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hin-films prepared from selenized
nanocrystals ink

R. Aruna-Devi, *a M. Latha, a S. Velumani, *b J. Santos-Cruz,a Banavoth Murali,c

J.-Á. Chávez-Carvayar,d F. A. Pulgaŕın-Agudeloe and O. Vigil-Galánf

For the first time, CZTS ink was formulated using low-temperature heating up synthesis of NCs. Besides, the

influence of powder concentration on the properties of the films was examined. Subsequently, the CZTS

films were annealed under a selenium (Se)/argon (Ar) atmosphere at different temperatures to enhance

their properties. The influence of selenization temperature on the properties of CZTS films was examined

in detail. Structural analysis showed a peak shift towards lower 2q values for CZTSSe films because of Se

incorporation, resulting in larger lattice parameters for CZTSSe than CZTS. As the selenization

temperature increases, an increment in the grain size was observed and the band gap was decreased

from 1.52 to 1.05 eV. Hall Effect studies revealed a significant improvement in the mobility and carrier

concentration with respect to selenization temperatures. Moreover, film selenized at 550 �C exhibited

higher photoconductivity as compared to other films, indicating their potential application in the field of

low-cost thin-film solar cells.
Introduction

Over the past few years, thin-lm solar cells (TFSCs) fabricated
from low-cost, earth-abundant and non-lethal elements have
attracted remarkable research interest around the world. In this
regard, Cu2ZnSn(S,Se)4 (CZTSSe) thin-lms have emerged as
a potential absorber layer in TFSCs due to their high absorption
coefficient of over 104 cm�1, direct band gap and, most
importantly, tunable band gap from 1 to 1.5 eV by varying the S/
Se ratio.1–5 Mostly, various vacuum methods, such as sputter-
ing,6,7 pulsed laser deposition8,9 and thermal evaporation10 have
been extensively employed for the deposition of CZTS thin-
lms. However, vacuum methods require an expensive and
complex operation to fabricate solar cells, which has always
been an impediment for commercialization.11 On the other
hand, solution-based approaches like nanocrystals (NCs)
ink,12,13 electro-deposition14 and hydrazine-based ink15 have
been widely used to produce low-cost and large area TFSCs. The
highest power conversion efficiency (12.6%) of CZTSSe TFSCs
have been reported using a hydrazine-based approach16 which
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is very harmful to researchers and the environment. Therefore,
the NCs ink approach has greatly gained the researchers'
attention, because it could be coated as thin-lms using knife-
coating, spin coating, printing and spraying methods under
ambient conditions.17–19 Moreover, C. K. Miskin et al.20 reported
the highest power conversion efficiency (PCE) of CZTS NCs
based solar cells as high as 9.0%, in which they used a hot-
injection method to synthesize NCs. However, hot-injection
synthesis is not appropriate for scaling-up process due to its
difficulty in controlling the monomer release.21 To overcome
these drawbacks, researchers have recently instigated the
heating up synthesis of CZTS NCs,22,23 but they used expensive
materials, multi-solvents and high reaction temperature >
250 �C, which is not suitable for the industrial applications.
Therefore, it is necessary to develop a simple and low-cost
synthesis method for CZTS NCs to fabricate and commer-
cialize thin lm solar cell devices. In this concern, we have
synthesized the uniform CZTS NCs at low-temperature using
simplistic and less expensive materials.24 Besides, the coating of
these NCs as thin-lms is an essential part for the solar cell
applications and there is no report in the literature for the
coating of NCs synthesized by heating up approach. Moreover,
fabrication of thin-lms with uniform thickness, densely
packed grains and crack-free surface are considered to be
a crucial part in case of NCs ink approach.

