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STABILITY OF UV ILLUMINATED DYE SENSITIZED SOLAR CELLS (DSC) STUDIED BY
PHOTOINDUCED ABSORPTION IN THE SECOND RANGE
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ABSTRACT: In this work we present a method to test the stability of dye-sensitized solar cells (DSC) exposed to UV.
Photoinduced Absorption (PIA) in the second range was applied to dyed- and undyed cells with a 405 nm probe laser.
The pump source was a UV diode with an intensity of approximately 100 x the suns UV content. PIA was used to
determine the influence of UV on the DSC cell for dyed and undyed cells. With this highly sensitive setup, we have
shown the influence of H,O in the electrolyte, which causes faster triiodide depletion. We found that this method is
very suitable to test the purity of electrolyte and, more generally, the DSC tolerance towards UV illumination. The
method can be applied to optimize the device life time. A comparison to cells which have been aged in a UV chamber
was made, where faster degradation of DSC cells with H,O in electrolyte was also observed.
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1 INTRODUCTION

The dye-sensitized solar cell (DSC) imitates nature’s
photosynthesis by the principle of a light-absorbing dye
chemically adsorbed on mesoscopic TiO, [1, 2]. The charge
separation of the photoexcited electron occurs at the
interface between the dye and the mesoporous
semiconducting TiO,, and charge is transported in the TiO,
by diffusion. A redox couple iodide/triiodide (I7/13)
electrolyte reduces the oxidized dye molecule and is reduced
back at the catalytic platinized counter electrode, see figure
1.

4

e S N Glass
) ~_SnO,:F
Im “%=" Dyed TiO,
3 '
U. —I"/I5 electrolyte

e
_— Platinum
5 SnO,F

" Glass

(5771

Figure 1: Working principle of the dye-sensitized solar
cell (DSC)

The long-term stability of the DSC is influenced by the
intrinsic and the mechanical stability as well as the operation
conditions. Depletion of I3, also known as electrolyte
bleaching, can affect the electrical performance of the DSC
if the cell becomes I;” diffusion limited [3].

An undesired degradation mechanism occurs due to UV
illumination, which is caused by electrolyte bleaching. It is
well known that TiO, in the anatase form becomes
photocatalytic for wavelengths below 390 nm. The
absorption of UV light generates electron-hole pairs in the
TiO,. In the complete DSC, the TiO, is covered by a mono-
layer of dye molecules which should prevent the TiO,
photocatalysis. But in reality UV illumination has been

observed to cause degradation by slow photocatalysis in
the DSC caused by a reaction between triiodide and
oxidized impurities by e.g. formation of iodate 10;™ [4-7].
The photooxidized impurities represent an unwanted side
reaction with the redox pair of the electrolyte as the
released electron will deplete the triiodide concentration
by reduction to iodide.

If the electrolyte contains H,O and has a pH between
5 and 9, triiodide and iodate can co-exist (reaction 1), but
if the pH is above 9, iodate is more likely to form than
triiodide (reaction 2) [8].

3l + 60H <> 81" +10,” +3H,0 reaction 1

I" +60H +6h" — 10, +3H,0 reaction 2

If H,0O is present in the cell, protons (H") will be
released during UV illumination along with 105
production [9] due to reaction 3.

3H,0+31, — 10, +6H" +5I reaction 3

Reaction 3 has also been proposed as a thermally
activated process, which can occur under thermal ageing
in the dark at elevated temperatures [10]. So triiodide
depletion in not stabilized DSC cells does not only occur
due to UV illumination. Therefore it is likely that
precautions like cell protection with a UV foil, cannot
prevent the electrolyte bleaching in DSCs containing
some impurities. In the following UV illumination is used
to accelerate the reactions causing electrolyte bleaching.

At reverse bias, the platinized counter electrode
works as a cathode and the voltage drop at the
pt/electrolyte interface can be high enough to reduce H'
and produce H, causing bubble formation and large vapor
pressure in the cell [9, 11]. This high voltage drop at the
pt/electrolyte interface particularly occurs when the cell
is I5” diffusion limited.
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The scope of our work was to create a setup for fast
detection of the electrolyte response to UV illumination.
This method is suited for understanding the causes of the
electrolyte bleaching and, specifically to test the purity of
the electrolyte.

