Ll
—

—
<

Ionic Space-Charge Effects in Solid State

Organic Photovoltaics
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ABSTRACT The effect of mobile ions on the operation of donor—acceptor bilayer solar cells is studied. We demonstrate the large
effect ions can have on the energetics of the solar cells, illustrated by (for instance) changing the output voltage of a cell in situ from
0.35t0 0.74 V. More importantly, it is shown ionic species do not obstruct the charge generating properties of the photovoltaic devices
and ionic space charge can be used in situ to improve their efficiencies. The results obtained are explained by taking into account
energetic changes at the donor—acceptor interface as well as built-in potentials, giving clear guidelines on how ionic species can offer

many new and exciting functionalities to organic photovoltaics.
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INTRODUCTION
n organic electronics, the ability to support both ionic

and electronic conduction is regarded as one of the

possibilities to go beyond traditional device architectures
and achieve exciting and new functionalities (1, 2). Ex-
amples in which such mixed systems are employed include
electrochromic devices, artificial muscles, biosensors, and
thin film light-emitting devices. In the latter, the incorpora-
tion of mobile ions was first done in 1995 yielding lumines-
cent devices, with strongly reduced turn-on voltages and
allowing the use of air-stable electrodes (3). In these devices
referred to as light emitting electrochemical cells (LECs),
typically, there is one layer of a mixed ionic electronic
conductor sandwiched in between two electrodes. Upon
application of an electric field, the mobile anions (or cations,
respectively) migrate to the cathode (anode) facilitating
efficient charge injection. In this way, efficient electrolumi-
nescence can be achieved using a single active layer with
air stable electrodes greatly simplifying the production
processes (4—6). Upon the application of an external bias,
the single layer is subdivided into p- and n-doped regions
close to the respective electrodes separated by an undoped
or intrinsic layer. Hence, it allows one to mimic the p-i-n light
emitting diode by the application of an external electric field
(7). Additionally, the self-organizing nature of the ions allow
for interesting device geometries such as cascaded devices
(8). The incorporation of ionic conductivity in light emitting
devices is a relatively often pursued approach (9—11).
Remarkably, in thin film photovoltaic devices, no extensive
use has been made of mixed ionic and electronic conducting
materials, except for dye sensitized solar cells in which ions
are used as the electrochemical regeneration couple for the
dyes. This is especially remarkable as the currently best
performing solid state organic photovoltaic device (active
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area larger than 1 cm?) utilizes the same p-i-n geometry as
the light emitting devices described above (12). In analogy
to the light emitting electrochemical cell, the possibility of
achieving such device architectures by the movement of ions
offers many advantages. For one, it would be possible to
prepare such structures using solution based techniques
which significantly decreases the production costs. Addition-
ally, ionic movement can be used to tune the solar cell
characteristics, which was demonstrated in a few cases,
however, only in devices with very low efficiencies (13—16).
Furthermore, it was proposed to use ions to assist in the
charge separation process (17—19). There is, however, in
general, very little knowledge concerning the effect (positive
or negative) of ions on electronic and excitonic species, and
a more general understanding of mixed ionically and elec-
tronically conducting systems is needed to guide future
research in this field.

RESULTS AND DISCUSSION
In this article, we investigate the effect of mobile ions on

the operation of bilayer solar cells based on cyanine dyes
as electron donor and Cgo as electron acceptor. The low
molecular weight cyanine dyes are interesting for photovol-
taic applications because of their very high absorption
coefficient, solution processability, and the possibility of
chemically tailoring their energy levels. In the last years,
these bilayer solar cells have shown a steady increase in
power conversion efficiencies reaching a maximum of 3.5 %
(20). For this work, the main interest in these dyes originates
from their cationic nature, supplying us with the desired
ionic functionality. Bilayer solar cells are made by sandwich-
ing the cyanine dye/Cqo heterojunction between an indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene) poly(sty-
renesulfonate) (PEDOT/PSS) anode and a barium/silver cath-
ode. A layer of bathocuproine (BCP) is evaporated in be-
tween the Cqo layer and the cathode to ensure a proper
ohmic contact and, hence, an efficient charge extraction
(21). Two different dyes (Cy1 and Cy2, Figure 1) are used;
Cyl has two naphthalene rings on the periphery of the
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FIGURE 1. Current density to voltage characteristics of the bilayer
solar cells using Cy1 (open squares) and Cy?2 (filled circles) including
their chemical structure.

