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Cu,ZnSnS, (CZTS) nanoparticles suitable for solar cell absorber fabrication
were synthesized by the microwave-assisted heating method. The influ-
ence of the reaction temperature, the temperature increase duration and
post-annealing temperature on the chemical composition, crystallographic
structure, phase purity and optical properties of CZTS nanocrystals has
been investigated by means of XRD, Raman spectroscopy, scanning (SEM)
and transmission electron microscopies (TEM), EDX and UV-Vis spectros-
copies. The chemical composition of the CZTS nanoparticles synthesized at
a temperature of 250°C and the temperature increase duration of 10 min
are almost stoichiometric. The post-annealing process of CZTS has been
investigated by means of the in situ XRD method. The results obtained
point to the presence of a pure CZTS phase after annealing of the synthe-
sized powder at a temperature of 550°C. The direct band gap energy (E,) of
the CZTS nanoparticles obtained depends on the post-annealing tempera-
ture and reaches nearly 1.5 eV at 550°C.

Keywords: Cu,ZnSnS, (CZTS) nanoparticles, microwave synthesis, XRD
in situ

INTRODUCTION

toxic like Cd (cadmium). The Cu,ZnSnS, (CZTS) composed
of earth-abundant, inexpensive and non-toxic components

A steady growth of energy needs and decreasing availability
of fossil fuels make scientific community concerned about
alternative and renewable energy sources. Though costly to
implement, solar energy is one of such solutions.

For years researchers have been working on the de-
velopment of different types of solar cells trying to reach
higher power conversion efficiency (PCE). Thin film solar
cells with CdTe, CulnGaSe, (CIGS) or CulnSe, (CIS) ab-
sorber layers have already reached rather high PCE (over
20%) [m]. However, these layers contain In (indium) and Ga
(gallium), which are expensive and scarce in Earth’s crust or
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could be used as an alternative to the above-mentioned
absorber layers. The CZTS has similar optical and photo-
electric characteristics: a band gap of 1.5 eV and a relatively
high light absorption coefficient 10* cm™ [ﬁ]. The CZTS
solar cell fabricated using the hydrazine solvent method
showed a great result yielding PCE higher than 12% [E];
however, hydrazine is very toxic and cannot be widely used.
Researchers continue searching for non-toxic solutions
methods for fabrication of solar cells.

Different vacuum and non-vacuum methods on the syn-
thesis of CZTS nanoparticles have been reported in the lit-
erature. The record efficiency for electrodeposited CZTS
reached 8.0% [B] ,DC magnetron sputtering deposition [H]
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(efficiency for CZTS solar cells - 10.4%) [], spray py-
rolysis deposition [@], sol-gel [B], the ink-print method
with a conversion efficiency of 7.2% [E], mechanochemi-
cal [E], solvothermal [E] and so on.

Microwave irradiation (MW) is a technique for the con-
trolled synthesis of various nanomaterials due to its distinct
advantages like homogeneous nucleation, high reproduc-
ibility, better particles size control, good purity and shorter
crystallization time [@]. While the mechanochemical and
solvothermal methods for CZTS nanoparticle synthesis
take a long time to complete and hot injection synthesis is
hard to control.

Synthesis of CZTS nanoparticles with a size of
7.6 = 2.1 nm by means of the MW approach was first re-
ported by Flynn et al. in 2012 [@]. Wang et al. proposed
a facile and simple technique for one-pot Cu,ZnSnS, syn-
thesis followed by annealing in a glove box of sulphur at-
mosphere [E]. Two-step synthesis of CZTS from aqueous
solutions by microwave irradiation and sulphurization
was presented by Shin et al. [@]. It was determined that
CZTS, synthesized in ethylene glycol by the MW method,
has an optical band gap of 1.76 eV [@]. The influence of
reaction time and temperature on the structure, morphol-
ogy and optical properties of the prepared CZTS was also
investigated in Refs. []. The impact of sulphur sources
on the morphology and size of CZTS nanoparticles was re-
searched by Wang [@]. Chen et al. studied the influences
of the reaction temperature on the chemical composition
and purity of nanocrystals []. Doughnut-shaped
CZTS microparticles were synthesized by cyclic MW using
N,N-dimethylformamide and polyvinylpyrolidone as a sol-
vent and a stabilizing agent [E]. The influence of thiourea
concentration on the formation of CZTS was investigated in
Ref. [30], and that of reaction temperature and duration on
the phase purity in Refs. [].

