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The CuyZnSnGeS, (CZTGeS) thin films were deposited by the spray pyrolysis method
at different substrate temperatures without further sulfurization. The influence of
various deposition temperatures on the surface morphology, microstructure, optical
properties, chemical, and phase composition were investigated. The substitution
mechanism of Sn/Ge in the crystal lattice of CZTGeS depending on deposition tem-
peratures was studied. It was shown that a variation in substrate temperature has a
strong effect on the surface morphology of the films. The X-ray diffractometer
(XRD), transmission electron microscope (TEM), and Raman spectroscopy (RS) analy-
sis showed that CZTGeS films were polycrystalline with a kesterite-type single-phase
structure and a preferential orientation of (112). The RS-mapping analysis showed the
distribution of intensities on the surfaces of the films. Optical measurements showed
that CZTGeS films are highly absorbing in the visible region, and the optical band gap
is shifted from 1.89 to 1.84 eV.

KEYWORDS

CZTGeS, optical properties, Raman mapping, spray pyrolysis, surface morphology, X-ray diffraction

1 | INTRODUCTION

Recent research in the field of development of thin film solar cells
based on chalcopyrite Culn,Ga; _ (S, Se), (CIGS/Se) has resulted into
an increase of the cell efficiency up to 23.3% in the lab area.! How-
ever, the massive commercial production of CIGS solar cells, as
expected, can be limited in the future because of the scarcity of In
in the Earth's crust and its high cost value. In this regard, the most
promising alternative material for CIGS absorber could be the chalco-
genide compound of Cu,ZnSnS, (CZTS) with a kesterite-type phase,
which contains Zn and Sn instead of In and Ga.

CZTS has a high absorption coefficient (a > 10* cm™), direct band
gap (Eg ~ 1.5 eV), and p-type conductivity,>® which allows for effective
absorption of the most incident photons in absorbers with thicknesses
of 1 to 2 um. However, the current efficiency of CZTS-based solar
cells does not exceed 12.6%,* because of the short lifetimes of minor-
ity charge carriers in the sub-nanosecond regime.® Despite the fact
that the maximum possible efficiency of 32% (Shockley-Queisser limit)

for CZTS-based solar cells has not been reached yet, the significant

advances in understanding the functioning problems of photovoltaic
devices were achieved.

The main problem of performance limitation in CZTS-based solar
cells is the low open-circuit voltage (Vo). In addition, it is difficult to
obtain a high purity compound, because the bounded stability region
in the phase diagram of CZTS provides conditions for the easy forma-
tion of secondary phases such as Cu,SnSs, Cu,S,, and Zn,S,.c® In a
recent study,” a new approach, allowing to increase the solar conver-
sion efficiency of kesterite-based devices, was proposed. The authors
of this work offered a partially controlled substitution of Sn cations by
Ge ones. In accordance with the proposed hypothesis, the Ge-S
bonds are stronger than Sn-S bonds. Substitution of Sn atoms by
the smaller Ge atoms leads to an enhanced repulsion between the
s-s and s-p levels of Ge and S, which increases the antibonding
character of conduction band minimum.'® These assumptions were
confirmed in theoretical** and experimental works.*2

There are numerous methods for deposition of Cu,ZnSnGeS,
(CZTGeS) thin films, which including the magnetron sputtering,*® col-

loidal synthesis,'* knife coating,®® solvothermal synthesis,'® spray
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pyrolysis,*” etc. The last method attracts a considerable attention
because it is easy to implement, it has a high controllability of param-
eters and requires a cheap manufacturing equipment.*®” Neverthe-
less, the substitution mechanism of Sn by Ge in CZTGeS thin films,
obtained at different deposition temperatures by the method of spray
pyrolysis, is not sufficiently studied yet.

In this work, we have prepared CZTGeS thin films by spray pyrol-
ysis method. Their structural, morphological, and optical properties
were investigated. The influence of various deposition temperatures

on the substitution mechanism of Sn/Ge in thin films was studied.

