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ABSTRACT KEYWORDS
Dye sensitized solar cells (DSSCs) were fabricated using Nb,O, energy Nb,O;; Photoanode; Electron
barrier layer is coated on the TiO, photoanode. This energy barrier transport
(Nb,O; layer) reduces the recombination rate of the photoinjected elec-

trons with their counter holes. A monoclinic Nb,O, energy barrier layer

can be coated 1and 3 times on a TiO, photoanode using a dip-coating

method. The Nb,O/TiO, photoanode exhibits enhanced photovoltaic

performance, which is better than the bare TiO, photoanode. The results

presented in this study show that this Nb,O. layer forms an inherent

energy barrier at the electrode-electrolyte interface. The electron trans-

port and charge recombination behaviors of DSSCs were investigated

by electrochemical impedance spectra (EIS) and the results illustrated

that the DSSCs showed the lowest charge transport resistance and the

longest electron lifetime. The electron transport and recombination

were studied by stepped light- induced transient measurements of pho-

tocurrent and voltage (SLIM-PCV) method and shown that the electron

diffusion length is increasing with the Nb,O. coating.

1. Introduction

Dye-sensitized solar cells (DSSCs) are an alternative to the conventional silicon based solar
cells because of their tunable optical assets, for instance, color and transparency, negligible
environmental impact, low-cost, meek fabrication process, and environmental advantages [1-
6]. DSSCs are generally composed of photoanode and the counter electrode (CE) separated by
the redox pairs (I"/I°~) based electrolyte [7-9]. Photoanode is usually composed of a porous
layer of TiO, nanoparticles deposited on fluorine-doped tin dioxide (FTO) sensitized by dye
molecules, while the CE is generally FTO glass substrate coated with platinum (Pt) [7-9] and
carbon nanostructures [10]. Since the evolution of first DSSCs, intensive amount of work has
been done on the understanding of TiO, as photoanode. Although mesoporous TiO, shows
the good result as a photoanode in DSSCs but it suffers from lower electron mobility and poor
long term stability.

If the DSSC is illuminated with light, at that moment an electron is injected from the dye
into the TiO, film followed by a hole transfer to the electrolyte [11, 12]. The injected electrons
must cross the TiO, film and reach the conducting substrate, while the oxidized ions diffuse
toward the back electrode where they are reduced again. The porous geometry that permits
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the presence of the electrolyte through the entire electrode provides a high surface area for
recombination between the injected electrons and the holes in the solution [13, 14]. In the
absence of an energy barrier at the electrode-electrolyte interface, the rate of this recombina-
tion process may be very high, depending on the properties of the hole carrier [11, 13, 15, 16].
For this reason, DSSCs using I"/I*~ redox couple performs better than similar cells consisting
of faster couples [17]. Furthermore, part of the low efficiencies observed with solid electrolytes
are attributed to this recombination process. Therefore, the formation of an energy barrier at
the surface of the TiO, electrode that will enable the use of various mediators has the prospect
of improving DSSCs significantly.

The short circuit current density (Jsc) values of DSSCs with TiO, electrodes are deter-
mined by three factors, the light harvesting efficiency, the electron injection efficiency, and
the electron collection efficiency. The light harvesting efficiency may be increased by increas-
ing light absorption through dye loading or scattering. Previous studies have examined the
application of various metal oxide shells such as SnO, [18], ZrO, [19], Nb,Os [20-23], Al, O3
[19, 24, 25], and ZnO [26, 27] to TiO, electrodes. Mostly, the coating of each material layer
forms an energy barrier that decreases the electron recombination losses, shifts the conduc-
tion band downward that increases the electron injection, or enhances the injection efficiency.
This results in an increase in the Jsc and often accompany the increase in open-circuit voltage
(VOC) as well.

This new electrode consists of an inner nanoporous TiO, matrix covered with a thin layer
of Nb,Os. The conduction band potential difference of Nb,Os is ca. 100 mV more negative
than that of TiO, [27]. This potential difference can form an energy barrier at the electrode-
electrolyte interface, thus reducing the rate of recombination of the photoinjected electrons
and improving the collection efficiency. A comparison of two similar DSSCs that differ only in
their nanoporous electrodes shows that the solar cells made from the new electrode are supe-
rior to cells containing the standard electrodes with respect to all parameters. Nb,Os is such
a promising metal oxide because it supports good N719 dye loading because of its basic char-
acter and its conduction band level is 100 meV higher than that of TiO, [27]. We report here
for details of the preparation of this type of electrodes, the characterization of the electrode,
and further evidence of the role of the coating on the electrode electrochemical behavior. In
addition, the thickness of the Nb,Os shell is controlled and the effect of its thickness on the
photovoltaic performance is investigated.

