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Abstract: The electrical conductivity and volt-ampere characteristics of the p-CuTIS single crystal with
specific resistance p= 40 Q-cm and irradiated by y-quantum were studied in the range of 100-300 K
temperature and 10-10* V/cm. It was determined that the cause of the conduction disorder observed in the
CuTIS single crystal at low electric fields and high radiation doses is the formation of defect clusters
dominated by cation vacancies. A sharp increase in current at high electric fields and temperatures occurs
as a result of thermo-field ionization of the acceptor level with activation energy AE.=0,08 eV and the
ionization voltage decreases with increasing radiation dose. Based on the determination of the parameters
(A, rm, No, €) that determine the mechanism of current flow, the dependence of the shape of the potential hole
on the radiation dose was determined.
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1. Introduction

One of the issues facing of radiational material science is to increase the sustainability of
the parameters of materials to ionizing radiation and particles [1-3]. [4-6] - studies show that cation
and anion vacancies and interstitial ions are formed as a result of the displacement of atoms from
the nodes of the crystal lattice during irradiation. The emergence of new impurity levels of acceptor
and donor types as a result of the interaction of radiation and structural defects changes the free
charge carriers and electrical conductivity in the crystal. Dependence of the relationship between
the interaction between defects and the concentration of free charge carriers on the parameter (Eg)
of the semiconductor material updates the traditional conductivity model in narrow-band
semiconductor materials [7, 8]. Existing models [9-12] are mainly applied to broadband (Si, GaAs,
etc.) semiconductors, while in narrowband materials, the high concentration of charge carriers
creates certain difficulties in the application of the model. For this reason, the research of the
influence of defect regulation process on conduction regulation process in narrowband
semiconductors has practical and scientific significance. The study of the effect of y-quantum on
the electrophysical properties of the layered p-CuTIS single crystal as an object of research, which
is representative of chalconedies and has thermal conducting properties, is scientifically and
practically important. CuTIS belongs to the group of single-crystalline copper-thallium
chalcogenides and belongs to the group of compounds with the formula TICu2nXn+1 (X = S, Se) [1-
5]. The compound has a defective structure and the structure of it has been studied in [4, 5]. It is
shown that their structure can be described as a tetrahedral set of Tlatoms located between separate
layer planes. Depending on the position and amount of the Cu atom in the lattice, a transition from
metallic conductivity to semiconductor conductivity is observed [7, 8]. This feature can be caused
by a violation of stoichiometry with the substitution of cation atoms, which changes the
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electrophysical properties of the compound. To clarify the mechanism of the anomaly, the study
of the mechanism of defect formation in narrow-band semiconductors under the influence of
ionizing radiation allows clarifying the characteristics of the current.

The electrical conductivity, thermoelectric and optical properties of the CuTIS crystal are
partially described in the scientific literature [8]. Although there is some information about their
electronic structure and conductivity anomalies at low temperatures, they do not allow us to
propose a model of the effect of radiation defects on the conductivity of narrow-band
semiconductors. To complete the theoretical and experimental results and obtain new data, the
effect of y-quantum on the current transfer mechanism in the CuTIS single crystal was studied in
the temperature range of 100-300 K in low and high electric fields.

2. Experimental Techniques

The studied p-CuTIS single crystal growth by the Bridgman-Stockbarger technique at high-
temperature gradient. Using materials with a high degree of purity (Tl 99.99%; Cu 99.999%; S
99.99%) in the crucible is completely melted in the hot zone at 775 K of the two-zone Bridgman
furnace and is transferred to the cold zone (580 K) at speed of 1.2 mm/h. The obtained single
crystal had a diameter of 1 cm, a length of 8 cm, and a specific resistance of ~ 40 Ohm - cm. Crystal
structure and lattice parameters of the sample obtained by X-ray analysis method a= 4.08; c=8.16
A% z = 2 was calculated and it was determined that the compound crystallizes in a tetragonal
crystal system and the results were given in [8]. The silver paste was used for the conductive ohmic
contact and the distance between the contacts is L = 6 mm. The size of the studied sample is
2x0.5x6 mm. Measurements were made on a B7-30 universal ampere-voltmeter at a voltage of 0-
20V (E ~ 10-10° V/cm) and a temperature range of 100-300 K. Radiation with y-quantum was
carried out at Co®® device and the radiant flux was ~ 40 W/sec.

