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Abstract

Present practice to avoid harmful effects of UV light on dye solar cells (DSC) is to
use a UV filter. However, we show here that a standard 400 nm UV cutoff filter of-
fers inadequate protection from UV-induced degradation. DSCs that were exposed
to only visible light by LED lamps maintained 100% of their initial efficiency after
3000 hours of exposure, whereas the efficiency of DSCs subjected to full light spec-
trum (Xenon arc lamp) with an efficient UV filter dropped down to 10% of their
initial performance already after 1500 hours. Optical analysis of the UV filter con-
firmed that the amount of light transmitted below 400 nm was negligible. These ob-
servations indicate that (a) DSCs can be very sensitive to even minor amount of UV
and (b) eliminating the effects of UV light on DSC stability cannot easily be avoided
by a UV filter on top of the cell. A detailed analysis of the degradation mechanisms
revealed that the culprit to loss of performance was accelerated loss of charge carri-
ers in the electrolyte of the DSCs—a typical symptom of UV exposure. These results
suggest that commonly used stability tests under LED illumination are insufficient
in predicting the lifetime of DSCs in outdoor conditions. Instead, for such purpose,
we recommend solar cell stability to be tested with a full light spectrum and with a
suitable UV filter.

the changes it causes in the electrolyte color, turning con-
ventional iodine-based electrolyte from yellow to transparent,

Nanostructured third-generation solar cells have long at-
tracted interest in the research community. They are expected
to enter the market as low-cost alternatives to complement
silicon solar cells, which currently dominate the solar energy
production.! A common issue preventing large-scale commer-
cialization of emerging solar technologies is their inadequate
stability in real-world conditions, when compared to more es-
tablished technologies. Therefore, a better understanding of
the causes and methods for reducing the rate of degradation is
crucial. For dye solar cells (DSC),2 the lowered performance
is commonly caused by the degradation of charge carriers
in their electrolyte.3 This process is called bleaching due to

and it has been shown to be greatly accelerated by exposure
to UV illumination.* Therefore, DSCs require UV protec-
tion to improve stability,” which is often accomplished with a
UV cutoff filter, that is, a film that is placed between the light
source and the photoactive area of the DSC.%8

An important question that follows is if the present UV
protection practices are adequate when the cells are placed
outdoors. Outdoor tests are rare, and even the welcome ex-
ceptionsg’10 have not been focusing on long-term stability
but demonstrated few weeks or months of exposure.” One
very long test (2.5 years) has been reported, and the devices
survived the aging test.'” The cells were kept under a 1 cm
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thick cover, inevitably absorbing large proportion of UV. The
results indicated long-term stability under such a cover, but
did not provide evidence on stability with a normal thin UV
filter. Thus, accelerated aging tests would be highly relevant
to verify the UV stability of DSCs.

Accelerated aging tests are often done without UV light
(under LED lights), and the results are extrapolated to as-
sess long-term stability in outdoor conditions. This is done
assuming that UV degradation could be omitted altogether
when using UV filters. As only a few studies have reported
details on the intensity and spectral shape of the UV illumi-
nation the cells were exposed to, it is difficult to determine
the exact impact of UV." One reason for this is the lack of
standardized procedures for DSC aging tests. A further com-
plication is that most solar simulator spectral standards are
defined for wavelengths above 400 nm, thus overlooking the
UV part of the solar spectrum. '’

Lack of standardized procedures is one cause of discrep-
ancies between aging studies as noted by our previous studies
and by others."'™!* One critical area where studies give vastly
varying results is the effect of water to the stability of DSCs:
Some studies report that the even small amounts of water are
detrimental,m‘l(’ while others claim that having a substantial
amount of water in the device can even improve the perfor-
mance both initially and in long-term.'”'® It has also been
reported that the UV light-induced degradation could be
connected to water in the devices.'® This may indicate that
the different light sources used in different studies lead to
varying, even contradicting results on how water affects the
stability of DSCs. The present contribution aims provide new
information on these discrepancies.

