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The upscaling of the dye solar cell (DSC) technology involves a series connection of single cells to form modules. Thus an utilisab
s reached. In an outdoor situation, one or more cells connected in series might be shaded. The shaded cells then have to transpo
f the module in reverse bias.
Here, a study of the processes and interfaces involved in the electron transport of a DSC under reverse bias is presented. Furt

ffect of these processes on the long-term stability of a DSC is evaluated.
The I–V characteristic of a DSC under reverse bias differs significantly from a typical diodeI–V characteristic. Compared to other so

ell technologies, in particular crystalline silicon solar cells, the largest sustainable reversed biased voltage (breakdown voltage)
xtremely low (approximately 500 mV). Therefore, in terms of power output, no bypass diodes are required, when connecting DSC
In order to identify the processes and the interfaces involved in the charge carrier transport in reverse bias, a batch of differen

et-ups was built that consisted of single components of a standard DSC.
It was shown that charge transport under reverse bias directly occurs via the electrolyte/TCO (transparent conducting oxide

atalysed by the dye molecules. The charge transfer is highly asymmetrical, with a symmetry parameter of approximately 0.35, usi
utler-Vollmer model.
Electrical impedance spectroscopy revealed that the TiO2-layer is not significantly involved in the electron transport under reverse b
To study the effect of reverse biasing on the long-term stability of DSC, solar cells were subjected to a constant reverse current

or more than 100 h. The voltage drop over the cell was monitored. It increased only slightly, without reaching critical values, whi
amage the cell irreversibly. No degradation in overall efficiency was observed for more than 100 h.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Dye solar cells (DSC) developed by Gratzel and co-
orkers [1,2] have achieved solar power efficiencies over
0% on small areas[3]. Because of their potential low produc-
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tion costs and the attractive colour design[4], considerabl
efforts are being increasingly undertaken to enable a com
cial upscaling of this new type of solar cell. Good prog
was made in the fields of technical performance, manu
turability [5,6], long-term stability[7,8] and large area mo
ule design[9–12]. Most concepts for large area DSC modu
involve a series interconnection between a large numbe
cells in order to receive an utilisable voltage.
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As in all types of solar cells, the partial shading of a pho-
tovoltaic array has to be considered. If one cell in a series
connection of solar cells is shaded, the current of the module
has to pass this shaded cell in reverse bias.

Two different types of series connections can be found
in commercial solar modules. The individual solar cells are
connected externally and are then assembled into a solar mod-
ule. This technique is commonly used for crystalline silicon
modules. The second option, as in thin film solar modules, is
that all cells of the module are manufactured simultaneously
already with an integrated series connection.

In crystalline silicon solar cells, the largest sustainable
reverse biased voltage (breakdown voltage) can be greater
than 20 V[13]. At breakdown voltage, a reverse current flows
due to the avalanche breakdown, the shaded cell becomes
an energy load rather than an energy producer. Hot spots,
points of localised overheating with temperatures of more
than 150◦C, occur and may cause cell cracking and dam-
age to module encapsulation. Therefore, bypass diodes are
incorporated across individual cells or groups of cells. The
verification of hot-spot resistance is part of test standard IEC
61215 for crystalline silicon modules[14].

Thin-film modules are usually manufactured as integrated
circuits with integrated series connections. The individual
cells are not accessible, so bypass diodes can only be installed
across module terminals. Hence, hot-spot protection is not
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Fig. 1. The four routes of electron transfer 1 and 2 are the recombination
of TiO2 conduction band electrons and surface state electrons with the elec-
trolyte under forward bias, respectively. Route 3 is the reduction of I3

− at
the TCO substrate under forward bias. Route 4 is the oxidation of I− at the
TCO substrate under reverse bias.

current occurs due to the avalanche breakdown. The value of
this largest sustainable reverse biased voltage varies and can
be 20 V or greater.

In a DSC, current flows in reverse bias, but no actual
‘breakdown’ occurs. Also, the current will not rise as steeply.
Nevertheless, the term breakdown voltage will be used in this
paper to describe the reverse biased voltage, which is required
to obtain a reverse current in the magnitude of the short-circuit
current of the cell, i.e. about 20 mA/cm2.

