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Abstract

The upscaling of the dye solar cell (DSC) technology involves a series connection of single cells to form modules. Thus an utilisable voltage
is reached. In an outdoor situation, one or more cells connected in series might be shaded. The shaded cells then have to transport the currer
of 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. Furthermore, the
effect 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 diddeharacteristic. Compared to other solar
cell technologies, in particular crystalline silicon solar cells, the largest sustainable reversed biased voltage (breakdown voltage) of a DSC is
extremely low (approximately 500 mV). Therefore, in terms of power output, no bypass diodes are required, when connecting DSC in series.

In order to identify the processes and the interfaces involved in the charge carrier transport in reverse bias, a batch of different electrode
set-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) interface,
catalysed by the dye molecules. The charge transfer is highly asymmetrical, with a symmetry parameter of approximately 0.35, using a simple
Butler-Volimer model.

Electrical impedance spectroscopy revealed that thg-Tager is not significantly involved in the electron transport under reverse bias.

To study the effect of reverse biasing on the long-term stability of DSC, solar cells were subjected to a constant reverse current in the dark
for more than 100 h. The voltage drop over the cell was monitored. It increased only slightly, without reaching critical values, which would
damage 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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1. Introduction tion costs and the attractive colour des[gdh, considerable
efforts are being increasingly undertaken to enable acommer-
Dye solar cells (DSC) developed by Gratzel and co- cial upscaling of this new type of solar cell. Good progress
workers[1,2] have achieved solar power efficiencies over was made in the fields of technical performance, manufac-
10% on small ared8]. Because of their potential low produc-  turability [5,6], long-term stability7,8] and large area mod-
ule desigri9—12]. Most concepts for large area DSC modules
* Corresponding author. Tel.: +49 761 4588 5361; fax: +49 761 4588 9000, INVOIVe a series interconnection between a large numbers of
E-mail address: Ronald.Sastrawan@fmf.uni-freiburg.de (R. Sastrawan). 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 _ \

. . . TiO,
has to pass this shaded cell in reverse bias. ng

Two different types of series connections can be found

in commercial solar modules. The individual solar cells are
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connected externally and are then assembled into a solar mod- 3
ule. This technique is commonly used for crystalline silicon
modules. The second option, as in thin film solar modules, is s

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, areverse current flows Fig. 1. The four routes of electron transfer 1 and 2 are the recombination
due to the avalanche breakdown, the shaded cell becomesf TiO, conduction band electrons and surface state electrons with the elec-
an energy load rather than an energy producer. Hot spotstrolyte under forward bias, respectively. Route 3 is the reduction oft
points of localised overheating with temperatures of more the TCO substrate under forwa_rd bias. Route 4 is the oxidation af the

. TCO substrate under reverse bias.
than 150C, occur and may cause cell cracking and dam-

