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ABSTRACT: A challenge in developing photovoltaic devices is to
minimize the loss of electrons, which can seriously deteriorate
energy conversion efficiency. In particular, minimizing this
negative process in dye-sensitized solar cells (DSCs) is imperative.
Herein, we use three different kinds of siloxanes, which are
adsorbable to titania surfaces and polymerizable in forming a
surface passivation layer, to reduce the electron loss. The siloxanes
used are tetraethyl orthosilicate (TEOS or compound A), 1-(3-
(1H-imidazol-1-yl)propyl)-3-(3-triethoxysilyl) propyl) urea (com-
pound B), and N-(3-triethoxysilylpropyl)-N’[3-(3-methyl-1H-
imidazol-3-ium) propyl] urea iodide (compound C). Titania
surface passivation by either compound B or C was comparatively
more effective in increasing the electron lifetime than TEOS. In
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the case of small-sized TEOS combined with either large-sized compound B or C, a thinner and denser passivation layer was
presumably developed, thus increasing electron lifetime further. Intriguingly, device AB shows the longest electron lifetime,
whereas device AC has the highest energy conversion efficiency among these experimental conditions. These results suggest that,
in this special case, the electron lifetime may not be a dominant parameter in determining the energy conversion efficiency.
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B INTRODUCTION

Dye-sensitized solar cells (DSCs), which are characterized not
only by low cost electricity generation, but also by versatile
applications such as flexible, aesthetic, or hybrid devices, have
drawn great interest in both academia and industry." DSCs
adopt a photoanode with a tremendous surface area via a
mesoporous semiconductor, typically TiO,, to provide
sufficient sites for dye anchoring, resulting in eflicient light
harvesting and remarkable energy conversion with over 11%
efficiency.””* However, the huge interfacial area of the TiO,
mesoporous electrode concomitantly increases the uninten-
tional charge recombination sites through the TiO,/electrolyte
interface. Moreover, another electron recombination occurs at
the TCO/electrolyte interface where the charges are collected.
In certain cases, this electron loss significantly deteriorates the
cell performance of solar cells; thus how to passivate the TCO/
electrolyte interface is an important research topic.”~”
Practically, TiO, interfacial recombination processes can be
retarded through modification of the TiO, surface. One simple
and typical way is to use coadsorbing materials together with
dye.'®™> To some extent, the coadsorbent treatment
deactivates the empty sites of the TiO, surface, through
which the electron recombination occurs with oxidized redox
species, typically I;™. In addition, the conduction band (CB) of
the TiO, can be displaced, depending on the physicochemical
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properties of the coadsorbents. In particular, certain link
groups, such as carboxylic and phosphoric acids, cause a
downward CB shift. The magnitude and direction of the dipole
moment of the coadsorbent molecule also affect the CB shift to
some extent.'”"® Thereby, the improvement of total energy
conversion efficiency will be achieved by blocking the electron
recombination and/or suitably tuning the CB energy level
through the proper choice of coadsorbents, through the
enhancement of either the photocurrent or the photovoltage,
and, in the best cases, both. Several coadsorbents, containing
phosphonic acids"*'* and carboxylic acids,""'>'® have been
applied to modify the dyed photoanode surface to enhance the
performance of DSCs. For instance, surface modification with a
phosphonic acid coadsorbent, with the negative ends directed
toward the substrate surface, causes a TiO, CB level shift,
giving rise to a higher V. as well as J,.'” Two zwitterionic
butyric acid coadsorbents, 4-guanidinobutyric acid and 4-
aminobutyric acid,'® also result in the improvement of the cell
performance. The former passivation device shows a higher V.
due to the upward CB shift, whereas the latter shows a
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downward CB shift, enhancing J,. with slightly lower open-
circuit voltage.

Meanwhile, a few groups have used silanes or siloxanes as
coadsorbents."®"** In one such case, the recombination rates
decreased by passivating the TiO, surface with tricholorome-
thylsilane, a highly reactive silane reagent, utilizing the vapor-
phase silanization procedure in the iodide-free redox
couple."®'” They found that the formation of poly(methyl
siloxane) on the TiO, surface effectively decreases the back
electron transfer toward the oxidized redox couple and,
therefore, improves the performance of the DSCs. Use of
triethoxysilane in ethanol solution has also been reported to
optimize the treatment.”?