2  EXPERIMENTAL

2.1 Cell preparation

The cells were fabricated on so called master plates [3],
with 5 individual cells (active area of 5 cm x 0.5 ¢cm) on a
soda lime glass with a transparent conductive oxide TCO
(SnOy:F, 8Q/o, Pilkington).

The substrates were laser scribed for electrical isolation
of the individual cells and filling holes in the counter
electrode glass were drilled. The substrate was subsequently
cleaned by mechanical cleaning with detergent,
ultrasonification for 15 min at 70 °C, rinsing in DI water
followed by 2 min ultrasonification and cleaning with
acetone, ethanol and dried with N,. The cells were fabricated
by screen printing of the active layers. Ag paste (Ferro) as
current collector, TiO, paste (Dyesol DSL 18 NR-T) on the
photoelectrode, nano-platinum paste (3D-Nano) on the
counter electrode and glass frit as sealant material (based on
a ZnO-SiO,-Al,0; composition) were printed on the
electrodes with intermediate drying at 150 °C in a conveyor
belt oven between every printing step. The plates were
sintered at a maximum temperature of 565 °C which resulted
in a TiO, layer thickness of 12 pum. Afterwards the
electrodes were positioned and fused for hermetic sealing in
a fusing oven resulting in a plate distance of 20 um.

For the investigation, DSC cells with and without
adsorbed N719 dye were fabricated. The cells were dyed
with 0.27 mM N719 (Dyesol) in absolute ethanol by purging
the dye solution through the cell for 24 hours. The cells were
rinsed with acetonitrile and dried with nitrogen.

The redox electrolyte contained 0.1 M iodine (Sigma-
Aldrich), 0.1 M guanidine thiocyanate (Sigma-Aldrich), and
0.50 M n-butyl-1H benzimidazole (NBB) (Merck) dissolved
in 1-methyl-3-propylimidazolium iodide (PMIM-I) (Merck,
Germany) with 11 wt % acetonitrile (Sigma-Aldrich). This
electrolyte will be referred to as PMlIlI-electrolyte in the
following. Demineralized water was used to create redox
electrolyte with 5 wt % H,O. The dilution resulted in an
iodine concentration of 0.093 M.

The PMII electrolyte with no added water was filled in
the cells in the glovebox, while the water-containing
electrolyte was filled in ambient atmosphere. The filling
holes were sealed with Surlyn 1702 (DuPont) and a thin
slide glass.

2.2 Photoinduced absorption spectroscopy setup

The setup, figure 2, consists of a probe laser at 405 nm.
A Si photodetector is used to detect the transmitted light. In
order to make the setup sensitive, a light-absorbing tube was
placed at the inlet of the photodetector, to ensure that no
scattered light was detected. The pump beam is a UV diode,
with an intensity of approximately 100 x the UV part of the
solar spectrum 1 sun, AM 1.5.

The pump beam was applied for 40 seconds, starting at
10 s. During the experiment, the voltage from the
photodetector was measured which corresponds to the
transmittance of the cell at 405 nm. The cell was kept at
open circuit during the measurement and the photovoltage of
the cell was also measured.
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Figure 2: Setup for photoinduced absorption (PIA)
spectroscopy of the DSC.

2.4 UV vis spectrophotometry

The absorbance of respectively a TCO glass
(SnO,:F), a dyed cell with PMII electrolyte and an
undyed cell with PMII electrolyte were measured with
the UV-vis-NIR Varian Cary 500 Spectrophotometer.
The baseline was ambient air.

2.5 UV Chamber

Dyed cells were aged in a UV chamber (Dr. Grobel,
Germany) with homogeneous distribution of UVA (300-
400 nm), with an intensity of approximately 2 x the UV
part of the solar spectrum 1 sun, AM 1.5.

