 30 s nitridation at 800°C (Figure 5(a) and (b)), with an 
enhanced density and size as compared to earlier result presented in Figure 4(e) 
(5 s  nitridation). After annealing at 850°C for 1 min, thermal energy increases the 
surface adatoms mobility, which significantly changes the surface morphology as 
shown in (Figure 5(c) and (d)). It has been observed that those triangular pits located 
away from the surface steps are not affected much, however, the patches/pits at the 
surface steps/close proximity of lower steps, are strongly affected. Some of the patches 
form free standing islands of silicon nitride getting detached from the upper terrace. 
Moreover, free standing nitride islands also appear in larger size, due to the coalescence 
between nucleation patches and pits. Comparing with earlier images (Figure 5(a)), it 
can be concluded that the surface steps are locally retracted towards the upper terrace, 
leading towards the formation of free standing nitride islands within the lower terrace 

Figure 4. 
Closer view STM image shows the formation of nucleation pits within Si(111)-7 × 7 surface terrace and at the 
step edge (nitridation at 800°C for 5 s). Scan areas 65 × 60 nm2.
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area. The shape of the free standing nitride islands also differs from the triangular pits/
patches which have been discussed in later. Resulting changes in nitride surface mor-
phology, after annealing at 900°C for another minute can be seen in Figure 5(e) and 
(f). Further movement of the surface steps towards upper terrace and enlargement of 
the free standing nitride islands have been observed. Eventually, this effect may lead 
to a terrace breaking. In addition, nucleation of N adatoms at the initial (7 × 7) domain 
boundary regions has also been taken place, (appears as bright dots within the terrace), 
leading to the inter connection between two nitride pits/islands (Figure 5(f)).

Figure 5. 
STM images of evolution of Si(111) surfaces: (a) and (b) after nitridation at 800°C for 30 s, (c) and (d) post 
annealing at 850°C for 60 s, and (e) and (f) further post annealing at 900°C for 60 s, respectively. Scan areas: 
(a), (c) and (e) 1 × 1 μm2 and (b), (d) and (f) 200 × 200 nm2.
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The closer view STM images of free standing nitride island and nitridation 
at the initial domain boundary of Si(111)-7 × 7 surface are shown in Figure 6. 
The Si3N4 structures are now appeared with an ordered atomic arrangement of a 
honeycomb-like “8 × 8” (Figure 6). Within islands/pits, Si(111)-7 × 7 structures 
are not observed any more. A clearer appearance of the “8 × 8” structure also 
suggests a drastic improvement in nitride films crystalline quality. Apart from the 
structural improvements, the shape and size of nitride nucleation centers have 
significantly been altered. The “8 × 8” nucleation pits within the terrace area remain 
still triangular, however, the free standing islands become in truncated shape and 
start to become a hexagonal shape as shown in Figure 6(a) [32]. Direct nucleation 
of nitride layer (without forming pit/patch) has also started after second step of 
annealing at 900°C, at the domain boundary regions of initial the 7 × 7 terrace, as 
can be seen as bright dots in Figure 6(b). This way, nitride layer connects between 
two different nucleation pits/islands and further proceeds to form a continuous 
layer on Si surface. The structural quality of the “8 × 8”- Si3N4 layer has also been 
improved with the nitridation/annealing temperature, which is also in agreement 
with our earlier LEED observations.

Thickness dependent surface morphology: STM images show the morphologi-
cal evolutions of crystalline silicon nitride films grown on Si(111) surface at 850°C 
have been compared here with an increasing exposure durations of RF nitrogen-
plasma. Structure and morphological evolution of Si(111) surface, exposed for 
nitridation for (a) 2 min, (b) 4 min, (c) 12 min and (d) 45 min, respectively, using 
RF-plasma are presented in Figure 7. Initial Si surface gets completely covered by 
“8 × 8” nitride layer after an exposure of RF plasma for 2 min (Figure 7(a)). Large 
Si3N4 islands with atomically flat top surfaces are observed throughout the surface. 
Initial terrace structure of Si(111)- 7 × 7 substrate gets completely broken and some 
of the nitride islands appear significantly higher (few bilayer steps of Si(111)) due 
to the effect of step bunching. Atomically resolved honeycomb-like structures of 
Si3N4 with “8 × 8” periodicity are obtained throughout the surface as shown within 
the inset of Figure 7(a). For even longer exposure of RF-plasma, a thicker nitride 
layers is formed. The surface morphology of the nitride film grown after 4 min of 
nitridation is shown in Figure 7(b). The surface appears in rough morphology with 
many grooves and holes and the initial terrace structures of Si(111) get partially 
broken. For even longer nitridation of 12 min a very different surface morphology 
is observed. Si(111) terrace structures are completely broken and large 2D islands 
with a flat top surfaces formed (Figure 7(c)). Step heights of these nitride islands 

Figure 6. 
Closer view STM images of (a) free standing nitride island detached from the step edge and (b) nitride 
formation within etch pit in the terrace area and in domain boundary.
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area. The shape of the free standing nitride islands also differs from the triangular pits/
patches which have been discussed in later. Resulting changes in nitride surface mor-
phology, after annealing at 900°C for another minute can be seen in Figure 5(e) and 
(f). Further movement of the surface steps towards upper terrace and enlargement of 
the free standing nitride islands have been observed. Eventually, this effect may lead 
to a terrace breaking. In addition, nucleation of N adatoms at the initial (7 × 7) domain 
boundary regions has also been taken place, (appears as bright dots within the terrace), 
leading to the inter connection between two nitride pits/islands (Figure 5(f)).

Figure 5. 
STM images of evolution of Si(111) surfaces: (a) and (b) after nitridation at 800°C for 30 s, (c) and (d) post 
annealing at 850°C for 60 s, and (e) and (f) further post annealing at 900°C for 60 s, respectively. Scan areas: 
(a), (c) and (e) 1 × 1 μm2 and (b), (d) and (f) 200 × 200 nm2.
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The closer view STM images of free standing nitride island and nitridation 
at the initial domain boundary of Si(111)-7 × 7 surface are shown in Figure 6. 
The Si3N4 structures are now appeared with an ordered atomic arrangement of a 
honeycomb-like “8 × 8” (Figure 6). Within islands/pits, Si(111)-7 × 7 structures 
are not observed any more. A clearer appearance of the “8 × 8” structure also 
suggests a drastic improvement in nitride films crystalline quality. Apart from the 
structural improvements, the shape and size of nitride nucleation centers have 
significantly been altered. The “8 × 8” nucleation pits within the terrace area remain 
still triangular, however, the free standing islands become in truncated shape and 
start to become a hexagonal shape as shown in Figure 6(a) [32]. Direct nucleation 
of nitride layer (without forming pit/patch) has also started after second step of 
annealing at 900°C, at the domain boundary regions of initial the 7 × 7 terrace, as 
can be seen as bright dots in Figure 6(b). This way, nitride layer connects between 
two different nucleation pits/islands and further proceeds to form a continuous 
layer on Si surface. The structural quality of the “8 × 8”- Si3N4 layer has also been 
improved with the nitridation/annealing temperature, which is also in agreement 
with our earlier LEED observations.

Thickness dependent surface morphology: STM images show the morphologi-
cal evolutions of crystalline silicon nitride films grown on Si(111) surface at 850°C 
have been compared here with an increasing exposure durations of RF nitrogen-
plasma. Structure and morphological evolution of Si(111) surface, exposed for 
nitridation for (a) 2 min, (b) 4 min, (c) 12 min and (d) 45 min, respectively, using 
RF-plasma are presented in Figure 7. Initial Si surface gets completely covered by 
“8 × 8” nitride layer after an exposure of RF plasma for 2 min (Figure 7(a)). Large 
Si3N4 islands with atomically flat top surfaces are observed throughout the surface. 
Initial terrace structure of Si(111)- 7 × 7 substrate gets completely broken and some 
of the nitride islands appear significantly higher (few bilayer steps of Si(111)) due 
to the effect of step bunching. Atomically resolved honeycomb-like structures of 
Si3N4 with “8 × 8” periodicity are obtained throughout the surface as shown within 
the inset of Figure 7(a). For even longer exposure of RF-plasma, a thicker nitride 
layers is formed. The surface morphology of the nitride film grown after 4 min of 
nitridation is shown in Figure 7(b). The surface appears in rough morphology with 
many grooves and holes and the initial terrace structures of Si(111) get partially 
broken. For even longer nitridation of 12 min a very different surface morphology 
is observed. Si(111) terrace structures are completely broken and large 2D islands 
with a flat top surfaces formed (Figure 7(c)). Step heights of these nitride islands 

Figure 6. 
Closer view STM images of (a) free standing nitride island detached from the step edge and (b) nitride 
formation within etch pit in the terrace area and in domain boundary.
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are found to be an integer multiple of 2.9 Å. This finding suggests the formation of 
multilayer β-Si3N4. It also indicates the crystalline correlation of the as grown nitride 
film with the Si(111) substrate, such as: Si3N4 (0001) ׀׀ Si(111). Moreover, the holes 
and grooves appear even larger and deeper. In addition, the border of the nitride 
islands appears in a straight line manner. Very similar kind of structure is also 
observed within the holes and grooves. This observation confirms the formation of 
nitride layer within the holes/grooves and as a result finally a continuous Si3N4 layer 
is formed. After 45 min of nitridation, the Si3N4 film reaches to its saturation thick-
ness as the surface morphology changes drastically (Figure 7(d)). Overall surface 
roughness is someway decreased. Holes/grooves are partially filled as they become 
smaller in size as well as shallower in depth. Along with, the top nitride surface 
becomes very granular and appears with many small clusters/blobs. A very similar 
kind of finding has also been reported in STM studies [29].

Surface reconstructions of β-Si3N4: Depending upon the nitridation param-
eters (temperature and duration), generally two types of silicon nitride surface 
reconstructions are observed in STM: (a) honeycomb-like “8 × 8” structures with 
a surface periodicity of 30.7 Å and(b) “8/3 × 8/3” superstructures of 10.2 Å surface 
periodicity. High temperature nitridation (> 1000°C) usually results in a so called 
‘quadruplet structures’ (3/4 × 3/4) in LEED observation, however, atomically 
resolved structures of 3/4 × 3/4 reconstructions are not found in our STM study.

Honeycomb-like “8 × 8” reconstruction: A honeycomb-like “8 × 8” surface 
reconstruction of silicon nitride films are only observed in STM for a very thin 
Si3N4 films, having coverages below 2 ML. These honeycomb-like structures usually 
start to appear at relatively lower nitridation temperature (800°C) with high defect 

Figure 7. 
STM images of silicon nitride film grown at 850°C with increasing duration of RF-plasma: (a) 2 min, (b) 
4 min, (c) 12 min and (d) 45 min, respectively. Scan area: 1 × 1 μm2 . Inset of (a) shows atomically resolved 
honey comb structure of “8 × 8”- Si3N4.
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density with a poor order of crystal symmetry. Increase in nitridation temperature 
or post-nitridation thermal annealing (higher temperatures) significantly improves 
the ordering and structural symmetry. However, a thicker nitride film does not 
show any well resolved honeycomb-like surface in STM imaging.

Empty state STM images of Si3N4 surface grown at 850°C are shown in 
Figure 8(a) and (b). Honeycomb-like “8 × 8” surface reconstruction of Si3N4 sur-
face is formed after 30 s of RF-plasma nitridation. The structure appears as a defec-
tive and in quasi-periodic network of local disordering (Figure 8(a)). A closer view 
of this honeycomb-like structures nicely resolved with atomic resolution is depicted 
in Figure 8(b). However, the short range lattice disorders can also be observed 
here along with the loop like structures. These disordered state can be attributed 
to the interfacial states of Si3N4/Si(111). An autocorrelation of this surface shows a 
periodicity of about 30.6 Å, indicating a “8 × 8”- Si3N4 structure [32].

“8/3 × 8/3” surface reconstruction: Apart from this “8 × 8” surface recon-
structions, in case of relatively thicker Si3N4 films grown at a temperature between 
900 and 980°C, another type of surface reconstructions known as “8/3 × 8/3” 
superstructure is also observed. A surface periodicity of 10.2 Å is found here and 
the empty state STM images of well reconstructed “8/3 × 8/3” structures appears 
with a long range symmetry, as shown in Figure 8(c) and (d). The nitride film was 
formed by 20 min of RF-plasma exposure on clean Si(111) surface at 950°C. A long 
range atomic symmetry of “8/3 × 8/3” structure is nicely resolved here. This result 
also suggests that a highly crystalline Si3N4 films can also be formed by a systemati-
cally choosing the nitride growth parameters. However, few defect areas on this 
surface such as vacancies/missing atoms (dark areas) as well as adatoms (bright 

Figure 8. 
Empty state STM images of Si3N4 surface showing atomically resolved surface of: (a) and (b) honey-comb like 
“8 × 8” surface reconstructions (3 V) and (c) and (d) 8/3 × 8/3 surface reconstructions (4 V).
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are found to be an integer multiple of 2.9 Å. This finding suggests the formation of 
multilayer β-Si3N4. It also indicates the crystalline correlation of the as grown nitride 
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and grooves appear even larger and deeper. In addition, the border of the nitride 
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reconstruction of silicon nitride films are only observed in STM for a very thin 
Si3N4 films, having coverages below 2 ML. These honeycomb-like structures usually 
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density with a poor order of crystal symmetry. Increase in nitridation temperature 
or post-nitridation thermal annealing (higher temperatures) significantly improves 
the ordering and structural symmetry. However, a thicker nitride film does not 
show any well resolved honeycomb-like surface in STM imaging.

Empty state STM images of Si3N4 surface grown at 850°C are shown in 
Figure 8(a) and (b). Honeycomb-like “8 × 8” surface reconstruction of Si3N4 sur-
face is formed after 30 s of RF-plasma nitridation. The structure appears as a defec-
tive and in quasi-periodic network of local disordering (Figure 8(a)). A closer view 
of this honeycomb-like structures nicely resolved with atomic resolution is depicted 
in Figure 8(b). However, the short range lattice disorders can also be observed 
here along with the loop like structures. These disordered state can be attributed 
to the interfacial states of Si3N4/Si(111). An autocorrelation of this surface shows a 
periodicity of about 30.6 Å, indicating a “8 × 8”- Si3N4 structure [32].

“8/3 × 8/3” surface reconstruction: Apart from this “8 × 8” surface recon-
structions, in case of relatively thicker Si3N4 films grown at a temperature between 
900 and 980°C, another type of surface reconstructions known as “8/3 × 8/3” 
superstructure is also observed. A surface periodicity of 10.2 Å is found here and 
the empty state STM images of well reconstructed “8/3 × 8/3” structures appears 
with a long range symmetry, as shown in Figure 8(c) and (d). The nitride film was 
formed by 20 min of RF-plasma exposure on clean Si(111) surface at 950°C. A long 
range atomic symmetry of “8/3 × 8/3” structure is nicely resolved here. This result 
also suggests that a highly crystalline Si3N4 films can also be formed by a systemati-
cally choosing the nitride growth parameters. However, few defect areas on this 
surface such as vacancies/missing atoms (dark areas) as well as adatoms (bright 

Figure 8. 
Empty state STM images of Si3N4 surface showing atomically resolved surface of: (a) and (b) honey-comb like 
“8 × 8” surface reconstructions (3 V) and (c) and (d) 8/3 × 8/3 surface reconstructions (4 V).
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areas) have also been observed. A closer view of this “8/3 × 8/3” surface can be seen 
in Figure 8(d). Here, a weak modulation with 3-fold surface symmetry can also be 
observed by a careful inspection. This effect might be a related to the coexistence 
of the “8 × 8” LEED spots along with the “8/3 × 8/3” superstructure spots of nitride 
films. An autocorrelation measurement of this superstructure is also performed 
which shows a structural periodicity of about 10.2 Å, confirming the formation of 
“8/3 × 8/3” superstructure [6, 30].

3.3 ESCA results

Apart from STM imaging, ESCA microscopy technique is also employed to 
investigate the of surface chemical properties of the thin silicon nitride films 
grown on clean Si(111) substrates. Contrast observed in ESCA microscopy image 
usually occurs from two factors: (a) chemical inhomogeneity, i.e., any kind of 
compositional fluctuation and (b) film thickness inhomogeneity, i.e., surface 
roughening leading towards nitride layer thickness fluctuation. To perform a 
comparative study, two types of nitride samples are used here. In one hand, a flat 
and smooth nitride film grown at a relatively low nitridation temperature is used. 
In other hand, nitride film with a rough surface morphology grown by nitridation 
at higher temperature is tested.

In case of smooth nitride films, a very week modulation in ESCA image contrast 
has been observed for both scans using Si-2p bulk and nitride binding energies 
(images not shown here). ESCA microscopy image using N-1 s components also 
appears in a very similar manner. Both findings indicate towards the surface chemi-
cal homogeneity of the nitride film. To further confirm the chemical uniformity of 
this surface, high resolution XPS study has also been tested using of Si-2p photo-
emission line. A chemical shift of 2.9 eV has been found within the Si-2p spectra. 
This information can suggest the nitride film stoichiometry and in good agreement 
with the reported literature for Si3N4 compound formation [33, 34]. The thickness 
of the nitride film can also be estimated using this known Si3N4 stoichiometry. Total 
integral intensities of both nitride and bulk Si-2p components are used to calculate 
the film thickness. A detailed analysis of the nitride film thickness calculation has 
already been reported elsewhere [35, 36].

However, for nitride films of rough surface morphology, grown at higher nitrida-
tion temperatures appear with a strong contrast in ESCA microscopy images as 
shown in Figure 9. Photoelectron signals from: (a) N-1 s line and (b) Si-2p bulk line 
are used for the spectro-micrographs here. An inverted contrast in ESCA microscopy 
images is observed here appear with a strong contrast (Figure 9(a) and (b)). This 
finding can be explained in terms of nitride film thickness fluctuation. The existence 
of any bare Si(111) surface can be excluded from our earlier STM observations, 
where a continuous nitride layer with a thickness modulation was observed for this 
type of nitridation process.

In case of a smooth and uniform nitride films, the contrast in ESCA microscopy 
image for N-1 s line can be attributed to silicon nitride film stoichiometry, i.e., 
chemical inhomogeneity. In that case, Si-2p bulk component should be homoge-
neous and the ESCA microscopy is expected to be without any significant imaging 
contrast. In contrast, however, a strong contrast is observed also for the Si-2p bulk 
line. It is a clear indication of thickness fluctuation rather any chemical inhomo-
geneity within the nitride film. Figure 9(c) and (d) show a further investigation 
related to the film thickness variation of nitride films. Figure 9(c) shows a closer 
view of ESCA micrograph using the N-1 s line. Individual XPS spectra of the Si-2p 
binding energy measured at two different locations (marked bright and the dark 
areas within the ESCA micrographs) are recorded and the correlation between these 
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two spectra is compared (Figure 9(c)). Both spectra clearly indicate the contrast 
within the ESCA micrograph is mostly due to the lateral fluctuation in the nitride 
film thickness rather not due to any chemical inhomogeneity.

4. Discussion

From our STM studies of silicon nitride formation it is quite clearly that the 
initial Si3N4 nucleation always starts at the surface steps of Si(111) substrate in two 
ways: (a) in one hand direct formation of nucleation patches at the step edges of 
initial Si(111) surface or (b) on other hand formation of additional steps by creating 
triangular nucleation etch pits within the 7 × 7-Si(111) terrace areas. Initial nucle-
ation at the surface steps can be correlated to the defect induced nucleation of N 
atom. As more dangling bonds are available at the step edges, they act as chemically 
more active with respect to the terrace area of 7 × 7-Si(111) domains. As a result, it 
can facilitate the initial nucleation of nitride layer. In addition, surface steps give 
more degrees of freedom for the nitride layer growth leading towards the relaxation 
of nitride lattice strain induced from the mismatch between the deposited nitride 
material and the Si substrate lattice.

Larger size of the nitride nucleation centers with a lower number density for 
higher nitridation temperature are explained in terms of enhanced thermal diffu-
sion of the N and Si adatoms. Thermal diffusion starts to dominate above 750°C, 
which results in a heterogeneous nucleation of pits/patches at substrate defects, i.e. 
at Si(111)-7 × 7 domain boundaries and surface steps. Si3N4 nucleation above 850°C 

Figure 9. 
ESCA micro-spectrograph of silicon nitride film grown at relatively higher nitridation temperature (950°C) 
(a) with N-1 s line, (b) with Si-2p bulk line, (c) closer view with N-1 s line and (d) Si-2p XPS spectra at the 
corresponding location mentioned within image (c).
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areas) have also been observed. A closer view of this “8/3 × 8/3” surface can be seen 
in Figure 8(d). Here, a weak modulation with 3-fold surface symmetry can also be 
observed by a careful inspection. This effect might be a related to the coexistence 
of the “8 × 8” LEED spots along with the “8/3 × 8/3” superstructure spots of nitride 
films. An autocorrelation measurement of this superstructure is also performed 
which shows a structural periodicity of about 10.2 Å, confirming the formation of 
“8/3 × 8/3” superstructure [6, 30].

3.3 ESCA results

Apart from STM imaging, ESCA microscopy technique is also employed to 
investigate the of surface chemical properties of the thin silicon nitride films 
grown on clean Si(111) substrates. Contrast observed in ESCA microscopy image 
usually occurs from two factors: (a) chemical inhomogeneity, i.e., any kind of 
compositional fluctuation and (b) film thickness inhomogeneity, i.e., surface 
roughening leading towards nitride layer thickness fluctuation. To perform a 
comparative study, two types of nitride samples are used here. In one hand, a flat 
and smooth nitride film grown at a relatively low nitridation temperature is used. 
In other hand, nitride film with a rough surface morphology grown by nitridation 
at higher temperature is tested.

In case of smooth nitride films, a very week modulation in ESCA image contrast 
has been observed for both scans using Si-2p bulk and nitride binding energies 
(images not shown here). ESCA microscopy image using N-1 s components also 
appears in a very similar manner. Both findings indicate towards the surface chemi-
cal homogeneity of the nitride film. To further confirm the chemical uniformity of 
this surface, high resolution XPS study has also been tested using of Si-2p photo-
emission line. A chemical shift of 2.9 eV has been found within the Si-2p spectra. 
This information can suggest the nitride film stoichiometry and in good agreement 
with the reported literature for Si3N4 compound formation [33, 34]. The thickness 
of the nitride film can also be estimated using this known Si3N4 stoichiometry. Total 
integral intensities of both nitride and bulk Si-2p components are used to calculate 
the film thickness. A detailed analysis of the nitride film thickness calculation has 
already been reported elsewhere [35, 36].

However, for nitride films of rough surface morphology, grown at higher nitrida-
tion temperatures appear with a strong contrast in ESCA microscopy images as 
shown in Figure 9. Photoelectron signals from: (a) N-1 s line and (b) Si-2p bulk line 
are used for the spectro-micrographs here. An inverted contrast in ESCA microscopy 
images is observed here appear with a strong contrast (Figure 9(a) and (b)). This 
finding can be explained in terms of nitride film thickness fluctuation. The existence 
of any bare Si(111) surface can be excluded from our earlier STM observations, 
where a continuous nitride layer with a thickness modulation was observed for this 
type of nitridation process.

In case of a smooth and uniform nitride films, the contrast in ESCA microscopy 
image for N-1 s line can be attributed to silicon nitride film stoichiometry, i.e., 
chemical inhomogeneity. In that case, Si-2p bulk component should be homoge-
neous and the ESCA microscopy is expected to be without any significant imaging 
contrast. In contrast, however, a strong contrast is observed also for the Si-2p bulk 
line. It is a clear indication of thickness fluctuation rather any chemical inhomo-
geneity within the nitride film. Figure 9(c) and (d) show a further investigation 
related to the film thickness variation of nitride films. Figure 9(c) shows a closer 
view of ESCA micrograph using the N-1 s line. Individual XPS spectra of the Si-2p 
binding energy measured at two different locations (marked bright and the dark 
areas within the ESCA micrographs) are recorded and the correlation between these 
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two spectra is compared (Figure 9(c)). Both spectra clearly indicate the contrast 
within the ESCA micrograph is mostly due to the lateral fluctuation in the nitride 
film thickness rather not due to any chemical inhomogeneity.

4. Discussion

From our STM studies of silicon nitride formation it is quite clearly that the 
initial Si3N4 nucleation always starts at the surface steps of Si(111) substrate in two 
ways: (a) in one hand direct formation of nucleation patches at the step edges of 
initial Si(111) surface or (b) on other hand formation of additional steps by creating 
triangular nucleation etch pits within the 7 × 7-Si(111) terrace areas. Initial nucle-
ation at the surface steps can be correlated to the defect induced nucleation of N 
atom. As more dangling bonds are available at the step edges, they act as chemically 
more active with respect to the terrace area of 7 × 7-Si(111) domains. As a result, it 
can facilitate the initial nucleation of nitride layer. In addition, surface steps give 
more degrees of freedom for the nitride layer growth leading towards the relaxation 
of nitride lattice strain induced from the mismatch between the deposited nitride 
material and the Si substrate lattice.

Larger size of the nitride nucleation centers with a lower number density for 
higher nitridation temperature are explained in terms of enhanced thermal diffu-
sion of the N and Si adatoms. Thermal diffusion starts to dominate above 750°C, 
which results in a heterogeneous nucleation of pits/patches at substrate defects, i.e. 
at Si(111)-7 × 7 domain boundaries and surface steps. Si3N4 nucleation above 850°C 
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(a) with N-1 s line, (b) with Si-2p bulk line, (c) closer view with N-1 s line and (d) Si-2p XPS spectra at the 
corresponding location mentioned within image (c).
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occurs exclusively at the surface steps, which can concluded as follows. There are no 
such domain boundaries of 7 × 7 structure due to surface phase transition at about 
830°C from the (7 × 7) → (1 × 1) [37]. Moreover, at higher nitridation temperature 
the surface diffusion of Si and N adatoms gets larger. The triangular shape of the 
etch pits/patches may be influenced by the three-fold crystal symmetry of the 
underlying Si(111)-7 × 7 substrate.

Morphological changes during post-annealing as well as improvement in struc-
tural quality can also be attributed to the temperature induced enhanced surface 
diffusion of Si and N adatoms. In one hand, high temperature promotes a better 
diffusion of surface Si atoms. On other hand, crystalline Si3N4 formation under 
atomic N exposure demands a proper supply of adatom species. Hence, an improve-
ment in crystalline quality is expected for the higher nitridation temperature. LEED 
observations can also be explained in a very similar manner. The continuous supply 
of Si atoms can be linked to groove and hole formation on Si(111) surface by removal 
of the upper terrace. This will act as a Si source for further nitride formation. The 
enlargement of nitride nucleation patches or free standing islands can also be 
explained in terms of coalescence effect or by local nitride re-growth. The transition 
of free change standing nitride islands from a triangular to truncated /distorted-hex-
agonal shape can be explained by crystal rotational symmetry i.e., three fold symme-
try of Si(111) and the hexagonal symmetry of Si3N4. Nitride nucleation through etch 
pits formation around the domain boundary of initial Si(111)-7 × 7 is also related to 
defect induced nucleation, as found for nitridation along surface steps. 2D islands of 
Si3N4 with multiple steps/ step bunching can be explained as follows. Outer diffusion 
of Si-atoms can easily occur at the step-edges and it can act as a source for Si atoms 
for further nitride formation. In this way, steps are getting larger and deeper with 
nitridation temperature and provide the Si supply. As a result, it turns in to a deep 
crack formation. This type of surface morphology is generally found for ‘quadruplet 
structures’ where the growth temperature usually stays above 1000°C. However, for 
saturation thickness flat terrace area with little roughening is observed, which might 
be due to the ion induced damage, caused by the long exposure of plasma source.

The atomically resolved honey-comb like “8 × 8” surface reconstruction of the 
β-Si3N4 (0001) surface can only be observed for very thin nitride films (coverage below 
2ML), which appears in a loop like way. In addition, no real long range symmetry 
has been found in STM imaging. This honeycomb-like appearance with many local 
disordering in STM images can be correlated in following ways. In one hand, the STM 
images can easily get influenced by the Si3N4-Si(111) interface states (very thin film). 
As there is a significant lattice mismatch between the substrate and epilayer, it may lead 
to a highly distorted bonding configuration. On other hand, STM imaging can also be 
modulated by the local electronic states of underlying Si(111) substrate (only valid for 
thin overlayer). In contrast, “8/3 × 8/3” super structures show a clear atomic reconstruc-
tions with long range symmetry. As it appears for a relatively thicker layer, background 
electronic influence such as sub-surface information can be ignored. However, a weak 
three fold surface modulation has been observed for thicker nitride films which is in 
good agreement with the proposed structural model of Bauer et al. [13]

STM findings of roughening of the silicon nitride surface at higher nitridation 
temperature are also complementary with our ESCA microscopy results. Nitride 
films appear as chemically homogeneous, however, contrast in the ESCA images 
are mostly due to the thickness fluctuation of the nitride film. The stoichiometry, 
i.e., chemical composition of the nitride films is found to be Si3N4 for both, smooth 
and rough surface morphology nitride films grown at lower and higher nitridation 
temperatures, respectively. The contrast in ESCA microscopy is only observed for 
higher nitridation temperatures as it results in formation of nitride films of inho-
mogeneous thickness.
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5. Conclusions

In summary, high quality crystalline silicon nitride thin films have successfully 
been grown on clean Si(111) substrate by elevated temperature exposure of active 
nitrogen from a RF-plasma source. Initial nucleation process, nitridation temperature 
and atomic N exposure duration dependent films structure and morphology, surface 
atomic reconstructions and chemical properties of the β-Si3N4 /Si(111) have been 
investigated in details using different surface characterization techniques such as 
STM, LEED and ESCA microscopy. Initial Si3N4 nucleation strongly determine by the 
Si(111) surface defects. It always occurs at the step edges (upper terrace) and ter-
races by nucleation pit formation. Lower nitridation temperature generally results in 
nitride films of poor crystalline quality but appears with a smooth surface morphol-
ogy. Whereas, a highly crystalline Si3N4 film can be achieved for nitridation at higher 
temperatures. Moreover, the surface morphology gets severely roughen by forming 
holes and grooves on Si(111) terrace. An atomically resolved honeycomb-like recon-
struction of “8 × 8” surface periodicity is observed for very thin Si3N4 films. However, 
for thicker films grown at higher nitridation temperature shows an atomically 
resolved “8/3 × 8/3” superstructure in STM. Both the findings are complementary 
and in good agreement with LEED results. ESCA microscopy measurements confirm 
a Si3N4 stoichiometry of the nitride films. It also suggests a thickness fluctuation for a 
nitride growth at higher temperature. Finally, this type of crystalline Si3N4 films have 
a huge potential to successfully replace the existing SiO2 dielectric layer on Si(111) for 
device technology. Furthermore, it can also provide a platform for crystalline growth 
of group III nitrides on Si(111), which can further integrate the optoelectronic devices 
to the existing well established Si based technology [38].
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occurs exclusively at the surface steps, which can concluded as follows. There are no 
such domain boundaries of 7 × 7 structure due to surface phase transition at about 
830°C from the (7 × 7) → (1 × 1) [37]. Moreover, at higher nitridation temperature 
the surface diffusion of Si and N adatoms gets larger. The triangular shape of the 
etch pits/patches may be influenced by the three-fold crystal symmetry of the 
underlying Si(111)-7 × 7 substrate.

Morphological changes during post-annealing as well as improvement in struc-
tural quality can also be attributed to the temperature induced enhanced surface 
diffusion of Si and N adatoms. In one hand, high temperature promotes a better 
diffusion of surface Si atoms. On other hand, crystalline Si3N4 formation under 
atomic N exposure demands a proper supply of adatom species. Hence, an improve-
ment in crystalline quality is expected for the higher nitridation temperature. LEED 
observations can also be explained in a very similar manner. The continuous supply 
of Si atoms can be linked to groove and hole formation on Si(111) surface by removal 
of the upper terrace. This will act as a Si source for further nitride formation. The 
enlargement of nitride nucleation patches or free standing islands can also be 
explained in terms of coalescence effect or by local nitride re-growth. The transition 
of free change standing nitride islands from a triangular to truncated /distorted-hex-
agonal shape can be explained by crystal rotational symmetry i.e., three fold symme-
try of Si(111) and the hexagonal symmetry of Si3N4. Nitride nucleation through etch 
pits formation around the domain boundary of initial Si(111)-7 × 7 is also related to 
defect induced nucleation, as found for nitridation along surface steps. 2D islands of 
Si3N4 with multiple steps/ step bunching can be explained as follows. Outer diffusion 
of Si-atoms can easily occur at the step-edges and it can act as a source for Si atoms 
for further nitride formation. In this way, steps are getting larger and deeper with 
nitridation temperature and provide the Si supply. As a result, it turns in to a deep 
crack formation. This type of surface morphology is generally found for ‘quadruplet 
structures’ where the growth temperature usually stays above 1000°C. However, for 
saturation thickness flat terrace area with little roughening is observed, which might 
be due to the ion induced damage, caused by the long exposure of plasma source.

The atomically resolved honey-comb like “8 × 8” surface reconstruction of the 
β-Si3N4 (0001) surface can only be observed for very thin nitride films (coverage below 
2ML), which appears in a loop like way. In addition, no real long range symmetry 
has been found in STM imaging. This honeycomb-like appearance with many local 
disordering in STM images can be correlated in following ways. In one hand, the STM 
images can easily get influenced by the Si3N4-Si(111) interface states (very thin film). 
As there is a significant lattice mismatch between the substrate and epilayer, it may lead 
to a highly distorted bonding configuration. On other hand, STM imaging can also be 
modulated by the local electronic states of underlying Si(111) substrate (only valid for 
thin overlayer). In contrast, “8/3 × 8/3” super structures show a clear atomic reconstruc-
tions with long range symmetry. As it appears for a relatively thicker layer, background 
electronic influence such as sub-surface information can be ignored. However, a weak 
three fold surface modulation has been observed for thicker nitride films which is in 
good agreement with the proposed structural model of Bauer et al. [13]

STM findings of roughening of the silicon nitride surface at higher nitridation 
temperature are also complementary with our ESCA microscopy results. Nitride 
films appear as chemically homogeneous, however, contrast in the ESCA images 
are mostly due to the thickness fluctuation of the nitride film. The stoichiometry, 
i.e., chemical composition of the nitride films is found to be Si3N4 for both, smooth 
and rough surface morphology nitride films grown at lower and higher nitridation 
temperatures, respectively. The contrast in ESCA microscopy is only observed for 
higher nitridation temperatures as it results in formation of nitride films of inho-
mogeneous thickness.
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5. Conclusions

In summary, high quality crystalline silicon nitride thin films have successfully 
been grown on clean Si(111) substrate by elevated temperature exposure of active 
nitrogen from a RF-plasma source. Initial nucleation process, nitridation temperature 
and atomic N exposure duration dependent films structure and morphology, surface 
atomic reconstructions and chemical properties of the β-Si3N4 /Si(111) have been 
investigated in details using different surface characterization techniques such as 
STM, LEED and ESCA microscopy. Initial Si3N4 nucleation strongly determine by the 
Si(111) surface defects. It always occurs at the step edges (upper terrace) and ter-
races by nucleation pit formation. Lower nitridation temperature generally results in 
nitride films of poor crystalline quality but appears with a smooth surface morphol-
ogy. Whereas, a highly crystalline Si3N4 film can be achieved for nitridation at higher 
temperatures. Moreover, the surface morphology gets severely roughen by forming 
holes and grooves on Si(111) terrace. An atomically resolved honeycomb-like recon-
struction of “8 × 8” surface periodicity is observed for very thin Si3N4 films. However, 
for thicker films grown at higher nitridation temperature shows an atomically 
resolved “8/3 × 8/3” superstructure in STM. Both the findings are complementary 
and in good agreement with LEED results. ESCA microscopy measurements confirm 
a Si3N4 stoichiometry of the nitride films. It also suggests a thickness fluctuation for a 
nitride growth at higher temperature. Finally, this type of crystalline Si3N4 films have 
a huge potential to successfully replace the existing SiO2 dielectric layer on Si(111) for 
device technology. Furthermore, it can also provide a platform for crystalline growth 
of group III nitrides on Si(111), which can further integrate the optoelectronic devices 
to the existing well established Si based technology [38].
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Chapter 3

Nanostructured Silicon Sensors
Huseyn M. Mamedov

Abstract

Nanostructure porous silicon layers with systematically varied pore size of 
8–70 nm were fabricated onto the p-type c-Si wafers using electrochemical anod-
izing method from HF + ethanol and HF + ethanol + CdCl2 solutions (hereafter 
PS and PSCD, respectively). Gas and photo sensors based on c-Si/PS (or PSCD)/
CdS and c-Si/PS/Cd0.4Zn0.6O heterojunctions were synthesized by depositing CdS 
and Cd0.4Zn0.6O films onto the c-Si/PS (or PSCD) substrates by electrochemical 
deposition (ED hereafter). The morphology of the PS and PSCD layers, CdS, and 
Cd0.4Zn0.6O films was studied using scanning electron microscopy (SEM). Gas- and 
photosensitivity properties of heterojunctions were studied as a function of pore 
size. The optimal pore size is determined, which provides the maximum gas- and 
photosensitivity of heterojunctions in this study. It was established that the hetero-
junctions based on PSCD possess higher gas- and photosensitivity than heterojunc-
tions based on PS.

Keywords: porous silicon, electrochemistry, nanostructure, thin film, photo sensors, 
gas sensors

1. Introduction

Currently, materials prepared by low-temperature electrochemical processing of 
semiconductors, in particular PS, formed by electrochemical etching of monocrys-
talline silicon (c-Si) are of particular interest. Anodic polarization of c-Si in hydro-
fluoric acid solution leads to formation of controlled network of pores of various 
morphology, size, and orientation. It is generally known that the surface modifica-
tion of the silicon wafer plays a major role in the sensitivity enhancement of gas and 
photo sensors [1, 2, 7]. So, the porous surface of silicon layers participates in the 
processes of light absorption, gas adsorption, and desorption.

On the other hand, nanostructured PS has emerged as an attractive material in 
the field of photoelectronics due to its broadband gap, wide optical transmission 
range, favorable absorption spectrum, and surface texture. The surface roughness 
and low effective refractive index which can reduce reflection losses of sunlight 
radiation are the primary benefits offered by PS over c-Si [3–5]. A highly porous 
PS layer can enhance the efficiency of solar cells by increasing light trapping in 
the active region [6], solving the lattice mismatch problem, and surface reflection 
is also corrected due to the refractive index of silicon as reported by several other 
authors [7–10].

So, PS has disadvantages, also. The surface of the PS was covered with Si-Hx 
bond groups immediately after the deposition. In the process of storage in air, 
the Si-Hx bond groups are replaced by Si-Ox bond groups, and ultimately, silicon 
nanocrystallites are covered by an amorphous layer which is the main reason for 
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the instability and degradation of all electrical, photovoltaic, photoluminescent, 
and sensor devices based on PS. There are various technological methods used for 
the passivating of the PS surface. For example, in [11], the passivating of PS was 
performed at the excretory hydrogen plasma. Passivating of PS can also be done 
by inserting different elements into the matrix. For example, in [12], the authors 
employed carbohydrate solutions in the PS matrix and then tried to carbide the 
matrix by thermal annealing. As the authors point out, carbohydrates decompose 
at a temperature of 2000°C and are converted to carbon and water vapor. Since 
carbohydrates are not volatile, almost all carbon in them remains in the pores. At 
this time, the size of the molecules of the selected carbohydrate should be smaller 
than the size of the pores. The authors have chosen sucrose as a conventional car-
bohydrate product. In some cases, the process of passage of hydrogen and oxygen 
in the PS was carried out directly with the deposition process. For this purpose, 
various salts (AuCl3, FeCl3, NaNO2, KIO3, CrO3, etc.) were added to the solution in 
the deposition process [13–18]. In [13, 14], gold and iron chloride salts were added 
at different concentrations during the dissolution of PS. The main purpose of the 
study was to replace the non-stable Si-Hx complexes by Si-Au or Si-Fe stable bonds. 
It has been established that anodizing in a metallic atmosphere not only stabilizes 
but also improves the electrical and optical parameters of PS.

Therefore, for the purpose of comparison, the results of investigations of the 
morphological, electrical, and photoelectrical parameters of heterojunctions p-Si/
CdS and p-Si/Cd0.4Zn0.6O based on PS [19, 20] and PSCD are considered in this 
chapter.

2.  Preparation p-Si/PS (or PSCD)/CdS and p-Si/PS (or PSCD)/
Cd0.4Zn0.6O heterojunctions

P-type single-crystal Si wafer with orientation of (100), resistivity of 0.01–2.5 
Ohm cm, and thickness of 0.2–0.6 μm was etched through an electrochemical 
process to produce the porous structure. Before anodizing, the c-Si surface was 
cleaned from the SiO2 oxide layer as well as contaminants, in an aqueous solution 
of hydrofluoric acid (HF), washed with deionized water at a temperature of 80°C 
and ethyl alcohol, and then dried in air. Anodizing of the c-Si substrate surface was 
carried out in a Teflon chamber with a platinum cathode [19, 20].

HF:ethanol (1,1) solutions with and without CdCl2 (aqueous solution of CdCl2 
in 10:1 concentration was added to solution) were used for the formation of porous 
silicon. The anodizing current was 40–70 mA/cm2. Depending on the anodizing 
time (30–1800 seconds) and potential in solutions, PS layers (prepared from solu-
tion without CdCl2) and PSCD layers (prepared from solution with CdCl2) with 
the pore sizes of 8–70 nm were prepared on the c-Si surface. For the comparison, 
electrical and photoelectrical properties of heterojunctions on the base of PS and 
PSCD layers, prepared at same anode potentials (20, 25, and 30 V), were investi-
gated. After the formation of PS and PSCD layers, the samples were immersed in 
ethyl alcohol, dried in air, and placed in an electrochemical bath for deposition of 
nanostructured CdS and Cd0.4Zn0.6O films.

Electrochemical deposition of CdS and Cd0.4Zn0.6O films onto the c-Si/PS 
and c-Si/PSCD substrates was carried out at a temperature of 80°C in an aque-
ous solution of CdCl2 + Na2S2O3 and Zn(NO3)2 + Cd(NO3)2 (99.5% purities) 
salts, respectively (Table 1) [19–21]. Cyclic voltammetry based on obtaining and 
decoding the current–voltage dependences of the polarized electrode-electrolyte 
solution interface was used to control electrochemical reactions in each solution, 
and then in their combined solution with the same concentration and pH. Cyclic 
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voltammograms were scanned in the potential range from 1.2 to −1.2 V with the 
graphite (or Ag/AgCl) electrodes. Depending on the deposition time and pore size 
of the substrate, the 100–600-nm-thick CdS and Cd0.4Zn0.6O films with various 
surface morphologies were deposited. All the films showed n-type conductivity.

In order to fabricate the heterojunctions, an ohmic In (or Au) electrode, in 
grid form, was evaporated on the CdS and Cd0.4Zn0.6O films with an area of 
~0.62 cm2 (Figure 1). Aluminum (Al) was evaporated on the back side of the p-Si 
wafer as the ohmic electrode, followed by annealing at 500°C in a vacuum for 
20 minutes.

3. Morphological, elemental, structural, and optical analyses

SEM images were obtained using a JEOL JSM-7600F and ZEISS Gemini 300 
microscopes with energy dispersive spectroscopy (EDS) analysis.

Figure 2(a) illustrates the SEM images for PS surface formed at anodizing 
potential of 20 V, current of 10–40 mA/cm2, and time of 1800 sec. As can be seen 
from the figure, only nonhomogeneously distributed cavities are formed on the 
surface of the p-Si surface, after the anodizing in solution without CdCl2. Only in 
some parts of the surface appear the pore cores.

EDS spectrum shows a very small amount of hydrogen in the surface of these 
samples (Figure 2(b)). This fact proves only electropolishing of the c-Si surface in 
HF + H2O + ethanol solution at low anode potentials.

Unlike that, SEM images for PSCD layers, formed at anodizing potential of 20 V 
and current of 40 mA/cm2 in HF + CdCl2 + H2O + ethanol solution, show pores with 
very small dimension on the surface (Figure 3(a)). EDS spectrums confirm that 
Cd and hydrogen are on the surface of the layers (Figure 3(b)). The results show 
that Cd2+ ions together with Si2+ participate in charge exchange and accelerate the 
formation of initial growing piths on c-Si surface.

Table 1. 
Mole fraction of salts and deposition current and potential for the CdS and Cd0.4Zn0.6O films.

Figure 1. 
Schematic structure of gas sensors (a) and solar cells (b) on the basis of PS and PSCD
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As a result, along with Si, cadmium atoms also deposit at the bottom and inside 
walls of the pores, causing the reduction of non-stable Si-Hx bond concentration 
and their replacement by Si-Cd bonds. Subsequently, the neutralizing Cd atoms in 
the pores as a result of the charge exchange determine the structure of the pores. 
EDS spectrum of PSCD layers indicates the presence of Cd atoms on the pores.

Increasing the anode potential up to 25–30 V (at current of 10–40 mA/cm2) 
changes the nature of the anodizing—formation of pores is accelerating. SEM images 
show oval or spherical pores, which are distributed nonhomogeneously on the sur-
face for PS samples (Figure 4(a)). The average dimensions of spherical-shaped pores 
were about 7–30 nm, and dimensions of oval-shaped pores were about 10–110 nm. 
Distribution of such pores on PS surface may be due to an irregular distribution of 
the anode current at Si-electrolyte boundary or relative weakening of the Si2+ ion 
neutralization process because of “charge deficiency” in certain parts of the surface.

EDS spectrums show the oxygen in PS layers after keeping in the open air 
(Figure 4(b)). True, the PS samples also have Si-Hx bonds, but the unstable bonds 
lead to degradation of parameters of the devices (gas sensors and solar cells). Si-Ox 
bond leads also to an increase of the PS resistivity.

SEM investigations show that, unlike PS layers, pores in PSCD layers, prepared 
at anodizing voltage of 30 V, are distributed homogeneously and almost show 
spherical form cavities (Figure 5(a)). The subsequent increase of anode voltage 
(up to 40 V) almost does not change the size (Table 2) and shape of the pores. 
This fact shows that the Cd2+ ions promote a uniform distribution of charges and 
anode voltage across the entire surface at the silicon-electrolyte interface. Uniform 

Figure 3. 
SEM image (a) and EDS spectrum (b) of the PSCD samples prepared at anodizing voltage of 20 V and 
current of 40 mA/cm2.

Figure 2. 
SEM image (a) and EDS spectrum (b) of the PS samples prepared at anodizing voltage of 20 V and current of 
40 mA/cm2.
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distribution of voltage on the silicon surface results in formation of pores with 
spherical shape. It is established that the size of the pores can be regulated only 
by anodizing current (Table 2). EDS spectrums testify an increase of Cd and a 
decrease of oxygen concentrations in the pores (Figure 5(b)).

It was possible to increase the size of the pores to 70–80 nm by increasing the 
anode current up to 70 mA/cm2 (Figure 6(a) and (b)). It should also be noted that 
with the increase of the anode current, the location degree of Cd atoms in the pores 

Figure 4. 
SEM image (a) and EDS spectrum (b) of the PS samples prepared at anodizing voltage of 30 V and current of 
40 mA/cm2.

Figure 5. 
SEM image (a) and EDS spectrum (b) of the PSCD samples prepared at anodizing voltage of 30 V and 
current of 40 mA/cm2.

Table 2. 
Anodizing parameters of PSCD layers.
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also varies. Thus, EDS spectrums testify an increase of Cd and a decrease of oxygen 
concentrations in the pores, with increasing the anode current up to 55–60 mA/cm2. 
This fact shows that the low concentration of Si-Ox bonds is formed in the pores, 
i.e., the most of Si-Hx bonds are replaced by Si-Cd bonds (Figure 5(b)). Note that 
those EDS spectrums were drawn for samples immediately after depositing and 
after saving 1 month. In both cases, the same result is obtained—oxygen concentra-
tion in the pores has not changed. This also indicates that the PSCD layers prepared 
in metal ionic environment (in HF + CdCl2+ ethanol solution) are stable.

But, further increase in current value up to 70 mA/cm2 leads to the decrease of 
concentration of the Cd atoms and increase of oxygen concentration, as confirmed 
by EDS studies. However, Si-Ox bonds are not stable and show variable valence, 
which allows the use of PSCD layers as sensors of various types of gases.

SEM and AFM images confirmed that the morphological properties of CdS and 
Cd0.4Zn0.6O films are governed by the pore size of PS. SEM images of thin films CdS 
(deposited at potential −0.82 V [19, 20]) and Cd0.4Zn0.6O (deposited at potential 
−1.2 V [21]) onto the c-Si/PSCD (PSCD1, PSCD2, and PSCD 3) are shown in 
Figures 7–9, respectively. As seen from figures, the size of crystallites of the CdS 
and Cd0.4Zn0.6O films can be controlled by selecting the pore size of silicon. The 
films deposited onto the substrate PSCD1 shows micro-texture structure. The grain 
sizes were ~20–70 μm for CdS films, and films of Cd0.4Zn0.6O show mosaic micro-
crystalline (~0.12–150 μm) structure with some defects.

Figure 6. 
SEM images of PSCD samples prepared at anodizing voltage of 30 V and currents of 55 mA/cm2 (a) and 
70 mA/cm2 (b).

Figure 7. 
SEM images and AFM images of CdS (a) and Cd0.4Zn0.6O (b) films deposited on c-Si/PSCD1 substrates.
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As seen from Figure 8, when PSCD2 is used as substrate, the size of the 
nanograins gets reduced due to the controlled process of nucleation, and nano-size 
grains are uniformly distributed at the surface. The size of particles, as determined 
by SEM, is found as 80–190 nm for CdS and 10–40 nm for Cd0.4Zn0.6O films.

The morphology of the films changes dramatically, when replacing substrates 
of PSCD2 with PSCD3 (with a pore size of 30 nm), since the crystallite sizes in 
both films increase and their uneven distribution is observed from SEM images 
(Figure 9). The size of the grains was different from each other, indicating irregular 
growth rate of the grains.

The crystal phase structure of films CdS and Cd0.4Zn0.6O was analyzed with a 
Shimadzu XRD-6100 diffractometer. X-ray diffraction patterns of Cd0.4Zn0.6O and 
CdS films deposited on glass/SnO2 substrates confirm that they possess a hexagonal 
wurtzite and cubic structures, respectively. Cd0.4Zn0.6O films have a polycrystalline 
structure with a strongly preferred (002) c-axis orientation (as evidenced by the 
high intensity of the (002) diffraction peak). X-ray diffraction pattern of the CdS 
films shows peaks at 27, 44, and 52° corresponding to the planes (111), (220), and 
(311), respectively. The d-spacing values obtained match those of the correspond-
ing reference material (JCPDS card No. 36-1451 for Cd0.4Zn0.6O and No. 10-0454 for 
CdS films) well.

The optical transmission spectrums were recorded with an Evolution 300 
spectrophotometer. The band gap of Cd0.4Zn0.6O and CdS films was determined by 
extrapolating the straight-line section of the (αhν)2 versus hν curves. The band gap 
of the Cd0.4Zn0.6O and CdS films was estimated to be 2.95 and 2.41 eV, respectively.

Figure 8. 
SEM images and AFM images of CdS (a) and Cd0.4Zn0.6O (b) films deposited on c-Si/PSCD2 substrates.

Figure 9. 
SEM images and AFM images of CdS (a) and Cd0.4Zn0.6O (b) films deposited on c-Si/PSCD3 substrates.
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4.  Electrical characterization and gas sensitivity of p-Si/PS/CdS and 
p-Si/PS/Cd0.4Zn0.6O heterojunctions

Electrical properties of heterojunctions were studied depending on the crystal-
lite and pore size. Current-voltage (J-V) characteristics show that all heterojunctions 
possess rectifying properties. The rectification factor and current passage mechanism 
through the junction region depends strongly on the pore and crystallite size. Figure 10 
represents the J-V characteristics for as-deposited heterojunctions of p-Si/PSCD/CdS 
and p-Si/PSCD/Cd0.4Zn0.6O based on PSCD1, PSCD2, and PSCD3 substrates. The pass 
direction corresponds to positive polarity of the external bias on the c-Si layers.

The rectification at U = 1 V increases from 2340 to 4670 for c-Si/PSCD/CdS and 
from 780 to 1650 for c-Si/PSCD/Cd0.4Zn0.6O heterojunctions, when replacing the 
PSCD1 substrates with PSCD2. As seen from Table 3, rectification in both types of 
heterojunctions is decreased sharply, when PSCD3 is used as substrate. It is assumed 
that the change in rectification factor value depending on the pore size is due to the 
oxygen or nitrogen molecules, because in order to remove excess water from pores 
and films, heterojunctions were dried in air, just after the deposition (as-deposited 
heterojunctions). In this case, adsorbed oxygen or nitrogen molecules to the silicon 
pores (mainly for PSCD3 substrates) create the acceptor states in junction region 
and thus increase recombination acts. It is established that the degree of adsorption 
depends on pore size. To confirm this fact, heterojunctions were heat-treated in a 
vacuum at 50–70°C, and J-V characteristics were taken in a vacuum. It is established 
that the rectification in heterojunctions deposited onto the PSCD2 substrates 
remained almost unchanged (Table 4). But the rectification in both types of 
heterojunctions on the base of PSCD3 substrates increases sharply, which, by our 
opinion, is due to desorption of oxygen or nitrogen molecules (Table 4).

To prove this, we carried out additional experiments on these heterojunctions. 
Direct current at U = 1 V was measured in air with different concentrations. Direct 
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that heterojunctions with PSCD3 can be used as gas sensors.

Experiments carried out in various atmospheres on heterojunctions with PSCD1 
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Figure 10. 
Dark J-V curves for as-deposited c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O heterojunctions prepared onto 
the PSCD1, PSCD2, and PSCD3 substrates.
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any changes of direct current, i.e., they have stable parameters. This fact testi-
fies that heterojunctions with PSCD1 and PSCD2 can be used for manufacturing 
solar cells.

Table 3. 
Electrical parameters of c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O as-deposited heterojunctions depending 
on the pore size in Si.

Table 4. 
Electrical parameters of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/ Cd0.4Zn0.6O heat-treated in a 
vacuum at 50–70°C, depending on the pore size in Si.

Figure 11. 
Dependence of direct current at U = 1 V on the air concentration for as-deposited heterojunctions of c-Si/
PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O with different pore size.
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fies that heterojunctions with PSCD1 and PSCD2 can be used for manufacturing 
solar cells.
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on the pore size in Si.
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Figure 11. 
Dependence of direct current at U = 1 V on the air concentration for as-deposited heterojunctions of c-Si/
PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O with different pore size.
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The J-V characteristics of heterojunctions with PSCD1 and PSCD2, in natural log 
scale and temperature dependences of diode saturation current, testify that there 
is a tunnel-recombination mechanism of current through the junction region at 
direct voltages, and J-V characteristics of these heterojunctions can be presented by 
expression:

  J =  J  0J   [exp  (  eU _ nkT  )  − 1]   (1)

Here, J0 is the saturation current density, U is the applied voltage, e is the 
electron charge, n is the ideality factor, k is the Boltzmann constant, and T is the 
temperature.

At room temperature the ideality factor values for heterojunctions with PSCD1 
were approximately 1.5 and 1.66, respectively, for the heterojunctions c-Si/PSCD1/
CdS and c-Si/PSCD1/Cd0.4Zn0.6O. The decrease of ideality factor has been observed 
when PSCD2 substrates is used (Table 4).

Figure 13 shows the room temperature capacitance-voltage (C-V) characteristics 
of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O, with PSCD1 and 
PSCD2 substrates. The linearity of the C-V characteristics in C−2(V) coordinates 
indicates a sharp distribution of uncompensated acceptor impurities within the space 
charge region for both types of heterojunctions with PSCD2. Unlike it, C-V charac-
teristics of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O, with PSCD1 
substrates, have peculiarities, typical for heterojunctions with the presence of defects 
at the junction region. Since the C-V characteristics of these junctions are poorly lin-
earized in C−2(V) coordinates, its slope changes by frequency of the alternating signal. 

Figure 12. 
Dependence of direct current at U = 1 V on the concentration of different gases for heterojunctions c-Si/PSCD3/
CdS and c-Si/PSCD3/Cd0.4Zn0.6O.

Figure 13. 
Capacitance-voltage characteristics of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O based on 
PSCD1 and PSCD2 substrates
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As seen from the figures, the value of cutoff voltage (Vc) is greater than heterojunc-
tions based on PSCD2 substrates. It can be explained by the participation of oxygen 
(as Si-Ox bonds) on the surface of PSCD1 substrates, which can form the oxide layer 
(as CdO or Cd1-xZnxO) between the porous silicon and CdS (Cd1-xZnxO) films. This 
is confirmed by the frequency dependence of straight sections of the C−2(V) slopes, 
which indicates an increase of heterojunction capacity with increasing frequency.

5.  Photosensitivity of p-Si/PS/CdS and p-Si/PS/Cd0.4Zn0.6O 
heterojunctions

The simulated J-V characteristics under AM1.5 sunlight exposure show the 
higher photovoltaic performance of the heterojunctions c-Si/PSCD/CdS and c-Si/
PSCD/Cd0.4Zn0.6O based on PSCD substrates. As shown from these investigations, 
the sign of open circuit photovoltage (Uoc) does not change in all regions of photo-
sensitivity. However, the values of Uoc and Jsc are non-monotonically dependent on 
the type of PSCD—maximum photosensitivity shows the heterojunctions based on 
PSCD2 substrates (Figure 14).

Spectral distribution of photocurrent (Jph) in heterojunctions c-Si/PSCD/CdS 
and c-Si/PSCD/Cd0.4Zn0.6O with different types of PSCD was investigated in a 
wavelength range of 300–1300 nm (Figure 15). It is established that the profile 
of Jph spectrum depends on the pore size and morphology of CdS and Cd0.4Zn0.6O 
films. As seen from the figure, short-wavelength peak for heterojunctions c-Si/
PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O based on PSCD1 is observed, respectively, at 

Figure 15. 
Spectral distribution of photocurrent for heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O based on 
PSCD1 and PDCS2 substrates [19–22].

Figure 14. 
Dependences of Uoc and Jsc on the pore size in silicon for heterojunctions c-Si/PSCD/Cd0.4Zn0.6O (a) and c-Si/
PSCD/CdS (b).
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510 and 420 nm, which corresponds to the band gap of CdS and Cd0.4Zn0.6O films. 
However, long-wavelength peak of spectrum at 1125 nm is due to the direct inter-
band transitions in c-Si. It can be seen from Figure 15 that heterojunctions of c-Si/
PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O demonstrate a good photo response in the 
wavelength range of 512–1125 nm and 425–1125 nm, which is not observed by us in 
heterojunctions of c-Si/A2B6 [23].

It is assumed that this is due to light absorption in porous silicon. The slight 
shifting of a short-wavelength peak in both type of heterojunctions to the more 
short-wavelength region of the spectrum, with increasing pores size (for PSCD2), 
is associated by us with the nano-structural properties of CdS and Cd0.4Zn0.6O films 
[19–22]. However, an increase of the optical path of light in nanostructured films 
leads to an increase of degree of the light absorption; therefore, heterojunctions 
based on PSCD2 show greater efficiency compared to heterojunctions based on 
PSCD1 (Table 5).

6. Conclusions

Gas and photo sensors based on c-Si/PS (or PSCD)/CdS and c-Si/PS/Cd0.4Zn0.6O 
heterojunctions were fabricated by electrodepositing CdS and Cd0.4Zn0.6O films 
onto the c-Si/PS (or PSCD) substrates. SEM images confirmed that the morphologi-
cal properties of CdS and Cd0.4Zn0.6O films are governed by the pore size of PS and 
PSCD. The higher gas and photo sensitivities in heterojunctions based on PSCD 
were achieved when the pore sizes were 30 and 10 nm, respectively. The pro-
nounced PS pore diameter and anodizing regime dependence of the photo- and gas 
sensitivity are the main novelty of the present work. We believe that this phenom-
enon could be exploited in other similar heterojunction types and even in hybrid 
solar cells containing, e.g., a perovskite charge separation layer.

Table 5. 
Photoelectrical parameters of heterojunctions c-Si/PSCD/CdS and c-Si/PSCD/Cd0.4Zn0.6O heat-treated in a 
vacuum at 50–70°C, depending on the pore size in Si.
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Chapter 4

Environmental Gas Sensors Based 
on Nanostructured Thin Films
Nithya Sureshkumar and Atanu Dutta

Abstract

Since the discovery of electron microscopes, nanomaterials and nanotechnology 
have been influencing academic and industrial research greatly for bringing out 
newer and better products with improved materials’ properties. In the field of envi-
ronmental gas sensors too, the demonstration of nanomaterials for sensing various 
gases has become a common practice. Environmental gas pollution has turned out 
to be a huge concern in the society due to the progress of civilization. The awareness 
of health hazard for different toxic/polluting gases and rectification measure by 
imposing stricter norms has prompted extensive research to develop efficient gas 
sensors to detect trace level of pollution from various sources. Thin film, ultrathin 
film, and nanostructure materials of metal oxide semiconductor, polymer, metal, 
carbon nanotube, graphene, etc. with or without sensitizers have been investigated 
for sensing various toxic gases. New device structures have been fabricated to 
achieve high sensitivity, selectivity, fast response, etc. The microstructure and 
thickness of film are found to influence the performance greatly. Various methods 
of preparations and mechanism of sensing are being explored. All these aspects and 
the challenges were discussed in this chapter.

