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The effect of defect formation in the crystal lattice of gallium monoselenide (GaSe) on the electronic structure was studied
using density functional theory (DFT) calculations. The atomic structure of a 32-atom gallium monoselenide supercell
containing both gallium vacancy and selenium vacancy is constructed. The crystal hexagonal structure of € — GaSe is optimized
and the lattice parameters are calculated. The band structure of a 32-atom € — GaSe supercell has been studied by the DFT/LDA
method (local density approximation). The atomic structure of a 32-atom gallium monoselenide supercell containing selenium
vacancy has been constructed. The length of the chemical bond between atoms in different supercell configurations has been
calculated.

Dielectric measurements of y-irradiated p-type ¢ — GaSe < T1 > single crystal in the frequency range f = 5-10* — 3.5-10”
Hz made it possible to establish the relaxation nature of the permittivity dispersion, as well as the nature of dielectric losses in
the single crystal. The values of the static permittivity of a € — GaSe < T1 > single crystal are calculated for various doses of
y-irradiation, as well as the frequency and time of relaxation. It has been established that with an increase in the y-irradiation
dose up to 2.05 Mrad, the dielectric coefficients and conductivity of the e — GaSe < Tl > single crystal decrease.

Keywords: DFT/LDA calculations, supercell GaSe, single crystal, doping, y-irradiation, complex dielectric permittivity,
frequency dispersion, dielectric loss, conductivity.
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1. INTRODUCTION compensation of acceptor levels, whose concentration
in GaSe reaches 10Y-10'® c¢cm= [10]. The results of

The study of compounds of the GaX type (X —S,  studying of the temperature dependence of the ohmic

Se, Te) is relevant for both micro- and nanoelectronics. conductivity of p-type & — GaSe single crystals doped
These monochalcogenides belong to the class of  ith thallium (1, 2 and 2.5 mol.% TI) are presented in
semiconductor layered compounds of the A"'BV! type. [11]. It was found that, at temperatures T < 250 K, & —
They are important for use as active materials invarious  GaSe < Tl > crystals exhibit hopping conduction with
photosensiti_ve structures, tran_sducers,_ radiation 5 variable hop length across their natural layers in a
detectors, light modulators, and information storage direct electric field. It was shown that an increase in the
devices [1-9]. ] ) concentration of doping thallium in & — GaSe leads to
One of the I1I-VI type compounds is gallium 4 jncrease in the conductivity and density of states
monoselenide GaSe. Four polytypes of GaSe are  pear the Fermi level. In this case, the average distance
known: B, €, v, 8 modifications [6]. In particular, solar  anq activation energies of hops decrease. However, the
cells, efficient photodiodes, and devices for generating  jjglectric properties of & — GaSe < Tl > single

and detecting radiation have been created based on  cystals in alternating electric fields have not yet been
GaSe. The GaSe compound is easy to process and can ¢t died.

be given tlje desired configuration due _to strong in- The purpose of this work is the ab initio studying
plane bonding between atoms and weak interlayer van  f the effect of crystal lattice defect formation on the

der Waals bonding. However, the mechanical gjectronic structure of GaSe and determination of the
properties of GaSe are poor and it has a low hardness. dielectric characteristics of & — GaSe < Tl > in

To improve the mechanical properties of GaSe and  3jiernating electric fields, as well as the effect of

preserve its optical characteristics, the latter is doped gamma irradiation on electrical properties.

with various impurities. The study of the electrical

properties of semiconductors in direct and alternating 5> cOMPUTATIONAL AND EXPERIMENTAL

electric fields provides information on the nature of METHODOLOGY

charge transfer and localization of states in the band

gap. Inthis case, it is necessary to know the temperature 2.1 CALCULATION METHOD

and frequency dependences of direct and AC

conductivity. Ab initio calculations were carried out in terms of
The electrical properties of GaSe crystals are  density functional theory (DFT), including the electron

significantly affected by defect formation, the effect of  density p(7). It was assumed in the calculations that the

external radiation, and the concentration and type of  energy of the ground state of the system consists of the

introduced impurities. For example, the introduction of ~ following contributions: the kinetic energy of electrons,

tin into the crystal lattice of € — GaSe results in the the energy of the Coulomb interaction of electrons, the
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energy of electrons with nuclei, the exchange-
correlation energy, and the energy of the external field,
which includes the electron-ion single-particle energy
and the constant energy of the ion-ion interaction

Elp(®)] = T[p(M] + [ Vo(Pp() dr +

)

p(Mp (")
T

77 drdr' + Exc[p()]

where [[ V,()p()di is the electron-nuclear
o S
interaction, fp(l;)_ipf(,rl)d?df’ is the Coulomb

interaction between electrons, Exc[p(#)] is the
exchange-correlation interaction, which contains all
other electron-electron interactions.

