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Temperature effects in dye-sensitized solar cells†

Sonia R. Raga and Francisco Fabregat-Santiago*

In the standard solar cell technologies such as crystalline silicon and cadmium telluride, increments of

temperature in the cell produce large variations in the energy conversion efficiency, which decreases at a

constant rate. In dye solar cells the efficiency remains roughly constant with a maximum at around 30–40 1C

and further decays above this temperature. In this work, the origin of this characteristic behavior is

explained. Data show that under illumination recombination kinetics in the active layer of the cell is the

same between �7 and 40 1C. Consequently, the efficiency of the cell remained virtually constant, with only

small differences in the fill factor associated with changes in the series resistance. A further increase in

temperature up to 70 1C produces an increase in recombination kinetics yielding lower photopotential and

device performance. Finally, it is emphasized that at the normal operating temperatures of solar cells, the

gap among the conversion efficiency of different technologies is much smaller than generally acknowledged.

Introduction

Dye sensitized solar cells (DSCs) are a promising alternative to
silicon or thin film solar cells due to the low cost materials and
simplicity in their fabrication process. These characteristics
make DSC technology a candidate for large scale production of
cheap energy.1,2 The highest efficiencies reached with DSCs,
11–12%,3–6 have been obtained using TiO2 nanostructures for
collecting the electrons, a redox electrolyte based on I�/I3

� for
transporting the holes and a ruthenium dye attached to the
semiconductor nanoparticles for absorbing the radiation and
separating the charges into the different charge carrier
media.7,8 A recent publication has also reported 12% efficiency
with porphyrin dyes and cobalt based redox electrolyte.9

Some of the beneficial characteristics of DSCs are that they
maintain a high efficiency under diffuse or low light incident
angle and that their performance presents little changes at environ-
mental temperatures ranging between �20 and 80 1C.10–13 Power
conversion efficiency drops for rising temperatures in the case of
the most extended technologies, at rates around �0.45% K�1 in
mono- and polycrystalline silicon cells and of �0.25% K�1 for
cadmium telluride.14 In normal operation, cell temperatures

(NOCT) rise to about 45–50 1C and consequently, their efficiency
drops from nominal values approximately 10% for Si and 5% for
CdTe. Dye solar cells instead present a maximum in the energy
conversion efficiency close to NOCT.12 This is a key aspect in the
discussion of best performing solar cell technologies: as DSCs
for 17 cm2 modules have reached 9.9% efficiency,15 the increase
in efficiency at NOCT together with the decrease in the other
technologies reduces the efficiency gap under the real operating
conditions to a short distance.

From a more fundamental view, the progress in the field of
DSCs has been very exciting in the last few years from both
points of view, the enhancement of the device performance and
the development of the models needed to understand the
origin of the behavior of DSCs. Very relevant contributions
have been focused on describing the mechanisms that control
parameters such as the short circuit photocurrent, Jsc, open
circuit photopotential, Voc, and fill factor, FF, that determine
the performance of the solar device.16–19

In general, charge collection is well resolved in DSCs, with
efficiencies close to 100% in good cells. Photovoltage, however,
presents large variations affected by charge recombination
between TiO2, dye or electrolyte composition and also by the
energetic position of the TiO2 conduction band in relation to the
redox energy level in the electrolyte.20–22 Recombination of charge
plays a major role in the photopotential attained by the DSC17,22

and it is determined by different mechanisms that involve
variations in acceptor species: Miyashita et al.23 proposed that
there is a locally increased concentration of I3

� near the dye
under illumination and Boschloo and Hagfeldt16 remarked the
generation of other acceptor species as I2

��. On another hand
O’Regan and Durrant24 suggested that recombination increases
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Universitat Jaume I, 12071 Castelló, Spain. E-mail: fran.fabregat@fca.uji.es;

Fax: +34-964-729218; Tel: +34-964-387537

† Electronic supplementary information (ESI) available: Measures of performance
of DSC for 500 h lifetime tests, Nyquist plots showing series resistances, values of
conduction band shifts, plots of capacitance values vs. Vecb, comparison of
capacitance in the dark and under illumination, comments on transport resis-
tance and performance data of DSC after shifting the applied potential the
displacement in the conduction band edge (DEc). See DOI: 10.1039/c2cp43220j