2 | EXPERIMENTAL PART

CuCl, (99%), ZnCly (99%), SnCl, + 2H,0 (99%), GeO, (99.999%,
B-quartz type of crystal structure), CH4N,S (99%), and dimethyl
sulfoxide (DMSO) were purchased from Acros Organics, Merck, and
Sigma Aldrich. All reagents and solvent were used in their original form
without preliminary purification. The initial precursor of CZTGeS
included CuCl, (25 mmol), ZnCl, (12.5 mmol), SnCl, + 2H,0O
(7.5 mmol), GeO, (5 mmol), and CH4N,S (50 mmol) with a molar ratio
of 2:1:0.6:0.4:8, respectively. Synthesis of the initial precursor was
carried out in two stages. In the first stage, CuCl,, ZnCl,, SnCl, + 2H,0,
and CH4N,S were dissolved in DMSO. The GeO, powder was dis-
solved in distilled water at the temperature of 80°C to 90°C and
cooled to a room temperature naturally. In the second stage, both
solutions were mixed in a chemical glassware.

The experimental spray system was used for deposition of CZTGeS
thin films. The final precursor was sprayed on soda-lime glass sub-
strates at different temperatures (Ts from 598 to 698 K, in increments
of 25 K). Argon was used as a carrier gas. In order to obtain the
homogeneous films with a good adhesion to substrate, the pulsed
mode of sputtering was used. The spraying time was 2 seconds with
a 5 seconds pause between cycles. The number of cycles was
250 units.

To study the chemical composition, a scanning electron micro-
scope Selmi PEMMA 106-1 with an integrated energy dispersive
spectroscopy (EDS) was used. For precise investigation of surface
morphology, the atomic force microscope (AFM) NT-MDT in the
contact error mode was used. The phase composition of the films
and their microstructure were investigated using a transmission
(TEM) Selmi PEM-125K in light and

microdiffraction modes with the accelerating voltage of 90 keV.

electron microscope
The structural analysis was performed using the X-ray diffractometer
(XRD) DRON-3 in the Bragg-Brentano geometry in Ka radiation of
the copper anode (A = 1.54018 A). The scanning step was 0.05°
and the range of the diffraction angles 26 was from 20° to 80°.
The average size of coherent scattering region (CSR, L) and
microstrain () were determined by Williamson-Hall plot from the

following equation:

Bhiicos 6 = kT)\ + 4esin 6, (1)

where B is the physical extension of the corresponding X-ray line.
The parameters a and c of the tetragonal crystal lattice were deter-
mined by the following equations:

_ 2 2 292
a=ang\/M K +P() @

c= (3)
h? +k*  (2sin 62
L (zane)

where A is the wavelength of X-rays, 8 is the Wolf-Bragg angle, and

h, k, | are the Miller indices. To clarify the values of lattice parame-
ters (a, ¢), the extrapolative method of Nelson-Riley, which included
10 mathematical iterations, was used.?° The linear approximation of
the obtained values was performed using the least-squares method.
In order to increase the precision of the lattice parameters values,
the graphic method of consecutive approximations was used. The
pole density value was calculated from the following equation®!22:
P — . (:/IO]) , )

N2t (li/loi)
where [; and Iy are the intensities of the ith diffraction peak of
deposited film and etalon from the reference data, respectively,
and N is the number of lines on the radiograph. The orientation fac-

tor of the films was determined by the following equation?324:

N
2 (P-1)?, (5)

The Raman spectroscopy mapping analysis (RS-mapping) was per-
formed at a room temperature with the Renishaw InVia90Vv727
Raman microscope in backscattering geometry with excitation by a
near-infrared laser (A = 785 nm). The RS measurements were per-
formed on a motorized table with the scanning area of
100 x 100 pum?. The excitation power and exposure time values of
the laser were set in such a way to obtain a high signal-to-noise
ratio of the spectra without damaging the surface of the sample
because of its local heating.

The optical properties were studied using the Lasany Visible LI-722
spectrophotometer in the wavelength range of A = 340 to 1000 nm at
a room temperature. Optical band gap (E;) of the material was calcu-

lated from the transmission spectra using the following equation:
ahd = A(h9-Eg)?, (6)

where a is the absorption coefficient, hu is the photon energy, and A is
a constant, which depends on the effective mass of charge carriers in

the material. The absorption coefficient was calculated from the fol-

In (@)
a=— 17 7)

lowing equation:
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where T is the transmittance spectra (in %) and d is the thickness of
the film. Calibration of the transmittance spectra was performed by
preliminary measurement of the transmittance spectra from the sub-
strate material. In order to control the overall thickness of the films,

the interferometer MlI-4 (Linnyka) was used.

