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Single crystals of CulnSy, were successfully grown by chemical vapor transport technique using iodine as

transporting agent.

The as-grown chemical vapor transport CulnS, single crystals were found to have large

resistivity. To decrease the resistivity of the crystals they were doped with three different cadmium concentrations.
Seebeck coefficient variation with temperature is measured for all the three doped samples. Optical bandgaps were
determined for these three doped samples using optical absorption spectra. The obtained results are discussed in

detail.

PACS numbers: 71.20.Nr, 72.20.Pa, 78.20.—e, 61.50.—f

1. Introduction

The I-TIII-VI; compounds are the ternary analogs of
the binary II-VI compounds and have received much
attention, as they can be made both n- and p-type
[1, 2].They crystallize in the chalcopyrite structure, which
is closely related to that of the zinc-blende structure [3].
Amongst different chalcopyrite semiconducting materi-
als, CulnSes and CulnS; have received much atten-
tion because their band gaps match well with the so-
lar spectrum leading to photovoltaic applications [4, 5].
The most widely studied semiconductor of this group is
CulnSes, for its fundamental properties with a view to
prepare devices [6, 7]. Very high efficiencies have been
reported with copper indium gallium selenide as the ab-
sorber layer [7]. The semiconductor containing selenium
is harmful due to the toxicity of selenium. Therefore,
CulnSs, an equally important but environmentally be-
nign solar cell material has great importance in current
photovoltaic research. An efficiency of =~ 16% has already
been exhibited in solar cells fabricated with CulnSs thin
films with an area of 1 cm? [8]. Apart from photovoltaic
applications, the compound is also investigated for prac-
tical applications in non-linear optical devices [9-11]. In
order to control a conduction type and obtain a low resis-
tivity, several impurities have been studied [12-17]. For
any applications the availability of single crystals of the
compounds is highly desirable. Single crystal growth
from melt, however, is hindered by a solid state phase
transition at 990°C [18], at which the crystal passes from
the zinc-blende structure with a disordered cation distri-
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bution to the ordered chalcopyrite structure upon cool-
ing. The transition can give rise to a severe cracking of
the prepared single crystals. The existence of a solid state
transition is therefore an influential factor in choosing an
appropriate crystal growth technique, e.g. growth from
the melt, solution, or vapor. The author in this paper
reports the growth of CulnS, single crystals well below
the phase transition temperature by employing chemi-
cal vapor transport (CVT) technique. It has been found
that the group II (Zn and Cd) atoms, which are possi-
ble donors on the Cu site and acceptors on the group III
site, act primarily as donors [19, 20]. Thus the as-grown
CVT single crystals were doped with three different con-
centrations of cadmium to reduce their resistivity. The
Seebeck coefficient variation with temperature and am-
bient optical properties of these cadmium doped single
crystals were studied.

2. Experimental procedure
2.1. Crystal growth and doping

The single crystals of CulnS, were grown by CVT tech-
nique using iodine as transporting agent. Pure elements
of copper (Johnson-Mathey Chemicals Ltd., UK), in-
dium and sulphur (Chiti-Chem Corp, Vadodara, India)
of 5N purity were taken in stoichiometric proportion and
sealed in an evacuated (= 10® Pa) quartz ampoule for
compound preparation. The synthesis of the compound
was carried out by heating the ampoule gradually up to
1373 K and holding at that temperature for 12 h.

After being slowly cooled down, the synthesized com-
pound was homogenized by grinding with agate mortar
and then transferred into an evacuated (=~ 10%) quartz
growth ampoule containing 10 mg/cc iodine transporter.
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The sealed ampoule was then placed in a two-zone coax- =
ial horizontal furnace with the reaction zone at a higher =
temperature and the growth zone at a lower temperature.
The details of the growth run are tabulated in Table I. 2
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+1+++++++ — H suitable dopant. Three different doping concentrations
T3 t were tried. The dopant and the grown single crystals

= - were sealed in an evacuated (=~ 1073 Pa) quartz ampoule
b | o ; and held at annealing temperature for definite time pe-
! i T i riod. The different doping concentration and annealing
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conditions employed are tabulated in Table II.
Fig. 1. Large size single crystals of CulnSs. TABLE II
Annealing parameters.
. TABLE I Sample Cadmium Annealing Annealing
Growth parameters of CulnS, Slngle CTYStals- No. concentration [mg/cc| | temperature [K] time [h]
Compound Single crystals growth S1 1.00 973 10
preparation temperature growth ampoule 52 0.50 973 10
distribution S3 0.25 973 10
temperature | time | hot zone | cold zone time dimensions
(K] [h] K] (K] [h] [mm x mm]
1373 12 1093 1023 144 | 14 x14 (ID) After annealing, the samples were cleaned in concen-

The resulting single crystals were needle shaped and
shining black in color, Fig. 1. The average dimensions
of the large size single crystals thus grown were about

9x1x1mm?.

