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ABSTRACT: In this study, we examine the electron transport
dynamics in TiO, films of back-illuminated dye-sensitized solar
cells. The TiO, films are fabricated using electrophoretic
deposition (EPD) and the conventional paste-coating (PC) of
TiO, nanoparticles on Ti-foil substrates. Intensity-modulated
photocurrent spectroscopy reveals that red-light irradiation is
more efficient than blue-light irradiation for generating
photocurrents for back-illuminated cells. A single trapping—
detrapping diffusion mode, without trap-free diffusion, reveals
the electron transport dynamics involved in the backside
illumination. The closely-packed EPD films exhibit a shorter
electron transit time than does the loosely packed PC films.
The porosity dependence of the electron diffusion rate is
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consistent with the 3D percolation model for metallic solid spheres. The EPD films possess longer electron lifetimes because of
their smaller void fraction, which suppresses recombination with electrolytes. The EPD cells, which feature rapid electron
transport and suppressed recombination in the TiO, films, exhibit a maximum power conversion efficiency of 7.1%, which is
higher than that of PC cells (6.0%). Because the distance between electron injection and collection is close to the film thickness
and the transport lacks trap-free diffusion, the performance of back-illuminated cells is more sensitive to TiO, film thickness and
porosity than the performance of the front-illuminated cells. This study demonstrates the advantages of EPD-film architecture in

promoting charge collection for high power conversion.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been investigated
extensively because of their low cost, high efficiency, and
environmental friendliness.'™® The top-performing DSSCs
have reached a power conversion efficiency exceeding 12%."
DSSCs typically use glass substrates coated with a transparent
conductive oxide for photoelectrodes. Rigid and fragile glass
substrates limit the application of DSSCs, particularly as
accessories for other equipment and devices. Replacing rigid
substrates with flexible substrates extends the application of
DSSCs and enables low cost roll-to-roll mass production. Thin
and lightweight plastic polymer substrates, such as indium tin
oxide (ITO)-coated poly(ethylene terephthalate)''™'* and
ITO-coated poly(ethylene naphthalate)’>™'” substrates, or
metal substrates such as Ti, stainless steel, and Zn,"®*™>* have
been used as flexible substrates for DSSCs. The photovoltaic
performance of plastic-based DSSCs is low compared with that
of glass-based DSSCs because the high-temperature necking of
TiO, particles is not applicable to plastic substrates.'>***®
Using metal substrates enables the manufacture of high-
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temperature sintered TiO, films for flexible DSSCs with
backside illumination. However, the electron transport
dynamics associated with this backside illumination config-
uration have not been adequately explored.

The backside illumination configuration causes considerable
incident light loss from scattering by the Pt counter electrode
and absorption by the electrolyte. Optimizing the Pt layer
thickness and iodide electrolyte concentration is an essential
step for achieving a high photovoltaic performance. Backside
illumination results in the majority of photogenerated electrons
being injected at the edge of the TiO, film and produces a
longer electron diffusion length relative to that of frontside
illumination. Electrophoretic deposition (EPD) of TiO, films
would be beneficial to back-illuminated DSSCs because it
produces a closely packed network of TiO, films exhibiting
improved electron percolation.26 In addition, EPD has the
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advantage of technical reliability and low cost for TiO,-film
fabrication.”” %"

On the basis of this knowledge, we prepared flexible TiO,
films by using EPD and paste-coating (PC) of TiO,
nanoparticles on Ti foils in back-illuminated DSSCs that were
optimized for counter Pt thickness and iodide-electrolyte
concentration. A series of tests showed that EPD considerably
reduced the transit time for electrons generated by blue-light in
solar irradiation. In addition, this study suggests that the
electron transport dynamics in the TiO, films of back-
illuminated DSSCs follow the 3D percolation model for
metallic solid spheres.

2. EXPERIMENTAL SECTION

The TiO, nanoparticles for fabricating the TiO, films were synthesized
from a titanated-directed method that produces phase-pure
anatase.’®™ In brief, we prepared the TiO, nanoparticles by mixing
3 g of commercially available TiO, powder (P25, Degussa) with 100
mL of 10 M NaOH (J.T. Baker) and heating the mixture in an
autoclave at 130 °C for 20 h. The resulting product was washed with
0.1 M HNO; (Showa) to achieve a low pH value of 1.2. The low-pH
solution was subjected to a hydrothermal treatment at 240 °C for 12 h
to obtain a TiO, (approximately 20 nm in size) colloidal solution.

