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Abstract. The paper represents results of investigation in the wide temperature interval
(4.2...300) K of hopping conductivity in GaSe single crystals doped by cadmium impurities
(0.01 and 0.1 atomic percent) during crystal growing. Specific resistance of GaSe doped by
cadmium at room temperature is equal to 31 and 250.0 ohm-cm, concentration of impurities
is 1013 and 2.0x10!¢ cm™, mobilities are equal to 25.0 and 12.0 cm?/V-sec, respectively. It is
ascertained that specific resistance weakly depends on temperature at (5...33)K, activation
energy of this conductivity is 1.2x1073 eV, and it is determined by hopping mechanism of
charge transfer. At temperatures (33...100)K, activation energy of conductivity is 7.8x102 eV,
and it is connected with hole transfer in empty band.
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Experimental results

Up to now, an electrical conduction in lamellar mono-
crystals of GaSe was investigated in the wide range of
temperatures (70...700) K [1, 2, 3, 4]. First, we studied
an electrical conduction of GaSe from helium tempera-
tures up to the room ones (4.2...300) K.

The experiments have been carried out using GaSe
monocrystals grown by Bridgman method and doped by
cadmium impurities (0.01 and 0.1 atomic percents) dur-
ing their growth.

p-type GaSe samples with dimensions of 1.4x0.4x
x0.02 cm? and 0.9x0.35x0.023 cm?® were made in the
parallelepiped form. Indium contacts were fused in
vacuum at temperatures from 350 to 400°C for an hour,
and they were used as ohmic contacts. Specific resistances
of GaSe samples doped by cadmium at room temperature
are 31.0 and 250.0 ohm-cm. It is known [4] that the ele-
ments of the Periodic Table second group are acceptor
dopants in GaSe, and therefore the decrease of a specific
resistance by four orders as a result of doping by cad-
mium enabled us to carry out measurements nearby he-
lium temperatures. Impurity concentration N4 determined
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from measurements of the Hall effect at room tempera-
tures for both samples is 1013 cm™ and 2.0x10'°cm, and
mobilities are equal to 25.0 and 12.0 cm?/V-sec, respec-
tively. Temperature dependencies of a specific resistance
for GaSe samples in the temperature interval 4.2-100 K
are shown in Fig. 1. Two sections can be marked on the
temperature dependence curve p (7) (curve 1): low tem-
perature section 5-33 K (k7T<<E,) and high tempera-
ture section 33-100 K (kT > E ), where E 4 is p-type ioni-
zation energy. In the first temperature range, the depend-
ence p on T 'is weak, and activation energy of this con-
ductivity is &5 =1.2x103 eV(p = pge_£3’ K ). This energy
is conditioned by hopping mechanism of charge transfer
with further saturation (transfer temperatureis 7=11 K).
Hopping conductivity & with saturation was determined
experimentally in low-doped and compensated samples
N 4a*<<1, where N is the concentration of majority im-
purities; « is the localization length of a wave function in
Ge samples [7, 8], and it was also theoretically described
in [5]. As shown in [5], the reason of saturation of hop-
ping resistance is connected with a temperature depend-
ence of electron concentration on the n-type impurities
(n= Np exp(-€3/KT)), and the saturation appears at the

287



A.M. Pashayev et al.: Hopping conductivity in GaSe monocrystals at low ...

lgp(ohm @m)

8 1 | 1 1

50 100 150 200

1057 (K7

Fig. 1.
conductivity (b) for GaSe samples.

temperature Ty = & In"!(N 4/Np). Knowing transfer tem-
perature Ty and value of activation energy for hopping
conductivity & we can determine the compensation /k =
Np/N 4/ of majority impurities and it is equal to 0.31. As
shown in [5], the value of k can be also determined in the
presence of almost horizontal section of saturation by
the value of preexponential factor p; and by the value of
hopping resistance P, as their ratio: k = =p3/ pPgye. It is
seen from Fig.l that p; = 2.08x10!%hm[dm,
Psat = 6.3%x101%hm[dm, then & = 0.32, and it is in well
accord with previous determination regarding transfer
temperature 7. Knowing compensation value for GaSe
sample (N4 — Np =10 cm~3) we can determine concen-
tration of majority impurities equal to 1.400' cm 3.

The concentrations of majority impurities estimated
2n1/3
e“N

by the energy activation value & (&3 =0.99 X

x(1-0.3k~Y3), where ¥ is a capacitivity of GaSe sample
and x is 10.6) equal to 10> cm™ and 2000'® cm™. These
results are in well accord with values of N4, determined
from the Hall effect.

