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This work describes the production of single crystals of the semiconducting quaternary compound CuzZnGeSe4
using a gas chemical method in which iodine was used as a transporter. For all the synthesized samples, their
phase state, crystal structure syngony and lattice constants were refined. The unit cell of the studied compound is
characterized by tetragonal symmetry. The transmission spectrum was applied to calculate the band gap, which
is depicted as temperature function in 20-300 K range. It was fixed that the band gap increases by 12% with

1. Introduction

Currently, the four-component compounds CuzZnSnX4 (X = S and
Se) seems to be the most promising for solar energy conversion due to
direct interband transitions, as well as high values of the absorption
coefficient and band gap [1-3]. The substitution of sulfur by selenium
leads to the optimization of the parameters of solar energy conversion
[4-6]. However, devices already manufactured have reached their peak
efficiency and further improvements have been blocked by technolog-
ical difficulties [1-6].

The development of technologies for the production of solar cells, in
turn, requires knowledge of the phase diagrams and physicochemical
properties of promising compounds, which until now are either insuf-
ficiently studied or contradictory [7-9].

Nonlinear optical CusZnGeSey single crystals were first obtained in
the 1960 s [10]. Recently, their potential has been assessed for practical
use as solar [11] and thermoelectric cells [12]. The absorption spectra of

CupZnGeSe4 show strong photon absorption throughout the visible
range [13]. The photoreactive behavior indicates their potential appli-
cation in solar energy conversion systems [11]. Features of the crystal
structure, results of thermal analysis, studies of optical band gaps, IR
transparency and second harmonic generation responses have been
previously obtained [13]. Electronic structure calculations have also
been carried out [14].

Therefore, therein the growing of single crystals of the semi-
conducting quaternary compound CupZnGeSe4 using a gas chemical
method in which iodine using as a transporter was described as well as
their phase state, crystal structure syngony and lattice constants were
established.

2. Materials and methods

The single-crystal alloys of CuyZnGeSe4 composition were obtained
from preliminarily synthesized corresponding polycrystals. Source
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Fig. 1. CuyZnGeSe, single crystals: a — needle-like; b — prismatic; ¢ — plate-like.
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Table 1

XRD parameters for CuyZnGeSe, crystals.
hkl 200bs 20ca1 dobs deal L%
112 27.71 26.68 3.2166 3.2198 100
220 45.74 45.74 1.9820 1.9820 15
204 46.14 46.11 1.9658 1.9666 60
312 54.30 54.30 1.6879 1.6879 25
303 55.02 55.07 1.6675 1.6662 14
400 66.66 66.68 1.4018 1.4015 7
008 67.91 67.88 1.3791 1.3795 4
332 73.62 73.65 1.2855 1.2850 5
413 74.26 74.30 1.2758 1.2754 23
424 84.88 84.88 1.1414 1.1414 11
228 85.70 85.69 1.1326 1.1327 6
512 91.17 91.18 1.0783 1.0782 5
336 91.72 91.72 1.0733 1.733 4.3
1.1.10 92.90 92.91 1.0627 1.0627 4.0

elements such as copper, zinc, germanium and selenium of high purity
were used as 2:1:1:4 (~25 g each). The growth of single crystals was
carried out in two sealed ampoules inserted into each other. The outer
ampoule had a quartz holder attached to a vibrator. Stirring during
heating contributed to the formation of a stoichiometric composition
and prevented the rupture of the ampoules.

Initially, the temperature increased up to ~ 1000 K (50 K/h rate)
with an isothermal hold of ~ 2 hs. After that, the temperature also
increased up to ~ 1200 K, and the ampoule was again kept for 2 hs with
vibromixing. After holding, the stirring was turned off and the direc-
tional crystallization of the melt took place at a temperature decrease
down to ~ 1020 K (~ 100 K/h rate). Finally, homogenization annealing
would be carried out for 300 hs.

The synthesized preforms were mixed into powder and ~ 5 g of
which was then placed in an ampoule (d ~ 16-22 mm and 1 ~ 170 mm),
which had two compartments. Powder was loaded into one compart-
ment, while an evacuated and sealed capillary with iodine in an amount
of 5 mg/cm? was placed in the other. The ampoules were pumped out to
~ 1073 Pa pressure. The capillary with iodine was opened magnetically.
The prepared ampoules were placed horizontally in a two-zone furnace.

During heating, the temperature of the reaction zone of the powder
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was maintained at ~ 100 K below the temperature of the crystallization
zone. This was required to form metal iodides and prevent the formation
of additional crystallization centers. Subsequently, the temperature in
both zones was equalized at 970 K, with a gradual increase in the re-
action zone up to 1050 K in 170 hs.

Acicular single crystals grown under the specified conditions were
standard, whose photographs are shown in Fig. 1a. It should be noted
that an increase in the inner diameter of the ampoule to 20-22 mm at a
reduced temperature difference between the zones of 70-80 K and an
iodine concentration of ~ 5 mg/cm3 led to the growth of prismatic and
lamellar single crystals, whose photographs are shown in Fig. 1b, 1c.