A TiO, suspension for EPD was prepared by mixing 3 g of the
prepared TiO, with 75 mL of ethanol and a small amount of acetyl
acetone (Merck) using magnetic stirring for 24 h. A charging solution
was obtained by dissolving 268 mg of iodine in a 1000 mL ethanol
solution containing 40 mL of acetone and 20 mL of deionized
water.***> Immediately prior to EPD, the TiO, suspension was added
to the charging solution with subsequent sonication for 15 min in an
ice bath. We also prepared films by using PC deposition to compare
with those fabricated using EPD. The viscous TiO, paste for the PC
method was obtained by mixing the TiO, colloidal solution with
poly(ethylene glycol) (PEG; Fluka, 20 000 in molecular weight) at a
PEG/TiO, ratio of 0.4.>!

This study used Ti foil substrates (0.25 mm in thickness and 99.7%
in purity) to prepare the working electrodes for DSSCs. The substrates
were oxidized with 50 mL of 30 wt % hydrogen peroxide solution at
room temperature for 48 h before TiO, deposition.36 For EPD film
preparation, an oxidized Ti substrate and a fluorine-doped SnO,
conducting glass substrate (TEC 7, Hartford Glass) were used as
the cathodic substrate and counter electrode, respectively. The
substrates were placed vertically 0.8 c¢m apart and immersed in a
charged TiO, suspension. The EPD process was conducted at a
constant voltage in an ice bath. To increase the film thickness and
avoid crack formation,®* we used multistep EPD, consisting of
repetitive deposition at 10 V for 20 s with intermediate drying at room
temperature. We subjected the EPD films to sintering at 450 °C for 30
min. For PC film preparation, we blade-coated the viscous TiO, paste
on the oxidized Ti substrates and subsequently calcined the TiO,-
coated substrates at 450 °C for 30 min. The thickness of the films
(0.16 cm™ in the active area) was determined by a profilmeter (Alpha
Step 500, Tencor).

To prepare a dye-covered TiO, film for a DSSC, we immersed a
TiO, film in a 0.5 mM N719 dye (Solaronix) solution containing 0.5
mM chenodeoxycholic acid in a mixture of acetonitrile and tert-buty
alcohol at a 1/1 volume ratio at room temperature for 24 h. The
counter electrode was fabricated using sputtering to deposit Pt on an
indium-doped SnO, conducting glass substrate at various thicknesses,
which were estimated by measuring the mass of deposited Pt with a
quartz crystal balance and then dividing the mass value by the density
of Pt and the deposited area. The dye-covered electrode was
assembled with the Pt-coated substrate using a 30 pm-thick
sandwich-type thermoplastic frame (Surlyn, Dupont). The electrolyte
solution for the DSSCs contained 0.05 M Lil (Aldrich), 1.0 M 1-
propyl-2,3-dimethylimidazolium iodide (Solarnix), 0.1 M guanidinium
thiocyanate (Aldrich), 0.5 M 4-tert-butylpyridine (Aldrich), and I, of

varying concentrations in a solvent mixture of acetonitrile (J.T. Baker)
and valeronitrile (Aerosil) (v/v, 85/15).

For photovoltaic measurements of the DSSCs, an AM 1.5 solar
simulator (sp91160A-4739, Newport) was employed for backside
irradiation at a light intensity of 100 mW cm ™2 The electron transport
properties were measured using intensity-modulated photocurrent
spectroscopy (IMPS) with a frequency response analyzer (XPOT,
Zahner), which also drove a blue light diode (4 = 455 nm) at a DC
light intensity of 15 mW cm™ and a red light diode (1 = 625 nm) at
10 mW cm™. The light intensities were modulated (5%) by adjusting
the voltage applied to the diode with sinusoidal waves in a frequency
range of 0.1—10* Hz. The electrochemical impedance spectroscopy
(EIS) analysis of the cells was conducted with a potentiostat equipped
with a frequency response analyzer (IM6, Zahner) over a frequency
range of 0.1—10° Hz. The bias potential was set at the open circuit
with an AC potential amplitude of 10 mV under an AM 1.5 solar

illumination of 100 mW cm™.