3 | RESULTS AND DISCUSSION

3.1 | Surface morphology and chemical composition

In Figure 1, the profile of deflection (DFL) images (1), surface topogra-
phy 3D-images (2), and microstructures (3) of CZTGeS thin films
deposited at different temperatures are presented. The scanning area
for all AFM micrographs was 250 pm? It is well demonstrated
(Figure 1A(2)) that the surface of the film deposited at Ts = 598 K
consisted of small craters with an average diameter of 15 um. These
craters are formed from droplets during spraying a precursor. When
the deposition temperature increased to Ts = 623 K, the film surface
became quite smooth and uniform throughout the plane. Herewith,
for this film (Figure 1B(2)), the root mean square roughness (RMS)
and average surface roughness (ASR) show the minimum values of

S
Wi LEY-}

78.9 nm and 62.6 nm, respectively. Increasing of deposition tempera-
ture (Figure 1C(2)) has led to the formation of a significant number of
micron-size heterogeneities on the surface. The reason for this could
be the coalescence and reorganization of the material. At higher depo-
sition temperatures (Ts = 673-698 K), we observed an agglomeration
of these heterogeneities with the formation of deep craters. It should
be noted that the RMS and ASR values of the films are increased with
increasing of deposition temperature, except the sample obtained at
Ts = 623 K. At the same time, thin films did not contain cracks or voids
in this study.

It is clearly seen from the TEM images (Figure 1A-E(3)) that a
crystallization process takes place in the temperature region of
Ts = 623-648 K, which was also observed in similar works, but only
for CZTS thin films.2>2” For these samples, the average diameter of
crystallites lies in the region of 16 to 17 nm. In the case of the depo-
sition with the lowest temperature (Figure 1A), the film is heteroge-
neous and only partially include crystallites. Higher deposition
temperatures led to a reduction of the crystallite sizes (Figure 1D,E).
The nonmonotonic change in the sizes of nanocrystals depending on
the deposition temperature can be explained by the following assump-
tion: At lower temperatures, there is a sufficient amount of thermal
energy for the growth of large crystals, but at higher temperatures

FIGURE 1 The DFL images (1), surface topography of 3D images (2) and microstructures (3) of CZTGeS thin films deposited at Ts, K: 598 (A),

623 (B), 648 (C), 673 (D), 698 (E)
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(more than 648 K), crystallites decrease in sizes under the influence of
rapid displacements of atoms.

In Table 1, the chemical composition of CZTGeS thin films is pre-
sented. Results of the analysis clearly show that each film is Cu and
Zn rich, but S poor. The low concentration of S in the samples could
be related to its low boiling point (Tsuphur = 717.75 K), which is very
close to the deposition temperature, especially, for the last sample
(Ts = 698 K). The higher deposition temperature can reduce the
impact of S on the phase formation process in a thin film. It is con-
firmed by the decreasing of S concentration with increasing of Ts
up to 698 K. As a result, the chemical concentration of the compo-
nents in as-deposited films differs from the stoichiometric values of
the initial precursor.

The concentration of Sn increased with increasing of the deposi-
tion temperature, except the sample obtained at Ts = 673 K, which
could be caused by the error of the measurement method.?® The
concentration of Ge has the maximal value at Ts = 623 K, but it is
gradually decreased in the region of Ts = 648 to 698 K. The ratios of
Ge/Sn + Ge and S/Cu + Zn + Sn + Ge are reduced with increasing

of the deposition temperature.

TABLE 1 Chemical compositions of CZTGeS thin films

It can be concluded from results of the chemical analysis (Table 1)
that the deposited thin films have a nonstoichiometric composition,
but concentrations of the components are within the acceptable range
for the formation of CZTGeS compound.??

3.2 | Phase composition

The diffraction patterns of CZTGeS thin films, deposited at different
temperatures, are shown in Figure 2. On each radiograph (Figure 2),
peaks are observed, which correspond to the reflections of crystallo-
graphic planes (112), (220), and (312) from CZTS with a kesterite-type
phase.3°32 As the deposition temperature increased, the peaks
position did not actually change; however, the intensity of the
main peak (112) decreased and the intensity of the peaks (220) and
(312) increased.