In the current work the MW synthesis of CZTS nanopar-
ticles, which could further be used for fabrication of an ab-
sorber layer for thin solar cells, was studied. The impact of
synthesis temperature, the temperature increase rate, post-
annealing temperature of as-synthesised CZTS nanopar-
ticles on the chemical composition, crystalline structure,
phase purity and band gap was examined. For the first time
the impact of the temperature increase rate and depend-
ency of the band gap on the crystallites size were shown.
The CZTS formation reaction at different temperatures was
studied by the XRD in situ method.

EXPERIMENTAL

Synthesis of CZTS nanoparticles

The precursor solution was prepared using 0.1 M copper
chloride (CuCl,), 0.05 M zinc chloride (ZnCl,), 0.05 M tin
chloride (SnCl,) and 0.4 M thiourea (SC(NH,),). All chemi-
cals were of analytical grade and used without further
purification. In a typical procedure metal chlorides were

dissolved in a 20 ml ethylene glycol-water (70% ethylene
glycol and 30% water) mixture at room temperature under
stirring. The prepared reaction solution was put into a mi-
crowave reactor Monowave 300 (Anton Paar) and synthesis
was carried out at constant temperatures of 150, 180, 200,
220 and 250°C for 60 min. The product synthesized was
washed with acetone and ultra-pure water, then filtered
and dried in a vacuum oven at a temperature of 80°C for
2 h. Finally, the precursor powder obtained was annealed
at different temperatures for 2 h in sealed glass ampoules
(volume of about 3 cm®) either with addition of sulphur
(3 weight %) or without it.

Characterization

XRD patterns of studied powders were measured using
an X-ray diffractometer SmartLab (Rigaku) equipped with
an X-ray tube with a 9 kW rotating Cu anode. The measure-
ments were performed using Bragg-Brentano geometry
with a graphite monochromator on the diffracted beam and
a step scan mode with a step size of 0.02° (in 20 scale) and
counting time of 1s per step. The measurements were con-
ducted in the 20 range of 10-70°. High temperature XRD in
situ measurements were conducted in helium atmosphere
using a high temperature stage DHS 1100 (Anton Paar).
Phase identification was performed using the software
package PDXL (Rigaku) and the ICDD powder diffraction
database PDF4+ (2015 release). The size of crystallites was
calculated from XRD peaks broadening using the graphical
Halder-Wagner method implemented in the PDXL soft-
ware.

The Raman spectra of synthesized powders were re-
corded using an inVia (Renishaw) spectrometer equipped
with a thermoelectrically cooled (—70°C) CCD camera and
a microscope. The 532 nm (2.33 eV) beam of the solid state
laser was used as an excitation source. The Raman scatter-
ing wavenumber axis was calibrated by the silicon peak at
520.7 nm. The 50x/0.75 objective was used during the mea-
surements. To avoid damage of the sample, the laser power
was restricted to 0.06 mW. Parameters of the bands were
determined by fitting the experimental spectra with Gaus-
sian-Lorentzian shape components using the GRAMS/
A1 8.0 (Thermo Scientific) software.

The morphology and composition of the thin CZTS lay-
ers deposited on glassy carbon were characterized using
a SEM/FIB workstation Helios Nanolab 650 with an energy
dispersive X-ray (EDX) spectrometer INCA Energy 350 X-
Max 20. The images of particles were taken in a transmis-
sion electron microscope (TEM) Tecnai G2 F20 X-TWIN
(FEI, Netherlands) equipped with an EDX spectrometer
with an r-TEM detector. For microscopic examination,
15 mg of the synthesized powder was first sonicated in 2 ml
of ethanol for 30 min. Then, 10 pl of prepared CZTS slurries
were deposited on the surface of glassy carbon.

Absorption spectra were recorded using a UV-Vis spec-
trometer (Perkin Elmer, Lambda 35). The same amount of
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CZTS slurries was taken as in the microscopic examination
and deposited on the glass sheet.

Photoelectrochemical behaviour was examined by im-
mersion of the CZTS samples deposited on the ITO surface
into a glass cuvette with a solution of 0.5 M Na,SO, and
measuring the open-circuit potential (E_ ) values under il-
lumination using a potentiostat/galvanostat AUTOLAB 302.
The Ag/AgCl/sat. KCl electrode was used as a reference elec-
trode. The surface of CZTS samples was illuminated with
a high intensity discharge Xe-lamp with the 6000 K spec-
trum and calibrated with a silicon diode to simulate AM 1.5
illumination (~100 mW cm™) at the sample surface. Back
sides of both electrodes were isolated from the contact with
an electrolyte with PVC lacquer in order to exclude the con-
tribution of reflected light. The amount of CZTS on the ITO
surface was 1 mg/cm?.

