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ABSTRACT
The effect of chenodeoxycholic acid (CDCA) used as the coadsorbent
with a symmetrical squaraine (SSQ) sensitizer on TiO2-based solar cells
was investigated, and it was found that the coadsorbent retards the SSQ
sensitizer from aggregating on the TiO2 photoanode but diminishes dye
amount leading to an interdependent solar cell performance. Analysis
of the optical spectra and incident photon-to-current conversion effi-
ciency data revealed that the amount of SSQ sensitizer as well as the
presence of aggregates is significantly dependent on themolar concen-
tration of CDCA coadsorbent. In addition, electrochemical impedance
and stepped light-induced transient measurements of photocurrent
and voltage measurements are also used to explain and support the
behavior of the co-sensitized solar cells. The short-circuit current den-
sity and open circuit voltage of the devices with CDCA increases due to
thedecreased charge transfer resistance, enhanceddiffusion length and
electron lifetime in the mesoporous TiO2 photo electrode.

Introduction

Dye sensitized solar cells (DSSCs) are considered to be efficient photovoltaic devices as a
low-cost alternative to commercial Si-based solar cells [1, 2], because of the simple manu-
facturing process, colorful and transparent characters. A typical DSSC is constructed with
a dye-absorbed semiconductor photo-electrode, an electrolyte containing I−/I3− redox cou-
ples, and a Pt-coated counter electrode [3–6]. The photon-to-current conversion mechanism
of DSSCs is based on the injection of electrons from the excited dye onto the conduction
band of semiconductor photo-electrode. The oxidized dye molecules are reduced by electron
injection from the electrolyte.

Among them, the dye plays an important role in injecting electrons onto the conduction
band of the semiconductor electrode. Therefore, to produce a highly efficient solar cell, the
dye molecules should absorb and convert a wide range of wavelengths in the solar spectrum.
Since the incident photon-to-current efficiency (IPCE) of a solar cell is the product of the light
harvesting efficiency for photons with wavelength λ (LHE(λ)), quantum efficiency of electron
injection onto the conduction band of the semiconductor oxide (�inj), the efficiency for dye
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regeneration (ηreg), the and electron collection efficiency of the photo-generated charge car-
riers (ηcc), as shown in Eq. (1)[7].

IPCE (λ) = LHE (λ) · �inj · ηreg · ηcc (1)

The most successful photosensitizing dye molecule for DSSCs are ruthenium polypyridyl
complexes (Ru-complex), which yield solar-to-electric power conversion efficiencies of 9–
11% under AM 1.5 G, 100mW/cm2 light illumination [8–10]. However, it contains the ruthe-
niummetal ion which is an expensive precious metal species that increases the cost of DSSCs.
The Ru-free organic dye structure has been studied extensively due to their ease of synthesis,
high molar extinction coefficients and variable structure modifications [11–17].

Among the various Ru-free organic dyes, squaraine (SQ) dyes have attracted considerable
interest due to the higher molar extinction coefficients than conventional dyes. They can also
absorb photons with a long wavelength in the range, 500∼700 nm [18–20]. Although it is
well known that SQ dyes tend to aggregate on the TiO2 surface which reduces the solar cell
performance, it will be great challenge to develop SQ dye and optimize the cell performance
for the production of high performance DSSCs.

We had reported the photovoltaic property of the symmetrical SQ (SSQ) dye containing
bis-anchoring groups in a molecule [17] which revealed the enhanced charge transfer charac-
ter between SQ dyes and TiO2 electrode to compare with that of mono-anchored SQ dyes. In
this paper, we investigated the aggregation properties in solution state and TiO2 adsorbed
solid state of SSQ dyes which were considered in terms of the photovoltaic performance
in DSSCs. IPCE and electrochemical impedance spectroscopy (EIS) analyses were also per-
formed to study and optimize the interfacial electron transfer process in DSSCs. Meanwhile,
we also studied the electron lifetime and diffusion length parameters by using stepped light-
induced transient measurements of photocurrent and voltage (SLIM-PCV) analysis.

Experiment details

Materials

All commercially available startingmaterials and solvents were purchased fromAldrich, TCI,
and ACROS Co. and were used without further purification unless otherwise stated. The syn-
thesis for squarine dye used in this study was followed with known method [17], and molec-
ular structure of symmetrical squarine (SSQ) dye was shown in Fig. 1.

