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Abstract

Cu,ZnSnS, (CZTS) thin films were deposited from a single cationic bath by Successive Ionic Layer Adsorption and Reac-
tion (SILAR) method. Regular SILAR route for CZTS had the drawback of preferential adsorption of copper and tin cations
in comparison with zinc. This resulted in Cu;SnS, (CTS) and Cu,S phases rather than phase pure CZTS films. A modified
SILAR route, with a separate bath for Zn>* ions, circumvented the difficulty and hence led to phase pure CZTS thin films.
UV-visible absorption spectra of the CZTS thin films showed absorption coefficients of ~ 10* cm™! and a band gap of 1.5 V.
Combined van der Pauw and Hall measurements of CZTS thin films showed a resistivity of approximately 1.51 x 10? Qcm,
carrier density of ~1.28x10'7 cm™, and mobility ~0.32 cm? V~!s™!. A completely solution processed P-N junction was
fabricated and characterized by forming glass/FTO/TiO,/CdS/CZTS multilayer.

Keywords SILAR - Solar energy material - Optical band gap - Resistivity - P-N junction

Introduction

The leading thin film photovoltaic technologies of today
based on the chalcogenide materials, cadmium telluride
(CdTe) and copper indium gallium selenide (CIGS), are
considered to be low cost and widely deployable [1]. But
there are some serious concerns regarding both CdTe and
CIGS: cadmium is highly toxic, and tellurium, gallium, and
indium are extremely rare on our planet. These will make
CdTe and CIGS unaffordable in the future and also envi-
ronmentally unsuitable [2]. Cu,Zn SnS, , Se, (CZTSSe) is
a solar cell absorber material similar to CIGS where the
scarce element In is replaced by Zn and Ga is replaced by
Sn [3]. When the chalcogen is entirely sulfur, we have CZTS
which is wholly composed of non-toxic and earth-abundant
elements. Thus, CZTS is an earth-abundant alternative with
similar processing strategies and challenges as CIGS [4].
The kesterite crystal structure of CZTS is used for photo-
voltaic applications. CZTS is a p-type semi conductor with
a direct band gap (1.4-1.5 eV) that matches well with the
solar spectrum, has high absorption coefficient (> greater
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than 10* cm™') and good electrical properties suitable for
photovoltaic applications [3-6].

CZTS has been fabricated by different techniques over the
past years. Thermal and electron beam evaporation [7, 8],
sputtering [9, 10], and pulsed laser deposition [11] are the
various vacuum-based deposition techniques that have been
used. But these methods suffer from considerable energy
consumption and expensive apparatus requirements. Recent
research works in this field are intended to improve the effi-
ciency of CZTS solar cells and reduce production cost by
developing several non-vacuum deposition methods. These
include spray pyrolysis [12], spin coating [13], chemical
bath deposition [14, 15], electro deposition [16], and solvo-
thermal and hot injection methods [17]. The record CZTSSe
cell (produced by a hydrazine solution approach) has an effi-
ciency of 12.6% [18], but suffers from large voltage loss due
to recombination at defects in the bulk and at the interfaces.
This best result was achieved through a Cu-poor, Zn-rich
stoichiometry with the band gap being controlled by the S/Se
ratio. Major breakthroughs in the development of CZTSSe
solar cells depend on finding an alternative back contact that
can withstand the full device processing and maintain low
series resistance.

With an aim to develop a low cost and industry friendly
approach to develop CZTS thin films; we have adopted the
Successive Ionic Layer Adsorption and Reaction (SILAR)
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method which imposes no restrictions on deposition area.
In this method, films get deposited by cycles of adsorption
and reaction, and this can occur throughout the contact area
between the substrate and the liquids (precursor solutions). It
is not controlled by external factors like electric or magnetic
field, vapor phase transport from source to target, etc. [19,
20]. Also, SILAR method is a room temperature process that
is particularly eco-friendly because it uses only non-toxic
chemicals and solvents. Traditional single step method [19,
20] as well as stacking of sulfide layers [21, 22] have been
used to prepare CZTS films by SILAR so far. Stacking of
two layers is more time consuming and difficult for industrial
applications. But single step SILAR is extremely challeng-
ing for the deposition of quaternary material because of the
differential absorptivities of the cations [23, 24].