2. Experimental details

2.1. Preparation of TiO, electrode

A conducting glass substrate (FTO; TECS, Pilkington, 8 U/cm2, a thickness of 2.3 mm) was
cleaned in ethanol under ultrasonication. A TiO, blocking layer was obtained by dipping FTO
glass in a 0.04 M TiCl, aqueous solution at 70°C for 30 min. A TiO, paste was coated on an
FTO substrate using the doctor-blade method, and the resulting coated substrate was sintered
at 450°C for 30 min.

2.2. The deposition of Nb,O; on TiO, electrode

The Nb,Os/TiO, nanorod electrodes were obtained using a dip-coating method.
Nb(OC,Hs)s was dissolved in 2-propanol (20 mM) to prepare the coating solution. TiO,
electrodes were initially dipped into a coating solution for 10 seconds and taken out rapidly.
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The resulting coated films were dried at room temperature and annealed at 500°C for 1 hour
to yield the Nb,Os/ TiO, electrodes. The dip coating times were varied, 1 and 3 times.

2.3. Equipment and measurements

All electrodes were fabricated on fluorinated tin oxide glass substrates (TCO22-7, Solaronix)
with a sheet resistance of 7 Q-cm?. The Nb,Os/TiO, electrodes were obtained using the
dip-coating method. The linear sweep voltammetry experiments were conducted using a
computer controlled potentiostat IVIUMSTAT, IVIUM). Electrochemical impedance spec-
troscopy (EIS) was performed using an electronic-chemical analyzer (Iviumstat Tec.). The
data were analyzed using Zview2 commercial software (Scribner Associates Inc.). The con-
ductivity of the electrolyte system was derived from the complex impedance measurements.
Pt-deposited FTO electrodes were used as both anode and cathode.

Transient measurements were performed by the same method as that reported by O’'Regan
et al. [28] and it is illustrated elsewhere [29]. A white light bias was generated from an array
of diodes (Abet, LS Series light source) with red-light pulsed diodes (Thorlabs HNL210L sys-
tem) as the perturbation 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 kinetics were mono-exponential. Small perturbation transient photocurrent measure-
ments were performed in a similar manner to the open-circuit voltage decay measurement.
For the voltage decay measurements in the short-circuit regime, a Keithley 2600B source
meter was connected 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.

2.4. Assembly and characterization of DSSCs

A photosensitizer was loaded on the prepared anodes by immersing them in a 0.3 mM ethanol
solution of N719 (Solaronix) at room temperature. The Pt counter electrodes were prepared by
layering platinum paste (PT1, Dyesol Co.) on FTO glasses and annealing them at 450°C. These
electrodes were assembled using a 60 pm-thick Surlyn (Dupont 1702) layer. The J-V charac-
teristics of the prepared DSSCs were measured under 1 sunlight intensity (100 mW/cm?, AM
1.5 G). Electrochemical impedance spectroscopy (EIS) measurements were carried out using
a computer-controlled potentiostat (IVIUMSTAT, IVIUM).

3. Results and discussion

The photovoltaic performance of DSSCs is estimated from the current density-voltage (J-V)
characteristics are examined for each DSSC under the illumination of AM 1.5 G solar simu-
lated light and the corresponding results are shown in Fig. 1. The photovoltaic parameters of
DSSCs are short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), and
overall efficiency of power conversion (7) is summarized in Table 1. The Jsc and FF increase
with increasing deposition times of Nb,Os up to 1 and 3 times. An excessively thick layer
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Figure 1. The current density-potential (J-V) curves for DSSC cells containing untreated TiO, and Nb,O;-
coated TiO, electrodes, for different coating times.

of Nb,Os reduces significantly the transfer rate of photo-generated electrons because the low
conductivity of Nb,Os. Vo tends to decrease with increasing deposition times. This indicates
that an increase in deposition time leads to an increase in the number of defect sites, which is
the center of charge recombination.