age to module encapsulation. Therefore, bypass diodes argrrent occurs due to the avalanche breakdown. The value of
incorporated across individual cells or groups of cells. The thjs argest sustainable reverse biased voltage varies and can
verification of hot-spot resistance is part of test standard IEC g 20 v or greater.
61215 for crystalline silicon modulg$4]. In a DSC, current flows in reverse bias, but no actual
Thin-film modules are usually manufactured as integrated ‘hreakdown’ occurs. Also, the current will not rise as steeply.
circuits with integrated series connections. The individual Nevertheless, the term breakdown voltage will be used in this
cells are notaccessible, so bypass diodes can only be installegyaper to describe the reverse biased voltage, which is required
across module terminals. Hence, hot-spot protection is notyq optain a reverse currentin the magnitude of the short-circuit
possible. On the other hand, thin-film modules have a striped o jrrent of the cell, i.e. about 20 mA/@mn
pattern, making the extensive shading of a single cell very  ynderforward bias, electron recombination mainly occurs
unlikely under outdoor operation. The product qualification from the TiQ, conduction band or surface states with the elec-
testing for thin-film modules includes the verification of hot- trolyte (Fig. 1, Processes 1 and 2). Electron recombination
spot resistance in accordance with IEC 6161 by reduction of thed~ ions at the TCO substrate (transpar-
No matter what type of series connection is implemented ent conducting oxide) can be neglected under short-circuit
for DSC modules, the reverse biased’ characteristic of  conditions, but becomes important at open-circuit conditions
DSC must be understood. Models have been developed 9YFig. 1, Process 3). Especially under low light intensities,
explain and analyse the behaviour of DSC under forward the pack reaction of electrons via the TCO substrate is the
bias, but usually not under reverse Hit6—23] However, the dominant routd24].
dominating currentroute in reverse bias (substrate/electrolyte  ynder reverse bias, electron transfer mainly occurs via the
interface) is also an important loss mechanism under forward TCO/electrolyte interface by oxidation of the ions Fig. 1,
bias[24]. In this paper, we investigate the processes involved prgcess 4). A compact Tiblocking layer can suppress this
in the electron transport under reverse bias with special atten-gte [26,27] However, in this work for DSC modules an
tion to a series connection of DSC. easy electron transfer under reverse bias over the substrate is
Furthermore, the long-term stability of a DSC operated gesijred. Therefore, blocking layers have not been applied.
in reverse bias is investigated. Studies on DSC have been |f no blocking layer is present, the TCO behaves essen-
reported previously, which showed that a reverse biasedija|ly as a non-catalytic metal, and in the absence of diffusion

potential of~1500mV could result in a degradation of the  |imjtations, the total current density for the electron-transfer
cell's performance, due to damaging of the d98]. How- redox reaction

ever, in a realistic module design, the maximum current
conducted through the shaded solar cell would be equiva-13~ +2e~ < 31~ (2)
lent to its own short-circuit current. When this is the case, the
voltage drop is much lower, as will be shown in this paper.

is given by the Butler-Vollmer equation, which can be written
in terms of the overvoltage §28]:

i — i (ePEo/kT)V _ o~ (1-P)(e0/kT)V
2. Theory Jj=Jjo(¢ e ) 2
The relation between the current dengiynd the overvoltage
In crystalline silicon solar cells, first at large reverse bias V is determined by two parameters: the exchange current
voltages, the so-called breakdown voltage, a sharp rise in thedensityjo and the symmetry parametgr
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The exchange current density varies on the type of TCO i =
glass used, as well as on thermal treatment of the §R4$s E.407
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-

200 400 600

tron exchange. V[mVv]
3. Experimental
3.1. Cell preparation Fig. 2. Measured-V curve of a typical DSC (area = 2.5 éjrin the dark.

The breakdown voltagé/,) is at—500 mV.

Allelectrode set-ups were manufactured on so-called mas-
terplateg7]. One masterplate consists of five individual cells . .
of 5cmx 0.5¢cm on a Sn@F-glass substrate (LOF-TEC 4 Results and discussion
8, 3mm, 82/square). All layers were applied by screen-
printing. 4.1. Reverse biasing a DSC and series connection
Screen printable Ti@paste was prepared by dispersing ) )
commercial TiQ nanoparticles of sizes between 20nm and 19 2shows atypical-V curve of a DSC (area=2.5 cin
40nm in a 90:10 terpineol/ethylcellulose mixture using a N the dark. The breakdown voltage) of about—500 mV
pearl mill. A layer thickness of about 10m was obtained is extremely low compared to crystalline silicon solar cells.

by screen-printing two subsequent layers. This is an advantage when connecting solar cells in series.
Platinum paste was obtained by mixingfCls from The power output of a solar module is much less sensitive
Aldrich with terpineol and ethylcellulose. to partial shading when each solar cell has a low breakdown

A screen-printed silver strip (paste from Ferro) on each Voltage. _ _ _
side of each cell ensured proper current collection withinthe N @ Series connection the total voltage is determined by

masterplate. the sum of the voltages of each cell for every curréig. 3
For the primary sealing a screen printable glass frit paste showsI—V curves of five identical DSC connected in series
was applied on both electrodgy. without bypass diodes.

