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Abstract Dye-sensitized solar cells have been tested
before, during, and after stress tests performed either under
intense Xe-lamp illumination (equivalent to 1 sun up to
2.5 sun) or under thermal cycles between room 7 and
80 °C. In-situ emission spectra and transient photovoltage
decay curves have been taken to monitor the cell aging
conditions. Incipient degradation phenomena in aged cells
can be detected by changes in emission intensity, maxi-
mum photovoltage and in the time constant of photovoltage
decay. UV-filtering of the Xe beam can prevent such cell
degradation, provided the cell overheating is avoided.
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1 Introduction

The stability of dye-sensitized solar cells (DSCs) [1] in
operating conditions represents a critical issue for the
commercialization of this low-cost technology for solar
energy conversion [2]. In fact, the sole attainment of
record conversion efficiencies of more than 10 % [3-6]
can turn into a barely satisfactory achievement if such
performances are not accompanied by long-term repro-
ducibility and device durability [7-11]. Several reasons
for the degradation of DSCs performance have been
addressed depending on the type of applied stress, i.e., if
thermal stress [12—15]—irradiation [16—18], in particular,
depending on DSC placement (indoor/outdoor). The
analyses took into account mainly the procedure of cell
assembly/encapsulation [19, 20] and, more importantly,
the chemical nature of the various components (photo-
electrode, dye, redox shuttle, and electrolyte) [21] of the
DSCs under examination in real-time or accelerated tests
[7-11, 22]. For these reasons, it appears crucial, although
quite complicated, to define suitable conditions of artifi-
cial aging according to universally accepted standards
[23, 24], or to choose a time window wide enough to be
of practical significance in the analysis of the outdoor
DSC performance [25] when unambiguous information on
the actual long-term stability of these devices is required.
In addition to this, it is also of paramount importance to
identify appropriate chemical/physical parameters that
have to be analyzed in conjunction with the temporal
recording of the paradigmatic DSC quantities [short-cir-
cuit current density (Jg.), open-circuit potential (Vpc), fill
factor (FF), and overall efficiency ()] for assessing the
causes of DSC performance degradation under the adop-
ted conditions of stress [2]. In this regard, in-situ
techniques, based on the determination of optical and
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electrical parameters, like electrochemical impedance
spectroscopy (EIS) [26, 27], intensity-modulated photo-
current spectroscopy (IMPS) [28], and intensity-modu-
lated photovoltage spectroscopy (IMVS) [29] have been
profitably used for the study of the aging mechanisms that
act on DSCs. Other spectroscopic and imaging techniques
like IR [30], UV-Vis [31], and spatially resolved mapping
of photocurrent [32] have been also used as comple-
mentary methods together with transient absorption tech-
niques [33]. The study of the emission properties of DSCs
upon excitation of the cell is here proposed for the
analysis of degradation mechanisms in DSCs together
with the analysis of photovoltage transients [34]. Photo-
luminescence (in the steady state) studies have been used
in the past to characterize semiconductor nanoparticles
[35, 36], but only seldom were they reported for sealed
DSCs [37, 38]. Regarding the luminescence properties of
Ru-based dyes, very recently a thorough investigation
based on femto-seconds fluorescence spectroscopy has
been presented [39]. This study reveals a very complex
energy landscape of the excited states of N719 both in
solution and when adsorbed over several semiconductors.
Upon excitation at 400 nm, the emission that peaked
around 730 nm is not ascribable to a fluorescence decay
but to phosphorescence (though the band presents all the
features of a fluorescence signal, e.g., mirror-like shape
with respect to the absorption band; nanoseconds life-
times). The reason lies in the extremely fast intersystem
crossing (fs timescale) from the first singlet excited state
that leads to the population of the first excited triplet state
from where radiative relaxation to the ground state occurs
(phosphorescence). The real fluorescence signal is peaked
around 550 nm and has a very low quantum yield and
extremely short lifetime (<30 fs) [40] and cannot be
detected in the experiments on intact DSCs here pre-
sented. In fact, the strong absorption of the I5/I, redox
couple prevents the use of excitation wavelength below
500 nm, and therefore the fluorescence signal lies outside
the detected region. Anyhow, as the photoelectron injec-
tion into the TiO, substrate mainly occurs from the first
excited triplet state [39], the measurements of the photo
emission around 730 nm represent the most significant
parameter to be measured as it is directly relatable to the
DSC performances under different aging conditions here
explored. Our combined study represents one of the few
for this kind of investigations. In the present study, we
demonstrate that, through the measurement of dye emis-
sion, it is possible to follow the chemical stability of the
molecules of sensitizer and associate it to the electrical
behavior of the whole DSC. The performances of DSCs
based on TiO, photoanodes have been analyzed after
thermal and optical stress tests that mimic the actual
operating conditions of DSCs under sunshine.
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2 Experimental part
2.1 TiO, cells’ preparation

