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Imaging the Electric Potential within Organic Solar Cells

Rebecca Saive,* Michael Scherer, Christian Mueller, Dominik Daume, Janusz Schinke,

Michael Kroeger, and Wolfgang Kowalsky

The charge transport in organic solar cells is investigated by surface potential
measurements via scanning Kelvin probe microscopy. Access to the solar
cell’s cross-section is gained by milling holes with a focused ion beam which
enables the direct scan along the charge transport path. In a study of poly(3-
hexylthiophene):1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]C61 (P3HT:PCBM)
bulk heterojunction solar cells, the open circuit voltage is built up at the

top contact. A comparison of the potential distribution within normal and
inverted solar cells under operation exhibits strongly different behaviors,

which can be assigned to a difference in interface properties.

1. Introduction

Organic solar cells (OSCs) have gotten into the spotlight of
scientific and industrial research, as they offer the possibility
of inexpensive electrical power generation in versatile applica-
tions. There have been reports on maximum power conversion
efficiencies of 10.0% for small molecule solar cells!!! and 8.6%
for polymer solar cells.?l The enhancement of solar cell perfor-
mance is a constant interplay between the trial of new materials
and device concepts on one hand and the systematic investiga-
tion of the underlying processes on the other. Many efforts have
been undertaken to understand charge generation and charge
separation in OSCs, for example by optical spectroscopy!®! or
with scanning probe microscopy methods.[¥! Fundamental con-
cepts and timescales of these processes have been studied, but
there are still many open questions especially concerning the
generation of the photovoltage and subsequent charge trans-
port. Charge transport studies in electronic devices have been
performed by assessing the local surface potential with scan-
ning Kelvin probe microscopy (SKPM), as demonstrated by
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several other groups.’”! This method
is based on an atomic force micros-
copy (AFM) setup and thus restricted to
measure at the sample's surface, whereas
the charge transport in solar cells occurs
vertically to the surface. For inorganic
crystalline solar cells and light emitting
devices, this problem was solved by cut-
ting or cleaving the samples and meas-
uring SKPM at the exposed cross-sections.
The obtained results provide valuable
information on the electrical properties
of the devices.B1% In principle, it is also
possible to cleave or cut organic solar cells
and measure SKPM at the cross-section'"!2 but, because of
the softness and non-crystallinity of the materials, these cross-
sections are rough and smeared and it is hard to achieve suffi-
ciently high energy resolution.l'!] Therefore, we have developed
a new method using a focused ion beam (FIB) to mill holes in
solar cells and characterize the bare cross-section in-situ with
SKPM. This method was demonstrated to be superior to above
mentioned ex-situ techniques.'!) Here, we applied this novel
technique to  poly(3-hexylthiophene):1-(3-methoxycarbonyl)
propyl-1-phenyl[6,6]C61 (P3HT:PCBM) bulk heterojunction
(BH]J) solar cells in conventional and inverted device structures
to analyze the origin of the open circuit voltage and to reveal
charge transport barriers.

2. Results and Discussion

2.1. Surface Potential of Unbiased Cross-Section

First, we investigated the cross-section of a conventional BH]
solar cell with both contacts connected to ground potential.
Figure 1a shows a scanning electron microscopy (SEM) image
of the measured cross-section. It shows a bright contrast for the
indium-tin oxide (ITO), a slightly darker contrast for the Al, and
a dark contrast for the organic material. The SEM image was
used to clearly identify the layers in the SKPM image which is
shown in Figure 1b. In this measurement both contacts of the
solar cell were grounded such that without illumination there
was no net current flowing and the Fermi levels were aligned.
Therefore, the signal reflects the local work function whereas
one has to keep in mind that the displayed values are relative
to the work function of the cantilever tip. Figure 1c shows a
profile of the surface potential difference at the cross-section
marked by the arrow in Figure 1b. The work function differ-
ence between ITO and Al is measured to be around 0.5 eV. For
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Figure 1. a) SEM image of the measured cross-section. It shows a bright contrast for the ITO, a slightly darker contrast for the Al and a dark contrast
for the organic material. b) SKPM measurement of the cross-section with both contacts of the solar cell connected to ground. c) Black line: potential
profile at the indicated arrow in (b). Dark gray line: smoothed signal. Bright gray line: derived charge carrier density. d) Depletion zone of the solar cell

depending on the applied bias voltage derived from a C-V measurement.)

