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In this work, we have investigated the crystal growth of the CuGaSe; chalcopyrite structure compound
which is intended for tandem photovoltaic devices. Analyses by X-ray diffraction have shown that the
obtained ingots are polycrystalline and have a chalcopyrite structure. The preferential orientation along
the plane (112) — very suitable for photovoltaic conversion — was obtained. The lattice parameters
a and ¢ were calculated from the X-ray spectra, the ratio ¢/a was found to be near to 2. The use of
an energy dispersive spectrometer (EDS) for the analysis of the chemical composition of the constituents
showed that the investigated sample had a stoichiometric ratio Cu/In = 0.99. The morphological anal-
ysis performed using a scanning electron microscope (SEM) has shown that the CuGaSe2 compound
has a well-crystallized appearance with an average grain size of about 3 pm. Characterizations by Hall
effect measurements and resistivity have shown that the prepared ingot exhibits a p-type conductivity
and low resistivity, of the order of 12.73 2 cm. The measurement of the photoconductivity of the pre-
pared compound has allowed us to determine the value of the gap at room temperature. The gap was
found to be near 1.68 eV. The results obtained within the framework of this study have shown that the
prepared CuGaSe2 compound has good crystalline and optoelectronic properties, which makes it one

(2021)

of the ideal compounds to be used as the top cell for a tandem photovoltaic device.
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1. Introduction

In researches on solar cells based on materials
with a chalcopyrite structure Cu(Ga,In)Ses (CIGS),
a photovoltaic conversion is of great interest [1-13].
The CIGS compounds have a direct gap and an ab-
sorption power greater than silicon [14]. This re-
sults in a lesser amount of useful material, and
a significant reduction in manufacturing costs. Ef-
ficiencies higher than 22.6% were obtained [15].
Therefore, the ternary compound CuGaSes (CGS)
of chalcopyrite structure is considered as a very
promising absorber material for the top cell in
a CIGS tandem structure [16-18], given its suitable
band gap energy (1.68 €V), process compatibility
with a CIGS bottom cell, and complete miscibility
of CIGS. This material is distinguished by a high
absorption coeflicient and a direct transition gap.
Efficiency higher than 25% of thin-film tandem so-
lar cells is predicted as a very attractive way forward
in the photovoltaic technology [19, 20]. Crystals of
the CuGaSes compound have been a subject of in-
tensive investigation for many years [21-25]. Ingots
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of the ternary compound CuGaSes, free of microc-
racks and voids, can be readily grown by the Bridg-
man method. In this work, we used a technique
inspired by the vertical Bridgman method [26] to
prepare and study the structural, electrical and op-
tical properties of CuGaSes.

2. Materials and methods

2.1. Fabrication conditions

We desire to obtain a compound with the fol-
lowing proportions: 25% of copper, 25% of gallium
and 50% of selenium. The elements Cu, Ga and
Se are used as small balls of a consistent purity:
5N for copper and 6N for gallium and selenium.
We keep the same proportions for the mixture, and
its elements will be weighed with the ratio of their
molar mass.

The most difficult to handle is the reference
material for weighing. In the case of CGS, the
gallium seems to be the least handy (mainly
because of its low melting point) and therefore Ga
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Fig. 1. Optimized thermal cycle for the prepara-
tion of the CuGaSez compound.

TABLE I
Weighing of the elements of the CuGaSe> compound.

Proportions [%)] Weighed masses [g] Total
Cu | Ga | Se | M(Cu) | M(Ga) | M(Se) | mass [g]
25 25 | 50 | 1.3898 | 1.6962 | 2.9575 | 6.0435

is used as the reference for the other two elements.
Once the amount of gallium is chosen, the amounts
of the two other elements will be calculated using
the following recipes:

M (Ga) x molar mass of Cu

M{(Cu) = molar mass of Ga (1)
and
M(Se) = 2M (Ga) x molar mass of Se. @)

molar mass of Ga

The weighings were carried out with a high pre-
cision electronic balance (10~* g). The weighing
results are reported in Table I.

The quartz tube which was meant to receive
the mixture of three elements was pre-cleaned for
30 min with a mixture of hydrofluoric acid (HF), ni-
tric acid (HNOg3) and deionized water (H2O) in the
proportions 2, 3, 5. After being rinsed with deion-
ized water, the tube was dried in an oven at 80°C
for 3 h. The quartz tube was then loaded with
the mixture of the three elements and sealed un-
der a vacuum of 1076 Torr. The tube was placed
inside the furnace at a position set in advance by
calibration to receive the maximum energy.

After sealing, the tube was placed in an oven
where it was subjected to an optimized thermal cy-
cle composed of seven steps as shown in Fig. 1.

2.2. Characterization techniques

The structural properties of the obtained ingot
were determined by an X-ray diffraction (XRD)
diffractometer, operating with CoK,, radiation with
the wavelength A = 1.54051 A. In addition, a scan-
ning electron microscope (SEM) combined with
an energy dispersive spectrometer (EDS) was used
to examine the morphology of the ingot and to
determine the chemical composition of its con-
stituents. Electrical properties were determined at
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room temperature by a Hall effect measurement sys-
tem (HMS 3000). Absorption measurements were
performed at room temperature using a Cary 5000
UV-Vis-NIR spectrophotometer at a scanning rate
of 200 nm/min in the 200-1200 nm wavelength
range.

