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The current-voltage characteristic, electrical conductivity, thermally stimulated current, and photoelectric properties of a layered GeS
crystal with excess sulfur were investigated under an external electric field of 10-104 V/cm and at temperatures of 100-300 K. It was
found that donor-type defects formed as a result of stoichiometric distortion due to excess sulfur in a GeS crystal obtained by the
Bridgman method, leading to impurity conductivity. Charge transport occurs by a monopolar injection current limited by the volume
of the charge region. It was found that thermal activation of photocurrent and thermal quenching of photocurrent in doped GeS crystals
are associated with electron exchange between capture traps and recombination centers.
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1. INTRODUCTION

In low-dimensional layered crystals (GeS, GeSe, SnS, GaS, GaSe, InSe), the quantum effects observed during
structure formation depend on the nature of the chemical bonds of the components and the shape of the crystal lattice. In
such systems, the relationship between physical properties and structure was studied in binary systems AMBY! and
AVBVI[1-4]. It was found that the electrical, photoelectric, and radiation-resistance properties of layered crystals depend
on the nature of the interactions between layers and within layers. Within the layer, this interaction is powerful and ionic-
covalent in nature [5-7]. The formation of weak van der Waals bonds between layers leads to the emergence of anisotropic
properties characteristic of layered crystals. The effects observed in low-dimensional structures form new areas of
research in layered crystals and expand the possibilities of their practical application. Therefore, by selecting different
components, it is possible to control the type of chemical bond intentionally.

A comparative analysis of the results obtained in the study of binary systems ABY! and ATVBY! shows that the electrical,
especially photoelectric properties of layered crystals depend on the electron configuration of the components and the nature
and properties of the electron transitions of cation vacancies, which occur depending on external influences (temperature,
illumination, radiation rays, etc.). On the other hand, elements with a large ionic radius and chemical activity, electrons in the
p-layer of cations during the formation of chemical bonds have a strong effect on the electrical, photoelectric, and optical
properties of the crystal [8]. In the GeS crystal, which is one of the binary compounds A™VBY! with the above properties,
information on the formation of chemical bonds, the structure of the crystal lattice and the influence of impurity atoms on the
physical properties has been studied [9]. The studies show that the GeS crystal is a semiconductor with a complex band
structure. The elementary lattice consists of two layers, each layer of two molecules. Since the atoms of adjacent layers are
linked to each other by weak van der Waals bonds, many of the physical properties of the crystal are two-dimensional [10].

Since layered semiconductors crystallize in defect structures, the study of the electronic structure of localized defects
is particularly important. Dopant atoms are distributed non-periodically in different spaces (inside a layer or in the
interlayer region). Although the above facts were investigated in a doped GeS crystal, the results obtained do not support
the development of a universal model explaining the mechanism of dopant-atom distribution. One of the important
properties of a GeS crystal is that it has high concentrations (10'7-10'® cm™) of specific defects (cation and anion
vacancies, Frenkel defects), especially cation vacancies. This property causes low mobility of charge carriers in the
direction of the c axis of the crystal and a short diffusion path. A high concentration of specific defects, coupled with their
compensation by dopant atoms, enables targeted control of properties. The above is also supported by the results of the
study of the electrical and photoelectric properties of the GeS crystal [11].

Despite the existence of a number of research works on the study of electrical, photoelectric and optical properties
of semiconductor compounds of the AVBY! type, including the GeS crystal, there is no information on the mechanism of
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the effect of defects on the current [12-14]. The obtained results do not allow us to study the mechanism of the effect of
specific defects in the GeS crystal, including uncontrolled impurity atoms, on conductivity. The study of defects present
in semiconductor crystals provides extensive information on the formation of their structural features and physical
properties. Therefore, research has been carried out in this direction recently [15,16]. Therefore, in order to obtain
additional information on the distribution, concentration and energy states of defects in layered crystals, it is planned to
study the volt-ampere characteristics, electrical conductivity and photoconductivity of the GaS crystal with excess sulfur
at temperatures of 100-300 K and external electric field values of 10-10* V/cm.