The exchange-correlation  functional — was
approximated in terms of the local density
approximation (LDA). Basic principles calculations
were performed using the Atomostix ToolKit program
using the local density approximation. The Perdew-
Zunger (PZ) exchange correlation function was used in
the calculations using base sets with double zeta
polarization (DZP). When optimizing the crystal
structure, the maximum value of the interaction force
between atoms was taken to be 0.01 eV/A. In
calculations, the maximum value of the mechanical
stress tensor was assumed to be <0.01 eV/AS3 [12].

Crystal structure optimization continued until the
structural parameters were balanced. Integration over
the Brillouin zone was carried out at specific points
using the 2 x 2 x 2 k-point according to the Monkhorst-
Pack scheme. The maximum value of the kinetic energy
during the wave function decomposition did not exceed
150 Ry. The wave function decomposition of valence
electrons into plane waves was limited to an energy of
300 Ry. Basic principles calculations were performed
for a 32-atom GaSe supercell.

2.2 EXPERIMENTAL TECHNIQUE

To conduct research, we grew thallium-doped p-
type € — GaSe single crystals (e-modification, space
group P6m2 (D3,)) by the Bridgman method. The
content of thallium in p-GaSe was 0.5 mol %.

Samples for electrical measurements were
fabricated in a “sandwich” structure; an alternating
electric field was applied across the natural layers of a
GaSe single crystal. Silver paste was used as a contact
material. The thickness of the studied p-GaSe single
crystals was 660 um, and the subcontact area was 0.15
cm?. Electrical measurements were carried out at T =
300 K.

The dielectric coefficients of the single crystal
GaSe <TI> were measured by the resonance method.
The frequency range of the alternating electric field was
f=5.10* — 3.5-107 Hz. During electrical measurements,
the samples were placed in a shielded chamber. The
amplitude of the alternating electric field applied to the
samples corresponded to the Ohmic region of the
current-voltage characteristic. The accuracy of
determining the resonant values of the capacitance and
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quality factor (Q = 1/tgd) of the measuring circuit is
limited by errors associated with the degree of
resolution of readings by devices. The capacitor
calibration had an accuracy of = 0.1 pF. The
reproducibility of the resonance position was £0.2 pF
in terms of capacitance and £1.0-1.5 divisions of the
scale in terms of quality factor (Q = 1/tgd). In this case,
the largest deviations from the average values were 3—
4% for € and 7% for tgé [7-10].

Gamma-irradiation of the samples was carried out
on a continuous radiation chemical installation
(RKhUND - 20000) from a source of Co®. The energy
of y-quanta was 1.25 MeV. The dose of y-irradiation
was accumulated by successive exposures in the same
sample and amounted to 50 krad and 2.05 Mrad.
Dielectric measurements of the samples were carried
out after each irradiation.

3. CALCULATION, EXPERIMENTAL
RESULTS AND DISCUSSION
3.1 CALCULATION RESULTS

In terms of DFT theory, the LDA approximation
was used for the calculation. The main shortcomings of
this approach are that it is based on a one-electron
description of the electron density of the system, which
includes an orbital-independent potential. DFT/LDA
calculation of the band structure of semiconductors
usually results in an underestimated value of the band
gap (Eg) in comparison with the experiment. In the
LDA calculation for densities of states characteristic of
solids, the determined range of exchange-correlation
effects is short. DFT/LDA is better applicable to solids
that are close to a homogeneous gas (for example, the
free electrons of a metal). On the other hand, the
advantages of DFT/LDA are that it allows to accurately
describe the kinetic part of the system's Hamiltonian,
the long-range part of the Coulomb interaction, and
calculate the model parameters.

In order to correct the shortcomings of the
DFT/LDA calculations of the band structure, known
corrections are used (for example, double counting,
including the Hubbard model and the Anderson
impurity model) and calculation methods [Giu]. Below
are the results of calculations of the electronic structure
of € — GaSe, which include the determination of the
exchange-correlation potential (functional) in the LDA
approximation. To eliminate the shortcomings of LDA
and to more accurately calculate the exchange-
correlation energy, generalized gradient expansion
(GGA) is usually used. DFT/GGA calculation of
electronic properties includes different ways of
specifying functions. For large gradients of the density
of states, these functions enable to preserve the
specified properties of the system.

The results of DFT calculations of the GaSe band
structure using the generalized gradient expansion
(GGA) will be presented in another paper. In
DFT/LDA calculations, individual layers were
modeled on supercells composed of a unit cell of a
layered € — GaSe crystal (space group P6m2 (Di,)
(Fig. 1). The general view of such supercells is shown
in Fig. 2a-c.
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Fig. 1. Crystalline structure and layer stacking for
crystal € —polytype GaSe.