Keywords: gas sensor, nanostructure, thin film, carbon nanotube, metal oxide 
semiconductor

1. Introduction

Sensor as given in the Handbook of Modern Sensors by Fraden [1] is defined as 
“A device that receives a stimulus or signal such as chemical, physical or biological 
signal and responds or convert into an electrical signal.” Sensor is an essential tool 
for everyday life which is used to identify a specific task assigned to it. The best 
sensors are already there in human body, namely, eye to see, ear to hear, nose to 
smell, tongue to taste, and skin to feel the surrounding. However, there are several 
threats which need to be identified well in advance, and appropriate measures can 
be taken to prevent any accident or health hazard. Due to urbanization, develop-
ment of industries, and requirements of society, we have invited several intimida-
tions to our society. Environmental gas pollution is one of them. The society is now 
concerned about how due to various reasons air pollution is harming our planet. It is 
impossible to find solutions for all these problems very quickly as civilization and its 
progress cannot be stalled. Therefore, efforts are being made to avoid and minimize 
environmental pollution and put safeguards for human health. Specifically, gases 
such as hydrocarbons (HCs), nitrogen oxides (NOx), carbon monoxide (CO), car-
bon dioxide (CO2), sulfur dioxide (SO2), ammonia (NH3), hydrogen sulfide (H2S), 
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volatile organic compounds (VOCs), etc., which are released or emitted in the envi-
ronment, cause either directly or indirectly health problems and accidental situ-
ations. The sources of such accidental release vary with pollutant gas, and mostly 
industries and human amenities are responsible. Since the presence of such hazard 
gases in low concentrations cannot be smelled by human nose, improvised sensors 
or electronic noses are required to detect these gases efficiently. The detection of 
gas results in changing properties of the sensor which in turn activates an actuator 
circuit for alarm alert. Several governmental norms are published for health safety 
on exposure concentration and time of exposure [2]. Likewise, stringent norms 
have been imposed on each of the possible sources of all these pollutant gases.

The research of environmental gas sensors started since the 1960s with metal oxide 
films. In 1962, Seiyama et al. [3] reported thermally evaporated ZnO thin film sensor 
of thickness 1–100 nm for the detection of several volatile organics, hydrocarbon, and 
carbon dioxide at temperature above 400°C. Taguchi demonstrated SnO2-based semi-
conductor sensor. He patented his work [4] and formed the famous company named 
Figaro Engineering Inc. Due to the strict environmental pollution norms imposed for 
emission of various toxic gases, research on gas sensors and materials expanded expo-
nentially in the last 50 years. Several 10,000 research papers were published to claim 
suitable gas sensors. In 1980, Advani et al. proposed a SnO2 thin film for H2 gas sensor 
[5]. The device based on SnO2 thick film gas sensor was reported by Heiland et al. [6] 
and thin film by Sberveglieri [7]. More efforts were given to develop sensors based on 
thin films to detect toxic gases mostly at room temperature. Several review articles on 
the progress of thin film sensors are available in the literature.

1.1 Importance of sensors in day-to-day life

The rapid growth of industrializations in modern life has enhanced the risk of 
pollution deteriorating the atmospheric environment around us. Thus it is neces-
sary to control and monitor such pollutants to avoid health hazards.

Table 1 depicts potential gas sensor applications for various reasons. Several 
commercial sensors are available for gas detection in different environments. 
However, the demand of compact, reliable, cheap, selective, and low power con-
suming sensors is still not yet met. Therefore, extensive research is going on to 
satisfy the specific need of the situation.

1.2 Thin film

There is no accurate definition of thin film but it is limited by thickness. The film 
below 1 μm is considered as thin film, and film above it is considered as thick film. 
But, normally when a solid material is coated on solid support, called substrate, by 
either physical or chemical process, it is called as a thin film. It should be highlighted 
here that it is not only a small thickness (<1 μm) that endows the great and special 
distinguished characteristics but also the microstructure which is equally important. 
Thin films characteristically have different properties from the thick films [8]. Many 
researchers are investigating thick and thin film gas sensors using different materials 
like metal oxides, ceramic and polymer materials, etc. But, the problems associated 
with these sensors are limited by the measurement accuracy and long-term stability 
[9]. To solve this problem, nanotechnology plays a major role to rectify and provide 
huge opportunity to establish the next-generation gas sensor devices with enhanced 
sensing performance in terms of fast response and recovery, good reversibility, low 
power consumption, and excellent sensitivity at extremely low gas concentration by 
using nanostructured sensing materials [10–12].
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2. Nanostructure film materials for gas sensor application

From the literature it is seen that nanostructured materials have attracted 
keen attention for several applications including gas sensing. These include 
semiconductor metal oxide nanowires, nanoribbons, nanorods, carbon and other 
nanotubes, diamonds, graphene, and combination of these which make more 
interesting nanostructures. A major attraction of the nanomaterials in the gas 
sensor application is because of high surface area to volume ratio. This possibly 
deliberates high sensitivity due to the excellent adsorption of gas species on the 
available molecular binding site and thus often increases sensing capability [13]. 
Based on the materials, the following gas sensors can be considered for research 
and developments.

2.1 Semiconducting metal oxide nanostructure gas sensor

To fabricate the nanostructured gas sensors, semiconducting metal oxides are the 
most widely used material. The schematic diagram of semiconducting metal oxide 
thin film gas sensor is shown in Figure 1. The electrical conductivity of semiconduc-
tor gets modified once the surface is exposed to sensing gas. Nanostructure metal 
oxide thin film produces very high sensitivity due to high surface activity and unique 
microstructure. High adsorption of gas species on the surface and subsequent 
catalytic activity with the adsorbed species enhance sensing performance and thus 
reducing response time compared to the conventional microstructure gas sensor.

Applications

Environmental control: [NOX, SOX, HCl, CO2, volatile organic compounds (VOCs)]

• Weather stations

• Pollution monitoring

Safety: [hydrogen sulfide (H2S), ammonia (NH3), nitrogen dioxide (NO2), oxygen (O2) deficiency, carbon 
monoxide (CO), etc.]

• Leak detection

• Fire detection

• Boiler control

• Toxic/explosive/flammable gas detections

Automobiles: [ammonia (NH3), carbon dioxide (CO2), nitrogen oxide (NOx)]

• Gasoline vapor detection

• Filter control

• Car ventilation control

Medicine: [inorganic gases (e.g., NO, N2O, and CO), VOCs (e.g., isoprene, acetone, pentane, ethane)]

• Disease detection

• Breath analysis

Industrial production: [hydrogen sulfide (H2S), methane, chlorine, ammonia (NH3), carbon dioxide (CO2), 
oxygen (O2)]

• Process control

• Fermentation control

Table 1. 
Examples for gas sensor applications.
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Semiconducting metal oxides in the form of nanowire, nanobelt, and nanopar-
ticles are also widely used for detecting various gases. The majority of the sensor 
work reported in the literature so far are based on various metal oxide semiconduc-
tors. These materials can be doped easily or sensitized by appropriate metal to 
tailor-made sensitivity, selectivity, and also operating temperature. Very recently, 
a comprehensive review article was published by Li et al. to document all different 
types of such gas sensors for detecting several toxic gases [14]. The metal oxide gas 
sensors have an advantage of working in the lower-temperature range with high 
sensitivity. However, metal oxide nanosensors are more expensive than the thick 
film or bulk material gas sensors because of the deposition of nanothin film using 
highly sophisticated techniques and also the use of advanced microscopic analysis 
for characterizing the materials to improve its sensing characteristics [15].

2.2 Polymer-based nanosensors

In recent year, organic polymer-based nanosensors have been specially devel-
oped for detecting aromatic compounds, medicine, ionic species, amines, organic 
vapor, and gases [16]. Generally, the conducting polymers are coated on a substrate 
in the form of thin film. The sensor structures can either be with film with two 
electrodes or field-effect transistor with controlled electric field to monitor sensing 
current. Many such structures are also available in the literature. Figure 2 shows 
such structures. The sensitivity of the polymer-based gas sensor depends on the 
sensing area of the device and thickness of the film. Addition of metal oxides, 
carbon nanoparticles, or fibers in the polymer-based sensors leads to the increase of 
sensitivity. The deposition techniques of thin film are very simple and the process is 
cheap also. The main problems with polymer-based sensor are lower stability with 
temperature and time and their lack of selectivity. The studies have been carried 
out to improve the stability and selectivity of polymer-based sensors by adding the 
carbon nanoparticles and fibers, but still some problems are yet to be solved.

2.3 Metal and metal complex nanosensor

Nanosensor with metal or normally metal nanoparticles dispersed on the 
substrate surface is also proposed [18]. In this case, very high surface exposure with 

Figure 1. 
Schematic of metal oxide thin film gas sensor.
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respect to volume results more adsorption of gases. When these nanoparticles inter-
act with gas molecules, change of electronic properties including that of substrate 
takes place rapidly. Vaporizing metal precursor deposition method produces metal 
film or metal nanoparticles, and subsequent annealing treatment produces these 
kinds of nanosensor. Maximum studies reported so far use metal oxide as a sub-
strate with metal nanoparticle dispersed for such nanosensor device surface. Some 
of these sensors work at low temperature. Metal complex nanosensors have their 
unique property, i.e., ability to create reversible interaction with other atoms. Many 
studies, reported as metal complex, mostly act as a receptor for various types of 
molecules. This activity can increase the sensitivity and selectivity of different sen-
sors [19]. The advantage of using metal complex as a sensing layer creates reversible 
interaction between the gas molecules and the device. The changing chemical 
environment or increasing the temperature affects the bonding formation during 
the gas sensing process. This type of sensors, based on the receptors, is designed 
to interact with specific gases to increase selectivity. However, synthesizing metal 
complex sensing layers for nanosensors is generally expensive.

2.4 Carbon-based nanosensor

Among the nanostructured gas sensor, carbon-based materials are proven to be 
very promising gas sensors due to high surface area, excellent intrinsic electrical 
properties, and good thermal and chemical stability [20–22]. A typical carbon-
based nanostructured (CNT-carbon nanotube) gas sensor is shown in Figure 3. In 
the twenty-first century, the carbon allotrope, graphene, has been found to be an 
extraordinary material for many applications due to its excellent electronic, optical, 
chemical, thermal, and mechanical properties [23]. Graphene is defined as one-
atom-thick planar with sp2 hybridized 2D honeycomb crystal lattice of carbon. The 
stack of few atomic layers of graphene considered as a graphene sheets exhibits the 
semimetallic electronic behavior with zero bandgap energy state [24]. Graphene 
is differentiated as pristine graphene (PG), graphene oxide (GO), and reduced 
graphene oxide (RGO).

In gas sensing application, graphene materials have unique sensing capability 
based on two-dimensional structural property of PG, GO, and RGO due to supe-
rior electron transport phenomena [25]. In 2007, the charge density of graphene 
was found to increase by the adsorbed gas molecules. Schedin developed the first 
graphene-based gas sensor [26]. The adsorption of gas molecules leads to the change 

Figure 2. 
(a) Chemiresistor device structure; S, surface; I, interface with insulating substrate; C, contact. (b) Conducting 
polymer active layer in field-effect transistor (FET) (reproduced from Ref. [17]).
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Figure 2. 
(a) Chemiresistor device structure; S, surface; I, interface with insulating substrate; C, contact. (b) Conducting 
polymer active layer in field-effect transistor (FET) (reproduced from Ref. [17]).
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of the electrical conductivity, i.e., local carrier concentration of graphene that 
attributed to the electron acting as donor/acceptor. All the varieties of graphene 
have different surface functional group and unique electrical properties, which 
play vital role in the sensing mechanism. In pristine graphene (PG), the adsorption 
of gas molecules can induce even very few charge carriers, resulting in a notable 
change in electrical conductivity.

Graphene oxide (GO) is different from pristine graphene due to its physical 
and chemical properties. GO is considered as promising material for gas sensing 
application because of highly rich oxygen functional group [27]. Prezioso et al. 
[28] using GO sensor device studied NO2 gas sensing performance by varying 
the gas concentration at different operating temperatures to optimize the sens-
ing efficiency. The oxygen functional group on the surface is mainly attributed 
to the sensing activity, and also when the device tested in both oxidizing and 
reducing environment, a typical p-type sensing response is observed. GO-based 
gas sensors have been used to detect the low concentration of nitrogen dioxide, 
hydrogen, and other gases also. GO-based sensor device reveals the high and fast 
sensing performance as compared to the RGO-based device. However, reduced 
graphene oxide (RGO) is easily synthesized from graphene oxide. By removing 
oxygen-containing groups and without changing the conjugated structure from 
GO, reduced graphene oxide (RGO) sheet can be obtained. In gas sensing applica-
tion, RGO has more advantages than pristine graphene (PG) like inexpensive to 
prepare, possible to modify structure, fine tuning of structure, etc. [29, 30]. Many 
reported as available on the use of RGO for detecting gas molecules like NH3, 
NO2, H2, etc. [31–33]. These sensors are tested in lower gas concentrations, and 
they exhibit high sensing response and reversibility at ambient temperature with 
low power consumptions. The limitation of RGO in practical application of low 
selectivity in gas sensor device is the same as the pristine graphene (PG). More 
detail of literature can be referred in the recent sensor review article based on 
carbon nanotube and graphene by Mao et al. [21].

3. Techniques used for thin film fabrications

The first gas sensor reported in the literature is based on thin film semiconduc-
tor. Since sensitivity, selectivity, and long-term stability are the main parameters 
for sensor for mass applications, various methods have been used to prepare 
sensor devices. Developing ultrathin film sensor with enhanced sensitivity at low 

Figure 3. 
Schematic diagram of a FET device based on CNT(s) (adapted from Ref. [9]).
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concentration is challenging. In the field of gas sensor applications based on semi-
conductor thin film, the morphology and thickness of film play a crucial role for 
sensing properties of the materials. Several standard techniques are available for the 
fabrication of thin film. Thermal evaporation, electron beam evaporation, laser-
assisted evaporation and sputtering, molecular beam epitaxy, etc. are well-known 
physical deposition techniques.

On the other hand, many useful techniques such as hydrothermal, sol-gel, 
chemical vapor deposition (CVD), spray CVD, microwave, dip coating, spin 
coating, etc. are used for depositing ultrathin films. The steps of making thin films 
using the above techniques are either standardized or as per the requirements; 
some modifications are done to achieve good quality films. Standard methods can 
be referred from various handbooks of thin film preparation [34–36]. The surface 
of thin film should be very active for gas sensing. Therefore, each of the techniques 
has some advantages and limitations. Grain size, film thickness, surface roughness 
(surface area) porosity, etc. significantly transform the film for effective detection 
of gas molecules down to ppm or sub-ppm level at room temperature.

In most of the films, surface adsorption-desorption of gases modifies the 
electrical conductivity of the material. Very recently, using slow evaporation rate 
of 0.02–0.3 nm/s in thermal evaporation technique, copperphthalocyanine (CuPc) 
organic semiconductor was deposited with thickness 10–40 nm to fabricate organic 
thin film transistor for ppm level NH3 detection in room temperature [37]. The 
structure is shown in Figure 4. Using RF sputtering method, a 30-nm NiO film was 
deposited over sapphire and subsequently 1-nm platinum film was deposited over it 
by thermal evaporation for the detection of ammonia efficiently at low concentra-
tion at elevated temperature [38]. Several such works with ultrathin film have been 
reported in the literature. Since the demonstration of graphene-based sensor for 
detection of individual gas molecule almost a decade ago, several graphene-based 
sensors have been reported in the literature following newer techniques to improve 
the performance of the sensors [39, 40].

Generally, CVD, exfoliation, and other methods are used to prepare graphene 
for sensing. Wu et al. have recently developed graphene-based thin film using 
microwave plasma-enhanced chemical vapor deposition (MPCVD) followed by 
deposition of the fragmented 3D structure on substrate to develop nanoporous 
graphene (Gr) thin film [41]. Both NH3 and CO2 were detected efficiently using this 

Figure 4. 
(a) Topography image of AFM of CuPc films with different thicknesses on PMMA dielectric. (b) Response 
curves for the four types of devices to NO2 pulses (reproduced with Ref. [37]).
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film as conductance channel. Tian et al. have reviewed graphene-based gas sensor 
material preparation and characteristics [42].

4.  Basic properties and gas sensing principle for nanostructured thin 
film devices

The popular environmental gas sensors operate on the principle of chemisorp-
tion. The adsorption and desorption processes of gas molecules on the active surface 
play a crucial role for sensing. Change in resistance or electrical current under an 
applied voltage in the presence of sensing gas is considered as the sensing signal 
response. Therefore, stability of the surface for long-term operation and also for 
repeatability of performance, the microstructure, and film thickness play a major 
role.

For instance, in the case of CuPc ultrathin film [37] and SnO2 [43], the variation 
of microstructures of materials greatly improves the sensing performance for NO2 
and formaldehyde (VOC), respectively. These microstructures and performance are 
shown in Figures 4 and 5.

4.1 Gas sensing principle for sensor device

The metal oxide gas sensor works on chemi-resistance principle. When the gas 
molecule interacts with metal oxide surface, it acts as either an acceptor or donor. 
This changes the resistivity or electrical conductivity of thin film. The resistivity 
of the metal oxide semiconducting thin film depends on the majority carrier in 
the film and also gas molecule nature, i.e., whether it is oxidized or reduced in the 
ambient temperature [44]. Surface adsorption sites ensure appropriate interaction 
of gas molecules with the material. In the case of n-type (electron being majority 
carrier), the surface is generally get depleted with electrons by the appearance of 
oxygen ion species (O−, O2−, etc.), and upon exposure to sensing gas, these species 
react with gas molecules to revert back electron on the surface, thereby increasing 
conductivity. The creation of these oxygen species on the surface is material specific 
and broadly dependent of temperature. In the case of p-type (hole being majority 
carrier), similar situation arises. The sensing behavior of metal oxide thin film 
sensor is shown in Figure 6.

Among the various nano gas sensor materials particularly, carbon-based materi-
als like carbon nanotube (CNT), graphene, graphene oxide, and reduced graphene 
oxide of nanosensors play an imperative role for sensing applications. A two-
dimensional sp2 bonded allotropy of carbon called as graphene. A characteristic of 
high surface area to volume of carbon-based materials leads to a great potential for 
gas sensor applications. Especially, graphene acts as good device material due to its 
intrinsic properties. The graphene-based thin film sensor is shown in Figure 7. It 
has very large surface to volume ratio that can enhance adsorption of gas molecules, 
and hence response becomes fast and high. The working principle of graphene-
based gas sensor depends on the catalytic and electronic properties of the active lay-
ers. For example, in the case of pristine graphene layer, it is electronically active but 
not sensing to detecting gas. In that case, surface modification or functionalization 
techniques are used to attain both electronic and sensing properties of graphene 
layer. But, this kind of surface modification technique should enhance the surface 
activity to adsorb the detecting gas molecules and quickly transfer the generated 
charges to the electrode.
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Furthermore, the electronic properties of graphene changed by metal 
nanoparticles influence the increase of selectivity and sensitivity in gas sensing 
characteristics. Figure 8 shows graphene decorated with metal nanoparticle-
based sensor devices with interdigitated electrodes. Graphene with suitable 
sensitizer can improve the sensing performance and rectify the selectivity issues. 
Graphene-based functional nanohybrids can also facilitate fabrication of the 
nanosensor device [46].

Figure 5. 
(1) SEM images of tin oxide calcined at different temperatures (a, b) S400; (c, d) S650; (e, f) S800. (2) (a) 
S400–S800 based sensor response as a function of formaldehyde concentration; (b) dynamic response-recovery 
curves of S650 to formaldehyde gas with different concentrations (Reproduced with Ref. [43]).

Figure 6. 
Schematic of metal oxide thin film gas sensor mechanism.
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Schematic of metal oxide thin film gas sensor mechanism.
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5. Challenges for nanothin film-based gas sensors

The demand of reliable sensors for toxic gases and VOCs is increasing rapidly for 
the safe life. A lot of progress has been made to produce sensor especially in the form 
of thin film or nanostructure materials to exploit effectively sensing properties. The 
challenging parts of the devices are uniform fabrication of nanostructure in terms 
of thickness, shape, and morphology. The process is expensive also. Sensitivity, 
effect of temperature, stability of detection, selectivity, response and recovery time, 
repeatability, and durability are the concern for all these sensors for gas detection. 
Sensors during operation suffer from multiple limitations which require several 
optimization procedures meticulously. Commercial production of these ultrathin 
film or nanostructure sensors in large scale will depend on how all these properties of 
sensor materials are achieved uniformly. However, on the positive note, because of so 
much sophistication in technologies and materials engineering it, it will be possible to 
achieve high-quality and cheap sensor devices to be available in the market very soon.

6. Conclusion

The importance of environmental sensors has been increasing exponentially 
due to the increase of toxic gas emission and at the same time imposition of several 
emission norms in the industries and permissible health hazard limits announced 
by health organizations. Looking at the historical aspects of the sensor development 
works, the chapter starts with the scope of various gas sensors to make environment 
risk free. Defining thin film, ultrathin film, and nanomaterials, efforts were made 

Figure 8. 
Schematic image of graphene-based sensor devices with interdigitated electrodes and a graphene channel 
decorated with metal nanoparticles (adapted from Ref. [45]).

Figure 7. 
Schematic of graphene-based thin film gas sensor (adapted from Ref. [45]).
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Chapter 5

Synthesis and Characterization of 
CoO-ZnO-Based Nanocomposites 
for Gas-Sensing Applications
Parthasarathy Panchatcharam

Abstract

CoO-ZnO composite nanofibers were synthesized through electrospinning 
technique. CoO-ZnO composite nanofibers were fabricated by doping zinc (zinc 
acetate dihydrate) and varied concentrations of cobalt (cobalt oxide) in the ratio 
of 1, 3, and 5 wt%, respectively. By modifying the solvent and the electrospinning 
parameters, different tests were carried out to optimize the morphological proper-
ties of the synthesized composite nanofibers. The morphological characterization 
was performed by scanning electron microscopy (SEM) with a field emission gun. 
The atomic composition of the nanofibers was analyzed by energy-dispersive X-ray 
(EDX) spectroscopy using a solid-state detector. Gas-sensing performances are 
done at different temperatures like at room temp, 50°C, and 100°C to find out the 
optimum operating temperature for detecting acetone gas. The sensitivity studies 
of CoO-ZnO composite nanofiber were carried out over different concentrations of 
acetone gas from 50 to 250 ppm. The sensitivity of this sensor developed is found to 
be increasing with increase in temperature and also increases if dopant concentra-
tion increases when compared with pure nanofibers. The sensitivity analysis proved 
a fact that uncalcinated CoO-ZnO composite nanofibers can be helpful in the detec-
tion of diabetics at the early stage with acetone concentration in the breaths.

Keywords: gas sensor, nanocomposites, metal oxide semiconductor, electrospinning, 
acetone sensing

1. Introduction

Semiconducting metal oxides have brought incredible attention as chemical 
sensors due to its characteristic resistivity and sensitivity changing features in 
an ambient environment [1, 2]. Being an N-type semiconductor, ZnO has been 
extensively used as a gas-sensing material owing to its wide band gap of 3.37 eV and 
high exciton binding energy of 60 meV at ambient temperature [3–9]. It has drawn 
tremendous attention in the last few decades due to its specific electrical, cata-
lytic, and photochemical optoelectronic properties. It is the most widely studied 
semiconductor in gas-sensing applications because of its significant response to 
different reducing or oxidizing gases such as carbon monoxide, hydrogen, ammo-
nia, ethanol, and acetone [10–12]. But some intrinsic disadvantages including high 
operating temperature, slow response and recovery time, and less sensitivity hinder 
the further advance in the development of ZnO-based gas sensors. So, boundless 
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efforts have been made in the last few years to overcome these limitations employ-
ing different methods, including noble metal doping, structure optimization, and 
heterostructure fabrication [13–15].

One such method to enhance gas-sensing properties is doping impurity elements 
[16]. Among the available methods for synthesizing nanostructures, electrospin-
ning is a simple, adaptable, and low-cost technique for fabricating organic and 
inorganic nanofibers with significant lengths, uniform diameters, and various 
compositions [17]. During the electrospinning process, high voltage is applied to a 
polymer droplet being suspended at the tip of a syringe needle [18]. In this we pres-
ent electrospun CoO-ZnO composite nanofibers with different concentrations like 
1, 3, and 5 wt% of cobalt oxide. Calcination of cobalt oxide and zinc oxides leads 
to the formation of CoO-ZnO composite nanofibers having tunable diameters and 
significant porous structures. We studied the properties of the CoO-ZnO composite 
nanofibers fabricated, and specific dopants are used to improve the selectivity. 
The sensitivity of the nanofibers over acetone gas at lower concentrations has been 
examined, and the outcome of the fabricated nanofiber for sensing the acetone 
levels in breath of diabetic patients is sensed in low concentrations.

2. Related works

Alali et al. successfully synthesized ZnO/CoNiO2 hollow nanofibers by an electro-
spinning method and postcalcination treatment. ZnO/CoNio2 hollow nanofibers 
gave an excellent response to ammonia solution, and further a great enhancement 
was achieved in ammonia sensing with these hollow fiber structures. ZnO/CoNio2 
offered the best choice of ammonia-sensing materials by providing a response 
of 40 at 80°C [19]. Sun et al. synthesized pure and Er-doped ZnO nanofibers by 
electrospinning for high sensitivity detection of ethanol. They demonstrated that the 
diameter of the ZnO nanofibers decreases from 200 to 70 nm with the increase of 
Er content and the Er doping significantly increased the ethanol-sensing sensitivity 
of ZnO nanofibers at an optimum operating temperature of 240°C. This research 
also found that at the optimal Er content of 1.0 at%, the sensitivity of the nano-
fibers is 3.7 times larger than that of pure ones [20]. Wang et al. synthesized pure 
and Cu-doped ZnO fibers through electrospinning technology. The results of this 
research revealed that H2S gas-sensing properties of ZnO nanofibers were effectively 
improved by Cu doping: 6 at% Cu-doped ZnO nanofibers showed a maximum sen-
sitivity to H2S gas, and the response to 10 ppm H2S is one order of magnitude higher 
than the one of pure ZnO nanofibers [21]. ZnO nanofibers were fabricated by an 
electrospinning method using a solution containing sol-gel precursors and solvent. 
It had been observed that the crystallinity of ZnO nanofibers improved with the 
increase in annealing temperature. The diameters of ZnO nanofibers after annealing 
above 600°C ranged from 35 to 100 nm. This work also confirmed the fact that the 
activation energy of ZnO nanofibers for electrical conduction was inversely propor-
tional to the annealing temperature, and they also showed CO gas-sensing capacity 
at concentration as low as 1.9 ppm [22]. One-dimensional ZnO-SnO2 hollow nanofi-
bers were synthesized by Shouli bhai et al. by one-step electrospinning method and 
annealing treatment. The research depicted that the 20 atm% Zn composite not only 
exhibits the highest response that is 9 and 5.2 times higher than that of pristine ZnO 
and SnO2, respectively. It also exhibited rapid response, excellent selectivity, and 
stability at low operating temperature of 90°C, thereby promising to be a sensing 
material for the detection of NO2 [23]. Pure and Ag-doped ZnO-SnO2 hollow nano-
fibers had been synthesized through electrospinning method by Ma et al. The sensor 
based on the Ag-doped ZnO-SnO2 hollow nanofibers exhibited excellent gas-sensing 
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performance at low operating temperature at 200°C and the fast response and 
recovery characteristics at low concentration of 1 ppm. This demonstrated that 
Ag-doped ZnO-SnO2 could be used as a significant material for selective detection 
of low-concentration ethanol gas [24]. Moghaddam et al. synthesized polythiophene 
nanocomposite nanofibers containing ZnO nanoparticles through a self-assembly 
process in the presence of CTAB as the surfactant. Gas-sensing tests showed that 
the chemiresistor based on the as-prepared hybrid has high sensitivity, excellent 
repeatability, long-term stability, and short response time to ammonia gas at room 
temperature. ZnO/PT hybrid-sensing mechanism to ammonia gas was presumed to 
be the effect of p-n heterojunction between ZnO nanoparticles and PT [25]. Nano-
crystalline ZnO nanofiber mats were synthesized through combined sol-gel electro-
spinning techniques followed by calcination in which poly(styrene-co-acrylonitrile) 
and zinc acetate were used as the binder and precursor, respectively. The average 
diameter of the ZnO nanofibers decreased from 400 to 60 nm, while their grain 
size and crystallinity were enhanced by increasing the calcination temperature. 
Due to their high surface area and superhydrophilicity, these ZnO nanofiber mats 
were highly sensitive in sensing gaseous ammonia, and the sensitivity of these mats 
increased as a function of their calcination temperatures [26].

3. Experimental

3.1 Preparation of Co-doped ZnO composite nanofibers

The fabrication of CoO-ZnO composite nanofibers was achieved by electrospinning 
followed by calcination. In this 0.595 g of zinc acetate dihydrate and varied concentra-
tions of cobalt oxide in the ratio of 1, 3, and 5 wt% were added to 10 ml of dimethyl-
formamide solvent. All the reagents were purchased from Sigma-Aldrich Corporation. 
The solution was magnetically stirred for 5–6 hours at room temperature; subsequently 
1 g of polyvinylpyrrolidone (PVP) and 8 ml of were added to the mixture and kept for 
further stirring of about 2–3 hours at room temperature. The resulting solutions were 
electrospun using commercial electrospinning apparatus (EC-DIG Electrospinning, 
IME Technologies). The composites were ejected from the needle of a syringe apply-
ing an electrical field, as high voltage of about 18 kV and at the needle with collector 
distance of 20 cm. Composite nanofibers were collected in the stationary mode on the 
surface of silicon substrates clamped on top of a conductive circular collector.

By modifying the solvent and the electrospinning parameters, different tests 
were carried out to optimize the morphological properties of the synthesized 
composite nanofibers. While decomposition, we employed a negative and positive 
voltage between the needle and the substrates was 14–20 cm, and the flow of the 
solutions were set to 5 μl/min. The deposition times were kept constant at 3 min. 
The morphological characterization was performed by scanning electron micros-
copy (SEM) with a field emission gun. The atomic composition of the nanofibers 
was analyzed by energy-dispersive X-ray (EDX) spectroscopy using a solid-state 
detector. Gas-sensing performances are done at different temperatures like at room 
temp, 50°C, and 100°C to find out the optimum operating temperature for detect-
ing acetone gas. The sensitivity studies of CoO-ZnO composite nanofiber were 
carried out over different concentrations of acetone gas from 50 to 250 ppm.

3.2 Gas-sensing mechanism

When Zn and O combine, Zn loses two valence electrons to O; thus, due to loss 
of an outer shell, the Zn atom shrinks in size, while O atom increases in size due 



Multilayer Thin Films - Versatile Applications for Materials Engineering

78

efforts have been made in the last few years to overcome these limitations employ-
ing different methods, including noble metal doping, structure optimization, and 
heterostructure fabrication [13–15].

One such method to enhance gas-sensing properties is doping impurity elements 
[16]. Among the available methods for synthesizing nanostructures, electrospin-
ning is a simple, adaptable, and low-cost technique for fabricating organic and 
inorganic nanofibers with significant lengths, uniform diameters, and various 
compositions [17]. During the electrospinning process, high voltage is applied to a 
polymer droplet being suspended at the tip of a syringe needle [18]. In this we pres-
ent electrospun CoO-ZnO composite nanofibers with different concentrations like 
1, 3, and 5 wt% of cobalt oxide. Calcination of cobalt oxide and zinc oxides leads 
to the formation of CoO-ZnO composite nanofibers having tunable diameters and 
significant porous structures. We studied the properties of the CoO-ZnO composite 
nanofibers fabricated, and specific dopants are used to improve the selectivity. 
The sensitivity of the nanofibers over acetone gas at lower concentrations has been 
examined, and the outcome of the fabricated nanofiber for sensing the acetone 
levels in breath of diabetic patients is sensed in low concentrations.

2. Related works

Alali et al. successfully synthesized ZnO/CoNiO2 hollow nanofibers by an electro-
spinning method and postcalcination treatment. ZnO/CoNio2 hollow nanofibers 
gave an excellent response to ammonia solution, and further a great enhancement 
was achieved in ammonia sensing with these hollow fiber structures. ZnO/CoNio2 
offered the best choice of ammonia-sensing materials by providing a response 
of 40 at 80°C [19]. Sun et al. synthesized pure and Er-doped ZnO nanofibers by 
electrospinning for high sensitivity detection of ethanol. They demonstrated that the 
diameter of the ZnO nanofibers decreases from 200 to 70 nm with the increase of 
Er content and the Er doping significantly increased the ethanol-sensing sensitivity 
of ZnO nanofibers at an optimum operating temperature of 240°C. This research 
also found that at the optimal Er content of 1.0 at%, the sensitivity of the nano-
fibers is 3.7 times larger than that of pure ones [20]. Wang et al. synthesized pure 
and Cu-doped ZnO fibers through electrospinning technology. The results of this 
research revealed that H2S gas-sensing properties of ZnO nanofibers were effectively 
improved by Cu doping: 6 at% Cu-doped ZnO nanofibers showed a maximum sen-
sitivity to H2S gas, and the response to 10 ppm H2S is one order of magnitude higher 
than the one of pure ZnO nanofibers [21]. ZnO nanofibers were fabricated by an 
electrospinning method using a solution containing sol-gel precursors and solvent. 
It had been observed that the crystallinity of ZnO nanofibers improved with the 
increase in annealing temperature. The diameters of ZnO nanofibers after annealing 
above 600°C ranged from 35 to 100 nm. This work also confirmed the fact that the 
activation energy of ZnO nanofibers for electrical conduction was inversely propor-
tional to the annealing temperature, and they also showed CO gas-sensing capacity 
at concentration as low as 1.9 ppm [22]. One-dimensional ZnO-SnO2 hollow nanofi-
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annealing treatment. The research depicted that the 20 atm% Zn composite not only 
exhibits the highest response that is 9 and 5.2 times higher than that of pristine ZnO 
and SnO2, respectively. It also exhibited rapid response, excellent selectivity, and 
stability at low operating temperature of 90°C, thereby promising to be a sensing 
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performance at low operating temperature at 200°C and the fast response and 
recovery characteristics at low concentration of 1 ppm. This demonstrated that 
Ag-doped ZnO-SnO2 could be used as a significant material for selective detection 
of low-concentration ethanol gas [24]. Moghaddam et al. synthesized polythiophene 
nanocomposite nanofibers containing ZnO nanoparticles through a self-assembly 
process in the presence of CTAB as the surfactant. Gas-sensing tests showed that 
the chemiresistor based on the as-prepared hybrid has high sensitivity, excellent 
repeatability, long-term stability, and short response time to ammonia gas at room 
temperature. ZnO/PT hybrid-sensing mechanism to ammonia gas was presumed to 
be the effect of p-n heterojunction between ZnO nanoparticles and PT [25]. Nano-
crystalline ZnO nanofiber mats were synthesized through combined sol-gel electro-
spinning techniques followed by calcination in which poly(styrene-co-acrylonitrile) 
and zinc acetate were used as the binder and precursor, respectively. The average 
diameter of the ZnO nanofibers decreased from 400 to 60 nm, while their grain 
size and crystallinity were enhanced by increasing the calcination temperature. 
Due to their high surface area and superhydrophilicity, these ZnO nanofiber mats 
were highly sensitive in sensing gaseous ammonia, and the sensitivity of these mats 
increased as a function of their calcination temperatures [26].

3. Experimental

3.1 Preparation of Co-doped ZnO composite nanofibers

The fabrication of CoO-ZnO composite nanofibers was achieved by electrospinning 
followed by calcination. In this 0.595 g of zinc acetate dihydrate and varied concentra-
tions of cobalt oxide in the ratio of 1, 3, and 5 wt% were added to 10 ml of dimethyl-
formamide solvent. All the reagents were purchased from Sigma-Aldrich Corporation. 
The solution was magnetically stirred for 5–6 hours at room temperature; subsequently 
1 g of polyvinylpyrrolidone (PVP) and 8 ml of were added to the mixture and kept for 
further stirring of about 2–3 hours at room temperature. The resulting solutions were 
electrospun using commercial electrospinning apparatus (EC-DIG Electrospinning, 
IME Technologies). The composites were ejected from the needle of a syringe apply-
ing an electrical field, as high voltage of about 18 kV and at the needle with collector 
distance of 20 cm. Composite nanofibers were collected in the stationary mode on the 
surface of silicon substrates clamped on top of a conductive circular collector.

By modifying the solvent and the electrospinning parameters, different tests 
were carried out to optimize the morphological properties of the synthesized 
composite nanofibers. While decomposition, we employed a negative and positive 
voltage between the needle and the substrates was 14–20 cm, and the flow of the 
solutions were set to 5 μl/min. The deposition times were kept constant at 3 min. 
The morphological characterization was performed by scanning electron micros-
copy (SEM) with a field emission gun. The atomic composition of the nanofibers 
was analyzed by energy-dispersive X-ray (EDX) spectroscopy using a solid-state 
detector. Gas-sensing performances are done at different temperatures like at room 
temp, 50°C, and 100°C to find out the optimum operating temperature for detect-
ing acetone gas. The sensitivity studies of CoO-ZnO composite nanofiber were 
carried out over different concentrations of acetone gas from 50 to 250 ppm.

3.2 Gas-sensing mechanism

When Zn and O combine, Zn loses two valence electrons to O; thus, due to loss 
of an outer shell, the Zn atom shrinks in size, while O atom increases in size due 
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to addition of an outer shell. The wide difference in size between zinc and oxygen 
atom will allow large space while providing foreign atoms to incorporate. Cobalt 
oxide-zinc oxide composite in the presence of ambient oxygen undergoes chemical 
absorptive changes by capturing electrons in conduction band which is known as 
recombination where oxygen molecule is adsorbed on its surface. This will decrease 
the barrier height for electrons to transport there by reducing the resistance value.

Activation energy is required for adsorption and desorption of oxygen and 
detection of gas. This in turn will control the recovery time and response as well. 
Temperature plays a major role in controlling this mechanism. The basic sensing 
mechanism in this thin-film sensors includes that at temperature which is less than 
or equal to 100°C where the adsorption mechanism takes place, that is, acetone 
gas passes over the sensing film oxygen molecules such as O2

− will form and upon 
increase in temperature it will gets modified to 2O−and then O2

−. Then in the 
presence of acetone gas, carbon dioxide gas is released and water and electrons are 
gained. In oxidizing mechanism, O2 atoms will be gained and in reduction mecha-
nism atoms will be lost.

Mostly semiconducting gas-detecting sensors, resistance will change according 
to the adsorption and desorption of gas molecules on the surface of the thin film 
[26–29]. The ZnO nanofibers in the presence of air ambience will absorb the oxygen 
on the surface of the thin film. Later by collecting electrons from the conductance 
band, the oxygen adsorbed is changed into various chemical states. Thus, the 
nanofibers will show more resistance with the increment of the barrier height of e− 
to move. Since the target gas acetone is a reducing gas, the oxygen which is adsorbed 
on the surface will undergo oxidation with acetone. In this reaction resistance of 
sensor will reduce when e− enters the nanofibers as depicted in Figure 1.

The structure of the fibers plays a very vital role in getting sensitivity. Since the 
ZnO thin films will have high surface to volume ratio will have high sensing perfor-
mance. Many earlier papers discussed about the ZnO thin film in sensing different 
gases. In this case the electrospinning technique used to synthesize nanofibers 
with various parameters will improve the sensor sensitivity for 5 wt% CoO-ZnO-
calcinated nanofibers. Cobalt oxide is preferred in here to increase the catalytic 
conversion when compared with other dopants like Ni, Al, etc.

3.3 Fabrication of gas sensor

The calcinated sample in the form of thin film is fabricated to form a handheld 
sensor for sensing the acetone gas. Here, the thin film is placed over a glass substrate 
and upon the masks of desire pattern is placed as shown in Figure 2. The physical 
vapor deposition technique, a thermal evaporation process, is followed for the 
fabrication of the thin films. The masks were prepared by using Co2 laser technique 
of comb pattern using acrylic sheet. Later the mask is placed on the thin film and 
these sensing materials are placed on the sample holder. Physical vapor deposition 
technique is followed for vaporization of the thin films where higher pressure is 
applied under higher temperature in a vacuum chamber. Indium electrodes were 
fixed by microsoldering technique, and copper leads were separated from the 
electrodes. The sensor is heated by placing upon a hot ceramic plate at 200°C.

Gas-sensing chamber has an inlet and an outlet chamber where the target gas is 
sent through an inlet nozzle. The sample is placed inside the chamber, and the two 
probes of electrometer were connected to the copper wires to measure the change 
in the resistance variation. One of the input parameters is the input voltage of about 
3v; accordingly corresponding change in resistance and time variation is noted by 
injecting acetone of liquid form upon heating becomes gaseous state.
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The sensor resistances were calculated automatically by analysis system. The 
acetone liquid was injected in different concentrations of about 10, 50, 100, 150, 
200, and 250 ppm. According to the volume of the chamber, this conversion is 
done, i.e., ml to ppm. This process is repeated at room temperature, 50°C, and 
100°C by using ceramic heater to obtain the optimum temperature. The process is 
repeated until the gas evaporates properly from the gas chamber. The sensitivity is 
calculated by using the following formula:

  S  (%)  =  ( R  a   −  R  g   /  R  a  )  × 100  (1)

Ra—Resistance in air ambience.
Rg—Resistance in the presence of target gas.

Figure 1. 
Schematic sensing process of ZnO nanofibers.

Figure 2. 
Schematic of gas sensor.
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Figure 3. 
(a) Pure ZnO-calcinated fiber, (b) 1 wt% CoO-ZnO-calcinated nanofibers, (c) 3 wt% CoO-ZnO-uncalcinated 
nanofibers, and (d) 5 wt% calcinated CoO-ZnO composite nanofiber.

4. Results and discussion

The morphological, structural, and thermal analyses are discussed in this 
section.

4.1 Morphological analysis of the as-prepared Co-doped ZnO nanofibers

Typical scanning electron microscopy (SEM) images of the synthesized nano-
fibers of pure ZnO nanofiber and cobalt-doped composite nanofibers of purity in 
the ratio of 1, 3, and 5 wt%, respectively, were shown in Figure 3. The nanofibers 
have a random orientation, as expected, due to the instability of the electrospinning 
jet. The EDX analysis (Figure 4) shows the presence of carbon, nitrogen, zinc, 
cobalt, and oxygen coming from PVP, zinc acetate, and cobalt oxide, respectively. 
The porosity of the electrospun mats is confirmed by detection of silicon signal 
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coming from the substrate. The diameter of the nanofibers fabricated appears to be 
uniform, and it is also evident that it becomes thinner upon the increase of dopant 
concentration, i.e., 1 wt% CoO, 2 wt% CoO, and 5 wt% CoO, respectively. This 
is the result of addition of charges increased during the electrospinning process. 
Furthermore, a typical EDX spectrum of the Co-doped ZnO nanofibers was 
illustrated in Figure 4(d), which shows only the peaks associated with Zn, Co, and 
O atoms (Cu is from copper mesh grids) were detected. Therefore, the nanofibers 
were indeed Co-doped ZnO materials.

4.2 Thermogravimetric analysis of the as-prepared nanofibers

Thermogravimetric (TG) analysis was performed on a NET-ZSCH STA 449 
thermo-analyzer in an air atmosphere. The precursor fibers of PVP/zinc acetate/
cobalt acetate composite produced after electrospinning must be annealed because 
of its high contents of organic polymer and ethanol solvents in these nanofibers. 
The thermal behavior of the precursor fibers of this composite is shown in Figure 5; 
it illustrates that most of the organics belonged to PVP and the CH3COO group 
and other volatiles (H2O, CO2, etc.) are detached at temperature < 600°C. Beyond 
600°C, there is no change in weight loss, indicating the formation of pure inor-
ganic oxide. The XRD curve depicted in Figure 6 shows all the peak positions of 
Co-doped ZnO nanofibers which suggested that Co is successfully incorporated into 
the crystal lattice of ZnO which is reasonable given that the ionic radii of tetrahe-
drally coordinated Co2+ and Zn2+ are similar.

4.3 Optical properties of the as-prepared nanofibers

Optical properties of ZnO nanofibers and Co-doped ZnO nanofibers have been 
examined through Raman spectrometers and photoluminescence (PL). Figure 7 
shows their typical PL spectra under an excitation wavelength of 325 nm; only 
a broad and strong ultraviolet (UV) luminescence with a maximum at 375 nm 
is observed. This ascribed to the near band edge emission of the wide band gap 
zinc oxide. Compared to the spectrum of ZnO nanofibers formed under the same 
experimental condition, the emission peak of Co-doped nanofibers is shifted about 
10 nm toward longer wavelength significantly. ZnO powders are heavily doped by 
donors like In, and it was interpreted as mainly due to the sp-d exchange interac-
tions between the band electrons and the localized d electrons of the Co2+ ions 
substituting Zn ions. The s-d and p-d exchange interactions lead to a negative and a 
positive correction to the conduction band and the valence band edges, resulting in 
a band gap narrowing.

To confirm that the Co ions as the dopant were successfully incorporated 
into the crystal lattice of ZnO, Raman scattering spectra of ZnO nanofibers and 
Co-doped ZnO nanofibers were measured. As observed in Figure 8(a and b), 
the Raman spectrum of the ZnO nanofibers exhibits a strong peak at 437 cm−1, 
which has been assigned to the vibration mode E2 (H) characteristic of the ZnO 
with hexagonal structure. The peaks at 330 and 379 cm−1 are assigned to the 
vibration mode 2E2 and the A1 (TO) mode, respectively. In comparison to the 
Raman spectrum of ZnO nanofibers, most modes in Co-doped ZnO nanofibers 
figure, expecting the A1 (TO) mode is disappeared. The E2 (H) mode and the 
vibration mode 2E2 broaden asymmetrically and shift toward lower frequen-
cies when the Co is doped. This is due to the broken symmetry induced by the 
incorporation of Co dopants into the ZnO structure and could be explained by the 
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concentration, i.e., 1 wt% CoO, 2 wt% CoO, and 5 wt% CoO, respectively. This 
is the result of addition of charges increased during the electrospinning process. 
Furthermore, a typical EDX spectrum of the Co-doped ZnO nanofibers was 
illustrated in Figure 4(d), which shows only the peaks associated with Zn, Co, and 
O atoms (Cu is from copper mesh grids) were detected. Therefore, the nanofibers 
were indeed Co-doped ZnO materials.

4.2 Thermogravimetric analysis of the as-prepared nanofibers

Thermogravimetric (TG) analysis was performed on a NET-ZSCH STA 449 
thermo-analyzer in an air atmosphere. The precursor fibers of PVP/zinc acetate/
cobalt acetate composite produced after electrospinning must be annealed because 
of its high contents of organic polymer and ethanol solvents in these nanofibers. 
The thermal behavior of the precursor fibers of this composite is shown in Figure 5; 
it illustrates that most of the organics belonged to PVP and the CH3COO group 
and other volatiles (H2O, CO2, etc.) are detached at temperature < 600°C. Beyond 
600°C, there is no change in weight loss, indicating the formation of pure inor-
ganic oxide. The XRD curve depicted in Figure 6 shows all the peak positions of 
Co-doped ZnO nanofibers which suggested that Co is successfully incorporated into 
the crystal lattice of ZnO which is reasonable given that the ionic radii of tetrahe-
drally coordinated Co2+ and Zn2+ are similar.

4.3 Optical properties of the as-prepared nanofibers

Optical properties of ZnO nanofibers and Co-doped ZnO nanofibers have been 
examined through Raman spectrometers and photoluminescence (PL). Figure 7 
shows their typical PL spectra under an excitation wavelength of 325 nm; only 
a broad and strong ultraviolet (UV) luminescence with a maximum at 375 nm 
is observed. This ascribed to the near band edge emission of the wide band gap 
zinc oxide. Compared to the spectrum of ZnO nanofibers formed under the same 
experimental condition, the emission peak of Co-doped nanofibers is shifted about 
10 nm toward longer wavelength significantly. ZnO powders are heavily doped by 
donors like In, and it was interpreted as mainly due to the sp-d exchange interac-
tions between the band electrons and the localized d electrons of the Co2+ ions 
substituting Zn ions. The s-d and p-d exchange interactions lead to a negative and a 
positive correction to the conduction band and the valence band edges, resulting in 
a band gap narrowing.

To confirm that the Co ions as the dopant were successfully incorporated 
into the crystal lattice of ZnO, Raman scattering spectra of ZnO nanofibers and 
Co-doped ZnO nanofibers were measured. As observed in Figure 8(a and b), 
the Raman spectrum of the ZnO nanofibers exhibits a strong peak at 437 cm−1, 
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Figure 4. 
EDX analysis: (a) ZnO-calcinated fiber, (b) 1 wt% CoO-ZnO-calcinated nanofibers, (c) 3 wt% CoO-ZnO-
calcinated nanofibers, and (d) 3 wt% CoO-ZnO-uncalcinated nanofibers.

Figure 5. 
TG curves of precursor fibers of PVP/zinc acetate/cobalt acetate composites.
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spatial-correlation model [30, 31]. Apart from these features, the Co-doped ZnO 
nanofibers exhibit an unusual peak at 540 cm−1, which has been assigned to the 
quasi-LO phonon mode (AM1) due to the abundant shallow donor defects, such 
as oxygen vacancies or zinc interstitials bounded on the tetrahedral Co sites [32]. 
These results together confirm that Co was successfully doped into the crystal 
lattice of ZnO nanofibers.

4.4 Gas-sensing performance analysis

Gas-sensing performances were performed at different temperatures of ambi-
ent, 50°C, and 100°C to find out the optimum operating temperature for the 
detection of acetone gas. The sensitivity plots were measured for concentration of 
acetone gas against purity of the CoO-ZnO nanocomposite fibers fabricated. The 
sensitivity of the dopants was found to be increasing with increase in temperature 
and increases with the increase in dopant concentration when compared with the 
pure nanofibers.

Figure 6. 
XRD of Co-doped ZnO nanofibers after calcination at 600°C.

Figure 7. 
PL structures of ZnO nanofibers (solid line) and Co-doped ZnO (dotted lines) after calcination at 600°C.
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When the operating temperature is low, the activation energy used will be 
reduced simultaneously, and in turn the response will be decreased. At the same 
time, if the operating temperature used is very high due to the increased activation 
energy, the adsorbed gas molecules will escape before the reaction occurs; thus, the 
response will decrease too. In this chapter, 5 wt% calcinated CoO-ZnO nanofibers 
at 100°C have high sensitivity when compared with other compositions like pure, 1, 
and 3 wt%. Hence this sample can be improvised to make use in many applications 
like diabetic’s detection where the ppm range should be between 1 and 3 ppm. The 
base resistance, i.e., in the presence of air ambience, will increase and in the pres-
ence of acetone gas will increase. Since the acetone gas will evaporate if exposed to 
air temperature, the gas injected should be properly according to time to time. The 
ppm is calculated according to the gas chamber volume. According to the volume of 
the gas chamber used in this chapter, the ppm is taken as 5 ml as 50 ppm. Acetone 
is calculated in terms of parts per million. The main feature of this chapter is to 
improvise the selectivity of acetone sensing with CoO-ZnO nanofibers.

Figure 9 shows the sensor sensitivity for pure ZnO nanofibers. In this plot the 
sensitivity will increase linearly from 50 to 250 ppm with increase in the acetone 

Figure 8. 
Raman spectra of (a) ZnO nanofibers and (b) Co-doped ZnO nanofibers after calcination at 600°C.

Figure 9. 
Sensitivity plot for pure ZnO nanofibers.
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Figure 10. 
Sensitivity plots: (a) 1 wt% CoO-ZnO uncal, (b) 1 wt% CoO-ZnO cal, (c) 3 wt% CoO-ZnO uncalcinated, 
(d) 3 wt% CoO-ZnO cal, (e) 5 wt% CoO-ZnO uncalcinated, (f) 5 wt% CoO-ZnO calcinated, and (g) 5 wt% 
CoO-ZnO uncalcinated.
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energy, the adsorbed gas molecules will escape before the reaction occurs; thus, the 
response will decrease too. In this chapter, 5 wt% calcinated CoO-ZnO nanofibers 
at 100°C have high sensitivity when compared with other compositions like pure, 1, 
and 3 wt%. Hence this sample can be improvised to make use in many applications 
like diabetic’s detection where the ppm range should be between 1 and 3 ppm. The 
base resistance, i.e., in the presence of air ambience, will increase and in the pres-
ence of acetone gas will increase. Since the acetone gas will evaporate if exposed to 
air temperature, the gas injected should be properly according to time to time. The 
ppm is calculated according to the gas chamber volume. According to the volume of 
the gas chamber used in this chapter, the ppm is taken as 5 ml as 50 ppm. Acetone 
is calculated in terms of parts per million. The main feature of this chapter is to 
improvise the selectivity of acetone sensing with CoO-ZnO nanofibers.

Figure 9 shows the sensor sensitivity for pure ZnO nanofibers. In this plot the 
sensitivity will increase linearly from 50 to 250 ppm with increase in the acetone 

Figure 8. 
Raman spectra of (a) ZnO nanofibers and (b) Co-doped ZnO nanofibers after calcination at 600°C.

Figure 9. 
Sensitivity plot for pure ZnO nanofibers.
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Figure 10. 
Sensitivity plots: (a) 1 wt% CoO-ZnO uncal, (b) 1 wt% CoO-ZnO cal, (c) 3 wt% CoO-ZnO uncalcinated, 
(d) 3 wt% CoO-ZnO cal, (e) 5 wt% CoO-ZnO uncalcinated, (f) 5 wt% CoO-ZnO calcinated, and (g) 5 wt% 
CoO-ZnO uncalcinated.
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concentration. Such linear sensitivity will be helpful in sensing gases like acetone. 
When compared with that of the room temperature, pure ZnO nanofibers will show 
high sensitivity at 100°C. The plot is between concentrations in ppm vs. sensitivity.

From Figure 10(a–g), the plots for 1, 3, and 5 wt% for both calcinated and 
uncalcinated, the sensitivity will linearly increase with increase in concentration 
and also increase if the dopant concentration increases along with the operating 
temperature increases, i.e., at the 100°C temperature.

The above plot gives details about sensitivity plot for 5 wt% CoO-ZnO-
uncalcinated nanofibers at concentration from 1 to 5 ppm where the linearity incre-
ment will be there from 3 to 5 ppm which is helpful in many applications in medical 
field like in diabetic’s detection.

5. Conclusion

SEM analysis is used to determine the composition, structure, and surface 
morphologies of fibers. The amount of acetone in ppm range is detected. The 
sensitivity, change in resistance, and variation of calcinated and uncalcinated 
fibers were analyzed. The analyses which were taken from these results, that is, 
change in calcinated nanofibers, show more response to acetone when compared 
with uncalcinated nanofibers. The reason behind this kind of statement is PVP 
decomposed on calcination and hence it shows more resistivity, whereas in the 
case of uncalcinated fibers, PVP will not allow the zinc oxide to respond. From the 
sensitivity plots, we note that sensitivity increases when the doping concentration 
increases but also increases in the case of calcinated fibers. This chapter will discuss 
the pure, 1, 3, and 5 wt% CoO-ZnO nanofibers for acetone detection. The results 
give information that 5 wt% CoO-ZnO nanofibers will improve the acetone-sensing 
performances efficiently even if the atmosphere is complicated. These results will 
be helpful in many acetone gas-sensing applications widely.
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Chapter 6

Metal Organic Frameworks-Based 
Optical Thin Films
Cheng-an Tao, Jianfang Wang and Rui Chen

Abstract

Metal-organic frameworks (MOFs) are organic-inorganic hybrid materials with 
ordered pore structures assembled by metal centers and organic ligands through 
coordination bonds, but conventionally they are mostly in powder form. In recent 
years, metal-organic framework films have received increasing attention due to 
their potential applications in nanotechnology and nanodevices. The intrinsic 
ultrahigh porosity of MOFs may lead to a low refractive index of MOF materials. 
In addition, over 70,000 types of MOFs exist, and their properties can be tuned 
through the adoption of different metal motifs, organic ligands, or crystal mor-
phologies. These characteristics make MOFs a potential new generation of optical 
thin film materials. In this chapter, the fabrication methods of MOF thin films, the 
optical properties of MOF optical thin films, and their application in optical sensors 
were described.

Keywords: metal-organic frameworks, thin film, fabrication method,  
optical property, refractive index, sensor, naked eye detection

1. Introduction

An optical film refers to a type of optical dielectric material that is attached to a 
surface of an optical device and is composed of a thin and uniform layered medium 
that propagates a light beam through an interface [1]. Commonly used optical films 
include: reflective films, antireflection films, polarizing films, interference filters, 
and beamsplitters [2]. Although there are many mature technologies and commer-
cial products, with the increasing requirements of modern optics and optoelectronic 
devices, the exploration of new optical films is still the focus of current research.

Metal-organic frameworks (MOFs) are a class of porous materials that have 
developed rapidly in the past 20 years [3, 4]. They are crystalline materials that are 
composed of inorganic metal ions or metal-oxo cluster nodes and organic bridging 
ligands through coordination bonds. Due to the diversity of metal ions and organic 
bridging ligands, and the diversity of coordination linkages, there are theoretically 
unlimited types of MOFs, and more than 70,000 species have been reported so far, 
which are still increasing. MOFs have many inherently excellent properties, such 
as rich and tunable pore structure (pore size, pore shape, and pore opening), large 
specific surface area, regulatable chemical microenvironment, and good thermal 
stability [5–7]. They also can show special luminescent properties, magnetic 
properties, electrical conductivity, catalytic properties, etc. by selecting a particu-
lar metal ion or ligand. These properties make MOFs materials of great potential 
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applications in many fields, such as gas adsorption and storage [8], separation [9], 
catalysis [10, 11], drug delivery and sustained release [12], medical imaging [12], 
luminescent materials, sensing [13–16], and so on.

In the field of optical films also, MOFs can be useful. Its almost infinite vari-
ety, tunable optical properties, and some of the inherently superior properties 
described above make it an excellent material for building optical films. However, 
MOFs are usually prepared in bulk or in powder form. Preparation of MOFs into 
a flat and uniform optical film is a prerequisite for their application. The optical 
properties of optical films are their core properties. How to effectively control their 
optical properties is a key issue in the study of MOF optical films. Therefore, in this 
chapter, firstly, five major methods for preparing MOF optical films—spin-coating, 
dip-coating, self-assembly, direct growth, and step-by-step liquid phase epitaxy 
(LPE) methods—were introduced, and a comparison of them was made under the 
consideration of the same MOF as the model. Then, the method of determination 
of refractive index of MOF films was described. The change of the linkers and 
post-modification of bridged ligands to control the optical properties of MOF 
optical films were discussed. At last, MOF thin films used as optical sensors were 
presented, including monolayer MOF thin films, MOF film-based 1DPC, and MOF 
film-combined optical fiber.

2. Fabrication methods of MOF thin films

At present, a series of methods have been developed to prepare MOF films  
[17, 18], but the flatness of most of the resulting films cannot meet the requirements 
of optical films. To date, there are mainly five typical methods to produce MOF 
optical films with high quality.

2.1 Spin-coating method

Spin coating is widely used in microfabrication of functional oxide layers on 
glass or single crystal substrates using sol-gel precursors, where it can be used to 
create uniform thin films with nanoscale thicknesses [19]. Hinterholzinger et al. 
[20] reported the fabrication of one-dimensional photonic crystals (1DPCs, also 
called Bragg stacks) based on zeolitic imidazolate framework (ZIF)-8 by spin 
coating for the first time. 1DPC was composed of multilayer of alternative ZIF-8 
layers and titanium dioxide layers. In 2013, Lotsch’s group [21] fabricated MOF thin 
films by spin-coating a MOF nanoparticle suspension onto a flat substrate. Two 
kinds of MOFs have been explored: one is copper trimesate (Cu3(BTC)2, also known 
as HKUST-1, HKUST = Hong Kong University of Science & Technology), which 
contains Cu (II)-paddlewheel-type nodes and trimesate struts, and the other one is 
the isoreticular metal-organic framework-3 (IRMOF-3, zinc amino-terephthalate).

Our group [16, 22–24] successfully applied this method to construct many 
other MOF thin films, such as iron (III) terephthalate MIL-88B (MIL = Materials 
of Institut Lavoisier), aluminum terephthalate MIL-53, MIL-101(Cr), and their 
analogs. We [16] reported the first example of flexible MOF optical thin film 
fabricated by spin coating (Figure 1). The flexible NH2-MIL-88B(Fe) was chosen 
as the model, and nanorods of NH2-MIL-88B(Fe) were prepared by hydrothermal 
method, and then MOF optical films prepared by spin-coating. The thickness of the 
film was nearly proportional to both suspension concentration and rotation cycles, 
and inversely proportional to the spin speed. And the rod-shaped MOFs tended 
to be aligned parallel to the substrate due to rotational shear forces. It provides the 
basis for subsequent application of properties.
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2.2 Dip-coating method

As a popular alternative to spin coating, dip-coating methods are frequently 
employed to produce thin films from sol-gel precursors for research purposes, 
where it is generally used for applying films onto flat or cylindrical substrates [25]. 
In 2009, Gérard Férey et al. [26] first synthesized a colloidal dispersion of MIL-89, 
and then prepared a MIL-89 optical film by a dip-coating method. The film with a 
surface roughness of approximately 3 nm is very uniform. Subsequently, the team 
used microwave method to obtain nanoscale MIL-101(Cr) [27], MIL-100(Cr) [28], 
and MIL-100(Fe) [28], and prepared optical films using them by a similar dip-
coating method. The MOF films are deposited from MOF nanoparticles naturally, 
and their surface roughness is about half of the size of MOF nanoparticles. The 
premise of this method is to obtain MOF nanoparticles with better dispersibility. 
MIL-100(Al) particles prepared by the same method cannot be used to fabricate 
optical thin films because of their large particle size (>500 nm) [28].

