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We investigated the influences of stacking architectures of the TiO
2
nanoparticle layers on characteristics and performances of

DSSCs. TiO
2
nanoparticles of different sizes and compositions were characterized for their morphological and optical/scattering

properties in thin films. They were used to construct different stacking architectures of the TiO
2
nanoparticle layers for use as

working electrodes of DSSCs. Characteristics and performances of DSSCs were examined to establish correlation of the stacking
architectures of TiO

2
nanoparticle layers with characteristics of DSSCs. The results suggest that the three-layer DSSC architecture,

with sandwiching a 20 nm TiO
2
nanoparticle layer between a 37 nm TiO

2
nanoparticle layer and a hundred nm sized TiO

2
back

scattering/reflection layer, is effective in enhancing DSSC efficiencies. The high-total-transmittance 37 nm TiO
2
nanoparticle layer

with a larger haze can serve as an effective front scattering layer to scatter a portion of the incident light into larger oblique angles
and therefore increase optical paths and absorption.

1. Introduction

Increasing energy demands and concerns about global warm-
ing have encouraged scientists to develop low-cost and easily
accessible renewable energy sources in recent years. Dye-
sensitized solar cells (DSSCs) offer the advantages of rela-
tively high efficiencies, simple device structures, cost-effective
manufacturing, and variety andflexibility in applications thus
emerging as one of themost promising solar cell technologies
[1–3]. A typical DSSC consists of a transparent conductive
substrate, a porous thin-film photoelectrode composed of
TiO
2
nanoparticles, dyes, an electrolyte, and a counter elec-

trode [4]. In dye-sensitized solar cells (DSSCs), nanoporous
thin-film electrodes composed of TiO

2
nanoparticles are a

critical component [5–7], in terms of creating transport path-
ways for photo-generated electrons, providing high surface
areas for the adsorption of dyes, and providing pores for

the electrolyte solution to permeate [8–10]. In the early past,
DSSCs used planar electrodes for dye adsorption and only
dye molecules on the surface of the electrode could generate
photocurrent, resulting in a power conversion efficiency
of lower than 1% [11]. In 1991, Grätzel and his colleagues
utilized porous TiO

2
nanoparticle thin-film electrodes to

increase the surface areas for enhancing dye adsorption on
the surface of the TiO

2
working electrode [12]. As such, the

power conversion efficiency of the DSSCs was dramatically
improved.

As the compositions and architectures of the TiO
2
elec-

trodes is critical for preparation of efficient DSSCs [13–15],
researchers had been engaged in investigating influences of
the structures of TiO

2
electrodes on DSSC characteristics

and performances [16–20]. In designing/optimizing the TiO
2

electrodes, usually there is a trade-off between the optical
absorption/charge generation and the electrical/transport
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properties (e.g., series resistance, charge recombination,
open-circuit voltage, etc.) [21]. The optimized TiO

2
electrode

thickness is thus typically less than the desired optical absorp-
tion length [22], and different compositions and architectures
of the TiO

2
electrodes had been studied to enhance absorp-

tion and yet not degrading electrical/transport performances
of DSSCs [23]. For instance, a typical TiO

2
photoelectrode

of a DSSC includes a three-layer structure: a compact layer,
a nanocrystalline layer, and a scattering layer. In some
cases, the architecture for the TiO

2
nanoparticle electrode is

composed of a layer of small nanoparticles (tens of nm) for
larger surface areas and dye uptakes and a layer containing
larger nanoparticles (hundreds of nm) as the back optical
scattering/reflection layer for enhancing usage of the incident
light [24–26]. In some other cases, TiO

2
electrodes composed

of mixtures of small TiO
2
nanoparticles and significant

portions of large TiO
2
particles are also used as the layer

in front of the back scattering/reflection layer [27–29]. In
such cases, even stronger scattering could be induced by the
added large particles such that the originally weak absorp-
tion in some wavelength ranges (e.g., longer wavelengths)
could be enhanced, yet with the risk of degrading originally
efficient absorption in other wavelength ranges (e.g., shorter
wavelengths) due to significant back scattering loss of the
incident light [30]. It is therefore desired to have a TiO

2

nanoparticle electrode architecture that could provide some
degree of optical (forward) scattering and yet also retain a
high integrated transmittance to avoid back scattering loss of
the incident light.