After all layers had been deposited, frontand counterelec-  When one cellis completely shaded, the open-circuit volt-
trodes were sintered at 450-5UD for 30 min. The sealing ~ 29€ 1S reduced by the open-circuit voltage of this cell (about

(fusing) of the masterplate was done at 680for 30 min. 700 mV) plus the voltage required to run the shaded cell in
The electrode spacing was about,@ in this case. reverse bias (about 300 mV). The short-circuit currentis only

N719 dye was purchased from Solaronix S.A. in Switzer- reduced very slightly, because of the low breakdown voltage
land. A 1 mM dye solution in 50:50 acetonitrile#-butanol of the shaded cell. A similar behaviour is obtained as with

was pumped through each cell via holes using a coloration crystalline silicon cells with installed bypass diodes.
machine purchased from Energy Research Centre Nether-
lands (ECN)6].
Finally, each cell was flushed with acetonitrile, dried with —=— 5cells illuminated
nitrogen and filled with electrolyte. The filling holes were o celshaded 4 2 cels shaded
closed with a Surlyn 1702 hotmelt foil and a thin glass cover.
The electrolyte composition was 0.6 M hexylmethylimi-
dazolium iodide (HMII); 0.1 M Lil; 0.05M }; 0.5M tert-
butyl pyridine (TBP) in acetonitrile.

—-v— 3 cells shaded —o— 4 cells shaded

3.2. Apparatus

Current | [mA]

I-V characteristics were measured using a Keithley 230.
If needed, illumination was supplied by halogen lamps, cal-
ibrated with a silicon cell, taking into account the spectral -5 . . . . .

. 00 05 10 15 20 25 30 35
mismatch.

. . . Voltage V [V]

All electrical impedance measurements were carried out
in the dark with an.impedance measurement unit (IM 6) from Fig. 3. Measured-v curves under illumination (1000 WAnof an array of
Zahner. The amplitude of the modulated voltage was 5mV. five DSC connected in series. The cells are successively shaded completely.
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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.
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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 DSCHig. 4 were built. Set-up A consists of
two TCO-electrodes and the electrolyte. Set-up B consists of
TCO-electrodesthat 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
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voltage / V
—a— A: TCO/EI/TCO without dye —=— B: TCO/EI/TCO with dye

1.5

(TCO/Pt/electrolyte/TIQITCO). Set-up F is a standard DSC
flushed with dye.

—o— C: TCO/EI/PYTCO without dye —e— D: TCO/EI/Pt/TCO with dye
—— E: TCOITIO,/EI/PY/TCO without 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 illustratedFig. 5.

Fig. 6shows thd—V curves of set-ups A—E measuredin the
dark. As can be seen, set-ups A (TCO/electrolyte/TCO) and
B (TCOlelectrolyte/TCO flushed with dye) do not conduct
any current at applied biases fronl.5to +1.5V.

If one electrode is coated with platinum (set-up
C), the charge transfer resistance at the platinum elec-

Fig. 6. Measured-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. ThEcharacter-
istic is now determined by the charge transfer reaction at the
TCOlelectrolyte interface and can be described by the Butler-
\ollmer equation at the TCO/electrolyte electrode (&)).