2.3 Self-assembly

Self-assembly is a process in which a disordered system of preexisting compo-
nents forms an organized structure or pattern as a consequence of specific, local 
interactions among the components themselves, without external direction. The 
building blocks of self-assembly are not only molecules, but span a wide range 
of nano- and mesoscopic structures. In 2014, Prof. Huo [15] proposed a method 
for self-assembly of MOF nanoparticles. First, the nanoparticles of UiO-66 
(UiO = University of Oslo) were prepared; then, their surface was modified with 
polyvinylpyrrolidone (PVP), and finally dispersed in mixture of water and ethanol 
(v:v = 1:1) to obtain a dispersion. A glass substrate was inserted into the water in a 
culture dish, and a small amount of the above dispersion was dropped on the sur-
face of the water. Then, the MOF nanoparticles were rapidly spread to the surface 
of the water, and a 2% sodium dodecyl sulfonate (SDS) solution was dropped to 
make the MOF dispersion closely arranged into a single layer film. The film was 
transferred out to obtain a monolayer MOF film on the glass substrate. The MOF 
multilayer films can be obtained by repeating the process.

2.4 Direct in situ growth

MOFs prepared by direct in situ growth usually produce thick and rough 
membranes or dispersive particles. Lu et al. [14] successfully constructed ZIF-8-
based optical thin films via a direct growth method that functioned as selective 
sensors for chemical vapors and gases. They immersed a glass substrate or silicon 
wafer in a newly prepared ZIF-8 growth solution (2-methylimidazole and Zn(NO3)2 
in methanol) at room temperature. After 30 min of growth, a uniform ZIF-8 film 
of about 50 nm was obtained. More importantly, this process can be repeated, and 

Figure 1. 
Photograph of a series of NH2-MIL-88B films deposited on silicon wafers with various concentrations  
( from left to right: 0.5, 1, 2, 3, 4, 5, and 6 wt%) by spin-coating method. Reproduced from Ref. [16] with 
permission from The Royal Society of Chemistry.
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the thickness of each subsequent growth was increased by about 100 nm, and the 
resulting film exhibited a very bright structural color. The color changes as the 
thickness increases, as shown in Figure 3. The method has the advantages of mild 
reaction conditions, fast growth rate, easy control of thickness, and easy removal of 
solvent in MOFs after reaction.

2.5 Step-by-step liquid phase epitaxy (LPE)

Step-by-step liquid phase epitaxy alternately deposits metal and organic ligand 
precursors on a functionalized surface, and the two are assembled by layer-by-layer 
growth to obtain a MOF film (also called surface-anchored MOF, SurMOF). The MOF 
prepared by this method has precisely controlled thickness and growth orientation, 
and the thickness can be regulated by the number of cycles of growth. In 2007, Wöll 
et al. [29] successfully used this method to prepare crystalline MOF films, such as 
two-component MOFs, HKUST-1, which alternately deposit copper acetate and BTC 
(BTC = trimesate) ligands on –COOH or –OH-modified gold substrate. The method 
is further used to prepare ternary layered MOFs composed of two organic ligands, 
such as [Cu(bdc)2(dabco)2] (bdc = 1,4-benzenedicarboxylic acid; dabco = 1,4-diaz-
abicyclo[2.2.2]octane) [30], [Zn2(+/−)(cam)2dabco](cam = (1R,3S)-(+)-camphoric 
acid) [31], Fe(pz)[Pt(CN)4](pz = pyrazine) [32, 33], DA-MOF(M(L)2(P)2)((M = Cu 
or Zn; L = naphthalene dicarboxylate or 2,3,5,6-tetrafluoroterephthalic acid); 
P = dabco) [34], and so on.

The orientation of SurMOF can be regulated by different functional groups on the 
surface. For example, modifying the carboxyl or hydroxyl groups on the surface of 
the substrate allows the growth direction of HKUST-1 to be [111] and [100], respec-
tively, under suitable conditions [29]. On the pyridyl- or carboxyl-modified surface, 
the growth direction of [Cu(bdc)2(dabco)2] is [100] and [001], respectively [30].

Unfortunately, it usually takes a long time to obtain a thicker film of MOFs due 
to the layer-by-layer growth mechanism. To overcome this shortcoming, researchers 
further combined this method with the spray method [35, 36], the spin-coating 
method [37], and the dip-coating method [38], and thereby developed a few 
improved methods for rapidly preparing the MOF films. Wöll et al. [36] alternately 
sprayed a solution of Cu2(CH3COO)4·H2O and BTC on a substrate modified with 
a coordinating group by a high-pressure carrier gas to obtain a HKUST-1 film. The 
thickness of the cyclic growth can reach 10 nm, and the growth rate of the method 
is increased by two orders of magnitude compared with the original method. 
In 2016, Eddaoudi group [37] combined the LPE method with the spin-coating 
method to achieve the growth of MOF films by spin-coating the metal salt solution 
and the organic ligand solution on the substrate, respectively. Cu2(bdc)2•xH2O, 
Zn2(bdc)2•xH2O, HKUST-1, and ZIF-8 films were successively prepared on the sur-
face of substrates such as gold and alumina, which is more effective than traditional 
LPE methods. MOF films with thicknesses ranging from nm to μm are available. 
However, compared with the conventional LPE, the roughness of the obtained MOF 
film is remarkably increased. Particularly, the MOF films having too much growth 
cycle or growing on a porous substrate are difficult to use as optical films.

In 2014, Benes team [38] at the University of Twente developed a step-by-step 
dip-coating method that yielded thicker, dense MOFs in a single cycle. They dipped 
the silicon wafer vertically into the ZnCl2 solution for 30 min, and then pulled it 
out at a certain rate (0.1–4 mm/s). After washing, it was immersed in the 2-methy-
limidazole solution for 30 min, then pulled out again, and then washed again. 
ZIF-8 film can be obtained by drying naturally in a culture dish, wherein the rate of 
each pulling is controlled to be the same, wherein the thickness of the film can be 
controlled by the pulling speed. The thickness of the ZIF-8 film is about 100 nm at 
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a pulling rate of 1 mm/s. If the rate is too large or too small, the film thickness will 
increase. This method has not been extensively studied and has not been reported 
for the suitability of other types of MOFs.

2.6 Comparison

The above-mentioned five methods have shown success in preparation of MOF 
thin films, but there is still lack of systematic research on the performance and poten-
tial application of the MOF films from the aspects of optical films. Moreover, for the 
same MOF system, there is a lack of detailed comparison on these preparation meth-
ods. Recently, our group [39] chose UiO-66 as a model to prepare UiO-66 thin films by 
the above-mentioned five methods, respectively (Figure 2). The resultant thin films 
were denoted as OTF-SP, OTF-DP, OTF-SA, OTF-DG, and OTF-LPE, respectively. 
The qualities of the films were quantitatively analyzed using surface roughness. The 
arithmetic average roughness, Ra, is the arithmetic average value of filtered roughness 
profile and the root mean squared roughness. The OTF-SP film has the best flatness, 
while the OTF-DG has the worst roughness (Ra = 40.3 nm). The roughness of MOF 
thin films made of octahedral UiO-66 nanocrystals is generally higher than that of 
spherical MOF nanoparticles-based thin films [23, 24, 27]. For the dip-coated films, 
the more the depositions, the larger the roughness due to accumulation. For the 
self-assembled films, the trend is just the opposite. Their roughness decreases with the 
increase of depositions, thanks to the interleaved filling of following nanocrystals.

3. Optical properties of MOF optical thin films

At present, the research on optical properties of MOF optical films is still rela-
tively preliminary, mainly focusing on the determination of their optical constants, 
especially the refractive index, and the regulation of optical constants.

3.1 Determination of optical constants

Refractive index is one of the important properties and parameters of optical 
films (such as antireflective coatings, high reflectivity coatings, polarizing films, 

Figure 2. 
(A) Crystal structure of UiO-66, consisting of Zr-O metal centers connected by terephthalate linkers. Zr, cyan; 
C, gray; O, red; H, omitted. (B–F) Illustration of five fabrication methods of MOF optical thin film: (B) spin 
coating, (C) dip coating, (D) self-assembly, (E) direct in situ growth, (F) LPE method [39].
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for the suitability of other types of MOFs.

2.6 Comparison

The above-mentioned five methods have shown success in preparation of MOF 
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profile and the root mean squared roughness. The OTF-SP film has the best flatness, 
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thin films made of octahedral UiO-66 nanocrystals is generally higher than that of 
spherical MOF nanoparticles-based thin films [23, 24, 27]. For the dip-coated films, 
the more the depositions, the larger the roughness due to accumulation. For the 
self-assembled films, the trend is just the opposite. Their roughness decreases with the 
increase of depositions, thanks to the interleaved filling of following nanocrystals.
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At present, the research on optical properties of MOF optical films is still rela-
tively preliminary, mainly focusing on the determination of their optical constants, 
especially the refractive index, and the regulation of optical constants.
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long/short wave filters, etc.). The main method for determining the optical constant 
of an optical film of MOFs is an ellipsometry method. Férey et al. [26] reported 
the optical film of MIL-89 prepared by the dip-coating method and determined its 
refractive index at 700 nm. Since MIL-89 is a flexible MOF, its refractive index is 
larger after absorption of water vapor. The change was reduced to 1.45. They used 
an ellipsometer to monitor the change in refractive index with the water vapor pres-
sure. They also measured the refractive indices of MIL-101(Cr) [27], MIL-100(Cr) 
[28], and the MIL-100(Fe) [28] optical films at 700 nm, which are 1.18, 1.17, and 
1.43, respectively. The optical film prepared by the spin-coating method inevitably 
has interparticle pores, so the determined values of the refractive index are the 
effective refractive indices of the MOF optical films, not the intrinsic refractive 
indices of the MOF materials themselves. Ranft et al. [40] also measured the refrac-
tive index of the HKUST-1 optical films prepared by spin coating using ellipsom-
etry, and found it was only 1.20, while Redel et al. [41] studied the refractive index 
of HKUST-1 optical film prepared by LPE method, and found it was 1.39 at 750 nm, 
which was much larger than that of the spin-coated HKUST-1 film, and close to the 
intrinsic refractive indices of HKUST-1, benefiting from the compactness of the 
optical film prepared by LPE method.

The calculation of the interference fringes on the upper and lower surfaces of 
the optical film is another method to determine refractive index of an optical film. 
Lu et al. [14] determined the refractive index of the ZIF-8 film prepared by the 
direct growth method using this method. The value is 1.39, which is quite different 
from the value of 1.20 obtained by Ranft et al. [40], mainly because the ZIF-8 film 
prepared by Ranft et al. is composed of ZIF-8 nanoparticles, while for the dense 
ZIF-8 film reported by Lu et al. prepared by direct in situ growth, the value (1.39) 
of refractive index is closer to the that of the ZIF-8 bulk material [14].

Redel et al. [41] prepared two copper-carboxylic acid MOF Cu-BDC films on Si 
substrate by LPE method. The refractive index of the film was directly measured by 
spectroscopic ellipsometry, and the refractive index of a series of MOF films with 
the same Cu-BDC topology but different lengths of organic ligands was predicted. 
This study also showed the advantages of MOFs in optical applications: compared 
to the optical properties of traditional inorganic materials, MOF can be used as an 
optical film active material to adjust the optical properties by changing the compo-
sition or structure of the MOF.

For the UiO-66 films prepared by different methods, in general, their refrac-
tive index has this order: OTF-SP < OTF-DP < OTF-SA < OTF-LPE. The refrac-
tive index of OTF-LPE has the highest value, which can be considered as the 
intrinsic refractive index of UiO-66 due to the compactness and integrity of the 
film. The nanocrystal-based films can achieve a refractive index lower than 1.23, 
which is important for application as antireflection films. Such a low refractive 
index benefits from the cracks and voids between the UiO-66 nanocrystals. 
Assuming the intrinsic refractive index of UiO-66 was 1.512, the index of air is 
1, the void percent in the film was estimated according to the effective medium 
theory [7, 23, 42]. The voids of OTF-SP, OTF-DP, and OTF-SA films are about 25, 
30, and 23%, respectively.

3.2 Tuning of optical constants

The optical constants of MOF optical films can be regulated in various ways, 
such as changing the metal ion species, ligand type, crystal type, adsorbing guest 
molecules, and changing metal ions or ligands by post-modification. But many 
strategies have not been realized. The way of adsorbing guest molecules is more 
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used in sensing. Here, the manners of changing linkers and post-modification of 
ligands are introduced to tune the optical constants of optical films.

3.2.1 Tuning through changing of the linkers

Our group [23] reported the regulation of the optical properties of MOF optical 
films by changing linkers with different functional groups. Five different ligands 
were selected and synthesized with chromium ions to obtain five MOFs of the same 
MIL-101 configuration, which were respectively recorded as MIL-101(Cr), NH2-
MIL-101(Cr), NO2-MIL-101(Cr), OH-MIL-101(Cr), and (NO2)2-MIL-101(Cr), and 
the corresponding optical film was produced by spin coating. The refractive index 
and extinction coefficient of the MOF optical film changed with the change of link-
ers. The average refractive indices of MIL-101(Cr), NH2-MIL-101(Cr), OH-MIL-
101(Cr), and (NO2)2-MIL-101(Cr) optical films were 1.306, 1.268, 1.223, and 1.250, 
respectively. NO2-MIL-101(Cr) has the lowest refractive index of only 1.208, which 
is lower than 1.22, making it have great potential in the preparation and application 
of antireflection coatings [43, 44].

The effect of ligand on the refractive index of MOF materials was further 
studied by eliminating the effect of porosity of the optical films. The order of 
the intrinsic refractive indices of MOFs is: (NO2)2-MIL-101(Cr) > NO2-MIL-
101(Cr) > NH2-MIL-101(Cr) > OH-MIL-101(Cr) > MIL-101(Cr). The intrinsic 
refractive index of the MOF material in the same topology increases with the 
increase of the atomic density of the ligands.

The change of the extinction coefficient k is related to the electron-absorbing 
and electron-donating states of the ligands. It was found that the substitution of the 
electron-donating group was good at increasing the value of k, and the electron-
withdrawing group would decrease k value.

3.2.2 Tuning through post-modification

Post-modification of ligands is also an effective means to change the optical con-
stants of MOF optical films benefiting from abundant organic chemical reactions. 
Our group [24] reported the first example of successful regulation of optical films 
by post-modification of NH2-MIL-53(Al) (see Figure 3). Propionaldehyde, valer-
aldehyde, and heptaldehyde with different carbon chain lengths were chosen as the 
modifier. After modification with propionaldehyde and valeraldehyde, the neff of 
the MOF optical films became larger as the carbon chain length increased, and the 
refractive index increased from 1.292 to 1.371 (propionaldehyde modification) and 
1.424 (valeraldehyde modification). After heptaldehyde modification, the refrac-
tive index changed only slightly, from 1.292 to 1.299 (Figure 3F). This is because 
propionaldehyde and valeraldehyde have small molecular size and can effectively 
modify MOF, while heptaldehyde has a larger molecular size (10.7 Å) and finds it 
difficult to enter into the pores of MOF (8.5 Å), so the grafting rate is not high.

In addition, the extinction coefficient (k) is the imaginary part of the complex 
refractive index and is another important parameter of the optical film. After 
post-modification, the extinction coefficient of the MOF optical film also changed 
significantly. This is due to the change in the electronic structure inside the MOFs 
after post-modification [41]. The stop band width of MOFs after modification 
decreased from 2.74 to 2.71 eV (propionaldehyde modification) and 2.68 eV (valer-
aldehyde modification), which is consistent with the change in k. After grafting, the 
optical properties of the material itself are tuned both due to changing the internal 
electronic structure of NH2-MIL-53 (Al) and occupying its internal pore structure.
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aldehyde modification), which is consistent with the change in k. After grafting, the 
optical properties of the material itself are tuned both due to changing the internal 
electronic structure of NH2-MIL-53 (Al) and occupying its internal pore structure.
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4. The application of MOF films in optical sensors

The application of MOF optical films in optical sensing is also essentially using 
the changes in optical properties, typically changes in the reflectance spectra 
(or colors) caused by the stimulation of target molecules.

4.1 Monolayer MOF thin films

Lu and Hupp [14] constructed a ZIF-8 monolayer film-based Fabry-Pérot device, 
which can serve as a selective sensor for chemical vapors and gases. The red shift of 
the reflection spectrum was observed within 1 min due to adsorption of propane. 
The sensor can distinguish n-hexane and cyclohexane due to their different sizes. 
It can also detect the ethanol from water/ethanol system with a limit as low as 
0.3 vol%, corresponding to an ethanol vapor concentration of ca. 100 ppm.

Compared with the rigid pore structure of ZIF-8, the flexible pore structure of 
MOFs can change more significantly after adsorbing water or organic vapors. Our 
group [16] chose flexible NH2-MIL-88B as a model MOF to fabricate a Fabry-Pérot 
device with a vivid color by spin-coating method. The NH2-MIL-88B photonic film 
displayed high chemical selectivity, for example, acetone induced 380-nm redshifts, 
while water only led to a redshift of about 50 nm, and the color would change 
accordingly after absorbing the water or organic vapors (Figure 4), which can be 
observed by the naked eye. Depending on the nature of the organic solvent and 
their interaction with NH2-MIL-88B, the selective breathing behavior of NH2-MIL-
88B promotes the excellent selectivity of the optical films.

4.2 MOF thin film-based one-dimensional photonic crystals

A one-dimensional photonic crystal (1DPC), also called Bragg stack, is a peri-
odic nanostructure with a refractive index distribution along one direction [45].  

Figure 3. 
(A) Scheme of tuning the optical properties through post-modification. Photographs of MOF optical thin film 
without modification (B), modified with propionaldehyde (C), pentanal (D), and heptanal (E). (F) The 
effective refractive index (n) of MOF optical thin films [24].
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Hinterholzinger et al. [20] presented the fabrication of 1DPC based on ZIF-8 and 
mesoporous titanium dioxide (TiO2) for the first time. ZIF-8 is intended to impart 
molecular selectivity, and mesoporous TiO2 is used to ensure high refractive index 
contrast and to guarantee molecular diffusion within the 1DPC. The 1DPC is sensi-
tive and selective toward a series of chemically similar solvent vapors due to differ-
ent sorption behavior of the photonic material to the solvent vapors.

In the consideration of replacing the rigid MOF with a flexible MOF, we [22] 
also prepared a 1DPC by alternately spin-coating NH2-MIL-88B and TiO2, wherein 
the TiO2 layer functioned as a high-refractive index contrast. The optical properties 
(color, refractive index, etc.) of the 1DPCs can be adjusted by varying the number of 
depositions, and the thickness of the film. Benefiting from the flexible pore structure 
of NH2-MIL-88B, the 1DPCs exhibited a highly selective response to different organic 
vapors, including dimethyl formamide, isopropanol, methanol, acetone, and ethanol 

Figure 4. 
Photographs of the NH2-MIL-88B optical film upon exposure to various organic vapors. Reproduced from 
Ref. [16] with permission from The Royal Society of Chemistry.

Figure 5. 
(A) Reflection spectra, (B) shift of the photonic stop band, (C) chromaticity coordinates, and (D) typical 
images of the NH2-MIL-88B/TiO2 1DPCs upon exposure to various organic vapors. Reproduced from Ref. [22] 
with permission from The Royal Society of Chemistry.
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(Figure 5A–C). Typically, the color of the 1DPCs in air and saturated vapors of water 
and EtOH were different, which can be observed by naked eye (Figure 5D). The 
1DPC also can detect ethanol from 0 to 43.8 vol% in a water-ethanol mixture.

Liu et al. [46] described the fabrication of 1DPC by alternate deposition of 
HKUST-1 and indium tin oxide (ITO) layers by LPE method and sputtering 
method, among which HKUST-1 was used as low-refractive index layer, and ITO as 
high-refractive index layer. The 1DPC had a red shift response of only 38 nm for the 
adsorption of toluene because of the change in refractive index brought about by 
the adsorbing guest molecules.

4.3 MOF thin film on fiber surfaces

MOF thin films can be deposited not only on the flat surface but also on the 
nonplanar optical components, which further expands their use as optical sensors. 
Kim et al. [47] recently reported ZIF-8 films grown on linear fiber surfaces to create 
optical gas sensors, which are more sensitive to the target gases than Fabry-Pérot 
devices or 1DPCs based on normal incident light. The resultant sensors showed high 
sensitivity and selectivity to CO2 gas relative to other small gases such as H2, N2, O2, 
and CO. They also exhibited rapid (<tens of seconds) response time and excellent 
reversibility, which may be ascribed to the physisorption of gases into a nanoporous 
MOF. A refractive index-based sensing mechanism for the MOF-integrated optical 
fiber platform was proposed.

5. Conclusions

There are five major methods for preparing MOF optical films with high-quality 
spin coating, dip coating, self-assembly, direct growth, and LPE. Under the consid-
eration of the same MOF (UiO-66) as the model, the MOF film prepared by spin 
coating has the best flatness, while the one prepared by direct growth is the worst 
one. The research on optical properties of MOF optical films is still in its early stage, 
mainly focusing on the determination and regulation of optical constants. The 
change of the linkers and post-modification of bridged ligands to control the optical 
properties of optical films have been realized. The application of MOF thin films in 
optical sensors can induce label-free optical sensors with variable colors exposed to 
various organic vapors. MOF films not only on the flat surface but also on the non-
planar surface (for instance fiber surface) can be served as optical sensors. They 
can have great selectivity due to different interactions between the target molecules 
with MOFs. In the future, the quality of optical films will be further improved, and 
a wide range of chemical modification methods will be applied to control the prop-
erties of optical films, which will further meet the needs of specific optical devices. 
MOF optical films are expected to become the next generation of optical materials.
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Chapter 7

Nanoscale Optical Patterning of 
Amorphous Silicon Carbide for 
High-Density Data Archiving
Tania Tsvetkova

Abstract

The work presented here is related to some developments in providing a new 
generation ultrastable (>100 years), ultrahigh density (>1 Tbit/sq.in.) data storage 
materials for archival applications. The chosen material to write nanoscale data 
by finely focused ion beams is hydrogenated amorphous silicon carbide (a-SiC:H) 
films. Wide bandgap a-SiC:H has been chosen for its appropriate optical, chemical 
and mechanical properties. Ga+ was prefered as the implant species for the focused 
ion beam (FIB) implantation due to its widespread uses in FIB equipment and its 
modifying effects on the amorphous silicon carbide target. A range of a-SiC:H film 
samples have been FIB patterned under different implantation conditions for this 
study. The emphasis in these investigations was the influence of different substrate 
temperatures on the patterning process. The effects of further annealing of room 
temperature implanted samples were also studied. The FIB patterned samples under 
different conditions were analysed using near-field techniques, like atomic force 
microscopy (AFM), to define optimum implantation parameters for archival data 
storage applications. Using the established optimal conditions for the FIB patterning 
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high-capacity drives limited to around 10 years. Magnetic tape, while a very good 
choice for high-capacity short-term storage such as backup and disaster recovery, is yet 
rather delicate contact media, which can become physically damaged with use, and so 
can degrade with time, while also the magnetic data can be easily lost when exposed 
to magnetic fields. Hence, to retain tape data available over extended periods of time, 
tapes must be frequently re-tensioned and data be periodically refreshed (read and 
rewritten)—a potentially complex and costly task with serious consequences if not 
managed properly. It is clear therefore that archival storage is an exceedingly important 
application and it is equally clear that conventional archival storage media are quite 
limited in terms of lifetime and, particularly for optical disks and magnetic tapes, in 
terms of storage density (bits per square inch). It is in this context that the present 
work has aimed to develop novel, ultra-stable and ultrahigh density storage media for 
archival applications. Indeed, the approach of ion implantation in SiC can potentially 
lead to extremely long (many hundreds of years) data lifetimes, which may find 
application in the long-term preservation of important scientific and cultural assets.

2.  Nanoscale optical patterning of amorphous silicon carbide films by 
Ga+-focused ion implantation

To realize our goal of ‘permanent’ high-density storage, we have chosen amor-
phous hydrogenated silicon carbide (a-SiC:H) as a storage medium. a-SiC:H is an 
exciting material with a wide range of useful optical and electrical properties (e.g., 
high transparency in the visible region due to its wide optical band gap from 1.8 to 
3.0 eV), as well as mechanical durability and chemical inertness [3]. These proper-
ties, together with ease of fabrication and a remarkable thermal stability, make SiC 
a very promising candidate for various optoelectronic, photonic and other device 
applications (e.g., solar cells, light-emitting diodes, imaging sensors, high-power 
microwave devices, high-energy radiation detectors), particularly in adverse 
environments [3, 4]. The relative immunity of SiC to environmentally induced 
degradation, in particular its high thermal stability (stable to temperatures in excess 
of 1500°C), makes it attractive for data storage applications, and promising results 
have been achieved by using ion implantation to write micro- and nanoscale marks 
in SiC films [5–11].

Ion-beam implantation is a standard technique for controlling electrical, band 
gap and optical properties of semiconductors (see, e.g., [12]), and some data exist 
for the SiC materials. Recently the ion-beam implantation route has attracted 
renewed interest due to the development of computer-controlled focused-ion-
beam systems that enable the fabrication of sophisticated ion-implanted structures 
[11, 13, 14]. The focused-ion-beam diameter can be <10 nm, allowing the modifi-
cation of the dielectric and optical properties of materials on this same nanoscale 
(10 nm bit sizes is roughly equivalent to a data density of 10 Tbit/sq.in.). Such 
nanoscale property changes in optical transmission and reflection offer ultrahigh 
density yet permanent optical data archives. To readout such high-density optical 
data, a super-resolution (sub-diffraction) optical technique is required. In the 
laboratory environment and for research purposes, this can be provided by scanning 
near-field optical microscopy (SNOM) [15]. SNOM techniques have been success-
fully applied for studies of ion-beam modifications in silicon carbide in infrared [16] 
and visible [8] spectral ranges. Of course imaging by SNOM is slow (and expensive), 
but for practical applications, other super-resolution readout techniques, such as the 
use of solid-immersion lens (SIL) optics [17], the so-called super-RENS technique 
[18] or arrays of scanning near-field apertures, might ultimately be used to achieve 
the necessary readout data rates (and required system cost).
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2.1 Ga+ ion beam-induced optical contrast in amorphous silicon carbide

Several ion-implanted species have already been investigated for the modifica-
tion of the optical properties of a-SiC:H thin films, including Ar+, ions of group IV 
elements [5, 7–9] and, most recently, Ga+. The use of gallium is attractive since it is 
available in standard FIB machines and in addition has been shown to be capable 
of generating large optical contrasts [6]. Investigations were carried out further in 
order to study the structural and chemical bonding modifications of thin a-SiC:H 
films when using high-dose Ga+ ion implantation, resulting in considerable changes 
of the optical band gap and the electronic properties of the material [6, 7].

The Ga+ ion implantation has yielded in a considerable optical effect as reg-
istered by the results of transmission, reflection and PDS measurements, used 
further to derive the absorption coefficient spectra, shown in Figure 1. This effect 
becomes more markedly pronounced as the dose increases. As seen from the figure, 
the optical absorption edge moves to lower photon energies while also being accom-
panied by an increase of the absorption coefficient in the measured energy range, as 
a result of the Ga+ ion implantation.

The optical absorption edge shift increases with the ion dose, signifying a cor-
responding change in the density of states distribution in the optical gap. It could be 
assumed, therefore, that the observed changes are related to the breaking of bonds 
due to ion bombardment and modification of the chemical bonding arrangements 
of the host atoms due to the presence of the implanted Ga+ ions. This assumption is 
also supported by the registered changes in the absorption spectra in the IR region 
shown in Figures 2 and 3. The well-defined peak at about 2080 cm−1, related to the 
stretching vibration mode of Si-H bonds in a-SiC:H films for the non-implanted 
case, shows well-expressed tendency to decrease. Notably, it is also shifting towards 
lower energies with the increase of the ion dose (Figure 2).

This shift could be attributed to an underlying mechanism of interaction 
between the ions of the added element with the Si atoms in the host material, result-
ing in a change of the Si-H stretching mode. This behaviour could be explained 
remembering the lower electronegativity of the implanted Ga atoms than the C 
host atoms in the target material, so that Ga will be substituting for the C atom in 
the C-Si-H bond, as in the previously reported case of Ge and Sn ion implantation 
in a-SiC:H films [19–21]. The observed accompanying decrease of the peak with the 
ion dose is further confirmed for the modifying effect of the Ga ion bombardment 
on the bonding configuration of the host atoms and is an evidence for the breaking 
of the Si-H bonds which is accompanied by considerable loss of hydrogen.

Figure 1. 
Optical absorption coefficient α of a-Si0.85C0.15:H films: unimplanted (1) and Ga+ implanted at doses (in cm−2) 
3 × 1016 (2) and 6 × 1016 (3) [7].
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As also demonstrated in Figure 2, the modification effect of Ga+ ion implanta-
tion on the bonding configurations of the host atoms in the a-SiC:H films is very 
similar to the one of Sn+ ion implantation in a-SiC:H films [22]. Apparently, less 
explicit but still observable are the changes in the region 550–800 cm−1 shown 
in Figure 3. In the same figure, the observed change of the Si-C bond stretching 
mode as shown at ~780 cm−1 [23, 24] signifies the modification of the Si-C bonding 
arrangements in the a-SiC:H host material, the mechanism including considerable 
Si-C bond breaking as a result of the Ga+ ion bombardment.

The Raman measurement results presented in Figure 4 could also be considered 
as confirmation of the above reasoning. Again in this case, there is a registered 
well-expressed effect of increased disordering of the silicon network, similar to 
the earlier results of Sn+ ion implantation in a-SiC:H films [22]. Here this is demon-
strated in the figure by a considerable decrease of the Si-Si bond related peak in the 
spectra near 500 cm−1.

The investigation results presented here for the case of Ga+ broad-beam 
implanted a-SiC:H films have shown various structural and chemical modifica-
tion changes, resulting in an effective optical bandgap decrease. The underlying 
mechanism of these modifications comprises breaking of Si-H and C-H bonds 

Figure 3. 
IR transmission spectra in the region 550–850 cm−1 of an unimplanted a-Si0.85C0.15:H film (1) and a-Si0.85C0.15:H 
films implanted with Sn+ at dose D = 5 × 1016 cm−2 (2) and Ga+ with doses D = 5 × 1016 cm−2 (3) and 
D = 1 × 1017 cm−2 (4) [7].

Figure 2. 
IR transmission spectra in the region 1950–2200 cm−1 of an unimplanted a-Si0.85C0.15:H film (1) and 
a-Si0.85C0.15:H films implanted with Sn+ at dose D = 5 × 1016 cm−2 (2) and Ga+ with doses D = 5 × 1016 cm−2 
(3) and D = 1 × 1017 cm−2 (4) [7].
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and accompanying considerable loss of H in the target material as a result of the 
ion bombardment. The IR and Raman investigations also reveal increased Si-C 
bond breaking and formation of Si-Ga bonds, bearing in mind the lower elec-
tronegativity of the implanted Ga atoms, compared with the C host atoms, and 
assuming Ga will substitute for the C atom in the C-Si-H bond [5, 7]. Yet, due to 
the very low melting point (Tm = 29.8°C) of Ga, some part of the implanted Ga 
ions are inevitably embedded as Ga clusters and are not directly bonded chemi-
cally to the host atoms [25].

2.2 Ga+-focused ion beam patterning of amorphous silicon carbide

The particular attention that has been focused on Ga+ as the implant species is 
due to the fact of its widespread use in FIB systems. Computer-generated Ga+ FIB 
pattern in an a-SiC:H film is demonstrated in Figure 5 [6]. The figure represents 
an optical micrograph of an a-SiC:H thin film with a variety of Ga+ FIB-created 
patterns. The combined pattern consists of a number of chess-board-like (CBL) and 
series-of-line (SL) patterns, implanted with different doses. The optical density of 
the irradiated areas is increased, due to ion bombardment, as a result of which they 
are seen as optically darker regions in the picture.

The computer-generated FIB-irradiated pattern, presented in the figure, 
comprises several patterns of line series and chess-board-type fields with varying 
sizes and doses of implanted Ga+. In this picture, the shorter line series patterns LS1 
(size 2.5/2.5/20 μm) and the longer line series patterns LS2 (size 5/5/40 μm) were 
FIB written with Ga+ ion doses in the range D = 5 × 1015 ÷ 2 × 1017 cm−2. The big 
chess-board-type field (BCF) (size 20 μm) and the smaller chess-board-type fields 
SCF1 and SCF2 (both size 10 μm) were made with Ga+ ion doses D1 = 2.5 × 1016 cm−2 
(BCF and SCF1) and D2 = 4 × 1016 cm−2 (SCF2). The picture shows the potential 
of this method for applications in high-density optical data storage, as well as for 
direct writing of submicron lithographic masks for further uses in micro- and 
optoelectronics.

3. Near-field analysis of FIB-patterned amorphous silicon carbide

Near-field techniques were used for the study of the FIB-patterned amorphous 
silicon carbide films. The topography of the FIB-patterned samples was analysed 
with an atomic force microscope (dimension 3000 digital instruments). Scanning 
near-field optical microscope was employed to study and compare the changes in 

Figure 4. 
Raman spectra of an unimplanted a-Si0.85C0.15:H film: (1) and a-Si0.85C0.15:H films implanted with Sn+ (2) and 
Ga+ (3) at a dose D = 5 × 1016 cm−2 [7].
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the local optical absorption of the irradiated (patterned by design) areas relative to 
the nonirradiated ones.

3.1 Atomic force microscopy (AFM) studies of FIB-patterned a-SiC:H

Before proceeding with the SNOM experiments, topographic images of the 
FIB-patterned areas were recorded and studied with AFM [8]. The AFM results 
are presented in Figure 6 for the CBL and SL structures, and apparently the 
irradiated areas are topographically lower than nonirradiated ones. Presumably 
this is due to the ablation of the thin film caused by the ion irradiation. A cross-
sectional view of the AFM image of a SL is shown in Figure 6b. The ion dose 
is highest for the left-hand side (3.2 × 1016 cm−2), and it is decreasing towards 
the right-hand side (0.8 × 1015 cm−2) of the SL pattern. These results suggest 
that the higher ion doses cause larger topography variations, which should be 
expected.

Further important result observed in Figure 6b is that each line of the SL 
pattern is as large as ~11 μm, even though the beam diameter of the Ga+ ion 
beam was set to be ~50 nm. This unexpectedly large line width of the SL pattern 
is probably the result of imperfect charge neutralization which leads to severe 
charge buildup, causing distortion and defocusing of the Ga+ ion beam during 
the irradiation.

3.2  Scanning near-field optical microscopy analysis of FIB-patterned 
amorphous silicon carbide

The implanted set of patterns was characterized by SNOM measurements using 
a custom-built microscope. The details of the SNOM measurements are described 
elsewhere [8, 9]. In short, an unpolarized beam from a He-Ne laser (633 nm) is 
scanned over the substrate side of the sample. The laser beam is kept defocused 
keeping the laser intensity over the scanned area as uniform as possible. The light 
passing through the patterned area is then collected using a sharp, uncoated optical 
fibre probe from one point to another for mapping the optical images obtained by 
the near-field method. The gap between the probe end and the sample surface is kept 

Figure 5. 
Micron-scale combined pattern on an a-SiC:H film written with a FIB system by using a 15 pA Ga+-focused 
ion beam. The size of the big chess field is 20 × 20 μm2 [6].
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constant by non-optical shear-force technique and the feedback from the shear-force 
regulation scheme, providing the required topographic information. Thus, topogra-
phy mapping and local optical mapping are both registered simultaneously.

The SNOM experiments can provide an optical image of the corresponding 
topographic image simultaneously, as already mentioned. A series of CBL patterns 
with different doses have been investigated with SNOM in order to demonstrate its 
potential. The obtained topographic and corresponding optical images with SNOM 
are represented in Figure 7. When compared with unpatterned areas, e.g., in the 
left-hand side of the image or in some parts of the CBS pattern, the areas irradiated 
with ion beam are topographically lower, while they appear also optically darker in 
the SNOM image. The observed trend of the topographic features of the irradiated 

Figure 6. 
AFM images of CBS (a) and SSL (b) patterns written in an a-SiC:H film with Ga+ FIB. The cross-sections 
indicated in (a) and (b) are shown in (c) and (d), respectively [8].

Figure 7. 
Topographic image (left) and corresponding SNOM image (right) of a CBS pattern created on an a-SiC:H 
thin film by irradiation with Ga+-focused ion beam [8].
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the local optical absorption of the irradiated (patterned by design) areas relative to 
the nonirradiated ones.
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The implanted set of patterns was characterized by SNOM measurements using 
a custom-built microscope. The details of the SNOM measurements are described 
elsewhere [8, 9]. In short, an unpolarized beam from a He-Ne laser (633 nm) is 
scanned over the substrate side of the sample. The laser beam is kept defocused 
keeping the laser intensity over the scanned area as uniform as possible. The light 
passing through the patterned area is then collected using a sharp, uncoated optical 
fibre probe from one point to another for mapping the optical images obtained by 
the near-field method. The gap between the probe end and the sample surface is kept 

Figure 5. 
Micron-scale combined pattern on an a-SiC:H film written with a FIB system by using a 15 pA Ga+-focused 
ion beam. The size of the big chess field is 20 × 20 μm2 [6].
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areas appears to be the same as that obtained with the AFM. The trend of the optical 
contrasts observed with SNOM is qualitatively the same as the one obtained in the 
conventional optical microscopy case (e.g., see Figure 5).

4.  Ion-implantation temperature and post-implantation annealing 
effects on the ion beam-induced optical patterning of a-SiC:H

Gallium has also previously been used to make both embedded thin films and layers 
rich in Ga nanoparticles for broadband high reflectivity devices (such as sunglasses). 
For the interpretation of these earlier studies in optical glasses, the reflectivity control 
by the Ga implantation was linked to the fact that Ga has a very low melting point 
(Tm = 29.8°C) and a rather unusual feature of volume contraction upon melting. These 
factors were assumed to contribute to Ga incorporation as dispersed clusters and/or 
small nanoparticles [26, 27]. There was also preferential diffusion and loss of Ga from 
the implanted region. Any such changes not only influence the implant zone but in 
turn can modify the interzone reference regions both from changes in the H content, 
lateral in-diffusion of Ga and induced stress due to the volume changes associated with 
gallium nanoparticles. Such changes are very sensitive to the implant temperature. It 
was noted that Ga precipitation into nanoparticles can vary dramatically (in terms of 
particle size) with concentration and small changes in surface implant temperature 
[28]. Overall, these factors will contribute to the maximum optical contrast (readout 
signal) between implanted and unimplanted regions and will also play a significant 
role in determining the lifetime of the recorded information.

The precise role of implantation temperature effects of target temperature 
during Ga+ ion irradiation on the forms of Ga incorporation in the SiC:H film, and 
hence on the optical contrast obtainable, has therefore formed a key part of this 
research. This could allow optimization of the process not only from the point of 
view of the implantation itself (i.e., maximize processing speed and minimize 
implant costs) but also from the point of view of data storage density, readout con-
trast and data longevity. Experience also suggests that appropriate post-implanta-
tion annealing treatments could offer further benefits in reducing the required ion 
dose [29] and enhancing contrast, thus increasing the cost-effectiveness of the FIB 
bit-writing method. Hence, we have also investigated a range of post-implantation 
treatments in order to determine the most appropriate route for dose reduction 
while maintaining suitable readout contrast.

4.1  Investigation of the thermal effects on the Ga+ ion beam-induced optical 
contrast and structural modification of amorphous silicon carbide

The effects of implantation temperature and post-implantation thermal anneal-
ing on the Ga+ ion beam-induced optical contrast formation in hydrogenated 
silicon-carbon alloy films have been further studied [30, 31]. For these studies, Ga+ 
broad-beam ion implantation in a-SiC:H samples was chosen to be carried out at 
different film substrate temperatures (T1 = RT (room temperature), T2 = LN2 (liq-
uid nitrogen) and T3 = +50°C). Then some of the RT implanted samples were ther-
mally annealed post-implantation at higher temperatures. The benefits expected 
for the optical data storage method, relying on a readout of reduced optical 
transmission as detected by SNOM [15, 26], were as follows: (1) lower implantation 
temperature should result in an increased amount of defects which will be lead-
ing to an absorption increase, i.e., further decrease in transmission (hence greater 
readout contrast); (2) higher implantation temperatures, or high-temperature post-
implantation annealing, were expected to lead to a possible increase in the optical 
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reflectivity and hence decrease in transmission, due to Ga clusters coalescing into 
bigger light-reflecting Ga colloid particles.

A range of in a-SiC:H samples have been implanted with Ga+ broad-beam ion 
implantation at different substrate temperatures (from liquid nitrogen (LN2) 
temperatures to around room temperature (RT) and also at a higher temperature 
T = +50°C). Some of the RT implanted samples were further post-implantation 
thermally annealed at several different temperatures in vacuum. The whole range of 
implanted and annealed samples were optically studied, using optical transmission 
spectroscopy in the UV–VIS range, in order to define the optimum implantation 
conditions for archival data storage applications. Using the established optimal dose, 
D = 2D3 = 5 × 1016 cm−2 [30], the transmission (T), the reflection (R) and the absorp-
tion coefficient α of Ga+ implanted a-Si1-xCx:H (x1 = 0.18) films at different tempera-
tures (T1 = RT, T2 = LN2 (liquid nitrogen) and T3 = +50°C) were studied (Figure 8).

For further post-implantation annealing studies, some of the RT implanted 
a-Si1-xCx:H (x1 = 0.18) samples were annealed at higher temperatures (T1 = +50°C, 
T2 = +120°C and T3 = +250°C) and optically characterized by measurements of the 
transmission T, the reflection R and the absorption α (Figure 9). The obtained results 
do not represent any appreciable transmission change, even for the higher dose 
D = 2D3 = 5 × 1016 cm−2 and for the highest annealing temperature T3 = +250°C. Even 
though in this case there is some slight increase in reflectivity detected, compared to 
the RT implanted sample, the ion beam-induced thermal annealing of the irradiation 
defects, which results in absorption decrease, compensates this effect, resulting in 
similar transmission change as the one for the RT implantation case.

The presented results have indicated the optimum conditions for the new optical 
data recording method which uses the reading near-field technique SNOM, chosen 
to be working in optical transmission mode. The results demonstrate that the great-
est effect on the optical transmission T is achieved for the RT implanted samples. 
In the lower temperatures case, the expected ion beam-induced increased defect 
introduction, resulting in absorption α increase, does occur. However, the simultane-
ous ion beam-induced thickness decrease due to sputtering compensates this effect, 
resulting in lower transmission change than the RT implantation case. Likewise, Ga+ 
implantation at increased temperatures does result in increased reflectivity R of the 
implanted films, presumably due to Ga+ nanoscale particles coalescing into bigger, 
light-reflecting clusters. Yet, the simultaneously occurring thermal annealing of the 
ion beam-induced radiation defects in the films decreases the absorption α, resulting 
in a lower transmission change than the RT implantation case.

Figure 8. 
Transmission (T) and reflection (R) (a), and absorption coefficient α (b), of Ga+-implanted a-Si1-xCx:H 
(x1 = 0.18) films with a dose D = 2D3 = 5 × 1016 cm−2, at different temperatures: T1 = RT (room temperature), 
T2 = LN2 (liquid nitrogen) and T3 = +50°C [30].
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areas appears to be the same as that obtained with the AFM. The trend of the optical 
contrasts observed with SNOM is qualitatively the same as the one obtained in the 
conventional optical microscopy case (e.g., see Figure 5).
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the implanted region. Any such changes not only influence the implant zone but in 
turn can modify the interzone reference regions both from changes in the H content, 
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reflectivity and hence decrease in transmission, due to Ga clusters coalescing into 
bigger light-reflecting Ga colloid particles.

A range of in a-SiC:H samples have been implanted with Ga+ broad-beam ion 
implantation at different substrate temperatures (from liquid nitrogen (LN2) 
temperatures to around room temperature (RT) and also at a higher temperature 
T = +50°C). Some of the RT implanted samples were further post-implantation 
thermally annealed at several different temperatures in vacuum. The whole range of 
implanted and annealed samples were optically studied, using optical transmission 
spectroscopy in the UV–VIS range, in order to define the optimum implantation 
conditions for archival data storage applications. Using the established optimal dose, 
D = 2D3 = 5 × 1016 cm−2 [30], the transmission (T), the reflection (R) and the absorp-
tion coefficient α of Ga+ implanted a-Si1-xCx:H (x1 = 0.18) films at different tempera-
tures (T1 = RT, T2 = LN2 (liquid nitrogen) and T3 = +50°C) were studied (Figure 8).

For further post-implantation annealing studies, some of the RT implanted 
a-Si1-xCx:H (x1 = 0.18) samples were annealed at higher temperatures (T1 = +50°C, 
T2 = +120°C and T3 = +250°C) and optically characterized by measurements of the 
transmission T, the reflection R and the absorption α (Figure 9). The obtained results 
do not represent any appreciable transmission change, even for the higher dose 
D = 2D3 = 5 × 1016 cm−2 and for the highest annealing temperature T3 = +250°C. Even 
though in this case there is some slight increase in reflectivity detected, compared to 
the RT implanted sample, the ion beam-induced thermal annealing of the irradiation 
defects, which results in absorption decrease, compensates this effect, resulting in 
similar transmission change as the one for the RT implantation case.

The presented results have indicated the optimum conditions for the new optical 
data recording method which uses the reading near-field technique SNOM, chosen 
to be working in optical transmission mode. The results demonstrate that the great-
est effect on the optical transmission T is achieved for the RT implanted samples. 
In the lower temperatures case, the expected ion beam-induced increased defect 
introduction, resulting in absorption α increase, does occur. However, the simultane-
ous ion beam-induced thickness decrease due to sputtering compensates this effect, 
resulting in lower transmission change than the RT implantation case. Likewise, Ga+ 
implantation at increased temperatures does result in increased reflectivity R of the 
implanted films, presumably due to Ga+ nanoscale particles coalescing into bigger, 
light-reflecting clusters. Yet, the simultaneously occurring thermal annealing of the 
ion beam-induced radiation defects in the films decreases the absorption α, resulting 
in a lower transmission change than the RT implantation case.

Figure 8. 
Transmission (T) and reflection (R) (a), and absorption coefficient α (b), of Ga+-implanted a-Si1-xCx:H 
(x1 = 0.18) films with a dose D = 2D3 = 5 × 1016 cm−2, at different temperatures: T1 = RT (room temperature), 
T2 = LN2 (liquid nitrogen) and T3 = +50°C [30].
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Summarizing, studying the effects of implantation temperature and post-implan-
tation thermal annealing on the Ga+ ion beam-induced optical contrast formation in 
hydrogenated silicon-carbon alloy films has led to some practical conclusions [30]. 
The reasoning about the benefit of lower implantation temperature for the new optical 
data storage method, relying for optical data readout on reduced optical transmission 
as detected by SNOM working in transmission mode, was that a lower implantation 
temperature would lead to an increased amount of introduced defects resulting in an 
absorption increase, i.e., further decrease in transmission (hence greater data readout 
contrast). The expected effect was indeed registered but was apparently overridden 
by an effect of increased ion beam-induced sputtering, which greatly reduced the film 
thickness and thus increased the transmission in the irradiated films. These results 
are consistent with those in the case of the Ga+ FIB patterning of a-SiC:H films, where 
an increase of both the depth and the width of the individual line patterns within the 
combined written patterns at the lower temperature case has also been observed as a 
result of an increased ion beam-induced sputtering [32].

On the other hand, the expected advantage of higher implantation temperatures, 
or high-temperature post-implantation annealing processing, was that in both 
cases, the higher temperatures would lead to an increase in the optical reflectivity 
and hence decrease in transmission, due to Ga clusters effectively coalescing into 
bigger, optically reflecting Ga colloid particles, resulting in a higher readout con-
trast. The predicted effect of optical reflectivity increase was indeed observed but 
was overridden in this case by an apparent decrease in absorption (hence increase in 
transmission), both in the high-temperature implanted or annealed samples, due to 
a decrease in the ion beam-introduced defect concentration, as a result of thermally 
enhanced self-annealing. Thus, it can be concluded that the best conditions for 
optical data storage for archival storage applications when using Ga+ ion implanta-
tion in a-SiC:H films were found to be at room temperatures with an optimal dose. 
The conclusion that the optimum implantation temperature for storage applications 
has to be that of room temperature appears advantageous since it means that the 
required ion-implantation process can be simplified and reduced in cost.

4.2  Ion-implantation temperature effects on the nanoscale optical patterning of 
amorphous silicon carbide by Ga+-focused ion beams

Focused Ga+ FIB ion implantation was used to write nanoscale data into 
hydrogenated amorphous silicon carbide films. As was previously reported, 

Figure 9. 
Transmission (T) and reflection (R) (a) and absorption coefficient α (b), of Ga+ implanted a-Si1-xCx:H 
(x1 = 0.18) films with dose D = 2D3 = 5 × 1016 cm−2 at RT and then annealed at different temperatures: 
T1 = +50°C, T2 = +120°C and T3 = +250°C [30].
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Ga precipitation into nanoparticles can vary greatly (in terms of the particle sizes) 
with Ga concentration and small variations in the sample surface temperature 
[25]. Therefore, the precise role of the effects of the implantation temperature, 
i.e., the target surface temperature during Ga+ ion implantation and appropriate 
post-implantation annealing treatments of the FIB-patterned samples at different 
temperatures, were studied with respect to optical contrast achieved [30] and 
obtained data storage densities/feature size (present chapter section) [32], in 
order to further optimize the cost-effectiveness of the FIB bit-writing method for 
data archiving.

For this purpose, a range of wide bandgap a-SiC:H thin film samples has been 
prepared by Ga+-focused ion beam patterning [32]. The samples have been FIB-
patterned under different implantation conditions, with emphasis on the different 
substrate temperatures (from 0°C temperature to around room temperature). Some 
of the RT implanted samples were further annealed at +250°C in vacuum. The FIB-
patterned samples were then analysed using near-field techniques, like atomic force 
microscopy, to define the optimum implantation conditions and their implications 
for archival data storage applications.

Focused Ga+ implantation in these samples was performed with the FIB system 
simultaneously employing a charge neutralizer (electron-beam shower) to implant 
a series of FIB patterns with different ion doses in the range 1 × 1015–1.25 × 1017 
ions cm−2. This choice of the Ga+ ion doses range has been prompted by our earlier 
Ga+ broad-beam implantation results, where the optimized range of ion doses for 
Ga+ and other elements has been established to be the same so to yield an optimal 
optical contrast. The chosen type of the combined implanted FIB pattern for this 
experiment consisted of combination of four individual patterns: a full square, 
an open square and two sets of parallel lines. They were situated around a central 
cross-feature (designed for an eye-guide in the AFM microscope to help finding the 
area of the nanoscale pattern at the start of each measurement) (Figure 10).

In these measurements atomic force microscope (AFM), type Dimension 3000 
Digital Instruments [8, 9], was used to analyse the topography of the designed 
FIB-patterned samples. A lab-built scanning near-field optical microscope [8, 9, 15] 
was also employed to study the sample morphology and the existing film non-
homogeneities in the as-deposited a-SiC:H films.

Initially, the as-deposited and some broad-beam Ga+ implanted samples were 
analysed with high-resolution optical imaging using SNOM. The AFM imaging was 
carried out with a range of different wavelengths (λ = 500÷800 nm), including the 
wavelength of the He-Ne laser used for the further SNOM analysis of the FIB-
patterned samples (λ = 633 nm).

The obtained results showed that both the as-deposited and the ion-implanted 
samples exhibit sub-μm scale nonuniformities, with regions of lower and higher 
optical absorptions, presumably due to variations in the samples stoichiometry 
at the sub-μm scale. The SNOM image of these nonuniformities is shown in 
Figure 11 for the case of the a-Si1-xCx:H (x2 = 0.35) sample implanted with Ga+ 
with a dose D = 5 × 1016 cm−2.

The preliminary designed actual patterns consisted of a combination of the above 
described individual patterns, each of which was ion implanted at four different Ga+ 
ion doses: 1 × 1015, 5 × 1015, 2.5 × 1016 and 1.25 × 1017 cm−2. For creating these patterns, 
a specially designed programme was used with the Ga+ FIB equipment. The length 
of the individual lines in each pattern, as well as the side of the full and open-squares 
pattern, was chosen to be 5 μm, while all line widths were fixed to be 200 nm.

While some low temperature (0°C) implanted samples were prepared, a greater 
number of RT implanted samples were designed with view of the planned follow-
ing post-implantation annealing treatments for the investigation of their effect on 
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the recorded optical pattern characteristics, to be further studied using near-field 
techniques (AFM).

The AFM topographic analysis of the FIB-patterned samples has been focused 
mainly on the open-square patterns (example shown in Figure 12). The AFM 
results for RT and 0°C implanted samples revealed an increased ion beam-induced 
sputtering yield for the 0°C implanted samples as compared to the RT implanted 
ones, similarly to the results in the Ga+ broad-beam implantation studies. Here, in 
the Ga+ FIB case, this resulted in an increase of both the depth and the width of the 
individual lines within the FIB patterns (see Table 1).

For studying the post-implantation annealing effects, some of the RT Ga+ 
FIB-implanted a-Si1-xCx:H samples have been thermally annealed in vacuum at 
T = 250°C. The investigations with AFM topographic analysis of the RT FIB-
implanted and the thermally annealed samples have been focused again on the 
open-square patterns (Figure 13, showing the examples for the highest doses in the 
a-Si0.65C0.35:H samples).

The presented AFM results for the RT implanted and the thermally annealed 
samples revealed slight changes in the depth of the individual lines within the FIB 
written patterns with the annealing. There is a noticeable decrease of the depth of 
the individual lines after thermal annealing, denoting slight thickness increase in 
the irradiated areas of the films, which should contribute to their increased optical 
absorption and hence result in an increased optical contrast as compared to the 

Figure 10. 
Combined FIB pattern consisting of individual square patterns [32].

Figure 11. 
Images of high-resolution SNOM optical mapping (25 × 25 μm2) of an a-Si1-xCx:H (x2 = 0.35) sample broad-
beam ion implanted with Ga+ with a dose D = 5 × 1016 cm−2 [32].
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nonirradiated film areas. This effect is expected to be overridden though by the 
reduced absorption in the irradiated areas, as a result of thermal annealing of the ion 
irradiation-induced defects, similarly to the Ga+ broad-beam implanted case [30].

As demonstrated, the AFM analysis of the Ga+ FIB-implanted a-Si1-xCx:H 
samples at RT and at 0°C has revealed an increase of both the depth and the width 
of the individual lines within the FIB written patterns at lower temperature. This 
is presumably due to an increased ion beam-induced sputtering yield, in good 
agreement with the previous results for the case of Ga+ broad-beam implantation in 
a-Si1-xCx:H, presented in a previous chapter section. Hence, the present results again 
suggest that the preferable conditions for optical data storage for archival storage 

Figure 12. 
AFM topographic image (a) and corresponding cross-section (b) of a FIB written open-square pattern in an 
a-Si1-xCx:H (x2 = 0.35) sample with a Ga+ ion dose D = 1.25 1017 cm−2 [32].

Table 1. 
Depth (h) and width (w) of the lines in the Ga+ FIB written open-square patterns in a-Si1-xCx:H [32].

Figure 13. 
A set of AFM topographic images of Ga+ FIB-patterned open-square patterns in a-Si1-xCx:H (x = 0.35) 
samples: Implanted at a dose D3 = 2.5 × 1016 cm−2, before (a) and after annealing (b), and implanted at a dose 
D4 = 1.25 × 1017 cm−2, before (c) and after annealing (d); also shown are their corresponding cross-sections 
(a′, b′, c′ and d′) [32].
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Figure 13. 
A set of AFM topographic images of Ga+ FIB-patterned open-square patterns in a-Si1-xCx:H (x = 0.35) 
samples: Implanted at a dose D3 = 2.5 × 1016 cm−2, before (a) and after annealing (b), and implanted at a dose 
D4 = 1.25 × 1017 cm−2, before (c) and after annealing (d); also shown are their corresponding cross-sections 
(a′, b′, c′ and d′) [32].
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uses would be choosing Ga+ FIB implantation in a-SiC:H films with an optimal 
dose at room temperatures. The AFM data also confirm that no advantage would be 
gained by applying post-implantation annealing treatments.

5. Conclusions

• The present study has shown the existence of optimal conditions for Ga ion 
implantation of a-SiC:H films in order to achieve large ion beam-induced 
optical contrast with less topographic change. Low ion irradiation doses are 
not only sufficient but also preferable for achieving strong modification of the 
optical absorption, which is required for applications in optical data storage 
and for creating permanent optical archives.

• With view of optimizing the FIB optical patterning of a-SiC:H, studying 
the effects of the implantation temperature and post-implantation thermal 
annealing on the Ga+ broad ion beam-induced optical contrast formation in 
the implanted films has been undertaken. The expected benefit for the optical 
data storage method, which relies on achieving reduced optical transmission 
detected by scanning near-field optical microscopy, was that a lower implanta-
tion temperature would result in an increased amount of ion beam-induced 
defects, leading to an absorption increase, i.e., further decrease in transmission 
(greater readout contrast). This expected effect was indeed observed but was 
overridden by an additional effect of increased ion beam-induced sputtering 
yield, which greatly reduced the film thickness and hence increased the optical 
transmission.

• The expected effect of the use of higher implantation temperatures, or high-
temperature post-implantation annealing, was that there would be an increase 
in the optical reflectivity and hence decrease in transmission, since there was 
expected Ga clusters coalescing into bigger light-reflecting Ga colloid particles. 
This effect of reflectivity increase was indeed observed but was overridden 
by a decrease in absorption (transmission increase) in the high-temperature 
implanted or annealed samples, due to a decrease in the defect concentration as 
a result of self-annealing.

• In the case of the Ga+-focused ion beam writing of optical patterns in a-SiC:H 
films, an increase of both the depth and the width of the individual lines 
within the FIB written patterns at the lower implantation temperatures, as a 
result of an increased ion beam-induced sputtering, has been observed. These 
results are also in good agreement with the previous data for the broad-beam 
implantation case.

• The AFM results for the RT implanted and the thermally annealed samples 
revealed slight changes in the depth of the individual lines within the FIB 
written patterns. The noticeable decrease of the depth of the individual lines 
after the thermal annealing, and hence obtained slight thickness increase in the 
irradiated areas of the films, which should contribute to an increased optical 
absorption thereof, and hence should result in an increased optical contrast 
as compared to the nonirradiated film areas, is overridden by the reduced 
absorption in the irradiated areas, as a result of the thermal annealing of the 
irradiation-induced defects, in agreement with the results for the broad-beam 
implantation case.
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• The AFM analysis of the Ga+ FIB-patterned a-Si1-xCx:H samples at RT and at 
0°C showed an increase of both the depth and the width of the individual lines 
within the written patterns at the lower temperature case, due to an increased ion 
beam-induced sputtering. This data is in good agreement with previous results 
for the case of Ga+ broad-beam implantation and again suggests that the prefer-
able conditions for the optical data storage method would be using gallium ion 
implantation in amorphous silicon carbide films at room temperatures with an 
optimal gallium ion dose. Similarly, the AFM data also confirm that no advantage 
is expected to result from further post-implantation annealing treatments.

• In conclusion, we can assume that the best conditions for optical data storage 
for archival storage applications, when using Ga+ ion implantation in a-SiC:H 
films, would be employing an optimal gallium ion dose at room temperatures. 
The fact that the optimum implantation temperature for optical data storage 
applications appears to be that of room temperature is fortuitous since the 
implications are that the required ion-implantation processing could be simpli-
fied and reduced in cost.
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Abstract

Selective detection of gases such as nitrogen dioxide (NO2), carbon monoxide
(CO), carbon dioxide (CO2), and various volatile organic components (VOCs) is
necessary for air quality monitoring. Detection of hydrogen (H2) is equally important
as it is a flammable gas and poses serious threat of explosion when exposed to oxygen
gas. We have studied the sensing characteristics of these gases using thin film depos-
ited by chemical solution deposition as well as relatively thicker films deposited by
atmospheric plasma spray (APS) process. The chapter starts with the sensing mech-
anism of chemiresistive sensors followed by the definition of gas sensing parameters.
Subsequently, we have demonstrated selective NO2 sensing characteristics of zinc
oxide-graphene (ZnO-G) multilayered thin film followed by CO and H2 sensing
characteristics of ZnO thin film and SnO2 thick film. Cross-sensitivity among CO and
H2 gases has been addressed through the analysis of conductance transients with the
determination of activation energy, Ea, and heat of adsorption, Q. The concepts of
reversible and irreversible sensing have also been discussed in relation to CO and H2

gases. CO2 sensing characteristics of LaFe0.8Co0.2O3 (LFCO)-ZnO thin film have been
elucidated. Interference from CO has been addressed with principal component
analyses and the ascertaining of Ea and Q values. Additionally, the variation of
response with temperature for each gas was simulated to determine distinct parame-
ters for the individual gases. Further, VOC sensing characteristics of copper oxide
(CuO) thin film and WO3-SnO2 thick film were investigated. Principal component
analysis was performed to discriminate the gases in CuO thin film. The interaction of
WO3-SnO2 thick film with various VOCs was found to obey the Freundlich adsorp-
tion isotherm based on which Ea and Q values were determined.

Keywords: air quality monitoring, gas sensing, thin film sensor, thick film sensor,
Langmuir adsorption isotherm, Freundlich adsorption isotherm, reversible sensing,
irreversible sensing

1. Introduction

A recent surge in diseases related to poor air quality has made it mandatory to
effectively monitor the level of harmful pollutants in the atmosphere. Poor
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ventilation in indoor spaces as well as vehicular exhausts and emissions from
industries poses serious threats to the quality of breathable air. Indoor air quality
monitoring has become essential in order to counter the rising incidence of diseases
such as sick building syndrome, which occurs in residential and office spaces due to
poor ventilation. Indoor air pollutants are mostly volatile organic compounds
(VOCs) which include alcohols such as ethanol and methanol and adverse pollut-
ants such as benzene and formaldehyde. Other than this, carbon dioxide (CO2) and
nitrogen dioxide (NO2) also pollute indoor living space [1].