In this study, we investigated the influences of vari-
ous stacking architectures of the TiO

2
nanoparticle lay-

ers on characteristics and performances of DSSCs. The
TiO
2
nanoparticles of different sizes and compositions were

characterized for their morphological and optical/scattering
properties in thin films. Comprehensive characterization
results of optical scattering properties (e.g., haze, total
integrated transmittance, etc.) of various TiO

2
nanoparti-

cles/compositions and their correlation with DSSC charac-
teristics were studied. We found that under appropriate con-
ditions/combinations, the front scattering can be beneficial
to the DSSC efficiency. The 37 nm TiO

2
nanoparticle layer

can provide a larger haze (i.e., stronger scattering) and yet
still high total transmittance than the typical 20 nm TiO

2

nanoparticles. When using 37 nm TiO
2
nanoparticle as the

front scattering layer forDSSCs, it canmore effectively scatter
a portion of the incident light into larger oblique angles and
therefore increase optical paths and absorption, beneficial to
DSSC efficiencies.

2. Experimental Details

2.1. Characterization of TiO
2

Nanoparticle Thin Films.
Anatase TiO

2
nanoparticle pastes with four different particle

sizes/compositions, T20 (20 nm), T37 (37 nm), D20 (20 nm
particles mixed with a portion of large particles of 200–
400 nm), and RSP (large particles of 200–400 nm) were
purchased from Solaronix SA, Switzerland.The specifications
of these TiO

2
nanoparticles are shown in Table 1. Their

properties to be obtained from characterizations described
below are also summarized in Table 1.

Scanning electron microscopy (SEM) was used to char-
acterize the morphology of TiO

2
nanoparticle thin films

and the TiO
2
nanoparticle sizes. Atomic force microscopy

(AFM) was used to characterize the topography of TiO
2

nanoparticle thin films and their surface roughnesses. The
thickness of the TiO

2
films was determined by a stylus-based

surface profiler. A UV-Vis spectrophotometer equipped with
an integrating sphere was used to characterize the trans-
mittance and scattering properties of the 6𝜇m thick TiO

2

nanoparticle films. In this work, two types of transmittance
were characterized: the total transmittance (𝑇total) and the
direct transmittance (𝑇direct). 𝑇total was measured by using
a monochromatic light beam normally incident onto sample
and then using an integrating sphere to collect transmitted
light over all angles. On the other hand, 𝑇direct was measured
by using amonochromatic light beamnormally incident onto
the sample and then collecting transmitted light only in the
normal direction (within a 5∘ collection angle). The haze
values of TiO

2
films, which are defined as the ratio of the

diffusively transmitted light against the total transmitted light
[31], were then obtained by Haze = (𝑇total − 𝑇direct)/𝑇total at
some specific wavelength, which is useful indication of the
optical scattering capability of a thin film.

2.2. DSSC Fabrication. DSSCs with different stacking
architectures of TiO

2
nanoparticle layers were fabricated

by using different TiO
2
nanoparticles. In fabrication of

devices, the glass substrates coated with the transparent
conductor fluorine-doped oxide (FTO) (Solaronix, TCO
22–15, with a sheet resistance of 15Ω/◻) were first cleaned
in a detergent solution using an ultrasonic bath and then
were rinsed with water and ethanol. The layered structure
of the nanoporous TiO

2
working electrode using different

TiO
2
nanoparticles was then coated onto FTO by the doctor-

blade method. The nanoporous TiO
2
electrodes were then

heated in an atmospheric oven first by gradually ramping
the temperature from 150∘C to 500∘C and then at 500∘C
for 30min. After cooling, the nanoporous TiO

2
electrodes

were immersed into a dye solution at room temperature
for 24 hours for dye adsorption. The dye solution was
composed of 0.5mM well-known ruthenium dye N719,
[cis-di(thiocyanato)-N-N-bis(2,2-bipyridyl-4-carboxylic
acid-4-tetrabutyl-ammonium carboxylate) ruthenium (II)]
[32], and 0.5mM of chenodeoxycholic acid (CDCA, as a
coadsorbent) in the acetonitrile/tert-butanol mixture (1 : 1)
[33].