Assembly and characterization of DSSCs

The transparent conducting glass substrates were cleaned with ethanol, DI water and ace-
tone with ultrasonication, respectively. The TiO2 pastes were prepared using ethyl cellulose
(Aldrich), Lauric acid (Fluka, City, State, Country), and Terpineol (Aldrich). The TiO2 parti-
cles used were ca. 20 – 30 nm in diameter. The prepared TiO2 paste was doctor-bladed onto
the pre-cleaned glass substrates, followed by calcination at 500°C for 30 min then drying at
70°C. The scattering layer consisting of rutile TiO2 particles (250 nm in a size) was deposited
onto the mesoporous TiO2 films. These layers were dipped in an aqueous solution of TiCl4
(0.04 M) at 70°C for 30 min. TiO2 layers were immersed in the SSQ dye solutions containing
different molar concentrations of CDCA for 24 h.

The Pt counter electrodes were prepared by thermal reduction of the films dip-coated in
H2PtCl6 (7.0 mM) in 2-propanol at 400°C for 20 min. The dye-adsorbed TiO2 and Pt counter
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Figure . Chemical structure of SSQ dye.

electrodes were sandwiched between 60 m-thick Surlyn (Dupont 1702), used as a bonding
agent and spacer. Through a pre-punched hole on the Pt counter electrode, liquid electrolyte
(I−/I3− redox couple) was then introduced and finally sealed. The active area of the dye-
adsorbed TiO2 films was estimated using a digital microscope camera with image-analysis-
software (Moticam 1000).

The photocurrent-voltage measurement was performed using a Keithley model 2400
Source Meter and a Newport 91192 solar simulator system (equipped with a 1 kW xenon
arc lamp, Oriel). Light intensity was adjusted to 1 sun (100 mW/cm2) with a Radiant Power
Energy Meter (model 70260, Oriel). The incident photon-to-current conversion efficiency
(IPCE) results were acquired from IPCE G1218a (PV Measurement). This system applies
monochromatic light from a 75 W xenon arc lamp (Ushio UXL-75XE) filtered by a dual-
grafting monochromator and individual filters onto the test devices. An ellipsoidal reflector
collects light from the lamp and focuses on the monochromatic entrance slit via a mechan-
ical chopper to create a small modulated signal. While the modulated, monochromatic light
was applied to the test devices, a continuous bias light (ca. 1 sun) was also applied. Electro-
chemical impedance spectroscopy (EIS)was performedusing an electronic-chemical analyzer
(Iviumstat Tec.).

Transient measurements were performed by a same method to O’Regan et al. [21] and as
illustrated elsewhere [22]: a white light bias was generated from an array of diodes (Abet, LS
Series light source) with red-light pulsed diodes (Thorlabs HNL210L system) as the pertur-
bation source, controlled by a fast solid-state switch. The voltage dynamics were measured
on a 1 GHz Tektronix oscilloscope (DPO4102B-L) across the high impedance (1 M�) port.
The perturbation light source was set to a suitably low level such that the voltage decay kinet-
ics were mono-exponential. Small perturbation transient photocurrent measurements were
performed in a similar manner to the open-circuit voltage decay measurement. For the volt-
age decay measurements in the short-circuit regime, a Keithley 2600B source meter was con-
nected in series with the solar cell and parallel with the oscilloscope which was set on the high
impedance port. The Keithley sourced the current through the solar cell which was under bias
illumination in such a way that the voltage was kept at 0 V (i.e., short-circuit). In this way no
extra current is allowed to flow through the device following the light pulse, therefore the
decay of the measured perturbation signal is entirely governed by the charge recombination
within the cell. For the current decay measurements, while the charge is being collected the
charges are also simultaneously recombining within the cell.
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Figure . UV-Vis absorption spectra of SSQ dye in the solution state (A), and on the TiO absorbed solid
state (B).

Results and discussion

The SSQ dye can easily aggregates in the solution and solid state which can be well detected in
the UV-Vis absorption spectrum as their blue shifted H-aggregate form (600 nm) and the red
shifted J-aggregate form (695 nm) to compare with that of monomeric form (653 nm) in the
solution state. The cause for the pronounced shift in absorption is the rather high transition
dipole moment of squaraine molecule [23, 24]. In accordance with the molecular exciton the-
ory, this causes a large splitting of the excitonic states upon the interaction of the transition
dipoles [23]. Which type of aggregate is formed, depends solely on the arrangement of the
transition dipoles relative to the molecule axis. In the H-aggregation, the transition dipole
of molecules is arranged with opposite direction between the planar structures that causes a
hypsochromic shift in the absorption spectra. However the parallel arrangement of transition
dipoles promotes a bathochromic shift compared to that of the monomeric state of SQ dye.

