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Abstract

Low-cost dye-sensitized solar cells (DSSCs), which offer a clean and renewable energy source, have attracted considerable attention.
However, cell efficiency and performance stability remains a primary concern. The photovoltaic performance of DSSCs is significantly
affected by both light intensity and operating temperature. In order to maintain the optimum operating conditions for DSSCs in practical
application environments, it is important to understand the combinational effects of light intensity and operating temperature on their
characteristic behaviors. In this work, we systematically investigate the conditions for satisfactory photovoltaic performance of DSSCs in
various light-intensity and temperature environments. At light intensities lower than 1-Sun condition (i.e. <100 mW cm2), the power
conversion efficiency (PCE) of DSSCs is significantly decreased with increasing operating temperature due to the enhanced charge recom-
bination rate resulting from the lowered viscosity of the liquid electrolyte. However, at light intensities higher than the 1-Sun condition
(i.e. >100 mW cm?), the PCE of DSSCs is stably maintained at elevated temperatures ranging from —4 to 60 °C due to the increased
concentration of photogenerated electrons, which compensate for the loss of electrons by charge recombination between photogenerated
electrons and liquid electrolyte ions.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction systems. However, their performance is constrained by

weather conditions such as ambient temperature and inci-

Solar cells have attracted considerable attention as clean
and renewable energy sources that can form an alternative
to power generation from fossil fuels and hydroelectric
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dent light intensity. In the backdrop of studying the feasi-
bility of practically utilizing solar cells to harness energy in
the light of prevailing weather conditions, according to the
annual Korean weather forecast report, the monthly aver-
age light intensity and monthly average air temperature of
three major cities (Seoul [37°30'N, 127°07'E], Busan
[35°06'N, 129°03’E], and Jeju island [33°31'N, 126°32'E))
in Korea lie in the ranges of 0.3-1 Sun and —4 to 35 °C,
respectively, as shown in Fig. 1 (The National Weather
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Fig. 1. Monthly variation in (a) light intensity conditions (Pign) and (b)
air temperature (7) of three major cities in the Republic of Korea (i.e.
Seoul [37°30'N, 127°07'E], Busan [35°06'N, 129°03'E], and Jeju island
[33°31'N, 126°32'E)).

Service, Solar energy resource distribution map, 2012).
Various natural factors such as seasonal changes, sunlight
irradiation, and locally windy and cloudy conditions create
the appreciable differences in light intensity and cell tem-
perature, and therefore, the resulting photovoltaic perfor-
mance of dye-sensitized solar cells (DSSCs) installed in a
given area can significantly vary (Tripathi et al., 2014;
Kim and Kim, 2012; Raga and Fabregat-Santiago, 2012;
Gonzalez-Valls et al., 2011; Barnes et al., 2011; Lee et al.,
2010; Akira, 2009; Berginc et al., 2008, 2007; Ocakoglu
et al., 2008; O’Regan and Durrant, 2006; Lagemaat and
Frank, 2001). Furthermore, the addition of supplementary
equipment to DSSCs e.g. solar concentrators (Moon et al.,
2013; Choi et al., 2011; Zhang et al., 2008; Mittelman et al.,
2007), heat exchangers (Kong et al., 2014; He et al., 2006;
Tripanagnostopoulos et al., 2002), and surface cleaning
systems (Ahn et al., 2013¢c; Park et al., 2011; Faustini
et al., 2010; Zhu et al., 2010; Min et al., 2008) can strongly
influence the photovoltaic properties of DSSCs by affecting
the light intensity and operating temperature, which mostly
perturbs the electron generation in the photoelectrode and
the charge transport in the liquid electrolyte. However,
numerous previous studies on DSSCs have been conducted
under the standard 1-Sun condition (i.e. 100 mW cm?) at
room temperature during their characterization (Park
et al., 2013; Ahn et al.,, 2012, 2013a,b; Muduli et al.,
2012; Koo et al., 2008; Mor et al., 2006). Therefore, the

basic understanding of the functioning and practical appli-
cations of DSSCs can be limited due to the lack of useful
data pertaining to DSSCs tested under various light inten-
sities and operating temperature conditions.

In this study, we systematically investigated the effects of
both light intensity and operating temperature on the pho-
tovoltaic performance of DSSCs. Detailed analyses were
carried out to examine the variations in electron transport
in the liquid electrolyte, and the proof-of-concept is also
provided to explain the changes in the power conversion
efficiency (PCE) of DSSCs. In particular, we varied the
light intensity by using light filters to achieve intensities
lower than 1 Sun-condition (e.g. 25 and 50 mW cm?)
and convex-lens-assisted solar concentrators for intensities
greater than the 1-Sun condition (e.g. 267 and
570 mW cm2). The operating temperature of the DSSCs
was also controlled in the range from —4 to 60 °C using
a Peltier cell.

