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Abstract: The DSSCs (Dye-sensitized solar cells) with photoanode using different sizes of particulate TiO, (18 nm, 30 nm and 200
nm) have been fabricated. The synthetic organic dyes (LEG4) was used as photosensitizer. The present work mainly investigates the
influence of TiO, photoanode modification on light absorption, charge transport and carrier recombination which are then correlated
to the device efficiency measured under AM1.5 solar irradiance. The DSSCs with photoanode using larger 200-nm-TiO, as light
scatterer outperform other devices without larger TiO,. It is attributed to an increase in harvesting photons (by UV-vis spectroscopic
measurement) via light scattering, smaller ideality factor (by dark current analysis), thus lower recombination possibility, lower
charge transfer resistance and longer electron lifetime (by electrochemical impedance spectroscopy) which results in longer electron
diffusion and higher charge collection efficiency. The photoanode modification in DSSCs has a strong impact on optical and charge
transport properties, and eventually on the photovoltaic performance.
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1. Introduction Mesoporous nanoparticulate TiO, semiconductor is

.. ) a commonly used photoanode material for its
The DSSC (dye-sensitized solar cell) is a photo ) ) ) ) .
) . . relatively high energy conversion efficiency, high
electrochemical solar cell using redox mediator to ) o
. specific surface area [9], non-toxicity and low cost
transport electrons and become an attractive ; ] ] o
. . . [10]. However one major constraint of this material is
alternative to the widely used Si-based solar cell due ; )
) ) L its random electron transport which would lead to
to its low processing cost, ease of fabrication, ) o )
. . charge carrier recombination in the device [11]. In
moderate efficiency [1-4]. In order to improve power - ) ) o
) . addition, due to its small size, it is transparent to
conversion efficiency of DSSCs, many attempt shave

been devoted to modification of the DSSC

components such as photoanode, electrolyte,

visible light, weak in visible light scattering and high
recombination of photo generated electron-hole pairs

. [12]. The charge recombination, the electron loss in
photosensitizer dye molecules and counter electrode ) ) o o
. L the device, is one of the principal factors limiting
[5]. Among them, the photoanode modification is of . .
o ] . . . power conversion efficiency [13].
crucial importance in enhancing device efficiency .
. . To address the charge recombination issue and
since it works as both photon harvestor (by . i
. achieve good scattering performance, several
photosensitizer dye) as well as charge transporter (by . .
. strategies have been utilized over the years. For
n-type semiconductor) [6-8]. . . . .
instance, integration of photonic crystals and larger

) sized metal oxide nanostructures at photoanode which
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light scattering [14], integration of plasmonic metal
nanostructures in TiO, which offer light concentration
and better light scattering via a phenomenon of
surface plasmonics, and doping of metal or non-metal
into TiO, which would change the sub-band states,
modulating the band gap [15, 16]. Many attempts on
photoanode modification in DSSCs and associated
efficiency improvements are widely acknowledged
[17, 18]. The rationales of efficiency enhancement via
modifying the photoanode using different sizes of
particulate TiO, in terms of current leakage, charge
transport and carrier recombination have not yet
widely been explored. In the present work, the
photoanodes of DSSCs were fabricated using different
sizes of particulate TiO, so as to study the effect of
modifying photoanode on light absorption, current
leakage, charge transport and charge recombination
resistance, eventually on the device efficiency.

2. Experimental Section

The FTO (fluorine doped tin oxide) coated glass
substrates were ultrasonically cleaned with detergent,
alcohol and deionized water followed by nitrogen
blow and UV exposure for 15 min to ensure full
dryness and remove organic contamination on the
substrate. The TiO, films
screen-printed on FTO substrates using TiO, paste
(Dyesol DSL 30 NRD-T) with different nanoparticle
sizes of 18 nm, 30 nm and 200 nm. We prepared six

mesoporous were

different multilayer TiO, samples, namely (i) 18 nm,
(i) 18/18 nm, (iii) 18/200 nm, (iv)30 nm, (v) 30/30
nm and (vi) 30/200 nm. The resulting TiO, films were
immersed in  the solution  of  organic
dye[3-{6-{4-[bis(2',4'dibutyloxybiphenyl-4yl)amino]p
henyl}-4,4-dihexylcyclopenta[2,1b:3,4b'|dithiophen-2
-yl}-2-cyanoacrylic  acid, in  short, LEG4
(DyenamoDN-FO05)] for 24 hours in order to infiltrate
dye into TiO, matrices. They were then rinsed with
ethanol to remove unwanted solid residues. The
thickness of TiO, layers was measured by surface
profilometer (Tencor, Alpha-Step 1Q).

