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The work is dedicated to studying by computer modeling the mechanisms of the influence of radiation defects,
originating under high energy proton irradiation, on the resistivity p, lifetime of nonequilibrium electrons t, and
holes 1, in CdTe:Cl and CdgZno1Te, and charge collection efficiency 1 of room temperature ionizing radiation
detectors based on these materials. The effect of recombination at deep levels of radiation defects on the degradation
of 1,, 1, and n of detectors based on CdTe:Cl and CdgeZno,Te was studied. Energy levels of radiation defects also
substantially effect on compensation degree of semiconductor decreasing p. The main factors affecting the abrupt or
gradual decrease in the resistivity and charge collection efficiency of these detectors during their bombardment by
high-energy protons, leading to complete degradation of their recording ability, were found. The important role of
purity and deep donor concentration in initial state of the detector material was indicated.

PASC: 61.80.-x; 61.82.Fk; 87.66.Pm

INTRODUCTION

CdTe and CdZnTe are traditionally considered as
semiconductor materials for X-ray and gamma-ray high
energy resolution detectors operating at room
temperature. At present the detectors have been
developed for industrial tomography and astrophysics,
as well as for medical imaging equipment. lons
irradiation can generate electron-hole pairs in
semiconductors, and the above-mentioned materials are
also considered as very promising those for the
manufacture of charged particle detectors [1-3]. Even
high-energy charged particles in semiconductors have
short mean free paths, not exceeding several tens of
microns, therefore the preferential collection of single
charge carrier, which is necessary to get high energy
resolution [4, 5], can be easily achieved.

Semiconductor charged particle detectors are
intended to operate under the influence of a harsh
radiation environment, for example, under proton
irradiation inducing radiation defects in the matrix,
which affect the electrophysical properties and detector
performance. Elucidation of the mechanisms of such
influence is of decisive importance to apply the
detectors in various fields, as well as to improve the
methods of radiation monitoring. Earlier studies of
radiation damage caused by charged particles such as
protons in CdTe and CdZnTe detectors were mainly
devoted not to studying the mechanisms of the influence
of radiation defects energy levels on the detector
properties, but to investigations of the effect of the
radiation doses on the device characteristics [2, 6-14],
the most important are the charge collection efficiency,
resistivity,  electron mobility, lifetimes  of
nonequilibrium electrons, and holes. For example, Yaxu
Gu et al. [13] found that a high density of nonradiative
recombination centers is generated in CdZnTe crystals
after 2MeV proton fluence of 6-10™ p/cm? which
causes a significant deterioration in the detector
performance. Similar results were reported in paper
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[14], where the charge collection of CdZnTe-based
detector significantly degraded after irradiation of
2MeV proton fluences of above 3.3-10™ p/cm?.
Zanarini et al. [10] investigated damages caused by
2 MeV protons in CdznTe and CdTe radiation
detectors, and found that CdZnTe detectors have
decreased performance after a fluence of 2.6-10™ p/cm?
which about an order of magnitude higher than limiting
dose for CdTe-based detectors. The distribution of the
charge collection efficiency 7 over the cathode surface
of a CdZnTe detector bombarded with 2 MeV protons
was estimated in paper [2], using ion beam induced
charge microscopy. It was found that the bombardment
of selected areas of the surface with a fluence of
10° ion/cm? causes structural damage in the irradiated
areas and a noticeable deterioration of the charge
collection efficiency.

The authors of paper [12] found that the fluence of
700 keV protons, which caused a complete degradation
of the characteristics of CdTe and CdZnTe detectors,
was identified to be the same for investigated detectors
ie. 2:10%p/lcm?, even if batches of detectors
characterized by different initial transport properties had
been chosen. The transport properties of the detectors
were studied by measuring the product of the mobility
by the lifetime of nonequilibrium charge carriers. The
photoinduced current transient spectroscopy (PICTS)
analysis was used to determine the activation energy of
deep traps present in the materials. It was also suggested
in [12] that some deep levels, which serve as traps for
nonequilibrium electrons and holes, play an important
role in changing the detector performance during
irradiation. The CdTe and CdZnTe detector materials
have a high resistivity of 10%...10" Q-cm, which
greatly complicates or makes it impossible, basing only
on experimental techniques, to elucidate the
mechanisms of change and degradation of the
electrophysical and detector properties under the
influence of radiation defects. In this regard, it is very
important to use the computer modeling as an additional
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research tool, based on known experimental results and
proven physical models.

