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© The Author(s), 2024 substrates. This study introduces a new way of preparing a multi-layered com-

posite thin film using a suspension containing colloidal SnO, nanoparticles and
ZnO nanoparticles followed by sonication and aging of TiO,-free high-efficiency
DSCs. Our approach provides a facile way of obtaining a uniform film of tun-
able thickness with high reproducibility by adjusting the total number of coating
cycles. The spin-coating process achieved a nano-sized SnO,-covered ZnO layer,
contributing to enhanced conversion efficiency in DSCs. A specific number of
seven coating cycles was identified as optimal for achieving the aspirational per-
formance. Under standard AM 1.5 irradiation with an intensity of 100 mW/ cm?,
the fabricated SnO,/ZnO composite films revealed an overall energy conversion
efficiency of 6.5% with a thickness of 2.06 pm which is impressive for a TiO,-free
DSC. This achievement indicates the potential of the developed fabrication pro-
cess for cost-effective and scalable production of efficient DSCs with SnO,/ZnO

composite.
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1 Introduction

During the past decade, solar cell electricity produc-
tion has experienced an average annual economic
growth rate of more than 34%, making it the fastest
advancing energy conversion technology in the world
[1]. While first- and second-generation solar cells are
commercially available, comprehensive research has
been conducted to develop third-generation photo-
voltaic devices, especially dye-sensitized solar cells
(DSCs), due to their potential for high-efficiency out-
door applications [2, 3]. DSCs offer flexibility in terms
of size, color, and shape and their higher efficiency at
low-light illumination makes them suitable for various
environments and indoor applications [4-6]. However,
further research is needed to enhance the efficiency
and stability of DSCs, particularly by exploring new
materials and synthesis methods, to make them com-
mercially viable [7].

The most critical component of a DSC is the photo-
anode, which generates photoelectrons by harnessing
visible light photons. Extensive research has been con-
ducted on titanium dioxide (TiO,)-based photoelec-
trodes for DSCs since the ground-breaking invention
by O’'Regan and Gritzel [2, 6]. While TiO, has shown
state-of-the-art efficiencies in DSCs, porous films made
from high band gap semiconductors, aside from TiO,,
can also facilitate dye sensitization. Therefore, solar
cells made solely from alternative materials such as
zinc oxide (ZnO), tin oxide (SnO,), and niobium pen-
toxide (Nb,Os5) have also been investigated to enhance
the efficiency of dye-sensitized photoelectrochemical
cells [2, 8-13]. However, DSCs fabricated from those
oxides yield significantly lower values of efficiency
compared to those based on TiO, photoanode due to
the rapid recombination of injected dye cations with
the conduction band of the semiconductor [14]. Com-
bining semiconductors with different band gaps can
reduce electron recombination and improve the power
conversion efficiency (PCE) of DSCs. In 1998, Kirthi
Tennakone and colleagues first demonstrated that com-
posite films of SnO,/ZnO could serve as effective pho-
toanodes in the dye-sensitized solar cells, achieving a
notable efficiency of 8% under an illumination intensity
of 900 W m™2[15]. Their research also explored various
other composite films incorporating SnO,, including
5n0,/CaCQO; [16], SnO,/Al,O4 [17], and SnO,/MgO [18,
19]. Among these, the SnO,/ZnO composite film-based
DSCs garnered significant attention due to their supe-
rior energy conversion efficiencies. This interest can be
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attributed to the inherent properties of ZnO and SnO,,
such as low electrical resistivity and high transparency
within the visible spectrum, facilitated by their extensive
bandgaps [20, 21]. The choice of appropriate thin-film
fabrication methods is crucial to increase the optical
and structural properties of the photoanode, methods
like spray pyrolysis, screen printing, spin coating, and
sputtering. Among those fabrication techniques spray
pyrolysis, screen printing, and sputtering have been
used to prepare SnO,/ZnO composite films [8, 14, 20].
To the best of our knowledge, this is the first time SnO,/
ZnO composite films were prepared using the spin-coat-
ing method. In addition, the present approach offers a
straightforward method to achieve uniformly thick films
of SnO,/ZnO composite that can be tuned according to
the requirements of applications. The thickness of these
uniform films is highly reproducible and can be con-
trolled by adjusting the total number of coating cycles.

