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Aroom temperature fabrication method is developed for the preparation of a ZnO porous film on a plastic
substrate, involving an electrophoresis deposition (EPD) process, followed by the compression of the film
as the post-treatment. The thus prepared ZnO film is used for the photoanode of a dye-sensitized solar
cell (DSSC). Besides, an indoline dye is employed as the sensitizer (referred to as D149) for the ZnO
semiconductor. Performances of such DSSCs are studied at various compression pressures used for their
ZnO films. Electrochemical impedance spectroscopy (EIS) is employed to quantify the charge transport
resistance at the ZnO/dye/electrolyte interface (R.;) and the electron lifetime (7.) in the ZnO film. As for
the thickness effect, ZnO film with a thickness of about 22 wm renders the best efficiency for the ZnO
based DSSC. In addition, UV-0s is applied in two ways; in one way only the compressed ZnO film is
treated in one step, and in the second way both the substrate and the compressed ZnO film are treated
separately in two steps. The adherence of the ZnO film is shown by a photograph. Scanning electron
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microscopy is used to characterize the morphologies of the ZnO films.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Flexible dye-sensitized solar cells (DSSCs) have attracted much
attention, because they are handy and are convenient for trans-
portation. In particular, flexible DSSCs using thin and lightweight
conducting plastic substrates for their photoelectrodes are cheap
and they are suitable for roll-to-roll production [1,2]. ZnO has been
investigated as a promising alternative photoanode material for
DSSCs since the inception of research on TiO,-based DSSCs, due
to its high electronic mobility and due to the fact that both ZnO
and TiO, have almost the same band gap energies, i.e., ~3.2eV
and ~3.3 eV, respectively [3-9]. Several techniques, e.g., chemi-
cal bath deposition [6], screen printing [5], drop cast [9], doctor
blading [3], electrospinning [7], electro-deposition [10] and elec-
trophoretic deposition (EPD) [11] have been developed to prepare
ZnO electrodes. However, most of these conventional methods
involve high-temperature sintering at 450-500 °C for annealing the
ZnO nanoparticles, in order to obtain good connection among the
particles; this high temperature cannot be used in the case of plastic
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substrates. Therefore, it is necessary, in the case of plastic sub-
strates, to develop a new fabrication method accomplishable below
150°C, with some post-treatment, if necessary, to enhance the con-
nection among the ZnO particles. Some such methods applied in
the case of TiO, based DSSCs [2,12-17] can be utilized in the case
of ZnO based DSSCs. Among these methods, we selected for this
research a low-temperature method for preparing the ZnO film
involving its compression process as the post-treatment; this selec-
tion was based on previous reports on such methods, which were
however used in the case of TiO; films [18-20]. There have been a
few reports on the fabrication of ZnO based DSSCs with plastic sub-
strates[8,10,11,21]. However, there is no report on the employment
of alow temperature post-treatment process for the preparation of
a ZnO-photoanode.

In this study, we used compression and UV-0O3-treatment as
the post-treatments for ZnO particles deposited by electrophore-
sis, intending to enhance the connectivity among the particles. This
compression method is quite simple and rapid in nature to pre-
pare a ZnO-photoelectrode for a plastic based flexible DSSC. The
fabrication of the pertinent photoelectrode is free of sintering or
annealing process and is accomplished at the room temperature,
except for the dye adsorption. In addition, we also studied the
compression effect using electrochemical impedance spectroscopy
(EIS), and examined the morphologies of the as-deposited film and
compressed film through scanning electron microscopy (SEM). In
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Fig. 1. Photograph of a bent ZnO film compressed at 100 MPa on ITO-PEN substrate;
the image has writings with a HB pencil.

order to improve the light-to-electricity conversion efficiency of
the flexible DSSC, we adjusted the compression pressure, thickness
of the ZnO film, treated the ZnO film with UV-03 (for photocatalytic
decomposition of organic residues), and activated the ITO-PEN sub-
strate through UV-03 treatment. We have achieved a conversion
efficiency (n) of 4.04% for a ZnO-based flexible DSSC fabricated at
low temperature.

