322

East EUROPEAN JOURNAL OF PHysICS. 3. 322-327 (2024)
DOI:10.26565/2312-4334-2024-3-35 ISSN 2312-4334

CHARGE TRANSPORT MECHANISM IN IMPLANTED p-GaSe:H* SINGLE CRYSTAL
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The study analysed the impact of radiation defects on p-GaSe single crystal implanted with H ions (70 keV) on its charge transport
mechanism. The research was conducted at 100 K and 300 K in an electric field of 10?-10* V/cm. The study found that the activation
energy of charge carriers injected at low temperatures and electric fields E < 10° V/cm ranged from 0.23-0.39 eV. This was observed
due to the trapping of charge carriers in concentration traps of approximately 9-10'3 cm-, leading to monopolar injection. In the fields,
E > 10° V/cm, a sharp increase in current was observed, which was explained by the thermal ionisation of local levels following the
Frenkel mechanism. The study determined that the charge transport mechanism in GaSe:H+ crystals at low temperatures has a non-
activated character.
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1. INTRODUCTION
Studying the effects of materials under external influences helps us determine their potential applications. Recently,
there has been a significant interest in studying functional materials under external influences like pressure, temperature,
and radiation. With the development of computing technologies, some processes can now be studied by modelling them.
As a result, complex studies are being conducted in this direction [1-5].

Among functional materials, chalcogenide conductors hold a special place. Recently, there has been a wide
exploration of these materials' structure, thermal, and electrical properties. Researchers are studying the effects of ionising
radiation to expand their application possibilities [6-10]. Radiation defects formed in the crystal lattice under the influence
of radiation rays cause changes in the status of the Fermi level in the forbidden zone. Thus, the electrophysical properties
of the crystal are modified [11,12].

The nature and properties of radiation defects formed in the crystal, especially in complex semiconductors, depend
on the structure of the material and the distribution of primary defects [13,14]. Complex defects formed due to the
interaction of radiation defects with structural and additive atoms lead to changes in the electronic characteristics of the
crystal. Studying these mechanisms for the first time in layered crystals may allow us to propose a mechanism for
purposeful control of the radiation resistance and properties of crystals.

The defects that arise from the impact of charged particles, such as H" and Sb*, in complex semiconductors are
complex and dynamic. Various factors, including the structure of the crystal lattice, radiation, temperature, and more can
cause these defects. To understand these factors and determine the mechanism of charge transport, researchers have
chosen to study a GaSe single crystal with a layered structure. To control the distribution of defects in the crystal lattice,
they have used H" implantation and thermal infusion methods.

The GaSe single crystal DsH,4 crystallizes in a hexagonal lattice with spatial plane symmetry. The elementary lattice
has two layers, with each layer consisting of two molecules. Weak Van der Waals forces connect the atoms of
neighbouring layers. As a result, many physical properties of these crystals are two-dimensional. These crystals'
concentration of structural defects is estimated to be around 107 cm™.

The effect of y-quanta on the electrical and photoelectric properties of GaSe single crystals has been partially studied.
It has been shown that resulting defects can be located within the layer and in the interlayer region. As a result of their
influence, the conductivity increases due to the decrease of the specific reluctance of the crystals. However, information
about the nature of radiation defects and the mechanism of their formation was not provided.

To clarify the mechanism of formation of these defects and the effect of external factors on them, researchers studied
the effect of H' ions (70 keV) and subsequent thermal infusion on the mechanism of current passage in GaSe single
crystal.
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2. EXPERIMENTS

The GaSe single crystal was studied, which was obtained using the Bridgman-Stockbarger method. The crystal had
p-type conductivity, and its specific resistance was 2-10° Ohm-cm and 1-10% Ohm-cm in the directions parallel and
perpendicular to the layers, respectively, at room temperature.

To investigate the effect of H* ions on the physical properties of the GaSe single crystal, samples were studied before
implantation, and after being implanted with 2-10" ions/cm? of H' ions with an energy of 70 keV, followed by thermal
annealing at 100-200°C for 1 hour. A sample thickness of ~50 um was selected for the study. The average penetration
depth of a proton with an energy of 70 keV in a GaSe crystal is Rp ~ 1.40 pm [12]. The GaSe crystal was implanted with
H" ions using an ESU-2 accelerator, with the entire surface of the sample being implanted with H* ions in the indicated
doses. The energy of H' ions was 70 keV, and the current density was 0.15 pA/cm?.

The samples' volt-ampere characteristics and specific conductance were studied before and after irradiation in the
ranges of electric field 10-10* V/cm and temperature 100-300 K. The distance between the contacts was ~50 pm. After
the study, the characteristics of the implanted samples were studied again after being annealed (1 hour) in the temperature
range of 100-200°C. The obtained results were analysed based on relevant theories.