Comparison of the results of DFT calculations of
the structural parameters of GaSe (a = 3.706 A; ¢ =
15.778 A) with the lattice parameters of bulk £ — GaSe
samples (a=3.755 A; c=15.946 A [13];a=3.755 A;
¢ = 15.940 A [6]) indicates good agreement between
them. The band gap (E,) of the 32-atom GaisSeis
supercell is E; = 0.99 eV when calculated by the LDA
method. The LDA method was also used to calculate
the E, value of the GaisSeis supercell containing Ga
vacancy (Fig. 3a). In the case of Ga vacancy, the value
of E; = 1.6 eV. The calculated E, for GaisSe1s supercell
containing the Se vacancy is 1.7 eV (Fig. 3b). This
value of E, is also underestimated compared to the
experimental data (1.952-2.086 eV).

This underestimation of E, of the € — GaSe is due
to a well-known shortcoming of the LDA
approximation. The length of intralayer and interlayer
bonds (Se-Ga, Ga-Ga and Se-Se) was calculated in a
32-atom GaSe supercell. In particular, the bond length
between the 12th Se atom and the 25th Ga, the 24th and
26th Ga, the 30th Se and the 12th Se atom (Fig. 4)
agrees with the experimental data. In other words, good
agreement with the experimental data for € — GaSe is
obtained: d(Se-Ga) = 2.485 A, d(Ga-Ga) = 2.383 A,
d(Se-Se) = 3.840 A.
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Fig. 2. Atomic structure of a gallium monoselenide supercell: a — 32-atom GaSe; b — 32-atom GaSe
containing gallium vacancy; ¢ — 32-atom GaSe containing selenium vacancy.
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Fig. 3. Band structure of a 32-atom GaisSeis supercell calculated in the LDA approximation: a — GaisSeis
supercell containing Ga vacancy, b — GaisSeis supercell containing Se vacancy.
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Fig. 4. Atomic structure of a 32-atom GaSe supercell containing a selenium vacancy. The numbers in the
figure indicate the numbers of atoms used to calculate the chemical bond length.

3.2. EXPERIMENTAL RESULTS

Figure 5 shows the frequency dependences of the
real component of the complex permittivity (g') of the
€ — GaSe < TI > sample before (curve 1) and after y-
irradiation with different doses (curves 2 and 3). As
follows from Fig. 5 ¢’ of the unirradiated GaSe <TI>
sample undergoes significant dispersion  with
increasing frequency. Thus, in the studied frequency
range, the value of &' decreases by an order of
magnitude with increasing frequency. At the same
time, the main decrease in ¢’ is observed in the
frequency range of 5x10%-10° Hz, and at f >10° Hz, ¢’
weakly depended on frequency. A similar situation was
observed in the GaSe <TI> sample after its y-irradiation
with a dose of Dy = 50 krad. The specified irradiation

dose almost did not change the dielectric permittivity
of the sample, slightly increasing its value before y-
irradiation. A higher dose of y-irradiation (2.05 Mrad)
led to a decrease in the value of €' of the GaSe <TI>
sample (by a factor of 1.6 at f = 5x10% Hz). The nature
of the change in ¢ with frequency indicates the
relaxation dispersion of the permittivity of the GaSe
<TI> single crystal both before and after its irradiation
with y quanta. The smallest value of ¢’ measured at high
frequency (f = 3.5x107 Hz) can be considered as the
optical permittivity (¢'op) Of the GaSe <TI> single
crystal. The &' Values of the GaSe <TI> sample before
and after y-irradiation were approximately the same
(table). Those. y-irradiation even with a dose of 2.05
Mrad almost did not change the value of €'opt.
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Fig. 5. Frequency dispersion of the dielectric permittivity of a single crystal p-type € — GaSe < Tl > before
(curve 1) and after (curves 2 and 3) y-irradiation with doses Dy: 2 — 50 krad; 3 — 2.05 Mrad. T= 300 K.
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Table

Dielectric parameters of single crystal € — GaSe < T1 > before and after y-irradiation

Dy, rad thmax Syopt 8’st A 8’ fl, HZ fl’! HZ
0 211 12.9 2549 | 242 10° 2.2:10*
5.10% 191 12.7 210 | 197.3 10° 2.5-10*
20510° | 1.72 127 | 1747 | 162 | 105 | 2.7.10
1
20
164 3
2
o
o 1.2 |
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0 1 | | |
5 6 7 8
10 10 10 10
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Fig. 6. Frequency dependences of the dielectric loss tangent in a single crystal p-type € — GaSe < Tl > before (curve 1)
and after (curves 2 and 3) y-irradiation with doses Dy: 2 — 50 krad; 3 — 2.05 Mrad.
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Fig.7. Frequency-dependent ac-conductivity of a single crystal p-type € — GaSe < Tl > before (curve 1) and after
(curves 2 and 3) y-irradiation with doses Dy: 2 — 50 krad; 3 —2.05 Mrad.

