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ABSTRACT: P3HT (poly(3-hexylthiophene-2,5-diyl)):PCs,BM ([6,6]-phe-
nyl-C61 butyric acid methyl ester) bulk heterojunction solar cells are fabricated
and characterized as a function of solar intensity, temperature, and aging at
vacuum conditions under illumination with AMO illumination for testing
potential use in space applications. The evolution of the inner film morphology
is probed with grazing incidence X-ray scattering techniques and correlated
with the evolution of the efficiency during aging. Grazing incidence wide-angle
X-ray scattering shows almost no change of the crystalline structure of the
P3HT:PCBM films due to aging. In contrast, the morphological evolution on
the mesoscale extracted from grazing incidence small-angle X-ray scattering can
explain the observed decay of the overall efficiency. The behavior at high solar
intensities as well as elevated temperatures suggests that organic solar cells have

high potential for space applications in the future.
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1. INTRODUCTION

Polymer solar cells have been undergoing rapid development
both in academy and in industry during the past years.' '’
Although significant efforts have been put forward on the
improvement of the device performance for the application in a
terrestrial framework, results showing the potential for space
applications are rather scarce.'”'”> In the case of solar
generators for space applications, two factors are dominating
the technology selection process: the power/mass ratio and the
volume of the device.">'* Despite the fact that at the moment
all space solar cells are inorganic-based devices, the advances in
polymer-based solar cells render them promising candidates
because, e.g, polymer-based solar cells are extremely light-
weight as compared with the traditional inorganic solar cells.
Polymers mainly consist of light atoms (H," and C¢'?), which
makes them superior to traditional semiconductors (Si;,** or
Ga;;°Asy;”°) in terms of weight. In addition, due to their
special properties, polymer molecules tend to form less dense
structure compared with traditional semiconductors which
contain densely packed crystalline structures. Thus, the
advantage for space applications is not only a possible low-
cost production of the solar cell itself, but also the extremely
light weight compared to traditional solar cells, allowing them
to be mounted also on flexible lightweight substrates. In turn,
this would mean that the overall solar array power can be
brought into regions which are today not achievable as typical
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mechanical restrictions like moments of inertia or too complex
deployments of panels would no longer be significant.

In this respect, for polymer-based solar cells, power
conversion efficiencies (PCE) of up to 12% have been achieved
recently,"> which is a big step forward for this emerging class of
solar cells to compete with the inorganic devices in space
applications. The prospect of high-throughput module
manufacture of organic photovoltaics by roll-to-roll printing
method could render the cost of modules less than 1 euro/
watts peak.'® However, before the idea of polymer-based solar
cells for space applications can become reality, the novel
devices need to be systematically tested for such purposes.
Testing conditions for terrestrial and space applications will
differ significantly. Solar cells used for space power applications,
like those on communications satellites or for other space
missions, are generally characterized using solar spectrum
AMO.">'”"® AMO stands for air mass zero, which is typically
used as the extraterrestrial solar spectral irradiance distribution,
approximated by the 5800 K blackbody. In comparison, AM1.5
is universal when characterizing terrestrial solar panels. The
main difference between these two spectra is the UV-light
particularly included in the AMO spectrum. In general, UV-light
is potentially harmful for organic molecules and thus can
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enhance the degradation process of an organic solar cell device.
As a consequence, the tolerance of polymer-based solar cells
against strong solar irradiance containing UV-light, potentially
high temperatures, and accumulated light illumination must be
tested systematically. Moreover, if these initial tests are
successful, the influence of high-energy particle radiation on
the solar cells would need to be addressed in a second step.

