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Water-Induced Degradation of Polymer Solar
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ABSTRACT Water-induced degradation of polymer photovoltaics based on the active materials poly(3-hexylthiophene) (P3HT) or
poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevinylene] (MEHPPV) was studied. The solar cell devices comprised a bulk
heterojunction formed by the active material and [6,6]-phenyl-Ce;-butyric acid methyl ester (PCBM) in a standard device geometry.
The use of H,'®0 in conjunction with time-of-flight secondary ion mass spectrometry enabled mapping of the parts of the device that
were induced by water. A comparison was made between the two active materials and between devices that were kept in the dark
and devices that had been subjected to illumination under simulated sunlight. Devices that were exposed to ambient humidity were
compared to devices exposed to saturated humidity. Finally, a comparison was made between results obtained using H,'®O and
earlier work involving '80,. Water was found to have behavior similar to but not identical with molecular oxygen.
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INTRODUCTION
he exploitation of polymer materials for converting

sunlight into electricity through polymer solar cells

(1—6) for direct consumption or later usage through
external storage is believed to convey several advantages
such as lightweightedness, flexibility, environmental friend-
liness, a low thermal budget, low cost, and most notably very
fast modes of production by printing techniques. The re-
search has focused on low-band-gap materials (7, 8), mor-
phology control (9—11), and stability (12) in order to achieve
as good performance as possible. The power conversion
efficiency currently reaches ~5% for single junctions (13, 14)
and 6.5% for tandem cells (15). The operational stability has
reached thousands of hours under laboratory conditions
(16—19) and up to a year under outside conditions (20, 21).
Production issues are slowly starting to be addressed, and
the production of very large area plastic solar cell modules
up to 1000 cm? has been reported (22—24). Production
experiments have shown that it is highly feasible with
existing technology to mass produce polymer solar cells at
a very low cost. While the operational stability has been
addressed, an area that has received very little attention is
the mechanisms that cause degradation and thus poor
stability. All polymer solar cell devices are to some extent
unstable and degrade over time. The archetypical polymer
solar cell devices based on poly(p-phenylenevinylene) (PPV)
materials are notoriously unstable under illumination and/
or heating. The polythiophenes are more stable, and the
current state-of-the-art polythiophenes employ morphologi-
cally stable bulk heterojunctions of regioregular poly(3-
hexylthiophene) (P3HT) as the donor material and the
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soluble fullerene material phenyl-Ce;-butyric acid methyl
ester (PCBM) as the acceptor material. Stable device opera-
tion for 1000 h has been documented for this system (17).
Stable operation for more than 10 000 h has been reported
for bilayer heterojunctions between regiorandom poly(3-
carboxydithiophene) (P3CT) and Buckminster fullerene (Ce)
(18). One could argue that there has been a lot of progress
within the areas of processability, efficiency, and stability
and that the most serious obstacle for commercialization is
the lack of a material that possesses a sufficient degree of
all of these vital properties.

In this paper, the stability issue is addressed through
studies of degradation. When organic materials are exposed
to sunlight, they are subject to photochemical reactions, i.e.,
intramolecular, intermolecular, or reactions between the
constituents of the device and the atmosphere (i.e., oxygen
and/or water). Under illumination of organic materials,
degradation is inevitable albeit slower under inert condi-
tions. The materials degrade and, as a consequence, so do
in many instances their physical, electrical, and mechanical
properties. Photovoltaic devices that rely on the delicate
interplay between the electronic structure of the material
and the energy levels in external electrodes connecting the
functional material in the device to the outside world are
highly sensitive to even small degrees of degradation. Light
absorption and charge-carrier transport properties take place
throughout the bulk of the material and at the interfaces. All
the processes that are affected by these reaction products
in the bulk and at the interfaces will thus lead to degradation
of the device performance. The transfers of charges at
electrodes or between domains are interface phenomena
that are sensitive to impurities or degradation phenomena.
The transport of charges in the bulk is also very sensitive to
impurities (25). For an electronic device based on organic
materials that rely on both bulk and interface phenomena,
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FIGURE 1. Molecular structures of the active materials used in this
study. P3HT: regioregular poly(3-hexylthiophene) (donor material).
MEH-PPV: poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylenevi-
nylene] (donor material). PCBM: phenyl-Ce;-butyric acid methyl
ester (acceptor material).

itis clear that degradation constitutes a serious problem, and
must be removed or at least minimized to optimize the
lifetime of the device.

Earlier reports from this laboratory focused on the deg-
radation of polymer solar cells induced by molecular oxygen
(18, 26—33). By exposure of polymer solar cell devices to
dry '80,, it was possible, by use of time-of-flight secondary
ion mass spectrometry (TOF-SIMS) (34), to map the degra-
dation processes induced by molecular oxygen during il-
lumination. In this paper, the study is expanded to degra-
dation induced by water, which is carried out by exposure
of the polymer solar cell devices to H,'80 during illumination
and subsequently analysis of the devices using TOF-SIMS
methodologies. The study involves a comparative study of
water-induced degradation of a bulk heterojunction between
P3HT and PCBM and between poly[2-methoxy-5-(2'-ethyl-
hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and PCBM
(Figure 1). The following comparisons are made: (i) a com-
parison of the two active materials, (ii) a comparison of
devices that were kept in the dark and devices that had been
subjected to illumination under simulated sunlight, (iii) a
comparison of devices that were exposed to ambient hu-
midity and devices that were exposed to saturated humidity,
and (iv) a comparison of the result obtained in this study and
results obtained in earlier work involving 80, (18, 26, 28,
31, 32). Detailed knowledge on the degradation mechanisms
during illumination and/or storing is vital in the search for
finding ways to remove or at least diminish degradation, so
that stability will no longer be an issue and an obstacle for
the commercialization of polymer solar cells.