Counter electrodes of the DSSC were prepared by
depositing 40 nm thick Pt films on other glass substrates
by e-beam evaporation. The dye-adsorbed TiO

2
working

electrode and a counter electrode were then assembled into
a sealed DSSC with a sealant spacer (the thickness of the
spacer is 25 𝜇m) between the two electrode plates. A drop of
the electrolyte solution (0.6M 1-butyl-3-methylimidazolium
iodide (BMII), 0.03M I

2
, 0.5M 4-tert-butylpyridine, and

0.1M guanidinium thiocyanate in a mixture of acetonitrile-
valeronitrile (85 : 15, v/v)) was injected into the cell through a
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Table 1: The properties of different TiO2 nanoparticles and different TiO2 nanoparticle films.

TiO2 sample name Particle size (nm) Roughness (6𝜇m thick) (nm) 𝑇total (500 nm) (%) Haze (500 nm) (%)
T20 20 8.69 86.6 7.2
T37 37 9.66 81.2 8.8
D20 20 + 200 32.26 52.4 92.2
RSP 200 77.52 16.3 99.7

drilled hole [34]. Finally, the hole was sealed. A mask with an
aperture area of 0.125 cm2 was covered on a testing cell before
measurements.The total active area of the device is 0.125 cm2.

2.3. DSSC Characterization. The photocurrent-voltage (I-V)
characteristics of the DSSCs were measured under illumi-
nation of the simulated AM1.5G solar light from a 300W
Xenon lamp solar simulator. The incident light intensity was
calibrated as 100mW/cm2. Photocurrent-voltage curves were
obtained by applying an external bias voltage to the cell and
measuring the generated photocurrent. The current-voltage
characteristics ofDSSCswere used to extract the short-circuit
current density (𝐽SC), open-circuit voltage (𝑉OC), fill factor
(FF), and power conversion efficiency (𝜂) of the DSSCs [35,
36].

The incident photon-to-current conversion efficiency
(IPCE) spectra of the devices were measured by using a
75W Xenon arc lamp as the light source coupled to a
monochromator. The IPCE data were taken by illuminating
monochromatic light on the solar cells (with the wavelength
from 300 nm to 800 nm) and measuring the short-circuit
current of the solar cells [37]. The IPCE measurement was
performed with a lock-in amplifier, a low-speed chopper, and
a bias light source under the full computer control.

In addition to the standard I-V and IPCE characterization
of solar cells, in this study, the electrochemical impedance
spectroscopy (EIS) was also used to analyze the internal
impedance properties ofDSSCs [38–40].The electrochemical
impedance spectroscopy of the cells was measured by using
an impedance analyzer with a frequency range of 20Hz to
1MHz. In this study, during the impedance measurement,
the cell was under the constant AM 1.5G 100mW/cm2
illumination. The impedance of the cell (throughout the
frequency range of 20Hz to 1MHz) was then measured by
applying a bias at the open-circuit voltage 𝑉OC of the cell
(namely, under the condition of no DC electric current) and
by using an AC amplitude of 10mV.

3. Results and Discussions

3.1. Properties of TiO
2
Nanoparticle Thin Films. Figures 1

and 2 show the SEM and AFM images of the various TiO
2

nanoparticle films (6𝜇m thick). As shown in SEM images
of Figure 1, T20 and T37 are composed of only small TiO

2

nanoparticles; D20 is composed of mostly small particles and
yet also some large particles (>100 nm); RSP is composed of
only large TiO

2
particles exceeding 100 nm. Also, the size of

pores in the TiO
2
electrodes increases with the nanoparticles’

size. With the size of larger particles in D20 and RSP being

similar to the optical wavelengths, one may expect strong
scattering effects from these samples, compared to T20 and
T37. Topographical characteristics examined by AFM for
these samples (Figure 2) are similar to/consistent with those
observed by SEM. Yet the surface roughness can now be
quantitatively determined from the AFM results. T20 and
T37 films show smaller surface roughnesses of 8.69 and
9.66 nm, respectively, while D20 and RSP containing large
particles show significantly greater surface roughnesses of
32.26 and 77.52 nm, respectively.Theparticle sizes and surface
roughnesses of all samples are summarized in Table 1.