the BHJ, we measure a work function which is about 200 meV
higher than that of ITO. From energy level measurements by
photoelectron spectroscopy (XPS and UPS)!3 and from the
measurements of Lee et al. with SKPM on a cleaved BH]J solar
cell cross-section,['?! one would expect the BH]’s work function
to be lower than the ITO’s work function.l>] We performed our
measurements several times on different devices and on cross-
sections prepared by cleaving and microtome cutting!!l with
the same results, so that we can be sure that this effect is not an
artifact of the FIB milling. It might be caused by interface effects
like Fermi level pinning or dipole generation. It is also possible
that the bulk heterojunction in the device forms another Fermi
level than the single materials. With our method, an entire
explanation cannot be given and the behavior should be fur-
ther studied for example by X-ray photoelectron spectroscopy
(XPS) interface studies. However, it can be excluded that the
effect is caused by the poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) layer, as the behavior for
inverted solar cells without PEDOT:PSS is similar (compare
profiles in Section 2.3).

On the same solar cell, we also performed capacitance-
voltage (C-V) measurements with an impedance spectrometer.
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In a classical Schottky or p—n junction diode, the depletion zone
acts as the dielectric of a plate capacitor. As the depletion zone
decreases with increasing forward bias voltage, the capacitance
increases with increasing voltage and becomes the highest
when the applied voltage matches the built-in voltage. The
width d of the depletion zone can be calculated by d = eg,A/C,
where A is the active area of the sample and C the measured
capacitance. The relative permittivity € was approximated to 3.5.
The depletion zone dependence on the applied voltage is shown
in Figure 1d. It becomes minimal at a bias voltage of 0.5 V and
therefore the built-in voltage of the diode can be deduced to be
about 0.5 V. This is consistent with the open circuit voltage of
the solar cell at one sun illumination. Furthermore, the value
corresponds to the measured contact potential difference (CPD)
of Al and ITO, which confirms the theory that this difference
dictates an upper limit for the bulit-in voltage and, hence, the
open circuit voltage.[117]

Furthermore, it is interesting to compare the derived width
of the depletion zone from the macroscopic C—V measurement
with the result from the microscopic SKPM measurement,
as these are entirely complementary methods. From the C-V
measurement we gain a width of 30-40 nm at 0 V bias voltage.
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In the SKPM measurement, the decrease of the surface poten-
tial between the contacts and the BH]J should correspond to the
depletion zone. This signal is smeared compared to the real
potential distribution due to the interaction of the whole canti-
lever with the sample surface which limits the lateral resolution
to 20 nm.[® Therefore the width of 50-70 nm derived from
the slope of the CPD profile in Figure 1c could be expected.
Moreover, it is possible to derive the charge carrier density from
the smoothed potential drop (marked by the dark gray line in
Figure 1c) by the Poisson equation

AD = (r)/eeo 1)

Hereby, we can estimate a carrier concentration of about
10 cm™. The derived spatial charge distribution is shown
by the bright gray line in Figure 1c. From the C-V measure-
ment, the charge carrier density can be derived by the Schottky-
model™ to 10107 ¢cm>. The lower value deduced from the
SKPM data likely arises from the limited lateral resolution, or
from the fact that the Schottky-model overestimates the carrier
concentration in organic semiconductors as it does not include
disorder effects.

2.2. Open-Circuit Voltage

A crucial issue in the understanding of the charge generation
process is the origin of the open-circuit voltage. Therefore, in the
next experiment, we measured the surface potential along a con-
ventional BH] solar cell cross-section with and without illumina-
tion and unplugged the connections towards the OSC electrodes
to create open circuit conditions and so be able to investigate the
region of the open circuit voltage generation. In Figure 2a, the
described experiment is demonstrated. The SKPM signal was
recorded in horizontal scan lines according to the tip movement
along the edge, starting at the bottom of the graph. The sample
conditions were altered during measurement.