To the best of our knowledge, this is the rst report which
deals with the preparation of CZTS lms using NCs synthesized
by low-temperature heating up process. Herein, we have
formulated NCs inks which are highly stable, possessing
homogeneous size distribution and shape-controlled
This journal is © The Royal Society of Chemistry 2019
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characteristics that helps to attain the uniform coatings with
compact grains while depositing thin-lms using knife-coating.
Subsequently, the lms were subjected to air annealing at
350 �C for 1 min to evaporate the solvent. In addition, the crack-
free thin-lms were obtained by varying the CZTS NCs
concentration. Selenization process was carried out for the
annealed lms to replace the majority of sulfur (S) atoms with
Se atoms. Furthermore, the selenization temperatures were
varied to study their inuences on the properties of CZTS lms.
As the selenization temperature increases, a signicant
improvement in the optical, electrical and optoelectronic
properties was observed. Hence, this work could provide a new
avenue to prepare CZTS thin-lms by a cost-effective approach,
which is suitable for large scale production and roll-to-roll
TFSCs fabrication process.
Experimental procedure
CZTS thin-lm preparation and pre-annealing

As described in the previous section, the synthesized CZTS NCs
were used to deposit thin-lms. The ink was formulated by
dispersing NCs in hexanethiol solvent and sonicated for 60min.
To obtain crack-free thin-lms, the powder concentration was
varied such as 0.05, 0.1 and 0.2 g in 1 mL hexanethiol. Then, the
ink was spread over soda-lime glass substrates by knife-coating.
A layer of scotch tape was used as the spacer for thin-lm
preparation. Two alternative coatings were applied to ensure
uniform lm thickness. Aer each coating, the lm was
annealed at 350 �C for 1 min in the pre-heated oven to evaporate
the solvent and carbon.
Selenization of CZTS thin-lms

CZTS thin-lms were annealed under Se/Ar atmosphere. 50 mg
of Se and 5 mg of tin (to avoid the tin loss) powder were placed
into the graphite box along with CZTS lm and kept inside the
Fig. 1 (a) XRD pattern and (b) Raman spectra of as-deposited CZTS film

This journal is © The Royal Society of Chemistry 2019
furnace. A two-step selenization was carried out using a partially
closed graphite box under Ar atmosphere. In the rst step, the
lm was annealed at 400 �C for 30min to incorporate the Se into
CZTS crystal lattice. During the second step, the temperature
was further increased to 500 �C for 15 min to facilitate the
recrystallization and enhance grain growth. The ramp of
temperature was 20 �C min�1. The selenization temperature in
the second step was varied such as 500, 525 and 550 �C by
keeping a constant time of 15 min.
Characterization

Structural properties of CZTS and CZTSSe thin-lms were ob-
tained using X-ray diffractometer (XRD, PANanalytical) and
Raman (HORIBA Jobin Yvon) spectrometer. Field emission
scanning electron microscopy (FE-SEM-Auriga 3916, Carl Zeiss)
and energy dispersive analysis of X-ray spectroscopy (EDAX)
were employed to measure the morphology and composition of
the samples. The optical measurements were carried out using
ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotom-
eter (JASCO V-670). The electrical properties of lms were
measured using a Hall-effect measurement. The current–
voltage curve (I–V) of CZTS and CZTSSe thin-lms were collected
with standard I–V measurement equipment of Keithley 4200-
SCS. The I–V measurements were performed in dark and under
the illumination of light with the intensity of 9.45 mW cm�2

using tungsten lamp (Philips).
Results and discussions
As-deposited thin-lms

XRD patterns of as-deposited CZTS lms for different powder
concentrations are shown in Fig. 1(a). The observed (112), (220)
and (312) planes were similar to the powder samples which can
be seen from our previously published article.24 It indicates that
crystalline properties of CZTS powder were unaffected during the
s at different powder concentration.

RSC Adv., 2019, 9, 18420–18428 | 18421
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View Article Online
process of lm fabrication. Besides, the diffraction peak intensity
was reduced as the powder concentration decreases, which could
be due to the reduction of lm thickness. Raman spectra
(Fig. 1(b)) displayed a major peak at 333 cm�1, corresponding to
A1 mode of kesterite CZTS. Besides, two shoulder peaks were
observed at 286 and 370 cm�1, attributed to kesterite CZTS.25,26

