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ZnO nanoparticles.

inc oxide nanostructures exhibit unique properties which make them

E suitable for dye-sensitized solar cell applications. Their specific
properties such as appropriate optical properties, proper energy band

gap and high electron transfer characteristics have motivated researchers to use
them in the fabrication of dye-sensitized solar cell photo-anodes. In the present
study, the effect of thickness on the performance of a new ZnO photo-anode has
been studied. All the photovoltaic parameters of the cells fabricated using N719
ruthenium dye were measured. SEM technique was utilized to determine the
thickness and the UV-Visible method was used to study the transparent
properties of the photo-anodes. Electrochemical impedance spectroscopy
technique was employed to determine the appropriate equivalent circuit for
studying the electron transfer mechanisms in all the fabricated cells. The results
demonstrated that the ZnO thickness is a critical parameter for providing either
sufficient resistance to suppress the charge recombination process or
appropriate electron transferring properties. The optimized ZnO photo-anode
was obtained at a thickness of 19 um, which resulted in an efficiency of 3.22%.
Prog. Color Colorants Coat. 14 (2021), 101-112© Institute for Color Science and
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1. Introduction

em’V™' s, which is greatly larger than that of TiO,

Dye-Sensitized Solar Cells (DSSCs) are a new
generation of solar cells which are considered to be an
economically reliable alternative model for the
previous solar cell technology [1, 2]. Because of their
benefits, scientists have done much efforts to improve
the DSSCs efficiency [3, 4]. Since the semiconductor
oxides in various nanostructures are the main part of
DSSC photo-anodes, developing a new semiconductor
is the subject of current scientific studies. Although
Ti0, nanostructures are the first candidate for DSSC
photo-anodes, the unique characteristics of ZnO
nanostructures, such as excellent electron mobility (200

nanostructures (30 cm’V™"' s7), superior energy band
gap, and higher electron transfer characteristics, make
them an appropriate alternative semiconductor for
DSSC applications [5, 6]. Also, the synthesis of ZnO
nanostructures is more controllable than that of TiO,
nanostructures. This is an important factor in various
applications, particularly in solar cell technology [7-9].
In spite of the above-mentioned benefits, the
general yield of ZnO-based DSSCs is less than that of
Ti0,. The maximum efficiency obtained for pure ZnO
dye-sensitized solar cell is in the range of about 6-8 %,
as reported by various research groups [10-12], which
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is almost half of the highest efficiency reported for
TiO,-based DSSCs [13]. Some literatures reported the
effect of dye sensitization mechanism on the DSSC
efficiency, especially for ZnO photo-anodes [14, 15].
Generally, dye sensitization step is an important
process in cell fabrication via various techniques.
Initially, dye molecules are adsorbed on the surface of
photo-electrode after diffusion into the porous network.
Meanwhile, it is possible for dye molecules to collide
in the pores of the film. In the case of ZnO, diffusion
and adsorption is associated with the dissolution of
surface Zn atoms by the protons released from the dye
molecules in an ethanol solution, leading to the
formation of Zn2p/dye complex and the decrease in the
ZnO stability in acidic solution. So, it causes a
dominate negative effect in cell performance and
reduces the cell efficiency [16, 17]. Due to these facts,
controlling the critical parameters such as dye
composition, concentration, solvent, pH and immersion
time is important to achieve high efficiency ZnO-based
DSSCs.

On the other hand, according to the literature [18,
19], the rate constant of electron injection from
commercial acidic ruthenium-based dyes, like N719,
into ZnO nanostructures is significantly slower (more

