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Abstract. High quality α – Ga2 S3 single crystal were grown by a 

modified Bridgman method. The crystals were identified by X-ray 

diffraction. Measurements of electrical conductivity and Hall effect 

were performed in the range [ 278 – 563K] and [158 – 496K] for 

thermoelectric power (TEP). From these measurements the 

conductivity of the crystals was p-type. The electrical conductivity, 

Hall mobility, and hole concentration at 300K were found to be about 

2.5x10-5 Ω-1 cm-1 , 1.67x104 cm2 v-1 s-1 and 9.58x109 cm-3 respectively. 

The energy gap was found to be 1.75 eV. From the obtained 

experimental data several physical parameters such as diffusion 

coefficient, diffusion lengths, effective masses, relaxation time of 

carriers were estimated. In addition to these pronounced parameters, 

the efficiency of the thermoelectric element [figure of merit] was 

evaluated which leads to better application in the field of energy 

conversion technique. 

Keywords: gallium sesquisulphide, single crystals, DC conductivity, 

Hall Effect, thermoelectric power. 

1. Introduction 

M2 X3 compounds (where M = Ga, In, TI and X = S, Se or Te) are the 

simplest 
[1] 

examples of materials whose structure is based on the 

tetrahedral atomic coordination as in the zincblende (ZB) structure, but in 
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which some atomic sites are empty. In the case of M2 X3 compounds one 

– third of the cation sites of the (ZB) or wurtzite structures available to 

group III atoms is vacant. It is apparent from the chemical formula that 

the valences are satisfied. In some of these compounds, the vacancies can 

be ordered to form a super lattice between certain temperatures. Although 

many recent papers have dealt with M2
III 

X3
VI 

- type compounds, their 

properties remain rather confusing. The reason for this is that the 

compounds of this type are defective in respect of their metal atoms: only 

two – third, of all cationic positions are occupied and every third site in 

the cation sub - lattice remains vacant. Consequently, the presence of 

these large number of intrinsic defects strongly affects the motion and 

scattering of current carriers and phonons, causing their thermal and 

electrical properties. Studies of M2
III 

X3
VI 

compound
 
have attracted the 

attention of researchers 
[2]

 because of their importance in photovoltaic 

applications. Moreover, these compounds have also reliable properties 

for applications in electro- thermal devices, such as solid solution 

electrodes. Ga2 S3 is a member for the above family and have very 

interesting electrical, photoelectric, thermoelectric and optical 

properties
[3-7]

. The Ga2 S3 compound is a very promising material for blue 

– green light emitting devices
[8]

 for having wide direct band gap.A 

description of the phase diagram for Ga–S has been reported
[9-10]

. Two 

types of compounds are found
[1]

 “Ga2 S3” occurs in four forms and
[2] 

two 

varieties of GaS are found. Several works
[11-14]

 on the crystal structure 

have been reported, photoluminescence properties of Ga2 S3 have been 

reported
[15]

. The effect of doping of transition – metal and rare – earth 

impurities on the physical properties of Ga2S3 have been studied
[16-19]

. 

There is considerable scientific and practical value in studying the 

transport properties. It is very essential to have a knowledge of the 

transport properties of semiconductor in order to understand their use in 

solid state energy conversion devices, and other application in 

microelectronics. The basic transport properties of a material are the 

electrical conductivity, Hall coefficient and Seebeck coefficient. 

Very little work has been done on the Ga2 S3 crystals. Only a few 

reports are found in the literature relating to the study of some transport 

properties of Ga2 S3. This gives us the opportunity to report this work. 

The object of the present investigation is to study the electrical 

conductivity, Hall Effect and thermoelectric power, and to determine the 

temperature variation in these properties. 
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2- Sample Preparation and Measurements 

2-1. Crystal Growth  

High efficiency, low cost, simple and local design was used for 

crystal growth. Three zone tube furnace based on Bridgman technique 

was used in our laboratory. Special technique and precautions were 

adapted to avoid difficulties in preparing such system containing sulphur. 

A silica tube was filled with 29.6132 g of gallium (59.2263% of the 

compound) and 20.3868g of sulphur (40.7737% of the compound). The 

purity of the starting materials can be stated as being 99.9999%. The 

silica tube was coated internally with a thin layer of carbon and then 

sealed under vacuum of 10
-6

 mm Hg.  