Spin coating is a widely used technique in fabricat-
ing thin films, particularly for the DSCs. This method
is favored for its simplicity, efficiency, and ability to
produce uniform coatings over large areas compared
to other coating techniques. It involves depositing a
small amount of suspension, containing the coating
material, on to the center of a substrate, subsequently,
the substrate is rotated at high speed allowing the
solution to spread outward due to centrifugal force.
Consequently, spin coating is a cost-effective and
scalable thin-film deposition process that allows for
precise control over film properties by adjusting the
precursor solution composition, spin speed, and the
number of coating cycles [22, 23]. It provides better
wetting and adhesion between absorbent layers and
Fluorine-doped Tin Oxide (FTO) glass substrate,
resulting in minor defects at the interfaces. This is
important to minimize the energy barriers which is
correlated with impeding charge transport [24].

In this study, highly porous SnO,/ZnO films were
deposited on FTO glass substrates using the spin-coat-
ing method. Different layer thicknesses of the photo-
anode were achieved by varying the number of cycles,
and the amount of ZnO in the precursor solution was
optimized to achieve highly efficient DSCs.

2 Experimental section
Initially, fluorine-doped tin oxide (FTO) plates (1.5 cm

x 2 cm) were cleaned by ultra-sonication in a deter-
gent for 15 min and thoroughly washed with distilled
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water. Then, these clean glass substrates were rinsed
with isopropyl alcohol and dried using dry air. Also,
commercially available chemicals of purity 98% or
more were used to prepare samples without further
purification.

The procedure followed to prepare the nanocrystal-
line SnO,/ZnO composite, SnO,, and ZnO precursor
solutions is already published [14]. Colloidal tin oxide
(3 ml, 15% aqueous dispersion, Alfa Aesar), glacial
acetic acid (6 drops), and ZnO (0.10-g Aldrich, parti-
cle size 30 nm) were ground in a mortar. Then Triton
X-100 (5 drops) and ethanol (10 ml) were added to the
paste and the suspension was sonicated for 10 min.
The prepared solution was aged in a sterile environ-
ment at room temperature for about 24 h. After aging,
the resultant solution was stirred at 40 °C for 15 min
at 400 rpm.

The suspension was spin-coated onto cleaned FTO
substrates pre-heated to 120 °C. The above procedure
was repeated by changing the total number of coating
cycles, ranging from 3 to 10 coating cycles. After opti-
mizing the number of coating cycles, the amount of
ZnO in the precursor solution was changed from 0.06
to 0.20 g by increasing in steps of 0.02 g per sample.
Finally, the resulting composite films were sintered at
500 °C for 30 min and cooled down to 80 °C. Figure 1
(ai) and (aii) shows the observation of transparency of
the spin-coated SnO,/ZnO composite film.

To compare and analyze the performance of the
5n0O,/ZnO composite cell, we constructed two separate
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control cells: one with only SnO, and another with
only ZnO. The bare SnO, working electrode was
prepared without any ZnO powder, while the bare
ZnO electrode was made without the SnO, precursor
solution. For each type of photoanode, we conducted
measurements on three sets of solar cells to ensure
reliable results. The average values of photovoltaic
parameters from these measurements have been com-
piled and reported.