In the present investigation we focus on the most intensively
researched model system for polymer-based solar cells. The
active layer of the solar cell is based on P3HT (poly(3-
hexylthiophene-2,5-diyl) ):PC;;BM ([6,6]-phenyl-C61 butyric
acid methyl ester) in a bulk heterojunction (BHJ) geome-
try."*~>* As an initial investigation of the potential of such type
of solar cells for possible space applications, we focus on the
influence of different solar intensities, device temperatures, and
the aging effect on the performance of P3HT:PCBM BH] solar
cells. From this investigation, fundamental conclusions
concerning the usage of organic solar cells in future space
solar panels are obtained. The polymer solar cells are
characterized with AMO spectrum, i.e., without the character-
istic absorptions from the Earth’s atmosphere, under different
solar intensities, starting from 0.8 AMO (107.83 mW/cm?) to
3.3 AMO (444.81 mW/cm?), at room temperature. Moreover, a
polymer solar cell is examined in a temperature range from 28
to 80 °C at 1.0 AMO solar intensity. Moreover, the aging
problem is addressed by measuring the device performance at
room temperature as a function of time under 1.0 AMO. The
aging effect is further investigated with the aid of advanced X-
ray scattering techniques in order to understand the
degradation mechanism on a molecular level up to the
mesoscale. The X-ray scattering experiments combine GISAXS
(grazing incidence small-angle X-ray scattering) and GIWAXS
(grazing incidence wide-angle X-ray scattering). GISAXS allows
for probing the buried inner film structure of the active layer on
the mesoscale, which is essential in the BHJ geometry. In
addition, GISAXS is a nondestructive probe which requires no
special sample preparation.”>”>*

The crystal structure of the films, such as the lattice
constants, the orientation of the crystals, as well as crystal size,
are obtained with GIWAXS measurements.” >> The combi-
nation of the results from these X-ray scattering experiments
with the characterization of the solar cells helps to address the
correlation between the morphological evolution of the active
layer and the solar cell efficiency.

2. EXPERIMENTAL SECTION

2.1. Device Preparations. P3HT (poly(3-hexylthiophene-2,5-
diyl)) and PC4,BM ([6,6]-phenyl-C61 butyric acid methyl ester) were
purchased from Rieke Metal Inc. and Nano-C, respectively, and used
as supplied. Each component was dissolved in 1,2-dichlorobenze
separately and then mixed with a ratio of P3HT:PC,BM = 1:0.8
under ambient conditions. The final concentration of the solution was
60 mg/mL.

For the device fabrication, ITO-covered glass substrates were
patterned with an adhesive film and chemically etched to avoid
potential short circuits. The substrates were consecutively cleaned in
alconox solution, ethanol, acetone, and isopropyl alcohol in an
ultrasonic bath for 10 min, respectively. To increase the hydrophilicity
of the ITO surface before spin-coating of the PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)) films, oxygen-plasma
treatment was applied for 10 min. The PEDOT:PSS solution was spin-
coated at 3000 rpm for 60 s, followed by spin-coating P3HT:PC4BM
at 2000 rpm for 30 s. In between, all samples were annealed at 150 °C
in air to remove residual water from the PEDOT:PSS film. As top
contact a 100 nm aluminum layer was thermally evaporated under

vacuum conditions (3.8 X 107> mbar) at a deposition rate of 20 A/s.
Finally, an annealing of the whole device was performed in nitrogen
atmosphere (140 °C for 10 min). For each solar cell the effective
device area was about 0.15 cm? determined by the overlapping area
between the ITO and aluminum contacts. Finally, the as-prepared
polymer solar cells were encapsulated with epoxy and glass. Transport
of the devices to the Airbus Defense and Space laboratory for
photoelectrical characterization occurred the day after preparation. To
fit with the contacting needs of a sun simulator for space cells in the
Airbus Defense and Space laboratory, each electrode was extended via
a copper tape with an one-side conductive adhesive to perform the I—
V characterization.

2.2. Photovoltaic Characterization. All -V curves were
measured with an AMO spectrum, to which the solar cells would be
exposed in an extraterrestrial application. Thus, the high-energy
radiation in the ultraviolet region being typically removed by the
Earth’s atmosphere is still present in the spectrum. For each
measurement one pixel of the solar cell was selected (typically for
the ITO substrate size of 2.2 X 2.2 cm” used in present investigation),
8 pieces of mini solar cells (8 pixels of each solar cell) were fabricated,
and different solar cells were probed for different measurements.