Dye-sensistized photoanodes were prepared via Doctor
Blade® technique, using a slurry paste made of P25®
Degussa TiO, nanopowders (25-nm nanoparticle size)
deposited on F:SnO,-coated glass (FTO glass) and then
annealed at 450 °C for 30 min. The resulting mesoporous
thin film was then dipped in an ethanolic solution 5 mM of
N719 [cis-bis(isothiocyanato)-bis(2,2'-bipyridyl-4,4'-
dicarboxylato)-ruthenium(II)bis-tetrabutylammonium] for
24 h. Afterward, the sensitized electrodes were rinsed in
anhydrous ethanol and dried under soft nitrogen flux. The
counter electrode consists of a platinized FTO glass
sprayed with Platisol T® (from Solaronix) solution and
then annealed at 400 °C for 5 min. Successively, the sen-
sitized photoanode and the platinized electrode were
sandwiched using a Surlyn® thermo-sealant polymer film,
about 60 um thick, acting as both spacer and sealant.
Finally, a solution of electrolyte Iodolyte Z-150 (from
Solaronix) was introduced through a predrilled hole on the
counter-electrode using the vacuum back-filling technique.
The hole was sealed with a glass piece of the proper size
and Surlyn® as well. The geometric area of the electroac-
tive part of the DSC constructed with this method is
0.7 cm x 0.7 cm. The three cells used for the aging under
irradiation have been prepared on the same substrate, as
shown in Fig. 1. This allowed us to compare the effect of
different light soaking experiments on the DSCs, starting
from very similar initial condition for each of the three
cells. A single DSC of the same batch, however, has been
prepared on a separate substrate to perform only the ther-
mal stress experiments on it (from ambient to 80 °C, and
back after a well-defined heating time interval).
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Fig. 1 Absorption (blue line) and excitation (red line) spectra of a
0.11 mM N719 solution in anhydrous ethanol. The inset shows the
tris of DSCs (CD41) used for the aging experiments described in the
text (named A, B and C, from left to right). (Color figure online)
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2.2 Measurements and equipment