Table 1. Solar Cell Characteristics under
[llumination of 1000 W/m? Simulated Sunlight and
Different Prebias Conditions®

bias fill estimated
device conditions [V] Js [A/m?] factor [%] Vo[Vl PCE[%]
Cy1/Ceo fresh 43.0 33.0 0.662 0.94
+0.8 35.5 36.0 0.508 0.65
+1.0 26.7 40.0 0.346 0.37
—0.4 41.2 34.6 0.737 1.04
-0.8 39.8 33.0 0.727 0.96
—-1.0 39.0 30.3 0.727 0.86
—1.2 37.7 29.2 0.668 0.73
Cy2/Ce fresh 20.0 57.2 0.645 0.74
+0.8 19.64 56.5 0.613 0.68
+1.0 19.2 53.5 0.606 0.62
—0.4 20.2 53.1 0.760 0.81
—-0.8 20.5 51.7 0.794 0.84
—1 20.4 50.8 0.811 0.84
—1.2 20.5 49.4 0.817 0.83

“The order of poling follows the order in the table.

ethylene base unit whereas in Cy2, they are replaced by
phenyl rings. As a result of this increased conjugation, the
bandgap of Cy1 is reduced with respect to that of Cy2. The
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the dyes are —5.4
and —3.6 eV for Cyl and —5.5 and —3.4 eV for Cy2, as
determined by cyclic voltammetry (see SI1 in the Supporting
Information). Figure 1 shows the current density to voltage
(/—V) characteristics of solar cells using the two dyes under
illumination of 1000 W/m? simulated AM1.5 solar light.
Reasonable efficiencies of around 1 % are obtained for both
devices with the one using Cy1 showing a higher short circuit
current, probably due to the smaller bandgap of the material
(see IPCE spectra, SI2 in the Supporting Information). The
solar cell efficiencies and characteristics (see Table 1) pre-
sented here coincide with previous values reported for
similar devices (22). Devices with higher efficiencies have
been obtained using similar photoactive components (a)
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FIGURE 2. Current density to voltage characteristics of the bilayer

solar cells using Cy1 under different prebias conditions. The order
of poling follows the order in the legend.

when the dyes are partially oxidized (doped) or (b) by
optimizing the electrode materials (20, 23).

The device employing Cy! shows a distinct s-shape
around the open circuit voltage, a feature commonly ob-
served in cyanine dye solar cells (22, 23). This is most likely
due to the relatively deep HOMO levels of the cyanine dyes
compared to the workfunction of PEDOT/PSS which im-
pedes efficient hole extraction. Recent results on similar
devices employing polyaniline anodes show that this undes-
ired behavior can be removed by the use of higher work-
function anodes (20).

In order to investigate the effect of ionic space charge on
the operation of the solar cells, a constant bias was applied
while illuminating the device. This bias is maintained for a
few minutes until the current through the device saturates
and, thus, a steady state regime is obtained (see the Sup-
porting Information). After poling the device for several
minutes, the J—V characteristic is determined. To probe the
effect of the /—V sweep on the ionic distribution within the
device, both an up and a down sweep are recorded.

Figure 2 shows the j—V characteristics of the solar cell
using Cy1 after poling at biases of —1.2 to +1 V. The poling
and, hence, the redistribution of the ions inside the donor
layer has a large effect on the operation of the solar cells.
The application of a positive bias results in a strong decrease
of the V.., whereas the application of a negative bias
increases the V.., however, in this case, the s-shape of the
curve around V.. becomes more pronounced. In Table 1, all
relevant solar cell characteristics before and after poling are
summarized. We note that all measurements are performed
on the same device and that the changes in /—V curves are
fully reversible (an example can be found in the Supporting
Information). Furthermore, the behavior described here is
observed in a large number of devices and is, hence, not
device specific. In order to explain the observed behavior,
we recall the origin of the open circuit voltage of bilayer solar
cells. In general, the open circuit voltage of donor—acceptor
solar cells is determined by the splitting of quasi-Fermi levels
at the donor—acceptor interface and is, thus, primarily
determined by the difference of the LUMO of the acceptor
and the HOMO of the donor (24, 25). For bulk heterojunction
cells, additional requirements exist to reach the theoretical
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Scheme 1.