In this paper, the ability of a high-performance UV cut-
off filter to protect DSCs from UV radiation is investigated.
Subsequently, the effectiveness of the most commonly used
UV protection methods for DSCs is assessed. We prepared
a large number of DSC devices and followed their degrada-
tion for 3000 hours, which is three times longer compared to
usual light soaking tests. Half of the cells were aged under
a Xenon arc lamp, which emits light in the UV, while pro-
tected by a 400 nm cutoff filter. The other half of the cells
was illuminated by white LEDs, which emit no UV light. The
performance of the cells was constantly monitored during the
aging process, and changes in electrolyte charge transport
were analyzed with electrochemical impedance spectroscopy
and color analysis.

2 | METHODS

Twenty-three identical DSC samples were prepared for
the aging test. The samples were randomly split into two
groups: 11 to degradation under UV-filtered full spectrum
and 12 to degrade while illuminated only by visible light.

The structure of the cells was a sandwiched configuration
between two substrates. Both substrates were conducting
fluorine-doped tin oxide (FTO) glass (TEC-15, Pilkington).
The substrates were washed by hand in mild detergent and
then sonicated firstly in Hellmanex® III (Hellma analyt-
ics), secondly in ethanol, and finally in acetone (each for
10 minutes). The substrates were subjected to UV treat-
ment (UV/Ozone ProCleaner™, Bioforce Nanosciences)
for 20 minutes right before use.

The photoelectrode substrates were covered with a com-
pact TiO, layer deposited by immersing the substrates in
deionized water with 1 wt% of titanium(IV) chloride tetra-
hydrofuran complex for 30 minutes in 70°C. The nanoporous
TiO, photoelectrode was then screen-printed (AT-60PD,
ATMA) on the substrate in three layers: first two layers of
smaller, absorbing particles (DSL 18NR-T, Dyesol) and then
one layer of larger, light scattering particles (DSL 18NR-AO,
Dyesol). The purpose of these larger particles was to reflect
unabsorbed light back to the absorbing layer, thus increasing
the efficiency of the cell.'” This process resulted in a 12 um
thick layer with an area of 0.4 cm®. The printed TiO, layer
was sintered in 450°C for 30 minutes. After the layer was
sintered, the treatment in deionized water with titanium(IV)
chloride tetrahydrofuran complex was repeated. The photo-
electrode was finalized by sensitizing it by immersing it in
a dye solution overnight. The dye solution was 0.3 mmol/L
of Z907 (Dyesol) in a 1:1 solvent of acetonitrile (ACN) and
tert-butyl alcohol (tBA). Dye Z907 was selected as the sen-
sitizer since it has demonstrated excellent stability in earlier
studies.”

The counter electrode was prepared by pipetting 4 uL
of 10 mmol/L H,PtClg in 2-propanol on an FTO glass sub-
strate. After the solution had dried, the counter electrode was
thermally treated in 390°C for 20 minutes. This resulted in
a counter electrode with a thin attached layer of Pt catalyst
particles.

The DSCs were assembled by melting a stack of two
Surlyn 1702 ionomer resin films (total thickness 40 pm,
DuPont) between the edges of the photo- and counter elec-
trodes. Then, the space between the electrodes was filled
with a liquid electrolyte by injecting it through a hole in the
counter electrode substrate. The electrolyte had 0.05 mol/L
I, 0.5 mol/L 1-methylbenzimidazole (NMBI), 0.5 mol/L
1-propyl-3-methylimidazolium iodide (PMII), and 0.1 mol/L
guanidium thiocyanate (GuSCN) in 3-methoxypropionitrile
(MPN). The electrolyte-filling holes in the counter electrode
were sealed by melting another Surlyn film with a micro-
scope glass over the holes. Copper tapes were attached to
the electrodes, and the electrical contact between the FTO
and copper was improved with a layer of silver paint (SCP,
Electrolube). The sealing was finished with a layer of 2-com-
ponent epoxy glue over the interface of the two electrodes
and the contact point of the copper tapes.
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A fairly standard iodine liquid electrolyte was chosen for
this study since it has previously demonstrated high stability
and long lifetime.'? Furthermore, the strong yellow color of
the iodine charge carriers allows the tracking of charge car-
rier concentration through color analysis.

All the fresh DSC samples were placed in light soak-
ing under halogen lamps and a UV filter for 10 hours after
they were assembled to ensure they had reached steady-state
operation.

The initial and final efficiencies of the cells were mea-
sured in simulated AM1.5G conditions with a Peccell PEC-
01 solar simulator. The simulator was calibrated with PV
measurements Inc Si KGS5, and the used potentiostat was a
Keithley 2420 3A Sourcemeter.

