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Growth and characterization of single crystals of the
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The electrical conductivity and Hall effect for TIGaSeS crystals have been investigated over a wide temperature range.
The crystals we used are grown by a modified Bridgman technique and possess p-type conductivity. The energy gap has
been found to be 1.63 eV, whereas the ionization energy is 0.25 eV. The variations of the Hall mobility as well as the
carrier concentration with temperature have been investigated. The scattering mechanisms of the carrier are checked over
the whole investigated temperature range. Furthermore, the diffusion coefficient, relaxation time, and diffusion length of

holes are estimated.
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1. Introduction

Most of the technological electronic and opto-electronic

[1,2

applications utilize materials in crystalline forms.!!-?! Particu-

larly, complex semiconductor compounds TlAIZI;B;'(I have

been attracting much attention recently. o

In preparing such crystalline materials, continuous series
of solid solution TIGaS;,Sey (|, are built from elements of
3" (T1, Ga, In) and 6 (S, Se) subgroups of the periodic ta-
ble, these compounds being indicated as AHIBIHCE/XIDE’(II_X).
In this study, x is equal to 0.5. Thallium gallium selenite
sulphurl®! crystallizes in a monoclinic structure with the space
group Cg‘. The quaternary layered T1GaSeS belongs to the
group of layered semiconductors. The crystals are formed
from T1GaS, and TlGaSe; crystals by replacing half of the
sulphur (selenium) atoms with selenium (sulphur) atoms. The
crystal lattice has two-dimensional layers arranged parallel to
the (001) plane.*>! The bonding between Tl and Se (S) atoms
in TlGaSeS is an interlayer type, whereas the bonding be-
tween Ga and Se (S) is an intralayer type. These crystals
have received a great deal of attention due to their optical
and electrical properties in view of possible optoelectronic de-
vice applications.[®! The optical and photoelectric properties
have been studied,!”*) and photo-luminescence (PL) spectra
of layered TIGaSeS crystals have been reported. *!'% Informa-
tion on trap state in undoped layered T1GaSeS crystals using
the well-established technique of thermally stimulated current
TSC measurements were studied in Refs. [11]-{14]. Informa-
tion about the energy gap width, impurity level, concentration,
mobilities, scattering mechanism, type of conductivity, and the
position of impurity level are essential in the characterization
of materials that are used in the fabrication of electronic de-

vices. Thus, it is very useful to gain detailed information of
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electrical conductivity and the Hall effect in order to obtain
high-quality devices. To our knowledge, there is no informa-
tion about the electrical conductivity and Hall coefficient, and
its temperature dependence. Hence, in this work, we report the
measurements of the DC electrical conductivity and the Hall
effect in the temperature range from 278 K to 563 K. The re-
sults were used to estimate the main physical parameters of
the TIGaSeS semiconductor compound.

2. Experimental arrangement
2.1. Crystal growth

In the present work, the chemicals used in preparing the
TlGaSeS sample were 26.5662 g of Tl (purity 99.9999%),
8.9940 g of Ga (purity 99.9999%), 10.2677 g of Se (pu-
rity 99.9999%), and 4.1721 g of S (purity 99.9999%). The
percentages of the charge elements are 53.1323% for TI,
17.9880% for Ga, 20.5355% for Se, and 8.3442% for S. The
chemicals were obtained from Aldrich. The materials were in-
troduced into a silica tube with the tip down, which was then
evacuated to 107° Torr, and sealed under this vacuum. The
ampoule with its charge was supported in the holder inside
the three-zone tube furnace. Single crystals of TIGaSeS were
grown by a modified Bridgman method. More details about
this technique and apparatus used for crystal growth are avail-

(151 The ampoule with its charge was

able in previous work.
exposed to high enough temperature (850 °C) in the first zone,
and kept at this temperature for two days to homogenize the
melt. During heating, the melt was shaken several times to
accelerate the diffusion of the constituents through each other.
The crucible was then lowered from the cold side to the hot
side at 480 °C at a rate of 1.6 mmh~!. Solidification process

was completed, as long as the temperature is below the crys-
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tallization temperature. The solidified sample was then cooled
slowly to room temperature. The duration time required for
this process was about 18 days, which was enough to obtain
high-quality crystal. The resulting ingot appears red in color,
and the freshly cleaved surface was mirror-like.

Identification of the product crystal was performed by us-
ing an X-ray diffractometer with monochromatic Cu K, radi-
ation (A = 1.54049 A).