The aim of this work is to study by the simulation
method the effect of radiation defects arising under the
proton irradiation on the mechanisms of degradation of
the electrophysical and detector properties of CdTe:Cl
and CdzZnTe. The calculations were made for the
electron mobility py,, the resistivity p, the lifetime of
nonequilibrium electrons t,, and holes t,, the charge
collection efficiency 7 depending on the concentration
of doping shallow donors Ny for different defect
compositions of the samples before and after proton
irradiation.

PHYSICAL MODELS AND MATERIALS
COMPOSITION

The applied models as well as their testing were
described in detail in [15], and the spectral
characteristics of the initial and irradiated CdTe:Cl and
CdpeZng 1 Te were taken from [10, 12, 13]. To determine
the Fermi level F and the concentrations of free
electrons n and holes p in the parabolic band
approximation, we used a multilevel compensation
model for an arbitrary number of impurities and defects
with construction and numerical solution of the
corresponding electroneutrality equation taking into
account all impurities and defects experimentally
recorded in [12, 13]. The electron mobility p, was
calculated using the approximation of the pulse
relaxation time and taking into account the mechanisms
of scattering at ionized and neutral centers, acoustic,
piezoelectric, and optical phonons. The hole mobility p,
was considered unchanged and equal to 70 cm?/(V's).
Specific conductivity was determined as a quantity

consisting of electron and hole components, and it was
calculated by the formula: e-n-p, + e:p-p,, where e is the
electron charge. Resistivity was calculated as the
reciprocal of conductivity. The lifetimes of
nonequilibrium electrons and holes were calculated
using the Shockley-Reed-Hall recombination model,
and the charge collection efficiency of the detector was
determined according to the Hecht equation [16, p.
489]. The experimentally measured and published
values of the ith energy levels of defects E;, their
concentration N;, and the capture cross section o; of
nonequilibrium charge carrier traps were used as input
parameters. As in [12], the distance between the
detector electrodes was assumed to be 1 mm, and the
electric field strength for CdTe:Cl-based detector was
500 V/cm, and for CdZnTe-based that did 1000 V/cm.

The typical initial composition of the unirradiated
CdTe:Cl and Cdg¢Zng:Te detector materials, registered
in [12], is presented in the Table. Since the PICTS
technique used in that paper to determine the
compositions of the samples allows one to measure
accurately only the energy of defects, the concentrations
of impurities and defects were determined by us in such
a way as to provide hole conductivity as well as the
known maximum values of resistivity p =10 and
10™ Q-cm for CdTe:Cl and Cdg9Zno 1 Te respectively. In
addition to [12], a similar composition was described,
for example, in [17-20], where, as a rule, A centers
were present, for which a doping donor was introduced
to compensate. Aluminum, indium, yttrium can be used
as a shallow dopant donor in CdZnTe, while chlorine is
often doped in CdTe.

