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Nanostructured materials, such as nanowires, nanorods, and
quantum dot structures, are being studied and developed for
solar cell applications since they have enabled the fabrication
of high eﬃcient and low-cost devices. It is believed that there
are mainly two approaches to reduce the cost per kilowatthour of electrical energy generated by solar cell devices.
Firstly, one can aim to increase the eﬃciency of the device,
usually by pursuing new cell designs that can take full advantage of high-quality absorber materials. Secondly, one can
pursue cost reductions while maintaining the eﬃciency of
the device, often done by exploring novel manufacturing
approaches but also sometimes with new cell designs and
perhaps by exploiting lower-quality, cost attractive materials
and processes. From either perspective, nanostructuring of
inorganic solar cells oﬀers the possibility of reducing the cost
of photovoltaics by allowing smaller amounts of lower-grade
photovoltaic semiconductor materials to be used or improving the photoelectric conversion eﬃciency by making more
light and charge carriers to be harvested. The device physics,
including carrier/exciton separation, charge extraction, and
recombination, is strongly inﬂuenced by the nanostructure.
Research in various fabrication methods and their inﬂuence
on the device physics has also provided insight on how to
increase eﬃciency limits. Additionally, the synthesis of solar
cells by solution-based methods or fabrication pathways

using less traditional, abundant materials is identiﬁed as a
promising route to wide-scale photovoltaic electricity generation. Nanostructured solar cell geometries are highlighted as
essential in this approach.
The use of dyes as sensitizers in solar cells has also been
the target of current active research, due to the low production cost, adaptable optical properties, and high performance. However, several issues are still to be solved
regarding long-term stability, and an expected improvement
in the conversion eﬃciency is also needed so they can be
suitable for large-scale applications.
This special issue selects 7 papers about diﬀerent
nanostructured solar cells. It consists of 4 papers on
dye-sensitized solar cells (DSSC) addressing its variety
of material properties such as dyes, electrodes, and
others, the photoelectric properties, and the ageing eﬀect
by the impedance spectroscopic method. The issue also
covers perovskite solar cells, n-Si/PEDOT:PSS organicinorganic heterojunction-based hybrid solar cells, and
nanostructured ultrathin silicon solar cells covering a
variety of related aspects towards achieving eﬃcient
and stable nanostructured PV devices.
For example, P. Bhatt et al. discussed the eﬀect of ageing
on the performance of dye-sensitized solar cells (DSCs).
Based on a detailed degradation study of DSC by
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electrochemical impedance spectroscopy (EIS), they suggested that the DSC should be used under low illumination
conditions and around room temperature for a longer life.
Y. Chen et al. demonstrated a new approach to design,
simulate, and fabricate whole-wafer nanostructures on a
dielectric layer on a thin c-Si solar cell for eﬀective light trapping. By employing periodic nanostructured dielectric arrays
on 40 μm thin c-Si, they could suppress the reﬂection loss
below 5% over a wide spectra and angular range and demonstrated 32% improvement in short circuit current and 44%
relative improvement in energy conversion eﬃciency in a
crystalline silicon solar cell with only a 2.9 μm ultrathin
absorber layer.
C. Lyons et al. synthesized a new chromophore containing
a coplanar dihexyl-substituted dithienosilole (CL1) and displayed an energy conversion eﬃciency of 6.90% under AM
1.5 sunlight irradiation in dye-sensitized solar cells. Similar ﬁll
factor and open-circuit voltage are presented for a new synthesizer with N719. The charge transfer resistances are
presented comparable, indicative of similar recombination
rates by the oxidised form of the redox couple. Using timedependent density functional theory, studies are performed
to ascertain the absorption spectrum of the dye and assess
the contribution of various transitions to optical excitation.
Good agreements are reported between experimental and
calculated results.
While X. Sun et al. reported that an increase in the porosity of the mesoporous TiO2 (mp-TiO2) ﬁlm leads to an
improvement in the performance of the perovskite solar cells
(PSCs), P. Ren et al. employed phloxine B and bromophenol
blue as the sensitizers of dye-sensitized solar cells, and the
devices were characterized using UV-Vis spectra, FT-IR
spectra, ﬂuorescence spectra, and current-voltage characteristics. K. Moolsarn et al. employed carbonized hair/PEDOT:PSS composites (CxP) with varied carbon contents
from x = 0.2 to 0.8 g, as counter electrode (CE) for a dyesensitized solar cell (DSSC). And last but not least, C. Zhang
et al. demonstrated that annealing temperature has a great
inﬂuence on the PEDOT:PSS material properties and the
corresponding device performance. By optimizing the
annealing temperature, the conductivity of the PEDOT:PSS
ﬁlm doped with Triton X-100 and EG could be enhanced
by a factor of more than three orders.
The objective is to provide an opportunity for interdisciplinary researchers to share their latest research achievements in nanostructured solar cells and let the potential
readers learn some insightful concepts in this exciting ﬁeld
of photovoltaic energy concepts. We hope this research
progress can inspire more advanced ideas for the future
development of such novel concepts of PV devices. We
would like to extend our heartiest gratitude to all the authors
who submitted their work for consideration in our special
issue and to the reviewers for their critical feedback.
Pushpa Raj Pudasaini
Sanjay K. Srivastava
Yaohui Zhan
Francisco Ruiz-Zepeda
Bill Pandit
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A systematical investigation was carried out into the eﬀects of the hole-transporting layer treatment of poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) on the performance of planar hybrid n-Si/PEDOT:PSS solar
cells. Triton X-100 and ethylene glycol (EG) were chosen to improve the conductivity and surface morphology of the
PEDOT:PSS ﬁlm. It was found that the annealing temperature has a great inﬂuence on the PEDOT:PSS material properties
and the corresponding device performance. By optimizing the annealing temperature, the conductivity of the PEDOT:PSS
ﬁlm doped with Triton X-100 and EG could be enhanced by a factor of more than three orders. And the corresponding
device also shows record power conversion eﬃciency as high as 14.5% with an open circuit voltage of 0.627 V, a short circuit
current of 32.6 mA/cm2, and a ﬁll factor of 70.7%.

1. Introduction
The solar cell is an eﬃcient way to convert solar energy to
electric power [1]. Presently, the mono- and multicrystalline
silicon solar cells still dominate more than 90% of the PV
market owing to their materials abundance and mature fabrication techniques. However, compared to the conventional
energy sources, the cost of silicon solar cells is still too high
because those devices are based on the p-n junctions which
are generally formed by a high-temperature dopant diﬀusion
process. Their high thermal budget accounts for ~30% of the
total manufacturing cost of silicon (Si) solar cells [2]. To
reduce the fabrication cost, the low-temperature solar cell
concepts based on the organic/inorganic hybrid heterojunctions, particularly the Si/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (Si/PEDOT:PSS), have attracted
signiﬁcant research interest in recent years [3–6]. Si has a
strong absorption ability in a very wide spectrum range and
very excellent carrier transport ability. And PEDOT:PSS is
a water-soluble polymer which has high conductivity, a

transmission window in the visible spectral range, and an
excellent chemical and thermal stability [7]. This type of
Si/PEDOT:PSS hybrid solar cell combines the superior
absorption property of Si in a wide spectrum range and the
advantage of aqueous solution-based processes for PEDOT:PSS [4], which avoids an expensive high-temperature
process and promises a low-cost photovoltaic technique with
the potential to realize a power conversion eﬃciency (PCE)
as high as 22% in theory [5].
Since the ﬁrst crystalline n-Si/PEDOT:PSS hybrid solar
cell was reported in 2010 [4], great eﬀorts, including the
interface engineering [6, 8], treatment of PEDOT:PSS
[9, 10], doping of the Si substrate [11], passivation on the
device surface [12], nanoparticles [13, 14], and nanostructured surfaces [15–17], have been devoted to improve the
device performance. Among these strategies, the treatment
of the hole-transporting layer of PEDOT:PSS is a very simple
and eﬀective method.
Figure 1 shows the band structure of a hybrid Si/PEDOT:PSS cell concept, and it could be concluded that the
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Figure 1: (a) Schematic structure of n-Si/PEDOT:PSS solar cell. (b) Schematic energy band diagrams of the device.

device performance greatly depends on the hole-conducting
layer of PEDOT:PSS. Price et al. [18] made a comparison
between hybrid Si/PEDOT:PSS heterojunctions and allinorganic Si/Au Schottky junctions and found that the unfavorable electron injection rate from Si into PEDOT:PSS is
three orders of magnitude smaller compared to that from Si
into Au, which could result in high open circuit voltages
(VOC) in the corresponding device. Besides the interface
properties, the holes must transport across the PEDOT:PSS
layer before they could be collected by the electrode. Thus,
the material properties of PEDOT:PSS could greatly aﬀect
the device characteristics [18].
The basic building block of PEDOT is thiophene. By
adding stabilizing side groups, this material has a high thermal and chemical stability. Its conductivity could be
enhanced by oxidizing the thiophene backbone with sodium
peroxodisulfate, and thus, the polymer characteristics could
be converted from a chromophoric to a metallic behavior.
Recent results have shown that the additive in the liquid
state may provide space for the reorientation of PEDOT:PSS
chains [19] and is important for further conductivity
enhancement. Several methods have been reported to
enhance the conductivity of PEDOT:PSS. Kim et al. reported
that addition of a high dielectric solvent into an aqueous
solution of PEDOT:PSS can enhance the conductivity of
the resulting PEDOT:PSS ﬁlm by more than one order of
magnitude as a result of weakening of the coulombic attraction between the counter ions and the charge carriers [20].
Sorbitol, ethylene glycol (EG), and other alcohols comprise
another set of inert secondary dopants that can enhance
the conductivity [20]. The exact principle of the enhancement has not been recognized, and several mechanisms have
been proposed. It is generally believed that the solvent optimizes the morphology of the ﬁlms, providing good percolating paths among the PEDOT:PSS domains (PEDOT-rich
regions) and transforming the molecular structure. Xia
et al. proposed that the additive does not only act simply
as a plasticizer but also change the conformation in the
PEDOT:PSS ﬁlm [4]. All these studies mainly focused on
the material properties instead of their inﬂuence on the solar
cells. However, compared to the many reports about the
material researches about the conductivity modulation of
PEDOT:PSS, the systematic studies about the treatment of

PEDOT:PSS on the corresponding performance of hybrid
Si/PEDOT:PSS cell are still lacking.
The aim of the current study is to systematically investigate the eﬀects of the hole-transporting layer treatment of
PEDOT:PSS on the performance of planar hybrid n-Si/PEDOT:PSS solar cells. In this work, the conductivity and surface
morphology of PEDOT:PSS ﬁlm were improved by adding
the Triton and EG in the aqueous PEDOT:PSS solution. It
was found that the annealing temperature has a great inﬂuence on the PEDOT:PSS material properties and the corresponding device performance. By optimizing the annealing
temperature, the conductivity of the PEDOT:PSS ﬁlm doped
with Triton and EG could be enhanced by a factor of more
than three orders. And the corresponding device also shows
a recorded PCE as high as 14.5% with a VOC of 0.627 V, a
short circuit current (JSC) of 32.6 mA/cm2, and a ﬁll factor
(FF, the ratio of maximum obtainable power to the product
of VOC and JSC) of 70.7%.

2. Experimental
2.1. Film Formation and Device Fabrication. n-type Si/PEDOT:PSS hybrid heterojunction solar cells were fabricated on
the sequence below: n-type Si (100) wafers with a thickness
of 300 μm and a resistivity of 0.05–0.1 Ω·cm was cut into
1.5 × 1.5 cm2 for solar cell fabrication and ultrasonically
cleaned in acetone, isopropyl alcohol, and ionized water
sequentially for 10 min. The native oxide on the silicon surface (about 4 nm) was etched by dipping the sample into
hydroﬂuoric acid (5% HF for 30 s) and then drying by N2
for later use. In order to improve wettability and to form a
uniform PEDOT:PSS ﬁlm on a Si substrate, Triton X-100 is
added as a surfactant. PEDOT:PSS (PH1000, Heraeus Clevios) was ﬁltered with polyvinylidene ﬂuoride membrane
(0.45 μm porosity) to remove agglomerations. To increase
the conductivity of the PEDOT:PSS ﬁlm, the optimized
7 vol% EG were added to the PEDOT:PSS solution and
Triton X-100 (1%) was then added to it. The solution was
spin coated on the HF-treated Si substrate at a speed of
2500 rpm for 60 s. The samples were annealed on a hot plate
at 190°C for 15 min to remove the solvent to form a uniform
and conductive p-type organic thin ﬁlm. A 150 nm thick Ag
ﬁlm was thermally evaporated to form a grid. Finally, the
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Figure 2: Photos (a) before and (b) after Triton X-100 treatment.

eutectic In-Ga fully covered the rear side of the Si substrates
to form an ohmic contact.
2.2. Device Characterization. The morphology measurements
of the PEDOT:PSS ﬁlms was measured by atomic force
microscopy (AFM). The UV-visible reﬂection spectra were
recorded with UV-visible spectrophotometer (Perkin-Elmer
Lambda 950). Photovoltaic parameters were measured by
using a Keithley 2400 source meter under simulated sunlight
from XES-70S1 solar simulator matching the AM 1.5G
standard with an intensity of 100 mW/cm2. The system
was calibrated against a NREL-certiﬁed reference solar cell.
All the measurements of the solar cells were performed
under ambient atmosphere at room temperature without
any encapsulation.

3. Results and Discussion
The n-Si/PEDOT:PSS hybrid solar cell is structured as In-Ga
eutectic/n-Si/PEDOT:PSS/Ag as shown in Figure 1(a). There
is a type III hybrid interface between Si and PEDOT:PSS as
shown in Figure 1(b). The device operation is based on a
charge-selective interface, where the PEDOT:PSS and the nSi act as hole- and electron-transport layers, respectively.
Lights are illuminated from the top of the cell, where the
PEDOT:PSS ﬁlm is more than 90% transparent at such a
thickness in the visible spectral range. Therefore, most of
the light is absorbed by n-Si. Due to the high conductivity
of the PEDOT:PSS layer, a depletion region in Si near the
interface of n-Si/PEDOT:PSS is formed. As shown in
Figure 1(b), the LOMO level of the PEDOT:PSS is much
higher than the conductance band of the n-Si, so the electrons under illumination would be blocked from ﬂowing into
the PEDOT:PSS layer. On the other hand, the HOMO level of
PEDOT:PSS is closely aligned with the valence band of n-Si,
allowing holes in the n-Si to ﬂow into the PEDOT:PSS ﬁlm.
The depletion region separates the photogenerated carriers
in n-Si to the opposite direction, which suggests that
electrons can be transported to the rear side of the n-Si and
collected by the cathode. At the same time, the holes are
transported to the anode through the PEDOT:PSS layer.

The thickness of the PEDOT:PSS ﬁlm was measured by
AFM and found to be about 55 nm.
The silicon surface has highly hydrophobic properties
after etching by HF solution. It is not easy to form a uniform
PEDOT:PSS ﬁlm on such a surface by spin coating the aqueous PEDOT:PSS solution. To overcome this problem and
ensure proper wetting of PEDOT:PSS on the Si substrates,
Triton X-100 is added in the PEDOT:PSS solution.
Figures 2(a) and 2(b) show the pictures of PEDOT:PSS
ﬁlms before and after the addition of Triton X-100. The
PEDOT:PSS ﬁlm without Triton addition was quite rough
and cannot cover all of the substrate. By adding the Triton
X-100, the adhesion of PEDOT:PSS conjugated polymer on
hydrophobic n-Si has been improved, resulting in an eﬃcient
suppression of defect generation at the n-Si/PEDOT:PSS
interface.
In order to improve the conductivity of the PEDOT:PSS
ﬁlms, EG is chosen to be added in the aqueous PEDOT:PSS
solution since it can improve the electrical conductivity due
to phase separation of the hydrophilic conductive PEDOT
and the hydrophobic insulating PSS, which leads to an
increase in the hole mobility. Figure 3(a) shows J-V characteristics of the fabricated n-Si/PEDOT:PSS cells. All the
devices were fabricated by the same procedures except for
the diﬀerent annealing temperatures. DMSO is also added
in the aqueous PEDOT:PSS solution as the reference and its
device parameters is summarized in Table 1. In solar cells,
where the PEDOT:PSS ﬁlms are doped by DMSO-Triton
(100 : 5 v/v), EG-Triton (100 : 7 v/v) is represented as the
DMSO cell and EG cell. The J-V characteristics of PV cells
can be approximately described by the Shockley equation
J = J 0 exp

q V − Rs J
nkB T

−1 +

V − Rs J
− J ph ,
Rsh

1

where J 0 is the saturation current, J ph the photocurrent, Rs
the series resistance, Rsh the shunt resistance, n the ideality
factor, q the electron charge, kB the Boltzmann constant,
and T the temperature. By using (1) with our proposed
explicit analytic expression method [21], the experimental
data can be well rebuilt as shown in Figure 3(a), which
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Figure 3: (a) Illuminated J-V characteristics of the solar cells annealing on diﬀerent temperatures. The J-V experimental data are ﬁt by (1). (b)
The cells’ parameters with diﬀerent annealing temperatures.

Table 1: Photovoltaic performance of n-Si/PEDOT:PSS solar cells
under AM 1.5G illumination (100 mW/cm2).

DMSO cell
EG cell 160
EG cell 170
EG cell 180
EG cell 190
EG cell 200

Voc (V)
0.598
0.569
0.604
0.602
0.627
0.617

Jsc (mA/cm2)
25.6
23.8
27.5
30.3
32.6
29.4

FF (%)
57.4
50.9
55.9
63.8
70.7
64.0

PCE (%)
8.8
6.9
9.3
11.6
14.5
11.6

conﬁrmed the validity of the extracted parameters. Table 1
summarizes the device performance parameters. The device
with the DMSO addition exhibits a JSC of 25.6 mA/cm2, a
VOC of 0.598 V, and a FF of 57.4%, leading to a corresponding PCE of 8.8%, and its performance is relatively constant
with diﬀerent annealing temperatures. The performance is
comparable to the reported results with a similar device
structure [19]. It is obvious that the low JSC is the main factor
that limits the PCE. Compared with the DMSO cells, the EG
cells have signiﬁcantly improved in performance with a
proper annealing temperature as shown in Figures 3(a) and
3(b). When the annealing temperature is 160°C, the performance of the device is low with a JSC of 23.8 mA/cm2, a
VOC of 0.569 V, and a FF of 50.9%, resulting in a PCE of
6.9%. With the increase of the annealing temperature, all of
JSC, VOC, and FF improved. When the annealing temperature
is 190°C, the optimized device is achieved. JSC increased to
32.6 mA/cm2, VOC increased to 0.627 V, FF increased to
70.7%, and the overall PCE improved to 14.5%. It is inferred
that the EG can help enhance the uniformity and conductivity of PEDOT:PSS ﬁlm with a proper annealing temperature

and thus improve the device performance. Beyond 190°C, the
device performance decreased with a higher annealing temperature. From Figure 3(b), it also could be seen that the
annealing temperature could greatly aﬀect the ideality factor
and the series resistance. When the annealing temperature is
160°C, n is 2.91 and Rs is 4.3 Ω·cm−2. When the annealing
temperature is increased to 190°C, n decreases to 1.65 and
Rs is 0.5 Ω·cm−2, which means that an optimized annealing
temperature could greatly improve the conductivity of the
hole-transporting layer and thus enhance the device performance. The reason maybe that proper temperature could
evaporate the water of the PEDOT:PSS solvent as well as have
a positive eﬀect in PEDOT:PSS chain reforming to a high
conductive state. The conductivity measurement also shows
that the optimized annealing temperature could enhance
the conductivity of the PEDOT:PSS ﬁlm with Triton and
EG addition from 0.2 to over 200 S/cm, and this is consistent
with the J-V characteristics of the hybrid solar cells. The same
trend of the inﬂuence of annealing temperature on the hybrid
GaN/PEDOT:PSS solar cells is also reported in one previous
work [22]. It is shown that the annealing could aﬀect the
work function and conductivity of PEDOT:PSS. XPS measurements and J-V characteristics analysis indicate that the
change of the VOC can be due to the work function variations
of the PEDOT:PSS and the barrier height of the Schottky
contact, while the change of the JSC can be ascribed to the
competition between the enhancement of the conductivity
and the thermal degradation of the PEDOT:PSS. Thus, there
is an optimized annealing temperature so that almost all the
device parameters could be improved. For our case, the
optimized annealing temperature is 190°C.
Figure 4 shows AFM images of PEDOT:PSS ﬁlms
annealed at diﬀerent annealing temperatures and their
corresponding root-mean-square (RMS) value variation with
the diﬀerent annealing temperatures. When the annealing
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temperature is 160°C, a relatively rough surface of PEDOT:PSS ﬁlm is obtained with a root-mean-square (RMS)
value of 2.63 nm as shown in Figure 4(a). For the optimized annealing temperature of 190°C, a relatively smooth
surface is obtained with a RMS value of 1.56 nm as shown
in Figure 4(b). The annealing temperature could greatly
aﬀect the roughness of PEDOT:PSS ﬁlms. The variation
of RMS values with diﬀerent annealing temperatures as
shown in Figure 4(c) matched the performance variation
of devices as shown in Figure 3(b). A uniform holetransparent layer could suppress the recombination on
the junction and promote the hole current by enhancing
the carrier collection ability. This may be one reason for
the higher device performance annealed at the optimized
temperature of 190°C.
We also investigate how the annealing temperature
aﬀects the optical properties of n-Si/PEDOT:PSS structures
by measuring the reﬂectance spectra. Figure 5 shows the
variation of the reﬂectance spectra of n-Si/PEDOT:PSS
structures with the annealing temperatures from 160°C to
190°C. The reﬂectance spectrum of the polished bare n-Si
is also shown in Figure 5 for a reference. The planar
polished bare n-Si exhibits a reﬂectance of more than 30%
over a wavelength range from 400 nm to 800 nm, while all
the samples with n-Si/PEDOT:PSS structures show a
reduced reﬂectance. This means that the PEDOT:PSS ﬁlm
could help to improve the overall light absorption ability.
Comparing the samples with n-Si/PEDOT:PSS structures
annealed at diﬀerent temperatures, it could be found that
the sample with the 190°C annealing temperature shows a
relatively larger reﬂectance compared to the sample with a
relatively low annealing temperature such as 160°C for the
wavelength range from 500 nm to 800 nm. This means that
there is no absorption improvement for the device with
the 190°C annealing temperature. The enhanced device performance for the optimized annealing temperature of 190°C
should result from the improved carrier collection ability
instead of the absorption improvement. The device performance could be further improved by enhancing the optical
absorption ability with the antireﬂective ﬁlm or the textured
Si surface.

4. Conclusion
In summary, doping PEDOT:PSS with EG and Triton is an
eﬀective method to improve the conductivity of PEDOT:PSS
ﬁlms and at the same time there is great inﬂuence of the
annealing temperature on the ﬁnal ﬁlm properties. The
proper annealing temperature could improve the ﬁlm
morphology, increase the ﬁlm conductivity, and decrease
the device series resistance. Compared with the devices with
the diﬀerent annealing temperatures, the planar hybrid Si/
PEDOT:PSS solar cell annealed at 190°C shows the optimized performance and PCE reaches as high as 14.5% with
a JSC of 32.6 mA/cm2, a VOC of 0.627 V, and a FF of 70.7%.
A further improvement is expected by enhancing the optical
absorption ability with the antireﬂective ﬁlm or the textured
Si surface.
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Carbon derived from hair is interesting because it has good electrocatalytic activity due to the existence of innate heteroatom
dopants especially nitrogen and sulfur. In this study, a carbon catalyst containing high nitrogen contents (9.47 at.%) was
fabricated without using any harsh chemicals. Moreover, the carbonization temperature was only 700°C. Carbonized hair/
PEDOT:PSS composites (CxP) with varied carbon contents from x = 0.2 to 0.8 g were tested as a counter electrode (CE) for a
dye-sensitized solar cell (DSSC). This type of DSSC CE has scarcely been investigated. A DSSC with a C0.6P CE provides the
best eﬃciency (6.54 ± 0.11%) among all composite CEs because it has a high ﬁll factor (FF) and a high short-circuit current
density (Jsc). The eﬃciency of DSSC with C0.6P CE is lower than Pt’s (7.29 ± 0.01%) since the Pt-based DSSC has higher FF and
Jsc values. However, C0.6P is still promising as a DSSC CE since it is more cost-eﬀective than Pt.

