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Abstract

In this work, thin films of Cu,ZnSnS, (CZTS) were grown by spray-pyrolysis method and
were irradiated by pulsed Nd: YAG laser. Their morphological, chemical, structural and
substructural characteristics were investigated using AFM, SEM, EDS, XRD and Raman
spectroscopy. Upon laser irradiation, improvement of crystallinity, stoichiometry and surface
morphology were observed in the obtained CZTS thin films with the normal distribution of
newly-formed particles throughout the plane. It was shown that the laser processing by pulsed
Nd: YAG laser is an alternative method to the traditional post-growth thermal annealing and

can be used not only for local annealing but also for annealing in various depths in the films.
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1. Introduction

Photovoltaic modules based on thin-film technology (TFPV) cover more than 10 % of the
global market and, as expected, their share will be increased during the next decade [1].
However, despite their high-efficiency and trust-increasing, there are some disadvantages to
using this technology. First of all, these disadvantages are related to the materials used [2].
Nowadays, almost all commercial TFPV’s are based on cadmium telluride (CdTe — 21 % of
efficiency) or copper gallium indium selenide (CIGS — 22.9 % of efficiency) [3]. They
contain the toxic (cadmium), or rare earth (tellurium, indium, and gallium) elements. This
fact, in addition to their high-cost value, has significantly limited the wide production of PV-
modules based on CdTe and CIGS.

One of the promising alternative materials for fabrication of the high-efficiency and low-
cost TFPV is a quaternary semiconductor compound of copper zinc tin sulphide (CZTS) with
a kesterite-type phase. In comparison to other compounds, CZTS have significant advantages
due to the absence of high-cost chemical elements. Moreover, all composition elements are
non-toxic and earth-abundant. These facts, in addition to the excellent optical properties
(direct band gap Eg = 1.0-1.5 eV, & >10* cm™ %), allows CZTS to have a high potential for its
used as an absorber layer in TFPV’s with a thickness of 1-2 um [4]. In particular, in the lab
area, the current record efficiency of solar cell based on pure CZTS compound is close to 10%
[5], and with adding of Se it is 12.6% [6]. In comparison with CdTe and CIGS, such low
efficiencies are due to the rapid recombination of the minority charge carriers in the sub-
nanosecond regime [7]. In addition, CZTS has a small region of equilibrium state on the
phase diagram [8], which creates conditions for the formation of secondary phases. These
problems, together with structural defects that occur during growth-process [9], lead to
decreasing of photo-conversion efficiency in CZTS-based solar cells. Traditionally, for the

healing of structural defects and improving the quality of highly non-oriented polycrystalline
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films, the high-temperature thermal annealing technique with the process of
sulphurization/selenization is used [10-12]. However, it involves the addition of toxic gas
vapour (N2 + H,S) or sulphur/selenium powders. Besides, there are always limitations of the
maximum annealing temperature, which depended on the substrate material. Therefore,
annealing by the scanning laser can be used as an alternative method for improvement of the
crystalline quality of as-deposited CZTS thin films without overheating the substrate. Unlike
thermal annealing, the technology of laser treatment provides a rapid annealing process of
thin films with subsequent recrystallization and improvement of their crystalline quality [13—
16]. In addition, the laser annealing technique can significantly reduce the duration of the
process and increase the heating temperature of CZTS thin film, while allowing the substrate
to remain at a much lower temperature. There are theoretical and experimental studies of the
influence of CW diode laser annealing on physical properties of CZTS films [17,18], but the
influence of Nd: YAG nanosecond laser irradiation is not well studied yet. In this work, the
Nd: YAG laser irradiation process was applied with the aim of improving the quality of
polycrystalline CZTS thin films obtained at different deposition temperatures.

