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Abstract: The electrical and photoelectrical properties of GaS<Yb>0.1at% single crystals irradiated with
y-quanta at doses up to D <50 krad were studied. It was found that y-irradiation involves both donor-
and acceptor-type defects, in which the gallium vacancy is dominant. It was found that the increase in
electrical conductivity of the irradiated crystal at low temperatures is due to the formation of a complex
involving an ytterbium atom (~ 0.039 eV). In contrast, the quenching of the electrical conductivity in
the 200 + 250K range is attributed to the formation of a deep donor level with an activation energy of
~ 1.48 eV. It was established that, with increasing radiation dose, the depth of quenching decreases
and the guenching temperature shifts toward higher values.
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1. Introduction

The role and significance of the interaction processes of impurities and defects in
controlling the properties of semiconductor materials are especially critical in complex
semiconductor compounds, which include, in particular, compounds of the A"BY! group [1-5].
Possessing unigque photoelectric, radiation and electro-optical characteristics [6-10], compounds
of this group have not yet found widespread application in modern optoelectronic devices due to
the limited research and the complexity of controlling impurity—defect interactions within them.
The study of the physico-chemical regularities governing the restructuring of structural defects and
impurity-defect interactions in single crystals of A"'BV! compounds, as well as the establishment
of interrelations between these processes, remains a relevant research objective.

In this paper, we present the results of studies on the electrical and photoelectric properties
of GaS(Yb) single crystals irradiated with y-quanta, aiming to determine the effect of the interaction
between structural and radiation-induced defects on the electrical and photoelectric behaviour of
layered GaS(Yb).

This work aimed to study the effect of irradiation on the structural properties of layered
GaS(Yb) (x =0.01 at.%).

2. Experimental part
GaS <Yb> (0.1%) single crystals were grown using directional Bridgman—Stockbarger
crystallisation. Yb doping was introduced during the growth of the single crystal. The obtained

crystals exhibited p-type conductivity, with a resistivity of 10° Q-cm at room temperature. Ohmic
contacts were formed using indium, which was fused to the surface of gallium sulphide at a
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temperature of 150 °C. Samples were irradiated with y-quanta using a Co®® apparatus at 300 K. The
crystals were cooled with pairs of liquid nitrogen during irradiation, and their temperature did not
exceed 290 K. The measurement technique for the electrical and photoelectric characteristics of
the samples is described in [11]. To measure the current in the samples, we used an apparatus
consisting of a universal voltmeter—electrometer VV7-30, a microvolt-ampere meter F-136, and a
monochromator MS3504i, operating in the temperature range T =110-300 K and the wavelength
range A =380-800 nm.

3. Discussion of Experimental Section and Conclusions

The temperature dependence of the electrical conductivity of undoped and Yb-doped
(0.1 at%) GasS single crystals, both before and after y-ray irradiation, is shown in Fig. 1. As seen
from the figure, the electrical conductivity of the undoped Gas crystal (Fig. 1, curve 1), is almost
independent of temperature in the range T =130-230 K, while in the higher temperature region
(T>230K), it increases with temperature. In this case, the activation energy values for
conductivity, determined from the slope of the high-temperature branch of the ¢ (1/T) curve, are
~1.807 eV, while from the low-temperature part of the o (1/T) curve, they are ~ 0.015 eV. For the
doped GaS(Yb) sample (Fig. 1, curve 2), a linear section with a slope of ~0.049 eV is observed on
the curve of the electrical conductivity versus temperature. The variation of ¢ (1/T) in the range
from 100 to 300 K shows that in the doped samples, the carrier concentration decreases in the low-
temperature range of 100-210 K, while it increases in the 210-300 K range compared to the initial
samples. A sharp increase in the conductivity in ¢ (T) at temperatures above ~ 210 K can be
explained by the onset of hopping conductivity, which is observed in samples with a high defect
content [15].
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Fig. 1. Temperature dependence of electrical conductivity in GaS and GaS<Yb>0,1at% monocrystals
1-GaS; 2 - GaS<Yb>0,1at%; 3 — GaS<Yb>0,1at%, D,= 20 krad; 4 — GaS<Yb>0,1at%, D,= 50 krad,;
5 - GaS<Yb>0,1at%,E = 2.59 eV, 6 — GaS<Yb>0,1at%, E = 2.3 eV.

