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We present experimental results on large-area low-cost processed flexible organic photovoltaic (OPV)
modules incorporating organic bypass diodes to eliminate the negative effects of shading on the module
power output. A fully organic-based structure (organic solar module combined with an organic bypass
diode) is essential to allow monolithic interconnection of the bypass diode during the solar module
production within the same printing steps. The origin of shading losses in organic photovoltaic modules
is analyzed in detail, and guidelines for the design and architecture of flexible OPV modules are derived.
Inorganic and organic diodes were tested on their functionality as bypass diodes, and a set of diode
specifications to minimize shading losses is summarized. Organic bypass diodes were found to
efficiently reduce the adverse shading effects in OPV modules.
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1. Introduction

In this paper we present experimental data on flexible organic
photovoltaic (OPV) modules. Monolithic interconnection of
photovoltaic cells into modules is necessary to prevent ohmic
power losses, which otherwise do limit large-area photovoltaic
elements. Further, serial interconnection of modules is an elegant
and advantageous method to achieve the desirable supply of
voltage as needed for applications.

Despite the obvious positive effect of module interconnection
on the power conversion efficiency (PCE) of large-area solar cells,
it is also well known that serial interconnected modules are
sensitive to a specific failure mechanism, which otherwise does
not arise in single solar cells. The most important one is the so-
called “shading” failure [1,2]. Shading occurs when individual
cells of the module or even only a part of a cell in a module under
operation is shaded. In such a case, the shaded cells have to
transport the current of the module in reverse bias, and the excess
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photovoltaic power of the residually working module can get
dissipated across the “dark” cell.

The stress of shading is usually put on the same level as reverse
bias stressing, which is a well-known degradation effect, being
proven as adverse for organic solar cells [3]. Depending on the
leakage current of organic solar cells and on the negative applied
bias, reverse bias stressing was found capable to induce
irreversible degradation effects, so-called hot-spot failure. As
such, shading is expected to cause similar degradation in large-
area and high-bias organic solar cells, and first preliminary testing
of organic modules seems to confirm that.

The formation of hot spots is a well-investigated phenomenon
in photovoltaics since the early space applications [4]. Hot spots
define localised regions in a PV module, where the operating
temperature exceeds the temperature of the surroundings.
Generally speaking, this situation occurs when the cell under
investigation generates less power than the rest of cells connected
in series, which frequently is a result of partial shading. Other
mechanisms leading to hot spots can be cell damage, a mismatch
in the size and/or power or interconnection failure. As a result, the
defective cell is reverse biased and behaves like a load that
dissipates the power generated by the remaining cells in the form
of heat.

The protection against hot spots is also well-known and
consists of a connecting bypass diode, with reverse polarity,
in parallel with a group of solar cells within the module.
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The frequency of diodes depends on cell technology. While Si
typically uses one bypass diode for each 12-18 cells, the current
generation of dye-sensitized solar cells (DSSC) does not require
bypass diodes. In order to ensure that the PV modules are
protected against this damage, international standards require
that modules must be subjected to hot-spot endurance tests
before their qualification [2,5-8].

Although numerous publications exist discussing the shading
effects of inorganic cells, there is no report addressing this issue
on OPV technology to the best of our knowledge. This failure
needs to be made up. OPV technology has recently demonstrated
PCE values in the range of 6% [9-11] and extrapolated product
lifetimes beyond 3 years [12]. In combination with the successful
demonstration of module production by printing technologies,
[13,14] first applications are about to enter the market. That
requires addressing module failing mechanisms due to shading in
time. This manuscript reports how organic bypass diodes can
significantly reduce adverse shading effects for OPV modules.

