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In this work, organic photosensitizer has been synthesized for dye-sensitized solar cells (DSSCs). The
solar cells then fabricated have been characterized by photocurrent-voltage characteristics and
electrochemical impedance spectroscopic (EIS) measurements. The effect of outdoor temperature on
the photovoltaic performance of DSSCs has also been investigated here. The results indicate that DSSC
shows power conversion efficiency of 2.58% at 25 �C under air mass (AM) 1.5 G illumination at 100
mW/cm2. It has also been found out that the efficiency of DSSCs drops with the rise of temperature.
The decrease in efficiency can be attributed to decrease in open-circuit voltage of cells. The EIS analysis
shows that increase in temperature also reduces the charge recombination resistance mainly due to
decrease of electron lifetime. These findings demonstrate that the cell is stable up to 35 �C.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Dye-sensitized solar cells because of their low cost and easy
fabrication process have received considerable global attention
[1–3]. Dye is the heart of any DSSC, normally it is adsorbed on a
semiconducting material (TiO2 is the most commonly used semi-
conducting material). Upon absorbing the sunlight, it produces
excitons [4–6] and transfers electrons to the conduction band of
semiconductor. Presently, ruthenium complexes based DSSCs pos-
sess the best power conversion efficiencies (PCEs) under standard
illumination of AM 1.5 G [5,7,8]. However, the high cost and scar-
city of ruthenium are major drawbacks in the metal complex sen-
sitizers [9]. To overcome these problems, metal free organic
sensitizers have been synthesized [10]. The basic structural unit
of organic dye is donor-p-acceptor. The p-conjugated spacer splits
the donor and the acceptor moieties. To form efficient photosensi-
tizers, it has been suggested that the donor groups should be cho-
sen from the electron rich aryl amines family like phenylamine,
aminocoumarin, indoline, (difluorenyl)triphenylamine and biphe-
nyl [10]. However, compounds containing thiophene and oxadiazol
units due to their outstanding charge transfer characteristics could
be efficient p-conjugated spacers. Acrylic acid group as an acceptor
moiety is considered as the best option for organic photosensitiz-
ers [11]. So far, organic dye based DSSCs have achieved 10.2%
PCE [12].

Instead of high cost, another important challenge for the com-
mercialization of DSSCs is the low stability. DSSCs have to fulfill
the stability criteria in order to penetrate the photovoltaic market.
Temperature is considered as the most crucial outdoor parameter
that affects the stability of DSSCs [13]. Liquid electrolytes due to
their outstanding electric conductivity show high power conver-
sion efficiency. However, they limit the outdoor applications due
to their low boiling points and evaporation over time. To penetrate
into the photovoltaic market, liquid electrolyte based DSSCs have
to pass stability tests (resistance against humidity and tempera-
ture) [14]. Very few papers have highlighted the effect of temper-
ature on the stability of DSSCs during the past decade [15,16]. M.
Grätzel designed a DSSC capable of bearing an aging at 80 �C for
1000 h. Moreover, a device also showed stable photovoltaic
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Table 1
FMO and band gaps of dyes sensitizer.

Models HOMOs
(eV)

LUMOs
(eV)

Band Gap
(eV)

GAD at BLYP with triple-f
polarization

�5.15 �3.90 1.25

GAD at OLYP with triple-f
polarization

�4.86 �3.69 1.18

GAD at PW91 with triple-f
polarization

�5.30 �4.04 1.26

GAD at PB with triple-f
polarization

�5.34 �4.10 1.24

LDA with triple-f polarization �5.47 4.20 1.27
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performance up to at 60 �C under AM 1.5 illumination of visible
light [17]. Dai et al constructed a 500 W power station with DSSCs
modules and investigated the stability under outdoor condition.
They observed the degradation in the photovoltaic performance
of DSSCs modules under full sunlight illumination [18,19].

Thus it can be concluded that the stability and cost are two
major challenges for the commercialization of DSSCs. The aim of
this study is to synthesize a low cost organic dye for DSSCs and
to examine the influence of temperature on the stability of DSSCs.
Though in this case the power conversion efficiency (PCE) is not
high but results indicate that the performance of DSSCs intensely
depends on the temperature.
Fig. 1. Simulated HOMO and LUMO of the dye.
2. Experimentation

The synthesis and characterization of organic dyes has been
described in the supplementary information. As purchased TiO2

(T/SP 41112, Solaronix) paste was tape casted on FTO coated con-
ductive glass substrates (7X/seq) and then heated at 450 �C for 30
min. Coated films were dipped in the dye solution (2 mM of newly
synthesized organic dye in chloroform) for 24 h. The sensitized
samples were genteelly washed with ethanol solvent to eradicate
the unabsorbed photosensitizer molecules. The platinum paste
was tape casted on another FTO glass substrate (Plasticol T),
annealed for 20 min at 450 �C. The photoanode and counter elec-
trode were joined together with the help of super glue and elec-
trolyte (Iodolyte Z-50, Solaronix) was inserted between the
electrodes.