2. Experimental details

2.1 CZTS thin film preparation

CZTS thin films were obtained by the spray-pyrolysis method [19] on soda-lime glass
(SLG) substrate with deposition temperatures of 523 K, 548 K, 573 K, 598 K, and 623 K (with
increments A = 25 K). Later on, in the discussion part, they will be denoted as "Sample 1, 2,
3,4 and 5", respectively.

The initial precursor of CZTS was formed based on distilled water (pH=3) and included
the following components: CuCl, (99%), ZnCl, (99%), SnCl, + 2H,0 (99%) and CH4N,S
(99%) with their respective molar ratio 2:1:1.5:8. The initial solution was over-saturated with

thiourea in the aim to minimize sulphur deficiency and oxidation processes in the as-deposited



thin films. All reagents and solvent were used in their original form without preliminary

purification.

The distance between spray-source and nozzle was 20 cm. The compressed air with the
pressure of 2 bar was used as a gas-carrier. In this experiment, the pulsed sputtering technique
with a spray-time of 1 s and a pause between spray-cycles of 10 s was used. The overall
number of cycles was 100.

2.2 Laser processing

The laser processing of obtained films was carried out using the pulsed nanosecond Nd:
YAG laser (Ekspla NL301G with top-hat beam). The scanning method with irradiation
velocity of 1.6 x 10* m/s was used. The duration of the laser pulse was 4x10° s, and the
beam diameter was d = 1.5 mm. As noted above, CZTS has a direct band gap of 1.5 eV and,
thus, the maximal absorption ability for this compound lies in the infrared range of radiation
(800-900 nm). In the case of using the Nd: YAG laser with the second harmonic (A = 532
nm), CZTS films could absorb about 60 % of the green radiation range [20]. As described in
[21], under using a nanosecond laser, it is possible to have processes that are on the verge
between ablation and surface modification of thin films. Therefore, in order to avoid a direct
ablation in the obtained films [22], the value of maximum laser energy was chosen W = 1.24
mJ (minimal value for this laser at A = 532 nm). The calculated maximum peak intensity of
the laser beam was less than | = 17.5 MW/cm?. The penetration depth of the radiation into a
material determines the size of the heated region. This value is the inverse of the absorption
coefficient, i.e. 1/a. In the case of CZTS films, it was 107 nm. Due to the thermal conductivity
of the material, the heat-affected zone (HAZ) of the film is increased, and this value can be

determined from the following equation:
lt = VZDt,
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where D is the thermal diffusivity and t is the pulse duration. In accordance with this
equation, the I; value for a CZTS film with D = 0.2 cm?/s [23] was about 400 nm. As the laser
processing by pulsed Nd: YAG laser creates non-equilibrium conditions with a temperature
gradient into the depth of CZTS films, it can be estimated that the laser annealing process has
occurred in the HAZ region (l; = 400 nm) of the films. It is worth noting that the laser
processing was carried out in the air atmosphere without sulphur incorporation and the
samples were cooled down to room temperature naturally after the laser treatment. The
overall irradiation time of one sample was 5 minutes. The film obtaining process and laser
treatment are shown in Video 1.

2.3 Film characterizations

Thin films were studied in two regimes — as-deposited (condition 1) and after laser
processing (condition 2). The film surface microstructure and chemical composition were
investigated using atomic force microscope NT-MDT (AFM) and scanning electron
microscope FEI Nova NanoSEM 650 Schottky (SEM) with integrated energy dispersive
spectroscope Apollo-x (EDS). The height distribution of skewness (Ssk) and excess kurtosis
(Sku) were computed from 3rd and 4th central moment of data values, respectively. The Ssk

and Sky values are expressed by the following formulas:

2?’:1(21 - Z_)B/N

Ssk = 3

(@)

3)

where z denotes the mean value, s is the standard deviation, and N is the number of data
points. The structural analysis was performed using X-ray diffractometer Rigaku Ultima +