In this study, we aimed to form a dense and compact
passivation layer by modifying the N719 dye-anchored TiO,
surface with two different and large-sized siloxanes (Figure 1),
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Figure 1. Chemical structures of a N719 dye and the three siloxanes,
TEOS (compound A, molecular length: 9.3 A), compound B (18.9 A),
and compound C (194 A).

combined with a small-sized siloxane in ethanol solution, via
their surface anchoring reactions to the TiO, surface and
subsequent condensation or polymerization reactions (Scheme
1). The siloxanes used are 1-(3-(1H-imidazol-1-yl)propyl)-3-
(3-triethoxysilyl) propyl) urea (compound B) and N-(3-
triethoxysilylpropyl)-N'[3-(3-methyl-1H-imidazol-3-ium) prop-
yl] urea iodide (compound C), as well as tetraethyl

Scheme 1. Schematic Diagram of Hydrolysis and Passivation
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orthosilicate (TEOS or compound A).** It was found that
the passivation by compound B or C was fairly successful in
slowing the recombination reaction. Furthermore, when small-
sized TEOS (or A) was combined with either large-sized
compound B or C, the electron lifetime was further increased,
presumably due to the formation of the more densely packed
poly(siloxane) layer. Interestingly, however, the reduced
electron recombination rate did not ensure the improvement
of the energy conversion efficiency in the case of DSCs, as
evidenced in devices B and AB.

B EXPERIMENTAL SECTION

1. Materials and Reagents. All reagents were used as received.
Sensitizing ruthenium dye N719 (RuL,(NCS),:2TBA (L = 2,2
bipyridyl-4,4'-dicarboxylic acid; TBA = tetrabutylammonium)) was
obtained from Solaronix (Switzerland). TEOS was purchased from
Aldrich. Compounds B and C were prepared according to the
previously published methods.** The electrolyte consists of 0.6 M 1-
methyl 3-propyl imidazolium iodide (MPII), 0.03 M L, and 0.5 M 4-
tert-butylpyridine (tBP) in the mixture solvent of acetonitrile (AN)
and valeronitrile (VN) (1:1, v/v).

2. Device Fabrication. FTO glasses were cleaned sequentially in
isopropyl alcohol, deionized water, and ethanol, using an ultrasonic
bath for 15 min. Any solvent residue was removed in a vacuum oven
for 30 min. A TiO, blocking layer was prepared by TiCl, treatment,
followed by annealing in the air at 450 °C for 30 min. A 5.5-um thick
transparent TiO, mesoscopic film was coated onto the FTO glass,
TEC-8 (~8 Q/cm? Pilkington), and a 4-um thick scattering layer was
deposited onto the transparent TiO, layer by the doctor-blade
technique with commercial TiO, pastes (Dyesol 18 NR-T and Dyesol
WER 2-O, respectively) resulting in a square-shaped active area of 0.26
cm?. After the layer-by-layer deposited TiO, film was annealed at 450
°C for 30 min, the TiCl, treatment was repeated as previously
described. After being cooled to 80 °C, the prepared TiO, electrodes
were immersed into a 0.3 mM N719 solution in AN:tert-butanol (1:1
v/v) at 30 °C for 24 h. The films were then rinsed to remove excess
dye, and then stored in a vacuum oven for 30 min to remove any
solvent. To passivate the dyed TiO, surfaces, each photoanode was
immersed in five coadsorbent solutions in anhydrous ethanol (0.3 M
TEOS (A), 0.3 M B, 0.3 M C, 0.3 M equimolar mixture of TEOS (A)
and B, and 0.3 M equimolar mixture of TEOS (A) and C) at 30 °C for
4 days, and rinsed with anhydrous ethanol. The counter electrodes
were thermally platinized at 450 °C for 30 min, using H,PtCly
solution. The TiO, substrate and Pt counter electrode were assembled
using a Surlyn frame, Meltonix 1170-25 (Solaronix). The electrolyte
was injected through the hole in the counter substrates, and, finally,
the DSCs were sealed with sealants under a thin glass cover by heating
to produce the control cell, device A, device B, device AB, device C,
and device AC (with and without TEOS (A), B, C, TEOS (A)/B, and
TEOS (A)/C, respectively).

3. Photovoltaic Characterization. For the J—V characteristics, a
300 W xenon light source (Newport, U.S.) was used to give an
irradiance of 1 sun illumination at AM 1.5 (100 mW cm™) at the
surface of the solar cell. The light intensity was calibrated by a silicon
solar cell (PV Measurements, Inc.). The data were recorded by
application of an external potential bias to the cell and measuring the
generated photocurrent with a Keithley model 2400 digital source
meter (Keithley, U.S.). A shading mask with an aperture of 0.36 cm?
was applied to each cell, preventing the overestimation of energy
conversion efficiency.