The used sun simulator is a self-developed steady-state three-source
simulator, arranging the AMO spectrum with a Xe high-pressure lamp
and two halogen lamps. Spectral control is guaranteed by three
different types of secondary working standards (InGaP,, GaAs, and
Ge) which are derived from primary standards having been calibrated
by a balloon flight in space. All photoelectrical measurements were
carried out with a four-wire technique in order to get rid of additional
equipment resistances. For voltage and current measurement, a
Keithley 2400 source meter has been used.

Measurements with Different Solar Intensities. First, polymer
solar cells were characterized using different solar intensities. The
measurements covered a range from 0.8 AMO to 3.3 AMO and were
performed at room temperature. By controlling the short-circuit
current of a monocrystalline silicon calibration cell, the different light
intensities were realized by simply adjusting the distance between the
solar cell and the light source of the solar simulator. Due to the small
size of the solar cell, an intensity inhomogeneity can be neglected.

The ITO electrode was connected with two parallel wires with the
plus pinholes and the aluminum electrode with minus pinholes. The
solar intensity was set precisely to 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, and 3.3
AMO. Note that in the present work even the lowest chosen light
intensity 0.8 AMO is equal to a solar intensity of 107.304 mW/cm?,
which is still higher than the commonly used standard AM1.5G solar
spectrum radiance (corresponding to 100 mW/cm?). After these
measurements with different solar intensities, the polymer solar cell
was remeasured under 1 AMO conditions. No efficiency decay was
observed.

Measurements at Different Temperatures. A temperature range
from 28 to 80 °C was selected, and measurements were performed at 1
AMO solar intensity. The solar cell was placed horizontally on a
heatable copper block. For temperature control a thermal sensor has
been mounted next to the solar cell. By increasing the temperature of
the copper block, the I-V curves were recorded as soon as the desired
temperature was reached. I-V curves were measured at 28, 30, 35, 40,
48, 50, SS, 60, 65, 70, 75, and 80 °C.

Time-Dependent |-V Measurements. The time-dependent
evolution of the solar cell performance was probed at room
temperature under 1 AMO at vacuum conditions of 107> mbar. The
vacuum chamber was installed with a special glass window being
transparent to UV-light. I-V curves were recorded every few seconds
over 30 min.

2.3. GISAXS/GIWAXS Measurements. For X-ray scattering
experiments the P3HT: PCyBM solution was spin-coated on acid
pre-cleaned silicon substrates instead of ITO substrates to reduce the
background scattering caused by rough ITO surface.*® As known from
previous work, the characteristic lateral structures within the films are
comparable for both substrates.>®** These samples were exposed to
exactly the same light illumination and temperature conditions as
corresponding solar cells (see description above).
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Grazing Incidence Small-Angle X-ray Scattering. GISAXS
measurements were performed at the synchrotron beamline BW4 of
the DORIS III storage ring located in Hamburg, Germany.>* Each
sample was mounted on the sample holder of the instrument and
aligned individually to the required geometry. An X-ray wavelength of
0.138 nm with a beam size of 23 X 36 ym” (generated by an assembly
of refractive beryllium lenses) was used. All GISAXS measurements
were performed at a shallow incident angle of 0.4°, which was set
above the critical angle of both P3HT and PC4BM. Therefore,
structural information from both surface and inner film structures was
probed. The scattered intensity was recorded with a two-dimensional
(2D) MarCCD detector at a sample—detector distance of 2.11 m. Due
to the applied instrumental settings, the resolution of the measurement
was determined by the sample—detector distance. To avoid beam
damage to the detector, a beam-stop was used to shield the high-
intensity specular peak. In case of high diffuse scattering, a rod-shaped
beam-stop was positioned in the center of the detector, which allowed
for longer counting times and thereby enabled the observation of more
structural details. To analyze the 2D GISAXS data, horizontal line cuts
were performed at the critical angle of P3HT or PCBM. These
horizontal line cuts contain information about lateral structures as well
as spatial structural correlations. Modeling of the intensity distribution
of the horizontal line cuts was done in the framework of the so-called
effective surface approximation within the distorted wave Born
approximation (DWBA). From this modeling, prominent in-plane
structures are detected.>

