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Abstract

In the present investigation, kesterite phase Cu,ZnSnS, (CZTS) nanoparticle, and one-dimensional (1D) nanorods and three-
dimensional (3D) flower-like rutile phase TiO, thin films were obtained by the conventional hydrothermal method. The (112)
plane—oriented single-phase CZTS nanoparticles with chemical composition Cu/(Zn + Sn) = 0.84, 0.90, 1.05 were obtained by
changing the copper concentration of the precursor solution. The CZTS thin films were prepared on fluorine-doped tin oxide
(FTO) substrate by the doctor blade coating method. The effect of reaction time on growth of the hydrothermal deposited rutile
phase TiO, nanorod thin films were investigated. The detailed structural properties, phase identification, and morphological
developments were investigated using X-ray diffraction (XRD), Raman spectroscopy, high-resolution transmission electron
microscopy (HRTEM), and scanning electron microscopy (SEM) techniques. The dye-sensitized solar cells were fabricated with
CZTS counter electrodes (CEs) and hydrothermal deposited nanostructured TiO, photoanodes. The device formed with three-
dimensional TiO, nanostructured photoanode showed higher efficiency (2.65%) than one-dimensional microstructures (1.74%).
The study demonstrates that the nanostructure-based morphologies of TiO, photoanodes affect the performance of CZTS CEs—

based dye-sensitized solar cell.
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Introduction

The Cu,ZnSnS, (CZTS), a kesterite phase semiconductor, has
been attracting a lot of attention, for the development of new
generation photovoltaic devices. It is a high-quality semicon-
ductor, consists of cheap, earth-abundant, nontoxic elements
such as Cu, Zn, Sn, and S [1, 2]. The CZTS exhibits an ex-
cellent light absorption coefficient about > 10* ecm™' [3, 4],
direct energy band gap (£,) ~1.45-1.6 eV, which is close to
the optimum value for being used as an efficient light-
absorbing layer in the thin film solar cells [2, 5]. Owing to
the excellent properties, CZTS considered as a promising ma-
terial and explored in different types of solar cell
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configurations such as thin film solar cells [6-8], dye-
sensitized solar cell (DSSCs) [9-11], quantum dot DSSCs
[12, 13], and perovskite [14, 15] solar cell configurations.
Dye-sensitized solar cells (DSSCs), because of low-cost
and easy fabrication process, have attracted much attention.
The counter electrodes (CEs) are the most important compo-
nent of DSSCs, which catalyzes the reduction of redox elec-
trolyte by collecting photo-generated free electrons from the
external circuit. The synthesis method and elemental compo-
sitions as well as morphology of CZTS CEs [10, 11] play a
vital role in the performance of CZTS-based DSSCs. A
solvothermal synthesized CZTS CE on FTO (fluorine-doped
tin oxide, SnO,: F) substrate showed an efficiency of 5.65%
[16]. Kong et al. [17] used wurtzile and kesterite phase CZTS
nanocrystalline thin films as CEs and demonstrated wurtzile
CZTS as a superior CE (6.23%) than kesterite phase CZTS CE
(4.89%). Chen et al. [10] employed nanoleaf-like plates of
CZTS CEs (solvothermal treatment on electrodeposited
CuZnSn films) in dye-sensitized solar cell and reported
8.67%, which is the highest efficiency so far with CZTS-
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based counter electrodes. A wide band gap semiconductor
TiO, is a most promising and widely used photoanode in
dye-sensitized solar cell [18]. The crystalline TiO, has three
polymorphic forms such as anatase (E,=3.23 eV), a more
stable rutile (£, =3.02 eV) and brookite [19]. Dye-sensitized
solar cell has shown higher power conversion efficiency with
a large surface area of TiO, photoanodes [20]. The mobility of
carriers in TiO, as a photoanode is strongly dependent on the
morphology [18, 21]. A highly oriented one-dimensional
nanorods and nanotubes structured array of TiO, photoanode
have shown excellent photovoltaic efficiency in dye-
sensitized solar cell [22-24].

A variety of physical and chemical methods have been
studied and explored to synthesize different structures of
CZTS. Which mainly includes chemical vapor deposition,
thermal evaporation, sputtering, elecrodeposition, and spray
pyrolysis. [25-29]. However, the conventional solution pro-
cesses for synthesis of CZTS nanoparticles are low-cost and
competitive techniques, which yield better phase and compo-
sition control of the compounds [27, 30]. Solvothermal and
hydrothermal methods have employed to form high-quality
CZTS nanoparticles [31-33]. The green, reliable, and nontox-
ic solvent-based solution process for CZTS synthesis is al-
ways favorable for large-scale production of CZTS-based so-
lar cell [34]. Among them, hydrothermal method is low cost,
environmental friendly, and suitable for large-scale synthesis
of high-quality nanoparticles.