Composition of defects in CdTe:Cl and Cdy¢Zn, 1 Te before irradiation

Energy levels E;, eV Concentrations N;, cm™ Capture cross-zsectlons
Defect Gi, CM
CdTe:Cl CdpgZng1Te CdTe:Cl CdpoZng1Te CdTe:Cl CdznTe
AX 0.11 — 3.3-10% - 1.7-10% -
A0 0.12 — 2:10% - 3.610% -
A 0.14 2-10% 2-10% 1.8-10"°
Al 0.16 2-108 2-10% 4-10°%
K~ - 0.23 - 6-10%° - 6-107%°
X 0.29 2:10% 6-10" 3.610% 4.0-10"
D* 0.41 2:10% 2:10% 7.0-10"
+ 1.05 1.05 10l 1015 1077
z (E.-0.47) (E-0.52) 1-10 1-10 5.0-10
J 0.53 2:10% 5.0-10 5.0-107%®
Y- 0.63 1.8-10® 8.0-10" 3.2:10"
W~ 0.70 1.5-10® 9.0-10" 13107 13108
H- 0.75 — 2.0-10" _ 1.0-10% _
H1* 0.73 (E.-0.79) 0.75 (E.-0.82) 4.0-10" 7.0-10" 2.0-10™"7 4,0-10"°
I" 0.52 (E.-1.0) 0.57 (E.-1.0) 510" 6.0-10™ 1.0-107°

There are also deep acceptors — cadmium vacancies
Vcq and deep donors in the form of tellurium at site of
cadmium Tecq. The presence of deep donors in the
matrix is necessary to achieve the high resistance state
required for the operation of detectors.
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The first column of the Table contains the symbols
and charge states of defects: ‘plus’ for electron traps,
and ‘minus’ for hole traps. The designations of defects
in this column are the same as in [12]. Energy levels are
measured from the valence band. Additionally, the
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energy levels relative to the conduction band for donor
centers are indicated in parentheses. The Table also lists
the values of the level capture cross sections oj, the
order of magnitude of which was determined in [21],
where the contribution of all levels to the currents
emitted into the corresponding bands was taken into
account. The designations of defects and their probable
nature are given in papers [10-12, 18-21]. Dopants of a
shallow donor introduced into the matrix of the studied
materials are intended to compensate shallow acceptors
(AX, AQ, A, Al) and to achieve a high-resistance state
necessary for the operation of detectors. It is generally
accepted today that the levels AX, A0, A, Al, K, X are
the complexes of cadmium vacancies with dopants and
background impurities. The cadmium vacancy
apparently corresponds to defect D [22]. The donor
defects Z (E.-0.47 eV in CdTe, E.-0.52 eV in CdZnTe)
and H1 (E.-0.79 eV in CdTe, E.-0.82eV in CdZnTe)
can be Te(l) and Tecq respectively. Donor defect |
corresponds to a tellurium vacancy. The nature of the
remaining defect levels has not yet been fully
elucidated.

RESULTS AND DISCUSSION

The authors of paper [12] irradiated CdTe:Cl and
CdggZng Te detectors with 700 keV protons and
fluences from 2.5-10™ to 2-10™ p/cm? After irradiation
of cadmium telluride detector with a fluence of
2-10" p/cm?, the charge collection and the value of the
product of the electron mobility z, by the lifetime of
nonequilibrium electrons z, decreased by 13.5 times. To
investigate this behavior, an analysis was performed
using PICTS technique. The PICTS spectra, given in
[12] for the initial and irradiated materials, were used in
present work for a model study of changes in the
electrophysical and detector properties of CdTe:Cl and
CdgeZng 1 Te during proton bombardment.
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Fig. 1. Dependences of the specific resistance of
CdTe:Cl on the chlorine concentration for the different
defect concentrations N, cm™, and after various fluences
of protons J,, p/cm?: 1 — the initial sample with the
composition given in the table; 2 — J,=2,5-10",
N(Y)=1.8-10", N(H)=3-10", N(H1)=6-10";

3 - J,=6:10", N(Y)=1.9-10", N(H)=5-10",
N(H1)=8-10"; 4 — J,=1.2-10", N(Y)=2.0-10",
N(H)=7-10", N(H1)=1-10"%; 5 - J,=2-10%,
N(Y)=1.9-10", N(H)=5-10", N(H1)=8-10"°,
N(Z)=1-10". The vertical dashed line corresponds

