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Abstract

This chapter deals with (i) the charge transport mechanisms in X- and gamma-ray detec-
tors both Ohmic and Schottky types based on CdTe and its alloys with an almost intrinsic
conductivity (the peculiarities of the formation of self-compensated complexes due to
the doping of Cd(Zn)Te crystals with elements of III or V groups (In, CI) are taken into
account); (ii) the reasons of insufficient energy resolution in the X- and gamma-ray spec-
tra taken with the detectors under study; (iii) the quantitative model which describes
the spectral distribution of the detection efficiency of Cd(Zn)Te crystals with Schottky
diodes; (iv) a correlation between the concentration of uncompensated impurities in the
Cd(Zn)Te crystals and collection efficiency of photogenerated charge carriers in the detec-
tors with a Schottky contact; (v) the possibility of applications of CdTe thin films with a
Schottky contact as an alternative to the existing X-rays image detectors based on a-Se.

Keywords: X- and gamma-ray detector, CdTe, CdZnTe, CdMnTe, self-compensation,
Schottky diode, concentration of uncompensated impurities, detection and collection
efficiency

1. Introduction

The current state and development of technology, science, medicine and other fields of human
activity are impossible without elemental analysis—a combination of methods of detec-
tion and quantitative determination of the elemental composition of objects of the material
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world. The rapid development of the methods of elemental analysis began in the 1950s, when
ionization chambers and scintillation devices were replaced with solid-state semiconductor
devices —detectors of X- and y-rays (X/y-rays). Germanium (Ge) and silicon (5i) were the first
materials for semiconductor detectors. Such detectors have high-energy resolution; however,
cryogenic cooling is required to reduce “dark” electrical noise, which in many cases is imprac-
tical or even impossible. Because of the small atomic number Z, the absorptive capacity of Si
(Z = 14) is low. Therefore, the registration of quanta with energies above 30-50 keV is practi-
cally impossible. The atomic number is Ge higher (Z = 32), but due to the narrower band gap,
the problem of too large dark current becomes even more serious. For a long time, intensive
search of alternative semiconductors for X/y-rays detectors is being carried out. The main
purpose is to reduce or even eliminate the disadvantages of Si- and Ge-detectors, namely,
reducing of the “dark” current due to the expansion of the bandgap, detecting of higher
energy quanta (>30-50 keV) due to the increase in Z and material density, and improving of
the energy and time resolution due to increase in the life time and the mobility of charge carri-
ers (Tu product). The possibilities of application as elementary semiconductors and insulators
(e.g., diamond) as binary compounds (GaAs, GaP, Hgl,, Pbl, CdSe, SiC, etc.) are studied.
Currently, the most common semiconductors among binary and ternary II-VI compounds
are CdTe and Cd, Zn Te.

Over 30 years, the heightened interest in CdTe and Cd, Zn Te detectors resulting from their
high power and coordinate energy resolution, which allowed to expand their applications,
in particular, in the devices for customs control and movement of dangerous goods, secu-
rity systems in the airports, railway stations, transport highways, in crowded places [1-3].
Such detectors are also used in metallurgical, chemical, mining and nuclear industries, for
radiation control by environmental services, for astrophysical applications. In addition, it is
extremely promising to use CdTe as the base material in multielement (pixelated) detectors,
which opens up the possibility of creating image detectors with direct X-rays conversion into
electrical signals, in contrast to the “classical” X-ray devices where the detector is a screen,
covered with a luminophore and hidden X-image can either observe or fix with a photo-
emulsion. A multielement detector allows you to convert information generated by passing
X/y-rays through an object directly into an array of digital electrical signals without using an
intermediate visible image on a fluorescence screen. Such detectors allow real-time visualiza-
tion of the X-ray image and sufficiently enhance the image resolution. The X- and y-image
CdTe detectors are already widely used in the flaw detection of materials with high spatial
resolution, in medical tomographs with a small dose of a patient’s irradiation, in mammo-
graphs, dental appliances, in the diagnosis of cancerous tumors.

Modern technology provides the growth of perfect CdTe crystals with almost intrinsic elec-
trical conductivity. However, Ohmic detector’s dark currents restrict the high-bias voltage
for creation of a strong electric field which is necessary to full charge collection. In the 1990s,
research of CdTe-based ternary compounds for X/y-rays detectors has started. In particular,
Cd,_ Zn Te (x = 0.1-0.2) crystals with a wider band gap, higher resistivity and lower dark
currents in comparison with the CdTe detector has been studied. However, the expected
prospects of Cd, Zn Te crystals remain unfulfilled because of high temperature of crystal
growth, their crystalline imperfection, and the effect of segregation. This lack is absent in
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Cd, Mn Te crystals, since the growth temperature of Cd, Mn Te crystals is lower than that
of Cd,_Zn Te. Moreover, about two times less manganese in Cd, Mn Te than that zinc in
Cd,_ Zn Te should be introduced for the expansion of the CdTe band gap. In the late 1990s,
the first studies of the Cd, Mn Te-based X/y-ray detectors were carried out in the USA,
Japan, and Europe. However, the spectrometric characteristics of the detectors are still sig-
nificantly worse than those of CdTe and Cd,_Zn Te. At the end of the 1990s, CdTe detectors
with Schottky diodes were developed. The detectors showed significantly better energy reso-
lution in the wide range of photon energy up to 1 MeV and above [4]. However, spectromet-
ric parameters not reproduced in all detectors made on the crystals with the same resistivity,
carrier mobility and lifetimes. All this range of issues have led us to research, important
both from the scientific and applied point of view, aimed at solving a number of physical
problems, in particular: (1) investigation of the features of CdTe and Cd, Zn Te crystals elec-
trical conductivity mechanism, doped with elements of the III or VII groups of the periodic
system, taking into account the self-compensation effect; (2) determination of the reasons of
low energy resolution of Cd(Zn,Mn)Te-based Ohmic detectors and finding the possibilities
to improve the performance of detectors; (3) identify the charge transport mechanisms and
the possibilities of reducing the current at high voltages in the X/y-rays detectors with the
Schottky diode in order to improve the device spectrometric characteristics; (4) search for a
physical model of quantum efficiency spectral distribution which would explain a significant
difference in energy resolution of the *Fe, ' Am, *’Co, **Ba, '¥Cs isotopes emission spectra
taken with CdTe- and Cd,_Zn Te-based X/y-rays detectors; (5) determining the influence of
the Schottky diode’s space charge region width and the concentration of uncompensated
impurities both on the X/y-rays detectors” quantum efficiency and the charge collection; (6)
finding out the possibility of use of CdTe thin polycrystalline films with a barrier structure in
detectors with direct X-ray conversion that provides low values of dark current, eliminates
the problem of charge collection. Here, we summarize the results of our studies in the above-
mentioned areas.

2. Features of conductivity of semi-insulating CdTe and CdZnTe
single crystals

This section deals with the results of studies of CdTe crystals, doped with Cl and Cd ,Zn Te
crystals, doped with In, which are widely used for the creation of detectors. The results of the
research reveal important features of the electrical characteristics of the crystals. Figure 1a
presents the typical temperature dependences of the resistivity p(T) of the CdTe [5-8] and
CdZnTe [9, 10] crystals under study.