(XRD) in the Bragg-Brentano geometry with Ko radiation of the copper anode (A= 1.5406
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nm). The average values of coherent scattering regions (CSR, L) and micro-strain (¢) were

calculated by Williamson-Hall analysis [24] using the following equation:

kA
Briicosl = A + 4¢ sinf,

(4)

where B is the physical broadening of the corresponding X-ray lines. Lattice parameters (a,

c¢) of CZTS in both conditions, were determined by the following equations:

A as 2
— 2 2 472(Z
a 2$n6\/h + k241 (C) ,
(5)
l

T \/_ hzc-ll-zk2 + (253119)2 '

(6)

where A is the wavelength of X-ray irradiation, @ is the value of Wolf-Bragg angle, h, k, |
are the Miller indices. Raman analysis was carried out at room temperature using Raman
spectrometer Renishaw InViaV727 in backscattering geometry. The phonon excitation were
performed by green (Ar*, 1 = 514.5 nm, grating - 1200 mm™) and red (He-Ne, A = 632.8 nm,
grating - 1200 mm™) lasers.

3. Results and discussion

3.1 Surface morphology

The AFM method was used to investigate the influence of laser processing on the surface
of CZTS films. AFM images are shown in Fig. 1. It is well-demonstrated (Fig. 1. Condition 1)
that, at lower deposition temperatures (samples 1, 2), the surfaces of the films have a
structure, which consists of clusters with cracks. During a gradual increase in temperature

(samples 3, 4, 5), the surfaces became more homogeneous without the inclusion of significant
7



large-scale defects and point impurities. After the laser processing (Fig. 1. Condition 2), there
agglomeration and coalescence of the material with the formation of round-shaped grains are
observed on the surface of each film. The average diameter of these grains is close to 2 pm. It
should be noted that the measured height-differences in laser-irradiated films are increased,
which indicates the pulling of grains in the direction parallel to the laser beam. The pulling of
grains can be associated with the process of ultrafast evaporation of excess sulphur in the
films in the presence of a large temperature gradient caused by the pulsed laser irradiation. A
possible mechanism is the following. When the sulphur evaporates, vacancies appear in the
crystal lattice. Atoms can migrate through these vacancies along the temperature gradient
toward the top of the film. It is known as the thermo-gradient effect [25]. It can promote the
extension of CZTS grains in the longitudinal direction — the pulling effect. In addition, there
are two competing effects: (i) shrinking of the grains due to the loss of material because of the
evaporation of S; and (ii) extension of the grains due to a replacement of S atoms by almost
twofold larger Cu atoms. As a result of the mentioned here mechanisms, the size and shape of
the grains can be changed in accordance with the AFM images in Fig. 1.

Calculations of roughness, skewness and kurtosis parameters for CZTS films in both
conditions are shown in Table 1. The change in deposition temperature affects the parameters
of mean square roughness (Ry) and average surface roughness (R,). Samples 4 and 5 in
Condition 1 have the minimum values of R, and Rq. In Condition 2, the values of parameters
Ra and Ry are significantly increased in each of the films. The roughness increases due to the
process of grains pulling on the surface of thin films. The obtained results have demonstrated
a considerable modification of the surface after laser processing.

For a Gaussian height distribution, the statistical theory shows that the ratio of Ra/Rq
should be (2/m) % ~ 0.8 [26]. As shown in Table 1, the values of Ry/R, ratio in both conditions
are close to the theoretically predicted value of 0.8. The Ssk parameter was calculated to

estimate the symmetry of the variations between the high peaks and deep valleys in the



measured plane. For a normal distribution, the value of Ssk is zero, and any symmetric
surfaces should have a skewness near zero. As it can be seen from Table 1, the Ssk values
become much smaller and closer to zero after the laser processing. It indicates an
improvement in symmetry, that is, the film surface becomes more homogeneous. Negative or
positive values of Ssk indicate predominant distortion of the surface roughness on the left- or
the right-hand side in the measured plane, respectively. The Sky value of the normal
distribution is also zero. The Sky parameter is used to measure the distribution of peaks above
and below the middle plane. In the case of laser-irradiated films, the Sy values are
predominantly become close to zero, except the sample 5. For spiky-surfaces Sy > 0; for
bumpy-surfaces Sy < 0.