3. Results and discussion

At the end of the thermal cycle that lasts 80 h,
we took the quartz tube out of the furnace, and
the formed product was retrieved. The obtained
CuGaSes sample presented a complete solidification
and good morphology as shown in Fig. 2.

3.1. Structural properties

Analyses by X-ray diffraction have permitted
us to study the crystal structure of the obtained
CuGaSes ingots and to determine different crys-
tallization planes as well as different phases. The
X-ray spectrum of the sample shows the presence of
a peak, indicating a very strong preferential orien-
tation of growth in the direction (112). This can be
seen in Fig. 3. Alongside this orientation, doublets
are apparent: ((220) (204)), ((312) (116)), ((400)
(008)), ((332) (316)) and ((424) (228)). The plane
(112) is the most intense preferential orientation lo-
cated at 26 = 27.7°. Notably, Kanan et al. [27]
indicated that the planes having (112) orientation
are very desirable for the photovoltaic conversion.

Fig. 2. The CuGaSe; sample presenting a com-
plete solidification.
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Fig. 3. X-ray diffraction spectrum of the bulk

CuGaSes.
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Fig. 4. Morphology of the CuGaSez compound.

TABLE II

Atomic composition of the CuGaSez compound.

Cu [%]
24.93

Ga [%]
25.22

Se [%]
49.85

Cu/Ga
0.99

From the X-ray spectrum of the prepared
CuGaSes; compound, we have calculated the lat-
tice parameters a and c¢. The values obtained are
a =556 A and ¢ = 11.07 A. The presence of dou-
blets ((220) (204)) and ((312) (116)), on the one
hand, and the preferential orientation (112), on the
other hand, show that the obtained ingot is poly-
crystalline and is of a chalcopyrite type structure.

3.2. Morphology and chemical composition

A scanning electron microscope (SEM) combined
with an energy dispersive spectrometer (EDS) was
used to examine the morphology of the ingot and
to determine the chemical composition of its con-
stituents. Due to the morphological analysis one
can state that the CuGaSes; compound has a well-
crystallized appearance with an average grain size
of about 3 pum, as indicated in Fig. 4. The
atomic composition of the constituents was ob-
tained by EDS, after an analysis of five different
places of the CuGaSey ingot. The result showed
that a stoichiometric ratio of this sample was equal
to Cu/In= 0.99 — as reported in Table II.

3.3. Electrical properties

To determine the electrical characteristics of
CuGaSes, we used the HMS 3000. The results are
summarized in Table III. They prove that the pre-
pared sample has a low resistivity, good mobility
and p-type conductivity. The type of conductiv-
ity obtained for this compound is desirable for the
manufacture of solar cells [28].

3.4. Optical properties

Optical analysis of the prepared CuGaSe; com-
pound was performed at room temperature by
a Cary 5000 UV-Vis-NIR spectrophotometer.
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Fig. 5. Plot of (ahv)? versus photons energy hv of

the CuGaSez compound.

TABLE III

Electrical characteristics of the CuGaSe2 compound.

type of |resistivity| mobility |concentration of
conductivity| [Qcm] |[cm?/(Vs)]| carriers [cm ™3]
p 12.73 6.14 7.99 x 1016

In Fig. 5, we have presented the variation
of (ahv)? as a function of the photons energy hv
for the CuGaSes compound prepared in the frame-
work of this study. Using this characteristic, we
seek to determine the value of the band gap energy
of the investigated compound.

The band gap energy E, can be obtained by the
following procedure [29]: (i) a dependence (ahv)?
versus photons energy (hv) is plotted; (ii) a tangent
line is obtained by extrapolating the curve of (ahv)?
vs. hv; and (iii) the tangent line is extended to
intersect with the abscissa axis. Then, the band gap
energy E, is obtained at (ahv)? = 0. It can be seen
(Fig. 5) that the band gap of the prepared material
is close to 1.68 e€V. This value is in good agreement
with that reported in [30, 31]. Theoretical studies
have shown that an ideal top cell in the tandem
configuration should have a band gap of 1.70 eV [19].
Because of this requirement, CuGaSey with a bulk
band gap near to 1.68 eV, as the one obtained in
this study, can be considered as a suitable absorber
for the top cell of tandem photovoltaic devices.

4. Conclusion

We are interested in the synthesis of the CuGaSe,
compound using a technique inspired by the Bridg-
man method. The obtained ingots after the opti-
mization of the preparation parameters have a good
morphology. Analyses by X-ray diffraction showed
that the obtained CuGaSes compound crystallizes
as the chalcopyrite form, with a preferential direc-
tion (112) and the lattice parameters a = 5.56 A
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and ¢ = 11.07 A. With an energy dispersive spectro-
meter (EDS) used for the analysis of the chemical
composition of the constituents we have obtained
for this sample, a stoichiometric ratio Cu/In = 0.99.
The morphological analysis performed by the scan-
ning electron microscope (SEM) showed that the
CuGaSes compound has a well-crystallized appear-
ance with an average grain size of about 3 pm. Elec-
trical characterization by Hall and resistivity mea-
surements allowed us to see that the obtained sam-
ple has a p-type conductivity with low resistivity,
on the order of 12.73 Q2 cm. In addition, analyses
by the spectrophotometer confirmed a good absorp-
tion spectrum of the prepared compound and subse-
quently determined the gap width which was found
to be close to 1.68 eV.

Our studies have proved the good optoelectronic
properties of the prepared CuGaSe; compound.
This makes it one of the ideal compounds to be used
as the top cell for tandem photovoltaic devices.
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