The temperature dependence of the intrinsic resistivity of CdTe and CdZnTe crystals
p(T) =1/gn(u_+ [Jp) is also shown for comparison (where e 1, = (NCNV)”Zexp(—Eg/2kT) is the
concentration of intrinsic charge carriers, N_= 2(m kT/2nh)** and N = 2(111ka/27Zh)3’/2 are the
effective density of states in the conduction band and the valence band of the semiconductor,
respectively). As seen, the values of p and p, of both CdTe and CdZnTe are quite close in the
whole temperature range, which is important taking into account the necessity to minimize
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Figure 1. (a) Temperature dependences of resistivity of the CdTe and Cd ,Zn,,Te crystals. Dashed lines show the
temperature dependences of resistivity of CdTe and Cd, ,Zn Te crystals with intrinsic conductivity p, dotted lines show
its maximum possible values p_ . (b) Dependence of resistivity of CdTe on position of the Fermi level at different
temperatures. The Fermi level energy Ay, in intrinsic CdTe is also shown. (c) Temperature dependences of the Fermi
level energies in CdTe and CdZnTe crystals. Circles and squares show the values of Ay (T) calculated with Eq. (1). Solid
lines show A, (T) calculated with Eq. (2). Dashed lines show the Fermi levels in the intrinsic materials.

the dark current in X/y-rays detectors. At temperatures above the room temperature (>320-
330 K), the resistivity p of CdTe crystal exceeds its value for a material with intrinsic conduc-
tivity p.. At temperatures below ~ 280 K, the resistivity of CdTe crystal exceeds the resistivity
of Cd,Zn Te with a wider (!) bandgap. The observed excess p over p, is explained, the much
lower mobility of holes in comparison with the mobility of electrons. If the Fermi level shifts
from its position in the intrinsic semiconductor toward the valence band, the contribution of
holes into electrical conductivity increases and thus resistivity also increases. However, with
further displacement of the Fermi level the resistivity decreases, as the concentration of holes
becomes too large. As a result, the thermal activation energy of the electrical conductivity
decreases. Giving p as 1/q(ny, +n?u /n) and equating to zero the derivative dp/dn, is easy to
show that the maximum value of the resistivity is determined by p_ = (2qn,(u u )"?)". As
shown in Figure 1b, the value of the maximum possible resistivity p__ significantly exceeds
the intrinsic resistivity of CdTe crystal in the whole temperature range. In the case of a semi-
conductor with almost intrinsic conductivity, the solution of equation p = 1/g(nu_+ i) for
Fermi energy Ap has the form as follows:

li\/l—4qu2y”‘upnf> M

2qp p, n?/N,

noi

Ay = len(

where “+” and “~” correspond to n- and p-type semiconductor, respectively. That is, one can
find the Au(T) dependences of the crystals under study (Figure 1c) from the temperature
dependence of the resistivity p(T) (Figure 1a), taking into account the temperature depen-
dences of n; and mobilities of electrons y, and holes y [5]. The Fermi-level energy of the
samples calculated with Eq. (1) (Figure 1c) shows that the Fermi level is noticeably removed
from the conduction band when temperature increase, which slows the growth of the elec-
trons concentration, consequently, leads to a decrease in the of thermal activation energy.
As a consequence, despite the fact that the Fermi level located near the middle of the band
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gap in the whole temperature range, the thermal activation energy is much smaller than that
of intrinsic semiconductor. Another important conclusion is that the Fermi level crosses the
Fermi level in intrinsic Cd ,Zn, Te at a temperature of ~330 K, that is the material changes the
type of conductivity.

An analysis of the statistics of electrons and holes in a semiconductor, in which donor
defects form self-compensated complexes, provides additional information on the com-
pensation mechanism in the CdTe and Cd, ,Zn  Te crystals. Consideration of the features of
self-compensated semiconductors minimizes the number of independent parameters in the
calculations [11]. It is important that the concentration of the donor impurity (Cl or In) is
significantly higher than the concentration of background impurities and defects. Under this
condition, calculations can be made using the simplified scheme of levels in the bandgap,
namely, the deep donor and deep acceptor level, as well as the shallow level of donors that
did not form complexes, that is, on the “three-level” compensation model [12]. In the electro-
neutrality equation for semi-insulating wide-band semiconductor with a high concentration
of impurities (~10" cm™), the concentration of free carriers n and p (which do not exceed 10 to
10® cm™ even at elevated temperatures) can be neglected. It is natural to assume that the level
of compensating acceptors is located in the lower part of the bandgap (or at least ~5kT below
the Fermi level), that is, they are almost completely ionized, and it can be taken N* = N,
where N _is the concentration of acceptors. Such acceptors may be Cd or Zn vacancies with
ionization energy of 0.43-0.47 eV. With such simplifications, the electroneutrality equation is
reduced to the expression N = N ", and its analytical solution is

Ap = E,+KTIn [%] @)
Thus, the Fermi-level energy at a temperature T is determined by the energy of the donor level
E, and its compensation degree & = N /N, which can be found by comparing the results of
the calculation according to Eq. 2 with the experimental dependences Au(T) obtained from
the results of measurements of resistivity p(T), as shown in Figure 1c. The best match of the
calculated and experimental dependencies Au(T) corresponds to E, = 1.081 eV, & = 0.99998 for
CdO,QZnOJTe and E, =0.783 eV, & =0.976 for CdTe. The obtained values of ionization energy are
in the range, in which the photoluminescence bands were detected, which is also consistent
with the results of the study of energy levels in the band gap CdTe and Cd, _ Zn Te by other
methods. Obtained high degree of donor compensation & = 0.979 for CdTe and & = 0.99998
for Cd,Zn, Te confirms the known theoretical fact that an element of Group III or VII of the
Periodic system (in this case, Cl and In) as a donor impurity introduced in the crystal lattice,
causes the appearance of approximately the same amount of compensating intrinsic defects,
which leads to the formation of complexes. It should be emphasized that the obtained values &
are close to the degree of compensation provided by the Mandel theory for CdTe and ZnTe [13].

These results are important from a practical point of view: (1) At E; = 0.60 eV (as in the crys-
tal Cd,,Zn  Te under study), the values of p become close to the maximum value in a very
narrow range of ¢ (Figure 2a). When shifting of the donor to the middle of band gap dome-
shaped curve p(&) expands and its maximum shifts toward values of ¢, close to 0.5. The
achievement of the semi-insulating state Cd ,Zn  Te E = 0.60 eV and & = 0.99998 became
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possible due to doping by self-compensated donors and the formation of A- or DX-centers,
the concentration of which is practically equal to the concentration of acceptors due to the
very nature of these centers. (2) In a certain combination of ionization energy and the com-
pensation degree, changes in the temperature dependence of resistivity and/or inversion
of the conductivity type of the crystal in the climate-change temperature range may occur
that may affect on the operation of the X/y-ray detector with the Schottky diode. If the
donor level located near the middle of the band gap of the Cd ,Zn  Te crystal (E; = 0.7 eV),
to obtain the resistivity p = 10" Q-cm at 300 K (Figure 2b), the compensation degree equals
to & = 0.679, and the thermal activation energy of conductivity is close to the half of the
Cd,,Zn,,Te band gap at 0 K (AE = 0.84 eV). If E, = 0.5 eV to ensure p = 10" Q-cm at 300 K,
the ,com'pensation level should be increased to 0.99979, which leads to a decrease of AE to
0.65 eV. When E = 0.3 eV, the compensation degree should further increase to 0.9999999,
making activation energy decreases to 0.47 eV. If E equals to 0.9 eV to ensure p =10 Q-cm,
the compensation degree should be considerably less than 1/2, namely & = 0.00047. In this
case, the thermal activation energy AE will be 1.04 eV, that is, it becomes “abnormally” high
[5,7,9].