In the present work, we have attempted depositing CZTS
thin films using single step method by widely varying
the concentrations of the cationic precursors. A modified
SILAR route, by providing a separate bath for Zn>*, was also
attempted. While the former SILAR route resulted in binary
and ternary defect phases, latter method led to a phase pure
CZTS thin film. A completely solution processed P-N junc-
tion with glass/FTO/Ti0,/CdS/CZTS structure was fabri-
cated and the V-I characteristics were studied. Here, com-
pact TiO, was used as a substitute to the usual ZnO window
layer. To the best of our knowledge, a completely solution
processed P-N junction with a compact TiO, window layer
for photovoltaics has not been previously reported.

Experimental
Materials

Copper (II) chloride (CuCl,-2H,0,>99%), zinc
sulfate (ZnSO,-7H,0,>99.5%), tin (II) chloride
(SnCl,-2H,0, >97.5%), sodium sulfide (Na,S), cadmium
sulfate (99%), and thiourea (99%) were purchased from
Merck. Titanium tetrachloride solution (1 M, 99.9%) in tolu-
ene was purchased from Sigma-Aldrich. All reagents were
used as received. Aqueous solutions were prepared with de-
ionized water which was also purchased from Merck.

Preparation of CZTS films

Substrates (glass slides/FTO-coated glass) were cleaned
using de-ionized water, acetone, and iso-propanol by ultra-
sonication for 10 min each and dried in air, prior to deposi-
tion. Initially, deposition was attempted using a single cati-
onic bath. That is, the SILAR cycle involved immersions in
four beakers: beaker 1 contained the cationic precursor solu-
tion prepared by dissolving copper (II) chloride dihydrate,
zinc sulfate heptahydrate, and tin(Il) chloride dihydrate
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mixed in the molar ratio of 2:1:1 in de-ionized water. Upon
dipping, the cations were deposited on to the substrate by
adsorption. Thereafter, loosely bound cations were removed
by dipping in de-ionized water contained in beaker 2. In
beaker 3, 0.16 M Na,S solution (having a volume equal to
that of the total cationic solution) was used as the anionic
precursor. Immersion of the substrates in the anionic solu-
tion resulted in reaction of adsorbed cations with the sulfide
ions. Deionised water placed in beaker 4 helped in removing
the unreacted anions. Dip time in each beaker was optimized
as 20 s and the dip and retrieval speeds were both kept at
5 mm per minute. The pH values of the cationic and anionic
precursor solutions were precisely controlled and maintained
at~3 and 6, respectively. The experiment was repeated by
changing the concentrations of the cationic precursors in the
bath. Few examples of the compositional variations in the
precursor solutions are as listed in Table 1. Each deposition
was carried out by using 50 SILAR cycles.

From Raman analysis and EDS results, it was found
that zinc was not incorporated into the films by the above
method. So, a separate bath was provided for the Zn>* ions
to enhance its adsorption. The deposition was done using a
cycle of six dips as shown in Fig. 1. This enabled Zn** cati-
ons to get adsorbed onto the substrate surface without facing
competition from the copper and tin cations. The concentra-
tion of zinc sulfate in its separate neutral bath was 0.2 M.
Beaker 4 now contained copper chloride (0.005 M) and tin
chloride (0.015 M) with two drops of conc. HCI added to
promote complete dissolution of tin chloride. The anionic
bath of 0.16 M sodium sulfide solution was acidified with
a drop of conc. HCI to help the rapid hydrolysis of sodium
sulfide giving S*~ ions. The dip time and speeds were the
same as mentioned earlier.