Figure 3 shows the total transmittance (𝑇total) and the
direct transmittance (𝑇direct) spectra of the various TiO

2

nanoparticle films (6 𝜇m thick). 𝑇total and haze (calculated
from 𝑇total and 𝑇direct spectra) of various TiO2 nanoparticle
films at the wavelength of 500 nm are also summarized in
Table 1. As can be seen in Figure 3 and Table 1, increasing the
nanoparticle size from 20 nm (T20) to 37 nm (T37) raises the
haze value from 7.2% to 8.8%. 𝑇total also drops (from 86.6%
to 81.2%) but still remains a rather high value. Furthermore,
the occurrence of larger particles (∼200 nm, D20 and RSP
films) largely raises haze values and thus the optical scattering
capability.Withmixing a small portion of large nanoparticles
in the D20 film, the haze at 500 nm rises sharply to >90%
and 𝑇total drops to 52.4%. In the most dramatic case of the
RSPfilmcontaining only large particles, the normal-direction
transmittance 𝑇direct is almost completely blocked, resulting
in a small 𝑇total of only 16.3%. A low 𝑇total implies that most
of the incident light cannot transmit through the film (either
directly or by scattering) but is scattered backward/reflected
instead. Due to low 𝑇total of D20 and RSP films (strong
back scattering/reflection), they are not suitable for use as
the major active absorption layer in DSSC. In this work, we
tested them as the optical scattering layer in some device
architectures.

3.2. Characteristics of DSSCs with Varied Stacking Architec-
tures of TiO

2
Nanoparticle Films. The various TiO

2
nanopar-

ticle thin films were then subjected to DSSC studies. Figure 4
shows the schematic diagrams of various TiO

2
nanoparticle

thin films.The influences of the various stacking architectures
of TiO

2
nanoparticle thin films on the photovoltaic character-

istics of the DSSCs were investigated.
We first examined the effects of the TiO

2
nanoparticle

film thickness on DSSC characteristics, using single-layer
T20 nanoparticle (particle size: 20 nm) thin-film electrodes
having thicknesses of 8 𝜇m, 12 𝜇m, and 16 𝜇m (Figures 4(a),
4(b), and 4(c)). Figure 5 shows the photocurrent density-
voltage (J-V) characteristics and IPCE spectra of these
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(a) (b)

(c) (d)

Figure 1: SEM images of the various TiO
2
nanoparticle films (6𝜇m thick): (a) T20, (b) T37, (c) D20, and (d) RSP.

DSSCs. Corresponding photovoltaic characteristics, short-
circuit current 𝐽SC, open-circuit voltage 𝑉OC, fill factor FF,
and power conversion efficiency are also summarized in
Table 2. Results show that the IPCE and 𝐽SC increase with the
TiO
2
thickness, mainly because of enhanced absorption with

thicker dye-loaded films. On the other hand, 𝑉OC decreases
with the TiO

2
thickness, suggesting some loss mechanisms

of photogenerated carriers, such as electron recombination,
in thicker films. T20 nanoparticle thin-film electrode having
thickness of 16 𝜇m gave higher current than 12 𝜇m. T20
nanoparticle thin-film electrode having thickness of 16 𝜇m
gave lower efficiency than the 12 𝜇m samplemainly due to the
lower 𝑉OC. Because of trade-offs between these competing
mechanisms, the DSSC performances are optimized when
the TiO

2
electrode has a thickness of about 12 𝜇m, although

it is not optimized for the strongest absorption. In all

subsequent DSSC experiments, a total thickness of 12𝜇mwas
adopted for the TiO

2
absorption layer of DSSCs.

We then examined DSSCs containing a 12𝜇m thick T20
or T37 TiO

2
nanoparticle film, either with or without coating

an extra 4-𝜇m-thick RSP layer on top as the back scattering
layer, yielding four combinations (T20, T20+RSP, T37, and
T37+RSP) (Figures 4(b), 4(d), 4(e), and 4(f)). Figure 6 shows
the J-V characteristics and the IPCE spectra for the T20
and the T20+RSP DSSCs, while Figure 7 shows the J-V
characteristics and the IPCE spectra for the T37 and the
T37+RSPDSSCs. Corresponding photovoltaic characteristics
are also summarized in Table 2. For both T20 and T37
cases, devices with an additional back scattering/reflecting
layer of 4 𝜇m thick RSP nanoparticles exhibit significantly
enhanced 𝐽SC and power conversion efficiency (Figures 6(a)
and 7(a), Table 2). The enhanced IPCE spectra with the
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Figure 2: AFM images of the various TiO
2
nanoparticle films (6𝜇m thick): (a) T20, (b) T37, (c) D20, and (d) RSP.

Table 2: Photovoltaic characteristics of DSSCs with various stacking architectures of different TiO2 nanoparticle layers.