Figure 2c shows the calculated temperature dependences of the Fermi level energy in
Cd,,Zn,, Te at different compensation degrees of donor (In) withionization energy E;=0.45€V,
which corresponds to the often observed in these crystals photoluminescence band (~1.08 eV).
The position of the Fermi level in the intrinsic Cdo/gzane is shown by dashed line. As seen,
the Fermi level is located above the Fermi level in the intrinsic semiconductor at the compen-
sation degree & = 0.9999 in the whole temperature range, that is, the semiconductor has an
n-type of conductivity. At sufficiently higher compensation degree (£ = 0.999999), the Fermi
level is located below the Fermi level in the intrinsic Cd, ,Zn,  Te, that is, the crystal has p-type
conductivity [9]. It is also possible the condition when type of conductivity changes in the

E,—Eq=0.76¢V...0.60 eV

12 T T T T T
st 10 © E—03ey |
g | - _(b) £=0.9999999)
G 4 Eq=05eV _
=2 Ey=07eV| S
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Figure 2. (a) The dependence of resistivity of Cd ,Zn  Te crystal on the compensation degree &. (b) Temperature
dependences of resistivity p at the different ionization energies E; and compensation degree & = N /N, which provides
the same p, but different thermal activation energies AE. (c) The temperature dependences of the Fermi level energy Au
(T) in Cd,Zn Te crystal at the different compensation degrees (A, - is the Fermi level energy in a crystal with intrinsic
conductivity).
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climate-change temperature range, which is observed at an intermediate value of & =0.99999.
Unlike Cd ,Zn  Te with a high compensation degree, in CdTe crystals the compensation
degree is much lower and the dependence of the Fermi level on £ is much weaker. Therefore,
in CdTe, the transition from p- to n-type of conductivity occurs at an increase from 0.90 to
0.99, that is, by 9%, while in Cd ,Zn  Te—only by 0.01%. This explains how much harder is to
grow a homogeneous Cd,,Zn ,Te crystal in comparison with CdTe.

3. Charge collection efficiency in CdTe-based Ohmic detectors

The operation of CdTe detector in spectrometric mode assumes complete collection of the
charge generated by the absorption of high-energy quanta. Since the lifetime of charge car-
riers in the most perfect CdTe crystals does not exceed several microseconds, it is necessary
to apply a rather high voltage to prevent the “capture” of the carriers by deep impurities
(defects). At low voltage applied to the CdTe crystal with ohmic contacts, I-V characteristic is
linear, but at higher bias a superlinear increase in current is always observed [14]. Attention is
drawn to the fact that the deviation from linear I-V relationships at higher voltage is observed
stronger when the temperature decreases (Figure 3b, inset). Therefore, we can assume that an
additional charge transport mechanism with much weaker temperature dependence comes
into play with increasing voltage. This is confirmed by the data in Figure 3b, which show
the voltage dependences of the difference Al between the measured current I and a linearly
extrapolated current I (Al =1-1 ). As seen, the current excessive over linearly extrapolated
current is virtually independent of temperature. A deviation of I-V characteristics from lin-
earity due to lowering the barrier at imperfect Ohmic contact should be rejected because
such a mechanism leads to an exponentially increase in the current with temperature [15].
The current caused by tunneling transitions of electrons from the Fermi level in the metal
(or slightly below it) into the semiconductor can be almost temperature independent [16].
However, at bias voltage in the range 10-100 V, the probability of tunneling is practically
zero. A much greater probability of tunneling is through a thin interfacial oxide layer, whose
presence on the crystal surface before metal deposition cannot be excluded (Figure 3c). At
higher voltages, the linear behavior of the I-V characteristic of the CdTe crystal is replaced by
a quadratic dependence on V, as in the case of space charge limited current (SCLC)] accord-
ing to the Mott-Gurney law [17]. It is confirmed by comparing the experimental data with
the extrapolation of the quadratic I-V dependence (Figure 3b). According to theory, SCLC
can be formed by injection of charge carriers into the valence or conduction band. In the
case of semi-insulating CdTe, the injection of electrons into the conduction band should be
preferred. Firstly, the excess concentration of electrons above the electron equilibrium con-
centration is achieved much easier, since in the CdTe:Cl crystals the electron concentration
approximately two orders of magnitude lower than that of holes. Second, the electron mobil-
ity in CdTe is more than an order of magnitude higher than that of holes, and the SCLC is
proportional to the charge carrier mobility. Finally, the electron current injected by tunneling
is almost temperature independent, that is, observed from the experience and just this one
needs to explain. Taking into account the current of thermally generated holes and SCLC we
can write:
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Figure 3. (a) I-V characteristics of CdTe crystal measured (circles) and calculated using Eq. (3) at different temperatures
(solid lines). The dashed lines show linear extrapolation of I-V dependencies at low V. (b) Voltage dependence of
difference Al between the measured current I and a linearly extrapolated current I for three temperatures. The straight
solid line extrapolates quadratic dependence of the current on voltage. The inset shows temperature dependences of
the currents at 1 and 100 V. (c) Energy diagram of the metal/CdTe contact showing tunneling of electrons through an
intermediate oxide film on the CdTe crystal surface.

V 9 880 ‘Ll”
I=sqp(Dp,s+sKg—5=V? (3)
where ¢ is the dielectric permittivity of the semiconductor, ¢_ is the dielectric constant of
vacuum, (1, and p _is the mobility of charge carriers, s is the area of the contact, p, is the
equilibrium concentration of holes in the crystal, K is the coefficient, which takes into account
the probability of electron tunneling through the oxide film and reducing the contribution of
the SCLC.

Temperature variation leads to a change in current through the crystal, depending on the
SCLC contribution. For the best agreement, the calculation results by Eq. (3) with the experi-
mental data we should substitute K = 2.3-10™. As seen, Eq. (3) well reproduces the voltage
dependences of the current and its temperature changes in detail (Figure 3a). SCLC nega-
tively impacts on the detector performance since it leads to an increase in leakage current,
and hence degrades the energy resolution of the detector. Moreover, the contribution of the
SCLC increases with decreasing temperature due to increasing the holes mobility (by 5-6%
per 10°C) (Figure 4a). Such a character of the SCLC does not allow reduce significantly the
leakage current by thermoelectrically cooling of the detector as in the case of CdTe detectors
with Schottky diode [18].

SCLC is proportional to the squared voltage and is inversely proportional to the crystal thick-
ness d; therefore, the relationship between the CdTe crystal thickness d and the drift length of
carriers A increases with decreasing d (Figure 4a, inset), which, in turn, improves the energy
resolution of detector. Thus, too low energy resolution of X/y-rays CdTe-detector with two
Ohmic contacts (6-8%) caused by ineffective charge collection. One of the reasons might be
the recombination of charge carriers in the bulk and on the front and back surfaces of the
crystal. Analysis of the influence of surface recombination can be made on the base of continu-
ity equation (with the corresponding boundary conditions) and taking into account the drift
and diffusion components of the current. The calculations show that for the actual thicknesses
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of the crystal and the applied voltages, the recombination on the surfaces of the crystal can
be neglected. Neglecting recombination losses at the crystal surfaces, we have to assume that
the low efficiency of charge collection in Ohmic-type CdTe detectors is caused by trapping of
photogenerated charge carriers by deep levels of impurities (defects) in the crystal bulk. These
losses is strongly dependent on the lifetime of charge carriers (7, and 7 ), which at a given
electric field F (together with their mobility (u, and y ) determine the drift length of carriers
A= pFr, A = p Fr . In this view, the relationship between the CdTe crystal thickness and
the drift length of carriers (Figure 4a, inset) is very important. A quantitative description of
the collection losses of photogenerated charge carriers gives the well-known Hecht equation,
which for a uniform electric field has the form [19].