Scatter Layer Transparent layer

than 100 times) as compared to TiO, nanostructures.
The TiO, conduction band is principally consisted of
unoccupied 3d orbitals from Tidp while the ZnO
nanostructure conduction bands are derived mainly
from the unoccupied s and p orbitals of Zn2p. So, this
difference in ZnO band structure, which is caused by
the variety of density of states and probably different
electronic coupling strengths with dye molecules,
resulted in insufficient electron injection. Hence, the
synthesis of new sensitized dyes appropriate for ZnO-
based DSSCs has attracted the attention of researchers
[20, 21]. Various ZnO nanostructures have been
applied to fabricate photo-anodes. In traditional
DSSCs, the porous photo-anodes are consisted of two
kinds of nanoparticles with approximately 20-30 nm in
diameter and submicron-sized particles act as
transparent and scattered layers, respectively. The
transparent layer affords a large interfacial surface area
for both dye adsorption and electron transfer, while the
submicron-sized particles either can be mixed with the
nanocrystalline film [22, 23] or deposited on top of the
nanocrystalline film [24, 25]. So, it provides a light
scattering layer to create efficient electron transfer
processes. The function of both transparent and
scattering layers is schematically shown in Figure 1.
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Figure 1: lllustration of charge transfer processes occur on the FTO/ZnO photo-anode with dye/electrolyte interface in
dye-sensitized solar cells. G (molcm'2 s'1) indicates the electron excitation rate; V represents the reaction rate between
oxidized dye and iodide (mol cm?s™).
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Recently, we synthesized 30 and 350 nm ZnO
nanoparticles via sonochemical method in methanol
and deionized water using supramolecule precursors
[26]. The aim of this work is to study the effect of ZnO
photo-anode thickness on the cell performance.
Various techniques, including EIS method, were
carried out to extract critical parameters to investigate
the cell performance. In addition, a new ZnO
nanocomposite paste was prepared as our innovation.
The synthesized ZnO nanoparticles with 30 and 350
nm particle sizes as transparent and scattering were
mixed by the ratio of 3:1. Moreover, we achieved the
maximum efficiency by optimizing the ZnO photo-
anode thickness. In fact, photo-anode thickness is a
critical parameter in cell fabrication. The optimum
thickness depends on the nanoparticle size, paste
composition, deposition and modification techniques
[27].

Furthermore, all the photovoltaic parameters were
studied for the ZnO-based DSSCs fabricated using
N719 Ruthenium dye. Electrochemical impedance
spectroscopy was employed to determine the electron
lifetime, charge transfer and charge transport resistance
values at the ZnO/electrolyte interfaces by using a
suggested equivalent circuit model.

2. Experimental

2.1. Materials and apparatus

All chemicals were of analytical grade and were
used without  further purification. ZnCl,, 2,6-
pyridinediamine = [pyda], 2,6-pyridinedicarboxylic
acid = [pydc.H,] (Aldrich), N719 dye and FTO
(Fluorinated Tin Oxide) glass sheets with 15 Qcm™
resistances were supplied from Solaronix S.A. Co. The
electrolyte solution in acetonitrile (Iodolyte ELT-ACN-
I Sharif Solar, Iran) was purchased from Sharif Solar
Co. Moreover, a multiwave ultrasonic generator
(UP600S, Mosonix) was used for ultrasonic irradiation
equipped with a converter/transducer and titanium
oscillator (horn), 12.5 mm in diameter, operating at 20
kHz with a maximum power output of 600 W. The
ultrasonic generator automatically adjusts the power
level. A potentiostat/galvanostat apparatus (PGSTAT.
302N, Autolab, Eco-Chemie, The Netherlands) was
used to do cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) tests.
The photocurrent-voltage (I-V) curves were measured
using the potentiostat/galvanostat apparatus at 100

mWem™® and air mass 1.5 G illumination by a
simulated sunlight equipment SIM10 model. A Hitachi
S4160 FE-SEM instrument was used to study the
surface and the thickness of the nanolayers. The UV-
Visible spectroscopy (Perkin-Elmer) was performed to
study the transparent properties of the ZnO layers.

2.2. Preparation of ZnO nanocomposite paste

40 wt% of ZnO nanoparticles with the particle sizes of
30 and 350 nm were dispersed in ethanol with the ratio
of 3:1 by sonication and stirring. ZnO composite paste
was obtained according to Ito method [24] by mixing
80 wt% a terpineol and 10 wt% ethyl cellulose. The
paste was ultrasonicated and stirred for 30 min to
obtain a homogeneous mixture.

