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ABSTRACT

The effects of four factors, i.e., (i) sputter-deposition time of platinum (Pt) film, (ii) sintering tempera-
ture of TiO,-coated Ti foil (Ti/TiO,), (iii) thickness of Ti foil, and (iv) concentration of iodine are reported
for the photovoltaic performance of a back-illuminated flexible dye-sensitized solar cell (DSSC) with Ti
foil substrate for the TiO, layer. Optimization of these four factors yields a solar-to-electricity conversion
efficiency () of 5.95%. Transmittance spectra, cyclic voltammetry (CV), electrochemical impedance spec-
tra (EIS), X-ray diffraction (XRD), scanning electron micrographs (SEM), and laser-induced photovoltage
transient technique are used to substantiate the explanations.
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1. Introduction

Flexible dye-sensitized solar cells (DSSCs) are convenient for
a number of applications especially where cells need complex
geometries. Roll to roll production is possible in the case of flex-
ible DSSCs. Poly(ethylene) terephthalate (PET)/indium tin oxide
(ITO) is commonly used as the flexible substrate in a DSSC [1-4].
Miyasaka and Kijitori used PET/ITO/TiO, as the working electrode
and obtained a solar-to-electricity conversion efficiency of 4.1% at
100 mW cm~2 light intensity for a flexible DSSC [5]. We have previ-
ously observed that the cell efficiency increases with the increase of
TiO,-annealing temperature and becomes saturated at 400-500 °C;
this was due to enhanced electron lifetime and increased electron
diffusion coefficient for the excited electron in TiO, matrix [6].
However, the restriction for the sintering temperature in the case
of plastic substrate is still a major problem to be solved. Without
sintering at high temperature, the interconnection between TiO,
particles would be poor and would result in poor performance of
the cell. Metal sheet is another choice to fabricate a flexible DSSC,
because it can endure very high temperatures. Flexible DSSC using
stainless steel as the supporting substrate for working electrode
was also developed [7]; to counter the problem of oxide formation
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after annealing, a layer of SiOx was coated on the stainless steel
substrate, followed by deposition of an ITO layer on it to improve
its conductivity. Ti, W, and Zn were also studied as substrates for
working electrodes [8,9]. Lin et al. fabricated a DSSC using a conical-
shaped anodic TiO,-nanotube (TiNT)/Ti and obtained a conversion
efficiency (1) of 4.3%, under AM1.5 with back side illumination [10].
The highest ever efficiency of 7.2% was achieved for a flexible DSSC
by using Ti foil as the working electrode [11].

We used in this work a Ti foil as the substrate for the working
electrode in a DSSC, with the awareness that its sheet resistance
is higher than those of other metal substrates, such as silver and
copper. Ti has higher conductivity, compared to that of transparent
conducting oxide (TCO) substrate. Moreover, Ti has superior cor-
rosion resistance due to the existence of a passive film of TiO, on
it.

In this paper, we present the effects of sputter-deposition time
of Pt, sintering temperature of TiO,-coated Ti foil, thickness of Ti
foil, and the concentration of I, on the photovoltaic performance of
a flexible DSSC. Owing to the formation of oxide on Ti substrate,
the study pertaining to sintering temperature of TiO,-coated Ti
became necessary and is different from that of a bare TiO, film.
To the best of our knowledge, these aspects were not studied for a
flexible DSSC with Ti as the substrate for the photoanode. Optimiz-
ing these conditions, we obtained a solar-to-electricity conversion
efficiency of 5.95%, which is one of the best for a cell with Ti metal.
Study on photovoltaic parameters of DSSCs, with time-dependent
sputtered Pt layers, characterization of such layers through trans-
mission spectra, characterization of Ti/TiO, films through XRD, SEM
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and laser-induced photovoltage transients, study on the effects of I,
concentration on the photovoltaic parameters of a Ti-based flexible
DSSC are novel aspects of this research.