Received 13th September 2012,
Accepted 10th December 2012

DOI: 10.1039/c2cp43220j

www.rsc.org/pccp

PCCP

PAPER

D
ow

nl
oa

de
d 

by
 H

eb
re

w
 U

ni
ve

rs
ity

 o
f 

Je
ru

sa
le

m
 o

n 
07

 F
eb

ru
ar

y 
20

13
Pu

bl
is

he
d 

on
 0

8 
Ja

nu
ar

y 
20

13
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

P4
32

20
J

View Article Online
View Journal  | View Issue

http://dx.doi.org/10.1039/c2cp43220j
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP015007


This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 2328--2336 2329

due to a binding between dye molecules and iodine, an effect
that does not exclude the previously mentioned ones. More-
over, recombination of charge increases when the TiO2 con-
duction band position decreases.25,26

In this paper we used previously developed models to report
the effect of temperature on DSCs. To simplify the analysis, we
focused the study on the FF and Voc while keeping the short
circuit photocurrent constant. Current density vs. potential
(J–V) curves and impedance spectroscopy (IS) measurements
were taken both in the dark and under illumination in a
temperature range between�7 1C and 70 1C. A detailed analysis
of the origin of the characteristic behavior of the parameters
governing the performance of the solar cells is provided and an
explanation for the changes in the energy conversion efficiency
with the temperature is given.

Experimental
Dye-sensitized solar cell preparation

Working electrodes for the DSC were prepared on 2.3 mm
thickness and 15 O &�1 FTO glass plates. First, glasses were
brushed with detergent solution and rinsed with Milli-Q water,
then immersed into iso-propanol and cleaned using an ultra-
sonic bath for 15 min, then rinsed with ethanol and dried with
air. After that a 150 nm compact TiO2 layer was deposited by the
spray-pyrolysis technique with an ethanol/acetyl acetone/
titanium(IV) isopropoxide (3 : 3 : 2 weight ratio) solution and
a 450 1C hot plate. The substrates were coated by the doctor
blade technique with a 7 mm layer of 20 nm size TiO2 nano-
particles and a 3 mm scatter layer of 450 nm size TiO2 nano-
particles (respectively 18-NRT and WER4-0 from Dyesol), then
fired 30 min at 450 1C. The active area of the film was 0.25 cm2.
When cooled, films were immersed into 40 mM TiCl4 (aq) at
70 1C for 30 min, rinsed with Milli-Q water and sintered at 570 1C
for 10 min. After cooling to 40 1C, the TiO2 electrodes were
immersed into a N719 dye solution (0.5 mM in a mixture of
acetonitrile and tert-butanol, 1 : 1 volume ratio) for 16 hours.

As counter electrodes, 8 O &�1 FTO coated glasses were
drilled with a 1 mm diameter drill tip and cleaned with the
same procedure as mentioned above. The counter electrodes
were prepared with a drop of chloroplatinic acid solution from
Sigma Aldrich on the FTO and then fired in a 450 1C air flow.

The working and counter electrodes were assembled in a
sandwich-type cell by pressing at 95 1C with a hot-melt film
(Surlyn 25 mm thickness) as a sealant and spacer between
electrodes. A drop of electrolyte solution (0.60 M 1-butyl-3-
methylimidazolium iodide, 0.03 M I2, 0.10 M guanidinium
thiocyanate, and 0.50 M 4-tert-butylpyridine in methoxypropio-
nitrile) was placed on the drilled holes, then the cell was placed
into a small chamber where vacuum was applied until most of
the air inside the cell bubbled out through the electrolyte, when
air came again into the chamber the electrolyte was driven into the
cell. Finally the drilled holes were sealed with Surlyn and 0.1 mm
thick glasses, and a tin contact was welded on the edge of FTO
outside the cells. Five cells were prepared for statistical significance
and a 500 h stability test was performed. Average performance data

under 1 sun AM1.5G illumination at room temperature are pro-
vided in Fig. S1 of ESI.† The average performance evolution with
time is shown in Fig. S2 (ESI†). The most stable cells were chosen
for the study of impedance.