Substrates coated with films were immersed in a 0.3-
mM solution of N719 dye in a 1:1 v/v tert-butanol-ace-
tonitrile-mixed solution overnight. For the assembling
of the cell, the platinum-sputtered counter electrode
was clipped gently to the dye-absorbed composite
surface (Fig. 1b) and the electrolyte solution (0.6-M
dimethylpropyl imidazolium iodide, 0.1-M Lil, 0.05-M
I,, 0.5-M 4-tertbutylpyridine in acetonitrile) was
dropped into the space between the two electrodes.
A mask with a window of 0.20 cm [2] was pasted on
the photoelectrode and current-voltage characteris-
tics were recorded using simulated irradiation using
a SPD S5-25 LED Solar Simulator and VK-PA-300 K PV
Power Analyzer (AM 1.5 AT 100 mW cm™?). Incident
photon-to-current efficiency (IPCE) and electrochemi-
cal impedance spectroscopy (EIS) measurements were
taken using a Bentham TMc300 monochromator and
Metrohm Autolab Potentiostat/Galvanostat Electro-
chemical Analyzer. Composite film morphology was
examined by scanning electron microscopy (SEM,
Zeiss EVO LS15).

Fig. 1 Demonstration of the transparency of composite film, a i FTO substrate before coating, a optimized SnO,/ZnO layer on the FTO

substrate with seven-layer coating cycles, and b dye-absorbed photoanode

@ Springer
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3 Results and discussion
3.1 SEM analysis of SnO,/ZnO layers

Figure 2 presents the SEM images of the spin-coated
composite thin films on FTO glasses, which were made
by varying numbers of coating cycles. The SEM image
of the SnO,/Zn0O layer, which underwent three spin-
coating cycles and was thermally treated at 500 °C, is
shown in Fig. 2a. In this SnO,/ZnO composite film,
clusters of SnO, nanoparticles coated with ZnO are
observed. The surface of this layer is flat but exhib-
its numerous cracks. According to transverse SEM,
the thickness of the layer is approximately 1.00 um.
The cracks appear to be the result of thermal stress
or thermal expansion due to the energy absorbed by
the nanoparticles. Moreover, during the spinning pro-
cess, the nanoparticles distribute evenly across the
surface due to the centrifugal force. Figure 2b depicts
the SEM micrograph of the composite film prepared
with 7 coating cycles. It can be seen that the cracks
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in this figure have been reduced and the film surface
morphology is now more compact. With further coat-
ing, the suspension onto the FTO substrate was not
evenly spread and the surface became denser (Fig. 2c,
layer with 10 coating cycles). It can be concluded
that increasing the total number of coating cycles
beyond the optimum point results in a decrease in the
interconnections or interlayer bonding between lay-
ers. Also, the surface became erratic and was easily
removed. In contrast, the homogeneity of films that are
produced by spin coating leads to uniform electrical
properties across the active area of the solar cell and
a smoother surface allows better contact between the
5n0O,/ZnO composite and the FTO substrate, which
reduces the recombination losses and improves the
charge transfer efficiency of the composite film [25,
26]. The SEM image of the cross-section of the compos-
ite layer with 7 coating cycles is shown in Fig. 2d. The
layers of the seven stacks are tightly bound as shown
in the cross-sectional SEM image and the estimated
thickness of the seven layers is 2.06 pm.
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Fig. 2 The SEM images of SnO,/ZnO layers with the total number of coating cycles at constant composition of the SnO,/ZnO suspen-
sion, a 3, b 7 (Best efficiency), and ¢ 10 on FTO glass substrates. d A cross-sectional image of 7 coating cycles of sample
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3.2 Photocurrent-voltage (J-V) characteristics
3.2.1 Engineering the layer thickness

Photocurrent-voltage characteristics curves and vari-
ation of the conversion efficiency of DSCs fabricated
by changing the total number of spin-coating cycles
are shown in Fig. 3a and b, respectively. Interestingly,
the total number of cycles of seven showed the highest
efficiency of 5.31%, with a short-circuit current density
(Jsc) of 17.62 mA cm™, open-circuit voltage (V) of
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Fig. 3 a Current density—voltage characteristics graphs of DSCs
spin-coated at the different total number of coating cycles. b
Conversion efficiency variation of SnO,/ZnO composite DSCs
with the total number of coating cycles while maintaining the
persistent composition of the composite suspension. ¢ Variation
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0.53 V, and fill factor (FF) of 0.56 as shown in Table 1.
Increasing the total number of cycles to ten attenuates
the performance of DSCs.