Simplified Band Diagram Indicating Bending of the Donor Energy Levels after Ion Accumulation

with Implications for the Maximum Open Circuit Voltage and Built-in Voltage®
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“ Left: the fresh device; middle: the device after positive biasing; right: the device after negative biasing. The case of a Cy1/Ce, device is depicted

in which the open circuit voltage exceeds the built-in voltage.

maximum open circuit voltage. For one, the built-in voltage
of the solar cell (governed by the difference in workfunction
of anode and cathode) cannot be smaller than the HOMO—
LUMO offset; as otherwise, this results in a reduced open
circuit voltage (26). For bilayer solar cells, however, the open
circuit voltage can exceed the built-in voltage of the device
(27). For these devices, at voltages slightly above Vy;, a net
photocurrent can still be sustained by the diffusion of
generated charge carriers against the electric field (28, 29).
Since this is obviously an inefficient process, recombination
of charge carriers is greatly enhanced reducing the photo-
current and, hence, resulting in the typical s-shape as
described above. While present due the low workfuction of
the anode compared to the HOMO level of the donor
(acceptor), this s-shape is, thus, not caused by an extraction
barrier at the anode/donor interface itself.

Returning to our devices; the application of a positive bias
results in the accumulation of negative ions at the donor/
anode interface. This results in a decrease of the hole
injection barrier, increasing the device current during for-
ward bias, as is shown in the Supporting Information and is
commonly seen in LECs (3). The decrease of the V. then
appears counterintuitive as the built-in voltage of the device
is actually increased (13, 14, 30—32). To explain this effect,
we have to take into account that, while negative ions are
accumulated at the donor/anode interface, uncompensated
dye cations generate a positive ionic space-charge at the
donor/acceptor interface. This results in an upward band
bending of the donor energy levels effectively reducing the
donor HOMO to the acceptor LUMO level offset, explaining
the decrease in V.. (see Scheme 1). Furthermore, since this
HOMO—-LUMO offset is reduced while at the same time the
built-in voltage is increased, the V. is no longer larger than
Vpi and the typical s-shape of the IV curve has disappeared.

The opposite effect occurs when the device is negatively
biased; now anions accumulate at the donor—acceptor
interface, increasing the HOMO—LUMO offset (and, hence,
the Vo), while at the same time cationic space charge at the
donor/anode results in a decrease of the V,;. Due to this
effect, the s-shape of the IV curve gets more pronounced and
the fill-factor and, consequently, the efficiency of the cell are
reduced. The above-mentioned J—V shape effects around Vo,
are visualized more clearly in Figure 3 by shifting the jJ—V
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FIGURE 3. Current density to voltage characteristics of the bilayer
solar cells using Cyl, compensated for the difference in V,. for

different prebias conditions, visualizing the shape of the JV around
open circuit conditions.

curves in voltage, so the V,.’s coincide. From this represen-
tation, it is clear that after forward biasing the s-shape of the
J—V has disappeared whereas after negative biasing the
larger difference between V,. and V; results in a more
pronounced s-shape. When the negative bias is decreased
to values below 0.4 V, the V. is actually reduced due to the
decrease in photocurrent due to the lower Vy,;

When we now return to the devices using Cy2, we see a
different behavior. Here, the built-in voltage is clearly large
enough to sustain efficient charge extraction up to open
circuit conditions; hole injection is efficient without the need
of ion accumulation (see Supporting Information), and high
fill factors of >50 % are achieved. Upon biasing, we see the
same behavior as in devices using Cyl: a decrease in Vi
upon positive biasing and an increase in V,c upon negative
biasing (see Figure 4). Again, the shape of the IVs are
compared by shifting the /—V curves in voltage so the Vi 's
coincide (see Figure 5). When positively biased, the shape
of the J—V is exactly identical to the fresh device, indicating
that the Vy, for the fresh device is large enough to attain the
maximum possible V.. and a high fill factor. After negative
biasing, small indications of an s-shape are appearing;
however, short circuit currents are not reduced and high fill
factors of >50 % are maintained. Clearly, the performance
of negatively biased devices surpasses the one of the fresh
device, demonstrating that the presence of ions can posi-
tively affect the solar cell performance.
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FIGURE 4. Current density to voltage characteristics of the bilayer
solar cells using Cy2 under different prebias conditions. The order
of poling follows the order in the legend.
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FIGURE 5. Current density to voltage characteristics of the bilayer
solar cells using Cy2, compensated for the difference in V,. for
different prebias conditions visualizing the shape of the JV around
open circuit conditions.