EXPERIMENTAL METHODS

Photovoltaic Preparation and Characterization. P3HT and
MEH-PPV with weight-average molecular weights (M,,) of 35 600
and 65 600 g mol~! and polydispersities (PD) of 1.9 and 4.1
were prepared according to the methods described in the
literature (35, 36). Solutions were prepared by dissolving P3HT
(25 mg mL™") and PCBM (25 mg mL™!) in xylene and MEH-PPV
(10 mg mL™!) and PCBM (40 mg mL™!) in dichlorobenzene
followed by microfiltration through a 1 um filter. Devices were
prepared by spin coating (2800 rpm) an 1.3 wt % aqueous
PEDOT:PSS solution onto indium/tin oxide (ITO)-covered glass
slides followed by drying at 180 °C for 10 min. The P3HT or
MEH-PPV solutions were subsequently spin-coated (800 rpm)
onto the PEDOT:PSS layer. Thin (~100 nm) aluminum elec-
trodes were hereafter evaporated onto the multilayer structure
ata pressure of 2 x 107° mbar, resulting in the following device
configuration: Al/X:PCBM/PEDOT:PSS/ITO (X = P3HT or MEH-
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FIGURE 2. Schematic drawing of the device configuration (Al/X:
PCBM/PEDOT:PSS/ITO) used for the two active materials (X = P3HT
or MEH-PPV). The active area is ~3 cm?. The illustration is not drawn
to scale.

PPV; Figure 2). The aluminum electrode needs to be thin in
order to facilitate peeling of the electrode from the device and
to reduce the sputtering time in TOF-SIMS experiments, where
depth profiles were obtained by sputtering through the alumi-
num electrode. The electrode thicknesses were measured using
atomic force microscopy (AFM). The final P3HT-based devices
were annealed at 150 °C for 5 min. The active areas of the
devices were ~3 cm?. The device geometry has been described
earlier (37). The system was purged with argon during removal
of the samples for testing. A solar simulator from Steuernagel
Lichttechnik GmBH providing AM1.5G illumination conditions
was employed for all lifetime measurements under simulated
sunlight.

The spectral distribution and quality of the solar simulator
were monitored using an AvaSpec 2048 spectrometer from
Avantes, and a Precision pyranometer from Eppley Laboratories
was used to monitor the total power that was set to the desired
incident power. The electrical measurements were performed
using Keithley 2400 sourcemeters. The photovoltaic perfor-
mance and stability of the illuminated devices were studied by
recording the IV curves at certain times during the experiment.

H,!80 Labeling Studies. The influence of the atmosphere was
established by illumination in a chamber equipped with a quartz
window, allowing for control of the atmosphere as described
in the literature (37). The freshly prepared solar cells were
introduced into the test chamber. H,'80 (90%, 5 mL, ~20
mmol) was then added to the test chamber. The entire system
has a volume of 2.5 L, resulting in a saturated isotopically
labeled atmosphere. Light was subsequently admitted to half
of the devices (the other half were wrapped in aluminum foil),
and the short-circuit current (Isc) was recorded in order to
monitor the device degradation. After 250 h, the devices had
degraded and were removed from the chamber and kept in the
dark while they were transferrred to the TOF-SIMS analysis
chamber. Part of the aluminum electrodes were peeled off by
attaching 3M tape to the aluminum electrode followed by
removal. This neatly adhered to the aluminum and separated
it from the active layer.

Characterization Using TOF-SIMS Methodologies. The TOF-
SIMS analyses were performed using a TOF-SIMS 1V (ION-TOF
GmbH, Minster, Germany). TOF-SIMS mass spectra were ac-
quired using 30 ns pulses of 25 keV Bis* that were bunched to
form ion packets with a nominal temporal extent of <0.9 ns at
a repetition rate of 10 kHz, yielding a target current of 300 fA.
These primary ion conditions were used to scan 100 x 100 um?
areas of the sample surfaces for 30 s corresponding to an ion
dose of 6 x 10'! ions cm™2 (below the static limit). TOF-SIMS
images were acquired with equivalent conditions using a lateral
resolution of ~2 um over 500 x 500 um? areas of the sample
surfaces for 393 s corresponding to a ion dose of 7 x 10'? ions
cm™2 (below the static limit). Depth profiling was performed
using equivalent conditions with respect to the analysis ions
(produced by an analysis gun). For the sputter part of the TOF-
SIMS depth profiling, 1.5 kV Xe™ (sputter ions produced by the
sputter gun) was used, resulting in a target current of 14 nA. A
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Table 1. Experimental Conditions for the Six Solar
Cell Devices That Were Investigated in This Study”

device active relative temperature illumination

no. material humidity (%) (°C) (W m™2)

1 P3HT 90 £ 5 42 £ 2 0

2 P3HT 90 £ 5 42 £ 2 330

3 P3HT 25+5 7242 1000

4 MEH-PPV 90 x5 42+ 2 0

5 MEH-PPV 90+ 5 42 +2 330

6 MEH-PPV 25+5 72+ 2 1000

“The content of molecular oxygen ('°O») in the atmosphere was
~20% during all experiments.

Table 2. Photovoltaic Parameters for Solar Cell
Devices That Were Measured in the Ambient
Atmosphere Prior to the Degradation Experiment
(25 £+ 5% Relative Humidity; 72 £ 2 °C) Using
AM1.5G Illumination (1000 W m~2)*

active Jsc power conversion
material (MA cm™2) V (V) FF efficiency (%)
MEH-PPV 3.9 +£ 0.03 0.83 £ 0.002 0.41 £ 0.01 1.33 £0.02
P3HT 9.7+ 03 0.56=+0.002 0.31 £0.01 1.7+£0.1

“ Average values are shown with corresponding standard devia-
tions.

400 x 400 um? area of the surface was sputtered, and the same
area (400 x 400 um?) was analyzed. In the subsequent treat-
ment of the data, only the central part was used and possible
particles in the material were bypassed in order to exclude
nonrepresentative phenomena in the resulting depth profiles.
Electron bombardment (20 eV) was used to minimize charge
buildup at the surface. Desorbed secondary ions were acceler-
ated to 2 keV, mass analyzed in the flight tube, and postaccel-
erated to 10 keV before detection.