2.2. Characterization

The stoichiometric composition of the as-grown sin-
gle crystal was determined through energy dispersive
analysis of X-rays (EDAX) coupled with electron mi-
croscopy (Philips EM-400). The EDAX data of weight
% of the as-grown single crystals are copper 26.176%,
indium 48.869%, and sulfur 24.955%.

The crystallographic lattice parameters of the as-
-grown single crystals were determined using X-ray
diffraction (XRD) (X-pert-MPD) employing Cu K, ra-
diation, Fig. 2. All the peaks could be indexed as
that of CulnSs with tetragonal chalcopyrite structure.
The deduced lattice parameters were a = 5.505 A and
c=11.324 A.

The as-grown crystals were found to be n-type and
semi-insulating, with room temperature resistivity of the
order of 10°-10% Q cm. To make the crystals suitable
for any application, the resistivity value has to be re-
duced. The resistivity value was decreased by doping

trated HCI acid to remove any surface deposit of cad-
mium.

Thermoelectric power measurements on the three cad-
mium doped CulnSs samples (samples S1, S2, and S3)
were made using Differential Temperature Controller fab-
ricated by Scientific Solutions, Mumbai. With the setup,
it is possible to measure emf in temperature from ambient
to 423 K and AT to £10 K simultaneously with better
than +1 K stability. The problem usually encountered
in making thermoelectric power measurements are stray
thermal emfs. In the present setup, this has been elim-
inated by providing choice of selection of temperature
gradient in the range 1 to 10 K. Thermoelectric power
measurement could not be accomplished on the as-grown
single crystals of CulnSs, because of its very high resis-
tivity.

The optical absorption spectra on cadmium doped
CulnS, single crystal samples (samples S1, S2 and S3)
were obtained in an UV-VIS-NIR Shimadzu Spectropho-
tometer UV-365 in the wavelength range 400 nm to
900 nm at room temperature. For these measurements,
thin crystals of thickness about 0.3 mm were used. The
samples were pasted on a thick black paper with a cut
exposing the crystals to the incident radiation. The ref-
erence used was a replica of the black paper having the
cut in exactly the same position.
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3. Results and discussions

Single crystals of CulnSs of fairly large size have been
successfully grown by a CVT technique using iodine as
transporter. The chemical composition of the as-grown
single crystals using EDAX showed that the crystals pos-
sess desired stoichiometry. The crystallographic lattice
parameters of the as-grown single crystals were deter-
mined using X-ray diffraction, Figure 2. All the peaks
could be indexed as that of CulnSs on a tetragonal crys-
tal structure (JCPDS card No. 27-015) with space group
of 142d. The deduced lattice parameters were in good
agreement with the reported values [21].

The thermoelectric power S variation as a function of
the reciprocal of temperature (7~!) for all the cadmium
doped samples S1, S2 and S3 is shown in Fig. 3. The
absolute value of thermoelectric power is negative over
the entire temperature range and therefore electrons are
the dominant charge carriers for all the three doped sam-
ples stating them to be n-type semiconductor. The See-
beck coefficient S for an n-type semiconductor can be
expressed as [22]:

Sz—i(A—i—f;) (1)

where k is the Boltzmann constant, e is the electronic
charge, Fr is the separation of the Fermi level from the
bottom of the conduction band and A is the scattering
coefficient. This equation suggests that if S is plotted
against the reciprocal of temperature (T1) a straight
line should result. From the slope of this line, the value
of Er can be determined. The variation of S with recip-
rocal of temperature (T~!) for the samples S1, S2 and S3,
Figure 3 shows a straight line in perfect conjecture with
Eq. (1). The values of Er calculated from the plots are
represented in Table III.
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Fig. 3. Variation of thermoelectric power S with recip-
rocal of temperature of the S1, S2, and S3 samples of
cadmium doped CulnS,.

TABLE III
Room temperature Fermi energy, Seebeck coefficient
and optical bandgap for n-type samples.