2. Experimental

Lithium iodide (Lil), iodine (I;), and poly(ethylene glycol) (PEG,
M.W.=20,000) were obtained from Merck; 4-tert-butylpyridine
(TBP) and tert-butyl alcohol were obtained from Acros. Titanium
(IV) tetraisopropoxide (TTIP), acetonitrile, acetylacetone, ethanol,
and isopropyl alcohol (IPA) were obtained from Aldrich. 1,2-
Dimethyl-3-propylimidazolium iodide (DMPII) was obtained from
Solaronix. 3-Methoxypropionitrile (MPN) was obtained from Fluka.

Commercial titanium dioxide (ST-21, 50m2 g~1, 6g, Ya Chung
Industrial Co. Ltd., Taiwan) was thoroughly mixed with a solution
of acetylacetone (500 1) in DI-water (11 g). This was stirred for 3
days and 1.8 g of PEG was then added to the well-dispersed col-
loidal solution. The mixture was stirred for an additional 2 days to
prepare the required TiO, paste. Ti foil (Fuu Cherng Co. Ltd., Tai-
wan) was first cleaned with a neutral cleaner, and then washed
with DI-water, acetone, and IPA, sequentially. Surface of the Ti foil
was treated with a solution of TTIP (0.028 g) in ethanol (10 ml)
for obtaining a good mechanical contact between the metal Ti
foil and the TiO, film. From the TiO, paste a thin film (10 pm) of
TiO, was then coated onto the treated Ti foil by using the doc-
tor blade technique; a portion of 0.4 x 0.4 cm? was selected as the
active area by removing the side portions by scraping. The thus
obtained TiO; film was gradually heated to various high temper-
atures (350, 400, 450 and 500°C) in an oxygen atmosphere, and
sintered at each of these temperatures for 30 min. After cooling to
80°C, the Ti/TiO, electrode was immersed in a 3 x 10~4 M solution
of cis-di(thiocyanato)-N,N’-bis(2,2’-bipyridyl-4-carboxylic acid-4'-
tetrabutylammonium carboxylate)ruthenium(Il) (N719, Solaronix
S.A., Aubonne, Switzerland) in acetonitrile and tert-butyl alcohol
(volume ratio of 1:1) at room temperature for 24 h. Meanwhile
transparent Pt counter electrodes (CEs) were prepared by sput-
tering Pt on polyethylene naphthalate (PEN)/ITO (Al,03 coated,
<13 Qsq.71) for 10, 20, 30, 55, 80, 130, and 180s (under a sput-
ter current of 20 mA). The dye-coated TiO, foil was then assembled
with a Pt-CE; the two electrodes were sealed with a hot-melt gas-
ket of 25 pm thickness made of the ionomer Surlyn (SX1170-25,
Solaronix S.A., Aubonne, Switzerland) and sealed by heating. The
electrolyte consisted of a mixture of 0.1 M Lil, 0.6 M DMPII, 0.5M
TBP, and various amounts of I, in MPN. The electrolyte was injected
into the gap between the electrodes by capillarity. For this injec-
tion purpose a hole was previously made in the CE with a drilling
machine. After the electrolyte-injection, the hole was sealed with
hot-melt glue.

The flexible DSSC was illuminated by a class A quality solar
simulator (PEC-L11, AM1.5G, Peccell Technologies, Inc.) from the
side of PEN/ITO/Pt and the incident light intensity (100 mW cm2)
was calibrated with a standard Si Cell (PECSIO1, Peccell Technolo-
gies, Inc.). The photoelectrochemical characteristics of a DSSC were
recorded with a potentiostat/galvanostat (PGSTAT 30, Autolab, Eco-
Chemie, the Netherlands). The film thickness was determined using
a surface profilometer (Sloan Dektak 3030). X-ray diffraction pat-
terns (XRD, MO3XHF, MAC) were obtained to analyze the crystal
phases of a TiO,, film. In addition, the thickness of the metal oxide
on Ti foil working electrode was observed by a scanning electron
microscope (SEM, LEO 1530, LEO Electron Microscopy). UV-vis
spectrophotometer (V-570, Jasco, Japan) and cyclic voltammetry
(CV) were respectively used to investigate the transmittance prop-
erties and the catalytic abilities of the Pt-CEs. Electrochemical
impedance spectra (EIS) were obtained by the above-mentioned
potentiostat/galvanostat equipped with an FRA2 module, under a
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Fig. 1. Transmittance spectra obtained with Pt-CEs with different deposition times
of Pt layers (baseline with bare ITO electrode).