2. EXPERIMENTS

The GeS single crystal was grown by the Bridgman method, a standard method for chalcogenide semiconductors.
High purity Ge and S (99.999%) were used in the synthesis process. Ge with a specific resistance of 50 Ohm-cm and B5
grade sulfur were used in the synthesis. To maintain the stoichiometric ratio and minimize sulfur vacancies, the quartz
ampoule filled with components taken with excess sulfur was welded after reducing the pressure to 1.33x1072 Pa. During
synthesis, the ampoule heating rate at the first stage was set to 1.5 degrees/minute, and after melting the germanium, the
heating rate was set to 2.5 degrees/minute. To ensure the safety of the synthesis process, the germanium crystal was
ground into powder, and the evaporation and condensation zone temperatures were 1173 K and 1073 K, respectively. The
homogeneity of the grown crystals and their single-phase nature were tested using differential thermal analysis (DTA),
X-ray diffraction (XRD) and electron microscopy (SEM). The obtained crystals had p-type conductivity and a specific
resistance of 10°-10° Ohm-cm. The sample size during measurements was 2.0x5.0x0.2 mm®. The conductive contacts
were applied to a natural flat surface using aquadag and had an ohmic character. The study of electrical and photoelectric
properties was carried out at 100-300 K and in an electric field of 10* V/cm.

RESULTS AND DISCUSSIONS

During the research, the structure of the GeS crystal obtained with excess sulfur was studied by X-ray diffraction.
The X-ray diffraction spectrum obtained at room temperature is shown in Figure 1. The spectrum shows six main maxima
over the diffraction angle range 26 = 20-70°. It was determined that these maxima correspond to the atomic planes (111),
(020), (022), (131), (222) and (040). The obtained single crystal is single-phase and orthorhombic. The lattice parameters
correspond to the values: a =4.291 A, b=3.641 A and ¢ = 10.471 A.

The volt-ampere characteristics of a GeS single crystal with excess sulfur at different temperatures were studied.
The obtained dependences are shown in Fig. 2. From the nature of curves 1-3 it is evident that the / ~ U" dependences
consist of ohmic, quadratic and sharply increasing regions. From the dependences it is evident that the GeS crystal has a
semiconductor property, i.e. with decreasing temperature the resistance of the sample increases, due to which the ohmic
region observed at room temperature shifts towards the region of high voltages.
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Figure 1. X-ray diffraction spectrum of a GeS crystal Figure 2. Current-voltage characteristics of a GeS crystal at

different temperatures: 1) 7=100K, 2) T=160K, 3) T=300 K

According to Lambert's theory, the charge carriers injected from the electrode cannot completely fill the traps, and
conductivity occurs due to thermal ionization of shallow levels. With a further increase in the voltage applied to the
sample, the concentration of injected charge carriers increases and the traps are partially filled. After the traps are
completely filled, with increasing voltage, the current increases sharply to the quadratic region without jumps
(curves 1-3). Based on the value of the transition voltage from the ohmic part to the quadratic part for the crystals from
Figure 2, the concentration and mobility of charge carriers in the equilibrium state in GeS crystals were calculated
according to Lampert's theory ( np~ 4-10'3 cm?, u = 20-30 cm?/V-s) [12].

Based on the measured value of the electrical capacitance of the GeS sample at the input voltage U = 0 and the
transition of the traps to a completely filled state (C = 5-10-'° F, E7-20 is an impedance meter), the trap concentration was
calculated to be Nt = CUttd/q-V = 5-10'"* cm™ (where V is the sample volume). The shift of the Fermi level from the
equilibrium state and AE;~ 0.02 eV was. This indicates that at low voltages (in the ohmic region) and low temperatures,
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the charge carriers injected from the electrode cannot completely fill the traps and conductivity occurs due to the thermal
ionization of shallow levels.

To study the electrical properties of semiconductor materials, it is necessary to analyze the temperature dependences
of electrical conductivity. Previous studies have shown that a number of electronic processes occurring in these materials
can be explained based on the temperature dependence of electrical conductivity [17-22]. Therefore, for the GeS crystal,
a mechanism for changing electrical conductivity depending on temperature was determined. Figure 3 shows the
temperature dependence of the electrical conductivity of the GeS crystal at different electric field strengths.
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Figure 3. Electrical conductivity of doped GeS crystal at different field strengths: 1) 10> V/em, 2) 10° V/em, 3) 10* V/em

The dependences show that in an undoped GeS crystal, a specific and additive region is observed, and with
increasing temperature, the dark conductivity increases, passes through a minimum and increases again (curve 1). At high
electric fields, an increase in temperature leads to the dark conductivity passing through a maximum and increasing again
(curves 2 and 3). From a comparison of the experimental curves, it is clear that at low and high field strengths, the dark
conductivity is explained by two opposing processes: thermal ionization and electroionization. Thus, in the GeS crystal,
the dark conductivity in the layer direction obeys the law oo= A-exp(-AEy/2kT), and in strong fields — the law g9 = 4 exp(-
AE,— 2e(eE/e)"?/2¢kT). The calculated values of the activation energy of the energy levels from the slope of the curve
from the dependence Inc0 ~ f{1/T) were 0.22 eV and 0.45 ¢V. From a comparison of curves 1 and 3 in Figure 3, it is
evident that the slope of the curve increases with increasing field strength in the range of 120-250 K. At low field strengths
(E < 10? V/cm), the conductivity occurs due to thermal ionization of the defect level, and in strong fields it increases
exponentially as a result of field ionization.