In order to confirm the results of AFM measurements, additional measurements by the
SEM method for each sample was performed. The micro-images and cross-sections of CZTS
films are shown in Fig. 2. The obtained micro-images are well correlated with the AFM
images of the corresponding films. At the same time, it is shown in Fig. 2 that the laser-
irradiated films have a porous structure. Since the laser processing was carried out in the air,
the porous structure may be caused by the rapid evaporation of SO, gas, which occurs during
the burning process of excess sulphur in the film. The rapid evaporation of SO, gas from the
volume of CZTS has made its structure porous and has an influence on the height of newly-
formed grains. Such a structure of CZTS has a good potential for applications in
photocatalytic processes [27], in gas-sensors [28], and as an absorber layer in double-junction
solar cells [29].

The size distribution and concentration of newly-formed microparticles have been also
studied for each sample, as shown in Fig. 3. As it can be seen from Fig. 3, the size distribution
has a Gauss-like form in all cases. Most of the microparticles have an average diameter in the
range of 1-2 um. In samples 4 and 5, a greater agglomeration of newly-formed microparticles

with the formation of micro-islands is observed. The diameter of these micro-islands is more



than 2 pm. Such an effect may be associated with changing the chemical concentrations of
components in samples, primarily sulphur. These results show that laser processing improved
the surface of CZTS thin films and made it more homogeneous with the normal distribution
of newly-formed particles throughout the plane.

Previously, we have found [30] that the CZTS thin films, obtained by the spray-pyrolysis
method with similar deposition parameters, had a chemical composition close to the
stoichiometric value and their further processing by Nd: YAG laser has led to change in
concentrations of the components. The results of EDS analysis for each film are shown in
Table 2. We observed a tendency of changing in concentrations of compound components
during the change in the deposition temperature. At low deposition temperature (samples 1,
2), the film is S-rich, but Cu-poor. Calculation of the atomic concentration ratios for these
samples points to stoichiometric violations, which arise during the deposition process. The S-
concentration significantly decreased and that of Cu significantly increased after the laser
processing. In addition, the ratios of Zn/Sn and Cu+Zn+Sn/S became close to the ideal
stoichiometry values for CZTS [31]. In the case of samples 3, 4 and 5, the following situation
is observed. The concentrations of each component in the as-deposited films were close to the
stoichiometric composition, with minor violations in the case of Zn and Sn. After the laser
processing, the S-concentration is decreased and the Zn-concentration is increased. At the
same time, the Zn/Sn and Cu+Zn+Sn/S ratios are increased after the laser processing, as
shown in Table 2.

From the EDS analysis, one can draw the following conclusions. The S-concentrations in
CZTS films decreases with increasing of the deposition temperature. It is due to the low
boiling temperature of S (T = 717.75 K). The closer is the deposition temperature to the
boiling temperature of S, the smaller is the influence of this component on the CZTS
formation process. In thin films deposited at low temperature (samples 1, 2), the excess of S

has evaporated during the laser processing, which improved the stoichiometric composition.
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In the case of high deposition temperature (close to T = 623 K), laser processing has led to a

decrease of S concentration in a thin film.
3.2 Phase composition

The XRD patterns from as-deposited CZTS films are shown in Fig. 4 (a). The intensive
peaks, which correspond to reflections from crystallographic planes of (112), (220), (312) for
CZTS (Card no. 00-026-0575) with kesterite-type phase, are observed in diffraction patterns
obtained from each of the films. At lower deposition temperatures (samples 1, 2, 3), a peak
(200) is observed on the patterns, which also corresponds to the kesterite-type phase of CZTS
and indicates a higher crystallization level [12]. Moreover, in films obtained at T = 523 K and
T = 548 K, the peak (112) is more intense and has a low value of full width at half maximum
(FWHM). It indicates a better crystalline quality of the films obtained at these deposition
temperatures.