Visible spectra of photosensitizer in chloroform and adsorbed
on TiO2 film were recorded by JASCO-670 spectrophotometer.
Current-Voltage characteristics of devices were studied using the
IV-5 solar simulator with data acquisition system (PV Measure-
ments Company). A reference silicon solar cell was used to cali-
brate the system. A potentiostat (Bio-Logic) was used to carry
out the EIS analysis of solar devices. The test was performed under
0.7 V forward bias with frequency range of 10 Hz–800 KHz.
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Fig. 2. Absorption spectra of (a) dye solution having concentration of 0.1 mM and
(b) dye (2 mM solution of dye in chloroform) adsorbed on TiO2.
3. Results and discussion

3.1. Electrochemical properties

The energy level orbitals of excited dye must provide necessary
thermodynamic driving force for the charge transfer. For effective
charge transfer from excited photosensitizer to the conduction
band (ECB) of semiconductor, the lowest unoccupied molecular
orbital (LUMO) of sensitizer must be more negative than the ECB
of semiconductor. Similarly, for a fast regeneration of dye, the
redox potential of the electrolyte must be more negative than
the highest occupied molecular orbital (HOMO) level of photosen-
sitizer [20].

The HOMO, LUMOs and band gap of dye were found out by Den-
sity functional theory (DFT) calculations. The simulation was per-
formed on Amsterdam density functional (ADF) program
(2013.01). The geometry of photosensitizer was optimized by
employing Generalized gradient approximation (GAD) [21] at opti-
mized Lee–Yang–Parr (OLYP) [22], Becke parameter, Lee-Yang-Parr
(BLYP) [23], Perdew Wang (PW91) [24,25] and local density
approximation (LDA) [26] with triple-f polarization (TZP) basis
function [27]. The relativistic effects were considered by choosing
zero order regular approximation in its scalar approximation
[20,28]. All models show approximately the same values of
HOMOs, LUMOs and band gaps. Different models were used to jus-
tify these values.

Table 1 shows the simulated HOMO, LUMO and band gap of
photosensitizer. Fig. 1 shows that the HOMO of the dye with the
highest electron density is located at donor group and the LUMO
is situated in the anchoring group via p-bridge segment. Conse-
quently, the HOMO-LUMO excitations caused by the incident light
could move the electrons from donor to anchoring unit through the
p-bridge fragment. These findings advocate that photosensitizer
can transfer electrons to the ECB of TiO2.
3.2. Optical characteristics of photosensitizer

The absorption spectra of organic dye in chloroform and
anchored to TiO2 are shown in Fig. 2. Two different absorption
bands of dye in the chloroform can be observed: weak band corre-
sponding to the p–p* transition of the conjugated molecules is in
the range of 380–400 nm and other is about 430–460 nm could
be assigned to the intramolecular charge transfer between donor
and acceptor anchoring moiety (shown in Fig. 2a). However, the



0

1

2

3

4

5

6

7

8

9

0 100 200 300 400 500 600 700

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )
 

Voltage (mV) 

Fig. 3. Jsc-V characteristics of DSSC at different temperatures.

Table 2
Photovoltaic properties of DSSCs.

Temperature (�C) Jsc (mA/cm2) Voc (mV) FF (%) g (%)

25 8.212 632 53 2.581
35 7.432 627 55 2.567
45 7.003 534 56 2.085
55 6.745 475 54 1.659

Fig. 4. (a) EIS spectra and (b) equivalent circuit of DSSCs.

Table 3
Charge combination resistance at TiO2/dye/electrolyte interface of DSSCs at different
temperatures.

Temperature (�C) R3 (Ohm)

25 282.40
35 251.32
45 40.340
55 35.061
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maximum absorption peak of dye is red shifted when anchored to
TiO2 film (shown in Fig. 2b) due to the interaction between the car-
boxylate group and the surface Ti4+ ions. This interaction leads to
increase the delocalization of the p* orbital and on the contrary
red shift of absorption spectrum.