RESULTS AND DISCUSSION
Six solar cell devices were constructed: three with an Al/

P3HT:PCBM/PEDOT:PSS/ITO configuration and three with
an AlI/MEH-PPV:PCBM/PEDOT:PSS/ITO configuration. Four
of the devices were placed in a chamber with a saturated
H,!'80 atmosphere. The remaining two devices were placed
in ambient air. One of each device type (P3HT or MEH-PPV)
in the chamber was wrapped loosely in aluminum foil to
exclude light but not the atmosphere. The temperatures of
the devices in the chamber were similar because of the
forced circulation of the atmosphere through a heat ex-
changer (37). The four devices in the chamber were then
exposed to AM1.5G illumination (330 W m™2). However,
because one of each device type was wrapped in aluminum
foil in the chamber, only one of each device type was
actually illuminated. The two devices in ambient air were
also exposed to AM1.5G illumination (1000 W m~2). Table
1 shows what conditions each device was exposed to during
the experiment. The degradation of the photovoltaic re-
sponse was monitored as I during illumination, and nor-
malized decay parameters were extracted using a fitting
procedure for all illuminated cells.

IV Characteristics and Degradation. Table 2 pre-
sents the key photovoltaic parameters for solar cell devices
that where tested in the ambient atmosphere 25 &+ 5%
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FIGURE 3. IV curves for solar cell devices that where tested in the
ambient atmosphere (25 £ 5% relative humidity; 72 &+ 2 °C) using
AM1.5G illumination (1000 W m™2). Filled squares and crosses
correspond to the P3HT:PCBM devices. Filled circles and triangles
correspond to the MEH-PPV:PCBM devices.
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FIGURE 4. Short-circuit current—density decay curves for the MEH-
PPV (A) and P3HT (B) devices.

relative humidity; 72 4+ 2 °C) using AM1.5G illumination
(1000 W m~2), and Figure 3 shows the corresponding IV
curves measured immediately after device fabrication and
prior to stability measurements. Figure 4 shows the short-
circuit current—density decay curves for devices measured
under different conditions (nos. 2, 3, 5, and 6 in Table 1).
The curves in Figure 4 clearly demonstrate a significant
impact of humidity on the stability of the solar cells. Devices
exposed to ~90% relative humidity and ~42 °C showed
significantly faster decay compared to the solar cells exposed
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Atmosphere/Al interface
v 1) AIX:PCBM interface
X:PCBM Iy~ X:PCBM/PEDOT:PSS interface

TS IV) PEDOT:PSS/ITO interface

FIGURE 5. Schematic drawing of a cross-section of a polymer solar
cell with the configuration Al/X:PCBM/PEDOT:PSS/ITO showing all
the relevant interfaces. X is P3HT or MEH-PPV. The device is not
drawn to scale.

to ~25% relative humidity and ~72 °C in spite of the fact
that the samples at ambient humidity were subject to a
temperature that is ~30 °C higher and subject to a factor of
3 stronger luminous intensity compared to the conditions
of the solar cells in the chamber with ~90 % relative humid-
ity. The photovoltaic parameter that changed most was the
short-circuit current (see the Supporting Information).

Characterization Using TOF-SIMS Methodo-
logies. A polymer solar cell is a multilayer thin film and thus
a complex object to analyze. The thin nature (<500 nm) of
the device (not considering the substrate) makes it possible
to use TOF-SIMS depth profiling to analyze the in-depth (i.e.,
vertical) and in-plane (i.e., lateral) distribution of chemistry
in the device; i.e., three-dimensional information is obtained.
However, there are certain problematic phenomena associ-
ated with the depth-profiling process that make it wise to
consider an additional approach. During the depth-profiling
analysis, the surface is bombarded with positively charged
sputter ions of such high flux that the charge buildup cannot
be adequately compensated for. The consequence is a
dramatically reduced sensitivity. Furthermore, the sputter-
ion bombardment degrades most of the molecular informa-
tion, leaving only fragment ions to be analyzed. For ex-
ample, Cqo (or PCBM) will only be detected as a series of
CmH,* ions when sputtering is involved but will additionally
produce molecular ions (Ce*) when only primary analysis
ions are used. Finally, the sputter process causes interlayer
mixing, which becomes increasingly worse for longer sputter
times. Interlayer mixing makes it difficult (but not impos-
sible) to analyze the interfaces in the multilayer film using
depth profiling.

The interfaces in a polymer solar cell could be analyzed
using nondestructive techniques such as spectroscopic el-
lipsometry or X-ray reflectivity (38). However, these provide
structural information, and this study focuses primarily on
chemical degradation, i.e., water-induced degradation of
polymer solar cells, so chemical characterization is preferred
such as TOF-SIMS or alternatively X-ray photoelectron spec-
troscopy. The best additional alternative to analyze the
interior of a polymer solar cell with respect to chemistry is
thus to systematically remove each layer in the device and
analyze the exposed interfaces (II-1V in Figure 5). Only the
four polymer solar cell devices that where exposed to
isotopically labelled ~90 % relative humidity (nos. 1, 2, 4,
and 5 in Table 1) were studied using TOF-SIMS methodolo-
gies. The solar cell devices were disassembled on only part
of the active area, leaving space for depth-profiling analysis
through the entire device. The aluminum electrode layer was
removed by applying adhesive tape and peeling it off, thus
exposing the Al/X:PCBM interface (Il in Figure 5) and en-
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abling surface analysis. The X:PCBM layer was removed by
gently swabbing a cotton stick soaked in chloroform multiple
times across the surface, consequently exposing the X:PCBM/
PEDOT:PSS interface (Ill in Figure 5). The PEDOT:PSS/ITO
interface (IV in Figure 5) was exposed in the same way but
using a cotton stick soaked in water instead.

All of the interfaces on the four devices were subjected
to TOF-SIMS imaging, and a TOF-SIMS depth profile was
performed through each device starting from the outer
aluminum surface (I in Figure 5) and ending in the glass
substrate. The combined results are presented and discussed
in the following.

