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Abstract

under consideration have been estimated.

Copper Indium Gallium di-telluride (CIGT) single crystals were synthesized by a special modified Bridgman
technique for crystal growth. Our XRD patterns clearly exhibited single phase. The temperature dependence of the
electrical conductivity o(T), Hall coefficient RH(T) in CulnGaTe, single crystals have been demonstrated over the
temperature range 143-558 K for the first time. The Hall coefficient sign confirms the samples displays the p-type
conducting. The temperature dependence of the conductivity, Hall coefficient, Hall mobility, and charge carriers
concentration were investigated were presented with a clear and effective pictures. CulnGaTe, single crystals
revealed electrical band gaps (or "transport gaps") ranging from 0.64 eV to 0.85 eV. The results obtained from
electrical conductivity and carrier concentration revealed the sample p-type with acceptor energy level equal to =
0.027 eV. From the obtained experimental data, the main fundamental physical constants and others for crystals
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Introduction

I-III-VI2 type chalcopyrite semiconductors where the group I
element is Cu are feasible candidates for application as photo detectors
[1], photo-voltaic cells [2] and light-emitting diodes [3]. CulnTe, and
CuGaTe,ternary compounds are direct band gap semiconductors
crystallizing in the chalcopyrite structure. Their band gaps are E =0.96
eV (CulnTe,) and Eg=1.35 eV (CuGaTe,) [4]. These values are well
adapted to the solar spectrum and talking into consideration the high
absorption coefficients of these materials they are very attractive for
applications such as solar cells and optoelectronic device. Meanwhile to
the best of our knowledge there have only been a few published reports
on thin films of the quaternary compounds CuGalnTe,.

CulnGaTe, films deposited for the first time at room temperature
by using pulse electrode position method at a constant potential of
- 0.75 V (SCE). The films exhibit one phase with optical band gap of
range 0.9-1.5 eV for different work cycle [5]. The dependence of the
optical, structural and morphological properties were studied of
Culn ,Ga,(Se, Te), thin films for two different compositions (for
x=0.2 and 0.8). The films exhibit high absorption coeflicient when
evaporated by the electron-beam method on soda lime glass substrates.
The optical energy gaps calculated to be 1.17 eV to 1.06 eV for x=0
at highest annealing temperature at 525°C and 1.12 eV to 1.02 eV
for x=0.8 and at highest annealed temperature at 600°C. I-III-VI,
compounds have great interest semiconducting material which have
energy gap lies between 0.9 and 3.5 eV, and also many possibilities so
I-1I1-VI, compounds used for electro-optical devices [6]. In spite of all
this, literature still lacks work that focuses explicitly on Hall properties,
extrinsic carrier density, the impurity level, mobility of charge carriers,
and in addition, relaxation time, diffusion coefficient, diffusion length,
and the dominant scattering mechanisms that limit the mobility of a
semiconductor in CulnGaTe, crystals. In this work, a special modified
Bridgman technique crystal growth technique was employed for the
first time to produce single crystals of CulnGaTe, (CIGT) and study the
method of determination of semiconductor parameters based on the
measurements of the conductivity and Hall effect.

Experimental
Crystal growth and sample preparation

Bulk CulnGaTe,was prepared by the melt growth technique based

on Bridgman method [7]. The constituent elements of Cu, In, Ga, and
Te of high purity (6N) were weighted according to their stoichiometric
molar ratio and sealed in evacuated silica tube (10-°torr) and heated
in a three zone tube furnace. The silica ampoule was internally coated
with thin layer of carbon to prevent contamination of charge. The
temperature of the furnace was raised gradually and kept constant for
12 h at 1100 K in the upper zone of the furnace at which the entire
contents were completely melted. The lower portion of the growth
tube was necked into a 2 mm diameter in order to promote the growth
of single crystals. The ampoule was dragged slowly from the high
temperature zone to the low temperature zone with a rate 2 mm/h. the
ampoule was agitated to be mixing. As the ampoule drag into the low
temperature zone, crystallization proceeds until the contents solidify.
In the middle zone of the furnace the temperature was corresponds to
the crystallization temperature of the compound. The ampoule drag
into the third zone of the furnace slowly to cooled down, and then the
furnace was switched off. The experimental equipment details for crystal
growth are described elsewhere [8]. Crystal perfection was checked by
means of XRD to ensure the presence of the crystalline phase with high
quality in the prepared ingot. After finishing the growth, the samples
prepared polishing and washing have good optical quality surfaces.