2.3. Preparation of ZnO photo-electrodes

The F-doped SnO, conducting glass substrates (FTO)
were cleaned using ultrasonic bath (5 min in acetone, 5
min in alcohol), rinsed with water, treated by 45%
nitric acid solution for 2 min before drying in nitrogen
atmosphere [28], and finally used to make both the
working and counter electrodes. Dr. Blade method was
performed to deposit ZnO paste on FTO layers. In each
step, the photo-anodes were dried for 15 min at 120 °C
and employed again for coating the new layer. Finally,
four photo-anodes from 1 to 4 layers were prepared and
sintered gradually under airflow through a specific
temperature program [24].

2.4. Fabrication of DSSCs

The ZnO photo-electrodes with the active area of 0.25
cm’® were immersed in the dye solution containing 0.3
mM N719 at room temperature. Dye solution was
prepared using a mixture of isopropanol/acetonitrile
with the ratio of 1:1 as the solvent. The prepared photo-
anode with one to four coated layers was immersed in
dye solution for 0.5 to 2 h [28]. All photo-electrodes
were rinsed with the prepared solvent and dried at
room temperature to be used in cell fabrication. The
counter electrodes were made by drop coating of 0.5
mM H,PtClg solution on the FTO surface and then
heating for 15 min at 400 °C [29]. For assembling the
cells, a thermal adhesive film (Surlyn, Dyesol, 30-um-
thick) was used to seal the cells by pressing the
structure at 120 °C and finally, a drop of electrolyte
solution (Iodolyte ELTACN- I Sharif Solar, Iran) was
inserted into the cell via a hole, which was created at
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the back of the counter electrode. Subsequently, the
filled hole was sealed with a small glass.

3. Results and Discussion

As reported recently, one-pot synthesis by ultrasonic
method at ambient temperature and atmospheric
pressure was done to obtain the Zn(II) supramolecular
by adding pyridine-2,6-diaminium  pyridine-2,6-
dicarboxylate (LH2) and ZnCl, with 1:2 mole ratio in
both DI water and dry methanol solvents, separately.
The effect of solvent on the synthesis method is studied
and reported in perevious report [26]. The obtained
precursors were annealed under the particular thermal
procedure to prepare ZnO powders, which were finally
used to make nanocomposite paste [26]. Figure 2
displays the image of the prepared ZnO layer prepared
by Dr. Blade technique. The quasi-spherical shapes
were formed via nanoparticle aggregation.

The presence of smaller particle size can afford a
large surface area to adsorb dye molecules and transfer
electrons into photo-anode. Indeed, the particles with
approximately 200-400 nm sizes are utilized to reflect
the transmissible incident light towards the ZnO photo-
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anode to improve the optical path of the incident light
in the ZnO photo-anode [30, 31]. Furthermore, using
approximately 350 nm ZnO spherical particles in
composite photo-anode afford not only sufficient
scattering light but also a large surface area to enhance
the dye absorption. Therefore, preparing such
nanocomposites provides a multifunctional material
with both light-scattering and fast electron transport
characteristics. Particle size distribution of these
nanoparticles is reported in [26]. Moreover,
quantitative analysis using energy-dispersive X-ray
spectroscopy (EDX) was accomplished to investigate
the chemical composition of the ZnO layer shown in
Figure 3. The presence of silicon, tin, zinc, and fluorine
was detected which was consistent with the previous
studies [32].

To enhance the cell efficiency, the photo-anode
thickness was varied by sequential deposition of 1 to 4
layers. The cross-section was analyzed by SEM to
determine  the  Photo-anode thicknesses. The
thicknesses were increased up to 24 micrometers
(Figure 4). The previously reported thickness of the
first layer was about 7 micrometers [26].
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Figure 2: SEM image of ZnO photo-anode with one coated layer.
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Figure 4: SEM images obtained from the cross-section of ZnO photo-anodes with: (a) two coated layers, (b) three
coated layers and (c) four coated layers.