It is well known that the value of the lattice constant is a property
that is extremely sensitive to changes in the stoichiometric composi-
tion,3® as well as to the presence of impurities,34 etc. Accurate calcu-

lation of these values makes it possible to study the corresponding

Sample Ts, K Cu (at .%) Zn (at . %) Sn (at .%)
CZTGeS 598 28.22 13.33 8.42

623 26.84 13.44 8.91

648 26.08 13.96 9.79

673 26.44 13.39 9.59

698 26.59 13.55 10.97

Note. VI = Sn + Ge; M = Cu + Zn + VL.

Intensity (a.u.)

20

Ge (at .%) S (at .%) Cu/(Zn + VI) S/M Ge/VI
4.21 45.83 1.09 0.85 0.33
4,96 4586 0.98 0.85 0.36
4.58 45.59 0.92 0.84 0.32
4.22 46.37 0.97 0.87 0.31
4.31 44,59 0.92 0.81 0.28

112

30

Pt o

40

Lo

50
20

60

A A A A A b,

623 K

598 K

70 80

FIGURE 2 X-ray diffractometer (XRD)

patterns from CZTGeS thin films
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processes occurring in the crystal structure. By 10 mathematical itera-
tions, described above, the lattice parameters (a, c) of CZTGeS films
were calculated. The results are shown in Table 2.

The dependences of lattice parameters (a, ¢) on the deposition
temperature, based on the data from Table 2, is shown in Figure 3.
As it is shown in Figure 3, these parameters are gradually increased
with increasing of Ts up to 648 K and, accordingly, the volume of
the crystal lattice is increased too. It can be related with increasing
the chemical concentration of Sn atoms, which have the largest
atomic mass among all components in CZTGeS. This assumption is
confirmed by the data from EDS analysis in Table 1. In the region
of Ts = 673 to 698 K, the lattice parameter c is decreased, but the
lattice parameter a is decreased only at Ts = 698 K. It indicates that
defects appear in the crystal lattice of a film deposited at Ts = 673 K;
namely, the lattice shrinkage effect takes place. This effect leads to
the formation of tensile stress since the smaller Ge atoms rapidly
replace the larger Sn atoms in the crystal lattice.*® In the case of
Ts = 698 K, the following situation is observed. It is well known that
in the crystal lattice of CZTS, the Sn atom is always located at the
2b (1/2,1/2,0) Wyckoff position‘36 Therefore, microstrains in the
crystal lattice decrease at Ts = 698 K, since Ge atoms begin to
occupy positions of Sn atoms, which reduces the volume of the
crystal lattice.

TABLE 2 Calculations of the lattice parameters of thin films

S
VVILE\LA

Calculations of the pole density Pi from data in Table 2 is shown in
Figure 4. From these results, it was determined an axial texture growth
in the (112) direction for each CZTGeS thin film. However, with
increasing of the deposition temperature up to 648 K, it is observed
that an axial texture growth is gradually decreased in the (112) direc-
tion and increased in the (220) and (312) directions. In the region of
higher temperatures, Ts = 648 to 698 K, the texture growth takes a
linear form. In the inset (Figure 5), the dependence of the orientation
factor f on the deposition temperature is shown. As it is seen from
the inset, increasing of the deposition temperature has reduced the
orientation factor, pointing to a deterioration in the texture quality
of thin films obtained at higher Ts.

The calculated CSR value shows a tendency of increasing at higher
Ts. At Ts = 673 K, the CSR and € have negative values, which is an
additional confirmation of the lattice shrinkage effect in this thin film.
As it is known, increasing of CSR is associated with increasing of the
crystalline domain size.3” Thus, CZTGeS films, deposited at Ts = 648 K
and Ts = 698 K, have a lower concentration of dislocations in compar-
ison with other films in this study. However, the film deposited at
Ts = 623 K has optimal parameters among all samples in this experi-
ment, such as CSR, Pi, and f.