to the studied sample
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Fig. 1 shows the dynamics of the change in the
resistivity of CdTe:Cl depending on the concentration of
the chlorine dopant after various proton irradiation
fluxes J,. The range of variation of the Cl dopant
concentration was chosen so that for an unirradiated
material the resistivity dependence passed through a
maximum. The vertical dashed line intersects this p
dependence near the maximum, marks the chlorine
concentration on the horizontal axis, at which hole
conductivity is observed in cadmium telluride, and
therefore can denote the material under study.
According to the spectra given in [12], during
irradiation the concentrations of defects Z (0.47 eV),
Y (0.63eV), H(0.75¢eV), H1(0.79 eV) increase, and
the authors of this paper supposed that defects Z and H1
are the only candidates which cause degradation of
electron transport properties. Moreover, the appearance
and increase in the content of the donor defect Z always
causes a complete degradation of the detector properties
of CdTe:Cl. All these circumstances were taken into
account when simulating changes in p during
irradiation, shown in Fig. 1. It can be seen from the
figure that with an increase in the content of radiation
defects, the resistivity p first stabilizes together with an
expansion of the Cl concentration range where a high-
resistance state is reached, and then there is a sharp drop
in the resistivity by about four orders of magnitude,
which leads to a complete degradation of the detector
properties.

The fact of an abrupt deterioration of the detector
properties was established experimentally in [12] (see
Fig. 1 [12]). There it was shown that after the fluence of
2:10" p/cm® the gamma spectrum of CdTe:Cl-based
detector from the °'Co demonstrates drastically
degradation of collecting properties. According to the
simulation performed in present work, the reason for
such a jump in properties is the appearance in large
quantities of a radiation defect Z which pulls the Fermi
level closer to the conduction band, thereby increasing
the concentration of free electrons and decreasing p.
The behavior of the Fermi level F is shown in Fig. 2.

. Defect levels

Fermi level, eV
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4,0x10"° 8,0x10" 1,2x10" 1,6x10"® 2,0x10'
N(Cl), em™

Fig. 2. Behavior of the Fermi level, measured from the
valence band, as a function of the concentration of the
doping chlorine after various proton fluences. The
fluences and defect concentrations are the same as for
the numbered curves in Fig. 1. The vertical dashed line
corresponds to the studied sample
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We see for curves 1-4 the pinning of Fermi level
near the middle of the band gap and, hence, the
stabilization of p, which occurs due to a large increase
in the concentration of acceptor defects H, especially
donor H1 (see Fig. 2 [12]), the energy levels of which
attract F. A gradual increase in the concentrations of
donor radiation defects Z and H1 increases the number
of electrons n in the conduction band. Finally, at certain
concentrations of Z and n, a sharp displacement of F to
the vicinity of level Z occurs (see Fig. 2, curve 5).

After an abrupt displacement of the Fermi level to
the vicinity of Z, the energy level of which becomes
partially ionized, a recombination of nonequilibrium
electrons at this level occurs, which, in turn, reduces the
charge collection efficiency » and further deteriorates
the detector properties.

Fig. 3 shows the dynamics of changes in charge
collection efficiency during the proton bombardment.
Here for dependencies 1-4, the concentration of Z
(102 cm™) is much lower than the content of any
impurities and defects. For curves 5-7, the
concentration of Z gradually increases, which causes a
noticeable decrease in charge collection due to
recombination at the Z level of nonequilibrium
electrons, which, together with the influence of Z on a
sharp decrease in p, clearly demonstrates the well-
known experimental fact about the decisive role of this
defect in degradation detector properties of CdTe:Cl.
Based on the character of dependences 1-4 in Fig. 3, we
see that the charge collection for the investigated
detector material changes little. The reason of this effect
is the small variability of the position of the Fermi level
(see Fig. 2) before the appearance of a defect Z in an
appreciable amount and, therefore, the little variability
of the ionization degree of energy levels close to F,
which capture nonequilibrium charge carriers.

Simulation also showed that the main contribution to
the degradation of charge collection is made by a
decrease in the lifetime of nonequilibrium electrons t,
by more than an order of magnitude. At the same time,
the lifetime of nonequilibrium holes t, is reduced by
less than two times.