2.6 Electrical characterization

The cells were electrically characterized by cyclic
voltammetry (CV) with the electrochemical workstation
IM6 (Zahner Electric). CV was conducted under
illumination of a sulfur lamp setup of approx. 0.8 Sun [3],
scan rate 40 mV/s in the range [0.75V;-0.1V]. The cell
temperature was 45 °C.

Electrical Impedance Spectroscopy (EIS) was
measured under illumination and at Vgc with 10 mV
amplitude in the frequency range of 100 kHz to 100 mHz.
The one-diode model was used for fitting the EIS results
[12].

3 RESULTS

3.1 From transmittance to absorbance

The photodetector signal [V] was correlated to
transmittance, T, by using a filter glass with known
transmittance at 405 nm. A photodetector signal of 1 V
was determined to correspond to a T of 0.5086% for the
measurements.

The Beer-Lambert Law gives the relation between
absorbance, A, and transmittance, T [13], eq. 1:

A=-log;,[T] eq. 1

Absorbance is linearly proportional to the concentration
of absorbing species c, eq. 2:

A=¢-l-c eq. 2
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¢ is the molar extinction coefficient [L/(mol cm)], 1 is the
diffusion length and c¢ is the concentration of absorbing
species.

The Beer-Lambert Law was used to calculate
absorbance from the measured photodetector signal, and the
ratio in absorbance change AA at time t is given by:

A =4,: 4, eq. 3

The absorbance spectrum of a TCO substrate with TiO,,
a dyed cell with PMII electrolyte and an undyed cell with
PMII electrolyte is shown in figure 3. It is seen that at 405
nm, both the dye and electrolyte are absorbing, and the TiO,
also shows absorbance. The photos below in figure 3 display
the samples which were measured with the PIA setup.
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Figure 3: Absorbance spectrum of TCO glass and TiO, (-
), dyed cell with electrolyte (-), undyed cell with
electrolyte (-)

Master plate cells: Undyed and dyed cell with respective
PMlII-electrolyte and PMII-electrolyte with 5 wt % H,O
measured with the PIA setup.

3.2 Photoinduced absorption spectroscopy

The influence of the probe beam was determined by
carrying out the measurements with and without the 405 nm
laser. From figure 4a) it is seen, that the 405 nm laser
generates an open-circuit voltage of 0.18V in the undyed
cell (-).So electron-hole pairs are generated in the TiO,
when the cell is illuminated by the probe laser The cell
voltage is zero when the probe laser is turned off (-0-).

The UV diode generates a photovoltage of 0.6 V,
independently of whether the probe laser is turned on (-) or
not (-0-), so significantly more electron-hole pairs are
generated due to the strong UV diode.

The photodotector signal (-) increases from 1.7 V to 2.7
V after the UV diode is turned on, corresponding to an
increased transmittance at 405 nm. When the UV diode is
turned off, the photodector signal decreases slowly
accompanied with an increase in photovoltage induced by
the probe laser.

The measurement without the probe laser shows, that
the cell voltage decreases to zero after the UV diode is
turned off (-0-).

The influence of the dye is shown in figure 4b),
where a similar measurement is carried out. The probe
beam generates a photovoltage of 0.4V (-) because the
dye absorbs at this wavelength. When the UV diode is
on, the cell reaches a voltage of 0.55V. After the diode is
turned off, the voltage elapses back to the initial cell
voltage induced by the probe laser. In the experiment
where the probe laser is turned off, the cell voltage (-0-)
follows same behaviour as described for figure 4a).