3. RESULTS AND DISCUSSIONS

Figure 1 displays the volt-ampere characteristics of a GaSe single crystal before implantation (1), after
implantation (2) and after thermal annealing (3) at different temperatures. The I-u curves consist of three regions: ohmic,
quadratic and sharp growth. It can be observed that after implantation, the transition voltage from the ohmic region to the
quadratic region decreases, as shown by curve 2. After thermal annealing of the implanted samples, the transition voltage
value increases, as shown by curve 3. These results indicate that the defects caused by H+ ion implantation are mainly of
an acceptor nature and that the specific resistance of the samples decreases as a result of implantation. This suggests that
the injected charge carriers from the electrode cannot fill the traps, and conduction occurs due to thermal ionization of
shallow levels. As the voltage applied to the samples increases, the concentration of the injected charge carriers also
increases, partially filling the traps. After the traps are filled, there is a sharp increase in the current, up to the quadratic
region, as shown by curve 2.
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Figure 1. Volt-ampere characteristic of GaSe single crystal at room and nitrogen temperatures. 1. GaSe-initial, 2.
GaSe(H"), 3. GaSe(H") T =300 K, 4. GaSe-initial, 5.GaSe(H"), 6.GaSe(H") T = 100 K.

Based on [15], the concentrations of charge carriers in equilibrium in GaSe crystals were calculated using Figure 1.
The concentration values were determined based on the transition voltage from the ohmic region to the quadratic region
for the crystals. The values were found to be np ~ 2.8:10'° cm?, 6.8:10'! ¢cm™ and 8.2:10"" ¢cm™, respectively. The
concentration of traps was also calculated based on the electric capacitance of the sample at an input voltage of U =0
(C=5-10"""F) and the transition voltage of the traps to a fully charged state (Us). For GaSe crystals from curves 1-3,
N1 = CUfft/qV =5 1014cm'3, N = 9- 1013 and M03:4' 1013 cm'3.

The comparison of the calculated parameters shows that the transition voltage decreases from the ohmic region to
the quadratic region due to the formation of acceptor-type defects after H" ion implantation. After thermal annealing, the
transition voltage at both temperatures increases again (curves 3 and 6). The results of the / ~ U" dependences show that
the defects (Frenkel pair) formed during H' implantation in GaSe crystals interact with structural defects to form acceptor-
donor complexes and affect the charge transport mechanism.

A comparison of curves 1-3 in Figure 1 shows that the increase in the current value at the temperature 7= 300 K
after implantation with H" ions is due to the rise in the concentration of acceptor-type levels. The decrease in current after
thermal annealing occurs due to the recombination of defects created during implantation. The obtained results correspond
to the theory of the current limited by the area of charges, and the parameters of the energy levels are presented in Table 1.
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Table 1. Physical parameters of implanted and non-implanted GaSe samples.

Sample AE;(eV) AE1 2(eV) A (cm) rm (cm) Ni(cm™) po(cm)

GaSe (pure) 0.23 0.35 8.9:10° 5:10° 5-10'4 1.4-10"3
GaSe (5:10°ion impl) 0.26 0.32 7-10° 14-10° 9-1013 3.44-10"
GaSe (H") + TT = 100° 0.28 0.39 7.9:10° 4.5:10° 4-10"3 3.55-10"3

Figure 2 depicts the temperature dependence of the electrical conductivity of a GaSe crystal before and after
implantation at varying electric field intensities. Comparing curves 1-3 reveals that two energy levels (0.19 and 0.34 eV)
were present in the forbidden zone before implantation (curve 1). After implantation, the conductivity of the crystal
increased partially (curve 2), and new energy levels with ionization energy of 0.18 eV and 0.45 eV were added. However,
after thermal infusion at 370 K, the conductivity of the sample decreased, returning to its previous character. By
comparing the electrical conductivity values in curves 1-3, it can be concluded that the defects created in the Ga and Se
lattices during implantation are dominated by acceptor-type defects and Vg, - vacancy.
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Figure 2. Temperature dependence of the conductivity of GaSe single crystal in the dark at a voltage of 10 V:
1. GaSe-initial, 2. GaSe(H"), 3. GaSe(H")+T; 4. GaSe-primary, 5. GaSe(H"), 6. GaSe(H")+T, U = 10 V under the influence of light

Thermal annealing shows that the defects created during implantation undergo partial recombination at low
temperatures due to their excitation, and hence the conductivity of the crystal (curve 2) decreases. The nature of the levels
formed during implantation is determined by curves 4-6. It has been revealed that since the trapping-filling process takes
place at local levels during illumination, the conductivity in the temperature range of 110-300 K increases linearly with
increasing temperature. The ionisation energy of the level was calculated for all three cases and is approximately 0.32 eV
from the slope of the curves. By comparing curves 1-3, it can be inferred that the defects created in layered crystals during
implantation are of the same nature as primary structural defects. After thermal annealing, only the concentration of
defects changes, and this fact is compensated during illumination (curves 4-6).