RESULTS AND DISCUSSION

The characterization of the CZTS nanoparticles synthesized
at different reaction temperatures has shown that the tem-
perature of the reaction mixture is one of the most important

factors for the growth of CZTS nanoparticles of the desired
chemical composition. It has been found that the sulphides
of single metals convert into CZTS and grow as a high purity
CZTS phase at a higher temperature of synthesis as described
in Ref. [@]. Herein, the CZTS powders were synthesized at
different temperatures. The results of the EDX analysis of pre-
pared samples are given in Table 1. According to the data ob-
tained, the composition of as-synthesized CZTS powder was
nearly stoichiometric when the temperature of the reaction
mixture was kept at a temperature of 250°C (Table 1).

Another important parameter of the microwave assisted
synthesis of CZTS is a rate of temperature increase or tem-
perature increase duration. Figure E] presents the depend-
ences of compositional ratios Zn/Sn, Cu/(Zn+Sn), Cu/Sn,
and (Cu+Zn+Sn)/S on time during which the temperature
of 250°C is reached. As seen, when the temperature of 250°C
is reached after 10 min, the chemical composition of CZTS
nanoparticles is nearly stoichiometric. When the tempera-
ture was elevated at a slower rate, a relative increase in cop-
per and decrease in tin were obtained.

The influence of annealing temperature on the purity,
crystallographic structure and composition of the CZTS

Table 1. The chemical composition ratio of (ZTS particles after synthesis at different temperatures

Chemical composition, at.%

Composition ratios

Temp., C
Cu In Sn S Cu/(Zn+Sn) In/Sn S/(Cu+Zn+Sn)
150 24.92 9.8 13.25 52.04 1.08 0.74 1.09
180 22.8 10.48 13.84 52.88 0.94 0.76 1.12
200 21.56 126 11.36 5448 0.90 1.11 1.20
250 23.32 12.74 11.12 52.82 0.98 1.15 1.12
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Fig. 1. Dependences of compositional ratios Zn/Sn, Cu/(Zn+5n), Cu/Sn, and (Cu+Zn+Sn)/S on

the duration of temperature elevation up to 250°C
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nanocrystals synthesized at a temperature of 250°C has also
been investigated. Usually, the thermal annealing is car-
ried out with addition of sulphur or sometimes tin to pre-
vent the decomposition of Cu,ZnSn§, [E]. Figure E shows
the XRD patterns of CZTS nanocrystals annealed at a tem-
perature of 550°C for 1 h in a glass ampoule (sealed after
partial air removal by heating) without sulphur (1) and
with addition of sulphur (3 weight %) (2). Both of the XRD
patterns reveal the same phase composition, namely
Cu,ZnSnS, (ICDD # 00-026-0575) and hexagonal ZnS
(ICDD # 04-008-7254). Next, the CZTS nanoparticles pow-
der, synthesized at a temperature of 250°C, was annealed
in Ar (95%) + H, (5%) atmosphere at different tempera-
tures 450, 500, 525 and 550°C without addition of sulphur.
The chemical compositions of the CZTS powders annealed
are given in Table 2. As seen, the annealing temperature has
no significant impact on the chemical composition while
heating with sulphur. However, the atomic ratios of ele-
ments changed after the annealing of CZTS powder with-
out addition of sulphur. The values of Cu/(Zn+Sn), Zn/Sn

and S/(Cu+Zn+Sn) ratios decreased after the annealing at
a temperature of 550°C, especially the values of the latter
two ratios (Table 2). This result could indicate that CZTS
lost some ZnS during the annealing process. The XRD pat-
terns of the annealed CZTS powder reveal a decrease in
the breadth of the XRD peaks with increase in temperature,
but there were no visible changes in the phase composition
(Fig. ).

The comparison of the SEM images of as-synthesized
CZTS powder and that after annealing at a temperature of
550°C shows that there is no significant difference between
the grain sizes of both powders (Fig. H). In both the cases,
the powder grains present spherical agglomerates (200-
500 nm in diameter) of nanocrystals. This was confirmed by
TEM images of the grains (Fig. E). The grains are composed
of crystallites sized ca. 20-40 nm.