The photodetector signal for the dyed cell (), figure
4b) is lower than seen for the undyed cell, as the dye
absorbs the 405 nm probe light. A decrease in
photodetector signal is seen for the time (0-10 s) which
indicates that the dye excitation at 405 nm generates
trilodide. When the UV is turned on, the photodetector
signal increases from 0.02 V to 0.033 V, indicating
bleaching of the electrolyte. When the UV diode is turned
off, the photodetector signal decreases rapidly compared
to the figure 4a) of the undyed cell to below the initial
voltage of the photodetector.
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Figure 4: (-) Photodetector signal [V] related to
transmittance, (-) cell voltage when 405 nm laser is on
during the measurement, (-0-) cell voltage when 405 nm
laser is turned off during measurement.

a) PIA measurement of undyed TiO, cell with PMII
electrolyte.

b) PIA measurement of dyed cell with PMII electrolyte (-)

Cells with electrolyte containing 5 wt % H,O were
further measured. In figure 5a) it is seen that the 405 nm
laser generates a voltage in the undyed cell (-) similar to
the same cell with no added H,O, figure 4a). The UV
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diode now causes the cell voltage to reach 0.65V ((-) and (-
0-)).The photodetector signal (-) increases after the UV
diode is turned on from 5.2 V to 10.4 V, which is
significantly higher than seen in figure 4a). This is attributed
to the lower concentration of triiodide caused by the addition
of H,O, hence a lower electrolyte light absorption. The
increase in photodetector signal corresponds to an increased
transmittance at 405 nm caused by the UV exposure.

The influence of the dye is shown in figure 5b) for the
H,0O-containing dyed cell. The probe beam generates a
voltage of 0.48V (-), and when the UV diode is on, the cell
reaches a voltage of 0.65V ((-) and (-0-)). The voltage in the
water-containing dyed cell are higher than as seen in figure
4b), which is discussed in section 3.3. The UV diode causes
the photodetector signal to increase from 0.05 V to 0.16 V.
As seen in figure 4b), the photodetector signal decreases
again after the UV diode is turned off, due to the
regenerative production of triiodide caused by the dye
excitation at 405 nm.

a)
——PMII EL w. 5wt% H,0, probe on probe on [V]
—<O— probe off [\G
12 8
40,6
8- —
> S
2 v diod g
5 iode on do0,4 Ea
15} = )
g 2
I —] .3
o — 0,2
\
\
0 =t T T g 0,0
0 20 40 60 80 100
Time [s]
b)
—— Dyed cell, PMII EL w. 5 wt% H,0, probe on —___ Probeon[V]
—— probe off [V]
0,30 0,8
0,25
. 40,6
— 0204 UV diode on
= >
- | I—— =
2 ©
S 0,154 04 &
3 5
el \ >
o Al e
3 0,10 ‘ 3
o L \ 0,2
0,05 \
&
0,00 T T T v 0,0
0 20 40 60 80 100
Time [s]

Figure 5: (-) Photodetector signal [V] related to
transmittance, (-) cell voltage when 405 nm laser is on
during the measurement, (-0-) cell voltage when 405 nm
laser is turned off during measurement.

a) PIA measurement of undyed cell with PMII electrolyte
with 5 wt%.

b) PIA measurement of dyed cell with PMII electrolyte
with 5 wt% H,0.

The ratio in absorbance change, AA eq. 3, of the undyed
cells is shown in figure 6a). It is seen that AA becomes
negative when the UV diode is turned on, showing that the
UV exposure causes a decrease in triiodide concentration.
AA stays relatively stable after the UV diode is turned off.
The largest change in A is seen for the HyO-containing cell
reaching 0.91, compared to 0.95 for the cell with no added

H,O0.

AA of the dyed cells is shown in figure 6b). As AA
already shows a slope in the time 0-10s where only the
probe beam is on, triiodide is generated. It is seen that AA
becomes negative when the UV diode is turned on, so the
UV exposure causes a decrease in triiodide concentration.
The regeneration of triiodide after the UV laser is turned
off can partially be explained by the disturbing
photovoltaic effect caused by the probe laser.
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Figure 6: a) Ratio of absorbance change A;A of the
undyed cell with PMII electrolyte(-), and the cell with 5
wt% H,0 in electrolyte (-) b) Ratio of absorbance change
AgAp of the dyed cell with PMII electrolyte (-), and the
cell with 5 wt % H,O in electrolyte (-).