Grazing Incidence Wide-Angle X-ray Scattering. GIWAXS
measurements were performed at the same beamline with similar
instrumental settings. Compared with the GISAXS geometry, the
sample—detector distance for GIWAXS was decreased to 121 mm to
probe smaller structures related to the crystalline part of the films.
Moreover, the incident angle was set as 0.2° to avoid background from
the substrate.

3. RESULTS AND DISCUSSION

In the present investigation we focus on several parameters
providing information about the usability of P3HT:PC4BM-
based solar cell in space application. Based on the AMO solar
spectrum, we perform a systematic investigation on the
influence of the solar intensity and the effect of elevated
temperatures. Moreover, we look into initial aging of the
polymer solar cells.

3.1. Device Performance at Different Solar Intensities.
Based on the AMO spectrum, the solar intensity was varied
from 107.83 to 444.81 mW/cm? to explore the effect of
illumination with different intensities on the device perform-
ance of the organic photovoltaic devices. Such increase in solar
intensity would happen in space applications which have orbits
closer to the sun than our Earth. So far in literature, polymer
solar cells are routinely investigated with the AM1.5 spectrum
only.sé’37 High solar intensities, such as realized in concentrator
cells’ arrangements, as well are based on the AML.5 spectrum
only.>*™* Due to the differences in the spectrum, it remains
unclear to what extent such investigations can be transferred to
potential space applications.

In Figure 1, an exemplary plot of current—voltage (I—V)
curves as a function of solar intensity under the AMO spectrum
at 28 °C is presented.

At first glance the curves show a clear current increase with
light intensity and an additional voltage increase. For the higher
measured voltages, the change of the steepness with increasing
light intensity indicates that the effect of the cell series
resistance is getting pronounced. In this context it is worth
mentioning that dark I-V curves (not shown here from the
studied cells) fit well to the two-diode model equations. Also by
these fits a notable series resistance has been found to be in

Current (mA)

Voltage (V)

Figure 1. Exemplary plot of current—voltage curves measured with
increasing solar intensity under the AMO spectrum at 28 °C.

order to cause this effect. This is not obvious as the solar cell
grid is not optimized for such high light intensities. As
mentioned in the experimental part, additional resistances due
to contacting issues can play also a role.

The corresponding characteristic photovoltaic device param-
eters from the I—V curves in Figure 1, open-circuit voltage V,,
short-circuit current I, fill factor FF, and efficiency n as a
function of the solar intensity Py, are shown in Figure 2.
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Figure 2. Device characteristics expressed in (a) open-circuit voltage
Vo (b) short-circuit current I, (c) fill factor FF, and (d) efficiency 7,
plotted as a function of solar intensity of the AMO spectrum at 28 °C
(blue dots). After the characterization with different solar intensities,
the cell is remeasured (red square). A fit of the power-law dependence
between I and incoming light Py, is indicated as a black line in

diagram (b).