In Figure 3, we can see the temperature dependence of the specific electrical conductivity (Ig 6r/cp) in a GaSe crystal
at different voltages (10-40 V). Curves 1-6 in Figure 3 show that the curves' inclination and the current value increase
with the electric field intensity. The dependence of /no ~ f{E"?) in a GaSe crystal follows Frenkel's theory.
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Figure 3. Temperature dependence of the conductivity of GaSe single crystal at different (10-40 V) voltage:
1. GaSe-initial, 2. GaSe(H"), 3. GaSe(H")+T, 4. GaSe-initial, 5. GaSe(H"), 6. GaSe(H").
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Based on the experimental results, it can be said that conductivity oo =Aexp(-AEy/2kT) in weak electric fields (ohmic
region), and in high fields oo=Aexp(-AE,-2e(eE/c)""*/2¢kT) follows. The slope of the curve increases as the temperature
increases in the dependence of Ino~f(E'"?). This result is confirmed in Figure 4, which shows that the dependence
Ino~f(E"?) consists of two parts. At weak values of the field intensity (£ < 10? V/cm), the conductivity does not change,
and at high values, a linear exponential dependence is observed.
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Figure 4. Dependence of conductivity on electric field intensity at different temperatures:
1. GaSe-initial, 2. GaSe(H"), 3. GaSe(H")+T T = 100 K; 4. GaSe-initial, 5. GaSe(H"), 6. GaSe(H")+T T =300 K

When temperature decreases, the transition voltage value increases (curves 4-6). By comparing curves 1-6 at
different temperatures, we observe that samples implanted with high field intensities exhibit a less steep curve in low and
high-temperature ranges (curve 5). This implies that the activation energy associated with the defect level depends on the
field intensity. This effect is more noticeable in implanted samples, and the concentration of electroactive centres
influences the activation energy at the local level (Et). The increase in curve steepness due to the electric field indicates

a change in the energy of the local levels. Considering the Paul-Frenkel effect, the reduction of Et under the field's
influence is determined by the following expression:

AE(E) = E(0) - (’E /mee0)

where AE(0) is the activation energy of the level corresponding to the ohmic region (E = 0), AE4(E) is the activation
energy of the energy level in high fields.

The dependence of AE(E) ~ f{E"?) is shown in Fig. 5 for thermally brewed GaSe crystals before and after
implantation and after implantation. It can be seen from the figure that the energy of local levels decreases linearly with
the increase of AE, ~ E'2. The activation energy of the trap was determined from the extrapolarization of the linear

dependence of AE ~ fE£"?) under the condition £ = 0 and was 0.23, 0.26 and 0.28 eV for low temperatures and 0.35, 0.32
and 0.31 eV for high temperatures, respectively.
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Figure 5. Dependence of trap activation energy (AE(E)) on E'? at different temperatures

At values of critical field intensity £x > 10> V/cm, the field dependence of electrical conductivity obeys Frenkel's law.
It can be seen from Figure 5 that the range of 5-40 V/cm of the field corresponds to the ohmic part, and the dependence of
the conductivity on the field intensity is not observed in the dependence of Ino ~ E'2. After the Ek value of the field intensity,
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the conductivity line increases according to the law, and with increasing temperature, the value of E; and the slope of the
dependence decrease. This indicates the thermal ionization of local levels of conductivity and corresponds to Frenkel's
theory. Based on the experimental results, the value of the f-Frenkel coefficient was calculated according to the following
expression: B = 1/kT (’/meeo)"? and the dependence of  ~ 1/T is given in Figure 6. It can be seen from the figure that the
regularity  ~ 1/T is fulfilled in GaSe crystals before implantation and thermally affected. It is proven that the conductivity
depends on the intensity of the electric field and the temperature. From the comparison of curves 1-3 in Figure 6, it can be
seen that the variation of the Frenkel coefficient f at the same temperature may be related to the possibility of the dielectric
permittivity € to accumulate radiation defects in the intralayer and interlayer regions.

The ionization of the local level depends on the field intensity, the height of the potential barrier, and the free escape
path of the charge carrier. For this process to occur, the condition 4 > r,, must be met. To determine the length of the
escape path of free carriers (1) and the distance from the potential barrier to the bottom of the conduction zone (7,,) before
and after implantation in a p-GaSe single crystal, as well as after thermal annealing, various conditions were taken into
account such as 7= 300 K, E,> 10° V/em, = 2.7-102 V-2 cm"2. The results were obtained and presented in a Table 1.