Solar cell characterization

J–V curves were taken using a Keithley 2612 System Source
Meter. Impedance measurements were carried out using a FRA-
equipped PGSTAT-30 from Metrohm-Autolab, applying a 25 mV
AC signal at low potentials and a 10 mV AC signal at high
potentials, we could minimize the noise while keeping linearity
in the response of the DSC. The frequency of the measurements
was scanned between 400 kHz and 0.1 Hz at forward applied
bias that ranged from 0.3 V to 0.9 V. Below 0.3 V the large
impedance found corresponds to FTO and impedance data are
not needed for the interpretation of DSC behavior.

At environmental temperature, for fresh samples and during
the ageing experiments shown in ESI,† illumination was pro-
vided by a solar simulator filtered at AM1.5G and light intensity
adjusted with an NREL-calibrated Si solar cell with a KG-5 filter
to 1 sun intensity (100 mW cm�2). A white-light LED lamp was
used to obtain J–V curves and impedance spectroscopy measure-
ments in temperature controlled experiments. The power of the
LED lamp was adjusted (with variations o 2%) to obtain the same
photocurrent as that provided with the 1 sun AM1.5G solar
simulator at environmental temperature. Proceeding this way is
important for several reasons: analysis of data at the same current
makes it much clear to state the gross effects of temperature in
the solar cell; the absence of IR light in the LED lamp ensures a
minimum influence of the power source in the temperature of the
device; finally, temperature variations have little effects in short
circuit current. Together with the fact that the small changes in
illumination intensity to keep the current constant produce tiny
variations in Voc and FF, this ensures that changes in efficiency are
minimal. However, as the light spectrum is not matching AM1.5G
standard and the illumination power is not exactly the same in all
the measurements, we used the term apparent efficiency instead
of efficiency to describe DSC performance.

The temperature was controlled using a Peltier cell moni-
tored by a computer, in the range of temperatures from �7 1C
to 70 1C. Note that for allowing the better illumination possible,
the counter electrode side of the DSC is in contact with the
refrigerating Peltier element.

Results and discussion

Fig. 1 shows the effect of temperature on the J–V curves of a
DSC taken both in the dark and under LED illumination
equivalent to 1 sun. In Fig. 1(a), it may be observed that the
rise in temperature produces an onset of photocurrent at lower
potentials and thus under illumination (Fig. 1(b)) this shift is
translated into a decrease in open circuit voltage.

For a better understanding of the origin of this behavior, we
have examined the physical processes occurring in DSCs by
means of IS, carried out at each of the measured temperatures.
Characteristic Nyquist plots are shown in Fig. S3 and S4 of ESI.†
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The analysis of impedance spectra has been made by employing
the equivalent circuits previously reported for DSCs.25 This
allows studying separately parameters, such as the chemical
capacitance (Cm) and the recombination (Rrec) and transport
resistances (Rtr), that describe the processes of accumulation,
loss and transport of the charge in the TiO2 and the different
contributions to total series resistance given by

Rseries = RFTO + RPt + Rd (1)

with RFTO the resistance of the conducting glass plus contacts
and wires, RPt the charge transfer resistance at the platinized
counter electrode and Rd the diffusion resistance originated by
the transport of holes in the electrolyte.

We focus first on the effect of temperature over Rseries. Fig. 2
shows the average values of the different contributions to Rseries.
At high temperatures, the main contributor to Rseries is RFTO

which presents a nearly constant value for all the temperatures
both in the dark and under illumination, Fig. 2(a). This result is
confirmed by measurements of plain FTO in which the same
trend, a very slight increase in RFTO with rising temperature, is
observed, see Fig. 3(a). Note that while cell design may reduce
RFTO, once it is established, temperature has little effect on it.

At low temperatures, as may be seen in Fig. 2(b) and (c),
charge transfer at the counter electrode and diffusion resis-
tance in the electrolyte showed comparable or even larger
values than RFTO. In Fig. 2(b) it may be observed that RPt in
the dark and under illumination presents the same values,
which rise as the temperature diminishes. This result indicates
that the counter electrode is in thermal equilibrium with the

cooling plate over which it is located. The reduction in RPt, with
rising temperatures, is attributed to the acceleration of charge
transfer kinetics with the redox regeneration.