2. Experimental
2.1. Materials and solar cell preparation

Commercially available TiO, paste (T/SP, Solaronix,
Zollikon, Switzerland) was used without further treatment
as the high-surface-area porous electron-transferring mate-
rial (Zhu et al., 2011; Li et al., 2010; Kim et al., 2010;
Calogero and Marco, 2008; Hore et al., 2006). As the pho-
toelectrode layer, a TiO, nanoparticle (NP)-accumulated
thin layer was applied via a screen-printing process on a
fluorine-doped tin oxide (FTO) glass (SnO,:F, 7Qsq ",
Pilkington, Boston, USA) with a photoactive area of
0.6 cm x 0.6 cm. The FTO glass was thermally treated at
500 °C for 30 min after pretreatment with a solution of
0.247 mL of TiOCl, and 20 mL of deionized water to
enhance the adhesion between the TiO, NP layer and the
FTO glass. The resulting TiO, NP-accumulated layer
formed on the FTO glass via screen-printing process was
subsequently sintered in an electric furnace at 500 °C for
30 min and immersed in anhydrous ethanol containing
0.3mM of Ru dye (BuyN),[Ru(Hdcbpy),-(NCS),] (N719
dye, Solaronix, Zollikon, Switzerland) for 24 h at room
temperature in order to allow the dye molecules to attach
themselves to the entire surface of the TiO, NPs. The
dye-soaked TiO,-NP-based photoelectrode was subse-
quently rinsed with ethanol and dried in a convection oven
at 80 °C for 10 min. As a counter electrode, we prepared
Pt-coated FTO glass using an ion sputter (Model No.
E1010, Hitachi, Chiyoda-ku, Japan) operated at 2.5kV.
Both the dye-soaked TiO, NP-based photoelectrode and
the Pt-coated counter electrode were sealed together with
a hot-melt polymer film (60-pum thick, Surlyn, DuPont,
Wilmington, Delaware, USA) that was inserted between
the two electrodes, and an iodide-based liquid electrolyte
(AN-50, Solaronix) which has a 50 mM of iodide concen-
tration in acetonitrile solvent and a small amount of addi-
tives including ionic liquid, lithium salt and pyridine
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derivatives was subsequently injected into the interspace
between the electrodes.

2.2. DSSC characterization

The light intensity was controlled by placing neutral
density (ND) filters and a condenser lens in the illumina-
tion path. The condenser-lens-based solar concentrator
employed in this study had a diameter of 30 mm, a center
thickness of 2 mm, an edge thickness of 1.46 mm, and an
effective focal length of 30 mm. The condenser lens was
supported by a homemade vertical holder, and the focal
length was varied by adjusting the rotating gauge (see
Fig. 2, Choi et al., 2011). The operating temperature of
the DSSCs was controlled using a Peltier cell (9501, Ferro-
tec Co., Ltd., Korea) in the temperature range from —4 to
60 °C. We measured the temperature of top and bottom
sides of DSSCs by using a thermocouple. Here, the top side
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Fig. 2. (a) Photograph and (b) schematic of light intensity and operating
temperature control systems for DSSC units.

of DSSCs was exposed to the external air and the bottom
side of DSSCs was directly contacted with Peltier cell,
respectively (Gonzalez-Valls et al., 2011; Halme et al.,
2006). And the operating temperature was calculated by
taking a mean value of top and bottom side temperature
of DSSCs. The current density—voltage (J-V) characteris-
tics of the resulting DSSCs fabricated in this study were
measured under AM 1.5 simulated illumination with inten-
sities ranging from 25 to 570 mW cm > (PEC-L11, Peccell
Technologies, Inc., Yokohama, Kanagawa, Japan). The
intensity of sunlight illumination was calibrated using a
standard Si photodiode detector with a KG-5 filter. The
J—V curves were automatically recorded using a Keithley
SMU 2400 source meter (Cleveland, OH, USA) by illumi-
nating the DSSCs. Electrochemical impedance spectros-
copy (EIS) measurements of DSSCs were performed
using an impedance analyzer (Ivium CompactStat, Ivium
technologies, Netherlands). Bias potentials were set at the
open-circuit voltage of the DSSCs under illumination from
25 to 570 mW cm 2 10 mV AC perturbation was applied
at frequencies ranging from 0.1 Hz to 100 kHz. The imped-
ance spectra were then analyzed by an equivalent circuit
model interpreting the characteristics of the DSSCs.
Briefly, the value of Ry, R;, R, were extracted from the
start point, the width of third semicircle and first semicircle
in the Nyquist plots, respectively. The viscosity of the
liquid electrolyte was measured by a viscometer (6V-10,
Brookfield Engineering Lab., MA, USA) by varying the
temperature in the range from —5 to 50 °C.