To determine the energy depth, concentration and cross-section of filling centers located in the forbidden zone in
the GeS crystal, the thermally stimulated current was studied, the results are presented in Figure 4.

10

1, 10°A

T T T 1
100 150 200 250 300
T, K

Figure 4. Thermally stimulating current in a doped GeS crystal at different field strengths: 1) 10? V/cm, 2) 10* V/em

According to the research methodology, the GeS sample was cooled to a temperature of 100 K in vacuum, then
illuminated with natural light for 5 minutes and heated at a rate of 0.40 degrees/second at different field strengths (102
V/cm, 10* V/cm), the resulting signal was recorded on a special recorder. From Figure 4 it is evident that the thermal
signal increases with increasing temperature, and the maxima of low and high intensity are observed at temperatures of
150 K and 210 K, respectively. Based on the conditions given in the research [12], according to the values of 7. and
T/ from Figure 4, the activation energy of the filling center 4E; was 4E; = 0.19 eV and 4E, = 0.27 eV, the concentration
Nt; =2:10" cm™ and Np = 110" cm™, and the filling cross-section Sy = 102° cm™ and Sp = 10712 cm.

Figure 5 shows the spectral characteristics of photoconductivity in the layer direction in a GeS crystal at temperatures
of 300 K and 100 K. It is evident from the dependences that two maxima (4 = 0.75 pm and A2 = 0.90 pm) are observed on
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the curve of the spectral distribution of photoconductivity in an undoped GeS crystal. The first maximum falls on the
region of specific absorption, and the second on the doped region; therefore, it corresponds to the defect-zone transition.
The observation of a doped absorption region in an undoped GeS crystal can be explained by the formation of partially
irregular regions (low-resistance regions) in layered compounds.
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Figure 5. Spectral distribution of photoconductivity in undoped GeS crystal. 1) T=300K, 2) 7= 100 K

During the synthesis of the GeS crystal, the excess of sulfur causes a violation of stoichiometry, which leads to the
formation of a local impurity band in the crystal [23]. Figure 6 shows that at a temperature of 7'~ 100 K (curve 2), both
maxima shift to the short-wave region. This proves that the absorption outside the fundamental absorption band in the
long-wavelength region is due to impurities. The temperature dependence of the photoconductivity in the GeS crystal
upon excitation by natural light of varying intensity in the direction perpendicular to the layer surface and at an electric
field strength of 10* V/cm is shown in Figure 6.
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Figure 6. Temperature dependence of photocurrent in undoped GeS crystal. 1) 10 Ix, 2) 10% 1x, 3) 10* Ix

It is evident from the figure that in the range of 100-160 K, as a result of thermal activation, the photocurrent
increases (thermal activation), and in the region of 160-200 K, thermal quenching of photoconductivity is observed. With
a further increase in temperature, the photocurrent increases again. It should be noted that with an increase in the
illumination intensity the depth of the maximum decreases. It is evident from the experimental results that the dependence
ar~ fI1/T) obeys the law oy = ooexp(4Ef/kT) and two processes are observed - thermal activation and thermal quenching
of photoconductivity. The activation energy determined from the slope of the curve was ~0.27 eV. It should be noted that
there is no information on thermal quenching of photoconductivity in the doped GeS crystallite, but it is noted that there
is specific conductivity. The activation of the photocurrent observed by us in the GeS crystal with excess sulfur occurs as
a result of the nonequilibrium exchange of the majority charge carriers between the photoactivation trap and the
recombination center, as shown in [24].

The results of the study of electrical conductivity and photoelectric properties of alloyed GeS crystals (with an excess
of sulfur), obtained by the Bridgman method at different temperatures and external electric fields, show that the capture
and recombination processes in alloyed GeS crystals largely depend on the chemical nature of the components, including
alloying atoms, and less on the degree of disorder in the crystal. In contrast to previous studies, we found that complex
defects (complexes, dislocations, point defects) formed in alloyed GeS crystals with an excess of sulfur, as well as in
alloyed GeS, have a strong influence on the electronic processes occurring in the crystal under external excitation (light,
temperature, radiation). Therefore, as a result of exposure to an electric field and illumination in the alloyed region of
conductivity of the GeS crystal, thermal quenching is observed (Fig. 3, curve 1). The reason for this is that excess sulfur
causes the formation of defect regions with activation energies of 0.17 eV and 0.27 eV. This fact is confirmed by the
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dependence presented in Figure 4. As you can see, excess sulfur causes partial disorder of the crystal, both due to
stoichiometric distortion and due to the formation of new structural defects.