Outdoor air quality is contaminated mainly due to the presence of carbon mon-
oxide (CO), carbon dioxide, nitrogen oxides (NOX), sulfur dioxide (SO2), volatile
organic compounds, and particulate matter. Urban sources of pollutants include
vehicles and industries. In rural India, many people still use solid fuel such as wood,
crop wastes, charcoal, and cow dung in open fires popularly known as “chulhas.”
Such cooking practices are highly damaging to human health as they emit huge
quantities of CO and NO2 and cause an array of diseases including but not limited to
pneumonia, stroke, heart disease, and lung cancer [2].

Air quality monitoring is thus mandatory to check the levels of various pollut-
ants in the atmosphere. Agencies like Occupational Safety and Health Administra-
tion (OSHA) define the permissible exposure limits (PELs) of air pollutants to
protect the health of workers. Table 1 shows the permissible limit of various air
contaminants.

Apart from these pollutants, detection of hydrogen (H2) gas is also important. It
is used as fuel in space craft and rockets. It is reported that almost all CO sensing
materials are cross-sensitive toward H2 as well. It remains a major challenge to
address the cross-sensitivity of CO sensor.

To detect these pollutants, one can use chemiresistive type thin or thick film
oxide sensors, made from economic precursor materials. The use of oxide sensing
materials in thin/thick film form has advantage over commonly used bulk
Taguchi-type sensors. Thin/thick film sensors consume less power and also allow
miniaturization of gas sensing systems.

The surface of oxide sensors acts as a catalyst to oxidize reducing pollutants
(CO, H2, VOCs, etc.) to relatively benign gases (viz., CO forms CO2). Limited
attempt has so far been made to study the gas sensing performance of oxide
ceramics together with catalytic activity to oxidize the gas sensed [4]. For gas
sensing performance, thin film sensor is preferred; however, for catalytic
conversion, relatively thicker coating of oxide materials over a large area surface
(often curved) is required.

Pollutant Averaging time (h) Level (ppm)

Carbon monoxide 8 35

Nitrogen dioxide 1 100

Carbon dioxide 8 5000

Sulfur dioxide 8 2

Ethanol 8 1000

Acetone 8 1000

Benzene 8 1

Formaldehyde 8 0.75

Table 1.
OSHA permissible limit for various air pollutants [3].
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Understanding of gas–solid interaction is of utmost importance to optimize the
sensing performance of chemiresistive oxide sensors. Typically, Langmuir adsorp-
tion isotherm has been utilized to understand the resistance transients recorded
upon exposing the oxide sensor to test gas environment. Through these kinetic
analyses, interrelation among sensing layer thickness, its morphology, response %,
sensitivity, and response/recovery times can be addressed adequately [5–7]. One
can also estimate the adsorption and desorption energies of the test gas and reaction
products, respectively. The estimated energies could be an effective tool to differ-
entiate various types of test gases [7]. Base line stability of the sensing materials is
also important to fabricate commercial sensing elements. Interrelation among the
surface morphology, response time, and test gas concentration needs to be under-
stood to fine-tune the base line stability [6, 8].

In view to the above, the primary goal of the present chapter is to describe a
comprehensive approach to model the resistance/conductance transients based
on Langmuir and Freundlich adsorption isotherms to address cross-sensitivity.
Modeling the resistance/conductance transients allows us to estimate sensing
parameters (such as response %, response/recovery time, etc.) and adsorption/
desorption energies of test gas and reaction products. The estimated parameters
help us to better understand the effect of the receptor (adsorption of gas
molecule on sensing surface), transduction (electronic conduction pathway),
and utility functions (effect of thickness and morphology of sensing materials)
controlling the sensitivity, stability, and selectivity criteria of thin film type
chemiresistive sensors.

The chapter is organized as follows: In the following sections, we have elucidated
the mechanism of gas sensing followed by defining various sensing parameters.
Subsequently we have briefed the dominant material characteristics influencing the
sensing performance of thin film chemiresistive type gas sensors. Next, we have
outlined the synthesis procedure of thin as well as thick film sensing elements.
The synthesized materials were characterized in terms of their phase purity and
microstructure evaluation. Finally, we have outlined the details of static as well as
dynamic flow gas sensing measurements to investigate the sensing performance of
the synthesized materials.

We have thus prepared thin and thick film sensors to detect NO2, CO, H2, CO2,
and VOCs (ethanol, acetone, and isopropanol). Gas sensing mechanism has been
described for each gas. Cross-sensitivity has been addressed through conductance
transient analysis. The gas–solid interaction has been observed to follow either
Langmuir or Freundlich adsorption characteristics. Based on this approach, the
activation energy, Ea, and heat of adsorption, Q, were calculated to discriminate
the gases. Stability of the gas sensors was also studied with respect to thin and
thick films.

2. Salient features of semiconducting oxide gas sensor

Semiconducting metal oxide (SMO) sensors are attractive for lower cost, smaller
size, simpler operation principle, durability, and ease of fabrication together with
their low concentration of gas detection limit [9]. These sensors change their con-
ductivity when exposed to test gases of different concentrations [9]. However, the
sensor operating temperature (�300°C) needs to be lowered, and cross-sensitivity
toward multiple gases needs to be minimized for its wide commercial adaptation.
The operating principle and salient features of SMO-based chemiresistive sensors
are briefly described as follows:
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2.1 Principal of operation

For reducing CO gas sensing, Figure 1 schematically illustrates the operative
sensing mechanism. At elevated temperature, when the sensing film is exposed to
air, the sensor surface provides active sites for the chemiadsorption of oxygen ions.
Thus, oxygen adsorbs on to the sensor surface by accepting electrons from the
conduction band of the sensing material. In the operating temperature ranging 100–
500°C, O�

2 , O
�, and O2�are chemiadsorbed [10] forming an electron depletion layer

(EDL). The EDL impedes grain to grain electron migration increasing the surface
resistance for an “n”-type sensing material. When the sensor is exposed to a reduc-
ing gas such as CO or H2, the adsorbed oxygen ions react with the test gas to release
the electrons back to the conduction band of the sensing material. As a result the
EDL width is reduced to decrease the surface resistance of the sensor.

In the case of a p-type sensor, since the majority carriers are holes, the oxidation
reaction of the reducing test gas and the oxygen ions on the sensor surface would
decrease the concentration of holes, increasing the sensor resistance. Assuming
n-type and p-type sensors have similar morphologies, the response of p-type and
n-type sensor is related by the following relation [11].

Sp ¼
ffiffiffiffiffi
Sn

p
(1)

where Sp is the gas response of p� type sensor and Sn is the gas response
of n � type sensor.

2.2 Characteristic sensor parameters

Figure 2 illustrates the characteristic sensor parameters one can estimate from
the recorded resistance transient of an n-type sensor used for reducing gas sensing.

Response (S) (%): Response is defined by the expression Ra � Rg
� �

=Ra � 100 or
Ra=Rg where Ra and Rg are the measured resistances of the sensor exposed to air and
test gas, respectively.

Response time (τres) (s): Time required for a sensor to reach 90% of the
maximum response on exposure to test gas [12].

Figure 1.
Gas sensing mechanism for a semiconducting metal oxide sensor.
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Recovery time (τrec) (s): Time required for a sensor to reach 90% of the original
baseline resistance upon removal of the test gas.

Optimum temperature (Topt) (°C): The temperature at which the sensor
exhibits maximum response.

Selectivity: The ability of a sensor to sense a selective gas preferentially among
other test gases.

Stability: Minimum variation of sensor base resistance over a period of time.
Sensitivity: Change of measured signal (resistance, voltage or current) per

analyte concentration unit [13].

2.3 Factors affecting gas sensing performance of thin film sensor

The sensing performance of SMO-based sensor is primarily influenced by the
receptor, transducer, and utility functions of thin film sensing elements. The
receptor function is influenced by the crystallite size of the sensing material, as at
elevated temperature oxygen ions are chemiadsorbed on these crystallites forming a
charge-depleted layer. The receptor function controls the interaction of test gases
with the sensing elements. The transducer function controls the flow of charges
between the electrodes. Finally the utility function controls the diffusion of gases.
The parameters that regulate the receptor function of the sensor include composi-
tion of the material, surface to volume ratio, and size of the pores and grains. The
transducer function is influenced by the grain to grain contact and the phase purity
of the material. The composition of the material influences the defect chemistry
which in turn changes the nature and concentration of the defects in the sensing
material. The surface to volume ratio, pore size and grain size, and grain to grain
contact of the sensing material are dependent on the growth condition.

Usually, the sintered block as well as thick film sensors consists of loosely
sintered secondary particles made of innumerous tiny primary particles. Generally,
the dimension of pores between the primary particles is in microns (termed as

Figure 2.
Resistance transient of an n-type gas sensor showing stable resistance in air (Ra), stable resistance in gas (Rg),
response time (τres), and recovery time (τrec).
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macropores), whereas those in between the primary particles are in the order of
nanometers (<50 nm) (termed as mesopores). When the sensor is aged at elevated
temperature, oxygen gas is diffused through both the macro- (corresponds to
molecular diffusion) and mesoporous (corresponds to Knudsen diffusion) regions.
Sensor particles are charge depleted due to chemiadsorption of oxygen. During gas
sensing, the test gas diffuses through macro- and mesoporous regions and reacts
with chemiadsorbed oxygen. The diffusion of gases through the mesoporous
regions is known to play an important role during reducing gas sensing using
semiconducting oxide-based sensing elements. For compact thin films, the gas-solid
interaction mostly takes place at the geometric surface and to a limited extent along
grain boundaries. In contrast, the active surface of the porous thin film is much
larger than the compact thin films. In both these thin film structures, the key
parameters that control the receptor function of the sensing element include its
composition, nature of metal-oxygen bonding, specific surface area, porosity, and
crystallite size. The transducer function is influenced by grain to grain contact and
phase purity of the sensing element, and the utility function will be controlled by
the gas diffusion either through grain boundaries or pores. For thin film sensing
elements with pore size distribution in the range of 2–50 nm, Knudsen-type gas
diffusion seems to be operative. Since the Knudsen diffusion coefficient is related to
operating temperature, pore radius, molecular weight of the diffusing gas, and
diffusion distance are related to film thickness; it is quite obvious that the sensing
performance of a thin film sensor is related to the operating temperature, film
thickness, and molecular weight of the test gas. Very limited attempt has so far been
made to theoretically investigate the gas transport phenomena within the sensing
film and correlate it with its sensing performance.

In the subsequent sections, we have outlined the sensing performance of ZnO-
graphene multilayered thin films for NOx sensing. Subsequently, CO and H2 sensing
performance of ZnO thin film and SnO2 thick film were investigated. This was
followed by CO2 sensing performance of 0.5% LFCO-ZnO thin film and VOC
sensing characteristics of copper oxide (CuO) thin film and WO3-SnO2 thick film.

At constant sensor operating temperature, we assumed monolayer coverage of
the reducing gas. Assuming Langmuir adsorption kinetics, we have theoretically
predicted the response and recovery transients during gas sensing using thin and
thick film sensing elements. From an application point of view, marginal base
resistance drift of these thin film sensing elements is desirable during repeated
response and recovery cycles. Often a significant drift in base line resistance is
observed due to the partial recovery of thin and thick film sensing elements. For
such partial recovery, the sensing is termed irreversible, whereas for reversible
sensing, the base resistance is fully recovered. For a wide range of test gas concen-
trations and operating temperatures, the response transients of thin film sensing
elements are modeled using Langmuir-Hinshelwood reaction mechanism. It is
predicted that for irreversible-type sensing, the response time is reduced with the
increase in test gas concentration, whereas for reversible sensing, response time is
independent of the test gas concentration [12]. The WO3-SnO2 thick film sensor
was modeled with Freundlich adsorption isotherm in which the concentration-
dependent conductance was ascertained to be nonlinear.

3. Experimental

An economic wet chemical synthesis route was adopted to synthesize thin film
gas sensing elements. Wet chemical synthesis is also energy efficient, and relatively
cheaper precursor materials are used in wet chemical synthesis. We have
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synthesized the ZnO-graphene (G) multilayer to study its NO2 sensing characteris-
tics. ZnO thin film sol was prepared by dissolving stoichiometric amount of zinc
acetate dihydrate (Zn(CH3COO)2.2H2O) in 2-methoxyethanol (2-MOE) solvent
with monoethanolamine (MEA) as stabilizer. The final concentration of the pre-
cursor solution was �0.4 M/L. The precursor solution was heated at �80°C for
complete dissolution and stabilization. Graphene sheet from crystalline graphite
was exfoliated by micromechanical cleavage using facile ultrasonication synthesis
[14]. For this purpose, 5 mg of graphite powder was mixed in 5 ml of 2-MOE
solution. N-methyl-2-pyrrolidine (NMP) solution was added for stabilization of the
graphite sol. This suspension was then ultrasonicated for 3 h at room temperature
and aged for 48 h. Multilayered ZnO-G thin films were fabricated by alternate
deposition of ZnO and exfoliated graphite sol. Prior to sol deposition, the glass
substrates were cleaned in trichloroethylene for 5 min followed by ultrasonic
cleaning in the presence of acetone and deionized water. This was followed by
drying of the substrates in flowing air. Details of deposition process have been
reported elsewhere [14]. The multilayered films were annealed at 500°C for 1 h in
air. The sensing performance of ZnO-G multilayered films were characterized using
NO2 (0.5–5.0 ppm), CO (50 and 500 ppm), H2 (50 and 500 ppm), and i-C4H10 (50
and 500 ppm) as test gases. The operating temperature was maintained in the range
100–200°C during gas sensing measurements. Additionally, mixed gas sensing
behavior for the ZnO-G multilayered films has also been investigated using NO2/CO
(5 ppm/50 ppm), NO2/H2 (5 ppm/50 ppm), and NO2/i-C4H10 (5 ppm/50 ppm) gas
mixtures.

We have also studied the CO and H2 sensing behavior of ZnO thin film and SnO2

thick film. ZnO thin film was synthesized following the method described above.
SnO2 thick film was synthesized using a plasma spray deposition process. Commer-
cial SnO2 powder was used as feedstock material for the plasma spray process.
Nitrogen (sans hydrogen) was used as the plasma forming gas and compressed air
was used for cooling. Details of the process and equipment can be found elsewhere
[7]. Alumina substrates (Ants Ceramic, India) were used for deposition as these are
unaffected by the high temperatures generated during the atmospheric plasma
spray process.

We have also studied the CO2 sensing behavior of 0.5% LFCO (LaFe0.8Co0.2O3)-
ZnO thin film composite. Lanthanum nitrate hexahydrate (La(NO)3.6H2O), iron
(III) nitrate nonahydrate (Fe(NO)3.9H2O), and cobalt (II) nitrate hexahydrate (Co
(NO)2.6H2O) were dissolved in 2-MOE to prepare LFCO precursor sol with a final
solution of 0.2 M via continuous stirring at room temperature. LFCO and ZnO sol
were mixed in appropriate proportions to make composites of the composition
xLFCO-(1�x) ZnO. The resulting sol was then spin coated on quartz substrate.
Each layer was baked at 300°C with an intermittent heating interval of 10 min
between layers to burn out the organic moieties. The coating and baking processes
were repeated to yield films about 300nm thick. The resultant films were then
annealed at 600°C for 2 h.

VOC sensing characteristics of CuO thin film and WO3-SnO2 thick film were
measured in a static gas sensing system. CuO sol (0.25 M) was synthesized using
copper (II) acetate monohydrate (Cu(COOCH3).H2O) and 2-MOE as precursor
materials. Glass substrates used for deposition were cleaned using trichloroethy-
lene, acetone, and deionized water as described earlier. CuO sol was spin coated on
glass substrates. Each layer was baked at 300°C for 5 min. The resultant film which
was about 200 nm thick was annealed at 600°C for 1 hour to achieve complete
crystallization. WO3-SnO2 thick film composite was deposited on alumina sub-
strates using a plasma spray deposition process. The feedstock material consists of
WO3 and SnO2 powders in the weight ratio �25:75. This ratio was found to be
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macropores), whereas those in between the primary particles are in the order of
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such partial recovery, the sensing is termed irreversible, whereas for reversible
sensing, the base resistance is fully recovered. For a wide range of test gas concen-
trations and operating temperatures, the response transients of thin film sensing
elements are modeled using Langmuir-Hinshelwood reaction mechanism. It is
predicted that for irreversible-type sensing, the response time is reduced with the
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independent of the test gas concentration [12]. The WO3-SnO2 thick film sensor
was modeled with Freundlich adsorption isotherm in which the concentration-
dependent conductance was ascertained to be nonlinear.
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was used for cooling. Details of the process and equipment can be found elsewhere
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spray process.
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(NO)2.6H2O) were dissolved in 2-MOE to prepare LFCO precursor sol with a final
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Each layer was baked at 300°C with an intermittent heating interval of 10 min
between layers to burn out the organic moieties. The coating and baking processes
were repeated to yield films about 300nm thick. The resultant films were then
annealed at 600°C for 2 h.
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materials. Glass substrates used for deposition were cleaned using trichloroethy-
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glass substrates. Each layer was baked at 300°C for 5 min. The resultant film which
was about 200 nm thick was annealed at 600°C for 1 hour to achieve complete
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strates using a plasma spray deposition process. The feedstock material consists of
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optimum in a series of experiments with bulk pellets with various weight ratios
(�25:75, 50:50, and 75:25) of WO3 and SnO2 [15].

The resistance change of the thin film sensing elements was measured using gold
interdigitated electrode which was sputter coated onto the thin films using a dc
sputter coater (Cressington 108, Ted Pella, Inc., USA). High-temperature silver
paste was used as electrodes for the thick coatings. An indigenously developed
dynamic gas sensing setup was used to measure the gas sensing characteristics of
the thin films and thick plasma sprayed coatings. The gas sensing setup consists of a
gas chamber connected to mass flow controllers (PR 4000, MKS Instruments,
Germany) which control the flow rate of gases. The flow rate is calculated by the
relation [12, 16].

Cmixed gas ¼ Ctest gas �
dVtest gas

dt

� �
=

dVtest gas

dt
þ dVcarrier gas

dt

� �
(2)

where Ctest gas is the concentration of test gas, dVtest gas

dt is the flow rate of test gas,

and dVcarrier gas

dt is the flow rate of carrier gas.
The temperature of the sensor inside the dynamic chamber is controlled with a

temperature controller. An electrometer (6517 A, Keithley, USA) is connected to the
sensor via gold-coated silver probes. Necessary voltage for electron migration
between the grains of the sensor is controlled through the electrometer. The entire
gas sensing setup is interfaced with a PC equipped with an RS-232 interface, GPIB
card (National Instruments, USA), and LabVIEW 8.5 (National Instruments, USA)
software [17]. A schematic of the mentioned gas sensing setup may be found in [12].

A static gas sensing set was employed to study the VOC (ethanol, acetone, and
isopropanol) sensing characteristics of CuO thin film and WO3-SnO2 thick film.
Such a setup (also indigenous) consists of a rectangular chamber housing the sensor
and the heater which is connected to the temperature controller [18]. The sensor is
connected to a microcontroller which in turn is connected to the PC. Details of the
system schematic may be found elsewhere [15]. Data (in this case, resistance) is
collected at the rate of 1 bit/sec with the help of terminal emulation software. The
sensor is heated to the temperature of operation and aged at that temperature to
obtain a stable resistance (Ra) which is followed by injection of gas. The resistance
at which the sensor stabilizes in the presence of gas is termed Rg. The response of
the sensor to the test gas in measured in terms of response percent which is defined
as [19, 20].

Response Sð Þ% ¼ Ra � Rg
�� ��

Ra
� 100 (3)

4. Investigations on the gas sensing performance for air quality
monitoring

Air quality monitoring involves the monitoring and quantification of various
gases present in the atmosphere. Such gases include NOX [21], CO [22], CO2 [23],
and VOCs [24]. In addition, flammable gases such as H2 also need detection in order
to prevent major disasters [25]. Apart from the detection of low concentration test
gases, addressing the cross-sensitivity of the sensors also remains a major research
issue. In addition to this, cost of air quality monitoring system is high, and efforts
are needed to make it economic for wide uses. Keeping these considerations in
mind, we have developed sensors to monitor these gases selectively. For
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cross-sensitive sensing elements, necessary protocols are developed to address their
selectivity. The sensing performances of synthesized sensing elements to detect test
gases pertinent to air quality monitoring are described as follows.

4.1 NO2 sensing

The main sources of NO2 emissions are the incomplete burning of fuel and
vehicular exhausts. According to a report in The Hindu [26], one of India’s premier
newspapers, winter smog is caused in many parts of northern India due to burning
of crop residue. An estimated 240 million tons of NOX (NO and NO2) is generated
because of this practice. Figure 3 shows percentage of NOX emissions in India from
various sources. Other than this, vehicular exhausts also contribute to NOX forma-
tion. NOX, along with other pollutants such as SO2, VOCs, and particulate matter,
forms smog as well as acid rain. These are markers of extremely polluted air and can
have adverse health effect on humans.

Traditionally, semiconducting metal oxides such as SnO2 [27], WO3 [28], ZnO
[29], etc. have been used for NO2 sensing. Recently, composites such as Fe2O3-ZnO
[30] has also gained prominence for selective NO2 sensing. In addition, metal oxide
(MO)-graphene (G) composites such as 0.5 wt%G-WO3 [31] and SnO2-RGO [32]
have also been reported as these sensors show high response at low operating
temperature. These sensors are also highly selective.

Based on literature study (Table 2), we realized that MO-graphene (G) sensor
will be an effective candidate for NO2 sensing study. We have chosen the MO to be
ZnO as it is an extremely stable sensor and can be easily modulated with graphene
to operate at a low temperature. We have thus prepared a ZnO-G multilayer system

Figure 3.
NOX emissions in India from various sources. Most of NOX emissions in India come from the use of chemical
fertilizers in agriculture.
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optimum in a series of experiments with bulk pellets with various weight ratios
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the sensor to the test gas in measured in terms of response percent which is defined
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are needed to make it economic for wide uses. Keeping these considerations in
mind, we have developed sensors to monitor these gases selectively. For
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cross-sensitive sensing elements, necessary protocols are developed to address their
selectivity. The sensing performances of synthesized sensing elements to detect test
gases pertinent to air quality monitoring are described as follows.

4.1 NO2 sensing

The main sources of NO2 emissions are the incomplete burning of fuel and
vehicular exhausts. According to a report in The Hindu [26], one of India’s premier
newspapers, winter smog is caused in many parts of northern India due to burning
of crop residue. An estimated 240 million tons of NOX (NO and NO2) is generated
because of this practice. Figure 3 shows percentage of NOX emissions in India from
various sources. Other than this, vehicular exhausts also contribute to NOX forma-
tion. NOX, along with other pollutants such as SO2, VOCs, and particulate matter,
forms smog as well as acid rain. These are markers of extremely polluted air and can
have adverse health effect on humans.

Traditionally, semiconducting metal oxides such as SnO2 [27], WO3 [28], ZnO
[29], etc. have been used for NO2 sensing. Recently, composites such as Fe2O3-ZnO
[30] has also gained prominence for selective NO2 sensing. In addition, metal oxide
(MO)-graphene (G) composites such as 0.5 wt%G-WO3 [31] and SnO2-RGO [32]
have also been reported as these sensors show high response at low operating
temperature. These sensors are also highly selective.

Based on literature study (Table 2), we realized that MO-graphene (G) sensor
will be an effective candidate for NO2 sensing study. We have chosen the MO to be
ZnO as it is an extremely stable sensor and can be easily modulated with graphene
to operate at a low temperature. We have thus prepared a ZnO-G multilayer system
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for NO2 detection. We have measured NO2 sensing with ZnO which is an n-type
semiconductor. It shows optimum response of 26% to 5 ppm NO2 at 150°C when the
test temperature range is 100–200°C. Below 150°C, the response to NO2 is almost
negligible. However, with the addition of graphene to ZnO layers, the sensing
response significantly increases to 894% [14]. These results are presented
in Figure 4.

The response of ZnO-G multilayer thin film was also measured for 500 ppm H2,
CO, and i-butane gases in the said temperature range. It was found that the
response to 5 ppm NO2 was far superior to any of the other gases. We have defined
the selectivity (κ) as

κ ¼ SNO2

Sgas
(4)

where SNO2 is the response % for NO2 and Sgas is the response % for other gas
(H2, CO, and i-butane).

The selectivity plot for NO2 with respect to H2, CO, and i-butane has been
shown in Figure 5. For all the gases, the selectivity factor κ has been found to be
greater than 1. Thus we could detect NO2 selectively in the presence of other gases.

Sensor
material

Form Gas Topt

(°C)
S% Selectivity τres, τrec

(s)
Conc.
(ppm)

Ref.

SnO2-RGO Nano
powder

NO2 30 4.63 (Rg/Ra) Yes 177, 510 5 [32]

SnO2 Hollow
sphere

NO2 160 — Yes 90, 25 5 [27]

0.5 wt%G-
WO3

Nanopowder NO2 RT,
250

1.96, 130
(Rg/Ra)

No 25–200 1, 5 [31]

ZnO Nano
powder

NO2 350 1.8 (Rg/Ra) Yes 180, — 1 [29]

WO3 Thin film NO2 300 70 No — 10 [28]

Fe2O3-ZnO Thin film NO2 150 — No — 2.5 [30]

WO3 Thin film NO2 300 87 Yes 300, 360 2 [33]

ZnO-G Thin film NO2 150 894 Yes 150, 315 5 [14]

Table 2.
Comparison of the NO2 sensing characteristics of various metal oxides.

Figure 4.
Resistance transients of (a) ZnO and (b) ZnO-G multilayer at 150°C. an enormous increase in response is
observed on addition of graphene (Reprinted from [14] with the permission of AIP publishing).
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4.1.1 NO2 sensing mechanism

The significant enhancement in NO2 sensing may be attributed to the formation
of p-n junction between ZnO and graphene. In ZnO-G composite, graphene adheres
to ZnO surface to increase the interaction with NO2. Due to the formation of p-n
junction, electron flows from graphene to ZnO resulting in an electron-depleted
surface. On exposure to air, majority of O�

2 (dominant species at 150°C) species
adsorb on to the ZnO-G surface, leading to the formation of electron-depleted
layers. NO2 reacts with this surface to form NO which is explained via the following
equations:

NO2 gasð Þ þ e� $ NO�
2 adsð Þ (5)

NO�
2 adsð Þ þ O�

2 $ 2NO gasð Þ↑þ 2O�
2 (6)

The interaction of reducing gases (H2, CO and i-butane) with O�
2 is poor at 150°

C, thus leading to selective detection of NO2. A detailed figure of the sensing
mechanism may be found in [14].

4.1.2 Mixed gas sensing

We felt it important to sense NO2 selectively in a mixed gas environment. Thus,
the sensing performance of NO2 was investigated in the presence of 5 ppm NO2 and
50 ppm CO, 5 ppm NO2 and 50 ppm i-butane, and 5 ppm NO2 and 50 ppm H2. The
response % histograms are presented in Figure 6. Principal component analyses
(PCA) were used to address the cross-sensitivity. PCA involves the fast Fourier
transforms (FFT) of the resistance transients of each gas (accomplished using
MATLAB®, Mathworks, USA) which are fed into this unsupervised pattern recog-
nition algorithm using STATISTICA-9, StatSoft, USA.

The plots between PC #1 and PC#2 are plotted separately in Figure 7. As shown
in the inset of Figure 7a, distinct cluster forms among individual test gases (H2, CO,
and iC4H10). Also for NO2-CO, NO2-i-butane, and NO2-H2 mixtures, distinct

Figure 5.
Response % for 500 ppm i-butane, 500 ppm CO, 5 ppm NO2, and 500 ppm H2 gases. Figure clearly shows the
selective detection of NO2 at 150°C (Reprinted from [14] with the permission of AIP publishing).
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for NO2 detection. We have measured NO2 sensing with ZnO which is an n-type
semiconductor. It shows optimum response of 26% to 5 ppm NO2 at 150°C when the
test temperature range is 100–200°C. Below 150°C, the response to NO2 is almost
negligible. However, with the addition of graphene to ZnO layers, the sensing
response significantly increases to 894% [14]. These results are presented
in Figure 4.

The response of ZnO-G multilayer thin film was also measured for 500 ppm H2,
CO, and i-butane gases in the said temperature range. It was found that the
response to 5 ppm NO2 was far superior to any of the other gases. We have defined
the selectivity (κ) as

κ ¼ SNO2

Sgas
(4)

where SNO2 is the response % for NO2 and Sgas is the response % for other gas
(H2, CO, and i-butane).

The selectivity plot for NO2 with respect to H2, CO, and i-butane has been
shown in Figure 5. For all the gases, the selectivity factor κ has been found to be
greater than 1. Thus we could detect NO2 selectively in the presence of other gases.

Sensor
material

Form Gas Topt

(°C)
S% Selectivity τres, τrec

(s)
Conc.
(ppm)

Ref.

SnO2-RGO Nano
powder

NO2 30 4.63 (Rg/Ra) Yes 177, 510 5 [32]

SnO2 Hollow
sphere

NO2 160 — Yes 90, 25 5 [27]

0.5 wt%G-
WO3

Nanopowder NO2 RT,
250

1.96, 130
(Rg/Ra)

No 25–200 1, 5 [31]

ZnO Nano
powder

NO2 350 1.8 (Rg/Ra) Yes 180, — 1 [29]

WO3 Thin film NO2 300 70 No — 10 [28]

Fe2O3-ZnO Thin film NO2 150 — No — 2.5 [30]

WO3 Thin film NO2 300 87 Yes 300, 360 2 [33]

ZnO-G Thin film NO2 150 894 Yes 150, 315 5 [14]

Table 2.
Comparison of the NO2 sensing characteristics of various metal oxides.

Figure 4.
Resistance transients of (a) ZnO and (b) ZnO-G multilayer at 150°C. an enormous increase in response is
observed on addition of graphene (Reprinted from [14] with the permission of AIP publishing).

136

Multilayer Thin Films - Versatile Applications for Materials Engineering

4.1.1 NO2 sensing mechanism

The significant enhancement in NO2 sensing may be attributed to the formation
of p-n junction between ZnO and graphene. In ZnO-G composite, graphene adheres
to ZnO surface to increase the interaction with NO2. Due to the formation of p-n
junction, electron flows from graphene to ZnO resulting in an electron-depleted
surface. On exposure to air, majority of O�

2 (dominant species at 150°C) species
adsorb on to the ZnO-G surface, leading to the formation of electron-depleted
layers. NO2 reacts with this surface to form NO which is explained via the following
equations:

NO2 gasð Þ þ e� $ NO�
2 adsð Þ (5)

NO�
2 adsð Þ þ O�

2 $ 2NO gasð Þ↑þ 2O�
2 (6)

The interaction of reducing gases (H2, CO and i-butane) with O�
2 is poor at 150°

C, thus leading to selective detection of NO2. A detailed figure of the sensing
mechanism may be found in [14].

4.1.2 Mixed gas sensing

We felt it important to sense NO2 selectively in a mixed gas environment. Thus,
the sensing performance of NO2 was investigated in the presence of 5 ppm NO2 and
50 ppm CO, 5 ppm NO2 and 50 ppm i-butane, and 5 ppm NO2 and 50 ppm H2. The
response % histograms are presented in Figure 6. Principal component analyses
(PCA) were used to address the cross-sensitivity. PCA involves the fast Fourier
transforms (FFT) of the resistance transients of each gas (accomplished using
MATLAB®, Mathworks, USA) which are fed into this unsupervised pattern recog-
nition algorithm using STATISTICA-9, StatSoft, USA.

The plots between PC #1 and PC#2 are plotted separately in Figure 7. As shown
in the inset of Figure 7a, distinct cluster forms among individual test gases (H2, CO,
and iC4H10). Also for NO2-CO, NO2-i-butane, and NO2-H2 mixtures, distinct

Figure 5.
Response % for 500 ppm i-butane, 500 ppm CO, 5 ppm NO2, and 500 ppm H2 gases. Figure clearly shows the
selective detection of NO2 at 150°C (Reprinted from [14] with the permission of AIP publishing).
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clustering is readily identified in Figure 7a. PCA is also performed in mixed gases
varying NO2 contents in the range of 0.5–5 ppm (Figure 7b). Note that distinct
clustering is also achieved in mixed gases with variable NO2 contents, which even-
tually leads to successful differentiation between them.

4.2 CO and H2 sensing characteristics of thin and thick films

Carbon monoxide is a major air pollutant. Open burning of wastes as well as fuel
and biomass burning mainly in rural India is the main source of carbon monoxide.
Additionally, fuel adulteration, especially in auto-rickshaws, also adds to the CO in
air. On breathing CO-rich polluted air, one might end up inhaling CO as opposed to

Figure 6.
Gas sensing responses of individual NO2, CO, i-C4H10, and H2 gases and mixed gas sensing for NO2/CO,
NO2/i-butane, and NO2/H2 (Reprinted from [14] with the permission of AIP publishing).

Figure 7.
Principal component analysis of (a) NO2, CO, H2, i-C4H10, NO2-CO, NO2-H2, and NO2-i-C4H10 gases and
(b) mixed NO2/CO, NO2-H2, and NO2-i-C4H10 gases and NO2 gas varying NO2 contents in the range
0.5–5 ppm measured at 150°C (Reprinted from [14] with the permission of AIP publishing).
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oxygen. This CO then easily combines with the hemoglobin in blood forming
carboxyhemoglobin, which reduces the oxygen-carrying capacity of blood. Addi-
tionally, tobacco smoke and heating appliances add to CO pollution of indoor air.

Hydrogen (H2) is a colorless, odorless, and tasteless gas. H2 is also highly flam-
mable with a low ignition energy (0.017 mJ) and low ignition temperature (�560°
C). Hydrogen detection is critical to maintaining the safety of nuclear reactors
where the reaction of water with high temperature core or cladding gives rise to
evolution of hydrogen in radioactive waste tanks [34]. A small amount of H2 is also
produced as a result of methane explosions in coal mines [35]. H2 is used as a liquid
propellant for rockets as it is a zero emission fuel. It is also used in the reduction of
metallic ores and for methanol production. H2 has a lower explosive limit (LEL) of 4
vol % which makes its detection fairly crucial.

Semiconducting metal oxides such as SnO2, ZnO, WO3, etc. have demonstrated
huge research potential when it comes to sensing of reducing gases such as hydro-
gen, carbon monoxide, hydrogen sulfide, ammonia, and VOCs. However, such
materials exhibit poor selectivity, and efforts are on to achieve selectivity either by
doping metal oxides or synthesis of composites. A brief review of literature
(Table 3) suggests that selectivity has not been addressed for CO and H2 sensing of
metal oxides. We have synthesized ZnO thin film via spin coating process and SnO2

thick film via plasma spray deposition process and studied their gas sensing char-
acteristics with respect to H2 and CO gases. We have analyzed the issue of selectiv-
ity through conductance transient analyses. The analyses have been performed for
both thin and thick films for comparison. Additionally, we have discussed how
stability varies in thin and thick film gas sensors when the test gases under consid-
eration are the same.

ZnO thin film and SnO2 thick film were investigated for H2 and CO sensing
characteristics in the temperature range 350–200°C. The concentration of each gas
was fixed at 500 ppm. A maximum response of 68% for 500 ppm H2 and 49% for
500 ppm CO was recorded at 300°C by ZnO thin film. SnO2 thick film recorded
maximum response to 500 ppm H2 (81%) and 500 ppm CO (73%) at 250°C. Careful
inspection of Figure 8 circumstantiates cross-sensitivity of H2 and CO gases at all
temperatures for both ZnO thin film and SnO2 thick film sensors. This necessitates

Sensor
material

Geometry Gas Topt

(°C)
S% Selectivity

(w.r.t H2/CO)
τres, τrec

(s)
Conc.
(ppm)

Ref.

Sm2O3 Thick film CO 250 1.4 (Rg/Ra) No 35, 110 5 [36]

CuO Nano-
tube

CO 175 3.27
(Rg/Ra)

No 29, 37 1000 [37]

In2O3 Thin film CO 350 45, 85
(Rg/Ra)

No 10– 50 1000 [38]

Pd-ZnO Thin film CO 150 — No 17, 23 500 [39]

ZnO Thin film H2 300 21 No 58, 70 200 [40]

In-ZnO Thin film H2 300 65 No 35, 64 500 [41]

SnO2 Thin film H2 350 83 No 23, 139 265 [42]

ZnO Thin film H2 400 23 Yes 110 1200 [43]

ZnO Thin film H2 300 68 Yes 53, 67 500 [9]

SnO2 Thick film H2 250 80 Yes 30, 118 500 [7]

Table 3.
Comparison of the CO and H2 sensing characteristics of various semiconducting metal oxides.
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oxygen. This CO then easily combines with the hemoglobin in blood forming
carboxyhemoglobin, which reduces the oxygen-carrying capacity of blood. Addi-
tionally, tobacco smoke and heating appliances add to CO pollution of indoor air.

Hydrogen (H2) is a colorless, odorless, and tasteless gas. H2 is also highly flam-
mable with a low ignition energy (0.017 mJ) and low ignition temperature (�560°
C). Hydrogen detection is critical to maintaining the safety of nuclear reactors
where the reaction of water with high temperature core or cladding gives rise to
evolution of hydrogen in radioactive waste tanks [34]. A small amount of H2 is also
produced as a result of methane explosions in coal mines [35]. H2 is used as a liquid
propellant for rockets as it is a zero emission fuel. It is also used in the reduction of
metallic ores and for methanol production. H2 has a lower explosive limit (LEL) of 4
vol % which makes its detection fairly crucial.

Semiconducting metal oxides such as SnO2, ZnO, WO3, etc. have demonstrated
huge research potential when it comes to sensing of reducing gases such as hydro-
gen, carbon monoxide, hydrogen sulfide, ammonia, and VOCs. However, such
materials exhibit poor selectivity, and efforts are on to achieve selectivity either by
doping metal oxides or synthesis of composites. A brief review of literature
(Table 3) suggests that selectivity has not been addressed for CO and H2 sensing of
metal oxides. We have synthesized ZnO thin film via spin coating process and SnO2

thick film via plasma spray deposition process and studied their gas sensing char-
acteristics with respect to H2 and CO gases. We have analyzed the issue of selectiv-
ity through conductance transient analyses. The analyses have been performed for
both thin and thick films for comparison. Additionally, we have discussed how
stability varies in thin and thick film gas sensors when the test gases under consid-
eration are the same.

ZnO thin film and SnO2 thick film were investigated for H2 and CO sensing
characteristics in the temperature range 350–200°C. The concentration of each gas
was fixed at 500 ppm. A maximum response of 68% for 500 ppm H2 and 49% for
500 ppm CO was recorded at 300°C by ZnO thin film. SnO2 thick film recorded
maximum response to 500 ppm H2 (81%) and 500 ppm CO (73%) at 250°C. Careful
inspection of Figure 8 circumstantiates cross-sensitivity of H2 and CO gases at all
temperatures for both ZnO thin film and SnO2 thick film sensors. This necessitates
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material
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(s)
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Ref.

Sm2O3 Thick film CO 250 1.4 (Rg/Ra) No 35, 110 5 [36]

CuO Nano-
tube

CO 175 3.27
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No 29, 37 1000 [37]

In2O3 Thin film CO 350 45, 85
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No 10– 50 1000 [38]

Pd-ZnO Thin film CO 150 — No 17, 23 500 [39]

ZnO Thin film H2 300 21 No 58, 70 200 [40]

In-ZnO Thin film H2 300 65 No 35, 64 500 [41]

SnO2 Thin film H2 350 83 No 23, 139 265 [42]

ZnO Thin film H2 400 23 Yes 110 1200 [43]

ZnO Thin film H2 300 68 Yes 53, 67 500 [9]

SnO2 Thick film H2 250 80 Yes 30, 118 500 [7]

Table 3.
Comparison of the CO and H2 sensing characteristics of various semiconducting metal oxides.
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further analysis of the sensing data obtained. Analyses of conductance transients are
a well-proven coherent technique to address the problem of cross-sensitivity.
Although cross-sensitivity is shown by the sensors at all temperatures, we have
performed mathematical analyses only for the optimum temperature of each kind
of film. For H2 and CO sensing, the recorded conductance transients of both ZnO
(thin film) and SnO2 (thick film) sensors were modeled using Langmuir adsorption
kinetics [5].

4.2.1 Analyses of conductance transients

In a preceding section, we have already outlined the sensing mechanism of n-
type semiconducting sensor toward reducing gas sensing. Thus, ambient oxygen
physiadsorbs on the sensor surface at ambient temperature (Eq. (7)). At elevated
temperatures, the physiadsorbed oxygens are chemiadsorbed (Eq. (8)) by
extracting electrons from semiconductor oxide grains. This creates an electron
depletion layer (EDL) at the sensor surface [5, 10, 44, 45].

1
2
O2 þ sensorsurface $ Oad�surface physi� adsorptionð Þ (7)

Oad�surface þ e $ O�
ads chemi� adsorptionð Þ (8)

On exposing the sensor to a reducing gas, the chemiadsorbed oxygen reacts with
the test gas (R) to yield oxidized reaction products. The reaction schemes and
desorption of reaction product (ROgas) is described in Eqs. (9)–(11).

Rþ sensor½ � $ Rad physi� adsorptionð Þ (9)

Rad þOad� $ ROad þ e (10)

ROad $ ROgas↑þ sensorsurface (11)

Among the cited relations, adsorption of oxygen ions and desorption of the
reaction product (Eqs. (10) and (11)) are the rate-determining steps for response
and recovery, respectively.

Figure 8.
Response % of (a) ZnO thin film and (b) SnO2 thick film in response to 500 ppm H2 and 500 ppm CO.
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As discussed earlier, when the sensor is exposed to air, oxygen chemisorbs onto
the sensor surface which results in the formation of an electron depletion layer
(EDL). The EDL formed impedes the transfer of charge carriers from one grain to
another. The relation between the height of this potential barrier and the
conductance G of the sensor is given by the following Eq. (5):

G ¼ G0 exp � eVs

kT

� �
(12)

where eVs is the Schottky barrier, k is the Boltzmann constant, and T is the
absolute temperature of operation of the sensor.

As the sensor is exposed to a reducing gas like CO or H2, the chemisorbed
oxygen ions react with the gas to reduce the potential barrier between the grains,
thus allowing the flow of electrons [46]. This process increases the conductance of
the sensor.

The adsorption process of gas molecules on a solid surface was studied by
Langmuir who developed an empirical model based on the surface coverage θ. The
Langmuir model assumes that (i) the surface on which the gas adsorbs is homoge-
neous, (ii) a specific number of sites are available for gas adsorption, and once all
these sites are occupied, further adsorption is not possible. This is called monolayer
adsorption, and (iii) all sites on which gas is adsorbed are equivalent in terms of
heat of adsorption. Assuming the above, Langmuir formulated the equation
below [5, 15].

θ tð Þ ¼ N tð Þ
N ∗ ¼ Af1� exp � t

tA

� �
g (13)

where N(t) is the number of gas molecules adsorbed at time t and N* is the total
adsorption sites available, and

A � P
Pþ b

(14)

where P is the gas pressure and b is related to heat of adsorption Q and is defined
by the following relation:

b ¼ b0 exp � Q
RT

� �
(15)

b0 ¼ υ
K0:Sarea:NA

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πMRT

p
(16)

where b0 is a constant, Q is the heat of adsorption (Q = Ed � Ea > 0), Ea and Ed

are the adsorption and desorption activation energies of gas molecules, R is the gas
constant, and T is the operating temperature, Topt. The pre-exponential constant bo
depends on υ (frequency of oscillation of adsorbed molecules), Ko (fraction of those
molecules with energy > EA, adsorbed on surface), Sarea (the surface area of a single
adsorbed molecule),NA (Avogadro number),M (molar mass of the gas), and R (the
gas constant).

The amount of gas adsorption is dependent on the nature of the gas sensing
surface, the operating temperature, and pressure of the gas. An adsorption isotherm
is defined as the study of the amount of gas adsorption as a function of gas pressure.
The simplest adsorption isotherm was given by Langmuir in which he assumes no
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As discussed earlier, when the sensor is exposed to air, oxygen chemisorbs onto
the sensor surface which results in the formation of an electron depletion layer
(EDL). The EDL formed impedes the transfer of charge carriers from one grain to
another. The relation between the height of this potential barrier and the
conductance G of the sensor is given by the following Eq. (5):
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where eVs is the Schottky barrier, k is the Boltzmann constant, and T is the
absolute temperature of operation of the sensor.

As the sensor is exposed to a reducing gas like CO or H2, the chemisorbed
oxygen ions react with the gas to reduce the potential barrier between the grains,
thus allowing the flow of electrons [46]. This process increases the conductance of
the sensor.

The adsorption process of gas molecules on a solid surface was studied by
Langmuir who developed an empirical model based on the surface coverage θ. The
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neous, (ii) a specific number of sites are available for gas adsorption, and once all
these sites are occupied, further adsorption is not possible. This is called monolayer
adsorption, and (iii) all sites on which gas is adsorbed are equivalent in terms of
heat of adsorption. Assuming the above, Langmuir formulated the equation
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interaction between adsorbed atoms or molecules. At equilibrium, the rate of
adsorption is equal to the rate of desorption. Thus, when t ! ∞,

θ ¼ N tð Þ
N ∗ ¼ A ¼ P

Pþ b
(17)

Assuming a linear functional dependence between θ(t) and conductance tran-
sient (G(t)), the response behavior of the sensor that follows Langmuir model can
be written as [5]

G tð Þresponse ¼ G0 þG1 1� exp
�t
τres

h i
(18)

where G0 is the base conductance of the sensor at time t = 0, G1 is the fitting
parameter, and τres is the characteristic response time. This equation will only be
valid if all three of Langmuir’s criteria are satisfied.

G1 in Eq. (18) is identical to A in Eq. (17); hence, at low gas concentration if we
assume P ≈ gas concentration (C), we can then write

G1

1� G1
¼ C

b
(19)

If Langmuir adsorption isotherm is followed, then variation of G1/(1-G1) vs. C
should be a linear fit and pass through the origin. The parameter b can be estimated
from the slope of the plot.

Using Eq. (18), conductance transients during response at various concentra-
tions for SnO2 sensing element for H2 and CO sensing were fitted to estimate values
of G0, G1, and τres. Figure 9a shows the fitting of conductance transient of SnO2

thick film at 250°C in response to 500 ppm H2. Figure 9b shows the variation of
G1/(1-G1) with test gas concentration (C) at 250°C. Since the linear fits for H2 and
CO pass through the origin, Langmuir adsorption isotherm is satisfied [5, 47, 48].
The parameter b can be obtained from the inverse of the slope of the plot. Accord-
ingly, the estimated ‘b’ values for H2 (1.5349 � 1010 Pa) and CO (1.7834 � 1011 Pa)
have been determined from these plots [7]. From Eq. (15), expression for heat of
adsorption (Q) can be written as

Q ¼ RT ln b0ð Þ � ln bð Þ½ � (20)

The molecular area of nitrogen is approximately 16.2 Å2 as given in [49]. We
have considered this as the area per site occupied by the test gas molecule (Sarea).
Nitrogen has a molecular weight of 28 g mole�1 which gives Sarea � 16.2 Å2. A
similar calculation for carbon monoxide with molecular weight 28.01 g mol�1 yields
Sarea to be �16.2 Å2. Assuming condensation coefficient Ko = 1 [47], υ = 1014 Hz
[49], and R = 8.314 JK�1; bo (at T � 523 K) can be estimated for H2 and CO gases
using (Eq. (16)).

From the estimated values of b and b0, heat of adsorption (Q in J mol�1) can be
obtained for H2 and CO sensing using Eq. (20) [7].

QH2
¼ 23:418� 103 J mol�1 ¼ 23:418 KJmol�1 (21)

QCO ¼ 7:0138� 103 J mol�1 ¼ 7:0138 KJ mol�1 (22)

Figure 9c shows the plot of response time (τres) versus gas concentration (C) on
a logarithmic scale. As shown in Figure 9c, variation of τreswith C follows the
following relation:
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τres ¼ τ0 � C�β (23)

The ln τres versus ln C can be fitted linearly to estimate the rate constant and β for
H2 and CO sensing where τ0 is the fitting constant.

The temperature variation of τres can be expressed by the following relation (47):

τres ¼ υ�1 � exp
Ea þQ
RT

� �
(24)

From Eqs. (23) and (24), the value of Ea can be written as

Ea ¼ RT ln τ0 � C�β � υ
� �� Q (25)

The variation of Ea with concentration for H2 and CO gases is shown in
Figure 9d [7]. The activation energy decreases from 134.3 kJ/mol to 131.8 kJ/mol
for 500 ppm H2 to 50 ppm H2, whereas the activation energy decreases from
151.05 kJ/mol to 150.07 kJ/mol and from 500 ppm CO to 50 ppm CO for SnO2 thick
film sensor.

Figure 9.
(a) Conductance transient plot for 500 ppm H2 sensing. Experimental points are shown by symbols, and the
solid line was fitted using Eq. (18), (b) linear variation of G1/(1-G1) with concentration, (c) log–log plot
of τres with C. Experimental points are shown by symbols, and the solid line was fitted using Eq. (23),
(d) variation of Ea with ln C for H2 and CO sensing. For all these measurements, operating temperature
was kept fixed at 250°C (Figure 9a–d, reprinted from [7] with permission from Elsevier).
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Sarea to be �16.2 Å2. Assuming condensation coefficient Ko = 1 [47], υ = 1014 Hz
[49], and R = 8.314 JK�1; bo (at T � 523 K) can be estimated for H2 and CO gases
using (Eq. (16)).

From the estimated values of b and b0, heat of adsorption (Q in J mol�1) can be
obtained for H2 and CO sensing using Eq. (20) [7].

QH2
¼ 23:418� 103 J mol�1 ¼ 23:418 KJmol�1 (21)

QCO ¼ 7:0138� 103 J mol�1 ¼ 7:0138 KJ mol�1 (22)

Figure 9c shows the plot of response time (τres) versus gas concentration (C) on
a logarithmic scale. As shown in Figure 9c, variation of τreswith C follows the
following relation:
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τres ¼ τ0 � C�β (23)

The ln τres versus ln C can be fitted linearly to estimate the rate constant and β for
H2 and CO sensing where τ0 is the fitting constant.

The temperature variation of τres can be expressed by the following relation (47):

τres ¼ υ�1 � exp
Ea þQ
RT

� �
(24)

From Eqs. (23) and (24), the value of Ea can be written as

Ea ¼ RT ln τ0 � C�β � υ
� �� Q (25)

The variation of Ea with concentration for H2 and CO gases is shown in
Figure 9d [7]. The activation energy decreases from 134.3 kJ/mol to 131.8 kJ/mol
for 500 ppm H2 to 50 ppm H2, whereas the activation energy decreases from
151.05 kJ/mol to 150.07 kJ/mol and from 500 ppm CO to 50 ppm CO for SnO2 thick
film sensor.

Figure 9.
(a) Conductance transient plot for 500 ppm H2 sensing. Experimental points are shown by symbols, and the
solid line was fitted using Eq. (18), (b) linear variation of G1/(1-G1) with concentration, (c) log–log plot
of τres with C. Experimental points are shown by symbols, and the solid line was fitted using Eq. (23),
(d) variation of Ea with ln C for H2 and CO sensing. For all these measurements, operating temperature
was kept fixed at 250°C (Figure 9a–d, reprinted from [7] with permission from Elsevier).
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Similar analyses for the ZnO thin film sensor yield activation energy values of
138.62 and 151.87 kJ/mol for 500 ppm H2 and CO, respectively. Activation energy
increases with decreasing concentration for both the gases. The Q values for H2 and
CO are 31.48 and 18.48 kJ/mol, respectively. Thus, the activation energy, Ea, and
heat of adsorption, Q, may be used to differentiate H2 and CO gases for both thin
and thick films.

4.2.2 Stability of thin and thick film gas sensors

Figure 10 shows the schematic of Langmuir-Hinshelwood mechanism [8] in
which the oxygen as well as reducing test gas is initially adsorbed on the sensor
surface shown by “A.” An oxidized reaction product is produced as a result of
collision among adsorbed oxygen and reducing test species. For efficient formation
of an oxidized reaction product “ROgas,” reducing test gas “Rgas” (having concen-
tration “Cg”) and oxygen “O” should cross the energy barrier height shown by “TS”
(transition state).

During this investigation, the sensing element was exposed to the test gas (dur-
ing response) and air (during recovery), respectively. After removal of the test gas,
it is expected that the sensor should switch back to the initial base resistance in air.
Considering this fact, gas sensing can be classified into reversible and irreversible
type. In reversible sensing, the base resistance is fully recovered, whereas for irre-
versible sensing, the base resistance recovers partially. The mechanism of reversible
and irreversible sensing was reported elsewhere [8]. The irreversible sensing can be
better understood from the gas–solid interaction. During gas sensor response pro-
cess, CO and H2 gases are oxidized to CO2 and H2O. These oxidized products are
entrapped in the small pores of the sensing element. If the desorption of these
products does not occur fully, the base resistance of the sensing element recovers
partially. Therefore, a marginal drift in the baseline resistance is observed. The
mathematical formulations of irreversible and reversible sensing are described in
the subsequent sections.

4.2.2.1 Irreversible sensing model

It is assumed that the site fraction θ on the sensor surface is occupied by
adsorbed oxygen ions O�

ad and test gas (Rgas) adsorption takes place over remaining
available sites. For an “n”-type metal oxide semiconductor gas sensor, reducing gas
reacts with chemiadsorbed oxygen to form an oxidized product as represented by
Eq. (26).

Figure 10.
Schematic representation of Langmuir-Hinshelwood mechanism.
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Rgas þOad� $ ROad (26)

At constant operating temperature, it was assumed that the total number of
active sites (Fθ) can be expressed by the following relation:

θ � Oad�� �� �þ ROad occupied by Rgas
� � ¼ Fθ (27)

It has been assumed that adsorption of the reaction product ROad takes place on
the same sites over which reducing test gas (Rgas) adsorbs initially. Since the for-
mation of ROad is the rate-determining step for response process, sensor response is
directly proportional to the formation of an oxidized reaction product ROad. There-
fore, the sensor response during irreversible sensing can be expressed mathemati-
cally by the following relation:

d ROad½ �
dt

¼ k Oad
�½ �Cg (28)

From Eq. (27), Eq. (28) can be written as

d ROad½ �
dt

¼ k Fθ � ROad½ � ∗Cg (29)

Integrating Eq. (29), we obtain

ð
d ROad½ �

dt
¼
ð
k Fθ � ROad½ � ∗Cg (30)

ð
d ROad½ �

Fθ � ROad½ � ¼
ð
k ∗Cg ∗ dt (31)

Simplifying Eq. (31), we can write

�ln Fθ � ROad½ � ¼ k ∗Cg ∗ tþ C (32)

where C is the constant of integration.

At t ! 0,ROad ! 0 and C ¼ � lnFθ

Therefore Eq. (32) can be written as

�ln Fθ � ROad½ � ¼ k ∗Cg ∗ t� lnFθ (33)

Simplifying Eq. (33), we can write

ln 1� ROad

Fθ

� �
A ¼ �k ∗Cg ∗ t (34)

Concentration of ROad at time t can be expressed as

ROad½ � tð Þ ¼ Fθ 1� exp �kCgt
� �� �

(35)

When all active sites (Fθ) are adsorbed by the oxidized reaction product (ROad),
maximum sensor response is obtained. Therefore, the sensor response at a time t
can be expressed by the following relation:
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S tð Þ ¼ Smax 1� exp 1� kCgt
� �� �

(36)

S tð Þ ¼ Smax 1� exp � t=τirrevð Þð �½ (37)

where τirrev ¼ 1
kCg

is termed as the characteristic response time (in seconds) dur-

ing irreversible sensing.

4.2.2.2 Reversible sensing model

In this case, the equilibrium constant for the sensing reaction (Eq. (38)) is
termed as K, and the forward and reverse rate constants are k and k/K. The rate of
change of ROad at time t can be written as

d ROad½ �
dt

¼ k Oad
�½ �Cg � k=K ROad½ � (38)

Rearranging Eq. (38),

d ROad½ �
k Fθ½ �Cg � k ROad½ � Cg þ 1

K

� � ¼ dt (39)

Simplifying Eq. (39), we can write

d ROad½ �
Fθ½ �Cg

Cgþ 1
K
� ROad½ �

n o ¼ k Cg þ 1
K

� �
dt (40)

Integrating Eq. (40), one can write

ð
d ROad½ �

Fθ½ �Cg

Cgþ 1
K
� ROad½ �

n o ¼ k Cg þ 1
K

� �ð
dt (41)

Simplifying Eq. (41), one can write

�ln
Fθð ÞCg

Cg þ 1
K

� �
( )

� ROad½ � ¼ k Cg þ 1
K

� �
tþ C (42)

When t ! 0,ROad ! 0, and C ¼ �ln
Fθð ÞCg

Cg þ 1
K

� �
( )

(43)

Therefore, Eq. (43) can be simplified as

�ln
Fθð ÞCg

Cg þ 1
K

� �
( )

� ROad½ � ¼ k Cg þ 1
K

� �
t� ln

Fθð ÞCg

Cg þ 1
K

� �
( )

(44)

Eq. (44) can be simplified to

ln

Fθð ÞCg

Cgþ1
Kð Þ � ROad

Fθð ÞCg

Cgþ 1
Kð Þ

2
64

3
75A ¼ �k Cg þ 1

K

� �
t (45)
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Eq. (45) can be further simplified to

1� ROad½ �
Fθð ÞCg

Cgþ 1
Kð Þ

¼ exp �k Cg þ 1
K

� �
t

� �
(46)

The rate of change of ROad at time t can be written as

ROad½ � tð Þ ¼ Fθð ÞCg

Cg þ 1
K

� �
( )

1� exp �k Cg þ 1
K

� �
t

� �� �
(47)

ROad½ � tð Þ ¼ Fθð ÞCgK
1þ CgK
� �

( )
1� exp� 1þ CgK

� �
=K

� �
kt

� �
(48)

Sensor response (S(t)) can be written as

S tð Þ ¼ Smax
CgK

1þ CgK
� �

( )
1� exp� 1þ CgK

� �
=K

� �
kt

� �
(49)

Assuming 1þ CgK ≈CgK, one can write

S tð Þ ¼ Smax 1� exp �t=τrevð Þ½ � (50)

where τrev is the characteristic response time during reversible sensing.
Figure 11a, b shows the concentration-dependent resistance transients for H2

and CO sensing for ZnO thin film. These measurements were taken at 300°C by
varying the test gas concentration. During these measurements, drift in baseline
resistance was observed as shown by the dashed line in Figure 11a, b. Therefore,
time-dependent response % for H2 and CO sensing was fitted using irreversible
sensing model as given in Eq. (37). Figure 11c shows the typical response % vs. time
fitting for 500 ppm H2 and CO sensing. Inset of Figure 11c represents variation of
τirrev (in seconds) with concentration (in ppm) in which τirrev decreases systemati-
cally with increase in test gas concentration which is a typical behavior in case of
irreversible gas sensing as reported by [8].

We have also investigated the reversible sensing behavior of plasma sprayed SnO2

thick film sensor [7]. The SnO2 thick film sensor shows marginal drift in baseline
resistance when exposed to 20–500 ppm CO and H2. This is shown in Figure 12.

Inset of Figure 12c shows the variation of characteristic response time τrev (s)
with concentration (ppm). τrev was almost invariant of the test gas concentration in
the range 500–200 ppm. Interestingly, τrev was also invariant of test gas concentra-
tion in the range 100–20 ppm. However, the value of τrev was found to be higher in
the lower concentration range (100–20 ppm) than that of the higher concentration
range (500–200 ppm).

Figure 13 shows the surface micrograph for (a) ZnO thin film and (b) SnO2

thick film sensing elements. ZnO thin film exhibits denser surface morphology
than SnO2 thick film as revealed from Figure 13a. In line with this discussion,
irreversible sensing behavior for ZnO thin film can be attributed to denser surface
morphology. It may be noted here that our results for ZnO thin film are in accor-
dance with [8]. On the other hand, reversible sensing behavior in case of SnO2 thick
film can be attributed to its porous surface morphology as revealed from
Figure 13b.
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4.3 CO2 sensing characteristics

Carbon dioxide concentrations have increased enormously in the atmosphere in
the past hundred years or so. In the preindustrial era, CO2 concentration was
�280 ppm. However, current global standards put CO2 concentrations at an
alarming level of 400 ppm mainly arising from deforestation and the burning of
fossil fuels. India alone emitted 2299 million tons of CO2 in 2018 according to an
International Energy Agency (IEA) report [50]. Most of India’s emissions come
from the burning of coal. Increased CO2 emissions have led to global warming—a
climate phenomenon that is responsible for the increasing number of storms as well
as droughts [51]. In addition, increased levels of CO2 in the atmosphere affect
human health severely. Table 4 summarizes the effects on human health with
increasing CO2 concentrations. It is thus incumbent that we take necessary steps to
detect CO2 concentrations in the atmosphere.