+%[1 —exp(—%)]. 4)

4

A -
n,(x) = 7[1 - exp(—d/\—x>

n

Taking into account the most important processes which determine the spectral distribution
of the quantum detection efficiency, in particular, absorption in the bulk of crystal and an
electrode material (Pt), the losses caused by trapping of charge carriers in the bulk of crystal,
the detection efficiency depending on the absorption coefficient a in the crystal with Ohmic
contacts can be written as

(@) = Ji To(a,) @, exp(-a, x)n,0dx, (5)
where T, (a ) takes into account the radiation attenuation after passing through an electrode

material; 17,,(x) is Hecht function (4); ayexp(—ayx) is the generation rate of electron-hole pairs
per incident photon [16].

Insufficient absorptive capacity in high spectral range significantly reduces the registration of
X/y-rays but does not affect the processes that take place after photon absorption. Therefore,
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Figure 4. (a) Temperature dependences of the current at different voltages applied to the CdTe crystal. The inset shows
the dependences of the drift length of holes on the thickness of the CdTe crystal at voltage when the same leakage current
of 3 x 10 A is achieved. (b) Charge collection efficiency spectra for CdTe crystals of different thicknesses at voltages
that corresponds to the same current 3 x 10® A. (c) Energy resolution in the spectra of different isotopes for the detector
thickness of 0.25 mm at voltage of 10.3 V.
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the spectral distribution of the charge collection efficiency (the value determining the energy
resolution of the detector) is obtained by dividing the detection efficiency 1(hv) by the absorp-
tion capacity of the crystal A(hv) =1 - exp(—ayd). Figure 4b shows the collection efficiency
curves 1 (hv) calculated for the different thicknesses of CdTe and voltages at which the cur-
rent is the same as at voltage of 60 V for crystal thickness of 1 mm (3-10® A). As seen, when
the crystal thickness is 4 mm, the charge collection efficiency n (hv) in the photon energy
hv <100 keV is 90%, while for hv = 1 MeV 1 (hv) is reduced to 77% (Figure 4b). When the crys-
tal thins, the charge collection efficiency is significantly improved reaching a level of 97-98%.
With the thickness of 0.25 mm the charge collection efficiency is above 97% throughout the
whole spectral range. However, increasing the charge collection efficiency 1 (hv) with thin-
ning of the crystal is achieved with a significant decrease in the efficiency of detection (regis-
tration) in the range of high-energy photons. A significant increase in the energy resolution
can be achieved by improving the quality of CdTe crystals and, thus, increasing the lifetime of
charge carriers. Our calculations show that with increasing the electron lifetime by the order
of magnitude from 3 x 10 s to 3 x 10 s, for the crystal thickness of 0.25 mm at voltage that
corresponds to the current 3 x 10 A (10.3 V) the energy resolution in the spectra of all isotopes
is higher than 99% [20] (Figure 4c).

CdZnTe and CdMnTe-based X/y-rays Ohmic detectors can have electrical characteris-
tics both similar to presented above and different. This is largely due to the choice of con-
tacts material, the treatment of the crystal surface before contacts fabrication, conditions of
post-deposition treatment. At low voltage applied to the p-Cd, Mn Te (x = 0.3) crystal I-V
characteristics are linear, but at higher bias a superlinear increase in current is observed
approximately the same extent at different temperatures. The fact that the voltage depen-
dence of difference between the measured current and a linearly extrapolated current is
quadratic, which indicates that the observed supernular growth of current is due to by
space charge limited current (SCLC) according to the Mott-Gurney law [17]. The activation
energy of the conductivity caused by the equilibrium holes (at V = 10 V) equals to 0.39 eV.
Attention is drawn to the fact that the energy of acceptor trap at the formation of the SCLC in
the Ni/CdMnTe contact (at V> 200 V), equal also 0.39 eV, that is, impurity (or defect), respon-
sible for electrical conductivity of material and trap of injected charge carriers clearly have the
same nature. Therefore, the same activation energy for the current of equilibrium holes and
the current surplus of equilibrium current confirms the fact that SCLC in the Ni/CdMnTe/Ni
detector is formed by the injection of majority carriers (holes) from the metal, not by the tunnel
injection of minority carriers (electrons) as in the case of Pt/CdTe/Pt detectors discussed above.

Cd, Zn Te (x =0.1) n-type crystals with gold Ohmic contacts show other features of superlin-
ear current growth at high voltages. At voltages, lower ~ 10 V I-V characteristic are linear, but
at higher bias, the superlinear increase is observed. However, the voltage of deviation from
the linear law is 10-20 V regardless of temperature. It turns out that the current of equilibrium
electrons and the excess current in the Au/CdZnTe/Au detector are growing approximately
equally with the temperature. This is confirmed by the fact that the thermal activation energy
of the crystal Cd, ,Zn, Te is 0.74 eV, and the thermal activation energy of the excess current at
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100 V is also quite high AE = 0.65 eV, which causes its significant growth from temperature.
The voltage dependence of the current, surplus of equilibrium current, found by extrapola-
tion of the linear part of the I-V characteristic at low voltages has a complex form. In the
voltage range V =20-40 V the current is rapidly increasing, at high voltages (up to the highest
voltages), the power Al ~V **2° is observed. This behavior of the Au/CdZnTe/Au detector
characteristics contradicts the SCLC theory. Therefore, the reason for the deviation of the
current from the linear dependence is the injection of minority charge carriers (holes) due to
the imperfection of Ohmic contacts.

4. Electrical characteristics of Schottky diodes based on semi-
insulating CdTe single crystals

The section deals with electrical characteristics of Ni/CdTe/Ni X/y-rays detectors with
Schottky diodes based on high-resistivity CdTe single crystals (p ~10° Q-cm (300 K)).

The theoretical analysis of experimental results allows identifying and explaining the essential
features of the charge transport mechanisms depending on the resistivity of the material and
the parameters of the diode structure, in particular the concentration of uncompensated impu-
rities (defects) and the height of the potential barrier on Schottky contact [21]. According to the
Sah-Noyce-Shockley theory, the current through the diode is determined by the integration
of the generation-recombination rate over the whole space charge region (SCR) width [22].

_ n(x, V)P(xr V) - n,-z
If;'—r - Aq /OW TPO [n(x, V)+ n]] +T [p(x, V)+ pl] dX’ (6)

