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Abstract: Single crystals of GaS were prepared by a modified of Bridgman
technique. Measurements of electrical conductivity and Hall-coefficient
are performed in a single crystal GaS parallel and perpendicular to c-axis.
At room temperature the conductivity ratio (oL /07, ) is equal to ten. The
study covers a wide range of temperature. It was found that the samples
have p-type conductivity. In the intrinsic conduction region an energy gap
of 2.5eV occured The ionization energy is determined. Very strong
anisotropy in the hole mobility parallel and perpendicular to c-axis was
observed. The scattering mechanism at low and high temperatures is
checked.

1. Introduction

Crystalline materials with high anisotropy of physical properties have attracted
ever growing attention recently. For many years, the properties of layered
crystals have constituted a major research area in solid state physics.!"! In recent
years, a great deal of interest has been focused on semiconducting III-IV
compounds. This interest has been driven by their possible device
applications.””” Ga$ is a chalcogenide binary layered compound and the interest
in this material is stimulated not only by its fundamental properties, but also by
possible practical application. A description of the phase diagram for Ga-S and
structural studies of all the solid phases are given by many authors.**
Investigations on GaS have revealed that this compound has interesting
semiconducting properties.

GaS$ is a layered semiconductor’” of the III-IV with a crystallographic
structure similar to the InSe and GaSe. Crystals with layer structure are
characterized by strong (covalent) bonding within the layers and weak
(probably, of Vander waals type) bonding between the layers. The structure of

3



R.H. Al Orainy 4

individual layer differs from crystal to crystal. Semiconductors of A;B¢ group
GaS, GaSe and InSe have a more complex, four-fold® structure of a layer.
Several works on the crystal structure and optical properties of GaS have been
reported.”'*!

At present the electrical properties and Hall effect of the GaS compound is
poorly investigated and the data reported in the literature are ambiguous.

Since a good general picture of the physical behavior of a semiconductor
can be obtained by measuring the electrical conductivity and Hall effect. In the
present note experimental results on the electrical conductivity, Hall effect, and
their dependence on temperature in two crystallographic direction are described,
in view of the current interest in this material and its possible practical
applications.

2. Experimental Technique and Procedure

Single crystals of the layered compound GaS were prepared, by a modified
Bridgman technique. Using a quartz ampoule with pointed lower end to
facilitate seeding in the growth process containing a molten charge evacuated to
about 10° mmHg and sealed under vacuum. High purity material (99.999%)
were used. The ampoule with its charge was introduced in a three-zone tube
furnace. At the beginning of the growth run the ampoule was held in the hot
zone of the furnace to about 10 hours for melt homogenization, where the
temperature was just above the crystalallization temperature, then allowed to be
drawn with a very slow rate (1.7mm/h) to enter the middle zone where the
temperature corresponds to the crystallization temperature of the compound.

This temperature is 950 ¢ according to the phase diagram'®. Finally the
ampoule enters the last zone of the furnace where the temperature is just below
the melting point. Such process requires a very long time, of at least 15 days to
be performed. Since the pointed tip enters the lower part of the furnace first, the
charge will start to crystallize there. As the ampoule continues to be lowered,
crystallization proceeds to take place until all the contents solidify. The
apparatus and procedure for crystal growth are mainly the same as those
described in the previous work.!"!

The product- a bright yellow crystal- is identified by X-ray analysis and
DTA to be GaS.

In preparing the samples for electrical measurements, care was taken to cut
them from region of the ingots in which the layers of the crystal lattice were
near to one another.
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The samples were 4.3x1.4x1.2 mm (in the J / C 2/ H case) and
6.0x1.5x1.0 mm in the case of (J_£C // H). The samples had natural mirror
faces. Ohmic contact for the conductivity and the Hall coefficient measurements
were obtained by painting silver paste into the freshly prepared surfaces of the
specimens. The ohmic nature of the contacts was checked by recording the
current-voltage characteristics. It is convenient for Hall contacts to be infinitely
small so that they do not distort the current flow. Samples are then mounted in a
pyrex glass cryostat designed for electrical measurements at different
temperatures.

A compensation method is used for measuring voltage without drawing
appreciable current. For this purpose a Tensely potentiometer is used. By the aid
of two selector terminals the Hall voltage and temperature can be measured
simultaneously. This potentiometric method of voltage measurements is a
standard method to remove the influence of contact resistance on the specimen
properties. Variac transformer is used to control temperature variation. The
temperature is recorded by means of a cupper-constantan thermocouple. Using a
reversing switch all thermomagnetic effect, with the exception of the
Ettingshauasen effect, can be eliminated by suitable averaging of the measured
Hall emfs.

In general, the error due to the Ettingshauasen effect is small and can be
neglected, particularly if the sample is in good thermal contact with its
surroundings.!"® All electrical measurements are carried out under vacuum to a
void oxidation of the specimen at high temperature and to eliminate
contamination with water vapour at low temperature.