Despite nonoptimized efficiency, it is very important to first
understand on a more fundamental level the light/efficiency
relationship. V. and I increase with increasing solar intensity
range, whereas FF and 7 decrease. Such general behavior is in
agreement with observations on polymer:fullerene system using
AML.5 spectrum and concentrator setups.”’ ** As a conse-
quence, the change in spectrum illuminating the solar cells does
not change the general trend. In other words, the gradual
increase of V. suggests that V. is not only determined by
internal factors such as work function difference of the donor
and acceptor materials, but also by external factors such as the
solar intensity. The increase in V.. with increasing solar
intensity is also observed in traditional semiconductor solar
cells;** however, the mechanism responsible for this increase in
organic solar cells is still under debate.
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In Figure 2b the short-circuit current as a function of solar
intensity is displayed in a double-logarithmic presentation. The
higher amount of photoinduced charge carriers generated with
increasing light intensity explains this observed I, increase. In
semiconductor cells this increase follows a linear behavior even
up to light concentrations higher than 100 AMIL.5. For the
studied polymer cells, the I increase is found to follow a
power-law dependence I, = Pyy,”, with a = 0.83, which
identifies the type of charge loss mechanism in a typical
P3HT:PCBM BH]J solar cell. In literature generally two types of
charge recombination mechanisms are discussed: monomolec-
ular and bimolecular recombination. Monomolecular recombi-
nation suggests that the free negative and positive charge carrier
recombine on the same molecule, while the situation that the
free charge carriers reside on two different molecules and then
recombine with each other represents the bimolecular
recombination. For pure bimolecular recombination, I . is
supposed to follow a square-root relation with the Py, that is,
a = 0.5. Since we find a different exponent for the power-law,
we concluded that the main charge-carrier losses in our solar
cell under the AMO spectrum are monomolecular recombina-
tions. With respect to the total device efficiency, however, the
gradual decrease of the FF of the polymer solar cells as a
function of increasing solar intensity overtakes the increase of
V. *I.. As a consequence the probed values of 1 drops. As
mentioned in the discussion of Figure 1, the found electrical
behavior of this polymer cells is diode-like. According to the
given argumentation, one possible governing mechanism
responsible for this efficiency drop is related to a nonoptimized
cell grid design, which results in detrimental effects from the
cell series resistance at high light intensities. Based on AMI1.5
spectrum, such behavior was reported by Tromholt et al. for
inverted device architecture (system glass/ITO/ZnO/
P3HT:PCBM/PEDOT:PSS/Ag).*

After these measurements with different solar intensities, the
same polymer solar cell is remeasured under 1 AMO conditions.
The solar cell efficiency stays unchanged within the
experimental error bars as shown in Figure 2d.

In summary, it can be stated for the light spectrum/light
intensity behavior that the studied polymer solar cells are fully
capable to operate under the spectra present in space. It can be
also concluded that polymer solar cells are even functional at
light intensities, which are significantly higher than the ones on
Earth.

3.2. Device Performance at Different Temperatures.
In practical space application, the temperature of the solar cell
cannot be kept constant at room temperature under long-term
solar irradiation, which makes the investigation of the
temperature response of polymer solar cells imperative.

As seen in Figure 3a, V,_ decreases gradually with increasing
temperature when illuminated with the AMO light spectrum.
This behavior agrees with observations using AMI1.S radiation
performed by Park et al,* which reported a linear decrease of
V,. from 0.73 to 0.63 V from 200 K (—=73.15 °C) to 350 K
(76.85 °C). Also based on AMIL.S radiation, Katz et al.
investigated the performance of MDMO-PPV:PCBM polymer
solar cell under increased temperatures from 25 to 60 °C. For
MDMO-PPV:PCBM polymer solar cell, the power conversion
efficiency reached the highest value at a temperature of 50 °C
due to the dual effect of increasing I, and decreasing v,

In our investigation with the AMO spectrum, a similar trend
is found for the P3HT:PCgBM-based solar cell as shown in
Figure 3: I, increases as a function of temperature, while V.
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Figure 3. Device characteristics for P3HT:PC4;BM BH]J solar cells at
constant 1 AMO solar intensity: (a) V,, (b) I (c) FF, and (d) 5
plotted as a function of temperature.

decreases. It is suggested that the observed strong temperature
dependence of I is correlated with the electronic transport
properties of the used materials. In an organic semiconductor
device, the free charge carriers are transported in a typical
hopping type and therefore are thermally activated.**® After
the step of exciton dissociation, charge transport occurs. A
lowered increase of I occurs when the temperature reaches 50
°C, which is suggested to be correlated with the morphology
alternation of the active layer or the glass transition temperature
(Ty) of the polymer P3HT.*~ As the temperature increases,
the mobility of the polymer chains and therefore the mobility of
free charge carriers increase, resulting in a simultaneous
increase of I, as shown in Figure 3b.