3. RESULTS AND DISCUSSION

In this study, the EPD and PC methods were used to deposit
TiO, nanoparticles onto Ti foils. Figure S1 of the Supporting
Information provides images for comparing the TiO, networks
that constitute the EPD and PC films. The EPD films exhibited
a more compact TiO, network than the PC films did. We
incorporated these films into back-illuminated DSSCs to
compare the electron transport dynamics in TiO, films of
different porosities.

3.1. Optimization of the Counter Pt Thickness and
lodide-Electrolyte Concentration. In front-illuminated
DSSCs, a Pt layer in the range of 2—415 nm exerts only a
minor influence on the performance of the cells.”” In the
backside illumination system, the Pt layer of the counter
electrode requires high transparency for light penetration.>*>’
Figure S2 of the Supporting Information shows the light
transmittance of Pt-coated counter electrodes displaying
different Pt thicknesses, and Figure S3 of the Supporting
Information displays the photocurrent—voltage characteristics
of the resulting DSSCs under AM 1.5 solar illumination from
the backside at 100 mW cm™ of light intensity. The influence
of the Pt layer thickness on counter electrode properties and,
subsequently, on the cell performance through the use of
electrochemical impedance spectroscopy (EIS) is further
discussed in the Supporting Information (Figure S4 and
Table S1).

The performance of back-illuminated cells is affected by the
iodide concentration in the redox electrolyte because the iodide
species reveals an absorption ability in the visible light
spectrum. We varied the I, concentration at a fixed Lil
concentration (0.05 M) to determine an appropriate electrolyte
solution for backside illumination. Figure SS of the Supporting
Information shows the photocurrent—voltage characteristics of
the DSSCs possessing varying I, concentrations in the
electrolyte. On the basis of these preliminary experiments, in
this study, the optimal Pt thickness (0.25 nm) and I,
concentration (0.01 M) were used to assemble DSSCs for
further study and discussion of electron transport in TiO, films.

3.2. Influence of TiO, Thickness on Electron Trans-
port. The electron transport in back-illuminated DSSCs
depends heavily on the TiO,-film thickness because most of
the photo-generated electrons travel along the entire film
thickness before being collected by the Ti substrates. Figure 1
shows the photocurrent—voltage characteristics of the DSSCs
assembled with EPD and PC TiO, films of varying thicknesses
under AM 1.5 solar illumination at 100 mW cm ™2 The EPD
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Figure 1. Photocurrent—voltage characteristics of back-illuminated
DSSCs assembled with the EPD and PC TiO, films of varying
thicknesses under AM 1.5 solar illumination at 100 mW cm ™2

cells outperformed the PC cells at each film thickness. Figure 2
shows a summary of the cell performance indices based on the
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Figure 2. Dependence of cell performances on the film thickness of
back-illuminated DSSCs assembled with the EPD and PC films under
AM L5 solar illumination at 100 mW cm™ light intensity.

data in Figure 1. The open circuit voltage (V,.) decreased when
the film thickness increased for both EPD and PC cells. In
contrast, the short circuit current (J,.) increased in conjunction
with the film thickness to reach its maximal value and then
slightly decreased. The fill factor did not reveal obvious
variation as the film thickness changed. When these effects were
combined, maximal efficiency occurred at thickness levels of 17
and 15 pum for the EPD and PC TiO, films, respectively. The ]
values also exhibited maximum efficiency at these film
thicknesses. This concurrence suggests that the J,. change
governed the cell efficiency variation with the TiO, film
thickness, whereas the changes in V. and the fill factor revealed
only minor influence. The EPD cells exhibited larger
photocurrents than the PC cells did and, consequently, higher
conversion efficiencies.

We have measured the amount of dye loaded onto the EPD
and PC films (Figure S6 of the Supporting Information). The
EPD films have approximately 6% more dye loading than the
PC films, while for films 15—17 pm thick the photocurrents of
the EPD films exceeded those of the PC by much more than
6%. The dye-loading difference alone cannot account for the
great difference between the photocurrents exhibited by these
two types of films. Further analysis of electron transport
dynamics is necessary to elucidate the superior performance of
the EPD cells.