The size of the crystallites was also determined using
the XRD patterns by the Halder-Wagner method. While
increasing the annealing temperature from 300 to 550°C,
the size of crystallites increases from 2.4 to 24.1 nm,
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Fig. 2. XRD patterns of the CZTS powdery precursor annealed at temperature of 550°C for 1 h in glass am-
poules without sulfur (1) and with addition of (3 weight %) sulfur (2)

Table 2. The chemical composition and elements ratio of CZTS powders after their annealing at different temperatures without addition of sulphur

Chemical composition, %

Composition ratio, %

Annealing temp., °C

Cu In Sn S Cu/(Zn+Sn) In/Sn S/(Cu+Zn+Sn)
Without anneal. 23.32 12.74 11.12 52.82 0.98 1.15 1.12
400 23.84 13.05 124 50.71 0.94 1.05 1.03
500 23.65 12.85 12.54 50.97 0.93 1.02 1.04
550 23.87 13.31 12.54 50.28 0.92 1.06 1.01
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Fig. 3. XRD patterns of the CZTS precursor material annealed in glass ampoules for 2 h at differ-
ent temperatures: as-synthesized (1), 400 (2); 500 (3); 550°C (4)

Fig. 4. The SEM images of as-synthesized CZTS nanocrystals (a) and annealed at 550°C (b)
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Fig. 5. The bright-field TEM image of CZTS nanoparticles, prepared by MW synthesis and annealed at 550°C

respectively (Table 3). This is in a rather good agreement
with the results obtained by the TEM analysis.

Table 3. The size of kesterite crystallites after annealing of CZTS powders
in glass ampoules at different temperatures

Annealing temp., °C Particle size by XRD, nm
Without annealing ~1

300 24403

400 43+04

500 13.2+0.3

550 24.1+£04

The most intensive XRD peaks of Cu,ZnSnS,, Cu,SnS,,
Cu,Sn§,, and ZnS$ are very close to each ather and the dif-
ferences in the diffraction angles are within instrumental
accuracy. The evaluation of Cu,ZnSnS, purity solely on
the basis of the XRD pattern is not sufficient. Therefore,
for further confirmation of the formation of the pure
CZTS phase, the Raman spectrum of the as-synthesized
solid sample was recorded due to the ability of this tech-
nique to distinguish between the Cu,ZnSnS, (336 cm™),
ZnS (351 and 274 cm™), Cu,SnS, (318, 348, and 295 cm™),
Cu,Sn$, (363 cm™) and Cu, S (473 cm™) phases. Figure
Ha compares the Raman spectra in a frequency region of
60-1800 cm™ of the CZTS samples annealed at different
temperatures. A broad doublet near 1354-1404 and 1564-
1597 cm™ is associated with bands D and G of disordered
carbon, respectively [@]. A relatively narrow peak near
336 cm™' belongs to the symmetry band A of the Cu,ZnSnS,
(CZTS) compound [|35;3’]. This mode implies movement
of the sulphur atoms only [E] .Several components of lower

intensity are visible in a frequency region of 200-430 cm™
(Fig. Eb). Decomposition of the experimental contour into
the Lorentzian—Gaussian form component yields bands near
290 and 363 cm™. Both the bands are associated with the vi-
brations of the CZTS compound however, there can be some
contribution from the Cu,SnS, compound as well [@, E].
A broad band near 665 cm™ is due to the second-order vibra-
tion of CZTS [@]. No spectroscopic evidence of the Cu, S
phase (band near 473 cm™) was obtained [@]. The influence
of annealing temperature on the degree of crystallinity of
the CZTS phase can be analysed by comparing the full width
at half maximum (FWHM) of the most intense Cu,ZnSnS§,
band of different samples (Table 4). Clearly, an increase in an-
nealing temperature results in narrowing bands; thus the de-
gree of crystallinity increases. As the 363 cm™ band may have
some contribution from the secondary phase Cu,SnS,, we
have compared the relative intensity ratio I,, /I, .. One can
see that annealing of the prepared powder at a temperature
of 550°C results in a slight increase in the ratio, probably, be-
cause of the occurrence of a purer CZTS phase (Table 4).