This is the first time that compression post-treatment is used
on the ZnO film on a plastic conducting substrate to improve the
conversion efficiency of the pertinent DSSC. Besides, expensive
ruthenium dye is avoided in this study and a metal-free organic
indoline dye is used, which rendered efficiency for its DSSC, com-

parable to that of a cell with a plastic substrate and a ruthenium
dye. The dye has an extinction coefficient of 68,700 mol-! cm~! at
526 nm, which is five times higher than that of the conventional Ru
dye, N719 (13,900 mol~' cm~! at 541 nm).

2. Experimental
2.1. Materials

Lithium iodide (Lil) and iodine (I, ) were obtained from Merck;
acetonitrile (ACN) and tertiary butanol were also obtained from
Merck and their water molecules were removed by molecular
sieves (4 A). Tert-butyl alcohol was obtained from Acros; ethanol
and isopropyl alcohol (IPA) were obtained from Aldrich. ZnO pow-
ders (20 nm) were obtained from Uni-Onward (Taipei, Taiwan). FTO
glass (15Qsq.”1) and 1,2-dimethyl-3-propylimidazolium iodide
(DMPII) were obtained from Solaronix S.A., Aubonne, Switzerland.
ITO-PEN (15 £25sq.7!, Peccell Technologies Inc.) was used as the
substrate for the ZnO photoanode.

2.2. Preparation of ZnO suspension and the corresponding
photoanode

Commercial nanocrystalline ZnO powder (20 nm) was dispersed
well in isopropyl alcohol (IPA) at 6 gL, without using any surfac-
tant or additive. The suspension was stirred for at least 3 h and then
ultrasonicated for 20 min. After ultrasonication the ZnO suspension
was put in a container for electrophoresis; an FTO glass was used
as the anode and the conducting plastic substrate as the cathode
during the EPD process. The EPD was performed at a DC electric
field of 200V cm~! for 1 min; longer deposition time was used to
increase the film thickness. After finishing the EPD process, the
residual IPA solvent on the as-deposited film was evaporated for a

Fig. 2. Top views of SEM micrographs of the electrophoretically deposited ZnO film on the ITO-PEN substrate: (a) as deposited film (low magnification, 100 wm), (b) the
film after mechanical compression (low magnification, 100 wm), (c) as deposited film (high magnification, 10 wm), and (d) the film after mechanical compression (high

magnification, 10 pm).
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few secondsin airatambient temperature. As the post-treatment of
the nanostructured ZnO film obtained by the EPD process, mechan-
ical compression (MTS-810, Material Testing System, Eden Prairie,
MN, USA) was applied at different pressures (25-100 MPa). The ZnO
electrodes were immersed at 50°C for 3h in a 0.5 mM solution of
D149 (Mitsubishi Co.) in acetonitrile and tert-butyl alcohol (volume
ratioof 1:1), containing also 1 mM of chenodeoxycholic acid (CDCA)
as the co-adsorbant. The ZnO electrode prepared as described above
was coupled with a platinum counter electrode (PE-CE), made of
ITO glass with Pt, Pt being sputtered for 120s. The electrodes were
separated by a 25 wm-thick Surlyn tape (SX1170-25, Solaronix S.A.,
Aubonne, Switzerland) and sealed by heating. A mixture of 0.1 M Lil,
0.05M I, 0.6 M DMPII in acetonitrile was used as the electrolyte.
The electrolyte was injected into the gap between the two elec-
trodes by capillarity; the electrolyte-injecting hole was previously
made in the counter electrode with a drilling machine, and the hole
was sealed with hot-melt glue after the injection of the electrolyte.
The size (area) of the ZnO photoanode was first adjusted by a cotton
swap rinsed with ethanol to scrap the ZnO thin film, so as to control
the photoanode with a specific area (1.0 cm by 1.0 cm), followed by
confining it with a mask (0.55 cm in diameter).

