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ABSTRACT: Effectiveness of TiCl3 pre- and post-treatments on dye-
sensitized solar cells (DSCs) and interfacial charge-transfer properties were
investigated. It was confirmed that a yield of current collection was
strongly dependent on the position of the TiCl3/electrolyte matrix in the
DSC configuration. The interfacial charge-transfer properties were studied
using thermionic emission−diffusion process and electrochemical
impedance spectroscopy analysis. The TiCl3/electrolyte matrix was
considered to be a three-dimensional quasi-photonic crystal with a
photonic band gap, which reinforces electric field and facilitates current
collection from the TiCl3/electrolyte matrix to the FTO by accelerating electron motion, whereas the potential barrier blocks
current collection from the TiO2 bulk region to the FTO and decreases current.

KEYWORDS: TiCl3/electrolyte matrix, light-scattering layer, interfacial charge-transfer loss, dye-sensitized solar cell, photonic crystal

■ INTRODUCTION

Interfacial properties of heterojunction devices have been
enormously issued and studied. In particular, study on the
interfacial charge-transfer characteristics between solid state
semiconductors and liquid state electrolytes such as dye-
sensitized solar cells (DSCs), which are almost one kind of the
unipolar absorber devices, is still issuable hermeneutically and
helpful to trace mechanism. In the DSCs, the solid state
semiconductors consist of an additional TiO2 compact layer
prepared by pretreatment on fluorine-doped SnO2 (FTO) glass
and TiO2 mesoporous layer by post-treatment with an aqueous
solution of titanium precursor.1−9 These treatments are mainly
focused on reduction of charge carrier recombination and light-
scattering effect; it is known that the pretreatment practically
influences the adhesion between the FTO substrate and the
porous TiO2 layer and prevents the charge-transfer loss caused
by recombination between electrons deriving from the FTO
and the I3

− ions in the redox electrolyte.3,10,11 The post-
treatment serves as a light-scattering layer that can enhance
electron injection efficiency and consequently improve the
photocurrent. The generally fabricated TiO2 mesoporous layer
thickness by post-treatment is in the range of a few
micrometers to within 10 μm, and consequently, absorption
probability is enhanced due to an increased optical path length
by diffuse random scattering of incident light into the thick bulk
layer. The TiO2 mesoporous layer by post-treatment can be
fabricated by various methods such as hydrolysis, sputtering,
chemical bath deposition, electrodeposition, and spin coat-
ing.12−18,20,21 The growth method by hydrolysis of TiCl4 is
often employed to fabricate the TiO2 light-scattering layer
owing to its simple and inexpensive method, whereas aqueous
solutions of TiCl4 are conventionally prepared under ice-cooled
conditions, and relatively it is not preferable for simplicity of

the fabrication process.7,23 Alternatively, a TiCl3 treatment has
been employed, and its effectiveness also has been confirmed
for overall device performance.24 As described above, pretreat-
ment and the post-treatment are utilized for the recombination
preventing layer and the scattering layer for electron injection
efficiency enhancement, respectively. There are two major loss
factors such as intrinsic and extrinsic losses. Extrinsic losses can
be reduced using macroscopic engineering, whereas the
intrinsic losses give birth to many mechanisms and issues.
The intrinsic losses such as Boltzmann, thermalization, and
band gap losses represent fundamental limitations of energy
conversion with a given operating principle.25 From the point
of view of intrinsic properties such as negative and/or assistive
electron behaviors between adjacent layers, treatment of TiCl4
and TiCl3 is necessary to be further discussed using a
conventional idea of device physics, which can simplify
physicochemical factors and facilitate device design through
intuitive analysis.
In this article, our concerns are mainly focused on fabrication