The DSCs were subjected to constant illumination for the
duration of the aging test. The samples under only visible
light were illuminated with white LED lamps (CREE Edge
HO240), and the cells under UV-filtered (Asmetronic SFC-
10 UV filter) full spectrum were aged in a temperature-reg-
ulated chamber (Suntest XLS+, Atlas) with a xenon lamp
(NXE 1700, Atlas). The spectra of the lamps were measured
with OceanOptics USB2+U06662 spectrometer. Relative air
humidity during the aging test ranged from 10% to 26%. The
temperature was 40 + 1°C for cells under LED illumination
and 55 + 2°C under the xenon lamp. The IV and EIS char-
acteristics of the cells were measured automatically for the
whole duration of the test using a BioLogic SP-150 potentio-
stat and an Agilent 34980A Multifunction Switch/Measure
Unit. The measurement setup was constantly measuring IV
and EIS characteristics of the cells: One cell was measured,
while the others were in an open circuit. Scan rate of the
IV measurements was 5 mV/s. The cells were illuminated,
and in open-circuit condition during the EIS measurements,
the amplitude of the alternating voltage was 10 mV and fre-
quency ranged from 0.1 Hz to 100 kHz. The EIS results were
analyzed by equivalent circuit (see Supporting Information)
fits with Zview?2 (Scribner Associates, Inc). The temperature
of the cells was estimated with a dummy cell. The dummy
cell was constructed by placing a thermocouple and a piece
of colored paper matching the photoelectrode color between
two TEC-15 glass substrates. Then, the edges of the dummy
cell were sealed with tapes. The dummy cell was kept in the
aging conditions for several hours before the measurement to
allow the temperature to stabilize.

In addition to the automated measurements, the cells were
photographed weekly in a specifically designed photograph-
ing setup to track color changes in the electrolyte of the cells.
The electrolyte color has been directly linked with concen-
tration of charge carriers in a previous study.21 The camera
used for photographing was an Olympus E-620. The pho-
tographing chamber illuminated the cells with white LEDs,
while shielding them from ambient light. The color profiles
of the digital images were standardized by creating a profile
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from an image of a color checker passport (X-Rite) and ap-
plying it to all of the images with Adobe Lightroom. RGB
values of the electrolyte were obtained from the images with
a MATLAB script.

3 | RESULTS AND DISCUSSION

3.1 | Photovoltaic performance

The cells were divided into two equally large groups and
aged either under LED or UV-filtered full-spectrum illumi-
nation. The two groups had similar initial performance (see
Supporting Information). Since both groups of cells were
measured under different light spectra during the aging, their
IV measurements gave different values already at the begin-
ning of the aging even though the cells were identical. Since
we are focused on the progress of cell degradation, the IV
parameters are reported relative to the initial value.

The DSCs exposed to UV-filtered full spectrum had
degraded to 80% of the initial efficiency by 800 hours and
completely (to 20% of the initial efficiency) by 1300 hours
(see Figure 1). In contrast, DSCs that were exposed to only
visible light were stable with respect to their initial efficiency
throughout the approximately 3000 hours test (Figure 1). In
the latter case, there was only minor increase in short-cir-
cuit density (/gc) and small decrease of open-circuit voltage
(Voc), but those differences canceled each other out in terms
of changes in efficiency. Initially, the performance of all cells
improved during a stabilization period that lasted roughly
300 hours. During the entire aging test, /¢ of the cells under
only visible light decreased 7% points from the peak value,
Voc decreased 13% points, and fill factor (FF) remained con-
stant for the duration of the aging. The cells that were illumi-
nated with UV-filtered full spectrum degraded significantly
faster than the cells with only visible light: The Iy of those
cells dropped to only 14% of the peak value after 1500 hours
of light soaking. Their efficiency was decreased to 10%, V¢
to 91% and FF to 64% of the peak value by 1500 hours.

3.2 | Investigating degradation
To study what part of the DSCs suffered most during the light
soaking, electrochemical impedance spectra (EIS) of the
cells were measured along with the automated IV measure-
ments (Figure 2). EIS measures impedance of the cells when
alternating voltage is applied to the cells at varying frequen-
cies. The different components of DSCs respond at different
frequencies, therefore allowing in situ identification of their
corresponding internal resistances during the aging.