Measurement technique

Specimens of CulnGaTe, with plane-parallel mirror surfaces were
prepared from a large ingot. For studying the electrical conductivity
and Hall effect, the sample was prepared in a rectangular shape with
dimension 7.5 x 3 x 1 mm?®. The sample had a length is more than three
times its width. This aspect ratio is useful to a void a Hall voltage drop.
The correction of the measured Hall voltage according to calculated
correction factors [9] was applied. Silver paste was used for the ohmic
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contact. Measurement of the current voltage characteristics showed
that the contacts were ohmic.

A compensation method used to measure the electrical conductivity
and Hall effect measurements in a special cryostat [10] with a
conventional D.C type potentiometer (type UJ33E mark) in a magnetic
field of 6000 G which supplied from GMW electromagnet model 5403.
During the investigation the temperature was varied 143-558 K and the
sample was placed in Pyrex cryostat under vacuum 10~ torr. The special
cryostat used for low and high temperature measurements. Details of
the experiments procedures and apparatus have been published [11].

Results and Discussion

Structural properties of CulnGaTe single crystals

Figure 1 depicts the X-ray diffraction and powder X-ray diffraction
measurements of theCulnGaTe, single crystal. All the major reflections
are indexed as (hkl) peaks of CulnGaTe, phase. The XRD patterns of
CulnGaTe, are well consistent with the literature data, so it can be said
that the pure compounds with no impurities could be obtained.

Figure 2 shows the observed values of electrical conductivity o is
plotted against the inverse of temperature for CulnGaTe, single crystal
over a wide temperature range extending from 143 K to 558 K. At
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Figure 1: Powder XRD patterns of CulnGaTe, single crystals.
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Figure 2: Arrhenius plot of electrical conductivity (o) with variation of
temperature for CulnGaTe, single crystals.

low temperature the electrical conductivity is low and increased with
the rise of temperature, i.e., the temperature coefficient of resistance
is negative and this is a characteristic of a semiconductor [12-14]. To
understand the conductivity mechanism in CulnGaTe,, the conductivity
curve shown is divided into three regions, the curve shows the typical
semiconductor behavior. A typical semiconductor behavior curve
consists of three major parts, below the transition, the transition region,
and above the transition. For these regions, the electrical conductivity
of CulnGaTe,can is analyzed by the Arrhenius equation which relates
the electrical conductivity and the temperature [15]:

0=0_exp (—AEg /ZkBT) (1)

Where o, is the pre-exponential factor and is the ideal conductivity
of monocrystalline structure and AE_ is the energy gap for the
conductivity. The energy gap width AE_could be calculated. It was
found to be 0.85 eV. The value of energy gap is consistent with the results
of Culn,,Ga_,(Se,  Te ), thin films for two different compositions (for
x=0.2 and 0.8) [5], so that CulnGaTe, single crystals can be potential
candidates as absorbers in photovoltaic applications. The room-
temperature electrical conductivity of a semiconductor specimen is
equal to (0.35 Q'm™).

The factor of (%) in the exponent appears with intrinsic
semiconductors due to the possibility of distributions of electrons in
the conduction band are independent of the distributions of holes in
the valence band. By assuming that the carrier mobility varies rather
slowly with temperature, eqn. (1) becomes:

0=0_ exp (-AE /k,T) (2)

Where AE refer to the activation energy. This energy is important
factor for organic semiconductors studing [12].

The first activation energy (AE ) occurs at low temperature while
the second is at high temperature [16,17]. The second activation energy
(AE_,) which occurred at high temperatures by the charge transfer is
due to the thermal excitation of the carriers at the grain boundaries
[17].

AE | value (in temperature range 143 K-193 K) was calculated
from the slope of best fit straight line of Figure 2, from this region
the ionization energy was calculated, indicating that the acceptor
level lies 0.041eVabove the top of the valance band. The AE , value (in
temperature range 193 K-313 K) was calculated from the slope of the
Arrhenius plot as shown in Figure 2 and is 0.34 eV. There are two slopes
indicate two conduction mechanisms are possible, observed two-stage
temperature dependence of conductance (o).