Electrochemical measurements were performed using an
Autolab potentiostat PGSTAT-12 Echo Chemie BYV.
Spectroscopic measurements were carried out using a
spectrofluorimeter FLUOROMAX-2, Jobin—Yvon-Spex
and a spectrophotometer Cary 50 (from Varian-Agilent
Technologies). All the emission spectra have been recorded
in the range of 600-900 nm with A.. = 520 nm. To
ascertain that such spectra are related to the photoexcitation
of the N719 dye molecules, an excitation spectrum (detec-
tion set at 730 nm; Hellma fluorescence quartz cuvette,
1 cm x 1 cm) and an UV-Vis absorbance of the same
liquid sample containing the dye have been taken (Hellma
quartz cuvette, 1 cm), and are shown in Fig. 1. In-situ
photo-emission measurements were performed using a
homemade sample holder equipped with micrometric
adjustable position for each of the three axes plus a
goniometric table allowing the precise and reproducible
orientation of the DSC surface (colored electrode back)
with respect to the impinging excitation beam (see Elec-
tronic Supplementary Information—-ESI). Spectra were
acquired with a resolution of 1 nm, with both excitation and
emission slits set at 5 nm. The utmost care was paid to avoid
direct reflection of the measuring beam from reaching the
spectrofluorometer photomultiplier. In the case of photo-
potential versus time measurements, the DSCs were excited
with a frequency-doubled Nd:YAG pulsed laser
(Zem = 532 nm Quanta System, Handy 710), with a pulse
energy of 0.3 J and a pulse width of 7 ns. Laser pulses were
delivered to the DSCs by means of an optical fiber (Oriel)
located at a distance of 1 cm from the photoanode. The data
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Fig. 2 Emission spectra of activated DSCs under different aging
conditions. a Thermal stress effects detected by incubating the DSC at
80 °C for the time indicated in the legend. b The effects of 27-h
exposure to 2.5 sun Xe lamp not filtered for the UV component

acquisition was performed by means of the DAQ board
PCI-6013 (National Instruments) directly connected to the
DSC via the shielded connector block BNC-2120 (National
Instruments). A home-built acquisition program developed
under LabView environment took care of the data acquisi-
tion, signal averaging (when required), and storage of the
measurements. Depending on the measurement, data
acquisition rates were 1,000 and 200,000 pts s~! for the
recording of the whole discharge process of the DSC and of
the initial rising part of photopotential, respectively. Data
were analyzed and handled with the software SigmaPlot
10.0.1 (Systat-Software). Irradiance was measured with a
radiometer SOLARI118 from Instrument Messgerite.
Experiments under controlled thermal and optical stress
were performed using different resistive circuits in series
(100 Q, 450 Q, and open- and short-circuits) under natural
light (in summer) and under Xe lamp at different irradiance
values using a water cuvette for the filtering of hot IR
radiations, and, optionally, a 400-nm high-pass filter (Baird
Atomics BA400). Cycles of thermal stress were performed
using a heater tube (Biichi TO-50) at 80 °C when the cell
was in the open-circuit status.

3 Results

All the cells measured in this article have been first acti-
vated by repeatedly cycling under UV-filtered, AM 1.5
light, and then submitted either to thermal, or to irradiation
stress tests. In Fig. 2a, the photoluminescence spectra of
the dye—cell submitted to thermal stress at 80 °C in the
dark, for consecutive time intervals, are shown. A moderate

@

@

.

5]

Phosphorescence intensity fa.u.

650 700 750 800 850 900
wavelength Inm

@
3 4
S

™ s

600 650 700 750 800 850 900

wavelength Inm

(cell C) and, in the inset, the spectra obtained by filtering the incident
Xe light with a BA-400 filter (cell B). For the sake of clarity, only two
spectra for each DSC are shown. Black line start; blue line after 42-h
exposure. (Color figure online)
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decrease of the peak intensity, proportional to the total time
the cell has been kept at higher T, has been observed. The
three DSC cells of the tris CD-41 have been used for the
irradiation stress tests, after assessment of their similar
photoresponse when illuminated. Cell A was taken as the
reference cell, without further aging; cell B was kept under
the UV-filtered white light beam from the Xe lamp; and
cell C was aged under the same light beam, but without any
UV filter in the optical path. Cell A, cell B, and cell C have
been periodically measured in the spectrofluorimeter, and
their photopotential transients have been measured at the
beginning and at the end of the aging tests. In Fig. 2b, one
can see how the phosphorescence spectrum of a DSC looks
like—before, and after the irradiation tests. When the
spectrum used for irradiation contained an important UV
component (cell C), the emission peak at 720 nm collapsed
already after 6 h, and almost disappeared after 27 h of
irradiation with the intensity set at 2.5 sun to literally
vanish after 42 h of exposure (Fig. 2b, blue line). However,
by filtering off the UV component, the measured phos-
phorescence spectrum remained practically unchanged (see
spectra from cell B in the inset of Fig. 2b), except for a
slight blue-shift of the emission peak that could be related
to minor modification of the N719 dye due to partial sub-
stitution of the —SCN groups by water or solvent molecules
[31]. Such tests on cell B (no UV) have been initially taken
under a light intensity of 1 sun and in open circuit then, at
different points of the power curve, by applying various
load resistors (450 < R < 100 Q), because the aging with
a photocurrent crossing the cell is more severe than that
under open circuit. For the last 20 h of this test under a
light intensity of 2.5 sun, a load resistor of 100 Q was
applied: still, no significant changes of the phosphores-
cence peak shape and intensity have been noticed.