4, Spectroscopic Measurements. The attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were measured using
a JASCO FT/IR-4200 spectrometer with an ATR PRO450-S
accessory and a ZnSe crystal. The spectra for the stained TiO,
surfaces were scanned from 4000 to 400 cm™ at a resolution of 4
cm™" with 64 scans; no ATR correction was applied to the data. UV—
visible spectra of dye-sensitized TiO, electrodes were recorded on a
single beam Agilent 8453 UV-—visible spectrometer. The X-ray
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photoelectron spectroscopy (XPS) was collected using a VG
Microtech (VG Multilab ESCA 2000 system) X-ray photoelectron
spectrometer. The XPS experiment was carried out in a high-vacuum
chamber under a base pressure of 3 X 10~° Torr, and the samples were
excited with Al Ka X-ray radiation of 1487 eV energy. All of the
spectra reported in this work are referenced and calibrated to Ti 2p
peak (458.6 eV).>®

5. Photoelectrochemical Measurements. After calibration by a
silicon reference cell, the incident photon-to-current conversion
efficiency (IPCE) spectra of DSCs were measured as a function of
wavelength in the range of 300—800 nm with a chopping wavelength
of 10 nm using a model QEX7 solar cell spectral response
measurement system (PV Measurements, Inc.). The beam size was
slightly larger than cell active area, thus requiring repeated measure-
ment. The intensity-modulated photovoltage spectroscopy (IMVS)
using the CIMPS (Controlled Intensity Modulated Photo Spectros-
copy) system (Zahner) was employed to give insi%ht into the charge
recombination at the TiO,/electrolyte interface.”® IMVS provides
information on electron lifetime (z,) under open-circuit conditions.
Intensity-modulated photocurrent spectroscopy (IMPS) using the
CIMPS system employs the same light perturbation as IMVS, but
measures the kinetics of charge collection under short-circuit
conditions.”” Charge extraction methods using CIMPS (Zahner)
have been employed to measure the electron density as a function of
V,.2® Devices were illuminated with a red light source for 5 s and held
at open-circuit conditions. The light source was switched off, and the
charge was extracted simultaneously while changing the DSCs
condition to a short circuit given milliseconds or seconds voltage-
decay time. The electron density was calculated from the amount of
extracted charge and the volume of the TiO, film without considering
the porosity of the electrode.

Bl RESULTS AND DISCUSSION

The siloxanes were first anchored on the OH-group-containing
TiO, surface, and subsequently condensation-polymerized to
form a thin layer as illustrated in Scheme 1.*”*° During the
passivation process, the siloxane layer was formed by vertical
and horizontal polymerization as shown in Scheme 1. Vertical
polymerization may build up a thick layer, whereas horizontal
polymerization may induce a dense layer. However, siloxanes
like compound B or C may develop a loosely packed geometry
due to their bulky chains, which can allow the electron acceptor
I;™ in the electrolyte to approach the electrons in TiO, without
difficulty, deteriorating surface passivation effects. In an attempt
to increase the molecular packing density, we introduced small-
sized siloxane TEOS (compound A) into either the large-sized
compound B or C (Scheme 2). It is reasonable to remark that
compound B or C can produce a dense network when
combined with TEOS; TEOS may link randomly anchored
compound Bs or Cs together. In addition, TEOS may also self-
polymerize, increasing the density of the layer.

The attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra of the mesoporous TiO, anchored with
the siloxanes are illustrated in Figure 2. The peak at 930 cm™
arises from the Si—O—Ti bond, whereas the broad peak at
around 1070 cm™' is caused by the Si—O—Si stretching
vibration.*>*' These peaks imply that the siloxanes are
successfully anchored at the TiO, surface to form Ti—O-Si
bonds and are polymerized vertically or horizontally to form
Si—O—Si bonds. Upon comparing the intensity of the Si—O—Si
peak, it appears that the polymerization of compound C is
much faster than the others because of the large amount of
water inherently present near hydrophilic compound C;
polymerization of the siloxanes is facilitated by the silaniza-
tion-catalyst H,0.*> We therefore expect that the treated layer

Scheme 2. Schematic Diagram of (a) Loose Packing via
Compound B or C Only and (b) Dense Packing via
Compound B or C Combined with A, TEOS
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Figure 2. ATR-FTIR spectra of TiO, films immobilized with N719
sensitizing dye alone, N719/three siloxanes, and N719/two equimolar
mixtures of siloxanes, B/TEOS and C/TEOQS, for (a) Si—O—Si and
(b) Ti—O-Si bonds.

thickness will increase in the order of TEOS < compound B <
compound C.