The absorption spectra of dye loaded TiO, films

were recorded using UV-Vis spectrophotometer
(Thermo Scientific, Genesys 10S) in the wavelength
range of 300-900 nm. The dye sensitized solar cells
(DSSCs) were assembled by introducing the redox
electrolyte (0.05 M/I, and 0.5 M/Lil in acetonitrile)
between the dye loaded TiO, electrode (photoanode)
and platinum counter electrode. The current—voltage
(I-V) characteristics of DSSCs were measured at room
temperature by using a source meter (Keithley 2400)
and solar simulator (Newport/Oriel). The AM 1.5
illumination of intensity 1000 W/m® was calibrated
using a standard Si solar cell certified by NREL
(National Renewable Energy Laboratory). The I-V
characteristics were also recorded in dark for
extraction of ideality factor. EIS (Electrochemical
impedance spectroscopic) measurement was also
performed in dark to analyze the charge transport
resistance and recombination lifetime in the DSSCs
using the potentiostat/Galvanostat electrochemical
analyzer (Corrtest: CS350). The impedance spectra
were analyzed using the Z view software. The
frequency range is 0.01-100 kHz and the magnitude of

AC signal is 10 mV.
3. Results and Discussion

First, we studied the optical absorption of LEG4
dye loaded on different TiO, scaffolds [18 nm (4 pum),
18/18 nm (7 pum), 18/200 nm (9 um), 30 nm (4 pm),
30/30 nm (7 pum) and 30/200 nm (9 um)]. The values
in the parenthesis represent the thickness of TiO,
films. Their optical absorption spectra are shown in
Fig. 1. For all samples, the absorption peak is centered
at 475 nm which is the characteristic of LEG4 [19]. It
is observed that the optical absorption increases with
increasing TiO, layer thickness which is attributed to
increased dye surface area (higher dye loading) with
thicker TiO, [20]. The absorption enhancement is
more pronounced in the 18/200 nm and 30/200 nm
samples which is ascribed to the back light scattering
by larger TiO, nanoparticles (200 nm) thereby
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increasing the path length of photons [21].

Next, we used the LEG4 dye/Ti0; as photoanode in
DSSCs studied the effect
modification on the power conversion efficiency of
DSSCs. Fig. 2 shows the I-V characteristics of DSSCs
with six different TiO, photoanodes under AM 1.5

solar irradiance. The photovoltaic device parameters

and of photoanode

extracted from the /-V curves are listed in Table 1. In
the DSSCs with 18-nm-based TiO,, higher efficiency
(7) of 3.19% with open circuit voltage (V,.) of 0.68 V,
short circuit current density (J,.) of 6.26 mA/cm” and
fill factor (FF) of 0.52 was realized with 18/200 nm
TiO, photoanode. Likewise, in the DSSCs with
30-nm-based TiO,, higher 77 of 4.76% with V,. = 0.73
V, Je = 8.49 mA/em’ and FF = 0.61 was realized with
30/200 nm TiO, photoanode. Higher efficiency with
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from J;. enhancement. This photocurrent enhancement
would be due to an effective back scattering of light
which

effectively increased dye absorption [22] evidenced by

by larger TiO, nanoparticles (200 nm),

the absorption spectra (Fig. 1). The light scattering at
TiO, scaffolds is thus an important phenomenon
influencing the performance of DSSCs. It is also
that further
200-nm-TiO, negated the efficiency of devices (the

found increase in thickness of
data is not shown here).

Following the determination of device efficiency,
charge recombination and leakage current in DSSCs

upon modifying the photoanode were also investigated
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Fig. 1 The absorption spectra of the LEG4 dye loaded on different TiO, scaffolds
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Fig. 2 The J-V characteristics for DSSCs using different TiO, photoanodes.
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Table1 Device parameters (Vo Js, FF, 77) of DSSCs using different TiO, photoanodes.

TiO, Photoanode Ve (V) Jse (mA/cm2) FF (%) 1 (%)
18 nm 0.424 1.983 38.787 0.408
18 nm/18 nm 0.611 2.370 48.393 1.045
18 nm/200 nm 0.678 6.263 52.668 3.194
30 nm 0.590 1.909 44.158 0.742
30 nm/30nm 0.605 3.446 46.199 1.377
30 nm/200 nm 0.728 8.498 61.605 4762
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Fig. 3 The In(J)-V characteristics in dark of DSSCs with
18 nm TiO, photoanode.

using dark current analysis. The informative

parameters such as ideality factor (n), reverse
saturation current (J,), series resistance (R;) and shunt
resistance (Ry,) were extracted from the dark J-V
curve. The device can be simply described by a
one-diode equivalent model and the current flow
across the device is represented by the general diode
equation taking into account the series and shunt

resistances.

V-JA V-JA
J=1J,|exp « Rs) =1+ RS—J 7
nkT ARy p

where, J, is the reverse saturation current density, ¢ is
the electronic charge, V is the applied voltage, A is the
effective diode area, n is the ideality factor, k is the
Boltzmann constant, 7 is the absolute temperature, R
is the series resistance and Ry, is the shunt resistance.
In dark, the photocurrent density (J,) is zero. Fig. 3
reveals the In(J)-V characteristics in dark of DSSCs
with 18 nm TiO,. In the plot [In(J) vs. V], the three
regions can be identified. Region I is a linear region at

reverse voltages and low forward voltages where

extracted parameters are listed in Table 2.