The chemical composition of the grown single crystals was estab-
lished by X-ray microanalysis. The electron beam of a “Stereoscan-360"
scanning electron microscope was appied as the exciter of the brems-
strahlung of the sample. An “AVALON-8000” X-ray spectrometer was
utilized. The relative error of the component contents was found as + 5
%.

The phase content, crystal structure and unit cell parameters of the
investigated samples were found by XRD analysis. The diffractograms
were collected by the «kDRON-3 M» diffractometer in CuK,-radiation and
nickel filter. The accuracy of fixing the angles was performed with steps
of one hundredth of the Bragg angle.

The ransmission spectra were collected at the absorption edge in
temperature range of 20-300 K by the “MDR-23" monochromator. For
these measurements the samples were crushed and polished on one side,
while the other one was mirror-smooth. The thickness of the samples
was ~ 20 pm. Samples with a thickness of ~ 20 um were also treated
with Bry:CoHs0H (1:3) to remove the mechanically damaged surface
layer.

3. Results and discussion

The results of XRD microanalysis showed that the content of chem-
ical elements in the obtained samples (Cu:Zn:Ge:Se =
26.21:11.30:13.66:48.83) corresponded to the initial filling.

Table 1 and Fig. 2 contain the main crystal structure parameters such
as the diffraction patterns, the angles of reflection (26), the interplanar
spacing (d), the relative reflective intensity (I/Ip), the Miller indices (hkl)
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Fig. 2. XRD pattern of CupZnGeSe, single crystals.
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Fig. 3. The transmission spectra of CupZnGeSe, single crystals.
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Fig. 4. The spectral dependences (a-hw)? on the photon energy (hw) for
CuyZnGeSe, single crystals.

for the obtained samples. It was found that the ratio of peaks in the
diffraction patterns is described by tetragonal symmetry. The lattice
constants of CuyZnGeSe, were a = 5.607 + 0.005 A, ¢ = 11.04 + 0.01 A
which were extracted from high angles reflections (20 > 60°). These
values correlate well with the data obtained in [10-16].

Fig. 3 shows the transmission spectra of the obtained alloys for the
absorption edge in temperature 20-300 K range. It is clearly seen that as
the temperature decreases, the spectra shift towards short waves.

The absorption coefficients () was extracted from the obtained
transmission spectra with help of the formulas [17-19], taking into
account multiply internal reflection in plane-parallel sample:

(€Y

Journal of Crystal Growth 626 (2024) 127481

Eg. eV
1,72

68

—

—

64F

—

60}

—

561

—

52}

1 1 1 1 1 1

50 100 150 200 250 300 T.K

Fig. 5. The temperature dependence of the band gap E¢(T) of CuyZnGeSe,
single crystals.

where d is the thickness of the sample; T is the transmission coefficient; R
is the reflection coefficient.

The spectral relation of the absorption coefficient is written as fol-
lows taking into account that the CupZnGeSe4 has direct interband
electron transitions:

S

A
:%(hm - Eg)l/2 (2

where A is the constant; Eg the band gap width.

Fig. 4 shows the dependences (a-hw)? on the photon energy (hw) for
the obtained samples. As can be clearly seen, these curves have pro-
nounced linear segments. This fact, together with the data of XRD
analysis, confirms the equilibrium and homogeneity of the obtained
single crystals. For them the band gap was obtained by extrapolating the
linear sections of this dependence to their intersection with the abscissa
axis. The band gap values obtained for the sample under study were
1.53 eV (300 K), 1.70 eV (80 K), and 1.71 eV (20 K).

The Fig. 5 demonstrates the temperature - reation of the band gap
Ey(T) for the obtained samples. It can be reliably verified that the band
gap increases with decreasing temperature. This behavior of the
extracted dependence is typical for most semiconductors.

The band gap vs. temperature corresponds to the ratio [20]:

Eg(T):Eg(O)—Z;G (J41+§.(%>2+(%)4—1>, ©)

where Eg(0) is the band gap for T = 0 K; x is a parameter defined as the
temperature derivative of the band gap Eg(T) (y= — dE(T)/dT|7-); 0 is
a phonon effective temperature, associated with Debye temperature (6p)
by the expression: 6 = (3/4)0p.

Fig. 5 shows the temperature dependence of the band gap obtained
according to (3). It is clearly seen that the obtained results of the study
are in good agreement with the calculated values [21-25]. The param-
eter y was found to satisfy the experimental data Eg(T). Promising
electronic properties [26-28] of the resulting compounds will be ob-
tained and discussed further [29-311].

4. Conclusions

In this work, single crystals of the quaternary compound CusZnGeSe4
were grown by chemical gas transfer. Their chemical composition,
crystal structure and optical properties were investigated. It was found
that the unit cell of the obtained sample is characterized by tetragonal
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symmetry with parameters equal to a = 5.607 + 0.005 A, ¢ = 11.04 +
0.01 at room temperature. The band gap was extracted from the trans-
mission spectra in the temperature 20-300 K range and its temperature
relation was depicted. It was found that the band gap increases with
decreasing temperature.
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