Under forward bias, electron recombination mainly occurs
from the TiO2 conduction band or surface states with the elec-
trolyte (Fig. 1, Processes 1 and 2). Electron recombination
by reduction of the I3− ions at the TCO substrate (transpar-
ent conducting oxide) can be neglected under short-circuit
conditions, but becomes important at open-circuit conditions
(Fig. 1, Process 3). Especially under low light intensities,
the back reaction of electrons via the TCO substrate is the
dominant route[24].

Under reverse bias, electron transfer mainly occurs via the
TCO/electrolyte interface by oxidation of the I− ions (Fig. 1,
Process 4). A compact TiO2 blocking layer can suppress this
route [26,27]. However, in this work for DSC modules an
easy electron transfer under reverse bias over the substrate is
desired. Therefore, blocking layers have not been applied.

If no blocking layer is present, the TCO behaves essen-
tially as a non-catalytic metal, and in the absence of diffusion
l sfer
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ossible. On the other hand, thin-film modules have a st
attern, making the extensive shading of a single cell
nlikely under outdoor operation. The product qualifica

esting for thin-film modules includes the verification of h
pot resistance in accordance with IEC 61646[15].

No matter what type of series connection is impleme
or DSC modules, the reverse biasedI–V characteristic o
SC must be understood. Models have been develop
xplain and analyse the behaviour of DSC under forw
ias, but usually not under reverse bias[16–23]. However, the
ominating current route in reverse bias (substrate/electr

nterface) is also an important loss mechanism under for
ias[24]. In this paper, we investigate the processes invo

n the electron transport under reverse bias with special a
ion to a series connection of DSC.

Furthermore, the long-term stability of a DSC opera
n reverse bias is investigated. Studies on DSC have
eported previously, which showed that a reverse bi
otential of∼1500 mV could result in a degradation of
ell’s performance, due to damaging of the dye[25]. How-
ver, in a realistic module design, the maximum cur
onducted through the shaded solar cell would be eq
ent to its own short-circuit current. When this is the case
oltage drop is much lower, as will be shown in this pap

. Theory

In crystalline silicon solar cells, first at large reverse
oltages, the so-called breakdown voltage, a sharp rise
imitations, the total current density for the electron-tran
edox reaction

3
− + 2e− ⇔ 3I− (1)

s given by the Butler-Vollmer equation, which can be writ
n terms of the overvoltage as[28]:

= j0(eβ(e0/kT )V − e−(1−β)(e0/kT )V ) (2)

he relation between the current densityj and the overvoltag
is determined by two parameters: the exchange cu

ensityj0 and the symmetry parameterβ.
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The exchange current density varies on the type of TCO
glass used, as well as on thermal treatment of the glass[24].
Adsorbed impurities on the TCO may act as catalytic sites. In
this paper, we will show that in particular, the dye molecules
are adsorbed to the TCO substrate and catalyse the elec-
tron transfer reaction. In this case, the symmetry parameter
greatly differs from 0.5, favouring one direction of the elec-
tron exchange.

3. Experimental

3.1. Cell preparation

All electrode set-ups were manufactured on so-called mas-
terplates[7]. One masterplate consists of five individual cells
of 5 cm× 0.5 cm on a SnO2:F-glass substrate (LOF-TEC
8, 3 mm, 8�/square). All layers were applied by screen-
printing.

Screen printable TiO2 paste was prepared by dispersing
commercial TiO2 nanoparticles of sizes between 20 nm and
40 nm in a 90:10 terpineol/ethylcellulose mixture using a
pearl mill. A layer thickness of about 10�m was obtained
by screen-printing two subsequent layers.

Platinum paste was obtained by mixing H2PtCl6 from
Aldrich with terpineol and ethylcellulose.
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Fig. 2. MeasuredI–V curve of a typical DSC (area = 2.5 cm2) in the dark.
The breakdown voltage (Vbr) is at−500 mV.

4. Results and discussion

4.1. Reverse biasing a DSC and series connection

Fig. 2shows a typicalI–V curve of a DSC (area = 2.5 cm2)
in the dark. The breakdown voltage (Vbr) of about−500 mV
is extremely low compared to crystalline silicon solar cells.
This is an advantage when connecting solar cells in series.
The power output of a solar module is much less sensitive
to partial shading when each solar cell has a low breakdown
voltage.

In a series connection the total voltage is determined by
the sum of the voltages of each cell for every current.Fig. 3
showsI–V curves of five identical DSC connected in series
without bypass diodes.