In this study, the cells were subjected to IMPS and EIS
analyses to explore the electron transport pattern. IMPS
analysis measures the photocurrent response to incident-light
density modulation, which consists of a constant-intensity DC
illumination, superimposed with a small sinusoidal perturba-
tion.**™* The cells were short-circuited during the IMPS
measurement. Figure 3 shows the IMPS responses of the EPD

/1
=S- Blue light
==~ Red light

Figure 3. IMPS responses of DSSCs assembled with the EPD TiO,
films of varying thicknesses under short circuit conditions. Blue (4 =
455 nm) and red (1 = 625 nm) light-emitting diodes were used as the
modulation light sources with DC intensities of 15 and 10 mW cm~?,
respectively, and superimposed 5% AC intensity.

cells for different film thicknesses with irradiations of blue light
(455 nm) at 15 mW cm™ (3.4 X 10* m™%s~! in photon flux)
and red light (625 nm) at 10 mW cm™ (3.1 X 10* m™%™" in
photon flux). Both the blue-light and red-light irradiations
resulted in a one-semicircle feature in the complex-plane
spectra at all levels of film thickness. The one-semicircle feature
indicates that a single trap-limited diffusion mode (ie.,
transport involving the trapping—detrapping process) can
describe the entire electron transport. Electron transport in
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front-illuminated cells involves both the trap-free and trap-
limited diffusion modes*"** and results in a two-semicircle
feature in the IMPS spectra. The trap-free diffusion mode, with
a shorter transit time, corresponds to electron transport
through a region with trap states fully filled by electrons.*!
Figure 3 shows that the size of the semicircles increased when
the film thickness increased and reached a maximal value at a
thickness of 17 ym. The photon fluxes of the blue-light and red-
light irradiations were similar, whereas the photocurrents (the
ultimate Re(J) values) induced by the red light were larger than
those induced by the blue light for all TiO,-film thicknesses,
although the N719 dye exhibits a stronger propensity to absorb
blue light. The difference between the photocurrents from red
and blue irradiations increased when the film thickness
increased, indicating that red-light conversion predominantly
accounted for the cell-efficiency increase with film thickness, as
shown in Figure 2.

Figure 4 provides a schematic for elucidating the photo-
current difference resulting from the different light irradiations.

Red Light

Figure 4. Schematic showing the light-harvesting distributions on
TiO, films for light irradiations of different wavelengths from the
counter-electrode side of DSSCs.

Because the extinction coefficient of the dye is large in the
blue,” the strongly absorbing blue light generates electrons
primarily on the illuminated side of the TiO, film. Red light is
weakly absorbed by the dye, and electrons are generated more
uniformly throughout the film.”**** In the case of thinner TiO,
films, the positions of charge generation for both the blue-light
and red-light irradiations are close to the collector foil, thereby
resulting in a smaller difference between the photocurrents
from different irradiations. However, in the case of the thicker
TiO, films, the electrons generated by blue light must travel a
long distance before collection, leading to a high probability of
charge-recombination loss.>*"** Most of the incident photons,
either the blue or red, are absorbed by thick dyed-TiO, films.
The difference in the electron travel distance explains why using
red light leads to a higher photocurrent than using blue light in
back-illuminated DSSCs. In contrast, our previous study has
shown that front-illuminated DSSCs exhibit a higher photon
convggsion efficiency with blue light compared to that with red
light.

Figure S shows the IMPS responses of the PC cells for
various film thicknesses under blue-light and red-light
irradiations. The induced photocurrents are smaller than
those of the EPD cells, particularly for the currents induced
by red light. We calculated the electron transit time (74) from
the IMPS measurements by using the relation 74 = (27f,) ",
where f... is the characteristic frequency minimum of the

11961
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Figure S. IMPS responses of DSSCs assembled with the PC TiO,
films of varying thicknesses under short circuit conditions. Blue (4 =
455 nm) and red (1 = 625 nm) light-emitting diodes were used as the
modulation light sources with DC intensities of 15 and 10 mW cm,

respectively, and superimposed 5% AC intensity.

o s - 40,434
imaginary component of the semicircles in the spectra.***~*

Figure 6 provides a summary of the trap-limited electron transit
time in the back-illuminated DSSCs. The electron transit time
increased when the film thickness increased because of the
increase in length of the electron diffusion path. The electron
transit time of the EPD cells was shorter than that of the PC
cells because the compact EPD films exhibited a smaller
tortuosity value for the electron diffusion path.>® Red light
illumination generates uniform electron injection into TiO,
films for both back- and front-illuminated configurations. The
transit time of the back-illuminated EPD cells (e.g., 9 ms with a
10 ym film under red-light irradiation) was longer than that of
the front-illuminated EPD cells (8 ms).>® The difference in the
cells assembled with a 10 ym PC film was even larger, with
transit times of 20 and 10 ms for the back- and front-
illuminated cells, respectively. This demonstrates the advantage
of using EPD films for back-illuminated cells.