Thus, the reason for the experimentally observed in
a number of cases a sharp degradation of the detector
properties of CdTe:Cl after a certain dose of proton
irradiation should be considered the appearance in a
large amount of donor radiation defect, presumably
tellurium interstitial Te (1), the energy level of which
located in the upper half of the band gap. The
emergence of Te (I) and a noticeable increase of its
concentration is accompanied by a jump in the Fermi
level F to the upper half of the band gap with a change
in conductivity from hole to electronic and a sharp drop
in the resistivity, which is the main reason of detector
degradation. To increase the radiation resistance of
CdTe:Cl, it is necessary to stabilize the position of the
Fermi level during irradiation, which can be achieved
by the formation of a sufficient amount of deep acceptor
with energy level located below the middle of bang gap.
Such deep acceptor is cadmium vacancy V¢4 not bound
in complexes with background and dopant impurities.
The formation of such complexes is characterized by an
increase in the charge number of cadmium vacancies
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from *Veq to Veq or “Veq, and, as a consequence, a
decrease in their effect on the Fermi level. To restrict
the formation of these complexes, the purity of the
detector material should be increased, and the
concentration of doping shallow donors should be
reduced to some value.
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Fig. 3. Dependences of the charge collection efficiency
on the concentration of doping chlorine after
bombardment by protons with different fluences. The
sample characteristics for 1-5 curves are the same that
for numbered curves in Fig. 1; 6 — N(Z)=3-10"° cm’®;
7 —N(Z)=4-10" cm’. The vertical dashed line
corresponds to the studied sample

Now we consider the results of modeling changes in
the electrophysical and detector properties of CdZnTe
under the influence of proton irradiation, experimentally
investigated in [12], where two batches of samples no. 1
and 2 were irradiated with the same proton fluence as
CdTe:Cl discussed above. Samples of batch no. 1 at first
did not change their properties during irradiation, and
then at a final stage suddenly deteriorated the detector
properties after a fluence of 210" p/cm®. We have
already considered above a similar effect by the
example of CdTe:Cl in which almost the same defects
and energy levels were registered, as shown in the
Table. On the contrary, detectors of batch no.2
gradually lost their registering properties during
irradiation, so we will first consider this specific case.

It follows from the PICTS spectra, shown in Fig. 5
of paper [12], that in the process of proton
bombardment, only the relative content of radiation
defects K (0.23 eV) and X (0.29 eV) increases
noticeably, and a some concentration of these defects
already occurs in the initial CdyeZny,Te (Fig. 4 [12]).
For this reason, the calculations were carried out taking
into account the gradual increase in the content of K and
X during irradiation. Fig. 4 shows the dependences of
the change in the resistivity (a) and the charge collection
efficiency (b) of CdzZnTe-based detectors on the
concentration of doping shallow donor for unirradiated
sample and with different concentrations of radiation
defects K, X. Curves 5 in both plots approximately
correspond to the state of the detector after the proton
fluence of 2:10" p/cm? with complete degradation of
registering properties. It can be seen that, as in the
experiment of paper [12], there is a gradual degradation
of the detector properties of CdzZnTe. We will try to
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understand the reasons for this phenomenon. Let us
consider the behavior of the Fermi level shown in
Fig. 5, which also shows the defects levels with the
exception of the donor defect I (tellurium vacancy), the
level of which practically coincides with the level of the
acceptor defect J.
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Fig. 4. Dependences of the resistivity (a) and the charge
collection efficiency (b) in a Cdg¢Zng 1 Te detector on the
content of doping shallow donors for different
concentrations of K and X defects N (K, X), cm™.