Fig. 2 depicts the planar and cross-sectional morphology of
as-deposited CZTS lms for different powder concentration.
Both planar and cross-sectional FE-SEM images showed the
crack free and smooth surface for all the samples. From the
cross-sectional images, the observed thickness of as-deposited
lms is 1200, 700 and 600 nm for 0.2, 0.1 and 0.05 g of
powder concentration respectively. Thus, the results revealed
Fig. 2 Planar and cross-sectional FE-SEM images of as-deposited CZTS

Table 1 EDAX composition of as-deposited CZTS films at different pow

Powder concentration (g)

Elemental composition (atomic%)

Cu Zn Sn

0.2 21.81 13.67 12.22
0.1 21.19 14.29 12.35
0.05 21.70 14.16 12.30

18422 | RSC Adv., 2019, 9, 18420–18428
that the thickness of lms was directly proportional to the
powder concentration. EDAX compositional analysis of as-
deposited CZTS lms is shown in Table 1. The observed
elemental composition is close to the powder concentration.24

Besides, slight increment in the S content was observed because
of the solvent (hexanethiol) used for the ink preparation.
Air annealing of CZTS thin-lms

Planar and cross-sectional FE-SEM images of CZTS lms
annealed at 350 �C are shown in Fig. 3. As can be seen from
Fig. 3, cracks were observed for the lms prepared at the powder
concentration of 0.2 and 0.1 g. Formation of these cracks could
films at different powder concentration.

der concentration

Composition ratio

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

52.30 48.10 0.84 1.12
52.17 46.16 0.80 1.15
51.84 45.50 0.82 1.15

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Planar and cross-sectional FE-SEM images of CZTS films annealed at 350 �C for different powder concentration.
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be due to differences in the thermal expansion (or shrinkage)
between the glass substrate and the CZTS. Besides, lm thick-
ness, binder removal, solvent evaporation rate, annealing
temperature and time plays a vital role in the formation of
cracks.27,28 These cracks should be avoided as it can create
a shunt path in the absorber thereby affecting the solar cell
performance. When the CZTS lm annealed at 350 �C, ligand
molecules desorb and/or thermally decomposes into volatile
species, which is responsible for the reduction of both sulfur
and carbon content (Table 2). Hence, the evaporation of solvent
resulting volume shrinkage in the lm which leads to stress that
induces cracks during annealing. Besides, the cracks were
reduced as the lm thickness decreased from 1150 to 500 nm,
Table 2 EDAX composition of annealed CZTS films at different powder

Powder concentration (g)

Elemental composition (atomic%)

Cu Zn Sn

0.2 21.98 14.22 12.25
0.1 22.06 14.37 12.23
0.05 21.96 14.68 12.43

This journal is © The Royal Society of Chemistry 2019
which could be due to decrement in the volume shrinkage that
reduces the stress as well. Finally, a crack-free lm with
a uniform thickness of 500 nm was obtained for 0.05 g of
powder concentration. EDAX composition analysis of CZTS
lms annealed at 350 �C is shown in Table 2. The lm showed
a similar composition to the powder samples. Both the sulfur
and carbon contents were reduced as compared to the as-
deposited lms (Table 1).
Selenization of CZTS thin-lms

Films annealed at 350 �C with powder concentration of 0.05 g
were further used for selenization. Fig. 4(a), showed the XRD
concentration

Composition ratio

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

51.56 44.76 0.83 1.16
51.33 42.06 0.82 1.17
50.93 41.76 0.81 1.18

RSC Adv., 2019, 9, 18420–18428 | 18423

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02669j


Fig. 4 (a) XRD pattern and (b) Raman spectra of annealed and selenized films at different temperature.
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patterns of annealed and selenized CZTS lms. The annealed
lm showed the diffraction peaks at 2q values of 28.45, 47.60
and 56.10�, corresponding to (112), (220) and (312) planes of
Fig. 5 Planar and cross-sectional FE-SEM images of CZTSSe films at diff

18424 | RSC Adv., 2019, 9, 18420–18428
kesterite CZTS. Aer selenization, the peaks were shied to
lower 2q values for all the cases. The same behavior was
observed by other researchers.29,30 The peak shi is due to the
erent selenization temperature.