of an advanced light steering layer with submicrometer
thickness using a simple TiCl3 treatment and its interfacial
charge-transfer properties between the adjacent layers of the
fabricated TiO2 layer derived from TiCl3, which is abbreviated
to the TiCl3 layer for convenience. Three types of device
configurations are fabricated as shown in Figure 1. The
methods used in this treatment include TiCl3 electrodeposition,
titanium isopropoxide alcoholysis, and titanium tetrachloride
(TiCl4) hydrolytic reactions.16−18,24,26 We show that the
effectiveness of the thin TiCl3 layer is comparable and/or
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superior to that of the conventional TiCl4 treatment as
reported. We trace additional information for the TiCl3/
electrolyte matrix, which induces photonic band gap and
reinforces electric field, using a thermionic emission−diffusion
(TED) process and electrochemical impedance spectroscopy
(EIS) analysis. It is newly suggested that the fabricated TiCl3/
electrolyte matrix serves as a three-dimensional quasi-photonic
crystal.

■ EXPERIMENTAL SECTION
To investigate the effectiveness of the TiO2 layer derived from TiCl3
(abbreviated to the TiCl3 layer) on DSC devices, three types of DSCs
were fabricated as shown in Figure 1. Titanium(III) chloride (TiCl3),
lithium iodide (LiI), and 4-tert-butylpyridine (4-tbp) were obtained
from Aldrich. 1,2-Dimethyl-3-propylimidazolium iodide (DMPII) and
3-methoxypropionitrile were purchased from Solaronix. To make the
DSC photoelectrodes, the FTO glass with a sheet resistance of 12 Ω
cm−2 (Asahi glass Co., Japan) was cleaned with ethanol and deionized
(DI) water using ultrasonication for each 10 min. After treatment in a
UV−O3 system for 18 min, the TiO2 paste was then coated by squeeze
printing and sintered at 500 °C for 1 h, resulting in a TiO2 layer
containing ca. 20 nm sized particles of around 10 μm thickness (Figure
1a). The TiCl3 layer was prepared by the following process; the FTO
glass was immersed into 40 mM TiCl3 aqueous solution at 70 °C for
30 min and rinsed with DI water and anhydrous ethanol. After drying
at room temperature for 5 min, a layer of the TiO2 paste was coated on
the TiCl3 layer by squeeze printing and sintered at 500 °C for 1 h.
(Figure 1b). For the Figure 1c structure, the TiO2-coated electrodes
were immersed into a 40 mM TiCl3 aqueous solution as described
above and then sintered at 500 °C for 1 h. For a reference, TiCl4
treatment was carried out by immersing the TiO2-coated electrode in a
40 mM TiCl4 (aq) at 70 °C for 30 min, rinsed with DI water and
anhydrous ethanol, and sintered at 500 °C for 30 min. DSC devices
were fabricated as reported in the literature using N719 dye

(Solaronix, 5 × 10−4 M) as a photosensitizer.20,21 The fabricated
single TiO2 layer and TiO2 layer combined with the TiCl3 layer were
sandwiched with Pt counter electrode deposited on the FTO. The
electrolyte was composed of 0.5 M LiI, 0.05 M I2, 0.6 M DMPII, and
0.5 M 4-tbp in 3-methoxypropionitrile. The selected active area was
0.25 cm2, and the cell edges were sealed with Surlyn (Dupont, grade
1702). Field emission scanning electron microscopy (SEM; S-4700,
Hitachi) was used to characterize the morphology of the interface
between the TiO2 and the TiCl3 layers. Transmittance spectra of the
samples were measured with a UV−vis−NIR spectrometer (Varian
Cary 5000). The full cell configuration was made by a simple
attachment with an additional FTO glass, and the electrolyte was
injected into the sandwiched structures for measurement of current−
voltage (J−V), external quantum efficiency (EQE), and EIS. Solar cell
efficiencies were measured and recorded using a Keithley 4300 source
meter under 100 mW cm−2 irradiation (Oriel Sol3A, 450-W solar
simulator equipped with an AM 1.5-G filter; Oriel Instruments, Irvine,
CA, USA). The EQE was recorded in the wavelength region from 300
to 800 nm using incident-photon-to-current efficiency measurement
apparatus (QEX7, PV Measurements). EIS measurements were
performed using the ac impedance (CHI 660A, USA) over a
frequency range of 1 to 106 Hz with amplitudes of ±5 mV over the
Voc. All materials fabrication and device characterization were
statistically carried out and analyzed.27,28