The estimation of state radius a from experimental
data f3 and pre-exponential factor of the hopping resist-
ance py ( p3 = perNl/3 /a) for GaSe gives a value equal
31A. The value py was determined by the following for-
mula: pp = Ca3(NY3a)?, at 5= 0 and it was 4010’ ohmIdm,
[6], where C = %TQ dy v

e
stance, v is a velocity of longitudinal sound wave, £is a

constant of deformation potential.
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Temperature dependencies of specific resistance (a) and concentration dependencies of activation energy of hopping

The dependence &; from the concentration of impuri-
ties for GaSe samples (N 4,=10cm > and N = 200'°cm3)
has been shown in Fig. 1b. It is seen that the value of
£3® coincides with theoretical line, subject to large-scale
fluctuation of potential at k¥ = 0.3 for the sample with
N4 =10 cm3. The value of for GaSe sample with N =
200'% cm—3 deviates from the theoretical line and the de-

.. .1 _ .
viation valueis =Q =10%eV and it indicates the forma-

tion of quantum impurity band conditioned by the over-
lapping of wave functions from neighboring impurity
centers.

At the second section of the curve p(7) the activation
energy of conductivity is 7.8002 ¢V and connected with
transfer of holes into the empty band. The conductivity
P(7) in the zone of & is mainly determined by the concen-

tration of free holes (0= N Aexp(—& )) in the valence

band and their mobility u(7).

The temperature dependencies of mobility, which was
recalculated from p(7) (points) at the values N,=10"cm
and £=7.8002eV as well as estimated mobility p(7) (full
curve) in the case of scattering on non-polar optic phonons
with energy 7w =18 MeV are shown in Fig. 2.

The calculation results of charge carrier mobility for
two-dimensional energy-band structure [1, 4] were used
for construction of t(7) curve. Availability of strong gra-
dient of deformation potential in lamellar crystals stipu-
lates dominating role of hole scattering on non-polar
optic phonons in comparison with acoustic phonons.

Authors [1, 4] got the following expression in case of
short-range potential for mobility along a layer:
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Fig. 2. Experimental (points) and calculated (full line) tempera-
ture dependencies of hole mobility in GaSe.
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and m, = 0.8m — mass of free holes along the layer; g2 =
= 0.24 — bond constant of holes with optic phonons [2].
From comparison of (1) and experimental results
(Fig. 2), authors came to conclusion that main contribu-
tion in W(7) is caused by hole scattering on lattice vibra-
tions with phonon absorption (2). The calculation of hole
scattering with phonon emitting p(7) does not practically
change the results of comparison with experiment. These
experimental data are in accord with results obtained by
authors [4], who measured p(7) in GaSe within the tem-
perature range between 80 to 700 K. Thus, we may ob-
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tain the following expression by comparison of [2] with
experimental data

T \-21
M= uo(TO) ©)

where T = 300K, 7129 = 50 cm?/V'sec.

Application of two-dimensional model for explana-
tion of temperature dependence of mobility justified with
the following: firstly, although electronic states in GaSe
are three-dimensional [9] because of allocation of elec-
tron density «incoming» into interlayer space, availabil-
ity of inhomogeneity caused by the packing of layers and
accumulation of impurities around such defects the con-
ductivity is essentially anisotropic; secondly, temperature
dependence of mobility points to the scattering on low-
frequency oscillations of a lattice, which are conditioned
by strong anisotropy of elastic constants due to different
bonding force perpendicular and across the layers.

Acknowledgement

The authors express grateful acknowledgement to Prof.
Gashimzadeh F.M. for useful discussions of experimental
results.

References

1. R. Fivaz and E. Moozer, Electron-phonon interaction in semi-
conducting layer-structures // Phys.Rev., A136(3), pp. 833—
836 (1964).

2. C. Manfredotti, A.M. Mancini, R. Murri, A. Rizzo and
L. Vasenelli, The electrical properties of p-GaSe // Nuovo
cimento, 39(1), pp. 257-268 (1977).

3. Ph. Schmid and J.P. Voitchovsky, Electron-lattice interaction
in gallium-selenide // Phys. Stat. Sol., 65(1), pp.249-254
(1974).

4. R. Fivaz and E. Mooser, Mobility of change in semiconduc-
ting lawer structures // Phys.Rev., 163(3), pp. 743-755 (1967).

5. B.I. Shklovskiy and I.Ya. Yanchev, Determination of semi-
conductors compensation factor on saturation effect of hop-
ping conductivity // Physics and techniques of semiconduc-
tors, 6, pp. 1616 (1972).

6. O.V. Emelyanenko, K.G. Masagutov, D.N. Nasledov, I.N. Tim-
chenko, Hopping conductivity on impurities in n-InP // Phy-
sics and techniques of semiconductors, 9(3), pp. 503-507 (1975).

7. H. Fritzsche, Electrical properties of germanium semiconduc-
tors at low temperatures // Phys. Rev., 99(2), pp. 406-411 (1955).

8. H. Fritzsche, Resistivity and Hall coefficient of antimony
doped germanium at low temperatures // J. Phys.Chem.Sol.,
6(1), pp. 69-75 (1958).

9. M. Schluter, The electrical structure of GaSe // Nuovo cimento,
13(2), pp. 313-360 (1973).

289