2.2. Measuring technique

For studying the electrical conductivity and the Hall co-
efficient, the sample was prepared in a rectangular shape with
dimension of 8.3 mm x 1.8 mm x 1.0 mm. The plate-like sam-
ples were extracted by means of a blade from the product ver-
sion. The resultant surfaces were mirror-like, and there was
no need for any mechanical polishing. In this way, the length
of the sample was made three times its width to avoid the Hall
voltage drop according to the Isenberg recommendations. [6]
Both the electrical conductivity and the Hall effect measure-
ments were carried out in an evacuated Pyrex cryostat de-
signed for this purpose.!'”! Ohmic contacts were formed on
the specimen surface by means of silver paste, and the ohmic
nature of the contact was checked by recording the current—
voltage characteristics. The investigated specimen was placed
in its holder inside a glass cryostat. DC compensation method
was adopted for measuring voltages without drawing appre-
ciable current by using a Tensily UJ33E potentiometer. The
Hall voltage was taken as the average of four readings using a
reverse switch to reverse the direction of the current as well as
that of magnetic field to avoid the spurious voltage included in
the value of Hall voltage except Ettingshausen voltage, which
is so small that it can be neglected. The electrical conductiv-
ity was measured when the current was oriented parallel to the
cleavage plane, also the Hall coefficient was measured with the
magnetic field oriented at right angle to the cleavage plane. All
measurements were carried out under vacuum with the mag-
netic field intensity being 0.5 T.

3. Results and discussion

Figure 1 shows the powder XRD pattern of our com-
pound. The X-ray chart indicates that the crystalline product
has the required phase. The calculated d-spacing and lattice
parameters are consistent with the results reported by Guler et
al.'”! The Miller indices (hkl), the calculated and reported d-
spacing, and the relative intensities (I/Ip) of diffraction lines
are given in Table 1. The T1GaSeS crystal has a monoclinic
structure with lattice parameters a = 7.588 A, b=17.645 A,
c=28.714 A, and B = 111.85°.

The electrical conductivity behavior in response to tem-
perature is an important tool for understanding the electronic
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Fig. 1. X-ray diffraction pattern for TIGaSeS compound.

Table 1. X-ray powder diffraction data for TIGaSeS crystals.

No. dicaic) /A irepo /A hkl 1/1y
1 3.7903 3.823 020 100
2 3.700 3.720 21-1 37.7
3 3.324 3.343 20-2 187
4 3.184 3.199 012 23.5
5 2.830 2.845 22-1 59.4
6 2.534 2.543 310 28.92
7 2.337 2.348 003 19.28
8 1.901 1.903 132 20.12
9 1.865 1.869 41-3 32.53
10 1.780 1.785 312 16.27
11 1.674 1.680 042 23.49
12 1.560 1.560 340 17.47

transport properties of semiconductors. The temperature de-
pendence of the electrical conductivity ¢ was studied for TI-
GaSeS crystals in a temperature range of 278-563 K. Fig-
ure 2 shows this dependence, where the curve shows a typi-
cal semiconductor behavior. From this curve, it is noticed that
o increases slowly in the low temperature range (the extrinsic
region). However, as the temperature rises, the conductivity
grows very rapidly because of the rapid increase in the cur-
rent density. From the same curve, one can also notice that an
intermediate region appears between 358 K and 448 K. The
measured data of 0—T dependence are obtained by the follow-
ing relations:

—AE,
Gimp = O0imp EXP <KTa> (in the extrinsic region), (1)

—AE,
2KT

O; = Opj exXp ( ) (in the intrinsic region), 2)
where Opimp and op; are the pre-exponential factors, AE, is the
impurity ionization energy, and AE, is the energy gap width.
From the results of the electrical conductivity, we can sum
up the following remarks. The extrinsic conduction appears in
the temperature interval of 278-358 K. The value of AE, was
found to be 0.25 eV. This value suggests that the extrinsic con-
ductivity is due to impurity carriers, which will be confirmed
later from the Hall data. The intrinsic conduction becomes
more favorable between 448 K and 563 K. The energy band
gap width AE; was found to be 1.58 eV. The middle region
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which begins from 358 K up to 448 K has a steepness, indi-
cating the slight increase of the mobility. This is acceptable
if we consider this temperature range where the conductivity
behavior is a result of the carrier concentration and the carrier
mobility effects.
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Fig. 2. Temperature dependence of the electrical conductivity for TI-
GaSeS crystal.