3. Results and Discussion

In Fig.1 the effect of y-quantum on volt-ampere characteristics (VAC) of p-CuTIS single
crystal at T=300 K is given. In a non-irradiated CuTIS crystal, the voltage-current dependence
obeys the law | ~ U" (n = 1-3) (Fig.1- curve 1). Variation of the voltage applied to the sample in
the range of 0.05 - 0.5 V has a linear character and corresponds to the ohmic part (n=1). The
dependence of | ~ U" in the voltage range of 0.5-5 V (n = 2) is quadratic and obeys the theory of
current [Lam] is limited by the volume charge. In the region corresponding to a sharp increase in
current at values of voltage U> 5V, the mode of full filling of traps is observed, and in the
subsequent increase of voltage, again the quadratic region is observed. The | ~ U" (n = 1-3)
dependence observed in the non-irradiated CuTIS crystal corresponds to the injection and
ionization state of the traps. During radiation with @ = 500 krad y quantum, a decrease in the
current (curve 2) is observed, and the transition voltage from the ohmic part to the quadratic part
increases. At 1 Mrad of dose, the value of the current increases concerning to the value before
radiation and in the 1 ~ U" dependence, ohmic, quadratic, and sharply increasing of current are
observed (curve 2). At higher values of the radiation dose (curves 4 and 5) the regularity | ~ U" is
maintained and in this case the value of the current increases depending on the radiation dose.
Fig.1 shows that with increasing radiation dose, the transition voltage from the ohmic region to
the quadratic region shifts to smaller values of the voltage axis. [9-10] - based on the information
provided in Fig. 1, the coefficient of retention, the concentration of free charge carriers and traps
were calculated from the volume charge area and the extrapolation of the current corresponding to
the full charge of the trap before and after irradiation: 6o=2 -10” and 0=1.7-10%; no =7 - 10* cm
3 and no = 2-:10% cm3; Ny= 3.2-10'% cm™ and Ny= 1,2 10*° cm™®,
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Fig. 1. The effect of y-quantum on volt-ampere characteristics (VAC) of p-CuTIS single crystal at T=300 K
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Fig. 2. The temperature dependence of the dark current in a CuTIS crystal

In Fig.2 the temperature dependence of the dark current in a CuTIS crystal irradiated at
500 krad and 1Mrad radiation doses are given. As can be seen from Fig.2, the current change is
very weak in the temperature range of 100-250 K and the activation energy of the trap which
calculated from the 1st curve is ~ 0.025 eV. At T> 250 K, a reincrease of current is observed. At
500 krad of radiation dose, an increase in current at a lower temperature (curve 2) is observed
relative to the previous amount of radiation. Current begins to increase at lower temperatures at
higher values of radiation dose (®> 1 Mrad) (curve 3), which indicates the formation of a deeper
energy level due to the effects of y-quantum.
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Fig. 3. The dependence of lgos /oo ~ F¥? at different temperatures on CuTIS crystals irradiated at different
doses.
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Fig. 4. The dependence of B-Frenkel coefficient on temperature

In Fig.3 the dependence of Igor /oo ~ FY2 at different temperatures on CuTIS crystals
irradiated at different doses is shown. As can be seen from Fig. 3, At T = 100 K, the gradient of Ig
of /oo ~ FY2 increases weakly with increasing radiation dose and this may be because the resulting
defects create a deep energy level. At T = 300 K, an increase in current and an increase in gradient
are observed and this indicates an increase in the concentration of cation-type defects. Based on
the obtained experimental results, the B-Frenkel coefficient was calculated and shown in Fig. 4.

It can be seen from the figure that the decrease in the B- coefficient after irradiation is
related to the increase in the permittivity of the medium- o, as in [11]. This is due to the
redistribution of defects in the crystal lattice by the interaction of defects in CuTIS crystals under
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the influence of y-quantum with primary defects. Defective changes were examined under an
electron microscope (Fig. 5) and it has been established that the regulation of defects (b) occurs
during low-dose radiation (500 krad), a large set of local defects occurs at high doses (5 Mrad).
This fact leads to a decrease in the concentration of free charge carriers in the crystal and an
increase in the transition voltage from the ohmic region to the quadratic region at low temperatures
(T <300 K) in VAC.
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Fig. 5. The dependence of electric field on the electrical conductivity in CuTIS single crystal at different
temperatures.
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Fig. 6. The temperature dependence of the transition voltage of CuTIS single crystal in the VAX quadratic
region
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Fig. 7. The dependence of the activation energy of the trap on EY2 at different temperatures and doses