After comparing the values of 1 and r,, given in the table, it can be concluded that the condition A > r,, is fulfilled
for pure and thermally brewed GaSe crystals after implantation. This means that the electro-thermal ionization of local
levels occurs, leading to an increase in current at values of E;x> 103 V/cm. In the case of samples implanted with H" ion,
the condition 4 < r,, is met. This indicates that GaSe: H" local levels are filled with injected charge carriers at high field
values, and the conductivity is determined by monopolar injection.

Based on these experimental results, the parameters of local energetic levels in GaSe: H+ crystals were calculated
and presented in Table 1.

A model using proton stimulation was used to explain how H" ion defects are formed in layered crystals. When a proton
interacts with an atom, the electrons break away and the atom becomes excited. This causes the electron layer to become ionized,
and the nucleus interacts with the crystal lattice, resulting in defects. These defects are known as Frenkel pairs. In
semiconductors, the defects caused by protons in the forbidden zone are energy levels that act as recombination centres for
charge carriers of acceptor and donor type or non-equilibrium. During irradiation, Ga-vacancies increase the rate of stimulated
diffusion of defects. Because these levels are unstable, their mobility and nature depend on temperature, making them important
in modifying physical properties. Based on experimental results analyzed in [16-18], a mechanism for defect formation in
layered p-GaSe crystals under low-energy H" (70 keV) ions was determined. According to this mechanism, defects are primarily
formed at the end of the escape path (radiation loss ~ 1-2 keV, escape path ~1.4 um). The generation of defects (Frenkel pairs)
along the trajectory is unequal in terms of volume, and the resulting vacancies and interstitial atoms migrate. The acceptor nature
of the defects created during initial irradiation (2-10'° ions/cm?) leads to an increase in conductivity in the GaSe crystal. As a
result of thermal annihilation, the migration rate of interstitial atoms increases, and defects are annihilated in the runway distance
(radiation annihilation), resulting in a decrease in the conductivity of the crystal.

CONCLUSIONS

It investigated how electric field and temperature affect the mechanism of charge transport in GaSe crystal
implantation with H+ ions and thermally soaked crystals. The study was conducted in the temperature range of 100-200 K,
and the following results were determined:

1. During the implantation of 70 keV H" ions into p-GaSe layered crystal, dynamic local point defects are formed at
a running distance of ~1.5 um. When the surface layer undergoes thermal annihilation (100-200 °C) of defects formed,
partial annihilation of defects occurs in the lattice due to ion-stimulated diffusion of metastable defects, and defects
become stable. This increases the crystal's resistance to radiation.

2. The study determined that local point defects (0.23-0.39) eV and ~ 9-1013 cm™) formed in the p-GaSe crystal as
a result of implantation of H* ions determine the charge transport mechanism in the temperature range of 100-300 K.
At electric field values Ek < 103 V/cm, primary and implanted crystals exhibit monopolar injection. At values of
E > 103 V/cm, an increase in current due to the Frenkel mechanism is observed as a result of thermal ionization of local
levels in all crystals. At low temperatures in thermally annealed GaSe:H+ crystals, the charge transport mechanism has a
non-activated character.
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MEXAHI3M TPAHCIIOPTY 3APAAY B IMINIAHTOBAHOMY MOHOKPUCTAUJII p-GaSe:H+
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VYV nmocnimpkeHHI MpoaHali3oBaHO BIUIMB paaiaunidHux aedektiB MoHokpucrtana p-GaSe, iMmantoBaHoro ionamu H+ (70 keB), Ha
MexaHizM nepenocy 3apany. Jociimkenns nposoauiu pu 100K i 300K B enexrpuunomy nosti 10%-10* B/cm. JlociakeHns noKasano,
1110 €HEPris aKTHBAIlil HOCITB 3apsily, IHKEKTOBAHKX MPH HU3bKUX TEMIIEpaTypax i enekrpudnux noisx E < 103 B/cm, konusanacs B
Mmeskax 0,23-0,39 eB. 1le cnocrepiranocs uyepes 3aXOIUICHHS HOCIIB 3apsily B KOHLEHTpallilini nactku mpubmusno 9-1013 em3, mo
HpH3BEJIO [0 MOHOMONApHOi imxkekuii. ¥ momsx E > 103 B/cm crnocTepiranocs piske 3pocTaHHS CTpyMy, HIO HOSCHIOBAIOCS
TEPMOIOHI3aLI€I0 JIOKATEHUX DPIBHIB 3a MexaHi3sMoM ®penkens. JlOCIiJDKEHHSIM BCTAHOBJICHO, IO MEXaHi3M INEPEHOCY 3apsay B
kpucranax GaSe:H+ npu HU3BKUX TeMIepaTypax Mae HEAaKTMBOBAHUI XapakTep.
Kurouosi cinoBa: ivnranmayis;, GaSe; monokpucman; mexanism @penxens