About the power characteristics of the stressed DSCs
summarized in Fig. 3, some features are worth of men-
tioning. The first heat treatment has a positive effect on the
short-circuit current and on the fill factor (Fig. 3a), show-
ing that this treatment has activated again the cell and has
reduced the overall series resistance. The second heat stress
test, on the other hand, has a depressing effect on the
I versus V cell characteristics. The open-circuit potential is
the only cell parameter that decreases from the first thermal
stress test onward. Within the tris of cells aged under Xe
lamp beam, the I versus V plot of the cell C changed sig-
nificantly more than that of all other cells (Fig. 3b), with
respect to the short-circuit current and the open-circuit
voltage. First, the cell power output greatly increased after
exposure to light during the initial 6-11 h, in particular
because of a growing short-circuit current; later, however,
the cell current started to decline, and so did its conversion
efficiency. The only parameter always decreasing during
this aging test, and that too at a steep rate, has been the cell
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Fig. 3 Normalized 1 versus V curves for activated DSCs under
different aging conditions, taken under a 100 mW cm ™2, UV-filtered
white light beam from a Xe lamp. Typical value of short-circuit
photocurrent after activation for every cell of CD41 (at AM 1.5
simulated sunlight) was 8 mA cm 2. Potential scan rate, 10 mV s~ '.
a Thermal stress effects detected by incubating the DSC at 80 °C for
the time indicated in the legend. b Effects of the exposure to the
2.5 sun Xe lamp not filtered for the UV component for the time
indicated in the legend

open-circuit potential. Finally, for the cell B, after an initial
efficiency increase, a substantially stable I versus V curve
has been recorded (data not shown).

The comparison of transient photopotential experiments
between the aged cell C and of the reference cell A is
presented in Fig. 4. In the 1 ps—10 ms range, the photo-
potential rose to a value close to 0.8 V in about 1 ms for
cell A, whereas it reached its maximum value of 0.6 V in
0.4 ms for the aged cell C (Fig. 4a). Upon acquiring the
whole decay curves (0.1 ms—10 s range), further differ-
ences among the two cells appear (Fig. 4b). Both decay
curves show at least two different slopes, one shallower in
the beginning and another a steeper one in the last part of
the curve. In this last part (consisting of photopotentials
lower than 0.1 V), a displacement of about 10 s between
the two curves is evident (see the horizontal arrow in
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Fig. 4 Photopotential rise 08 1
(a) and decay (b) curves for
activated CD41 A (black line)
and C (blue line). The shifts in
both the time at which the
maximum Vg is attained

(a) and in the recovery of the
dark-adapted photopotential
(b) are marked. See ESI for
further details. (Color figure
online)
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Fig. 4b). The UV-aged C cell showed the faster photo-
voltage decay; the reference A cell had an overall decay
time ten times longer than that of the UV-aged cell.