The Full filling of traps slides into a higher voltage range and its temperature dependence
at different radiation doses is given in Fig. 6. Comparison of curves 1; 2 and 3 in Fig. 6 show that
at high radiation doses in the Uaq ~1/T dependence, the gradient of the curve (3) increases relative
to the state before radiation and the activation energy determined by the retention level T — 0 is
equal to ~ 0.07 eV. At low radiation dose values (® <500 krad; 2-curve), the gradient of Uad ~
1/T dependence remains the same as before radiation (1). According to the results, donor-type
defects, which arising at radiation doses ®<500 krad in the narrow-band CuTIS single crystal,
partially reduce conductivity, and at high doses the conductivity increases due to the higher
concentration of acceptor-type defects. For this reason, in Figures 3 and 6, the gradient of the curve
varies depending on the radiation dose at current-temperature dependence. To determine the
relationship of this change with the mechanism of current, let's analyze the result obtained in
Figure 3, taking into account Frenkel's theory [11]:

G=00 €Xp B\/E,
here, oo = A exp(-AEo/ 2KT)

E- electric field intensity, AEo - activation energy, B-Frenkel - coefficient, k-Bolsman constant, T-
absolute temperature.

Taking into account the expression co in the Frenkel formula, the dependence AE ~f(E?)
can be written as follows [12]:

AE{E)= Ex(0)- (¢%E /neeo)*?

and its graphical description at different radiation doses is given in Fig. 7. It can be seen from the
figure that after irradiation AE~ EY2 - dependence also retains its linear character, but its gradient
changes concerning the original sample. It is known from the study that the ionization process in
metallic materials with a high concentration of free charge carriers does not affect the process of
defect formation and distribution of structural defects. As shown in [14] work, this can be related
to the change in the permittivity of the medium- go which is caused by the defects that were created
during the emission. The activation energy of the trap from the extrapolarization of the linear
dependence AE — f(EY?) under the condition E = 0 was determined and was 0.05 eV for low
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temperature and 0.08 eV for high temperature. Experimental results show that the activation
energy of the retention center during radiation depends on the radiation dose, and the gradient of
the curve does not change at @ <500 krad, increases at ®> 500 krad, and the resulting defects have
a deeper energy level. In Fig. 1, curve 3, it can be seen that the radiation defects caused by the
increase in current after irradiation have led to an increase in the concentration of charge carriers
involved in the conduction. [13-17] - studies show that the permittivity of the medium increases
to a certain value of the dose due to the parabolic dependence on the radiation dose, which
decreases with the subsequent dose increase. According to this result, it can be assumed that the
dependence of the gradient of AEr~ EY2? and dependence of the B - coefficient on the radiation dose
is due to changes in the permittivity of the medium.

Based on the experimental results and literature data [11-15], the length of the free path of
charge carriers (1) in the p-CuTIS single crystal and the distance from the potential fence to the
bottom of the conductive zone (rm) are calculated based on T= 250 K, Ec= 40 V/cm, p=2,7 - 102
V12 cml2: Before radiation A= 6-10%cm, rm= 2,3 - 10% cm and &= 15, at ®<500 krad doses A= 6,2
-10%cm, rm=2,5 - 10%cm and £~15 and at ®>1 Mrad doses A=2,3 - 10®cm, rm=7,3 - 10" cm and
e= 200. The satisfaction of the condition A > rm shows that in the p-CuTIS single crystal a
thermoemission occurs as a result of the interaction of anion and cation-type defects with structural
defects caused by y-quantum and satisfies the [15, 16, 17]-condition. The increase in the
concentration of free charge carriers at doses ®> 1 Mrad and in the areas E> 40 V / cm occurs as
a result of ionization of the local level with the activation energy of 0.08 eV.

The mechanism of defect formation in the p-CuTIS single crystal under the influence of
gamma quantum: Under the influence of gamma quantum, an electron-hole pair is created in the
crystal lattice. These pairs migrate in the crystal and are captured by lattice defects, as a result,
charged vacancies and interstitial ions arise. The mobility defects interact with the primary defects,
are captured by the appropriate centers, and annihilate or associate. The speed of these processes,
according to experimental results, depends on the radiation dose. Taking into account that, the
fact that the probability of creation of anion vacancy is more than the probability of creation of
cation vacancy in the CuTIS single crystal,donor-type defects occur at initial doses of radiation
For this reason, the electrical conductivity decreases during the initial radiation (figure 3). At high
radiation doses, the concentration of charge carriers increases due to the predominance of acceptor-
type defects, resulting increasing the electrical conductivity of the crystal. The dependence of p-
CuTIS VAC and electrical conductivity on the radiation dose proves the correctness of the above
mechanism and corresponds to the results obtained in [14-16] - studies.