Fig. Figure 6 shows the frequency dependences of
the dielectric loss tangent (tgd) in a GaSe <TI> single
crystal before (curve 1) and after y- irradiation (curves
2 and 3). At f = 10° Hz, curves 1, 2, and 3 passed
through a maximum and then had a decreasing
character. The values of tgdmax in the non-irradiated and
y-irradiated GaSe sample <TI> are given in the table.
From the table and Figure 6 it is seen that with an
increase in the dose of y-irradiation, the values of tg&max
in the GaSe <TI> sample decrease, and the peak itself
becomes more blurred. At high frequencies (f > 107

Hz), the values of tgd in the GaSe <TI> sample before
and after y-irradiation differed little. The shape of the
experimental curves tgs(f) in the GaSe <TI> sample is
characteristic of the frequency variation of the
dielectric losses, taking into account the contributions
of the relaxation mechanism and the electrical
conductivity of the crystal [14]. The observation of the
maximum on the curve tgd(f) indicates relaxation
losses in GaSe <TI>. The presence of one maximum on
the tgd(f) curve indicates that the GaSe <TI> single
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crystal has one relaxation time. For relaxation
processes at the frequency f = f; [15]
gl —¢g!
tgé‘max — st opt (1)

’ ’
2\/ Eq " Eopt

Knowing the experimental values of tgdmax and
€ opt from relation (1), the static permittivity (¢'s;) of the
GaSe <TI> single crystal was calculated (the largest
possible value of & of the crystal at an infra-low
frequency or at a constant voltage). The calculated
values of ¢'s; of the GaSe <TI> sample before and after
y - irradiation are given in the table, which shows that,
unlike €'opt, the value of €'st decreases after exposure to
the sample y - irradiation.

The values of increment of dielecrtic permittivity
(Ae'= &'st—¢'opt) Of the GaSe <TI> sample before and
after y - irradiation are also calculated, which are also
given in the table. The experimentally obtained value f;
= 10° Hz, at which tgé passes through a maximum,
made it possible to determine the relaxation frequency
(f;) from the relation

— Egt
ft - f‘;‘ <
opt

The values of f, in the unirradiated and y-irradiated
GaSe <TI> sample with different doses are given in the
last column of the table. In this case, the relaxation time
in the unirradiated single crystal GaSe <TI> was t =
4.5.10% s, and after y-irradiation with doses of 50 krad
and 2.05 Mrad t = 4.10° and 3.7-10°% s, respectively.
Those. after y - irradiation, the relaxation time in the
GaSe <TI> sample decreased. Figure 7 shows the
frequency dependences of the ac-conductivity (ac-
conductivity) of an unirradiated and y-irradiated GaSe

)

<TI> single crystal at T = 300 K. As the frequency
increased from 5-10* to 3.5-107 Hz, the value of o
increased. Gamma irradiation with a dose of 50 krad
had no significant effect on the conductivity of the
GaSe <TI> single crystal. After y-irradiation of the
GaSe<TI> sample with a dose of 2.05 Mrad, its ac-
conductivity decreased (Fig. 7, curve 3).

4. CONCLUSIONS

The calculation of E, of a GaSe supercell
containing Ga vacancy shows that doping increases the
value of £, = 1.6 eV. A similar thing also happens when
calculating the GaieSeis supercell containing Se
vacancy, where E, = 1.7 eV. To correct the
underestimated value of Ej, it is necessary to take into
account  the  corresponding  corrections and
contributions to the calculation of the energy of the
system. The calculated distance between atomic nuclei
in a 32-atom GaSe supercell is in good agreement with
the experimental data. The calculated length of the
intralayer chemical bond is d(Se12-Ga25) = 2.466 A,
d(Se4-Gal7) = 2.662 A. The interlayer bond distance
d(Ga24-Ga26) = 2.39 A, d(Se30-Sel2) = 3.6995 A is
in good agreement with the experimental data of € —
GaSe: d(Se-Ga) = 2.485 A, d(Ga-Ga) = 2.383 A, d(Se-
Se) =3.840 A.

It has been established that the dielectric
coefficients and conductivity of the € — GaSe < Tl >
single crystal exhibit frequency dispersion and also
decrease under the influence of y-irradiation. In other
words, by changing the frequency of the alternating
electric field applied to the GaSe <TI> single crystal, as
well as by the action of y-irradiation, its dielectric
coefficients and conductivity can be controlled.
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