3. Results and discussion

In order to examine the effect of operating temperature
on the photovoltaic performance of the DSSCs, we varied
the operating temperature of the DSSCs using a Peltier cell
under the fixed 1-Sun irradiance condition (i.e. AM 1.5 &
100 mW cm?). From the values listed in Table 1 and
Fig. 3a, we can clearly observe that the short-circuit current
density (J,.) and open-circuit voltage (V,,.) decrease with an
increase in cell temperature. Both the J,. and V. values of
the DSSCs decrease from 14.78 mA cm 2> and 0.75 V at
T=-4°C to 13.56mAcm > and 0.64 V at T=60°C,
respectively, thereby resulting in a considerable reduction
in the corresponding PCE value from 7.25% at
T=—-4°Cto 5.67% at T = 60 °C, respectively.

In order to determine the possible reasons for these
observed phenomena, we performed an electrochemical
impedance spectroscope (EIS) measurement for the DSSCs
operated at different temperatures. Further, from Table 1
and Fig. 3b, we note that the calculated electron lifetime
(Te = [27fmax] ', Where fmax denotes the maximum fre-
quency) slightly reduces with increasing operating temper-
ature, thereby suggesting that the photogenerated electrons
diffuse further at lower temperatures. From the Nyquist
plots (Fig. 3c) and the corresponding analyzed elemental
resistance (Fig. 3d), we observe that the charge transfer
resistance gradually reduces with increasing operating tem-
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Table 1
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Summary of photovoltaic performance parameters of DSSCs operated at various temperatures under the fixed 1-Sun condition (=100 mW cm™~).

Temperature (°C) Jse (MA cm’z) Ve (V) FF PCE (%) R, (Q) 7, (ms)
—4 14.78 0.75 0.66 7.25 124 5.0
4 14.72 0.74 0.66 7.21 12.0 4.9
12 14.67 0.73 0.66 7.07 114 4.8
20 14.47 0.72 0.66 6.91 10.9 4.7
28 14.36 0.71 0.66 6.71 10.6 4.5
36 14.17 0.69 0.66 6.48 10.0 44
44 13.92 0.67 0.66 6.09 9.4 43
52 13.69 0.65 0.66 5.87 9.1 4.1
60 13.56 0.64 0.65 5.67 8.6 4.0

Note: Jy.: short circuit current, V,.: open circuit voltage, FF: fill factor, PCE: power conversion efficiency, Rj: series resistance, t,: electron life time.
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Fig. 3. (a) J-V curves, (b) Bode plots, (c) Nyquist plots, and (d) charge transfer resistance analysis of DSSCs operated at various temperatures under the

fixed 1-Sun condition (=100 mW cm™2).

perature. In general, the total series resistance (Rg) of a
DSSC can be represented as the expression Rg= Rpro + -
Rp, + R;. Here, Rpro denotes the resistance of the FTO-
coated glass substrate, Rp, the charge transfer resistance
at the Pt-coated counter electrode, and R; the diffusion
resistance resulting from the transport of holes in the
iodide-based liquid electrolyte. In our trials, there was no
appreciable change in Rryo at various cell temperatures.
This suggests that cell temperature hardly affects the Rrro
values. However, both Rp, and R; gradually decrease with
increasing operating temperature, thereby suggesting that
the operating temperature strongly affects the charge trans-
fer kinetics between the counter electrode and liquid elec-
trolyte. We believe that the increase in cell temperature
correspondingly changes the viscosity of the liquid electro-
lyte such that the charge recombination rate between
photogenerated electrons and liquid electrolyte is accord-
ingly affected.

The above speculation can be corroborated by directly
measuring the viscosity of the liquid electrolyte as a func-
tion of temperature. From the results shown in Fig. 4, we
note that the viscosity of liquid electrolyte linearly
decreases with increasing operating temperature, thereby
implying that the enhancement of ion mobility in the liquid
electrolyte at high temperatures increases the charge
recombination rate. As a result of the enhanced charge
recombination rate at high temperatures, the average elec-
tron lifetime accordingly decreases. Therefore, the acceler-
ation of charge transfer kinetics with increasing operating
temperature results in reductions in both J,. and V. val-
ues. As a proof-of-concept, a motor fan connected to a
DSSC was employed to visualize the effect of operating
temperature on the photovoltaic performance of DSSCs.
Under the fixed 5.7-Sun condition (i.e. 570 mW cm 2), a
DSSC was operated at different temperature conditions
ranging from —4 to 50 °C. The motor fan exhibited very
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Fig. 4. The evolution of liquid electrolyte viscosity as a function of
temperature (insets show the snapshots of a motor fan connected to a
DSSC operated at 0°C & 570 mW cm ™ (upper image) and 40 °C &
570 mW cm 2 (lower image)).

high rotation speeds over the temperature range from —4
to 40 °C, while it suddenly stopped rotating at tempera-
tures greater than 40 °C, thereby suggesting that the cur-
rent and voltage outputs from the DSSC significantly
decrease due to the increased loss in photogenerated elec-
trons resulting from enhanced charge transfer kinetics at
higher operating temperatures.