30 1 1 1
trode is reduced drastically. The resistance of the plat- S
S 201
£ 0]
2
—— Glass % e
TCO T .
Pt g 1% .
forward g -20- ,i T
direction - Electrolyte ° a0l is
el 45 410 05 00 05 10 15
direction voltage / V
TCO 0 —-—- C: TCO/EI/PY/TCO without dye D: TCO/EI/PY/TCO with dye
Glass a E: TCO/TIO/EI/PYTCO without dye

Fig. 7. Thel-V curves of set-ups C-E were fitted to the Butler-Volimer
Fig. 5. Definition of forward and reverse direction of electrons in the elec- equation. The fit parameters were;ig= 1.4 x 10-°mA/cn?; $=0.50; D:
trode set-upsl/ > 0: forward bias[ < 0: reverse bias. jo=1.4x 10" " mA/cm?; =0.35; E;jo=9.5x 10~ *mA/cn?; 8=0.54.
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In Fig. 7, the Butler-Volimer 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
TCOlelectrolyte 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 measuréd
characteristics.

The reaction at the TCO/electrolyte interface of set-up C
is symmetric, yielding a symmetry parametersef 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 th
electrons transfer from the electrolyte to the TCO (reverse
biasing). The direction from the TCO to the electrolyte (for-

limpedancel / Q

—A— Electrode set-up C: TCO/Pt/Electrolyte/TCO

37

—e— Electrode set-up D: TCO/Pt/Electrolyte/TCO flushed with dye

) NN aan, . /AA&
1004 A‘Ak /

101—0—0—0—0_0

| Reverse-bias: -0.8 V‘

100 1k 10k

Frequency / Hz

1 10

[Ny
S

-60

ES
Phase / deg

100k

é=ig. 8. Measured EIS of set-ups C and D under reverse bia® &V. Open
symbols:|Z|; solid symbols: phase.

ward biasing) seems unaffected. is approximately equivalent to that of the Pt/electrolyte inter-

Presumably, the dye participates in the electron trans- face.. . .
fer reaction under reverse bias. It is likely that the dye is _Fig. 9 again shows the impedance of set-up D
being oxidised at voltages of about 0.5 V. This oxidation is (TCO/Pt/electrolyte/TCO flushed with dye), at reverse and
reversible as the dye is being reduced by the iodide again. forward biased voltages 6£0.8 and +0.8V. Under a for-
When the TCO is coated with a nanocrystalline layer Ward bias of +0.8V, the TCO/dye/electrolyte interface acts
of TiO, (set-up E), a symmetry parameter pE0.54 is like set-up C: the dye is not catalysing the electron trans-

obtained. In this case, the Butler-Vollmer equation is not at fer in this direction. Under reverse bias the dye cataly-
all suited to describé—V characteristic. It is only used to  Ses the electron transfer. The resistance drops and the two

NeverthelesgV curve of set-up E shows thatthe electron TCO/dye/electrolyte interface are visible, likekig. 8
transfer from the electrolyte to the TCO (reverse biasing) is ~ Fi9- 10shows the impedance of set-up F (a complete DSC)
not significantly affected by the nanoporous Fi@yer. How-  at reverse and forward biased voltages of +0.8 a0 V.
ever, the electron transfer from the TCO to the electrolyte A Phase peak at about 10Hz is associated with electrons
(forward biasing) is facilitated by the TiOThe involved pro-  fecombining from the Ti@to the electrolyte, and a phase
cesses of electron transport in the nanocrystalline, Eex peak at about 1 kHz is associated with the electron transfer
the electron recombination from the Ti@ the electrolyte at the Pt/electrolyte interfad®0]. Under reverse bias, the
are well known from detailed models and studies describing TiO3 is not significantly involved in the electron transfer, as

the DSC under forward bias in the ddf8,20,29] the peak in the phase at 10Hzis missingl. The high resistance
of the TCOlelectrolyte interface determines the impedance

signal. The attached dye atthe TCO/electrolyte interface does
not reduce the resistance as drastically as for set-up D, since