The differences in photocurrent density of these three solar cells were further investigated
by measuring the incident photon-to-current efficiency (IPCE) spectra, as a function of wave-
length, and the results are exhibited in Fig. 2. The photocurrent density Jsc and IPCE under
each wavelength of radiation can be expressed by the following equations [30-32]:

Jsc(X) = qmpce (M) (1)
nece (L) = na(A)ne (M) nec(r) (2)

where q is the elementary charge, nipcg(A) is the quantum efficiency under each light wave-
length, I, is the illuminated light intensity, 7.y is the light-harvesting efficiency of a cell, n¢; (1)
is the charge-injection efficiency and ncc(A) is the charge collection efficiency. The whole
short circuit current can be obtained by integrating Eq. (1). High quantum efficiency means
a high short current density. In our case, 1 and 3 times Nb,Os coated on a TiO, photoanode
exhibited a highest IPCE value than a bare TiO, photoanode and this phenomenon matched
well with the Js¢ results. The product of 1y, 11¢j, and ncc is commonly referred to the incident
photon-to-current conversion efficiency as expressed in Eq. (2). Of the three parameters, 1y
is mainly determined by the amount of adsorbed dye, and 7¢; values of adsorbed N719 on

Table 1. Photovoltaic Parameters for DSSC cells Fabricated with Untreated TiO, and Nb,0s-Coated TiO,
Electrodes, For Different coating times Tested under AM 1.5G 100 mW cm ™.

Coating times of Nb, O, Jsc(mAcm‘z) Vo (V) FF(%) 1(%) Rerg?(€2) sz(Q) R;€(£2)
Untreated 12.30 0.702 65.55 5.69 18.81 3.67 13.85
1time 13.06 0.680 63.04 5.84 17.93 347 13.50
3times 15.03 0.677 61.41 6.31 20.46 2.78 12.78

@ FTO Interface resistance
b Due to the resistance at the interface between the counter electrode and the electrolyte.
¢ Possibly originated from the backward charge transfer from TiO, to the electrolyte and the electron conduction in porous
TiO, film.
2 .
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Figure 2. IPCE spectra of the condition for DSSC cells, containing untreated TiO, and Nb,O-coated TiO,, for
different coating times.

the films can be assumed to be the same. So the performance of 1 and 3 times Nb,Os; coated
DSSCs are compared to the bare TiO, photoanode.

To investigate the dramatic increase in Jsc for DSSCs prepared by increasing Nb,Os in the
Nb,Os-coated electrodes as compared to untreated TiO, that is an electron transport increase
from the conduction band of TiO, to the electrolyte. EIS experiments are performed under
illumination conditions by applying an ac voltage 10 mV and an AC frequency range between
100 kHz and 0.1 Hz to the dye sensitized photoanodes is shown in Fig. 3. These experiments
provide useful information for understanding the charge recombination kinetics at the inter-
facial region between the photoanode and electrolyte.

The Nyquist plots in Fig. 3 revealed that the diameter of the semicircle tends to decrease
with increasing deposition times of Nb,Os. This phenomenon is also depends on the rate
of back-electron transfer at the TiO,/electrolyte interface and the concentration of I;~. The
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Figure 3. Electrochemical impedance spectroscopy (EIS) under illumination condition for DSSC cells con-
taining untreated TiO, and Nb,O,-coated TiO,, for different coating times.
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Figure 4. (a) Typical current responses of DSCs against the different stepped laser intensities. (b) Typical
open circuit voltage transients induced by stepped laser intensity.

impedance spectrum was analyzed using an equivalent circuit for the TiO,/electrolyte inter-
face in the conductive state. The recombination resistance (R;) was obtained by the curve of
the large semicircle, as reported elsewhere [33]. In Table 1, the value of R; decreases for 1
and 3 times Nb,Os-coated as compared to untreated TiO, photoanode. This implies that the
coating does not form a barrier layer to reduce the recombination loss. Moreover, a lowered
degree of dye adsorption was observed on the Nb,Os-coated electrodes and the number of
electrons generated by the adsorbed dye molecules on the Nb,Os-coated TiO, surface was
not higher.

The enhancement of the electron injection might be attributed to the shift of the conduc-
tion band edge of TiO,. Previously, it has been reported that the acidic property of Nb,Os
shifted the TiO, flat band energy potential (Eg) toward positive values and increased the
driving force for electron injection. This is determined as the difference between Eg, and the
LUMO state of the dye, thereby enhancing the electron injection efficiency [34]. Thus, our
results imply that the enhancement in the electron injection of TiO, electrodes due to the
Nb,Os coating improves the Jsc value.