Figure 6 shows depth profiles of the four devices in
question starting from the outer aluminum electrode surface
(I'in Figure 5) and ending somewhere in the active material.
It took ~13 h under the given conditions to sputter through
the entire device, ending in the glass substrate. However,
only the first 1.4 h is informative, so only this part of the
depth profiles is shown. Three types of profiles are shown:
one for the AlO,™ intensity (marker for the aluminum
electrode, or rather the aluminum oxide part of the alumi-
num electrode), one for the C4~ intensity (shared marker for
each of the components in the active material X:PCBM), and
finally the '80/'°O ratio. The AlO,™ profiles (Figure 6a—d)
inform us (not surprisingly) that there is a layer of aluminum
oxide on each side of the aluminum electrode. In addition,
a logarithmic AlO,™ intensity scale (Figure 6b) reveals that
aluminum oxide is present all the way through the aluminum
electrode.

C4~ is a shared marker for PCBM,P3HT, and MEH-PPV
and is observed (as expected) to increase at the Al/X:PCBM
interface. The C4~ profiles have a maximum in the alumi-
num oxide region. This is due to a matrix effect caused by
the vicinity of the oxide. The AlO,™ and C4~ profiles are
consistent with previous experiments on a similar system
using '80; instead of H,'80 (18, 26, 28).

Figure 7 represents an example of how nonideal condi-
tions can be used to extract pseudo depth profiles from a
TOF-SIMS ion image. When the sputter-ion beam is rastered
over an area, the outcome should ideally be a perfectly box-
shaped hole. Instead, the hole is rounded off at the edges,
and if the sputtering continues on for a long time, the effect
becomes so pronounced that it becomes possible to detect
the individual layers in the multilayer device from a subse-
quent TOF-SIMS imaging analysis over an area that extends
the sputter hole. Line profiles can then be extracted from
the ion image, e.g., at the dashed white line in Figure 7a,
which should qualitatively represent pseudo depth profiles.
The depth resolution is, however, even worse than the one
obtained from the traditional depth profiling, so this alterna-
tive approach has limited applicability. An obvious advan-
tage, however, is an increased sensitivity due to the absence
of the parallel sputter process that is a natural part of the
depth-profiling procedure. The sputter process incorporates
positively charged sputter ions in the surface (i.e., charge
buildup) that significantly decreases the signal intensity and
thus decreases the sensitivity. After the sputter process and
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FIGURE 6. TOE-SIMS depth profiles for the devices that were exposed to ~90% relative humidity (nos. 1, 2, 4, and 5 in Table 1). The figures
display '80/'¢0 ratios and normalized intensities for selected mass spectral markers as a function of the sputter time. AlO,™ is a marker for
the aluminum electrode, and C,;~ is a marker for the active material X:PCBM (X is P3HT or MEH-PPV). The inset in part B shows the AlO,~

profile using a logarithmic intensity scale.
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FIGURE 7. (A) TOF-SIMS ion image (500 x 500 um?) covering an entire sputter hole (~400 x 400 um?) after a depth-profiling analysis (Figure
66) of a device with the configuration AlI/P3HT:PCBM/PEDOT:PSS/ITO. C,4~ is a marker for P3HT:PCBM, SO5~ is a marker for PEDOT:PSS, and
180~ is a marker for '80 incorporation or for natural '80. (B) Line profiles acquired from the dashed white line in the jon image. SiO5™ is a
marker for the glass substrate, InO,~ is a marker for ITO, and AlO~ is a marker for the aluminum electrode. The color black in part A is not

representative of a particular species; it simply means no intensity.

prior to the imaging analysis, this charge buildup will have
had plenty of time to be neutralized.

The '80/'°0 ratio profiles provide information on the in-
depth incorporation of H,'80. The natural '80/'°0O ratio is
0.2 %, so if the measured ratio is higher than this value, it
must mean that incorporation of water (H»'80) occurred
during and only during the experiment; i.e., incorporation
of H,'%0 during fabrication and handling is ignored. The
marker '80OH ~ cannot be used because of a mass spectral
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peak overlap with the intense F~ peak that is always present
(contamination). The TOF-SIMS analysis takes place in an
ultrahigh vacuum chamber (107! mbar without a sample
and 1078=107? mbar with a sample) so no nonreacted water
is present during the analysis; i.e., it is the fixated (reacted)
water that is detected.

It is evident from Figure 6a—d that H,'80 has been
incorporated extensively in the aluminum oxide; i.e., some
of the '°0O atoms have been replaced with '80 atoms on the

Norrman et al. www.acsami.org



Downloaded by 194.44.31.30 on November 3, 2009 | http://pubs.acs.org
Publication Date (Web): November 24, 2008 | doi: 10.1021/am800039w

outer aluminum electrode as well as in the aluminum oxide
at the Al/X:PCBM interface. This phenomenon was also
observed on a similar system using 1 atm of N»/'®0, (80:
20) for approximately the same period of time (25). How-
ever, the only significant difference is the extent of incor-
poration; in the previous experiment, the detected '#0/!°0
ratio did not exceed ~5% (compared to ~60% in this
experiment), which suggests that water is incorporated more
efficiently in aluminum oxide compared to molecular oxy-
gen and/or reacts more readily with metallic aluminum. At
this point, it can be concluded that water under the given
conditions penetrates the aluminum electrode during il-
lumination as well as in darkness. Incorporation of '80 into
the bulk of the aluminum oxide has presumably no effect
on the photovoltaic properties assuming that it is purely a
substitutional phenomenon. However, if the oxygen con-
centration increased in the bulk of the aluminum electrode
during the experiment, then the barrier would have in-
creased, which would have affected the photovoltaic proper-
ties. No effort was made to clarify whether molecular oxygen
(not isotopically labelled) was added to the aluminum elec-
trode during the experiment. It is far more interesting to
learn whether H,'80 incorporates into the active materials
(X:PCBM) at the Al/X:PCBM interface and to see how far into
the device H,'®0 is incorporated.