2.3. Instrumentation

The surface of the DSSC was illuminated by a class A quality solar
simulator (PEC-L11, AM1.5G, Peccell Technologies Inc.) and an inci-
dent light intensity of 100 mW cm~2 was calibrated with a standard
Si cell (PECSIO1, Peccell Technologies Inc.). The photoelectrochem-
ical characteristics and electrochemical impedance spectra (EIS) of
the cells were recorded using a potentiostat/galvanostat (PGSTAT
30, Autolab, Eco-Chemie, the Netherlands) under 100 mW cm~2
light intensity. The frequency range explored for impedance mea-
surements was 10 mHz to 65 kHz. The applied bias voltage was set
at the open-circuit voltage of the DSSC, between the ITO-Pt-CE
and the PEN-ZnO-dye working electrode, starting from the short-
circuit condition; the corresponding AC amplitude was 10 mV. The
impedance spectra were analyzed using a completely new equiv-
alent circuit model. The film thickness was determined using a
surface profilometer (Sloan Dektak 3030). Morphologies of the
films were observed by scanning electron microscopy (SEM, Nova
NanoSEM 230, FEI Ultra-High Resolution FE-SEM with low vacuum
mode).

3. Results and discussion
3.1. The ZnO film and its compression-post-treatment

In this study, the distance between the electrodes, and the
ZnO concentration in the EPD solution were kept unchanged. We
observed that light could be scattered well by the as-deposited film
obtained through the EPD process. The film could be easily damaged
by scratching, because of its poor intrinsic mechanical strength;
however, its adhesion on the plastic substrate was excellent, as
observed from the fact that the film after its compression could not
be peeled off from the substrate even after bending the substrate.
The great adherence of the film to the substrate can be attributed
to the highly ordered structure of the particles with a large packing
density and capillary stress. As for the adhesion test, we used a HB
pencil to write on the compressed (100 MPa) ZnO photoanode and
bent the film as shown in Fig. 1. It is clear from the figure that the
ZnO film remains intact even at a great bending angle. Fig. 2 shows
top view SEM images of an as-deposited ZnO film at different mag-
nifications, deposited under a DC electric field of 200V cm~1. As can
be seen in Fig. 2a, the as-deposited film is full of microcracks and
the film seems to be very rough and porous. It was already men-
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Fig. 3. Variation of photovoltaic parameters, i.e., short-circuit photocurrent (Jsc),
open-circuit voltage (Vo), fill factor (FF), and light-to-electricity conversion effi-
ciency (1) of ZnO-based DSSCs, depending on the compression pressure used for
their ZnO films (thickness of each film: 20 wm).

tioned that the adherence of the film to the substrate was excellent
and the film could be handled well without exfoliation. It is quite
important that a nanostructured ceramic film is homogeneous and
has no or fewer cracks; for this reason, a compression is applied
to the film as its post-treatment process intending to diminish the
microcracks in the film and to make it smooth. Fig. 2b shows the
SEM image of compressed version (100 MPa) of the film shown in
Fig. 2a, magnification being the same in both the cases. We can
observe in Fig. 2b that the morphology of the film is significantly
altered after the employment of the mechanical compression. The
compressed film is homogeneous and smooth, with reference to
the as-deposited film. Besides, the cracks of the film are totally
reduced and the film is smoothened after the mechanical compres-
sion. Fig. 2c shows the as-deposited film at a different magnification
and Fig. 2d shows its compressed version at the same magnifica-
tion. The compression-post-treatment is employed to enable better
inter-particle connection of ZnO particles and to homogenize the
film surface. Besides, such compressed films are transparent and
scatter light to a lesser extent than the as-deposited film.

3.2. Relationship between the compression pressure and the
light-to-electricity conversion efficiency

Fig. 3 illustrates the variation of photovoltaic parameters, i.e.,
short-circuit photocurrent density (Jsc), open-circuit voltage (Voc),
fill factor (FF), and light-to-electricity conversion efficiency (1) of
ZnO-based DSSCs, depending on the compression-pressure used
for their ZnO films (thickness of each film: 20 wm); Table 1 sum-
marizes the corresponding parameters. Table 1 shows that the fill
factors (FFs) are all high, especially with compression; these high
fill factors indicate strong contacts between the films and their
substrates. Besides, the FF increases with increase in the compres-
sion pressure. The open-circuit voltage (Vo) does not change much
with compression pressure. Interestingly, it can be seen that the

Table 1
Photovoltaic parameters of the DSSCs at different compression pressures for their
ZnO films (film thickness: 20 pm).