At the same time, the temperature dependence of the charge-carrier mobility partially confirms the correctness of
the observed effect (Fig. 7).
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Figure 7. Temperature dependence of charge-carrier mobility in an undoped GeS crystal

According to the theory, the centers formed as a result of the introduction of an impurity atom into a crystal,
especially a layered crystal, can cause thermal quenching of photoconductivity, thermal activation and quenching of the
photoluminescence process. As shown in Fig. 6, the effects of thermal activation and thermal quenching of
photoconductivity were observed in the dependence oy~ f{(1/7).

CONCLUSIONS

The obtained results show that the activation energy resulting from the stoichiometric disorder in layered crystals,
depending on the ratio of components, plays the role of the center of generation and recombination of the majority charge
carriers, the defect level of which is 0.27 eV in the low-temperature region and 0.41 eV in the high-temperature region,
depending on the ratio of components. The concentration of these centers varies with temperature and illumination
intensity in undoped GeS crystals. The results obtained in a comprehensive study of the electric, photoelectric, and
thermally stimulating current in an undoped layered GeS crystal show that the defects resulting from the stoichiometric
disorder caused by excess sulfur in the crystal lattice of the orthorhombic GeS structure create the possibility of targeted
control of electronic processes, i.e. electrical and photoelectric properties. This, as shown in the scientific literature,
enables the practical application of the layered GeS crystal, particularly for the creation of highly efficient photo- and
thermal converters.
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BIIVINB CTEXIOMETPHYHHX CIIOTBOPEHD HA EJIEKTPUYHI TA ®OTOEJEKTPUYHI BJJACTUBOCTI
INAPYBATHUX KPUCTAJIIB GeS
P.C. ManaroBl, A.C. AneknepoB2,3, B.A. AdoaypaxmanoBa2, P.K. I'yceiinos4, P./Il:k. bamuposS, 10.1. AnieB2,6*
nemumym padiayitinux npobrem, Minicmepcmeo nayku ma oceimu Asepbatioscancexoi Pecnybnixu, baxy, AZ-1143, Azepbatioscan
2Asepbatioacancokuti depaicasnuii nedazoziunuil ynisepcumem, baxy, AZ-1000, Azepbaiiocar

3Baxuncokuil inoicenepnuii ynisepcumem, Xupoanan, AZ-0101, Azepbaiiocan

*I'anooicincokutl Oepocasnuil ynisepcumem, I'anooca, AZ-2000, Azepbaiioxcar

3 Azepbatioscancoruii mexuiunuil ynisepcumem, baxy, AZ-1073, Azepbaiioscan

3axiono-Kacniticokuii ynisepcumem, baxy, AZ-1001, Asepbatioscan

Basbr-amMIiepHa XapaKkTepuCTHKa, eJICKTPOIPOBIAHICTh, TEPMOCTHMYJILOBAHHI CTPYM Ta (OTOETCKTPUYHI BIACTHBOCTI IIApYyBAaTOrO
kpuctana GeS 3 HaJUTUIIKOM CIpKH JOCIIIKYBaJIKCS B yMOBaX 30BHILIHBOTO enekTpuyHoro noist 10-104 B/cm Ta npu TemnepaTypax
100-300 K. Byno BusBieHO, mo JedeKTH JOHOPHOTO THUILy YTBOPIOIOTBCS B PE3YNIBTATi CTEXIOMETPHUYHOTO CIIOTBOPEHHS uepe3
HaJUTHIIOK cipku B Kpuctani GeS, oTpumanoMy mMeTooM Bpimkmena, 1o npu3BoaUTh 10 JOMILIKOBOI mpoBigHocTi. IlepeHeceHHs
3apsiay BifiOyBa€eThCs 3a JOTMOMOTOI0 MOHOIOJISIPHOTO CTPYMYy iHXKEKIii, 0OMexxeHoro 06'eMoM o0acti 3apsay. Bymno BusiBieno, mo
TEpMivHA aKTUBalig (OTOCTPYMY Ta TEPMiYHE TaCiHHS (POTOCTPYMY B JIEroBaHUX KprcTanax GeS MoB's3aHi 3 eIeKTPOHHUM OOMiHOM
MiX MTaCTKaMH 3aXOIUICHHS Ta [IEHTpaMH peKoMOiHarii.
KuwouoBi ciaoBa: wapysamuii  Kpucmaiu; —enekmponpogioHicmb, MOHONOJAPHA  THICEKYIs, MePMOCIUMYIbOBAHULL  CIMPYM;
gomonposionicmo