Fabrication of P-N junction

A compact layer of TiO,(c-TiO,) was deposited over
FTO-coated glass substrate by hydrolysis of 0.1 M
aqueous TiCl, solution and annealing at 500 °C for an
hour. CdS thin films were deposited over the TiO, film
by chemical bath deposition method. For this, we used
aqueous solutions of 2.5 mM CdSO,.8/3 H,O and 0.06 M

Table 1 Composition of the precursor solutions of the films deposited
from single cationic bath

Film name Cu/(Zn+Sn) ratio Zn/Sn ratio
St. 1 1

A 0.7 1.15

B 0.6 1.15

C 0.8 1.15

D 0.7 1.25
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Fig. 1 Six dip SILAR cycle giving augmented Zn adsorption

thiourea with adequate amounts of ammonia solution and
few drops of TEA. The deposition was done at 65 °C for
15 min [25]. Over the CdS film, CZTS was deposited by
the six dip SILAR cycle described above. Forty cycles
were given with dip time of 20 s in each solution, and dip
and retrieval speeds of 5 and 2 mm per minute, respec-
tively. The glass/FTO/TiO,/CdS/CZTS combination was
annealed at 200 °C for an hour.

Characterization

Structural characterization and phase formation of the
SILAR-deposited films and compact TiO, layer were
done using Raman spectroscopy (Renishaw inVia confo-
cal Raman microscope, using excitation wavelength of
532 nm with spot size of 1 pm). Formation of nano crys-
talline CdS thin films was confirmed by X-ray diffrac-
tion (Bruker AXS D8 Advance X ray diffractometer using
Cu-K, X-rays of wavelength 1.5406 A) and Raman analy-
sis. Surface morphology of the films was studied using
Field Emission Scanning Electron Microscopy (FESEM)
(JEOL JSM 6390).Thickness of the films was measured
by interferometry/cross-section FESEM and refractive
indices by Brewster angle method [26, 27]. The optical
properties were studied using UV—visible spectroscopy
(Model: Varian Cary-5000) and band gap was determined
from the Tauc plots. Electrical measurements were done
by four probe method using Keithley SMU 2450. The
p-type conductivity was confirmed by hot-probe method.
Atomic Force Microscopy (APER-A-100 SPM) was used
to determine the surface roughness of the CZTS films.
V-I characterization of the junction was performed using
Keithley 2450 SMU by four probe method.

Results and discussion
Structural properties

Figure 2 shows the Raman spectra of the as-deposited films
obtained by SILAR. Raman spectra of the films deposited
using single cationic bath revealed major peaks around
319 cm~'and 475 cm_l(curves A,B,C,D and St of Fig. 2a).
These indicated the formation of Cu;SnS, (CTS) and Cu,S,
respectively, rather than CZTS. It means that zinc has not
been adsorbed, and copper and tin are the major cations
present in the deposited films. When a separate cationic
bath was used for zinc, the Zn content improved consider-
ably and the Raman peaks characteristic of Cu,ZnSnS,
were obtained (Fig. 2b). The deconvoluted Raman spec-
trum shows the peak at 331 cm™! corresponding to the
standard value of 335 cm™ due to the A, vibrational mode
of the CZTS molecule where the anions vibrate towards
the z-axis. The peaks at 275 em™!, 292 cm™!, and 342 cm™!
correspond to the values at 278, 290, and 341 cm~! due
to the E vibrational modes of kesterite crystal structure of
Cu,ZnSnS,. The peak at 292 cm™~! might also be due to
the B symmetry mode (285 cm™!) corresponding to move-
ments of the Cu/Zn and Cu/Sn atomic planes [28-30]. The
peaks at 319 cm~'and 475 cm™! due to the CTS and Cu,S
defect phases are absent, now showing the formation of
pure CZTS phase in the thin film formed. Deviation from
standard values must be due to the strain produced in the
films during solvent evaporation.

Formation of TiO, with anatase crystal structure was
also confirmed using Raman spectroscopy (Fig. 2c¢). The
sharp peak at 144 cm™! is due to the vibrations of the
Ti-Ti covalent bond. The formation of CdS film was
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Fig.2 a Raman spectra of the films deposited using single cationic bath. b Raman spectrum of CZTS film deposited by SILAR with augmented
Zn adsorption. ¢ Raman spectrum of compact TiO, film. d XRD pattern of CdS film and Raman spectrum as inset

confirmed by X-ray diffraction and Raman spectroscopy.
The XRD pattern of CdS film (Fig. 2d) showed a sharp
peak at 27.43° and smaller peaks at 44.8° and 53.15°.
These show reflections from the (111), (220), and (311)
planes of cubic crystal structure of CdS. Raman spectra
of the CdS films showed a major peak at 300 cm~! and a
smaller peak at 600 cm~!. These are due to the first- and
second-order longitudinal optic (LO) phonon modes of
CdS (inset of Fig. 2d).