1. Introduction
A renewable energy source such as a dye-sensitized solar cell
(DSSC) has been intensively studied due to its simple fabrication process and high solar conversion eﬃciency [1]. To construct a DSSC with high eﬃciency, one approach is to use a
counter electrode (CE) material with high conductivity and
excellent electrocatalytic activity. Among leading candidates
for a DSSC CE is Pt [2]. Unfortunately, since Pt is expensive,
employing a cheaper substitute becomes a stringent requirement. So far, there are cheaper alternative materials that can
rival with Pt in terms of electrocatalytic performance such as
nitrides [3], sulﬁdes [4], carbides [5], and carbon allotropes.
Various types of carbons that can function well as CE
catalysts include graphites, carbon nanotubes, graphenes,

reduced graphene oxides, activated carbons, carbon blacks,
and biomass-derived charcoals (biochars) [6–13].
One of the procedures to produce a biochar catalyst for a
DSSC application is to thermally carbonize biomass under
reducing atmosphere at a high temperature of around
850°C [12, 13]. Furthermore, to improve the as-pyrolized
carbon’s electrocatalytic performance, additional chemical
processing steps in order to increase the carbon’s surface area
may be required. Most of these chemical treatment processes
involve the use of harsh chemicals [14–16], which can
be a downside. Therefore, biomasses subjected to milder
thermal/chemical treatment are of interest provided that
each derived carbon still function as a good catalyst.
Human hair is a fascinating biochar source because it
naturally contains nitrogen and sulfur atoms. It has been
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known that carbon doped with heterodopants such as
nitrogen and sulfur usually have high electrocatalytic activity
[17, 18]. Yet, there were only a few reports involving applications of carbonized human hair as an electrochemical
electrode. These reports demonstrated the use of carbonized
hair as a supercapacitor electrode [19, 20] and as a CE of a
quantum dot-sensitized solar cells (QDSSC) [13]. As for the
QDSSC-related work, Sahasrabudhe et al. fabricated their
QDSSC CEs by mixing carbonized-hair powder with a PVDF
binder and an NMP solvent. Mechanical grinding was not
used in their work because human hair was digested with
concentrated sulfuric acid before carbonizing the human hair
at 850°C for 6 h. Without further chemical treatment of
the carbon, their optimized QDSSC reached an eﬃciency
of 4.44% in a polysulﬁde electrolyte.
In this study, we demonstrated the use of DSSC CE made
of human hair catalyst mixed with a PEDOT:PSS binder.
PEDOT:PSS (PEDOT) conducting polymer is a good choice
because it has high conductivity and exhibits electrocatalytic
activity toward converting tri-iodide I−3 into iodide (I− )
[21]. Consequently, DSSCs with CEs made of PEDOT
composited with various types of carbon catalysts often show
a high solar conversion eﬃciency [22–27]. Notably, human
hair-derived carbon has rarely been tested as a DSSC CE.
Herein, the hair was carbonized at only 700°C, and none
of harsh chemical treatment was used in any steps in order to
retain heterodopant atoms and to lessen the burden of furnace sealing. The synergistic eﬀects of combining carbonized
hair at various loadings with PEDOT toward the electrochemical performance and solar conversion eﬃciency were
studied. Our solar conversion eﬃciency of DSSC with only
PEDOT CE is 3.03 ± 0.09%. Interestingly, mixing carbon at
the amount of 0.6 g with PEDOT signiﬁcantly increases the
eﬃciency of a DSSC to 6.54 ± 0.11%, which was not far from
those of DSSCs with a Pt CE (7.29 ± 0.01%).

2. Experimental
2.1. Preparation of a Working Electrode. Blocking layers were
prepared by soaking FTO glass in a boiling TiCl4 40 mM at
70°C for 30 min. Seven layers of PST-18NR (Catalysts and
Chemical Industries Co., Ltd.) and one layer of PST-400 were
screen printed on FTO glass. The ﬁlms were then annealed in
an oven at 500°C for 1 h and soaked in a N719 dye solution at
a room temperature for 24 h.
2.2. Preparation of a Counter Electrode. Teenager’s hair without hair dye from a local barber was thoroughly washed in
alcohol and DI water. The hair was carbonized in an argon
atmosphere at 700°C for 2 h. The carbon was then ﬁnely
ground and mixed with PEDOT:PSS (Sigma-Aldrich). The
diﬀerent amount of carbonized hair contents were 0.2, 0.4,
0.6, and 0.8 g while PEDOT/DI ratio was ﬁxed at 1 : 1.
The composites were vigorously stirred and then sonicated
for 1 h. Each composite paste was applied on FTO glass with
a doctor blade through a Kapton tape mask to deﬁne an
active area of 0.5 cm2. Then, the ﬁlms were heated in the oven
at 80°C for 6 h. A Pt counter electrode was prepared by spin
coating Pt solution on FTO glass. Pt solution was prepared
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by mixing chloroplatinic acid hydrate (H2PtCl6 ⋅ xH2O
5 mM) dissolved in DI water 5 mL with ethyl cellulose 0.2 g
in ethanol 15 mL. Then the ﬁlm was annealed at 500°C
for 1.50 h.
2.3. Preparation of an Electrolyte. An electrolyte was prepared
by mixing the following chemicals with one another: 0.05 M
I2, 0.10 M LiI, 0.60 M 1-methyl-3-popylimidazolium iodide
(MPI), 0.50 M tetrabutylpyridine (TBP), and 0.0025 M
Li2CO3 in acetonitrile.
2.4. Characterization and Measurements. The surface area of
carbonized hair was determined using a BET (BrunnerEmmett-Teller) method. The pore structures of the carbon
were investigated by N2 (77 K) adsorption-desorption measurement with a Bel Sorp mini II adsorption analyzer
(Bel, Japan). The samples were degassed at 200°C for 3 h. in
a vacuum prior to the BET measurement. The morphologies
of carbonized hair were characterized by using a scanning
electron microscope (SEM, LEO 1450VP, England), a ﬁeld
emission scanning electron microscopy (FESEM, FEI Scios
DualBeam, Germany) and a transmission electron microscope (TEM, FEI Tecnai G2, USA). The phase of carbonized
hair was investigated with an X-ray diﬀractometer (XRD,
PANanalytical Empyrean, Netherlands) under Cu kα radiation and a Raman spectroscope (JOBIN YVON HORIBA,
T64000) equipped with a 532 nm solid state laser. Synthetic
graphite powder less than 20 μm (Sigma-Aldrich) was used
as a standard for a 2D-peak reference. The chemical compositions of sample surfaces were investigated using an X-ray
photoelectron spectrometer (XPS; AXIS Ultra DLD, Kratos
Analytical, UK). The base pressure in the XPS analysis chamber was about 5 × 10−9 torr. The monochromatic Al Kα 1,2
source at 1.4 keV was radiated over the spot area of
700 × 300 μm. X-ray was maintained at 15 kV and 10 mA
(150 W). The electrochemical studies were carried out using
an electrochemical station (Gamry Instrument Reference
3000, USA). Electrocatalytic activities of all CEs were measured with a cyclic voltammetry (CV) technique in a standard three-electrode setup at a scan rate of 20 mVs−1. The
impedance characteristics of CEs were determined using
electrochemical impedance spectroscopy (EIS) at frequencies
ranging from 0.1 to 100 kHz with an AC amplitude of 10 mV.
The solar conversion eﬃciency of full DSSC cells were measured using a solar simulator (Class A, PEC-L11, Japan)
under a standard illumination of 100 mW cm−2.

3. Results and Discussion
3.1. Surface and Structure of Carbonized Hair. To understand
the microstructure of carbonized hair, nitrogen sorption isotherm was recorded (Figure 1). A carbonized hair sample has
type-II adsorption isotherm characteristics typically related
to nonporous microstructures [28]. However, the subtle
hysteresis loop, related to the minor diﬀerence pressure
ratio (P/P0) between a pore ﬁlling cycle and an emptying
one, should be attributed to the existence of mesopores
[28]. This is conﬁrmed by Barrett-Joyner-Halenda (BJH)
analysis (Figure 1 inset); however, there are only small
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Figure 1: The N2 sorption isotherm and inset pore size distribution
of carbonized hair.

diﬀerential volumic amount of certain pore sizes (noted with
asterisk). Since pores are not prevalent, an average surface
area of carbonized hair determined from BET technique is
mere 187.96 m2 g−1. This value was not exceptionally high
as compared to Sahasrabudhe et al.’s because most carbon
ﬂakes were not etched with any chemicals and the carbonization temperature was only 700°C.
Figure 2 shows the SEM images of ground carbonized hair.
Figures 2(a) and 2(b) show the morphology of carbon ﬂakes at
low magniﬁcation (1000x) and high magniﬁcation (10Kx),
respectively. The sizes of most ﬂakes are generally smaller than
3 μm. A closer inspection with FESEM at 80Kx (Figure 2(c))
reveals the rough surface of carbonized hair platelets. Pores
are not clearly observed at this magniﬁcation. According
to TEM imaging (Figure 3(a)), smaller carbon nanoﬂakes
ranging between 100 and 250 nm are also observed. Pore
features are also not clearly resolved in TEM images.
A high-resolution TEM image of carbonized hair
(Figure 3(b)) shows the mixture of some graphitic crystallites
and an amorphous phase. The lattice fringes of the graphitic
phase are approximately 0.33 nm corresponding to (002)
graphitic planes. The selected area electron diﬀraction
(SAED, Figure 3(b) inset) shows ring patterns which
belong to (002) and (101) planes without spotted features,
implying the presence of sparse short-range order crystallites in the amorphous phase. XRD was used to aﬃrm the
existence of crystalline phase in the carbonized hair powder. As shown in Figure 4, the background intensity of
the XRD signals is rather high, which should come from
the air scattering eﬀect [29]. Moreover, two XRD peaks
were observed at 25.5° and 42.3°. These peaks can be
assigned to (002) and (101) planes, respectively [20, 30].
The presence of clear (002) and (101) peaks suggests that
the carbonized hair already partially transforms into some
turbostratic graphitic structure [30]. Figure 5 shows an
example of Raman spectrum which belonged to the carbonized human hair.

Raman curve ﬁttings were carried out using three- and
two-peak models to determine the number, position, and
area of each of carbon’s signature peak. A disorder graphitic
structure (D peak) and amorphous (A peak) and graphiticlike (G peak) features were identiﬁed in a three-peak model
[31]. Note that the A peak was not ﬁtted in the two-peak
ﬁtting scheme. Phase identiﬁcation with Raman analysis is
useful because both G peak and D peak are associated with
the electrocatalytic reaction. The defective sites on graphitic
edges related to G peak could help reduce the charge transfer
resistance of the DSSC’s CE [32]. Although the electrocatalytic activity occurs mostly at edge planes rather than the
basal planes, the basal plane itself could beneﬁt from the electron transfers in the CE. As for the D peak, its area and intensity increase with the increasing disorders in a carbon
material, which can be aﬀected by a particle size, a dopant,
and others. When carbon particles become smaller, the D
peak area and intensity increase. It was shown that a DSSC
whose CE was made of smallest carbon black particles
(20 nm) exhibited the highest solar conversion eﬃciency
[33]. This nanocarbon, whose D peak is large, performs better than the larger ones since it has high surface areas and its
disorder sites are electrochemically active in the material.
Aside from the size eﬀect, the introduction of heteroatom
in carbon normally introduces disorder in a carbon material
and consequently raises area ratio of D peak (ID) over G peak
(IG) (ID/IG). For example, ID/IG of reduced graphene oxide,
when doped with nitrogen and phosphorous, increases from
0.94 to 1.15 [34]. The higher ID/IG ratio, associating with
increasing degree of disorder, oﬀers numerous active sites
for electrocatalytic activity [35].
In this study, all peaks were ﬁtted with asymmetric
Lorentzian. The peaks are located at 1335.47 cm−1 (D),
1509.37 cm−1 (A), and 1583.55 cm−1 (G). The ID/IG ratio
determined from the three-peak model is 1.36. For the twopeak model, the D peak and G peak obtained from asymmetric Lorentzian ﬁtting are situated at 1330.72 cm−1 and
1590.78 cm−1, respectively. From the two-peak model, the
ID/IG ratio is 1.07 which is lower than that of the threepeak model. For our samples, the three-peak model should
be more appropriated for ﬁtting because a hidden shoulder
peak related to the amorphous phase near G peak is clearly
present. Based on the two- and three-peak models, our
ID/IG is higher than Sahasrabudhe et al.’s work (650–850°C),
meaning our carbon has higher degree of disorder.
Another useful information from Raman analysis is to
detect an amorphous phase by considering the secondorder two-phonon mode (2D). The absence of 2D peak could
infer the presence of amorphous phase in the material [36].
From Figure 5(b), 2D peak of graphitic micropowder at
~2703 cm−1 is sharp while that of carbonized hair is very
broad and low. This could conﬁrm the presence of amorphous phase as well as some small number of graphitic phase
in the carbonized hair sample.
3.2. Composition Analysis. The building blocks of human
hair comprise amino acid, keratin, melanin and protein.
Therefore, basic elements found in hair are carbon, oxygen,
nitrogen, hydrogen, and sulfur [37, 38]. Generally, burning
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Figure 2: The SEM images of ground carbonized hair. (a) The morphology of carbon ﬂakes at low magniﬁcation (1000x), (b) high
magniﬁcation (10Kx), and (c) ultrahigh magniﬁcation (80Kx).
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Figure 3: A TEM image of carbonized hair (a) low resolution, (b) high resolution, and inset SAED.

human hair in a certain oxygen-deﬁcit condition will result in
a carbon that contains remaining nitrogen, oxygen, and
sulfur if the temperature is not high enough to expel these

heteroatoms. Since our carbonization temperature was lower
than usual and no harsh chemical was used, it was speculated
that many extant heteroatoms were present with the carbon.
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the value of cathodic current involving I −3 reduction (Icr),
which is located at more negative potential. Higher |Icr| value
indicates better electrocatalytic activity. All the Icr values are
shown in Figure 8. The absolute value of Icr increases with
the increasing carbon up to 0.6 g. Nevertheless, adding
carbon beyond this optima results in the slight decrease
in |Icr|. This could be due to the reduction of catalytic
activity induced by agglomerations that partially block some
active sites. Based on CV results, C0.6P should have the
best electrocatalytic activity among CxP. Nonetheless, Icr
value (2.53 × 10−4 mA) of C0.6P is still lower than that
of Pt (4.77 × 10−4 mA), implying that Pt is better than
C0.6P regarding the I −3 reduction capability.
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Figure 4: An XRD spectrum of carbonized hair.

XPS was used to identify the atomic binding states and the
elemental compositions of carbonized hair surface. The
XPS results were arranged in Table 1. The XPS peaks shown
in Figures 6(a), 6(b), 6(c), 6(d), and 6(e) were indexed following NIST standard and various references [39–41]. The C 1s
(C-C) peak at 284.9 eV corresponds to sp2 hybridized carbon
commonly found in the carbon-based aromatic ring. The C
1s (C-C) shoulder peak at 286.2 eV reveals the presence of
sp3 hybridized carbon. The C-N peak could overlap with the
C-C peak. Another C 1s satellite peak at 287.6 eV is related to
coincidence sum peak of carbonyl groups (C=O) and C=N
while the one located at 288.8 eV corresponds to the ester
group (O=C-O). The last peak at 290.4 eV is assigned to the
carboxylic group (O=C-OH). The oxygen-carbon bonds also
appear at 530.9 eV (C=O), 532.0 eV (O-C-O), 533.1 eV
(O=C-O), and 534.3 eV (amide), respectively. There are three
peaks representing nitrogen N 1s bonds which are located
at 398.7 eV (pyridinic), 400.1 eV (pyrrolic), and 401.2 eV
(quaternary). Apart from nitrogen, only a small amount
of sulfur also appears in the form of thiopenic structures
(C-S-C) whose peaks are situated at 163.9 eV (2p 3/2)
and 164.9 eV (2p 1/2). The presence of C-N and C=N
peaks conﬁrms the doping of nitrogen into the carbon
structure. The amount of nitrogen in the our carbon is
9.47 at.%, which is higher than Si et al.’s report (1–3%).
The amount of oxygen and sulfur in our carbonized hair
is 9.98 and 0.15 at.%, respectively. Such high amount of
nitrogen could be of great help to increase the electrocatalytic activity of the carbon catalyst.
3.3. Electrochemical Properties. The electrochemical activities
of all samples were investigated by cyclic voltammetry (CV).
The CV results were shown in Figures 7(a) and 7(b). All samples have two oxidation peaks and two reduction peaks. The
oxidation peaks are related to chemical reactions following
(1) and (2) while the reductions reactions correspond to (3)
and (4) [42]. It has been accepted that a DSSC performance
is also governed by I −3 /I − redox reaction on the CE side [43].
Therefore, a catalyst on the CE side must be electrochemically
active in I −3 reduction activity. This is justiﬁed from

Reduction 1
Reduction 2

I −3 + 2e− → 3I −

3

3I 2 + 2e− → 2I −3

4

Apart from a CV technique, impedance measurements to
determine a series resistance (Rs), a transport resistance in
PEDOT and carbon layer (Rtrp), and a charge transfer
resistance at CE surface (Rct) were performed [44]. The
electrochemical impedance spectra (EIS) of symmetric CE
cells were shown in Figures 9(a), 9(b), 9(c), and 9(d). All
the resistance values (Table 2) were derived by ﬁtting the
impedance data with an equivalent circuit [44]. Rs is a combination of series resistances from FTO glass, test wires,
and ohmic contacts between FTO glass and an electrocatalytic layer. Rs is related to the x-axis intercept of the 1st semicircle at high frequency. The Rtrp is a real part within the 1st
semicircle of PEDOT and CxP except for Pt which has no
semicircle related to the Rtrp. As for the Rct value, Rct is a real
part within the 2nd semicircle of PEDOT and the composites; however, in the case of Pt, the Rct was determined from
a high frequency peak (1st semicircle) [12, 45, 46]. The reason that Pt (Figure 9(b) (inset)) does not have Rtrp-related
semicircle is because Pt is highly conductive.
Furthermore, Pt has the lowest Rs (13.48 Ω) among all
samples, which also implies that spinning coating induces
good adhesion between the Pt ﬁlm and the FTO substrate.
The Rs of PEDOT is 16.17 Ω while the highest one belonged
to C0.8P (17.13 Ω). The additions of carbon from 0.2 to 0.6 g
into PEDOT only slightly increase the Rs of PEDOT. This
should be due to the slightly poorer adhesion between the
ﬁlm and FTO glass and the incremental series resistances
when more carbon contents were added.
In the case of Rtrp, PEDOT has the largest Rtrp value
(2.28 Ω). Adding carbon at the amount of 0.2 and 0.4 g
reduces Rtrp to 1.43 Ω and 0.84 Ω, respectively. This is
because carbon increases the conducting pathways in the
composite. Additional carbon loadings (0.6 and 0.8 g) lead
to slight increasing of Rtrp (1.14 and 2.25 Ω). The reason for
this is that even though more carbons could further reduce
the trp resistance, counteraction to such eﬀect might come
from accumulative carbon’s resistances.
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Figure 5: A Raman spectrum of (a) carbonized hair (from 800 to 2000 cm−1) and (b) carbonized hair and graphite (from 2500 to 3200 cm−1).

Table 1: The peak assignment and elemental composition derived
from XPS spectra.
Peak

C 1s

O 1s

Binding
energy (eV)
284.9
286.2
287.6
288.8
290.4
530.9
532.0
533.1
534.4
398.7

N 1s

400.1
401.2
163.9

S 2p
164.9

Assignment
Sp2 C-C
Sp C-C, C-N
-C=O, C=N
O=C-O
O=C-OH
C=O
O-C-O
O-C=O
Amide
Pyridinic
N (N-6)
Pyrrolic
N (N-5)
Quaternary
N (N-Q)
Thiophenic
(C-S-C) 3/2
Thiophenic
(C-S-C) 1/2

Element
composition
(at.%)

3

80.22

9.98

Fraction of
species (%)
58.3
23.1
8.8
6.9
2.9
30.0
34.4
29.1
6.5
43.4

9.47

36.8
19.8

0.15

57.4
42.6

The Rct is the resistance at the interface between the CE
surface and the electrolyte. Low Rct denotes the high electrocatalytic activity of CE catalyst. PEDOT has the highest Rct
(152.08 Ω) among all samples. For 0.2–0.6 g of carbon contents, the Rct of the CxP is decreasing with increasing amount
of carbon, suggesting the enhancement in electrocatalytic
activity. This is related to the rise of electrochemical actives
sites for I −3 reduction, which is attributed to increasing in carbon catalysts and the PEDOT’s surface areas as well as the
ease of electrolyte access.

The lowest Rct among the CxP is realized for C0.6P
(7.11 Ω). Yet, if the carbon content is 0.8 g, the Rct escalates
to 29.98 Ω. This might correspond to carbon agglomeration
at high carbon loading and consequently leads to the decline
in the active area of carbon and PEDOT. Note that the Rct of
C0.8P (29.98 Ω) is still lower than that of C0.4P (54.39 Ω).
Compared with Pt, the Rct of C0.6P is higher than Pt’s
(4.58 Ω). The trend of Rct with varied carbon amount is reasonable because it goes inversely with |Icr| [47].
The summation of resistances (Rs + Rtrp + Rct) is shown in
Table 2. These overall resistances impede the electrochemical
activity and have negative eﬀect toward solar eﬃciency. C0.6P
has the lowest overall resistance meaning that it should have
the highest electrocatalytic activity among CxP. However, its
electrocatalytic activity is lower than that of Pt.
3.4. Solar Eﬃciency. The main parameters aﬀecting a solar
eﬃciency are an open-circuit voltage (Voc), a ﬁll factor (FF),
and a short-circuit current density (Jsc). To gain high energy
conversion eﬃciency, these three parameters must be as high
as possible. The J-V characteristics of selected samples of a
DSSC with CxP CE (CxP DSSC) and a DSSC with Pt CE
(Pt DSSC) were shown in Figure 10. All the photovoltaic
parameters were summarized in Table 2. The Voc is expressed
as the diﬀerence between the TiO2’s Fermi level and the electronic energy of I −3 /I − redox couple [48]. Therefore, the Voc,
mostly depends on the TiO2, a dye, and an electrolyte quality.
In this work, Voc values of all CxP DSSCs fall within
0.75–0.76 V, which are also close of Pt DSSC (0.74 V). This
corresponds to the reproducible fabrication of the TiO2
photoanode ﬁlms. As for the FF factor, this parameter
depends on the whole processes essential for the operation
of DSSC. On the CE side, such processes include I −3 supply, I −3 to I − conversion activity, and I − availability [49].
Therefore, the electrochemical activity and the resistances
of CEs are useful for the interpretation of relationship
between carbon content and the FF value. The ﬁll factor
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Figure 6: XPS spectra of carbonized hair. (a) XPS survey spectrum, (b) C 1s, (c) O 1s, (d) N 1s, and (e) S 2p.
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Figure 7: CV results of counter electrodes. (a) C0.2P, C0.4P, and PEDOT. (b) C0.6P, C0.8P, and Pt.
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of PEDOT DSSCs is only 0.31 ± 0.01. PEDOT DSSC has
low FF because PEDOT has the poorest electrocatalytic
activity as veriﬁed from CV results. The FF value rises
with the increasing carbon amount (0.2 to 0.6 g) due to
increasing catalytic sites and reduction of total resistances.
Nevertheless, when 0.8 g of carbon is added, the FF does
not signiﬁcantly increase as compared to that of C0.6P
DSSC due to the increase in the overall resistances
(Table 2). Among CxP DSSCs, the high FF value of 0.58
± 0.01 is obtained for C0.6P DSSC and C0.8P DSSC. However, their values are lower than that of Pt DSSC (0.63)
because Pt’s total resistance is the lowest.
The Jsc is a photocurrent density measured without any
external loads under a short-circuit condition. Similar to
FF, Jsc value is dictated by electrocatalytic activity and a total

resistance. That is, high electrocatalytic activity and low total
resistance are required to ease electrochemical processes of
CE side and so guaranteeing a high Jsc value [49]. With
increasing carbon content from 0.2 to 0.4 g, the Jsc increases
and reaches its maximum for carbon content of 0.6 g
(14.85 ± 0.03 mA cm−2). However, Jsc decreases with increasing carbon content to 0.8 g (14.52 ± 0.05 mA cm−2) as electrocatalytic activity decrease for excessive carbon loading. This
is explained by the sudden increase of total resistance of symmetric C0.8P DSSC as compared to that of C0.6P DSSC. The
maximum Jsc belonged to Pt DSSC (15.64 ± 0.02 mA cm−2)
as Pt DSSC has the lowest total resistance.
Among all samples, PEDOT has the lowest eﬃciency
(3.03 ± 0.09%) due to its low FF and Jsc values. Combining
carbonized hair with PEDOT provides the synergistic catalytic eﬀect for I −3 reduction. The FF and Jsc values are
increasing with the increasing carbon loadings from 0.2 to
0.6 g. Accordingly, the eﬃciency keeps increasing until the
maximum eﬃciency is reached at 6.54 ± 0.11% for C0.6P
DSSC. Nonetheless, too high carbon loading (0.8 g) results
in the reduction of DSSC’s eﬃciency (6.31 ± 0.11%). The
eﬃciency of Pt DSSC (7.29 ± 0.01%) is higher than that
of C0.6P DSSC due to the higher FF and Jsc values achieved
in Pt DSSC.