Thus, in one image one finds data for several different
sample conditions, for example, in dark or illuminated, or a
change in which device electrode was contacted to ground. For
each sample condition, several line scans were taken and the
switch from one sample condition to another was manually
performed between two line scans.

In region A, one can observe the potential distribution for
the non-illuminated, zero-bias case, which is equivalent to the
driving conditions of the device in Figure 1. If one now turned
on the light, but kept the device in short circuit condition
(region B), the potential distribution would remain unchanged,
as both contacts would be forced to equal potential.

In region C, we unplugged the ITO contact, and one can
observe that the signal at the ITO contact shifted to a higher
value. In region D, we replugged the ITO contact again, which
therefore instantly shifted back to the original value. In region
E, the Al contact was taken off and the signal on this contact
shifted downward. It returned to its original value when we
turned the illumination off (region F). Figure 2b shows profiles
of the CPD in region B and C and Figure 2c shows profiles in
region E and F. Note that the layer thickness of the BH] was
not constant throughout the whole sample area which leads to
slightly different shapes of the potential profiles. Nevertheless,
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one can estimate the shift of the potential on the contacts in
both cases being around 200 mV. As already mentioned above,
it was not possible to illuminate the solar cell at high intensity
during measurement because of heating issues. Therefore a
reduced open circuit voltage of 200 mV could only be built up
as was also confirmed by -V measurements (Figure 3d). To
further investigate the position of the main voltage drop, rela-
tive spectra were calculated. That means, we use the 0 V profile
(which corresponds to the relative work function) as a base line
to which all other profiles are referred by subtraction of the base
line profile. These work function corrected profiles are shown in
Figure 2d,e, respectively. Based on these profiles, we can state
that the drop of the open circuit voltage mainly occurs at the
interface between Al and the BHJ, no matter which contact was
plugged off.

In summary, the results show that our measurement method
offers the possibility to understand macroscopic properties like
the built-in and the open circuit voltage by microscopic studies
of the material interfaces.

2.3. Surface Potential Under Bias Voltage

One of the most important issues in improving solar cells
is the transport and the release of the photo generated charge
carriers. Contacts have to be optimized in such a way that
they hinder the charge transport as little as possible. With our
method, it is possible to directly study the contact interfaces
and to identify barriers for the charge transport. By character-
izing the cross-section at different bias voltages, we can map
the potential distribution under operation. A work function
correction of the data relative to the 0 V base line, as described
above, leads to relative spectra which contain only the effect of
the applied voltage and can therefore indicate transport bar-
riers by high potential drops. Figure 4 shows the results of
such a study. At each applied voltage we measured a scan field
of 2 x 0.75 um? and took a profile in each image at the same
position. In Figure 4a, the profiles of the surface potential in a
conventional BH] solar cell at bias voltages between —2 V and
+1.5 V are shown. Figure 4b shows the profiles for an inverted
BHJ solar cell in the range between —0.5 V and 2 V. For both
cell types, the measurements with bias voltages in backward
direction were unproblematic and we chose to apply up to
2 V backward voltages respectively. In forward direction, we
observed a measurement drift because of Joule heating and
were therefore restricted to measurements up to +1.5 V for con-
ventional and up to —0.5 V for inverted solar cells as the current
in forward direction was higher in the inverted cells (compare
Figure 3c,d). Figure 4c,d illustrate the respective relative poten-
tial distributions.

In Figure 4c, it becomes visible that in the conventional
BHJ solar cell the applied voltage mainly drops at the interface
between each contact and the BH]J approximately to the same
amount and that there is nearly no drop of potential within
the BHJ. However, in the inverted solar cell, the potential drop
occurs exclusively in the BHJ and there is no dip on the contacts
as can be seen in Figure 4c. Note that this effect is highly repro-
ducible and could be observed for many individual solar cells.