Table 4. Parameters of the CZTS Raman band near 336 cm™

i:::)a.l,i?(g Peak position, cm™ | FWHM, cm™ Rf;::}:;;;t'
400 3354 20.9 6.0
500 336.1 144 5.6
550 3357 13.9 6.9

In attempting to explain the reactions which took place
during the thermal annealing of as-synthesised nanocrystals,
high temperature XRD in situ measurements were conduct-
ed. The phase composition of CZTS powder was examined
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Fig. 6. The Raman spectrum of synthesized CZTS compounds (in the powder form) annealed at temper-
atures (°C): 400 (a), 500 (b) and 550 (c) in the spectral region of 60—1800 cm™ (a), 60—800 cm~" (b).

The excitation wavelength is 532 nm (0.06 mW)

during annealing of the as-synthesised powder under an in-
ert atmosphere of helium at different temperatures. For this
purpose, the as-synthesized CZTS powder was pressed into
tablets of ca. 1 mm in thickness and 10 mm in diameter.
The tablets were heated under helium atmosphere at tem-
peratures of 450, 500, 525 and 550°C. After reaching the de-

sired value, the temperature was maintained for 10 min and
then the XRD pattern was recorded at the same temperature.
The conducted XRD in situ studies have shown that the as-
synthesized CZTS precursor powder consists of a mixture
of monoclinic Cu,SnS, (ICDD # 04-010-5719), ZnS with
a cubic (ICDD # 01-071-5976) and a hexagonal structure
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(ICDD # 04-008-7254). When the annealing temperature
was increased up to 450°C, XRD peaks characteristic of
Cu,ZnSnS, (ICDD # 00-026-0575) emerged at 26 angles of
16.06 and 18.21° and XRD peaks of Cu,SnS, and ZnS phases
started to decrease. Metastable hexagonal ZnS dissociated
at temperatures above 450°C in the flow of helium gas and
the XRD peaks at 26 = 26.91 and 30.52° vanished (Fig. ﬁ).

While conducting the high temperature XRD in situ studies
of the Cu,ZnSnS, precursor at a temperature of 550°C, it
was noticed that the XRD peak ~1 1 1 of the Cu,SnS, phase
was constantly shifting to higher diffraction angles and af-
ter 120 min matched with the 20 position of XRD peak 101
of the Cu,ZnSnS, phase (Fig. E). This should mean that at
a temperature of 550°C about 120 min is required to trans-
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Fig. 7. XRD patterns of the CZTS precursor tablet measured using the high temperature XRD in situ tech-
nique at different temperatures. The XRD patterns 20 scales were corrected considering thermal expansion
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Fig. 8. Change in the XRD peak Cu,5nS, —111 position during high temperature XRD in situ measurements

at a temperature of 550°C
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form the CZTS precursor, obtained by microwave synthesis,
into a nearly pure Cu,ZnSnS, phase according to the Raman
spectroscopy results.

The properties of the as-synthesized CZTS nanocrystals
annealed at different temperatures were also investigated
by means of UV/Vis spectroscopy. The absorption spectra
of the thin layers of CZTS nanoparticles annealed at differ-
ent temperatures are shown in Fig. Ea. The size and phase
composition of CZTS nanoparticles were different, which
might lead to differences in light absorbtion. Maybe, that
was the reason for the different shape of absorption curves.

The band gap energies were obtained by plotting (ahv)? as
a function of hv [B3]. The band gap energy of bulk CZTS
was reported to be 1.45 eV [@]. The band gaps of the as-
synthesized CZTS sample and that annealed at tempera-
tures of 450, 500 and 550°C were found to be 1.79,1.64, 1.55
and 1.44 eV, respectively. It is known that Eyino ™ the band

gap energy of semiconductor nanocrystals — increases with
decrease in the particle size [@]:

E E 1 786—< (1)
= + 1. :
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Fig. 9. (a) The UV-Vis absorption spectra of CZTS as-synthesized (1) and annealed at tempera-
tures (°C) of: 450 (2), 500 (3), 550 (4); (b) plots (ahu)* as a function of the photon energy of
as-deposited and annealed CZTS nanoparticles
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E . is the band gap energy of bulk material, s the reduced
mass of the electron—hole pair, D is the particle size. The increase
in the band gap energy of a nanocrystalline semiconductor is

AE =E
2

g,nana_Eg,bulk'

(2)

Figure @ depicts the dependence of the increase in
the band gap energy of nanocrystalline CTZS AE as a func-
tion of the crystallite size D: the theoretical dependence
shows open square symbols values calculated from equa-
tions (1) and (2) using p and ¢_values from work [E]. For
the experimental points, the D values were taken from Ta-
ble3and E  values were taken from Fig. Hb for the re-
spective annealing temperature. The experimental data are

in a rather good agreement with the theory. This result sup-
ports the suggestion that the dependence of CZTS nanopar-
ticles band gap energy on the annealing temperature could
be related with the crystallite size.