The composite thin-film photoanode with seven
coating cycles of the spin coater shows the highest
short current density. This is due to the highest dye
absorption of the porous SnO,/ZnO composite layer.
Further increasing the number of coating cycles after
seven, the interconnections between the layers are
reduced. Thus, the conversion efficiency of the com-
posite film has decreased significantly as the total

—— Conversion Efficiency

I A I ST B
= hh = th =
Y T 71T T 17 77717 77
_
=
G

~
in
—T—

1.5 P R S SR SR R SR SR T
2 3 4 5 6 7 8 9 10 11

Number of Coating Cycles

(d) —=— Convecrsion Lificicncy

=
T

Conversion efficiency / %

w
T

| P R R R | | I R |
0.04 006 008 010 012 014 016 018 020 0.22

ZnO amount / g

of current density—voltage characteristics graphs of DSCs made
with SnO,/ZnO composite cell with different ZnO amounts. d
Conversion efficiency variation of DSCs with added ZnO amount
in the SnO,/ZnO photoanodes

@ Springer



2099 Page 6 of 13

] Mater Sci: Mater Electron (2024) 35:2099

Table 1 Photovoltaic

. No. of coating Vod V J/ mA cm™ FF nl %

characteristics of SnO,/ cycles

ZnO composite cells

fabricated with varying total 3 0.448 + 0.004 11.1 £ 0.1 0.39 +0.03 1.9+0.1

spin-coating cycles while 4 0.467 + 0.008 13.5+0.1 0.42 +0.01 27+0.1

maintaining a constant 5 0.535 + 0.001 119+ 0.1 0.56 + 0.01 3.6+0.1

composition of the composite ¢ 0.531 + 0.003 163 +0.2 0.55 + 0.00 48+0.1

suspension (0.06 g of ZnO 7 0.533 + 0.003 17.6 + 0.2 0.56 + 0.02 53+0.1

and 3 ml of $n0,) 8 0.530 + 0.002 14.8 +02 0.55 + 0.01 43+0.1
9 0.514 + 0.002 133+0.1 0.60 + 0.01 4.1+0.1
10 0.538 + 0.002 75+0.1 0.68 + 0.04 2.8 +0.1

number of coating cycles of the spin coater increased
after 7 cycles.

3.2.2 Optimization of ZnO content in the photoanode

The DSCs with SnO,/ZnO composite electrodes pre-
pared by seven coating cycles have shown superior
performance according to the data given in Table 1 and
Fig. 3b. Next, the suitable composition of the compos-
ite suspension is determined by varying the amount
of ZnO added to the precursor mixture. The |-V
curves for DSCs fabricated by varying ZnO amounts
are shown in Fig. 3c and the photovoltaic parameters
obtained are summarized in Table 2.

The optimum composition of ZnO in the composite
paste for the highest conversion efficiency corresponds
to 0.10 g as shown in Table 2. In general, photo-excited
electrons are injected from the dye into the conduction
band of the semiconductor. However, if the recombi-
nation of the injected electrons occurs, the cell per-
formance is drastically reduced. The reduction of the
interfacial electron recombination is responsible for