4. Conclusion
Composite ﬁlms made of PEDOT and nonactivated carbonized hair were tested as DSSC CEs. Though the carbon
does not have exceptionally large speciﬁc surface area
(187.96 m2 g−1), it is eﬀective enough for electrocatalytic
reduction of I −3 , which could be due to the contribution
of nitrogen dopants (up to 9.47 at.%) and from graphitic-
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Figure 9: Impedance spectra of counter electrodes. (a) C0.2P, C0.4P, and PEDOT; (b) C0.6P and C0.8P; and inset Pt (c) zoom-in detail of 9(a)
and (d) zoom-in detail of 9(b).

Table 2: Photovoltaic parameters and EIS resistances of diﬀerent counter electrodes.
Counter electrodes
PEDOT
C0.2P
C0.4P
C0.6P
C0.8P
Pt

Jsc (mA cm−2)
13.03 ± 0.05
13.54 ± 0.03
14.48 ± 0.04
14.85 ± 0.03
14.52 ± 0.05
15.64 ± 0.02

Photovoltaic parameters
Voc (V)
FF
0.75 ± 0.0028
0.31 ± 0.01
0.76 ± 0.0019
0.46 ± 0.00
0.76 ± 0.0025
0.55 ± 0.02
0.76 ± 0.0018
0.58 ± 0.01
0.75 ± 0.0029
0.58 ± 0.01
0.74 ± 0.0010
0.63 ± 0.00

like carbons as well as the disordered types. Without carbon,
a PEDOT DSSC has the lowest eﬃciency (3.03 ± 0.09%) due
to its low FF and Jsc. Compositing carbonized hair with

η (%)
3.03 ± 0.09
4.73 ± 0.02
6.05 ± 0.22
6.54 ± 0.11
6.31 ± 0.11
7.29 ± 0.01

Electrochemical impedance spectroscopy
Rs (Ω)
Rtrp (Ω)
Rct (Ω)
RTotal (Ω)
16.17
2.28
152.08
170.53
16.35
1.43
143.65
161.43
16.49
0.84
54.39
71.72
16.76
1.14
7.11
25.01
17.13
2.25
29.98
49.36
13.48
—
4.58
18.06

PEDOT helps improve FF and Jsc values of DSSCs. The
maximum eﬃciency of 6.54 ± 0.11% was achieved for C0.6P
DSSC. Though the eﬃciency of C0.6P DSSC is lower than
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Pt DSSC’s (7.29 ± 0.01%) due to its lower FF and Jsc, the carbon catalyst proposed here is still interesting for a DSSC
application because our preparation steps involve no harsh
chemical. Moreover, the selected carbonization temperature
herein is only 700°C.
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Nanostructures have been widely used in solar cells due to their extraordinary photon management properties. However, due to
poor pn junction quality and high surface recombination velocity, typical nanostructured solar cells are not eﬃcient compared
with the traditional commercial solar cells. Here, we demonstrate a new approach to design, simulate, and fabricate whole-wafer
nanostructures on dielectric layer on thin c-Si for solar cell light trapping. The optical simulation results show that the periodic
nanostructure arrays on dielectric materials could suppress the reﬂection loss over a wide spectral range. In addition, by
applying the nanostructured dielectric layer on 40 μm thin c-Si, the reﬂection loss is suppressed to below 5% over a wide spectra
and angular range. Moreover, a c-Si solar cell with 2.9 μm ultrathin absorber layer demonstrates 32% improvement in short
circuit current and 44% relative improvement in energy conversion eﬃciency. Our results suggest that nanostructured dielectric
layer has the potential to signiﬁcantly improve solar cell performance and avoid typical problems of defects and surface
recombination for nanostructured solar cells, thus providing a new pathway towards realizing high-eﬃciency and low-cost c-Si
solar cells.

1. Introduction
Nanostructures have been widely applied onto solar cells, as
they demonstrate promising features for future higheﬃciency and low-cost solar cells, such as antireﬂection and
light trapping [1–7]. However, how to eﬀectively realize the
potential of nanostructured solar cells still remain a challenge. Compared with traditional commercial counterparts,
nanostructured solar cells have lower energy conversion
eﬃciency [8].
On the other hand, ultrathin crystalline silicon (c-Si)
solar cells have attracted much interest, as they could potentially achieve high eﬃciency with low-cost manufacturing
[9, 10]. However, due to the intrinsic optical properties
of Si as an indirect bandgap material, light trapping using
nanostructures is necessary for ultrathin c-Si solar cells to

achieve competitive eﬃciencies [11–14]. In order to get
high eﬃciency, reducing recombination, especially surface
recombination, is critical for ultrathin c-Si solar cells
[11, 12]. However, typical nanostructured c-Si solar cells
suﬀer from nanostructured pn junction with poor junction
quality and high surface damage due the fabrication process,
which result in a low Voc, despite a relatively high short
circuit current Jsc [11–14]. Consequently, the eﬃciencies of
ultrathin c-Si cells are low.
Such problems can be solved in III-V solar cells by
nanostructuring the semiconductor window layer with
higher energy bandgap instead of nanostructuring the
solar cell absorber. The nanostructured window layer
could produce antireﬂection and light-trapping eﬀect,
while at the same time maintaining the pn junction quality
and blocking the minority carriers from being recombined
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at the surface [6]. Similarly, this concept could be applied
to c-Si solar cells as well. Particularly, low-cost dielectric
materials with large bandgap (above 3 eV) have already
been widely used in c-Si solar cells, such as silicon nitride
(SiNx), aluminum oxide (Al2O3), and silicon dioxide (SiO2)
[15]. In addition, these dielectric materials have been
reported to provide excellent surface passivation for c-Si
solar cells [16, 17]. Therefore, by nanostructuring those
dielectric materials, antireﬂection and light trapping could
be achieved without sacriﬁcing the junction quality and
surface passivation.
In this work, we present the design of nanostructured
dielectric layer (NDL) of SiNx on c-Si thin ﬁlms for antireﬂection and light trapping. Simulation and experiment
results are also provided and discussed. First, simulation
results demonstrate the design robustness and the photon
management performance of the NDL over a wide spectra
and angular range. Second, NDL is applied onto a 40 μm
c-Si thin ﬁlm, which suppresses the overall reﬂection to
below 5%. In the ﬁnal part, the NDL is integrated with a
c-Si solar cell with 2.9 μm ultrathin absorber layer, demonstrating 32% improvement in Jsc and 30 mV enhancement
in Voc.

SiNx layer, and the DLARC was 140 nm thick SiO2 on
top of 80 nm thick SiNx. The SiNx NDL with refractive
index of 2.1 shows below 10% overall reﬂectance up to
60-degree incidence, which is better than any single-layer
antireﬂective coating (SLARC) at all angles and outperforms double-layer antireﬂective coating (DLARC) when
the incident angle is greater than 20 degrees. On the other
hand, the antireﬂection performance does not change much
for NDL with diﬀerent refractive index from 1.9 to 2.2, which
provides a good design robustness as SiNx might have a
variation in refractive index.

2. Design and Simulation of Nanostructured
Dielectric Layer

3. Fabrication of Nanostructured Dielectric
Layer

To study the antireﬂection eﬀect of nanostructured dielectric layers, optical simulations were performed by ﬁnitediﬀerence time-domain (FDTD) method in FDTD Solutions
from Lumerical Inc. The simulated nanostructures were an
array of nanocones with a 600 nm diameter at the base and
600 nm height, as illustrated in Figure 1. In this simulation,
the light source was located above the nanostructures, which
is incident normally into the nanostructures. The reﬂectance
of each wavelength was calculated based on the ratio of
reﬂected power and the total incident power. As we are only
studying the antireﬂection eﬀect, the c-Si layer under the
NDL is assumed to be inﬁnite. A 10 nm thick SiO2 (index
of 1.6) passivation layer is also included beneath the SiNx
region. When the light comes through the NDL and into
the solar cell, reﬂection occurs at the air/NDL and NDL/
c-Si interfaces. The tapper-shaped nanocones provide a
gradually changing refractive index and eliminate the reﬂection at the air/NDL interface. On the other hand, although
the index mismatch between dielectric and c-Si exists, SiNx
with refractive index ~ 2 can suppress the reﬂectance to
below 8%.
Figure 2(a) shows the simulated spectral reﬂectance of
SiNx NDL with refractive index ranging from 1.9 to 2.2.
The predicted reﬂectance is below 10% over a wide portion
of the solar spectrum. Another beneﬁt of nanostructures is
their wide acceptance angle. Figure 2(b) shows the comparison of simulated spectral averaged reﬂectance, which is the
integrated reﬂectance weighted by the number of incident
photons per wavelength over AM 1.5G, between the SiNx
NDL, single-layer antireﬂective coating (SLARC, 80 nm thick
SiNx), and double-layer antireﬂective coating (DLARC). In
the simulation, the SLARC was set to be single 80 nm thick

The SiNx NDL was fabricated using a nanosphere lithography method [18] as shown in Figure 3. First, 700 nm of SiNx
with 10 nm of SiOx on top was deposited on the c-Si layer
using plasma-enhanced chemical vapor deposition (PECVD)
at 350°C. It should be noted that the 10 nm of SiOx is crucial
here for the etching uniformity during the nanosphere
lithography process. Next, 600 nm silica nanospheres were
assembled into monolayer closed-pack ﬁlm on top of the
SiOx via Langmuir–Blodgett (LB) coating method [19].
Later, with the silica nanospheres as etch masks, electron
cyclotron resonance plasma etching with CF4 and O2 gas
(CF4 : O2 = 10 : 1) is used to etch down the SiNx and produce
the nanocone arrays. To achieve isotropic etching for the
nanostructures, a high chamber pressure of 40 to 50 mTorr
was used [20, 21]. Finally, silica nanosphere residues were
removed in 50 : 1 hydroﬂuoric acid. The shape of nanostructures can be controlled by the ratio between etchant gas and
the bias applied during plasma etching. Scanning electron
microscope (SEM) images in Figure 4 shows the fabricated
nanocone array with diﬀerent shapes.

600 nm

600 nm

(a)

(b)

Figure 1: Schematics of simulated NDL on top of c-Si, including
(a) top view and (b) cross section.

4. Nanostructured Dielectric Layer on 40 μm
c-Si Layer
To evaluate the antireﬂection and light-trapping eﬀect, a SiNx
NDL layer was applied onto a 40 μm c-Si thin layer that was
prepared using the epi-lift-oﬀ (ELO) kerﬂess Si technique.
The NDL layer was fabricated using the method described
in Section 3 and has the nanodome shape as in Figure 4(a).
The reﬂectance measurements were performed using a standard integrating sphere system, and the characterization
results are shown in Figure 5. Figure 5(a) shows the FDTD
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Figure 2: Simulated antireﬂection properties of SiNx NDL. (a) Spectral reﬂectance of SiNx NDL with refractive index from 1.9 to 2.1 and
normal incident light from 300 nm to 900 nm. (b) Simulation result of integrated overall angular reﬂectance under AM 1.5G of SLARC
(red), DLARC (green), and SiNx NDL with reﬂective index of 2.1 (blue).
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Figure 3: Fabrication process of the SiNx NDL. (a) Deposit the SiNx
layer on the c-Si, with a thin layer of SiOx (~10 nm) on top using
PECVD; (b) assemble a monolayer of silica nanospheres on top
using LB coating method; (c) dry etch the SiNx with the silica
nanospheres as etching masks; and (d) remove the remaining
silica nanospheres and SiOx using wet etch.

simulation and experimental measurement results of reﬂectance on top of the 40 μm c-Si thin layer with NDL. The
incident light is under normal direction with wavelength
ranging from 400 nm to 1000 nm. From Figure 5(a), the
reﬂectance loss has been suppressed to below 5% over a wide
portion of the solar spectrum, from 400 nm up to 850 nm.
Above 850 nm, the reﬂectance increases for both simulation
and measurement results. This is because the optical absorption in c-Si is weak in this wavelength range [22]. The
diﬀerence between simulation and experiment results at

(b)

Figure 4: The SEM images of the fabricated NDL with
(a) nanodome shape and (b) nanocone shape.

900 nm to 1000 nm mainly comes from the diﬀerent bottom
interface conﬁguration. In simulation, the 40 μm c-Si thin
layer is a free-standing thin ﬁlm and the bottom surface is
expose to air with large refractive index mismatch. Therefore,
the unabsorbed light gets partially reﬂected at the bottom
surface of c-Si. Such reﬂected light is reﬂected again at
the front SiNx/c-Si interface and the SiNx/air interface.
The 40 μm thin Si acts like a resonant cavity in this case,
generating the resonant peaks between 900 nm to 1000 nm
in Figure 5(a). On the other hand, in experiment, the
sample was placed on a thick polymer layer (~1 mm) for
handling. Therefore, the reﬂection from the back surface
is not strong enough to generate such resonant peaks as
in the simulation results. Figure 5(b) shows the measured
integrated reﬂection at diﬀerent incident angles. The spectral averaged reﬂection has been suppressed from ~30% to
below 10% up to 60-degree incident angle, demonstrating
a wide-angle antireﬂection eﬀect.

5. Nanostructured Dielectric Layer on Ultrathin
c-Si Solar Cells
To better assess the performance of NDL, a c-Si solar cell
with 2.9 μm ultrathin absorber was fabricated and integrated
with NDL [23]. The fabrication process is shown in Figure 6.
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CF4 + O2

0.3 휇m n+,
1.5e19 cm‒3
0.9 휇m
Intrinsic layer

1.7 휇m p,
1.5e18 cm‒3

p- substrate,
semiinsulating

BOE

SiO2

Photoresist

SiNx window

Metal contact

Si solar cell

Figure 6: Schematics of the fabrication process of ultrathin c-Si solar cells with NDL on top. (a) Deposit a c-Si solar cell with ultrathin
absorber on a semi-insulating substrate using RPCVD; (b) deposit the SiNx layer and thin SiOx layer on c-Si solar cell; (c) assemble a
monolayer of silica nanospheres on top; (d) dry etch the SiNx layer to form the NDL; (e) use lithography and wet etching of SiNx in 6 : 1
BOE to deﬁne the top contact region; and (f) create front and back metal contacts.

For comparison, a control sample was fabricated using
similar process but without the NDL on top.
First, the ultrathin c-Si solar cell was deposited on top of
a ~100 Ω·cm semi-insulating p− CZ substrate using reduced

pressure chemical vapor deposition (RPCVD) in an Applied
Materials Epi2 system (Figure 6(a)). The deposition was at
1000°C using dichlorosilane (DCS), and phosphine (PH3)
and diborane (B2H6) were used as the dopants. The solar cell
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Figure 7: (a) J-V characteristics and (b) EQE characteristics of the solar cells with NDL (red) and without NDL (black).

contains three layers: a 1.7 μm 1.5 × 1018 cm−3 boron-doped
p-type base layer, a 0.9 μm 1016 cm−3 p− intrinsic layer,
and a 0.3 μm 1.5 × 1019 cm−3 phosphorus-doped n+-type
emitter layer.
Second, the NDL was fabricated over the whole sample
using the method described in Section 3. 700 nm SiNx layer
was deposited at 350°C using PECVD with 10 nm SiOx layer
on top (Figure 6(b)). Later, a monolayer of compact silica
nanospheres was assembled on top of the SiOx thin ﬁlm using
LB method (Figure 6(c)). Next, a combination of CF4 and O2
was used to dry etch the SiNx with silica nanopheres as
etching masks and followed by 50 : 1 HF dip to remove the
remaining SiOx and silica (Figure 6(d)). The fabricated
NDL has the nanodome shape as in Figure 4(a).
Standard 5X projection system optical lithography was
used to deﬁne the contact region. The top contact region is
formed by removing the PECVD SiNx with 6 : 1 buﬀered
oxide etchant (BOE) (Figure 6(e)) and followed by evaporation of 200 nm thick aluminum for the contact. The front
contact region is ﬁnally formed by lift-oﬀ process in acetone.
The back contact was formed by directly aluminum evaporation on the back side of the wafer. The schematic of the
fabricated solar cell with NDL is shown in Figure 6(f). To
evaluate the performance of the NDL, control samples were
also fabricated. The control samples have the similar cell
structure and fabrication process, but without NDL on top.
The current density-voltage (J-V) characteristics of the
fabricated 2.9 μm cells were performed under AM 1.5G 1sun illumination (1000 W/cm2) at room temperature. A
calibrated solar simulator was used to provide the illumination, and the light intensity was monitored using a NREL
certiﬁcated solar cell. The J-V measurement results of the
cells with and without the SiNx NDL structures are shown
in Figure 7(a), and the key solar cell parameters including
short-circuit current density, open-circuit voltage, eﬃciency,
and ﬁll factor are summarized in Table 1.
First of all, the solar cell with NDL achieved a Jsc of
28.15 mA/cm2, which is 32% higher than the Jsc of the control
cell without NDL. This is due to the antireﬂection and lighttrapping eﬀect of the NDL. Such eﬀect could also be seen
from the results of the external quantum eﬃciency (EQE)

Table 1: Summary of solar cell performance.

w/ NDL
w/o NDL
Relative
improvement

Jsc
Voc (mV)
(mA/cm2)
28.15
570
21.32
540
25%

6.5%

Fill factor
(%)
71.3
69.4

Eﬃciency
(%)
11.44
8.08

2.7%

44%

measurement in Figure 7(b), which was conducted using
mechanically chopped monochromatic light with the photocurrent measured using a lock-in ampliﬁer. With NDL, the
EQE is improved from below 60% to ~80% over a wide range
of solar spectrum (500 nm to 800 nm). However, EQE
decreases at wavelength above 800 nm due to the weak
absorption of c-Si at such wavelength range, and the
improvement with NDL is also smaller there. The Jsc and
EQE could be further improved by making a stand-alone
ultrathin c-Si solar cell with integrated back reﬂector [24].
Second, the solar cell with NDL also achieved a Voc of
570 mV, which is 30 mV higher than the Voc of the control
cell without NDL. As Voc is related to the overall minority
carrier recombination inside the solar cells, a higher Voc
indicates that the cell with NDL has a better surface passivation eﬀect while still maintaining the same pn junction
quality. Such a surface passivation eﬀect could also be seen
from the EQE enhancement at short wavelength (400 nm to
500 nm) in Figure 7(b). With NDL, the EQE is improved
from below 20% to above 40% at 400 nm, which is more than
100% relative improvement. For photons at 400 nm wavelength, the absorption depth is only 82 nm [22], which means
that most of the photons at 400 nm are absorbed near the surface and are highly aﬀected by the surface recombination.
Therefore, such a huge improvement at 400 nm EQE not
only exhibits the antireﬂection eﬀect but also demonstrates
the surface passivation eﬀect of NDL.
Overall, the solar cell with NDL has an energy conversion
eﬃciency of 11.44%, which is 44% relatively higher than the
eﬃciency of the control cell without NDL.

6

6. Summary
To summarize, we have demonstrated a systematical analysis
of SiNx NDL for antireﬂection and light trapping in ultrathin
c-Si solar cells. A complete large-area and whole-wafer process
to form NDL on thin c-Si is also presented. Also, the NDL has
been successfully integrated onto a 40 μm thin c-Si layer and
an ultrathin c-Si solar cell with 2.9 μm absorber. From the
simulation and experiment results, a wide-spectrum and
wide-angle antireﬂection and light-trapping eﬀect has been
achieved using NDL. Together with the good surface passivation eﬀect of SiNx, NDL exhibits great potential to produce
high-eﬃciency and low-cost ultrathin c-Si solar cells.
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A chromophore containing a coplanar dihexyl-substituted dithienosilole (CL1) synthesised for use in dye-sensitised solar cells
displayed an energy conversion eﬃciency of 6.90% under AM 1.5 sunlight irradiation. The new sensitiser showed a similar
ﬁll factor and open-circuit voltage when compared with N719. Impedance measurements showed that, in the dark, the
charge-transfer resistance of a cell using CL1 in the intermediate-frequency region was higher compared to N719 (69.8
versus 41.3 Ω). Under illumination at AM 1.5G-simulated conditions, the charge-transfer resistances were comparable,
indicative of similar recombination rates by the oxidised form of the redox couple. The dye showed instability in ethanol
solution, but excellent stability when attached to TiO2. Classical molecular dynamics indicated that interactions between
ethanol and the dye are likely to reduce the stability of CL1 in solution form. Time-dependent density functional theory
studies were performed to ascertain the absorption spectrum of the dye and assess the contribution of various transitions to
optical excitation, which showed good agreement with experimental results.

1. Introduction
Dye-sensitised solar cells (DSSCs) [1] have the distinct
advantage of being responsive to low and diﬀuse light levels,
as well as to the light incident under acute irradiation angles.
This renders the technology particularly suitable for indoor
situations and other similar applications where the incident
light is conﬁned to a select band in the visible spectrum,
which may be the characteristic output of a certain light
source. There, it is possible to tune the spectral sensitivity
of DSSC as the light-harvesting function of the cell is
separated from the semiconductor, unlike in inorganic solar
cells, and is taken up by a sensitiser. The standard and most
studied sensitisers for making DSSC are ruthenium dyes with

a reported maximum eﬃciency of 11.9% [2]. Although the
DSSC is optimal for room interiors and vertical façade
positions, its certiﬁed solar-to-electric power conversion eﬃciency (PCE) under standard air mass 1.5 (AM 1.5) reporting
conditions (1000 W/m2 solar light intensity and 298 K) is still
a factor of 2 below that of Si solar cells. Much eﬀort has been
expended in developing more eﬃcient dyes [3, 4]. However,
Ru is expensive, has limited availability, and has an undesirable environmental impact when used in large amounts. A
newer and increasingly emerging area of solar research lies
in perovskite solar cells. One key challenge for perovskite
commercialisation is stability. The light-sensitive material
in these devices dissolves in the presence of water and
decomposes at high temperature. Scientists must also address
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the possibility of lead contamination before these cells can be
commercialised at large scale [3].
The development of new organic dyes has been the subject of much interest lately, especially metal-free dyes [5–7].
Organic dyes can be more versatile in their light absorption
properties, owing to a larger number of molecular structure
variations possible and in principle cheaper for mass scale
production. They also possess higher molar extinction coeﬃcients allowing eﬃcient light harvesting using thinner layers
when compared to Ru dyes. Porphyrins and phthalocyanines
containing inexpensive metal atoms also have attracted
considerable attention in the recent years [8, 9]. Recent
reports have described a porphyrin-based dye in combination with a Co-complex containing electrolyte, a redox mediator exhibiting higher reduction potentials than that of I3−,
which has displayed the highest eﬃciency to date of 13%, as
well as over 14% from a DSSC cophotosensitised with an
alkoxysilyl-anchor dye and a carboxy-anchor organic dye
[5–7]. Another reason for developing organic dyes is the
industrial and architectural preferences for speciﬁc dye
colours such as green, bright red, golden, and blue, when
conceiving new buildings with integrated photovoltaics and
designing newer interior designs. Indeed, industry is even
willing to compromise slightly on solar cell eﬃciency for
desired colour characteristics. This confers to organic dye
research a rather compelling new impetus and scope.
In general, organic dyes consist of three segments: a
donor, a linker, and an acceptor group. Much research has
been performed on altering the nature of each of these groups
with the aim of tuning the dyes’ absorption spectrum in the
visible spectral region. Synthetic chemists increasingly turn
to molecular structures based on the current understanding
of dyes’ structure-property relationships. The introduction
of long-chain alkyloxy groups in the dye structure is
suggested to generally retard the charge recombination
process [10]. Donor-π-bridge-acceptor (D-π-A) sensitisers, endowed with such groups, recently reached opencircuit voltage (Voc) values exceeding 0.8 V when used with
Co(II/III)tris(bipyridyl) redox electrolytes. However, the
energy conversion eﬃciencies of these dyes remained in the
6.7 to 9.6% range because of their insuﬃcient solar light harvesting, resulting in low photocurrents [10, 11]. The quest
for newer dyes is therefore very challenging. In fact, dyes
with narrower spectral bands still may ﬁnd use in DSSC
devices destined for indoor applications, where the available
spectrum is usually inﬂuenced by indoor lighting systems.
Five-membered heterocycles containing silicon have also
attracted attention recently, in particular, silole derivatives
with a 2,2′-bithiophene group connected through a silicon
atom. Si, an abundant tetravalent element like C and widely
used in organic synthesis, is thus a natural choice for organic
sensitisers. Dithienosilole derivatives have been used in many
optoelectronic devices, such as light emitting diodes [12],
whilst dithienosilole-based polymers have been used in
polymer solar cells [13]. There have been a few reports on
the use of these materials in DSSCs, too. Ko et al. described
the synthesis of silole-spaced triarylamine derivatives containing combinations of phenyl and methyl groups attached
to silicon, with a PCE of 7.50% [14, 15]. Lin et al. reported
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a coplanar diphenyl-substituted dithienosilole dye with an
eﬃciency of 7.60%. The additional O-hexyl donor groups
were added to the triphenylamine donor group to provide
increased electron donor capabilities [14, 15]. However, these
compounds possessed increased conjugation and lowered
LUMO (lowest unoccupied molecular orbital) levels. Coplanarity of the π-spacer was obtained by bridging the two thiophene units with a silicon atom, leading to more eﬀective
rates of electron transfer. To our knowledge, there have been
no reports to date on the eﬀects of adding large alkyl chains
to the silicon group.
Here, we report a dithienosilole dye (Scheme 1) containing alkyl chains to help prevent aggregation of the dye sensitiser. The brightly red-coloured dye showed a good power
conversion eﬃciency of 6.90% under 1 sun, in the absence
of any additional electron donor groups. Electrochemical
impedance spectroscopy (EIS) was used to study the chargetransfer properties of the dye-sensitised solar cell [16–20].
Time-dependent density functional theory (TD-DFT) was
used to calculate the absorption spectra and compare it with
experimental spectra. On exposure to ethanol for a week in
a dye bath, the dye showed a decrease in eﬃciency to 5.83%
and the colour of the dye bath went from the bright ﬂuorescent red to a dull brown. Cell performance and UV-Vis
absorption tested over time are shown in Supporting Information available online at https://doi.org/10.1155/2017/
7594869. However, DSSCs made using this dye and a standard iodide-tri-iodide electrolyte still showed a stable incident photon-to-current eﬃciency (IPCE) value even after a
month. Computational studies using classical molecular
dynamics (MD) were performed to provide an insight into
solvent eﬀects and investigate hydrogen bonding between
the dye and the ethanol medium.