where A is the diode area, g electron charge, W is the width of the SCR, n(x,V) and p(x,V) - are the
concentrations of charge carriers in the conduction and valence bands, respectively, 7, and 7 -
are the effective lifetimes of electrons and holes in the SCR, and the quantities 7, = N exp(-E /kT)
and p, = N exp[~(E, - E)/kT] are determined by the depth of the generation-recombination level
E.. The results of calculations of the I-V characteristic, by using formula (6) show that the model
of generation-recombination processes in the SCR adequately describes not only the current
dependence on the voltage, but also the temperature induced variations in the Ni/p-CdTe
Schottky diode I-V characteristic: (1) The reverse current, which has a generation origin, cannot
vary in a wide range of the material resistivity p since this current is governed by the carrier
lifetime and by the thickness of the SCR, which have no direct relation with a value of p. (2) In
the region of low forward biases, where the dependence I « exp(qV/2kT) — 1 holds, the current
is governed by the same parameters and, therefore, is also only slightly p-dependent. (3) As p
increases, the Fermi level recedes from the valence band; that is, Au increases at the same time
as ¢, decreases. In this case, the part of the forward branch, where the forward current is propor-
tional to exp(qV/2kT), is increasingly restricted from above, as is observed in the experimental
curves.
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The Ni/CdTe/Ni diode structure with Schottky and near-Ohmic contacts at the CdTe(111)A
and CdTe(111)B surfaces of semi-insulating CdTe single crystals (p = (2-4)-10° O-cm) dem-
onstrates absence of rectification properties at bias voltages lower than 6-7 V, which can be
attributed to a very high resistance of the CdTe substrate, that is, the voltage drop across the
bulk part of the crystal should be taken into account. It should be noted that consideration
of the voltage drop has strongly modified the shape of the forward I-V characteristic of the
studied diode structure (Figure 5b) [21, 23]. A sharp increase in the current at higher forward
bias voltages is attributed to the injection of minority carriers from the Schottky contact into
the neutral part of the crystal and the modulation of its electrical conductivity, which is
confirmed by the results of calculations. It should be emphasized that the Ni/CdTe/Ni detec-
tors with Schottky and near-Ohmic contacts demonstrates low reverse current (~10° A/cm?
at 300 K) at high reverse bias due to significant bending on the Ni/CdTe Schottky contact and
low enough level of minority carrier injection from the near-Ohmic CdTe/Ni contact into the
neutral part of the diode structure. It should be noted, the generation-recombination Sah-
Noyce-Shockley theory analytically describes the J-V characteristic of the diode structure at
different temperatures (Figure 5b) [24, 27]. Analysis of the voltage dependence of the differ-
ential resistance R . shows, at forward connection decreases with increasing in the low-bias
region (Figure 5¢). In the voltage range V = 1-3 V, the R saturates, which means that the
energy barrier is practically compensated by applied voltage and further voltage drop takes
place across the bulk part of the diode structure. With further increasing the forward bias
voltage, a sharp decrease in R . is observed. The value of R . becomes 2-3 orders of magni-
tude less than resistance of the bulk part of the diode R . Such lowering of R, is explained
by injection of electrons (minority carriers) from the forward-biased Schottky contact into the
bulk part of the crystal and modulation of its resistance (Figure 5a and c). Indeed, at higher
forward voltage the barrier ¢ lowers and electron injection in the bulk part of the crystal is
increasingly enhanced.

Analysis of the reverse |-V characteristic at high-bias voltages that is most important and
interesting in the application of CdTe diodes as X/y-ray detectors (V < 600-700 V) shows
that the reverse current through the diode structure is controlled by the reverse-biased
Schottky contact. A sublinear rise in the current (it is typical for the generation charge trans-
port mechanism) corresponds to a gradual increase in the differential resistance (Figure 5c).
However, on exceeding 600-700 V, the differential resistance decreases increasingly and
then steeply decays at similarly to that at forward connection of the diode at voltages higher
than a few volts. It can be explained by injection of electrons from the near-Ohmic contact
into the bulk of the crystal [21, 23, 24] (Figure 5a). With an increase in the current, a fraction
of the applied voltage, much like for a forward connection of the device, drops across the
neutral part of the crystal and only a small its fraction drops across the near-Ohmic contact
on the opposite side of the crystal. Thus, we have come to not at all trivial conclusion that at
relatively high reverse bias, the processes in the “Ohmic” contact affect the reverse-biased
Schottky contact on the opposite side of the crystal [15, 21, 23, 24]. A decrease in injection of
carriers from the near-Ohmic contact in a Schottky diode with Ni/CdTe/Ni electrode con-
figuration is an important way to reduce the leakage current and improve the performance
of CdTe based X/y-ray detectors. On increasing the operating voltage at low-leakage cur-
rent allows to enhance the detection efficiency of the device especially in the region of high
energy of photons.
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characteristics of the Ni/CdTe/Ni structure at different temperatures. The circles show the measurement results; the lines
are the results of calculations by Eq. (6). (c) Differential resistance of the detector in a wide range of forward and reverse
biased. The dashed straight line shows the resistance of the bulk part of the diode structure R .

5. Detection efficiency of CdTe based X/y-ray detector

The parameters of crystal and diode structure significantly affect the quantum detection efficiency
and energy resolution of detectors based on semi-insulating CdTe and Cd,Zn, Te crystals with
Schottky diode. In such crystals with deep levels of impurities (defects) in the band gap, the den-
sity of the space charge and the intensity of the electric field grow rapidly near the crystal surface,
enhanced with the increase in the degree of compensation of the semiconductor (in contrast to the
Schottky diodes on the semiconductor with shallow impurities levels). Minority charge carriers
play an insignificant role in the formation of space charge, despite the presence of an inverse
layer near the surface of the semiconductor. In spite of the features of the formation of SCR in the
Schottky diodes based on self-compensating semiconductors (which are CdTe and Cd ,Zn  Te
crystals, doped with Cl or In), the difference between the value of the SCR width, as determined
by the solution of the Poisson equation, and by means of the known the formula for the Schottky
diode does not exceed 15-16% even with a high compensation degree, that is, the width of the
SCR is quite accurately determined by the concentration of uncompensated impurities. The
charge collection efficiency in X/y-ray detectors with a Schottky diode essentially depends on
the carrier lifetime 7. It is important for practice that the charge collection efficiency is noticeably
lower than 1 when the lifetime is less than 10 s, whereas to provide practically the total charge
collection (99%) in the Ohmic detector the carrier lifetime should be equal to or exceed ~107s.

The resistivity of CdTe and CdZnTe crystals under study at room temperature are (2-3)-10°
and (3-5)-10"° Q-cm, respectively. The band gap of the crystals Eg for CdTe equals to 1.47-
1.48eV, for CdZn, Te E =1.53 eV at room temperatures. Our studies of the relaxation curves
of the rise and decay of the photocurrent excited by rectangular pulses of semiconductor
laser (A =782 nm) showed that the lifetimes of the charge carriers in the SCR and in the neu-
tral part of the CdTe crystal differ significantly. In the case of CdTe crystal with two Ohmic
contacts, the lifetimes of electrons amount to a few microseconds, which is consistent with
the data presented on the site of Acrorad Co. Ltd. [14]. If the crystal is irradiated through a

39



40 New Trends in Nuclear Science

semitransparent Schottky contact, the laser radiation is absorbed in a thin near-surface layer
of the SCR and lifetimes of carriers are relatively short (10-20 ns).

Although all crystals had high resistivity and minority carrier lifetime, the diodes showed
significant differences in the registration of spectra from *’Cs (662 xeB), '*Ba (356 xeB), *’Co
(122 xeB), *'Am (59 xeB), *°Fe (5,9 xeB) isotopes. The CdTe detector was a high resolution
detector, however the CdZnTe registered the spectra but with lower resolution (Figure 6a).
At first glance it seems unclear as CdTe inferior in characteristics Cd ,Zn, Te. Obviously, the
detecting properties of the diode structure are influenced by other characteristics of the mate-
rial. There is an assumption that such a parameter is the SCR width of a Schottky diode, which
in a compensated semiconductor can be significant. Indeed, in the detector with Schottky
diode, the SCR itself is an active area of the detector, and its width, of course, is one of the
most important parameters. Therefore, in compensated semiconductor in addition to the high
resistivity and long carrier lifetimes that is necessary for high detection efficiency, another
mandatory requirement to the concentration of uncompensated impurities in the material
(which determines the SCR width of a Schottky diode) is substantiated.