For instance, the value of the electrical conductivity at
room temperature equals 2.56 x107> Q~'.em™!. Three re-
gions are also observed in Fig. 3, which illustrate the mode of
variation of the Hall coefficient with temperature. It is evident
from the measurements that the Hall coefficient is positive all
over the temperature interval under investigation. The positive
sign of Ry indicates the p-type nature of the TlGaSeS crys-
tals, which is in complete agreement with the previous data.[!
Also we can observe that the Hall coefficient in the low tem-
perature range is less temperature-dependent compared with
the high temperature range. At room temperature, Ry equals

6.52x10°% cm?/C.
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Fig. 3. Variation of the Hall coefficient with temperature for TIGaSeS
crystal.

Figure 4 shows the relation between RyT>/2 and 10%/T.
The depth of the acceptor level and the width of the forbidden
zone deduced from this figure have the values of 0.25 eV and
1.62 eV, respectively. They are obtained from the following
relation:

AE
RHT3/2 = cexp ( ZK?) , 3)

where c is a constant. We extend our work to cover the effect
of temperature on the carrier concentration of TlGaSeS crys-
tals. They are calculated by the relation P = 1/(eR), which is
shown in Fig. 5. The figure shows the remarkable increase of
carrier concentration in the high temperature range, where the
crystal exhibits an intrinsic behavior. The expected value for
the intrinsic concentration can be given as follows:

272K\ s —AE,

*
p

trons, respectively. Using this formula, we can calculate the
energy gap width of TlGaSeS to be 1.7 eV. The value of AE,
calculated from the Hall work deviates slightly from the value

where m} and m;, are the effective mass of holes and elec-

obtained from the electrical conductivity work. As for this sit-
uation, we used to consider the average of AE, as 1.63 eV.
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Fig. 4. Tlustration of In(RyT>/2) versus the temperature of TIGaSeS
single crystal.

The calculated band gap is found to be smaller than that
obtained by Guler et al.!”l using optical property measure-
ments of the compound. This contradiction in the measured
AE, values is clarified by Panich, 41 who attributed it to the
existence of structural constraints upon electron transfer be-
tween the chemically distinct TI'* and TI3" ions that occupy
two different crystallographic positions.
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Fig. 5. Dependence of the concentration of holes P on the temperature
of TIGaSeS specimens.
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Finally, the charge carrier concentration at room temper-
ature is equal to 9.59 x 10° cm™3. The present work has dealt
with the effect of temperature on the Hall mobility which was
calculated by the following relation:

o

= o (5)

U

Figure 6 illustrates this dependence for TIGaSeS sample.
The general behavior of 1t in response to T can be divided into
two regions. 1) Low temperature part. The Hall mobility in-
creases with increasing temperature. In this region, (7) can
be described as p ~ T*8. 2) High temperature part. The Hall
mobility decreases with increasing temperature. In this region,
U decreases with increasing temperature according to the law
i ~ T4, From this relation, it seems that the value of expo-
nent n in the relation y ~ T" is usually large, compared with
those obtained for impurity and lattice scattering in other semi-
conductors. This behavior, in our opinion, may be associated
with the presence of a high density of stoichiometric vacancies
and the creation of defects. The room-temperature value of the
mobility equals 1.67x10* cm?/(V-s). The diffusion for holes
is calculated to be 432.18 cm?/s. Assuming that the effective
mass for holes is equal to the rest mass and using the value
for the hole mobility at room temperature, the mean free time
is determined and its value is found to be 9.5x10713 s. In
addition, diffusion coefficient as well as the diffusion length
for TIGaSeS crystals were evaluated to be 432.18 cm?/s and
2.02x 1073 cm, respectively.
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Fig. 6. Plot of In it against InT for T1GaSeS single crystal.

4. Conclusion

T1GaSeS single crystals were grown by modified Bridg-
man method. The crystals were identified by X-ray diffrac-
tion. Measurements of electrical conductivity and Hall ef-
fect were performed in the temperature range of 278—
563 K. From these measurements, many physical parame-
ters were estimated. The electrical conductivity, Hall co-
efficient, Hall mobility, and hole concentration at 300 K
were found to be 2.56x107> Q l.em™!, 6.52x10° cm’/C,
1.67x10* cm?- V=157, and 9.59x10° cm™3, respectively.
The diffusion coefficient, relaxation time, and diffusion length
of holes were estimated to be 432.18 cm?-s~!, 9.5x 10713 s,
and 2.02x 1073 cm, respectively. The conductivity type of the
crystal was found to be p-type. In addition to these pronounced
parameters, the energy gap and the position of the acceptor
level were evaluated to be 1.63 eV and 0.25 eV, respectively.
This work provides a good picture of the actual physical be-
havior of the prepared T1GaSeS crystals, which leads to better
application in many modern fields.
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