The right sides of the '80/'°0 ratio profiles at the Al/X:
PCBM interface in Figure 6a—d are rather informative. After
~0.7 h of sputtering (i.e., past the AlO,~ profile), incorpora-
tion presumably occurs in the X:PCBM material. If the 80/
160 ratio profile in Figure 6a is compared with the one in
Figure 6b, a distinct difference is observed. The H,'80
incorporation is clearly more pronounced in MEH-PPV:PCBM
for the illuminated device compared to the one that was
stored in darkness; i.e., illumination increases the water-
induced degradation. This was the same conclusion made
in the previous experiments using 80, (26). For both P3HT
devices, the '80/!'°O ratio profiles are almost nonexistent
after ~0.7 h of sputtering because of a significantly high
signal-to-noise ratio caused by and an extremely low inten-
sity of '807. It is now possible to conclude that H,'80
degrades MEH-PPV:PCBM in darkness and during illumina-
tion in particular. Care should be taken when comparing 0/
160 ratios between devices with different configurations.
One should consider the “natural” '°O content of the materi-
als. For example, P3HT contains no oxygen but MEH-PPV
contains two oxygens per monomer unit (Figure 1). How-
ever, in this case, the '°O contribution will only have
dampened the effect observed for MEH-PPV in Figure 6a,b;
i.e., the conclusions are still valid.

In summary, from the depth-profiling analysis, it was
possible to extract information that shows that water diffuses
into the device through the aluminum electrode regardless
of whether it is illuminated or not. The depth profiles suggest
that water is incorporated more efficiently in aluminum
oxide compared to molecular oxygen. Water incorporation
is observed to be more pronounced in the MEH-PPV:PCBM
layer for the illuminated device compared to the one that
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Table 3. TOF-SIMS '80/'°0 Ratios (in %) Measured
on the Outer Aluminum Electrode and in Each of
the Interfaces for Polymer Solar Cells with the
Configuration Al/X:PCBM/PEDOT:PSS/ITO (X = P3HT
or MEH-PPV)®

condition  position analyzed" X = P3HT® (%) X = MEH-PPV‘ (%)

VOL. 1 e NO. 1 » 102-112 2009

darkness [ 26.4+ 0.6 262+ 2.6
illuminated [ 27.4+0.3 241+ 1.2
darkness I 39+0.3 11.1+03
illuminated 1 5.6 £0.9 24.0+£0.8
darkness 11 234+05 4.0+0.1
illuminated 111 3.6+0.3 3.6 +0.2
darkness \% 41+£04 43+ 0.1
illuminated I\ 3.5+0.1 454+0.3

“Each '80/'°O ratio is an average of five measurements on
different surface locations. ” The positions refer to Figure 5. ©X
refers to Figure 2 or 5.

was stored in darkness; i.e., illumination increases the water-
induced degradation, consistent with earlier observations
using '80; (26).

On the basis of the signal-to-noise ratios observed in
Figure 6a—d at 1.3 h of sputtering, it is tempting to conclude
that H,'80 incorporation does no exude much further into
the device. This is, however, far from the truth; the noisy
180/'60 ratio profiles are a consequence of the poor sensitiv-
ity caused by the sputter process. TOF-SIMS mass spectra
were thus acquired on the outer aluminum electrode surface
(I in Figure 5) and in each of the exposed interfaces (1I-1V
in Figure 5) in order to ascertain how far into the device
H,'80 incorporation occurs under the given circumstances.
Table 3 lists the '80/'°0 ratios extracted from the TOF-SIMS
mass spectra. The values from the outer aluminum electrode
(I in Figure 5) should, in principle, be the same but are
observed to differ slightly. The errors indicated are standard
deviations based on five measurements on different surface
locations. However, these are not necessarily representative
for the possible sample-to-sample variation. Furthermore,
the values in Table 3 for the outer aluminum electrode
should not be compared with the values indicated in the '80/
160 ratio profiles in Figure 6. There are no zero values in the
profiles because the depth-profiling process (unfortunately)
begins with the sputter step instead of the analysis step.

When the '80/'°0 ratios between the P3HT and MEH-PPV
devices in the AlI/X:PCBM interface (Il in Figure 5) are
compared, there are convincing differences. H,'80 reacts
much more efficiently with MEH-PPV:PCBM compared to
P3HT:PCBM. If the corresponding ratios for the illuminated
devices are compared with the ones stored in darkness, it
becomes clear that illumination enhances the H,'80 degra-
dation. These observations are consistent with the conclu-
sions made from Figure 6. It is now possible to set up a
relative order of water stability for the four devices (or donor/
acceptor materials) in question: P3HT:PCBM (darkness) >
P3HT:PCBM (illuminated) > MEH-PPV:PCBM (darkness) >
MEH-PPV:PCBM (illuminated).

At the X:PCBM/PEDOT:PSS interface (Il in Figure 5),
there are (as expected) no significant differences except for
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a discrepancy between the two devices stored in darkness.
The values differ significantly (2.3 £ 0.5 versus 4.0 £ 0.1).
A possible explanation could be due to insufficient removal
of MEH-PPV:PCBM at the interface.

At the PEDOT:PSS/ITO interface (IV in Figure 5), H,'80
incorporation is evident; i.e.; H»'80 has in all cases pen-
etrated through the entire device to the ITO layer. There are
no significant differences in '80/'°0O ratios between the
devices, which suggests either that diffusion through the
X:PCBM layer is the same and/or that an equilibrium has had
time to be established during the experiment. In a previous
experiment (18) using '80,, incorporation was also observed
in the ITO, however, with a factor of 10 lower efficiency.
Water is apparently more efficiently incorporated into ITO
compared to molecular oxygen. The same conclusion was
made earlier in this paper for aluminum oxide. A similar
experiment (31, 32) was previously performed on a hybrid
solar cell with the configuration Ag/IMEH-PPV/Nb,Os/ITO,
where it was shown that '80 (from '80,) only incorporates
into the outer monolayer of oxygen in Nb,Os. It was,
furthermore, shown that in the absence of oxygen in the
atmosphere the oxygen is depleted at the MEH-PPV/Nb,O5
interface (i.e., the outer oxygen monolayer on the Nb,Os
surface), causing the photovoltaic properties to degrade until
oxygen was added to the atmosphere, whereafter the outer
oxide layer was reestablished at the Nb,Os surface and the
photovoltaic properties were reviewed.