The surface morphology of the CZTS films deposited
on glass substrate was studied using FESEM and AFM
(Fig. 3a). The FESEM micrographs revealed a dense mor-
phology with globular structures of average size 100 nm
(Fig. 3b). The AFM data (Fig. 3c) showed an average sur-
face roughness of 66 nm for a 216 nm thick film (measured
by optical interferometric method) deposited by 40 SILAR
cycles. The growth rate of the films was ~6 nm/cycle.

Figure 3d shows the FESEM image of c-TiO, film and
Fig. 3e that of CdS film coated over c-TiO, layer. The dense
packing of the nano crystalline TiO, layer and the uniformly
formed cadmium sulfide grains over it are clear from these
micrographs. Figure 3f shows the FESEM image of the
cross section of glass/FTO/Ti0,/CdS/CZTS heterostructure.
Approximate thickness of different layers estimated from the
cross-sectional SEM image is TiO, ~290 nm, CdS ~ 80 nm,
and CZTS ~300 nm.
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Optical and electrical properties

Thickness of the films was measured by interferometry
(Fizeau fringes) by forming a wedge-shaped air film between
two optical flats, one carrying the deposited film. Sodium
light was used as source for forming the interference pattern.
The step width s and band width g of the fringe patterns
were measured using an optical microscope and film thick-
ness calculated using formula t = % For the CZTS film

deposited by 40 cycles of SILAR with augmented zinc
adsorption, it was measured to be 216 nm. Refractive indi-
ces, estimated from Brewster angle measurements, of the
CZTS, TiO, and CdS films are 2.90, 2.38, and 2.31,
respectively.

The reflectance, transmittance, and absorbance of the
films coated on glass were measured in the wavelength
range 300 nm to 900 nm. The CZTS film has a broad
absorption band with absorption coefficient lying in the
10* cm™! range. CZTS is a direct band gap material and
for allowed transitions, ahv = A4/(hv — Eg), where a is
the absorption coefficient, A a constant, and Eg is the opti-
cal band gap. To find the optical band gaps of the depos-
ited films, (ahv)? was plotted against hv (Tauc plots) and
energy gaps were determined as the x-intercepts at zero
absorption obtained by fitting straight lines (Fig. 4a). The
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Fig.3 aand b FESEM micro-
graphs of CZTS film deposited
on glass substrate. ¢ AFM
image of CZTS film. d FESEM
image of ¢-TiO, film. e FESEM
image of CdS film coated over
¢-TiO, layer. f FESEM micro-
graph of cross section of P-N
junction with structure glass/

FTO/TiO,/CdS/CZTS Nﬁ;
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band gap of CZTS thin film coated on glass was estimated The optical properties of the TiO, and CdS films were
as 1.50 eV. The high absorption coefficient and optimum  also measured using UV-visible spectroscopy. The TiO,
energy gap show that the film can act as a good absorber  films showed good transmittance of over 80% over the entire
layer for solar cells enabling efficient photon absorption  visible and IR range while CdS absorbed blue regions of the
and subsequent electron hole pair generation. visible spectrum, thereby reducing the transmittance there
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Fig.4 a Tauc plot and absorbance spectrum (inset) of CZTS film
deposited on glass. b Tauc plots and transittance spectrum (inset) of
CdS and c-TiO, films deposited on glass substrates

(inset of Fig. 4b). The Tauc plot of CdS film gave a direct
band gap of 2.37 eV while that of TiO, showed a band gap
of 3.32 eV (Fig. 4b). Optical properties of these films are
extremely important when they are used as window layers
in solar cells. The present study shows that the combination
of compact TiO, and CdS thin films can be successfully
employed in thin film solar cells instead of the usual ZnO/
CdS layers without affecting the transparency to incident
light.