The results of EIS measurements support the findings
of the IV measurements: There is barely any change in
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FIGURE 1 The evolution of standardized IV parameters (A) short-circuit current density, (B) open-circuit voltage, (C) fill factor, and (D)

efficiency) during the degradation study. Orange curves refer to the cells aged under LED light, and violet curves to the cells that were illuminated
by a xenon lamp with a UV filter. The solid line is the average of the samples in each group, and the shaded region signifies the standard deviation
between different samples of the group. Gap in the UV-filtered light-spectrum data is due to a data collection error
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FIGURE 2 The evolution of the internal resistance components (A) series resistance, (B) counter electrode charge transfer resistance, and (C)
electrolyte diffusion resistance of the DSCs during light soaking at open-circuit conditions. Dots connected by lines illustrate the averages from
different measurements, while shaded area is their standard deviation. The values were obtained from fits to Nyquist plots measured with EIS

the internal resistances of the cells soaked only in visible
light, while the resistances increased for the cells under
UV-filtered full spectrum (Figure 2). Ohmic series resis-
tance Rg, typically related to the sheet resistance of the
TCO coating and the current collector contacts, remained
stable in both groups for the first 1000 hours, after which

it started to increase in the cells exposed to UV-filtered
full-spectrum light. This increase, however, became sub-
stantial only after the other internal resistances had de-
graded the DSCs to below 10% of their initial efficiency.
Thus, the changes in the Rg were irrelevant to the operation
of the DSCs here.
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The largest contribution to increase in internal resis-
tance was in the electrolyte diffusion resistance (Rp) of the
cells under UV-filtered full spectrum. Initially, their Ry
was 5.2 + 0.5 Q, but at the end of the study it had reached
250 + 20 Q (Figure 2C), corresponding to a massive 50-
fold increase. For the cells in visible light, the change was
insignificant, from 6 + 2 Q to 8 + 1 Q. The increase of Ry,
for cells under filtered UV began as a slow, steady increase
for the first 1000 hours in the samples under full-spectrum
illumination but accelerated from that point onward. The
increase of diffusion resistance is often connected with
the loss of charge carriers in the electrolyte, since it is in-
versely proportional to the concentration of charge carriers
in the electrolyte.s’21 In the case of iodine electrolyte that
was used in this study, /5 is the current limiting charge car-
rier and its loss is generally the reason behind increased
diffusion resistance.*”

The charge transfer resistance at the counter electrode/
electrolyte interface (Rcg) also increased notably in the cells
aged under UV-filtered full spectrum, from the initial value
of 10 +7 Qto 110 £ 60 Q at the end of the aging (Figure 2B),
which is an average increase of 1100%. Also, in this case
the resistance had remained constant up until 1000 hours of
degradation, when the increase began. Rqg is dependent on
charge transfer in both the electrolyte and the counter elec-
trode catalyst layer. Since the development of Ry indicates
that charge diffusion in electrolyte has deteriorated and Pt
counter electrodes can be considered stable,23 it is likely
that the increase in Rqg has the same cause as increase of
Rp. Thus, the massive increase in both R and Ry, is likely
caused by loss of charge carriers in the electrolyte. The in-
creased Rcg and Ry in the solar cells under full light spectrum
are also substantial enough to explain the major decrease of
FF seen in Figure 1C. The R of DSCs in only visible light
had in contrast decreased during the aging from 19 + 7 Q to
5 + 2 Q (Figure 2B).

The loss of charge carriers can be studied in more detail by
tracking the color changes in the electrolyte of the cells.>>?!
Since tri-iodide gives the electrolyte its distinct yellow color,
the loss of tri-iodide is observable as bleaching of the electro-
lyte. This was studied by photographing the cells weekly in
carefully controlled illumination conditions and calculating
the average yellow value from a small area in the electro-
lyte of the cells (Figure 3). The electrolyte in both of the cell
groups bleached during the aging, but the rate of bleaching
was much faster in the cells exposed to the UV-filtered full
spectrum (slope of linear fit was —0.025 Y-units/h compared
to —0.012 Y-units/h). The bleaching was relatively linear
which suggests that the loss rate of charge carriers was con-
sistent during the light soaking.