3. Results and Discussion

The temperature dependent behavior of electrical conductivity of gallium
monosulphide single crystal samples has been studied in a wide range of
temperatures. Figure 1 may serve to illustrate the variation of electrical
conductivity with temperature for GaS single crystal. The curves show the
typical semiconductor behavior. In general ¢, is higher than ¢, and the ratio
between electrical conductivities ¢,/ o, is approximately equal to 10. For
instance at room temperature o~ 10" ohm™.cm™ and 6,~10"% ohm™.cm™.

At low temperature the carrier concentration is determined by the number of
ionized acceptors and consequently the conductivity increases slowly. When
intrinsic conduction becomes important the conductivity rises very rapidly with
temperature due to the rapid increase in total carrier density (electron plus
holes). This means that the intrinsic conduction becomes more favorable at
higher temperature, since the intrinsic concentration increases rapidly with
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temperature. The energy gap width (AE,) is found to be 2.46 V. In the extrinsic
region the impurity ionization energy (AE,) can be calculated, and it is found
that (AE,) approximately equal 0.22 eV for 6, and 0.15 eV for g,

We notice in Figure 1 the existence of intermediate region which extends
from 200-320K corresponding to the impurity exhaustion range. In this range
all the impurity atoms are ionized but no noticeable excitation of intrinsic
carriers take place because of that the carriers concentration remains
approximately constant and equal to the impurity concentration. The variation
of electrical conductivity parallel and perpendicular to c-axis can be attributed
to the anisotropy of carrier mobility. The temperature dependence of Hall
coefficient is represented in Figure 2. From the results and the curves we can
conclude the following:

1- The Hall coefficient for GaS single crystal has a positive sign,
indicating that the sample has a p-type conductivity.

2- There are two different values of the Hall coefficients, one which is
measured with the magnetic field parallel to c-axis, and the other is

measured with the magnetic field perpendicular to c-axis.

3- In the intrinsic conductivity range, Hall coefficient varies linearly and

rapidly with temperature, but in the impurity region it varies slowly.

In the intrinsic region the Hall coefficient Ry obeys the relation:

A -u, L AE
RHZ_M(NC_NV) 2exp [ g}
e H,+H, 2KT
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Since the mobility part #P is independent on temperature, the width of the
P

+ﬂ/7
forbidden gap (AE,) can be determined from the relation between Ig RyT*?
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Versus .-

lg (R,,T%j
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Fig. 2: Dependence of Hall coefficient on temperature for P-type GaS single crystal.
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Fig. 4: Variation of charge carrier mobility with temperature.
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Figure 3 represents the above relation.

The band width of the forbidden gap as calculated from the slope of the curve in
the intrinsic region is approximately 2.54 eV. It appears from the curves that in
the extrinsic region, the Hall coefficient is much less temperature-dependent,
while in the intrinsic region, the Hall coefficient sharply decreases as the
temperature increases.

The Hall constant can be used to determine the Hall mobility.

Hy =R,0o
Thus the mobility of free charge carriers can be determined from measuring
both the electrical conductivity and Hall coefficient in extrinsic region.

Experimental measurements of the influence of temperature on the mobility are
plotted in Figure 4. From which two regions can be distinguished: At low
temperatures, the mobility seems to increase reaching a maximum value u, =12
cm?/V.sec corresponding to 166 K and 11,=80 cm®/V .sec corresponding to 250 K.

At low temperatures, it is found that both x, and u, follows a T

dependence. In this range of temperatures impurity scattering dominates. At
high temperatures both p, and u, have been found to follow a T
dependence, this leads to assumption that lattice scattering dominates and the
impurity concentration has little effect on the mobility. The mobility is seem to
decrease with increasing temperature. Lattice scattering which is due to thermal
vibration of the atoms in the crystal, disrupts the periodicity of the lattice and
thereby impedes the motion of free carriers. The difference between x, and
can be attributed to strong anisotropy of carrier mobility.

From the temperature dependence of the Hall coefficient, temperature
dependence of the charge carrier concentration may be experimentally
determined.

Figure 5 shows the dependence of charge carrier concentration on
temperature. The width of the forbidden gap is calculated and found to be equal
to 2.50 eV. From the figure we notice that the concentration of carriers in the
intrinsic region increases rapidly with temperature, while it increases slowly
with temperature in the impurity region. At room temperature the concentration
of free charge carriers lies between 10* and 10°cm™.
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Fig. 5: Temperature dependence of carrier concentration for GaS compound

4. Conclusion

A special design, based on Bridgman technique was used for preparation of
single crystals of GaS. The resulting ingots were identified by X-ray and DTA

analysis.

Measurements of Hall coefficient and DC electrical conductivity cover a
wide range of temperature. The investigated samples have p-type conductivity.
The energy gap and the ionization energy AE, were estimated. The scattering
mechanism of free charge carrier was checked.

In the present work we describe for the first time the electrical conductivity
and Hall effect in two crystallographic directions for gallium sulphide single
crystal.
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