After the laser processing (Fig. 4 (b)), the FWHM values are decreased and the intensities
of the peaks are increased in radiographs obtained from each sample. The best results were
shown in samples 1 and 2. This indicates that the crystalline quality of CZTS thin films is
improved by the laser irradiation. It is worth noting that, in all cases after the laser processing,
a shift in the position of the peaks (112) and (321) is observed toward smaller 2@-angles by
0.1°. This effect might be caused by the healing of structural defects (dislocations and
curvature), which create disruptions in the perfect parallelism of these crystallographic planes.

In order to evaluate the influence of laser processing on CZTS crystal lattice, the
parameters a, ¢, L and ¢ were calculated. The results are shown in Table 3. The calculated
lattice parameters (a, c) for as-deposited films are close to the reference data of CZTS (Card
no. 00-026-0575) with kesterite-type phase, whereas slight deviations are observed in samples
2-5. After the laser processing, the values of lattice parameters (a, ¢) are significantly changed
and become close to the reference data, especially for sample 2. These changes are shown in

Fig. 5. The CSR values of each film after the laser processing are increased. It should be
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noted that the CSR values of samples 3-5 are close to the exciton Bohr radius of CZTS. The
quantum confinement effect [32,33] can appear in these films.

The calculated micro-strain parameter for as-deposited CZTS films has negative values,
except for samples 1 and 2. After the laser processing, micro-strains have only negative
values for each of the films. This indicates the appearance of the lattice shrinkage effect
[34,35]. However, according to the data in Table 3, one can conclude that the mechanism of
the shrinking process of the crystal lattice varies depending on the deposition temperature. As
a result, the mechanism by which the laser processing influences the crystal lattice of CZTS is
also varied from film to film.

According to the data from EDS analysis, samples 1 and 2 are S-rich and Cu-poor.
However, after the laser processing, the chemical concentrations of these components are
significantly changed. Therefore, it can be assumed that, in the case of low deposition
temperature (in the region close to T = 548 K), the laser processing leads to the following
shrinking mechanism. Under the action of laser irradiation, the excess of S-atoms is released
from the crystal lattice and sulphur positions are occupied by Cu-atoms, which have a larger
atomic mass (more than twofold relative to the sulphur). This process is ultrafast and occurs
within a time, which is close to the duration of laser beam pulse (4x107 s) in the processing-
point. Consequently, in the case of samples 1 and 2, this process rapidly changes the lattice
parameters (a, ¢), and it creates conditions for the appearance of the shrinkage effect.

In samples 3, 4 and 5, the lattice shrinkage effect is observed before the laser processing.
In this case, the shrinking is caused by the increase of the substrate temperature. The
deposition temperature has an influence on the stoichiometry of the composition, especially
on the chemical concentration of sulphur. As it can be seen from the data in Table 2, the
concentration of sulphur is even more decreased after the laser processing, and a deficit of this

component is observed in samples 3, 4 and 5. As a result, the deficit of S-atoms leads to
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decreased values of the lattice parameters (a, ¢), which causes the shrinkage of the CZTS
crystal.

In Fig. 6 (a, b), the Raman spectra are shown, obtained by using a green laser (1 = 514.5
nm). As it can be seen from Fig. 6 (a), spectra from each sample have two main peaks, which
are typical for the phonon mode A of CZTS with a kesterite-type structure [36,37]. However,
in all cases, except the sample 2, the dominant phonon mode A is located in the range of 333-
336 cm™, which is caused by the stoichiometry violation in as-deposited films [38].