4 Discussion

It is well known that stressed DSCs first show an
improvement in their power characteristics followed by a
decay leading to an irreversible degradation with a signif-
icant loss of power conversion efficiency. This temporary
improvement in DSC performances has been attributed to
electrode activation because of thermal desorption of
impurities, UV-induced degradation of organic contami-
nants or UV-induced necking between TiO, nanoparticles,
among other effects [41]. On the contrary, the phospho-
rescence peak intensity from our cells never increased,
either after thermal or irradiation stresses. Such a signal
originates from anchored dye molecules that upon excita-
tion dissipate the excess energy in a radiative way with no
consequent charge injection into the supporting electrode.
Very likely, the origin of such a behavior is related to the
existence of a fraction of dye molecules not chemically
bound to the substrate but merely physisorbed onto it or
onto the FTO, as it has been shown that N719 molecules
linked to a TiO, substrate do not emit [39]. To a lesser
extent, dye molecules dissolved in the electrolyte can also
contribute to the observed luminescence.

Let us discuss separately the aging effects due to ther-
mal stress applied at 80 °C in the dark from that due to
irradiation. Thermal stress has led to a slow but monotonic
decrease in the cell fluorescence intensity. This is a strong
clue of ongoing, progressive, thermally activated dye
degradation. As stated before, as the phosphorescence
detected in intact DSCs is mainly ascribable to those dye
molecules, which are not chemically linked to the semi-
conductor substrate and do not inject electrons into TiO,,
this suggests that light-emitting molecules are more sen-
sitive to the degradation phenomena induced by an increase
of temperature. The thermal activation of a process of dye
degradation due to the chemical attack of the redox shuttle

100 104 104 103 102 10 10° 100
time Is

[1> is a mild oxidant: E° (I,/I") = 0.29 V vs SHE in ACN
and E° (I,/I") = 0.54 V vs SHE in water] [42] could be
another cause of the observed decrease of the emitted light.
In its initial stage, such a thermal degradation of the
emission is limited to the physisorbed dye or to dye mol-
ecules in solution. This is because, in the same time period,
the power output of the cell grew up (Fig. 3a). Only in a
second moment, the chemically linked dye molecules—
those that are able to inject photoelectrons into the oxide
substrate and to generate a photovoltaic effect—started to
degrade depressing the cell power output as well (Fig. 3a).
In this respect, the luminescence data represent an early
symptom of a degradation process which takes place at the
sensitized photoelectrode and can be easily and rapidly
detected in intact cells (see ESI).

Regarding the stress tests under light, as long as the
stress of the DSC due to irradiation of the cell was not
severe (i.e.,: when the UV portion has been filtered off), the
phosphorescence intensity remained constant for a rather
long time (see inset in Fig. 2b), and so did the cell power
output after the initial improvement (not shown). This
means that the exposure to the visible light just induced
excitation in the dye, and the excess energy was used to
both promote charge injection (for those dye molecules
chemisorbed onto the TiO,) and to give rise to light
emission (for the fraction of dye molecules physisorbed or
free in solution). The addition of the UV component to the
light beam impinging on cell C, on the other hand, had a
dramatic effect on the phosphorescence intensity, as seen in
Fig. 2b, already after 6 h of illumination under 2.5 sun as
well as on its electrical performances (see Fig. 3b). The
degradation of the electrical performances must be related
to the oxidation of the chemisorbed dye molecules by the
high-energy holes photogenerated in the valence band of
TiO,, as already postulated by other authors [7-11]. The
UV irradiation is also responsible for the steep fall of the
cell photopotential (by almost 0.1 V after each of the stress
tests reported in Fig. 3b), and that of the cell photocurrent
as well. The latter cell parameter decreased only after
repeated and even longer exposition to UV-rich radiation.
Regarding the phosphorescence data, in analogy with what

@ Springer



214

J Appl Electrochem (2013) 43:209-215

already stated about the thermal effects, the exposure to the
UV radiation could generate some strong oxydating agents
within the electrolyte (e.g., I° from the UV photodissoci-
ation of I, molecules), which are able to attack the free dye
but not the chemisorbed one (it is known that N719 dye
gains a certain chemical stability by strongly binding to
TiO; [8]). Therefore, the removal of the UV component in
the radiation source is mandatory for achieving a more
effective stability of DSCs under sunlight.