2. Shading effects on OPV modules

According to results from inorganic PV technologies, failure
from shading has been classified into two classes, where one of
them is reversible and the other is irreversible. To address these
two failure mechanisms and their impact on OPV modules, it is
important to understand the shading-induced processes on a cell
level. As mentioned before, a shaded cell has to transport the
module photocurrent driven in reverse bias. Depending on
the diode characteristics of the shaded cell, two scenarios can
be distinguished, which are typically called Type I or Type II
behaviour [6-9]:

e Type I cells have an excellent dark rectification and a high
shunt resistance. Shading of one cell will result in a shutdown
of the module operation, since the shaded diode is blocking in
reverse bias operation. The shunt resistance (Rsy) of the shaded
cell determines the current transported across the cell
according to module voltage (Vimodule)/Rsh. In case of large Rgp,
the photovoltaic power of the non-shaded part of the module
will be dissipated across the shunt resistance of the shaded
cell, and the whole module will be shut down.

e Type II cells, on the other hand, have a lower rectification, and
specifically a smaller shunt resistance. In the case of Type II
cells the photocurrent of the partially shaded module can be
transported across the shaded cell. Thus, the shaded cell is
driven into reverse bias until the leakage current of the cell can
match the photocurrent of the partial shaded module. As such,
the module can deliver the photovoltaic power of the shaded
module minus the power loss required to drive the shaded cell
into reverse bias.

Reverse bias testing of OPV cells and modules has shown that
Type II cells are more responsible to irreversible degradation,
while Type I cells could pass the IEC hot-spot tests [3].

In this paper we discuss the impact of a fully shaded organic
solar cell to the current density-voltage (J-V) characteristic of a
module. The J-V characteristic of a (partially) shaded cell in the
3rd quadrant determines the |-V characteristic of the whole
module. The short-circuit current of a module is determined by
the leakage current of the shaded cell at the voltage provided by
the non-shaded cells, plus the current generated by the half-
shaded module. Thus, the investigated impact of full shading of a
cell is the most severe case for a module. Half shading, the most
likely case under operation, is less severe to the losses in the
power output characteristics and can be discussed in analogy.

Novel designs for OPV modules, i.e. concentrically connected rings
[15], might reduce the possibility of a fully shaded single cell
within a module and thus reduce the losses in the power output
while shading.

The standard method to control shading failure in PV
technologies is to incorporate so-called bypass diodes anti-
parallel to the individual solar cells of the module. Under shading,
respectively under reverse bias, the bypass diode opens up and
can form an alternative electrical path for the module’s photo-
current. The voltage drop on the shaded cell is then limited to the
voltage required opening up the bypass diode [16,17].

3. Experimental

We investigated monolithically integrated organic solar mod-
ules (see Fig. 1), where the bottom electrode of one solar cell
is connected to the top electrode of the next. Modules with 3
and 9 interconnected cells were investigated. OPV modules
were prepared on flexible PET/ITO substrates according to the
procedure outlined elsewhere [13,14,18,19]. All production
steps, except for evaporation of the back electrode, were
performed in air. As a semiconductor layer, regio-regular poly
(3-hexylthiophene):([6,6]-phenyl C61 butyric acid methyl ester)
(RR-P3HT:PCBM) was used. To investigate shading, bypass diodes
were interconnected anti-parallel to the single organic solar cells
of the module. The last cell of the module was shaded. The organic
bypass diodes are processed in the same way as the organic solar
cells [13,14,18,19]. The J-V characteristics were measured with
a Keithley source measurement unit (SMU 2400). A calibrated
Steuernagel solar simulator was used for illumination providing
an AM 1.5G spectra at 100 mW/cm?.

4. Results and discussion: organic bypass diodes

The processing of monolithically interconnected OPV modules
is quite different from the one for inorganic PV modules. OPV
modules are manufactured by roll-to-roll printing processes
[20-24], while inorganic solar cells are processed by either
wafer-based or vacuum-based processing technologies. Integra-
tion of inorganic bypass diodes by the pick-and-place process, as
typically used with inorganic PV modules, would be technically
possible for OPV modules as well. However, combining such a
discontinuous low-speed process with roll-to-roll printing is
anything else than desirable and would eliminate some of the
advantages of the OPV technology in terms of processing. Thus, for
process reasons, a hybrid structure should be avoided. A natural
solution to that problem is the use of organic, printed diodes as
bypass diodes. There are several reports and types of organic
diodes [25-27]. Among those, the desirable solution for a module
bypass diode would be of course diodes that are based on the
same process materials as the photovoltaic modules themselves,
i.e. based on the same electrode and semiconductor materials.