In summary, by comparison of mass spectra from all
interfaces of the four devices, it was possible to conclude
that water diffuses through all layers in the device all the way
to the counter electrode (ITO) and that water reacts much
more efficiently with MEH-PPV:PCBM compared to P3HT:
PCBM. Previous conclusions on the fact that illumination
accelerates water-induced degradation are supported by the
mass spectral data from the interfaces. The mass spectral
investigation of the interfaces enabled a relative order of
water stability to be set up for the four devices (or donor/
acceptor materials) in question: P3BHT:PCBM (darkness) >
P3HT:PCBM (illuminated) > MEH-PPV:PCBM (darkness) >
MEH-PPV:PCBM (illuminated).

In order to juxtapose our findings with previous work
(18, 26), we examined data for isotopic labeling studies at
the Al/Cqp interface using 'O, under both light and dark
conditions. One point of reservation is that the two experi-
ments (18, 26) had a different underlying geometry while
the Al/Ce interface and the conditions of labeling 80, were
similar to this work. Figure 8 shows TOF-SIMS '80/!6Q ratio
images from this previous work (18, 26). The image in Figure
8a was acquired from an Al/Ceg interface in a device with
the configuration Al/Ceo/P3CT/ITO after having been stored
in darkness for 800 h in a N»/'80, (80:20) atmosphere after
degradation in vacuum. The image in Figure 8b was also
acquired from an Al/Ce interface that was part of a device
with the configuration Al/Ceo/C;,—PSV/PEDOT:PSS/ITO after
having been illuminated for 45 h in a Ny/'80; (80:20)
atmosphere. The circularly oriented incorporation in the
lateral plane was shown to be a consequence of microscopic
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180/160 (%) = 5.7 +1.6

FIGURE 8. TOF-SIMS '80/!°0 ratio images (500 x 500 um?) of two
different devices: (A) Al/Cq interface in a device with the configu-
ration Al/Ceo/P3CT/ITO [P3CT corresponds to poly(3-carboxy-
dithiophene)]; (B) Al/C¢o interface in a device with the configuration

Al/Cg0/C12,—PSPV/PEDOT:PSS/ITO [Ci>—PSV  corresponds to
polydidodecylstilbenylenevinylene]. The ratio scale is normalized
such that black is zero ratio, gray is some ratio, and white is
maximum ratio.

holes in the aluminum electrode. '80, diffuses vertically
through the holes and expands in all lateral directions,
reacting with Ceo, whereafter '80 becomes fixated in deg-
radation products. One should bear in mind that the experi-
mental conditions were different (different exposure times,
darkness and illumination, and different thicknesses of the
aluminum electrode); however, it is still valid to compare the
qualitative differences. The spots in Figure 8b are smaller
and more intense than the large blurry spots in Figure 8a.
The small intense spots suggest that molecular oxygen reacts
faster when illuminated. In other words, molecular oxygen
reacts in close vicinity to the holes in the lateral plane. In
contrast, the device stored in darkness reacts relatively
slower and has time to diffuse further in the lateral plane,
resulting in bigger but more blurred circular spots. The
circular spots were also found in the C;,—PSV/PEDOT:PSS
interface for the Al/Cgo/C;,—PSV/PEDOT:PSS/ITO device but
were not found in the Cgo/P3CT interface for the Al/Cgo/P3CT/
ITO device (P3CT was shown to be practically inert toward
180,). However, homogeneous 180 incorporation was ob-
served in the ITO surface for both devices, which led to the
conclusion that it cannot be ruled out that there is a
contribution from the diffusion of 80, through the grains
in the aluminum electrode.

Figure 8 distinguishes incorporation of '#0 under dark-
light conditions for the Al/Ceo interface using molecular
oxygen ('80,) as the source of isotopically labelled oxygen.
In contrast, Figure 9 presents TOF-SIMS '80/!°0 ratio images
acquired for the four different experiments carried out here
with water (H»'80) as the source of isotopically labelled
oxygen. The device configuration in this study was Al/X:
PCBM/PEDOT:PSS/ITO. The images are obtained in the Al/
X:PCBM interface (Il in Figure 5). As is evident from all four
images, no circular spots are observed except for some slight
inhomogeneities. The tiny white dots in Figure 9a,b are
mostly normalized noise. These observations suggest that
H,'80 diffuses efficiently/rapidly through the aluminum
grains in the aluminum electrode, causing homogeneous
incorporation/degradation. In this case, all electrodes have
the same thickness (100 nm). The corresponding images for
the remaining interfaces have also practically homogeneous
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FIGURE 9. TOF-SIMS '80/1°0 ratio images (500 x 500 um?) in the Al/X:PCBM interface (Il in Figure 5) of the four devices with the configuration
Al/X:PCBM/PEDOT:PSS/ITO. X is P3HT or MEH-PPV. The ratio scale is normalized such that black is zero ratio, gray is some ratio, and white

is maximum ratio.

X = P3HT

llluminated

Darkness

X = MEH-PPV
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FIGURE 10. TOF-SIMS ion images (500 x 500 um?) in the Al/X:PCBM interface (Il in Figure 5) of the four devices with the configuration Al/
X:PCBM/PEDOT:PSS/ITO. X is P3HT or MEH-PPV. Cs4~ is a marker for degraded PCBM. The intensity scale is normalized such that black is zero

intensity, gray is some intensity, and white is maximum intensity.

180/160 ratio distributions (not shown). Compared to mo-
lecular oxygen, water seems to behave differently with
respect to diffusion through the aluminum electrode. How-
ever, it could be argued that water could have diffused into
the device from the side instead of through the aluminum
electrode. This is unlikely because of the extreme ratio
between the thicknesses of the various layers (~100 nm) and
the width and length of the device (centimeters). The diffu-
sion from the edges is thus expected to be extremely slow
(even when the exposure time of 250 h is considered)
compared to diffusion through the aluminum electrode.

In summary, the results from an imaging analysis of all
interfaces for all four devices suggest that water diffuses
efficiently/rapidly through the aluminum electrode between
the aluminum grains, causing homogeneous incorporation/
degradation in all interfaces. This is a behavior opposite to
that of molecular oxygen, which has been shown to at least
mainly diffuse through the microscopic pinholes in the
aluminum electrode, causing circularly oriented incorpora-
tion/degradation, i.e., inhomogeneous incorporation/degra-
dation.