This varying behavior can be explained by different con-
ditions at the interfaces caused by two main effects. First,
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Figure 2. a) SKPM image of the OSC cross-section under varying conditions. b) Profiles through regions B and C and c) to the regions E and F.

d,e) Relative potential distributions of (b) and (c).

the injection barriers from the BHJ to the contact materials
can differ for the conventional and the inverted solar cells.
P3HT:PCBM BH]Js are known for the enrichment of one
specie on the top and on the bottom respectively depending
on the substrate properties. This demixture is reminiscent of
the spinodal decomposition of material blends and has been

Adv. Funct. Mater. 2013, 23, 5854-5860
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studied by simulations as well as by experiments.[?2!l Usually
the P3HT enriches at the top of the BH] which is beneficial for
inverted structures.??l This selective segregation depends on
the surface energy of the bottom contact.?3! The surface energy
can be altered by an interfacial dipole layer,**? which in this
case is formed by the polyethylenimine ethoxylated (PEIE).[26-27]
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Additionally, polymers like PEIE are known to lower injection
barriers,**?”] such that an enhanced injection compared to the
conventional OSC is likely. Summarizing, a likely explanation
for the different potential distributions are smaller injection bar-
riers in the inverted than in the conventional OSCs. Figure 3c,d
shows that the current in the inverted cell is higher than in
the conventional cell which is consistent with this explanation.
Note that the J-V curves shown in Figure 3 belong to the very
same solar cells as the data in Figure 4. One might also think
of a second explanation: the observed potential distribution
in conventional BH]J solar cells can be explained by the above
described morphology property, which cannot be spatially
resolved by the SKPM as of its small structure size of a few
nanometers. If there was an enrichment of single species at the
top and at the bottom contact, then a potential drop at the con-
tact would be measured even if the real drop occurs between
the P3HT and the PCBM.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

We will investigate this open question by imaging the mor-
phology with a transmission electron microscope (TEM) and by
performing measurements on bilayer devices.

3. Conclusions

We could show that in situ SKPM measurements on FIB milled
cross-sections of organic solar cells offer the possibility to
directly observe their potential distribution. Thereby, macro-
scopic characteristics of the solar cells were understood by
microscopic measurement results. In a P3HT:PCBM BH]J solar
cell, the open circuit voltage dropped at the top contact. If a
voltage was applied to a conventional BH] OSC, the potential
dropped at the contacts, whereas in an inverted solar cell the
potential dropped along the BHJ. As further steps, we plan
to apply our measurement technique to bilayer P3HT:PCBM

Adv. Funct. Mater. 2013, 23, 5854-5860
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Figure 4. a) Schematic visualization of the sample characterization procedure. A small hole is milled into the solar cell by means of a FIB and afterwards
the exposed cross-section is characterized with scanning probe microscope (SPM) in dark or by illumination via a light-emitting diode (LED). b) SEM
image of a cantilever tip scanning the cross-section of a BH] solar cell. ¢) J-V curve of a conventional BHJ solar cell before and after FIB milling. d) J-V/
curve of an inverted solar under 1 sun illumination, under LED illumination in the measurement setup (LED), under LED illumination in the setup

during SKPM measurements (LED meas.) and in the dark.

solar cells and to correlate the measurements with morphology
investigations by TEM.

4. Experimental Section

BHJ solar cells were fabricated on ITO-coated glass that had been
patterned by photolithography to achieve a defined contact structure.
The substrate size was chosen to be 5 mm x 5 mm as this is the
maximum sample size which can be handled within our analytical setup.
An approximately 25 nm thick PEDOT:PSS buffer layer was spin coated
on top of the ITO electrode. To prepare active layers of P3HT:PCBM
blends, P3HT, and PCBM were dissolved in chlorobenzene in a weight
ratio of 1:1 with a total concentration of 20 mg mL™" for each material.
The solution was spin coated onto the PEDOT:PSS coated substrate at a
speed of 2000 rpm. As the substrate size was rather small, the resulting
layers became inhomogeneous with thicknesses of 2-3 um at the edge
of the substrate and about 200 nm at its center. As top electrode, 6 A
LiF and 100 nm Al were thermally evaporated. For the fabrication of the
inverted solar cells, PEIE?8 was spin coated on top of the patterned ITO
substrate. PEIE served as work-function-lowering agent and ITO became
the bottom cathode in the inverted OPV architecture. The BH] was
deposited as in the case of the non-inverted solar cells. A 10 nm layer
of MoOj3; with 100 nm of Al on top served as the top anode contact. The
samples have been prepared under nitrogen atmosphere. They came into