In the present work, we report on the hydrothermal synthesis
of CZTS nanoparticles. The CZTS thin films were deposited on
FTO substrate using the doctor blade coating method. One-
dimensional (1D) compact nanorods and three-dimensional
(3D) microflowers of TiO, nanostructured thin films were grown
on FTO substrate using the hydrothermal technique. The TiO,
films as a photoanode were loaded with N719 dye and tested
with CZTS as a counter electrode for the DSSCs performance.

Experimental
Materials

Cupric sulfate pentahydrate (CuSO45H,0), zinc sulfate
(ZnS0O47H,0), stannous chloride (SnCIl,2H,0), thiourea
((NH,),)CS), TTIP, (36%) HCI, ethyl cellulose, terpineol, eth-
anol, and N719 dye [di-tetrabutylammoniumcis-bis
(isothiocyanato) bis (2,2'- bipyrydil-4,4'dicarboxylato)] were
purchased from S.D. Chem. Ltd. and used without further
purification.

Deposition of CZTS thin film as a counter electrode

CZTS nanoparticles were synthesized using the hydrothermal
method. In a typical synthesis, (0.005 M) CuSO45H,0,
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(0.005 M) ZnSO47H,0, (0.005 M) SnCl,2H,0, and 0.05 M
thiourea were dissolved in water. The resultant solution stirred
for half an hour and transferred into Teflon-lined stainless steel
autoclave. The autoclave filled with 75% of its capacity and kept
in hot air oven for 24 h at 180 °C. After that, the oven allowed for
cooling naturally to room temperature. The black-colored prod-
uct was collected and washed with distilled water and ethanol
several times and dried at 80 °C for 10 h. Three samples were
obtained with 0.005, 0.01, and 0.015 M of copper concentrations,
and corresponding samples were named as C1, C2, and C3 re-
spectively. After that, 10 mg of CZTS sample (C2) and 3 mg of
ethyl cellulose were mixed together. A premixed solution of
ethanol and of terpineol (10:1) added dropwise in the mixture
containing CZTS and ethyl cellulose to form a suitable viscous
CZTS paste. The resulted paste then coated on an ultrasonic-
cleaned FTO substrate and annealed at 250 °C for 30 min. The
CZTS/FTO thin films were used as a counter electrode to study
the performance of the dye-sensitized solar cell. The schematic
representation of the mechanism of hydrothermal synthesized
CZTS nanoparticles and the doctor blade coating of CZTS thin
films is shown in Fig. 1.

Deposition of TiO, nanorods as a working electrode

TiO, nanostructured thin films were deposited on FTO glass
substrate using the hydrothermal method. In deposition pro-
cess, 1 ml of titanium isopropoxide dissolved in equal volume
of distilled water and HCL (36%) by stirring for 30 min. The
mixture then transferred into Teflon-lined stainless steel auto-
clave. The cleaned FTO substrate placed in autoclave facing
the conducting surface sliding down against the wall of the
container. The autoclave then maintained at 180 °C and the
kept for 3, 5 and 7 h. Autoclave then allowed to cool naturally
to room temperature and thin films containing TiO, nanorods
were collected. The films were rinsed with distilled water
several times to remove loosely bonded surface molecules
and dried naturally. The dried samples annealed at 400 °C
for 1 h and used for further characterizations. The film depos-
ited at 3, 5, and 7 h of deposition time were named as A1, A2,
and A3 respectively. Figure 2 shows the schematics of hydro-
thermal synthesis of nanostructured TiO, thin film.

Fabrication of solar cell device

The CZTS/FTO was employed as a counter electrode in DSSC
device. Hydrothermal deposited TiO, thin films were placed in
ethanolic solution of 0.5 mM N719 dye for 24 h and used as a
photoelectrode. The CZTS/FTO counter electrodes facing the
TiO, photoelectrode held together using binder clip on opposite
end. Just before the analysis, drops of electrolyte containing 0.5 M
Lil, 0.05 M L,, and 0.5 M tetrabutyl pyridine induced in
sandwiched cell until no air bubble is present. The light falls on
the back contact of FTO and penetrates the dye adsorbed onto the
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TiO, photoelectrode. Figure 3 depicts the schematic representation
of CZTS counter electrode and N719-TiO, working electrode in
dye-sensitized solar cell with a possible electron transport
mechanism.