The transparency of prepared layers was also studied
by UV-Visible technique (Figure 5). The prepared layers
indicated proper transparency, which decreased with
increasing the thickness from 1 to 4 layers. The
transparency of the fourth layer decreased to less than
3%, which can explain the efficiency decline.

3.1. J-V characteristics and performance of
DSSCs

In order to study the influence of photo-anode
thickness on the performance of ZnO-based DSSCs,
the current density-voltage (J-V) characteristic curves
are plotted in Figure 6. Various photovoltaic
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parameters of the fabricated cells are shown in Table 1.
In fact, the amount of adsorbed dye, light absorption,
and light scattering of ZnO particles increased by
enhancing the total interfacial surface area of the
porous film by increasing the film thickness. The short-

60
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current density (Jsc) values were improved due to the
increasing of the film thickness and surface area [33,
34]. The open-circuit voltage (Voc) values were also
enhanced significantly which can demonstrate the
effect of ZnO on retarding the recombination reactions.
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Figure 5: Transmittance spectra of ZnO photo-anode prepared from one to four coated layers.
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Figure 6: J-V characteristic curves of the ZnO-based DSSCs with various ZnO thicknesses.

Table 1: J-V characteristic curves for all the fabricated ZnO-based DSSCs prepared by different thicknesses of the
photo-anodes from 1 to 4 coated layers.

No. of Deposited Thickness Jse Ve n
No Photoanode 2 FF
layers (nm) (mAcm™) ) (%)
I 1 ZnO 1.3

II 2 ZnO
I 3 ZnO
v 4 ZnO

106 Prog. Color Colorants Coat. 14 (2021), 101-112

7.00 4.16 0.72 0.43

13.15 8.11 0.73 0.36 2.15
19.50 13.32 0.74 0.35 3.48
24.63 12.57 0.74 0.34 3.22



Investigating the Effects of Thickness on the Performance of ZnO-Based DSSC

However, increasing the film thickness creates
more restrictions on mass transfer, which enhances the
overall resistance and finally has a dominant-negative
result on the cell performance. Thus, the film thickness
must be optimized to obtain efficient solar cells. The
maximum efficiency was achieved at a thickness of 19
The effect of ZnO thickness on the
photovoltaic parameters of fabricated cells is depicted

micrometers.

in Figure 7 (a-d).

It is notable that all photovoltaic parameters
increase from one to three coated layers where a
contradiction about FF values is recognized (Figure
7(c)). While by considering the direct relation between
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the efficiency and FF values, the same pattern in their
variations is expected. The variation of FF values is
due to overall resistance of cell including series
including transport and recombination transfer
resistances which are completely explained by EIS
technique. Although the photo-anode 1 displays more
FF value, the FF variation between photo-anode 2 and
3 is negligible and the maximum value of FF variation
is about 0.1.

literature, especially when the thickness is studied and

Such contradiction is also notable in

a new method or materials is used to modify the new
photo-anode [35-37].
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Figure 7: Variation of photovoltaic parameters of the fabricated ZnO DSSCs (a) Jsc, (b) Voc, (¢) FF and (d) n; with
different deposited layers.
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3.2. Electron transport and interfacial transfer
properties
3.2.1. Linear sweep voltammetry

CV method is used to study the mechanism of
DSSCs.  The
mostly related to the
distribution and density of local states and affords

interfacial electron transfer in

voltammetric behavior is
significant information. Under forward bias, cathodic
current increases due to the reduction of I3 ions of the
injected from the FTO
substrate toward the mesoporous semiconductor. In

electrolyte via electrons

contrast, at the reverse bias, the voltammetric behavior
corresponds to the regeneration reaction of dye
[38].
information about the position of the electronic Fermi

molecules The cathodic current can afford
level (Ef) being close to the conduction band edge
(Ew). The forward bias is primarily attributed to the
difference between the electronic Fermi level (£%), and

a)