The detection efficiency spectra of CdTe-based crystals with Schottky diode taking into
account the drift and diffusion components can be expressed as [25].

aL

An W n
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n

Figure 6b shows the detection efficiency spectra of CdTe (Cd,,Zn Te) crystals with Schottky
diode at the voltage V=400 V applied to the detector and different concentrations of uncom-
pensated donors N, — N_ in the material. The results clearly illustrate the fact that the spectra
of 17(hv) can significantly be modified when N, — N_is changed. If N, — N, decreases from 10"
to 10" cm™, the detection efficiency of *Fe (hv = 5.9 keV) and *!Am (hv = 59.5 keV) isotopes
vary almost by 3 and 2 orders of magnitude, respectively. At the same decreasing N, - N,
the detection efficiency of ’Co (hv = 122 keV) isotope varies within one order of magnitude
and the detection efficiency of Ba (356 keV) and '¥Cs (662 keV) isotopes vary relatively
weak. An important feature of the results is that the dependences (N ~N,) for all the isotopes
are described by a curve with maximum (Figure 6c) [6, 10, 11, 25]. As seen, in all cases, the
detection efficiency rather rapidly increases as the SCR widens starting at high uncompen-
sated impurity concentrations (10"° cm™). In addition, recombination losses in the SCR also
increase and ultimately become so significant that the detection efficiency decreases with a
further increase in N, — N_. The obtained results for the measurements and calculations show
that, together with high resistivity, lifetime and mobility of charge carriers, the concentration
of uncompensated impurities in the range 10"-10" ¢cm™ can be considered also necessary
condition for the efficient operation of X/y-rays detectors based on CdTe and Cd,Zn Te [10,
11]. It is the concentration of uncompensated impurities of 10" cm™ in CdTe crystals made
it possible to obtain '¥’Cs radioisotope energy spectrum by an Ni/CdTe/Ni diode detector at
applied reverse bias voltage of 1200 V with the record values of energy resolution at room
temperature (2.8 keV of FWHM at 662 keV) (Figure 6c¢, inset).
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To determine the concentration of uncompensated impurities in crystals of CdTe and
Cd,,Zn, Te, we compared the detection efficiency with irradiation of the crystal by the
Ohmic contact side and the Schottky contact side. In the high-energy region of the spec-
trum, in which the absorption coefficient for X/y-rays («,) is small, excitation occurs virtually
uniformly over the entire crystal volume and the detection efficiency for a crystal with the
Schottky contact is independent of which side of the detector is irradiated, the side of the
Schottky contact or the side of the Ohmic contact. This is confirmed experimentally. If a CdTe
detector with a Schottky contact is subjected to the radiation of the '¥Cs isotope, the peak
height at the photon energy 662 keV (04Y ~ 0.1 cm™) is practically the same when different
sides of the sample are irradiated, the side of the Schottky contact or the side of the Ohmic
contact. If the isotope *°Fe is used (04Y ~ 4000 cm™), the peak height in the case of irradiation of
the Schottky contact side is by two orders of magnitude, than that in the case of irradiation of
the Ohmic contact side, as is shown in Figure 6a (inset) [11]. This is accounted for by the fact
that, at @ =4000 cm™, the effective depth of radiation penetration into the material is smaller
than 1 pm, therefore, in the case of irradiation of the Ohmic contact side, a significant por-
tion of electrons, which appeared as a result of y-photon absorption, do not reach the SCR
by diffusion [17]. Evidently, in this case, the peak height greatly depends on the SCR width
and, consequently, on the concentration of uncompensated impurities in the semiconductor,
which can be used to determine the value of N, — N . Thus, there is a significant difference
between the concentrations of uncompensated impurities in CdTe and Cd,,Zn  Te crystals,
which are used in the fabrication of X/y-rays detectors. The concentration of uncompensated
impurities is ~(1-3) x 102 cm™ for CdTe crystals and (1-5) x 10® cm™ (i.e., four orders of
magnitude lower) for Cd ,Zn  Te crystals [11]. The low concentration of uncompensated
impurities (10°-10° cm™) is the reason for the unsatisfactory detectivity of Cd,Zn  Te detec-
tors regardless of a fully acceptable resistivity of crystals (> 10° O-cm) and the lifetime of
charge carriers (> 107 s) [10].
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Figure 6. (a) Spectra of **Ba isotope taken with Schottky diode detectors based on CdTe and at V = 500 V. The inset
shows the emission spectra of the ®*Fe isotope measured by a CdTe detector with a Schottky contact under irradiation of
different sides of the sample. (b) Detection efficiency spectra of CdTe-based detector with Schottky diode calculated for
different concentrations of uncompensated donors N, — N_. (c) Normalized detection efficiency of different isotopes as
a function of N, — N_. The inset shows the typical '7Cs radioisotope energy spectrum detected by an Ni/CdTe/Ni diode
detector.
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6. CdTe-based Schottky diode X-ray detectors for medical imaging

In the section the possibilities of using diode structures based on relatively low resistivity
p-CdTe and n-CdTe (p = 10°-10* QO-cm), and polycrystalline CdTe in direct-conversion digital
flat-panel X-ray image detectors are discussed.

Investigation of electrical properties, charge collection processes and the spectral distribution
of the detection efficiency of X/y-ray detectors based on CdTe with relatively low resistiv-
ity and Schottky contact confirm that their characteristics are generally inferior to techno-
logically more complicated detectors with diodes Schottky based on semi-insulating CdTe. In
particular, the currents of Schottky diodes under study are rather small for this type of diode
structures—about 1 nA with a contact area of 3.5 mm?® The current are determined by the
generation-recombination in the SCR according to the Sah-Noyce-Shockley theory [22, 26].

The total detection efficiency for a detector utilizing a Schottky diode is the sum of the drift
and diffusion components [27, 28]. As shown in Figure 7a, the contribution of the diffusion
component to the total efficiency of the detector is quite important at 7 =107 s and in the case
of high-energy photons (i.e., at lower absorption coefficients) it is dominant. The efficiency
of charge collection of the X/y-rays detector with the Schottky diode substantially depends
on the lifetime of charge carriers 7 and concentration of uncompensated donors N, - N_
(Figure 7b, inset). If N - N_ value is ~10" cm™, in order to ensure a practically complete charge
collection (>99%), the lifetime of the carriers should equal or exceed ~107 s. If N, - N_ = 10"
cm 3, the lifetime of charge carriers should not exceed 10 s, which is quite real when using
even poor quality CdTe crystals. For X-ray examination of a breast, in the photon energy
region hv < 30 keV n-type CdTe detector is more acceptable (Figure 7b). However, for X-ray
examination of a chest (hv > 50 keV) p-CdTe should be chosen (Figure 7c). The detection effi-
ciency of X-ray in the Al/p-CdTe diode structure at the maximum possible electron lifetime (a
few microseconds) is 50-70 and 20—40% in the photon energy ranges of 20-30 and 50-80 keV,
respectively (Figure 7c). Such characteristics seem to be acceptable for mammography and
chest radiography.