Diffusion resistance of the electrolyte shown in Fig. 2(c) pre-
sents both variations under illumination conditions and external
temperature of the cell. At high temperatures decrease in
the electrolyte resistance is expected under illumination as the
increased concentration of I3

� due to the regeneration of the dye
increases the conductivity in the solution. However this change
seems not enough to explain the large differences found for Rd at
low external temperatures. In the dark, the increase in Rd

indicates an increment in the viscosity of the electrolyte when
temperature diminishes.27 Under illumination, part of the
electrolyte is in contact and in thermal equilibrium with the
TiO2 film which could present a higher temperature than that of
the counter electrode. Therefore, a gradient of temperature will
be built in the electrolyte between these two electrodes. This
gradient could be remarkable as the distances between the hot
active electrode and the cold counter electrode are constrained to
15 mm. Under these conditions electrical measurements provide a
value of Rd associated with the average viscosity of the electrolyte.

In summary, total series resistance decreases with rising
temperatures due to the changes in RPt and Rd, while RFTO

remains nearly constant. The first two resistances dominate at
low temperatures while the last one provides the main Rseries

contribution at high temperature.
For an accurate analysis of the parameters associated with

TiO2, applied potential needs to be corrected from the potential
drop at Rseries at each temperature. As may be observed in
Fig. 3(b) and (c), RPt and Rd change also with potential, therefore
to obtain the potential drop at the TiO2 film, VF = (EFn � EF0)/q,
it is needed to proceed through the integral17,29

VF ¼ Vapp þ
J

Jsc � J

Z J

Jsc

RseriesdJ ð2Þ

Fig. 4 shows the chemical capacitance of the TiO2. Measure-
ments of Cm in the dark and under illumination, Fig. 4(a) and
(b), show very similar slopes at high potentials, following the
expression28

Cm ¼ C0 exp
q

kBT0
VF

� �
ð3Þ

Fig. 1 J–V curves at different temperatures obtained after IS measurements in
the dark (a) and under illumination (b) conditions.

Fig. 2 Temperature dependence of the different contributions to the series resistance of the DSC. (a) Resistance of the FTO conducting glass plus contacts and wires;
(b) resistance of the platinized counter electrode; and (c) diffusion resistance.
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where T is the film temperature, q the electron charge, kB the
Boltzmann constant, T0 a parameter with temperature units
determining the depth of the trap distribution tail under
conduction band, and C0 a parameter given by

C0 ¼
ð1� pÞLq2NL

kBT0
exp

q

kBT0
ðEF0 � EcÞ

� �
ð4Þ

where p is the porosity of the TiO2 layer, L the thickness, NL the
total electron trap density,30,31 EF0 � Ec is the difference
between the dark (equilibrium) Fermi level and conduction
band position of TiO2.

In previous studies, it has been shown that chemical capa-
citance is independent of temperature.4,32 However, if nano-
particles are small enough, the series contribution of
Helmholtz capacitance may produce visible effects on the total
capacitance of the film.33,34 Here we find that Cm values are
clearly shifted towards lower potentials for increasing tempera-
tures. Although this displacement would agree with changes in
the Helmholtz capacitance with temperature, the relatively
large displacement of the capacitance and the constant slope
vs. the potential are not compatible with an explanation based
on Helmholtz contribution.29

Other possible origin of the shift in Cm could be on changes
in the Eredox (EF0) due to temperature. The Nernst equation has
been used to calculate the change in Eredox yielding a change
lower than 10 mV in the full range of temperatures. Assuming
that neither the distribution nor the total amount of trap states
changed with temperature, we may attribute the shift observed
in Cm to a displacement in the energy of the conduction band.35

Eqn (4) was used to estimate the Ec position for each
temperature using NL = 2.5 � 1019 cm�3. Fig. 4(c) shows the
reduction in the Ec level during measurements which, within
the experimental error, was nearly the same both in the dark
and under illumination conditions. Transport resistance was
also used to test changes in Ec yielding the same conclusions,
see ESI† for more details.