2. Experimental Section
2.1. Materials. The following materials were used as
received: 1-butyl-3-methyl imidazolium iodide (BMII, Merck
4.90187.0100) and guanidinium thiocyanate (GuSCN, Merck
8.20613.0250). Ethanol was purchased from Lennox, Dublin.
All other chemicals were purchased and used as received
from Sigma-Aldrich. Toluene was distilled under sodium
benzophenone and stored under nitrogen. Dimethylformamide was dried using barium oxide. Titanium dioxide paste
(Ti-Nanooxide D20), electrolyte (Iodolyte AN-50), Surlyn
ﬁlm (Meltonix 1170-60), and ﬂuorine-doped tin oxide glass
slides (TCO30-8, ~8 ohm/square) were purchased from
Solaronix SA (Aubonne, Switzerland). A second “light
scattering” paste of particle size 150–250 nm was purchased
from DyeSol Ltd. (WER 2-0).
Three types of TiO2 pastes were used to make cells,
including the commercially purchased samples. The ﬁrst
was a “transparent” type containing 20 nm particles of TiO2
prepared from Evonik P25 powder using a standard fabrication procedure [21]. Ethyl cellulose (Fluka, #46080) and
anhydrous terpineol (Fluka, #46070) were used as received
to make a paste. A second paste of particle size 150–250 nm
and purchased from DyeSol Ltd. (WER 2-0) was used to form
a light scattering layer. Both pastes were screen printed with a
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Scheme 1: Reagents and conditions: (i) 4-(diphenylamino) phenylboronic acid, palladium(II) acetate, cesium carbonate, toluene, reﬂux, 24 h,
(ii) POCl3, DMF, 90 °C, 24 h, and (iii) 2-cyanoacetic acid, piperidine, acetonitrile, reﬂux, 4 h.

90T mesh to yield electrodes of approximately 15 μm thickness (10 μm transparent layer and a 5 μm scattering layer).
The standard liquid electrolyte used was labelled E1 [22]
and was comprised of 0.03 M iodine, 0.1 M guanidinium
thiocyanate, 0.5 M 4-tert-butylpyridine, and 0.6 M BMII in
an acetonitrile : valeronitrile solvent mixture (85 : 15 by volume). The Solaronix paste was used without light scattering
layers in certain experiments, where cell eﬃciencies were
not considered the primary objective.
2.2. Dye Characterisation. Absorption and emission spectra
of the dye were obtained, both in the dissolved form as
well as in the chemisorbed state on TiO2 surface. For
experiments with TiO2, a mixture was prepared using 100 μl
Ti-Nanooxide D20, 35 μl polyethylene glycol (PEG), and
100 μl of 1% Tween-80 in water, which were mixed together
to obtain a gel. The gel was spread onto an FTO glass
slide and left to dry for 30 min after which the electrode
was calcined at 450°C for 30 minutes. The adsorption of
CL1 dye was performed by immersing the TiO2 electrodes
in CL1 (0.57 mM) solution in ethanol overnight (18 h).
The electrodes were then rinsed with ethanol and dried in
air. Solution-based absorption and emission spectra were
recorded on a Varian Cary 300 UV-Visible and a Cary eclipse
ﬂuorescence spectrophotometer, respectively, using quartz
cuvettes. The absorption spectrum of the anchored dye was
obtained on a UV-1800 Shimadzu spectrophotometer.
A Perkin Elmer Spectrum 100 FT-IR spectrometer was
used to record ATR-FTIR spectra at a resolution of 2 cm−1.
The spectra reported represent averages of 100 scans. A
CHI800 potentiostat was used for cyclic-voltammetry measurements. Dye-immobilised TiO2, Pt wire, and Ag/AgCl/
KCl were used as the working, counter, and reference
electrodes, respectively. Solutions were bubbled with N2 gas
and kept under an N2 atmosphere during experiments.

Electrochemical impedance spectroscopy was performed
using an impedance analyser (Solartron analytical, 1260)
connected to a potentiostat (Solartron Analytical, 1287).
EIS spectra were measured under illumination and at applied
bias voltage equivalent to the open-circuit voltage (Voc) of the
device in the dark over the frequency range of 0.1 to 105 Hz
using a 10 mV amplitude AC signal. Impedance spectra were
ﬁtted to an equivalent circuit model using ZView software
(Scribner Associates Inc.).
1
H and 13C NMR spectra were recorded using Bruker
300 and 400 MHz instruments using the residual signals
δ = 7.26 ppm and 77.0 ppm for CDCl3 and δ = 2.50 ppm
and 39.4 ppm for [D6]-DMSO.
2.3. General Synthetic Procedure. The synthetic procedure
for the preparation of compound A has been described
previously [23]. The synthesis of B was achieved through
Suzuki coupling between the bromo-silole derivative and
triphenylamine-boronic acid. Aldehyde addition was performed using Vilsmeier formylation using phosphorus
oxychloride to yield C. Claisen condensation between cyano2-acetic and the aldehyde in the presence of piperidine
yielded CL-1 as a purple solid with a yield of 41%.
2.4.
5-[N,N-Bis(phenylamino)phenyl]-3,3′-dihexyllsilylene2,2′-bithiophene (B). Compound A (0.59 g, 1.34 mmol), 4(diphenylamino) phenylboronic acid (0.469 g, 1.61 mmol),
palladium(II) acetate (0.030 g, 0.134 mmol), and cesium
carbonate (2.638 g, 8.09 mmol) were dissolved in toluene
(75 ml). The reaction mixture was reﬂuxed overnight. The
organic layer was extracted using CH2Cl2 and washed with
H2O and then dried over Na2SO4. The solvent was removed
by rotary evaporation. The crude product obtained was
then puriﬁed using column chromatography (petroleum
ether/CH2Cl2 = 6/1) to yield compound B as a yellow wax
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Figure 1: Absorption spectrum of CL1 dye showing an absorption band at 468 nm (a) in ethanol (0.057 mM) and (b) adsorbed on a TiO2 ﬁlm
showing a red shift indicative of interactions between the dye molecule and the semiconductor.

with 61% yield. 1H NMR (CDCl3, 400 MHz): δ ppm 7.46
(2H, J = 12 Hz, d), 7.29–6.97 (15H, m), 1.45–1.16 (16H,
m), 0.95–0.87 (m, 4H), and 0.87–0.79 (6H, m); 13C NMR
([D6]-DMSO, 100 MHz): δ ppm 149.42, 147.61, 147.51,
146.89, 144.78, 143.12, 141.05, 129.63, 129.27, 129.17, 128.90,
126.38, 124.95, 124.85, 124.39, 124.14, 123.90, 122.98, 122.64,
32.85, 31.42, 24.16, 22.55, 14.07, and 11.91.
2.5. 5-[N,N-Bis(phenylamino)phenyl]-5′-formyl-3,3′-hexylsilylene2,2′-bithiophene (C). Compound B (0.50 g, 0.825 mmol) was
dissolved in DMF (50.00 ml). At 0°C, POCl3 (0.184 ml,
1.956 mmol) was added to this solution and the mixture
was stirred at 90°C overnight. The organic layer was extracted
using CH2Cl2 and washed with H2O and before drying over
Na2SO4. The solvent was removed by rotary evaporation.
The crude product was then puriﬁed using column chromatography (petroleum ether/CH2Cl2 = 4/1) to yield compound
C as an orange wax in 74% yield. 1H NMR (CDCl3,
400 MHz): δ ppm 9.85 (1H, s), 7.69 (1H, s), 7.47 (2H,
J = 8 Hz, d), 7.30–7.21 (5H, m), 7.14–7.03 (8H, m), 1.44–
1.19 (16H, m), 0.99–0.91 (4H, m), and 0.88–0.79 (6H, m);
13
C NMR (CDCl3, 100 MHz): δ ppm 181.41, 158.06, 148.15,
147.04, 146.77, 146.29, 145.03, 143.20, 140.68, 138.49,
132.94, 128.34, 126.75, 125.72, 124.00, 123.70, 122.34,
122.31, 119.94, 31.77, 30.34, 23.06, 21.49, 13.02, and 10.70.
2.6. 3-[5-[N,N-Bis(phenylamino)phenyl]-3,3′-dihexylsilylene2,2′-bithiophene-5′-yl]-2-cyanoacrylic Acid (CL-1). At ﬁrst,
compound C (0.05 g, 0.883 mmol), 2-cyanoacetic acid
(0.02 g, 0.258 mmol), and a drop of piperidine were
dissolved in acetonitrile (10 ml). This mixture was then
reﬂuxed for 2.5 h. After removal of the solvent, the
crude product was puriﬁed using column chromatography
(CH2Cl2/MeOH = 30/1) to yield Cl-1 as a purple solid with
41% yield. 1H NMR (CDCl3, 400 MHz): δ ppm 8.05 (1H, s),
7.67 (1H, s), 7.59 (2H, J = 12 Hz, d), 7.52 (1H, s), 7.38–7.28

(4H, m), 7.12–6.94 (8H, m). 1.39–1.10 (16H, m), 0.99–0.89
(4H, m), and 0.84–0.73 (6H, m); HRMS (TOF-MS-ESI)
m/z: 699.2535 [M+]; calculated for C42H43N2O2S2Si [M+]:
699.2535.
2.7. Cell Fabrication and Characterisation. DSSCs were manufactured as described previously [24]. Screen printing was
used to deposit layers of TiO2 on a ﬂuorine-doped tin oxide
(FTO) conducting transparent glass substrate. In all cases, a
nonporous, dense blocking underlayer of TiO2 was deposited
ﬁrst on the FTO substrate via TiCl4 treatment [21] in order to
reduce charge recombination, prior to screen printing. The
TiO2 paste was then printed on the TiCl4 treated glass using
a Tiﬂex Ltd., France, screen printer and involved several
cycles. After deposition of each layer, the ﬁlms were kept in
an ethanol saturated chamber for 6 min followed by drying
at 125°C for 6 min, whilst the ﬁnal sintering involved gradual
heating in an oven at 325°C (5 min), 375°C (5 min), 450°C
(15 min), and 500°C (30 min). After sintering, a layer of TiCl4
was deposited followed by sintering at 500°C for 30 min. The
TiO2 active area was 0.283 cm2 (6 mm diameter circular
spot). The sintered electrodes were placed in a dye bath of
N719 (benchmark dye as supplied by Dyesol Ltd., without
further puriﬁcation) dissolved in an acetonitrile : tert-butyl
alcohol: THF mixture (vol 4.5 : 4.5 : 1) or Si dye (CL-1) in
ethanol at a concentration of 200 μM for 16–20 hours. The
counter electrode was prepared with a thin ﬁlm of Pt catalyst
deposited via a drop of H2PtCl6 solution (2 mg Pt content in
1 ml ethanol) and heat treated at 400°C for 15 minutes. The
dye-coated TiO2 electrode and Pt-coated counter electrode
were sandwiched together and sealed using a Bynel polymer
gasket (50 μm thick). Electrolyte was ﬁlled into the space
between the two electrodes through a hole in the counter
electrode via the vacuum back-ﬁlling method. The back hole
was then heat sealed with a thin piece (0.1 mm thick) of glass,
again with Bynel.
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Figure 2: Absorption (blue line) and emission (red line) spectra of CL1 in ethanol in arbitrary units showing values of 468 nm and
618 nm, respectively.

2.9. Time-Dependent Density Functional Theory. The Cl-1
dye was modelled using Discovery Studio Visualizer package
(Accelrys, San Diego, CA). Ground-state structural optimisation and excited-state calculations for the isolated dye and
the dye in complex with a titania nanoparticle were then
performed using Gaussian’09 using the linear response
approach [25]. The two hexyl groups in the side chains were
replaced by the methyl groups to reduce computational time.
This should not aﬀect the results, as these side chains do not
participate in the photoexcitation of the dye. The transitions
of interest are predominantly charge-transfer in character.
Such excitations are better described by conventional hybrid
and range-separated xc-functionals [26, 27]. For the CL1 dye,
two approximations were used: (a) Becke-3 Lee-Yang-Parr
(B3LYP) hybrid functional [28–30] and (b) Coulombattenuated functional, CAM-B3LYP [31]. The standard
6−31G∗ basis set, which provides a very good compromise
between the accuracy and computational time, was also used.
The calculations were performed in two stages:
(1) Structural optimisation was carried out for the isolated dye using both functionals. After geometry optimisation, TD-DFT was used to obtain the UV/Vis
absorption spectra of the dye within the two functionals. The theoretical results were then compared

60
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2.8. Electrooptical Characterisation. Current/voltage (I‐V)
curves, open-circuit voltage (Voc), short-circuit current density (J sc ), and the ﬁll factor (FF) were measured using a
Newport 91195A-1000 solar simulator and Newport
69920 Arc Lamp Power Supply. A Newport 81088A air
mass ﬁlter was placed before the output of the solar simulator to simulate the AM 1.5 spectrum. I‐V measurements
were recorded with a GAMRY Instruments potentiostat.
Spectral response and incident photon-to-current eﬃciency
(IPCE) measurements were made with using a solar cell
spectral response/QE/IPCE measurement system (Solar Cell
Scan 100 (SCS100)—Gilden Photonics Ltd.).
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Figure 3: Cyclic voltammogram of adsorbed CL1 dye at a scan
rate of 100 mV/s, in 0.1 M TBAPF6 in acetonitrile showing
quasi-reversible behaviour; the oxidation and reduction peaks can
be attributed to the triphenylamine moieties and cyanoacrylic
acid, respectively.

with experimental data to choose the most appropriate functional.
(2) The ground- and excited-state properties of the dyetitania complex were characterised using the optimal
functional. To compare theoretical results with their
experimental counterparts, solvent (ethanol) eﬀects
were added using the polarisable continuum solvation model (C-PCM) [32] in all calculations. The
complex was created by attaching the dye to a 114
atom-containing nanoparticle TiO2 cut from an
anatase (101) surface. This cluster geometry has been
employed in earlier studies and demonstrated that
the lowest excitation energy was in agreement with
the experimental semiconductor bandgap [33–37].

6

International Journal of Photoenergy
Table 1: Experimental data of electrochemical and spectroscopic properties of the CL1 dye.
ε (M−1 cm−1)
30,000

λabs,max (nm)
468

λem,max (nm)
618

a

Eox (V) (versus NHE)
1.28

E0–0 (eV)
2.29

ELUMO (V) (versus NHE)
−1.01

The LUMO (lowest unoccupied molecular orbital) level of the dye was calculated using equation Eox − E0–0 [47, 48], where E0–0 is the zeroth–zeroth transition
energy of the dye estimated from the intersection between the absorption and emission spectra of the dye (Figure 2).
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Figure 4: (a) ATR-FTIR spectrum of CL1 dye showing sharp phenyl and thiophene ring modes at 1517, 1491, 1375, and 1256 cm−1, whilst the
C–N stretching mode of triarylamine appeared at 1348 cm−1. (b) ATR-FTIR spectrum of CL1 dye adsorbed on TiO2 showing the
υasym(COO−) and υsym(COO−) stretching modes of carboxylate linker groups at 1590 and 1382 cm−1, respectively, whilst the C≡N stretch
frequency was unchanged at 2209 cm−1.

Geometrical optimisation of the isolated titania cluster was performed under CAM-B3LYP. The groundstate structure of the nanoparticle was then used
to create the CL1 dye-titania complex. Once the
complexed structure was also optimised, TD-DFT
calculations were performed to obtain the UV/Vis
absorption spectra for the dye-titania complex.

2.10. Molecular Dynamics. Classical MD simulations were
used to investigate and quantify hydrogen-bond lifetimes
with ethanol as a solvent. Given the small-molecule nature
of the dye, the MMFF94 force ﬁeld was utilized [38]. All
MD calculations were performed using the MOE software
package [39]. Nonbonded interactions were treated using a
twin-range method [40], with short and long cut-oﬀ radii
of 10 and 12 Å, respectively, with reaction ﬁeld electrostatics
[41] with a cut-oﬀ radius of 15 Å. The dielectric constant was
set at the experimental value of 24.3 [42]. Following gasphase geometry optimisation, the dye was placed in the centre of a rectangular periodic box surrounded by 845 ethanol
molecules under periodic boundary conditions (PBC) [43],
relaxed via MD in the liquid state at 298 K and 1 atm. Prior
to MD under PBC, the heavy atoms in the simulation box
were ﬁxed and the system was relaxed by energy minimization. This was followed by “heating” of the system to 300 K
in 25 K increments by MD in stages of 10 ps duration in the
NVT ensemble, using velocity assignments from the
Maxwell-Boltzmann distribution at the start of each step. A
production simulation was then carried out in the NPT
ensemble for 100 ps, and bond lengths were constrained with
a relative tolerance of 10−8 [43]. A time step of 1 fs was used.

The period of the thermal and barostat reservoirs [43] was set
to 1 and 5 ps, to allow for relatively weak coupling.

3. Results and Discussion
3.1. Absorption and Emission Spectra. The absorption spectrum of the CL1 dye in ethanol (Figure 1) showed a broad
absorption band at 468 nm with a molar extinction coeﬃcient (ε) of 30 × 103 M−1 cm−1, which arises from π − π∗
charge-transfer transition [15, 44, 45]. The absorption spectra of adsorbed dyes on TiO2 displayed a slight red shift in
the absorption bands, indicative of interactions between the
dye molecule and the semiconductor. The dye in solution
exhibits considerable emission characteristics, when excited
with light of suitable wavelengths. The ﬂuorescence spectrum
of the CL1 dye in ethanol shows an emission peak centred at
618 nm upon excitation at 468 nm. The absorption spectrum
of CL1 dye in ethanol, shown in Figure 1(a), is presented
together with its ﬂuorescence spectrum in Figure 2, which
shows a stoke shift of 150 nm.
3.2. Cyclic Voltammetry. Cyclic voltammetry was used to
measure the ground-state oxidation potential (Eox ) of the
dye. The cyclic voltammogram (Figure 3) of the dye showed
quasi-reversible behaviour; the oxidation and reduction
peaks can be attributed to the triphenylamine moieties
and cyanoacrylic acid, respectively [15]. The value of Eox
of the dye, 1.28 V (versus NHE), is more positive (Table 1)
than the redox potential (0.4 V versus NHE) [46] of the
iodide/triiodide couple. Thus, the oxidised dye can be
regenerated by I− in the electrolyte enabling eﬃcient charge
separation. The LUMO energy level of the dye, −1.01 V
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Figure 5: Nyquist ((a) and (c)) and Bode phase ((b) and (d)) plots of N719 and CL1 dye sensitised DSSCs in the dark ((a) and (b)) at −0.67 V
and under 1 sun illumination ((c) and (d)) at open-circuit voltages.
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Figure 6: Equivalent circuit used to ﬁt EIS data.