Since the intensity of irradiated light on solar cells is
directly related to variation in the cell temperature, we also
examined the effects of light intensity in conjunction with
operating temperature on the photovoltaic performance
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of DSCCs. From Fig. 5a, we note that the J. values exhibit
a significant increase with increase in the light intensity.
However, no appreciable change in J,. values for different
operating temperatures is observed at a given light inten-
sity. This is because of the increase in power input caused
by higher light concentration. From Fig. 5b, we note that
the V,. value logarithmically increases with increasing light
intensity. The V. value relatively steeply increases for low
illumination conditions (i.e. <100 mW cmfz), and subse-
quently, it gradually increases with increasing light inten-
sity for values greater than 100 mW cm 2. In general, V,,
is proportional to the temperature, while the enhanced
charge recombination rate resulting from the reduction in
liquid electrolyte viscosity leads to a significant decrease
in V,. due to increase in the 7, value, as can be inferred
from Eq. (1). The net result of these two contrasting effects
eventually leads to a significant decrease in V,. values at
elevated temperatures, as shown in Fig. 5b. The expression
for V,. is given as

=T (100
q 1,

(1)

Here n denotes the diode quality factor, k the Boltzmann
constant, 7 the absolute temperature, ¢ the electronic
charge, X the light intensity, /,(X) the short circuit current
in light intensity of X, and [, the reverse saturation current.

Fig. 5c shows the variation in the fill factor (FF) values
as a function of light intensity. We note that the FF values
significantly decrease with increasing light intensity at all
operating temperatures. The reduction in FF values at high
light intensities appears to occur due to the enhanced
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Fig. 5. (a) Jy., (b) V,., (c) FF, and (d) PCE values of DSSCs operated at various temperatures and light intensities.
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charge recombination rate due to the increased concentra-
tion of photogenerated electrons. It is interesting to note
that the FF values are similar for each temperature even
though they can be decreased at higher cell temperatures
by the enhanced charge recombination rate due to reduc-
tion in liquid electrolyte viscosity. This is because the series
resistance simultaneously decreases with increasing temper-
ature; consequently, these two contrasting effects can lead
to similar FF values at different operating temperatures.
The PCE of DSSCs is observed to steeply decrease with
increasing light intensity (<100 mW cm ?), as can be
observed in Fig. 5d, while that of DSSCs at light intensities
greater than 100 mW cm > exhibits a more gradual
decrease. The reduction in both Jy. and V,. values at high
operating temperatures results in decreasing PCE values at
different light intensities.

On the basis of photovoltaic performance parameter
measurements, one can expect to easily maintain the opti-
mized PCE value of DSSCs with very little temperature
influence at higher light intensities (>100 mW cm~?). How-
ever, in order to maintain the optimized PCE of DSSCs
that were measured at relatively low light intensities
(<100 mW cm ), it is necessary to either increase the light
intensity using a solar concentrator or lower the operating
temperature of DSSCs using a cooling system, or both. Our
findings provide a better understanding of the conditions
required for optimum DSSC performance.

4. Conclusions

We systematically investigated the effects of light inten-
sity and operating temperature on the photovoltaic perfor-
mance of DSSCs. Firstly, a Peltier-cell-assisted
temperature control system enabled us to observe the effect
of temperature on the photovoltaic properties of DSSCs.
As a result, the PCE of DSSCs at the fixed 1-Sun condition
significantly decreased with increasing operating tempera-
ture, which resulted in reduced liquid electrolyte viscosity
that promoted ion mobility and simultaneously accelerated
the charge recombination rate between photogenerated
electrons and liquid iodide ions. Secondly, the use of a neu-
tral-filter- and condenser-lens-assisted light intensity con-
trol system enabled us to observe the effect of light
intensity in conjunction with operating temperature on
the photovoltaic performance of DSSCs. At low light
intensities (<100 mW cm?), the resulting PCE of DSSCs
significantly decreased with increasing operating tempera-
ture. However, at high light intensities (>100 mW cm?),
the PCE of DSSCs was stably maintained due to the
increased concentration of photogenerated electrons,
which resulted in an increase in electron injection into the
TiO, NPs and simultaneously mitigating the loss of elec-
trons by charge recombination. In order to maintain the
optimized photovoltaic performance of DSSCs in practical
applications, we suggest that DSSCs can be installed in
cold and sunny environments with the simultaneous use
of various effective auxiliary facilities (e.g. solar concentra-

tor and cooling system) for artificially controlling the light
intensity and operating temperature. We believe that our
results can significantly contribute to the development of
solar cells as viable alternative energy sources.
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