When one cell is completely shaded, the open-circuit volt-
age is reduced by the open-circuit voltage of this cell (about
700 mV) plus the voltage required to run the shaded cell in
reverse bias (about 300 mV). The short-circuit current is only
reduced very slightly, because of the low breakdown voltage
of the shaded cell. A similar behaviour is obtained as with
crystalline silicon cells with installed bypass diodes.

F f
fi pletely.
A screen-printed silver strip (paste from Ferro) on e
ide of each cell ensured proper current collection within
asterplate.
For the primary sealing a screen printable glass frit p

as applied on both electrodes[7].
After all layers had been deposited, front and counter

rodes were sintered at 450–500◦C for 30 min. The sealin
fusing) of the masterplate was done at 630◦C for 30 min.
he electrode spacing was about 30�m in this case.

N719 dye was purchased from Solaronix S.A. in Swit
and. A 1 mM dye solution in 50:50 acetonitrile/tert-butano
as pumped through each cell via holes using a color
achine purchased from Energy Research Centre Ne

ands (ECN)[6].
Finally, each cell was flushed with acetonitrile, dried w

itrogen and filled with electrolyte. The filling holes we
losed with a Surlyn 1702 hotmelt foil and a thin glass co

The electrolyte composition was 0.6 M hexylmethyli
azolium iodide (HMII); 0.1 M LiI; 0.05 M I2; 0.5 M tert-
utyl pyridine (TBP) in acetonitrile.

.2. Apparatus

I–V characteristics were measured using a Keithley
f needed, illumination was supplied by halogen lamps,
brated with a silicon cell, taking into account the spec

ismatch.
All electrical impedance measurements were carried

n the dark with an impedance measurement unit (IM 6) f
ahner. The amplitude of the modulated voltage was 5
ig. 3. MeasuredI–V curves under illumination (1000 W/m2) of an array o
ve DSC connected in series. The cells are successively shaded com
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Fig. 4. Special electrode set-ups used for the experimental analysis of the electron transport in DSC under reverse bias. For explanation see text.

4.2. Charge carrier transport in reverse-bias

In order to identify the processes and the interfaces
involved in the charge carrier transport under reverse bias,
six electrode set-ups that consisted of single components of
a standard DSC (Fig. 4) were built. Set-up A consists of
two TCO-electrodes and the electrolyte. Set-up B consists of
TCO-electrodes that have been flushed with dye before inject-
ing the electrolyte. Set-up C consists of one platinum-coated
electrode and one TCO-electrode and electrolyte. Set-up D
is the same as C, only flushed with dye before injecting the
electrolyte. Set-up E is a standard DSC set-up without dye
(TCO/Pt/electrolyte/TiO2/TCO). Set-up F is a standard DSC
flushed with dye.

In the following, a negative platinum electrode is referred
to as reverse bias (electron transport from the platinum elec-
trode to the electrolyte), and a positive platinum electrode is
referred to as forward bias (electron transport from the elec-
trolyte to the platinum electrode), as illustrated inFig. 5.

Fig. 6shows theI–V curves of set-ups A–E measured in the
dark. As can be seen, set-ups A (TCO/electrolyte/TCO) and
B (TCO/electrolyte/TCO flushed with dye) do not conduct
any current at applied biases from−1.5 to +1.5 V.

If one electrode is coated with platinum (set-up
C), the charge transfer resistance at the platinum elec-
trode is reduced drastically. The resistance of the plat-

F elec-
t

Fig. 6. MeasuredI–V curves of set-ups A–E measured in the dark.

inum/electrolyte interface may be neglected when compared
to the uncoated TCO/electrolyte interface. TheI–V character-
istic is now determined by the charge transfer reaction at the
TCO/electrolyte interface and can be described by the Butler-
Vollmer equation at the TCO/electrolyte electrode (Eq.(2)).

Fig. 7. TheI–V curves of set-ups C–E were fitted to the Butler-Vollmer
equation. The fit parameters were: C:j0 = 1.4× 10−10 mA/cm2; β = 0.50; D:
j0 = 1.4× 10−7 mA/cm2; β = 0.35; E:j0 = 9.5× 10− 9 mA/cm2; β = 0.54.
ig. 5. Definition of forward and reverse direction of electrons in the
rode set-ups.U > 0: forward bias,U < 0: reverse bias.