(versus NHE), is more negative than the conduction band
edge (−0.5 V versus NHE) [46] of TiO2 (Table 1), thus
providing suﬃcient driving force to inject an electron from
the excited dye to the conduction band of TiO2.
3.3. ATR-FTIR Spectra. ATR-FTIR spectra of the dye
(Figure 4(a)) showed sharp phenyl and thiophene ring

modes [42, 49, 50] at 1517, 1491, 1375, and 1256 cm−1,
whilst the C–N stretching mode of triarylamine appeared
at 1348 cm−1. Stretching modes assigned to υ (C=O), υ
(Si–C), and υ (C–H) stretch were observed at 1588, 886,
and 2957 cm−1, respectively. The ATR-FTIR spectrum
(Figure 4(b)) of adsorbed CL1 dye shows the υasym(COO−)
and υsym(COO−) stretching modes of carboxylate linker
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Table 2: Electronic device parameters obtained by ﬁtting the EIS
data to the equivalent circuit model (Figure 6).
DSC
AM 1.5 sunlight at an
intensity of 1 sun
(1000 W/m2)
CL1
N719
In dark
CL1
N719

Rs (Ω)

R1 (Ω)

R2 (Ω)

ωmax (Hz)

Table 3: Photovoltaic parameters of DSSC cells fabricated using
CL-1 and N719 dyes recorded under simulated AM 1.5 sunlight at
an intensity of 1 sun (1000 W/m2).
Dye
Si dye
N719

28.7
38.1

6.8
10.7

19.7
22.6

31.6
39.8

27.4
35.7

8.0
12.9

69.8
41.3

15.8
19.9

groups at 1590 and 1382 cm−1, respectively [42, 49, 51].
The C≡N stretch frequency was unchanged at 2209 cm−1.
Possible binding modes between the carboxylate group and
TiO2 can be either bidentate bridging or chelation [52]. As
the chelation mode is known to be unstable [53], the bridging
bidentate mode is more likely to occur.
3.4. Impedance Analysis. The electrochemical impedance
spectra (Figure 5) were ﬁtted to an equivalent circuit
model [54–56], containing a constant phase element (CPE)
and resistance (R) (Figure 6). Rs is the resistance at the
FTO/TiO2 interface and R1 and C1 are the charge-transfer
resistance and capacitance at the electrolyte/Pt-FTO interface.
Variations in Rs arise from the electrical contacts and wiring
of the device [57, 58]. R2 and C2 are the charge recombination resistance and capacitance at the TiO2/dye/electrolyte
interface. The parameters obtained upon ﬁtting the spectra
to the equivalent circuit (Figure 6) are shown in Table 2.
The impedance spectra of N719 and the CL1-DSSC
measured at Voc under illumination and in the dark at an
applied bias voltage equivalent to Voc of the cell are shown
in Figure 6. Three semi-circles were observed in the Nyquist
plots over the frequency range of 0.1–105 Hz. The smaller
semicircle in the high-frequency region is associated with
charge transfer at the electrolyte/Pt-FTO interface; the larger
semicircle in the middle-frequency region, to the electron
transport and recombination mechanism at the TiO2/dye/
electrolyte interface, whilst the low-frequency region semicircle may be attributed to diﬀusion of I3− in the electrolyte.
The impedance values of the TiO2/dye/electrolyte interface,
represented by the semicircles at the intermediate-frequency
region in the Nyquist plots, are much smaller under illumination than in the dark. Under illumination, and subject to solubility conditions [59], I3− is formed at the TiO2/electrolyte
interface by dye regeneration, whilst in the dark, I3− is produced at the counter electrode. This indicates that recombination of CB electrons is accelerated under illumination hence
decreasing the electron lifetime in the TiO2 ﬁlm. In the dark,
the charge-transfer resistance of CL1 DSC (69.8 Ω), in the
intermediate frequency region, was higher compared to
N719 (41.3 Ω); under illumination, the charge-transfer resistances were similar (6.8 and 10.7 Ω, for CL1 and N719, respectively), indicative of similar recombination rates for both dyes.
EIS Bode phase plots also exhibited two characteristic
peaks under 1 sun and in the dark; the peak at higher

Voc (V)
0.742
0.745

Jsc (mA/cm2)
14.4
17.4

FF
65
62

η (%)
6.90
8.05

frequency can be attributed to charge transfer at the counter
electrode, whilst the peak in the middle-frequency region is
associated with electron transfer at the TiO2/dye/electrolyte
interface. The characteristic middle-frequency peak of the
Bode plot can be used to provide a measure of the charge
recombination rate [60]. For simple circuits, the reciprocal
of this frequency peak is a direct measure of the electron lifetime in TiO2; however, the relationship is more complex for
the Randles circuit described in Figure 6. Under illumination,
the midfrequency peak of the CL1-based DSC (Figure 5(d))
is slightly shifted to higher frequency compared to that of
the N719 DSC, indicative of a shorter electron lifetime.
This suggests a slightly lower rate of electron injection
and lower charge collection eﬃciency for the CL1-based cell
compared to the N719 cell, hence leading to a lower overall
value of Jsc.
3.5. Cell Eﬃciency Analysis. A PCE of 6.90% was achieved for
the CL1-containing DSSC. The ﬁll factor and open-circuit
voltages (Voc) were similar to those of the N719 dye (cf.
Table 3). The N719 dye achieved an eﬃciency of 8.05%,
which is due to a higher cell current of 17.4 mA/cm2 compared to the CL1 value of 14.4 mA/cm2. The diﬀerence in
cell current can be rationalised in terms of the spectral
response of each dye, as exhibited in the IPCE spectra in
Figure 7. The N719 dye displayed an increased absorbance
over the spectral region (500–750 nm), resulting in an
increase in the overall photocurrent yield. Note that the Si
dye has a higher absorbance than N719 in the 400–470 nm
region, which may be advantageous depending on the desired
DSSC application and lighting conditions, for example,
under indoor lighting conditions. It is equally useful for
tandem cell conﬁgurations, where the light management
between the top and bottom cell need to be optimised
for obtaining devices with maximum open-circuit voltage
and photo-current density.
The possibility of CL1 showing considerable molecular
aggregation on the surface of TiO2 cannot be discounted. In
fact, the dye-sensitised TiO2 electrode surface shows a strong
and attractive red colour, suggesting the possibility of molecular aggregation in a qualitative manner. However, with the
limited architectural details available on the packing of the
new dye in an adsorbed state over TiO2 at this stage, no
conclusive evidence is available to determine the magnitude
of molecular aggregation and its dependence on the TiO2dyeing process itself. Whether a neat monolayer could be
obtained on TiO2 surface without any molecular aggregation is also not clear as of now.
3.6. Comparison of CL-1 with Other Silicon-Based Dyes. Lin
et al. synthesised a series of dithienosilole dyes (TPCADTS
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Figure 7: (a) J-V characteristics of N719 and Si dye (CL-1)-sensitised DSSC under standard AM 1.5 testing conditions. Si dye showed a Voc,
Jsc, FF, and η (%) of 0.742, 14.4, 65, and 6.90, respectively. N719 showed a Voc, Jsc, FF, and η (%) of 0.745, 17.4, 62, and 8.05, respectively. (b)
IPCE spectra of these cells displayed an increased absorbance over the spectral region (500–750 nm) for N719, but a relatively lower
absorbance in the 400–470 nm region compared with Si dye.

and TP6CADTS), which are structurally similar to CL-1 with
comparable PCE values [15]. The structures are shown
in Figure 8. TPCADTS contained diphenyl-substituted
dithienosilole and showed a very similar eﬃciency of 6.65%.
When extra electron donors were added by addition of
O-hexyl groups, the eﬃciency increased to 7.60%. When
comparing the more similar TPCADTS with CL-1, it is
evident where the improvements lie. The largest improvement lay in the value of Jsc for CL-1 which increased from
12.7 to 14.4 mA/cm2 on addition of the dihexyl-substituted
dithienosilole core. The values obtained for Voc remained
very similar. It has been reported that on addition of alkyl
chains, Voc can increase; but, both the diphenyl and dihexyl
cores had similar eﬀects on the cell performance.
Ko et al. synthesised a series of silole-spaced triarylamine
derivatives with an eﬃciency ranging from 6.73% to 7.50%
[14]. These dyes also had similar structural features to
CL-1. The one major diﬀerence which leads to the increase
in eﬃciency in comparison to the CL-1 was that the added
bulky electron donation was present in the form of a 3-5′N,N-bis (9,9 dimethylﬂuorene-2-yl)-phenyl unit (DTS).
This dye was named 7b. Diphenyl- rather than dihexylsubstituted dithienosilole was used, and, when combined
with the DTS electron-donating group, it had a signiﬁcantly
greater eﬃciency of 7.50%. Surprisingly enough, the Jsc value
decreased to 13.9 mA/cm2 compared to 14.4 mA/cm2 for
CL-1. No signiﬁcant diﬀerence was observed in the Voc.
The increased eﬃciency of 7b likely arises from the superior
FF which increased by 9% compared with CL-1. When a
dimethyl group (7a) was used instead of a diphenyl (7b),
the eﬃciency value decreased to 6.73% which is lower than
that of CL1. This suggests that lower aggregation levels were
found with CL-1.

3.7. Molecular Modelling
3.7.1. Hydrogen-Bonding Dynamics with Ethanol. From the
NPT production simulations of classical MD, the persistence
times of hydrogen bonding events from hydrogen atoms
in ethanol to the carboxylic acid’s oxygen atom in the
dye were measured. It was found that the hydrogen bonds
were short lived and transient, occurring some 4-5% of the
time overall on subpicosecond timescales; the average
persistence time, between breakage and possible reformation, was 0.072 ± 0.023 ps. As ethanol molecules underwent
self-diﬀusion in the solvation layer of the dye, and rotational motion therein, the identities of the donors to the
carboxylic group oxygen atom change. This underlines
the key role of the interactions of the dye with ethanol
and also on dye-solvent hydrogen bonding. These frequent
dye-solvent hydrogen-bond rearrangements serve to rationalise the potential chemical transformation observed
experimentally when placed in ethanol for several days
or more.
3.7.2. Spectra of Isolated Systems. Turning to the use of
TD-DFT to determine absorption spectra and the underlying
transitions, the UV/Vis absorption spectra are provided in
Figure 9 for the isolated dye (using the continuum solvation
model for ethanol, as discussed earlier).
The experimental UV/Vis absorption spectrum has a
maximum absorbance (λmax) at 468.0 nm. Figure 9 shows
the theoretical UV/Vis absorption spectra of the isolated
dye as calculated within the B3LYP and the CAM-B3LYP
approximations. Using B3LYP, a charge-transfer excitation
energy of 618.4 nm was obtained. On the other hand, the
CAM-B3LYP calculation yielded a more accurate result of

10

International Journal of Photoenergy
Table 4: Relevant calculation details for the CL1-dye: wavelength at
maximum absorbance (λmaxTh) and HOMO (H), LUMO (L)
positions and H-L gap (ΔHL = ELUMO − EHOMO). For titania, we
have reported the lowest transition valence band maximum
(VBM) and the conduction band minimum (CBM) as well as the
orbital-energy bandgap (Eg).

CN
R
COOH
S
S
N

Si

System
CL1

R

TPCADTS: R = H
TP6CADTS: R = OHex

Theoretical UV/Vis spectra

500
600
Excitation energy (nm)

TiO2

Approx.
B3LYP
CAM-B3LYP

λmaxTh
eV (nm)
2.0 (618.4)
2.7 (453.6)
1st trans.
eV (nm)
3.8 (326.3)
4.4 (279.9)

H (eV)

L (eV)

ΔHL (eV)

−5.0
−6.2
VBM
(eV)
−7.5
−9.2

−2.8
−1.7
CBM
(eV)
−3.0
−1.7

2.3
4.6
Eg (eV)
4.5
7.6

Table 5: Transition corresponding to λmaxTh for the CL1 dye
within B3LYP and CAM-B3LYP: T.E.: transition energy
(=λmaxTh) in eV; O.S.: oscillator strength; and Coeﬀ.: the
magnitude of the conﬁguration interaction singles coeﬃcients.
The most prominent transitions (indicated by the magnitude of
the conﬁguration interaction singles coeﬃcients) are highlighted
in bold.

Absorbance (arb. units)

400

B3LYP
CAM-B3LYP

System

Figure 8: Molecular structures of TPCADTS and TP6CADTS.

300

Approx.

700

800

Approx.
(1) B3LYP
(2) CAM-B3LYP

T.E. (O.S.) (eV)
2.0 (1.17)
2.7 (1.65)

Involved orbitals (Coeﬀ.)
H → L (0.71)
H → L (0.57), H-1 → L (0.37)
H → L + 1 (0.14)

(a) B3LYP
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Figure 9: Theoretical UV/Vis spectra of the CL1-dye calculated
within the B3LYP approximations to xc-functional showing a
charge-transfer excitation energy of 618.4 nm (a) and CAM-B3LYP
approximations showing a more accurate result of 453.6 nm (b).

453.6 nm. Table 4 summarises these results, providing the
values of λmaxTh, the positions of HOMO (H), LUMO (L),
and the HL gaps, ΔHL = ELUMO − EHOMO for the dye. It also
provides the values of valence band maximum (VBM),
conduction band minimum (CBM), and the orbital energy
bandgap (Eg) for the nanoparticle.
Table 5 provides further details for the transition corresponding to λmaxTh. The B3LYP results displayed a large
error in the excitation energy; therefore, we will focus
mainly on CAM-B3LYP results. For CAM-B3LYP, the

transition upon photoexcitation involves several promotions between the occupied and empty orbital pairs. However, the most prominent promotion (indicated by the
magnitude of the conﬁguration interaction singles coeﬃcients) corresponds to the one from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbitals (LUMO).
Figure 10 shows the isosurface plots (isovalue = 0.2e/a.u.3)
of the various MOs involved in the photoexcitation. The
results show that the HOMO of the dye is delocalised over
the entire molecule, with somewhat more localisation on the
donor group compared to the acceptor group. In contrast,
the LUMO of the dye is predominantly localised on the
acceptor and the linker/spacer groups. In turn, this implies
that there will be suﬃcient charge separation upon excitation,
thereby, reducing the rate of charge recombination.
3.7.3. Absorption Spectra of the CL1-TiO2 Complex. The
excited-state properties of the dye-titania complex were
modelled using the CAM-B3LYP approximation. CAMB3LYP was utilised as it outperforms B3LYP in its description of the excited-state properties of the dye molecule, which
is the photoactive subsystem in the complex; this superior
performance of CAM-B3LYP was shown in the previous
discussion of the isolated dye (cf. Tables 4 and 5 and
Figures 10 and 11). To create a computer model of the dyetitania complex, the dye molecule was chemisorbed in silico
onto the nanoparticle. This was accomplished by the removal
of the hydrogen atom from the carboxylic acid anchor and
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Figure 10: Isosurface plots (isovalue = 0.2e e/a.u.3) for the molecular orbitals involved in the photoexcitation of the CL1-dye. The orbitals
were calculated within CAM-B3LYP.
Table 6: Details of the most important transition (=λmaxTh.) for the
dye-titania complex. The calculations were done within the CAMB3LYP approximation. Abbreviations and the use of bold font are
as that of Table 5.

Absorbance (arb. units)

UV/Vis spectrum using TD-DFT:
CL1-TiO2 complex

System
CL1-TiO2

T.E. (eV) (O.S.)
2.7
(1.77)

Involved orbitals (Coeﬀ.)
H-1 → L (0.38)
H → L (0.55)

23
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Figure 11: UV/Vis spectrum using TD-DFT of CL1-TiO2 complex
calculated within the CAM-B3LYP approximation, showing
individual transitions as impulses with maximum absorbance
values of 436.0 nm and 467.4 nm.

binding the two carboxylate oxygen atoms with two ﬁvefold
coordinated titanium atoms on the surface of the titania
nanoparticle. The hydrogen atom removed was transferred
to an undercoordinated oxygen atom on the titania surface
to maintain the neutrality of the system, which was essential for the TD-DFT calculations. The resulting structure
was relaxed within CAM-B3LYP. This optimised structure
was then used to study the excited-state properties of the
complex using TD-DFT.
Figure 11 shows the UV/Vis spectra for the complex as
calculated using TD-DFT. The experimental and calculated
values of the energy for maximum absorbance are in very
good agreement at about 436.0 nm (2.8 eV) and 467.4 nm
(2.7 eV), respectively.
Details of the most important transition corresponding
to λmaxTh and the involved orbital pairs are provided in
Table 6. Figure 12 shows the molecular orbitals of the complex involved in the transition (HOMO-1 orbital is not

shown here; it is mostly derived from the dye’s HOMO-1).
From the isosurface plots, both HOMO and LUMO are
predominantly localised on the dye molecule itself. However, the LUMO does show some hybridisation between
the dyes LUMO and the d-orbitals of the titanium atoms
at the surface. Such a result, where the only empty state
involved is the LUMO of the complex, may indicate that
only a direct transition is possible for the complex. However, it is diﬃcult to pinpoint the precise mechanism in
this case. This is due to the fact that although CAMB3LYP improves the description of the photophysics of
the isolated dye, it overestimates the bandgap of the titania
nanoparticle. In turn, this results in a misalignment of dye
states with regard to the valence and conduction bands of
the titania nanoparticle; hence, there is an absence of a
titania-derived conduction band manifold below the dye’s
LUMO. Clearly, it is diﬃcult to obtain an accurate value
for the charge-transfer excitation energy of the isolated
dye and the dye-titania complex, whilst also getting a reasonable level alignment (at least within the xc-functionals
explored here). The latter is important for the accurate
description of the charge-transfer mechanism(s), and this is
discussed further in [61].

4. Conclusions
The CL1 dye containing a silicon bridge showed a good light
to electricity eﬃciency of 6.90%. The Si dye exhibited better
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Figure 12: Molecular orbitals of CL1-TiO2 complex involved in the most important transitions (HOMO and LUMO).

performance than N719 in the 400–470 nm region, which
may be advantageous depending on the desired DSSC application and lighting conditions. CL-1 compares well with
other Si-based dyes [9, 10], which achieve eﬃciencies of
around 7.5%. Also, this is generally superior in performance
than rival nanorod-based solar technologies [62] or DSSC
approaches exploiting dye coverage with cobalt-based electrolytes [63]. From the view point of TD-DFT, the
(conjectured) possibility that only a direct transition may
take place due to some hybridisation between the LUMO of
the dye and surface Ti atoms in the complexed state may
limit the extent of photo-excited transition in the present
dye—this may serve to rationalise why the observed overall
energy conversion eﬃciency is not perhaps as high as the previously reported Si-based dyes. However, this conclusion is
somewhat tentative, given that partial LUMO hybridisation
does not necessarily preclude additional indirect transitions.
These dyes are eventually useful for certain indoor applications where the spectral availability matches with the dye’s
absorption spectrum as well as for building tandem DSSC
devices with optimal light management in order to obtain
maximum short-circuit current densities. From classical
MD simulations, it was evident that ethanol-formed hydrogen bonds and other dispersive and Coulombic interactions
with the dye in dissolved state compromise its stability in
solution form, whilst TD-DFT has provided a good agreement with the experimental data for prediction of optical
absorption and identiﬁcation of the underlying transitions
responsible. Further work has been done on the addition of
donor groups and will be presented in a later paper.
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The structure of mesoporous TiO2 (mp-TiO2 ) films is crucial to the performance of mesoporous perovskite solar cells (PSCs). In
this study, we fabricated highly porous mp-TiO2 films by doping polystyrene (PS) spheres in TiO2 paste. The composition of the
perovskite films was effectively improved by modifying the mass fraction of the PS spheres in the TiO2 paste. Due to the high
porosity of the mp-TiO2 film, PbI2 and CH3 NH3 I could sufficiently infiltrate into the network of the mp-TiO2 film, which ensured
a more complete transformation to CH3 NH3 PbI3 . The surface morphology of the mp-TiO2 film and the photoelectric performance
of the perovskite solar cells were investigated. The results showed that an increase in the porosity of the mp-TiO2 film resulted in
an improvement in the performance of the PSCs. The best device with the optimized mass fraction of 1.0 wt% PS in TiO2 paste
exhibited an efficiency of 12.69%, which is 25% higher than the efficiency of the PSCs without PS spheres.

1. Introduction
Perovskite solar cells based on CH3 NH3 PbI3 have attracted
much attention. Tremendous progress has been made since
the seminal work of Kojima et al. in 2009 [1]. In just six years,
power conversion efficiencies (PCEs) of PSCs have increased
sharply from 3.8% [1] to 22.1% [2], which exceeds the PCEs
of polycrystalline silicon solar cells [3–5]. Moreover, their
solution processability and low cost endow them with high
potential for next generation solar cells [4, 6].
Two typical PSC structures are widely used, including
the planar heterojunction architectures [7] and the mesoporous structures [8–10]. Planar perovskite solar cells are
advantageous because they have simple and scalable cell
configurations [11]. In mesoporous structured PSCs, semiconductors, including TiO2 , ZnO, insulating Al2 O3 and
ZrO2 , are employed as the electron transporting layer (ETL)
or the scaffold of the perovskite layer [12]. Due to its

excellent physicochemical properties, such as large band gap,
chemical stability, photostability, nontoxicity, and low cost
[13], mesoporous TiO2 is the most widely used electron
transporting material in PSCs. The mp-TiO2 film acts as
not only the scaffold of the perovskite layer but also as the
pathway for electron transport [14].
It has been reported that the structural properties of the
mp-TiO2 layer, such as particle size [15], thickness [16–18] and
porosity, have a significant influence on the performance of
PSCs [19]. Highly porous mp-TiO2 films promote the easy
infiltration of perovskite which subsequently fills the pores.
A higher deposition of perovskites in mp-TiO2 film results
in increased light absorption and a higher current density
[12, 14]. Moreover, the interface between the mp-TiO2 film
and perovskite film plays a key role in determining the overall
conversion efficiency of PSCs [20]. Increasing the specific
surface area and porosity of mp-TiO2 film can promote a
deeper infiltration of perovskites in TiO2 films. This superior
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Figure 1: Schematic illustration of the distribution of PbI2 and TiO2 in mp-TiO2 film (a) without and (b) with PS spheres.

infiltration is thought as an effective way to decrease the
contact barrier between the TiO2 /CH3 NH3 PbI3 interfaces,
which could improve the transport of carriers in the
PSCs. Dharani et al. [21] used electrospinning to prepare
TiO2 nanofibers as the ETL for PSCs. The TiO2 nanofiber
formed a highly porous structure. The excellent porous
network resulted in improved loading of PbI2 . Therefore, the
CH3 NH3 I can infiltrate through the pores to completely react
with PbI2 . Sarkar et al. [22] prepared well-organized mesoporous TiO2 photoelectrodes with enlarged pores by block
copolymer-induced sol−gel assembly. TiO2 photoelectrodes
with larger pores are favorable for filling of perovskite in the
mp-TiO2 film. Within a certain range, devices based on larger
pores showed a higher 𝐽sc and superior performance. Rapsomanikis et al. [19] synthesized highly meso-macroporous
TiO2 thin films as ETLs of PSCs using a sol–gel process and
Pluronic P-123 block copolymer as the organic template. Their
results showed that the high porosity enabled the TiO2 thin
film to act as an ideal host for perovskite. The efficient contact
between mp-TiO2 and perovskite enhanced the electron
transport.
Methods of controlling the mesoporous networks of mpTiO2 include changing the size of TiO2 nanoparticles, using
amphiphilic block copolymers [14, 22] and using templates.
Many researchers reported that polystyrene (PS) spheres can
be used as a mesostructured template to fabricate macro
and mesoporous TiO2 films in dye-sensitized solar cells
(DSSC) because of its size tunability [23, 24]. By using various
preparation method and PS spheres with different sizes, the
morphology of the films can be easily controlled. Dionigi
et al. [25] used PS spheres as structure-directing agents and
coated the PS spheres with titanium dihydroxide to fabricate
porous TiO2 films with ordered pore architectures. Du et
al. [24] fabricated hierarchically ordered macro-mesoporous
TiO2 films as the interfacial layer of DSSC using PS spheres

as a template. Because of the periodically ordered structure
and large specific surface of the macro-mesoporous TiO2
films, a higher 𝐽sc and a PCE enhanced by 83% were
obtained.
However, to our knowledge, there have been no reports
on the use of PS spheres to change the mesoporous networks of mp-TiO2 film in PSCs. In this study, we present
a facile method of controlling the porosity of mp-TiO2 by
introducing PS spheres into TiO2 paste, which can be an
effective strategy for the development of mesoporous PSCs.
Figure 1 shows the schematic representation of the reaction
process studied in this work. As shown in Figure 1(a), TiO2
nanoparticles are close to each other. There are only few pores
between the particles. PbI2 cannot fully infiltrate into the
narrow pores of mp-TiO2 without the introduction of PS
spheres during the preparation process; instead, CH3 NH3 I
would react with the superficial PbI2 , which results in a large
amount of residual PbI2 in the TiO2 film. In Figure 1(b),
PS spheres can be observed in the TiO2 film before heat
treatment. Then PS spheres were removed by heat treatment
and a large amount of pores were formed in mesoporous
TiO2 film. Therefore, more PbI2 infiltrated into the film.
The subsequently deposited CH3 NH3 I reacted more completely with PbI2 , which reduced the amount of the residual
PbI2 . By adjusting the mass fraction of PS spheres in TiO2
paste, a controllable porous mp-TiO2 film was obtained.
The incorporation of the macropores in mp-TiO2 films
increased the perovskite loading in the film and improved
the contact between the TiO2 and perovskite interface, which
effectively suppressed charge recombination in the interface.
X-ray diffraction and fluorescence lifetime measurements
confirmed that the increased porosity ensured an adequate
reaction between PbI2 and CH3 NH3 I, thus decreasing the
amount of residual PbI2 and enhancing the electron injection
from the perovskite to mp-TiO2 film. The PSCs with the
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porous TiO2 films showed an enhanced short-circuit current
density and higher efficiency.