Along with the higher current increase than voltage decrease
with temperature, the curve fill factor and the cell efliciency are
increasing as seen in Figure 3c and 3d. Peters et al. hypothesize
that the degradation of the photoactive layer caused by
photochemical reactions in polymer is responsible for the loss
of V. during the initial burn-in stage.49 The increasing trend of
temperature-dependent FF can be explained by the deduced
series Ry and the parallel resistances R, while increasing the
device temperature.>” Nevertheless, details on the temperature
increase of these cell parameters seem to be complex as the
behavior is e.g. not linear.

All in all, the temperature dependent results reveal that the
studied type of solar cell is capable to operate at typical
geostationary orbit temperatures which can be up to 70 °C
high. In contrast to conventional semiconductor space cells, the
efficiency increases with temperature have a beneficial effect for
space applications as in-orbit the solar cells are heated by the
strong illumination.*’

3.3. Aging of Solar Cells at AMO Conditions. So far, we
have focused on the effect of illumination with different solar
intensities and temperature on the device characteristics of
P3HT:PC4BM BH] solar cells at AMO conditions. Although
they show some promising trends for space applications, the
overall limited lifespan of polymer solar cells must be taken into
account. It was reported by Tipnis et al. that modules based on
P3HT:fullerene BH] solar cells have presented approximately 3
years of lifetime.”’ In general, polymer solar cells are
complicated multilayer structures, and degradation can be
caused by degradation of each component or chemical and
physical interaction between layers. Several degradation
mechanisms have been proposed in literature: photo-oxidation

dx.doi.org/10.1021/am504608p | ACS Appl. Mater. Interfaces 2014, 6, 17902—17910



ACS Applied Materials & Interfaces

Research Article

and morphological degradation of the photoactive layer, atomic
displacement, defect states, corrosion, and delamination of the
contacts.*>"*® In the case of the investigated P3HT:PC¢;BM
solar cells, degradation occurs under vacuum conditions as seen
in Figure 4.
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Figure 4. Device characteristics for P3HT:PC4,BM BHJ solar cells
under permanent illumination with 1 AMO at constant temperature of
28 °C: (a) V,, (b) I, (c) FF, and (d) 7 plotted as a function of time.
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resolution

Figure 5. Exemplary horizontal line cuts (black triangles) of the 2D
GISAXS data and the corresponding model-fitted curves (red lines)
measured under permanent illumination with 1.0 AMO at constant
temperature of 28 °C. From bottom to top, the curve corresponds to
the sample under illumination of 1, 300, 600, 900, 1800 s, respectively.
All curves are shifted along the y-axis for the clarity of the presentation.

The values of I, and FF decrease clearly at longer exposure
times whereas V. remains rather constant due to the absence
of oxygen. Therefore, oxidization of the active layer or
aluminum contacts is not the dominant mechanism for
degradation in our study. Typically investigations on
degradation of organic solar cells for terrestrial applications
under solar spectrum AMIL.S have concluded that the presence
of oxygen will oxidize the organic layer and aluminum
electrode, and the localized moisture encroachment causes a
dawdling degradation as well.”*® For space applications the
absence of oxygen will rule out such problems. Recent studies
on the effect of light-induced degradation suggest that an
increased number of traps and p-type doping contribute to the
decrease of I in the first hours of illumination. Peters et al.
reported a similar degradation on the same system as observed
in our study with the potentially harmful UV radiation filtered
out in their study.”® From their results and our previous
investigations on solar cell aging characterized under AM 1.5
spectrum conditions, a decreasing trend of the overall efficiency
as a result of predominantly decreased FF and I is
observed.****® In comparison, the solar cells subjected to
the illumination AMO spectrum in present work exhibit a
similar overall “burn-in” efficiency loss primarily due to the
decrease of FF and V.. Moreover, Tanenbaum et al. reported
the lifetime and long-term stability of encapsulated
P3HT:PCBM devices in the range of 0.5—40 h.%