the redox potential of electrolyte (Ecqox), Where the
value of E.40x is a constant value in the cell (Figure 8a).
So, due to the relationship between the current and
forward bias, the onset potential in cathodic current can
identify the position of the conduction band edge of
semiconductor (E) [39]. The voltammetry curves of
all the fabricated ZnO-based DSSC cells were
performed in the dark at a scan rate of 50 mVs™ from
-1.0 to 1.0 V (Figure 8b). Furthermore, by increasing
the number of coated layers, the onset potentials
changed in cathodic current and under the forward bias.
This is an indicative of the influence of ZnO thin film
the of
semiconductor and decreasing the interfacial reaction

in shifting conduction band position
of electrons with I3 ions. The current reduction under
forward bias also exhibits the performance of ZnO thin
film as an inherent energy barrier that significantly

suppresses charge recombination reactions.

Reverse Bias Forward Bias
=-_-lUMO @ f----- m—LUMO
E—>
T CB —_— Emdox ]‘ B = Eredox
E > VB w=HOMO VB w=HOMO
e
7 1 b)
6
o 54
4 —— 7n0 based DSSC (I)
4 —— 7n0 based DSSC (II)
3 4 7n0 based DSSC (I1I)

Current density (mA/cm”)
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T L T s T . T v T
-1.0 -0.5 0.0 0.5 1.0
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Figure 8: (a) A schematic diagram showing the interfacial charge transfer processes at dye-sensitized semiconductor
electrode under forward and reverse bias, (b) Cyclic voltammograms of ZnO electrodeposition on FTO layer from 1.0 to
-1.0 V versus saturated calomel electrode (SCE) as reference and Pt wire as counter electrode with 50 mVs™' scan rates

in the dark.

108 Prog. Color Colorants Coat. 14 (2021), 101-112



Investigating the Effects of Thickness on the Performance of ZnO-Based DSSC

3.2.2. EIS study of the fabricated DSSCs

Electrochemical impedance spectroscopy (EIS) is a
reliable, non-destructive and informative technique
which is utilized to investigate the electrochemical and
electrical characteristics of the interfaces [32, 40, 41].
In fact, EIS reveals the mechanism of the functional
features of all DSSCs with various ZnO thicknesses. In
order to gain an insight toward the interfacial charge
transfer processes in the DSSCs, EIS was performed
with an electrochemical workstation at -Voc bias (in V)
at room temperature in dark conditions. The AC
amplitude was set at 10 mV and the frequency was in
the range of 100 kHz to 1 mHz.

The Nyquist, Figure 9(a), and Bode, Figure 9(b),
plots of EIS spectra exhibit two main frequency peaks
which are correlated to the charge behavior of ZnO-
based DSSCs in various interfaces. Also, the maximum
frequency peak (fn.x) at mid-frequency range is due to
the charge recombination process at ZnO electrodes.
Zview/Zplot software (scribner Associates, Inc.) was
utilized based on Macdonald’s algorithm (LEVM 7)
with a complex non-linear least square (CNLS)
approximation method to make an equivalent circuit for
fitting the measured EIS spectra. As shown in Figure
9(c), the equivalent circuit is consisted of two
semicircles which illustrate the main interfaces in DSSC.
The first semicircle which is associated with the high-
frequency region (100 kHz-100 Hz) shows the resistance
of electrolyte/Pt counter electrode interface (R1=Rp).
The second semicircle is correlated to the intermediate
frequency range (100Hz-1 Hz) which denotes the charge
transport resistance (R;) and charge transfer resistance
(Ry) at the photo-electrode/electrolyte interface. R
corresponds the total resistance of the solution and the
conducting glass sheet. Besides, the constant phase
elements (CPEs), containing the two parameters of
CPE-T and CPE-P, exhibit non-ideal capacitance in the
semicircles.