Pressure (MPa) Voc (V) Jse (MAcm—2) FF Efficiency (%)
None 0.59 6.19 0.53 1.95
25 0.55 7.49 0.65 2.68
50 0.56 7.83 0.66 2.87
75 0.56 7.79 0.69 3.02
100 0.57 8.16 0.69 3.13
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Fig. 4. Electrochemical impedance spectra of the DSSCs, at different compression
pressures for their ZnO films (film thickness: 20 wm). The equivalent circuit of this
study is shown in the inset.

short-circuit photocurrent density density (Jsc) and the light-to-
electricity conversion efficiency (1) have direct relationship to the
compression pressure (Fig. 3), i.e., they both show increases with
the increase of compression pressure. The improvement in Jsc with
higher compression (Fig. 3) is due to the associated higher coor-
dination number (N) and better inter-particle connections, which
enable longer electron lifetime and higher electron diffusion coef-
ficient. The coordination number (N) could be calculated by the
following equation [22]:
N = 3.08 _ 1.13 (1)
Pp
where Pj, is the porosity of the pressed film. It is logical to think that
the porosity of the film decreases with the increase of compression
pressure; this can also be seen in Fig. 2 where the film becomes
smooth with compression, i.e., without cracks or pores. After com-
pression post-treatment, the thickness of ZnO film decreases to
about 65% of the as-deposited EPD film. According to the above
equation, the coordination number (N) increases with the decrease
in porosity, which means that the connectivity between the parti-
clesincreases with the decrease of porosity, that is with the increase
of compression. Thus the increased coordination number (N) or bet-
ter inter-particle connections enabled higher Js. for the DSSCs with
compressed ZnO films. From the point of view of electron transport,
N of 5 implies an electron residing on a particular particle with 5
possible directions in which it can move to an adjacent particle.
Furthermore, electrochemical impedance spectroscopy (EIS)
was used to study the internal resistances and the charge trans-
fer kinetics of the mesoporous ZnO films in the DSSCs. Fig. 4
shows Nyquist plots of the DSSCs (under 100 mW cm~2) with ZnO
films of same thickness (~20 wm), compressed at different pres-
sures. The impedance spectra are interpreted and modeled using
the equivalent circuit proposed in the inset of Fig. 4. The Nyquist
plots essentially consist of two sets of semicircles. The smaller
semicircle at higher frequencies (kHz range) corresponds to the
charge-transfer resistances at the counter electrode/electrolyte
interface (R¢p) and at the electrical contacts between conductive
substrate/ZnO or among ZnO particles. The larger circle at lower
frequencies (10-100 Hz range) represents the resistances against
electron transfer in the ZnO layer and charge-transfer process at
the ZnO/dye/electrolyte interface (R ), and against ion diffusion
within the electrolyte (Rgjsr). Rqjfe is virtually overlapped by Rci
due to relatively short length for I~ ion diffusion caused by the
thin spacer (25 pwm thick) used by us. Identical semicircles at high

Table 2
Electrochemical impedance spectra (EIS) parameters of the DSSCs, at different com-
pression pressures for their ZnO films (film thickness: 20 pm).

Pressure (MPa) Rer1 () Re2 (R2) fmax (s71) Te (M)
25 4.20 24.03 76.3 2.09
50 411 22.32 75.7 2.10
75 4.02 20.95 62.3 2.55

100 3.89 19.71 51.1 3.11

frequency region indicate, as expected, that the ZnO-based pho-
toanodes with different compressions do not affect the charge
transfer process at the counter electrode/electrolyte interface of
their DSSCs. Table 2 shows the corresponding values of R and
Rct>. It can be seen in the table that the value of R.; decreases as
the compressed pressure increases from 25 to 100 MPa; this trend
can also be clearly seen in Fig. 4. This phenomenon is related to
the increase in the coordination number (N), which enables better
interconnectivity among the ZnO particles and stronger adherence
of the particles to the ITO-PEN substrate; decreased pore sizes due
to increased compression enhances the inter-particles connection
among the ZnO particles, which in turn decreases the charge trans-
fer resistance, R.. In Fig. 4 and Table 2, it can be seen that the
mesoporous ZnO film, compressed at 100 MPa has least values of
Ret1 and Rego.