Adv. Funct. Mater. 2013, 23, 58545860
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contact with ambient air for a few minutes during transport to vacuum.
Possible influences of oxygen doping on the potential distribution have
been investigated by Morris et al.?l Immediately after their preparation,
the solar cells were characterized under illuminated (AM 1.5) conditions.
They exhibit an open-circuit voltage of 0.55 V and a short-circuit current
of about 8 mA cm2 with a maximum fill factor of 70%. The results for
normal and inverted solar cells were similar. For determination of the
local surface potential a combined system of a Carl Zeiss crossbeam
microscope and a DME scanning probe microscope (SPM) was used.
The crossbeam microscope contains a SEM and a FIB which can be
used for imaging as well as for controlled material ablation in the nano-
to micrometer range. 8 m X 8 um holes with a depth of about 2 um
were milled into the solar cells with the FIB at an acceleration voltage
of 30 kV and an ion current of 500 pA. The integrated SPM allowed for
an in situ measurement of the exposed cross-section with AFM and
SKPM, whereas the SEM was used to position the cantilever tip on the
microscopic cross-section. Figure 3a schematically shows the described
process and Figure 3b shows a SEM image of a cantilever tip scanning
the cross-section of a BHJ solar cell.

SKPM is a SPM method that determines the CPD between the tip
of the cantilever and the sample surface.% The CPD is a superposition
of the work function difference and the applied voltage. Without an
applied voltage a material with high work function shows a lower SKPM
signal than a material with lower work function. To gain information
about the bias-induced voltage distribution, the CPD at 0 V bias voltage
(which corresponds to the relative work function) has to be subtracted
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from the signal under bias voltage. We used Pt/Ir coated cantilever tips
and performed one-pass amplitude modulated (AM) SKPM such that
topography and surface potential were measured simultaneously with
a spatial resolution (of the surface potential) of about 20 nm and an
electronic resolution of about 10 mV.B" We excited the tip with a 4 V AC
signal and scanned with a velocity of 0.25 um s™' to provide maximum
resolution in vacuum. To enable the characterization of an operating
device, the solar cell has to be contacted and illuminated within the
microscope. Sample illumination was provided by an inorganic light-
emitting diode (LED), which was fixed on the sample holder beneath
the solar cell. This method led to non-standard (AM 1.5) illumination
of the solar cell. Furthermore, the LED could not be operated at high
power as the heat dissipation in the vacuum system is poor and the
SPM measurement starts drifting or is not possible at all because of
the heating at too large LED power. Figure 3d shows J-V curves of an
inverted solar cell under AM 1.5 illumination (upper black curve), under
illumination with the LED at maximum power (gray curve), under LED
illumination during the measurement (lower black curve) and in the dark
(dashed gray curve). A crucial point of the method is the question to
what extend the solar cell is influenced by FIB milling. A comparison
of current voltage characteristics captured before and after the FIB
treatment (Figure 3c) shows that there is no influence of the FIB in, at
least, the macroscopic characteristics of the solar cell. Nevertheless, as
the milled hole represents only a small fraction of the active area a slight
local variation of conductivity would probably not affect the J-V curves.
Particularly, as we could observe strong doping capabilities of the FIB on
6,13-bis (triisopropylsilylethynyl)-pentacene (TIPS-pentacene),?? we also
investigated the same solar cells with cross-sections prepared by cleaving
and microtome cutting, respectively.' Those samples show qualitatively
very similar behavior which can be judged as confirmation for the FIB
having no significant influence on the presented SKPM results.
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