Optimization of organic solar cells is often pursued via
the adjustment of the relative positions of the donor and the
acceptor energy levels by molecular engineering (33, 34).
The offset between the donor and acceptor LUMOs (HOMOs)
provides the driving force for electron (hole) transfer but also
results in a loss of energy. This loss of energy is manifested
in the pristine devices employing the Cy2 dye by the
relatively low open circuit voltage compared to the bandgap
of the absorber. Here, we show that, using the movement
of ions, it is possible to fine-tune the energy offset between
donor and acceptor and increase the performance of the
solar cell. This opens a new and versatile method of device
optimization. The obtained results also clearly show that the
accumulation of ionic space charge at the donor—acceptor
interface does not hinder the generation of charge carriers,
a prerequisite for the use of ionic species in photovoltaics.
Even though the effects of ionic space charge presented here
dissipate within 1 min (see Supporting Information), due to
areordering of the ions, the field of LECs has already shown
that ions can be fixed in a number of ways, allowing for
permanent changes in device performance (30, 31, 35, 36).

CONCLUSIONS
To conclude, we have shown the effects of ionic space

charge on the operation of bilayer donor—acceptor solar
cells. Changes in /—V characteristics can be explained by the
shifting of both built-in voltage and donor—acceptor HOMO—
LUMO offset. Furthermore, it is shown that the accumulation
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of ionic species at the charge generation interface does not
hamper charge generation. In fact, it is shown that a net
efficiency gain can be obtained by the redistribution of ions
through poling the devices. These results allow rationalizing
of future work on mixed electronic ionic systems. When a
system with an ionic donor/nonionic acceptor (or vice versa)
such as presented here is used, the ionic species can be used
to fine-tune donor—acceptor energy level offsets (provided
the built-in voltage is sufficiently large), maximizing open
circuit voltages compared to LUMO—LUMO offsets. On the
other hand, in a system in which both donor and acceptor
support ionic conduction (and, hence, no ionic space charge
is accumulated at the interface), changes in built-in voltage
can be used to reduce restrictions on the used electrodes.

EXPERIMENTAL DETAILS

Prepatterned ITO-covered glass substrates are first cleaned
using soapy water, demineralized water, propanol, and an
UV—ozone treatment. Subsequently, a layer of PEDOT/PSS
(Bayer AG) is spin-coated under ambient conditions onto the
cleaned substrates, and the layer is dried by annealing the
substrate for 30 min at 150 °C.

Cyanine dyes are purchased from Few Chemicals and are
used without further purification. Layers of dye are spincoated
from tetrafluorpropanol (2.5 mg/mL at 1000 rpm), resulting in
layer thicknesses of around 40 nm as determined by profilom-
etry. After spincoating of the dye, the substrates are transferred
to a nitrogen filled glovebox (1 ppm O, and <1 ppm H,0) for
further processing. Here, in a first vacuum evaporator (2 x 107°
mbar), a 40 nm layer of Cg( (Aldrich) and 10 nm of BCP (Aldrich)
is thermally evaporated. The devices are completed by thermal
evaporation of a 5 nm barium/70 nm silver top contact in a
separate vacuum system (2 x 107° mbar).

Solar cells (active area 9 mm?) are illuminated by a white light
halogen lamp in combination with interference filters for the
equivalent quantum efficiency (EQE) and j—V measurement
(MiniSun simulator by ECN The Netherlands) An estimation of
the short-circuit current density (Js.) under standard test condi-
tions was calculated by convolving the EQE spectrum with the
AM1.5G reference spectrum, using the premise of a linear
dependence of Ji. on light intensity. /—V characteristics of the
solar cells are recorded using a Keithley 2400 SourceMeter. All
characterization is performed in a nitrogen filled glovebox (1
ppm O, and <1 ppm H,0).
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