the better performance of the composite cell [14]. The
efficiency variation with the ZnO amount is shown
in Fig. 3c. Conversion efficiency rose as the ZnO
amount increased up to 0.10 g. The presence of the
ZnO forms a kind of thin-film barrier at the photo-
electrode and electrolyte interface that can reduce the
rate of the recombination process between interfaces
and improve the device’s performance. However, the
graph reveals that after a certain point, the conver-
sion efficiencies significantly decline. It is conspicuous
that once the amount of ZnO approaches this thresh-
old, the barrier becomes so strong that only extremely
energetic electrons can pass into the conduction band
of the oxide semiconductor. Therefore, the compos-
ite cells must include an appropriate amount of ZnO.
Cells composed separately of bare SnO, (0.0 g of ZnO)
and bare ZnO (0.0 ml of SnO,), fabricated using a total
of seven coating cycles, exhibit photovoltaic conver-
sion efficiencies of 1.23% and 0.24%, respectively. ZnO
thin films have nearly zero conversion efficiency. The
reason was the inability to prepare a uniform ZnO
layer by the spin-coating method, resulting in very low
conversion efficiency (Voc=0.47 V, Joc=1.12 mA cm™?,

Table 2 Photovoltaic

. , Mass of ZnO added to ~ V/V Js/ mA cm™? FF W%

properties are achieved 3 ml of SnO./

through the alteration of ZnO 28

proportions in Sn0,/ZnO 0.00 (SnO, only) 0.531 + 0.002 6.4 +0.1 0.36 + 0.02 12+0.1

composite electrodes while 0.06 0.519 + 0.002 192+0.2 0.54 + 0.02 54+0.1

maintaining the optimized 0.08 0.588 + 0.003 173 +£0.2 0.58 + 0.04 59+0.1

number of seven coating 0.10 0.643 + 0.001 16.4 + 0.7 0.61 + 0.02 6.5+ 0.1

cycles 0.12 0.648 + 0.002 13.9+0.2 0.69 + 0.02 6.3+0.2
0.14 0.672 + 0.001 11.3+0.6 0.79 + 0.08 6.1+03
0.16 0.680 + 0.001 82 +0.1 0.68 + 0.02 3.8+0.1
0.18 0.658 + 0.001 7.1+0.1 0.69 + 0.02 33+0.1
0.20 0.640 + 0.003 49+0.1 0.67 + 0.04 21+0.1
ZnO only 0.474 + 0.008 1.1+0.0 0.46 + 0.01 02+0.0

@ Springer
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FF=0.46, n=0.24%) of only ZnO DSCs with 7 cycles.
Moreover, the poor energy conversion efficiency of the
ZnO electrode may be due to the inability to aggregate
dye well on the surface of the ZnO electrode [8]. In
addition, the SnO, separate cell has lower conversion
efficiency (Voc=0.53 V, Joc=6.43 mA cm 2, FF=0.36,
n=1.23%) than the SnO,/ZnO composite cell because
the SnO, working electrode has a low barrier to reduce
the recombination of electrons compared to the SnO,/
ZnO composite cell.

3.3 Incident photon-to-current conversion
efficiency (IPCE)

The incident monochromatic photon-to-current con-
version efficiency (IPCE), explained as the number
of electrons generated by light in the external circuit
divided by the number of incident photons, is plot-
ted as a function of excitation wavelength [27]. IPCE
spectra of the best DSC with seven cycle-coated SnO,/
ZnO photoanode, bare ZnO, and bare SnO, are shown
in Fig. 4. The SnO,/ZnO composite has a maximum
IPCE value of 56.2% at a wavelength of 530 nm and
the theoretical Jg- value of composite solar cell was
calculated using the integrated IPCE data yielding a
value of 14.4 mA/cm? The 11.3% higher experimental
Jsc value (16.4 mA/cm?) compared to the theoretical
value can be attributed to the IPCE-derived Jq- is a
theoretical approximation based on the integration of
the photon flux and device spectral response, which