The two groups of cells had almost identical aging con-
ditions. The illumination intensity had been set to represent
1 Sun conditions, and the aging setups were located next to

Energy Science & Engineering 5
0,

pen Access,

Yellow value

604 < Visible light only

‘2‘8: e Full spectrum with UV filter
O T T T T T 1
0 500 1000 1500 2000 2500 3000

Time (h)

FIGURE 3 Decrease of the yellow value of the electrolyte in
both of the studied groups. RGB color of the electrolyte was converted
to CMYK color space, from which a value for the yellow color can

be obtained. The dots are the averages of each measurement, while

the shaded area is the standard deviation. The lines are a linear fit

to the data with following fit parameters: for visible light slope

was —0.0116 Y-units/h and R-value 0.986, and for UV-filtered
full-spectrum slope was —0.0245 Y-units/h and R-value 0.943. See
Supporting Information for example photographs

each other in same ambient conditions. Only differences were
caused by the light soaking lamps themselves. The lamps had
differences in emission spectra shapes and produced heat.
The average temperature was 40°C (no cooling) for cells illu-
minated by LED lamps and 55 + 2°C (with maximum cooling
provided by the unit) for cells illuminated by Xenon lamps.
The cells in full light spectrum could not be cooled down any
further, and adding heating for UV system was complicated.
While high temperatures tend to accelerate DSC degradation,
the temperatures in this study are low enough to not to be the
main cause for accelerated loss of charge carriers in cells: It
has been shown that degradation due to temperature start to
be significant at 80°C and above.'**

However, we wanted to further rule out the role of tem-
perature as the driving degradation mechanism. We did an
additional test where a DSC was illuminated with no UV
light in the spectrum under 9 Sun intensity at 52 + 2°C (sim-
ilar to the temperature experienced by “full spectrum with
UV filter” cells). The sample showed no /. degradation after
1000 hours of degradation (see Supporting information for
the data) in contrast to the “full spectrum with UV filter” that
had already lost more than 20% of their initial /.. This is even
with 9 Sun intensity, and literature suggests that testing under
higher light intensities expedites aging tests.”* Had the tem-
perature been the main driving factor for the differing deg-
radation rates of our “visible only” and “full spectrum with
UV filter” cells, this sample cell should have degraded at a
similar or higher rate to the “full spectrum with UV filter”
cells. The test confirms that the temperature difference in the
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original experiment did not cause the observed difference in
degradation rates in Figure 1.

This leaves the spectra of the light soaking lamps (Figure 4)
as the main difference between the cell groups. While the
spectra differ on all wavelengths, the low wavelength (high
photon energy) region is of most interest when it comes to
DSC degradation. Two mechanisms for UV-induced degra-
dation have been suggested to be at work in DSCs. Firstly, it
is theorized that holes generated by direct excitations of elec-
trons in the TiO, layer react with oxygen radicals adsorbed
on the TiO, surface. This creates surface trap states which
are then capable of reacting with charge carriers of the elec-
trolyte irreversibly, decreasing the amount of viable charge
carriers.”>%° The effect of exposed TiO, surface to acceler-
ate electrolyte degradation has also been shown experimen-
tally.21 The second electrolyte degradation path is related to
the presence of water inside DSCs. It is possible that UV light
causes water splitting inside the cell and the reaction products
react further with the charge carriers, degrading the electro-
1ytf:.14’27 It is entirely possible that both of these mechanisms
are affecting the cells simultaneously.

Both of these suggested degradation mechanisms are
triggered by UV light revealing that the high-energy end of
the solar spectrum has to be monitored carefully when aim-
ing for stable DSCs. Comparing the spectra in Figure 4 re-
veals that even with a UV filter, the spectra of Xenon lamps
reaches lower wavelengths than LED light. It is possible that
photons in this wavelength region, between roughly 395 nm
and 415 nm, have enough energy to trigger the aforemen-
tioned degradation mechanisms even though it is still above
the wavelength corresponding to the band gap of pure ana-
tase TiO, (386 nm). For perovskite solar cells containing
TiO,, cutoff filters as high as 440 nm have been suggested.26

800y =T Xenon lamp (no UV filter)

= Xenon lamp (with UV/filter)
*g' sool — LEDlamp
(@)
2.
8 400-
C
O
o
T 2001

0

400 600 " 800
Wavelength (nm)

FIGURE 4 Spectra of the lamps used for aging the DSCs.