An intermediate region of the o-T curve has been identified in
temperature range 321 K-511 K, in which the carrier concentration
is not actually constant, and in the third region, o rises again. In the
intermediate region where the carrier density (NA-ND=constant),
until the intrinsic region is reached.

Since Hall measurements are an important tool to characterize the
materials especially semiconductors, Hall coefficient (R,) have been
measured on CulnGaTe, single crystals. Samples were investigated in
the same temperature range along a direction perpendicular to the
C-axis which shown in Figure 3. R, was calculated from Hall voltage.
The results showing p-type conduction indicate that the majority
carriers are holes. The room temperature value of R, obtained by d.c.
Hall coefficient measurements, is positive and equal to 87 x 10“*m*/C.
Hall coefficient (R,) directly determines the density of charge carriers
in a given sample. Compute the concentration of charge carriers P=1/e
R, and carrier concentration at room temperature are 7.18 x 10*m"~.
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Figure 3: Calculated temperature curve of the Hall coefficient (R,) for
CulnGaTe, single crystals.
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Figure 4: Temperature dependence of R, T3?for CulnGaTe, single Crystals.

Determination of the energy gap and ionization energy from Hall
data is possible by plotting the relation between R, T** and 10°/T as
shown in Figure 4. According to the relation:

R, T*=cexp (- AEg/Z k,T) (3)

By using the data presented in Figure 4, we can determine the
band gap energy. It was found to be 0.71 eV. The depth of the impurity
level was also computed and it was found to be 0.019 eV. These values
closed to those obtained from the temperature dependence of electrical
conductivity.

The relation of the conductivity and free carriers mobility as
follows, o=pen. The presented simultaneous measurements of the
electrical conductivity and Hall effect will allow to systematically
investigate the influence of temperature on the Hall mobility. Values of
the temperature dependence of the natural logarithm of Hall mobility
Lny plotted against LnT in Figure 5, the result is a straight line.

The slope of this straight line plot is then used to calculate the
exponent. From the curve (5), we can demonstrate the presence of
two different kinds modes on mobility variation around the transition
temperature i.e., 248 K. At low temperature range T<248 K the mobility
behavior increases with the increase of temperature obeying the lawpa

T, it seems that the value of the exponent n in the relation p a T" is
in good agreement with the 1.5 value predicted by theory with those
obtained for impurity and lattice scattering in other semiconductors.In
the high temperature rangeT>248 K the mobility decreases according
to the law pa T3, This usually assumed that contribution to thermal
conductivity by phonon-electron scattering is dominated. The room
temperature value of the mobility equals 285 m?*/Vs.

Compute the concentration of charge carriers, p=1/eR,. The
temperature dependence of the carrier concentration is illustrated in
Figure 6. At thermal equilibrium the formula:

P=cexp (- AEg/Z k.T) (4)

Thus the energy gap (AE)) can be calculated from the slope of the
curve in the intrinsicregion, the energy gap is equal 0.64 eV, whichis
in accordance with that obtained from the conductivity and Hall effect
measurements.The presence of an ionized acceptor level at 0.019 eV
above the top of the valence band obtained is in accordance with that
obtained from the conductivity measurements. At room temperature
the concentration can be estimated to be 7 x 10 m>. By using the
assumption that the effective mass for holes is equivalent to the rest
mass, the diffusion coefficient of holes can be calculated from the
equation:

KT
D,=—u, (5)
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Figure 5: Temperature dependence of Hall mobility u,of CulnGaTe, single
crystals with both lattice and impurity scattering.
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Figure 6: Dependence of carrier concentration of CulnGaTe,single crystals
on temperature.
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The value of diffusion coefficient at room temperature estimated
to be 7.37 mS™. The mean free time of holes computed to be 4.2 x 10°

15 . . mT
® sec at room temperature from the following equation t, =, —
e

. The diffusion length of holes (L,) in CulnGaTe, specimen at room
temperature was estimated as 1.76 x 107 m.

Conclusion

CulnGaTe, was prepared in single crystal form by Bridgman
technique. XRD was used to identify the crystalline nature of the
compound. D.C electrical conductivity and Hall Effect measurement
were carried out in a wide range of temperature (143-558 K). The
measurement revealed that the compound P-type conductivity with
energy gap ranging from (0.64-0.85 eV). Important parameter such as
conductivity, hole concentration, Hall mobility, diffusion coefficient,
diffusion length and relaxation time at room temperature were
estimated.
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