In order to confirm the results of the XRD analysis, the samples

were measured by TEM. The corresponding selected area diffraction

Te, Lattice Parameters, nm Low - 1y W - 1 x 107 Pole Density, Pi Orientation
K a c nm e (112) (220) (312) factor, f
598 0.5406 1.0416 7.1 1.54 5.12 1.29 2.59 2.55
623 0.5409 1.0521 8.6 2.30 4.66 1.34 3.01 242
648 0.5411 1.0776 8.5 0.65 3.96 1.56 3.48 2.25
673 0.5416 1.0715 - - 3.97 1.76 3.27 2.20
698 0.5405 1.0539 9.0 0.69 3.91 1.86 3.23 2.17
0,545 1,10
-1,08
-1,06
-1,04 ©
B
F1,02 5
L ~
- 1,00
| | 10,98
| | | ; 10,96
0,540+ T T T T T —T T
FIGURE 3 Dependence of lattice 600 620 640 660 680 700

parameters (a, c) from the deposition
temperature

T (K)
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FIGURE 5 Selected area diffraction (SAED) patterns from thin films, deposited at Ts, K: 598 (A), 623 (B), 648 (C), 673 (D), 698 (E)

(SAED) patterns are presented in Figure 5. In the SAED patterns, the
polycrystalline diffraction rings were found, which correspond to
the reflection from the tetragonal crystallographic planes with the
kesterite-type phase for CZTS (card no. 00-026-0575) and CZGeS
(card no. 01-078-0781), namely, (112), (204)/(220), (312), (400)/
(008), and (208). The obtained results are well correlated with previous
data from XRD measurements and the literature data.®

The typical Raman spectra for each of the deposition temperatures
within a spectral range of the main peaks after the mapping process
are shown in Figure 6A. According to the equation for 1/a (a is absorp-
tion coefficient of the material), the penetration depth of the laser radi-
ation at the wavelength of A = 785 nm is =287 nm for CZTS and
~769 nm for CZGeS. Therefore, the penetration depth of a scanning
near-infrared laser in our CZTGeS thin films was in the range from
287 to 769 nm, which is close to the total thicknesses of the films

(700-800 nm). As can be seen from Figure 6A, the spectra obtained
from each of the samples point to a single-phase kesterite-type struc-
ture without secondary phases. In the obtained spectra, peaks were
detected, corresponding to the main phonon modes of CZTGeS, such
as A4, Ay, and B, which were in the range of 334 to 339, 301 to 305,
and 368 to 376 cm™%, respectively. The most intense peaks corre-
sponding to the phonon modes A; and B occupy positions that are
close to the previously reported experimental results for CZTGeS com-
pound with a similar value of Ge/V1.374° The position of A; symmetry
mode in the range of 301 to 305 cm™* is predominantly related to the
rotational motion along the c-axis of Ge-S tetrahedra.*!

Previously, in Garcia-Llamas et al,*? the authors proposed simple
linear equations for an evaluation of correlations between the
Ge/(Ge + Sn) ratio and the Raman shift. Namely, according to the fol-

lowing equations,
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FIGURE 6 The typical Raman spectra for each deposition temperature (A) and Raman spectroscopy (RS) mapping analysis: (B—598 K, C—623 K,

D—648 K, E=673 K, F—698 K)

Ge
17 _
wlem™] =287.0+9.1 (Ge T Sn)’ (8)
and,
Ge
_1 .
w[em™] =338.0+19.4 (—Ge - Sn)’ 9)

at Ge/(Ge + Sn) =~ 0.3, vibrations of A; and A, symmetry modes
should be positioned of 289 and 343 cm™?, respectively. However,
in our case, a shift in the position of each phonon mode towards a
smaller value was observed in the spectra of different films, which is
due to changes in the stoichiometric composition and strains. The
EDS and XRD methods have confirmed these results.

Figure 6B-F shows the RS-mapping analysis of CZTGeS thin films,
deposited at different temperatures. Since the ratio values of the most
intense modes A, and B in spectra were almost unchanged at different
measuring points, a phonon mode A, was selected for a clear demon-
stration of changes in the films, depending on temperature. In order to
reach this aim, 36 different points with a step of 20 um were scanned
in coordinates X and Y over the film's surface. As can be seen from the
maps (Figure 6B-F), the changing of deposition temperature affects
the peak intensity. For a thin film deposited at Ts = 598 K (Figure 6
B), the maximum intensity of the phonon mode A, does not exceed
4000 a.u., but for the next temperature regime of Ts = 623 K
(Figure 6C), this intensity corresponds to the minimum value on the
scale. Increasing of Ts up to 648 K (Figure 6D) contributes to the more
uniform distribution of intensities on the scanned area. However, the
values of intensity are lower than in the previous temperature regime.
In Figure 6E,F, corresponding to the temperature regimes of Ts = 673 K
and Ts = 698 K, respectively, the intensity distributions are clearly

seen, in accordance with the surface morphology. The lowest

intensities in the figures correspond to the deep craters that were pre-
viously studied by the AFM method. At the same time, the intensity of
the phonon mode A, on smooth sections of these films have the
highest values on the scale.