constant light illumination of 100 mW cm~2. The frequency range
explored was 10 mHz to 65 kHz. The applied bias voltage was set
at the open-circuit voltage of the DSSC, between the PEN/ITO/Pt-
CE and the FTO/TiO,/dye working electrode, starting from the
short-circuit condition; the corresponding ac amplitude was10 mV.
The impedance spectra were analyzed using an equivalent circuit
model [12,13]. Pulsed laser excitation was applied by a frequency-
doubled Q-switched Nd:YAG laser (model Quanta-Ray GCR-3-10,
Spectra-Physics laser) with a 2 Hz repetition rate at 532 nm, and a
7 ns pulse width at half-height. The average electron lifetime could
be approximately estimated by fitting a decay of the open-circuit
voltage transient with exp(—t/7e), where t is the time and 7. is an
average time constant before recombination.

3. Results and discussion

In the case of a metal-based working electrode in a flexible DSSC,
the illumination should be done from the back side due to the non-
transparent nature of the metal substrate; considering this aspect,
the CE of such a cell assumes great importance. These types of CEs
should have the following characteristics: (1) high conductivity for
transporting electrons, (2) excellent catalytic activity for triiodide
reduction, and (3) high transparency for the penetration of light
through the electrode.

In this study, the Pt-CEs were prepared by sputtering Pt on
PEN/ITO substrates, and the deposition times were varied from 10
to 180s. As shown in Fig. 1, the transmittance of a Pt-CE decreases
with the increase of the Pt deposition time, especially in the range
from 400 to 700 nm. Although high transparent Pt-CE is favorable
for a back-illuminated DSSC, its catalytic ability is also to be taken
into account from the viewpoint of efficiency of the cell. Fig. 2 shows
overlaid CVs recorded for various deposition times of Pt on the CEs,
The absolute cathodic peak current (Ipc) of a CV represents the elec-
trochemical activities of a Pt-CE [14]. The absolute Ip’s of the CVs
show increases with increasing deposition times of Pt until 30 s, and
the peak currents remain almost the same with further deposition
times. These results suggest that the catalytic ability of a Pt layer
for I3~ reduction increases with the increase of deposition time up
to 30s, and then remains the same with further deposition times.
The CE with the bare ITO shows an I, value close to zero, revealing
that it has no catalytic ability for the reduction of I3~.

Fig. 3 shows photovoltaic performances of DSSCs with differ-
ent deposition times of Pt layers, measured at 100 mW cm~2 light
intensity and illuminated from the CE side. Table 1 gives the corre-
sponding open-circuit voltage (Vo), short-circuit current density
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Fig. 2. Cyclic voltammograms obtained with Pt-CEs with different deposition times
of Pt layers (bare ITO electrode shows zero current).
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Fig. 3. Photocurrent-voltage characteristics of DSSCs with different deposition
times of Pt layers, measured at 100 mW cm~2 light intensity and illuminated from
the CE side.

(Jsc), fill factor (FF) and cell efficiency (n) for DSSCs with differ-
ent Pt deposition times. The Jsc value increases with increasing
deposition time up to 30s and decreases with further deposition
time. For the deposition times from 30 to 180s, the continuous
decrease of Jsc may be attributed to the decrease in transmittance
with increasing Pt thickness. On the other hand, the lesser val-
ues of Jsc for deposition times lesser than 30s may be attributed
to the insufficient catalytic ability of the Pt layers, notwithstand-
ing their higher transmittance. When the sputtering time is less
than 30s, the cell performance decreased dramatically. The best

Table 1

Photovoltaic parameters and electrochemical impedance data of the DSSCs with
different deposition times of Pt layers, measured at 100 mW cm~2 light intensity
and illuminated from the CE side.