To further explore the degradation mechanism, GISAXS
measurements have been performed on samples exposed to 1.0
AMO solar radiation for several illumination times. As a
powerful method, GISAXS offers access to excellent statistics of
the inner film morphology such as lateral structure size, size
distribution, and spatial correlations. Information about lateral
structures is extracted by performing horizontal line cuts at the
Yoneda peak position of PCBM on the 2D GISAXS data and
fitting these line cuts (shown in Figure S) with a 1D paracrystal
model within the frame explained in the experimental section.
The resulting fitting parameters are shown in Figure 6. For
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Figure 6. Characteristic structures extracted from modeling the
horizontal line cuts of the 2D GISAXS data measured under
permanent illumination with 1.0 AMO at constant temperature of 28
°C: (a, ¢) form factors (domain size) R, and R, and (b, d) structure
factors (distances) D, and D,.

proper fitting of the GISAXS intensities, two distinct structures
are required. Thus, the main characteristic parameters of the
active layer are two mean object diameters R; and R, and the
corresponding mean distances between two adjacent objects D,
and D,. It is observed that both object populations, small and
large ones, grow in size under illumination. Moreover, the
distances between the large objects grow, whereas the one
between the small objects remain basically unchanged. The
extracted smaller domain size R, is in agreement with the
determined PC4BM cluster size of several nanometers from
the investigation on BHJ P3HT:PCBM solar cells with
GISAXS by Huang et al.*

As for the extracted larger domain size R;, within the length
scale of about 100 nm range, a growing PCBM domain size is
observed with increasing illumination time, and the following
scenario is suggested: The final large PCBM-rich domains
(about 125 nm after 30 min illumination) are formed possibly
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from the initially existing larger PCBM domains (of about 90
nm) or by PCBM molecules existing originally in the
amorphous P3HT polymer matrix as suggested by Chen et
al®" Additionally, it is observed that these increasing PCBM-
rich domains, within the length scale of 100 nm, are effectively
separated further apart (indicated as D,), which can directly
explain the decreased I, due to the reduced amount of interface
between the P3HT and PCBM phases. This observation agrees
with our real-time GISAXS measurement on P3HT:PCBM
solar cell devices illuminated with AM1.5 conditions done by
Schaffer et al.*® Khelifi et al. reported as well that the long-term
degradation is caused by a change in the blend morphology
evident by transmission electron microscopy (TEM) experi-
ments.®? As a result, the alternation of the nanomorphology of
the active layer due to solar irradiation is mainly responsible for
the degradation of the polymer solar cells in our study.

Since for organic photovoltaic devices, a preferred crystal
orientation and a high crystallinity of the active layer are of
great importance, both are probed with GIWAXS. Samples
illuminated with AMO for different times from 0 to 1800 s are
measured with GIWAXS. By performing horizontal and vertical
sector integrals from the 2D GIWAXS data, information about
the crystal orientations, lattice constants, and crystal sizes is
extracted. The probed Bragg peaks are fitted with Gaussian
functions to identify the peak position and full width half
maximum.®*** The corresponding horizontal and vertical
sector integrals are presented in Figure 7. In the horizontal
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Figure 7. (a) Horizontal and (b) vertical sector integrals of 2D
GIWAXS data measured for P3HT:PC¢;BM films illuminated with 1.0
AMO for different illumination times at a constant temperature of 28
°C. From the bottom to the top, the illumination time increases from
0 to 1800 s. Characteristic features in the data are assigned to P3HT
and PCBM as indicated.

sector integrals (see Figure 7a), both P3HT (100) and (010)
Bragg reflections are visible for all probed illumination times.
Moreover, the isotropically distributed PCBM also gives rise to
a scattering signal at a position ¢ ~ 14 nm™". From the vertical
sector integrals, the appearance of higher order (200) and
(300) Bragg peaks as well as more pronounced (100) Bragg

peaks as compared with the horizontal direction illustrate the
prevailing edge-on orientation in P3HT domains.