1 — initial, unirradiated sample, 6-10™°; 2 — 1-10"¢;
3-15-10"; 4-2-10"; 52510
The vertical dashed lines denote the sample under study

For the material under study, the maximum values of
the resistivity and charge collection, required for the
operation of the detectors, are observed at the Fermi
level position F ~ 0.8 eV, i.e. in the vicinity of the deep
donor level of H1, which, by the opinion of the most
investigators, is the substitutional defect Teqq [20, 23,
24]. During the proton bombardment, carried out by the
authors of paper [12], the interstitial tellurium Te(1)%*,
Tedy, and also cadmium vacancies Vi are formed; the
last form complexes K and X with various background
impurities. Apparently, the latter mechanism turned out
to be predominant, which led to the prevailing
formation of radiation defects K and X of the acceptor
type. As the concentrations of K and X increase, they
begin to shift gradually the Fermi level F towards the
valence band with a gradual decrease in the resistivity.
In this case, a jump in the position of F, and hence p, as
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it was for CdTe:Cl, does not occur, since the Fermi level
in its drift gradually passes by the levels W, Y, J, D, |
which prevent abrupt changes of F position. In the
vicinity of each of these levels, within a certain range of
concentrations of radiation defects, the Fermi level
changes small, i.e. some pinning effect takes place, and
it has a stabilizing effect.
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Fig. 5. Dependences of the Fermi level on the
concentration of a doping shallow donor for different
contents of radiation defects K and X, the
concentrations of which are the same as for numbered
curves 1-5 in Fig. 4. The vertical dashed line denotes
the sample under study

In addition, partially ionized levels (W, Y, J, D, I)
serve as centers of recombination of nonequilibrium
charge carriers. As the Fermi level drifts during
irradiation, the concentration of the radiation centers of
recombination increases. Ultimately, the Fermi level is
fixed near the K and X levels, which is accompanied by
a decrease in the resistivity by several orders of
magnitude, as well as a decrease in charge collection by
a factor of two to three compared to the initial state due
to the recombination at these levels. K and X levels are
of the acceptor type; therefore, they are traps for holes,
and it was just experimentally confirmed in [12]. The
behavior of the Fermi level in CdTe:Cl (see Fig. 2) is
completely different from that just described. In
CdTe:Cl, with an increase in the concentration of the
radiation defect Z during irradiation, there are no other
defect levels near which the level F could be pinned
along the path of its displacement towards the level Z in
the band gap, therefore, precisely a jump of the Fermi
level took place, and a sharp degradation of detector
properties was experimentally observed.

In [12], the batch of CdZnTe samples no.1 was also
investigated, which after a proton flux J,=2-10" p/cm®
demonstrated an abrupt degradation of the detector
properties. However, the PICTS spectra of these
samples after irradiation are not presented in the article;
therefore, it is difficult for them to indicate the
degradation mechanism. Nevertheless, in paper [10]
where the damage caused by 2 MeV protons in CdTe
and CdzZnTe radiation detectors was investigated, the
gamma spectra of CdggZny,Te detector from the *’Co
source (see Fig. 4 [10]) are presented, and one can see
sharp deterioration of the detector properties after the
fluence (2.1+2.6)-10" p/cm?. In this case, the PICTS
spectra for CdggZng Te are presented (see Fig. 5 in
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[10]), in which it can be seen that a defect Z appears in a
completely degraded material, at that in a large amount.
Thus, it can be assumed that in the batch samples of
CdggeZno1Te no.1 of paper [12], a sharp degradation of
the detector properties occurred due to a jump-like
transition of the Fermi level to the vicinity of the donor
level Z located in the upper half of the band gap.
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Fig. 6. Dependences of resistivity (a) and charge
collection efficiency (b) on the concentration of the
dopant donor impurity in CdggZny 1 Te-based detector.
Dashed dependences are for the composition
experimentally determined in [13]; solid curves are for
the same composition, but with introducing of a deep
donor with an energy E~-0.79 eV and concentration of
1.5:10% cm®; 1, 2 — initial samples; 3, 4 — after
irradiation by 2 MeV proton fluence of 6-10* p/cm?