Movement of the position of the Ec during aging of cells is a
phenomenon well known by experimentalists in the field.
It depends on time and also on measurement conditions,
which produces a variety of behaviors: sometimes Ec rises with
time,36 commonly in fresh samples, in other occasions it
drops.37 In our case, the cells were pre-aged for 500 h (see
Fig. S1 in ESI†) before the IS measurements to increase stability
and reproducibility of data. Repeated measurements at 20 1C
after completing the measurement of the temperature series
yielded the same Ec value obtained for TiO2 at this temperature
during the series measurement. This result suggests reversi-
bility in TiO2 Ec movement with temperature that, as far as we
know, is reported for the first time. The origin of this behavior
of Ec with temperature found for our samples is not yet clear.
One possibility could be reversible adsorption/desorption of
electrolyte additives, dye or even environmental contamination
(i.e. H+ from H2O) at the surface of the TiO2. Other possibility
could be narrowing of band gap of TiO2 with temperature.
Future work should be devoted to clarify this aspect.

To analyze separately the effects of the variations in Ec in the
performance of the DSC from other contributions, the voltage
needs to be corrected from the conduction band shift at the

Fig. 3 (a) Changes in the resistance of two 1 cm2 FTO samples with temperature. As for our samples their change is minimal with a slight increase with rising
temperatures. Changes with applied potential are lower than 5%. The effect of potential is relevant both for counter electrode resistance (b) and diffusion resistance (c). At
low temperatures these resistances take larger values than at high temperatures. The minimum in Rd in (c) occurs near Voc where current crossing the cell is zero. Note that
the overlap between recombination and diffusion arc shown in Fig. S3 and S4 (ESI†) produces increasing errors (>20%) in the values of Rd at the lower potentials.

Fig. 4 Values of TiO2 capacitances: (a) in the dark and (b) under illumination conditions. (c) Values of conduction band position during the measurements.
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different temperatures,20 so we used DEc(T) = Ec(T) � Ec(�7 1C)
with �7 1C (dark) as the reference temperature for comparison.
Data are summarized in Table S1 of ESI.†

Fig. 5 shows the modified J–V curves obtained after addition
of DEc to the voltage. In the dark, Fig. 5(a), the onset in
photocurrent occurs at lower voltages with increasing tempera-
ture however, under illumination, Fig. 5(b), Voc takes the same
values for all curves up to 40 1C. Only the measurements above
50 1C present a noticeable decrease in Voc. This result indicates
that in the dark a rise in the temperature of the sample
produces an increase in recombination rate, while for illumi-
nated samples up to 40 1C this effect does not occur. Therefore,
the changes in Voc up to 40 1C are only produced by Ec shifts
and not due to changes in charge transfer rate associated with
temperature.

To explain this result we focus now on the analysis of the
recombination resistance. As published before, once the short
circuit photocurrent is fixed, Voc and the ideal J–VF curve
(the J–V with Rseries = 0) are determined by recombination
kinetics that may be analyzed through the recombination
resistance.17,38,39 As

Rrec ¼
dJ

dVF

� ��1
; ð5Þ

the photopotential is determined by

Voc ¼ V0 þ
Z 0

Jsc

RrecdJ ð6Þ

and the current density at the different VF by

J ¼ Jsc �
Z VF

V0

dVF

Rrec
ð7Þ

with V0 the potential drop in series resistance of the cell under
short circuit conditions.

According to eqn (6) and (7) the larger Rrec produces a
smaller current density for a given potential for measurements
taken in the dark (Jsc = 0 and V0 = 0), while under illumination it
yields a larger photopotential. Therefore the study of Rrec helps
in the understanding of the obtained J–V curves.

Fig. 6(a) and (b) show the variation in recombination resis-
tance vs. the corrected potential at the different temperatures

measured both in the dark and under illumination. Rrec roughly
follows

Rrec ¼ R0 exp �
bq
kBT

VF

� �
ð8Þ

with b a coefficient associated with the non-linearity of the
charge transfer process and equivalent to the non-ideality
factor (m = 1/b) of the diode equation used for standard
semiconductor solar cells, and R0 the pre-exponential
parameter.