Specifically, we evaluated the mean thickness of the siloxane-
treated layer relative to TiO, from the X-ray photoelectron
spectroscopy (XPS) data as shown in Figure 3. Note that the
degree of damping of the Ti 2p intensity in the XPS relative to

1101 bare
Ti2p,, / NT10+A

N719

N710 +AC

N710 + AB

N719+B

Intenslty (a.u.)

N7p+C

480 459 458 457 456
Binding energy (eV)

Figure 3. Ti 2p;/, peaks in the XPS data of N719-sensitized TiO, films
with or without treatment by siloxanes, A, B, C, A+B, and A+C.
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Table 1. J—V Characteristics” for Devices under 1 sun Irradiation, and the Relative Amount” of Dyes Loaded on the TiO, Film

dye and coadsorbent  Jic (mA/cm?)  Voe (mV) n (%) relative dye loaded  Jsc/(relative dye loaded) (mA/cm?)
control N719 only 9.5 + 0.0 797 + 4 739 + 0.1 5.6 + 0.0 1.00 9.5 £ 0.0
device A N719 + TEOS 9.7 +£ 0.1 785 + 3 729 + 0.8 5.6 + 0.0 0.68 143 + 0.1
device B N719 + B 83 + 0.1 824 + 0 70.7 + 0.3 48 + 0.1 0.76 109 + 0.1
device AB N719 + TEOS + B 82 + 0.1 828 + 1 69.5 + 0.3 4.7 + 0.0 0.76 10.8 + 0.1
device C N719 + C 102 + 0.4 778 + 10 73.7 = 0.0 59 +02 0.77 132 £ 0.5
device AC N719 + TEOS + C 10.8 + 0.1 777 £ 6 73.6 +£ 0.7 62 + 0.1 0.57 189 + 0.2

“Values obtained represent the average over four devices for each experiment. The cell-active areas were 0.27 cm™> “This is estimated by the
detachment of the remaining dyes on the TiO, surface with 10 mM KOH solution for an hour after the coadsorbing process.

the pristine TiO, surface can suggest the mean thickness of the
passivation layer onto the TiO, surface.'"”** The relationship is
described in eq 1:

1(d) o Iye™/* (1)

where I(d) is the substrate intensity for a layer of thickness d, I,
represents the intensity of the pristine TiO, surface, and A
represents the mean free path depending on the electron
energy. Here, the A of photoelectrons of all samples was
assumed to be 18 A.** Thus, a lower Ti 2p intensity implies a
thicker layer. The thickness, d, of the passivation layer was then
quantitatively estimated: the substrates with N719, N719 + A,
N719 + B, N719 + C, N719 + AB, and N719 + AC have a
mean thicknesses of 1.8, 0.9, 3.8, 62, 3.0, and 2.2 nm,
respectively. Note that the pristine N719 layer, in this case, is
thicker relative to the reported thickness of ~1 nm.** In
particular, the mean thickness of the N719 + A layer is reduced
by one-half, relative to that of the N719 layer, implying that
some N719 dyes are removed by the TEOS treatment. This is
consistent with the amount of dyes adsorbed on the surface, as
listed in Table 1. The reduced thicknesses of the substrates
containing AB or AC, observed relative to those with only B or
only C, respectively, suggest the formation of compact layers.
Meanwhile, the relative ratios of Ru to Si were measured and
summarized in Supporting Information Figure S3 and Table S1.
The Si amount follows N719 + A < N719 + AB < N719 + B <
N719 + AC < N719 + C at a constant Ru amount. Also, it
roughly corresponds to the thickness of the siloxanes,
suggesting that the compact layers do not carry excess amount
of Si at a same thickness. As discussed in detail in the following
section, these compact layers eventually decreased the electron
recombination, indicating the formation of densely packed
layers by siloxanes, AB, or AC.