In conclusion, we consider one of the results
obtained in [13], the authors of which investigated
radiation damage by the photoluminescence method,
and the concentration of defects, their level energies and
capture cross sections were determined using the
thermally stimulated current (TSC) technique. The
values of resistivity and gamma spectra of detectors
based on the material under study was not presented in
that paper. Modeling the electrophysical properties, with
taking into account the parameters experimentally
determined in [13] and presented there in Table, showed
that it is problematically to create an acceptable gamma
radiation detector based on such a material, since the
maximum possible resistivity at room temperature does
not exceed 10° Q-cm, which is clearly insufficient for
CdgeZno 1 Te-based detector. In addition, this value of p
can be achieved only in a very narrow range of
concentrations of the doping shallow donor from
2.47-10™ to 2.51-10" cm™, which requires samples with
very uniform properties and the need for very precise
control of dopant and defect composition. Finally, in the
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indicated narrow  high-resistance  region, the
conductivity of the detector material turns out to be
electronic with n/p ~ 10° at room temperature, although
the materials for gamma and X-rays detectors have to be
of hole conductivity. Modeling has shown that to
eliminate the indicated drawbacks it is sufficient to
introduce into the matrix a structural defect or impurity,
with a deep donor level located in the band gap within
the range from 0.75 to 0.80 eV. This is demonstrated in
Fig. 6 which shows the dependences of the resistivity p
and the charge -collection efficiency n on the
concentration of the shallow donor for the initial and
irradiated samples from paper [13] (curves 1, 3), as well
as with introduced deep donor having energy level at
0.79 eV measured from the bottom of the conduction
band and a concentration of 1.5-10™ cm™ (curves 2, 4).
The antisite defect Tecq can act as such a donor.

In Fig. 6 there is a noticeable shift in the
dependences of p(Ng) and n(Ng) after irradiation
towards lower concentrations of a doping shallow
donor, i.e. in the course of proton bombardment, the
relative content of donor-type radiation defects
increases. In other words, during proton irradiation the
total content of ionized radiation defects of the donor
type increases relative to overall concentration of
electrically active acceptors. Such phenomenon can
occur in materials with an increased content of
background impurities, which interact with radiation
defects — cadmium vacancies, and form complexes,
neutral or with an increase in the charge number by +1
relative to the initial state of VZ;. If this assumption is
correct, then the purity of the initial Cdy¢Zng,Te should
be improved.

Fig. 6 also shows a clear correlation between the
region of high resistance state and high values of the
charge collection efficiency n, which makes it possible
to obtain a high-quality detector material, provided that
a deep donor is introduced into its matrix.

CONCLUSION

The simulation results are in qualitative agreement
with the experimental data of [10, 12].

It was found that the abrupt degradation of the
detector properties after proton irradiation of the
CdTe:Cl and CdZnTe materials is caused by the
formation of such radiation defect as interstitial
tellurium Te(l), accompanied by a jump of the Fermi
level F to the vicinity of the level of this defect and with
a decrease in the resistivity by several orders of
magnitude, and change in the conductivity from hole to
n-type with noticeable reduced charge collection
efficiency.

It was found for the first time that the condition for
the jump in properties at the final stage of irradiation is
the absence of energy levels of defects in the band gap
within the range between the Fermi level positions in
the initial and degraded states of detector material. It
was determined for the first time that in the case of the
presence of the mentioned levels, the degradation of the
detector properties occurs gradually as F pass by these
levels with some pinning near each of them in a certain
range of radiation defect concentrations. Understanding
the established mechanisms of degradation of CdTe and
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CdznTe under the influence of proton irradiation will
contribute to the development of the technology for
producing radiation-resistant detectors based on these
materials.

The high purity of CdTe and Cdg¢Zno,Te materials
and the presence of a deep donor in their matrix, which
can be an antisite defect Tecq or a donor impurity, with
an energy level close to the middle of the band gap, are
of particular importance for producing high-resistance,
radiation-resistant detectors.
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BJIMSIHUE TE®@EKTOB, BOBHUKAIOINUX TP OBJTYYEHUU ITPOTOHAMM,
HA DJIEKTPO®U3NYECKUE U JETEKTOPHBIE CBOUCTBA CdTe:Cl M CdZnTe