From Fig. 1, curves 1 and 2, it can be inferred that deep levels with an ionization energy of
~1.80 and ~ 1.72 eV exist in the forbidden band of the investigated initial and doped GaS crystals,
respectively. As seen in Fig. 1, curves 1 and 2, the increase in conductivity at T > 200 K in
GaS <YDb>0.1 at% crystals is associated with the formation of an acceptor-type level. It can be
assumed that Yb atom impurities in GaS form two levels, both an acceptor (Ea ~ 1.72 eV) and a
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donor (Ed ~, 049 eV), with significantly different concentrations. As seen in Fig. 1, curve 3, after
irradiation with gamma quanta, in doped GaS <Yb>, a decrease in conductivity is observed in the
temperature range of 220-300 K, while an increase in conductivity occurs at low temperatures
(100-200 K). As seen in the figure, for the doped samples before and after irradiation (curves 2
and 3), two rectilinear sections corresponding to levels associated with the presence of Yb (~ 0.049
and ~ 0.039 eV) are observed on the curves. This indicates that when GaS <Yb> crystals are
irradiated, an additional level is introduced with the participation of ytterbium. However, it should
be noted that the behaviour of the electrical conductivity curves in irradiated GaS <Yb> samples
(curve 3, D = 20krad) in the temperature range (200-270 K) differs from that of the non-irradiated
samples. As seen in curves 3 and 4, in the 200-270 K range, the irradiated GaS <Yb> samples
exhibit a quenching of conductivity. With increasing irradiation dose, the depth of quenching
decreases, and the quenching band shifts to the higher temperature side. It was found that after
irradiation of the GaS <Yb>(0.1 at%) crystal with Dy =20 and 50 krad (Fig. 1, curves 3 and 4), the
value of the activation energy of the impurity conductivity changes with increasing irradiation dose,
from 0.049 (curve 2) to 0.016eV (curve 4), respectively. It can be observed that in the high-
temperature region (T > 200+230 K), the electrical conductivity of the samples increases with
increasing irradiation dose. The calculated activation energy for the irradiated samples varies from
1.72 (curve 2) to 1.36 eV (curve 4), which is attributed to the generation of additional intrinsic
charged radiation defects and changes in their distribution within the crystal structures.

To clarify the role and behaviour of radiation defects and ytterbium atoms in layered GaS
crystals, the effect of illumination (hv=2.59 and 2.3 eV) on the electrical conductivity of the
samples was studied. As seen in Fig. 1, curves 5 and 6, when the samples are illuminated with
monochromatic light, the levels become filled, weakening the dependence of the current on
temperature.
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Fig.2. Photoconductivity spectra for GaS and GaS<Yb>0,1at% monocrystals at
room temperature (7 = 300 K).
1-GaS; 2 - GaS<Yb>0,1at%; 3 — GaS<Yb>0,1at%, D,= 20 krad; 4 — GaS<Yb>0,1at%, D,= 50 krad.

The spectral distributions of photoconductivity at room temperature for GaS and
GaS<YDb>0.1 at.% crystals, both before and after irradiation with gamma- quanta, are shown in
Fig. 2. The maximum of photoconductivity is observed near the fundamental absorption edge at
Amax = 490 nm (curve 1) in the initially studied crystals. The photoconductivity at A = 490 nm
decreases (curve 2) in crystals doped with ytterbium. After irradiation of the GaS <Yb> at.0.1%
crystal, the photoconductivity decreases, and while the maximum wavelength remains unchanged,
the photoconductivity in the impurity region at A = 740 nm decreases by approximately 5 times
after irradiation with a dose of D, = 50 krad.
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Spectral photoconductivity curves for undoped and yttrium-doped sulphide gallium
crystals were also recorded at T = 110 K after y-irradiation with different doses (D, = 20 krad,
D, = 50 krad, Fig. 3).

As seen in Fig. 3, the photosensitivity of doped GaS<Yb> crystals in the studied wavelength
range (A = 380+800 nm) is nearly an order of magnitude higher than that of the undoped crystals.
Thus, the doping of layered GaS crystals with ytterbium leads to an increase in dark resistivity and
the emergence of high photosensitivity in the spectra at low temperatures. It is observed that when
the samples are irradiated with gamma rays at a dose of D, = 20 krad, the position of the intrinsic
maximum in the photoconductivity spectra and the shape of the spectrum remain unchanged
compared to the pre- irradiation state of the crystals; however, the photocurrent slightly decreases

(at }\.max =490 nm).
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Fig. 3. Photoconductivity spectra of GaS and GaS<Yb>0),1at% monocrystals at a temperature of 7= 110K
1-GaS; 2 — GaS<Yb>0,1at%; 3 — GaS<Yb>0,1at%, D, = 20 krad; 4 — GaS<Yb>0,1at%, D, = 50 krad.