This journal is © The Royal Society of Chemistry 2019
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replacement of the majority of smaller sized S atoms (0.184 nm)
by larger sized Se (0.198 nm) atoms during the selenization
process, resulting in larger lattice parameters for CZTSSe than
CZTS. The lattice parameters a and c were calculated from the
XRD data of the annealed and selenized lm at 550 �C, using the
following formula:

1

d2
¼ h2 þ k2

a2
þ l2

c2
(1)

where h, k and l are Miller indices, a and c are lattice constants
and d is the inter-planar distance.

The inter-planar distance was estimated by using Bragg's
diffraction equation:

d ¼ nl

2 sin q
(2)

where n is a positive integer, l is wavelength (1.5405 Å) and q is
Bragg's angle.

The calculated lattice parameters a and c values for CZTS
lm are 5.42 and 10.85 �A respectively but for the CZTSSe lm,
the a and c were shied to 5.63 and 11.30�A respectively, which
is in good accordance with the literature.30,31 To further conrm
the phase purity, Raman measurements were carried out for the
annealed and selenized lms. As can be seen in Fig. 4(b),
Raman peaks were observed at 334, 287 and 371 cm�1 for
annealed lms. The lm selenized at 500 �C showed the A1

mode shi of CZTSe at around 172, 192 and 240 cm�1 32,33. The
Fig. 6 (a) The elemental composition, (b) the corresponding ratio of Cu/
films selenized at different temperature.

This journal is © The Royal Society of Chemistry 2019
peak position of the A1 mode was shied further, as the sele-
nization temperature increases. Most importantly, no
secondary phases like Cu2S, ZnS, ZnSe, CTS etc., were observed
which conrms the pure phase formation of CZTSSe.

FE-SEM images of CZTS lms selenized at different
temperature are shown in Fig. 5. Film selenized at 500 �C
showed a few voids on the surface, which could be due to
insufficient Se incorporation as can be observed from the EDAX
analysis (Fig. 6(a)). When the selenization temperature
increased to 525 �C, voids were reduced signicantly. Further
increasing the temperature to 550 �C, results in void-free,
smooth surface and compact morphology of CZTSSe, which is
due to more Se incorporation into the lms. It is interesting to
note that the thickness of CZTSSe lms was increased from 500
to 800 nm as compared to annealed lm, which could be due to
volume expansion in the unit cell when the Se is incorporated
into the lattice as mentioned in the XRD analysis.

EDAX compositional analysis was performed for the lms
selenized at different temperature. The elemental composition
varied with increases in the selenization temperature as shown
in Fig. 6(a). The Cu/(Zn + Sn) ratio increases while the Zn/Sn
ratio decreases as a function of selenization temperature
(Fig. 6(b)). With increases in the selenization temperature, Se/(S
+ Se) ratio increases as the amount of S decreases which can be
observed from Fig. 6(c). Furthermore, the carbon content was
reduced as the selenization temperature increases (Fig. 6(d)).
The selenized lms showed Cu-poor, Zn-rich composition,
(Zn + Sn) and Zn/Sn, (c) Se/(S + Se) ratio and (d) carbon content of the

RSC Adv., 2019, 9, 18420–18428 | 18425
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which is considered to be an optimum condition for highly
efficient TFSCs.34

UV-Vis-NIR absorbance measurements were performed for
the annealed and selenized lms at different temperature. The
absorbance spectra and the corresponding band gap of the
samples are shown in Fig. 7. The optical band gap was calcu-
lated using the following formula

(ahn)2 ¼ A(hn � Eg) (3)

where, a is the absorption coefficient, hn is photon energy, A is
a constant.35 The optical band gap was achieved by plotting
(ahn)2 as a function of hn. The calculated band gap energy for
the annealed lm is 1.52 eV, which is in good accordance with
the powder sample.24 However, the band gap energy was
systematically decreased to 1.05 eV for CZTSSe lms with an
increment in the Se/(S + Se) ratio (Fig. 7(b)). The observed band
gap values were consistent with the reported values.36,37 More-
over, the narrow band gap energy could help to improve the
efficiency of CZTSSe TFSCs.38

The conductivity type, carrier concentration, mobility and
resistivity of both CZTS and CZTSSe lms were measured by
Hall-effect. The reported value of mobility and carrier
concentration for CZTS absorber material is in the range of 1
to 10 cm2 V�1 s�1 and 1016 to 1018 cm�3.39,40 As can be seen in
Table 3, all the lms showed p-type conductivity. CZTS lm
showed higher resistivity and lower mobility of charge
carriers because it consists of smaller grains as can be
observed from the FE-SEM images, which leads to the high
Fig. 7 (a) UV-Vis-NIR absorption spectra and (b) corresponding band
temperatures.