Raman spectra obtained with a near-infrared laser showed that
thin films, deposited at different temperatures, have a single-phase
kesterite-type structure. The changing of deposition temperature
affects the vibration intensity of the main phonon mode A,. The
intensity is also changing depending on the surface morphology of
the films.

Thus, CZTGeS film, deposited at Ts = 623 K, showed better char-
acteristics. It has demonstrated a single-phase tetragonal crystal struc-
ture with a relatively large grain size, good texture quality and

equilibrium orientation of crystallites.

3.3 | Optical properties
In order to determine the absorption coefficient (a), the transmittance
spectra of CZTGeS films were studied in the range of wavelength of
A = 340 to 1000 nm. The results are presented in Figure 7A. Analysis
of the transmittance spectra shows that CZTGeS films have a rela-
tively weak transmittance, which does not exceed 50%. It is a desir-
able property for using of such a thin film in solar cells as an
absorber layer. At the same time, increasing of deposition temperature
reduced the transmittance of the films by 10%, except the sample
obtained at 698 K. The dependence of (athu)? on hu was constructed
for a reliable determination of the optical band gap. The corresponding
curves are shown in Figure 7B.

It was found that the optical band gap decreases from 1.89 to
1.84 eV with increasing of the deposition temperature. In our case,
the shrinkage of lattice did not enlarge the band gap for films
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FIGURE 7 Transmittance spectra (A) and plot of (ahu)? = f (hu) (B) for determination of the optical band gap of CZTGeS thin films

deposited at Ts = 673 K and Ts = 698 K, contrary to the findings
described by other authors.*® It is due to a small variation in the values
of the lattice parameters (only in the third place after the decimal
point), which is confirmed by the XRD method. The estimated range
of 1.84 to 1.89 eV is well correlated with the literature data for
CZTGeS compound.t®

4 | CONCLUSIONS

In summary, the chemically prepared thin films were investigated by
AFM, EDS, TEM, XRD, RS-mapping, and optical methods. It was found
that changes in the deposition temperature affect the surface mor-
phology of thin films. At deposition temperatures of Ts = 673 K and
Ts = 698 K, the formation of deep craters are observed, which leads
to an increasing of RMS and ASR parameters to maximum values. In
the temperature region of Ts = 623 to 648 K, crystallization of the
material with an average crystallites diameter of 16 to 17 nm is
observed. As-deposited thin films were Cu and Zn rich, but S poor.
The maximum value of the Ge/Sn + Ge ratio was observed in the film
deposited at Ts = 623 K. It was found that each sample has a tetrago-
nal crystal structure with a kesterite-type phase of CZTGeS. The vol-
ume of the crystal lattice is increased with increasing of temperature
up to 648 K, which is explained by the increasing of the concentration
of Sn atoms in the sample. However, the lattice shrinkage effect has
been identified at higher deposition temperatures (Ts = 673 K and
Ts = 698 K), which is due to the rapid replacing of Sn atoms by Ge
atoms in the crystal lattice. It was found that an axial texture growth
occurs preferably in the (112) direction. Increasing of the deposition
temperature leads to increasing of texture growth in the directions
of crystallographic planes (220) and (312). The sample deposited at
Ts = 623 K has the equilibrium orientation of crystallites in the crystal-
lographic planes of (112), (220), and (312). A shift in the position of
each phonon mode towards a smaller value was observed in RS spec-
tra of films, deposited in different temperature regimes, which is due
to the changes in stoichiometric composition and strains. The RS-
mapping analysis indicates that the deposition temperature affects

the intensity of vibrations of A, symmetry mode. Raman maps show

the distribution of intensities of CZTGeS modes in accordance with
the surface morphology. The transmittance spectra have revealed
the fact that increasing of the deposition temperature leads to a
monotonous decreasing of the optical band gaps from 1.89 to 1.84 eV.
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