Characterizations

The structural and phase determination was carried out using X-
ray diffraction (XRD) measurements (model XPERT-PROMPD
spectrometer) with CuK,, radiation of wavelength 1.5410 A.
Raman spectrum was recorded using a Raman spectrometer in
the range 6002100 cm ' and excitation source having wave-
length 532 nm of He-Ne laser. The scanning electron microscopy
(SEM, JEOL JSM-IT300) and high-resolution transmission

= B

F ormation of CZTS nuclei
duung hydrothermal reaction

electron microscopy (HRTEM, JEOL JEM-2100F, 200 kV) were
used for morphological study. The optical absorption spectra were
recorded using a UV-vis spectrometer (Perkin Elmer). The fabri-
cated DSSC device was tested for /-V characteristics under an air
mass (AM) of 1.5 global (AM 1.5 G) conditions with a solar
simulator (100 mW/cn?).

Results and discussion

Morphology and compositional analysis

Figure 4 a—f show morphological features of CZTS nanopar-
ticles synthesized using different copper concentration. At

Fig. 2 Schematic representation
of the formation of
nanostructured TiO, thin films by
hydrothermal method

Mixture of 1 ml TTIP
+ water + HCI
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Fig. 3 Schematic representation of DSSCs employing CZTS counter electrode and N719-TiO, working electrode with possible electron transport

mechanism

lower copper concentration, general morphologies of CZTS
nanoparticles were observed (sample C1, Fig. 4a, b). As Cu
concentration in the precursor solution increased, the particle
starts to aggregates and converted into compact, solid micro-
spheres of around ~ 1-3 um diameters (Fig. 4c, d. The CZTS
synthesized at a higher copper concentration exhibited com-
pact, solid microspheres with average diameters about 2—
4 um. In order to estimate the chemical composition of ele-
ments, energy dispersive spectroscopy (EDS) technique
employed. The ideal stoichiometry of CZTS exhibits the com-
position ratio as Cu/(Zn+ Sn) =1 and that of Zn/Sn=1. The
elemental composition and the composition ratio of Cu/(Zn +
Sn) and Zn/Sn are given in Table 1. It is seen that the CZTS
synthesized with 0.01 M copper in the precursor solution ex-
hibited the composition near to the optimum value. Therefore,
the sample synthesized using 0.01 M copper concentration
(C2) was used for the doctor blade coating of CZTS thin films
for counter electrode. Figure 5 shows the SEM image of the
doctor blade coated CZTS thin film consists of aggregated
particles uniformly distributed over the surface of the FTO
substrate. The film exhibits uniform surface and no crack
and voids observed on it. The doctor blade coated CZTS thin
film further characterized by energy dispersive spectroscopy
(EDS) to find chemical composition. From the EDS analysis,
the atomic composition of Cu:Zn:Sn:S in the thin film was
estimated to be 23.37:13.46:12.81:49.34 respectively. For
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high performance CZTS-based solar cell, the optimum com-
position ratio of Cu/(Zn + Sn) and Zn/Sn were reported to be
about 0.75~0.95 and 1.1~1.4 respectively [35, 36].

The reaction mechanism involved in the formation of
CZTS nanoparticle can be explained based on nucleation, dis-
solution, and recrystallization mechanism [37]. Thiourea
plays important role in the formation metal sulfides. Initially,
thiourea in solution acts as a complexing reagent and forms
the metal-thiourea ligands. The metal-thiourea ligands serve
as metal ions source and regulates the nucleation by the re-
lease of metal ions into the solution. Thiourea also acts as a
source of sulfur and releases the S, in the solution. On the
hydrothermal heating, the released S, combines with the met-
al ions and precipitate to form metal sulfides [36, 38]. Thus,
the gradual release of metal ions from the metal-thiourea li-
gands and formation S, in the solution can control the nucle-
ation and aggregation of the CZTS nanocrystalites. According
to Ostwald ripening theory, because of lower surface free en-
ergy large particle grows first and compact and dense micro-
spheres of diameter about 2 to 4 um gets formed [39].