TiO2 electrode Peak IPCE (%) 𝐽SC (mA/cm2) 𝑉OC (V) FF Efficiency (%)
T20 (8𝜇m) 60.02 10.28 0.79 0.68 5.48
T20 (12𝜇m) 71.37 11.92 0.75 0.71 6.32
T20 (16𝜇m) 74.32 12.71 0.70 0.67 6.01
T20 (12𝜇m) + RSP (4𝜇m) 80.75 14.85 0.77 0.71 8.11
T37 (12𝜇m) 71.05 11.70 0.77 0.67 6.07
T37 (12𝜇m) + RSP (4𝜇m) 79.41 14.50 0.76 0.69 7.59
T20 (6 𝜇m) + T37 (6𝜇m) + RSP (4 𝜇m) 80.12 14.81 0.75 0.69 7.65
T37 (6𝜇m) + T20 (6 𝜇m) + RSP (4 𝜇m) 86.54 15.72 0.77 0.70 8.47
D20 (6𝜇m) + T20 (6 𝜇m) + RSP (4 𝜇m) 68.82 13.06 0.77 0.68 6.83

addition of the RSP back scattering/reflecting layer (Figures
6(b) and 7(b)) indicate that the enhanced 𝐽SC and power
conversion efficiency are due to more efficient absorption
and use of the incident light with the optical back scattering.
Among the T20 and T37 devices, the T20+RSP device shows
higher conversion efficiency (8.11%) than the T37+RSP device

(7.59%), perhaps due to larger dye uptakes with smaller
nanoparticles.

Since the T37 nanoparticle layer exhibits stronger optical
scattering than the T20 nanoparticle layer (haze in Table 1,
8.8% versus 7.2%) and yet still retains a high total trans-
mittance, it may be used as the front scattering layer of a
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Figure 3: The total transmittance (𝑇total) and the direct transmittance (𝑇direct) spectra of the various TiO2 nanoparticle films (6𝜇m thick):
(a) T20, (b) T37, (c) D20, and (d) RSP.

DSSC to further boost efficiency.We thus further constructed
the three-layer DSSC architecture by sandwiching a 6 𝜇m
T20 layer between a 6 𝜇m T37 front scattering layer and
a 4 𝜇m RSP back scattering layer (Figure 4(g)). Figure 8
shows the J-V characteristics and the IPCE spectrum of the
T37+T20+RSP DSSC, with its photovoltaic characteristics
being summarized in Table 2. It is seen that with the T37
layer in front of the T20 layer, IPCE is increased from
80.75% of the T20+RSP two-layer architecture to 86.54%
of the T37+T20+RSP three-layer architecture, leading to
enhancement of 𝐽SC from 14.85mA/cm2 to 15.72mA/cm2
and enhancement of conversion efficiency from 8.11% to
8.47%. For comparison, we also constructed two three-layer
DSSCs D20+T20+RSP (Figure 4(h)) and T20+T37+RSP
(Figure 4(i)). The D20 layer has much stronger optical
scattering capability than the T37 layer (but also much
lower total transmittance). The J-V characteristics and the

IPCE spectrum of the D20+T20+RSP and T20+T37+RSP
DSSCs are also shown in Figure 8, while their photovoltaic
characteristics are summarized in Table 2. Compared to
the T37+T20+RSP DSSC, the 𝐽SC, IPCE, and conversion
efficiency of the D20+T20+RSP and T20+T37+RSP three-
layer devices all decrease. These results clearly indicate that
the high-total-transmittance T37 layer with a larger haze can
serve as an effective front scattering layer to scatter portion
of the incident light into larger oblique angles and therefore
increase optical paths and absorption.

3.3. Electrochemical Impedance Spectroscopy of Devices. The
effects of stacking architectures of TiO

2
nanoparticle lay-

ers on characteristics of DSSCs were further investigated
by electrochemical impedance spectroscopy (EIS). EIS is
a useful tool for characterizing interfacial charge-transfer
processes in DSSCs, such as the charge recombination at the
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Figure 4: Schematic diagrams of the stacking architectures of TiO
2
nanoparticle layers: (a) T20 (8 𝜇m), (b) T20 (12𝜇m), (c) T20 (16𝜇m),

(d) T20 (12𝜇m)+RSP (4 𝜇m), (e) T37 (12𝜇m), (f) T37 (12𝜇m)+RSP (4 𝜇m), (g) T37 (6𝜇m)+T20 (6𝜇m)+RSP (4 𝜇m), (h) D20 (6 𝜇m)+T20
(6𝜇m)+RSP (4 𝜇m), and (i) T20 (6𝜇m)+T37 (6 𝜇m)+RSP (4𝜇m).