3.3. Photovoltaic performance of devices

J-V characteristics of DSSC at various temperatures are shown in
Fig. 3. Photovoltaic parameters such as open circuit voltage (Voc)
fill factor (FF), short circuit current density (Jsc), and power conver-
sion efficiency (g) of DSSCs at 25 �C, 35 �C, 45 �C and 55 �C are
listed in Table 2. The results indicate that the PCE of DSSC strongly
depends on temperature and the cell is stable up to 35 �C. However
above 35 �C, the PCE of device exponentially reduces with
increasing temperature. This decrease in efficiency is mainly attrib-
uted to decrease in voltage with increasing temperature. Open cir-
cuit voltage of DSSC is defined as the difference between the quasi-
Fermi level of TiO2 photoelectrode and the redox energy level of
the electrolyte under illumination. In DSSCs, variation of Voc can
be explained by a shift of the potential of the TiO2 conduction band
edge. The band gap of semiconductor (TiO2) decreases with tem-
perature [29,30]. Due to this decrease in the band gap of TiO2 more
incident energy is absorbed by the TiO2 hence it requires less
energy to raise electrons to the conduction band. This results in
the large photocurrent through the TiO2, which consequently
implies that there is decrease in the voltage. Other photovoltaic
parameters like Jsc and FF do not remarkably change with temper-
ature. The error bars of photovoltaic parameters of DSSCs at 35 �C
show that results are highly reproducible (see the supplementary
information: Fig. S5).

3.4. EIS measurement

EIS analysis was conducted to analyze the effect of temperature
on the interface resistances of DSSCs. The Nyquist plots of DSSCs
are shown in Fig. 4a. The junction impedance represented by
equivalent circuit diagram is shown in Fig. 4b. The Nyquist plot
of DSSCs is normally characterized by three semicircles. The resis-
tance at electrode/electrolyte interface is represented by the first
semicircle (R2), and interface resistance photoanode/electrolyte is
denoted by second semicircle (R3). While the diffusion of I�/I3� in
electrolyte (Zw) is epitomized by third semicircle [31,32]. Here in
this case we observed only the second arc of R3 in the Nyquist plot
(Fig. 4). It means that the other two arcs corresponding to R2 and
Zw are overshadowed by this large semicircle of R3 [33,34]. The
R3 signifies the charge recombination resistance, e.g., a larger R3

specifies a slower charge recombination. R3 of sensitizer at differ-
ent temperature is also presented in Table 3. The results signify
that the temperature accelerates the charge recombination pro-
cess. In a DSSC the conduction band shift of the TiO2 film and
recombination and charges transport kinetics are influenced by
the cell temperature [35,36]. The driving force for recombination
is related to the energy level (where the electrons are located),
and the temperature, both of which are related to the rate constant,
kr(T), and the electron concentration [37]. As Voc changes, the Fermi
level (EF) in TiO2 moves towards or away from the conduction
band edge (ECB). When the Fermi level moves up, the respective
electron traps below are filled and in this condition, it can be
expected that the activation energy (Ea) of recombination is pro-
portional to (ECB � EF) [38].

Moreover, the variation of Voc with temperature can also be
explained in terms of electron lifetime [29]. Open circuit voltage
decreases with the decrease of electron lifetime owing to an
increase of charge recombination. Increase of charge recombina-
tion caused by the temperature resulted in decrease in an electron
lifetime. As a consequence, a reduction in an open-circuit voltage
(Voc) was achieved. The decline in photovoltage (due to decrease
in charge recombination resistance) with the rise of temperature
is in the order of 25 �C (R3 = 282 Ohm and Voc = 632 mV) > 35 �C
(R3 = 251 Ohm and Voc = 627 mV) > 45 �C (R3 = 40 Ohm and Voc = 5
34 mV) > 55 �C (R3 = 35 Ohm and Voc = 475 mV).
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4. Conclusion

DFT simulation results demonstrate that the LUMO of the dye is
larger than the ECB of TiO2. Thus, the injection of electrons from
sensitizer to the ECB of TiO2 is thermodynamically possible. Photo-
voltaic measurements show that the efficiency of DSSC decreases
with temperature. The drop in efficiency is mainly attributed to a
decrease in photo-voltage with temperature. EIS analysis demon-
strates that the charge recombination resistance also decreases
with an increase of temperature owing to the decrease of an elec-
tron lifetime. The overall results recommend that 1,3,4-oxadiazol
based DSSCs with an electrolyte (Iodolyte Z-150, Solaronix) is
stable up to 35 �C. Thus, it can be concluded that the liquid elec-
trolyte based DSSCs in the conversion of solar energy to electricity
is not favorable for high ambient temperature environment.
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