The molecular ion of PCBM (Figure 1) is not sufficiently
stable during ionization under the analysis conditions in
question; however, the fragment Ceo~ is (or Ceo™ for posi-
tively charged secondary ions), so Ceo~ is used as a specific
marker for PCBM. If a freshly prepared Al/X:PCBM interface
(Il in Figure 5) is analyzed, then only Ceo™ is detected in the
high mass region (not shown). The mass spectra for the
corresponding interfaces for the exposed (light + heat +
H,'80 or heat + H,'80) devices include peaks corresponding
to degraded Ceo; i.€., the Ceo part of PCBM shows signs of
degradation after exposure. These mass spectral peaks
correspond mainly to Ceo—2,~ (n = 1—4); i.e., no oxygen-
containing ions are detected. The in-plane distribution of one
of these fragment ions (Cs47) is shown in Figure 10 for the
Al/X:PCBM interface for each of the four devices in question.
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Parts a—c of Figure 10 show fairly homogeneous distribu-
tions, but Figure 10d shows a pronounced inhomogeneous
Cs4~ distribution of the same pattern type like the ones
shown in Figure 8 for the '80/!'°0 ratio distribution. The Cgo~
distribution corresponding to Figure 10d is complementary
to the Cs4~ distribution (not shown). From Figure 9, it is fairly
certain that H,'80 diffuses through the aluminum electrode
in a homogeneous manner, i.e., between the aluminum
grains. The Cs4~ distribution in Figure 10d thus suggests that
itis the combination of light and molecular oxygen (ambient
160,) that is accelerating the C¢o degradation. The devices
used in this work were exposed to ambient air during
fabrication and during transportation to and from equip-
ment. At least molecular oxygen seems to be involved in the
degradation mechanism regarding the Ceo part of PCBM.
The Al/X:PCBM interfaces (Il in Figure 5) were additionally
analyzed with respect to positive secondary ions. The dis-
tribution patterns for Na™ revealed an interesting phenom-
enon. The P3HT devices have more or less homogeneous
distribution patterns, but the MEH-PPV devices have not. In
Figure 11c, the sodium is distributed everywhere with an
elevated intensity at circular-shaped spots (potassium is
concentrated at the dark circular spots). In Figure 11d, the
Na* intensity is even more elevated in the circular spot
areas. In addition, the sodium seems to have vanished from
the center of the circular spots, leaving rings of sodium.
MEH-PPV is probably more hydrophilic after degradation/
oxygenation, which would increase the affinity toward Na™
and possibly induce migration of Na™ into the degraded parts
of the device. It was not possible to find an explanation as
to why Nat is not present in the center parts of the degraded
areas that were presumably degraded by molecular oxygen.
There are two possible sodium sources. (i) The obvious one
is that it was leftover from the synthesis (i.e., of PCBM, P3HT,
or MEH-PPV) because of insufficient purification. (ii) The
other source is the PEDOT:PSS layer. PEDOT:PSS typically
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FIGURE 11. TOF-SIMS ion images (500 x 500 um?) in the Al/X:PCBM interface (II in Figure 5) of the four devices with the configuration Al/
X:PCBM/PEDOT:PSS/ITO. X is P3HT or MEH-PPV. The intensity scale is normalized such that black is zero intensity, gray is some intensity,

and white is maximum intensity.

contains a few hundred parts per million of sodium that
could have segregated through the active layer to the Al/X:
PCBM interface. PEDOT:PSS contains a small excess of PSS
that could have acted as a counterion and thus migrated
together with Na™. However, PSS was not detected in the
interface, which would otherwise have supported the theory
that sodium originates from the PEDOT:PSS layer. It is not
known what the presence of (or migration of) Na™ has on
the photovoltaic properties. The sodium phenomenon is a
good example of the fact that an overwhelming amount of
(desired and undesired) processes take place during opera-
tion of a polymer solar cell. It is impossible to guess how
many undesired processes that are still not discovered.
Particle formation in polymer solar cell devices is an area
that has received almost no attention. It is thus unknown to
what extent particles affect the photovoltaic properties. In
previous work from this laboratory, an attempt was made
to identify the mechanism for particle formation in an
incomplete device (28). The molecular identity of the par-
ticles is the key to understanding how the particles are
formed. However, to establish the identity of the particles,
it is necessary to gain access to them, and that is problem-
atic. The washing procedure used in this work removes the
individual layers and thus possible particles located in the bulk
of the layers, and possible particles located in the interface will
most likely be washed away. Depth profiling is an obvious
alternative, but the method suffers from the fact that the sputter
process destroys the molecular identity, leaving only small
pieces of the puzzle. The particles are visible from the acquired
images during a depth-profiling analysis so at least they can
be bypassed by software methods as a post-treatment of the
data. Possible particle areas were therefore disregarded in the
depth profiles presented in Figure 6 in order to avoid nonrel-
evant complex contributions to the depth profiles.
Possible particles are expected to be formed either in the
bulk X:PCBM layer or at the X:PCBM/PEDOT:PSS interface
with respect to the devices from this work. In an attempt to
image the particles in the device, the following experiment
was performed on the illuminated MEH-PPV device starting
from the AI/MEH:PCBM interface (Il in Figure 5). The images
from a depth-profiling analysis were monitored during
acquisition. When the images started to show weak signs
of particles, the analysis was stopped and the analysis
parameters were adjusted to increase the intensity, which
caused the acquisition time to increase. To compensate for
the increased acquisition time the sputter area size was
reduced to ~200 x 200 um? in order to increase the sputter-
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FIGURE 12. TOF-SIMS ion images (200 x 200 xm?) over a sputter
hole performed in the AI/MEH-PPV:PCBM interface (Il in Figure 5)
of a device with the configuration Al/MEH-PPV:PCBM/PEDOT:PSS/
ITO that was illuminated. C;~ is here a shared marker for P3HT,
MEH-PPV, and PEDOT:PSS. S~ is a marker for PEDOT:PSS. InO,  is a
marker for ITO. SiOs~ is a marker for the glass substrate. The
intensity scale is normalized such that black is zero intensity, gray
is some intensity, and white is maximum intensity. The image
marked with an asterisk has a logarithmic intensity scale.