To further reveal the influence of the TiO,-film structure on
electron transport characteristics under backside illumination,
we subjected the cells to EIS analysis, using a one-sun
illumination (100 mW cm™2).*~*® Figure 7 shows the Nyquist
impedance spectra of the back-illuminated cells in the open-
circuit condition. This EIS analysis focused on the middle-
frequency arc that relates to electron transport in TiO, film. We
simulated the spectra with a transmission line model (Figure
S4b of the Supporting Information),*~>* in which the
elements of the circuit relating to TiO, films were the electron

dx.doi.org/10.1021/am403716j | ACS Appl. Mater. Interfaces 2013, 5, 11958—11964
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Figure 6. Effect of TiO, film thickness on the electron transit time for
the EPD and PC cells based on the IMPS analyses under blue- and
red-light illuminations. The transit times were obtained by the f;, of
the IMPS plots. The incident DC illumination intensities were 15 mW
cm™? for blue light and 10 mW cm™ for red light.
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Figure 7. Nyquist impedance plots of DSSCs assembled with the EPD
and PC TiO, films of varying thicknesses under AM 1.5 solar
illumination at 100 mW cm™2, with the AC frequency ranging from 0.1
tol0° Hz at the open-circuit voltage of the cells. The solid lines
represent the results simulated using the parameters in Table 1.

transport resistance, R, (=rL), the interfacial charge recombi-
nation resistance, R, (=r./L), and the chemical capacitance
produced by the accumulation of electrons in the TiO, film, C,
(=c,L), where L is the TiO, film thickness. Table 1 displays the
values of ¢, r, and r,, obtained from the simulation. The mean
electron transit time, 7 g, can be determined from the

Films®

L/ C,/ r/ T/ Td,EIs/ Tn,ms/

um  uF pum™  Qum™  Q um ms ms D./cm?* s7!
EPD Cells

10 148 0.14 227 2.12 33.6 472 x 107*

13 149 0.14 231 3.10 34.5 465 x 1074

15 139 0.15 248 4.75 34.4 473 x 107*

17 139 0.15 294 6.23 41.0 464 x 107*

19 144 0.17 336 768 437 436 x 107
PC Cells

10 96.9 0.38 203 3.70 19.7 2.05 X 107™*

13 108 0.35 254 4.93 24.2 2.63 x 107

15 10§ 0.30 276 7.17 29.0 3.14 x 107*

17 110 0.33 318 10.5 34.7 2.75 x 107*

“Values are determined on the basis of the data of Figure 7.

equation Typig = 7, X ¢, X L% Table 1 presents the values of
T4pis- The more compact EPD films exhibited smaller r, and
74515 for electron transport. This is consistent with the results of
IMPS measurements, which showed shorter transit times in the
EPD films.

Conducting the EIS analysis, we calculated the electron
diffusion coefficient (D,) of the TiO, films by following D, =
L*/74ps = (re X ¢,)”" and listed the values in Table 1. The D,
value does not show significant variation with the film thickness
because the trap density does not vary with L.*' However, in
the front-illuminated cells, the D, value increases with L
because of the increased contribution of the tr%p—free diffusion
mode for electrons that neighbor the collector.” Table 1 shows
that the closely-packed EPD films possessed larger D, values
than did the loosely-packed PC films. We correlated D, and the
porosity (P) of the films from the pore volume by using a
power-law relationship: D, I[P — P, where P_ is the critical
porosity (0.76, according to ref 53) and f is the power-law
exponent. The P values of the PC and EPD films were 0.61 and
0.54, respectively.”® The back-illuminated TiO, films show a /3
value approximately equal to 2, which is consistent with the
conductive exponent for a 3D percolation model. This
concurrence indicates that the electron transport patterns in
the PC and EPD films are microscopically similar and that the
porosity governs the transport dynamics. For front illumination,
the /3 value was smaller than 2 in most cases.”®>* We attribute
this f-value reduction to the presence of the trap-free diffusion
zone in front-illuminated cells because the trap-free diffusion
affects the apparent D, value.