The ampoule, with its charge was mounted in the first zone of the 

furnace, where the temperature was higher than the melting point and 

kept for a suitable time. The melt was driven to the second zone and its 

temperature was adjusted according to the phase diagram
[9, 10]

 to be equal 

to the melting point. When the ampoule with its contents enters the third 

zone, gradual solidification occurs since the temperature is less than the 

melting point. The movement of the ampoule was very gently and slow 

(2mm/h) with the aid of the hydraulic mechanical system. 

 The growth method and the experimental apparatus have been 

described in detail elsewhere
[19]

. The single crystalinity of this material 

was verified by means of x-ray diffraction technique. The resulting single 

crystals had typical dimensions of 15 mm length and 4.5 mm in diameter, 

and showed a transparent yellowish-color. The X-ray diffraction analysis 

showed that these crystals have hexagonal structure with α-phase, which 

agrees with literature
[15]

. As usual in case of crystals examinations, the 

XRD is very useful not only for crystal identification but also for having 

an idea about the crystal quality. We did conclude the high quality on the 

basis of the following reasons:  

• Firstly, X-ray diagram showed different peaks (corresponding to 

JCPDS cards) without extra peaks.  

• Secondly, the peaks are very sharp and not broad. It is an 

established fact that the broadenings are functions of the crystal quality. 
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Fig. 1. Shows the X-ray diffraction pattern of α-Ga2S3 single crystal. 

2-2 Electrical Conductivity and Hall Effect Measurements  

Both electrical and Hall measurements were carried out in an 

evacuated Pyrex cryostat designed locally for this purpose
[20]

. The 

cryostat is used as a holder, evacuated container for liquid nitrogen (for 

low-temperature measurements) and as a support to the electric heater 

(for high-temperature measurements). For reliable electrical 

measurements, the electrical contacts were made by painting the sample 

with high-purity silver paste masks. The ohmic nature of the contacts was 

checked by recording the I-V characteristics. It was found to be linear 

and independent of the reversal current. The conductivity and Hall 

coefficient were measured by a compensation method with conventional 

dc type measuring system by using a Tinsly UJ33E potentiometer in a 

magnetic field of 0.5 T. The temperature range of investigation was 

extended from 278 up to 563 K. All measurements were carried out 

under vacuum condition of about 10
-3

 Torr. 

2- 3 Thermoelectric Power Measurements 

For studying the thermoelectric power (TEP) an evacuated 

calorimeter (10
-3

 Torr) was used to protect the sample from oxidation and 

water vapor condensation at high and low temperature respectively. The 

calorimeter has two heaters. The outer heater (the external source) 

discharges, its heat slowly to the specimen environment. The inner heater 

(connected to the lower end of the crystal) was used purposedly to 

properly control the temperature and its gradient along the specimen. The 
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measurement of thermoelectric power was made by establishing a 

temperature gradient between the two ends of the specimen (not more 

5K). 

In case of thermoelectric power measurements the investigated 

crystal was adjusted to be 10 mm in diameter and 5mm in length. 

The measurements were carried out by the compensation method 

with a high-sensitivity potentiometer (UJ33E type). Simultaneous 

measurements of temperature and the potential difference were carried 

out to increase the accuracy of the measurements. 

Details about the apparatus and method of measurements are 

outlined elsewhere
[21,22]

. The sample was supported between two holders, 

the lower one acting as a heat source and the upper as a heat sink. Two 

copper constantan thermocouples were used for temperature 

measurements across the two ends and the thermo EMF in the sample 

was measured relative to the copper. The thermocouples were made in 

contact with the upper and lower ends of the crystal sample and were 

electrically insulated. 

3- Results and Discussion 

3- 1 Electrical Conductivity and Hall Coefficient. 

The temperature dependence of electrical conductivity of α- Ga2S3 

single crystal sample was studied over temperature range from 278 to 

563K. The results were depicted in Fig 2. This curve is quite similar to 

the semiconductor behavior. From this figure three regions are obtained. 

The first region (278-358k) represents the extrinsic region, in this region 

the electrical conductivity increases slowly with temperature and this is 

due to the fact that the carrier concentration, in this region is determined 

by the number of ionized acceptors liberated from the impurity level. 

From the slope of the curve in this region. The impurity ionization energy 

∆Ea was found to be ≈ 0.3 eV. 

The second region from 358 to 473 K represents the transition 

region. The electrical conductivity increases very slowly with 

temperature increase. The behavior of σ here is governed mainly by the 

behavior of both charge carrion concentration and their mobility. The 
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third region which lies between 473-563 K represents the intrinsic region, 

where σ increases rapidly. 