Research on CO2 sensing gained prominence in the late 1980s when researchers
such as Toshio Maruyama [52] and Yasuhiro Shimizu [53] reported a NASICON
(Na3Zr2Si2PO12)-based solid electrolyte gas sensor and an electrochemical K2CO3-
polyethylene glycol CO2 sensor, respectively. However, it was soon realized that
handling these materials was cumbersome and incorporating these into actual
devices posed a serious challenge. Research was thus shifted to resistive-type sen-
sors [54, 55] which were far better in terms of stability and could be easily minia-
turized to accommodate in sensing devices. However, such sensors were plagued
with poor selectivity and low response to CO2. This prompted the use of mixed

Figure 11.
Concentration-dependent resistance transients recorded at 300°C for (a) H2, (b) CO, (c) time-dependent
response % fitting for 500 ppm H2 sensing for ZnO thin film. Experimental points (symbols) and the solid line
were fitted using Eq. (37). Inset shows the variation of τirrev with concentration.
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oxide or composite sensors [56–58], the research potential of which is still being
investigated [59, 60].

A comprehensive study of literature (elaborated in Table 5) related to CO2

sensing leads us to the fact that formation of p-n junctions is an important criterion
for CO2 detection. We have reported CO2 sensing of �36% achieved using a LFCO-
ZnO composite thin film.

CO2 sensing characteristics of LFCO-ZnO composite thin film was measured in
the temperature range 350–150°C. The highest response of �36% was obtained at
300°C to 2500 ppm CO2, and the response decreases to 12% at 150°C. The response
and recovery times recorded at 300°C are 300 and 630 s, respectively. The com-
posite shows n-type sensing behavior which confirms the dominance of ZnO
crystallites [67]. The LFCO-ZnO thin film composite is cross-sensitive to CO2.
A response of 65% was recorded for 500 ppm CO at 300°C. The composite
shows higher response to both CO and CO2 than pure LFCO and ZnO thin films.
To address the cross-sensitivity of the composite thin film, principal component
analysis of the resistance transients was performed. The relevant features of the
resistance transients of the test gases are extracted using fast Fourier transform
technique. These features are then used as input parameters for PCA.

Figure 12.
Concentration-dependent resistance transients recorded at 250°C for (a) H2, (b) CO, and (c) time-dependent
response % fitting for 500 ppm H2 sensing. Experimental points (symbols) and the solid line were fitted using
Eq. (50). Inset shows the variation of τrev with concentration (Figure 12a–c has been reprinted from [7] with
permission from Elsevier).
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oxide or composite sensors [56–58], the research potential of which is still being
investigated [59, 60].

A comprehensive study of literature (elaborated in Table 5) related to CO2

sensing leads us to the fact that formation of p-n junctions is an important criterion
for CO2 detection. We have reported CO2 sensing of �36% achieved using a LFCO-
ZnO composite thin film.

CO2 sensing characteristics of LFCO-ZnO composite thin film was measured in
the temperature range 350–150°C. The highest response of �36% was obtained at
300°C to 2500 ppm CO2, and the response decreases to 12% at 150°C. The response
and recovery times recorded at 300°C are 300 and 630 s, respectively. The com-
posite shows n-type sensing behavior which confirms the dominance of ZnO
crystallites [67]. The LFCO-ZnO thin film composite is cross-sensitive to CO2.
A response of 65% was recorded for 500 ppm CO at 300°C. The composite
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resistance transients of the test gases are extracted using fast Fourier transform
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Figure 12.
Concentration-dependent resistance transients recorded at 250°C for (a) H2, (b) CO, and (c) time-dependent
response % fitting for 500 ppm H2 sensing. Experimental points (symbols) and the solid line were fitted using
Eq. (50). Inset shows the variation of τrev with concentration (Figure 12a–c has been reprinted from [7] with
permission from Elsevier).
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Figure 14d shows low dispersion of CO and CO2 for the LFCO-ZnO composite thin
film after performing PCA. Thus, FFT-PCA is an efficient tool for the differentia-
tion of CO and CO2 gases for LFCO-ZnO thin film.

Figure 13.
Surface micrograph: (a) ZnO thin film and (b) SnO2 thick film.

Concentration of CO2 (ppm) Effect on human health

250–300 Normal outdoor air

350–1000 Indoor air

100–2000 Drowsiness (poor air)

2000–5000 Increased heart rate, nausea, headaches

>5000 Oxygen deprivation begins

>40,000 Serious oxygen deprivation leading to brain damage, coma, and death

Table 4.
Effect on human health with increasing concentrations of CO2.
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Sensor material Form Gas Topt

(°C)
S% Selectivity τres, τrec

(s)
Conc.
(ppm)

Ref.

ZHS microcubes
on ZnO nanorods

Thin film CO2 150 354 No 10, 24 2500 [61]

LaBaCo2O5 + δ Bulk CO2 300 1.04
(Rg/Ra)

No — 400 [62]

Graphene sheet Thin film CO2 60 26 No 8, 10 100 [63]

BaCO3-Co3O4 Bulk CO2 150 15 No 227, 245 10,000 [59]

Ag/BaTiO3-CuO Thin film CO2 250 28 No 900, 600 5000 [64]

Ca/Al-doped
ZnO

Bulk CO2 300 15 No — 2500 [65]

LaFeO3-SnO2 Bulk CO2 250 3
(Rg/Ra)

No <20 4000 [60]

Ca-ZnO Thin film CO2 350 53 Yes — 50,000 [66]

LFCO-ZnO Thin film CO2 300 36 Yes 300, 630 2500 This
work

Table 5.
Overview of the carbon dioxide sensing characteristics of various thin and bulk materials from literature.

Figure 14.
Temperature variation of response % for pure LFCO and pure ZnO to (a) 500 ppm CO and (b) 2500 ppm
CO2. (c) Temperature variation of response % of 0.5% LFCO-ZnO for 500 ppm CO and 2500 ppm CO2.
(d) Principal component analyses for CO and CO2 at 300°C.
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The LFCO-ZnO composite follows the gas sensing behavior of an n-type semi-
conductor due to the presence of a large number of ZnO crystallites. Therefore,
analyses of the conductance transients of CO and CO2 gases follow Langmuir
adsorption mechanism similar to ZnO thin film sensor. Activation energy, Ea, and
heat of adsorption, Q, have been calculated in accordance with the theory described
in the previous section. Figure 15d represents the variation of Ea with
concentration for CO and CO2 gases. It should be noted that each gas possesses
distinct activation energy values. The activation energy decreases from
153.83 kJ/mol to 149.67 kJ/mol for 500 ppm CO to 50 ppm CO, whereas the
activation energy decreases from 155.93 kJ/mol to 155.28 kJ/mol for 2500 ppm CO2

to 1000 ppm CO2. The variation in Ea is much less in CO2 than in CO which could
pertain to the efficiency of CO2 sensing of 0.5% LFCO-ZnO thin film.

As discussed earlier, when the sensor surface is exposed to air, oxygen ions
adsorb on the sensor surface which leads to the formation of an electron-depleted
layer and hence a potential barrier between two grains. The conductance G at
temperature T is given by Eq. (12).

Now, assuming Langmuir adsorption (ideal gas), when sensor surface is exposed
to gas, it is covered with a monolayer of gas molecules/atoms. The conductance
transients are fitted according to Eq. (18) for the response transient. The recovery
transient, however, represents decay of conductance, and it is fitted by the
following equation:

Figure 15.
(a) Conductance transient plot for 500 ppm CO sensing. Experimental points are shown by symbols, and the
solid line was fitted using Eq. (18), (b) linear variation of G1/(1-G1) with concentration, (c) log–log plot of
τres with C. experimental points are shown by symbols, and the solid line was fitted using Eq. (23), (d)
variation of Ea with ln C for CO and CO2 sensing. For all these measurements, operating temperature was kept
fixed at 300°C.
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G tð Þrecovery ¼ G0
0 þG exp

�t
τrecovery

� �� �
(51)

Figure 16 shows the conductance transients of CO and CO2 fitted with Eqs. (18)
and (51). Table 6 summarizes the fitted parameters. Each parameter is unique to
both the gases. It may be noted that the response times to both CO and CO2 are
almost similar (�60 and 68 s, respectively) although the response % is markedly
different (64 and 36%, respectively).

Assuming nonlinear variation of sheet conductance with test gas concentration,
the gas sensing response varies with absolute temperature T according to the fol-
lowing relation:

Ra � Rg

Ra
¼ a0

6
� exp � Ea

RT

� �
6þ n:m2

0 exp � Ek

RT

� �
T�0:5

� �

� CAS

cosh m0:exp � E
2RT

� �
T�0:25� �

" #n
(52)

where Ra is the resistance in air, Rg is the resistance in gas, a0is the pre-
exponential constant, n is the sensitivity of the gas,m0 is the Hatta number, Ek is the
activation energy of the first order reaction, and CAS is the test gas concentration at
the film surface [6].

The response (S) versus absolute temperature (T) follows a “bell-shaped”
dynamic and can be fitted in accordance with Eq. (52) to yield parameters specific
to CO and CO2. Figure 17 shows the S versus T fitting for CO and CO2. Sensitivity
of the thin film, “n,” is higher for CO2 which shows that the sensor surface is more
active toward CO2 adsorption. Addition of 0.5% LFCO to ZnO structure enhances

Figure 16.
Fitted conductance transients of (a) CO and (b) CO2 at 300°C in accordance with Eqs. (18) and (51).

Fitted response parameters Topt G0 (Ω�1) G (Ω�1) τres (s)

CO 300 °C 3.45165E-9 7.60875E-9 59.74

CO2 300 °C 2.69149E-9 2.34245E-9 303.00

Fitted recovery parameters Topt G0 (Ω�1) G (Ω�1) τrec (s)

CO 300°C 4.09001E-9 7.6711E-9 68.56

CO2 300°C 2.95542E-9 1.57362E-9 220.29

Table 6.
Fitted parameters for the conductance transients of CO and CO2 at 300°C.
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oxygen adsorption on the ZnO surface due to the formation of additional defects.
Also, the formation of multiple junctions in the composite leads to the phenomenon
of “band bending” which enhances the interaction of CO2 with oxygen ions. It may
be noted that CO interferes with CO2 sensing in the composite due to the formation
of multiple junctions. This problem is eliminated in the ZnO/LFCO bilayer (not
shown) which consists of only a single p-n junction and, thus, is selective to CO2.

Simulated parameters from Figure 17 are summarized in Table 7 where Ea and
Ek have units of J mol�1. Significant differences may be noted for the simulated
parameters of each gas. Table 7 and Figure 15d corroborate the fact that the
activation energy is lower for CO which explains the higher response to CO. It may
also be emphasized that the parameters are valid for the entire range of operations
of the sensor. The simulation may provide useful insights regarding the maximum
and minimum temperature at which the sensor is operative. Further, a logarithmic
plot of sensor response S and concentration C yields a value of �0.67 for CO and
�1.56 for CO2 (Figure 18) which is well in agreement with the simulated values.
Additionally, it is shown that sensor response decreases sequentially with decreas-
ing concentration as can be seen from Figure 18. The limiting concentration for CO
is 50 ppm and that for CO2 is 500 ppm. The detection limit for CO2 is well above the
permissible exposure limit (PEL) which is >5000 ppm. Thus, we may conclude that
0.5% LFCO-ZnO composite thin film is a fair CO2 sensor and is well suited for
practical applications.

Figure 17.
Estimated value of sensitivity “n” for (a) CO and (b) CO2 from the fitting of response vs. temperature using
Eq. (52).

Fitting parameters Carbon monoxide Carbon dioxide

Ek/R 3611.87 15674.17511

a0/6 3278.17 1.22219E-5

Ea/R 6062.32 2007.15851

m0 = L(√(k/Dk) 1240.78 2.9675E6

n (sensitivity) 0.5654 1.56

CAS (ppm) 500 2500

Table 7.
Fitted parameters from the fitting of response versus temperature of CO and CO2.
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4.3.1 CO2 sensing mechanism of LFCO-ZnO thin film gas sensor

The electrical resistance change in ZnO, which is an n-type conducting material,
is attributed to adsorption and desorption kinetics of oxygen on ZnO surface.
Chemisorption of molecular oxygen of the type O�

2 occurs above room temperature
on ZnO surface, leading to the formation of electron depletion layer (EDL). As the
temperature increases up to �300°C, the molecular oxygen dissociates into atomic
form and forms a thicker EDL which pushes inside the ZnO core. Homogeneous
particles observed in ZnO thin film microstructure (Figure 13a) contribute to the
increased rate of oxygen adsorption on ZnO surface. This increases the sensitivity
toward CO2 gas as can be observed from Figure 14b. Reaction of carbon dioxide
molecules with adsorbed oxygen is given below [68]:

CO2 þ e� ! CO�
2 adsð Þ (53)

CO�
2 adsð Þ þO�

adsð Þ þ 2e� ! 2COþ 2O�
2 (54)

These equations are consistent with the reduction in resistance of ZnO sensor on
exposure to CO2. In principle, ZnO sensor should register an increase in resistance
on exposure to CO2 as it is an oxidizing gas. However, it was found that ZnO
demonstrates typical n-type behavior when brought in contact with CO2. This
anomaly can be explained from the defect chemistry and catalytic properties of
ZnO. This demands a more detailed study and is currently beyond the scope of this
book. Thus, we have confined ourselves to the current discussion of LFCO-ZnO
composite thin film sensor.

When n-type ZnO is combined with p-type LFCO (LaFe0.8Co0.2O3) sensor, a p-
n junction is created at the interface between the two sensors. On exposure to CO2,
the junction pushes further in to the ZnO core. This leads to an enhanced CO2

sensing response as compared to pristine LFCO and ZnO sensors.
The general reaction mechanism of LaFeO3 (LFO) was reported by [69] in

which LFO reacts with CO2 in the presence of moisture to form carbonates. The
reaction is given below.

H2Oþ 1
2
O2 þ 2e� ! 2OH� (55)

Figure 18.
Concentration variation in 0.5% LFCO-ZnO for (a) CO (500–50 ppm) and (b) CO2 (2500–500 ppm); inset
in both figures shows logarithmic variation of response with concentration which can be fitted linearly to obtain
“n,” the sensitivity.
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O2 þ e� ! O�
2 (56)

O�
2 þ e� ! 2O� (57)

La3þ þ 3OH� þ 3CO2 ! La CO2OHð Þ3 (58)

The carbonates thus formed aid in CO2 sensing by reducing the activation
energy required for the reaction to occur. Further, equalization of Fermi levels takes
place via migration of carriers leading to the formation of p-n junction. On exposure
to CO2, hydroxycarbonates form at the junction interface leading to the increase of
potential barrier. This increases the concentration of holes at LFCO interface. How-
ever, as the concentration of LFCO is only 0.5%, hole accumulation at LFCO surface
is impeded, and fall in resistance occurs, and the composite as a whole shows n-type
sensing behavior [60].

SnO2 thick film gas sensor did not show any appreciable CO2 sensing. This is due
to the absence of a Schottky contact in between SnO2 thick film and silver elec-
trodes. Investigations on CO2 sensing were not performed for any composite thick
film sensor.

4.4 VOC sensing characteristics of thin and thick film

Volatile organic compounds such as ethanol, acetone, and isopropanol pollute
auto cabins and indoors of buildings. Long time spent indoors in such an environ-
ment ultimately leads to sick building syndrome and also has been found to be
linked to leukemia and lymphoma. VOCs are also biomarkers of lung cancer and
type 2 diabetes. Ethanol, acetone, and isopropanol have a permissible exposure limit
of 1000 ppm over an 8 h work shift as documented by OSHA.

Figure 19 demonstrates the necessity of VOC detection. Traditionally, n-type
semiconducting metal oxides such as SnO2, ZnO, WO3, TiO2, In2O3, Fe2O3, etc.
have been used for VOC sensing. However, recent research activities show that p-
type semiconducting metal oxides such as copper oxide have been gaining popular-
ity in gas sensing mainly due to its ease of fabrication, low cost, high stability, and
high response to volatile organic compounds. CuO architectures such as nanorods
[70], nanosheets [71], nanoparticles [72], and thin film [19] play an important role
in gas sensing behavior. Thin films, in particular, are preferred over powdered CuO
variants due to high stability and ease of device fabrication (Table 8). Additionally,
composites have also gained prominence in selective VOC sensing. We have syn-
thesized CuO thin films using solgel technique. Quartz substrate was used to deposit

Figure 19.
Permissible exposure limit and harmful effects of volatile organic compounds.
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the thin films using spin coating. After heat treatment, gold electrodes were depos-
ited on these films using sputter coating following which the gas sensing measure-
ments were performed in a static gas sensing setup. The VOCs were found to be
cross-sensitive. Cross-sensitivity was addressed with principal component analysis.
Additionally, we have also investigated the VOC sensing characteristics of WO3-
SnO2 thick film. Investigations into various thick films for VOC sensing has been
tabulated in Table 9. The gas–solid interaction in this case was modeled with the
Freundlich adsorption isotherm which is nonlinear in nature.

The CuO sensors, thus synthesized, were used for detection of ethanol and
acetone by varying the operating temperature (200–300°C) and gas concentration
(25–300 ppm). It was found that CuO shows high response and excellent stability
with respect to both these gases. The response to 300 ppm acetone and ethanol was
found to be 168 and 144%, respectively (Figure 12). The response and recovery
times were found to be 7 and 248 s for acetone and 3 and 216 s for ethanol,
respectively. The static gas sensing setup is similar to a real environment response
which explains the delayed recovery times. The response times mentioned are not
exact as in a static gas sensing setup, where response to the test gas does not saturate
before recovery begins [19]. Mixed gas sensing was also performed with ethanol
and acetone (300 ppm/300 ppm) at 300°C. It was found that the response was not
affected by the order in which the gases were injected into the static chamber.
Principal component analysis was used as a discriminatory method to quantify the
gases for mixed gas sensing data (Table 9).

4.4.1 Ethanol and acetone sensing mechanism in CuO sensor

CuO is a p-type sensor, and as such the sensing mechanism of a p-type sensor
differs slightly to that of an n-type sensor. The major carriers in this case are holes.
The concentration of holes changes at the sensor surface due to reaction with the
target gas. When the CuO sensor is exposed to air at the operating temperature
range of 200–300°C, oxygen takes up electrons from the sensor surface, and the
oxygen ions formed chemisorb onto the surface. This increases the density of holes
resulting in the decrease of the surface Fermi level. A hole accumulation layer
(HAL) at the surface increases the conduction of holes which reduces the baseline

Sensor
material

Geometry Test gas Topt

(°C)
S% τres, τrec

(s)
Mixed gas
sensing

Conc.
(ppm)

Ref.

CuO Nanowire n-Propanol 190 6.2 1.2, 6.6 No 100 [76]

CuO Nanosheets Ethanol 320 4.22 2–15, 5–24 No 500 [73]

CuO Thin film 2-Propanol 225 282 12, 279 No 300 [19]

CuO Nanorods Ethanol 350 90 — No 600 [70]

CuO Nanoparticles Ethanol 200 5.6 10, 8 No 500 [74]

CuO Powder Ethanol 230 2.37
(Rg/Ra)

— No 210 [75, 76]

CuO Nanoparticles Ethanol 220 2.7
(Rg/Ra)

11, 7 No 0.1 [72]

CuO Thin film Ethanol
Acetone

300 144
168

3, 216;
7, 248

Yes 300 This
work

Table 8.
Comparison of VOC sensing performances of CuO powders and thin films reported in recent literature.
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O2 þ e� ! O�
2 (56)

O�
2 þ e� ! 2O� (57)

La3þ þ 3OH� þ 3CO2 ! La CO2OHð Þ3 (58)
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place via migration of carriers leading to the formation of p-n junction. On exposure
to CO2, hydroxycarbonates form at the junction interface leading to the increase of
potential barrier. This increases the concentration of holes at LFCO interface. How-
ever, as the concentration of LFCO is only 0.5%, hole accumulation at LFCO surface
is impeded, and fall in resistance occurs, and the composite as a whole shows n-type
sensing behavior [60].

SnO2 thick film gas sensor did not show any appreciable CO2 sensing. This is due
to the absence of a Schottky contact in between SnO2 thick film and silver elec-
trodes. Investigations on CO2 sensing were not performed for any composite thick
film sensor.

4.4 VOC sensing characteristics of thin and thick film

Volatile organic compounds such as ethanol, acetone, and isopropanol pollute
auto cabins and indoors of buildings. Long time spent indoors in such an environ-
ment ultimately leads to sick building syndrome and also has been found to be
linked to leukemia and lymphoma. VOCs are also biomarkers of lung cancer and
type 2 diabetes. Ethanol, acetone, and isopropanol have a permissible exposure limit
of 1000 ppm over an 8 h work shift as documented by OSHA.

Figure 19 demonstrates the necessity of VOC detection. Traditionally, n-type
semiconducting metal oxides such as SnO2, ZnO, WO3, TiO2, In2O3, Fe2O3, etc.
have been used for VOC sensing. However, recent research activities show that p-
type semiconducting metal oxides such as copper oxide have been gaining popular-
ity in gas sensing mainly due to its ease of fabrication, low cost, high stability, and
high response to volatile organic compounds. CuO architectures such as nanorods
[70], nanosheets [71], nanoparticles [72], and thin film [19] play an important role
in gas sensing behavior. Thin films, in particular, are preferred over powdered CuO
variants due to high stability and ease of device fabrication (Table 8). Additionally,
composites have also gained prominence in selective VOC sensing. We have syn-
thesized CuO thin films using solgel technique. Quartz substrate was used to deposit

Figure 19.
Permissible exposure limit and harmful effects of volatile organic compounds.
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the thin films using spin coating. After heat treatment, gold electrodes were depos-
ited on these films using sputter coating following which the gas sensing measure-
ments were performed in a static gas sensing setup. The VOCs were found to be
cross-sensitive. Cross-sensitivity was addressed with principal component analysis.
Additionally, we have also investigated the VOC sensing characteristics of WO3-
SnO2 thick film. Investigations into various thick films for VOC sensing has been
tabulated in Table 9. The gas–solid interaction in this case was modeled with the
Freundlich adsorption isotherm which is nonlinear in nature.

The CuO sensors, thus synthesized, were used for detection of ethanol and
acetone by varying the operating temperature (200–300°C) and gas concentration
(25–300 ppm). It was found that CuO shows high response and excellent stability
with respect to both these gases. The response to 300 ppm acetone and ethanol was
found to be 168 and 144%, respectively (Figure 12). The response and recovery
times were found to be 7 and 248 s for acetone and 3 and 216 s for ethanol,
respectively. The static gas sensing setup is similar to a real environment response
which explains the delayed recovery times. The response times mentioned are not
exact as in a static gas sensing setup, where response to the test gas does not saturate
before recovery begins [19]. Mixed gas sensing was also performed with ethanol
and acetone (300 ppm/300 ppm) at 300°C. It was found that the response was not
affected by the order in which the gases were injected into the static chamber.
Principal component analysis was used as a discriminatory method to quantify the
gases for mixed gas sensing data (Table 9).

4.4.1 Ethanol and acetone sensing mechanism in CuO sensor

CuO is a p-type sensor, and as such the sensing mechanism of a p-type sensor
differs slightly to that of an n-type sensor. The major carriers in this case are holes.
The concentration of holes changes at the sensor surface due to reaction with the
target gas. When the CuO sensor is exposed to air at the operating temperature
range of 200–300°C, oxygen takes up electrons from the sensor surface, and the
oxygen ions formed chemisorb onto the surface. This increases the density of holes
resulting in the decrease of the surface Fermi level. A hole accumulation layer
(HAL) at the surface increases the conduction of holes which reduces the baseline

Sensor
material

Geometry Test gas Topt

(°C)
S% τres, τrec

(s)
Mixed gas
sensing

Conc.
(ppm)

Ref.

CuO Nanowire n-Propanol 190 6.2 1.2, 6.6 No 100 [76]

CuO Nanosheets Ethanol 320 4.22 2–15, 5–24 No 500 [73]

CuO Thin film 2-Propanol 225 282 12, 279 No 300 [19]

CuO Nanorods Ethanol 350 90 — No 600 [70]

CuO Nanoparticles Ethanol 200 5.6 10, 8 No 500 [74]

CuO Powder Ethanol 230 2.37
(Rg/Ra)

— No 210 [75, 76]

CuO Nanoparticles Ethanol 220 2.7
(Rg/Ra)

11, 7 No 0.1 [72]

CuO Thin film Ethanol
Acetone

300 144
168

3, 216;
7, 248

Yes 300 This
work

Table 8.
Comparison of VOC sensing performances of CuO powders and thin films reported in recent literature.
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resistance of CuO (Ra = resistance in air ambient). The equations involved are listed
below [19].

O2 gasð Þ ! O2 adsð Þ (59)

O2 adsð Þ þ e� ! O�
ads þ h (60)

O�
ads þ e� ! O2�

ads þ h (61)

On exposure to acetone and ethanol, the oxygen ions react with the test gases to
produce carbon dioxide and water with the release of electrons. This process
reduces the thickness of the hole accumulation layer which increases the sensor
resistance (Rg = resistance in gas ambient) [75].

The probable reaction mechanisms for acetone and ethanol are

8O2�
ads þ CH3COCH3 ! 16e� þ 3CO2 þ 3H2O (62)

6O2�
ads þ C2H5OH ! CH3CHOþH2Oþ e� (63)

e� þ h ! null (64)

In the end, electron hole recombination takes place and the HAL diminishes.

4.4.2 Mixed gas sensing in CuO thin film sensor and principal component analyses

We have also investigated mixed gas sensing for 300 ppm acetone and 300 ppm
ethanol. We found that the mixed gas sensing response (205%) is much higher than
individual sensing response of acetone (168%) and ethanol (144%), but it was not
an addition of the individual responses (Figures 20 and 21). Further, it was found
that the order in which the gases were injected into the static chamber had no
bearing on the mixed gas sensing response.

This can be attributed to the fact that the gas with the higher reactivity will first
interact with the adsorbed O� ions, leaving the next gas to react with less number of
the same ions leading to reduced sensing [77].

The gases can be discriminated by principal component analyses, which quantify
the gases in a multi coordinate system. Fast Fourier transform was utilized to
extract the important features of the resistance transients of both acetone and
ethanol measured at 300°C. These parameters were then fed into a linear
unsupervised principal component analyses pattern recognition technique.
Figure 22a shows the clustering of ethanol and acetone when injected individually.

Sensor material Geometry Gas Topt

(°C)
S
%

τres, τrec
(s)

Selectivity Conc.
(ppm)

Ref.

CeOx - SnO2 Thick film Ethanol 350 95 1.1 Yes 200 [77]

Mg0.5Zn0.5Fe2O4 Nanoparticles Ethanol 325 50 — No 200 [78]

TiO2 Nanoparticles Ethanol 375 65 — No 200 [79]

Barium
hexaferrite

Nanoparticles Ethanol 375 90 — Yes 200 [80]

Sr-SnO2 Thick film Ethanol 300 65 2, 7 100 [81]

SnO2 Thick film Ethanol 300 84 8, 340 Yes 300 [20]

WO3-SnO2 Thick film Ethanol 250 73 10, 312 Yes 300 [15]

Table 9.
Comparison of ethanol sensing performances of nanopowders and thick films reported in recent literatures.
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The clustering does not change when all the resistance transients of 300 ppm each
of acetone and ethanol are analyzed (Figure 22b). Thus, PCA can be successfully
used to identify the gases in a mixture of acetone and ethanol.

Additionally, we have explored the VOC sensing characteristics of WO3-SnO2

composite thick film sensor [15]. Sensing measurements were made in the range
300–150°C for 300 ppm ethanol, acetone, and isopropanol. The composite thick
film was found to be cross-sensitive to each of the gases. To address the cross-
sensitivity, the conductance transients of the gases were further analyzed. These

Figure 20.
Resistance transients showing the response % of (a) ethanol and (b) acetone.

Figure 21.
Resistance transients showing the response % of (a) 300 ppm ethanol and 300 ppm acetone and (b) 300 ppm
acetone and 300 ppm ethanol.

Figure 22.
Principal component analyses for (a) individual gases and (b) mixed gases; note the separate clustering
enabling us to distinguish the gases.
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The clustering does not change when all the resistance transients of 300 ppm each
of acetone and ethanol are analyzed (Figure 22b). Thus, PCA can be successfully
used to identify the gases in a mixture of acetone and ethanol.

Additionally, we have explored the VOC sensing characteristics of WO3-SnO2

composite thick film sensor [15]. Sensing measurements were made in the range
300–150°C for 300 ppm ethanol, acetone, and isopropanol. The composite thick
film was found to be cross-sensitive to each of the gases. To address the cross-
sensitivity, the conductance transients of the gases were further analyzed. These

Figure 20.
Resistance transients showing the response % of (a) ethanol and (b) acetone.
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Principal component analyses for (a) individual gases and (b) mixed gases; note the separate clustering
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conductance transients were obtained at 250°C, and VOC concentration was kept
fixed at 300 ppm. Conductance transients for the three VOCs at respective concen-
tration level were fitted using Eq. (18) to estimate the values of parameters such as
G0 (mho), G1 (mho), and τres (s). Figure 23b envisages the nonlinear variation of
G1/(1-G1) with VOC concentration (C) (symbols). In this case, Langmuir adsorp-
tion isotherm is not validated since the variation of G1/(1-G1) with concentration is
nonlinear for all the gases and does not pass through the origin. In fact, the results
are much closer to the Freundlich adsorption isotherm. The relation between G1 and
C in this case obeys the following relation:

G1

1� G1
¼ αCδ (65)

From the nonlinear fit, we estimated the values of α and δ for all VOCs under
consideration. These results indicate that the sensor surface is not homogeneous and
heat of adsorption (Q) is not uniform unlike the Langmuir model.

In case of Langmuir adsorption isotherm, assuming Z = G1/(1-G1), differentiat-
ing Eq. (19) we can write

dZ
dC

¼ 1
b

(66)

Differentiating Eq. (66), we can write

dZ
dC

¼ αδð ÞCδ�1 (67)

Assuming Z vs. C slope at a particular point �1/b, we can write

1
b
¼ αδð ÞCδ�1 (68)

b ¼ 1
αδð ÞCδ�1 ¼ b0 exp � Q

RT

� �
(69)

Simplification of Eq. (69) yields

Q ¼ RT lnbo– 1� δð Þ lnCþ ln αδ½ � (70)

We have estimated bo from the expression given in Eq. (16). Assuming
υ = 1013 Hz [49], R = 8.314 JK�1, and T = 523 K, Eq. (16) can be simplified to.

b0 ¼ 2:7443� 10�9 1
K0:Sarea

� �
�M1=2 Pa (71)

As described earlier, considering the surface area, Sarea � 16.2 Å2 for nitrogen
(molecular weight = 28 g mol�1), we can easily calculate the surface area for ethanol
which is 26.61 Å2 (molecular weight = 46.0 g mol�1). Assuming condensation coeffi-
cient Ko = 1 [47], for all test gases, bo (at T � 523 K) can be estimated using Eq. (71).
From Eq. (70) we have estimated Q as a function of VOC concentration at 250°C.

Figure 24a shows the log–log plot of characteristic response time (τres) vs. VOC
concentration. As shown in Figure 24a, variation of τres with C follows the follow-
ing relation:

τres ¼ τ0 � C�β (72)
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The ln (τres) vs. ln (C) plot was fitted linearly in order to estimate value of β for
three VOCs under consideration.

In case of Freundlich adsorption isotherm, temperature-dependent variation of
τres can be written as per the following relation:

Figure 23.
(a) Conductance transient plots measured at 250°C for 300 ppm ethanol, acetone, and isopropanol sensing.
Experimental points are shown by symbols, and the solid line was fitted using Eq. (18), and (b) nonlinear
variation of G1/(1-G1) with concentration (ppm). Experimental points are shown by symbols, and the solid
line was fitted using Eq. (65) (Figure 23a, b reprinted from [15] with permission from Elsevier).
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The ln (τres) vs. ln (C) plot was fitted linearly in order to estimate value of β for
three VOCs under consideration.

In case of Freundlich adsorption isotherm, temperature-dependent variation of
τres can be written as per the following relation:

Figure 23.
(a) Conductance transient plots measured at 250°C for 300 ppm ethanol, acetone, and isopropanol sensing.
Experimental points are shown by symbols, and the solid line was fitted using Eq. (18), and (b) nonlinear
variation of G1/(1-G1) with concentration (ppm). Experimental points are shown by symbols, and the solid
line was fitted using Eq. (65) (Figure 23a, b reprinted from [15] with permission from Elsevier).
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τres ¼ υ�1 � exp
Ea þ Q
RT

� �
(73)

Using Eqs. (70) and (72), we can easily simplify Eq. (73). Activation energy, Ea,
is expressed via the following relation:

Ea ¼ RT� ln
τ0:υ:C 1�δ�βð Þ

α:δ:b0

 !
(74)

From Eqs. (70) and (74), we can determine the linearity of Q versus ln C plot as
well as the Ea versus ln C plot. Also, we can see that Q decreases with gas concen-
tration, whereas Ea shows the exact opposite behavior. Figure 24b shows the
variation of Ea and Q for each VOC concentration (T = 250°C) [15]. From our
analysis, we have estimated that Ea for ethanol sensing is lower than that of acetone
and isopropanol which justify the larger yield of the composite sensor in terms of
ethanol sensing (S% ! ethanol>acetone>isopropanol).

Figure 24.
(a) Log-log plot of τres with C. The sensing measurements were carried out at 250°C, and (b) variation of Ea
and Q with concentration for ethanol, acetone, and isopropanol sensing (Figure 24a, b reprinted from [15]
with permission from Elsevier).
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4.4.3 Reproducibility of CuO thin film and WO3-SnO2 thick film

The stability and reproducibility of CuO thin film and WO3-SnO2 thick film
composite sensors were studied with respect to acetone and ethanol gases
(Figure 25). Excellent baseline recovery was achieved for both the sensors for an
extended period of time with marginal change of initial response %. The response %
for CuO sensor was recorded for a period of �150 days, whereas that for WO3-SnO2

sensor was recorded for �500 days. Stable baseline was recorded for CuO thin film
sensor, whereas WO3-SnO2 thick film sensor was prone to drift in baseline resistance.

5. Conclusions

This chapter throws light on detection of common air pollutants including car-
bon monoxide, carbon dioxide, nitrogen dioxide, volatile organic compounds, and
also hydrogen. The permissible exposure limits for these gases act as benchmark for
minimum concentration of gas detection. Gas sensing terminologies such as
response %, response time, recovery time, selectivity, and stability have been
defined. The interaction of semiconducting metal oxide sensor with reducing gas
has been illustrated. Factors that affect the performance of a gas sensor, namely,
receptor, transducer, and utility functions, have been explained. It was reported
that the receptor function is influenced by the grain size of the sensor. The trans-
ducer function controls the flow of charge carriers between the electrodes. It is
highly dependent on purity of the sensor material. The utility function controls the
diffusion processes of gas during response and recovery processes.

A modified wet chemical route was chosen as the method to synthesize sols
required for thin film deposition process. The sols were deposited on quartz and
glass substrates and annealed at a high temperature. The materials (ZnO-G, ZnO,
SnO2, LFCO-ZnO, CuO, and WO3-SnO2) for gas sensors were chosen after exten-
sive literature review and earlier experiments conducted by us in our laboratory.

High response (894%) to 5 ppm NO2 sensing was reported for ZnO-G multilayer
as compared to pure ZnO (26%) at 150°C. Also, NO2 detection is selective at 150°C

Figure 25.
Typical resistance transient plots showing reproducibility toward 300 ppm (a) acetone sensing in CuO thin film
and (b) ethanol sensing in WO3-SnO2 thick film; inset of each figure shows invariance of response % with time
(Figure 25b reprinted from [15] with permission from Elsevier).
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with respect to 500 ppm each of CO, H2, and i-C4H10 gases. The high response and
selectivity have been attributed to the presence of p-n junction between ZnO and G
grains. The formation of a p-n junction increases the amount of available electrons
increasing the gas response. In addition, mixed gas sensing for NO2/CO, NO2/H2,
and NO2/i-C4H10 has also been reported. Principal component analyses have been
demonstrated as an effective tool for the quantification of these mixed gases. ZnO
thin film and SnO2 thick film were investigated for CO and H2 detection. Both
materials demonstrated cross-sensitivity to the gases. Cross-sensitivity was
addressed through modeling based on Langmuir adsorption mechanism. Activation
energy, Ea, and heat of adsorption, Q, were calculated based on the model. Ea and Q
values were found to be distinct for each gas and varied as a function of gas
concentration. Further, the irreversible nature of ZnO thin film and reversible
nature of SnO2 thick film were demonstrated when exposed to a fixed concentration
of CO and H2 gases. CO2 sensing characteristics of LFCO-ZnO thin film sensor were
investigated. The thin film sensor yields 36% response to 2500 ppm CO2 at 300°C.
LFCO-ZnO thin film is cross-sensitive to CO at this temperature. Principal compo-
nent analyses have been performed to eliminate cross-sensitivity. Further, Lang-
muir adsorption mechanism is validated in LFCO-ZnO thin film sensor as the
variation of conductance and concentration is a straight line passing through origin
(not shown). A model has also been developed for the thin film gas sensor relating
response with temperature. Modeling of the response with temperature for CO and
CO2 sensing yielded parameters unique to both gases. Volatile organic compounds
have been detected with a CuO thin film sensor. Both acetone and ethanol show
high response with a response time of only a few seconds. The gases have been
quantified using principal component analyses. Mixed gas (ethanol/acetone) sens-
ing has also been reported for CuO thin film. The mixed gases have been identified
on the basis of the PCA cluster for individual gases. WO3-SnO2 thick film sensor
was investigated for ethanol, acetone, and isopropanol sensing characteristics. The
thick film sensor yielded highest response to 300 ppm ethanol. Freundlich adsorp-
tion mechanism was dominant as the variation of conductance and concentration is
nonlinear. Based on this adsorption mechanism, Ea and Q values were estimated for
each gas. Both Ea and Q values were found to vary linearly with gas concentration.
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with respect to 500 ppm each of CO, H2, and i-C4H10 gases. The high response and
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materials demonstrated cross-sensitivity to the gases. Cross-sensitivity was
addressed through modeling based on Langmuir adsorption mechanism. Activation
energy, Ea, and heat of adsorption, Q, were calculated based on the model. Ea and Q
values were found to be distinct for each gas and varied as a function of gas
concentration. Further, the irreversible nature of ZnO thin film and reversible
nature of SnO2 thick film were demonstrated when exposed to a fixed concentration
of CO and H2 gases. CO2 sensing characteristics of LFCO-ZnO thin film sensor were
investigated. The thin film sensor yields 36% response to 2500 ppm CO2 at 300°C.
LFCO-ZnO thin film is cross-sensitive to CO at this temperature. Principal compo-
nent analyses have been performed to eliminate cross-sensitivity. Further, Lang-
muir adsorption mechanism is validated in LFCO-ZnO thin film sensor as the
variation of conductance and concentration is a straight line passing through origin
(not shown). A model has also been developed for the thin film gas sensor relating
response with temperature. Modeling of the response with temperature for CO and
CO2 sensing yielded parameters unique to both gases. Volatile organic compounds
have been detected with a CuO thin film sensor. Both acetone and ethanol show
high response with a response time of only a few seconds. The gases have been
quantified using principal component analyses. Mixed gas (ethanol/acetone) sens-
ing has also been reported for CuO thin film. The mixed gases have been identified
on the basis of the PCA cluster for individual gases. WO3-SnO2 thick film sensor
was investigated for ethanol, acetone, and isopropanol sensing characteristics. The
thick film sensor yielded highest response to 300 ppm ethanol. Freundlich adsorp-
tion mechanism was dominant as the variation of conductance and concentration is
nonlinear. Based on this adsorption mechanism, Ea and Q values were estimated for
each gas. Both Ea and Q values were found to vary linearly with gas concentration.
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ν frequency of oscillation of adsorbed gas
τirrev characteristic response time in irreversible response process
τrev characteristic response time in reversible response process
τres response time of sensor
τrec recovery time of sensor
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Chapter 9

Nano Layers of 2D Graphene 
Versus Graphene Oxides for 
Sensing Hydrogen Gas
Anuradha Kashyap, Shikha Sinha, Partha Bir Barman  
and Surajit Kumar Hazra

Abstract

Hydrogen is one of the most useful but dangerous gases because of its broad 
combustion range and small ignition temperature. Currently, there is a great need 
for hydrogen detectors with selectivity, high sensitivity and reliable operations in 
view of its safe production, storage, transportation and other applications. In this 
regard, nano thin films of two dimensional materials like graphene, graphene oxide 
(GO) and reduced graphene oxide (rGO) have immense promise because their 
material attributes can be exceptionally tuned to achieve the desired characteris-
tics. Also graphene oxide and reduced graphene oxide serve as potential sensing 
hosts due to the presence of functional groups on their surfaces. In this chapter, an 
attempt has been made to compare the work done in the field of hydrogen sensors 
using pure graphene and graphene derivatives such as graphene oxide and reduced 
graphene oxide. The response parameters like sensitivity, stability, selectivity, 
response time, recovery time, detection limit, linearity, dynamic range, and work-
ing temperatures for various graphene based sensors have been elaborately com-
pared. Finally, a conclusion and future outlook on nano scale thin film of graphene 
and graphene oxides for gas sensing have been briefly discussed.

Keywords: nano thin film, graphene, graphene oxide, reduced graphene oxide, 
hydrogen sensor, sensing mechanism

1. Introduction

Dimensionality plays a vital role in determining the structure of a nanomaterial. 
Nanomaterials fall in the range of nanoscale defined by at least one dimension (D), 
and categorized using the concept of quantum confinement. Quantum confine-
ment may be defined as a state in which a nanocrystal is comparatively smaller as 
compared to Bohr exciton radius of that particular material for at least one dimen-
sion. When it is quantum confined in one direction, it is termed as a film (i.e., a 
2D material). For two dimensional quantum confinement, rod (i.e., a 1D material) 
is the name given to it, and quantum dot (i.e., a 0D material) has all the three 
dimensions confined. All these have specific shapes for the density of states which 
arises due to difference in the degree of confinement of electrons. Bulk materials 
fall under the category of 3D materials in which none of the domains are confined. 
Graphene is a 1D confined material and is obtained from its bulk counterpart 
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graphite. The advantage of 2D materials is that they possesses “all surface” proper-
ties that can be conveniently tuned by chemical functionalization and other surface 
treatments. It even beholds its magnificent properties when synthesized in the form 
of nano flakes. This is the reason why the field of 2D materials is growing at such a 
rapid pace [1–3].

The mechanical exfoliation method to obtain graphene from graphite using 
scotch tape is not scalable to industrial practice owing to its limited yield. Although 
the quality yield is lofty, yet the mass scale production is an issue. Since it is much 
easier to obtain graphene oxide using wet chemical method as compared to gra-
phene, so a careful study of both graphene, graphene oxide and reduced graphene 
oxide would help in gaining more insights about this family as well as the hydrogen 
sensing attributes on a comparative scale.

2. About graphene and graphene oxide

Graphene is structured as 2D sheet of six carbon (sp2 hybridized) ring and 
confined in a hexagonal lattice. Substituting some of the hexagons with pentagons, 
imparts a spherical curvature culminating into 0D structure known as fullerene. 
Rolling up graphene sheets form carbon nanotubes (1D), and racked up graphene 
sheets into layers results into 3D graphite [4, 5].

Graphene lattice holds two sub lattices involving atomic sites A and B which 
are arranged in a planar trigonal fashion. Putting together the A and B sites along 
parallel layers (similar to a multilayer graphene) can generate the unit cell. The 
normal separation between two carbon atoms is 1.42 Å. However, for a hexagonal 
carbon lattice, the parameters are a = 2.46 and c = 6.7 Å. Graphene forms two types 
of bonds viz. sigma (σ) bond (three in number) and pi (π) bond (one in number). 
The σ bond is a consequence of interaction of its hybridized s, p(x) and p(y) orbit-
als with the neighboring carbon atoms; likewise π bond being formed through its 
interaction with the p(z) orbital [5].

Owing to arduous extraction and production of graphene, several graphene 
derivatives took the limelight namely graphene oxide (GO) and reduced graphene 
oxide (rGO). Where graphene involves only oxygen and hydrogen bonds, and func-
tional groups attached to them like CO, COOH, OH groups, it is known as graphene 
oxide. This possesses a partial aromatic nature as compared to graphene which is 
completely aromatic in nature. Due to addition of these functional groups, a band 
gap could be achieved. The reduced form of graphene oxide bears much resem-
blance with graphene rather than graphene oxide in respect that all the functional 
groups have been removed with some oxygen traces [6].

3. Device configurations used for graphene based sensors

There are various configurations present by which graphene based gas sensors 
can be fabricated. Some of these configurations are chemiresistor, field effect 
transistor (FET), capacitance sensor, surface acoustic wave (SAW), surface work 
function change transistor, optical fiber sensor, etc. (Figure 1).

In some transistor configuration, the surface work function of the sensing 
material can be tuned, while in optical fiber sensors the optical properties such as 
transmission/absorption are affected due to solid-gas interaction.

There are few technically uncommon sensor devices. For instance, Schedin and 
group fabricated a graphene device for selective gas sensing. Electrical contacts 
were made by using electron beam lithography on the mechanically exfoliated 

175

Nano Layers of 2D Graphene Versus Graphene Oxides for Sensing Hydrogen Gas
DOI: http://dx.doi.org/10.5772/intechopen.88538

graphene sheets on the Si substrates. The as prepared sensing device was placed in a 
superconducting magnet and characterized using field effect measurements within 
a temperature range in order to calculate the value of mobility of charge carriers 
and no. of graphene layers [7]. Dutta and group fabricated a heterojunction by 
putting a TiO2 layer on graphene synthesized by chemical vapor deposition method 
[8]. Prezoiso and group dispersed GO in water and deposited on the interdigitated 
Pt electrodes patterned on Si3N4 substrate by drop casting technique and dried 
at 50°C. Wang and group chemically synthesized GO and fabricated a hydrogen 
sensor by dielectrophoresis technique [9]. In 2014, Niu and group proposed a very 
simple method for the fabrication of phosphorus modified graphene based gas sen-
sor. Doping was done by annealing graphene oxide with triphenylphosphine within 
a temperature range from 400 to 800°C under inert atmosphere. The sensing device 
was fabricated by spreading the phosphorus doped graphene powder on the ceramic 
substrate with Pd electrodes [10].

4. Tuning of the sensing layer

Pristine graphene have a poor response towards gas sensing, whereas graphene 
oxide and reduced graphene oxide shows good response towards gas sensing. A 
small gas molecule adsorbed on the GO or rGO surface brings change in the con-
ductivity. When compared, rGO shows better sensing response than GO. Peng and 
Li [11] demonstrated adsorption of NH3 on graphene and graphene oxide surfaces 
and reported that although the calculated adsorption energy of graphene is lower 
than GO, the presence of surface hydroxyl and epoxy groups in GO promotes the 
NH3 adsorption on the electron deficient sites (or hole site). This leads to easy elec-
tron transfer from nitrogen to the hole site in GO matrix. Similarly a comparative 
study showed graphene with functional groups as better sensing host as compared 
to pristine graphene (Gr) (Table 1). This can be attributed to the fact that graphene 

Figure 1. 
Schematic representation of gas sensors: (a) chemiresistor (b) field effect transistor, (c) surface acoustic wave 
and (d) capacitance sensor.
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graphite. The advantage of 2D materials is that they possesses “all surface” proper-
ties that can be conveniently tuned by chemical functionalization and other surface 
treatments. It even beholds its magnificent properties when synthesized in the form 
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the quality yield is lofty, yet the mass scale production is an issue. Since it is much 
easier to obtain graphene oxide using wet chemical method as compared to gra-
phene, so a careful study of both graphene, graphene oxide and reduced graphene 
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groups have been removed with some oxygen traces [6].

3. Device configurations used for graphene based sensors

There are various configurations present by which graphene based gas sensors 
can be fabricated. Some of these configurations are chemiresistor, field effect 
transistor (FET), capacitance sensor, surface acoustic wave (SAW), surface work 
function change transistor, optical fiber sensor, etc. (Figure 1).

In some transistor configuration, the surface work function of the sensing 
material can be tuned, while in optical fiber sensors the optical properties such as 
transmission/absorption are affected due to solid-gas interaction.

There are few technically uncommon sensor devices. For instance, Schedin and 
group fabricated a graphene device for selective gas sensing. Electrical contacts 
were made by using electron beam lithography on the mechanically exfoliated 

175

Nano Layers of 2D Graphene Versus Graphene Oxides for Sensing Hydrogen Gas
DOI: http://dx.doi.org/10.5772/intechopen.88538

graphene sheets on the Si substrates. The as prepared sensing device was placed in a 
superconducting magnet and characterized using field effect measurements within 
a temperature range in order to calculate the value of mobility of charge carriers 
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sor. Doping was done by annealing graphene oxide with triphenylphosphine within 
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was fabricated by spreading the phosphorus doped graphene powder on the ceramic 
substrate with Pd electrodes [10].
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oxide and reduced graphene oxide shows good response towards gas sensing. A 
small gas molecule adsorbed on the GO or rGO surface brings change in the con-
ductivity. When compared, rGO shows better sensing response than GO. Peng and 
Li [11] demonstrated adsorption of NH3 on graphene and graphene oxide surfaces 
and reported that although the calculated adsorption energy of graphene is lower 
than GO, the presence of surface hydroxyl and epoxy groups in GO promotes the 
NH3 adsorption on the electron deficient sites (or hole site). This leads to easy elec-
tron transfer from nitrogen to the hole site in GO matrix. Similarly a comparative 
study showed graphene with functional groups as better sensing host as compared 
to pristine graphene (Gr) (Table 1). This can be attributed to the fact that graphene 

Figure 1. 
Schematic representation of gas sensors: (a) chemiresistor (b) field effect transistor, (c) surface acoustic wave 
and (d) capacitance sensor.
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is perfect lattice with no functional groups hence no adsorption site for the gas 
molecules, while graphene oxide or reduced graphene oxide offer larger number of 
sites for the gases to adsorb on the surface. This efficiency was also confirmed from 
the high signal to noise ratio (SNR) [12].

Similar graphene based material tuning was done with metal or oxide nanopar-
ticles to obtain interesting response with hydrogen (Table 2) [11, 13–18].

Gadipelli and Guo have clearly analyzed the graphene system for the uptake of 
carbon dioxide and hydrogen. They stated that more hydrogen can be adsorbed 
on modified porous structured graphene in comparison with normal chemically 
exfoliated graphene. Also, porous or doped graphene has been stated as a better 
host to adsorb carbon dioxide [15]. Hence porosity tuning is an important synthesis 
concern.

5. Electrical characteristics of graphene based materials in air

Due to the presence of oxygen functional group graphene oxide is insulating in 
nature which becomes electrically conducting on removal of oxygen by controlled 
reduction process. This results in the formation of reduced graphene oxide which on 
reduction still contains some of the oxygen groups. The remaining oxygen func-
tional group is responsible for limiting the electron transport in rGO. The electrical 
characteristics can be analyzed by comparing parameters such as conductivity, 
barrier, etc., with respect to material doping, junction formation, material porosity, 
composite formation (with different concentrations), etc. The conductivity range 
for rGO is from 0.05 to 500 S/cm. This range depends on the reduction degree as 
this degree is related to the ratio of graphitic regions to that of oxidized regions. In 
one of the works, Jung et al. reported thermal and chemical combined reduction 
gave conductivity five times greater as compared to the samples that was reduced 
via thermal and chemical processes alone [16].

Sensing layer t (°C) C (k) Response τres(s)

Pd/Gr RT 1 ΔG/Gair = 26% 40

Pt/Gr 30 10 ΔR/Rair = 1.6% 1

Pd/Ag/Gr 105 0.5 ΔR/Rair = 9.96% 102

MoO3/Gr RT 1 Rair/Rgas = 20.5 10

CuO/rGO/CuO RT 0.1 ΔR/Rair = 4.2% <80

Pd/WO3/Gr RT 1 ΔI = 12 μA 17

t = temperature; C = concentration (μL/L); τres/τrec = response time/recovery time; RT = room temperature; k = 1000; 
Ref = references; G = conductance; R = resistance; I = current.

Table 2. 
Graphene/nano-particle based gas sensors.

Sensing layer Gr RGO RGO-Gr

Device resistance Low High Low

Response (%) 0.48% 3.32% 4.7%

SNR Moderate Low High

Table 1. 
Comparison of various types graphene based material performance.
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Gao et al. [19] synthesized sulfur doped graphene to study the electrical 
behavior of doped/undoped pristine graphene. The sheet resistance value S-doped 
graphene is 6.28 × 103 Ω/□, which is greater than that of pristine graphene. Hence 
doped system has lower conductivity. The presence of scattering centers (defects) 
in the doped sample is responsible for the lower conductivity (Figure 2a).

Jimenez and Dartora [17] gave a theoretical model which was successful in 
explaining the I-V characteristics of graphene based p-n tunnel junction. The study 
considered the effect of potential barrier of the junction and material doping (n- or 
p-type). It was concluded that the sign of potential barrier made no difference on 
the I-V characteristic and the conductivity increased with the increase in potential 
barrier (Figure 2b). This interesting fact is typical of graphene material which 
depicts unusual electronic properties in doped and undoped states. However, it 
needs further critical analysis.

Awasthi et al. [18] reported the I-V characteristics of multilayer graphene with 
polyaniline (mixed composite) at low temperature and room temperature with 
varying concentration. When the concentration of graphene nanosheets (GNS) was 
3 wt%, the resistance came out to be 1.034 GΩ which decreased up to 4.106 MΩ on 
increasing the concentration to 6 wt% (Figure 2c). This increase in conductivity is 
attributed to the change in concentration of graphene only as all the other param-
eters were kept constant.

Haditale et al. [20] compared the I-V characteristics of graphene (G)/porous 
silicon (PS) hybrid structures with that of graphene/silicon (Si) by varying the 
graphene solution volume. The junctions were fabricated by taking 1 and 2 ml of 
graphene solutions, which were deposited on the substrates (Si or PS) by thermal 
spray pyrolysis. The G/Si junctions showed rectifying behavior and 1 ml devices 
showed higher values of current in comparison to 2 ml devices. Low volume (1 ml) 
resulted into low layered ordered structure of graphene which came out to be more 
conductive in nature. On increasing the volume to 2 ml, the structure became less 
ordered with lower conductivity value. On analyzing G/PS junctions following con-
clusions were drawn: (1) Reverse biased devices exhibited higher current values as 
compared to that of forward biased devices. (2) In reverse bias condition, G/Si have 

Figure 2. 
Electrical characteristics of graphene based material in air to highlight the (a) effect of doping, (b) effect of 
barrier, (c) I-V change due to incorporation of other components like polyaniline (PANI), and (d) I-V change 
due to porosity.
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is perfect lattice with no functional groups hence no adsorption site for the gas 
molecules, while graphene oxide or reduced graphene oxide offer larger number of 
sites for the gases to adsorb on the surface. This efficiency was also confirmed from 
the high signal to noise ratio (SNR) [12].

Similar graphene based material tuning was done with metal or oxide nanopar-
ticles to obtain interesting response with hydrogen (Table 2) [11, 13–18].

Gadipelli and Guo have clearly analyzed the graphene system for the uptake of 
carbon dioxide and hydrogen. They stated that more hydrogen can be adsorbed 
on modified porous structured graphene in comparison with normal chemically 
exfoliated graphene. Also, porous or doped graphene has been stated as a better 
host to adsorb carbon dioxide [15]. Hence porosity tuning is an important synthesis 
concern.

5. Electrical characteristics of graphene based materials in air

Due to the presence of oxygen functional group graphene oxide is insulating in 
nature which becomes electrically conducting on removal of oxygen by controlled 
reduction process. This results in the formation of reduced graphene oxide which on 
reduction still contains some of the oxygen groups. The remaining oxygen func-
tional group is responsible for limiting the electron transport in rGO. The electrical 
characteristics can be analyzed by comparing parameters such as conductivity, 
barrier, etc., with respect to material doping, junction formation, material porosity, 
composite formation (with different concentrations), etc. The conductivity range 
for rGO is from 0.05 to 500 S/cm. This range depends on the reduction degree as 
this degree is related to the ratio of graphitic regions to that of oxidized regions. In 
one of the works, Jung et al. reported thermal and chemical combined reduction 
gave conductivity five times greater as compared to the samples that was reduced 
via thermal and chemical processes alone [16].
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t = temperature; C = concentration (μL/L); τres/τrec = response time/recovery time; RT = room temperature; k = 1000; 
Ref = references; G = conductance; R = resistance; I = current.

Table 2. 
Graphene/nano-particle based gas sensors.
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Gao et al. [19] synthesized sulfur doped graphene to study the electrical 
behavior of doped/undoped pristine graphene. The sheet resistance value S-doped 
graphene is 6.28 × 103 Ω/□, which is greater than that of pristine graphene. Hence 
doped system has lower conductivity. The presence of scattering centers (defects) 
in the doped sample is responsible for the lower conductivity (Figure 2a).

Jimenez and Dartora [17] gave a theoretical model which was successful in 
explaining the I-V characteristics of graphene based p-n tunnel junction. The study 
considered the effect of potential barrier of the junction and material doping (n- or 
p-type). It was concluded that the sign of potential barrier made no difference on 
the I-V characteristic and the conductivity increased with the increase in potential 
barrier (Figure 2b). This interesting fact is typical of graphene material which 
depicts unusual electronic properties in doped and undoped states. However, it 
needs further critical analysis.

Awasthi et al. [18] reported the I-V characteristics of multilayer graphene with 
polyaniline (mixed composite) at low temperature and room temperature with 
varying concentration. When the concentration of graphene nanosheets (GNS) was 
3 wt%, the resistance came out to be 1.034 GΩ which decreased up to 4.106 MΩ on 
increasing the concentration to 6 wt% (Figure 2c). This increase in conductivity is 
attributed to the change in concentration of graphene only as all the other param-
eters were kept constant.

Haditale et al. [20] compared the I-V characteristics of graphene (G)/porous 
silicon (PS) hybrid structures with that of graphene/silicon (Si) by varying the 
graphene solution volume. The junctions were fabricated by taking 1 and 2 ml of 
graphene solutions, which were deposited on the substrates (Si or PS) by thermal 
spray pyrolysis. The G/Si junctions showed rectifying behavior and 1 ml devices 
showed higher values of current in comparison to 2 ml devices. Low volume (1 ml) 
resulted into low layered ordered structure of graphene which came out to be more 
conductive in nature. On increasing the volume to 2 ml, the structure became less 
ordered with lower conductivity value. On analyzing G/PS junctions following con-
clusions were drawn: (1) Reverse biased devices exhibited higher current values as 
compared to that of forward biased devices. (2) In reverse bias condition, G/Si have 
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Electrical characteristics of graphene based material in air to highlight the (a) effect of doping, (b) effect of 
barrier, (c) I-V change due to incorporation of other components like polyaniline (PANI), and (d) I-V change 
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zero current values (for low bias) whereas G/PS devices have non zero and high cur-
rent values (for low bias). (3) As the graphene volume increases, the current value 
increases in G/PS devices. (4) The forward current is high in G/Si and low in G/PS.

These differences are due to the porosity. PS surface have large surface which can 
easily accommodate tiny graphene flakes in large quantities. Hence, higher current 
is obtained with increase in graphene concentration. However the defects in PS is 
responsible for the enhancement of reverse leakage characteristics. Moreover, there 
are two effective junctions (G/PS and PS/Si) in G/PS devices, and only one in G/Si. 
The unique existence of multiple junctions is due to quantum confinement effect 
that increases the bandgap of PS which is responsible for creating the effective 
potential barrier of G/PS devices. So, probably the forward barrier is high in G/PS 
and low in G/Si. Hence the forward I-V characteristic of G/Si is superior in compari-
son to G/PS (Figure 2d).

6. Electrical characteristics of graphene based materials in hydrogen

Any solid-gas (oxidizing or reducing) interaction is known to change the con-
ductance of the solid. When the sensor is exposed to some oxidizing gas, a reaction 
will be triggered which is given as Eq. (1):

   O  2   +  e   −1  → 2  O   −1   (1)

where O2 is the charge accepting molecule and takes up the electron from sensor 
surface. This will reduce the conductance due to reduction in electron concentra-
tion. Or else when exposed to reducing gas like hydrogen, the reaction given below 
will be triggered as shown in Eq. (2).

   H  2   +  O   −1  →  H  2   O +  e   −1   (2)

Here hydrogen will interact with oxygen ions adsorbed on the surface and result 
in increase in charge concentration. This will increase the device current [21]. The 
general experimental trend is to observe the device current/resistance variation at 
fixed bias. The I-V data in presence/absence of hydrogen can also be considered to 
evaluate various forward and reverse bias characteristics, and the voltage shift upon 
changing the ambient from air to hydrogen.

Temperature plays a crucial role in solid gas interaction and hence the 
electrical output can be tuned. In one report the concentration of hydrogen was 
fixed up to 10 ppm, and change in device current (from its value in air) was 
found to vary (initial increase and then decrease) with the increase in tempera-
ture [22]. The initial increase in the enhancement of adsorption while the later 
decrease is due to slow dominance of desorption over adsorption. The role of 
temperature was also reported by Dutta et al. in which the current of Pd/gra-
phene junctions increased in hydrogen up to 100°C, beyond which the junction 
current decreased [23].

Composite morphology modulated the electrical output in hydrogen. As 
reported for graphene, the change in device current (from its value in air) was 
appreciably large for graphene/Pd nano-composite and negligibly small for the pure 
graphene matrix [24].