The use of a stacked CdTe detector with a Schottky diode, which is already practiced, can
significantly improve the detecting efficiency of the device especially in the high-energy range
of the spectrum. In the energy range ~100 keV the efficiency of a stacked detector is greater
than that of a single layer detector [28]. The highly developed technology of the deposition
of polycrystalline CdTe layers of large area with a surface-barrier structure in solar cells can
be adapted to the fabrication of flat-panel X-ray image detectors. The presence of a barrier
structure in the relatively low resistivity CdTe (p = 10*-10° Q-cm) provides a low-leakage
(dark) currents comparable with those in a-Se photoconductors (p = 10" Q-cm at 300 K). In
a CdTe diode structure, virtually full charge collection occurs independently of the applied
voltage at the carrier lifetime 7 > 107 s and uncompensated impurity concentration higher
than 10" cm™. Electric field concentration in the space charge region of a barrier structure
eliminates the problem of the collection of charge generated by X-ray photon absorption
(there is no need to increase the operating voltage up to several kiloelectronvolts as in the
case of a-Se photoconductors).
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Figure 7. (a) The drift 1), and diffusion 1, components of the detection efficiency in the Schottky diode and their sum
1. (b) Comparison of the total detection efficiency of the n- and p-CdTe-based Schottky diodes with the carrier lifetime
10 s. The inset shows the correlation between the charge-carrier lifetime 7 and concentration of uncompensated donors
N, - N, at which the collection of 99 and 95% charge carriers photogenerated at the interface between the depleted region
and neutral part of the diode structure (x = W) is achieved at VV=-100 V. (c) The detection efficiency of the Ni/n-CdTe and
Al/p-CdTe diodes calculated for the uncompensated impurity concentration of 10’ cm™ and carrier lifetime 7=3 x 10®s.
The photon energy ranges which are used for diagnostics of breast and chest are shown by shading.

7. Conclusions

1. The unconventional peculiarities, which are important from scientific and practical points
of view, have been revealed by the experimental studies of the temperature dependences
of resistivity and Fermi level energy of semi-intrinsic Cd,Zn, Te:In and CdTe:Cl crystals
used for fabrication of X/y-ray detectors: (i) the material can be semi-insulating when the
compensation degree of a deep impurity level located near the middle of the band gap
is around 0.5 (in this case, the Fermi level is pinned); (ii) if the impurity level is not close
to the middle of the band gap, the semi-insulating condition is reached at low or high
compensation degree (in this case, the Fermi level position strongly depends on the tem-
perature T and activation energy AE can be significantly higher than one-half of the band
gap at T — 0 K as it takes place in an intrinsic semiconductor). Among other things, this
can lead to inversion of the conductivity type of the semiconductor as the temperature
varies during climatic operation of a device that leads to qualitative changes of the electric
properties of both Schottky and Ohmic contacts in X/y-ray detectors.

2. The features of operation of X/y-ray detectors based on Cd(Zn, Mn)Te crystals with two
Ohmic contacts have been established and ways to improve their energy resolution have
been determined by comprehensive investigation of the electrical characteristics and quan-
tum efficiency of detectors: (i) in the CdTe detector a rapid rise of the current with increas-
ing voltage higher than 6-8 V for the crystal thickness of 1 mm is caused by the SCLC. A
distinctive feature of the current is its temperature independence because the mechanism
of injection of charge carriers is tunneling through the thin insulating film between the
crystal and metal contact; (ii) thermoelectric cooling, commonly used for CdTe Schottky
diode detectors, does not provide the desired result since it leads to a decrease in leakage
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current no more than 2-3 times when the temperature lowers from 300 to 260-270 K, and
further cooling loses its meaning; (iii) with thinning the semiconductor crystal, the ratio
between the carrier drift length and crystal thickness increases that improves the efficiency
of charge collection at relatively low bias voltage; (iv) in the CdZnTe and CdMnTe detec-
tors under study, a rapid rise of the current with increasing voltage and temperature due
to injection of charge carriers is observed, so these crystals are not suitable for fabrication
of X/y-ray detectors; (v) a significant increase in the energy resolution can be achieved
by improving the quality of Cd(Zn, Mn)Te crystals and, as a result, increasing the charge
carrier lifetime.

3. The key results have been obtained from the investigation of the electrical characteristics
of the Ni/CdTe/Ni structures with a Schottky contact based on CdTe:Cl crystals with nearly
intrinsic conductivity: (i) the I-V characteristics of the Schottky diode structure with low
reverse leakage current at high-bias voltages can be quantitatively described in terms of
the known physical models: the generation-recombination in the SCR, the processes under
conditions of strong electric fields and currents limited by space charge; (ii) a rapid rise of
the current at high direct voltages due to injection of minority carriers from the Schottky
contact to the neutral part of the crystal and the modulation of its conductivity; (iii) at
relatively high reverse bias, the processes in the “Ohmic” contact on the opposite side of
the crystal affect the reverse-biased Schottky contact.

4. The investigation results, obtained for Schottky diode detectors based on CdTe and
Cd,,Zn, Te crystals with high resistivity (~10°-10" (2-cm) and minority carrier lifetime
(~10° s) and demonstrating significant differences in detection of the spectra from *'Am,
’Co, "Ba and "Cs isotopes, have shown a correlation between the low concentration
of uncompensated donors and poor detection efficiency of the Cd ,Zn , Te detectors with
quite acceptable resistivity and carrier lifetime. The conducted measurements and calcula-
tions show that the concentration of uncompensated impurities in the range from 3 x 10" to
3 x 10" cm™ is yet another obligatory condition for effective operation of X/y-ray Schottky
diode detectors based on CdTe and Cd,_Zn Te crystals.

5. The important conclusions about application of the CdTe layers with a Schottky contact
in direct-conversion flat-panel X-ray image detectors have been established based on
the research results of the electrical and detection characteristics of the fabricated diode
structures: (i) the highly developed technology of the deposition of polycrystalline CdTe
layers of large area with a surface-barrier structure in solar cells can be adapted to the
fabrication of flat-panel X-ray image detectors. The presence of a barrier structure in the
relatively low resistivity CdTe (p = 10*-10° QQ-cm) provides low-leakage (dark) currents
comparable with those in a-Se photoconductors (p = 10" Q-cm 300 K); (ii) electric field
strength in the space charge region of a barrier structure eliminates the problem of the
collection of charge generated by X-ray photon absorption. In a CdTe diode structure,
virtually full charge collection occurs independently of the applied voltage at the carrier
lifetime 7 >107 s and uncompensated impurity concentration higher than 10" cm™; (iii) the
detection efficiency of X-rays in the Al/p-CdTe diode structure at the maximum possible
electron lifetime (a few microseconds) is 50-70 and 20-40% in the photon energy ranges
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of 20-30 and 50-80 keV, respectively. Such characteristics seem to be acceptable for mam-
mography and chest radiography.

Acknowledgements

This research was supported by the Collaborative Project COCAE (Grant SEC-218000) of the
European Community’s Seventh Framework Programme and by the Collaborative Project
SENERA (Grant SfP-984705) of the NATO Science for Peace and Security Programme. The
authors express gratitude to all colleagues indicated as co-authors in Refs. [5-11, 15, 20, 21,
23-28] for their contribution in carrying out the investigations.

Author details

Olena Maslyanchuk', Stepan Melnychuk', Volodymyr Gnatyuk? and Toru Aoki?