2. Materials and Methods
2.1. Materials. Titanium dioxide paste (18-RT) was purchased from Yingkou OPV Tech New Energy Co., Ltd. Ethanol (99.8%) and hydrochloric acid (36%) were purchased
from Beijing Chemical Plant (Beijing, China). The 100 nm
PS spheres (Mw ∼ 100000) were purchased from Janus
New-Materials Co., Ltd. PbI2 (99%) was purchased from
Acros. CH3 NH3 I (99.5%) and 2,2 ,7,7 -tetrakis-(N,N-dipmethoxyphenylamine)-9,9 -spirobifluorene (Spiro-OMeTAD)
(99.7%) were purchased from Borun Chemicals (Ningbo,
China). Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)tris(bis(trifluoromethylsulfonyl)imide) (FK209-cobalt(III)-TFSI) was purchased from MaterWin Chemicals
(Shanghai, China). N,N-dimethylformamide (DMF) was
purchased from Alfa Aesar. Isopropanol was purchased from
J&K Scientific Co., Ltd. All chemicals were used as received.
Glass substrates with a transparent fluorine-doped tin oxide
(FTO, sheet resistance 15 Ω/square) layer were used for the
PSCs.
The solution of the compact TiO2 is prepared by mixing
titanium isopropoxide, HCl, and ethanol with a volume
ratio of 7 : 22 : 100. In the solution of compact TiO2 , the
concentrations of HCl and ethanol are 70.24% and 8.48%,
respectively. For the preparation of the TiO2 paste, we first
diluted the TiO2 paste in ethanol with a ratio of 1 : 3.5. Then,
the mixture was added to 100 nm PS spheres with various wt%
(0 wt%, 1.0 wt%, and 1.5 wt%) and stirred for 12 h. The spiroMeOTAD solution was prepared by dissolving 72.3 mg spiroMeOTAD in 1 mL chlorobenzene, and then 28.8 𝜇L TBP and
an 8 𝜇L solution of LiTFSI (520 mg/mL LiTFSI in acetonitrile)
were added.
2.2. Device Fabrication. Devices were fabricated on FTO
glass substrates with a dimension of 1.5 cm × 1.3 cm. First,
FTO was partially etched with Zn powder and HCl. Then,
the etched FTO was cleaned using potassium sulfate solution,
soap, deionized water, and ethanol, and, finally, it was sintered
at 500∘ C for 30 minutes. A compact TiO2 layer was prepared
by spin coating compact TiO2 solution, followed by annealing
at 500∘ C for 30 min. The mesoporous TiO2 film was prepared
by spin coating 35 𝜇L TiO2 paste at 5000 r.p.m. for 30 s.
Then, the films were heated to 450∘ C for 2 hours with a
heating rate of 5∘ C/min. 462 mg of PbI2 was dissolved in
1 mL DMF under stirring at 70∘ C for 12 hours. 40 𝜇L PbI2
solution was spin-coated on the mp-TiO2 films at 3000 r.p.m.
for 30 s. After loading was performed for 4 min, the substrates
were dried at 70∘ C for 30 min. After the films were cooled to
room temperature, 90 𝜇L CH3 NH3 I solution in 2-propanol
(8 mg/mL) was sprayed on the PbI2 films, and the films
were spun at 4000 r.p.m. for 30 s and then dried at 70∘ C
for 30 min. The hole transporting layer (HTL) was prepared
by spinning spiro-MeOTAD on the TiO2 /CH3 NH3 PbI3
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film at 3000 r.p.m. for 30 s. Finally, 70 nm gold electrodes were deposited on top of the device by thermally
evaporation.
2.3. Characterization and Measurement. The surface morphology of the films was observed with a field emission scanning electron microscope (SEM, SU8010, Hitachi, 20.0 kV,
10.5 𝜇A). The AFM images were obtained by An AC Mode
III (Agilent 5500) atomic force microscope (AFM). X-ray
diffraction (XRD) patterns were obtained by using a Bruker
X-ray diffractometer with a Cu-K𝛼 radiation source (40 kV,
400 mA). The 2𝜃 diffraction angle was scanned from 10∘
to 80∘ , with a scanning speed of 1 second per step. The
incident-photon-to-electron conversion efficiency (IPCE)
curves were measured under ambient atmosphere using a
QE-R measurement system (Enli Technology). The currentvoltage characteristics (J-V curves) were obtained with a
Keithley 2400 source meter and a sunlight simulator (XES300T1, SAN-EI Electric, AM 1.5), which was calibrated using
a standard silicon reference cell.

3. Results and Discussion
3.1. Morphology of the Porous TiO2 Film. The size and
mass fraction of PS spheres are crucial in determining the
porosity and uniformity of the TiO2 mesoporous layer. The
surface morphology of the TiO2 films was analyzed by
scanning electron microscopy. The SEM images of sample PS-1.0 before and after heat treatment are shown in
Figure S1 in Supplementary Material available online at
https://doi.org/10.1155/2017/4935265. As observed in Figure 2,
unlike the TiO2 layer formed by spinning the paste without
PS spheres (PS-0), pores can be observed in the mp-TiO2
film prepared by TiO2 paste with PS spheres. For a low mass
fraction of 0.5 wt% PS spheres in the paste (PS-0.5), a few
pores with an average size of 70 nm (the statistic numbers
and histogram of pore size distribution are shown in Table
S1 and Figure S2) are formed on the surface of the mp-TiO2
layer. When the mass fraction of the PS spheres in TiO2
paste increased to 1.0 wt%, (PS-1.0), lots of pores with an
average size of 80 nm are formed. The average pore sizes for
both PS-0.5 and PS-1.0 are almost the same, and the pore
distribution is uniform. As the mass fraction of PS spheres
increases to 1.5 wt% (PS-1.5), pores with relative larger pores
(94 nm) were formed due to the high mass fraction of PS
spheres and the agglomeration of PS spheres in the TiO2
paste. The pore distribution is inhomogeneous compared
to the PS-1.0 sample. The pore structure could be clearly
observed in the cross-sectional SEM images of samples PS-0
and PS-1.0 (Figures 2(e) and 2(f)). As observed in Figures 2(e)
and 2(f), the thickness of samples PS-0 and PS-1.0 is 260 nm
and 360 nm, respectively. Moreover, the porous structure of
sample PS-1.0 is looser than that of sample PS-0. The TiO2
nanoparticles are densely packed and there are almost no
pores among the nanoparticles in sample PS-0. However,
pores can be observed from the cross-sectional SEM image
in PS-1.0 (Figure 2(f)). The pores emerged not only on the
surface of mp-TiO2 film but also throughout the film. Sample
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Figure 2: Plane-view SEM images of (a) PS-0, (b) PS-0.5, (c) PS-1.0, and (d) PS-1.5. Cross-sectional SEM images under high magnification
of (e) PS-0 and (f) PS-1.0.

PS-1.0 is thicker than sample PS-0 due to the presence of more
pores in the film.
3.2. Effect of TiO2 Porosity on the Growth of Perovskite. The
mp-TiO2 film plays a key role in determining the structure of
the perovskite layer. SEM and AFM images of the perovskite
layer were obtained for mp-TiO2 films prepared by TiO2
paste with different mass fraction PS spheres. As shown
in Figure 3, the average size of the perovskite is 300 nm
regardless of if PS spheres were used in the mp-TiO2 paste
or not. The root-mean-square (RMS) roughness values of the
CH3 NH3 PbI3 films based on samples PS-0, PS-0.5, PS-1.0,
and PS-1.5 obtained for a 5 𝜇m × 5 𝜇m area were evaluated
as 53.3 nm, 55.6 nm, 53.2 nm, and 58.2 nm, respectively. This
means that the amount of pores in the mp-TiO2 films does

not change the morphology and roughness of the perovskite
film.
To better understand the distribution of perovskite in
the mp-TiO2 film, energy dispersive X-ray (EDX) mapping
was performed. The EDX mapping of the cross-sectional area
shows the distribution of two elements, Ti and Pb, along the
mp-TiO2 film thickness. As observed in Figure 4(a), a small
amount of Pb is deposited in the sample PS-0. Figure 4(b)
shows that more Pb is deposited at deeper levels in the sample
PS-1.0 and the distribution of Pb is more uniform along
the thickness of the TiO2 film. In addition, CH3 NH3 PbI3
was uniformly distributed in the mp-TiO2 film owing to the
presence of more pores.
Moreover, the perovskite crystallinity and the amount of
residual PbI2 are crucial to the performance of perovskite
solar cells. It is well known that the residual PbI2 layer exists
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Figure 3: SEM and AFM images (5 𝜇m × 5 𝜇m) of the perovskite films based on the mesoporous TiO2 : (a), (b) PS-0; (c), (d) PS-0.5; (e), (f)
PS-1.0; and (g), (h) PS-1.5.
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3.3. Photovoltaic Characterization of PSCs. The current density versus voltage (J-V) characteristics of PCSs based on the
mp-TiO2 layer prepared by TiO2 paste with and without PS
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between the interface of the mp-TiO2 film and perovskite
layer due to the incomplete reaction of PbI2 and CH3 NH3 I
[26]. Excessive amounts of residual PbI2 will block the
electron injected from the perovskite to mp-TiO2 film, which
deteriorates the cell performance of PSCs [27, 28]. However,
a trace amount of residual PbI2 acts as a passivation layer
and reduces charge recombination at the interface between
mp-TiO2 film and the perovskite layer. To investigate the
influence of the porosity of TiO2 substrate on the growth of
perovskite, X-ray diffraction was performed. In Figure 5, the
peaks at 26.8∘ , 38.1∘ , and 51.8∘ correspond to the (110), (200),
and (211) planes of FTO. The diffraction peaks marked by stars
represent the PbI2 (001) lattice plane, which conforms well
with the literature data [29]. The Bragg peaks at 14.08∘ , 19.92∘ ,
28.40∘ , 31.85∘ , 40.46∘ , and 43.02∘ , respectively, represent the
reflections from the (110), (112), (220), (310), (224), and (314)
crystal planes of the tetragonal perovskite structure [30,
31], which means that the change in porosity of the TiO2
mesoporous layer has no influence on perovskite crystallinity.
However, as the mass fraction of PS spheres in the TiO2 paste
increases, the intensity of the PbI2 peaks reduces. There is
only a little residual PbI2 in the sample PS-1.0. By introducing
PS spheres in TiO2 paste, more pores were formed in the
mp-TiO2 film. The presence of more pores enables a deeper
infiltration of PbI2 and CH3 NH3 I solution, which endows
complete reaction to CH3 NH3 PbI3 .

(112)

Figure 4: SEM-EDX mapping along the mp-TiO2 film thickness to show the change in the distribution of Ti and Pb in CH3 NH3 PbI3 loaded
on (a) PS-0 and (b) PS-1.0.
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Figure 5: X-ray diffraction patterns of CH3 NH3 PbI3 films based on
TiO2 mesoporous layers with different mass fractions of PS spheres.

spheres are shown in Figure 6. The photovoltaic parameters
of the devices are summarized in Table 1. PSCs based on
the mp-TiO2 film PS-0 showed a reasonable PCE of 10.07%
with an open-circuit voltage (𝑉oc ) of 0.91 V, a short-circuit
current (𝐽sc ) of 19.07 mA/cm2 , and a fill factor (FF) of 57.99%.
A relatively higher performance was exhibited by the device
with PS spheres. After doping 0.5 wt% PS spheres, 𝐽sc , 𝑉oc ,
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Figure 6: (a) Current density-voltage curves and the best-performing solar cells based on mp-TiO2 film with different wt% of PS. (b) Plots
of dV/dJ versus 1/(𝐽 + 𝐽sc ) and the linear fitting curves.
Table 1: Photovoltaic performance of CH3 NH3 PbI3 based devices as a function of different wt% of PS.
wt% of PS
0
0.5
1.0
1.5

𝑅sh (Ω)
1220
3860
5320
3700

Rs (Ω⋅cm2 )
1.57
0.43
0.56
0.71

𝐽sc (mA/cm2 )
19.07
19.64
19.44
19.54

FF, and PCE increased to 19.64 mA/cm2 , 0.94 V, 64.91% and
11.92%, respectively. For a 1.0% mass fraction of PS spheres,
the best PCE (𝑉oc of 0.93, 𝐽sc of 19.44 mA/cm2 , FF of 69.91%,
and PCE of 12.62%) was achieved. When the mass fraction
of PS spheres increased to 1.5 wt%, the PCS exhibits 𝐽sc of
19.54 mA/cm2 , 𝑉oc of 0.90 V, FF of 63.47%, and PCE of 11.14%.
The decrease in the residual PbI2 contributes to rapid electron
injection from the perovskite to TiO2 and higher 𝐽sc . The
improvements in the performance for the PSCs are mainly
due to the increase of FF. Generally, FF depends largely on
the series resistance (𝑅𝑠 ) and shunt resistance (𝑅sh ).
The equivalent circuit of the perovskite solar cell is shown
in Figure 7. The output current density 𝐽 can be expressed by
the following equation:
𝐽 = 𝐽0 (𝑒𝑞(𝑉−𝐽𝑅𝑠 )/𝐴𝑘𝑇 − 1) +

𝑉 − 𝐽𝑅𝑠
− 𝐽sc ,
𝑅sh

(1)

where 𝐽0 represent the reverse saturation current density, 𝐴
is ideality factor, 𝑘 is Boltzmann’s constant, 𝑇 represent the
temperature, and 𝑞 represent electron charge. When 𝑅𝑠 ≪
𝑅sh , (1) can be expressed as
𝑑𝑉
𝐴𝑘𝑇 1
.
= 𝑅𝑠 +
𝑑𝐽
𝑞 𝐽 + 𝐽sc

(2)

It is found that, from (2), dV/dJ has a linear relation with
(𝐽sc − 𝐽)−1 . The intercept of the linear fitting curve gives

𝑉oc (V)
0.91
0.94
0.93
0.90

Fill factor (%)
57.99
64.91
69.91
63.47

Efficiency (%)
10.07
11.92
12.62
11.14

the value of series resistance. Figure 6(b) shows the plot
of dV/dJ versus 1/(𝐽 + 𝐽sc ) and the linear fitting curve.
As can be seen in Figure 6(b), the fitting curves are more
linear by doping PS spheres in TiO2 paste. Slightly decreased
values of 𝑅𝑠 from 1.57 Ω⋅cm2 to 0.43 Ω⋅cm2 , 0.56 Ω⋅cm2 , and
0.71 Ω⋅cm2 were evaluated after doping 0.5 wt%, 1.0 wt%, and
1.5 wt% PS spheres in the mp-TiO2 paste. The smaller Rs
values are due to the reduction in both the contact resistance
and bulk resistance, which means a higher photocurrent will
be generated [32]. However, when the mass fraction of PS
spheres is 1.5 wt%, the increased Rs is attributed to the higher
resistance caused by more pores and the negative contact with
TiO2 nanoparticles. The device based on TiO2 mesoporous
layer prepared by TiO2 paste with PS spheres showed larger
𝑅sh (𝑅sh values of the PSCs are 1220 Ω, 3860 Ω, 5320 Ω, and
3700 Ω for doping with 0 wt%, 0.5 wt%, 1.0 wt%, and 1.5 wt%
PS spheres, resp.). A higher 𝑅sh can improve FF and electron
mobility [33], which is consistent with the results of the J-V
test.
𝑅sh is closely related to the charge recombination at
interfaces inside solar cells. A lower charge recombination
contributes to a higher 𝑅sh [34]. To better understand the
separation of light-induced charge at the TiO2 /CH3 NH3 PbI3
interface, we performed time-resolved photoluminescence
(PL) decay measurements on the CH3 NH3 PbI3 perovskitefilled mp-TiO2 films prepared by TiO2 paste with different
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Figure 7: Equivalent circuit of the perovskite solar cell.
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Figure 8: Normalized transient PL decay profiles of the perovskites
based on TiO2 with different wt% PS.

maximum peak, while the device based on mp-TiO2 films
without PS spheres exhibited a lower IPCE of ∼70%.
To further determine the influence of the porosity of mpTiO2 films on the fabricated solar cells, we showed the statistic
results of the cells based on the mp-TiO2 film prepared by
TiO2 paste with different mass fractions of PS spheres in
Figure 10. The deviations of 𝐽sc , 𝑉oc , FF, and PCE have been
shown in Table S2. As observed in Figure 10, 𝐽sc and FF
increase as the mass fraction of the PS spheres increases and
they attain their highest values at the mass fraction of 1.0 wt%,
which contributes to the increase in the PCE.

4. Conclusions
mass fractions of PS spheres, which are presented in Figure 8. Using global biexponential fits, the PL decay of the
CH3 NH3 PbI3 perovskite in the mp-TiO2 films without PS
spheres and with 0.5 wt%, 1.0 wt% and 1.5 wt% PS spheres
exhibits 𝜏1 values of 22.53 ns, 17.57 ns, 17.71 ns, and 18.93 ns,
respectively. By doping PS spheres into the TiO2 paste, the
rate of electron injection from the perovskite into TiO2 film
becomes faster, which results in lower charge recombination
at the TiO2 /CH3 NH3 PbI3 interfaces. This could be attributed
to the better filling of the CH3 NH3 PbI3 perovskite in the
mp-TiO2 film and the more complete contact between the
TiO2 /perovskite as more pores emerge in the mp-TiO2 film.
The photon-to-electron conversion efficiency (IPCE)
spectra with mp-TiO2 doping for different mass fractions
of PS spheres are shown in Figure 9. The convolution of
the spectral response with the photon flux of the AM 1.5G
spectrum provided the estimated 𝐽sc values of 15.537 mA/cm2 ,
16.994 mA/cm2 , 16.825 mA/cm2 , and 16.397 mA/cm2 . The
calculated 𝐽sc values from the IPCE spectrum are well
matched with the 𝐽sc values obtained from the J-V curves.
In addition, the PCSs from mp-TiO2 films with PS spheres
exhibited a higher and broader spectrum from 450 nm
to 700 nm. Here, an IPCE of ∼80% was obtained at the

In conclusion, mp-TiO2 films with tunable porosities were
fabricated by doping PS spheres in TiO2 paste and applied
as the ETL of perovskite solar cells. The results indicate that
the porosity of mp-TiO2 films not only affects the infiltration
and residual amounts of PbI2 but also significantly influences
the contact between the mp-TiO2 film and perovskite layer.
By adjusting the mass fraction of PS spheres, the perovskite
solar cell based on mp-TiO2 film prepared by TiO2 paste with
1.0 wt% PS spheres exhibits the highest power conversion
efficiency of 12.62% under a simulated standard AM 1.5
condition.
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This paper investigates the effect of ageing on the performance of dye-sensitized solar cells (DSCs). The electrical characterization
of fresh and degraded DSCs is done under AM1.5G spectrum and the current density-voltage (J-V) characteristics are analyzed.
Short circuit current density (𝐽SC ) decreases significantly whereas a noticeable increase in open circuit voltage is observed. These
results have been further investigated electroanalytically using electrochemical impedance spectroscopy (EIS). An increase in net
resistance results in a lower 𝐽SC for the degraded DSC. This decrease in current is mainly due to degradation of TiO2 -dye interface,
which is observed from light and dark J-V characteristics and is further confirmed by EIS measurements. A reduction in the
chemical capacitance of the degraded DSC is observed, which is responsible for the shifting of Fermi level with respect to conduction
band edge that further results in an increase of open circuit voltage for the degraded DSC. It is also confirmed from EIS that the
degradation leads to a better contact formation between the electrolyte and Pt electrode, which improves the fill factor of the DSC.
But the recombination throughout the DSC is found to increase along with degradation. This study suggests that the DSC should
be used under low illumination conditions and around room temperature for a longer life.

1. Introduction
The metal oxide based dye-sensitized solar cells (DSCs)
have attracted significant attention of researchers in recent
years, because of their economic fabrication process and
efficient working under diffuse illumination. The highest
certified device efficiency has reached 11.9% [1]. A DSC
module of large area (100 cm2 ) has been demonstrated with
an efficiency of 8.4% [2]. The DSC was explicated by O’Regan
and Grätzel [3], which operates by exposing dye molecules
to light that releases excited electrons to oxidize the dye,
which is then restored by electron donation from the redox
couples (iodide/triiodide, I− /I3 − ) in the electrolyte. The redox
couples are then revived by counter electrode with electrons
extracted from the working electrode via the external load
circuitry. Though the DSCs have demonstrated a highly
promising performance instantly, the long term performance

plays a major role in the commercialization of a solar PV
technology. The poor stability of DSC is mainly directed
by the degradation mechanism occurring at different layers
of the device after prolonged operation. So, the analysis of
the degradation mechanisms within DSC is of great interest
to explore the factors affecting the performance of DSCs.
Only a few papers present the stability studies of DSC
[4–9]. Different techniques have been used to analyze the
degradation mechanisms in DSCs; Uam et al. [10] used UVvis absorption spectroscopy to identify that the desorption
of dye on the TiO2 surface was the reason for current
density reduction in an aged cell. Additionally, Tatay et
al. [11] accompanied the UV-vis absorption spectroscopy
with luminescence and cyclic voltammetry and observed
that organic dyes formed molecular aggregates which could
deteriorate the device efficiency. Also, there are few studies
which used electrochemical impedance spectroscopy (EIS)
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Figure 1: Schematic diagram representing the components of (a) fresh DSC and (b) degraded DSC.

to investigate degradations in ageing DSCs [4, 8] but they
lack in-depth understanding on the correlation of electron
kinetics with the device performance.
In our previous report, we have analyzed the interfacial
losses in large area DSCs [12]. In continuation with previous
studies, this article reports the electroanalytical analysis of
various degradation mechanisms within DSC of comparatively larger area (= 3.78 cm2 ) for a gap of 45 days using the
EIS technique. A schematic diagram to show the mechanisms
of degradation in the reported DSC is shown in Figure 1.

The working electrode was connected to the positive terminal
of the cell whereas the counter electrode and reference electrode were shorted and connected to the negative terminal of
the DSC. An AC perturbation signal of 10 mV (root-meansquare voltage) was applied in the frequency range of 10 mHz
to 1000 kHz during the EIS measurements. The inductive
effect between the connecting leads and the potentiostat were
taken care of during the experiments.

2. Experimental

3.1. J-V Analysis. Figures 2(a) and 2(b) depict the light
and dark J-V characteristics of a fresh and degraded DSC,
respectively. As received DSC shows a power conversion
efficiency (𝜂) of 4.0%, short circuit current density (𝐽SC ) of
9.92 mA/cm2 , open circuit voltage (𝑉OC ) of 0.65 V, and fill
factor (FF) of 60.9%, but after degradation 𝜂 reduces to 3.6%
with 𝐽SC of 7.74 mA/cm2 , 𝑉OC of 0.685 V, and FF of 67%.
From the above observation, it is clear that the drop in 𝐽SC
has played a vital role in degradation of the device. This
significant loss in 𝐽SC in the degraded cell may be attributed
to the increased recombination and resistive losses in the
device. In DSCs, the recombination loss is mainly associated
with (i) electron recombination from TiO2 conduction band
and deep and shallow level traps to the electrolyte and (ii)
electron recombination from the uncovered layer of FTO to
the electrolyte [13]. Conversely, the resistive losses are mainly
linked to the resistance at FTO-TiO2 interface, resistance due
to the diffusion of redox species in the electrolyte, the charge
transfer resistance at platinized counter electrode-electrolyte
interface, and sheet resistance of FTO [14, 15].

The details of the fabrication of DSCs are discussed in our
previous work [12]. In short, FTO thin films, about 1 mm
thick, were spray-deposited on Corning glass sheets. Silver
grid lines (with 12 mm intervals) were deposited on the
above FTO using Ag paste. Mesoporous TiO2 was deposited
between silver grids after which the samples were dipped into
a 3 mM solution of N719 dye for 12 h. Counter electrodes were
prepared by lightly sputtering Pt (50 nm) on 1.1 mm thick
titanium metal plates. For each cell, photoelectrodes and
counter electrodes were sandwiched, and UV was irradiated
to cure the sealant while using a mask to cover the dye
coated area. The active area of the fabricated cell is 3.78 cm2
(fabricated by SPD laboratory, Japan).
The photovoltaic measurements were carried out using a
solar simulator (Photoemission Tec SS80AAA with 1.5AMG filter) and a source measuring unit (U2722A, Agilent).
A three-electrode potentiostat (CHI 660D) equipped with a
general purpose software was used for the EIS measurements.

3. Results and Discussion
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Figure 2: (a) Current density-voltage (J-V) characteristics of fresh DSC and degraded DSC. (b) Dark J-V for fresh and degraded DSC.
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Figure 3: (a) 𝑅𝑆 of both cells calculated by EIS. (b) 𝑅𝑆 of both cells calculated by light J-V.