■ RESULTS AND DISCUSSION
Figure 1 shows the SEM images of the conventional porous
TiO2/FTO/Glass structure (a), the porous TiO2/TiCl3/FTO/
Glass structure (b), and the TiCl3/porous TiO2/FTO/Glass
structure (c). The compact TiCl3 layer is confirmed in the
contrast difference of the inset images. The inset in Figure 1b is
an image before porous TiO2 fabrication. The thickness of the
deposited TiCl3 layer is around 0.6 μm for Figure 1b and
around 0.9 μm for Figure 1c. The fabricated structures are
employed to the DSC device fabrications, and each structure
corresponds to the A, B, and C devices, respectively.
Figure 2 shows the transmittance spectra of the fabricated

sample a, b, and c structures as shown in Figure 1. Here the

light was incident from the FTO glass. The transmittance
spectra of the a and b structures are almost similar, whereas the
c structure exhibits the transmittance loss of about 10%,
compare to those of the a and b structures in the wavelength
region from 500 to ∼800 nm. The transmittance loss of the c
structure can be attributed to an abrupt change of the refractive
index (n) between the TiCl3 layer and air. The n of the TiCl3
layer is estimated to be around 1.85 ± 0.1, and that of the air is

Figure 1. SEM images of the conventional porous TiO2/FTO/Glass
structure (a), the porous TiO2/TiCl3/FTO/Glass structure (b), and
the TiCl3/porous TiO2/FTO/Glass structure (c). Inset in a displays a
magnified interface between the porous TiO2 and the FTO. Insets in b
and c display the magnified interfaces between the adjacent TiCl3
layers.

Figure 2. Transmittance spectra of the conventional porous TiO2/
FTO/Glass structure (a), the porous TiO2/TiCl3/FTO/Glass
structure (b), the TiCl3/porous TiO2/FTO/Glass structure (c), and
the FTO/Glass substrate.
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well known to be around 1.0.29 In the beginning, the incident
light direction to the glass (n ≈ 1.5) is abruptly refracted and
slowly changed because the refractive indices of the FTO (n ≈
1.7), the TiO2 layer (n ≈ 1.8), and the TiCl3 layer (n = 1.85 ±
0.1) are similar to each other, where n of the TiO2 layer is an
assumption from the n of the TiO2/dye/electrolyte layer.

30 The
traveling light through the TiCl3 layer can be abruptly refracted
or reflected into the TiO2 layer; although the difference of
refractive indices between the TiO2 layer and the TiCl3 layer is
small, a sequential increase of the refractive indices increases
the probability of total reflection into the TiO2 layer at the
interface between the TiCl3 layer and air, with a long pathway
where the thickness of the TiCl3 layer is much higher than that
of the b structure as shown in Figure 1. In the case of the b
structure the TiCl3 layer is sandwiched between the FTO and
the TiO2 layer. The traveling light direction can be slightly
distorted, and the probability of the total reflection can be
reduced compared to the c structure with a rather shallow
thickness. Hence, the similar transmittance behavior of the a
and b structures is reasonable.
Figure 3 shows the EQE (Figure 3a) and J−V characteristic