4.3. Interfaces studied by electrical impedance
spectroscopy

Electrode set-ups C, D and F were studied using elec- Electrode set-up D: TCO/PYElectrolyte/TCO flushed with dye

trical impedance spectroscopy (EIS). All EIS measurements

—e— Rerverse-bias -0.8 V

—A— Forward-bias +0.8 V

were carried out in the dark with different bias voltages. The ' I/"‘”Lk'\ '
amplitude of the modulated voltage was 5 mV. ) e A\ 1 60
Fig. 8 shows the impedance of set-up C (TCO/Pt/ & 100- ﬁ<\ \

electrolyte/TCO) compared to set-up D (TCO/Pt/electrolyte/ > / ‘\A\ \A | _40§
TCO flushed with dye) at a reverse biased voltage @8 V. g / EN \ S
Without the dye (C), the impedance is determined by the 3 / /\A\ . &
high resistance of the TCO/electrolyte interface. When dye £ 0%-oo-ogloo- +$("'* 12°%
molecules are attached to the TCO electrode (D), the resis- i I/‘ . *"‘ém&
tance drops by one magnitude under reverse bias. In addi- %]0
tion to the peak in the phase at 10kHz associated with 1 . . : ;

1 10 100 1k 10k 100k

the Pt/electrolyte interfac80], a peak is visible at about
500 Hz, which can be associated with the electron transfer

at the TCO/dye/electrolyte interface. The resistance of the rig. 9. Measured EIS of set-up D biased with +0.8 as@i8 V. Open sym-

Frequency / Hz

TCO/dyelelectrolyte interface now has a magnitude, which bols:|z|; solid symbols: phase}.
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Electrode set-up F: complete DSC 7 T T T T T T T
—A— Rerverse-bias -0.8V  —e— Forward-bias +0.8 V 6
100 : : . . o ___-----——" ®~-.
A 5 .« --¢ = -
—-60 L 4
T 3
S ? 3
3 A A\\ {-20 S
2 RV 3 1
3 N < 0+— . . : . . .
Q. <
£ k& A loo 0 20 40 60 80 100 120
- AN time / hours
~0~0-0_o X X
. *"'\ 0 Fig. 12. A constant reverse current of 14 mAfisapplied to the cell. The
T ke}

1 10 100 Tk 0K 00k efficiency of the cell is monitored over time.

Frequency / Hz
a relevant time scale for the occasional partial shading of a
Fig. 10. Measured EIS of set-up F biased with +0.8 0B V. Opensym-  module under outdoor conditions. For the first 60 h the volt-
bols:|Z]; solid symbols: phaserj. age drop slowly rises at about 1.5 mV/h. It reaches saturation
in this case the available surface of the TCO is much smaller at_g voltage below 0.7 V. The voltage seems to stay well below
due to the TiQ. critical _values of 15V 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
slightrise 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
f 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
interfacg30]. This conformsto the observed rise infill factor.

It should be mentioned, that a blocking layer (apart from
decreasing the power output of a partially shaded DSC mod-
éjle) 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 lay24].
However, no data to support this hypothesis is available yet.

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 o
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 irreversibl25].

The highest reverse current — and thus the highest revers
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. —u— before applying 14 mA/cm? —e—after 18 h

In order to simulate this worst-case situationFig. 11a 100—‘— after 37 h —v—after 105 h-30
DSC is shown, which is operated at a constant reverse current ' ' ' '
of 14 mA/cn? in the dark, corresponding to the cell’'s short-
circuit current density under sun. The voltage drop over the
cell was monitored for more than 100 h. This seems to be

o]
g
08 j ’ T T T T T T T % g
-0.6 - B _.._'.uuu.‘._‘._’.""'"”." _ §_ g
ruuro" el i 2 2
> =
~-0.4
=)
-0.2
0.0 . . . : . . . . . ; e
0 15 30 45 60 75 90 105 120 135 requenz / Hz
time / hours

Fig. 13. A constant reverse current of 14 mAfcia applied to the cell.
Fig. 11. A constant reverse current of 14 mAfimapplied to the cell. The Electrical impedance spectra were measured at subsequent points in time.
voltage drop over the cell is monitored over time. Open symbols}Z|; solid symbols: phaseZj.
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