Sample | Fermi energy | Seebeck coefficient Optical bandgap
No. Er [eV] [wV/K] Eg [eV]
S1 0.017 —57.0 1.36
S2 0.041 —136.0 1.40
S3 0.13 —430.0 1.44

Convers Herring (23] explained thermoelectric power
behavior for impurity semiconductors by categorizing im-
purity concentrations into three groups. When the im-
purity concentration is very low, nearly all the charge
carriers move as isolated entities in the regions of perfect
crystalline material, and their motion can be rigorously
described in terms of the concepts of band theory, at
least if the mobility is high enough to justify treating
the interaction with the lattice vibrations as a small per-
turbation on the motion of the carriers. This illustrates
non-degenerate semiconducting behavior. In the present
study, sample S3 having low cadmium doping concen-
tration behaves as a non-degenerate semiconductor. It
is substantiated by the highest separation of Fermi level
from the bottom of the conduction band and the ther-
moelectric power variation with temperature is steep, in-
dicating a characteristic non-degenerate semiconducting
behavior.

As the impurity concentration increases further, it be-
comes necessary to take into account the impurity scat-
tering and related effects. The jumping of charge carriers
from one impurity atom to the other forms an impu-
rity band conduction which mingles and competes with
normal conduction [24-26]. The onset of the Fermi de-
generacy normally occurs in this impurity range. Thus
sample S2 having cadmium doping concentration higher
than S3 but lower than S1, can be considered as degen-
erate semiconductor having the Fermi level nearer to the
conduction band in comparison to S3. The thermoelec-
tric power variation with temperature is less steep than
that of sample S3.

When the impurity concentrations get very high, the
carriers can be treated as a degenerate Fermi gas and
the impurities as mere sources of scattering. The sample
shows metallic behavior. Here, sample S1 having highest
cadmium doping concentration ought to behave as metal.
The metallic behavior of S1 is being corroborated by its
closest positioning of the Fermi level from the conduc-
tion band and the variation of thermoelectric power with
temperature is least.

Moreover, it has been observed that with the increase
in cadmium content in the cadmium doped CulnSsy, the
values of room temperature Seebeck coefficient become
less negative (Table III), showing a tendency towards
the metallic side in good agreement with reported be-
havior [27].

The optical absorption data was analyzed in terms of
the theory of Bardeen et al. [28], which gives for a direct
transition
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where 3 is a constant, E, is the optical bandgap and
hv is the energy of the incident photon, v assumes val-
ues 1/2 and 2 for allowed direct and indirect transitions
respectively. It is observed that for cadmium doped sam-
ples, the absorption can be satisfactorily explained with
~v = 1/2 in the energy range 400 nm to 900 nm. The plot
of (ahv)? versus hv for different samples S1, S2 and S3 is
shown in Fig. 4. Ideally the graph should be linear, the
deviation from linearity at lower incident photon energies
can be attributed to the presence of structural irregular-
ities and imperfections in these crystals.
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Fig. 4. Variation of optical absorption (ahv)? as a
function of photon energy hv of the S1, S2, and S3 sam-
ples of cadmium doped CulnS,.

The intercept obtained by extrapolation of the linear
portion of the plot on the energy axis gives a bandgap
value for all the three samples. From the functional de-
pendence obtained for the absorption coefficient on pho-
ton energy, it may be seen that the transition is a direct
allowed one. The values of optical bandgap £, obtained
from the plots are given in Table III.

The bandgap values show that the optical energy
bandgap decreases with increase in cadmium concentra-
tion. This can be attributed to the presence of shallow
donor state in the cadmium doped CulnSs.

4. Conclusions

1. Average size good quality single crystals of CulnSs
have been successfully grown by CVT technique us-
ing iodine as transporting agent. The as-grown
crystals have been characterized by EDAX and
XRD techniques. The as-grown CulnS, single crys-
tals were doped with three different concentrations
of cadmium.
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The n-type nature of conduction was confirmed by
the negative sign of absolute values of Seebeck co-
efficient S for all the three doped samples. The
variation of Seebeck coefficient S with reciprocal
temperature shows that the magnitude of varia-
tion with temperature is different in all the three
doped samples. The highest doped sample S1
shows metallic behavior, sample S2 having interme-
diate doping concentration shows degenerate semi-
conducting behavior and the least doped sample S3
shows non-degenerate semiconducting behavior.

. From the analysis of the optical absorption, it can

be concluded that the energy bandgap decreases
with the increase in the cadmium content.
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