In the following, we will discuss the design requirements for
organic bypass diodes essential to address module shading issues
for OPV modules. First, the bypass diodes have to be integrated
within the flexible OPV modules without or with only little
further processing steps. Second, the diode characteristics of the
bypass diode should match the demands of the module to
overcome shading effects. That point will be elaborated in more
detail later on when the turn on bias of various diode technologies
are compared to each other. The proper choice of the organic
semiconductor and the electrodes will determine the performance
of the bypass diodes. Third, there is process compatibility. Being
able to use the same semiconductor for the bypass diodes, which
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Fig. 1. The structure of a 3 stripe monolithic integrated OPV module is schematically depicted. The left cell of the module is shaded.

is also used for the active layer of the solar cells, allows coming
along with a “one color” printing process, as compared to a “two
color” printing process. Naturally, we propose using inverse
interconnected organic solar cells as the most attractive concept
to overcome shading in OPV modules. As such, we have used non-
illuminated organic solar cells in reverse operation as bypass
diodes to address our goal for a fully organic-based structure (OPV
module plus organic bypass diodes).

In the following we discuss the effect of shading exemplarily
for a module with 9 single cells connected in series. The
discussion can be transferred to modules with more then 9 cells
in analogy, differing in the reverse voltage that adjusts on the
shaded cell. This reverse voltage depends on the number of non-
shaded cells connected in series in a module. The upper limit of
this reverse voltage is the number of non-shaded cells times the
open-circuit voltage of the single OPV cells.

In the following paragraphs we present data showing that
organic solar cells are suitable for bypass diodes in OPV modules,
discuss in detail the properties of an organic solar cell operated as
bypass diode and compare organic bypass diodes with the
conventional one from inorganic diodes (based on silicon (Si)
and gallium arsenide (GaAs) semiconductor technology).

Fig. 2a shows the dark J-V curves of the organic, GaAs and Si
bypass diodes side by side. The 3 diodes differ in their core
parameters, namely the threshold voltage, the J-V characteristic in
injection mode and the leakage current. These parameters are
most important to judge bypass diodes and in the following we
discuss their impact on the performance of bypass diodes. The
GaAs carries the lowest injection current, while the organic diode
shows the highest leakage current. Note that this is an atypically
large leakage current for organic solar cells and diodes. OPV cells
with excellent leakage currents in the pA/cm? regime from —1 to
—5V were already published [3,27]. A too large leakage current of
the bypass diode induces power losses when the module is
operated in normal conditions. The magnitude of the power loss is
the diode’s leakage current at reverse voltage of the maximum
power point (MPP) multiplied with the corresponding voltage.
However, we decided to work with an average leaking organic
diode as bypass diode to better understand the induced loss
mechanisms.

Fig. 2b shows the current-voltage characteristics of a 9 stripe
flexible OPV module with and without shading. For reference, the
module characteristics are compared to the same module when
only 8 cells are contributing, i.e. the last cell of the module, which
otherwise was shaded, was externally shunted. The shading test
confirms organic modules as Type I modules. The leakage current

of the cells under reverse bias is insufficient to pass by the
photovoltaic power of the non-shaded part of the module. As a
consequence, the whole module is shut down, with the power
being dissipated across the shaded cell.

Fig. 2c shows the situation of a partially shaded module
bypassed by an organic, GaAs- or Si-based bypass diode. The
figure of merit for the bypass diodes is the power output of the
shaded module under MPP operation. This is depicted in Fig. 2d,
where the power generation for the module with various bypass
diodes is compared to one of the unshaded module that has a
power output of 1.76 mW/cm? under MPP operation. The dramatic
loss in the power output of the shaded flexible OPV module can
be reduced significantly with a bypass diode. The power loss for
the module without a bypass diode is as high as 99%. Using an
organic bypass diode, this loss is reduced to approximately 30%
(1.23mW/cm?). Similar values for the power loss are found
when using inorganic diodes as bypass diode. The theoretical
minimum power loss due to shading in a 9 stripe module is 11%
(1.57mW/cm?), which is the geometrical area loss from the
shaded cell, given that the bypass diode does not cause any
electrical losses. This theoretical optimum is shown in Fig. 2b by
the J-V curve of a 9 stripe module with only 8 stripes operated.
Nevertheless comparing the organic diode with commercially
available Si and GaAs diodes, we find that the organic bypass
diode is working as well as its inorganic counter parts.