𝑉OC and FF have been surprisingly observed to improve
along with the degradation of the cell. The improvement in FF
can be ascribed to the formation of better contact between the
electrolyte and Pt electrode along with degradation [16]. The
increase in 𝑉OC of degraded DSC has been observed by Lai et
al. [4]. The increase can also be attributed to greater photon
flux received by the dye, the reduction of I3− concentration,
or reduction of dye cation concentration.
To get further understanding about the degradation of
DSC, the J-V characteristics are calculated by 𝐽 = 𝐽0 exp((𝑞𝑉+
𝐽𝑅𝑆 )/𝑚𝑘𝐵 𝑇) − 𝐽SC , where 𝐽0 is the dark exchange current, 𝑅𝑆
is the series resistance, 𝑚 is the diode ideality factor which
depends on the rate of recombination reaction of electrons,

oxidized species in the electrolyte, and the distribution of
recombination sites [17], and 𝑞, 𝑘𝐵 , and 𝑇 represent the
electronic charge, Boltzmann’s constant, and cell temperature, respectively. The equation above can be reduced as
(considering 𝐽0 as negligible to 𝐽SC ) 𝑑𝑉/𝑑𝐽 = 𝑅𝑆 + (𝑚𝑘𝐵 𝑇/𝑞) ⋅
(1/(𝐽SC − 𝐽)) [18, 19].
Figure 3(a) shows plot of −𝑑𝑉/𝑑𝐽 versus (𝐽SC − 𝐽)−1
for fresh and degraded DSCs in which a linear fit is made
to the experimental data to estimate the values of m and
𝑅𝑆 . For fresh DSC m and 𝑅𝑆 are obtained to be 1.18 and
0.65 Ω cm2 and for degraded DSC they are obtained as 1.22
and 0.76 Ω cm2 , respectively. Figure 3(b) shows plot of 𝑅𝑆
versus voltage for fresh and degraded DSCs. The increase in
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Figure 4: Nyquist plot for fresh DSC (a) at 0 bias, (b) near knee voltage, and (c) near 𝑉OC , respectively. Nyquist plot for degraded DSC (d) at
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𝑅𝑆 of 0.12 Ω cm2 for the degraded DSC can be considered
as one of the possible reasons for increase in resistive
losses resulting in lower 𝐽SC in degraded cells. Furthermore,
the shunt resistance for the fresh and degraded DSCs is
obtained as 1552 Ω cm2 and 2845 Ω cm2 , respectively. The
increased shunt resistance due to degradation is responsible
for improvement in the FF and 𝑉OC of the degraded DSC.
No conclusive evidence for the cause of degradation
can be identified solely with analysis of J-V characteristics,
as the DSCs have a complex device structure, nonlinear
recombination mechanism, and indivisible device parameters. So, in order to have a conclusive evidence for the
observed degradation the DC and AC characterizations,
that is, impedance spectroscopy (IS) and J-V, are combined
together.
3.2. EIS Analysis. Electrochemical impedance spectroscopy
(EIS) is used to identify the performance limiting factors
leading to degradation of DSCs. Using EIS the various
physical processes can be modelled (under the appropriate
conditions) in terms of resistive and capacitive elements
[20]. The aim of this article is to compare the fresh DSC
and degraded DSC, which can be done on the basis of
selected crucial parameters with a simplified model as compared to the transmission line model. The transmission
line model is generally used to describe the working of a
DSC in detail, which was not required in this case. The

characteristic impedance spectroscopic data measured under
dark conditions of the fresh and degraded DSCs depicts the
contribution from various charge transport layers as shown in
Figure 4. In order to analyze the data the Nyquist plot is used,
which shows different arcs to represent different processes
occurring within the device with respect to frequency. This
method helps in quantifying the dynamic features of the
system to compare their values. From the Nyquist plot (𝑍
versus 𝑍 ) the value of resistance can be estimated by the
width of the arc in the real axis. As described in device
operation, several interfaces in the DSC involve high level
of electron transfer and transport. These processes include
charge transport through porous TiO2 layer, electron transfer
at TiO2 -dye/electrolyte interface, I3 − diffusion region in
electrolytic medium, and electron transfer at electrolyte/Pt
interface. Another important representation is the Bode plot,
that is, |𝑍| versus frequency and phase versus frequency
plots. The resistances can be obtained from the plateaus. The
important aspect of this plot is that 𝜔 information is not lost.
3.2.1. At 0 Bias. Figures 4(a)–4(f) show the Nyquist plot of
the fresh and degraded cells under various bias in dark conditions. The line following the experimental data in Figure 4
represents the theoretical fit. Figures 5(a)–5(f) represent the
Bode plots for the fresh and degraded DSCs. The fitting of
the experimental data is done using the equivalent circuit
as shown in Figure 6(a). At zero bias, that is, when the
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Figure 5: Bode plots for fresh and degraded DSC (a–d) at 0 bias, (b–e) at knee voltage, and (c–f) at 𝑉OC , respectively.

device is under nonconducting state, a standard Nyquist plot
is observed for fresh DSC [21]. But, for a degraded DSC
there is an increase in magnitude of impedance, which can
be attributed to increase in 𝑅1 (at FTO-TiO2 interface). 𝑅𝑆
for the fresh and degraded DSC from the EIS measurements
are estimated to be 0.63 Ω cm2 and 0.78 Ω cm2 , respectively,
which are well in agreement with that obtained from J-V
measurements. Figure 5(a), that is, the Bode plot at zero bias,
shows the change in 𝑅𝑆 . The height of the plateau region
for the degraded cell has increased which depicts change in
𝑅1 as observed in impedance. Also the change in height of
the plateau shows change in 𝑅1 . Xue et al. [8] have showed
that increase in resistance 𝑅1 is caused due to formation of
cracks in TiO2 photoelectrode. The Bode plot of phase versus
frequency follows almost a similar trend for both the fresh
and degraded DSCs.
3.2.2. At Knee Voltage (the Voltage at Maximum Power Point).
The EIS for the DSCs near knee yields two semicircles with
their frequencies corresponding to TiO2 -dye/electrolyte and
electrolyte/Pt, but the dominant semicircle represents TiO2 dye/electrolyte medium which depicts the Nyquist feature of
Gerischer element and overall impedance of the cell decreases
with increase in bias [22, 23]. The Gerischer element originates from the FB reduction of I3 − ions by electrons from
the conduction band of TiO2 (1/2)I−3 + e− (TiO2 ) = (3/2)I−
[24]. It can be clearly observed from the EIS for the fresh

and degraded cells that resistance 𝑅2 (resistance at TiO2 dye/electrolyte interface) has reduced dramatically for the
degraded devices. This reduction in 𝑅2 can be attributed to
reduction in electron collection from TiO2 to FTO electrode.
In the Bode plot at knee voltage (Figure 5(b)), the slope for
degraded cell changes dynamically, which shows the increase
in 𝑅2 . Furthermore, electron lifetime (𝜏𝑒 ) can be estimated
from Figure 5(e) using the relation 𝜏𝑒 = 1/2𝜋𝑓max [24, 25],
where 𝑓max represents peak frequency. 𝜏𝑒 for fresh DSCs
is observed to be higher than that for degraded samples.
This reduction in 𝜏𝑒 reduces the diffusion of the I3− ions in
electrolyte, which increases the concentration of I3− ions at
the TiO2 -dye/electrolyte interface, which further increases
the recombination leading to degradation in performance of
DSCs.
3.2.3. Near Open Circuit Voltage. The Nyquist plot near 𝑉OC
shows three semicircles representing all three regions within
the device. Interestingly for the degraded DSCs with increasing bias the circle representing TiO2 -dye/electrolyte interface
decreases and that for electrolyte/Pt interface increases. In
the Bode plot we observe two characteristic peaks: the peak
at lower frequency corresponds to the TiO2 -dye/electrolyte
interface and that at high frequency corresponds to electrolyte/Pt interface. The peak for TiO2 -dye/electrolyte interface is lower for degraded DSC as compared to fresh ones
corresponding to reduction in charge transfer at the interface.
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While comparing the Nyquist plots for fresh and degraded
DSC for electrolyte/Pt interface, we observe a higher peak for
the degraded DSC, which validates better charge transfer at
the interface. Hence we can say that degradation of DSC leads
to better contact formation between the electrolyte and Pt.
This better contact formation is further responsible for higher
FF and 𝑉OC for the degraded DSC [16].
Figures 6(b)–6(d) show the plots for 𝑅1 , 𝑅2 , and 𝑅3 versus
voltage for the fresh and degraded cells. The lower value of
𝑅1 for degraded cell throughout the bias in Figure 6(b) is one
of the reasons for the reduction in 𝐽SC . R2 for degraded cell
is higher than fresh cell till 𝑉OC , beyond which it decreases,
which signifies low charge transfer within the device for the
degraded DSCs. Interestingly, 𝑅3 (resistance at electrolyte/PtFTO interface) for the degraded cells is observed to be lower
than that for the fresh ones. This reduction in 𝑅3 may be

attributed to better charge transfer between the electrolyte
and Pt, which validates the observation in Bode plot and
further justifies the enhancement in FF and 𝑉OC due to
degradation. The sum of all resistances, 𝑅1 + 𝑅2 + 𝑅3 , gives
rise to higher net series resistance resulting in lower 𝐽SC .
With increasing resistance a drop in chemical capacitance,
𝐶2 , is observed within the device signifying lower electron
injection into the conduction band of TiO2 . Bisquert [20]
showed a direct dependence of 𝐶2 on the difference between
the positions of electron Fermi level with respect to the
conduction band. The lower value of 𝐶2 results in shifting
of the Fermi level towards the conduction band edge, which
further results in increase in 𝑉OC due to degradation.
Bisquert and Mora-Seró [25] have indicated that the electron back recombination rate (𝑈) is nonlinear in a DSC. This
nonlinear nature of the recombination can be represented

International Journal of Photoenergy

7
12

10
10
ln[C𝜇 (mF cm−2 )

R2 (Ω cm2 )

8
𝛽 = 0.81
6
𝛽 = 0.85

4

𝛼 = 0.47

8

𝛼 = 0.45

6
4
2

2
0.4

0.5
V + JRS (V)

0.6

0.7

Fresh cell
Degraded cell

0

0

2

4

6
V + JRS

8

10

12

Fresh cell
Degraded cell
(a)

(b)

Figure 7: Comparative plot for (a) recombination resistance and (b) chemical capacitance for fresh and degraded DSC, respectively. The line
indicates theoretical fit.

using the reaction rate 𝛽, which is expressed as 𝑈 = 𝑘𝑟 𝑛𝛽 ,
where 𝑘𝑟 is a constant and 𝑛 is free electron density. The order
of recombination, 𝛽, ranges from 0 and 1. A recombination
order of 1 indicates a simple unimolecular recombination via
conduction band states. Generally, for DSCs a recombination
order of the range between 0.6 and 0.8 is observed [26, 27].
The detailed role and estimation of 𝛽 in DSCs are reported
in our previous work [12]. The plot for estimation of 𝛽 is
shown in Figure 7(a). The 𝛽 values for fresh and degraded
DSCs are estimated as 0.85 and 0.81, respectively. Sarker et
al. [27] have expressed the dependence of 𝑉OC on 𝛽 as 𝑉OC =
(𝑘𝐵 𝑇/𝑞𝛽)ln(𝐽𝑃𝐻/𝐽0 ). From the above equation it can be stated
that the decrease in 𝛽 along with degradation is responsible
for the decrease in charge collection due to recombination
and also for increase in 𝑉OC .
As reported by Wang et al. [21], the chemical capacitance
C2 can be expressed as 𝐶2 = 𝐶0 exp(−𝛼𝑞𝑉𝐹 /𝑘𝐵 𝑇) =
𝐶0 exp(−𝑞𝑉𝐹 /𝑘𝐵 𝑇0 ), where 𝛼 is related to the exponential trap
distribution of electrons below the conduction band or it is
simply a band gap modulation factor. The plot of ln C2 versus
applied bias for the fresh and degraded DSC is shown in
Figure 7(b). The linear fit of the graph provides the value of
𝛼. The value of 𝛼 for fresh and degraded DSC is obtained as
0.47 and 0.45, respectively. The decrease in 𝛼 again proves the
shifting of Fermi level as observed in EIS, which is responsible
for increase in 𝑉OC and fill Factor along with the degradation
of DSC.
The net terminal J-V characteristic of DSC is given by [28]

𝐽cell = 𝐽ph − 𝐽0 [exp (
−

𝑞𝛽 (𝑉 + 𝑗cell 𝑅𝑆 )
) − 1]
𝑘𝐵 𝑇

𝑉cell + 𝑗cell 𝑅𝑆
,
𝑅SH

Table 1: Parameters used for simulating the experimental J-V curve
for fresh and degraded DSC.
Parameters
Series resistance, 𝑅𝑆
(Ω cm2 )
Photocurrent density,
𝐽ph (mA/cm2 )
Order of
recombination, 𝛽
Reverse saturation
current, 𝐽0 (A/cm2 )

Fresh DSC

Degraded DSC

0.65

0.76

9.73

7.64

0.85

0.81

2.23𝐸 − 07

1.59𝐸 − 07

where the term 𝐽0 [exp(𝑞𝛽𝑉𝑗 /𝑘𝐵 𝑇) − 1] indicates the dependence of charge transfer current on the applied voltage
and can be approximated through simplified Butler-Volmer
equation [22, 29] which is essentially the same as the diode
equation describing the dark J-V characteristics. The parameters extracted from the EIS measurements of the fresh and
degraded DSCs are listed in Table 1. Using these parameters
and equation above the simulated J-V was generated and
fitted on the experimental data. The fitting of simulated and
experimental J-V for fresh and degraded DSC is shown in
Figure 8. A good fit of the experimental data suggests a very
good evaluation of the performance parameters from the
EIS measurements, which further validates the conclusions
driven.

4. Conclusions
(1)

This paper investigates the effect of environmental parameters on the performance degradation of DSC. The electrical
characterization of fresh and degraded DSC is done under
AM1.5G spectrum and the current-voltage characteristics
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Figure 8: Experimental and theoretical fit for J-V characteristics of (a) fresh and (b) degraded DSC, respectively.

are analyzed. The short circuit current decreases significantly whereas a noticeable increase in open circuit voltage
is observed. These results have been further investigated
using electrochemical impedance spectroscopic techniques.
It is found that the decrease in current is mainly due
to dissociation of dye molecules with respect to exposure
to ambient environmental conditions, which is confirmed
by dark I-V analysis. The increase in 𝑉OC is attributed to
Fermi level realignment which is investigated by impedance
spectroscopy in the range of applied bias from −0.7 V to 0 V.
It is found that recombination increases along with ageing of
DSC. The study suggests that DSC should be used under low
illumination conditions and around room temperature.
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Phloxine B and bromophenol blue as the sensitizers of dye-sensitized solar cells were investigated via UV-Vis spectra, FT-IR
spectra, fluorescence spectra, and current-voltage characteristics. The frontier molecular orbital, vibration analysis, and the first
hyperpolarizability were calculated with DFT/6-31G(d). The dipole moment, light harvesting efficiency (LHE), and larger absolute
value of driving force of electron injection (Δ𝐺inject ) were also discussed. The calculated results were compared with the experimental
results of phloxine B and bromophenol blue. It was found that, compared with bromophenol blue, bigger dipole moment of phloxine
B results in larger open circuit voltage (𝑉oc ) according to the correlation between dipole moment and 𝑉oc . At the same time, for
configuration of phloxine B, it has higher LHE and Δ𝐺inject , which are helpful to enhance the abilities of absorbing sunlight and
electron injection. Therefore, higher LHE and Δ𝐺inject for phloxine B produced a larger value of 𝐽sc .

1. Introduction
With gradually aggravated environmental problem, it is
hoped that more energies can be found to replace traditional
fossil energy. Solar energy as the clean and renewable source
has aroused extensive attention. Since O’Regan and Graetzel
[1] developed dye-sensitized solar cells (DSSCs), the phototo-electric conversion efficiency (𝜂) of this type of solar cells
has achieved 7.1–7.9%. Due to their friendliness and low cost
of production [2–5], more attention has been paid to investigate the relationship between structure and performance and
to design new DSSCs.
The band engineering of the solar cells devices is shown
in Figure 1, which indicates the complete energy levels of
the different materials used on the DSSCs devices. DSSCs
have the characteristics of the following five aspects [6–9]: (1)
Dye molecules absorb sunlight energy, and they are excited
from ground state to excited state. (2) After the dye molecules
are excited, the electrons are injected into the conduction
band of semiconductor and moved into the conducting
glass. (3) The electrons diffuse into the external circuit. (4)
The dye molecules in oxidation state are deoxidized by the
electrolyte in reduction. (5) The electrolyte in oxidation state

is deoxidized after receiving the electron at the conducting
glass, thereby completing a cycle.
The DSSCs are mainly composed of a nanocrystalline
porous semiconductor electrode-absorbed dye, a counter
electrode, and an electrolyte containing iodide and triiodide
ions [10]. The dye as a sensitizer plays a key factor in absorbing
sunlight and conversion solar energy into electric energy.
DSSCs mainly are divided into organic dyes and inorganic
dyes [11–13]. Inorganic dyes such as N3 and N719 polypyridine complexes [14] have been used as sensitizer in DSSCs.
Although DSSCs of inorganic dyes have provided a relatively
high efficiency, there are several shortcomings of using
inorganic dyes in DSSCs. For example, some inorganic dyes
are considered as resources that are limited in amount, which
result in more expensive cost in the field of DSSC. By contraries, organic dyes not only are cheaper, but also have been
reported to reach efficiency as high as 9.8% [15]. Nevertheless,
the conversion efficiency 𝜂 of organic dyes was still lower than
that of inorganic dyes, and it was not suitable for commercial
production in comparison with silicon cell [3]. Torchani et
al. [16] studied the henna and mallow (Mloukhya) as the
sensitizers of DSSCs. The results showed that the filling factor

2

International Journal of Photoenergy

Cond
band
Dye

e−

TiO2

Conducting glass

e−

I− /I3 −

Valence
band

Pt
Conducting glass

ℎ]

LUMO

e−

HOMO

Figure 1: Schematic of band edge engineering to electron transfer.

of mallow solar cells is 55%, and 𝜂 is 0.215%. Zhou et al. [17]
studied twenty natural dyes, extracted from natural materials
(such as flowers, leaves, fruits, traditional Chinese medicines,
and beverages), and the results showed that the open circuit
voltage and 𝜂 of mangosteen pericarp are the highest, which
are 0.686 V and 1.17%, respectively. Now several organic dyes
have been utilized as sensitizers in DSSCs, such as coumarin
[18], porphyrins [19–21], triphenylmethane [22, 23], indoline
[24, 25], and cyanine [26, 27].
In recent years, quantum chemistry method has provided
a reliable theoretical basis for the rapid screening of high
efficiency dye molecules [28–32]. Kumara et al. [33] reported
the black tea waste extract (BTE) as a sensitizer for DSSCs
in experimental and theoretical studies. The BTE has four
theaflavin analogues, and they are calculated via density
functional theory (DFT) and time-dependent density functional theory (TD-DFT). The results showed that theaflavin
and theaflavin digallate as sensitizers have well performance
among four analogues. Beni and Zarandi [34] analyzed the
3-amino-4-nitrofurazan molecule using functional theory
(DFT) and MP2 methods. The geometry of the molecule in
the gas phase was optimized and compared with that of the
crystal. According to DFT and MP2 methods, they obtain
the stable gaseous form. El-Shishtawy et al. [35] studied
electronic absorption spectra, ground state geometries, and
electronic structures of symmetric and asymmetric squaraine
dyes with DFT method, and they found that absorption of
squaraine dyes can extend into NIR region by straightforward
structural modification, and there are well energy match
between dye and TiO2 . Sun et al. [36] investigated the optical
and electrical properties of two dyes, purpurin and alizarin
complexone, as sensitizers by using UV-Vis spectrum, FT-IR
spectrum, cyclic voltammetry, 𝐼-𝑉 characteristics, and DFT
calculation, and the results indicated that the side chain has
an interesting effect on the optical and electrical properties
of sensitizers. Li and coworkers [37] investigated the ground
state and excited state properties of polymers BSeTT, QTT,
BDT-DTBTBPz (Pz), and BDT-DTBTBQx (Qx) and their

derivatives D1, D2, and D3 via DFT and TD-DFT methods, which indicated that the molecule BDT-DTBTBPz and
designed molecule (D2) had the best optical and electronic
properties among the investigated system. Song et al. [38]
reported that electron transfer is a key process of light driven
charge separation reaction in organic solar cell.
In this work, phloxine B and bromophenol blue were
selected as sensitizers to investigate the optical and electrical
properties of DSSCs experimentally, and the UV-Vis spectra, fluorescence spectra, and FT-IR spectra are calculated
with density functional theory (DFT) and time-dependent
density functional theory (TD-DFT). At the same time,
the absorption spectra, infrared spectra, and fluorescence
spectra of phloxine B and bromophenol blue are analyzed
and compared. In addition, the radiative lifetime (𝜏) and total
static first hyperpolarizability of the two dyes are calculated.
Combined study of experiment and theory provides deep
insight into the relationship between structure and performance for two DSSCS.

2. Methods
UV-Vis spectra were measured with TU-1900 spectrometer
(Beijing, China), and the FT-IR spectra were measured with
FT-IR 360 spectrometer (Nicolet, Madison, WI, USA). Solar
energy conversion efficiency measurements were done with
a solar simulation instrument (Pecell-15, Japan), and light
intensity was adjusted via a reference standard Si-solar cell
at sunlight intensity of 100 mW cm−2 . The ground state structures of phloxine B and bromophenol blue were optimized
with DFT [39] using B3LYP [40] functional at the 6-31G(d)
basis set. Based on the optimized ground state structures,
the highest occupied molecular orbital (HOMO), the lowest
unoccupied molecular orbital (LUMO), and energy gaps of
the two dye molecules were computed, and vibration frequencies were done at the same level. There was no imaginary
vibration frequency in the minimum energy structure in the
potential energy landscape. Simulation of absorption spectra
was done with TD-DFT at the same level. The total static first
hyperpolarizability can be written as follows [41]:
𝛽 = √𝛽𝑥2 + 𝛽𝑦2 + 𝛽𝑧2 .

(1)

Individual static components in the above equation are
calculated from
1
𝛽𝑖 = 𝛽𝑖𝑖𝑖 + ∑ (𝛽𝑖𝑗𝑗 + 𝛽𝑗𝑖𝑗 + 𝛽𝑗𝑗𝑖 ) ,
3 𝑖=𝑗̸

(2)

where 𝛽𝑖𝑗𝑘 (𝑖, 𝑗, 𝑘 = 𝑥, 𝑦, 𝑧) are tenser components of hyperpolarizability. Due to the Kleinman symmetry, we finally
obtain the equation that has been employed:
2

𝛽tot = [(𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧 ) + (𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑧𝑧 + 𝛽𝑦𝑥𝑥 )
2 1/2

+ (𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦 ) ]

2

(3)
.

All of the calculations were performed by using Gaussian 09
package [42].
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Figure 3: (a) Measured UV-Vis absorption spectra of bromophenol blue and phloxine B in experiment. (b) Simulated UV-Vis absorption
spectra of bromophenol blue and phloxine B in solvent by using TD-DFT/6-31G(d).