However, the magnitude of impurity photoconductivity at wavelengths A > 700 nm
decreases significantly compared to that in non-irradiated crystals, which is attributed to an
increased concentration of interstitial gallium atoms. With increasing irradiation dose (up to
50 krad), both a slight decrease in photocurrent in the fundamental absorption region
(Amax = 490 nm) and an increase in wavelengths A > 700 nm are observed. Further, irradiation leads
to a decrease in photosensitivity, which is attributed to an increased concentration of recombination
centers - chalcogen vacancies- in the investigated samples.

As is known [5, 6, 12], layered crystals, particularly GasS, are composed of layers containing
four atomic planes arranged in an S-Ga-Ga-S sequence. Each metal is tetrahedrally surrounded by
three chalcogen atoms and one metal atom, forming a metal-metal bond. The metal atoms in the
structure exhibit a coordination number of 4, forming sp3-tetrahedral coordination involving s?p*
electrons. The sulphide atom exhibits a pyramidal coordination with a coordination number of 3,
involving its p® and main s?p* electrons. The metal-metal bond, along with the compensation of
excess electrons, contributes to the formation of semiconductor band structures. The orientation of
the bonds in the metal atoms imparts a predominantly covalent character to the chemical bonding
in these compounds. The negative charge on the metal and the positive charge on the chalcogen
are reduced by the contribution of the overall bond in these compounds. Between the layers, the
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mutual action is due primarily to forces of the van der Waals type, with a minor addition of
Coulomb forces.

Upon alloying the studied single crystals of gallium sulphide, ytterbium ions, due to the
relatively small difference in radii between them and the atoms of the metallic component
(gallium), can occupy both the natural layers (by replacing the Ga vacancies or occupying
interstices) and interlayer space. As a result, firstly, the number of vacancy-type structural defects
decreases because the anion atoms, by accepting ytterbium electrons, reduce the hole
concentration; and secondly, the ytterbium atoms occupying vacancies in different layers form
covalent bonds between neighbouring layers, which are stronger than the Van der Waals bonds.
This results in the healing of structural defects, which causes a decrease in the electrical
conductivity of the crystals (Fig. 1, curve 2). The increase in electrical conductivity of GaS (Yb) at
T>200K is attributed to the creation of a deep level by ytterbium. The electrical conductivity of
the crystals increases at low temperatures (100-200 K) and decreases sharply in the 200-250 K
region (Fig. 1, curve 3) when the crystals are irradiated with small doses (30 krad). The observed
feature in the o(1/T) dependence can be related to the existence of acceptor levels at 0.037 eV and
donor levels at 1.48 eV, which result from the formation with participation of initial defects and
impurities. An interesting reduction in the depth of the dark current is observed between
200-250 K, accompanied by a shift of the minimum to the high-temperature side. This may be
caused by a decrease in the concentration of the donor centres due to the dissociation of the complex
involving an impurity atom and a cation vacancy.

It should be taken into account [6, 7, 13, 14] that irradiation of GaS crystals with y-quanta
mainly leads to simple point defects. These defects accumulate with increasing irradiation and
redistribute a significant fraction of the recombination current flow of non-equilibrium carriers.
The interstitial gallium atoms are responsible for the photoconductivity in the impurity region in
the samples. Gamma irradiation of GaS <Yb> 0.1 at.% leads to a decrease in photosensitivity in
the spectral region at A = 740 nm (Fig. 2, curve 4). It can be assumed that similar changes will be
characteristic of GaS. This indicates a decrease in the concentration of the gallium vacancy,
apparently due to its interaction with Yb atoms. It should be noted that irradiation of undoped GaS
single crystals leads to an increase in impurity photoconductivity due to an increase in the
concentration of gallium vacancies. According to the results of the study, it can be concluded that
ytterbium atoms in GaS replace gallium atoms, forming a shallow donor level. In this case, partial
compensation of acceptor levels occurs, leading to a decrease in the dark concentration of free
holes. Therefore, at T = 110 K, the photosensitivity of the doped and irradiated samples increases
in the intrinsic region of the spectrum, while in the impurity region of the spectrum, it decreases at
low doses and then increases with a further dose escalation (Fig. 3, curves 2.3 and 4). As seen in
Fig. 2, at T = 300 K, the photoconductivity of GaS <Yb> samples decreases across the entire
spectral range with increasing irradiation. This behaviour of the photoconductivity spectra is
attributed to the restructuring of structural defects [5, 8, 9, 15] and the impurity-defect interactions
induced by irradiation [16, 17] in single crystals of A"'BV! compounds. This circumstance enables
the development of materials with predetermined properties and positions gallium sulphide as a
promising material for a wide range of electronic and optoelectronic device applications.