R. Sastrawan et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 33–40 37

In Fig. 7, the Butler-Vollmer equation is fitted to
I–V curves of set-ups C–E. The fits do not agree very
well to the experimental results, because the Butler-
Vollmer equation only describes the electron transfer at one
TCO/electrolyte interface. The charge transport in the elec-
trolyte and the charge transfer at the platinum electrode
are neglected in this approach. However, the fits very well
account for the asymmetric behaviour of the measuredI–V
characteristics.

The reaction at the TCO/electrolyte interface of set-up C
is symmetric, yielding a symmetry parameter ofβ = 0.5.

When the TCO/electrolyte interface is covered with dye
molecules (set-up D), the exchange current density over this
interface increases over 3 magnitudes and the symmetry
parameter is about 0.35. In other words, the dye catalyses the
electrons transfer from the electrolyte to the TCO (reverse
biasing). The direction from the TCO to the electrolyte (for-
ward biasing) seems unaffected.

Presumably, the dye participates in the electron trans-
fer reaction under reverse bias. It is likely that the dye is
being oxidised at voltages of about 0.5 V. This oxidation is
reversible as the dye is being reduced by the iodide again.

When the TCO is coated with a nanocrystalline layer
of TiO2 (set-up E), a symmetry parameter ofβ = 0.54 is
obtained. In this case, the Butler-Vollmer equation is not at
all suited to describeI–V characteristic. It is only used to
d
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Fig. 8. Measured EIS of set-ups C and D under reverse bias of−0.8 V. Open
symbols:|Z|; solid symbols: phase (Z).

is approximately equivalent to that of the Pt/electrolyte inter-
face.

Fig. 9 again shows the impedance of set-up D
(TCO/Pt/electrolyte/TCO flushed with dye), at reverse and
forward biased voltages of−0.8 and +0.8 V. Under a for-
ward bias of +0.8 V, the TCO/dye/electrolyte interface acts
like set-up C: the dye is not catalysing the electron trans-
fer in this direction. Under reverse bias the dye cataly-
ses the electron transfer. The resistance drops and the two
peaks associated with the platinum/electrolyte interface and
TCO/dye/electrolyte interface are visible, like inFig. 8.

Fig. 10shows the impedance of set-up F (a complete DSC)
at reverse and forward biased voltages of +0.8 and−0.8 V.
A phase peak at about 10 Hz is associated with electrons
recombining from the TiO2 to the electrolyte, and a phase
peak at about 1 kHz is associated with the electron transfer
at the Pt/electrolyte interface[30]. Under reverse bias, the
TiO2 is not significantly involved in the electron transfer, as
the peak in the phase at 10 Hz is missing. The high resistance
of the TCO/electrolyte interface determines the impedance
signal. The attached dye at the TCO/electrolyte interface does
not reduce the resistance as drastically as for set-up D, since

F -
b

etermine a symmetry parameter for comparison.
Nevertheless,I–V curve of set-up E shows that the elect

ransfer from the electrolyte to the TCO (reverse biasin
ot significantly affected by the nanoporous TiO2 layer. How-
ver, the electron transfer from the TCO to the electro
forward biasing) is facilitated by the TiO2. The involved pro
esses of electron transport in the nanocrystalline TiO2 and
he electron recombination from the TiO2 to the electrolyte
re well known from detailed models and studies descri

he DSC under forward bias in the dark[18,20,29].

.3. Interfaces studied by electrical impedance
pectroscopy

Electrode set-ups C, D and F were studied using
rical impedance spectroscopy (EIS). All EIS measurem
ere carried out in the dark with different bias voltages.
mplitude of the modulated voltage was 5 mV.

Fig. 8 shows the impedance of set-up C (TCO
lectrolyte/TCO) compared to set-up D (TCO/Pt/electro
CO flushed with dye) at a reverse biased voltage of−0.8 V.
ithout the dye (C), the impedance is determined by

igh resistance of the TCO/electrolyte interface. When
olecules are attached to the TCO electrode (D), the r

ance drops by one magnitude under reverse bias. In
ion to the peak in the phase at 10 kHz associated
he Pt/electrolyte interface[30], a peak is visible at abo
00 Hz, which can be associated with the electron tra
t the TCO/dye/electrolyte interface. The resistance o
CO/dye/electrolyte interface now has a magnitude, w
ig. 9. Measured EIS of set-up D biased with +0.8 and−0.8 V. Open sym
ols:|Z|; solid symbols: phase (Z).
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Fig. 10. Measured EIS of set-up F biased with +0.8 and−0.8 V. Open sym-
bols:|Z|; solid symbols: phase (Z).

in this case the available surface of the TCO is much smaller
due to the TiO2.