TiO
2
/dye/electrolyte interface, electron transport in the TiO

2

electrode, electron transfer at the counter electrode, and ion
transport in the electrolyte [41, 42]. In this study, EIS was
conducted by subjecting the cell to the constant AM 1.5G
100mW/cm2 illumination and to the bias at the open-circuit
voltage 𝑉OC of the cell (namely, the condition of no DC
current).

Figure 9 shows the EIS Nyquist plots (i.e., minus the
imaginary part of the impedance-𝑍 versus the real part
of the impedance 𝑍 when sweeping the frequency) for the

T20 single-layer device, the T20+RSP two-layer device, and
the T37+T20+RSP three-layer device. In the frequency range
investigated (20Hz to 1MHz), a larger semicircle occurs in
the lower frequency range (∼20Hz to 1 kHz) and a smaller
semicircle occurs in the higher frequency range. The larger
semicircles in the lower frequency range (∼20Hz to 1 kHz) are
not complete due to the limited frequency range of our instru-
ment (the lowest frequency is not low enough). With the
bias illumination and voltage applied, the larger semicircle at
lower frequencies mainly corresponds to the charge-transfer
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Figure 5: (a) Photocurrent density-voltage (J-V) characteristics and (b) IPCE spectra of DSSCs using single-layer T20 nanoparticle thin-film
electrodes having thicknesses of 8𝜇m, 12𝜇m, and 16 𝜇m.
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Figure 6: Comparison of (a) photocurrent density-voltage (J-V) characteristics and (b) IPCE spectra of DSSCs using the single-layer T20
nanoparticle electrode and the T20+RSP two-layer nanoparticle electrode.

processes at the TiO
2
/dye/electrolyte interface [43], while the

smaller semicircle at higher frequencies mainly corresponds
to the charge-transfer processes at the Pt/electrolyte interface
[44]. The intercept on the horizontal axis (𝑍) represents the
series resistance of the device [45], which is associated with
the sheet resistance of the FTO.Consistently, the three devices

show same series resistances since same FTO substrates were
used.

To extract quantitative impedance characteristics of the
DSSCs, the measured impedance characteristics in Figure 9
were reproduced using the equivalent circuit shown in
Figure 10 [46]. The series resistance 𝑅

𝑆
is associated with
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Figure 7: Comparison of (a) photocurrent density-voltage (J-V) characteristics and (b) IPCE spectra of DSSCs using the single-layer T37
nanoparticle electrode and the T37+RSP two-layer nanoparticle electrode.
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Figure 8: (a) Photocurrent density-voltage (J-V) characteristics and (b) IPCE spectra of DSSCs using the T37+T20+RSP, D20+T20+RSP,
and T20+T37+RSP three-layer nanoparticle electrodes.

the contribution from the FTO and counter electrodes. The
resistance 𝑅Pt in parallel with the constant phase element
CPEpt is associated with the impedance at the Pt/electrolyte
interface [47]. The impedance of a constant phase element
(CPE) has the general form of 𝑍(𝜔) = 𝑄(𝑗𝜔)−𝛼, where
𝜔 is the angular frequency, 𝑄 the CPE parameter, and
𝛼 the CPE exponent. 𝑄 is a constant parameter, and the
parameter 𝛼 can assume values between 0 and 1 [48]. The
parameter 𝛼 describes the degree of the capacitive character;

when 𝛼 = 1, the CPE is like a regular capacitance.
The CPE distributed element is introduced to account for
dispersive characteristics of the interfacial capacitance, which
are induced by spatial inhomogeneities (e.g., roughness) of
the Pt/electrolyte interface [49]. The resistance 𝑅ct in parallel
with the capacitance 𝐶

𝜇
is associated with the impedance

at the TiO
2
/dye/electrolyte interface [50], in which 𝑅ct and

𝐶
𝜇
represent the charge-transfer resistance and the chemical

capacitance at theTiO
2
/dye/electrolyte interface, respectively.