Thus, the obtained experimental results can be explained in the framework of the model
proposed in [1, 5, 13].

According to this model, gamma-ray irradiation of GaS <Yb> crystals introduces both
donor- and acceptor-type defects. Assuming that the concentrations of simple defects in the metal
and chalcogen sublattices are equal, the dominant role is played by acceptor-type defects (such as
metal vacancies and interstitial chalcogen atoms). With increasing y-irradiation doses in GaS and
GaS (Yb) samples, no inversion of conductivity type is observed, indicating a high concentration
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of structural defects. These defects are intrinsic structural defects by character and nature. The
electrical and photoelectric properties of these crystals are mainly determined by their electroactive
point defects, whose concentration and the energy positions of the corresponding levels are
influenced by technological operations.
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XAPAKTEPUCTUKHU TOKOHECEHMS B CJIOUCTBIX MOHOKPUCTAJIJIAX
GaS(Yb), OBJIYUEHHBIX TAMMA-KBAHTAMU

P.C. Manaros, T.b. Tarues, M.A. Mamenon, P.M. Mamumona, A.Ill. Xaaurzaae

Pe3tome:  VccnepoBanbl — dIeKTpUdecKHe U (POTORIEKTPUYECKHME CBOWCTBA  MOHOKPHCTAIJIOB
GaS<Yb> 0,1 ar.% mocne o0ay4eHHs: y-KBaHTaMHu ¢ 1030d < 50 Kkpaj. YCTaHOBJIECHO, 4TO OOIyuYCHHUE
OPUBOIUT K OOpa30BaHMIO KaK JOHOPHBIX, TaK W AaKIENTOPHBIX JE(PEKTOB, CPEAH KOTOPBIX
npeo0nagaT BakaHCHUM Tayuiusi. [loBbILIEHHE 3IEKTPONPOBOAHOCTH B OOIYYEHHOM KpHCTAIE HPHU
HU3KUX TeMIIepaTypax CBs3aHO ¢ 00pa3oBaHMEM KOMIUIEKca ¢ ydactuem atoma urrepous (~ 0.039 3B),
a TOJABJICHUE OJIIEKTPONPOBOTHOCTH B wmHTepBane Temneparyp 200 + 250 K ¢ d¢opmupoBanuem
rIyOOKOTO JIOHOPHOTO YPOBHSA C 3Heprued aktmpanuu ~ 1.483B. YcTaHOBIEHO, 4TO C yBEITWYCHHUEM
JO3bI O6Hy‘IeHI/Iﬂ FJ'IY61/IH3 noAgaBJICHUSA YMCHLUIACTCA, a TEMIICpAaTypa IOAAaBJIICHUA CMCIIACTCA B
CTOPOHY BBICOKUX TEMIIEPATYP.

Knwouesvie cnosa: KOHLEHTpaLus, JETUPOBAHUE, AKLETITOP, JOHOP, 1033, (POTORIEKTPUIECKHE.

QAMMA KVANTLARI iLO SUALANMIS GaS(Yb) LAYLI MONOKRISTALINDA
COROYANIN DASINMA XARAKTERISTIKALARI

R.S. Madatov, T.B. Tagiyev, M.O. Mammadov, R.M. Mamisova, A.S. Xahqzada

Xiilasa: D < 50 krad dozada y-kvantlar1 ilo stialanmis GaS<Yb>0.1 at.% torkibli monokristallarin
elektrik vo fotoelektrik xassalori todqiq edilmisdir. Molum olmusdur ki, siialanma ham donor, ham do
akseptor tipli defektlorin yaranmasina sobob olur vo bu zaman ossasen qalium vakansiyasi tistiinliik
toskil edir. Aydinlagdirilmigdir ki, asagi temperaturlarda siialanmis kristalda elektrik kegiriciliyinin
artmasi itterbium atomunun istiraki ilo yaranan kompleks (~0.039 eV) sobobilo bas wverir,
200 + 250K temperatur intervalinda kegiriciliyin sénmasi isa aktivloasma enerjisi tagribon ~1.48 eV olan
dorin donor saviyyssinin formalasmasi ilo olagelidir. Homginin miioyyon edilmisdir ki, siialanma
dozasi artdiqca kegiriciliyin sonma dorinliyi azalir vo sénmo temperaturu yiiksok temperaturlara dogru
striisiir.

Acgar sézlar: konsentrasiya, qatqi, akseptor, donor, doza, fotoelektrik.
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