4.4. Long term stability of reverse biased DSC

In terms of power output, the low breakdown voltage of a
DSC is advantageous for the performance of DSC modules
under partial shading. However, the long-term stability of a
reverse biased DSC has to be addressed.

A shaded cell still has to transport the total current of
the module. The voltage which is required to operate the
shaded cell under this reverse current is determined by its
I–V characteristic in reverse bias. A sufficiently large reverse
biased voltage might therefore damage the cell, either by
decomposition of the electrolyte solvent, or by damage to the
dye. In practical terms, a potential greater than 1500 mV may
damage a cell irreversibly[25].

The highest reverse current – and thus the highest reverse
biased voltage – will occur when one cell is completely
shaded and the module is operated under short-circuit con-
ditions. Since all cells in a module should be electrically
matched, the shaded cell then would conduct the equivalent
of its own short-circuit current.

In order to simulate this worst-case situation, inFig. 11a
DSC is shown, which is operated at a constant reverse current
of 14 mA/cm2 in the dark, corresponding to the cell’s short-
c r the
c o be

F e
v

Fig. 12. A constant reverse current of 14 mA/cm2 is applied to the cell. The
efficiency of the cell is monitored over time.

a relevant time scale for the occasional partial shading of a
module under outdoor conditions. For the first 60 h the volt-
age drop slowly rises at about 1.5 mV/h. It reaches saturation
at a voltage below 0.7 V. The voltage seems to stay well below
critical values of 1.5 V, which would damage the cell.

In Fig. 12, the efficiency of the cell was measured during
the time of exposure to the reverse current. The efficiency
is rising slightly and reaches saturation after about 20 h. The
slight rise in efficiency was due to an increase of the fill factor.

In Fig. 13, the electrical impedance spectra of the cell
are shown at different points in time during the exposure to
the reverse current. The measurements were carried out in
the dark at 720 mV forward bias, corresponding to the open-
circuit voltage of the cell under sun. The amplitude of the
modulated voltage was 5 mV.

The shift of the high frequency peak corresponds to a
decrease in the charge transfer resistance at the Pt/electrolyte
interface[30]. This conforms to the observed rise in fill factor.

It should be mentioned, that a blocking layer (apart from
decreasing the power output of a partially shaded DSC mod-
ule) might also reduce the stability of a partially shaded DSC
module. The voltage required to run a DSC in reverse bias is
significantly higher with an incorporated blocking layer[24].
However, no data to support this hypothesis is available yet.

F l.
E n time.
O

ircuit current density under sun. The voltage drop ove
ell was monitored for more than 100 h. This seems t

ig. 11. A constant reverse current of 14 mA/cm2 is applied to the cell. Th
oltage drop over the cell is monitored over time.
ig. 13. A constant reverse current of 14 mA/cm2 is applied to the cel
lectrical impedance spectra were measured at subsequent points i
pen symbols:|Z|; solid symbols: phase (Z).
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Furthermore, it should be noted that the stability of a DSC
under reverse bias has only been demonstrated for a time
scale, which seems relevant for the occasional partial shad-
ing of a module under outdoor conditions. In this work, all
test cells showed an overall increase in conversion efficiency
during the first 100 h of exposure to the reverse current. How-
ever, long term testing (>100 h) of reverse biased DSCs might
still reveal degradation effects due to operation under reverse
bias. The slight decrease in conversion efficiency between 90
and 110 h inFig. 12might indicate the beginning of such a
long-term degradation. However, on a longer time scale more
data must be collected to safely attribute this degradation to
reverse biasing.

5. Conclusions

The processes and interfaces involved in the electron trans-
port of a DSC under reverse bias were studied.

It was shown that charge transport under reverse bias
directly occurs via the electrolyte/TCO interface, catalysed
by the dye molecules. The charge transfer is highly asym-
metrical, with a symmetry parameter of approximately 0.35,
using a simple Butler-Vollmer model. Thus, the dye catalyses
the electron transfer at the TCO/electrolyte interface only in
reverse bias, but not under forward bias. Presumably, the dye
u tron
t
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