Figure 6 a—d depicts the SEM images of a dense network of
vertically grown one-dimensional TiO, nanorod thin film on
FTO substrate. From the figure, it seems that the nanorods
were grown at 3 h of reaction time, grown without fusing each
other and aligned along one dimension with an average diam-
eter of ~ 150 nm. As the reaction time is increased, initially,
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Fig. 4 SEM images of
hydrothermal synthesized CZTS
nanoparticles using different
copper concentrations, 0.005 M
Cu(a, b), 0.01 M Cu (c, d),
0.015M Cu (e, f)

the dense nanorods have formed and then a bunch of uniform-
ly aligned microflowers were observed to be grown on the
vertically aligned structures as shown in Fig. 7a—d. Further,
the careful observation of Fig. 7a—d shows that the vertically
grown dense nanorods still observed on the FTO substrate,
which not fully covered with microflowers. Figure 8 a—d rep-
resent the intact structures of TiO, nanorods covering
microflowers all over the vertically grown TiO, structures in
three-dimensional space. It is observed that the reaction time
in the hydrothermal synthesis has a direct impact on the for-
mation of the TiO, nanostructures. The lower reaction time

Table 1 The chemical composition CZTS nanoparticles synthesized
using different copper concentrations

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

Sn
Cl 22.18 1317 13.10 50.80 0.84 1.00
C2 2383 13.67 1289 49.73 0.90 1.06
C3 26.73 1225 13.18 50.15 1.05 0.92

provides enough energy to align the TiO, nanorods perpen-
dicular to the FTO substrate. As the reaction time is increased,

Fig. 5 SEM image of CZTS thin films deposited using the doctor blade
coating method
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Fig. 6 SEM images of
hydrothermal synthesized TiO,
nanorod deposited at 3 h of
reaction time at different
resolution

the atom gains enough energy and causes the bundles of  substrate. When reaction time increased to 7 h, many rods like
microflowers to grow on the vertically grown nanorod  branches grow in three dimensions all over the surface of the 1

Fig. 7 SEM images of
hydrothermal synthesized TiO,
nanorod deposited at 5 h of
reaction time at different
resolution
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Fig. 8 SEM images of
hydrothermal synthesized TiO,
nanorod deposited at 7 h of
reaction time at different
resolution

D rods (Fig. 8a—d). Berhe et al. [40] reported similar kind of
morphology of TiO, thin films deposited using the spin coat-
ing technique.

Figure 9 a and b depict the HRTEM images of CZTS nano-
particles and the TiO, thin film (sample A3). Figure 6 a
showed the lattice fringe pattern of CZTS nanoparticle, indi-
cating the interplanar spacing corresponding to (112) plane is
equal to 0.318 nm. Figure 9 b shows the interplanar spacing
d(110)=0.32 nm, and d(¢1, = 0.29 nm corresponding to rutile,
TiO, (110) and TiO, (001) planes respectively.

Structural analysis

The structural properties of CZTS nanoparticles synthesized
using different copper concentration is shown in Fig. 10a. The

Fig. 9 a HRTEM image CZTS
nannoparticles, b HRTEM image
of TiO, nanorod thin film

XRD pattern matches well with the diffraction patterns of pure
kesterite phase CZTS as in the JCPDS card 52-0868. The
XRD pattern of CZTS nanoparticles exhibits strong peaks at
28.4°, 32.36°, 47.2°, and 56.4° can be attributed to (112),
(200), (220), and (312) the characteristic peaks of kesterite
phase CZTS. There are no additional peaks observed in the
XRD patterns of C2 and C3 samples, which indicates the pure
CZTS product. However, at a lower Cu concentration, an
additional peak of SnS, is seen, may be due to
nondecomposition of elements in CZTS compound. From
the XRD pattern, it is clear that, the intensity of a diffraction
peak increased with increasing copper concentration, indicat-
ing improved crystalline nature of the sample. The lattice pa-
rameters estimated a=5.41 A, b=5.41 A, and ¢=10.87 A
and matched well with reported values [36]. The average

@ Springer



468

J Solid State Electrochem (2020) 24:461-472

Fig. 10 a XRD pattern of CZTS * * CZTS
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crystal size estimated using Debye—Scherrer formula found to
be 16-27 nm. The structural parameters calculated, are sum-
marized in Table 2. Figure 10 b shows the XRD pattern of
CZTS thin film deposited using the doctor blade coating tech-
nique. The CZTS is a tetrahedral coordinated system, in which
sulfur ion bounded with cations Cu, Zn, and Sn and each
cation bounded with four sulfur anions. The identification of
phase purity of CZTS using XRD is difficult because of pos-
sible binary (ZnS, SnS,, Cu,S, CuS), ternary (CuSnS;), and
wurtzite phases have a similar XRD pattern as that of CZTS
[41, 42]. Therefore, Raman spectroscopy of CZTS thin films
recorded and depicted in Fig. 10c. Raman spectra showed
three peaks at 287, 338, and 368 cm’! position, which corre-
sponds to pure phase CZTS as in agreement with earlier re-
ports [43, 44].