The electron lifetime, 7,, as a measure of electron
recombination (Figure 4), partly corresponds to the ATR-
FTIR and XPS evidence suggested previously. The 7, of the
devices was obtained with the support of intensity-modulated
photovoltage spectroscopy (IMVS)*® and charge extraction
(CE)*® methods. The outcomes after the siloxanization are
quite dramatic, except for device A with TEOS. The data
suggest, in view of the passivation effects on the recombination
reaction, that the treatment by compound B is the most
effective, and that compound C is also quite successful.
Furthermore, incorporating small-sized TEOS molecules with
these two asymmetric siloxanes caused an additional decrease in
the recombination as a result of dense packing. The order of
electron lifetimes is listed in increasing order: device A <
control < device C < device AC < device B < device AB. As was
previously shown in Figures 2 and 3, and Supporting
Information Table S1, the TEOS layer seems a little too thin
to efficiently block the recombination as much as the N719

- Control
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—&— Device B
~4—Device AB
Device C
0.1 —4— Device AC

7, (S)

0.01

T
17

5x10" 10
n (cm'a)

1.5x10"

Figure 4. Electron lifetime versus electron density of the control and
devices treated by compounds A, B, C, AB, and AC derived from
measurements of CE and IMVS.

layer in addition to detachment of dye molecules. The reason
compound B was the most effective in reducing the
recombination may be partly attributable to the complexation
of nitrogen lone-pair electrons in imidazole with free iodine, the
electron recombination species.*®

Photovoltaic performances of the DSCs were evaluated
under 1 sun illumination conditions (AM 1.5G, 100 mW/cm?),
as seen in Figure 5. Short-circuit current density UJsc)y open-

12
£
(3]
£
S g
2
(2]
5 —i— Control
T Device A
e 41 —d— Device B
o =¥ Device AB
‘5 Device C
Q =&~ Device AC
8]
[<]
L 0 T T T T
o 0 200 400 600 800

Potential (mV)

Figure S. Representative J—V curves for all devices measured under 1
sun conditions.

circuit voltage (Voc), fill factor (FF), and photovoltaic
conversion efficiency (17) are listed in Table 1. Devices
containing compound C yielded higher Jsc values, whereas
devices containing compound B yielded higher Vi values.
Interestingly, device A, with TEOS only, did not contribute to
the enhancement of 7, as compared to the control. It is notable
that device AC, which employed the equimolar mixture of
compounds A and C, showed enhanced # by 11% (5.6% —
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6.2%), arising from the increase in the Jsc by 14% (9.5 — 10.8
mA/cm?). However, device AB, using the equimolar mixture of
compounds A and B, showed a reduction in 7 of 16% (5.6% —
4.7%) due to the decrease in the Jsc by 14% (9.5 — 8.2 mA/
cm_z).

To understand these findings, we utilized photoelectrochem-
ical analyses. To elucidate the tendency of Jsc values with
respect to wavelength, we recorded the IPCE spectra (Figure 6)

70
=== Control
Device A
60+ —/—Device B
—=7—Device AB
504 Device C
~<>=Device AC
—_
2 40+
=
& 30-
a
20
10

0 T T T T =
300 400 500 600 700 800
Wavelength (nm)

Figure 6. External quantum efficiency spectra of each representative
device with wavelength of incident light.

by tracing quantum efficiency at light wavelengths of 300—800
nm. As seen in Figure S4 (Supporting Information), it might be
anticipated that the light absorption by compound B or C
would have a slight effect on IPCE around 400 to 450 nm.
Devices C and AC, displaying larger Jsc values than the control,
show entirely higher quantum yield regardless of the light
wavelength. #7pcp(4) is expressed as

nIpCE(}“) = ﬂLH (/1)’711\]_] (l)nCOL (/1) (2)

where 7;5(4) is light harvesting, #7py(4) is electron injection,
and 7cor(4) represents charge collection efficiencies. Hence,
we investigated three parameters, 77;35(4), 7i1(4), and 7co1(4),
to understand the difference in IPCE spectra in the measured
region of 300—800 nm. First, 7y of the devices is easily
understood in terms of the amount of loaded dye. During the
siloxane treatment, a large amount of dye (24—43%) was
detached, as shown in Table 1, indicating the 7,y is definitely
lowered.