60
Sn0,/ZnO
55 ’
——Sn0,
50 -
——7Zn0
45 -
40 -
R3s5t
= 30 -
o
S5t
20
15
10 -
S+
0 1 1 I L
300 400 500 600 700 800

Wave length / nm

Fig. 4 IPCE graphs of seven cycle-coated thin-film DSCs pre-
pared using optimized ZnO amount (0.10 g of ZnO) SnO,/ZnO
composite, bare SnO,, and bare ZnO
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might not perfectly have replicated the solar spectrum
used in the Jg- measurement. SnO, and ZnO separate
cells have 13.8% and 5.6% maximum IPCE values.
ZnO thin films have a small IPCE value compared to
others. The reason is that the seven cycle spin-coated
ZnO cells did not function properly. On the other
hand, the absorption band edge of the dye on the ZnO
is narrow indicating that the dye aggregation is low.
Also, the poor light harvesting of the dye on the SnO,
photoanode may be due to the inability of the dye to
aggregate well on the SnO, surface.

As shown in Fig. 4, light absorption is high on the
SnO,/Zn0O photoelectrode, where the successful dye
aggregation on these porous semiconductor oxide
electrodes contributes to the significant light harvest-
ing achieved by the dye.

In the SnO,/ZnO composite cell, the larger SnO,
particles are surrounded by smaller ZnO particles. As
a result, light is absorbed by the surface of the dye-
coated ZnO crystallites. The small thickness of the
composite thin-film electrode with the total number
of seven coating cycles (approximately 2.06 um thick-
ness from cross-sectional SEM image) was enough to
achieve a high IPCE in the UV region because ZnO
effectively absorbs UV light due to direct photo-
excitation with a high absorption coefficient. In our
work, the surface morphology and layer thicknesses
depended on the total number of coatings of the com-
posite film which resulted in relatively strong light
absorbance.

3.4 Electrochemical impedance spectroscopy
(EIS) analysis

EIS measurements were taken to estimate the elec-
tronic and ionic properties of DSCs. The Nyquist
plots for the SnO,/Zn0O, SnO,, and ZnO were stud-
ied. Figure 5c gives the equivalent circuit of the
“Rg+ (Rcg! ICy) + (Rl 1Cy)” model, which has been
used for representing the interface in composite solar
cells. According to the equivalent circuit, parameter
Rq is defined as the series resistance. R is the charge
transfer resistance of the counter electrode/electrolyte
interface and the back electron transfer from FTO to
the electrolyte. R, is the charge transfer resistance of
the photoelectrode/electrolyte interface and the charge
transport of the electrolyte. C; and C, are the capaci-
tance at the counter electrode/electrolyte interface and
photoelectrode/electrolyte interfaces, respectively.

@ Springer
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Fig. 5 EIS investigation of DSCs a changing the total number
of coating cycles without changing the ZnO amount, b changing
the ZnO amount of the SnO,/ZnO composite cell, and ¢ SnO,,
ZnO, and SnO,/ZnO separate cells prepared by coating seven
total number of coating cycles. d The equivalent circuit model of
the DSCs, in which R: series resistance, C|//Rg: charge transfer

The Rg is the sum of the resistance of two electrically
conductive substrates and the external circuit repre-
sented by the X-axis intercept. Here, we assume that
the resistance of the external circuit and the conductive
(FTO) coating of the counter electrodes remain almost
unchanged in the cells studied. Also, the composi-
tion of the electrolyte did not change throughout this
work. The left semi-circle which corresponds to the
charge transfer resistance between counter electrode/

@ Springer
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impedance of the counter electrode/electrolyte interface and the
back electron transfer from FTO to the electrolyte, and C,//R:
charge transfer impedance of the photoelectrode/electrolyte inter-
face and the charge transport of the electrolyte measured between
1x 10 and 1 x 10° Hz

electrolyte is invisible in most Nyquist plots. The right
semi-circle which is in the low-frequency region cor-
responds to the charge transfer resistance at the pho-
toanode/electrolyte of the DSC. Curves in Fig. 5 were
used to extract the EIS parameters given in Table 3.
Rcg values of all the DSCs in this experiment near
equal since the counter electrode/electrolyte interface
was the same for all DSCs. As shown in Table 3a,
with the three-layer count of SnO,/Zn0O, R, gave a
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Table 3 Parameters obtained by fitting the impedance data of spin-coated photoelectrode