3. Results and Discussion
3.1. The Optical Properties of the Dye. The chemical structures
of bromophenol blue and phloxine B are shown in Figure 2.
The experimental absorption spectra of two dyes in ethanol
are presented in Figure 3(a). Absorption spectra of phloxine B showed that the absorption range was 450–600 nm,
with maximum absorption peak (𝜆 max ) at around 550 nm.
Absorption spectra of bromophenol blue were displayed
within the range of 300–500 nm, and 𝜆 max was 410 nm, and
bromophenol blue had no other obvious absorption peaks
(see Figure 3(a)).
In addition, absorption spectra of bromophenol blue and
phloxine B were computed via TD-DFT/6-31G(d) in solvent
(see Figure 3(b)), and the data are listed in Table 1. Phloxine
B showed the absorption region in 300–700 nm, with a 𝜆 max
of 472 nm. Bromophenol blue absorption range was 230–
330 nm, while 𝜆 max was 289 nm. The absorptions in visible
and near-UV area were important areas for photovoltaic performance, so there are two important factors (the oscillator

strength larger than 0.1 and absorption bands with the wavelength longer than 300 nm). The oscillator strength of the first
excited state S1 of phloxine B was 0.7582 (at 472 nm), in which
the oscillator strength was the strongest among the six excited
states. The maximum absorption in absorption spectra was
dominated by HOMO → LUMO transition (contribution is
about 0.70069), and the corresponding transition energy was
2.63 eV. Meanwhile, for bromophenol blue, at the first excited
state S1, the oscillator strength was 0.0322. The oscillator
strength of S1 was the strongest in the states, and this state
is composed of HOMO → LUMO electron transition.
For more in-depth understanding of the electronic structure of the two dyes, the isodensity plots of the frontier
molecular orbitals (MOs) of two dyes were shown in Figure 4. Phloxine B consists of two parts, namely, sodium2,3,4,5-tetrachlorobenzene and sodium-2,4,5,7-tetrabromo6-oxo-xanthen-3-olate, respectively. The electron density of
HOMO was located on the sodium-2,4,5,7-tetrabromo-6oxo-xanthen-3-olate group, and that of LUMO was located
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Table 1: Transition energy and oscillator strength of phloxine B and bromophenol blue in solvent were calculated by using TD-DFT/6-31(d)
in the solvent.
Dyes

Phloxine B

Bromophenol blue

State
S1
S2

𝐸 (eV)
2.63
3.00

Absorption peak 𝜆 (nm)
472
413

Contribution MO
(0.70069)H → L
(0.69801)H − 1 → L

Strength 𝑓
0.7582
0.0187

S3

3.30

376

(0.49261)H − 4 → L

0.0015

S4

3.32

373

(0.53756)H − 2 → L

0.0039

S5

3.56

349

(0.70249)H → L + 1

0.0243

S6

3.64

340

(0.49354)H → L + 2

0.0079

S1

4.28

289

(0.69468)H → L

0.0322

S2

4.36

284

(0.69221)H − 1 → L

0.0206

S3

4.53

273

(0.69343)H → L + 1

0.0021

S4

4.61

269

(0.52434)H − 1 → L + 1

0.0127

S5

4.62

231

(0.48364)H − 2 → L

0.0148

S6

4.72

263

(0.60405)H − 3 → L

0.0037

on conjugated bridge and sodium-2,4,5,7-tetrabromo-6-oxoxanthen-3-olate group. From the distribution of the above
molecular orbitals of HOMO and LUMO, electron transfer
was most likely to occur from sodium-2,4,5,7-tetrabromo-6oxo-xanthen-3-olate group unit to conjugated bridge. Electron densities of other MOs were shown in Figure 4, corresponding to the HOMO − 1, HOMO − 2, HOMO − 3, LUMO
+ 1, LUMO + 2, and LUMO + 3, respectively.
Bromophenol blue is composed of three parts, namely,
two identical 2,6-dibromophenol groups and pyridine,
respectively. The electron density of HOMO was located
on two identical 2,6-dibromophenol groups and conjugated
bridge, and that of LUMO was located on pyridine and
conjugated bridge. As the electron transition is from HOMO
to LUMO, it was found that a tiny fraction of MOs for HOMO
and LUMO was loaded in conjugated bridge, and more electrons were moved to pyridine. Therefore, excitation should
result in electron transfer from two identical 2,6-dibromophenol groups to pyridine. The HOMOs and LUMOs in the
dyes indicated that the transitions at maximum absorptions
had intramolecular charge transfer (ICT) character, and they
played an important role in DSSCs.
3.2. Fourier Transforms Infrared Spectra. Fourier transforms
infrared (FT-IR) spectra of phloxine B and bromophenol blue
were recorded in the 500–4000 cm−1 range using KBr pellets
and calculated at DFT/B3LYP methods with the 6-31G(d)
basis set. The experimental FT-IR spectra were shown in Figures 5(a) and 5(b), and calculated FT-IR spectra were given
in Figures 5(c) and 5(d). For absorption peak vibration of
bromophenol blue, the absorption peaks were distributed in
ranges of 1000–2000 cm−1 and 3000–4000 cm−1 . They were
1398.75, 1472.31, 1634.19, 3440.26 cm−1 , and 3851.47 cm−1 (see
Figure 5(a)), respectively. Swing vibration of two C-H bonds
of 2,6-dibromophenol group for bromophenol blue was
observed at 3243.83 cm−1 (see Figure 5(c)). Swing vibration
of two O-H bonds of two 2,6-dibromophenol groups was

observed at 1389.36 cm−1 . Stretching vibration of two C-H
bonds of pyridine group was observed at 1452.16 cm−1 and
3652.02 cm−1 , respectively. Pyridine group swing vibration
was observed at 1632.13 cm−1 .
C-H vibrations were studied as follows: C-H swing and
stretching vibration in unit 2,6-dibromophenol groups were
calculated in the range of 681.42, 868.79–934.34, 974.53,
1085.05–1087.63, 1205.43–1209.30, 1232.40, 1333.11–1338.06,
1388–1445.35, 1519.36–1609.41, and 1641.86–1644.21 cm−1 and
at 3234.68–3443.83 cm−1 . C-H swing and stretching in pyridine group were calculated in range of 718.94, 765.71–766.86,
842.82–863.99, 944.66, 993.54–999.10, 1057.47, 1108.78–
1171.92, and 1452.16–1513.01 cm−1 and at 3192.57–322.58 cm−1 ,
respectively.
For S-O, OH, and ring vibrations, results showed that
S-O stretching vibration was observed at 746.58 cm−1 , and
S=O symmetric stretching was observed at 1171.92 and
1357.69 cm−1 in FT-IR, respectively. OH swing and stretching
vibration occurred in the range of 613.14, 1205.43–1209.30,
1295.17–1301.14, 1338.06 1388.22–1445.35, 1519.36–1609.41, and
3651.80–3652.02 cm−1 . Benzene rings stretching vibration
often occurred in range of 718.94–742.42, 766.86, and
1606.85–1641.80 cm−1 . Benzene rings twisting vibration was
found to be 765.71 cm−1 .
For absorption peak vibration of phloxine B, the main
absorption peaks of FT-IR spectra focus on 1000–2000 cm−1 .
They were 1242.93, 1355.36, 1463.41, 1558.18 cm−1 , and
1634.31 cm−1 (see Figure 5(b)), respectively. Swing vibration
of sodium-2,4,5,7-tetrabromo-6-oxo-xanthen-3-olate group
was observed at 1453.18 cm−1 and 1548.97 cm−1 (see Figure 5(d)), respectively. Two C-H bonds’ stretching vibrations
of sodium-2,4,5,7-tetrabromo-6-oxo-xanthen-3-olate group
were observed at 1228.48 cm−1 and 1356.04 cm−1 , respectively. C=O bond stretching vibration of sodium-2,4,5,7tetrabromo-6-oxo-xanthen-3-olate group was observed at
1642.66 cm−1 .
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Figure 5: (a) Measured FT-IR spectra of bromophenol blue in experiment. (b) Measured FT-IR spectra of phloxine B in experiment. (c)
Simulated IR spectra of bromophenol blue in theory. (d) Simulated IR spectra of phloxine B in theory.

For C-H, COONa, and O-Na vibrations, it was found
that C-H swing and stretching vibration in sodium-2,4,5,7tetrabromo-6-oxo-xanthen-3-olate group were assigned in
the region of 936.95, 987.30, 1008.72, 1030.88, 1204.51–
1511.59, 1545.61, 1617.78, and 1665.48 cm−1 , respectively. The
COONa symmetric stretching vibration of sodium-2,4,5,7tetrabromo-6-oxo-xanthen-3-olate group occurred at 910.95
and 1686.27 cm−1 , respectively. O-Na stretching vibration was
observed at 1593.03 cm−1 .
Furthermore, there are three benzene rings in the phloxine B. Benzene ring symmetric stretching vibration was
observed in the region of 910.95–987.30, 1030.88, 1388.10,
1453.18, 1532.61, and 1572.03 cm−1 and at 1665.48 cm−1 ,
respectively. Benzene ring asymmetric stretching vibration was calculated in range of 1008.72, 1136.98–1204.51,
1272.62, 1290.53, 1356.04, 1382.82, 1488.37, 1511.59, and
1545.61 cm−1 , and in-plane bending vibration was computed
at 1211.25 cm−1 .

3.3. Photovoltaic Characterization. The following formula
is used to calculate the maximum power photo-to-electric
conversion efficiency (𝜂) [43]:
𝜂=

𝐽sc ⋅ 𝑉oc ⋅ FF
.
𝑃

(4)

Here, 𝑃 was the intensity of the incident light; 𝐽sc , 𝑉oc , and FF
represent short circuit density, open circuit voltage, and fill
factor, respectively.
The FF was defined as the ratio of the maximum power
𝑃max obtained from the DSSCs and the theoretical maximum
power of it [44]. Hence,
FF =

𝐼𝑚 ⋅ 𝑉𝑚
.
𝐽sc ⋅ 𝑉oc

(5)

Here, 𝐼𝑚 and 𝑉𝑚 were current and voltage related to the
maximum power. In the experiment, we used the phloxine B
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of the reduction potential of the semiconductor conduction
band (Δ𝐸CB ), and Δ𝐸CB is expressed [45]:

1.4

Jsc (mA cm2 )

1.2

Δ𝐸CB =

1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.1

0.2

0.3
0.4
Voc (V)

0.5

0.6

0.7

Phloxine B
Bromophenol blue

Figure 6: The photocurrent-potential (𝐼-𝑉) characteristics of the
DSSCs with TiO2 film electrode sensitized by phloxine B and
bromophenol blue.

−𝑞𝜇normal 𝛾
,
𝜀0 𝜀

where 𝛾 is adsorbed on the surface concentration and 𝜇normal
is the dipole moment component perpendicular to the direction of TiO2 surface (where 𝜇normal was the 𝑥-axis direction),
𝜀0 is the gas permittivity, and 𝜀 is the dielectric constant of
the organic monolayer. Obviously, according to (6), the larger
the value of 𝜇normal , the bigger the value of Δ𝐸CB . The change
of Δ𝐸CB has direct influence on 𝑉oc . In order to analyze and
compare 𝑉oc , we calculated 𝜇normal , as shown in Figure 7.
𝜇normal of phloxine B was 19.80 D, and 𝜇normal of bromophenol
blue was −1.29 D. 𝜇normal of phloxine B was much larger than
that of bromophenol blue. Therefore, the increasing 𝜇normal
for phloxine B results in the larger 𝑉oc [46, 47].
For the dye sensitizers, the light harvesting efficiency
(LHE) and oscillator strength had correlated relationship
[48], which is expressed as follows:
LHE = 1 − 10−𝑓 .

Table 2: Current-voltage characteristics of phloxine B and bromophenol blue.

Phloxine B
Bromophenol blue

𝑉oc (V)
0.61
0.44

𝐽sc (mA/cm2 )
1.31
0.17

FF
0.65
0.68

𝜂%
0.52
0.05

and bromophenol blue as sensitizers, to measure the currentvoltage (𝐼-𝑉) under sunlight intensity of 100 mW cm−2 . And
the results are shown in Figure 6, and measured 𝐼-𝑉 characteristics of the DSSCs sensitized for the two dyes are listed in
Table 2.
The DSSCs sensitized with phloxine B showed 𝜂 of 0.52%,
with 𝑉oc of 0.61 V, 𝐽sc of 1.31 mA cm−2 , and FF of 0.65, while
the DSSCs sensitized with bromophenol blue showed 𝜂 of
0.05%, with 𝑉oc of 0.44 V, 𝐽sc of 0.17 mA cm−2 , and FF of 0.68.
The results showed that photovoltaic performance of phloxine B is greater than that of bromophenol blue. Then 𝑉oc of the
DSSCs using the phloxine B as sensitizer was more suitable.
The photovoltaic performance of the phloxine B was higher
than that of bromophenol blue. This improvement in the photovoltaic performance of the DSSCs with phloxine B could be
attributed to the absorption spectra of solar radiations (450–
600 nm) (see Figure 3(a)) [43]. This result indicated that the
range of absorption spectra affected 𝜂 of DSSCs.
To analyze the difference of two dyes, we performed
theoretical calculation to explain the well photoelectric
properties (larger 𝑉oc and 𝐽sc ) of phloxine B. The value of
𝑉oc was viewed as the difference between the quasi-Fermi
level of semiconductor conduction band edge value and
the electrolyte oxygen reductions. Because the electrolyte
was typically I− /I3 − , the redox electrolyte can be considered
constant. The value of 𝑉oc has a direct dependence on the shift

(6)

(7)

Here, 𝑓 is the oscillator strength. According to Table 1,
we found that the first excited state of phloxine B and
bromophenol blue corresponds to a dominant position in
absorption, and the oscillator strength of phloxine B was
larger than that of bromophenol blue. The LHE of phloxine B
was 0.8255, and that of bromophenol blue was 0.0714. So the
correlated relationship between the oscillator strength and
light harvesting efficiency (LHE) implied that the dye with
larger oscillator strength made more LHE, and thus phloxine
B has well utilities of sunlight.
The sunlight absorption and electron injection were
important process in DSSCs, which obviously affect the
efficiency of 𝐽sc [49]. Driving force of electron injection
(Δ𝐺inject ) means that the excited dye provided electron into
semiconductor conduction band. Electron injection occurred
from the excited state; Δ𝐺inject could be calculated by the
following equation [50]:
dye∗

SC
,
Δ𝐺inject = 𝐸OX − 𝐸CB

(8)

dye∗

where 𝐸OX is the oxidation potential of the excited state of
SC
is the reduction potential of the semiconthe dye, and 𝐸CB
SC
= 4.0 eV [51] for
ductor conduction band. The reported 𝐸CB
dye∗
TiO2 was adopted in this work. 𝐸OX could be calculated as
follows [52]:
dye∗

dye

𝐸OX = 𝐸OX − 𝜆 max .
dye

(9)

Here 𝐸OX is the redox potential of the ground state, and 𝜆 max
was the absorption maximum with ICT character.
The data of phloxine B and bromophenol blue were listed
in Table 3. According to the calculation results, Δ𝐺inject of
phloxine B (−1.82 eV) was higher than bromophenol blue
(−1.49 eV), meaning that Δ𝐺inject of phloxine B was easier
than bromophenol blue. Δ𝐺inject was an important influence
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Dye

Bromophenol blue

Phloxine B

X = −1.29 D

Y = −8.48 D

X = −19.80 D
Z = 4.38 D

Y = −3.89 D

Z = −8.69 D

Figure 7: Dipole moment of phloxine B and bromophenol blue (gray for C, deep red for Br, red for O, green for Cl, blue for N, purple for Na,
yellow for S, and white for H).
Table 3: The driving force of electron injection Δ𝐺inject (in eV) for the phloxine B and bromophenol blue in the solvent.
dye∗

dye

𝐸OX
5.44
6.63

Dye
Phloxine B
Bromophenol blue

𝐸OX
2.83
2.35

Table 4: Energy levels of HOMO, LUMO, and energy gaps in solvent
(eV).
Bromophenol blue
−6.63
−1.77
−4.86

factor for the electron injection efficiency. At the same time,
the LHE showed that phloxine B was stronger than bromophenol blue, as discussed above. Therefore, phloxine B has
improved absorption and injection abilities in comparison
with bromophenol blue, which cause the larger value of 𝐽sc .
3.4. Ground and Excited State Properties. To ensure that
electrons could be effectively injected into the conduction
band of TiO2 (about −4.0 eV) [51], LUMO energy level must
be higher than the edge of the conduction band of the TiO2 ,
and HOMO energy level must be below I− /I3 − electrolyte
(about −4.85 eV) [46]. Energy levels of MOs and energy
gaps in solvent were studied by using DFT/B3LYP/6-31G(d)
method. Energy levels and HOMO-LUMO gap are presented
in Figure 8, and the calculated data are listed in Table 4. For
phloxine B, the highest occupied MO (HOMO) was −5.44 eV
and the lowest unoccupied MO (LUMO) was −2.64 eV. For
bromophenol blue, the HOMO was −6.63 eV and the LUMO

Bromophenol blue
−2
Phloxine B
Energy level (eV)

H
L
Gap

Phloxine B
−5.44
−2.64
−2.80

Δ𝐺inject
−1.82
−1.49

−3
TiO2

−4
−5

I− /I3 −

−6
−7
LUMO
HOMO

Figure 8: Energy levels of phloxine B and bromophenol blue in
solvent.

was −1.77 eV. The band gap of phloxine B was smaller than
that of bromophenol blue, meaning there is a red-shifted
absorption for phloxine B. From Figure 8, it seems that
the LUMOs of phloxine B and bromophenol blue were all
higher than the conduction band of TiO2 , meaning that the
electron injection can occur from excited dyes into TiO2 , and
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Table 5: Hyperpolarizability of phloxine and bromophenol blue.
𝛽𝑥𝑥𝑥
Phloxine B
1056.816
Bromophenol blue −166.629

𝛽𝑥𝑥𝑦
1811.374
263.472

𝛽𝑥𝑦𝑦
−176.166
−97.931

𝛽𝑦𝑦𝑦
−1358.839
430.917

𝛽𝑥𝑥𝑧
303.029
−91.126

𝛽𝑥𝑦𝑧
103.036
−74.537

𝛽𝑦𝑦𝑧
−151.766
−118.993

𝛽𝑥𝑧𝑧
−220.581
37.162

𝛽𝑦𝑧𝑧
194.588
73.307

𝛽𝑧𝑧𝑧
−334.674
−204.705

𝛽tot
942.390
901.746

Table 6: The calculated electron radiative lifetime (𝜏) for the phloxine B and bromophenol blue in the solvent.
𝜆 (nm)
507
385

2

𝛽∞

Δ𝜇eg (𝜇eg )
2
𝐸eg

,

(10)

where Δ𝜇eg and 𝜇eg are difference in the dipole moment for
ground state and excited state and the transition dipole, 𝐸eg ,
is transition energy. The first hyperpolarizabilities were calculated, as listed in Table 5. The 𝛽tot of phloxine B was higher
than that of bromophenol blue. Table 1 and Figure 7 support
the results of hyperpolarizabilities. Figure 7 showed that the
value of 𝜇eg for phloxine B is larger than that of bromophenol
blue; at the same time, phloxine B has smaller excitation
energy, so phloxine B has larger hyperpolarizabilities with
obvious ICT.
3.5. Fluorescence Spectroscopy of Dyes. Radiative lifetime (𝜏)
played an important role in DSSCs, and it could affect charge
recombination [54]. 𝜏 could be calculated as follows [55]:
𝜏=

𝑎𝑐3 𝑢2
.
2𝑓𝑒2

(11)

Here, 𝑐 is the speed of light, 𝑓 is the oscillator strength, and
𝑒 is the fluorescent energy. The experimental spectra of the
phloxine B and bromophenol blue are shown in Figure 9, and
the calculated fluorescence maxima 𝜆, oscillator strength (𝑓
in a.u.), and relative radiative lifetime are listed in Table 6.
The maximum absorption peak of phloxine B was 507 nm.
The fluorescence energy, oscillator strength, and radiative
lifetime were 2.45 eV, 0.6268, and 6.14 × 10−9 s, respectively.
The absorption peak of bromophenol blue was 385 nm. The
fluorescence energy, oscillator strength, and radiative lifetime
were 3.22 eV, 0.0085, and 2.61 × 10−7 s, respectively. The radiative lifetime of bromophenol blue was higher (2.61 × 10−7 s).
But phloxine B was propitious to charge recombination [54].

Strength 𝑓
0.6268
0.0085

𝜏 (s)
6.14 × 10−9
2.61 × 10−7

1000

240
220
200
180
160
140
120
100
80
60
40
20
0

800
600
400

Fluorescence

the HOMOs of two dyes were lower than I− /I3 − (see Figure 8);
therefore, two dyes can obtain electron to recovery.
Molecular nonlinear optical properties have a close relationship with external electric field. It reflects the characteristics of the intramolecular charge transfer (ICT), which can
affect the electron injection efficiency and the light current.
The first hyperpolarizability (𝛽) is directly proportional to the
difference in the dipole moment (Δ𝜇eg ) between the ground
state and the excited state and the transition dipole moment
(𝜇eg ), and it is inversely proportional to the transition energy.
The first hyperpolarizabilities could be written as follows [53]:

Fluorescence

𝐸 (eV)
2.45
3.22

Dye
Phloxine B
Bromophenol blue

200
0
500

600
700
Wavelength (nm)

800

Bromophenol blue
Phloxine B

Figure 9: Fluorescence spectra of phloxine B and bromophenol
blue.

4. Conclusion
The absorption, molecular orbital energies, radiative lifetimes, LHE, and Δ𝐺inject were addressed. The oscillator
strength (0.7582), vertical dipole moment (19.80 D), and
Δ𝐺inject (−1.82 eV) for phloxine B were higher than those
of bromophenol blue. The 𝐽sc , 𝑉oc , and 𝜂 of phloxine B
were 0.61 V, 1.31 mA/cm2 , and 0.52%, respectively, which were
higher than those of bromophenol blue. The results showed
that higher dipole moment of phloxine B corresponds to
larger 𝑉oc . This means that enlarging dipole moment was a
possible way to increase 𝑉oc of DSSCs. The larger oscillator
strength, higher LHE, and larger absolute value of Δ𝐺inject
correspond to larger 𝐽sc . This means increasing oscillator
strength and LHE and larger absolute value of Δ𝐺inject were
a possible way to increase 𝐽sc . A similar trend between theory
and experiment was observed. Photovoltaic performance of
phloxine B was significantly higher than that of bromophenol
blue.
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[29] Ü. Ceylan, G. Ö. Tarı, H. Gökce, and E. Ağar, “Spectroscopic
(FT-IR and UV-Vis) and theoretical (HF and DFT) investigation
of
2-Ethyl-N-[(5-nitrothiophene-2-yl)methylidene]aniline,”
Journal of Molecular Structure, vol. 1110, pp. 1–10, 2016.
[30] E. B. Sas, M. Kurt, M. Can, N. Horzum, and A. Atac, “Spectroscopic studies on 9H-carbazole-9-(4-phenyl) boronic acid
pinacol ester by DFT method,” Journal of Molecular Structure,
vol. 1118, pp. 124–138, 2016.

International Journal of Photoenergy
[31] S. Soleimani Amiri, S. Makarem, H. Ahmar, and S. Ashenagar,
“Theoretical studies and spectroscopic characterization of novel
4-methyl-5-((5-phenyl-1,3,4-oxadiazol-2-yl)thio)benzene-1,2diol,” Journal of Molecular Structure, vol. 1119, pp. 18–24,
2016.
[32] A. G. Al-Sehemi, A. Irfan, A. M. Asiri, and Y. A. Ammar, “Synthesis, characterization and DFT study of methoxybenzylidene
containing chromophores for DSSC materials,” Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 91,
pp. 239–243, 2012.
[33] N. T. R. N. Kumara, M. R. R. Kooh, A. Lim et al., “DFT/TDDFT
and experimental studies of natural pigments extracted from
black tea waste for DSSC application,” International Journal of
Photoenergy, vol. 2013, Article ID 109843, 8 pages, 2013.
[34] A. S. Beni and M. Zarandi, “Application of DFT and MP2
calculations on structural and water-assisted proton transfer in
3-amino-4-nitrofurazan,” Russian Journal of Physical Chemistry
A, vol. 90, no. 2, pp. 374–382, 2016.
[35] R. M. El-Shishtawy, S. A. Elroby, A. M. Asiri, and K. Mullen,
“Optical absorption spectra and electronic properties of symmetric and asymmetric squaraine dyes for use in DSSC solar
cells: DFT and TD-DFT studies,” International Journal of
Molecular Sciences, vol. 17, no. 4, p. 487, 2016.
[36] C. F. Sun, Y. Z. Li, D. W. Qi, H. X. Li, and P. Song, “Optical
and electrical properties of purpurin and alizarin complexone
as sensitizers for dye-sensitized solar cells,” Journal of Materials
Science: Materials in Electronics, vol. 27, no. 8, pp. 8027–8039,
2016.
[37] Y. Z. Li, C. F. Sun, D. W. Qi, P. Song, and F. C. Ma, “Effects of
different functional groups on the optical and charge transport
properties of copolymers for polymer solar cells,” RSC Advances,
vol. 6, no. 66, pp. 61809–61820, 2016.
[38] P. Song, Y. Li, F. Ma, T. Pullerits, and M. Sun, “Photoinduced
electron transfer in organic solar cells,” Chemical Record, vol.
16, no. 2, pp. 734–753, 2016.
[39] W. Kohn and L. J. Sham, “Quantum density oscillations in an
inhomogeneous electron gas,” Physical Review, vol. 137, no. 6,
pp. A1697–A1705, 1965.
[40] C. Lee, W. Yang, and R. G. Parr, “Development of the ColleSalvetti correlation-energy formula into a functional of the
electron density,” Physical Review B: Condensed Matter, vol. 37,
no. 2, pp. 785–789, 1988.
[41] D. A. Kleinman, “Nonlinear dielectric polarization in optical
media,” Physical Review, vol. 126, no. 6, pp. 1977–1979, 1962.
[42] M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., Gaussian 09,
Gaussian Inc., Wallingford, Conn, USA, 2009.
[43] S. Kushwaha and L. Bahadur, “Enhancement of power conversion efficiency of dye-sensitized solar cells by co-sensitization of
Phloxine B and Bromophenol blue dyes on ZnO photoanode,”
Journal of Luminescence, vol. 161, pp. 426–430, 2015.
[44] W. Li, J. Wang, J. Chen, F.-Q. Bai, and H.-X. Zhang, “Theoretical
investigation of triphenylamine-based sensitizers with different
𝜋-spacers for DSSC,” Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, vol. 118, pp. 1144–1151, 2014.
[45] M. Liang and J. Chen, “Arylamine organic dyes for dyesensitized solar cells,” Chemical Society Reviews, vol. 42, no. 8,
pp. 3453–3488, 2013.
[46] S. Rühle, M. Greenshtein, S.-G. Chen et al., “Molecular adjustment of the electronic properties of nanoporous electrodes in
dye-sensitized solar cells,” The Journal of Physical Chemistry B,
vol. 109, no. 40, pp. 18907–18913, 2005.

11
[47] Z. Ning, Y. Fu, and H. Tian, “Improvement of dye-sensitized
solar cells: what we know and what we need to know,” Energy &
Environmental Science, vol. 3, no. 9, pp. 1170–1181, 2010.
[48] J. Preat, D. Jacquemin, and E. A. Perpète, “Towards new efficient
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