Similarly via other research effort it is well established that the electrical charac-
teristics in presence of hydrogen not only depends on the gas concentration, but on 
parameters such humidity [25], catalytic modification [26], etc.
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7. Parametric response analysis

Some of basic parameters that are considered for gas sensors are sensitivity (or 
response percent), selectivity, detection limit, dynamic range, linearity, response 
time, recovery time and working temperature. Figure 3 presents pictorially some 
of the important parameters. All these parameters are very important to describe 
the properties of a sensing device or material. Sensitivity of a device is the ratio 
(per unit analyte concentration) of measured signal magnitude at a particular 
concentration limit of analyte and in absence of analyte. The response percent is 
the ratio of change in signal magnitude due to a particular concentration limit of 
analyte and the initial signal magnitude without analyte, which is expressed as a 
percentage Eq. (3):

  Response percent =   
 | I  g   −  I  a  |  _  I  a     × 100  (3)

Selectivity is the ability of a gas sensing device to act in response to a particular 
group of analytes or specifically to a single analyte. The lowest concentration of 
gas that can be detected by a sensing device at a specific temperature is known as 
detection limit. Detection range is the concentration range (minimum to maxi-
mum) that the sensor can detect. Linearity is nothing but a deviation from an ideal 
straight line to experimentally obtained calibration graph. Response time is the 
time needed by sensor to reach 90% of the final saturation value while respond-
ing to a concentration change, i.e., from zero to a certain value of concentration. 
Recovery time is the time the sensor signal takes to return to its 90% its initial 
baseline value. Working temperature is the temperature at which maximum 
sensitivity (or percent response) or minimum response time is achieved. High 
values of sensitivity, selectivity, and detection range while low values of detection 
limit, response time and recovery time are some characteristics of an ideal sensing 

Figure 3. 
Schematic representation of (a) response time, and recovery time (b), sensitivity (c) selectivity of gas sensors.
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The unique existence of multiple junctions is due to quantum confinement effect 
that increases the bandgap of PS which is responsible for creating the effective 
potential barrier of G/PS devices. So, probably the forward barrier is high in G/PS 
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will be triggered as shown in Eq. (2).
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evaluate various forward and reverse bias characteristics, and the voltage shift upon 
changing the ambient from air to hydrogen.

Temperature plays a crucial role in solid gas interaction and hence the 
electrical output can be tuned. In one report the concentration of hydrogen was 
fixed up to 10 ppm, and change in device current (from its value in air) was 
found to vary (initial increase and then decrease) with the increase in tempera-
ture [22]. The initial increase in the enhancement of adsorption while the later 
decrease is due to slow dominance of desorption over adsorption. The role of 
temperature was also reported by Dutta et al. in which the current of Pd/gra-
phene junctions increased in hydrogen up to 100°C, beyond which the junction 
current decreased [23].

Composite morphology modulated the electrical output in hydrogen. As 
reported for graphene, the change in device current (from its value in air) was 
appreciably large for graphene/Pd nano-composite and negligibly small for the pure 
graphene matrix [24].

Similarly via other research effort it is well established that the electrical charac-
teristics in presence of hydrogen not only depends on the gas concentration, but on 
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device [27]. These parameters have been improved by various ways. For instance 
surface decoration improved the sensing parameters in an H2 gas sensor based on 
reduced graphene oxide sheets decorated with nano-structured platinum [28]. 
The surface decorated graphene sensors showed higher sensitivity (of 16% at 
room temperature) than surface decorated carbon nanotubes. An extraordinary 
response to extremely low concentration of hydrogen was obtained with sensor 
based on rGO loaded ZnO nano-fibers [29]. They concluded that the properties 

SL OM t D S tres trec Ref

Gr — 50 — 69% 19 s 612 s [34]

rGO CuO RT 10–1500 ppm — 80 s 60 s [35]

rGO Pt 50 0.5% 8% 63 s 104 s [36]

GO — RT 150 ppm 81% — — [37]

Gr Pd RT — — 140 s 250 s [38]

GO Pd RT 1% ~0.5% — — [39]

rGO PANI RT 0.06–1% 16.57% — — [40]

rGO Pt-SnO2 50 0.5–3% — 2–6 s 2–6 s [41]

GA Pt — 10,000 ppm 1.6% 0.97 s 0.72 s [42]

Gr Pd — 1000 ppm 32.5% — — [43]

rGO Ni-Pd — 0.1% 11% 3 s 12 s [44]

Gr Pd — 0.1% 7% 4 s 20 s [45]

Gr Pd — 0.1% 33% 15 s 25 s [46]

Gr Pd — 1% 50% 1 s 2 s [39]

Gr Pt-Pd — 2% 4% 2 s 60 s [47]

Gr Pd-Ag 245 1 ppm — 16 s 14 s [48]

rGO Pd -Pt RT 6 ppm — 3 min 1.2 min [49]

rGO Pd RT 1% — 1 s 9 s [50]

GO — RT 200 ppm 6% 11 s 36 s [51]

rGO NiO 80 1% 1.58% 15 s 61 s [52]

rGO Pd RT 100 ppm 1.6% — — [53]

rGO Pt RT 4000 ppm 17% — — [28]

rGO Pt RT 200 ppm 40% — — [54]

rGO Pd RT 1000 ppm 13% — — [55]

rGO Pd RT 1000 ppm 5% — — [56]

rGO SnO2 RT 10,000 ppm 1.8% — — [41]

rGO ZnO 150 200 ppm 3.5% — — [57]

rGO NiO 100 2000 ppm 24% — — [58]

Gr TiO2 125 5000 ppm 8% — — [59]

rGO MoS2 60 200 ppm 15.6% — — [60]

SL = sensing layer; OM = other material (used); t = sensing temperature (°C); D = detection range; S = sensitivity; 
tres = response time; trec = recovery time; RT = room temperature; G = graphene; GA = graphene aerogel; Ref = reference.

Table 3. 
Detailed data of various graphene based hydrogen sensors.
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of p type rGO sheets and semiconductor to metal transition in ZnO jointly are 
responsible for excellent sensing performance towards such a low concentration 
(100 ppb) of hydrogen. The selectivity of graphene based sensors was analyzed 
theoretically by Maity et al. by considering surface functional groups such as car-
boxyl, carbonyl, hydroxyl, epoxy and hydroxyl [30]. They reported that with GO 
nanoflakes, COOH group helps in selective NH3 detection, while carbonyl group 
favors selective NO2 detection. Other ways to improve the selectivity of graphene 
based sensors is to use filtration polymer based membranes, which was experimen-
tally demonstrated by Hong et al. [31]. The PMMA (poly(methylmethacrylate)) 
polymeric coating on palladium/single layer graphene allowed only hydrogen 
molecules to pass through and reach the palladium surface. As a result, molecules 
like CH4, CO, and NO2 showed no response.

Another group in 2016 studied the properties of bimetallic-rGO based sensor 
for hydrogen detection under different working circumstances. Pt-Pd nano-par-
ticles were decorated on rGO surface via one step chemical reduction method and 
the sensor study was done by observing the resistance change upon exposure to 
different concentrations of hydrogen at room temperature. They concluded that 
the response percent was dependent on concentration and operating tempera-
ture but was independent of flow rate [32]. Moreover, the sensor recovery was 
faster in air than nitrogen, which were used as carrier gases. In 2009, the sensing 
properties of Pt decorated rGO sheets deposited on SiC substrates were studied 
by Shafiei et al. [33]. By studying the reverse I-V characteristics (while maintain-
ing constant device current) in 1% of hydrogen in air, they observed a significant 
100 mV shift at 100°C.

Similar other reports have also been tabulated in Table 3, which gives an idea 
about the variation of the response parameters in the field of graphene based 
hydrogen sensors.

8. Suggested mechanism of hydrogen sensing

A general overview or in particular few important hydrogen sensing highlights 
as proposed by research groups are compiled to explain the sensing mechanism of 
graphene based hydrogen sensors [13, 61]. Basically four factors critically influence 
the sensing mechanism: (a) relevance of material, (b) development of junction, 
(c) surface adsorbed species and (d) external perturbation during sensing.

8.1 Relevance of materials

Introduction of nanoparticles in the base matrix helps in preventing agglom-
eration of layered materials (such as graphene), and increase the surface area by 
forming three dimensional networks; an essential part to improve the base matrix 
performance during sensing [41]. Also, it is reported that catalytic metals such as 
palladium normally improves the adsorption/desorption kinetics [62]. Furthermore, 
synergistic effect (cumulative response) due to the presence of different sensing 
hosts is very important from gas sensor perspectives. Synergistic effect between cop-
per oxide and graphene was the proposed mechanism by Zhang et al. [35]. Copper 
oxide (CuO) acts as good p-type semiconductor while graphene (rGO) acts as 
excellent conducting platform. Number of holes in the accumulation layer between 
CuO-rGO account for the electrical conductance change during hydrogen sensing 
(Figure 4).
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device [27]. These parameters have been improved by various ways. For instance 
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tres = response time; trec = recovery time; RT = room temperature; G = graphene; GA = graphene aerogel; Ref = reference.
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of p type rGO sheets and semiconductor to metal transition in ZnO jointly are 
responsible for excellent sensing performance towards such a low concentration 
(100 ppb) of hydrogen. The selectivity of graphene based sensors was analyzed 
theoretically by Maity et al. by considering surface functional groups such as car-
boxyl, carbonyl, hydroxyl, epoxy and hydroxyl [30]. They reported that with GO 
nanoflakes, COOH group helps in selective NH3 detection, while carbonyl group 
favors selective NO2 detection. Other ways to improve the selectivity of graphene 
based sensors is to use filtration polymer based membranes, which was experimen-
tally demonstrated by Hong et al. [31]. The PMMA (poly(methylmethacrylate)) 
polymeric coating on palladium/single layer graphene allowed only hydrogen 
molecules to pass through and reach the palladium surface. As a result, molecules 
like CH4, CO, and NO2 showed no response.

Another group in 2016 studied the properties of bimetallic-rGO based sensor 
for hydrogen detection under different working circumstances. Pt-Pd nano-par-
ticles were decorated on rGO surface via one step chemical reduction method and 
the sensor study was done by observing the resistance change upon exposure to 
different concentrations of hydrogen at room temperature. They concluded that 
the response percent was dependent on concentration and operating tempera-
ture but was independent of flow rate [32]. Moreover, the sensor recovery was 
faster in air than nitrogen, which were used as carrier gases. In 2009, the sensing 
properties of Pt decorated rGO sheets deposited on SiC substrates were studied 
by Shafiei et al. [33]. By studying the reverse I-V characteristics (while maintain-
ing constant device current) in 1% of hydrogen in air, they observed a significant 
100 mV shift at 100°C.

Similar other reports have also been tabulated in Table 3, which gives an idea 
about the variation of the response parameters in the field of graphene based 
hydrogen sensors.

8. Suggested mechanism of hydrogen sensing

A general overview or in particular few important hydrogen sensing highlights 
as proposed by research groups are compiled to explain the sensing mechanism of 
graphene based hydrogen sensors [13, 61]. Basically four factors critically influence 
the sensing mechanism: (a) relevance of material, (b) development of junction, 
(c) surface adsorbed species and (d) external perturbation during sensing.

8.1 Relevance of materials

Introduction of nanoparticles in the base matrix helps in preventing agglom-
eration of layered materials (such as graphene), and increase the surface area by 
forming three dimensional networks; an essential part to improve the base matrix 
performance during sensing [41]. Also, it is reported that catalytic metals such as 
palladium normally improves the adsorption/desorption kinetics [62]. Furthermore, 
synergistic effect (cumulative response) due to the presence of different sensing 
hosts is very important from gas sensor perspectives. Synergistic effect between cop-
per oxide and graphene was the proposed mechanism by Zhang et al. [35]. Copper 
oxide (CuO) acts as good p-type semiconductor while graphene (rGO) acts as 
excellent conducting platform. Number of holes in the accumulation layer between 
CuO-rGO account for the electrical conductance change during hydrogen sensing 
(Figure 4).
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8.2 Development of junction

The gas sensing properties can be enhanced by forming p-n heterojunctions 
between metal or metal oxide and graphene. Dutta and co-workers [59] have 
suggested a mechanism for p-TiO2/n-graphene with palladium contacts. When this 
device was exposed to hydrogen gas due to interaction of palladium with the gas, 
dissociative adsorption took place as shown in Eq. (4):

   H  2   (g)  → 2H (ads)   (4)

Thereafter diffusion of atomic hydrogen into bulk palladium occur. A non-
stoichiometric hydride PdHx is formed which serves as dipole because of charge 
separation. Here hydrogen acts as positive center and palladium as negative 
center. An electron from diffusing hydrogen is now shared between the semicon-
ductor and the palladium. Due to this an increase in concentration of electron at 
the interface leads to the reduction of work function of palladium. Shift in Fermi 
level is suggested due to which the heterojunction barrier changes. Change in this 
barrier during gas exposure is responsible for the change in device current. They 
observed that the current increased when exposed to hydrogen gas, implying 
reduction in barrier height. During recovery, the hydrogen gas desorb from the 
surface. This shows decrease in current in the circuit. Operating temperature has a 
major role in determining the adsorption and desorption of the gas molecules.

8.3 Surface adsorbed species

Adsorbed oxygen in hybrid materials that contain metal oxides such as SnO2, CuO, 
ZnO, etc., tune the device resistance in presence and absence of test gas [13]. Sensing 
mechanism is based on the phenomenon of adsorption and dissociation of gas mol-
ecules on the host surface. Due to these interactions either a carrier is generated or a 
carrier is annihilated, which affects the resistance of the base matrix. Oxygen adsorbed 
on the graphene surface aids in good sensing. This oxygen accommodates an electron 
during its surface adsorption and stays in charged state on the surface of the sensing 
layer. During sensing there is interaction between the charged oxygen radical and the 
gas molecules and an electron is released. Hence, during gas exposure the surface oxy-
gen gets removed from the surface, which is again recovered in sensor recovery process.

Figure 4. 
Sensing mechanism graphene based material highlighting the role of accumulation layer.
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8.4 External perturbation during sensing

Tang and group in a sensing study with palladium and graphene discussed 
the formation of two phases, “α” and “β” in hydrogen adsorbed palladium [61] 
(Figure 5). At room temperature, pressure as low as 0.01 bar leads to the satura-
tion of “α” phase. It results in 10% ratio of H/Pd. Their mechanism is based on 
the change in resistance of graphene which in turn is dependent on the Pd work 
function. Since Pd has higher work function (5.2 eV) than graphene’s (4.7 eV), 
therefore on Pd decoration, resistance of graphene tend to decrease. So con-
sidering p-type graphene, it is apparent that there is increase in hole density of 
graphene upon Pd decoration because the electron transfer occurs from graphene 
to palladium. During hydrogen exposure PdHx is formed and its work function 
(3.2 eV) is less than graphene. Therefore in accordance to the previous argument, 
the resistance will increase and hole density will decrease. Also, the electron 
transfer is from PdHx to graphene. This mechanism was more like a shark-fin (sig-
nal increase and decrease were slow and response percent low) curve, which were 
observed only in dark condition (without external light energy perturbation). 
Under light illumination (photon energy ~3.1 eV) square type (signal increase and 
decrease were fast and response percent high) response was observed (Figure 5). 
This difference is due to the extra energy provided by the external light source. 
During response, illumination energy is increasing the adsorption amount as 
well as accelerating fast dissociation of hydrogen molecules on the surface of 
palladium. During recovery, the low dissociation energy (2.96 eV) of PdHx in 
comparison to incident photon energy helps in easy release of the adsorbed 
hydrogen, and the Pd work function slowly reverts back to its initial value. So 
the response parameters improved due to external perturbation [61]. Novoselov 
et al. also showed that it is possible to regenerate the sensor to its original state 

Figure 5. 
Effect of external perturbation (light illumination) during sensing.
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palladium. During recovery, the low dissociation energy (2.96 eV) of PdHx in 
comparison to incident photon energy helps in easy release of the adsorbed 
hydrogen, and the Pd work function slowly reverts back to its initial value. So 
the response parameters improved due to external perturbation [61]. Novoselov 
et al. also showed that it is possible to regenerate the sensor to its original state 

Figure 5. 
Effect of external perturbation (light illumination) during sensing.



Multilayer Thin Films - Versatile Applications for Materials Engineering

184

by annealing at 150°C in vacuum or by short UV radiation exposure [7]. This can 
only be achieved within 100–200 s.

9. Performance rating

Graphene and graphene oxide based devices in sensing must have the following 
qualities such as (a) reliability, (b) reproducibility and (c) long term stability.

The accuracy and precision of a sensing device leads to its reliability in practical 
applications. The sensing system’s capability to give same results when subjected to 
same or slightly distinct conditions is known as the reproducibility of the system. 
When same parameter is measured after a period of time, the ability of a sensing 
sensor to give the same output is known as its long term stability.

In order to test these qualities, the device is tested with respect to (a) the 
magnitude of response parameters within error limits under perturbed ambient 
conditions (such as high humidity or domestic/commercial/industrial locations), 
(b) the nature of response of a single device or multiple devices prepared under 
similar conditions and (c) time of aging (by continuous or repeated operation). 
Few notable experimental demonstrations in this regard are discussed below:

Dutta et al. have produced same results (with p-TiO2/n-graphene heterojunc-
tion) in consecutive 3 days of sensor studies with 1% concentration of hydrogen 
in air [59]. The testing period can be extended from days to weeks or months for 
monitoring the response parameters. The reliability and reproducibility of graphene 
sensors were tested by Noll et al. by monitoring input characteristics continuously 
of a single device and then with large number of devices, respectively [63].

10. Conclusion and future outlook

Graphene and graphene oxides can be abundantly used as sensing materials due 
to their amazing properties, which are easy to tune. Reports regarding graphene 
and graphene oxide based gas sensors for hydrogen detection have proved that 
these materials can be used to selectively detect hydrogen. Hence there is possibil-
ity of fabrication of gas sensors with desired sensitivity, selectivity and stability 
with these materials. Furthermore, the possibility of doping or modification with 
other materials widens the future scope of graphene and graphene oxide based gas 
sensors. Reduced graphene oxide is also proven to be a tremendous sensing mate-
rial for hydrogen along with graphene and graphene oxide. In fact the performance 
of reduced graphene oxide as a sensing material is better as compared to that of 
pristine graphene and oxidized graphene. Also, modification of graphene based 
layer with metal nano-particles have improved the response parameters. In addition 
to monometallic metal nanoparticles, bi-metallic or tri-metallic nano-particles also 
exhibit better catalytic properties due to synergistic effect between them. So it is 
apparent that graphene based layers modified with bi-metallic nano-particles or 
tri metallic nano-particles to form ternary or quaternary composites can be widely 
used as sensing hosts in near future. Hence within the purview of this review, it 
can be concluded that the potentiality of these materials is tremendous in the field 
of hydrogen sensing, which can further be cultivated to obtain desired selective 
response characteristics with other gases.
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Abstract

Surface and interface functionalization are crucial steps to introduce new func-
tionalities in numerous applications, as faster dynamics occur on surfaces rather 
than bulk. Within this context, the layer-by-layer (LbL) technique is a versatile 
methodology to controllably form organized nanostructures from the spontaneous 
adsorption of charged molecules. It enables the assembly of multilayered LbL films 
on virtually any surface using non-covalent molecular interactions, allowing the 
nanoengineering of interfaces and creation of multifunctional systems with distinct 
building blocks (polymers, clays, metal nanoparticles, enzymes, organic macro-
molecules, etc.). Several applications require thin films on electrodes for sensing/
biosensing, and here we explore LbL films deposited on interdigitated electrodes 
(IDEs) that were 3D-printed using the fusing deposition modeling (FDM) tech-
nique. IDEs covered with LbL films can be used to form multisensory systems 
employed in the analysis of complex liquids transforming raw data into specific 
patterns easily recognized by computational and statistical methods. We extend 
the FDM 3D-printing methodology to simplify the manufacturing of electrodes 
and microchannels, thus integrating an e-tongue system in a microfluidic device. 
Moreover, the continuous flow within microchannels contributes to faster and more 
accurate analysis, reducing the amount of sample, waste, and costs.

Keywords: LbL assembly, interdigitated electrodes, microchannel, 3D printing, 
electrical measurements, e-tongue

1. Introduction

In 1966, Iler proposed the deposition of multilayered films through the consecu-
tive adsorption of charged inorganic colloids [1]. In 1997, Decher and coworkers 
extended Iler’s method in an even more general approach using the spontaneous 
physical adsorption of materials from aqueous solutions [2]. It enables the assembly 
of layer-by-layer (LbL) nanostructured thin films on solid supports using a wide 
variety of building blocks (DNA, enzymes, proteins, polymers, inorganic particles, 
clays, colloids, etc.). The widespread use of the LbL technique in numerous applica-
tions has led to the development of conventional procedures that were organized in 
five distinct categories [3, 4]: immersive, spin, spray, electromagnetic, and fluidic 
assemblies. Figure 1 shows a simplified schematic diagram of the LbL immersive 



Multilayer Thin Films - Versatile Applications for Materials Engineering

190

and Actuators B: Chemical. 
2014;195:409-415. DOI: 10.1016/j.
snb.2014.01.029

[58] Kamal T. High performance NiO 
decorated graphene as a potential 
H2 gas sensor. Journal of Alloys and 
Compounds. 2017;729:1058-1063. DOI: 
10.1016/j.jallcom.2017.09.124

[59] Dutta D, Hazra SK, Das J, 
Sarkar CK, Basu S. Studies on p-TiO2/n-
graphene heterojunction for hydrogen 
detection. Sensors and Actuators 
B: Chemical. 2015;212:84-92. DOI: 
10.1016/j.snb.2015.02.009

[60] Venkatesan A, Rathi S, 
Lee IY, Park J, Lim D, Kang M, et al. 
Molybdenum disulfide nanoparticles 
decorated reduced graphene oxide: 
Highly sensitive and selective hydrogen 
sensor. Nanotechnology. 2017;28:365501. 
DOI: 10.1088/1361-6528/aa7d66

[61] Tang X, Haddad PA, Mager N, 
Geng X, Reckinger N, Hermans S, 
et al. Chemically deposited palladium 
nanoparticles on graphene for 
hydrogen sensor applications. Scientific 
Reports. 2019;9:3653. DOI: 10.1038/
s41598-019-40257-7

[62] Hazra S, Basu S. Graphene-oxide 
nano composites for chemical sensor 
applications. C—Journal of Carbon 
Research. 2016;2:12. DOI: 10.3390/
c2020012

[63] Noll D, Schwalke U. Yield 
and reliability of nanocrystalline 
graphene field-effect gas sensors. ECS 
Transactions. 2018;86(9):41-49. DOI: 
10.1149/08609.0041ecst

191

Chapter 10

Multilayered Nanostructures 
Integrated with Emerging 
Technologies
Maria L. Braunger, Rafael C. Hensel, Gabriel Gaál,  
Mawin J.M. Jimenez, Varlei Rodrigues and Antonio Riul Jr

Abstract

Surface and interface functionalization are crucial steps to introduce new func-
tionalities in numerous applications, as faster dynamics occur on surfaces rather 
than bulk. Within this context, the layer-by-layer (LbL) technique is a versatile 
methodology to controllably form organized nanostructures from the spontaneous 
adsorption of charged molecules. It enables the assembly of multilayered LbL films 
on virtually any surface using non-covalent molecular interactions, allowing the 
nanoengineering of interfaces and creation of multifunctional systems with distinct 
building blocks (polymers, clays, metal nanoparticles, enzymes, organic macro-
molecules, etc.). Several applications require thin films on electrodes for sensing/
biosensing, and here we explore LbL films deposited on interdigitated electrodes 
(IDEs) that were 3D-printed using the fusing deposition modeling (FDM) tech-
nique. IDEs covered with LbL films can be used to form multisensory systems 
employed in the analysis of complex liquids transforming raw data into specific 
patterns easily recognized by computational and statistical methods. We extend 
the FDM 3D-printing methodology to simplify the manufacturing of electrodes 
and microchannels, thus integrating an e-tongue system in a microfluidic device. 
Moreover, the continuous flow within microchannels contributes to faster and more 
accurate analysis, reducing the amount of sample, waste, and costs.

Keywords: LbL assembly, interdigitated electrodes, microchannel, 3D printing, 
electrical measurements, e-tongue

1. Introduction

In 1966, Iler proposed the deposition of multilayered films through the consecu-
tive adsorption of charged inorganic colloids [1]. In 1997, Decher and coworkers 
extended Iler’s method in an even more general approach using the spontaneous 
physical adsorption of materials from aqueous solutions [2]. It enables the assembly 
of layer-by-layer (LbL) nanostructured thin films on solid supports using a wide 
variety of building blocks (DNA, enzymes, proteins, polymers, inorganic particles, 
clays, colloids, etc.). The widespread use of the LbL technique in numerous applica-
tions has led to the development of conventional procedures that were organized in 
five distinct categories [3, 4]: immersive, spin, spray, electromagnetic, and fluidic 
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assembly and the consecutive bilayer formation. Briefly, a solid substrate is dipped 
in an aqueous dispersion containing the material to be adsorbed. Subsequently, 
the substrate is rinsed to remove loosely bound material, allowed to dry, and then 
immersed in another polyelectrolyte solution of opposite charge. Then, multilay-
ered thin films are formed by spontaneously alternating the adsorption between 
cationic and anionic layers.

There are a myriad of LbL applications in the literature [5], being electronic 
tongues (e-tongue) a quite interesting example of nanostructures used in the 
analysis of liquid samples through specific pattern recognition by computational 
and statistical methods. In 2016, Alessio et al. applied a microfluidic e-tongue based 
on LbL films to evaluate different coffee brands [6]. The results demonstrated the 
device’s ability to distinguish selected gourmet, organic, and premium coffees from 
unselected grains. In 2017, Daikuzono et al. also used LbL films in a microfluidic 
e-tongue setup to detect gliadin (a gluten protein) in order to evaluate gluten-
containing foodstuff [7]. Authors were able to detect trace amounts of gliadin in 
ethanol solutions (up to 0.005 mg kg−1) using computational analysis (Interactive 
Document Map, IDMAP), detecting also the contamination of gluten-free food-
stuff with gliadin, paving the way for the detection in real-life situations.

Salvo-Comino et al. have used LbL films fabricated by spin-coating process and 
electrochemical characterization in milk analysis [8]. They have used LbL archi-
tectures based on chitosan (CHI), 1-butyl-3-methylimidazolium tetrafluoroborate 
(IL), copper(II) tetrasulfonated phthalocyanines (CuPcS), and galactose oxidase 
(GAO). Two identical LbL CHI+IL/CuPcS architectures were made, with the GAO 
enzyme deposited on top of one of them. The formed biosensor enabled the distinc-
tion of milk samples having different lactose contents. Authors also compared 
Principal Component Analysis (PCA) results with Partial Least Squares (PLS-1) 
models, obtaining extra information from the milk samples.

LbL films have also been employed in environmental monitoring, aiming 
the detection of water, air, or soil contamination. In 2017, Barros et al. used 

Figure 1. 
Schematic representation of the LbL immersive assembly and the formation of the first cationic/anionic bilayer.
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Square-Wave Anodic Stripping Voltammetry (SWASV) using indium tin oxide 
(ITO) electrodes functionalized with LbL films for the detection of trace levels 
of cadmium (Cd2+), lead (Pb2+), and copper (Cu2+) [9]. The incorporation of 
AuNPs in LbL structures composed by emeraldine salt polyaniline (PANi-ES) and 
sodium montmorillonite clay mineral (Na+MMT) enhanced the electrocatalytic 
response of the sensors to heavy metal ions, achieving a lower detection limit 
(from mgL−1 to μgL−1). Also in 2017 Andre et al. tested hybrid LbL films as gas 
sensor to detect ammonia (NH3) in hazardous pollutant monitoring [10]. LbL 
films composed by polyaniline (PANi), graphene oxide (GO), and zinc oxide 
(ZnO) were combined in a tetralayered structure (PANi/GO/PANi/ZnO) onto 
gold interdigitated electrodes (IDEs). The best performance in NH3 detection 
using impedance spectroscopy was achieved with three tetralayers. Two years 
later, Rodrigues et al. have used LbL films of graphene nanoplatelets and AuNPs 
in the detection of methyl parathion [11], a highly toxic organophosphorus ester 
insecticide according to the World Health Organization [12]. The electrochemical 
results showed the successful detection of methyl parathion in real samples, such 
as tap water, soil, and cabbage.

LbL films have also been applied for diagnosis in medical and pharmaceutical 
areas. In 2018, de Lucena et al. tested composite LbL films on the electrochemical 
detection of dopamine in the presence of natural interferents such as ascorbic acid 
and uric acid [13]. The limit of detection (LOD) obtained was consistent with those 
found in the literature for other LbL architectures, with a higher range of detection 
(5–150 μmol L−1). In 2019, Camilo et al. proposed the synthesis of AuNP conjugated 
to anti-PSA (prostate-specific antigen) antibody to produce a label-free impedi-
metric immunosensor based on LbL architectures [14]. The film was assembled 
onto gold electrodes previously modified with a thiol monolayer, followed by the 
deposition of an LbL framework incorporating biological materials for specific PSA 
detection. A LOD of 0.17 ng mL−1 was achieved without demanding secondary 
antibodies, reducing costs, and pointing out to a high potential in the actual detec-
tion of prostate cancer. In 2009, Silva et al. applied sensors based on LbL films in 
the detection of cholesterol in egg yolks, with high potential for food analysis and 
diet management [15]. Cholesterol oxidase (ChOx) was immobilized on the top of 
the LbL films composed by conventional polyelectrolytes, gold nanoparticles, and 
carbon nanotubes, with the sensor first tested to detect and evaluate the cholesterol 
concentration in commercial solutions and later in food samples by monitoring 
amperometric signals.

Tunable properties of the LbL films were reported by Fontinele et al. using 
Norbixin (NBx), a carotenoid extracted from urucum [16]. They have fabricated 
(NBx/PANi) LbL composite films onto ITO substrates, enabling an electrochemi-
cally stable charge transfer. That was possible as the presence of NBx in the film 
architecture did not inhibit PANi conductive characteristics. Cortez et al. showed 
highly organized LbL structures of lipid-like surfactants and polyelectrolytes, 
a distinct feature of the normally obtained “fuzzy” formation from polycation-
polyanion multilayer assemblies [17]. LbL films fabricated with poly(allylamine) 
hydrochloride (PAH) and sodium dodecyl phosphate (DP) displayed a well-
stratified layer formation and highly oriented lamellar structures, with X-ray 
data revealing the presence of Bragg peaks up to fourth order, an interesting 
configuration for applications requiring naturally ordered spacers in a nacre-like 
structure.

Here, we will focus on multilayered thin films to form multifunctional coatings 
and the application of the 3D-printing technique as an alternative methodology for 
fast prototyping and design of sensors. The emerging 3D-printing technique also 
enabled an easy integration with other research areas such as microfluidics.
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2. Alternative techniques and materials for sensor development

In this section we will describe some subjects and methodologies involved in the 
development of multilayered nanostructures used in sensory analysis.

2.1 Alternative materials for electrodes

2.1.1 3D-printed interdigitated electrodes

IDEs are a category of planar parallel plate capacitor formed by two metallic 
combs facing each other. It is a powerful tool for sensing and biosensing owing to 
the high sensitivity of getting small signal variations close to the IDEs’ surface, 
being widely explored in impedimetric e-tongues used in the analysis of complex 
liquid systems. Traditional photolithography and microfabrication processes are 
usually employed in the manufacture of IDEs, enabling the fabrication at the 
micrometer range. However, it demands multistep processes, specialized facili-
ties, trained personnel, and the use of toxic and expensive reagents. However, in 
the last decade ink-jet and 3D-printing technologies have emerged as alternative 
methods for simpler fabrication of electrodes using nonconventional conductive 
materials [18–20].

3D-printed electrodes are built up typically at the submillimeter range due to 
limitations imposed by nozzles; nonetheless, the technique has attracted con-
siderable attention due to the fast prototyping, use of alternative materials, and 
reduction steps in the fabrication of complex geometries within a few minutes. It 
generally comes straight from the computer screen, with no need of photomasks 
and intermediate microfabrication steps that usually take a couple of hours using 
conventional techniques. The materials used as conductive tracks are also attrac-
tive because they can be readily deposited onto flexible substrates and integrated 
with organic and soft electronics [18]. Within this milieu of fast and automated 
prototyping, the Fused Deposition Modeling 3D printing (FDM) technique shows 
great potential to fabricate a conductive electrode pattern in a one-step process 
within minutes. FDM uses thermoplastic filaments to build up the construct, with 
many commercial materials available to be exploited in the fabrication of devices 
[21, 22]. To illustrate, conductive filaments enable the manufacture of electrodes, 
while conventional filaments can be used to board the body of the device. It is pos-
sible to prototype the whole electrode in a single printing process if someone uses a 
multifilament FDM printer, thus increasing the flexibility in the buildup of complex 
structures with a reduced fabrication time [23]. Recently, a homemade dual-
extruder FDM printer was used to fabricate macro planar IDEs and sensor body in 
e-tongue applications. Each sensing unit was printed within 8 minutes having good 
reproducibility in the fabrication process of conventional e-tongue devices [24].

2.1.2 Transparent conductive electrodes

Transparent conductive electrodes are indispensable components for potential 
applications in optoelectronic devices, such as solar cells, flexible displays, light 
emitting diodes, and touch screens [25–28]. Materials with high transmittance and 
adequate electrical conductivity are desired in such applications [29]; therefore, the 
most commonly used material is indium tin oxide (ITO) due to its good optical and 
electrical properties (e.g., transmittance~80% at visible wavelength and low sheet 
resistance <40 Ω/sq) [30]. However, ITO is brittle by nature limiting flexible appli-
cations [31] and presents~75% indium in its composition, which might hamper dis-
play and optoelectronic uses due to its scarcity and increasing cost [32]. Many new 
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transparent conductive materials have been developed to circumvent this problem, 
including hybrid/composites and multilayered thin films [33–36]. However, some 
transparent electrodes have complicated structures or require complex processing, 
demanding the search for new strategies to produce transparent conductive materi-
als at low-cost and with a compatible upscale production.

Many expectations were placed on graphene as a prominent material for the next 
generation of electronics due to its unique properties derived from the honeycomb 
configuration of carbon atoms placed in a one-atom thick sheet having sp2 hybrid-
izations [37]. However, pristine graphene is a semimetallic material having a null 
bandgap that limits its use in some devices. Graphene has been mostly obtained 
from chemical vapor deposition (CVD), however, with the cost of a nontrivial 
separation/transfer process of the produced graphene layers, as the CVD growth is 
generally made on copper substrates. The separation process can seriously compro-
mise the quality of the graphene samples, and the chemical synthesis of reduced 
graphene oxide (rGO) appears as a promising alternative. It enables a large scale 
production, and rGO has properties resembling pristine graphene, with an adjust-
able bandgap from structural defects and the presence of oxygenated groups in its 
structure [38]. The presence of oxygen at the basal plane allows the functionaliza-
tion of the material with polymers and biomolecules, expanding its use with other 
techniques and enhancing potential applications [39, 40]. The control of dimen-
sionality, quantum confinement, and edge effects is an important factor defining 
the electronic properties in graphene derivatives [41]. Within this context, the LbL 
assembly is an elegant way to control both thickness and molecular architecture of 
rGO structures at nanoscale, potentiating the use of graphene-based materials in 
flexible electronics, sensors, biosensing, transparent electrodes, and energy storage 
devices [42–44].

In the last decade, several studies were conducted to study the properties of rGO 
nanoplatelets (two-dimensional material) as well as zero-dimensional graphene 
quantum dots (GQDs) [45, 46]. However, there are still scarce studies on the 
electrical properties and behavior of charge carriers in nanostructured LbL films. 
Recently, we have shown that multilayered rGO films allowed a fine-tuning on both 
optical and electrical properties (Figure 2). The formation of nanocomposites from 
rGO chemically functionalized with sodium polystyrene sulfonate (PSS), named 
here as GPSS and also as quantum dots (GPSS:QDs) or nanoplatelets (GPSS:NPLs), 
with poly(diallyldimethylammonium chloride) (PDDA), enabled an intraplanar 
2D conduction mechanism due to the confinement of charge carriers within the 

Figure 2 
(a) I-V measurements for different LbL films of rGO deposited onto gold interdigitated electrodes.  
(b) Transmittance spectra of (GPAH:QDs/GPSS:QD)n LbL film.
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transparent conductive materials have been developed to circumvent this problem, 
including hybrid/composites and multilayered thin films [33–36]. However, some 
transparent electrodes have complicated structures or require complex processing, 
demanding the search for new strategies to produce transparent conductive materi-
als at low-cost and with a compatible upscale production.
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configuration of carbon atoms placed in a one-atom thick sheet having sp2 hybrid-
izations [37]. However, pristine graphene is a semimetallic material having a null 
bandgap that limits its use in some devices. Graphene has been mostly obtained 
from chemical vapor deposition (CVD), however, with the cost of a nontrivial 
separation/transfer process of the produced graphene layers, as the CVD growth is 
generally made on copper substrates. The separation process can seriously compro-
mise the quality of the graphene samples, and the chemical synthesis of reduced 
graphene oxide (rGO) appears as a promising alternative. It enables a large scale 
production, and rGO has properties resembling pristine graphene, with an adjust-
able bandgap from structural defects and the presence of oxygenated groups in its 
structure [38]. The presence of oxygen at the basal plane allows the functionaliza-
tion of the material with polymers and biomolecules, expanding its use with other 
techniques and enhancing potential applications [39, 40]. The control of dimen-
sionality, quantum confinement, and edge effects is an important factor defining 
the electronic properties in graphene derivatives [41]. Within this context, the LbL 
assembly is an elegant way to control both thickness and molecular architecture of 
rGO structures at nanoscale, potentiating the use of graphene-based materials in 
flexible electronics, sensors, biosensing, transparent electrodes, and energy storage 
devices [42–44].

In the last decade, several studies were conducted to study the properties of rGO 
nanoplatelets (two-dimensional material) as well as zero-dimensional graphene 
quantum dots (GQDs) [45, 46]. However, there are still scarce studies on the 
electrical properties and behavior of charge carriers in nanostructured LbL films. 
Recently, we have shown that multilayered rGO films allowed a fine-tuning on both 
optical and electrical properties (Figure 2). The formation of nanocomposites from 
rGO chemically functionalized with sodium polystyrene sulfonate (PSS), named 
here as GPSS and also as quantum dots (GPSS:QDs) or nanoplatelets (GPSS:NPLs), 
with poly(diallyldimethylammonium chloride) (PDDA), enabled an intraplanar 
2D conduction mechanism due to the confinement of charge carriers within the 

Figure 2 
(a) I-V measurements for different LbL films of rGO deposited onto gold interdigitated electrodes.  
(b) Transmittance spectra of (GPAH:QDs/GPSS:QD)n LbL film.
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conductive layers formed by GPSS in the PDDA/GPSS LbL assembly. Figure 2a 
shows current vs. voltage (I-V) curves from distinct rGO LbL architectures. A 
strong dependence of the electrical properties with the size of the rGOs is clearly 
seen [38, 47, 48]. The (GPAH:QDs/GPSS:QDs)n LbL film, being n the number of 
deposited bilayers, displayed high transmittance (from 89–92% in the visible region 
for n = 30), as shown in Figure 2b.

Notable differences were observed in the mobility of charge carriers depending 
on the size of the nanoplatelets involved in the LbL film formation being, respec-
tively, 4.7 cm2 V−1 s−1 for (PDDA/GPSS:QDs)50 and 34.7 cm2 V−1 s−1 for (PDDA/
GPSS:NPLs)50 [47]. Nevertheless, higher mobility values could be achieved explor-
ing synergistic size effects in the LbL assembly formed only by rGOs, either as 
quantum dots (QDs) or nanoplatelets (NPLs). That was reached changing PDDA 
in the LbL structures by rGO wrapped with poly(allylamine hydrochloride)(PAH), 
named here as GPAH. The (GPAH:QDs/GPSS:QD) LbL film exhibited high mobility 
values (μ = 236 cm2 V−1 s−1) [48], with changes illustrated in Figure 3. The improve-
ment in the electrical characteristics was attributed to rGO size effects, with a 3D 
driving mechanism assisted mainly by phonons when in QD form. The successful 
achievement of multilayered rGO:QDs films presenting high transmittance and 
noticeable mobility values paves the way for future applications in high perfor-
mance, low-cost optoelectronic devices.

2.2 Film growth monitored by electrical measurements

Electrolyte-insulator-semiconductor (EIS) electrochemical capacitors are 
charged sensitive devices detecting charge variation at electrolyte-insulator inter-
faces [49]. They are widely applied in the monitoring of electrical features during 
the LbL film growth [50, 51]. Briefly, the electrical behavior of (PAH/PSS) LbL 
films on EIS devices is characterized by a zigzag-like capacitance behavior after 
each adsorption step, attributed to the outermost charge layer alternation [52]. 
Furthermore, a similar behavior was also observed in C-V measurements preserv-
ing the capacitance constant after each adsorbed layer onto the EIS sensor [53]. 
However, EIS devices work in salt medium, and such environmental condition 
certainly modifies the electrical properties in LbL structures. As a simple alterna-
tive, IDEs can be used to analyze the LbL films properties in air or in water, with 
no need of salt addition. However, experimental methods were developed to avoid 
the influence of aqueous medium on the electrical characterization of LbL films 

Figure 3. 
Mobility of charge carriers and electrical conductivity of different LbL architectures formed mainly by rGO.
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[47, 54]. Figure 4 presents the capacitance variation after the deposition of each 
PAH or copper phthalocyanine (CuPcS) adsorbed layer, followed by spontane-
ous drying onto gold IDEs. A capacitance alternation according to the outermost 
deposited layer (PAH or CuPcS) due to charge overcompensation was observed. For 
measurements performed in air, the amplitude of the capacitance alternation did 
not depend on the number of deposited layers, a consequence of the charge density 
after each deposited PAH layer. In addition, Figure 4 presents a linear trend after 
the 16th adsorbed layer of both polyelectrolytes, which was associated with the 
replacement of an air layer on the top of the IDE by the LbL film, thus increasing 
the dielectric constant near the IDEs surface. Accordingly, the observed linear-
ity was associated with the deposition of the same amount of material after each 
adsorption step. Therefore, it allows for the evaluation of both appropriate material 
and thickness selection for a desired application based on the electrical measure-
ments performed in the LbL film growth.

2.3 Incorporation of nanoparticles by physical methods

The selection of materials having desired functionalities can tune properties in 
LbL assemblies, such as superhydrophobicity [55], ionic permeability [56], electri-
cal conductivity [57], etc. As an example, the incorporation of gold nanoparticles 
into LbL films composed by PANi and Na+MMT enabled the electrochemical 
detection of trace levels of cadmium, lead, and copper ions [9]. The inclusion of 
gold nanoparticles increased also the discrimination between skimmed, semi-
skimmed, and full-fat milk samples [58]. Although the deposition of nanoparticles 
between layers in LbL structures might increase both sensitivity and selectivity [9, 
58], it is not possible to control an adequate dispersion of them during the spon-
taneous adsorption process. Consequently, it precludes a better comprehension of 
the influence of nanoparticles on enhanced sensitivity and selectivity. An alterna-
tive is the use of physically prepared metal nanoparticles to assembly samples by 
independently controlling size, concentration, and distribution of nanoparticles 
free of surfactants at interfaces. To illustrate, palladium nanoparticles were 
successfully implanted in poly(methyl methacrylate), effectively modifying 

Figure 4. 
Capacitance variation as a function of the number of adsorbed layers. Dark square corresponds to the bare 
IDE, red circles to capacitance measurements after PAH adsorption, and blue triangles after CuPcS adsorption.
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However, EIS devices work in salt medium, and such environmental condition 
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no need of salt addition. However, experimental methods were developed to avoid 
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[47, 54]. Figure 4 presents the capacitance variation after the deposition of each 
PAH or copper phthalocyanine (CuPcS) adsorbed layer, followed by spontane-
ous drying onto gold IDEs. A capacitance alternation according to the outermost 
deposited layer (PAH or CuPcS) due to charge overcompensation was observed. For 
measurements performed in air, the amplitude of the capacitance alternation did 
not depend on the number of deposited layers, a consequence of the charge density 
after each deposited PAH layer. In addition, Figure 4 presents a linear trend after 
the 16th adsorbed layer of both polyelectrolytes, which was associated with the 
replacement of an air layer on the top of the IDE by the LbL film, thus increasing 
the dielectric constant near the IDEs surface. Accordingly, the observed linear-
ity was associated with the deposition of the same amount of material after each 
adsorption step. Therefore, it allows for the evaluation of both appropriate material 
and thickness selection for a desired application based on the electrical measure-
ments performed in the LbL film growth.

2.3 Incorporation of nanoparticles by physical methods

The selection of materials having desired functionalities can tune properties in 
LbL assemblies, such as superhydrophobicity [55], ionic permeability [56], electri-
cal conductivity [57], etc. As an example, the incorporation of gold nanoparticles 
into LbL films composed by PANi and Na+MMT enabled the electrochemical 
detection of trace levels of cadmium, lead, and copper ions [9]. The inclusion of 
gold nanoparticles increased also the discrimination between skimmed, semi-
skimmed, and full-fat milk samples [58]. Although the deposition of nanoparticles 
between layers in LbL structures might increase both sensitivity and selectivity [9, 
58], it is not possible to control an adequate dispersion of them during the spon-
taneous adsorption process. Consequently, it precludes a better comprehension of 
the influence of nanoparticles on enhanced sensitivity and selectivity. An alterna-
tive is the use of physically prepared metal nanoparticles to assembly samples by 
independently controlling size, concentration, and distribution of nanoparticles 
free of surfactants at interfaces. To illustrate, palladium nanoparticles were 
successfully implanted in poly(methyl methacrylate), effectively modifying 
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Multilayer Thin Films - Versatile Applications for Materials Engineering

198

the electrical properties of the polymer in a specific region [59]. In this context, 
we have incorporated 3 nm silver nanoparticles preformed in the gas phase into 
(PAH/PSS) LbL films. The silver nanoparticles were formed in an atomic cluster 
source, mass-selected using ionic optics, with in situ analysis of their size by 
a time of flight mass spectrometer (TOF) [60]. Then, the mass-selected silver 
nanoparticles were deposited in (PAH/PSS)n LbL films previously deposited onto 
gold IDEs. Figure 5 illustrates the electrical changes in the LbL film during the 
nanoparticles’ deposition. Initially, tiny variations on the electrical characteristics 
that were associated with the insertion of charged nanoparticles in the LbL film 
structure were observed. An increase in the nanoparticle’s concentration cre-
ated conductive pathways in the LbL films, thus increasing the conductivity four 
orders of magnitude after reaching a percolation limit. Therefore, independent 
control on nanoparticles’ deposition in a surfactant-free process allowed a better 
comprehension of their influence in the physicochemical properties of hybrid LbL 
nanostructures.

2.4 Multifunctional materials

Intrinsic self-healing materials have received great attention in the last decade due 
to the recovery of mechanical properties after damage through reversible dynamic 
covalent and non-covalent interactions [61]. Distinct building blocks and strategies 
have been extensively investigated to enable a reliable, functional healing as some 
polymers involved in the process are vulnerable to abrasion. Again, the LbL technique 
is as a powerful tool in the buildup of multifunctional interfaces based on sponta-
neous non-covalent interactions of materials, tuning the interface characteristics 
[62–64]. Such interactions introduce properties not exhibited by individual materi-
als, which can be easily exemplified with polyethylenimine (PEI) and poly(acrylic 
acid) (PAA). The materials individually do not present self-regeneration; therefore, 
when combined in (PEI/PAA) LbL architectures, the intrinsic self-healing capabil-
ity appears after~30 deposited bilayers, as the first deposited layers are strongly 
compromised in interactions with the substrate [65, 66]. The healing ability can 
also be controlled by changing the pH, salt concentration, and temperature during 
the deposition process due to changes in the polymer configuration [67]. The film 
properties can also be tuned by post-deposition treatments or by adding fillers to the 
polyelectrolytes. Chen et al. showed that after the deposition process, one can freeze-
dry the PEI/PAA film in order to create microporous structures inside the interface, 

Figure 5. 
(a) Scheme to illustrate in situ conductivity monitoring of nanoparticle deposition into LbL films onto 
IDE. Note the scheme presents just a pair of digits to facilitate viewing. (b) Electrical conductivity variation of 
PAH/PSS LbL films 200 nm thick onto gold IDEs during the deposition of Ag nanoparticles.
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which were then loaded with drug solutions by wicking or adsorption method [68]. 
By adding water to the film, the porous structures were healed, and the drug was kept 
inside the film that was later used to create a controlled drug delivery system.

2.5 Electronic tongue devices

Aiming the integration of the FDM 3D-printing technology in e-tongue devices, 
microchannels were printed onto gold IDEs having 30 pairs of digits separated 
40 μm away from each other, 3 mm in length and 40 μm in width. The electrodes 
were previously manufactured by photolithography on transparency sheets, and 
polylactic acid (PLA) was chosen to fabricate the microchannels due to its relative 
transparency when printed in thin layers, facilitating the flow visualization inside 
microchannels. The deposition of the IDEs on thin transparency sheets was planned 
to promote a better sealing with the 3D-printed PLA microchannel (Figure 6a). A 
functional integrated e-tongue device was then developed combining both photo-
lithography and 3D-printing technologies, with LbL films deposited onto the IDEs 
to form distinct sensing units inside the 3D-printed microchannels (Figure 6b). 
After long usage in repetitive experiments, the detachment of the IDEs inside the 
microchannels was observed. Although the device was not as robust as conventional 
ones with IDEs manufactured on glass slides, it can be easily used in fast analysis 
[22] requiring disposable devices.

Traditional soil chemical investigation is an expensive and time-consuming 
process, thus motivating the development of alternative approaches in precision 
agriculture [69–71]. Recently, we have used an e-tongue system based on imped-
ance spectroscopy to recognize different soil samples enriched with macronutrients 
[24, 72]. Initially, it was used a traditional PDMS microchannel sealed onto gold 
IDEs fabricated on glass substrates by photolithography (Figure 7a). After that, it 
was used an e-tongue system with 3D-printed IDEs using graphene-based polylac-
tic acid filaments (Figure 7b). The sensing units were fabricated using the same 
materials to facilitate additional comparisons.

The e-tongue systems were tested checking their capability to distinguish soil 
samples individually enriched with N, P, K, Ca, Mg, and S nutrients, delivered to 
the soil via chemical fertilizers. The soil samples were simply diluted in water and 
measured using electrical impedance spectroscopy, with raw data analyzed by 
PCA. Figure 8 presents the PCA plot obtained from both devices. Although the 
results are visually not identical, it is possible to note in both cases a clear distinc-
tion of all soil samples tested in PCA plots. A cluster between control and P soil 

Figure 6. 
(a) PLA microchannels while printing by FDM onto transparency sheets and (b) mixed device formed by 
3D-printed microchannel and IDE previously manufactured by photolithography. In blue the deposition of the 
CuPcS layer in an LbL film structure is evidenced (PDDA/CuPcS).
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we have incorporated 3 nm silver nanoparticles preformed in the gas phase into 
(PAH/PSS) LbL films. The silver nanoparticles were formed in an atomic cluster 
source, mass-selected using ionic optics, with in situ analysis of their size by 
a time of flight mass spectrometer (TOF) [60]. Then, the mass-selected silver 
nanoparticles were deposited in (PAH/PSS)n LbL films previously deposited onto 
gold IDEs. Figure 5 illustrates the electrical changes in the LbL film during the 
nanoparticles’ deposition. Initially, tiny variations on the electrical characteristics 
that were associated with the insertion of charged nanoparticles in the LbL film 
structure were observed. An increase in the nanoparticle’s concentration cre-
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the deposition process due to changes in the polymer configuration [67]. The film 
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dry the PEI/PAA film in order to create microporous structures inside the interface, 
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PAH/PSS LbL films 200 nm thick onto gold IDEs during the deposition of Ag nanoparticles.
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which were then loaded with drug solutions by wicking or adsorption method [68]. 
By adding water to the film, the porous structures were healed, and the drug was kept 
inside the film that was later used to create a controlled drug delivery system.

2.5 Electronic tongue devices

Aiming the integration of the FDM 3D-printing technology in e-tongue devices, 
microchannels were printed onto gold IDEs having 30 pairs of digits separated 
40 μm away from each other, 3 mm in length and 40 μm in width. The electrodes 
were previously manufactured by photolithography on transparency sheets, and 
polylactic acid (PLA) was chosen to fabricate the microchannels due to its relative 
transparency when printed in thin layers, facilitating the flow visualization inside 
microchannels. The deposition of the IDEs on thin transparency sheets was planned 
to promote a better sealing with the 3D-printed PLA microchannel (Figure 6a). A 
functional integrated e-tongue device was then developed combining both photo-
lithography and 3D-printing technologies, with LbL films deposited onto the IDEs 
to form distinct sensing units inside the 3D-printed microchannels (Figure 6b). 
After long usage in repetitive experiments, the detachment of the IDEs inside the 
microchannels was observed. Although the device was not as robust as conventional 
ones with IDEs manufactured on glass slides, it can be easily used in fast analysis 
[22] requiring disposable devices.

Traditional soil chemical investigation is an expensive and time-consuming 
process, thus motivating the development of alternative approaches in precision 
agriculture [69–71]. Recently, we have used an e-tongue system based on imped-
ance spectroscopy to recognize different soil samples enriched with macronutrients 
[24, 72]. Initially, it was used a traditional PDMS microchannel sealed onto gold 
IDEs fabricated on glass substrates by photolithography (Figure 7a). After that, it 
was used an e-tongue system with 3D-printed IDEs using graphene-based polylac-
tic acid filaments (Figure 7b). The sensing units were fabricated using the same 
materials to facilitate additional comparisons.

The e-tongue systems were tested checking their capability to distinguish soil 
samples individually enriched with N, P, K, Ca, Mg, and S nutrients, delivered to 
the soil via chemical fertilizers. The soil samples were simply diluted in water and 
measured using electrical impedance spectroscopy, with raw data analyzed by 
PCA. Figure 8 presents the PCA plot obtained from both devices. Although the 
results are visually not identical, it is possible to note in both cases a clear distinc-
tion of all soil samples tested in PCA plots. A cluster between control and P soil 
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(a) PLA microchannels while printing by FDM onto transparency sheets and (b) mixed device formed by 
3D-printed microchannel and IDE previously manufactured by photolithography. In blue the deposition of the 
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samples using the 3D-printed electrodes was observed (Figure 8b), which does 
not occur with the conventional device (Figure 8a) fabricated with gold IDEs and 
PDMS microchannels. However, considering the contribution of the third main 
Principal Component (PC3), all the samples could also be easily separated with the 
3D-printed device [24].

3. Conclusions

The LbL technique is a striking research line in materials science based on 
nanostructured films fabricated from distinct building blocks (polymers, organic 
macromolecules, clays, and reduced graphene oxides). The molecular level thick-
ness control offered by the LbL assembly enables multilayered nanostructures 
exhibiting interesting assignments in numerous applications. The use of physical 
methods to controllably embed metallic nanoparticles into LbL films is an interest-
ing alternative approach to give a better understanding of modifications introduced 

Figure 7. 
Different devices used as sensing units for e-tongue system in soil analysis: (a) gold IDE inside a PDMS 
microchannel and (b) graphene-based 3D-printed IDE.

Figure 8. 
PCA for the 1 kHz capacitance results of the e-tongue systems on (a) microfluidic and (b) on 3D-printed 
electrodes, both applied in soil samples diluted in water (control, N, P, K, Ca, Mg, and S).
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in hybrid materials. Overall, the use of LbL films in sensing applications requires 
previous electrode fabrication, and within this context we have compared gold IDEs 
manufactured by photolithography with 3D-printed electrodes using a graphene-
based filament. The 3D-printing technique also enables the successful integration 
of e-tongue devices into microfluidic systems, reducing processing steps and 
costs. Devices fabricated by different methods show pros and cons, and the deci-
sion of which one to use depends on the application, budget, and time available. 
Therefore, an e-tongue multisensory system was used to illustrate the application of 
multilayered thin films in the analysis of soil samples enriched with plant macro-
nutrients, by comparing electrodes manufactured by both conventional methods 
(photolithography) and an emergent technology (3D-printing). The 3D-printing 
technology has proved to be an interesting approach in integrating different areas 
such as microfluidics, sensing, and electrode manufacturing, with a reduction in 
costs, processing steps, and manufacturing time, expanding at the same time novel 
opportunities in sensorial analysis.
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Principal Component (PC3), all the samples could also be easily separated with the 
3D-printed device [24].

3. Conclusions

The LbL technique is a striking research line in materials science based on 
nanostructured films fabricated from distinct building blocks (polymers, organic 
macromolecules, clays, and reduced graphene oxides). The molecular level thick-
ness control offered by the LbL assembly enables multilayered nanostructures 
exhibiting interesting assignments in numerous applications. The use of physical 
methods to controllably embed metallic nanoparticles into LbL films is an interest-
ing alternative approach to give a better understanding of modifications introduced 

Figure 7. 
Different devices used as sensing units for e-tongue system in soil analysis: (a) gold IDE inside a PDMS 
microchannel and (b) graphene-based 3D-printed IDE.

Figure 8. 
PCA for the 1 kHz capacitance results of the e-tongue systems on (a) microfluidic and (b) on 3D-printed 
electrodes, both applied in soil samples diluted in water (control, N, P, K, Ca, Mg, and S).
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in hybrid materials. Overall, the use of LbL films in sensing applications requires 
previous electrode fabrication, and within this context we have compared gold IDEs 
manufactured by photolithography with 3D-printed electrodes using a graphene-
based filament. The 3D-printing technique also enables the successful integration 
of e-tongue devices into microfluidic systems, reducing processing steps and 
costs. Devices fabricated by different methods show pros and cons, and the deci-
sion of which one to use depends on the application, budget, and time available. 
Therefore, an e-tongue multisensory system was used to illustrate the application of 
multilayered thin films in the analysis of soil samples enriched with plant macro-
nutrients, by comparing electrodes manufactured by both conventional methods 
(photolithography) and an emergent technology (3D-printing). The 3D-printing 
technology has proved to be an interesting approach in integrating different areas 
such as microfluidics, sensing, and electrode manufacturing, with a reduction in 
costs, processing steps, and manufacturing time, expanding at the same time novel 
opportunities in sensorial analysis.
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Spin Transport in Nanowires 
Synthesized Using Anodic 
Nanoporous Alumina Films
Supriyo Bandyopadhyay

Abstract

Spin transport in restricted dimensionality structures (e.g., nanowires) have 
unusual features not observed in bulk samples. One popular method to synthesize 
nanowires of different materials is to electrodeposit them selectively within nano-
meter diameter pores in anodic alumina films. Different materials can be sequen-
tially deposited within the pores to form nanowire “spin valves” consisting of a 
spacer nanowire sandwiched between two ferromagnetic nanowires. This construct 
allows one to study spin transport in the spacer nanowire, with the ferromagnetic 
contacts acting as spin injector and detector. Some of our past work related to the 
study of spin transport in organic and inorganic nanowire spin valves produced 
using nanoporous anodic alumina films is reviewed in this chapter.

Keywords: spin transport, nanowires, nanoporous anodic alumina films, 
self-assembly

1. Introduction

The use of anodic porous alumina films as templates to fabricate nanowires of 
different materials has a long history [1–15]. Such films have been used to fabricate 
organic [3], semiconducting [4] and metallic [6] nanowires in our group over the 
past three decades. While these structures have been used to demonstrate a wide 
variety of optical [7–9], magnetic [10, 11] and electronic [12–15] phenomena and 
devices, here we focus on spin transport properties investigated in nanowire “spin 
valves” fabricated by sequentially electrodepositing a ferromagnetic material, a 
semiconductor/metal/organic, and finally another ferromagnet selectively within 
the nanopores of anodic alumina films.

Figure 1 shows the schematic of a vertically standing array of nanowire spin-
valves fabricated by electrodepositing different materials sequentially within the 
nanopores of an anodic alumina film.

To produce the nanoporous anodic film, first, a commercial grade aluminum 
foil of thickness 0.1 mm is diced into 2  ×  2 cm coupons. Each coupon is electropo-
lished in a solution of perchloric acid, ethanol, butyl cellusolve and distilled water 
to reduce the surface roughness to about 3 nm [16] which gives the surface a shiny 
appearance as shown in Figure 2. The electropolishing is carried out at 40 V dc in 
six intervals of 5 s each in order to not overheat the electropolishing solution. Next, 
the electropolished foil is rinsed in distilled water and anodized in an anodizing 
bath (Figure 3a) in 0.3 M oxalic acid using the foil as the anode and a platinum grid 
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The use of anodic porous alumina films as templates to fabricate nanowires of 
different materials has a long history [1–15]. Such films have been used to fabricate 
organic [3], semiconducting [4] and metallic [6] nanowires in our group over the 
past three decades. While these structures have been used to demonstrate a wide 
variety of optical [7–9], magnetic [10, 11] and electronic [12–15] phenomena and 
devices, here we focus on spin transport properties investigated in nanowire “spin 
valves” fabricated by sequentially electrodepositing a ferromagnetic material, a 
semiconductor/metal/organic, and finally another ferromagnet selectively within 
the nanopores of anodic alumina films.

Figure 1 shows the schematic of a vertically standing array of nanowire spin-
valves fabricated by electrodepositing different materials sequentially within the 
nanopores of an anodic alumina film.

To produce the nanoporous anodic film, first, a commercial grade aluminum 
foil of thickness 0.1 mm is diced into 2  ×  2 cm coupons. Each coupon is electropo-
lished in a solution of perchloric acid, ethanol, butyl cellusolve and distilled water 
to reduce the surface roughness to about 3 nm [16] which gives the surface a shiny 
appearance as shown in Figure 2. The electropolishing is carried out at 40 V dc in 
six intervals of 5 s each in order to not overheat the electropolishing solution. Next, 
the electropolished foil is rinsed in distilled water and anodized in an anodizing 
bath (Figure 3a) in 0.3 M oxalic acid using the foil as the anode and a platinum grid 
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as the cathode. The anodization is carried out at 40 V for 12 min and then the volt-
age is gradually reduced in steps of 10 V per min for another 3 min. This step anod-
ization weakens the barrier layers that form at the bottom of the pores (Figure 3d). 
Subsequent soaking in 5% phosphoric acid for 45 min removes the barrier layers 
in most of the pores and at the same time widens the pores slightly. After this step, 
one obtains ~60 nm diameter pores in an anodic alumina film whose bottoms are 
exposed to aluminum as shown in Figure 1. The thickness of the anodic film that 
is produced depends on the duration of anodization. For the 15-min anodization 
process described above, the film thickness is typically ~1 μm.