The numbers from the quantitative analysis of the GIWAXS
data are given in Table 1. The lattice constant of P3HT along

Table 1. Lattice Constants and Crystal Sizes of P3HT
Obtained from Sector Integrals of GIWAXS Measurements

lattice constant (nm) crystal size (nm)

illumination
time (s) (100) v (100) h (010) h (100) v (100) h (010) h
1 1.67 1.67 0.39 134 12.8 6.2
120 1.64 1.64 0.39 11.6 13.7 5.9
300 1.65 1.65 0.39 14.3 15.0 6.1
600 1.67 1.64 0.39 14.6 14.0 -
900 1.66 1.64 0.39 14.0 11.8 4.7
1200 1.65 1.65 0.39 12.8 134 5.6
1500 1.67 1.65 0.39 15.0 8.3 -
1800 1.64 1.65 0.39 12.1 12.6 5.1

the (100) direction is about 1.65 nm for both vertical and
horizontal data, irrespective of illumination duration. Thus,
illumination does not alter the polymer side-chain spacing in
the investigated time range. Additionally, no changes occur to
the polymer 7—7 stacking distance, as a constant value of 0.39
nm is observed along the (010) direction. The crystal size for
P3HT is obtained by applying the Scherrer equation.>%° It
turns out that the crystal size of P3HT for both (100) and
(010) directions also remains rather constant without
significant changes during illumination.

The results of our GIWAXS measurements are consistent
with work by Li and Yang, who investigated illumination-
dependent changes in absorption curves using AM1.5 radiation
and concluded that the degradation phenomenon is not caused
by polymer crystallinity and/or reduced light absorption,®”
although the crystalline nanostructure of P3HT is highly
responsible for the solar cell performance.® Similar observa-
tions were made by Kumar et al. by looking into absorption
peaks arising from P3HT.”

4. CONCLUSION

In the present investigation we probe the performance and
morphological evolution of P3HT:PC4BM BH]J solar cells
under AMO radiation conditions. Whereas terrestrial applica-
tions of polymer solar cells have been primarily investigated
such information for AMI.S radiation under different
atmospheres (including normal conditions), our selection of
testing parameters was inspired by space applications. The key
parameters which describe the function of a polymer solar cell,
that is, V, I, FF, and power conversion eficiency #, exhibit a
strong dependence on solar intensity, temperature, and
illumination time. The observed dependence of solar intensities
is promising, as V. and I are found to increase. Surprisingly,
polymer solar cells still function very well under very harsh UV
intensity of 3 AMO solar spectrum. The identified temperature
dependence is very promising, since device performance
improves with increasing temperature, which rules out the
need for active cooling when it comes to solar panel
applications. Aging of course will be a key issue as in solar
applications an exchange of solar device cannot be easily
realized. In our initial experiments we have only focused on
short-time aging, which is found to already limit device
performance. From the GISAXS investigations it is mainly seen
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that morphological changes occur on the mesoscale. These
changes in domain sizes and distance are causing the decreasing
device performance. As a result, it will become necessary to
better stabilize the active layer morphology before looking with
more detail into the long-term degradation related to
conditions suited for space applications.

To the authors” knowledge, so far there are only a few in-
depth investigations on the possibilities and potential of
polymer solar cells being used in space applications. Our
observations using AMO solar spectrum do well coincide with
the commonly performed work using AMIL.5 radiation.
However, to what extend a generalization based on the probed
P3HT:PC4BM system can be done remains open. Further
investigations regarding the influence of the extremely low
temperature and the high-energy particles in space on the
performance of polymer-based solar cells are undergoing.
Nevertheless, in our opinion our results give clear evidence of a
high potential for the usage of polymer solar cells for space
applications.
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