Figure 11 depicts the XRD pattern of TiO, thin film sam-
ples Al, A2, and A3, deposited on FTO substrate. From the
XRD patterns, high-crystalline tetragonal rutile phase of TiO,

Raman Shift (cm!)

(JCPDS card No 01-82-0514) was confirmed. The XRD
shows diffraction peaks indexed as (110), (101), (211), and
(002), which are the characteristic peak of rutile phase TiO,
[45]. In the XRD pattern of sample A3 (7 h of reaction time),
the (101) and (110) peak intensity is dominant, which indi-
cates (101) and (110) oriented growth of TiO, nanorods. The
high intensity (101) peak along with (002) in nanorod film
suggests that the crystal grown is along [101] direction, par-
allel to surface of the substrate.

X-ray photoelectron spectroscopic studies of CZTS
thin film

The valence states of Cu, Zn, Sn, and S in the CZTS thin film
were confirmed by high-resolution XPS analysis. Figure 12 a
shows the high-resolution spectrum of Cu 2p, two peaks at
932.2 and 952.2 eV appear, indicative of Cu(I) with the energy
splitting of 20.0 eV, which is consistent with the standard

Table 2 Structural parameters of

CZTS nanoparticle synthesized Sample FWHM (deg.) d Spacing (A) Lattice parameter (A) D-S (nm)

using various copper

concentrations a ¢
Cl 0.490 3.130 5.406 10.873 16.384
C2 0.410 3.130 5.409 10.873 19.278
C3 0.310 3.131 5.406 10.886 27.308
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Fig. 11 XRD pattern of TiO, nanorod thin films, deposited at 3 h (Al),
5h (A2), and 7 h (A3) of reaction time

separation of 19.9 eV. The Zn 2p peaks located at 1022.2 and
1045.3 eV show a peak separation of 23.1 eV, consistent with
the standard splitting of 23.0 eV, suggesting the presence of
Zn(II). The presence of Sn(IV) is confirmed by the peak split-
ting of 8.5 eV of the two peaks located at 486.9 and 495.4 eV.
The S 2ps,, and 2p, » peaks in the spectra are located at 161.3
and 162.45 eV with a peak splitting of 1.18 eV, which is
consistent with the 160-164 eV range expected for the S in

sulfide phases. The oxidation states of the CZTS were found
tobe 17, 2%, 4%, and 2™ for copper, zin, tin, and sulfur respec-
tively, and no other valences such as Cu(Il) or Sn(Il) detected
in agreement with previous report [46].

Uv-visible spectroscopy

To study the optical absorption spectra, CZTS nanoparticles
were dispersed in ethanol and used for measurement of ab-
sorption in the range 350 to 1100 nm at room temperature. The
band gap (E,,) was estimated by plotting the graph of (ohv)* vs
(hv) and extrapolating with energy axis as shown in
Fig. 13a, b. The values of band gap for C1, C2, and C3 sam-
ples were estimated to be 1.42, 1.51, and 1.63 eV respectively.
The band gap value of C2 sample is near to the optimum value
(1.5 eV) required for efficient photovoltaic solar conversion.
The observed variation in the band gap value may be due to
the compositional variation and the change in crystalline na-
ture with increase of copper concentration. In addition, the
disordering between copper and zinc cations is possible in
CZTS semiconductors with variation in composition and
therefore, there may be variation in the band gap values
[47]. Figure 13 b depicts the (ak )* vs (h ) plot of CZTS
thin film. Inset of the figure showed the absorption spectra of
CZTS thin film. From the plot, it is clear that the CZTS film
absorbs most of the light of the visible spectrum. The direct