*Address all correspondence to: emaslyanchuk@yahoo.com

1 Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine

2 Research Institute of Electronics, Shizuoka University, Hamamatsu, Japan

References

[1]

[5]

Szeles C. CdZnTe and CdTe materials for X-ray and gamma ray radiation detector appli-
cations. Physica Status Solidi B. 2004;241(3):783-790. DOI: 10.1002/pssb.200304296

Sordo SD, Abbene L, Caroli E, Mancini AM, Zappettini A, Ubertini P. Progress in the
development of CdTe and CdZnTe semiconductor radiation detectors for astrophysical
and medical applications. Sensors. 2009;9:3491-3526. DOI: 10.3390/5s90503491

Triboulet R, Siffert P. CdTe and Related Compounds; Physics, Defects, Hetero-and Nano-
Structures, Crystal Growth, Surfaces and Applications. Amsterdam, The Netherlands:
Elsevier; 2009, 550 p. ISBN: 9780080914589

Takahashi T, Mitani T, Kobayashi Y, Kouda M, Sato G, Watanabe S, Nakazawa K, Okada
Y, Funaki M, Ohno R, Mori K. High-resolution Schottky CdTe diode detector. IEEE
Transactions on Nuclear Science. 2002;49:1297-1303. DOI: 10.1109/TNS.2002.1039655

Kosyachenko LA, Diequez E, Maslyanchuk OL, Melnychuk SV, Sklyarchuk OV,
Sklyarchuk OF, Grushko EV, Aoki T, Lambropoulos CP. Special features of conductiv-
ity of semi-intrinsic CdTe and CdZnTe single crystals used in X- and y-ray detectors.
Proceedings of SPIE. 2010;7805:78051-78059. DOI: 10.1117/12.862726

45



46  New Trends in Nuclear Science

[6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Kosyachenko L, Aoki T, Lambropoulos C, Gnatyuk V, Sklyarchuk V, Maslyanchuk O,
Grushko E, Sklyarchuk O, Koike A. High energy resolution CdTe Schottky diode y-ray
detectors. IEEE Transactions on Nuclear Science. 2013;60(4):2845-2852. DOI: 10.1109/
TNS.2013.2260356

Kosyachenko LA, Aoki T, Maslyanchuk OL, Melnychyk SV, Sklyarchuk VM, Sklyarchuk
OV. Features of conduction mechanism of semi-insulating CdTe single crystals.
Semiconductors. 2010;44(6):699-704. DOI: 10.1134/51063782610060023

Maslyanchuk OL, Kosyachenko LA, Melnychuk SV, Fochuk PM, Aoki T. Self-compensation
limited conductivity of Cl-doped CdTe crystals. Physica Status Solidi C. 2014;11(9):1519-1522.
DOI: 10.1002/pssc.201300694

Kosyachenko LA, Melnychuk SV, Maslyanchuk OL, Sklyarchuk VM, Sklyarchuk OF,
Fiederle M, Lambropoulos CP. Self-compensation limited conductivity in semi-insulat-
ing indium-doped Cd, ,Zn, Te crystals. Journal of Applied Physics. 2012;112: 013705(1-7).
DOI: 10.1063/1.4733463

Kosyachenko LA, Lambropoulos CP, Aoki T, Diegues E, Fiederle M, Loukas D,
Sklyarchuk OV, Maslyanchuk OL, Grushko EV, Sklyarchuk VM, Crosso ], Bensalah
H. Concentration of uncompensated impurities as a key parameter of CdTe and CdZnTe

crystals for Schottky diode x/y-ray detectors. Semiconductor Science and Technology.
2012;27:015007 (1-11). DOI: 10.1088/0268-1242/27/1/015007

Kosyachenko LA, Sklyarchuk VM, Melnychuk SV, Maslyanchuk OL, Grushko EV,
Sklyarchuk OV. Effect of uncompensated impurity concentration on properties of
CdTe-based X- and vy-ray detectors. Semiconductors. 2012;46(3):374-381. DOI: 10.1134/
51063782612030153

Fiederle M, Eiche C, Salk M, Schwarz R, Benz KW, Stadler W, Hofmann DM, Meyer
BK. Modified compensation model of CdTe. Journal of Applied Physics. 1998;84(12):6689-
6692. DOI: 10.1063/1.368874

Mandel G. Self-compensation limited conductivity in binary semiconductors. I. Theory.
Physical Review. 1964;134A:1073-1079. DOI: 10.1103/PhysRev.134.A1073

Acrorad Co, Ltd., 13-23 Suzaki, Gushikawa, Okinawa 904-2234, Japan. http://www.acro-
rad.co.jp/us

Kosyachenko LA, Gnatyuk VA, Aoki T, Sklyarchuk VM, Sklyarchuk OF, Maslyanchuk
OL. Super high voltage Schottky diode with low leakage current for X- and y-ray detec-
tor application. Applied Physics Letters. 2009;94:092109-092111. DOI: 10.1063/1.3093839

Sze SM, Physics of Semiconductor Devices, 2nd ed. Wiley-Interscience, New York, 1981.
ISBN: 0-471-09837-X

Lampert MA, Mark P. Current Injection in Solids. New York and London: Academic
Press; 1970. 363 p. ISBN: 0124353509



[23]

[24]

[25]

[26]

[27]

[28]

Mechanisms of Charge Transport and Photoelectric Conversion in CdTe-Based X- and Gamma-Ray Detectors
http://dx.doi.org/10.5772/intechopen.78504

Amptek Inc., 14 De Angelo Drive, Bedford, MA, 01730, USA; http://www.amptek.com/
xr100cdt.html

Hecht K. Zum Mechanismus des lichtelektrischen Primrstromes in isolieren den
Kristallen. Zeitschrift fiir Physik. 1932;77(3-4):235-245. DOI: 10.1007/BF01338917

Aoki T, Maslyanchuk OL, Kosyachenko LA, Gnatyuk VA. Reasons of low charge col-
lection efficiency in CdTe-based X/y-ray detectors with ohmic contacts. Proceedings of
SPIE. 2013;8852:1-13. DOI: 10.1117/12.2022657

Kosyachenko LA, Sklyarchuk VM, Sklyarchuk OF, Maslyanchuk OL, Gnatyuk VA, Aoki
T. Higher voltage Ni-CdTe Schottky diodes with low leakage current. IEEE Transactions
on Nuclear Science. 2009;56(4):1827-1835. DOI: 10.1109/TNS.2009.2021162

Sah C, Noyse R, Shokley W. Carrier generation and recombination in p-n-junction and
p-n-junctions characteristics. Proceedings of the IRE. 1957;45(9):1228-1243. DOI: 10.1109/
JRPROC.1957.278528

Kosyachenko LA, Maslyanchuk OL, Sklyarchuk VM. Special features of charge transport
in Schottky diodes based on semi-insulating CdTe. Semiconductors. 2005;39(6):722-729.
DOI: 10.1134/1.1944866

Kosyachenko LA, Maslyanchuk OL, Sklyarchuk VM, Grushko EV, Gnatyuk VA, Aoki
T, Hatanaka Y. Electrical characteristics of semi-insulating CdTe single crystals and
CdTe Schottky diodes. Journal of Applied Physics. 2007;101(1):013704(1-9)). DOI:
10.1063/1.2401283

Kosyachenko LA, Aoki T, Lambropoulos CP, Sklyarchuk VM, Grushko EV, Maslyanchuk
OL, Sklyarchuk OV. Optimal width of barrier region in X/y-ray Schottky diode detectors
based on CdTe and CdZnTe crystals. Journal of Applied Physics. 2013;113:054504(1-9).
DOI: 10.1063/1.4790358

Gnatyuk VA, Vlasenko OI, Kosyachenko LA, Maslyanchuk OL, Sklyarchuk VM,
Grushko EV, Aoki T. CdTe-based Schottky diode X-ray detectors for medical imaging.
Proceedings of SPIE. 2008;7008:1-10. DOI: 10.1117/12.797360

Kosyachenko LA, Maslyanchuk OL, Gnatyuk VA, Lambropoulos C, Rarenko IM,
Sklyarchuk VM, Sklyarchuk OF, Zakharuk ZI. Charge collection properties of a CdTe
Schottky diode for X- and y-rays detectors. Semiconductor Science and Technology.
2008;23:075024-075031. DOI: 10.1088/0268-1242/23/7/075024

Kosyachenko LA, Maslyanchuk OL. Efficiency spectrum of a CdTe X- and y-ray detec-
tor with a Schottky diode. Physica Status Solidi C. 2005;2(3):1194-1199. DOI: 10.1002/
pssc.200460661

47



ntechOpen

ntechOpen