The spectrum of the xenon lamp is displayed both with (solid line)
and without (dashed line) the UV filter. The vertical line marks the
wavelength corresponding to the band gap of anatase TiO, (386 nm)

Another possible source UV light is any UV light transmitted
through the cutoff filter. Although the amount of transmitted
light below 395 nm was below the detection threshold of our
spectrometer, it is possible that small amounts of light passed
the filter and triggered UV degradation of the cells. Our pre-
vious studies with full UV light without any filter indicated
that similar DSCs degraded to 20% of their initial efficiency
in 200 hours.”® Since DSCs are extremely sensitive to UV il-
lumination, here even minor UV light might also be the cause
of the observed accelerated degradation.

Previous studies prove that a UV filter is necessary to
extend the device lifetime since without any filter the cells
last only some days (50-100 hours),”® and here, the devices
with the filter lasted ten times longer. But these results raise
the question what kind of filter would be sufficient to sta-
bilize the cells. While the filter used here did have a high
cutoff wavelength (not only UV light but also high-energy
visible light was cutoff) and over 95% protection in wave-
lengths below the cutoff,29 it still had either too low cutoff
wavelength (400 nm), transmitted too large amount of UV
below the cutoff, or both. It slowed the degradation when
compared to a case without any UV filter, but it was insuffi-
cient in reaching stable results gained with visible light only.
It should be remembered that UV cutoff filters also decrease
the total amount of radiation that reaches the absorbing layer
of the DSC. Therefore, the choice of the cutoff wavelength
is a trade-off between extended device lifetime and high per-
formance. For example, calculated from typical Z907 dye
quantum efficiency curve, 400-nm cutoff filter decreases the
absorption spectrum of a DSC device by 20% and 440-nm
cutoff filter by 30%. The IPCE results used to calculate these
are from?” and the filters were assumed to have zero transmit-
tance below cutoff wavelength and 100% transmittance above
it. Choosing the optimal cutoff wavelength can thus impact
the overall efficiency of the device significantly.

UV cutoff filters are not the only method for reducing the
amount of UV light absorbed by a DSC device. The use of
different UV-blocking particles has also been suggested.30 It
is also possible to avoid the losses caused by a UV-blocking
layer and still protect the DSC from UV by downconverting
or downshifting the incoming UV light. By adding a layer or
particles capable of converting UV photons to longer wave-
lengths, thus avoiding the detrimental effects of UV light,
but still allowing the utilization of UV photons in energy

conversion. 33133

4 | CONCLUSIONS

Our results show that the degradation of DSC performance
is significantly accelerated even by minor amounts of UV
illumination. DSC protected by a 400-nm cutoff filter and
continuously illuminated with a Xenon arc lamp reduced
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their initial efficiency to 20% of the original value in less
than 1500 hours, while cells exposed to LED light main-
tained 100% of their initial efficiency for 3000 hours. EIS
measurements and electrolyte color analysis revealed that the
cause for the degradation was the loss of tri-iodide charge
carriers in the electrolyte of the cells also known from previ-
ous literature.*

The UV part of the solar spectrum has often been over-
looked in previous aging studies, which even tend to lack
adequate description of the aging measurement conditions.'"
The impact of UV on DSCs is often dismissed as an issue
that can be easily dealt with by introducing a UV filter.” Only
15% of reported accelerated aging tests have UV light and
quantify the intensity of UV light.11 Present study demon-
strates that UV degradation is still a topical, urgent matter in
DSC stability, and should be considered in research on DSC
lifetime in simulated real-world conditions.

While the UV filter used here had a high cutoff wave-
length extending to visible light and an excellent protection
below the cutoff, it was still insufficient in stabilizing the de-
vices. If a higher cutoff is needed that goes even deeper to
visible light range, it has an adverse effect on the photon flux
that reaches the photoelectrode of the device to produce cur-
rent. An optimal cutoff filter is a trade-off between high solar
conversion efficiency and long device lifetime. Since even
a small amount of transmitted UV light suppresses device
lifetime, the efficiency of the selected UV-blocking method
should be considered carefully.
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