It is clear, that the largest UV-induced change in
absorbance occurs for cells containing electrolyte with
addition of 5 wt% of H,O. Since the cells with ‘non-
aqueous’-electrolyte also show a response to the UV
illumination, it is possible that the electrolyte was not
impurity-free. Even though the electrolyte was prepared
in the glovebox, it seems that the residual water content
was sufficient to induce UV-related electrolyte bleaching
in the cells.

3.3 Cells aged in UV chamber

Dyed cells were placed in a UVA chamber (approx.
2x the UV part of the solar spectrum) [10], with a cell
temperature of approximately 40°C.

Figure 7a) shows the photocurrent density-voltage
(Jse» V) characteristics for the cell with no added water in
PMII the electrolyte. It is noticeable that the initial fill
factor is bad. This is correlated to the Nyquist plot, figure
7b) where the high-frequency semicircle corresponding
to the charge-transfer resistance at the pt electrode (R.)
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overlaps with the semicircle representing the recombination
resistance at the TiO,-dye-electrolyte interface [2, 11, 12].
For extended time of UV ageing, the j,. decrease which is
connected to the decrease in triiodide concentration and thus
an increase in Ry and electrolyte diffusion resistance, R.
After 241 h’s of UV ageing, the cell is almost completely
electrically passivated, all triiodide is lost and the R is
greatly increased.
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Figure 7: Dyed DSC cell aged in UV chamber. Electrolyte
with no added H,0. a) CV. Scan rate: 40mV/s, b) EIS.

In figure 8, the results of the UV aged cell with 5 wt %
H,O in electrolyte are shown. The addition of H,O improves
the fill factor and also increases the Voc, figure 8a). As seen
from figure 8b) the R, is significantly lower than as seen in
figure 7b) which could indicate that the H,O has a cleaning
effect of the platinum electrode, which could have been
contamined during the dye purging. The UV ageing initially
causes the j. to increase and the V¢ to decrease, but
between 48 h and 121 h’s of UV exposure, the cell becomes
completely passivated due to triiodide depletion which is
complimented by a huge increase in Ry.
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Figure 8: Dyed DSC cell aged in UV chamber. Electrolyte
with addition of 5 wt% H,0. a) CV. Scan rate: 40mV/s, b)
EIS.

The cell with added water in the electrolyte became
electrically passivated significantly faster than the cell
with no addition of H,O. The triiodide depletion was
hypothesized by reaction 2 and 3 where triiodide reacts
into iodate under UV and in presence of H,O in the
electrolyte.

The results show that H,O content has detrimental
influence on the DSC stability during UV illumination.
Even the cells with no added water degraded under UV
so it is doubtful if the electrolyte was completely water-
free or contained other impurities.

4 DISCUSSION

4.1 Comparison between PIA measurements and ageing
in UV chamber

The results obtained with the PIA setup showed a
greater change in UV-photoinduced for the cell with a
significant amount of H,O. This result points towards a
reduced lifetime of the cell under UV illumination. A
faster UV-degradation of cells with H,0-containing
electrolyte was shown by monitoring the electrical
performance of cells aged by UV in a UV chamber. The
cell with 5 wt % H,O in electrolyte failed in less than half
the time as the cell with ‘non-aqueous’ electrolyte.

4.2 Pre-treatment of electrolyte

The results clearly show that water should be avoided
in the electrolyte. Therefore a method to pre-treat the
electrolyte for driving out H,O should be found. We are



Presented at the 28th European PV Solar Energy Conference and Exhibition, 30 September — 4 October, 2013, Paris, France

currently investigating thermal and electrochemical methods
to pre-treat the electrolyte for removal of H,O before
introducing it into the cell.

5 CONCLUSION

We have developed a setup based on photoinduced
absorption, to study the UV stability of the DSC under
strong exposure of UV from a spot diode. Photoinduced
absorption in the second range with a probe laser at 405 nm
was used to determine the influence of UV on the DSC cell
for dyed and undyed cells. This approach can be used to test
the purity and UV stability of various electrolytes.

By comparing the PIA results with electrical
characterization of dyed cells aged in a UV chamber, it is
clear that H,O content in the electrolyte has detrimental
influence on the DSC stability during UV illumination and
should be prevented.
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