The CE technique was used to obtain information on the
trap states in TiO, and, consequently, on the CB position in
TiO,.*® It is worth noting that the CB position may be changed
by molecules adsorbed to the TiO, surface such as dyes,
electrolyte species, and coadsorbents."'>'7*%37 In Figure 7, the
electron density (n), estimated from the CE data, is depicted as
a function of open-circuit voltage (V), revealing an important
insight into the CB shift of the devices. In the case of devices C
and AC, there is a noticeable downward CB movement by
approximately 50 mV, presumably attributable to the positively
charged imidazolium cation of compound C. Many preceding
reports emphasize the fact that the downward shift of the CB
guarantees an increased #py; to provide more driving force for
electron injection.”'>*® Therefore, it is plausible to conclude
that devices containing C molecules retain a higher 77 as a
result of the downward shift of the CB, that is, the increase in
the density of accepting states in TiO, CB.*®

All devices, excluding devices B and AB, showed enhanced
Jsc values as compared to the control, even though the amount

2x10"
1.5x10"
10"
g P
~ 6 ={J=Control
c 5x10"° (\/ Device A
~/~Device B
== /= Device AB
= Device C
=>=Device AC
700 750 800 850 900

V,, (mV)

Figure 7. TiO, electron density versus open-circuit voltage of the
devices evaluated by the charge extraction method.

of N719 was greatly decreased (43%) in the case of device AC.
It is believed that the relaxation of the dye aggregate by
siloxanes might increase the efficiency of dyes to some extent,
which could result in the increment of ’71NJ-39’40 This could be
supported by the comparison of photocurrent at fixed dye load
where all devices showed higher photocurrent relative to the
control cell (Table 1). This aspect is clear because device A
showed a marginally increased Jsc value as compared to the
control device, despite the fact that the TEOS treatment led to
a decrease in the dye load up to 32%, with faster recombination
and similar electron-injection driving force as shown in Figures
4 and 7, respectively. Meanwhile, the UV—vis absorption
spectra for six photoelectrodes were obtained and depicted in
Figure 8. The blue-shifted peaks for the electrodes coadsorbed

— N719
« N719+A

«—— N719+B

Abs.

<+— N719+AB

—— N719+C

400 450 500 550 600 650 N719 + AC

Wavelength (nm)

Figure 8. UV—visible absorption spectra of N719-sensitized TiO,
films with or without treatment by siloxanes.

with compounds B and AB appear at around 520 nm, deviated
by ~10 nm as compared to the others; this presumably
represents the larger extent of dye aggregates and/or the dye/
compound B complex. The dye/compound B complex may
have formed because the lone-pair electron of the imidazole
nitrogen of compound B interacts with the carboxylic acids of
N719, leading to the 7y decreasing.*®~* We believe this could
be a main reason for the low Jg¢ values for devices B and AB.

Meanwhile, the #co;, could be interpreted in terms of the
electron diffusion and the electron lifetime through the TiO,
layer. The electron diffusion coeflicient was estimated using the
data from IMPS (Figure SS, Supporting Information), and
showed very similar values, regardless of the devices. The
electron lifetime, 7, was also evaluated and previously
illustrated in Figure 4.4 Considering the negligible difference
in the electron diffusion coefficients among all of the devices,
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the electron lifetime can be correlated directly with the ¢y
However, the 77co;, does not seem to significantly affect the Jqc.

Voc containing compounds B and AB increased relative to
that of the control, whereas those containing compounds C and
AC slightly decreased (Table 1). V¢ is significantly affected by
the electron recombination reaction. Although the recombina-
tion is slowed, DSCs with compound C or AC do not retain
higher V¢ values as compared to the control. This is because
the TiO, CB energy level, as well as the electron
recombination, contribute to the Vyc.! A 50 mV downward
shift of the CB was observed for compound C and AC (Figure
7); this led to Vi values of these devices that were lower than
that of the control.

B CONCLUSIONS

Three siloxanes, TEOS (A) and compounds B and C, are
coadsorbed onto the N719-sensitized TiO, film by a simple and
cost-effective liquid-state process. Both compounds B and C are
more effective than TEOS in increasing both the electron
lifetime, which represents the retarded electron recombination,
and the energy conversion efficiency. When small-sized TEOS
is combined with either large-sized compound B or C, the
electron lifetime is further increased, presumably due to the
formation of a more densely packed siloxane layer. Intriguingly,
we found that device AB shows the longest electron lifetime,
whereas device AC had the highest energy conversion
efficiency. The high efficiency for device AC may be mostly
due to the increased photocurrent originating from the
enhanced efficiencies of both electron injection and collection
at the expense of the small downward CB shift.
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