In order to study the issue of aggregation, the absorption of SSQ-dye was measured in
different solvents (Fig. 2a) and sensitized filmswithout andwith differentmolar concentration
of CDCAcoadsorbent (Fig. 2B). The position and shape the of the absorption pattern changed
with respective to the solvent. In high polar solvents such as MeOH, a single absorption peak
with a weak short wavelength shoulder is detected. Hence, less aggregation occurs in high
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Figure . Current-voltage characteristics for DSSCs containing SSQ dyes with co-adsorbent CDCA (AM . G,
mW/cm).

polar solvents. In less polar solvents like toluene spectrum shows an intense main absorption
band (653 nm with shoulder at 610 nm) and a stronger long wavelength band (700 nm). UV-
Vis spectra of the SSQ sensitized TiO2 film without CDCA (Fig. 2B), exhibiting a broadened
absorption spectrum as well as a new peak around 600 nm, which is due to aggregation of
SSQ. This new absorption band is assigned as due to H-aggregates on TiO2 film. The extent
of H-aggregation of SSQ can be estimated by comparing the ratio of the optical density of the
aggregate band (AH, 600 nm) and the monomer band (AQ, 640 nm) on TiO2 films sensitized
with SSQ dye. A high value of the ratio, AH/AQ, indicates a large extent of H-aggregation of
SSQ. AH/AQ of the SSQ stained TiO2 filmwithout CDCAwas 1.02, while the ratio decreased
to 0.91 and 0.56with the addition of CDCA to the dye solutions and coadsorbed onto the TiO2

surface. Hence, the CDCA in SSQ solution diminished the aggregation of the SSQ dye onto
the TiO2 surface when coadsorbed with CDCA coadsorbent. The aggregation is generated
during the adsorption process in the dye solution, and hence it can be avoided by the presence
of CDCA on the TiO2 surface because CDCA adsorbs competitively with SSQ sensitizer. A
decrease in the Q-band peak in the presence of CDCA was mainly caused by reduced SSQ
loading on the TiO2 surface.

It is well known that the aggregation of photosensitizers causes the decrease of photo-
injection from the exited sensitizer to photoelectrode due to the energy loss in their aggregated
state which reduces the JSC value in the DSSC. Furthermore, the aggregates of photosensitiz-
ers can act as the site for the recombination of the electron that is injected from the exited
photosensitizers onto the surface of the photoelectrode. Therefore, the coadsorbent CDCA is
usually used to reduce the aggregation of photosensitizers on the photoelectrode. Neale N. R.
et al. reported that the adsorbed CDCA reveal not to have an effect on the charge injection
efficiency from the excited sensitizer to photoelectrode [25].

Figure 3 presents the photovoltaic performance of the DSSCs sensitized by SSQ dye with
andwithoutCDCAand corresponding cell performance parameters depicted inTable 1. From
the Table 1 and Figure 3, DSSC sensitized by SSQwithout CDCA, a short circuit photocurrent
density (JSC) of 3.18 mA cm−2 was obtained under standard solar conditions (global AM 1.5).
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Table . Photovoltaic parameters of DSSCs.

Sample JSC(mA/cm) VOC(V) FF ŋ(%) Amount of dye (mol/cm)

SQ . . . . .× −

CDCAmM . . . . .× −

CDCAmM . . . . .× −

CDCAmM . . . . .× −

Under similar conditions in the presence of 10mMCDCA in the dye solution, a photocurrent
enhancement from 3.18 to 4.54 mA cm−2 was achieved. Upon increasing the CDCA concen-
tration to 20 and 30 mM, the photocurrent further increased to 5.07 and 6.30 mA cm−2. On
the other hand, the open circuit voltage also increased with increasing CDCA concentration.
The highest efficiency of 2.69% was achieved with 30 mM CDCA.

In order to look into the effect of CDCA on dye loading, the concentration of SSQ dye was
calculated after desorbing the sensitizer from the photoelectrode film and followed by calcu-
lation with the Beer–Lambert law [26]. The amount of SSQ sensitizer adsorbed onto the TiO2

surface was decreased with increasing concentration of CDCA, when compared to the SSQ
dye in the absence of CDCA (Table 1). However, the photocurrent did not decrease propor-
tionally with the dye loading of SSQ (Fig. 4). As we discussed above the adsorbed CDCA do
not have an effect on charge injection efficiency, and thus the retardation of charge injection
by CDCA is not taken into account [25]. The enhanced JSC can presumably arise from dimin-
ished aggregation of SSQ dye following high light harvesting in the Q-band region [27]. In
addition, a relatively low coverage of SSQ sensitizer is presumably sufficient to absorb a large
fraction of photons because of the high molar extinction coefficient of SSQ. Also, we can gain
a higher open circuit voltage from an increased concentration of CDCA.

Figure 5 shows the incident photon-to current conversion efficiency (IPCE) as a func-
tion of molar concentration of CDCA coadsorbent. The IPCE values increased with increas-
ing CDCA molar concentration and this could be attributed to the low extent of aggregated
SSQ molecules. A broadening in the IPCE at no or a low extent of CDCA was shown, but it
decreased with increasing CDCA concentration. The IPCE data unravels the effect of CDCA
on aggregation, confirming that the CDCA adsorbed with SSQ onto the TiO2 surface reduces
the aggregation of the sensitizer.