Fig. 12 High-resolution XPS )
spectra of CZTS thin film P32 a Cu zp 2P3/2 b Zn 2p
deposited by doctor blade coating —~
method : :
. & 2 "
i 2p1n z P
= =
925 935 945 955 965 1018 1028 1038 1048
Binding energy (eV) Binding energy (eV)
3ds2 ¢ d
_ Sn 2d R 23 S2p
5 3d, 5
G ) 2p1n
z z
= =
3 3
i =
484 488 492 496 500 160 161 162 163 164 165
Binding energy (eV) Binding energy (eV)
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Fig. 13 aPlot of (ah)? vs (hv) of 2
CZTS nanoparticles synthesized g
using 0.005 M Cu (C1), 0.01 M '; E
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optical band gap of CZTS thin film estimated to be about
1.51 eV. The optical absorption spectra and the (ah ) vs (h

) plot for TiO, nanostructured thin films deposited using
three reaction time are shown in Fig. 13c, d. The estimated
direct band gap of TiO, nanostructured thin films were esti-
mated to be 2.9, 3.1, and 3.2 eV for 3, 5, and 7 h of reaction
times respectively.

0.2

Al-77=1.74%
A2-7=2.07%
A3-77 =2.65%

Current density - Isc (mA/cm?)

-10 +
Fig. 14 Current density (/) vs open circuit voltage (V,.) characteristics
of dye-sensitized solar cell based on CZTS counter electrode
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Performance of CZTS counter electrode in DSSCs

Figure 14 depicts the current density vs voltage measurements
performed with DSSCs device employing CZTS/FTO count-
ed electrode and N719-TiO,/FTO working electrodes. The
following formulae used to find different solar cell parame-
ters,

Imax max

FF o Pinax Vina (1)
ISCVSC
IV,

(%) — % x FF x 100 (2)

in

where FF is fill factor, 7 is photoconversion efficiency, /.y 1S
maximum current density, V.« iS maximum voltage, [ is
short circuit current density, and V. is the open circuit poten-
tial. The P, is input power in watt/cm®.

Table 3 Solar cell output parameters of dye -ensitized solar cell based

on CZTS counter electrode

Sample I, (mA/cm®) Voe (mV) FF (%) 7 (%)
Al 7.4 0.48 49 1.74
A2 8.3 0.43 58 2.07
A3 9.2 0.46 61 2.65
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From the I~V measurement, the short circuit current density
(I.) was observed to be 7.4, 8.3, and 9.2 mA/cm? for Al, A2,
and A3 photoanodes respectively. The corresponding open
circuit voltage (V,.) were 0.48, 0.43, and 0.46 V respectively.
It is observed that the efficiency of the DSSCs increased as the
deposition time of the TiO, thin film is increased. The
photoconversion efficiency (1) of Al, A2, and A3 electrode
were 1.74, 2.07, and 2.65%, respectively (device area
0.04 cm?). The electrical measurements performed on
DSSCs device are summarized in Table 3. From the observa-
tions, it is clear that the TiO, nanostructured films with 3D
microflower-like morphology facilitate increased light-
absorbing ability than 1D nanostructured TiO, nanorod films
and resulted in higher photo current. Also, due to the relatively
large surface area of 3D TiO, nanostructures, dye adsorption
enhanced and may be the reasons for improved efficiency.

Conclusion

We have successfully synthesized composition con-
trolled kesterite phase CZTS nanoparticle using the hy-
drothermal method. The CZTS synthesized with 0.01 M
copper concentration, exhibits the composition ratio, Cu/
(Zn+Sn)=0.90 and Zn/Sn=1.05 which is close to the
optimum value. Highly oriented 1D and 3D TiO, nano-
structured thin films successfully deposited using the
hydrothermal method on FTO substrate by varying the
deposition time. The current-voltage characteristics of
solar cell device with CZTS CE and TiO, nanostruc-
tured thin films as a photoanode, loaded with N719
dye, were measured under AM 1.5 condition. It is ob-
served that, the photoconversion efficiency strongly af-
fected by the morphology of TiO, photoanode in CZTS-
based dye-sensitized solar cell. The highest efficiency
measured was 2.65% with current density of 9.2 mA/
ecm? and open circuit voltage of 0.46 V for the TiO,
photoanode with microflower-like structure. The en-
hanced photoconversion efficiency of DSSCs employing
3D microflower TiO, photoanodes and CZTS CEs may
be due to the enhanced light-harvesting ability and large
surface are of the photoanode. We have demonstrated
that CZTS/FTO counter electrodes show the potential
to convert the Pt/FTO electrodes to low-cost and
earth-abundant element-based counter electrodes.
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