In order to form the nanowire spin-valves, a ferromagnetic material, a semi-
conducting/metallic/organic spacer material and another ferromagnetic material 
are sequentially electrodeposited selectively within the nanopores to produce the 
structure in Figure 1. Electrodeposition is carried out in solutions containing the 
material to be deposited within the pores. For electrodepositing Co or Ni  
(ferromagnets), aqueous solutions of NiSO4 and CoSO4 with a slight amount of Boric 
acid (to aid ionization in the solution) are used. The Co2+ or Ni2+ ions in the solution 
will flow selectively into the pores since they offer the least resistance paths for the 

Figure 1. 
Schematic of a vertically standing array of spin-valves in an anodic alumina matrix.

Figure 2. 
(a) An electropolished sample and (b) atomic force micrograph of the electropolished sample showing that the 
rms surface roughness is about 3 nm.
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current to flow. The accumulated metal ions are deionized (Co2+ + 2e− = Co) and are 
deposited within the pores. The spacer layer can also be electrodeposited by using 
appropriate solutions. For example, the procedure for depositing CdS is described 
in Refs. [13, 14]. Organics can be evaporated [3] or electrosprayed selectively within 
the pores [9]. In the end, we obtain a tri-layered nanowire of ferromagnet-spacer-
ferromagnet as shown in Figure 1, constituting a nanowire spin valve. For electrical 
contacting, a metallic layer is deposited on top of the structure using electron beam 
evaporation. This layer and the bottom aluminum substrate are used as contacts and 
wires can be attached to these layers using silver paste.

2.  Spin transport in nanowire spin valves formed in nanoporous alumina 
templates

2.1 Spin transport in organic nanowire spin valves

Organic nanowire spin valves were made of cobalt, Alq3 (tris-(8-hydroxy- 
quinolinolato) aluminum) and nickel by first electrodepositing 500 nm of Ni 
within 50-nm diameter pores, then evaporating Alq3 through a 1 mm2 window in a 
mask at a base pressure of 10−7 Torr, and then evaporating Co on top without break-
ing vacuum. Alq3 seeps into the pores by capillary action upon evaporation. The fact 
that it is a short stranded molecule with low molecular weight helps in transporting 
the molecules inside the pores.

Figure 4 shows a schematic of the structure formed, along with a transmission 
electron micrograph (TEM) of a single nanowire spin valve that is produced within 

Figure 3. 
(a) The anodizing flat cells, (b) the anodizing configuration where the aluminum foil is used as the anode 
and a platinum mesh as the cathode, (c) an atomic force micrograph of the nanoporous film formed after 
anodization. There is excellent ordering of the pores within domains of size ~1 μm and (d) cross-section of the 
pores showing the barrier layers which are later removed by soaking in phosphoric acid.
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a pore. The micrograph was obtained by releasing the spin valves from the alumina 
matrix by dissolving out the latter in hot chromic/phosphoric acid and recapturing 
the released wires on a TEM grid for imaging.

Longitudinal magnetoresistance traces of an ensemble of organic nanowire 
spin valves, measured at three different temperatures are shown in Figure 5(a). 
From the heights of the peaks shown in the traces, the spin diffusion length can be 
estimated using the modified Julliere relation [17].

    ΔR ___ R   =   2  P  1    P  2    e   −d/ L  s    __________ 
1 −  P  1    P  2    e   −d/ L  s   

     (1)

where  ΔR  is the height of the magnetoresistance peak measured from the base-
line, R is the baseline resistance, P1 and P2 are the spin polarizations in the Co and 
Ni contacts, d is the length of the spacer layer (26 nm from Figure 4), and Ls is the 
spin diffusion length in Alq3. This last quantity is plotted as a function of tempera-
ture in the top panel of Figure 5(b).

From the spin diffusion length, we can estimate the spin relaxation time using 
the relation

   τ  s   =    q   2   L  s  2  ____ kT𝜇𝜇
  ,  (2)

where q is the electronic charge, kT is the thermal energy and μ is the mobility of 
carriers in Alq3. Since the mobility in the organic is determined by carrier hopping, 
it is likely to be relatively independent of temperature. From the reported values of 
the mobility in Alq3, we have found the extremum values of the spin relaxation time 
in the organic and these are plotted as a function of temperature in Figure 5(b). 
These times are exceptionally long, perhaps among the longest reported in any 
solid above liquid nitrogen temperature (77 K). The reason why these times are 
so long is because Alq3 is composed primarily of hydrocarbons which have low 
atomic number Z and hence weak spin-orbit interaction (the interaction strength is 
proportional to Z4). The weak interaction preserves spin coherence over long dura-
tions, making organics a preferred platform for spintronics in some applications.

Figure 4. 
(a) Schematic of the organic nanowire spin valves, (b) evaporation of Alq3 is carried out by tilting the sample by 15° 
with respect to the source to get the best results, (c) transmission electron micrograph of a single nanowire spin valve. 
The inset shows the measured current-voltage characteristic of an array of spin valves at two different temperatures. 
The non-linear characteristic shows that the contacts between the ferromagnets and organic have a Schottky 
character, indicating that Schottky barriers form at these interfaces. Tunneling through the Schottky barriers aids spin 
injection and detection at the ferromagnetic contacts. Figures (a) and (c) are reproduced from Ref. [16].
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There is a bit of controversy regarding the primary mechanism responsible 
for spin relaxation in an organic like Alq3. While Ref. [16] proposed that the main 
mechanism is the Elliott-Yafet spin relaxation [18], there is a strong differing 
opinion that it is hyperfine nuclear interaction [19]. The electric field dependence 
of the spin relaxation time (or spin diffusion length) observed in Ref. [3] speaks 
against hyperfine interaction and is more consistent with Elliott-Yafet relaxation. 
Recently, this view was concurred with in the context of spin transport in organic 
single crystal semiconductors [20].

2.2 Spin transport in semiconductor nanowire spin valves

Nanowire spin valves (diameter = 50 nm) with germanium as the spacer and 
Co, Ni as the ferromagnetic contacts have also been produced in our group using 
sequential electrodeposition of the constituent elements in 50 nm diameter pores in 
anodic alumina films. The Co and Ni were electrodeposited from aqueous solu-
tions of NiSO4 and CuSO4. Ge was electrodeposited using the ionic liquid 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM-PF6), GeI4 salts and dimethyl 
sulfoxide (DMSO) [21]. A gold top contact was deposited by electron beam evapo-
ration and the Al foil was contacted from the back to electrically access an ensemble 
of spin valves as shown in Figure 6(a). For characterization, the nanowire spin 
valves were released from their alumina hosts by dissolving out the alumina in hot 
chromic/phosphoric acid and then capturing the released spin vales in TEM grid 
for imaging. Figure 6(b) shows a transmission electron micrograph of a single spin 
valve that forms within a single pore.

Longitudinal magnetoresistance traces of these spin valve samples were 
obtained and from the spin valve peaks, the spin relaxation length (Ls) and time (τs) 

Figure 5. 
(a) Longitudinal magnetoresistance traces of an ensemble of spin valves measured at three different 
temperatures, (b) the estimated spin relaxation lengths and times as a function of temperature for two different 
sets of samples with spacer layer thicknesses of 26 and 33 nm. In the lower panel, the extremum values are 
shown for the spin relaxation times. Reproduced from Ref. [16].
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There is a bit of controversy regarding the primary mechanism responsible 
for spin relaxation in an organic like Alq3. While Ref. [16] proposed that the main 
mechanism is the Elliott-Yafet spin relaxation [18], there is a strong differing 
opinion that it is hyperfine nuclear interaction [19]. The electric field dependence 
of the spin relaxation time (or spin diffusion length) observed in Ref. [3] speaks 
against hyperfine interaction and is more consistent with Elliott-Yafet relaxation. 
Recently, this view was concurred with in the context of spin transport in organic 
single crystal semiconductors [20].

2.2 Spin transport in semiconductor nanowire spin valves

Nanowire spin valves (diameter = 50 nm) with germanium as the spacer and 
Co, Ni as the ferromagnetic contacts have also been produced in our group using 
sequential electrodeposition of the constituent elements in 50 nm diameter pores in 
anodic alumina films. The Co and Ni were electrodeposited from aqueous solu-
tions of NiSO4 and CuSO4. Ge was electrodeposited using the ionic liquid 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM-PF6), GeI4 salts and dimethyl 
sulfoxide (DMSO) [21]. A gold top contact was deposited by electron beam evapo-
ration and the Al foil was contacted from the back to electrically access an ensemble 
of spin valves as shown in Figure 6(a). For characterization, the nanowire spin 
valves were released from their alumina hosts by dissolving out the alumina in hot 
chromic/phosphoric acid and then capturing the released spin vales in TEM grid 
for imaging. Figure 6(b) shows a transmission electron micrograph of a single spin 
valve that forms within a single pore.

Longitudinal magnetoresistance traces of these spin valve samples were 
obtained and from the spin valve peaks, the spin relaxation length (Ls) and time (τs) 
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(a) Longitudinal magnetoresistance traces of an ensemble of spin valves measured at three different 
temperatures, (b) the estimated spin relaxation lengths and times as a function of temperature for two different 
sets of samples with spacer layer thicknesses of 26 and 33 nm. In the lower panel, the extremum values are 
shown for the spin relaxation times. Reproduced from Ref. [16].
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were obtained following Eqs. (1) and (2). These quantities are plotted in Figure 7 as 
a function of temperature.

Interestingly, the spin relaxation length at 4.2 K is ~200 nm which is longer than 
that reported in carbon nanotubes (130 nm) at that temperature [22]. Even at liquid 
nitrogen temperature (77 K), the spin relaxation length is over 180 nm, which 
makes Ge nanowires viable for spin-transistor type applications.

Germanium is an indirect gap semiconductor with the lowest conduction band 
valley at the L-point where the electron wavefunctions have some p-type character 
leading to non-zero intrinsic spin-orbit coupling. This should be the dominant spin 
relaxation mechanism in the Ge spacer layer since the Dresselhaus interaction [23] 
should be weak or non-existent owing to the fact that the Ge crystal is centrosym-
metric. The Rashba interaction [24] should also be weak because of the absence of 
strong symmetry breaking by electric fields. The most common isotope of germa-
nium 74Ge has no net nuclear spin and hence hyperfine interaction with nuclear spins 

Figure 6. 
(a) An array of vertically standing nanowire spin valves with Ge spacer hosted in an alumina matrix and  
(b) transmission electron micrograph of a single nanowire spin valve. Credit: Sridhar Patibandla.

Figure 7. 
Spin relaxation length and time in Ge nanowires as a function of temperature. Credit: Sridhar Patibandla.
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should also be weak in a Germanium nanowire. This leaves the intrinsic spin-orbit 
interaction as the likely dominant source of spin relaxation. The spin orbit interac-
tion can cause both Elliott-Yafet [18] and D’yakonov-Perel’ [25] spin relaxation 
in germanium nanowires, although in our samples, the poor mobility caused by 
interface scattering makes the Elliot-Yafet mechanism more likely to be dominant.

2.3 Spin transport in InSb nanowire spin valves at room temperature

Most spin transport experiments in nanowire spin valves have been conducted at 
low temperatures where the spin diffusion length is long enough to exhibit observ-
able spin transport effects. Spin transport at room temperature is rarely, if ever, 
studied because the short spin relaxation lengths at room temperature obscure most 
spin effects. However, practical devices based on spin transport would require room 
temperature operation. This begs the question as to when spin transport effects may 
be observable at room temperature. To answer this question, one needs to under-
stand what are the dominant sources of spin relaxation in semiconductor nanowires 
(in a given circumstance) and what could be done to suppress them in order to slow 
down the spin relaxation rate at room temperature.

In most semiconductors, the dominant spin relaxation mechanism at room 
temperature is the D’yakonov-Perel’ mechanism [25]. This mechanism accrues from 
spin-orbit interaction that acts as an effective (velocity-dependent) magnetic field 
for electrons [26]. The electron spins precess about this effective magnetic field 
while transiting through a semiconductor. Collisions change the magnitude and 
direction of an electron’s velocity and hence the direction and magnitude of the 
effective magnetic field. The spins therefore precess about randomly changing axes 
(direction of the effective magnetic field) with random angular frequencies since 
the frequency of precession is proportional to the magnetic field strength. This 
randomness causes ensemble spin relaxation.

In a strictly one-dimensional semiconductor structure (quantum wire), where 
only a single transverse subband is occupied by electrons, the D’yakonov-Perel’ 
mechanism is completely suppressed as long as the axis of the nanowire is along 
certain principal crystallographic directions [26]. This would increase the spin 
relaxation time (and length) considerably, and may make spin effects observable 
at room temperature. In order to verify this prediction, we prepared InSb nanowire 
spin valves of 50 nm diameter in nanoporous alumina films. Since InSb has a very 
small electron effective mass, the energy spacing between subbands in a 50 nm 
diameter InSb nanowire is large enough that only a single subband could be occu-
pied at room temperature. This would suppress the D’yaknov-Perel’ mechanism in 
an InSb nanowire and might make spin effects observable at room temperature.

Vertically standing arrays of nanowire spin valves consisting of Co-InSb-Ni 
and encased in an alumina matrix were produced by sequentially electrodepositing 
these materials within 50-nm diameter nanopores using dc electrodeposition. The 
finished structure looks like that in Figure 6(a), except the spacer layer is InSb 
instead of Ge. InSb is electrodeposited from a solution of 0.15 M InSO4, 0.1 M SbCl3, 
0.17 M Na3C6H5O7 and 0.36 M C6H8O7 (citric acid). The Co and InSb depositions 
were carried out at 3 V dc for 1 min each whereas the Ni electrodeposition was car-
ried out at 5 V dc for 6 min to slightly overfill the pores and make the Ni spill out on 
the surface. These structures were contacted from the top and bottom with copper 
wires attached with silver paste.

We measured both the longitudinal and transverse magnetoresistance of the 
spin valve samples at room temperature using an electromagnet. The longitudinal 
magnetoresistance was measured with the magnetic field pointing in the direc-
tion of the nanowire axis (which is also the direction of current flow during 
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should also be weak in a Germanium nanowire. This leaves the intrinsic spin-orbit 
interaction as the likely dominant source of spin relaxation. The spin orbit interac-
tion can cause both Elliott-Yafet [18] and D’yakonov-Perel’ [25] spin relaxation 
in germanium nanowires, although in our samples, the poor mobility caused by 
interface scattering makes the Elliot-Yafet mechanism more likely to be dominant.

2.3 Spin transport in InSb nanowire spin valves at room temperature

Most spin transport experiments in nanowire spin valves have been conducted at 
low temperatures where the spin diffusion length is long enough to exhibit observ-
able spin transport effects. Spin transport at room temperature is rarely, if ever, 
studied because the short spin relaxation lengths at room temperature obscure most 
spin effects. However, practical devices based on spin transport would require room 
temperature operation. This begs the question as to when spin transport effects may 
be observable at room temperature. To answer this question, one needs to under-
stand what are the dominant sources of spin relaxation in semiconductor nanowires 
(in a given circumstance) and what could be done to suppress them in order to slow 
down the spin relaxation rate at room temperature.

In most semiconductors, the dominant spin relaxation mechanism at room 
temperature is the D’yakonov-Perel’ mechanism [25]. This mechanism accrues from 
spin-orbit interaction that acts as an effective (velocity-dependent) magnetic field 
for electrons [26]. The electron spins precess about this effective magnetic field 
while transiting through a semiconductor. Collisions change the magnitude and 
direction of an electron’s velocity and hence the direction and magnitude of the 
effective magnetic field. The spins therefore precess about randomly changing axes 
(direction of the effective magnetic field) with random angular frequencies since 
the frequency of precession is proportional to the magnetic field strength. This 
randomness causes ensemble spin relaxation.

In a strictly one-dimensional semiconductor structure (quantum wire), where 
only a single transverse subband is occupied by electrons, the D’yakonov-Perel’ 
mechanism is completely suppressed as long as the axis of the nanowire is along 
certain principal crystallographic directions [26]. This would increase the spin 
relaxation time (and length) considerably, and may make spin effects observable 
at room temperature. In order to verify this prediction, we prepared InSb nanowire 
spin valves of 50 nm diameter in nanoporous alumina films. Since InSb has a very 
small electron effective mass, the energy spacing between subbands in a 50 nm 
diameter InSb nanowire is large enough that only a single subband could be occu-
pied at room temperature. This would suppress the D’yaknov-Perel’ mechanism in 
an InSb nanowire and might make spin effects observable at room temperature.

Vertically standing arrays of nanowire spin valves consisting of Co-InSb-Ni 
and encased in an alumina matrix were produced by sequentially electrodepositing 
these materials within 50-nm diameter nanopores using dc electrodeposition. The 
finished structure looks like that in Figure 6(a), except the spacer layer is InSb 
instead of Ge. InSb is electrodeposited from a solution of 0.15 M InSO4, 0.1 M SbCl3, 
0.17 M Na3C6H5O7 and 0.36 M C6H8O7 (citric acid). The Co and InSb depositions 
were carried out at 3 V dc for 1 min each whereas the Ni electrodeposition was car-
ried out at 5 V dc for 6 min to slightly overfill the pores and make the Ni spill out on 
the surface. These structures were contacted from the top and bottom with copper 
wires attached with silver paste.

We measured both the longitudinal and transverse magnetoresistance of the 
spin valve samples at room temperature using an electromagnet. The longitudinal 
magnetoresistance was measured with the magnetic field pointing in the direc-
tion of the nanowire axis (which is also the direction of current flow during 
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magnetoresistance measurement). The transverse magnetoresistance was measured 
with the magnetic field perpendicular to the direction of current flow (and hence 
perpendicular to the nanowire axes).

Figure 8 shows the longitudinal magnetoresistance traces with the positive and 
negative field segments corresponding to forward and reverse scans of the magnetic 
field. There are two shallow “troughs” marked with vertical arrows. These are the 
tell-tale spin valve troughs. They are the counterparts of the spin valve peaks seen in 
Figure 5. Normally the spin valve effect would result in the magnetoresistance exhib-
iting peaks between the coercive fields of the two ferromagnetic contacts, but if there 
are defects close to either contact that electrons can resonantly tunnel through, then 
the spin polarization of that contact can be reversed, resulting in a trough as opposed 
to a peak in the longitudinal magnetoresistance [27]. From the measured depths of 
these troughs (ΔR), we can obtain the spin relaxation length Ls using Eq. (1) if we 
know what the spacer layer length L is. Transmission electron microscopy revealed 
the spacer layer length in the samples to be ~20 nm. The ratio   L  s   / L  in the sample 
shown in Figure 8 was found to be 0.29, indicating that the spin relaxation length in 
the InSb nanowire is 5.88 nm at room temperature under equilibrium.

We calculated that the energy spacing between the two lowest subbands in the 
InSb nanowires is 3.9 kT at room temperature (101 meV) which would force 96% 
of the electrons to reside in the lowest subband at room temperature [28]. This 
means that the samples are almost strictly one dimensional quantum wires where 
the D’yakonov-Perel relaxation will be strongly suppressed [28]. The experimental 
observations in Ref. [28] confirmed this view.

Because of the strict one-dimensionality of our nanowires, we can relate the spin 
relaxation length Ls and the spacer layer length L to the spin relaxation time (τs) and 
the transit time through the spacer (τt) according to

Figure 8. 
Longitudinal magnetoresistance of InSb nanowire spin vales at room temperature. The spin valve troughs are 
indicated with vertical arrows. Reproduced from Ref. [28] with permission of Wiley.
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    L =  v  d    τ  t    
 L  s   =  v  d    τ  s  

 ,  (3)

where vd is the drift velocity of electrons in the spacer.
In order to determine the transit time through the spacer layer, we measured the 

transverse magnetoresistance and observed Hanle oscillations in the magnetoresis-
tance traces [28].

To understand the origin of Hanle oscillations in the magnetoresistance, one 
can refer to Figure 9. The magnetic field is directed perpendicular to the axis of 
the nanowire spin valve. The ferromagnetic contacts are initially magnetized along 
the axis with a longitudinal magnetic field. Depending on the nature of the fer-
romagnets, this will align the magnetizations of the two contacts either parallel, or 
antiparallel, to each other, as shown in Figure 9. The left contact, connected to the 
negative pole of the battery, injects electrons into the nanowire spacer with their 
spins pointing to the right. The transverse magnetic field makes the spins precess 
in the plane normal to the magnetic field. If the spins precess through an angle that 
is an odd multiple of π, then the spins arriving at the right ferromagnetic contact 
will be either antiparallel (in the case of parallel contacts) or parallel (in the case of 
antiparallel contacts) to the magnetization of the right contact. In the former case, 
the spins will be blocked by the right contact and the resistance of the spin valve 
will be high. In the latter case, the spins will transmit through the right contact and 
the resistance will be low. The reader can easily understand that the situation will be 
opposite when the spins precess through an angle that is an even multiple of π.

If we continuously increase the magnetic field, that will increase the preces-
sional frequency (and hence the angle  Φ  through which the spins precess as they 
traverse the spacer layer) linearly with the field. Every time  Φ  reaches an odd 
integral value of π, the resistance either peaks or ebbs depending on the situation 
just described. That will lead to oscillations in the transverse magnetoresistance. 
These are the Hanle oscillations.

Figure 9. 
Origin of Hanle oscillations in the magneto conductance. The left panel explains the origin of the effect and the 
right panel shows the Hanle oscillations in the magneto conductance.
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magnetoresistance measurement). The transverse magnetoresistance was measured 
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where vd is the drift velocity of electrons in the spacer.
In order to determine the transit time through the spacer layer, we measured the 
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In Figure 10, we show the observed Hanle oscillations at room temperature. The 
measured period of the oscillations in the transverse magnetic field is 315 Oe.

The transit time through the spacer layer is related to the oscillation period 
according to

   τ  t   =   h ______  |g|   μ  B    B  0    ,  (4)

where h is the Planck constant, g is the Landé g-factor of InSb, μB is the Bohr 
magneton and B0 is the period of the oscillation.

From Eq. (4), using B0 = 315 Oe, we find that the average transit time through 
the spacer layers of the spin valves is 44 ps. Using this value in Eq. (3), we deduce 
that the drift velocity of electrons in the spacer layer is 454 m/s. From Eq. (3), we 
can then determine that that the spin relaxation time in the InSb spacer layer is 
13 ps. This is approximately one order of magnitude larger than that reported in 
InSb or InAs quantum wells [29, 30].

3. Conclusions

In this chapter, I have described some spin transport experiments in nanowire 
spin vales produced by sequentially electrodepositing various materials  
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These experiments have revealed intriguing and important features of spin 
transport in restricted dimensionality systems. They have also demonstrated the 
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Figure 10. 
Hanle oscillations in the transverse magnetoresistance traces of the InSb nanowire samples at room temperature. 
Reproduced from Ref. [28] with permission of Wiley.

217

Spin Transport in Nanowires Synthesized Using Anodic Nanoporous Alumina Films
DOI: http://dx.doi.org/10.5772/intechopen.86581

Author details

Supriyo Bandyopadhyay
Department of Electrical and Computer Engineering, Virginia Commonwealth 
University, Richmond, VA, USA

*Address all correspondence to: sbandy@vcu.edu

Acknowledgements

The work described here has been supported by various grants through the US 
National Science Foundation at various times. Most of the work was carried out by 
my erstwhile Ph.D. students, post-doctoral mentees and high-school interns— 
Dr. Sridhar Patibandla (now at Intel Corporation, USA), Prof. Sandipan Pramanik 
(now at University of Alberta, Canada), Dr. Carmen-Gabriela Stefanita (now at 
IBM Data Science, USA), Dr. Iftekhar Hossain (now at Eastman Chemicals, USA), 
Dr. Hasnain Ahmad (now at IMEC, Belgium) and Mr. Saumil Bandyopadhyay 
(now at MIT, USA). I am also grateful to my collaborators Prof. Marc Cahay from 
University of Cincinnati, and Profs. Jayasimha Atulasimha and Gary C. Tepper from 
Virginia Commonwealth University.

The author declares no competing interest.

© 2020 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative 
Commons Attribution - NonCommercial 4.0 License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits use, distribution and reproduction for  
non-commercial purposes, provided the original is properly cited. 



Multilayer Thin Films - Versatile Applications for Materials Engineering

216

In Figure 10, we show the observed Hanle oscillations at room temperature. The 
measured period of the oscillations in the transverse magnetic field is 315 Oe.

The transit time through the spacer layer is related to the oscillation period 
according to

   τ  t   =   h ______  |g|   μ  B    B  0    ,  (4)

where h is the Planck constant, g is the Landé g-factor of InSb, μB is the Bohr 
magneton and B0 is the period of the oscillation.

From Eq. (4), using B0 = 315 Oe, we find that the average transit time through 
the spacer layers of the spin valves is 44 ps. Using this value in Eq. (3), we deduce 
that the drift velocity of electrons in the spacer layer is 454 m/s. From Eq. (3), we 
can then determine that that the spin relaxation time in the InSb spacer layer is 
13 ps. This is approximately one order of magnitude larger than that reported in 
InSb or InAs quantum wells [29, 30].

3. Conclusions

In this chapter, I have described some spin transport experiments in nanowire 
spin vales produced by sequentially electrodepositing various materials  
(ferromagnet-spacer-ferromagnet) within nanopores of anodic alumina films. 
These experiments have revealed intriguing and important features of spin 
transport in restricted dimensionality systems. They have also demonstrated the 
immense capability afforded by electrochemical self-assembly methods.

Figure 10. 
Hanle oscillations in the transverse magnetoresistance traces of the InSb nanowire samples at room temperature. 
Reproduced from Ref. [28] with permission of Wiley.

217

Spin Transport in Nanowires Synthesized Using Anodic Nanoporous Alumina Films
DOI: http://dx.doi.org/10.5772/intechopen.86581

Author details

Supriyo Bandyopadhyay
Department of Electrical and Computer Engineering, Virginia Commonwealth 
University, Richmond, VA, USA

*Address all correspondence to: sbandy@vcu.edu

Acknowledgements

The work described here has been supported by various grants through the US 
National Science Foundation at various times. Most of the work was carried out by 
my erstwhile Ph.D. students, post-doctoral mentees and high-school interns— 
Dr. Sridhar Patibandla (now at Intel Corporation, USA), Prof. Sandipan Pramanik 
(now at University of Alberta, Canada), Dr. Carmen-Gabriela Stefanita (now at 
IBM Data Science, USA), Dr. Iftekhar Hossain (now at Eastman Chemicals, USA), 
Dr. Hasnain Ahmad (now at IMEC, Belgium) and Mr. Saumil Bandyopadhyay 
(now at MIT, USA). I am also grateful to my collaborators Prof. Marc Cahay from 
University of Cincinnati, and Profs. Jayasimha Atulasimha and Gary C. Tepper from 
Virginia Commonwealth University.

The author declares no competing interest.

© 2020 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative 
Commons Attribution - NonCommercial 4.0 License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits use, distribution and reproduction for  
non-commercial purposes, provided the original is properly cited. 



218

Multilayer Thin Films - Versatile Applications for Materials Engineering

References

[1] Masuda H, Nishio K. Synthesis 
and applications of highly ordered 
anodic porous alumina. In: Adachi M, 
Lockwood DJ, editors. Self-Organized 
Nanoscale Materials, Nanostructure 
Science and Technology. New York: 
Springer; 2006. pp. 296-312

[2] Huber CA, Huber TE, Sadoqi M, 
Lubin JA, Manalis S, Prater CB.  
Nanowire array composites. Science. 
1994;263:800-802

[3] Pramanik S, Bandyopadhyay S,  
Garre K, Cahay M. Normal and inverse 
spin-valve effect in organic semiconductor 
nanowires and the background 
monotonic magnetoresistance. Physical 
Review B. 1998;74:235329

[4] Ramanathan S, Patibandla S, 
Bandyopadhyay S, Edwards JD, 
Anderson J. Fluorescence and infrared 
spectroscopy of electrochemically self-
assembled ZnO nanowires: Evidence 
of the quantum confined stark effect. 
Journal of Materials Science: Materials 
in Electronics. 2006;17:651-655

[5] Iwasaki T, Motoi T, Den T. Multi-
walled carbon nanotubes growth in 
anodic alumina nanoholes. Applied 
Physics Letters. 1999;75:2044-2046

[6] Zeng H, Michalski S, Kirby RD, 
Sellmyer DJ, Menon L, Bandyopadhyay 
S. Effects of surface morphology on 
magnetic properties of Ni nanowire 
arrays in self-ordered porous alumina. 
Journal of Physics: Condensed Matter. 
2002;14:715-721

[7] Kouklin N, Menon L, Wong AZ, 
Thompson DW, Woollam JA, Williams 
PF, et al. Giant photoresistivity and 
optically controlled switching in self-
assembled nanowires. Applied Physics 
Letters. 2001;79:4423-4425

[8] Ramanathan S, Patibandla S, 
Bandyopadhyay S, Anderson J, 

Edwards JD. Fluorescence spectroscopy 
of electrochemical self-assembled 
ZnSe and Mn:ZnSe nanowires. 
Nanotechnology. 2008;19:195601

[9] Sarkar S, Kanchibotla B, Nelson JD, 
Edwards JD, Anderson J, Tepper GC,  
et al. Giant increase in the metal-
enhanced fluorescence of organic 
molecules in nanoporous alumina 
templates and large molecule-specific 
red/blue shift of the fluorescence peak. 
Nano Letters. 2014;14:5973-5978

[10] Zeng H, Zheng M, Skomski R, 
Sellmyer DJ, Liu Y, Menon L, et al. 
Magnetic properties of self-assembled 
Co nanowires of varying length and 
diameter. Journal of Applied Physics. 
2000;87:4718-4720

[11] Zeng H, Skomski R, Menon L,  
Liu Y, Bandyopadhyay S, Sellmyer DJ.  
Structure and magnetic properties 
of ferromagnetic nanowires self-
assembled arrays. Physical Review B. 
2002;65:134426

[12] Kouklin N, Bandyopadhyay S,  
Tereshin S, Varfolomeev A, 
Zarestky D. Electronic bistability 
in electrochemically self-assembled 
quantum dots: A potential 
non-volatile random access 
memory. Applied Physics Letters. 
2000;76:460-462

[13] Kouklin N, Menon L, 
Bandyopadhyay S. Room-
temperature single electron charging 
in electrochemically synthesized 
semiconductor quantum dot and 
wire array. Applied Physics Letters. 
2002;80:1649-1651

[14] Varfolomeev A, Zarestky D, 
Pokalyakin V, Tereshin S, Pramanik S, 
Bandyopadhyay S. Admittance of CdS 
nanowires embedded in porous alumina 
template. Applied Physics Letters. 
2006;88:113114

219

Spin Transport in Nanowires Synthesized Using Anodic Nanoporous Alumina Films
DOI: http://dx.doi.org/10.5772/intechopen.86581

[15] Cahay M, Garre K, Fraser JW, 
Lockwood DJ, Semet V, Binh VT, 
et al. Characterization and field 
emission properties of lanthanum 
monosulfide nanoprotrusion arrays 
obtained by pulsed laser deposition on 
self-assembled nanoporous alumina 
templates. Journal of Vacuum Science 
and Technology B. 2007;25:594-603

[16] Pramanik S, Stefanita C-G, 
Patibandla S, Bandyopadhyay S, 
Garre K, Harth N, et al. Observation 
of extremely long spin relaxation 
times in an organic nanowire spin 
valve. Nature Nanotechnology. 
2007;2:216-219

[17] Julliere M. Tunneling between 
ferromagnetic films. Physics Letters A. 
1975;54:225-226

[18] Elliott RJ. Theory of the effect 
of spin-orbit coupling on magnetic 
resonance is some semiconductors. 
Physics Review. 1954;96:266-279

[19] Bobbert PA, Wagemans W,  
van Oost FWA, Koopmans B,  
Wohlgenannt M. Theory for spin 
diffusion in disordered organic 
semiconductors. Physical Review 
Letters. 2009;102:156604

[20] Tsurumi J, Matsui H, Kubo T, 
Häusermann R, Mitsui C, Okamoto T, 
et al. Coexistence of ultra-long spin 
relaxation time and coherent charge 
transport in organic single crystal 
semiconductors. Nature Physics. 
2017;13:994-998

[21] Patibandla S, Pramanik S, 
Bandyopadhyay S, Tepper GC. Spin 
relaxation in a germanium nanowire. 
Journal of Applied Physics. 
2006;100:044303

[22] Tsukogoshi K, Alphenaar BW, 
Ago H. Coherent transport of 
electron spin in a ferromagnetically 
contacted carbon nanotube. Nature. 
1999;401:572

[23] Dresselhaus G. Spin-orbit coupling 
effects in zinc blende structures. Physics 
Review. 1955;100:580

[24] Bychkov YA, Rashba EI. Oscillatory 
effects and the magnetic susceptibility 
of carriers in inversion layers. Journal 
of Physics C: Solid State Physics. 
1984;17:6039-6045

[25] D’yakonov MI, Perel’ VI. Spin 
orientation of electrons associated with 
the interband absorption of light in 
semiconductors. Soviet Physics—JETP. 
1971;33:1053

[26] Bandyopadhyay S, Cahay M.  
Introduction to Spintronics. 2nd ed. 
Boca Raton: CRC Press; 2015

[27] Tsymbal EY, Sokolov A,  
Sabirianov IF, Doudin B. Resonant 
inversion of tunneling 
magnetoresistance. Physical Review 
Letters. 2003;90:186602

[28] Bandyopadhyay S, Hossain MI,  
Ahmad H, Atulasimha J, 
Bandyopadhyay S. Coherent spin 
transport and suppression of 
spin relaxation in InSb nanowires 
with single subband occupancy 
at room temperature. Small. 
2014;10:4379-4385

[29] Bhowmick M, Kini RN,  
Nontapot K, Goel N, Chung SJ,  
Mishima TD, et al. Probe of interband 
relaxations of photo-excited carriers 
and spins in InSb based quantum wells. 
Physics Procedia. 2010;3:1161-1165

[30] Olesberg JT, Lau WH, Flatté ME,  
Yu C, Altunkaya E, Shaw EM, et al. 
Interface contributions to spin 
relaxation in a short period InAs/
GaSb superlattice. Physical Review B. 
2001;64:201301(R)



218

Multilayer Thin Films - Versatile Applications for Materials Engineering

References

[1] Masuda H, Nishio K. Synthesis 
and applications of highly ordered 
anodic porous alumina. In: Adachi M, 
Lockwood DJ, editors. Self-Organized 
Nanoscale Materials, Nanostructure 
Science and Technology. New York: 
Springer; 2006. pp. 296-312

[2] Huber CA, Huber TE, Sadoqi M, 
Lubin JA, Manalis S, Prater CB.  
Nanowire array composites. Science. 
1994;263:800-802

[3] Pramanik S, Bandyopadhyay S,  
Garre K, Cahay M. Normal and inverse 
spin-valve effect in organic semiconductor 
nanowires and the background 
monotonic magnetoresistance. Physical 
Review B. 1998;74:235329

[4] Ramanathan S, Patibandla S, 
Bandyopadhyay S, Edwards JD, 
Anderson J. Fluorescence and infrared 
spectroscopy of electrochemically self-
assembled ZnO nanowires: Evidence 
of the quantum confined stark effect. 
Journal of Materials Science: Materials 
in Electronics. 2006;17:651-655

[5] Iwasaki T, Motoi T, Den T. Multi-
walled carbon nanotubes growth in 
anodic alumina nanoholes. Applied 
Physics Letters. 1999;75:2044-2046

[6] Zeng H, Michalski S, Kirby RD, 
Sellmyer DJ, Menon L, Bandyopadhyay 
S. Effects of surface morphology on 
magnetic properties of Ni nanowire 
arrays in self-ordered porous alumina. 
Journal of Physics: Condensed Matter. 
2002;14:715-721

[7] Kouklin N, Menon L, Wong AZ, 
Thompson DW, Woollam JA, Williams 
PF, et al. Giant photoresistivity and 
optically controlled switching in self-
assembled nanowires. Applied Physics 
Letters. 2001;79:4423-4425

[8] Ramanathan S, Patibandla S, 
Bandyopadhyay S, Anderson J, 

Edwards JD. Fluorescence spectroscopy 
of electrochemical self-assembled 
ZnSe and Mn:ZnSe nanowires. 
Nanotechnology. 2008;19:195601

[9] Sarkar S, Kanchibotla B, Nelson JD, 
Edwards JD, Anderson J, Tepper GC,  
et al. Giant increase in the metal-
enhanced fluorescence of organic 
molecules in nanoporous alumina 
templates and large molecule-specific 
red/blue shift of the fluorescence peak. 
Nano Letters. 2014;14:5973-5978

[10] Zeng H, Zheng M, Skomski R, 
Sellmyer DJ, Liu Y, Menon L, et al. 
Magnetic properties of self-assembled 
Co nanowires of varying length and 
diameter. Journal of Applied Physics. 
2000;87:4718-4720

[11] Zeng H, Skomski R, Menon L,  
Liu Y, Bandyopadhyay S, Sellmyer DJ.  
Structure and magnetic properties 
of ferromagnetic nanowires self-
assembled arrays. Physical Review B. 
2002;65:134426

[12] Kouklin N, Bandyopadhyay S,  
Tereshin S, Varfolomeev A, 
Zarestky D. Electronic bistability 
in electrochemically self-assembled 
quantum dots: A potential 
non-volatile random access 
memory. Applied Physics Letters. 
2000;76:460-462

[13] Kouklin N, Menon L, 
Bandyopadhyay S. Room-
temperature single electron charging 
in electrochemically synthesized 
semiconductor quantum dot and 
wire array. Applied Physics Letters. 
2002;80:1649-1651

[14] Varfolomeev A, Zarestky D, 
Pokalyakin V, Tereshin S, Pramanik S, 
Bandyopadhyay S. Admittance of CdS 
nanowires embedded in porous alumina 
template. Applied Physics Letters. 
2006;88:113114

219

Spin Transport in Nanowires Synthesized Using Anodic Nanoporous Alumina Films
DOI: http://dx.doi.org/10.5772/intechopen.86581

[15] Cahay M, Garre K, Fraser JW, 
Lockwood DJ, Semet V, Binh VT, 
et al. Characterization and field 
emission properties of lanthanum 
monosulfide nanoprotrusion arrays 
obtained by pulsed laser deposition on 
self-assembled nanoporous alumina 
templates. Journal of Vacuum Science 
and Technology B. 2007;25:594-603

[16] Pramanik S, Stefanita C-G, 
Patibandla S, Bandyopadhyay S, 
Garre K, Harth N, et al. Observation 
of extremely long spin relaxation 
times in an organic nanowire spin 
valve. Nature Nanotechnology. 
2007;2:216-219

[17] Julliere M. Tunneling between 
ferromagnetic films. Physics Letters A. 
1975;54:225-226

[18] Elliott RJ. Theory of the effect 
of spin-orbit coupling on magnetic 
resonance is some semiconductors. 
Physics Review. 1954;96:266-279

[19] Bobbert PA, Wagemans W,  
van Oost FWA, Koopmans B,  
Wohlgenannt M. Theory for spin 
diffusion in disordered organic 
semiconductors. Physical Review 
Letters. 2009;102:156604

[20] Tsurumi J, Matsui H, Kubo T, 
Häusermann R, Mitsui C, Okamoto T, 
et al. Coexistence of ultra-long spin 
relaxation time and coherent charge 
transport in organic single crystal 
semiconductors. Nature Physics. 
2017;13:994-998

[21] Patibandla S, Pramanik S, 
Bandyopadhyay S, Tepper GC. Spin 
relaxation in a germanium nanowire. 
Journal of Applied Physics. 
2006;100:044303

[22] Tsukogoshi K, Alphenaar BW, 
Ago H. Coherent transport of 
electron spin in a ferromagnetically 
contacted carbon nanotube. Nature. 
1999;401:572

[23] Dresselhaus G. Spin-orbit coupling 
effects in zinc blende structures. Physics 
Review. 1955;100:580

[24] Bychkov YA, Rashba EI. Oscillatory 
effects and the magnetic susceptibility 
of carriers in inversion layers. Journal 
of Physics C: Solid State Physics. 
1984;17:6039-6045

[25] D’yakonov MI, Perel’ VI. Spin 
orientation of electrons associated with 
the interband absorption of light in 
semiconductors. Soviet Physics—JETP. 
1971;33:1053

[26] Bandyopadhyay S, Cahay M.  
Introduction to Spintronics. 2nd ed. 
Boca Raton: CRC Press; 2015

[27] Tsymbal EY, Sokolov A,  
Sabirianov IF, Doudin B. Resonant 
inversion of tunneling 
magnetoresistance. Physical Review 
Letters. 2003;90:186602

[28] Bandyopadhyay S, Hossain MI,  
Ahmad H, Atulasimha J, 
Bandyopadhyay S. Coherent spin 
transport and suppression of 
spin relaxation in InSb nanowires 
with single subband occupancy 
at room temperature. Small. 
2014;10:4379-4385

[29] Bhowmick M, Kini RN,  
Nontapot K, Goel N, Chung SJ,  
Mishima TD, et al. Probe of interband 
relaxations of photo-excited carriers 
and spins in InSb based quantum wells. 
Physics Procedia. 2010;3:1161-1165

[30] Olesberg JT, Lau WH, Flatté ME,  
Yu C, Altunkaya E, Shaw EM, et al. 
Interface contributions to spin 
relaxation in a short period InAs/
GaSb superlattice. Physical Review B. 
2001;64:201301(R)



221

Chapter 12

Concepts for Designing Tailored 
Thin Film Surfaces with Potential 
Biological Applications
Nicolás Eduardo Muzzio, Omar Azzaroni, Sergio E. Moya 
and Miguel Ángel Pasquale

Abstract

The tailoring of surfaces with nanostructured thin films, where interfacial proper-
ties can be controlled at the nanoscale, offers multiple possibilities for biological appli-
cations. The design of thin films with appropriate properties to induce desired biological 
responses at cell level requires the convergence of research from physics, chemistry, 
material science, biology, and medicine. Here, we will discuss the main surface proper-
ties that determine the behavior of isolated cells, cell colonies, and tissues interacting 
with a material. Surface roughness, morphological features, stiffness, wettability, 
chemical nature, and protein-surface interaction characteristics, as well as spatiotem-
poral heterogeneities, are expected to contribute to the desired biological performance 
of a material. A brief review in relation to thin films for biological applications will be 
presented. We will focus on examples in which basic rather simple processes play a key 
role in determining the triggering of a particular biological cell phenotype.

Keywords: tailored surfaces, biocompatible thin films, cell phenotype control, 
biocompatibility, multifunctionality

1. Introduction

The interfacial region of a real system interacting with the environment deter-
mines many of its properties [1]. The control of the structure, topography, compo-
sition, charge density and distribution, wettability, and the viscoelastic properties 
at the interface plays a key role in determining the ultimate characteristics of a 
material interacting with a biological system [2]. Thus, thin films and coatings can 
be used to obtain tailored interfaces with nanoscale controlled properties with the 
aim of generating systems with different complexity and specific functionalities 
of biological interest. This issue is of particular interest for engineering material 
surfaces with potential biomedical applications as implants or medical devices, or 
platforms for fundamental studies at the cell level [3–6].

Biological entities, such as proteins, prokaryote, or eukaryote cells, are expected 
to interact with a material when the material is in contact with biological fluids 
or tissues. In the case of the interaction of cells with an interface, the triggered 
biochemical signals that generate spatial and temporal changes in the interaction 
process should be considered [7]. Cells appear to be smart macromolecular systems 
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that trigger cooperative phenomena upon interaction with a substrate with particu-
lar physicochemical and biochemical properties.

Depending on its specific applications, a proposed biocompatible material is 
required to enhance or inhibit protein and cell adhesion. For instance, interfacial 
properties of materials for implants should promote tissue-material integration 
[8] and avoid bacterial infections [9]. Moreover, for many medical devices to act as 
barriers, antiadherence and antifouling characteristics are needed [10, 11].

In recent years, the combination of new and improved techniques for patterning 
a substrate [12, 13], spatially controlling the deposition of a material [14], supra-
molecular synthesis [15], as well as new assembling procedures to fabricate tunable 
films at the nanoscale [16, 17], has allowed the introduction and control of spatial 
and temporal, physicochemical and biological cues. It has been possible to wisely 
design materials to (i) modulate and study cell behavior and fate [18–21], (ii) deliver, 
release and sense bioactive molecules [22–25], and (iii) increase the biocompatibility 
and functionalities of materials and devices [26, 27]. In many situations, the tailored 
system properties depend on both the characteristics of the pristine substrate and 
those of the coating. Typical examples (Figure 1) are presented to show some design 
strategies, without pretending to be complete, as a large number of systems are pos-
sible: (a) a thin film is coated onto a rigid substrate to improve biocompatibility; (b) 
the thin film can be used to modulate the viscoelastic properties of the system; (c) a 
rigid substrate is modified by a coating containing species that can be internalized by 

Figure 1. 
Different strategies of thin film biological applications. (a) Organic and inorganic thin films that modify the 
interfacial properties toward cell behavior. (b) Stiffness modulation by organic thin films. (c) Thin film as 
cargo systems. (d) Thin film to control biomolecule release from a porous substrate. (e) Porous organic thin film 
for biomolecule release. (f) Thin film for “target” delivery. (g) Responsible thin films under either a direct or 
indirect stimulus. (h) Morphological features that can be incorporated by a thin film.
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cells or are released to the medium; (d) the thin film controls the release of mole-
cules from a solid substrate underneath; (e) the thin film is a porous material capable 
of releasing drugs encapsulated in the pores; (f) the thin film is tailored with species 
interacting specifically with a target; (g) either an underneath or an upper thin film 
bearing actuator moieties are responsive under external stimuli that trigger a change 
in the properties of the system; and (h) nanotopographic characteristics with spatial 
control can be introduced in the substrate surface. The topographic features can be 
combined with a thin film, and physicochemical properties such as specific moieties, 
stiffness, charge, and wettability can be tuned.

In the next sections, we will first give a brief comment about the desired bio-
compatibility of new proposed materials and survey some materials to fabricate 
thin films for biological applications. Then, we will depict the material properties 
that affect cell behavior and conclude with some examples of thin films to modulate 
cell behavior.

2. Thin films of biological interest

Thin films with potential applications in biology need to be biocompatible. 
There are many definitions for biocompatibility, but generally it is meant to refer 
to a material that is expected to carry out a suitable response in the host biological 
environment without producing any undesirable effects [28]. Different assays are 
performed to test the biocompatibility of a material, including in vitro experiments 
of cell proliferation and adhesion, interaction with biological fluids, and in vivo 
performance evaluation of the material function in model animals and its inflam-
matory response [29].

Many of the thin film materials presented in this chapter have potential applica-
tions but require further research for good biocompatibility.

2.1 Inorganic thin films

A wide variety of inorganic thin films and coatings have been proposed to be 
used in biology, including pure metals, alloys, metallic compounds, carbon-based 
thin films, oxide layers, and ceramic materials [3].

2.1.1 Metals and derived compounds

Titanium and its alloys are the most important materials for biomedical applica-
tions, particularly as bulk metal with proper surface modifications. Titanium oxide 
(TiO2) and titanium nitride (TiN) coatings are very appealing as they form bioinert 
layers, protect substrates from corrosion and promote desirable biological function-
alities, such as osteoblast adhesion and proliferation and apatite formation.

Mesoporous titania surfaces and nanotubular titania layers are appealing for 
biomedical applications since both titanium and titania exhibit good biocompat-
ibility and are commonly utilized for biomedical devices and implants. Pores in 
the mesoporous titania can be designed for the encapsulation of drugs for delivery, 
growth factors, and antibiotics that can either facilitate cell material interaction or 
inhibit the presence of bacteria.

Gold and platinum metallic coatings are also used as microelectrodes to monitor 
signals from neurons and evaluate the electrophysiological activity of the neuronal 
network. Platinum-based thin films are also employed for pacemakers, implanted 
defibrillators, stents, and hearing assist devices, due to their good electrical conduc-
tion and biocompatibility.
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Figure 1. 
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cargo systems. (d) Thin film to control biomolecule release from a porous substrate. (e) Porous organic thin film 
for biomolecule release. (f) Thin film for “target” delivery. (g) Responsible thin films under either a direct or 
indirect stimulus. (h) Morphological features that can be incorporated by a thin film.
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ibility and are commonly utilized for biomedical devices and implants. Pores in 
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growth factors, and antibiotics that can either facilitate cell material interaction or 
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2.1.2 Bioceramics and carbon-based materials

Bioceramic thin films are used for coating implants and prostheses, as they 
exhibit good corrosion resistance and better bioactivity than the metal substrate. 
Bioceramic thin films deposited on Ti prostheses yield better integration and bone 
growth in comparison with the bare metal. Some bioceramics utilized in patients 
are bioinert, for example, oxide and silicon ceramics. Other ceramics are resorbable, 
as is the case of calcium phosphates, and others are bioactive, such as bioglasses and 
hydroxyapatite.

Carbon-based materials, that is, diamond-like and carbon nitride thin films are 
potential materials for coating substrates for biological applications as biomedical 
devices. Diamond-like carbon shows lower platelet adhesion than carbon nitride. 
Despite this, carbon nitride thin films are able to yield harder coatings.

Unlike diamond-like and carbon nitride thin films that are amorphous carbon 
materials, nanocrystalline diamond thin films allow the tuning of their crystalline 
structure and can mimic the surface roughness of bone. These films also provide 
high chemical and corrosion resistance, making them very appealing for biological 
applications.

Carbon nanotubes and graphene sheets are promising materials for biomedical 
applications [30], presenting new opportunities due to their unique mechanical, 
electrical, and optical properties. Furthermore, carbon-based nanomaterials can 
mimic the microenvironment provided by the biological extracellular matrix [30]. 
These systems have been extensively studied as drug/gene delivery vehicles for 
anticancer treatments.

It has also been reported that graphene can favor the osteoblast linage of mes-
enchymal stem cells (MSCs) [31] and increases the rate of human MSCs osteogenic 
differentiation by a similar magnitude to bone morphogenic protein, BMP-2 [32].

2.2 Organic thin films and hybrid systems

Organic thin films, particularly those of natural origin, are very appealing for 
creating a biocompatible interface and are potentially suitable for biological appli-
cations. The drawback of these materials is their poor mechanical properties, as 
they resemble soft biological tissues. Soft materials are characterized by a limited 
cell adherence. Thus, they are often modified to fulfill the requirements of their 
intended application.

Examples of polymers used for thin film fabrication include the following:

1. Extracellular matrix components. For instance, collagen, fibronectin and 
laminin, growth factors and glycosaminoglycans, among others.

2. Zwitterionic polymers, which display an equal number of cationic and anionic 
groups making them hydrophilic and antifouling.

3. Polyethylene glycol-modified polymers (PEGylated polymers) and hyper-
branched polymers with oligosaccharide surfactant hydrophilic moieties, 
which result in antifouling coatings.

4. Thermoresistive polymers derived from poly(N-isopropyl acrylamide) 
(PNIPAM) [33].

5. Polymers employed in the fabrication of devices (such as biosensors), used 
to prevent nonspecific adhesion of biological materials forming hydrophilic/
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hydrophobic layers, namely polydimethylsiloxane (PDMS), polyethylene 
(PE), perfluoropolyethylene (PFPE), polyimide (PI), parylene C, polyethere-
therketone (PEEK), cyclic olefin/copolymer, poly(methyl methacrylate) 
(PMMA), polypropylene (PP), and polystyrene (PS) [34].

6. Polyelectrolyte multilayers (PEMs) of either synthetic or natural polyelec-
trolytes assembled by the versatile layer-by-layer (LbL) techniques driven by 
different molecular forces, that is, electrostatic or hydrogen bonding. The LbL 
technique allows the combination of different materials as building blocks and 
a wide variety of substrates can be coated.

Hybrid nature-inspired inorganic/organic materials have been fabricated, that 
is, layered systems can include metallic nanoparticles and nanotubes, mesoporous 
materials with organic moieties, hydrogels with in situ synthesized nanoparticles, 
etc. These systems can benefit from the multiple functionalities that can be carried 
by the nanomaterials to enhance gene delivery [35], imaging [36], and alternative 
disease treatments [37]. Furthermore, meso- and nanostructured titanium-based 
materials can be used to fabricate hybrid static and dynamic systems that include 
bioactive molecules as well as polymeric films to increase the material functional-
ities [21]. This approach is suitable to tackle the important issue of the miniaturiza-
tion of medical devices.

A scheme of the classification of materials utilized to fabricate thin films of 
biological interest is depicted in Figure 2.

3. Thin film properties for tuning cell behavior

Living cells in an organism are sensitive to the environmental properties defined 
by neighboring cells and the extracellular matrix (ECM) [38]. Proteins play a 
key role in the cell sensing process of the microenvironment characteristics. For 
instance, cells are able to sense the viscoelastic and topographic properties of the 
environment through transmembrane proteins such as integrins [39]. Furthermore, 
growth factors, hormones, antibodies, vitamins, and other bioactive molecules can 
interact with specific cell receptors and induce a certain cell phenotype [40].

In general, cells in contact with a substrate interact with it through proteins 
deposited on the substrate. These proteins come from biological fluids or are 

Figure 2. 
Classification of materials for thin film coatings and applications.
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instance, cells are able to sense the viscoelastic and topographic properties of the 
environment through transmembrane proteins such as integrins [39]. Furthermore, 
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In general, cells in contact with a substrate interact with it through proteins 
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produced by the cell itself upon interaction with the substrate [41]. Furthermore, in 
most of the experimental conditions employed for cell/material interaction studies, 
cells are cultured in medium supplemented with fetal bovine serum, and therefore, 
serum proteins interact with the substrate moieties. Among these proteins, bovine 
serum albumin (BSA) and fibronectin (FN) are usually considered as an example of 
nonadherent and adherent protein models, respectively.

Cell adhesion is the first step of many physiological and pathological processes 
such as wound healing, bacterial infections, and tumor progression. Eukaryote cell 
adhesion is possible if the intracellular forces exerted by stress fibers are balanced 
by the substrate stiffness [42]. The effect of the substrate stiffness is cell-type 
dependent, while adhesion of some cell lines is sensitive to changes in the substrate 
mechanical properties, other cells are less influenced [43]. Cells are able to sense the 
forces exerted by the environment and transduce them into biochemical signals; the 
study of this process is relatively recent and can profit from new actuator micro-
devices such as microelectromechanical systems (MEMs) constructed with new 
biomaterials and methods to avoid toxicity [44].

On the other hand, cells can sense the stiffness of objects that are not in direct 
contact, depending on the compliant polymer thickness and its physicochemical 
properties [45]. Thus, cell adhesion can be modulated by depositing a compliant 
soft polymer upon a stiff support with controlled topography and by varying the 
thickness of the soft polymer [46]. Cells sense the stiffness that is the result of the 
combination of the stiffness of both the upper soft polymer and the rigid substrate 
underneath, namely “complex stiffness.”

3.1 Substrate physicochemical properties

The cell adhesion characteristics and subsequent cell functionalities will depend 
strongly on the physicochemical properties of the biomaterial surface. In the next 
paragraphs, a brief survey of these properties will be given.

Wettability: Cell adhesion characteristics are optimal for surfaces with moder-
ate wettability, that is, a contact angle of about 85°. It has been suggested that this 
behavior is due to the proper state of the adhesion-mediating ECM proteins that 
allow the interaction of cell receptors with specific protein motifs.

For highly hydrophobic surfaces, the amount of adsorbed protein is relatively 
large, but the intra-protein interaction and the protein/substrate interaction are 
high and may produce denaturing or hamper remodeling from cells.

On more polar hydrophilic surfaces, proteins adsorb in relatively low concen-
trations diminishing inter-protein interactions and preserving their native state. 
However, it has been observed that on highly hydrophilic surfaces, cell adhesion 
is limited and even completely unviable. In this case, the adhesion proteins are 
labile as relatively weak forces take place. This would cause the detachment of cells 
particularly when the monolayer density is high [2].

Surface charge: The charge of the coated substrate is an important factor for 
cell colony spreading. There are some research works that indicate that positively 
charged surfaces are more efficient toward cell adhesion than negatively charged 
surfaces. This fact is explained by the negative charge of most of the cell adhesion-
mediating ECM species that would exhibit preferential adsorption at positively 
charged interfaces.

It has been reported that for UV-irradiated polytetrafluoroethylene in a NH3 
atmosphere, the generated positive charge interacts synergistically with oxygen-
containing groups, and the adhesion of mouse 3T3 fibroblast, human umbilical vein 
endothelial cells, and human embryonic kidney cells is stimulated [47–49].
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Other works reported that the presence of carboxylate groups added to a copo-
lymer of poly(dl-lactic acid) and poly(ethylene oxide) enhances rat aortic smooth 
muscle cells in comparison to a noncarboxylated surface [50]. The carboxylate 
groups may not only bring negative charge to the interface but they also increase its 
wettability to values suitable for cell adhesion [51].

It has been observed that bovine aortic endothelial cells adhere with a larger 
spreading area when the modified substrate bears a larger number of positively 
charged amine groups than negative carboxylate ones, both attached to self-
assembled monolayers of alkanethiols [52]. In this work, the authors reported that the 
amount of osteopontin proteins adsorbed on both modified surfaces was very similar, 
thus they suggested that the orientation and geometrical conformation of osteopontin 
was more suitable for cell adhesion to the amino group-containing positive surface.

Substrate roughness and topography: In relation to these properties, it is convenient 
to distinguish three size scales: the macroroughness that involves features larger 
than 1 μm, the micro-/submicroroughness with features from 100 nm to 1 μm, and 
the nanoroughness with features below 100 nm.

Cell adhesion is insensitive to the macroroughness as cells are able to adhere to or 
between the surface irregularities that are larger than cells.

The micro-/submicroroughness significantly affects cell behavior as reviewed 
elsewhere [7]. Some studies have reported a positive influence of surface micror-
oughness on cell adhesion, whereas in other studies, its influence has been shown 
to be negative. For instance, rat osteoblasts on microporous surface of titanium 
dental implants exhibited an increased average cell spreading area in comparison 
with flat surfaces [53]. Similarly, human osteoblast-like MG-63 cells cultured on Ti 
substrates with microroughness showed a more differentiated phenotype as a large 
expression of alkaline phosphatase (ALP), osteocalcin, and the faster production of 
an osteogenic environment were observed [54].

In contrast, a Ti-based alloy with microroughness exhibited poorer adhesion 
characteristics and decreased proliferation of MG-63 cells than flat surfaces [54].

These contradictory results are partially caused by the lack of systematic 
research work on the effect of micro-/submicroroughness, in part due to the ambi-
guity of the parameters used to characterize the surface roughness.

Finally, the nanoroughness of a biomaterial surface has been reported to have a 
beneficial influence on cell adhesion in a large number of papers. This fact occurs 
because nanoroughness resembles many aspects of the ECM morphological fea-
tures. It appears that the proteins that induce cell adhesion adsorb on the biomate-
rial surface with the appropriate conformation for presenting specific sites, that is, 
Arg-Gly-Asp, to cell membrane receptors [2].

Substrate stiffness: The stiffness of the substrate plays a key role in cell function. 
For instance, by varying the elastic modulus of the polymer-coated substrate from 
about 0 to 500 kPa, the trigger of distinct cell functions has been observed and 
mechanistically described in relation to the forces exerted by cells [55]. Moreover, it 
has been reported that collagen cross-linking can modulate tissue stiffness to enhance 
integrin-mediated cell adhesion and induce the invasion by breast tumor cells [56].

Synthetic polymers such as polyacrylamide (PA) with modified stiffness have been 
utilized to study MSC differentiation. These cells differentiate into neurons on soft PA 
gels, myoblast on gels of intermediate stiffness and bone cells on stiffer gels [57].

PEM mechanical properties can be improved by adding layers of “hard” poly-
electrolytes [58], properly changing the pH and the ionic strength during assem-
bling [59], by cross-linking the layers [60], or incorporating nano-objects into the 
multilayer structure [20, 61]. In these cases, some of the reagents employed may be 
toxic and add additional synthesis steps.
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3.1.1 Modulation of cell adhesion by thin film thermal annealing

In recent papers, we reported about the effect of thermal annealing of PEMs 
on the adhesion of different cell lines [62]. We employed polycationic terminated 
PEMs made up of 15 layers, (polycation/polyanion)7polycation: poly-l-lysine 
(PLL)/alginate (Alg); PLL/dextran sulfate (DEX) and chitosane (Chi)/hyal-
uronic acid (HA). By treating PLL/Alg and PLL/Dex PEMs at 37°C for 1–3 days, 
we reported an enhancement of cell adhesion. The cytoplasm spreading area of 
A549 and C2C12 cells on unannealed PLL/Alg films is poor, while cells seeded on 
annealed (PLL/Alg)7PLL PEMs present an extended cytoplasm with well-defined 
focal contacts and large actin fibers, like cells seeded on glass. In contrast, annealed 
Chi/HA PEMs exhibit a hampered adhesion of A549, C2C12, BHK, and MC-3T3 
cells [26]. The advantage of this strategy is the absence of toxic substances and the 
simplicity of the procedure.