Figure |1 ] shows the response of the open-circuit poten-
tial (E_ ) values of the as-synthesized and annealed at a tem-
perature of 550°C sample 1 and the as-synthesized sample 2
deposited on the surface of ITO under illumination in
a 0.5 M Na SO, solution. The positive shift of E_under il-
lumination indicates the presence of p-type conductivity in
the CZTS samples. The increase in E_values was consider-
ably smaller for the as-synthesized sample as compared to
that of the annealed one. This could be attributed to a lower
degree of crystallinity and a larger band gap of the former.
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CONCLUSIONS

CZTS nanoparticles have been prepared by microwave-
assisted heating irradiation. Both the reaction temperature
and the duration of temperature increase have a profound
effect on the chemical composition of CZTS nanopar-
ticles. When the reaction temperature was 250°C and it
was reached after 10 min, the chemical composition was
the closest to the Cu,ZnSnS, stoichiometry. The anneal-
ing of as-synthesized CZTS nanoparticles at temperatures
in the range from 400 to 550°C has yielded an increase in
the crystallite size and purity of CZTS, but did not influence
the grain size. The formation of nearly single phase CZTS
was confirmed by XRD and Raman spectroscopy. The XRD
in situ measurements showed that metastable hexagonal
ZnS became undetectable by XRD at temperatures above
450°C and the phase of Cu,SnS, fully transformed into
the CZTS phase after 120 min of annealing at a temperature
of 550°C in helium atmosphere. The photoelectrochemi-
cal studies have evidenced that the as-synthesized CZTS
crystallites and those annealed at a temperature of 550°C
exhibit p-type conductivity. The UV-Vis absorption spec-
tra yielded the dependence of band gap energy on the post-
annealing temperature. The band gap energy of 1.44 eV
was obtained after annealing of the as-synthesized CZTS
crystallites at a temperature of 550°C. The band gap energy
value decreased with the increase in the annealing temper-
ature. The comparison of the band gap energy values and
the crystallite size after the post-annealing of CZTS pow-
der at respective temperatures suggests dependence of E
on the crystallite size, which was in a good agreement with
the theoretical calculations.
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MIKROBANGU SINTEZES BUDU PAGAMINTU CZTS
NANODALELIYU CHARAKTERIZAVIMAS

Santrauka

Cu,ZnSn$, (CZTS) nanodalelés, kurios gali biiti naudojamos sau-
lés celiy absorberiy sluoksniams gaminti, susintetintos naudojant
mikrobangy reaktoriy i§ vario, cinko, alavo chloridiniy tirpaly
ir tiokarbamido. Darbe i$nagrinéta CZTS nanodaleliy sintezés
reakcijos temperataros, jos kélimo greic¢io bei atkaitinimo jtaka
sintezés produkty cheminei sudéciai, kristalinés struktaros para-
metrams, kesteritinés fazés grynumui ir optinéms savybéms.

Mikrobangy sintezés biidu susintetinty milteliy cheminé su-
détis artimiausia Cu,ZnSnS, stechiometrijai, kai reakcija vyksta
250°C temperataroje, pasiektoje per 10 min. Sintezés produktus
atkaitinus 60 min. 550°C temperataroje, gauti kesteritinés struk-
taros CZTS milteliai, sudaryti i$ sferiniy nanodaleliy 200-500 nm
dydzio aglomeraty. RSD ir TEM analizés tyrimai patvirtina, kad
CZTS nanodaleles sudaro apie 20 nm dydzio kristalitai.

Taikant RSD in situ metoda, patvirtintas CZTS kesteritinés
struktiiros susidarymo mechanizmas. Nustatyta, kad keliant tem-
peratiir iki 550°C priemaiginé Cu,SnS, junginio fazé visidkai per-
sikristalina j CZTS faze. Tai patvirtina ir atlikti Raman spektros-
kopijos tyrimai.

Danga, suformuota i§ 550°C temperataroje atkaitinty CZTS
nanodaleliy, pasizymi p-tipo laidumu. Keliant atkaitinimo tem-
peratirg CZTS kristalitai didéja, keiciasi ir junginio draustinés
energijos juostos plotis (Eg) nuo 1,44 iki iki 1,5 eV.