The electrical properties of the CZTS films were meas-
ured by using a combination of van der Pauw and Hall tech-
niques. The p-type conductivity was confirmed by hot-probe
method. The values of resistivity, carrier concentration, and
mobility were found to be approximately 1.51 x 10> Qcm,
1.28 x 10'7 cm™, and 0.32 cm? V~!s™!, respectively. The
poor mobility may be attributed to the small grain size of the
film. This leads to recombination of the electrons and holes
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Fig.5 Schematics and dark V-I characteristics of CZTS/CdS/TiO,/
FTO P-N junction

at the grain boundaries. Recombination can be minimized
by improving the grain size of the film. Electrical measure-
ments were performed with films coated on glass substrates.
In actual devices, the films would either be coated over con-
ducting substrates or over n-type buffer layers. The electrical
properties of the absorbing films will then be surely different
from those tabulated above. In any case, recombination of
the charge carriers at the grain boundaries leading to poor
mobility will affect the solar cell performance.

P-N junction V-I characteristic

We have constructed a P-N junction by following the
superstrate configuration commonly used for CdTe solar
cells instead of following the traditional glass/Mo/CZTS/
CdS substrate configuration used for CIGS and CZTS solar
cells. Only the P-N junction has been fabricated and not
the complete solar cell. The V-I characteristic of the junc-
tion measured in dark is as shown in Fig. 5. The curve gave
a knee voltage near 1 V showing that a good V. can be
expected from a solar cell constructed with glass/FTO/TiO,/
CdS/CZTS structure developed by this low cost and indus-
try friendly method. This is because the dark (recombina-
tion) current is negligibly small for voltages lower than 1 V
which in turn will give rise to higher V. since V,.=kT/q In
(I /1,+1), where I is the light generated current and I, is
the recombination current. Theoretically, the upper limit of
V.. is decided by the band gap energy of the material. But
practically V_ is lower than the limit set by band gap. This
is because solar cell needs to be contacted to collect the
excited charge carriers. The difference in potential level of
the contacts then sets an upper limit for V.. For higher V,
1, should be lower and the series resistance imposed by the
contacts is low. The compact TiO, layer serves as an electron
transport layer as well as a window layer for light while CdS
acts as the n-type buffer layer forming a good P-N junction
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at the interface. Without the TiO, layer, chances of CZTS
layer getting shorted to the FTO layer beneath are high. This
shows that TiO, film serves the same purpose here as the
compact hole blocking layer in perovskite solar cells. The
combination provides maximum photon transmission to the
absorber layer and facilitates the deposition of phase pure
CZTS over it. To complete a solar cell device, electrode
metal layers have to be deposited over the CZTS thin film
so that the separated charge carriers can be collected and
supplied to the external circuit. This can be done without
shorting of the junction only if the CZTS film is free of pin
holes and compact. Efforts are in progress to achieve such
photovoltaic device quality thin films.

Conclusion

Uniform thin films of CZTS have been deposited by room
temperature single step SILAR process by properly con-
trolling the precursor concentrations and using a separate
cationic bath for Zn>* ions. Repetition of the six dip SILAR
process with augmented zinc adsorption yielded uniform
CZTS thin films with good light absorbing and electrical
properties. The CZTS thin films had absorption coefficients
of the order of 10* cm™! and a band gap of 1.5 eV. CZTS
thin films deposited on glass substrates showed a resistivity
of approximately 1.51 x 10 Qcm, carrier density of ~1.28
x 10" cm =3, and mobility ~0.32 cm? V~!s7!. A completely
solution processed P-N junction with structure glass/FTO/
TiO,/CdS/CZTS was fabricated and its knee voltage was
estimated to be near 1 V from the V-I characteristics. Com-
bined with the non-toxic nature and earth abundance of the
constituent elements, the industry friendly low temperature
SILAR method to deposit CZTS is sure to reduce the cost
of the thin film photovoltaic device. The combination of
compact TiO, as window layer, CdS buffer layer, and CZTS
absorber layer can be used to make solar cells with improved
V..» provided we are able to get pin hole-free absorber layers
and good electrode metal layer over it for ohmic contacts.
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