The ideality factor (n) reflects the quality of
interfaces within device and recombination behaviors
at that interfaces. Enhanced disorder or defects
induced recombination loss typically results in higher
n values, deviating from the ideal diode behavior [24]
The n value is 3.0 and 2.6 in the DSSC with 18 nm
and 30 nm TiO, photoanode respectively. Upon
modifying the photoanode with larger TiO, (200 nm),
the n decreased to 1.7 and 1.3 respectively in the
DSSCs with 18/200 nm and 30/200 nm photoanode. It
is indicative of reduced charge recombination and
consequently the V,. increased in these devices [25].
The reverse saturation current density (J,) is a leakage
current flowing across the charge collecting electrodes
in the device. As seen in Table 2, decreased J, with
larger TiO, suggests less current leakage in these
devices. Also observed are the lower R; and higher Ry,
in DSSCs with larger TiO, which would result in
higher FF in these devices.

Electrochemical impedance spectroscopy (EIS) is
one of the most important tools to elucidate the
charge transfer and transport processes in various
electrochemical systems including DSSCs. Fig. 4 (a, ¢)
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depicts the Nyqu ist plots of EIS spectra with the
inset showing the schematic of the internal resistance

related to the charge transfer kinetics in DSSCs.

There are two semicircles in EIS spectra; the small

one at high frequency fitted to a charge transfer

Table 2 Dark current analysis parameters (n, Jo,, R;and Rqp).

resistance (R.;) and chemical capacitance (C)) is

assigned to electrochemical reaction at the redox

electrolyte/platinum interface while the larger one at

low frequency fitted to a charge transfer resistance
(R.pn) and chemical capacitance (C;) is assigned to

TiO, Photoanode n J, (mA/cm?) R, (kQcm?) Ry, (kQcm?)
18 nm 3.0 9.74x107 0.090 7.773
18 nm/18nm 2.8 5.73x107 0.052 33.155
18 nm/200 nm 1.7 2.16x107 0.048 55.822
30 nm 2.6 8.31x107 0.056 16.591
30 nm/30nm 2.2 7.95%x107 0.050 33.775
30 nm/200 nm 1.3 1.65%107 0.038 37.085
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Fig. 4 EIS spectra (a, c) Nyquist plot and (b, d) Bode plots for DSSCs with different photoanodes The schematic above the

Fig depicts the internal resistance related to the charge transfer kinetics in DSSC).
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Table 3 EIS data of DSSCs with different TiO, photoanodes.

TiO, Photoanode R.n(QY) R.o(QY) Frax(Hz) 7, (ms)
18 nm 21.7 139.4 46.6 3.4

18 nm/18 nm 20.9 60.7 12.4 12.7
18 nm/200 nm 9.9 19.6 6.5 24.2
30 nm 232 88.8 15.3 10.4
30 nm/30 nm 18.2 333 9.8 16.2
30 nm/200 nm 9.0 14.2 4.0 39.7

charge transfer reactions at the TiO,/dye/electrolyte
interface and the accumulation/transport of the
film. The total

impedance of the DSSC is the sum of the impedance

injected electrons within TiO,

at the Pt and TiO, electrodes, and the impedance due
to diffusion of tri-iodide in the electrolyte. These data
were analyzed with a non-linear least square fitting
program using Z view software.

The resulting impedance parameters listed in Table
3 show that the DSSCs with TiO; scattering layer (18
nm/200 nm and 30 nm/200 nm) exhibits the lower
values of R.; and R., which indicates the more
efficient charge transfer process at the interfaces of
electrolyte/Pt and TiO,/dye/electrolyte. The Bode
phase plots of EIS spectra (Fig. 4b, d) display the
characteristic frequency peaks of the charge transfer
process at different interfaces which are listed in Table
3. The characteristic frequency (f) is related to the
inverse of electron lifetime (z,) [z = 1/(27fmax) Where,
Jfimax 18 the maximum frequency of the mid-frequency
peak]. The electron lifetimes are longer with TiO,
scattering layer, 24.2 ms with 18 nm/200 nm
photoanode and 39.7 ms with 30 nm/200 nm
photoanode. Longer electron lifetime could favor the
electron transport through a longer distance which
lowers the recombination resistance (R,.) in the
device [26].

4. Conclusions

The DSSCs with a multilayer structure of TiO,
using different nanoparticle sizes (18 nm, 30 nm and
200 nm) as fabricated and
characterized. It was found that the DSSCs with larger
TiO, (200 nm) as scattering layer rendered a relatively

photoanode were

higher device efficiency which is correlated to the
optical and charge transport properties and charge
recombination in the device. Optical absorption
enhancement with TiO, scattering layer is due to
increased dye loading in the TiO, and back light
scattering by larger TiO, particles. Dark current
analysis revealed that ideality factor and reverse
saturation current are lower with TiO, scattering layer
which indicate the low current leakage and charge
recombination probability. Electrochemical
impedance spectroscopy measurement indicated the
lower charge transfer resistance suggesting high
recombination resistance and longer electron lifetime
which would result in higher charge collection and
photocurrent generation in the device. To sum up,
relatively higher device efficiency with photoanode
using layer TiO, as scattering layer is attributed to
increased light absorption, favorable charge transport
and lower charge recombination in the device. The
photoanode modification is critical in modulating the
optical and charge

transport  properties and

photovoltaic performance of DSSCs.
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