10 Journal of Nanomaterials

40

35

30

25

20

15

10

5

0
10 20 30 40 50 60 70 80 90

−
𝑍


(o
hm

)

𝑍 (ohm)

T20 (measured)
T20 (fitted)
T20 + RSP (measured)

T20 + RSP (fitted)
T37 + T20 + RSP (measured)
T37 + T20 + RSP (fitted)

Figure 9: Measured and calculated EIS Nyquist plots for the
T20 single-layer device, the T20+RSP two-layer device, and the
T37+T20+RSP three-layer device.

𝐶𝜇

𝑅𝑆

CPEPt

𝑅Pt𝑅 ct

Figure 10: Equivalent circuit used to reproduce measured Nyquist
plots shown in Figure 9.

Table 3:The parameters used to fit the EISNyquist plots of the three
devices in Figure 9.

TiO2 electrode T20 T20 + RSP T37 + T20 + RSP
𝑅
𝑆
(ohm) 19.87 21.02 20.14
𝑅Pt (ohm) 15.19 14.97 15.12
CPEPt (Q/𝛼) 1.66 × 104/0.73 1.50 × 104/0.72 1.61 × 104/0.78
𝑅Ct (ohm) 43.32 34.35 32.24
𝐶
𝜇
(F) 1.15 × 10−4 1.39 × 10−4 7.63 × 10−5

In the equivalent circuit shown in Figure 10, the electron
transport (diffusion) resistance in the TiO

2
nanoparticles is

neglected due to biasing at 𝑉OC. Also, the impedance of the
electrolyte is not considered since its effects occur at much
lower frequencies (i.e., out of the frequency range investigated
in this study). As shown in Figure 9, by carefully adjusting
the device parameters, each curve in the Nyquist plot (each
associated with a device architecture) can be well reproduced
using the equivalent circuit of Figure 10.The parameters used
to fit the curves for different devices are shown in Table 3.

In Table 3, one sees that the properties associated
with the series resistance and the Pt/electrolyte interface
remain similar for the three different devices, as one would

expect. The extracted charge-transfer resistance 𝑅ct (for the
TiO
2
/dye/electrolyte interface) of the T20 single-layer device,

the T20+RSP two-layer device, and the T37+T20+RSP three-
layer device is 43.32Ω, 34.35Ω, and 32.24Ω, respectively.
The decrease of 𝑅ct with the increase of the DSSC effi-
ciency indicates that electron generation and transfer at the
TiO
2
/dye/electrolyte interface are enhanced with more effi-

cient absorption and use of the incident photons [51], consis-
tentwith photovoltaic characteristics of devices. Among these
three devices, the T37+T20+RSP device gives the smallest
𝑅ct, which corresponds to the optimal light harvesting and
electron generation due to the high-total-transmittance front
scattering layer (T37) and the effective back scattering layer
(RSP). The higher 𝐶

𝜇
of the T20+RSP cell than the single-

layer T20 cell is also associated with more efficient carrier
generation, while the lower𝐶

𝜇
of the T37+T20+RSP cell (ver-

sus the T20 cell and the T20+RSP cell) is perhaps associated
with reduced surface areas of TiO

2
nanoparticle layers (when

incorporating larger T37 nanoparticles in absorption layers)
[52]. In general, the EIS results are in good agreement with
results of the short-circuit currents and the overall power
conversion efficiencies of the DSSCs.

4. Conclusions

In conclusion, we investigated the influences of stacking
architectures of the TiO

2
nanoparticle layers on character-

istics and performances of DSSCs. TiO
2
nanoparticles of

different sizes and compositions were characterized for their
morphological and optical/scattering properties in thin films.
They were used to construct different stacking architectures
of the TiO

2
nanoparticle layers for use as working electrodes

of DSSCs. Characteristics and performances of DSSCs were
examined to establish correlation of the stacking architectures
of TiO

2
nanoparticle layers with characteristics of DSSCs.

The results suggest that the three-layer DSSC architecture,
with sandwiching a 20 nm TiO

2
nanoparticle layer between

a 37 nm TiO
2
nanoparticle layer and a hundred nm sized

TiO
2
back scattering/reflection layer, is effective in enhancing

DSSC efficiencies. The high-total-transmittance 37 nm TiO
2

nanoparticle layer with a larger haze can serve as an effective
front scattering layer to scatter a portion of the incident light
into larger oblique angles and therefore increase optical paths
and absorption.
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