This result agrees well with a recombination process occur-
ring through extended surface states in an energy tail distrib-
uted below the CB which, following the probabilistic model of
Marcus40, after some simplifications yields eqn (8) with32

R0 ¼
T0

ffiffiffiffiffiffiffiffiffiffiffiffi
plkT
p

q2Lk0coxNsT
exp

Ec � Eredox

kBT0
þ l
4kBT

� �
ð9Þ

where l is the reorganization energy, L the film thickness, cox

the concentration of acceptor species in the electrolyte, Ns the
density of states near the TiO2 surface and k0 a time constant
for tunneling, also named rate constant. Other contributions
from recombination through localized surface states below the
conduction band may also occur, which would modify
eqn (8).32

The decrease in recombination resistance with increasing
temperature shown in Fig. 6(a) and (b) is associated with a
decrease in R0 and is responsible for the onset of current loss
that occurs at lower potentials, as the application of eqn (7)
describes.17 This fact explains the result of dark J–V curves
shown in Fig. 1(a), and the decrease in the open circuit
potential shown in Fig. 1(b) and Table 1.

Eqn (9) shows the dependence of R0 on temperature, the
concentration of acceptor species in the electrolyte and Ec.
Therefore, the decrease in recombination resistance when
increasing temperature shown in Fig. 6(a) and (b) should be
also affected by the shift in Ec. If the definition of the common
equivalent conduction band potential,17,38,39

Vecb = VF � DEc/q (10)

is used, the representation of the recombination resistance vs.
Vecb provided in Fig. 6(c) and (d) allows the analysis of the data
independently of Ec changes.

Thus under dark conditions, as can be seen in Fig. 6(c), Rrec

decreases when temperature increases. This is the expected
behavior attributed to an accelerated reaction kinetics of
electrolyte acceptor species on the semiconductor surface due
to the rising temperature.32

However, under illumination all the values of Rrec taken
for temperatures equal and lower than 40 1C converge, see
Fig. 6(d), and they have very close values to those of Rrec in the
dark at 40 1C, see blue line in Fig. 6(d).

This phenomenon may have two origins: on the one hand
and despite the cooling provided, the real temperature of the
TiO2 layer was increased to a value close to 40 1C for all the
measurements done up to this temperature. This would imply
that the heat accumulated into the active film due to the light

Fig. 5 J–V curves from Fig. 1 after shifting the applied potential by the
difference in the conduction band energy with respect to the measurements
taken at 50 1C. (a) In the dark and (b) under illumination.
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absorption from a high intensity irradiation source cannot be
efficiently evacuated neither through the 2.3 mm thick FTO
glass substrate nor through the electrolyte side. Note that
despite the use of LED to illuminate the samples effects such
as thermalization of charges and energy loss due to recombina-
tion and transport (Joule effect) still occur and would be
responsible for the heating of the TiO2 film.

A second possibility could be that the increased concen-
tration of acceptor species in the electrolyte (i.e. I3

�) close to the
TiO2 surface after dye regeneration would increase the recom-
bination to levels close to those occurring at 40 1C in the dark.

In our case, the precision obtained for transport resistance
data, see ESI,† is not enough to discriminate which of the two

phenomena is dominating. The shift in the conduction band
with rising temperatures shown in Fig. 4(c) suggests that the
second phenomenon dominates, but a local increase in film
temperature cannot be fully discarded.

As shown in Fig. 6(d), for the measurements taken above
50 1C under illumination, Rrec is smaller than at 40 1C, in a
similar manner than for dark measurements, which may be
attributed to a faster recombination kinetics attained at these
higher temperatures. The effect of this reduction in Rrec is
that for temperatures larger than 50 1C, the photopotential
decreases with respect to the other temperatures as shown in
Fig. 5(b).

In Fig. 6(d) it is possible to observe small differences
between Rrec in the dark and under illumination. This implies
that recombination in the illuminated sample is a more
complex process than the single mechanism provided by
eqn (8). Other contributions to recombination processes may
be related to variations in acceptor species in the electrolyte.
A more detailed study about this aspect and how it modifies
eqn (8) is out of the scope of this paper and will be analyzed in a
separate piece of work.