At the same time, the Raman spectra of laser-irradiated films (Fig. 6 (b)) significantly
differs from Raman spectra of as-deposited films (Fig. 6 (a)). A shift of the dominant peak
toward a smaller value, i.e., to 328 cm™, is observed after the laser processing. The peak
intensities of the laser-irradiated films are increased more than twofold and the values of
FWHM are decreased. On the one hand, this result suggests the improvement of crystalline
quality in the laser-irradiated films [39]. However, on the other hand, it may indicate an
appearance of local inhomogeneities in the crystal lattice caused by the shrinkage effect.
These inhomogeneities can lead to statistical disordering and changes of the crystal symmetry
from ordered 14 to disordered kesterite 142m [40—42]. In the case of our work, this question
will remain open and requires a more detailed study.

In order to achieve conditions close to resonance [36] and to increase the sensitivity of
secondary phase detection [43], a red laser (1 = 632.8 nm) was used to measure the Raman
spectra. The obtained spectra are shown in Fig. 7 (a, b). As in the case of the green laser,
peaks were found in the spectra of each sample at frequencies of 338 cm™ and 296 cm™,
corresponding to the main phonon mode A. However, at a frequency of 376 cm™, peaks are
observed in the Raman spectra, which correspond to the phonon mode E/B [44]. The intensity
of peaks had the highest values in samples 1 and 2.

The differences in the spectra, that were obtained with using the green and the red laser,
point to certain heterogeneities of CZTS formation inside thin films. As shown in Fig. 7 (b),
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the Raman spectra after laser processing are smoothened out and become more similar to the
Raman spectra obtained with the green laser (Fig. 6 (b)). Moreover, the peak corresponding to
the phonon mode E/B completely disappears from the spectra. Since the penetration depth of
the red laser into CZTS film is slightly larger (=167 nm) than that of the green laser, it can be
concluded that the laser processing contributes to the formation of a more homogeneous
structure in the HAZ area. In the Raman spectra obtained after laser processing (Fig. 7(b)), the
highest intensity of the main peak was observed for sample 1. This result is well correlated
with the previous XRD measurements. The results of the Raman analysis show that each
sample before and after the laser processing has a single-phase kesterite-type structure of
CZTS.

Conclusions

As a result of this work, the CZTS thin films were obtained by the spray-pyrolysis method
at different deposition temperatures. It was found that low deposition temperatures (T = 523-
573 K) create conditions for the formation of clusters with cracks on the surface of the films.
With a gradual increase of the temperature up to T = 623 K, the surface became smooth
without visible large-scale defects and point impurities. The laser processing has modified the
surface considerably and has improved the chemical stoichiometric composition of the films.
The laser-irradiated films have a porous structure with the round-shaped grains on the surface.
The newly formed grains increased the surface roughness, but, at the same time, improved the
symmetry, making the surface more homogeneous throughout the plane. Cracks on the
surface of thin films were healed after the laser processing. The results of phase analysis have
confirmed the fact that each sample had a single phase of CZTS with a kesterite-type structure
both before and after the laser processing. Thin films deposited at T = 523-573 K have a
higher crystallization level than films deposited at T = 598-623 K. The laser processing

contributed to the formation of a more homogeneous structure in the HAZ area. In addition,
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an improvement of crystallinity of CZTS thin films was observed. It was found that the lattice
shrinkage effect takes place, having two mechanisms of formation.

The obtained results show that the laser processing significantly improves the surface
morphology, stoichiometric composition, structure and crystalline quality of the irradiated
layer in CZTS films. This process is ultrafast and can be used as an alternative to the
traditional technology of thermal annealing or as a process for surface-modification of thin

semiconductor films.
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Figure captions

Video 1. CZTS thin film deposition process and further laser processing.

Fig. 1. Two-dimensional (2D) AFM images from CZTS films before (Condition 1) and after
(Condition 2) the laser processing.

Fig. 2. SEM micro-images and cross-sections of CZTS films before (Condition 1) and after
(Condition 2) the laser processing.