Thus, the effect of y-quantum on the current transfer mechanism in the p-CuTIS single
crystal was studied in different ranges of electric field and temperature and compared with the
corresponding theoretical and experimental results [9, 11, 12]:

- In the p-CuTIS single crystal at T <250 K, the value of current limited by the volume
charge at the electric field intensities E <40 V/cm does not depend on the radiation dose,
and in the E> 40 V/cm fields, under the influence of y-quantum a sharp increase in current
occurs as a result of ionization of the acceptor level with energyAE;i =0,08 eV,

- The reason for the conductivity anomaly observed in crystals irradiated at high doses is
the formation of defect clusters dominated by cation vacancies as a result of the interaction
of radiation defects with structural defects. Based on the determination of the parameters
(A, tm, No, €) that determine the mechanism of current flow, the dependence of the shape
of the potential hole on the radiation dose was determined.
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BJIUSTHUE y-U3JIYYEHHUSA HA TOKOITPOBOJAIIIAN MEXAHU3M B
MOHOKPUCTAJUIE p-CuTIS

P.M. Maaaros, \F.B. Bap"mapOB\, P.M. MamuioBa, Y.®. ®apamxxosa, K.3. baxbimosa

Pestome: DNEKTpONPOBOAHOCTE W BOJNBT-aMIIEPHBIE XapaKTepUCTUKKM MOHOKpuctaima p-CuTlS c
YICIBHBIM CcONpoTHBICHUEM p = 40 (:cM, OOJY4EeHHOrO Y-KBAaHTOM, HCCIICJIOBAaHBI B JIMAala3oHe
temmeparyp 100-300K u 10-10* B/cm. YcraHOBNEHO, UYTO TIPHYMHON OECIIOpAIKA MPOBOIMMOCTH,
Habmomaemoro B MoHokpucTaiuie CuTlS mpu MajbIX 371eKTpUYecKrX MOJSIX U BBICOKUX J03aX 00IydeHus,
SIBIISIETCS] 00pa3oBaHKe KIacTepoB Ae(heKTOB ¢ MpeodialaHieM KaTHOHHBIX BaKaHCHA. Pe3koe yBennueHue
TOKa TPU BBICOKHX D3JIEKTPHUYECKUX MOISIX M TeMIlepaTypax MPOUCXOIUT B PE3yJbTaTe TEPMOIOIEBON
HMOHU3AIUK aKIIETITOPHOTO YpoBHS C sHepruel aktuBammu AEa = 0,08 3B, a HampsukeHne WOHHU3AIIUN
yYMEHbIIIAETCSl C YBEIWYCHUEM J03bI 00nmydeHus. Ha ocHoBe ompeseneHusi mapamerpoB (A, rm, No, €),
OTPEIEISIIOIIMX MEXaHWU3M TMPOTEKaHUsl TOKa, Obla OmpenelieHa 3aBUCUMOCTh (POPMBI MOTEHIIHATBHON
SIMBI OT JTO3BI OOJTY9EHUS.

Knioueswie cnosa: N3nydenne, nomynpoBOAHUKH, JIEKTPOIPOBOAHOCTD, TOK, A€(EKThI

p-CuTIS MONOKRISTALINDA y-SUANIN CORDYANIN KECM® MEXANIZMINO
TOSIRI

R.S. Madatov, |Q.B.Baylarov, R.M. Mamisova, U.F. Faracova, K.Z. Baxisova

Xiilasa: Xiisusi miigavimati p=40Q-sm vo y-kvantlarla stialandirilmig p- CuTIS monokristalinin elektrik
kegiriciliyi vo volt-amper xarateristikalar1 100-300 K temperatur vo 10-10* V/sm intervallarinda todqiq
edilmisdir. Miioyyan edilmisdir ki, zoeif elektrik sahoalolorinds vo yiiksok siialanma dozalarinda CuTIS
monokristalinda miisahido olunan kegiriciliyin anomaliyasinin sababi, kation vakansiyalari tistiinliik togkil
edon defekt klasterlorinin yaranmasidir. Yiiksok elektrik sahslorinds vo temperaturlarda corayanin keskin
artmas1 AE,=0,08eV aktivlosmo enerjili akseptor soviyyasinin termo-saho ionlagmasi noticosindo bag verir
vo slialanma dozasinin artmast ilo ionlagma gorginliyi azalir. Corayanin kegmo mexanizmini miiosyyon edon
parametrlorin (A,rm No,€) tayin edilmasi asasinda potensial ¢glixurun formasinin siialanma dozasindan asililig1
miioyyon edilmigdir.

Acar sozlor: Radiasiya, yarimkegirici, elektrik kegiriciliyi, corayan, defektlor
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