Deposition  Voc (V) Jsc (mAcm=2)  FF n(%) R ()  Re ()
time (s)
0 0.68 1.86 0.07  0.09 = =
10 0.59 7.75 035 158 2826 41.25
20 0.65 8.25 046 248  21.05 40.87
30 0.73 8.56 070 433 1035 41.33
55 0.73 7.88 068 391  10.02 50.14
80 0.72 7.31 067 356 1112 52.68
130 0.70 6.19 071 3.06 11.03 63.62
180 0.70 456 071 229 1134 69.86
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Fig. 4. Electrochemical impedance spectra of the DSSCs with different deposition
times of Pt layers, measured at 100 mW cm~2 light intensity under open-circuit
voltage. The frequency range was 10 mHz to 65 kHz.

cell efficiency of 4.33% was achieved with a sputtering time of
30s.

EIS technique was used to study the charge transfer resistances
of the cells, which were in consistency with the results obtained
from the photovoltaic characteristics. Fig. 4 illustrates the EIS data
of the solar cells with various deposition times of the Pt layers. The
equivalent circuit is shown in the inset of Fig. 4. The ohmic serial
resistance (Rs) in the equivalent circuit corresponds to the over-
all series resistance. In general, the impedance spectrum of a DSSC
shows three semicircles in the frequency range of 10 mHz to 65 kHz.
The first, second and third semicircles correspond to the charge
transfer resistances at the CE (R.), at the TiO,/dye/electrolyte
interface (Rq») and to the Warburg diffusion process of [-/I3~ in
the electrolyte (Ry;sr), respectively. A very thin spacer was used in
our device. Therefore, the Rg;¢ is not obvious, and it is overlapped
by Rcrz. The corresponding values of Rce; and Rer are showed in
Table 1. The R¢; shows decreases with increases in deposition time
until 30 s which can be attributed to the enhancement of catalytic
ability of the Pt layers, and it (R¢; ) maintains almost the same value
for further deposition, which indicates that the catalytic ability is
the same with deposition time of more than 30 s. On the other hand,
with lesser deposition times (<30s), the transmittance is higher
for light to cause enough dye to be excited. Therefore there is not
much difference in R¢ey values with Pt deposition times of lesser
than 30s. It can also be seen in Fig. 4 that the longer the deposition
time of a Pt layer, the larger the charge transfer resistance at the
TiO,/dye/electrolyte interface (R ); this observation is in consis-
tency with the corresponding decreased values of Js. (Table 1).

It is known that the crystal phase of a TiO; film can be varied by
varying the sintering temperature and its preparation method [15].
In order to characterize the crystal phase of the TiO,, sintered at
350, 400, 450 and 500 °C, XRD was applied. Fig. 5(a) and (b) shows,
respectively the XRD patterns of TiO, film and Ti foil sintered sepa-
rately at various temperatures. The XRD pattern of TiO, film shows
a peak corresponding to (10 1) of the TiO; structure, which is asso-
ciated with the anatase phase, and this peak is the same for various
sintering temperatures, whereas the peak corresponding to (004)
of Ti foil decreased with higher sintering temperatures. The cross-
sectional image of the sintered Ti foil was observed by means of
scanning electron microscopy (SEM) and is shown in Fig. 6; it can
be seenin the figure that the thickness of metal oxide increases with
increasing sintering temperature, which is undesirable, because
the transport of electrons would be adversely affected due to the
formation of metal oxide.
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Fig. 5. X-ray diffraction patterns of (a) TiO; film and (b) Ti foil, obtained after sin-
tering them separately at different temperatures.

Table 2

Photovoltaic parameters of the DSSCs with their Ti/TiO, sintered at different tem-
peratures, measured at 100 mW cm~2, the table also shows the electron lifetimes in
corresponding TiO;’s.