curves (Figure 3b) of the fabricated devices. For reference, a

DSC device using a TiCl4 post-treatment (D device) was
fabricated and its device configuration is the same as that of the
C device. The J−V characteristic curve trace was carried out
using a numerical calculation to investigate diode characteristics
under illumination, and the parameters are summarized in
Table 1. The best performance was achieved by the C device: a
short-circuit current density (Jsc) of 18.35 mAcm−2, an open-
circuit voltage (Voc) of 0.68 V, a fill factor (FF) of 58.0%, and
an efficiency (Eff) of 7.2%. In Figure 2a, the EQE characteristic
of the C device is in sharp contrast with that of the B device. In
addition, the EQE characteristic of the B device is lower than
that of the A device, which does not correspond to the
transmittance behavior as shown in Figure 2. On the basis of
the transmittance and our expectation, the EQE characteristic
of the B device should shows a similar characteristic with that of
the A device. This mismatch originates from the full cell
configuration, and the EQE trend seems to be plausible to
follow the scattering effect. However, we consider that the
simple scattering effect is not suitable to explain fully the EQE
trend in the complicated TiCl3/electrolyte system. It should be
noted that the reduction of the overall quantum efficiency is
caused by light reflection and charge-transfer loss, where the
reflection is a major extrinsic loss factor in general.31 We will
discuss charge transfer loss properties by introducing a charge-
transfer loss factor (CTLF, α) and electron lifetime induced
from the EIS. In the following we will introduce a modified
concept of the scattering effect using the interface properties
inspired by the electron lifetime and CTLF approach. In Figure
2, the overall device performance of the C device is higher than
that of the reference D device and the higher performance of
the C device is in good agreement with the previous report.24

Performance parameters such as Voc and FF are degraded
except Jsc for the C device compared with that of the
conventional A device. In general, Voc and FF are directly
related to the junction properties of devices because the Voc is a
function of a reverse saturation current density (J0) mainly as a
dark current in diode characteristics. The FF involves complex
information including the junction properties and the series
resistance. In our previous reports20−22 the CTLF was extracted
from the J−V characteristic curve trace using the TED process,
and the summarized expression is as follows

α =
×

−

J

mAT e

100
qV kT

0
2 /oc (1)

where the m* is the effective mass of an electron, A is the
Richardson constant of 1.2 × 105 mA cm−2 K−2 for a free
electron, T is the absolute temperature, and kT/q is the thermal
voltage. In this calculation, the effective mass factor of 10 was
employed for an anatase TiO2 semiconductor. The extracted
CTLF has a physical quantity equivalent to a dominant electron
lifetime (τ) with time dimension (ms) between the solid
semiconductor and liquid electrolyte. The CTLF indicates

Figure 3. EQE (a) and experimental (shapes) and curve tracing (solid
lines) of J−V characteristics (b) of the fabricated devices.

Table 1. Parameters Experimentally Obtained from the J−V Characteristic Curves and Parameters Extracted from Numerical
Calculations

experimental parameters calculated results

device Voc (V) Jsc (mA/cm
2) FF (%) Eff (%) J0 (mA/cm2) CTLF (ms) EIS, τ (ms)

A 0.72 14.65 61.0 6.4 1.4 × 10−5 15.3 16.2
B 0.69 12.35 60.0 5.1 5.0 × 10−5 17.2 19.6
C 0.68 18.35 58.0 7.2 6.0 × 10−5 14.0 13.9
D 0.69 17.28 58.0 6.9 4.2 × 10−5 14.4
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charge-transfer loss mechanisms such as thermionic emission,
quantum mechanical tunneling, and quantum mechanical
reflection. The τ is usually obtained from the EIS measure-
ments and recognized as an important device quality factor.
The CTLF calculated from the simple J−V characteristic curve
trace can help for finding the electron lifetime roughly because
a simple prediction method can facilitate device design through
intuitive analysis. We show that the calculated CTLF values are
in good agreement with τ obtained from the EIS measurements
in the next section.
Figure 4 shows the Nyquist plots obtained from the EIS and

curve tracing and normalized loss factors of the devices.

Analysis of the Nyquist plots and normalized loss factors are
well described in the literature including our previous
work.19−21,31 Parameters Z1 and Z2 represent the impedance
related to charge transport at the Pt counter electrode in the
high-frequency region and the impedance related to that at the
interface between the TiO2 or TiCl3 layer and the electrolyte in
the middle-frequency region, respectively. Intuitively, it is found
that the series resistance of the C device is lower than those of
the other devices observing the Z1 region. On the other hand,
the junction properties are prominent in the Z2 region; in
particular, the Z2 region of the B device reveals an abnormally
enlarged semicircle compared to the other devices. Using the
simple resistance−capacitance (RC) circuit model, the
experimentally obtained Nyquist curves were precisely
traced.19,20 The real parts of impedance except the resistance
of the transparent conducting oxide layer (Rh) are generally
expressed to the following form

ω
′ − =

+
Z R

R
C R1h 2 2 2 (2)

where R is the charge-transfer resistance, C is the capacitance,
and ω is the angular frequency.