Figure . Increasing and decreasing rates current density and dye amount vs. CDCA concentration.
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Figure . IPCE curves for DSSCs containing SSQ dyes with co-adsorbent CDCA.

Electrochemical impedance spectroscopy (EIS) technique was used to study the charge
transfer resistances of the cells. Fig. 6 shows the EIS data of the DSSCs sensitized with and
without CDCA, and the equivalent circuit is shown inside Fig. 6. The fitting is done by using
Z-View software and the fitting lines are included in Fig. 6 and resistances listed in the Table 2.
The smaller and larger semicircles in theNyquist plots were attributed to the charge transfer at
the counter electrode/electrolyte interface and the TiO2/dye/electrolyte interface, respectively.
R1 is the series resistance, R2 is the resistance of electron transport in the counter electrode
and R3 is the electron transfer resistance between the TiO2 film and electrolyte. Smaller R3
values of 34.32, 29.85, and 27 � was obtained for the DSSC sensitized by a dye solution con-
taining 10, 20, and 30 mM CDCA, respectively as compared to that of the cell sensitized by a
dye solution without CDCA (37.79 �). The higher R3 of the DSSC without CDCA is due to
the dye aggregation on the TiO2 film. The effectiveness of CDCA in preventing dye aggrega-
tion is supported by performing EIS analyses. It is generally accepted that CDCA can prevent

Figure . Nyquist plots of DSSC at the light illumination.
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Table . Electrochemical impedance parameters of DSSCs.

Sample Ra) Rb) Rc)

SQ . . .
CDCAmM . . .
CDCAmM . . .
CDCAmM . . .

a): FTO Interface resistance.
b): Resistance at the interface between the counter electrode and electrolyte.
c): Resistance originated from the backward charge transfer from TiO to the electrolyte and the electron conduction in TiO
electrode.

dye aggregation and thereby decrease the charge transfer resistance (R3) at the surface. The
decrease of R3 with CDCA is consistent with the result depicted in Fig. 3.

The parameters electron lifetime (τe), electron diffusion coefficient (Dn) and electron dif-
fusion length (Ln) extracted from the stepped light-induced transient measurements of pho-
tocurrent and voltage (SLIM-PCV) (Figure 7 and Table 3) are crucial parameters (3) for the

Figure . (a) Typical current responses of DSSCs against the different stepped laser intensities; (b) Typical
open circuit voltage transients induced by stepped laser intensity.
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Table . SLIM-PCV analysis at different CDCA concentrations.

Sample Dn(cm
/s) (Electron Diffusion Coefficients) τ e(s) (Electron Lifetime) Ln(μm) (Electron Diffusion Length)

SQ . . .
CDCAmM . . .
CDCAmM . . .
CDCAmM . . .

efficient working of dye solar cell. The electrodes immersed into dye solution containing dif-
ferent extent of CDCA show a longer lifetimes, compared to the lifetime of the electrode with-
out CDCA. The order of the above lifetime values is consistent with that of the VOC trend.
Therefore, the increased electron lifetime may be the intrinsic reason for the increased VOC

values of theDSSCs based on devices with CDCA compared to that for device without CDCA.
Moreover, the obtained electron diffusion coefficient values for DSSCs by SSQ dye with dif-
ferent extent of CDCA are larger than DSSC sensitized by SSQ dye without CDCA, which
suggest that the electron can travel more through the TiO2 matrix in case of devices with
CDCA coadsorbent. The electron diffusion length (Ln) is a useful tool to reflect the electron
collection efficiency. Higher Ln values were obtained for devices containing 10, 20 and 30mM
of CDCA, which are longer than the thickness of the TiO2 film. As the Ln increase, chances
of charge separation at TCO surface increase leading to higher electron collection efficiency.

Conclusions

The effect of chenodeoxycholic acid as the coadsorbent with symmetrical squaraine sensitizer
was investigated for the dye sensitized solar cell application. Co-adsorbed CDCA on meso-
porous TiO2 reduces the SSQ sensitizer’s loading, but diminishes theH-aggregation ontoTiO2

as seen from the absorption and IPCE spectral data. The reduced dye loading did not affect
the photocurrent. Advantageously, the incorporation of CDCA enhances the charge transfer
process. The measurement of the stepped light induced transient analysis showed that the
presence of CDCA with SSQ on the TiO2 surface induced not only an improved electron life-
time but also increases the diffusion length in the TiO2 electrode. As a result, the photovoltage
and photocurrent density of the cells with chenodeoxycholic acid is higher when compared
to the cell without chenodeoxycholic acid.
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