Table 3 Carrier type, carrier concentration, mobility, and resistivity of an

Experimental conditions Type of conductivity
Carrie
(cm�3

Annealed at 350 �C p 1.13 �
Selenized at 500 �C p 2.17 �
Selenized at 525 �C p 4.32 �
Selenized at 550 �C p 7.52 �

18426 | RSC Adv., 2019, 9, 18420–18428
density of grain boundaries that hinders the ow of charge
carriers. For CZTSSe lms, carrier concentration and
mobility were inversely proportional to the resistivity. As the
selenization temperature increases, mobility increased
further which could be due to the improvement in both the
crystallite and grain size41 as observed from XRD, Raman and
FE-SEM analyses. Therefore, the lm selenized at 550 �C
showed higher mobility and less resistivity when compared
to other lms which reveal that the obtained CZTSSe lm is
suitable for solar cell applications.

To perform the I–V measurements, gold (Au) circular
contacts with a thickness of 200 nm were deposited onto the
lm using thermal evaporation. The I–V measurements were
carried out between the two Au contacts at a given bias
voltage of 10 V. From the Fig. 8, we could observe a linear I–V
curve, which implies that the metal (Au) contacts are ohmic
in nature.42–44 The photo-response properties of CZTS and
CZTSSe lms were measured in dark and under the illumi-
nation of light. The illumination helps to excite the electrons
from the valence band to the conduction band which obvi-
ously enhances the holes in the CZTS and CZTSSe that
enhances the conductivity of the lms. The photoconduc-
tivity of lms can be expressed by DI (the current difference
between the dark and under the illumination of light). The
photocurrent DI is calculated by Iphoton/Idark in CZTS and
CZTSSe thin-lms were 1.09 nA, 1.27 mA, 1.35 mA and 1.65 mA
cm�2, respectively. The lm selenized at 550 �C showed
higher photoconductivity as compared to other lms, sug-
gesting their potential applications in the eld of TFSCs.
gap of annealed and selenized CZTS films at different selenization

nealed and selenized films at different temperature

r concentration
) Mobility (cm2 V�1 s�1)

Resistivity
(Ucm)

1016 0.05 1.70
1017 0.80 1.23
1017 1.92 0.41
1017 3.14 0.21
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Fig. 8 Dark and light I–V characteristics of films (a) annealed at 350 �C, (b) selenized at 500 �C, (c) selenized at 525 �C and (d) selenized at 550 �C.
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Conclusions

CZTS ink was formulated using the NCs synthesized by low-
temperature heating up approach. Subsequently, the ink
was coated as thin-lms using knife-coating followed by
annealing. The annealed CZTS lms exhibited similar
structural, morphological and compositional properties to
the powder. Then, the lms were annealed under Se/Ar
atmosphere at different temperature to enhance the lm
properties. Structural analysis showed a peak shi towards
lower wavelength for CZTSSe lms due to Se incorporation
into the lm. The band gap was tuned from 1.52 to 1.05 eV as
a function of selenization temperature. From the morpho-
logical analysis, a void-free and smooth surface was
observed for the lm selenized at 550 �C. Compositional
analysis revealed the Cu-poor, Zn-rich composition which is
the optimum condition for highly efficient CZTS TFSCs. As
the selenization temperature increases, improvement in the
mobility and carrier concentration were observed from the
Hall effect measurements. Furthermore, lm selenized at
550 �C showed higher photoconductivity as compared to
other lms. Therefore, the results suggested that the ob-
tained CZTSSe lm can be employed as an absorber layer in
low-cost TFSCs.
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