A.HU. Konopux

MeTooM KOMIBIOTEPHOTO MOJEIMPOBAHUS HW3YYEHBI MEXaHU3Mbl BIMAHUS DaAJUAIMOHHBIX 1e(PEKTOB,
BO3HHKAOIIMX TPU OOJTyYEHHH [POTOHAMU BBICOKHMX DHEPrHi, HA YIEJIbHOE CONPOTUBIEHHE P, BPEMsS HKH3HU
HEPAaBHOBECHBIX SJICKTPOHOB Tn U IBIpoK T, B CdTe:Cl u CdggZng Te u Ha sddexruBHOCTE cOopa 3apsma m
paboTaromMx Mpu KOMHATHON TeMIeparype ACTEKTOPOB HOHU3UPYIOIIETO U3TYyICHHs Ha OCHOBE dTHX MAaTepPHANIOB.
HccreioBaHO BIMSHHAEC PEKOMOHHAIMY Ha TIIyOOKUX YPOBHAX PaJHallHOHHBIX Ae(EKTOB HA NAETPaJaluio Ty, Tp U 1)
nerekropoB Ha ocHoBe CdTe:Cl u CdygZng Te. YcraHOBIeHb! OCHOBHBIC (PAKTOPBI, BIMAIONIME HA PE3KOE HIIH
MOCTENEHHOE CHIDKCHHE YACIBHOIO COMPOTHUBICHUS U 3(G(PEKTHBHOCTH cOopa 3apsaa 3THX JETEKTOPOB MPU HX
O6oMOapaUpOBKE MPOTOHAMH BBICOKMX OJHEPIUi, NPUBOMILIMX K MOJHOW AErpagalid HX PEerHCTPHPYIOMIeH
ciocobHocTH. OTMEdeHa BaXKHAsh POJb YHUCTOTHI M KOHICHTPALUH [ITy0OKHX IOHOPOB B HCXOZHOM COCTOSHHH
HEOOIy4eHHOTO MaTepuaa JeTeKTopa.

BIIJIMB JE®EKTIB, IO BUHUKAIOTH ITPU OITPOMIHEHHI ITPOTOHAMM,
HA EJIEKTPO®I3UYHI TA JETEKTOPHI BJIACTUBOCTI CdTe:Cl I CdZnTe

O.1. Konopuk

MeTo0M KOMI'FOTEPHOTO MOZETIOBaHHS BHBYCHO MEXaHI3MM BIUIMBY pajialliiHUX JIe(eKTiB, 10 BUHHKAIOThH
IIPY ONPOMIHEHHI NPOTOHAMHU BHCOKHX EHEprid, Ha IMMTOMUI OIip p, Yac KHUTTS HEPIBHOBAXHHUX EJEKTPOHIB T, 1
nipok 1, y CdTe:Cl i CdggZng Te Ta edexTuBHICTE 360py 3apsty 1) ASTEKTOPiB 10HI3yI0UOro BUIPOMiHIOBAHHS Ha
OCHOBI IIMX MaTepiaiB, 1[0 MPAIFOIOTh MPU KIMHATHINA TeMmepatypi. JociipKeHo BIUTMB PeKOMOiHAaIT Ha TITHOOKHX
piBHAX pafianiifHuxX HedeKTiB Ha Jerpajamiro Ty, Tp i 1 JetektopiB Ha ocHOBI CdTe:Cl i CdggeZng,Te. BeranosneHi
OCHOBHI (hakTOpH, SIKI BIUIMBAIOTh HA pi3ke ab0 MOCTYMOBE 3HMKEHHS MHUTOMOTO OHOpY Ta e()EeKTHBHOCTI 300py
3apsLy OUX ACTEKTOPIB MpH 1X 60MOapayBaHHI MPOTOHAMH BUCOKHX SHEPTiH, 10 MPU3BOANTH J0 MOBHOI Aerpamarii
ix peectpyrouoi 3naTHOCTI. Biq3HaueHO BaXKIUBY pOJIb YHCTOTH i KOHIEHTpALl ITHOOKUX TOHOPIB y MOYaTKOBOMY
CTaHi HEOIIPOMIHEHOTO JETEKTOPHOTO MaTepiany.

50 ISSN 1562-6016. BAHT. 2021. Ne2(132)