Temperature (°C) Voc (V) Jsc (MAcm—2) FF n (%) Te (MS)
350 0.71 7.38 0.72 3.77 16.38
400 0.73 8.06 0.70 4.09 17.13
450 0.73 8.56 0.70 4.33 18.56
500 0.73 8.31 0.68 4.10 17.63

Table 2 gives the photovoltaic parameters of DSSCs with
TiO,-coated Ti foils sintered at different sintering temperatures,
measured at 100 mW cm~2 light intensity. It shows that the high-
est efficiency of 4.33% was achieved with 450°C as the sintering
temperature. The Jsc increased with increasing sintering tempera-
ture up to 450°C and then decreased with further annealing. We
assume that improvement of interconnection between particles
with increasing sintering temperature is the cause for the initial
increase of Jsc and formation of excessive metal oxide is the cause
for slight decrease of Jsc at 500 °C. The effect of sintering temper-
ature of a Ti/TiO, film on the average electron lifetime (7.) in the
corresponding TiO, was studied by a laser-induced photovoltage
transient technique, and the results are shown in Fig. 7. The aver-
age electron lifetime can approximately be estimated by fitting a
decay of the open-circuit voltage transient with exp(—t/te), where
t is the time and t. is an average time constant before recombi-
nation. The values of . of the TiO, films were found to be 16.38,

Table 3
Photovoltaic parameters of the DSSCs with Ti foils of different thicknesses, measured
at 100mW cm~2.

Thickness (mm) Voc (mV) Jse (MAcm—2) FF 1 (%)
0.40 0.76 10.31 0.70 5.50
0.25 0.75 9.48 0.69 4.90
0.10 0.73 8.56 0.70 433
0.05 0.71 8.13 0.72 4.16

Table 4

Photovoltaic parameters of the DSSCs with different I, concentrations, measured at
100 mW cm~2, conductivities of the corresponding electrolytes are also shown in
the last column.

Concentration of I, (M) Voc (V) Jsc (MAcm~—2) FF n (%) os(mScm')

0.01 0.78 8.38 0.59 3.85 9.3
0.02 0.76 10.69 0.63 5.07 115
0.03 0.74 10.25 0.68 5.19 137
0.04 0.76 11.69 0.67 595 144
0.05 0.76 10.31 0.70 5.50 16.0
0.06 0.76 9.44 0.68 4.89 17.2
0.07 0.76 8.94 0.69 4.69 17.7

17.13, 18.56 and 17.63 ms for TiO, electrodes sintered at 350, 400,
450, and 500 °C, respectively. The figure shows the largest values of
Te for the Ti/TiO, film sintered at 450 °C, which implies that the col-
lection and transport of electrons will be at best when the Ti/TiO,
film is sintered at 450°C.

To investigate the effects of thickness of Ti foil as working elec-
trode substrate on the cell performance, Ti foils with four different
thicknesses (0.40, 0.25, 0.10, and 0.05 mm) were used. Table 3 lists
the corresponding values of Vi, Jsc, FF and 7. The highest efficiency
of 5.50% was obtained with the thickest Ti foil (0.4 mm). The Jsc
increases with increasing thickness, which is the result of decreased
resistance of the Ti foil with its increased thicknesses. According to
the law of resistances, conductor’s resistance is directly propor-
tional to its length and inversely proportional to its cross-sectional
area. Consequently, with the largest cross-sectional area, the thick-
est Ti foil has the lowest resistance than other Ti foils. Ti foil thicker
than 0.4 mm cannot be used as working substrate, as it becomes
inflexible, which hampers the basic idea of our research to fabricate
a flexible DSSC.