ω

′ − = ′ + ′

= ′ +
+ × ×−

⎛
⎝⎜

⎞
⎠⎟

Z R Z Z

Z
18.8

1 (8.6 10 ) 18.8

h 1 2

1 2 4 2 2
(3)

ω

ω

′ − = ′ + ′

= ′ +
+ × ×

+
+ × ×

−

−

⎡
⎣⎢⎢
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦⎥⎥

Z R Z Z

Z
10.0

1 (7.0 10 ) 10.0

21.8
1 (9.0 10 ) 21.8

h 1 2

1 2 4 2 2

2 4 2 2
(4)

ω

′ − = ′ + ′

= ′ +
+ × ×−

⎛
⎝⎜

⎞
⎠⎟

Z R Z Z

Z
14.5

1 (9.6 10 ) 14.5

h 1 2

1 2 4 2 2
(5)

The calculated forms in eqs 3, 4, and 5 are the mathematical
expressions for the A, B, and C devices, respectively. The
mathematical expression of the real part for the Z1 region is
omitted because our concern is in the junction interface related
with the Z2 region. Equations 3 and 5 are expressed to only one
RC circuit, while eq 4 is expressed to a combination of two RC
circuits. From eqs 3, 4, and 5 the dominant RC time constants
of 16.2, 19.6, and 13.9 ms are obtained, respectively. The RC
time constants are regarded as the τ, and these values are
almost in good agreement with the CTLF values obtained from
the simple J−V characteristic curve trace as shown in Table 1.
For eq 4 the τ of 7.0 ms is another residual loss factor within
the B device.
The τ of the B device is the highest, whereas its overall device

performance is lowest. The τ is the device quality factor
between the solid semiconductor and liquid electrolyte as
described above, whereas an assistive or lossy electron behavior
influencing τ depends on a specific region in the device
configuration. Figure 5 illustrates the total concepts in this
work, including the different energy structures. In Figure 5a, the
incident light is absorbed into the porous TiO2 with dye
adsorption except the infrared transmission. The obtained 16.2
ms is the τ at the interface between the porous TiO2 and the
electrolyte adjacent the FTO because the electron can be easily
swept away into the adjacent FTO. The energy structure in
Figure 5a illustrates the equilibrium state under no illumination
(conduction band Ec plane and Fermi level Ef are aligned) and
the nonequilibrium state under illumination with forward bias
(quasi-Fermi level splitting Efn). The interface between the
TiO2 and the electrolyte forms the Schottky barrier height, and
the barrier height is reduced as much as qϕBr, which is
converted to the output voltage of Voc under illumination. The
obtained τ of 16.2 ms is equivalent to the charge-transfer losses,
which consist of the thermionic emission, quantum mechanical
tunneling, and quantum mechanical reflection as illustrated in
the energy structure in Figure 5a. In Figure 5b, the light is
reflected in the TiCl3/(I

−/I3
−) matrix. From the point of view

that photonic crystals should have a periodic potential or a
periodic dielectric material, a dielectric periodicity of the TiCl3/
(I−/I3

−) matrix may have arguable points. However, we

Figure 4. Nyquist plots (shapes) and curve tracing (solid lines) (a)
and normalized loss factors (b) of the fabricated devices.
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consider that the TiCl3/(I
−/I3

−) matrix consists of random
clusters with a high dielectric TiCl3 and a low dielectric (I−/
I3
−), which serve as a three-dimensional quasi-photonic crystal.