In addition, electron lifetimes (7 ) in the ZnO films of same thick-
ness (~20 wm), obtained at different pressures were determined
using Bode-phase plots (Fig. 5). The Bode phase plots of EIS spec-
tra, as shown in Fig. 5, display the frequency peaks of the charge
transfer process at different interfaces of the cells, with ZnO-films
compressed at different pressures. The characteristic low frequency
peaks (fmax) are located as shown in Table 2. The characteristic
frequency peaks show a shift toward lower frequencies with the
increase of compression pressure; this means a longer electron life-
time is obtained when the compression pressure is increased from
25 to 100 MPa. The calculated electron lifetimes are also shown in
Table 2. These observations imply that an increase in the compres-
sion pressure for the ZnO film increases the connection among ZnO
particles, which in turn decreases the electron transfer resistance
and thereby increases the electron lifetime in the ZnO film.

3.3. Effects of thickness of a ZnO film and UV-03 treatment for
the film on the photovoltaic performance of a DSSC

Table 3 shows the photovoltaic parameters of DSSCs with ZnO
films of different thickness, each film compressed at the pressure

20
T
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e —e— 25MPa
X
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Fig. 5. Bode phase plots of the DSSCs, at different compression pressures for their
ZnO films (film thickness: 20 pm).
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Table 3
Photovoltaic parameters of the DSSCs with ZnO films of different thickness, each
film being compressed at 100 MPa.

Thickness (um) Voc (V) Jse (mAcm—2) FF Efficiency (%)
10 0.57 6.69 0.60 2.31
14 0.56 6.86 0.63 2.42
18 0.56 7.02 0.64 2.51
22 0.58 8.16 0.70 3.36
26 0.57 8.04 0.68 3.11
10 0.8
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Fig. 6. Variation of photovoltaic parameters, i.e., short-circuit photocurrent (Js),
open-circuit voltage (Vic), fill factor (FF), and light-to-electricity conversion effi-
ciency (1) of ZnO-based DSSCs, depending on the thickness of their ZnO films, each
film being compressed at 100 MPa.

of 100 MPa. Fig. 6 illustrates the variation of photovoltaic param-
eters, i.e., Jsc, Voc, FF, and n of ZnO-based DSSCs, depending on
the thickness of their ZnO films, each film being compressed at
100 MPa. It can be seen in Fig. 6 that the mesoporous ZnO film
with a thickness of about 22 wm renders the best cell efficiency
of 3.36% for its DSSC. Fig. 7a and b shows at different magnifica-

(b)

Fig. 7. Cross-sectional SEM images of an electrophoretically deposited ZnO film
(thickness: about 26 wm) at different magnifications; the film was compressed at
100 MPa.

12
10
o
£
)
< 8P
£
2
= 6
c
)
-]
5
= —+— Without treatment
3 2 | —*—UV-0,only on ZnO film
—+— UV-0, on ITO-PEN and ZnO film separately
u i 1 i 1 i L i 1 " L i
0.0 0.1 0.2 03 0.4 0.5 0.6

Voltage /V

Fig. 8. Photocurrent-voltage curves of DSSCs with ZnO films of 22 wm thickness
when the UV-03 treatment was applied in one case to only ZnO film (single step)
and in the other case to the ITO-PEN and its ZnO film separately (double step).

tions the SEM cross-sectional images of the ZnO film (thickness:
about 26 wm), compressed at 100 MPa; both figures show that
the film is quite homogeneous and its structure is very com-
pact after the compression post-treatment. If the film thickness
is increased beyond 22 pwm, all the photovoltaic parameters, i.e,
Voc, Jse, FF and n show a decrease (Table 3). Increased thickness
of a semiconductor film in a DSSC hinders electron transfer in
the film, because electron lifetime is insufficient in such cases and
the electrons tend to combine with I3~ ions and thereby decrease
the Jsc and Vi, which consequently reduces the FF and n of the
cell.