It is well known that I, exists in the electrolyte with iodides in
the form of polyiodides such as I3~ or Is~. An efficient transport
of iodide and triiodide in the electrolyte is necessary for the good
performance of a DSSC, because the oxidized dye should be regen-
erated by I~ efficiently after the electrons from the excited state of
the dye are injected into the conduction band of TiO, under illu-
mination. At the same time, the electrons accumulated at the CE
through the external circuit will lead to concentration overpoten-
tials for the electrolyte at the CE and loss of energy for the DSSC,
if the electrons are not transferred from the CE to I3~ efficiently.
However, an increasing content of I (or I37) leads to enhanced
light absorption by the electrolyte even in the visible range [16].
In addition, excessive I, would increase the dark reduction cur-
rent. Therefore, an optimized ratio of I, /Lil is necessary to achieve
perfection for a DSSC.

Table 4 presents photovoltaic parameters of the DSSCs with dif-
ferent concentrations of I, in their electrolytes; the table also shows
the ionic conductivities of the corresponding electrolytes. The best
cell efficiency of 5.95% was obtained for the DSSC with 0.04 M of I,
in the electrolyte.

The Jsc increases with the increase of I, concentration up to
0.04M, and further increase in I, concentration decreases the Jsc
of the cells. The initial increase in Jsc is due to increasing ionic con-
ductivity with increasing concentration of I, and the subsequent
decrease in the Jsc is because of the increase in recombination rate.
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The ionic conductivities (o) of the electrolytes at different concen-
trations of I, were determined using the following formula:

0s = ds/(As x Rs) (1)

The ohmic serial resistance (Rg) in the formula was obtained from
Nyquist plot (Pt/electrolyte/Pt), and the device constants (ds and
As) were calculated from a standard cell calibration based on a
NaCl solution of 12.9mScm~! (Model 011006, Thermo Orion).
It can be seen in the table that the ionic conductivity increases
with the increase in the concentration of I,. Fig. 8 illustrates the
dark currents of the DSSCs with different concentrations of I, in
their electrolytes. Apparently, the dark current density increases
with increasing iodine concentration, which means the increasing
recombination rate as well.
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Fig. 7. Transient photovoltage curves of the DSSCs with their Ti/TiO,’s sintering at
different temperatures.
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Fig. 8. Dark current densities of the DSSCs with different I, concentrations in their
electrolytes.

4. Conclusion

A study was made on the effects of sputter-deposition time of
Pt film, sintering temperature of TiO,-coated Ti foil, thickness of Ti
foil, and concentration of iodine on the photovoltaic performance
of a flexible DSSC, fabricated with Ti foil and PEN/ITO as the sub-
strates for working and CE, respectively. The following conclusions
are made:

(a) Solar to electricity efficiency (1) increases with increasing depo-
sition time of Pt up to 30s and then decreases with further
increase in deposition time.

(b) n increases with increasing sintering temperature up to 450°C
and then slightly decreases at 500 °C.
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(c) n increases with increasing thickness of Ti foil from 0.05 to
0.40 mm.

(d) nincreases with increasing concentration of I, in the electrolyte
up to 0.04 M and then decreases with further increase in I, con-
centration.

(e) Transmittance of a sputter-deposited Pt-CE decreases with
increase of sputtering time.

(f) Catalytic ability of a sputter-deposited Pt layer for I3~ reduction
increases with the increase of deposition time up to 30s, and
then remains the same with further deposition times.

(g) ITO glass has no catalytic ability for the reduction of I3~ ions.

(h) In the case of a flexible DSSC with Ti metal as the substrate for
working electrode, the collections and transport of electrons will
be at their best, when the Ti/TiO- film is sintered at 450°C.

(i) Recombination rate increases in a flexible DSSC of the type in
this study with increasing iodine concentration.

The crystal phases of TiO, were found to be almost the same for
sintering temperatures of up to 500 °C, and Ti showed increased for-
mation of corresponding oxide with increasing temperature. After
optimization of the above-mentioned factors, the highest efficiency
of 5.95% was achieved for the optimized DSSC. The best cell showed
reduced charge transfer resistance, reduced recombination reac-
tions, and increased electron lifetime in its TiO- film, in consistency
with its high efficiency.
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