ion flux (reduces the depth resolution), which reduced the
sputter time and thus the acquisition time. Relevant images
are shown in Figure 12 for various relevant sputter time
windows. At 5—15 min, particles are detected containing at
least sulfur, indium, and silicon. At 15—30 min, particles are
indirectly visible as dark spots. The interesting observation
is that these particles have a different distribution pattern
compared to the ones at 5—15 min. Finally, at 30—45 min,
it becomes more or less clear that the second set of particles
contains at least carbon, sulfur, and perhaps indium. The
observations suggest that PEDOT:PSS and ITO are involved
in the particle formation. C4~ is a shared marker for MEH-
PPV, PCBM, and PEDOT:PSS, so it is not possible to conclude
whether the active layer is involved or not. One could argue
that the observed phenomenon could be due to uneven
sputtering; however, such sputter-induced surface/interface
irregularities would probably occur on a smaller scale. Care
should be taken when interpreting these kinds of images
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(Figure 12). A particle is likely to be eroded (by the sputter
process) at a different rate than the surroundings, which
would induce uneven sputtering that would continue on.
Particle formation in polymer solar cells is rarely commented
on in the literature, probably because so little is known about
the phenomenon. There is only one example in the literature
that describes the phenomenon (28).

In summary, it was possible to extract information from
the in-plane and in-depth distribution of some mass spectral
markers that were not isotopically labeled. The mass spectral
imaging data originating from PCBM suggest that it is the
combination of light and molecular oxygen (i.e., not water)
that is accelerating the degradation of the Cgo part of PCBM.
The imaging results from the MEH-PPV:PCBM interfaces
suggest that sodium possibly segregates to locations with a
relatively large extent of degradation (caused by molecular
oxygen) possibly because of the higher hydrophilicity. For
the illuminated MEH-PPV:PCBM interface, sodium had van-
ished from the center part of the degraded areas. No
explanation was found for this phenomenon. An in-depth
analysis of selected nonisotopically labeled mass spectral
markers suggests that at least two types of particles are
found in at least the illuminated MEH-PPV device. One type
of particles contains at least sulfur, indium, and silicon. The
other type contains at least carbon, sulfur, and perhaps
indium. The observations regarding particles suggest that
PEDOT:PSS and ITO are involved in the particle formation.
It was not possible to conclude whether the active layer is
involved in particle formation or not. It was not possible to
conclude anything about to what extent particles influence
the photovoltaic properties.

CONCLUSIONS
Water-induced degradation of polymer solar cells with the

configuration Al/X:PCBM/PEDOT:PSS/ITO (X =P3HT or MEH-
PPV) was studied. The use of H,'80 in conjunction with TOF-
SIMS methodologies enabled mapping of the parts of the
device that were induced by water. A comparison was made
between P3HT:PCBM and MEH-PPV:PCBM and between
devices that were kept in the dark and devices that had been
subjected to illumination under simulated sunlight. Further-
more, devices that were exposed to ambient humidity were
compared to devices exposed to saturated humidity. The
current result obtained using H,'80 was compared with
earlier work involving '80,.

Short-circuit current—density decay curves of solar cell
devices that were exposed to a saturated water atmosphere
during operation revealed a significant degradation of the
stability when compared to the corresponding devices ex-
posed to ambient humidity.

A depth-profiling analysis showed that water diffuses into
the device through the aluminum electrode regardless of
whether it is illuminated or not. Water appears to be
incorporated more efficiently in aluminum oxide compared
to molecular oxygen. Water incorporation is observed to be
more pronounced in the MEH-PPV:PCBM layer for the
illuminated device compared to the one that was stored in
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darkness; i.e., illumination increases the water-induced
degradation, consistent with earlier observations using '80s.

Possible incorporation of 80 in the various interfaces was
determined from the '80/'°0 ratio extracted from the mass
spectral data. On the basis of these findings, it was possible
to conclude that water diffuses through all layers in the
device all the way to the counter electrode (ITO). Further-
more, it was found that water reacts much more efficiently
with MEH-PPV:PCBM compared to P3HT:PCBM and that
illumination accelerates water-induced degradation, consis-
tent with the depth-profiling results. The mass spectral
investigation of the interfaces suggests that the relative
stability of the donor/acceptor materials in question is P3HT:
PCBM (darkness) > P3HT:PCBM (illuminated) > MEH-PPV:
PCBM (darkness) > MEH-PPV:PCBM (illuminated).

An imaging analysis of all interfaces for all four devices
suggests that water diffuses efficiently/rapidly through the
aluminum electrode between the aluminum grains, causing
homogeneous incorporation/degradation in all interfaces.
This is a behavior opposite to that of molecular oxygen,
which has been shown to at least mainly diffuse through the
microscopic pinholes in the aluminum electrode, causing
circular oriented incorporation/degradation, i.e., inhomoge-
neous incorporation/degradation.

Animaging analysis based on mass spectral markers that
were not isotopically labeled showed that it is the combina-
tion of light and molecular oxygen (i.e., not water) that is
accelerating the degradation of the Ceo part of PCBM. The
imaging results from the MEH-PPV:PCBM interfaces suggest
that sodium possibly segregates to locations with a relatively
large extent of degradation (caused by molecular oxygen)
possibly because of the higher hydrophilicity. For the il-
luminated MEH-PPV:PCBM interface, sodium had vanished
from the center part of the degraded areas. No explanation
was found for this phenomenon. An in-depth imaging
analysis of selected nonisotopically labeled mass spectral
markers suggests that at least two types of particles are
found in at least the illuminated MEH-PPV device. The
observations regarding particles suggest that at least PEDOT:
PSS and ITO are involved in the particle formation. It was
not possible to conclude anything about to what extent
particles influence the photovoltaic properties.
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