Fig. 4 shows the photocurrent and the photovoltage response under stepped light was
measured to quantify the carrier transport mechanism by calculating the diffusion coeffi-
cient and lifetime of photogenerated electrons. Fig. 5(a) presents the carrier diffusion coef-
ficients of the pure and Nb,Os coated photoanodes. The diffusion coefficient of the Nb,Os
coated photoanodes is not much different from that of pure photoanode. However, the
Nb,Os coated photoanodes has clearly changed the slope in the diffusion coefficient vs.
short circuit current curves. The difference in slope manifests the existence of additional
trapping sites via Nb,Os coating, which significantly influences the carrier transport at dif-
ferent Fermi levels. The large diffusivity at larger short circuit current implies that Nb,Os
coated makes it easier for trapping and de-trapping of electrons under higher light flux.
The smallest effective mass of electrons and the high ionization efficiency of Nb,Os coating,
reduce the chances for the trapping, leading to improved carrier transport [35, 36]. Fig. 5(b)
shows the carrier lifetime of the Nb,O5 coated photoanodes. The 1 and 3 times Nb,Os
coated photoanodes exhibited longer lifetimes. As the short circuit current was increased
(i.e. higher incoming light intensity), the difference in the lifetimes of the Nb,Os coated
photoanodes and pure photoanode increased. This improved lifetime is consistent with the
results of EIS analysis, suggesting suppressed carrier recombination at the TiO,-electrolyte
interface.



MOLECULAR CRYSTALS AND LIQUID CRYSTALS 145

—
-
Im
e 4.5¢107
£
<
-
=
2
[} 7
i 4.0x10
o
8 — Linear Fit
= @ Without Nb,O,
£ A 1time Nb,O
Zasa0’{ 7 W
£ e s 3time Nb,O,
a S
0o 1 2 3 4 5 6 7 .8 9
Short-circuit current (mA cm'z)
= (b) —— Linear Fit
E 0.20 a ¢ Without Nb,0,
= ! @ 1time Nb,O,
2 . i )
= 0154 B T @ 3time Nb,O,
=
(=l
=
o 0104
2
=
0.054
0o 1 2 3 4 5 6 7 8 9
Short-circuit current (mA cm'z}
3.0
264(C)
— L —— Linear Fit
E LN 4 Without Nb,O,
= BN @ 1time Nb,O,
‘G.n 2.2 \\\\\ \\\‘_\\ b 3time Nb205
= T
o 2.0 N
— $ ‘\\\ \\\\
o i s O
% 18 Ny e S
g 4 e
- 144 ""‘--\__ ™~ \“\
a = ®
1.2 \&5
1.0 e

0o 1 2 3 4 5 6 7_8 9
Short-circuit current (mA cm'z)

Figure 5. SLIM-PCV measurement of DSSCs (a) Diffusion coefficient, (b) electron lifetime, (c) electron dif-
fusion length values vs short-circuit current of the DSCs with the Nb,O;-coated TiO,, compared with that
without the Nb,O..

The electron diffusion length (L,) is a useful tool to reflect the electron collection efficiency
(n.) is as shown in Fig 5(c). Typical photocurrent and photovoltage transients from the SLIM-
PCV measurements for DSSCs are given Table 2. L, values were increased with increasing
Nb,Os coating, implying that electron collection is efficient with increasing the Nb,Os coat-
ing. These results agree to the variation in current density of the corresponding devices. The
electron lifetime (7.) values obtained from photovoltage transient shows that increased .
values with increasing the Nb,Os coating and results agree with variation in photovoltage
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Table 2. SLIM-PCV analysis at different coating of Nb,Os on TiO, electrode.

Coating times of Nb,O, D(cm?/s)Electron diffusion coefficient 7 (s)Electron lifetime  L(um)Electron diffusion length

Untreated 3.610E-07 0.0439 12589
1time 3.750E-07 0.0524 1.4022
3times 3.916E-07 0.0607 1.541

values of the corresponding devices. Nb-doping has been reported to increase the possibility
of recombination of electron-hole pair by generating new recombination centers and/or pro-
moting band-to-band transition [37, 38]. In this study, however, the carrier recombination is
suppressed in Nb,Os coating photoanodes based on EIS and SLIM-PCV measurement. The
beneficial effect of Nb,Os coating could be related to the dynamic perspective. In other words,
Nb,Os coating could facilitate the electron transport and collection, which accounts for the
enhanced lifetime.

4. Conclusions

The effect of 1 and 3 times Nb,Os coating on the performance of dye-sensitized solar cells have
studied successfully. With a dip-coating method, Nb,Os energy barrier layer can be deposited
successfully on TiO, photoanode. Nb,Os with the appropriate thickness not only blocks the
backward transfer of electrons, but also accelerates its forward transfer. An excessively thick
layer of Nb,Os prevents the transfer of photo-generated electrons to the TiO, photoanode
because of the low conductivity of Nb,Os. As a result, the optimized Nb,Os/ TiO, photoan-
ode exhibits a higher n value, which is better than the bare TiO, photoanode. The increased
charge transfer could be one of the reasons for improved current densities as evidenced from
electrochemical impedance and SLIM-PCV analysis.
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