It was speculated that UV-03 treatment could be used to decom-
pose some organic residues or impurities. Some organic residues
were expected to present in the mesoporous ZnO film prepared
by electrophoretic deposition. UV-0O3 was applied in two ways;
in one way only the compressed ZnO film was treated in one
step, and in the second way both the substrate and the com-
pressed ZnO film were treated separately in two steps. An apparent
improvement can be seen in the Jsc after the UV-O3 treatment of
the ZnO film (Fig. 8). This improvement is attributed to the pho-
tocatalytic decomposition and removal of organic residues and
some contaminant impurities in the film by the UV light irradi-
ation in the presence of Os. Usually researchers use deionized
water (DIW) and ethanol to clean the substrate. We observed
that the wettability of an ITO-PEN substrate is poor and the
surface is hydrophobic. Besides, there may be some organic con-
tamination or impurity on the ITO-PEN surface. Therefore, we
performed surface activation for the ITO-PEN film by means of
the UV-03 treatment, and did the treatment once again for the
whole photoanode with the ZnO film. The UV-03 treatment was

Table 4

Influence of UV-03 treatment (15 min) applied in one case to only ZnO film (single
step) and in the other case to the ITO-PEN and its ZnO film separately (double step)
on the performance of the DSSCs.

UV-03
treatment

Voe (V) Jsc (mAcm~2) FF Efficiency (%)

Without 0.58 8.16 0.70 3.36
treatment

Only on ZnO 0.58 9.39 0.63 3.42
film

On ITO-PEN 0.57 10.82 0.65 4.04
and ZnO film
separately
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expected to decompose the organic residues adsorbed on the sur-
face of the ITO-PEN. After the UV-O3 treatment, we could see
the suppression of the contact angle of water droplet placed on
the ITO-PEN surface; this implies that the hydrophilicity of the
surface is increased. This increased hydrophilicity has probably
enhanced the adhesion of the ZnO film to the substrate. This
indeed is vindicated by the increases in the Jsc and other photo-
voltaic parameters of the DSSC with UV-03 treatment for both
the substrate and the photoanode; these increases can be seen in
Table 4.

4. Conclusions

Nanostructured ZnO films were deposited on ITO-PEN substrate
by an electrophoresis deposition (EPD) method, and the films were
subjected to post-treatment by mechanical compression. The com-
pressed film is homogeneous and smooth, with reference to the
as-deposited film (Figs. 2b and d and 7). Besides, cracks of the
film are totally reduced (Fig. 2b and d). The photocurrent den-
sity (Jsc) and the light-to-electricity conversion efficiency (1) of a
cell with the ZnO film have direct relationship to the compres-
sion pressure applied to the film, i.e., they both show increase
with the increase of compression pressure (Fig. 3 and Table 1).
Electrochemical impedance spectra (EIS, Fig. 4) show that the R
value of a DSSC decreases as the compression pressure increases
from 25 MPa to 100 MPa (Table 2). The ZnO film subjected to high-
est compression pressure of 100 MPa enables the longest electron
lifetime (7¢) in the film for its DSSC (Fig. 5 and Table 2). The meso-
porous ZnO film with a thickness of about 22 pm renders the best
cell efficiency of 3.36% for its DSSC (Table 3). SEM cross-sectional
images of the ZnO film show that the film is quite homogeneous
and its structure is very compact after the compression post-
treatment (Fig. 7). Increase of thickness of aZnO film beyond 22 pm
(with compression) results in a decrease of efficiency for its DSSC.
UV-03 treatment of the ZnO film enables a slightly increased effi-
ciency (3.42%) for its cell, compared to that of the cell without
such treatment (3.36%); such treatment for the ITO-PEN substrate
and again for the whole photoanode with the ZnO film gives
much more higher conversion efficiency (4.04%) for the pertinent
cell.
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