(a) Changing the total number of coating cycles of the SnO,/ZnO composite DSCs at constant composition of SnO,/ZnO suspension

Total no. of coating cycles Rg (Q) Rcg (Q) Re () oy (s)x10"3 Tep (s)xlO’j
3 114 2.32 553 1.32 -

7 7.30 1.20 28.2 1.92 3.07

10 12.2 1.48 48.3 1.32 1.45

(b) Changing the amount of ZnO of the SnO,/ZnO composite DSCs at optimized total seven coating cycles

Zn0O amount (g) R (Q) Reg () R (Q) ey (5)x1072 7og (5)x107°
0.05 104 1.58 154 - 9.49

0.10 9.17 2.90 34.4 0.43 145

0.15 12.1 3.96 99.6 0.43 -

(c) Individual cells with varying photoelectrodes, all prepared using a consistent total of seven coating cycles

Photo electrode Ry (Q) R (Q) R (Q) T (s)x1073 Tog (8)X107°
Bare ZnO 10.3 7.84 297 56.6 -

Bare SnO, 7.71 2.14 35.1 0.14 -

SnO,/ZnO 9.40 1.80 11.8 1.92 0.99

higher resistance compared to the seven- and ten-
layer count, this may be due to the increased expo-
sure of FTO to the electrolyte. The R, value is lowest
for the DSC with a seven-layer count which shows
the highest efficiency. This lower photoanode/elec-
trolyte interfacial resistance shows enhanced inter-
facial contact due to the higher effective surface area.
Further increasing in layer count to ten, increases
the R, due to the bulk structure of the photoanode.

The increase in the amount of ZnO of the compos-
ite photoelectrode suspension increases the Rc, of
DSCs drastically as shown in Fig. 5b. On the other
hand, the charge transfer resistance of the counter
electrode/electrolyte also increases with the increase
of the ZnO amount. The reason is that the higher
amount of ZnO of the photoelectrode limits the
catalytic activity of the counter electrode. However,
0.05-g ZnO gives a lower performance. Thus, the
composite DSCs containing 0.10-g ZnO give the best
performance. Table 3b gives parameters obtained by
fitting the impedance data.

Furthermore, as shown in Fig. 5c and Table 3¢, the
5n0O,/ZnO composite cell gives the lowest charge
transfer resistance compared to the SnO, and ZnO
separate cells. This might be due to the decreas-
ing recombination of injected electrons of the pho-
toelectrode/electrolyte interface by the SnO,/ZnO
composite cell. Moreover, the presence of the ZnO

in composite cells forms some kind of thin barrier at
the electrode/electrolyte interface which can reduce
the rate of the interfacial recombination effect.

To understand the charge transport kinetics in the
nine different types of DSCs, bode phase diagrams
(phase angle versus frequency plot) were used to esti-
mate the lifetime of electrons within the SnO,/Zn0O,
Sn0O,, and ZnO photoanodes. The plot shows bell-
shaped curves, which are symmetrical around the
respective resonant frequencies [28]. Figure 6 shows
the Bode phase plots of all DSCs related to this study.