The excitation of the carriers from the valance band to the 

conduction band is responsible for this rise of the conductivity where the 

temperature is high enough. The dependence in this temperature range 

follows the relation. 

 σ = σ0 exp (-ΔEg/2KT) (1) 

Where σ0 is constant, ΔEg the energy gap width. T the absolute 

temperature and K is the Boltzmann constant. From the above relation 

the energy gap can be calculated from the slope of this curve. It is found 

to be 1.98 eV. The room temperature conductivity of this sample is 

2.5x10
-5

 Ω
-1

 cm
-1

. 

Fig. 2. Electrical conductivity of α- Ga2S3 as a function of temperature. 

Fig.3 represents the relation between RHT
3/2

 and 10
3
/T. From the 

results we can conclude the following:  

1- The positive sign of RH indicates p-type conductivity. 

2- This curve consists of three regions, the first region in the 

temperature range from 278-358K represents the extrinsic region. From 

the slope of this part, the activation energy is calculated to be ΔEa≈0.3 

eV. The second region in the temperature range from 358-473 K, 

represents the transition region. The third region at high temperature 

represents the intrinsic region from the slope of this part, the energy gap 
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is calculated to be ΔEg = 2.0 eV. This value is in a good agreement with 

the conductivity measurements. The value of RH at room temperature 

equal to 6.52 ×10
8
 cm

3
 C

-1
. A combination of the Hall measurements and 

electrical conductivity data was used to study the temperature 

dependence of the mobility of the charge carriers. 

Fig. 3. Relation between RH T
3/2 and 103/T. 

Figure. 4 depicts the variation of μH as a function of temperature. 

The relation μH αT
n
 , governs the variation of the Hall mobility against 

temperature. The variation of μH with temperature can be divided into 

two regions. In the first region at low temperature, μH increases with 

temperature obeying μHαT
5
. This behavior agrees with semiconductor 

behavior. This behavior is characteristic of a scattering mechanism of the 

charge carriers on ionized impurities. In the second region the Hall 

mobility decreases with temperature by relation μH αT
-3.37

, which 

indicates that stoichiometric vacancies and certain defects are responsible 

for scattering processes. At room temperature the Hall mobility 

μH=1.67×10
4
 cm

2
/V. sec. the charge carriers concentration was calculated 

from Hall coefficient using the relation P =1/RH e, where p is the hole 

concentration and e is the electron charge. 
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Fig. 4. Behavior of Hall mobility as a function of temperature. 

Figure.5 represents the dependence of charge carrier concentration 

on temperature. From this figure we notice that the concentration of 

carriers in the extrinsic region increases slowly with increasing 

temperature, while it increases rapidly with temperature in the intrinsic 

region. The energy gap calculated from the slope of this curve in the high 

temperature range is found to be ΔEg=2.0 eV and the activation energy 

calculated in the low temperature range is equal to ΔEa≈0.3 eV. The hole 

concentration at room temperature is equal to p = 9.58×10
9
 cm

-3
. 

Fig. 5. Variation of carrier concentration with temperature.  
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3-2 Temperature Dependence of Thermoelectric Power of. α – Ga2 S3  

The thermoelectric power TEP measurements were performed as 

complementary part to the electrical conductivity and Hall Effect. The 

combination of the electrical and thermoelectric power measurement in 

the present investigation makes it possible to find various physical 

parameters such as carrier mobilities, effective masses of free charge 

carriers, diffusion coefficients and diffusion lengths as well as the 

relaxation time. The thermoelectric power α as a function of 10
3
/T of α-

Ga2S3 single crystal is shown in Fig.6. 

 

Fig. 6. Relation between α and 103/T for α- Ga2S3 single crystal. 

The value of α decreases slightly with temperature up to 169.5K. 

Afterwards α increases also slightly with temperature reaching a 

maximum value α =99 μ V/K at T= 250 K, this may be due to the rate of 

thermal generation of free charge carrier greater than the rate of 

recombination effect. After this α falls rapidly as the temperature 

increases till 294 K, reaching a minimum value α = 0.4 μV/K as a result 

of compensation process which takes place in this temperature range. 

With further rise in temperature a much increase in the magnitude of α 

has been observed α reached a maximum value 360 μV/K at 496 K, such 

behavior is expected in this intrinsic range where generation of both 

carriers contributes to the increases of α value. It is evident from these 



40 A.T. Nagat et al. 

measurements that α has a positive sign in the whole temperature range 

of investigation. This is in agreement with results obtained from Hall 

data. 