Fig. 3. 3D size distribution of newly-formed microparticles.

Fig. 4. XRD patterns of CZTS films before (a) and after (b) the laser processing.

Fig. 5. Dependence of the lattice parameters (a, ¢) on the deposition temperature and laser
processing.

Fig. 6. u-Raman analysis of as-deposited (a) and laser-irradiated (b) thin films of CZTS with

excitation by a green laser (A = 514.5 nm).

Fig. 7. u-Raman analysis of as-deposited (a) and laser-annealed (b) thin films of CZTS with

excitation by a red laser (A = 632.8 nm).
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Table 1. Calculation of roughness, skewness and excess kurtosis parameters of CZTS thin

films before and after the laser processing

Condition T,K Sample Ry, nm Ra nm Ra/Rqy  Ssk Sku
1 770 609 0.79 1.005 0.7040
2 >3 . 837 661 0.79 0.5887 0.2309
1 700 543 0.78 1.024 1.089
2 >4 : 930 740 0.80 0.4207 0.3946
1 340 287 0.84 0.8289 0.6650
2 °7 3 518 431  0.83 0.01587 -0.6534
1 287 226 0.79 0.8021 0.7906
2 > ‘ 459 382 0.83 -0.1646 -0.5339
1 130 105 0.81 0.3987 0.1436
2 023 > 462 384  0.83 -0.1389 -0.3808
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Table 2. Chemical compositions of CZTS thin films

Cu Zn Sn S

Condition T, K Sample (at.%) (at.%) (at.%) (at.%)

Cu/(Zn+Sn) Zn/Sn M/S

139 144 146 57.1 0.48 0.98 0.75

1

2 02 : 23.2 145 126 49.7 0.86 1.15 1.01
1 164 112 156 56.8 0.61 0.72 0.76
2 >4 : 23.3 13.8 13.7 49.2 0.85 1.00 1.03
1 216 105 164 515 0.80 0.64 0.94
2 °73 3 243 127 152 478 0.87 0.83 1.09
1 22.7 129 15.7 48.7 0.79 0.82 1.05
2 > ) 245 145 144 466 0.85 1.00 1.15
1 239 121 159 481 0.85 0.76 1.08
2 023 ° 234 149 153 464 0.78 0.97 1.16

Note: M =Cu + Zn + Sn



Table 3. Calculation of CZTS films structural properties

Lattice parameters, nm

Condition T, K Sample Low-hy, M gw-)
a c c/2a \Y

1 3 1 0.5428 1.1079 1.0205 0.3264 4.5 0.0049
2 0.5422 1.0738 0.9902 0.3157 5.7 -
1 518 o 0.5408 1.0521 0.9727 0.3077 4 0.0027
2 0.5427 1.0849 0.9995 0.3195 5.3 -
1 0.5435 1.1328 1.0421 0.3346 3 -
2 83 0.5415 1.0525 0.9718 0.3086 4.1 -
1 0.5441 1.1328 1.0410 0.3354 2.7 -
2 % 0.5424 1.0848 1  0.3192 3.3 -
1 0.5414 1.0846 1.0017 0.3179 2.9 -
2 023 ° 0.5428 1.0963 1.0099 0.3230 3.8 -

Reference a=0.5427 nm, ¢ = 1.0848 nm, ¢/2a = 0.9994, V = 0.3195 nm®

(Card no. 00-026-0575)

Note: Condition 1 — as-deposited films; Condition 2 — laser irradiated films
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Highlights

1. CZTS thin films had a single phase with a kesterite-type structure both before and after the

laser processing.

2. After the laser processing, the surface of thin films had a porous structure with a

homogeneous distribution of newly-formed round-shaped grains throughout the plane.
3. Cracks on the surface of thin films were healed after the laser processing.

4. The laser processing significantly improved the surface morphology, stoichiometric

composition, structure and crystalline quality of the irradiated layer in CZTS thin films.
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