In the TiCl3/(I
−/I3

−) matrix, a photonic band gap can be
formed and correspond to the UV−vis frequencies with a
partial discontinuity of the wave vector on the basis of the
photonic crystal principle. The colloidal TiCl3 particles are
enough to create a large band gap compared to the
conventional TiO2 band gap; the smaller particle size increases
an intraband transition gap. The photonic band gap in the
TiCl3/(I

−/I3
−) matrix can be identified to the increased

intraband transition gap. The energy structure in Figure 5b
illustrates a large potential barrier of the TiCl3/(I

−/I3
−) matrix.

The obtained residual low τ2 of 7.0 ms can be attributed to the
fact that the photoexcited carriers in the bulk TiO2 region
cannot be collected to the FTO by the potential barrier. The
obtained 19.6 ms is the τ1 at the interface between the TiCl3/
(I−/I3

−) matrix and the FTO. The photoexcited carriers in the
TiCl3/(I

−/I3
−) matrix are rapidly swept away into the FTO

because the potential barrier reinforces electric field and
accelerates electron motion. In Figure 5c, the obtained τ of 13.9
ms is due to the interface between the porous TiO2 and the
FTO. The photoexcited carriers at the adjacent TiCl3/(I

−/I3
−)

matrix are assisted by the electric field induced from the
potential barrier, whereas the electron traveling pathway up to

the FTO is relatively long, and the probability of charge-transfer
loss is high.

■ CONCLUSIONS

The effectiveness of TiCl3 pre- and post-treatments on the
DSC devices and the interfacial charge-transfer properties were
investigated. It was newly suggested that the TiCl3/(I

−/I3
−)

matrix serves as a three-dimensional quasi-photonic crystal with
a photonic band gap, which corresponds to the UV−vis
frequencies with a partial discontinuity of the wave vector. The
photonic band gap and increased intraband transition gap in
the TiCl3/(I

−/I3
−) matrix are identified to each other. The

TiCl3/(I
−/I3

−) matrix formed by TiCl3 pretreatment creates a
potential barrier, which reinforces the electric field and
facilitates current collection from the TiCl3/(I

−/I3
−) matrix

to the FTO by accelerating electron motion, whereas the
potential barrier blocks current collection from the TiO2 bulk
region to the FTO and decreases current. The TiCl3/(I

−/I3
−)

matrix formed by the TiCl3 post-treatment improves the UV−
vis absorption by reflection and boosts current, whereas the
potential barrier degrades charge transport characteristic at the
interface between the TiCl3/(I

−/I3
−) matrix and the bulk

electrolyte. We consider that the degraded interfacial charge
transport mechanism originates from the thermionic emission−
diffusion process. Except the current boosting by the

Figure 5. Schematics of the TiO2/FTO (a), TiO2/TiCl3/FTO (b), and TiCl3/TiO2/FTO (c) configurations. DSC devices fabricated using the
configurations have the equilibrium energy state (conduction band Ec plane and Fermi level Ef are aligned) under no illumination and the
nonequilibrium energy state (quasi-Fermi level splitting Efn plane) under illumination with a forward bias as illustrated. TiCl3/(I

−/I3
−) matrix serves

as a three-dimensional quasi-photonic crystal with a photonic band gap, which correspond to the UV−vis frequencies with a partial discontinuity of
the wave vector. TiCl3/(I

−/I3
−) matrix creates a potential barrier, which reinforces the electric field and accelerates electron motion, whereas the

potential barrier depends on the device configuration, which determines the overall device performance. The degraded interfacial charge transport
characteristics caused by the TiCl3/(I

−/I3
−) matrix originate from the thermionic emission−diffusion process, which indicates charge-transfer loss

mechanisms such as electron emission, tunneling, and reflection.
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improvement of the UV−vis absorption, the pre- and post-
treatments degrade the overall device performance. The
advanced device design is required using the trade-off methods;
for example, reduction of a well-defined TiCl3 layer thickness
can control both the reflection and the interfacial charge
transport characteristics and extract maximum performance.
Additionally, the expected quasi-photonic crystal effect can be
tuned or modified by controlling the particle size of the TiCl3
or replacing electrolyte.
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