A closer inspection of the photovoltage transients may
be helpful for explaining the modification of the DSC
performance upon UV irradiation. The faster rising time for
the UV-stressed cell could be just a consequence of a light-
induced sintering effect (due to the so-called “necking”
between the titania nanoparticles [43], or to the increased
adhesion of TiO, onto the TCO substrate). In fact, this sole
effect would improve the DSC performance. On the con-
trary, we know that both the steady-state photovoltage and
the photocurrent decrease after UV irradiation. There is at
least another significant change in the photovoltage tran-
sient curves, i.e., the faster decay time of the cell photo-
voltage in the UV-aged cell C, with respect to the reference
cell A. For a detailed analysis, the decay curves of such
cells have been fitted with four independent exponential
decays characterized by four different time constants (k,
k>, ks, and k), as shown in ESI. A tentative fit of the two
decay curves with the sum of exponentials reveals that in
the case of the UV-aged cell, one of the exponential
components simply disappears (and it is the one charac-
terized by the smaller kinetic constant), while the other
components retain their values except for the obvious
redistribution of their relative weights. The lack of this
slow-decay component is responsible for the 10-s separa-
tion between the two decay curves as already pointed out in
the comparison shown in Fig. 4. This is because the pho-
toinjected electrons have a shorter lifetime and recombine
with the redox species much faster after UV stress with
respect to the non UV-stressed cell. The interpretation of
this peculiar behavior of the UV-aged DSC should take
into consideration also its spectral and electrical features.
The reduction in the luminescence observed for the same
cell has been attributed to the UV-induced degradation of
the dye free in solution and/or physisorbed to both TiO,
and TCO. These last dye molecules could act as passivat-
ing plugs on top of the recombination sites. As DSCs are
devices driven by the transport of the majority carrier and
they become operative when the semiconducting anode
undergoes a tremendous increase of electron population
upon illumination, it is crucial that such photoinjected
electrons do not recombine before reaching the external
circuit. Therefore, in the balance between favorable and
negative effects of UV irradiation, the creation of more
recombination centers under UV is the most deleterious
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consequence of such light-soaking treatment, and thus
should be avoided as much as possible.

5 Conclusions

In-situ luminescence spectra and transient photovoltage
measurements taken on fresh, stressed, and/or degraded
DSCs have shown some significant and reproducible dif-
ferences among each other. The emission spectra remain
unchanged in intensity as long as the stress test has brought
no or negligible degradation to the long-life power output
of the device, such as for cells exposed to UV-filtered white
light at 1 sun (and even at 2.5 sun for short time). On the
contrary, stress tests promoting a degradation of the solar
cell power output on the long run, such as thermal cycles
up to 80 °C and back to room 7, or the irradiation under a
Xe lamp without any UV filter, are responsible for a rela-
tively rapid decrease of the cell phosphorescence intensity.
As the photo-emission decrease always precedes the deg-
radation in the solar cell power output, this can be taken as
a symptom of incipient DSC’s instability and failure. The
explanation for this effect is in the faster degradation of
such dye molecules, detected via the phosphorescence
measurements, with a failed or a weak bond to the TiO,
electrode. Regarding the photovoltage transient experi-
ments, UV-aged cells have shown faster rise time and
faster decay time, besides a lower steady-state photovolt-
age under illumination. The shorter decay time is a con-
sequence of a higher recombination rate of the injected
electrons, which is more evident in the long-time tail of the
decay curve. So far it, therefore, appears that the fresher the
DSC, the longer its photovoltage decay time is. The
investigations in our lab also suggest that the amount of
electrons that can be extracted by the TiO,, calculated
according to the literature [44], change before and after any
aging treatment. Stress tests under reverse bias [45] on
robust master plates having already passed long durability
tests outdoor [46] are presently ongoing and will be
reported in further studies, where the efficiency of the
rinsing process after the dye soaking of the TiO,/TCO
electrode also will be carefully investigated.
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