Bypass diodes can reduce the performance of normally
operated modules (i.e. non-shaded) for two reasons. On the one
hand, they occupy some area on the front side of the module.
On the other hand, their leakage current reduces the module
photocurrent at MPP. The necessary size of the bypass diode is
determined by its current-carrying capacity in injection, which
has to be large enough to let pass the photocurrent of the module
under forward bias. The necessary voltage, at which the bypass
diode is able to pass by the photocurrent of the shaded module, is
taken from the photovoltage of the module under operation and
thus lost for the module operation. The bypass diode will be
adjusted at the voltage required to pass by the photocurrent, and,
as such, a low turn on voltage is essential to reduce the bypass
diode losses under shading. Naturally, this voltage is higher for
small-area organic bypass diodes compared to large-area organic
bypass diodes. Summarizing, on the one hand large-area bypass
diodes are favourable for little losses in the module voltage under
shading. On the other hand a large bypass diode does decrease
the geometrical fill factor of the device and thus the power
output/square of the module, since it is printed on the module’s
front side. A bypass diode sized 2 cm? results in a voltage drop of
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Fig. 2. (a) Dark J-V characteristic of the organic, GaAs and Si bypass diode under study. (b) J-V characteristics of a 9 stripe flexible OPV module with and without shading.
For reference, the module characteristic is compared to the same module when only 8 cells are contributing. The last cell of the module is externally shunted. (c) J-V curves
and (d) power output-voltage plot of a shaded 9 stripe module when the shaded cell is bypassed by an organic, GaAs and Si diode. As reference the non-shaded 9 stripe
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0.62V, and a bypass diode sized 1 cm? results in a voltage drop of
0.7V. These values are derived from the J-V characteristics in
injection of the organic bypass diodes depicted in Fig. 2a. The

impact of the turn-on voltage of the bypass diode on the module
losses under shading are summarized in Fig. 3.

Another important parameter to determine the best bypass
diode is the leakage current. Under normal, non-shaded operation,
the leakage current of the bypass diode is a loss for the
photocurrent. Typical leakage currents of the investigated organic
solar cell structures are ~50 pA/cm? at —0.5V [3]. For a solar cell
operated at its MPP of 0.45V, such a bypass diode results in a
permanent ohmic loss of 25 uW/cm? or less. Compared to the AM
1.5 power output of a P3HT/PCBM solar cell with ~3-4 mW/cm?,
this is a loss smaller than 1% when the active area of the bypass
diode and the solar cell are equal. Geometrical fill factor losses by
the size of the bypass diode are neglected in this calculation. This
loss is further decreased when the geometrical size of the organic
bypass diode is reduced. Note that good organic diodes have
leakage currents in the very low pA/cm? regime, in which case the
organic bypass diode losses for a solar cell will be negligibly small.
Thus we conclude that an organic solar cell can be used as a
bypass diode for an organic PV module. The module power losses
under normal operation due to an organic bypass diode are well
below the 1% regime.

4. Conclusion

In summary, we have investigated shading in organic PV
modules and found that OPV modules show Type I behaviour,
where the whole module is shut down if one cell becomes shaded
(99% power loss). We further demonstrated that organic bypass
diodes are the most elegant and practical technology to reduce
the shading losses to ~30%. No substantial advantage was
found when using inorganic diodes (Si and GaAs) as bypass
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diodes. In the sum of the properties, organic bypass diodes were
shown to be superior to their inorganic counterparts:

e the module losses under shading were as low as for the
inorganic diodes investigated;

e the leakage current and current carrying capacities are
sufficient to keep the module losses under normal operation
well below 1%;

e process wise, it takes the lowest efforts to integrate an organic
diode as bypass diode into an organic PV module.

Thus, we propose the use of organic bypass diodes and in
particular organic bypass diodes based on organic solar cell
structure operating in reverse as ideal bypass diodes to address
OPV module shading effects.
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