All values of the equivalent circuit parameters were
attained from the EIS plot via fitting data [42], as
represented in Table 2. Effective lifetime (7o) is an
important factor which indicates the solar cell
performance, and significantly depends on the
recombination reactions. Indeed, the higher value of 7.4
represents the less recombination process. 7. can be
measured by the EIS method by either Bode or Nyquist
plots (eq. 3 and 4). fi..x is the maximum frequency of the
mid-frequency peak and @, is the maximum angular
frequency of the impedance semicircle arc at medium

frequencies. The results display that the values from
both methods are in acceptable agreement with each
other. Both R, and the chemical capacitance, C,,
parameters can also be achieved from fitting the data of
Nyquist plots to determine the 7.4 by equations 1 to 3, as

reported in Table 2 [43].
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Figure 9: (a) EIS plots of fabricated DSSCs based on
the various prepared photo-anodes. The inset
represents the higher resolution of the straight line at
high frequencies which accounts for electron transport
in all photo-anodes; b) Bod plots of the prepared ZnO-
based DSSC; and (c) equivalent circuit used for
impedance data approximation where Rs, R and CPE
represent the solution resistance, charge-transfer
resistance, and constant-phase element, respectively.
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Table 2: The values of the equivalent circuit parameters approximated from the EIS data obtained for all the fabricated

30.50 526X 105 0.95 575.21 6.28
II 3046 6.38x10° 0.94 973.10 8.10
I 3031 7.17x107° 0.93 1491.23 1045
IV 3032 5.36x10° 0.93 1949.12  16.23
Teff:RctX Cp (1)
( )I/CPE P
_ (Ret XCPE-T -
C= Ret 2)
'
t=(Re XCPE-T) /CPE-P 3)
1 1
L~ U’max N 2mfmax (4)

Since, the EIS technique allows one to obtain the
Rreca
resistance, R, would be an efficient method to study

recombination resistance, and the transport
the effect of photo-anode thickness for achieving the
highest performance. According to the literature, the
ratio of R /R, is a significant parameter in determining
the cell performance and is used to compare the
performance of cells. In fact, the higher value of this
ratio implies the higher efficiency of the cell.
According to equation 5, the ratio of film thickness (L)
to the electron diffusion length (L,) is proportional to

R /Ry ratio [44].
Ly _ (Ret Y2
- (Rtr)

It is worth noting that the film thickness has an

)

essential influence on the DSSC performance. The
values of L, (Eq. 6) for all the cells were measured and
reported in Table 2. L, displays the length of electron
diffusion toward the anode before it is lost through

recombination reactions. So, the diffusion length
should be larger than the film thickness. The
enhancement in L, values indicate the lowest

recombination reactions, and collection of the highest
injected electrons on FTO layers [45, 46].
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cells.

CPE7 T CPE2-P Ry R, t(ms) | t(ms) L,
(Q (9)] (9)] (Q Re (ch Eq.3 Eq 4 (pm) (um

91.59

120.13
142.46
120.08

D, x 10

(cnl:s")
437x10°  25.16 66.95 7.05 0.172
534x10° 5191 47 14248 13.15 0.432
6.05x10°  90.33 85 226.77 19.50 0.604
452 x10°  88.15 82 262.99 24.63 0.843
L, = JT,Dy (6)

The chemical diffusion coefficients which can be
used to introduce a cell performance were calculated by
equation 6. Low diffusion coefficients are theoretically
attributed to the presence of large number of trapped
states. They are produced through the distortion of the
crystal structure at grain boundaries, which enhance the
scattering effects, surface area, and localized states at
grain boundaries, all acting as electron traps [47].

4. Conclusion

this the successful

fabrication of ZnO based-DSSCs using synthesized

In summary, study reports
ZnO nanoparticles as photo-anode. The effect of film
thickness was systematically investigated. The EIS
technique was performed to study the physical
parameters of the fabricated cells. The results obtained
from J-V and EIS tests are in satisfactory agreement
with each other. These results are useful in obtaining
the optimum photo-anode thickness. The results
showed that to attain an efficient ZnO/N719-based
DSSC, the photo-anode thickness should be optimized.
Finally, a new ZnO-based DSSC with the efficiency of
3.22 % and the photo-anode thickness of 19 pm was

achieved successfully.
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