Peaks (i.e., the characteristic frequencies) in the
Bode phase plots represent electron lifetimes (mid-
frequency range). The experimental electron lifetime
related to counter electrode/electrolyte charge transfer
(tcp) and photoelectrode/electrolyte interface charge
transfer (7)) can be found by the following equations:
[28, 29]

tcg = 1/27fcE maxs

Tct = 1/2ﬂfCt,max'

where fcg nax and fc; nax Peaks correspond to the life-
time related to counter electrode/electrolyte charge
transfer and photoelectrode/electrolyte charge trans-
fer at the relevant frequencies. The relaxation lifetimes
for the maximum frequency were calculated, and the
results are shown in Table 3. Because the lifetime is
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Fig. 6 Bode phase plots for EIS spectra of DSCs a changing the
total number of coating cycles, b changing the ZnO amount of
the SnO,/ZnO composite cell, and ¢ SnO,, ZnO, and SnO,/ZnO
separate cells prepared by seven total coating cycles

inversely proportional to the frequency, the lower
the frequency, the longer the carrier lifetime. Longer
carrier and recombination lifetimes are supposed
to improve DSC performance. Characteristic peak
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frequencies move down with increasing film thick-
ness, resulting in higher efficiency.

Table 3a shows that the composite photoelectrode
with seven coating cycles has the highest 7, and
Tcg- This indicates that it has a long carrier lifetime.
Besides, as shown in Fig. 6b, 7, does not change
significantly when the amount of ZnO is increased.
However, as the amount of ZnO is reduced, 7cg
increases. The photoanode made of 0.05 g of ZnO
has the longest relaxation time, but it has a low con-
version efficiency. Furthermore, the photoelectrode
containing 0.10-g ZnO and prepared for the seven
spin-coated cycles is the best combination.

Furthermore, different cells are prepared by
changing the photoelectrode oxide semiconduc-
tor material in this work; however, only SnO,/ZnO
composite cells produce two peaks in the Bode phase
graph and it indicates that electron transfer in the
composite photoelectrode has achieved a faster
transferring rate (Fig. 6¢). The reason for this is that
the recombination effect is diminishing. This result
relates to the decrease in Rg, R, and R, which was
confirmed in the EIS investigation. There is only one
peak in the ZnO and SnO, separate cells and their
conversion efficiency is lower than that of the SnO,/
ZnO composite cell. This indicates that the incor-
poration of SnO, and ZnO into photoelectrodes
resulted in significant efficiency improvements due
to improved light trapping and scattering in pho-
toelectrodes. Scattering increases the chance that
photons will be absorbed by the N719 sensitizer,
increasing the final photocurrent yield of composite
DSCs [13, 30].

In previous studies of composite dye-sensitized
solar cells prepared with different types of coating
methods, Kumarasinghe et al. have reported 5.04%
conversion efficiency using the spray pyrolysis
method [14]. Also, Masoud Abrari et al. have achieved
a maximum efficiency of 3.64% for SnO,/ZnO compos-
ite cells, which are prepared using the doctor plate
method [31]. In this study, we introduced a method
for preparing efficient solar cells with improved spin-
coated photoanodes by depositing ultra-thin multilay-
ers of SnO,/ZnO composites with precise control of
layer thickness and composition. The film prepared
with seven coating cycles and having a layer thickness
of about 2.06 um was identified as optimal for achiev-
ing the aspirational performance. This new approach
enabled achieving an efficiency of 6.5%, which is a
remarkable value for TiO,-free DSCs.
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4 Conclusion

By initiating the material advantages of both SnO,
and ZnO nanoparticles, we have achieved positive
proof that an ultra-thin SnO,/ZnO composite film
solar cell prepared by spin coating yields a high
conversion efficiency of 6.5%. We also optimized the
total number of coating cycles and the amount of
ZnO on the photoanode in this work. The optimized
composite thin films show high open-circuit voltage
and short current density, because the recombination
of the injected electron with the dye cation is greatly
suppressed. More importantly, findings demonstrate
that the spin-coating technique is useful for prepar-
ing ultra-thin photo electrodes of SnO,/ZnO compos-
ites with controlled thickness by the total number of
coating cycles. In this study, a highly efficient dye-
sensitized solar cell is achieved with multi-layered
Sn0O,/ZnO composite photoanodes through precise
control of thickness and composition. This could be
useful for further optimization of the electron trans-
fer and charge recombination in highly porous com-
posite thin-film electrodes.
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