The result of the combination of the behavior of recombina-
tion and series resistances produces the characteristic shape of
DSCs, the efficiency temperature curve is shown in Fig. 7. Our
data, taken from J–Vapp curves after DEc correction (see Fig. 5(b)
and Table S2 in ESI†), have been normalized to be able to

Table 1 Characteristic parameters determining the efficiency of DSCs and
average series resistance in the range of temperatures indicated

T (1C) Jsc (mA cm�2) Voc (V) Fill factor Zapp (%) Rseries (O cm2)

�7 10.3 0.82 0.60 5.10 9.9
�2 10.3 0.81 0.61 5.14 8.6
3 10.3 0.82 0.61 5.19 8.5
10 10.3 0.80 0.63 5.16 6.8
20 10.3 0.76 0.63 4.95 6.5
30 10.3 0.75 0.64 4.95 5.8
40 10.3 0.72 0.64 4.74 5.9
50 10.3 0.67 0.65 4.49 5.5
60 10.3 0.65 0.66 4.44 5.3
70 10.3 0.62 0.67 4.31 5.2

Fig. 6 Values of TiO2 recombination resistances versus corrected potential in the dark (a) and under illumination conditions (b) and versus the equivalent conduction
band potential in the dark (c) and under illumination (d). Lines in (d) represent Rrec under dark conditions for 40 1C (light blue), 50 1C (grey), 60 1C (brown) and
70 1C (dark green).
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compare the results with data published from Sony for a 9.3%
efficient DSC 17 cm2 module.12 The good match found suggests
similar mechanisms dominating the behavior of both cell and
module.

Therefore at low temperatures while recombination rate in
the TiO2 film is constant, the decrease in the counter and
diffusion contributions to the total series resistance of the DSC
with increasing temperatures improves FF. Between 20 and
40 1C both Rrec and Rseries present little changes and so does
efficiency. Above 40 1C the decrease in recombination resis-
tance and thus the Voc produces a reduction in the efficiency
that may not be compensated by further increases in FF. For
these temperatures, see Fig. 2, Rseries is dominated by the nearly
constant RFTO, while Rd stabilizes and RPt presents only a small
reduction.

As mentioned above, the fact that the maximum efficiency in
a DSC is obtained at a temperature close to the normal
operating cell temperature (NOCT) is an aspect to take into
account when comparing DSCs with other technologies. There-
fore, considering 47 1C as NOCT, the efficiency of a CdTe
module drops from a nominal value of 11% to a practical value
of 10.4% while a polycrystalline silicon (pc-Si) module with a
nominal efficiency of 13.7% presents, at this NOCT, a real
efficiency of 12.3%, see Fig. 7.

Record DSC modules reaching 9.9% efficiency are not so far
from the values obtained for these standard and commercial
panels.15 Furthermore, the ability of DSCs to capture low

incidence angle and diffuse light results in both an extension
of effective energy production hours and a higher performance
in cloudy days.10,13 Energy production increases of 10% in
sunny days and 20% in cloudy days have been reported for
DSCs with respect to pc-Si modules for outdoor static installa-
tions with the same nominal power.10,13 Part of this rise in
energy output is due to the lower real efficiency of pc-Si at
NOCT, as just mentioned. Therefore, considering a rough 5%
as the ‘‘effective’’ performance increase in the DSC per watt
peak installed with respect to conventional technologies, the
comparable efficiency of the DSC would rise to 10.3% for a
nominal 9.9% module, see yellow square in Fig. 7. This is at the
same level than CdTe panels at NOCT.

Conclusions

We have observed that out of conduction band shifts, electron
loss by recombination in TiO2 is the same for external tem-
peratures ranging between �7 and 40 1C. This effect may be
due to the combined effect of a rise in the temperature of active
film and the increase in the acceptor species in the electrolyte
close to the TiO2 surface after dye regeneration under high light
intensity. The constant recombination resistance pattern in
this range of temperatures determines the constant Voc attained
for data compared at the same position of conduction band.
The decrease in total series resistance with rising temperatures
produces an increase in FF and thus in efficiency up to this
high temperature. Above 40 1C recombination accelerates pro-
ducing a decay in Voc. As further reduction in series resistance
is limited, efficiency decreases above 40 1C are observed.

Finally we remarked that for a correct comparison of effi-
ciencies between solar technologies the values at operating
temperatures should be used rather than the nominal ones.
This yields a narrower and more realistic gap between the
different technologies than under nominal conditions.
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