Recently, a well-characterized PEM based on poly(4-styrenesulfonic acid) (PSS) 
and poly(diallyl dimethyl ammonium chloride) (PDADMAC) has been employed 
to demonstrate the dynamic nature of the interface interacting with cells and the 
key role played by the strength of the interaction of proteins with the substrate [63]. 
Cells are able to sense the stiffness of the substrate provided they attach to adhesion 
proteins that are adsorbed on the interface with sufficiently high interaction energy. 
In this work, the authors measured an abrupt change in cell adhesion by varying 
the number of deposited layers (PEM thickness) rather slightly but maintaining 
its roughness constant, pointing out that the stiffness of the substrate was not an 
important property in the observed adhesion behavior, but rather the competition 
of proteins from the culture medium with preadsorbed ones. For these experiments, 
the authors used PEMs with variable surface charge and protein radiolabeling.

Thermal annealing results in the reorganization of PEMs, the polyelectrolytes 
rearrange in the multilayers from a stratified organization to molecular complexes 
of polycations and polyanions, where the interaction between oppositely charged 
polyelectrolytes is maximized [64]. For the case of PLL/Alg PEMs (Figure 3a and c),  
thermal annealing increases the stiffness of the film, increases the contact angle to 
about 90°, augments the negative charge, and renders a relatively flatter surface. 
Nevertheless, for both preadsorbed FN from a solution of FN alone and from a 
solution of FN and BSA, thermal annealing of PLL/Alg PEMs increases the stability 
of adsorbed FN as demonstrated by gamma counting of radiolabeled proteins and 
protein exchange assays. Furthermore, circular dichroism studies indicated that 
upon annealing, there is likely a larger number of arginine-glycine-aspartate (RGD) 
groups from FN that are able to interact with cell membrane integrins to favor cell 
adhesion [65].

In the case of Chi/HA PEMs (Figure 3b and c), the changes in physicochemi-
cal properties are significantly smaller after annealing than for unannealed PLL/
Alg PEMs. The interface remains hydrophilic, the contact angle decreases from 
30 to 21°, the charge becomes slightly more negative, and the stiffness remains 
unchanged. Contrarily, there is a significant change in the root mean square (RMS) 
roughness for annealed Chi/HA PEMs compared with unannealed Chi/HA PEMs: 
the RMS roughness decreases to half the value measured for unannealed films. This 
topographic change is expected to cause different interactions of the PEM surface 
with cells after annealing, increasing the antiadherent properties. For Chi/HA 
PEMs, we also conclude that thermal annealing reduces the interactions between 
adhesion proteins and the PEM interface, the reverse effect of that observed for 
PLL/Alg PEMs.

One of our goals in this work was to relate the changes in cell adhesion upon 
annealing of PEMs to the deposition and stability of adhesion and nonadhesion 
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proteins and rationalize the effect of the changes in the physicochemical properties 
of PEMs on cell adhesion.

Cells are able to expand due to proper forces applied to the substrate for increas-
ing cell cytoplasm tension. Thus, cells sense the increase in the Young’s modulus of 
PLL/Alg films upon annealing provided adhesion proteins interact tightly with the 
PEM surface (Figure 4a). Upon annealing, both BSA and FN exhibit an increased 
interaction with the substrate. Moreover, FN adsorbed on annealed PLL/Alg adopts 
an elongated tertiary structure, favoring the exposure of RGD adhesive groups that 
enhance cell adhesion. For Chi/HA PEMs, results indicate a combined effect of a 
larger deposition of BSA (nonadhesive protein), and lower deposition of FN, the 
latter with an increased exchangeability, which renders the PEM surface unfavor-
able for stable interactions with integrins from the cell membrane (Figure 4b).

3.1.2 Modulation of cell adhesion by biologically inspired materials

Biologically inspired materials play a key role in the design of realistic platforms 
to modulate cell function. We proposed a novel biologically inspired supramolecular 
coating generated via one-step dip coating of the substrate in an aqueous solution of 
polyallylamine and phosphate anions [66]. We found selective cell adhesion, following 
the order in adhesion C2C12 myoblast > HeLa cells > MC-3 T3 preosteoblast, by vary-
ing the deposition time, that is, the thickness of the film from 20 to 120 nm (Figure 5) 
due to changes in the “complex stiffness”. The proposed platform supports a cell-type 
dependent exponential proliferation rate, with viability tested during a month.

This phosphate-polyamine film can be used to coat either adherent or nonadher-
ent substrates and perhaps even more interesting, relatively thick films (≈100 nm) 
that exhibit poor cell adhesion properties, irrespective of the cell line, recover 
their adhesive properties toward eukaryote cells upon annealing at 37° for 2–3 days 

Figure 3. 
Cell adhesion modulation on unannealed and annealed (PLL/Alg)7PLL and (Chi/HA)7Chi PEMs. (a) 
Contrast phase images of A549 cells adhered to unannealed and annealed (PLL/Alg)7PLL. The respective 
atomic force microimages are included. (b) Cell adhesion and atomic force images for unannealed and annealed 
(Chi/HA)7Chi PEMs. (c) Physicochemical and fibronectin (FN) adsorption properties of unannealed and 
annealed (PLL/Alg)7PLL and (Chi/HA)7Chi PEMs.
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ing the deposition time, that is, the thickness of the film from 20 to 120 nm (Figure 5) 
due to changes in the “complex stiffness”. The proposed platform supports a cell-type 
dependent exponential proliferation rate, with viability tested during a month.

This phosphate-polyamine film can be used to coat either adherent or nonadher-
ent substrates and perhaps even more interesting, relatively thick films (≈100 nm) 
that exhibit poor cell adhesion properties, irrespective of the cell line, recover 
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Cell adhesion modulation on unannealed and annealed (PLL/Alg)7PLL and (Chi/HA)7Chi PEMs. (a) 
Contrast phase images of A549 cells adhered to unannealed and annealed (PLL/Alg)7PLL. The respective 
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(Figure 5). This effect was mainly explained by the increase in the film stiffness 
due to partial irreversible dehydration accompanied with an increase in the film 
roughness. Upon thermal annealing, the contact angle increases approaching about 
70°, the surface charge remains negative, and the mass of FN adsorbed accessed by 
quartz crystal microbalance remains constant (Figure 5d).

3.2 Polymeric films with gradients

Cell behavior is markedly affected by the spatial distribution of mechanical 
and biochemical cues at the cell microenvironment. The overall cooperative result 
impacts on either physiological or pathological processes.

The fabrication of films with a gradual change in their swelling behavior has 
been obtained by gradual immersion of assembled PSS/PDADMAC multilayers into 
NaCl solutions [67]. In this work, the migration of smooth muscle cells (SMCs) at 
an appropriate cell density, in the direction of lowering hydration (relatively low 
swelling) has been observed. Furthermore, by time-controlled immersion in a 
solution of natural cross-linkers, a stable stiffness gradient on either free standing 
PEMs or assembled on silica substrates presenting differential cell adhesion has 
been reported [68].

A multilayer composed of poly(acrylic acid) (PAA) and poly(allylamine 
hydrochloride) (PAH) grafted with photosensitive benzophenone was employed to 
generate stiffness gradient (55–140 MPa) by illuminating the assembled films with a 
gradient density filter that regulates the amount of UV light deposited onto the films 
[69]. Here, SMCs and MC-3T3 cells adhere and spread better on stiffer regions.

Figure 4. 
Scheme of cell interaction with protein adsorbed on unannealed (top) and annealed (bottom) (PLL/Alg)7PLL 
(a) and (Chi/HA)7Chi PEMs (b).
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Other systems that include stiffness gradients [70] and concentration gradients 
of cell adhesive peptides or growth factors have been reported [71]. These concen-
tration gradients are usually developed by microfluidic devices, allowing a spatially 
controlled surface arrangement of biological cues that are combined with physical 
ones to modulate cell fate.

We have recently reported on the post-assembly treatment of PLL/Alg PEMs 
with a temperature gradient between 10 and 50°C in samples 2 cm in length [19]. The 
resulting temperature gradient appears to be linear with the distance between sources 
at fixed temperature. A continuous change in the physicochemical properties appears 
to set in along the substrate upon the application of a thermal gradient. For the sub-
strate region held at the highest temperature, C2C12 cell adhesion was roughly close to 
that observed on glass. In contrast, at the coldest region, cell adhesion was very poor. 
The most significant changes in the average cell spreading area were observed between 
30 and 22°C (Figure 6). The application of a thermal gradient to locally modify the 
physicochemical properties of films as well as the adhesion characteristics toward dif-
ferent cell lines can be extended to other polymeric systems to increase the versatility 
of new materials for rapid testing of cell functionalities.

Figure 5. 
Selective cell adhesion modulation on Pi/PAH-coated coverslips and the effect of thermal annealing at 37°C for 
2–3 days. (a) Phase contrast images of HeLa, C2C12, and MC-3T3 cells seeded on unannealed Pi/PAH-coated 
substrates with tD = 40 and 90 min, as indicated in the figure. (b) Contrast phase images of cells adhered to 
annealed Pi/PAH-coated substrates with tD = 120 min. For C2C12 myoblasts and MC-3T3 preosteoblasts, cell 
adhesion characteristics improve in comparison with unannealed samples. (c) Stiffness (distribution of Young’s 
modulus, E) for unannealed Pi/PAH samples with tD = 40 min (black bars), tD = 120 min (gray bars) and 
annealed Pi/PAH samples (red bars). (d) Some physicochemical properties of unannealed and annealed Pi/
PAH-coated coverslips.
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4. Some hybrid multifunctional systems

The design of hybrid systems is motivated by the aim of profiting from the prop-
erties of the different materials composing them. For example, metal- and metallic 
oxide-derived thin films combined with polymeric layers that eventually contain 
bioactive molecules are useful to obtain multifunctionality.

Ti, its oxides, and alloys are widely used materials for biomedical applications. 
A detailed knowledge of the surface characteristics of Ti-based materials is needed 
for understanding the relation with their reactivity and biological performance 
[72]. Titanium oxide surfaces can be treated by chemical etching, sonochemi-
cal modifications or electrochemical treatment, to obtain hierarchically micro-/
nanostructured porous surfaces [21]. These treatments enhance the photoactivity 
of the oxide layer. And, besides the inherent effect of the modified micro-/nanotop-
ography on cell functions, for instance, the appropriate size of topographic features 
to efficiently promote integrin clustering, the porous materials can be loaded with 
bioactive molecules that promote prokaryote cell-material interaction [73].

By combining metallic surfaces with stimuli-responsive polyelectrolyte/polymer 
multilayers and supramolecular interacting systems, eukaryote and prokaryote 
cell behavior modulation has been achieved. A review of the application of these 
concepts is given in [21].

An example in relation to cell modulation behavior by a hybrid multifunctional 
system is provided in this section. The system is built up with a photocatalyti-
cally active TiO2 film sonochemically nanostructured. Upon illumination, a 
photohole and a photoelectron are formed on the oxide surface as well as both H+ 
and HO−, one species prevailing over the other according to the composition of 
the interface. Thus, upon illumination for a certain time, a change in the pH at 
the interface is obtained. The system also includes a pH-sensitive high-amplitude 

Figure 6. 
Thermal gradient applied to (PLL/Alg)7PLL PEM. (a) Scheme of the experimental setup for applying 
a thermal gradient. (b) Contact angle variation in the sample. (c) Spatial variation of cell adhesion 
characteristics.
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actuating polymer, a linear triblock terpolymer consisting of polybutadiene (B), 
poly(methacrylic acid) (MAA), and quaternized poly[2-(dimethylamino)ethyl 
methacrylate] (Dq) [74]. In aqueous solution, the system (BMAADq) forms 
self-assembled micelles (BCM) with a hydrophobic core and a pH-sensitive MAA 
shell, and a strong Dq corona. BCMs are positively charged and are assembled with 
PAA to fabricate the pH sensitive coating. The resulting TiO2/BCM/PAA/BCM/
PAA architecture is switched in response to the local changes in pH induced by the 
photocatalytic reactions on the oxide surface, resulting in a layer of variable thick-
ness and stiffness. Thus, the authors achieve an efficient and controllable strategy 
to convert energy of electromagnetic illumination into a local pH variation that 
triggers the reversible response of the soft polymer. The same authors reported that 
the MC-3T3 cell migration is modulated in the proposed system. By local illumina-
tion of the film, cells are induced to migrate from softer to stiffer regions [75].

The strategy briefly commented above shows the capability of hybrid smart 
systems to modulate cell behavior by spatial and temporal control of physicochemi-
cal cues.

5. Conclusions

In this chapter, a number of materials and strategies employed to obtain inor-
ganic, organic, and hybrid thin film functional systems with actual and potential 
applications in biosciences have been presented. We have depicted some materi-
als of natural and synthetic origin employed to fabricate thin films to be used as 
platforms for fundamental cellular studies and potential applications. The system 
properties that affect cell functions and modulate its behavior and fate in a context 
approaching real situations have been also pointed out.

Furthermore, we briefly comment on some of our research works in relation 
to biocompatible materials based on polyelectrolyte assembly and post-assembly 
treatments to change the performance toward cell adhesion and proliferation.

The biocompatibility of these materials determines the ultimate success of a 
developed material. Despite the large number of wisely designed systems with tun-
able spatial and temporal properties, even at the nanoscale, the challenge to bring 
these advances to the clinic is a central issue and requires the convergence of basic 
and applied sciences as well as commercial and social considerations.
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Abstract

The tunable construction of multilayer thin-film-based particulate has opened 
up new horizons in materials science and led to exciting new developments in 
many scientific areas during the past two decades. Indeed, to utilize the synergistic 
properties of thin film coatings and the core particles, the thin film immobilized on 
fine particles can be a promising approach. The interaction between the thin films 
and the core fine particles results in adjustable properties of the coated particles. 
Therefore, such coated systems have been considered as an important class of 
emerging powder technology for a wide range of applications. Namely, multilayer 
structural features can lead to designing a highly active and selective catalytic sys-
tems. In addition, multilayer-coated nano/micro particles (NMPs) can be employed 
in the development of many new properties, ease of functionalization, conjugation 
of biomolecules, etc. Such structure with multilayer coatings can also revolutionize 
the energy storage and conversion systems.

Keywords: fine (nano/micro) particles, powder technology, multilayer coatings,  
thin films

1. Introduction

Single-and/or multilayer deposition of films or coatings of particular inter-
est, without altering their bulk properties can be employed to tune the surface 
properties of fine particles in different fields such as catalysis, energy production, 
microelectronics, optoelectronics, etc. [1–3]. In particular, multilayer deposition 
on particles offers a broad range of nanostructured thin films suitable for multiple 
applications, including photocatalysis [4], advanced energy storage systems [5], 
drug delivery [6, 7], etc.

Individual fine particles (nano/micro particles, NMPs) were previously studied 
due to their much superior properties as compared to the agglomerated ones. Later, 
it was found that composite or coated semiconductor particles could render more 
enhanced performance than their corresponding individual particles where they 
might even develop the particles with novel features. Lately, multilayer semicon-
ductor nanoparticles have been synthesized towards improving properties of such 
semiconductor materials [8]. Furthermore, the demands of modern technology 
pushed the research activity more forward to synthesize more advanced materi-
als. This demand accompanied by the development of characterization techniques 
has also greatly helped to establish the structures of multicomponent nano/micro 
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particles. Therefore, multilayer coated-NMPs structured have become one of the 
most popular research topics in recent years.

Nevertheless, synthesis of multilayer coated-NMPs has faced with concerns in 
terms of conformality and uniformity of coatings (shells). In one hand, the core 
particles might not only be considered as the spherical shape but also a variety 
of other shapes such as cube, prism, hexagon, octahedron, disk, wire, rod, tube, 
etc. can be employed. In the other side, fine particles are liable to clustering either 
by agglomeration (reversible) or aggregation (irreversible) processes due to the 
interparticle attractive force (IPF)-to-particle weight ratio (i.e., granular Bonding 
number) [9]. Therefore, to address such concerns, coating of fine particles as the 
synthesis of advanced materials needs a multidisciplinary understanding of powder 
technology and surface engineering.

In the present chapter, several multilayer coated-NMPs with different mor-
phologies and compositions are discussed. The corresponding coated NMPs in 
various applications including catalytic, biomedical, energy, optical systems are 
reviewed (see Figure 1). Before digging into multilayer coated-NMPs, we found it 
quite necessary to make an applied understanding of particulate technology and 
classification. This would help to design the multilayered coating systems based on 
the corresponding powder characteristics. Indeed, the role of powder engineering 
cannot be ignored while particles are used as the substrate in a deposition system.

2. Particulate technology and classification

Powder technology is critically employed in the whole domains of particle 
processing and applications. Besides, a process involving solid particles cannot be 
conducted without the essential characterization of the particles of interest. Such 
characterizations encompass not only the intrinsic static parameters such as size, 
density, shape, and morphology) but also their dynamic properties attributed to 
the fluid flow, e.g., drag coefficient and terminal velocity. There are many tech-
niques that can be employed to characterize particles, either simple or complicated. 
Namely, sieve analysis, imaging technique, dynamic light scattering (DLS) are used 
to directly characterize the particle size and shape. In addition, the physical gas 
adsorption technique based on the well-known BET (Brunauer–Emmett–Teller) 
method on monolayer coverage of adsorptives such as nitrogen is employed to 
measure the powder surface area and the pore size.

For a particle moving in a fluid (e.g., fluidization), the force acting on the 
surface of a particle depends only on the flow of the fluid in its immediate vicinity. 

Figure 1. 
Applications of multilayer coated-NMPs in advanced materials.
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A widely used classification of particulate materials based on their fluidization 
properties has been long proposed by Geldart [10]. The empirical observations on 
fluidized particles in terms of particle size versus the relative density difference 
between the fluid phase and the solid particles are shown in Figure 2 (classical 
Geldart’s diagram). Such classification is in accordance with the behavior of pow-
ders as they are fluidized by dry air at ambient pressure and temperature.

Analogous to the Geldart classification typically used in the fluidized particles 
context, coated-particles can also be categorized based on the particle density and 
size. A useful nondimensional number to interpret the Geldart’s diagram is the 
granular Bond number Bog, defined as the ratio of interparticle attractive force F0 
to particle weight Wp [11]. Fine cohesive particles (Bog > > 1, typically dp ≤ 20 μm), 
possess the strong attractive forces existing between the particles when compared 
to their weight, are so-called Geldart C particles. For slightly cohesive particles 
(Bog ∼ 1, 20 μm ≤ dp ≤ 100 μm, i.e., Geldart A particles), the particles are smoothly 
flowable. Therefore, Geldart A particles seem quite efficient for industrial appli-
cations. This might lead to an important criteria in terms of particles size and 
density when the coated-particles are needed to be utilized in the various industrial 
sectors. In addition, powders within the limit of noncohesive particles (Bog ≤ 1, 
typically dp ≥ 100 μm for dry particles,) are deemed in the group of Geldart B 
particles (i.e., granular materials).

2.1 Importance of multilayer deposition on particles

To utilize a synergistic properties of thin film coatings and the core particles, the 
thin film immobilized on fine particles can be a promising approach. The interac-
tion between the thin films and the core fine particles result in adjustable properties 
of the coated particles. Therefore, such coated systems have been considered as an 
important class of emerging powder technology for a wide range of applications as 
it was mentioned above.

Coating the core materials successively with similar or different types of 
materials can result in so-called “core–multishell NMPs”, which have been 

Figure 2. 
Classical Geldart’s diagram for the types of behavior of powders fluidized by dry air at ambient conditions 
based on the difference between particle and gas density (vertical axis) and particle size (horizontal axis) [10].
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explored recently for a number of applications ranging from catalysis to biology. 
The tunable construction of multilayer thin-film-based particulate has opened 
up new horizons in materials science and led to exciting new developments in 
many scientific areas during the past two decades. The multilayer coated particles 
benefit from the intrinsic potential for the combination of diverse building blocks 
through complementary interactions, i.e.: electrostatic interactions, hydrogen 
bonding, etc., to create thin films displaying functional groups and chemical 
entities at controlled sites in nanoscale arrangements [12]. In addition, a stepwise 
procedure is employed to utilize different functionalities of the multishell rather 
than just to protect the core materials. Furthermore, shielding the core from 
incompatible outer layers of such NMPs might be performed by the inner layers 
[13]. It should be noted that, traditionally, composite NMPs composed of inner 
material (core) and outer layer material (shells) are often defined as core-multi-
shell NMPs (the notation of “@” represents the core-multishell structure, core @ 
shell_1 @ shell_2 @ … @ shell_n).

Multilayer coating of powders can be applied by either wet chemical processes, 
such as sol–gel and impregnation [14, 15] or by dry techniques (i.e., the use of a 
reactive gas phase), including pyrolysis and chemical vapor deposition (CVD) 
[16]; however, most attention in the literature has been paid to the deposition on 
fine particles using wet chemical processes. This includes synthesis of core−shell 
particles or layer-by-layer (LbL) assembly [4]. Indeed, LbL technique initially 
employed the alternate deposition of oppositely charged polyelectrolytes to produce 
nanoscale films. Further, the LbL method was successfully applied to other build-
ing blocks. A broad variety of multilayer composite films have been constructed 
by replacing one or both polyelectrolyte counterparts with other charged building 
blocks such as proteins, dendrimers, lipids and colloidal nanoparticles [12].

2.1.1 Multilayer-coated particles in catalytic applications

Indeed, any advancement in the technology of powders can be employed to 
augment the catalytic reaction performance while working as a process engineer. 
In other words, multilayer structural features lead to designing a highly active and 
selective, low-cost and eco-friendly catalytic systems. This is due to the fact that the 
multilayer coated particles, i.e., catalysts, can synergistically take the advantages 
of the core (i.e., support) and the coated layers. For instance, a superior catalytic 
activity can be obtained by tuning the surface properties (surface area, porosity, 
etc.) of the core particles as the coating layers are properly engineered. In addi-
tion, combination of the properties of the core and shell might be utilized towards 
improved/combined applications (e.g. magnetically separable nanocatalysts with 
the possibility of the repetitive use without the loss of the catalytic efficiency).

Fe3O4@SiO2@ TiO2 coated-particles were developed through a hierarchical 
structure. The first layer of SiO2 on the superparamagnetic Fe3O4 core was coated 
by a modified Stöber process. Subsequently, TiO2 was deposited on top of the silica 
layer to obtain Fe3O4@SiO2@ TiO2 composite. According to the x-ray diffraction 
(XRD) results, a uniform and well-defined morphologies with anatase crystalline 
TiO2 was detected on the surface. However, the confirmation of the multilayer 
coatings of Fe3O4@SiO2@TiO2 with techniques other than microscopy has been yet 
a crucial challenge in the coated-NMPs context. In this study, the Fourier transform 
infrared spectroscopy (FTIR) spectrum was used to detect Si-O-Ti at the wave 
number around 940–960 cm−1. Moreover, decomposition of RhB under UV irra-
diation surpassed that of P25 composites, indicating good photocatalytic activity 
(see Figure 3(d)). Further, little drop in efficiency over 18 cycles together with the 
magnetic recoverability and good cyclability were reported [17].
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Habibzadeh et al. deposited a multilayer film of TiO2/SiO2/TiO2 on the surface 
of fine soda lime glass (SLG) particles by a fluidized bed chemical vapor deposition 
(FB CVD) technique (see Figure 4(a)). The optimal values of the gas velocity for 
different temperatures of the powder bed were obtained from the differential pres-
sure measurements. Titanium dioxide was deposited at 300°C whereas the silicon 
dioxide deposition was implemented at room temperature. Focused ion beam 

Figure 3. 
(a) Scheme of as-synthesized composite structure, (b) TEM images of calcined Fe3O4/SiO2/TiO2 particles (inset 
in TEM image is the magnified ones of portions of the composite particles showing the morphological change 
in the TiO2 shell due to calcination), (c) FTIR spectra of the calcined Fe3O4/SiO2/TiO2 structures and Degussa 
P25 (commercial TiO2) and (d) Photocatalytic performance of various samples of catalysts (■ = UV, • = TiO2 
spheres, ∆ = Fe3O4/SiO2,  ∇  = SiO2/TiO2,  >  Fe3O4/SiO2/TiO2,  <  P25) [17].

Figure 4. 
(a) FIB cross-sectional TEM image and (b) the average film thicknesses of the TiO2/SiO2/TiO2 system on 
the surface of SLG fine particles. The gold and polymer layers are added during the preparation of the TEM 
sample (c) HRTEM images of CdS/PDA/TiO2 core/shell hybrids [4, 18].
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the surface of SLG fine particles. The gold and polymer layers are added during the preparation of the TEM 
sample (c) HRTEM images of CdS/PDA/TiO2 core/shell hybrids [4, 18].
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(FIB) cross-sectional transition electron microscopy (TEM) images (Figure 4(a)) 
showed a thickness of ∼110 and ∼20 nm for titanium and silicon dioxide deposited 
layers, respectively.

X-ray photoelectron spectroscopy (XPS) results confirmed pinhole-free and 
uniform multilayer coatings on the surface of silica microspheres. Moreover, 
the anatase crystalline and amorphous structures of TiO2 and SiO2, respectively, 
were detected by XRD of the multilayer-coated particles. Uniform distribution 
of Ti and Si were also observed by energy-dispersive x-ray spectroscopy (EDS) 
elemental mapping analysis. In addition, it was found that the multilayer coatings 
developed in this study can be effectively employed as a photocatalyst in wastewa-
ter treatments [4].

The photocatalytic activity of the multilayer coatings, CdS/polydopamine/
TiO2 (CdS/PDA/TiO2-Figure 4(b)) was determined. The ternary coated-particles 
were synthesized where dopamine self-polymerization and titanium (IV) butoxide 
hydrolysis were conducted on CdS nanospheres through hydrothermal processes. 
A considerable increase in the reaction rate constants of such ternary hybrids 
(more than three times) towards the degradation of RhB, methylene blue (MB) and 
phenol as the pollutants were seen as compared to CdS/TiO2 hybrids. The amended 
photocatalytic degradation was credited to the greater light absorption and charge 
carrier separation efficiency together with the introduction of PDA [18].

Xiong et al. [1] showed an enhanced catalytic activity of 3D ordered meso-
macroporous Ce0.3Zr0.7O2-supported PdAu@CeO2 nanoparticles for soot oxidation. 
The multilayered structure catalyst found to improve the activation property for 
gaseous reactants. In addition, the synergetic effect of Pd-Au-CeO2 could promote 
the rate determining step. Yi et al. [19] reported the synthesis of a nanocomposite 
of Pd/SiO2/Fe2O3 catalyst system utilized in hydrogenation of nitrobenzene. First, 
monodisperse silica-coated Fe2O3 nanoparticles (SiO2/Fe2O3) were obtained in 
water-in-cyclohexane reverse microemulsion. Then, they were functionalized with 
mercapto and amine functionalities, which have been known to have strong affin-
ity with transition metal nanoclusters, such as Pd, Fe3O4, and Au. The multilayer 
coated catalyst resulted in five times higher conversion rate as compared to the 
commercial Pd/C.

Moreover, Pd@CdS@ZnO multilayer nanorods (NRs) showed a superior 
catalytic activity for the degradation of toxic organic pollutants due to the effective 
separation of electrons-hole pairs. The excitation-wavelength-dependent catalytic 
performance of Pd@CdS@ZnO NRs showed significant enhancement at the 
wavelengths equivalent to the CdS layer. The recyclability results revealed a strong 
ability with favorable reusable photocatalytic efficiency. Besides, electrochemical 
impedance and photocurrent detection analysis further confirmed a reduced in the 
charge transfer resistance of Pd@CdS@ZnO NRs owing to embedded Pd NPs and 
coating of a CdS layer on ZnO NRs [20].

2.1.2 Multilayer-coated particles in biomedical applications

The smaller size and high surface to volume ratio of fine particles are the key 
features which render them useful in the biomedical fields. In addition, multilayer-
coated NMPs can be employed in the development of many new properties, ease of 
functionalization, conjugation of biomolecules, etc. In particular, the application of 
novel nanomaterials in the biomedical engineering has directed to the development 
of the new contrast agent and drug delivery vehicle, which are of great importance 
in the area of health care [7]. The discrepancy of nanoparticles has been applied 
in several researches attributed to disease diagnostics, early detection studies, and 
better contrast agents for enhanced imaging techniques.
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Owing to greater bio- and cyto-compatibility as well as increased circulation 
time of new drug delivery vehicles the load of the drugs along with the efficacy 
of the drug in the system have been reduced. Thus, the appearance of nanopar-
ticles has revolutionized all the matters related to the medical biotechnology and 
biomedical engineering. This results in improving the conventional techniques 
together with the experimentation of new and advanced techniques for drug 
delivery and its monitoring.

In biological applications multilayer-coated NMPs have major advantages over 
individual particles leading to the improvement of properties such as less cytotoxic-
ity, more dispersibility, bio- and cyto-compatibility, better conjugation with other 
bioactive molecules, greater thermal and chemical stability and so on [21]. In other 
words, when the particles of interest are toxic which may cause plenty of issues to 
the host tissues and organs, the multilayer coatings of benign materials on top of the 
core render the nanoparticles much less toxic and bio-compatible.

Sometimes the coating layers not only act as nontoxic layers, but also improve 
the core material property. Moreover, hydrophilicity of particles is quite important 
to disperse them in biological systems (aqueous). The increase in biodispersiv-
ity, bio- and cyto- compatibility makes it a useful alternative to conventional 
drug delivery vehicle. In addition, many bio-applications are dependent upon the 
conjugation of biomolecules on the surface of particles. In particular, coating of a 
suitable bio-compatible material can help to conjugate a particular type of biomol-
ecules with the surface of particles. Further, coating of an inert material generally 
enhances the stability of core particles when the core materials are susceptible 
to chemical or thermal change during exposure to surrounding environment. 
Thus, coated NMPs are more appropriate for biological applications than single 
nanoparticles.

In an in vivo experiment, dual imaging contrast agent for MRI and optical 
imaging purpose Gadolinium tetraazacyclododecanetetraacetic acid (Gd-DOTA) is 
covalently linked with silanized nanoparticle to form Gd-DOTA, and then attached 
to SiO2 coated CdS/ZnS quantum dots (QDs) [22]. In fact, excitons (electron and 
hole) in a QDs (i.e., semiconductor nanoparticles) can restrict the movement of 
conduction band electrons, valence band holes and excitons in all three spatial 
directions. However, The main problem associated with QDs is its high toxicity, 
because of the presence of heavy metals in its core, which causes cell death due to 
leaching out to the external environment. The deposition of outer layers or employ-
ing another metal in place of toxic cadmium, from the respective QDs might lead to 
addressing the problems caused by cadmium. Kim et al. [23] performed cell labeling 
in Hela cells, a human cervical cancer cell line by CTAB to prepare CdSe/CdS/ZnS 
(core/shell/shell) QDs. Apart from CdSe@CdS@ZnS QDs which has been widely 
applied in cell labeling, multilayer coated-QDs such as CdSe@ZnSe@ZnS [24] and 
CdSe@Zn0.5Cd0.5Se@ZnSe@ZnS [25] have been used for imaging applications. In 
addition, CdSe@ZnS@SiO2 nanoparticles [26] which gave stronger emissions with 
consistent fluorescence intensity than bare CdSe–ZnS nanoparticles alone, lead-
ing to improve imaging applications. Besides, the silica shell renders it suitable for 
conjugating with bioactive agents, needed for targeted delivery to the concerned 
imaging site [27].

The other aspect of coated-NMPs research revolves around targeted drug deliv-
ery. Namely, the cancer therapy and treatment of static tumors due to a low thera-
peutic index (ratio of therapeutic efficacy to side effects) of medication causes 
severe deterioration in health [28]. Therefore, the effects of these drugs should 
be target-oriented where the disorder of vulnerable cells is critical. Next, diabetes 
and cardiovascular diseases are regarded after cancer therapy considering medical 
importance; indeed, malfunctioning of certain tissue regions, or cells result in 
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(FIB) cross-sectional transition electron microscopy (TEM) images (Figure 4(a)) 
showed a thickness of ∼110 and ∼20 nm for titanium and silicon dioxide deposited 
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X-ray photoelectron spectroscopy (XPS) results confirmed pinhole-free and 
uniform multilayer coatings on the surface of silica microspheres. Moreover, 
the anatase crystalline and amorphous structures of TiO2 and SiO2, respectively, 
were detected by XRD of the multilayer-coated particles. Uniform distribution 
of Ti and Si were also observed by energy-dispersive x-ray spectroscopy (EDS) 
elemental mapping analysis. In addition, it was found that the multilayer coatings 
developed in this study can be effectively employed as a photocatalyst in wastewa-
ter treatments [4].

The photocatalytic activity of the multilayer coatings, CdS/polydopamine/
TiO2 (CdS/PDA/TiO2-Figure 4(b)) was determined. The ternary coated-particles 
were synthesized where dopamine self-polymerization and titanium (IV) butoxide 
hydrolysis were conducted on CdS nanospheres through hydrothermal processes. 
A considerable increase in the reaction rate constants of such ternary hybrids 
(more than three times) towards the degradation of RhB, methylene blue (MB) and 
phenol as the pollutants were seen as compared to CdS/TiO2 hybrids. The amended 
photocatalytic degradation was credited to the greater light absorption and charge 
carrier separation efficiency together with the introduction of PDA [18].

Xiong et al. [1] showed an enhanced catalytic activity of 3D ordered meso-
macroporous Ce0.3Zr0.7O2-supported PdAu@CeO2 nanoparticles for soot oxidation. 
The multilayered structure catalyst found to improve the activation property for 
gaseous reactants. In addition, the synergetic effect of Pd-Au-CeO2 could promote 
the rate determining step. Yi et al. [19] reported the synthesis of a nanocomposite 
of Pd/SiO2/Fe2O3 catalyst system utilized in hydrogenation of nitrobenzene. First, 
monodisperse silica-coated Fe2O3 nanoparticles (SiO2/Fe2O3) were obtained in 
water-in-cyclohexane reverse microemulsion. Then, they were functionalized with 
mercapto and amine functionalities, which have been known to have strong affin-
ity with transition metal nanoclusters, such as Pd, Fe3O4, and Au. The multilayer 
coated catalyst resulted in five times higher conversion rate as compared to the 
commercial Pd/C.

Moreover, Pd@CdS@ZnO multilayer nanorods (NRs) showed a superior 
catalytic activity for the degradation of toxic organic pollutants due to the effective 
separation of electrons-hole pairs. The excitation-wavelength-dependent catalytic 
performance of Pd@CdS@ZnO NRs showed significant enhancement at the 
wavelengths equivalent to the CdS layer. The recyclability results revealed a strong 
ability with favorable reusable photocatalytic efficiency. Besides, electrochemical 
impedance and photocurrent detection analysis further confirmed a reduced in the 
charge transfer resistance of Pd@CdS@ZnO NRs owing to embedded Pd NPs and 
coating of a CdS layer on ZnO NRs [20].

2.1.2 Multilayer-coated particles in biomedical applications

The smaller size and high surface to volume ratio of fine particles are the key 
features which render them useful in the biomedical fields. In addition, multilayer-
coated NMPs can be employed in the development of many new properties, ease of 
functionalization, conjugation of biomolecules, etc. In particular, the application of 
novel nanomaterials in the biomedical engineering has directed to the development 
of the new contrast agent and drug delivery vehicle, which are of great importance 
in the area of health care [7]. The discrepancy of nanoparticles has been applied 
in several researches attributed to disease diagnostics, early detection studies, and 
better contrast agents for enhanced imaging techniques.
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of the drug in the system have been reduced. Thus, the appearance of nanopar-
ticles has revolutionized all the matters related to the medical biotechnology and 
biomedical engineering. This results in improving the conventional techniques 
together with the experimentation of new and advanced techniques for drug 
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In biological applications multilayer-coated NMPs have major advantages over 
individual particles leading to the improvement of properties such as less cytotoxic-
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bioactive molecules, greater thermal and chemical stability and so on [21]. In other 
words, when the particles of interest are toxic which may cause plenty of issues to 
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Sometimes the coating layers not only act as nontoxic layers, but also improve 
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ecules with the surface of particles. Further, coating of an inert material generally 
enhances the stability of core particles when the core materials are susceptible 
to chemical or thermal change during exposure to surrounding environment. 
Thus, coated NMPs are more appropriate for biological applications than single 
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In an in vivo experiment, dual imaging contrast agent for MRI and optical 
imaging purpose Gadolinium tetraazacyclododecanetetraacetic acid (Gd-DOTA) is 
covalently linked with silanized nanoparticle to form Gd-DOTA, and then attached 
to SiO2 coated CdS/ZnS quantum dots (QDs) [22]. In fact, excitons (electron and 
hole) in a QDs (i.e., semiconductor nanoparticles) can restrict the movement of 
conduction band electrons, valence band holes and excitons in all three spatial 
directions. However, The main problem associated with QDs is its high toxicity, 
because of the presence of heavy metals in its core, which causes cell death due to 
leaching out to the external environment. The deposition of outer layers or employ-
ing another metal in place of toxic cadmium, from the respective QDs might lead to 
addressing the problems caused by cadmium. Kim et al. [23] performed cell labeling 
in Hela cells, a human cervical cancer cell line by CTAB to prepare CdSe/CdS/ZnS 
(core/shell/shell) QDs. Apart from CdSe@CdS@ZnS QDs which has been widely 
applied in cell labeling, multilayer coated-QDs such as CdSe@ZnSe@ZnS [24] and 
CdSe@Zn0.5Cd0.5Se@ZnSe@ZnS [25] have been used for imaging applications. In 
addition, CdSe@ZnS@SiO2 nanoparticles [26] which gave stronger emissions with 
consistent fluorescence intensity than bare CdSe–ZnS nanoparticles alone, lead-
ing to improve imaging applications. Besides, the silica shell renders it suitable for 
conjugating with bioactive agents, needed for targeted delivery to the concerned 
imaging site [27].

The other aspect of coated-NMPs research revolves around targeted drug deliv-
ery. Namely, the cancer therapy and treatment of static tumors due to a low thera-
peutic index (ratio of therapeutic efficacy to side effects) of medication causes 
severe deterioration in health [28]. Therefore, the effects of these drugs should 
be target-oriented where the disorder of vulnerable cells is critical. Next, diabetes 
and cardiovascular diseases are regarded after cancer therapy considering medical 
importance; indeed, malfunctioning of certain tissue regions, or cells result in 
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such diseases. For instance, malfunctioning of pancreatic β cells leads to diabetes. 
Hence, a precise and permanent cure by targeting these cells particularly for drug 
therapy may eliminate the problem once and for all. Chitosan/B-lactoglobulin 
core/shell particles were successfully synthesized as nutraceutical carriers for 
nutrient delivery increasing permeability of the molecules, increasing gastric 
residence time. This subsequently provides the environmental stability (that it 
lacked in normal food processing). This encapsuled nutrient system rendered the 
oral administration safe [29].

As mentioned above, most particles-based drug delivery research is focused on can-
cer therapy. The material comprising the particles plays a significant role on the working 
mechanism. In the category of particle-based drug delivery carriers, two types are the 
most important; first, magnetic materials (i.e., iron and its oxides and sulfides), and 
secondly, noble metals such as gold and silver. The former materials, i.e. the magnetic, 
are mostly used as core materials since the corresponding surface exposure because 
is not required to exploit their properties. However, Au owing to its efficient surface 
functionalization of different ligands, might be used as a shell material.

In addition, most inorganic materials are toxic to the living system. Other metal 
oxide particles, i.e., TiO2, SiO2, ZnO have also been studied for drug delivery. Gold 
nanorods/mesoporous silica/hydroxyapatite (Au/SiO2/HAP) hybrid nanoparticles 
with AuNR core and SiO2/HAP hybrid inorganic shell for multi-responsive drug 
delivery had been prepared. According to the in vitro results of the drug release, 
Au/SiO2/HAP nanoparticles showed high drug loading efficiency, superb near-
infrared (NIR)- and pH-responsive drug release properties. In addition, Au/SiO2/
HAP nanoparticles displayed a higher drug release of 37.62% upon NIR irradiation 
at pH 4.5 as compared to the drug release of Au/SiO2 nanoparticles over 12 h (about 
6.35%). This is due to the NIR-responsiveness of AuNRs and the pH-responsiveness 
of HAP in acid media. Noticeable biocompatibility of the Au/SiO2/HAP nanopar-
ticles was shown based on the cell viability results [30].

Furthermore, applying an external magnetic field facilitates conducting the 
drug towards specific target cells while employing magnetic nanoparticles such as 
ferrites because of their biocompatibility and superparamagnetic behavior [31]. 
Although such magnetic core particles have been employed as the potential drug 
carriers through in vitro systems (i.e., simulating human physiological systems), 
one must take into caution the toxicity of the bare Fe particles. This can be attrib-
uted to the thrombosis formation (aggregation of Fe particles), induction of free 
radicals in bloodstream and their facile oxidizability. However, encapsulating of 
these ferrite particles with a noble metal layer, leading to better surface chemistry 
between the drug and the carrier and thus the corresponding structural stabiliza-
tion. Namely, a shell of gold has been used in anticancer drugs such as doxorubicin. 
Such layer can effectively adsorb amine-groups, thus reducing particle aggregation 
by steric hindrance [32]. The adsorbed drug can be released to the target sites in 
response to ionic, pH stimuli or externally controlled mechanism (magnetic or 
thermal). Moreover, magnetic core/mesoporous silica shell structures have been 
studied for in-vitro drug carrier application [33]. While Fe/Au core/shell nano-
composites [34], Fe3O4/CaCO3/PMMA [35], Au/poly(L-aspartate-doxorubicin)-b-
poly(ethylene glycol) copolymer [36] may also find similar biomedical applications 
in the near future.

2.1.3 Multilayer-coated particles in energy and other applications

Developing low-cost, eco-friendly systems with large energy conversion 
and storage efficiency have been recently addressed by emerging intricate 
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nanocomposites. Such structure with multilayer coatings can revolutionize the 
energy storage systems, i.e., supercapacitors, li-ions batteries and hydrogen storage 
as well as the corresponding energy conversion technologies including quantum dot 
solar cells, dye-sensitized solar cells, silicon/organic solar cells and fuel cell.

Supercapacitors (SCs) are typical energy storage devices encompassing 
electrochemical double layer capacitors (EDLCs), pseudocapacitors and asym-
metric capacitors. The electrode materials of EDLCs can be used in mobile and 
stationary systems while high power pulses are required. EDLCs based on carbon 
materials have attracted much attention due to its high power density and long 
cycling life [37], which is attributed to the good electronic conductivity of carbon 
materials together with their high chemical stability and large specific surface 
areas. However, simultaneous fast charging/discharging rate, high energy density, 
and long cycle performance cannot be practically obtained through a single nano-
structured electrode material owing to some inherent limitations of individual 
composition. For instance, carbon materials have excellent cyclical stability and 
high rate capability while faced with low specific capacitance. In general, the 
ideal multilayer coating structured nanomaterials in supercapacitors should meet 
a few critical requirements for coating materials. First, such coatings maintain 
structural integrity and limit volume expansion. It can protect the core particle 
from being affected by outside environmental and causes a rapid transport of 
electrons and ions.

As the second category of SCs, pseudocapacitors which store charges through 
a Faradaic process possess higher energy density compared to EDLCs [38]. Metal 
oxides and conducting polymers are employed as the promising materials for 
pseudocapacitors. Namely, metal oxides such as, ruthenium, manganese, nickel 
and iron oxides with two or more oxidation states and good conductivity as well as 
conducting polymers, e.g., polythiophene (PTh), polypyrrole (PPy), polyaniline 
(PANI) and their derivatives with high storage capacity/porosity and high potential 
window are considered as outstanding candidates for pseudocapacitors.

A hierarchical ZnO@MnO2@PPy multilayer arrays (see Figure 5(a–c)) fabricated 
through layer-by-layer process as an active material for energy storage showed an 
enhanced electrochemical performance. Specific capacitance of 1281 Fg−1 at a current 
density of 2.5 A g−1 associated with a significant areal capacitance of 1.793 F cm−2 at 
a current density of 3.5 mA cm−2 were resulted from such electrodes. Furthermore, 
excellent cycling stability of the ZnO@MnO2@PPy ternary core–shell electrode 
(Figure 5(d)) with a capacitance retention of 90% after 5000 charge–discharge 
cycles at 5 A g−1 was obtained [39].

Apart from the application of multilayer coatings in different types of superca-
pacitors, such coatings can be well employed as the electrode materials for lithium 
ion batteries (LIBs). Indeed, many impediments, such as the slow Li+ diffusion and 
high resistance at the electrolyte/electrode interface can be addressed by improving 
the reactivity and conductivity of Li+ ion/electron, accelerating charge across the 
electrolyte/electrode interface and shortening the Li+ extraction/insertion pathway. 
One of the most significant roles of the coatings on the cathodic and anodic LIBs’ 
active materials is attributed to the electronic conductivity enhancement. This 
has typically been conducted by employing carbon material such as graphite or 
metal/metal oxides as well as conductive polymers. Zhang et al. [40] synthesized 
graphene@Fe3O4@C core–shell nanosheets (Figure 6(a, b)) have been rationally 
designed and fabricated by a solvothermal method, which have been demonstrated 
as a high-performance LIB anode material with a capacitance of 1200 mAh g−1 after 
almost 100 cycles, indicating the great stability and usability of this modern struc-
ture. The obtained graphene@Fe3O4@C nanosheets contains Fe3O4 nanoparticles 
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6.35%). This is due to the NIR-responsiveness of AuNRs and the pH-responsiveness 
of HAP in acid media. Noticeable biocompatibility of the Au/SiO2/HAP nanopar-
ticles was shown based on the cell viability results [30].

Furthermore, applying an external magnetic field facilitates conducting the 
drug towards specific target cells while employing magnetic nanoparticles such as 
ferrites because of their biocompatibility and superparamagnetic behavior [31]. 
Although such magnetic core particles have been employed as the potential drug 
carriers through in vitro systems (i.e., simulating human physiological systems), 
one must take into caution the toxicity of the bare Fe particles. This can be attrib-
uted to the thrombosis formation (aggregation of Fe particles), induction of free 
radicals in bloodstream and their facile oxidizability. However, encapsulating of 
these ferrite particles with a noble metal layer, leading to better surface chemistry 
between the drug and the carrier and thus the corresponding structural stabiliza-
tion. Namely, a shell of gold has been used in anticancer drugs such as doxorubicin. 
Such layer can effectively adsorb amine-groups, thus reducing particle aggregation 
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nanocomposites. Such structure with multilayer coatings can revolutionize the 
energy storage systems, i.e., supercapacitors, li-ions batteries and hydrogen storage 
as well as the corresponding energy conversion technologies including quantum dot 
solar cells, dye-sensitized solar cells, silicon/organic solar cells and fuel cell.

Supercapacitors (SCs) are typical energy storage devices encompassing 
electrochemical double layer capacitors (EDLCs), pseudocapacitors and asym-
metric capacitors. The electrode materials of EDLCs can be used in mobile and 
stationary systems while high power pulses are required. EDLCs based on carbon 
materials have attracted much attention due to its high power density and long 
cycling life [37], which is attributed to the good electronic conductivity of carbon 
materials together with their high chemical stability and large specific surface 
areas. However, simultaneous fast charging/discharging rate, high energy density, 
and long cycle performance cannot be practically obtained through a single nano-
structured electrode material owing to some inherent limitations of individual 
composition. For instance, carbon materials have excellent cyclical stability and 
high rate capability while faced with low specific capacitance. In general, the 
ideal multilayer coating structured nanomaterials in supercapacitors should meet 
a few critical requirements for coating materials. First, such coatings maintain 
structural integrity and limit volume expansion. It can protect the core particle 
from being affected by outside environmental and causes a rapid transport of 
electrons and ions.

As the second category of SCs, pseudocapacitors which store charges through 
a Faradaic process possess higher energy density compared to EDLCs [38]. Metal 
oxides and conducting polymers are employed as the promising materials for 
pseudocapacitors. Namely, metal oxides such as, ruthenium, manganese, nickel 
and iron oxides with two or more oxidation states and good conductivity as well as 
conducting polymers, e.g., polythiophene (PTh), polypyrrole (PPy), polyaniline 
(PANI) and their derivatives with high storage capacity/porosity and high potential 
window are considered as outstanding candidates for pseudocapacitors.

A hierarchical ZnO@MnO2@PPy multilayer arrays (see Figure 5(a–c)) fabricated 
through layer-by-layer process as an active material for energy storage showed an 
enhanced electrochemical performance. Specific capacitance of 1281 Fg−1 at a current 
density of 2.5 A g−1 associated with a significant areal capacitance of 1.793 F cm−2 at 
a current density of 3.5 mA cm−2 were resulted from such electrodes. Furthermore, 
excellent cycling stability of the ZnO@MnO2@PPy ternary core–shell electrode 
(Figure 5(d)) with a capacitance retention of 90% after 5000 charge–discharge 
cycles at 5 A g−1 was obtained [39].

Apart from the application of multilayer coatings in different types of superca-
pacitors, such coatings can be well employed as the electrode materials for lithium 
ion batteries (LIBs). Indeed, many impediments, such as the slow Li+ diffusion and 
high resistance at the electrolyte/electrode interface can be addressed by improving 
the reactivity and conductivity of Li+ ion/electron, accelerating charge across the 
electrolyte/electrode interface and shortening the Li+ extraction/insertion pathway. 
One of the most significant roles of the coatings on the cathodic and anodic LIBs’ 
active materials is attributed to the electronic conductivity enhancement. This 
has typically been conducted by employing carbon material such as graphite or 
metal/metal oxides as well as conductive polymers. Zhang et al. [40] synthesized 
graphene@Fe3O4@C core–shell nanosheets (Figure 6(a, b)) have been rationally 
designed and fabricated by a solvothermal method, which have been demonstrated 
as a high-performance LIB anode material with a capacitance of 1200 mAh g−1 after 
almost 100 cycles, indicating the great stability and usability of this modern struc-
ture. The obtained graphene@Fe3O4@C nanosheets contains Fe3O4 nanoparticles 
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Figure 5. 
(a) Schematic illustration of the formation process for ZnO@MnO2@PPy ternary core–shell nanorod arrays, 
(b) typical TEM images of ZnO@MnO2@PPy nanorod arrays, (c) XPS survey spectrum of the ZnO@MnO2 
nanorod arrays, (d) the galvanostatic charge–discharge (GCD) plots at various current densities of ZnO@
MnO2 (c) and ZnO@MnO2@PPy [39].

Figure 6. 
(a) Schematic representation of the electrochemical reaction path on the graphene@Fe3O4@C core–shell 
nanosheet electrode (b) HRTEM image of the graphene@Fe3O4@C core–shell nanosheet. (c) Cycling 
performance of the graphene@Fe3O4@C core–shell nanosheet, Fe3O4@C core–shell nanosphere, and Fe3O4 
nanosphere electrodes at a constant current density of 200 mA g−1, (d) cycling performance of the graphene@
Fe3O4@C core–shell nanosheet (a) and Fe3O4@C core–shell nanospheres (b) at different current densities [40].
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(6 nm) on the graphene sheets and coated by a uniform flexible carbon shell, as well 
as show a high surface area of 136 m2 g−1.

The three-dimensional graphene foams encapsulated hollow SnO2@Co3O4 were 
synthesized using 300 nm spherical SiO2 particles as a template. The multilayer 
coated spheres fabricated through self-assembly in hydrothermal process from 
graphene oxide nanosheets and metal oxide hollow spheres. The encapsulated 
architectures could considerably enhance the capacity, cycling stability and rate 
capability of hollow SnO2@Co3O4 spheres electrodes as the supercapacitor. This 
was because of the highly conductive networks and flexible buffering matrix [41]. 
Furthermore, the 3D h-SnO2@Co3O4@GF electrode was also evaluated as LIBs 
(Figure 7(a–c)). The lithium storage properties were conducted by using the as-
synthesized products as anode materials and Li metal as the cathode. Figure 7(d) 
shows the discharge capacities of the different electrodes at current rates of 200, 
500, 800 and 1000 mA g−1, then returns to 200 mA g−1. Obviously, the 3D h-SnO2@
Co3O4@GF electrodes reveal superbly high rate capability relative to the other 
electrodes. For example, at a large current density of 1000 mA g−1, 3D h-SnO2@
Co3O4@GF electrode still delivers favorable capacity of about 380 mAh g−1, while 
h-SnO2@Co3O4 electrode only exhibits capacity of about 120 mAh g−1, 3D h-SnO2@
GF electrode retains 160.7 mAh g−1 and h-SnO2 electrode retains only 56.4 mA g−1. 
When the current rate is returned to 200 mA g−1, the stable capacity of 3D h-SnO2@
Co3O4@GF is 676.6 mAh g−1, which is 86.9% of the initial reversible capacity at 
200 mA g−1 (Figure 7(e)). The values are much larger than these of 3D h-SnO2@
GF (362 mAh g−1 and 57% retention), h-SnO2@Co3O4 (287.9 mAh g−1 and 32.5% 
retention) and h-SnO2 (165.2 mAh g−1 and 16.5% retention) [41].

Figure 7. 
(a) Digital photograph of 3D h-SnO2@Co3O4@GF, (b) 3D graphene foams encapsulated hollow SnO2@Co3O4 
spheres, (c) HR-TEM of 3D h-SnO2@Co3O4@GF structure (d) specific capacitance of 3D graphene foams, 
h-SnO2@Co3O4 and 3D h-SnO2@Co3O4@GF electrodes, (e) cycling performance at various rates (from 200, 500, 
800, 1000 to 200 mA g−1) for the h-SnO2, 3D h-SnO2@GF, h-SnO2@Co3O4 and 3D h-SnO2@Co3O4@GF [41].
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Xie et al. reported a core@double-shell structure to synthesize barium titanate 
(BT)-based high performance polymer nanocomposites. The first layer of hyper-
branched aromatic polyamide (HBP) and the second one of poly (methyl methac-
rylate) (PMMA) were deposited on top of the core particles. The synergistic effect 
of both polymer shells, resulting in superior dielectric property. This cannot be 
obtained in nanocomposites prepared by the conventional blending methods. The 
energy densities of BT@HBP@PMMA nanocomposites were higher than that of 
BT/PMMA nanocomposites accordingly. The analyses of the dielectric response of 
the nanocomposites together with the mechanisms resulting in the higher dielectric 
constant and lower dielectric loss in BT@HBP@PMMA nanocomposites. As a 
result, the core@double-shell structure polymer nanocomposites can be considered 
a newly-designed architecture with desirable dielectric properties [42].

The role of multilayer coatings NMPs in the optical application is mostly 
dependent upon the shell layers’ material and thickness. By varying the core and 
shell thicknesses, the color of such shells can be varied across a broad range of the 
optical spectrum spanning the visible and the near infrared spectral regions. The 
use of semiconductors either as the core or shells (multilayer coatings) have been 
much raised. The typical band gap for semiconductor particles is normally less than 
4 eV, which are those normally found in insulating materials. In comparison with 
other fluorescent probes (organic dye or proteins), semiconductor nanoparticles or 
quantum dots as a new class of fluorescently labeled compounds render exceptional 
properties. In addition, since the fluorescent emission spectra of these particles can 
be tuned by changing the particle size, such semiconductor materials are preferably 
used in photoluminescence (PL) applications [43].

It should be mentioned that the main advantages of multilayer semiconductor 
NMPs are ascribed to the corresponding higher quantum yield, higher photolu-
minescence efficiency, improved optical properties, increased half-life times. In 
addition, facile detection of emission spectra of the semiconductor coated-NMPs is 
owing to their higher wavelength shift in the visible range, photo-oxidation stabil-
ity, improved appropriate electronic properties (band gap, band alignment), and 
finally better structural (lattice mismatch) properties than unlayered fine particles. 
Moreover, lattice mismatch between the core and shell material can improve the 
luminescence properties no matter how significant is the shell thickness. Lattice 
mismatch refers to “the situation where two materials having different lattice 
constants are brought together by deposition of one material on top of another”. 
It should be noted that the band gap as well as the lattice structure of the material 
are employed to form the semiconductor core particles and the multilayer coatings. 
Namely, CdSe/HgTe/CdTe [44], CdS/HgS/CdS [45] CdSe/ZnTe/ZnS [46] and etc. 
are the common multilayered coating structures applied.

Kim et al. reported a multilayered core-shell composite particles with a high 
reflective efficiency and durability. The multilayer SiO2 and TiO2 were deposited 
onto the Fe/Ag microspheres by the corresponding precursors of tetraethyl ortho-
silicate (TEOS) and titanium n-butoxide (TBOT), respectively. The coating of shell 
layers were conducted through a sol–gel process. It was shown that the SiO2 and 
TiO2 multilayered shells render the Fe/Ag microspheres high efficient for preserving 
the reflectivity and increasing the durability of the core particles [47].

3. Synthesis and characterization of multilayer-coated particles

Conformal and uniform multilayer coatings NMPs are considered as an enor-
mous challenge in the fine particles deposition. In particular, the situation would 
be more severe when the coating layer thickness must be controlled. Some of the 
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various synthetic methods for multilayer coated- NMPs used by different research 
groups are categorized into dry techniques (i.e., the use of a reactive gas phase), 
such as pyrolysis, chemical vapor deposition (CVD) [16] and atomic layer deposi-
tion (ALD) [48] onto particles or wet chemical techniques including precipitation, 
polymerization, microemulsion, impregnation and sol–gel condensation [8, 14, 15], 
layer by layer adsorption techniques [12], etc.

In order to conduct the synthesis of multilayer coated-NMPs, the techniques 
used to synthesize one of the most applied multilayer coatings, i.e., metal oxides, 
will be next discussed. Namely, the sol–gel technique is widely used as a wet chemi-
cal process when metal oxides are employed as the multilayer coatings. Indeed, this 
synthesis process encompasses three different routes. The reaction pathway might 
go through the gelation of solutions of a colloidal powder. The other pathway might 
be the hydrolysis Eq. (1) and polycondensation of metal alkoxides or metal salt 
precursors Eq. (2) followed by hypercritical drying of the gels. Apart from such 
two pathways, the commonly-used route for the synthesis of multilayer metal oxide 
coatings has been implemented by hydrolysis and polycondensation of metal alkox-
ide precursors followed by aging and drying under ambient atmosphere. It would 
be worth mentioning that the sol–gel process has preferentially been employed to 
synthesize the multilayer of silicon and titanium oxides.

  M   (OR)   n   + n  H  2   O   →   M   (OH)   n   + nROH Hydrolysis                          (1)

 M   (OH)   n   + M   (OH)   n     →     (OH)   n−1   M − O − M −   (OH)   n−1   +  H  2   O Condensation         (2)

Furthermore, most of the various types of oxides can be synthesized through the 
coprecipitation techniques. This is particularly applied for the metals which form 
the hydroxide precipitate in alkaline pH. In fact, a precipitation reaction results 
in at least one water insoluble salt which precipitates from the precursor media 
(i.e., two or more water-soluble salts). Such a precipitation reaction is significantly 
dependent upon the solubility product of the precipitated compound. Namely, the 
particle formation would begin as the concentration of the product goes beyond 
the solubility product value of the respective compound in the reaction media. 
The mechanism of multilayer coating formation via precipitation would follow the 
process of nucleation and growth (i.e., molecular addition, Ostwald ripening and 
aggregation) [8, 49, 50].

The characterization of multilayer coated-nanoparticles is not as straightfor-
ward as that of multilayer coatings on the common substrates with macro-dimen-
sion, e.g., silicon, steel, plastic, etc. In addition, it would be somewhat troublesome 
to distinguish the various coated layers on the fine particles; therefore, a reliable 
characterization technique is always necessary for the core and multilayer coatings. 
A similar approach for characterization of single particles can be applied for multi-
layer coated-NMPs; however one technique may not be sufficient. The characteriza-
tion techniques for the measurement of size, shell thickness, elemental and surface 
analysis, optical properties, and thermal stability play more important role for mul-
tilayer coated-nanoparticles. Therefore, dynamic light scattering (DLS), scanning 
electron microscopy (SEM) or much higher magnification - FESEM (field-emission 
SEM) SEM, transmission electron microscopy (TEM), thermal gravimetric analysis 
(TGA), X-ray photoelectron spectroscopy (XPS), photoluminescence (PL), and 
UV–vis spectroscopy are the ones most often used [4, 8, 51–55].

Among the electron microscopy techniques (SEM, TEM), TEM provides 
much more important information. Namely, TEM can result in corroboration of 
core/multilayer coatings through contrast difference, overall particle size, core 
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size, shell thickness, uniform or nonuniform shell coating, lattice fringes of the 
coating material, etc. Besides, the size and morphology of the particles can be 
determined from the contrast difference of the core and shell materials. In order 
to reach the resolution even at the molecular level, much higher magnification, 
HR-TEM (high-resolution TEM) is used. Images can release valuable outcomes 
on crystallinity, lattice fringes, and even the d-spacing of the multilayer coated-
NMPs. Nevertheless, two-dimensional images of the surface cannot be obtained 
by these electron microscopy techniques (SEM, TEM); thus, it is difficult to 
understand the roughness of the surface. Therefore, additional information can 
be found through the scanning probe microscopy (STM, AFM, etc.) techniques. 
Besides, the diameter and height of the particles can be obtained using such 
microscopy techniques.

More importantly, XPS is a useful spectroscopic technique to reveal surface 
information including elemental composition, chemical status, and electronic state 
or binding modes of surface ligands, and depth analysis or atomic composition 
with depth. The kinetic energy (KE) and/or binding energy (BE) together with the 
number of electrons escaping from a 1–10 nm thick layer of the surface is possible to 
measure using this technique. The main disadvantages of XPS are the maintenance 
and operating costs. Namely, it requires an ultrahigh vacuum (UHV) chamber and 
characterization is only possible to a depth 10 nm from the particle surface [4].

4. Conclusions

This chapter reviewed a newly-emerged topic in the coating research area. 
Multilayer coated NMPs have been showed to render the powder technology 
more room to grow. The new properties of the coated particles can be employed 
to develop multicomponent nano/micro particles in the various applications. 
Particulate technology together with the surface engineering concepts was properly 
discussed to address the current advancement and challenges in the particle deposi-
tion technology.
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