The behavior of thermoelectric power with temperature in the 

intrinsic region can be described by the equation given by Lauc
[23]

. 

 � =
�
� [

� − 1

� + 1
(
∆ Eg

2�� + 2) +
1

2
�	 
 ��

∗

��
∗
�
�/�

] (2) 

Where b is the ratio of electron to hole mobilities, ΔEg the energy 

gap, K the Boltzmann constant and *

n
m  , 

*

p
m  are the effective mass of 

both electron and hole respectively.  

The relationship (2) shown that a plot of α in the intrinsic range as 

a function of the reciprocal of absolute temperature is straight line as 

shown in Fig.6.  

The slope of the linear part is used to estimate the ratio of the 

electron to hole mobilities. Taking into consideration the value of ΔEg as 

obtained from the electrical conductivity and Hall effect measurements in 

the same range of T, the ratio b=μn/μp is found to be 2.273. Hence by 

using the value of μp=1.67×10
4
 cm

2
/ V.s, the electron mobility can be 

deduced and its value is found to be 3.797×10
4
 cm

2
/V.s. Another 

important parameter can be deduced with the aid of the obtained values 

of μn and μp using the Einstein relation, from which the diffusion 

coefficient for both carriers (holes and electrons) can be evaluated to be 

432.6 and 983.3 cm
2
/s, respectively.  

From the intersection of the curve, the ratio between the effective 

masses of the electrons and holes can be estimated to be *

n
m  / 

*

p
m

=63.3×10
-2

 assuming that this ratio does not vary with temperature. In the 

impurity region the following equation can be applied. 

 � =
�
� [ 2 − �	 ℎ�

2( 2���
∗��)�/� ] (3) 

This formula has been suggested by Wilson 
[24]

 for analyzing the 

data of α and ln T. This relation is illustrated in Fig.7. 
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Fig. 7. Dependence of TEP on Ln T for α- Ga2S3 single crystal. 

Calculation of the effective mass of holes from the intersection of 

the curve yields the value *

p
m =5.3×10

-32
 kg. Combining these values 

with the above mentioned results for the ratio *

n
m  , *

p
m , one obtains an 

effective mass of the electrons *

n
m  =3.36×10

-32
kg.  

The results indicate that the electron mobility is higher than the 

hole mobility. This is acceptable since the hole effective mass is greater 

than that of electrons. 

The calculated values of the effective masses for both minority and 

majority carriers can be used for the determination of the relaxation time 

for both current carriers. Its value for holes comes to be 5.54×10
-20 

s. 

whereas for electrons comes to be 7.97×10
-20

s. The diffusion length as 

another important physical parameter can be deduced using the formula 

L=	√�	�	the values of Lp and Ln are calculated and they are found to be 

1.41×10
-8

 cm, and 1.47×10
-9

 cm for holes and electrons, respectively. 
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Fig. 8. Variation of TEP with Ln σ of α- Ga2S3 single crystal. 

Figure.8 shows the dependence of α on the natural logarithm of 

electrical conductivity according to
[25]

. 

 � =
�
� [ � +

2(2���
∗ ��)�/� � �

( 2�ℎ)� ] −
�
� �	 �  (4) 

It seems that the TEP increased with decreasing conductivity. 

Since the efficiency of thermoelectric element can be monitored in terms 

of the figure of merit. The figure of merit for a certain TEP element was 

defined by: 

� =
��	�
� = 3.5 × 	10��	��	

 

Indicates that our best material α- Ga2S3 have a good value for z 

and they are within the possibility range of thermoelectric application in 

the field of energy conversion. 

4- Conclusion 

High quality α- Ga2S3 single crystal was grown by special, simple 

and cheap local design based on Bridgman technique. The electrical 
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conductivity, Hall coefficient, and thermoelectric power were measured 

as a function of temperature. The measurements cover a wide range of 

temperature under vacuum, from those measurements many physical 

parameters were estimated. The energy gap was found to be 2.0 eV. α- 

Ga2S3 conductivity type was found to be p-type as concluded from Hall 

coefficient and thermoelectric power measurements. The combination of 

the electrical and thermal measurements makes it possible to deduce a lot 

of physical parameters, such as mobility’s ratio, effective masses, 

relaxation times, diffusion lengths and diffusion coefficient for majority 

and minority carriers at room temperature. Also an important physical 

parameter was evaluated, that is the figure of merit. 
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