The competition between forward transport and back
recombination governs the collection efficiency of the photo-
generated electrons. We calculated the mean electron lifetime
in TiO, from the relation 7,55 = 1 X ¢, and listed the data in
Table 1. The compact EPD films have greater 7, gi5 than the PC
films. The smaller void fraction of the EPD films may have
suppressed the recombination tendency and, therefore,
increased 7,gs. The electron collection rate at the Ti foil
substrate is obtained by subtracting the recombination rate
from the forward diffusion rate:

1 1 1

Tec T4,EIS Th,EIS (1)

dx.doi.org/10.1021/am403716j | ACS Appl. Mater. Interfaces 2013, 5, 11958—11964
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where 7. is the time constant for electron collection.

Accordingly, the electron collection efficiency can be written
54,55
as

1 1 1 T4,E1S 1,
n.=—/|—+ =1- =1-—+1?
7 Tec Tn,EIS Tn,EIS Tet

)
Figure 8 shows the film thickness dependence of the electron
collection efficiency. The 7., values of the EPD films are larger

100
] - EPD
- PC
90
N d
£ 804
704
e —

T
8§ 10 12 14 16 18 20
Film thickness / ym

Figure 8. Dependence of charge collection efficiency (7..) on the film
thickness for back-illuminated DSSCs assembled with the EPD and PC
TiO, films.

than those of the PC films because of the effective forward
transport (smaller 74g;5) and limited recombination (larger
Topis) of the EPD films.

The highest electron collection efficiency occurs at the
thinnest TiO, films for both EPD and PC films and decreases
when the film thickness increases. Increasing the electron
transport path promotes the probability of losing electrons by
recombination. Our previous study revealed that the 7 . value
of front-illuminated EPD cells remained at 95% for film
thicknesses up to 13 ym.>® The present study revealed a sharp
decrease in the 7. value when the film thickness increased. This
difference occurred primarily because, in backside illumination,
the majority of photogenerated electrons must travel through
the entire film before being collected, and the charge collection
is sensitive to the film thickness. In front-illuminated cells, the
majority of electrons exhibit a short travelling path because they
are injected near the collector, and electron transport involves
the trap-free diffusion mode that is advantageous for electron
transport and collection for thicker TiO, films.*"** The charge
collection efliciency was not sensitive to film thickness for
front-illuminated cells. In contrast, Figure 8 demonstrates the
importance of compact films in charge collection for the back-
illuminated cells.

4. CONCLUSIONS

In back-illuminated DSSCs, a large proportion of photo-
generated electrons travel through the entire TiO, film for
charge collection, rendering the collection efficiency highly
sensitive to the film thickness and porosity. The electrons
generated by weakly absorbing red light inject uniformly into
TiO, films and have a shorter mean travel distance than those
by blue light. Red-light conversion predominantly accounted
for the conversion efliciency increase when the film thickness
increased in back-illuminated DSSCs.

The electron transport dynamics in back-illuminated cells
involved only a single trap-limited diffusion mode, which differs
from those in front-illuminated cells that involved both the
trap-free and trap-limited diffusion modes. The closely-packed
EPD films exhibited greater D, values than did the loosely-
packed PC films. Because of lacking trap-free diffusion, the
electron transport dynamics in the back-illuminated TiO, films
were consistent with the 3D percolation model for metals. The
effective forward transport (greater D,) and limited recombi-
nation (longer 7,gs) resulted in a higher charge collection
efficiency of EPD films relative to that of conventional PC films.

The back-illuminated configuration exhibited a drastic decay
in charge collection efficiency when the film thickness increased
because of the vast separation between electron injection and
collection and the absence of trap-free diffusion. The electron
diffusion rate in back-illuminated TiO, films exhibited a
stronger dependence on the film porosity than that in front-
illuminated films. The EPD technique that produces closely-
packed TiO, films is particularly suitable for fabricating back-
illuminated DSSCs.
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