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anostructured polymer solar cells

are promising sources of renew-

able energy due to their simple
fabrication process and relatively low cost
compared with silicon-based solar cells.
One of the most important components of
the polymer solar cell is the bulk hetero-
junction,” which consists of a mixture of
polymer/organic n- and p-type semicon-
ductors. The most common and well-
characterized polymer photovoltaic cells
are based on regio-regular poly(3-
hexylthiophene) (P3HT, as the p-type ma-
terial) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM, as the n-type
material).? The bicontinuous network is
formed spontaneously in the mixture and
ensures a large interfacial contact area be-
tween these two components while provid-
ing an adequate path for charge carriers,
thereby significantly enhancing the charge
separation capability. Due to the limited ex-
citon diffusion length, typically in the 5—15
nm range,’ the electron acceptor must be
intermixed with the polymers on the na-
nometer scale to obtain a high charge sepa-
ration yield.* Therefore, the control of the
nanostructure is crucial to the development
of polymer solar cells.>~’

In the polymer bulk heterojunction, the
heterointerface and percolation network
are highly sensitive to process
conditions® % and post-treatments.’®'" In
order to understand the relationship be-
tween the fabrication parameters, the mor-
phology, and the device efficiency, tech-
niques such as scanning probe microscopy
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ABSTRACT Solution processable fullerene and copolymer bulk heterojunctions are widely used as the active

layers of solar cells. In this work, scanning time-of-flight secondary ion mass spectrometry (ToF-SIMS) is used to

examine the distribution of [6,6]phenyl-C61-butyric acid methyl ester (PCBM) and regio-regular poly(3-
hexylthiophene) (rrP3HT) that forms the bulk heterojunction. The planar phase separation of P3HT:PCBM is
observed by ToF-SIMS imaging. The depth profile of the fragment distribution that reflects the molecular
distribution is achieved by low energy (s* ion sputtering. The depth profile clearly shows a vertical phase
separation of P3HT:PCBM before annealing, and hence, the inverted device architecture is beneficial. After

annealing, the phase segregation is suppressed, and the device efficiency is dramatically enhanced with a normal

device structure. The 3D image is obtained by stacking the 2D ToF-SIMS images acquired at different sputtering

times, and 50 nm features are clearly differentiated. The whole imaging process requires less than 2 h, making it

both rapid and versatile.

KEYWORDS: secondary ion mass spectrometry - X-ray photoelectron
spectrometry - nanostructure - bulk heterojunction - solar cell

(SPM)'2716 and variable-angle spectroscopic
ellipsometry (VASE)' are used to analyze
the surface morphology and the vertical dis-
tribution, respectively. On the basis of a lift-
off sample preparation and X-ray photo-
electron spectroscopy (XPS), the vertical
phase separation in bulk heterojunctions
has also been reported.'* However, these
well-established techniques cannot provide
a clear 3D volume structure at the nanome-
ter scale.

Recently, significant efforts have been
directed at analyzing the 3D nanostructure
of bulk heterojunctions. On the basis of
transmission electron microscopy (TEM),
electron tomography (ET) is used to exam-
ine the 3D structures inside bulk hetero-
junction specimens.®'®'® However, TEM de-
pends on electron scattering to generate
contrast, and therefore, amorphous
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organic materials with similar scattering factors show
weak contrast without defocus. The quality of the im-
age depends on the transfer function of the micro-
scope, and moreover, the contrast of the resulting im-
age is more related to the difference in crystallinity
rather than on the distribution of the molecules. In ad-
dition, inelastic electron scattering and dynamic scatter-
ing in thick samples generate diffused backgrounds
that further diminish the contrast. As a result, the thick-
ness of samples for TEM study is limited to ~100 nm,
and this restriction prevents the analysis of structures
in their original states. In addition, due to the limited tilt
angle (usually =70°), it is not possible to obtain com-
plete information for 3D reconstructions, and the miss-
ing wedge/pyramid of data in Fourier space can cause
artifacts.” These issues make electron tomography dif-
ficult to master and to apply to multilayered organic
electronic devices, particularly in the context of amor-
phous organic materials.

Another emerging technique for obtaining the 3D
distribution of organic molecules is scanning time-of-
flight secondary ion mass spectrometry (ToF-SIMS) with
cluster ion sputtering.?’~2* Although cluster ion sputter-
ing significantly damages the outermost surface of inor-
ganic materials,?® it was found to cause insignificant
damage to organic surfaces?’?® because of the shal-
lower damage range? and enhanced sputtering rate.°
As a result, the damage to the specimen can be re-
moved nearly as fast as it is created during the sputter-
ing. Although the sputtering can alter the surface mor-
phology and deposit carbon in the remaining surface,
the SIMS patterns before and after cluster ion sputter-
ing remain the same, and the preservation of m/z near
1000 is reported.®' Such evidence indicates that the
cluster ion sputtering does not significantly alter the
molecular structure and its distribution in the remain-
ing surface. Although the morphology of newly ex-
posed surface can be altered significantly during the re-
moval of the surface layer, enough integrity is
maintained so that information beneath the outermost
surface can be acquired. Recently, in situ cluster ion
sputtering in XPS and ToF-SIMS has been used to study
the depth distribution of molecules in organic LEDs to
examine the microstructures®' and degradation mecha-
nisms.32 In combination with the high lateral resolu-
tion of SPM, cluster ion slicing imaging was also dem-
onstrated for analyzing the 3D nanostructures of bulk
heterojunctions.® These techniques only require the
specimen to be compatible with ultrahigh vacuum, and
organic thin-film devices usually fulfill this require-
ment. Therefore, organic electronic devices can be ana-
lyzed without prior sample preparation. In other words,
cluster ion beam-based analytical techniques are now
accepted methods, and they provide invaluable struc-
tural information about organic electronics.

In this work, scanning ToF-SIMS with in situ ion sput-
tering was used to study bulk heterojunction materials
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prepared with different fabrication parameters. Using a
newly constructed Bis>* focused primary ion pulse, a
high spatial resolution ToF-SIMS image is obtained that
reveals ~50 nm phase separation in organic electron-
ics. Although C implantation associated with Cg,* ion
sputtering can interfere with the mapping of the PCBM
distribution, a carefully tuned Cs* ion beam can be
used to sputter the materials away with no significant
alteration to the molecular structure in the remaining
surface, hence enough integrity is maintained in the
newly exposed surface for analysis. By stacking the im-
ages acquired at different sputtering times, the 3D vol-
ume structure is obtained. It is found that the lateral
structure did not change significantly with heat treat-
ment. However, the difference in the vertical phase seg-
regation is clearly observed and is the key to the differ-
ences in the performance of devices fabricated with
different parameters and device architectures.

RESULTS AND DISCUSSION

By scanning the newly constructed field emission
Bi** ion source over the sample, the distribution of ma-
terials can be imaged. However, in order to achieve suf-
ficient lateral resolution (fine probe size) for imaging or-
ganic electronics, the current of the primary ion must be
rather small (2 fA). As a consequence, the intensity of
secondary particles is very weak. In addition, >90% of
the secondary particles emitted from the specimen af-
ter primary ion bombardment are neutral. Therefore,
less than 5% of the emitted particles contribute to the
image without a synchronously operated post laser-
ionization pulse (as in time-of-flight secondary neutral
mass spectrometry, ToF-SNMS), making the signal-to-
noise ratio of the resulting image rather poor. In order
to improve the contrast, a low-pass filter in Fourier
space is used to process the image. In order to confirm
that the filter does not enhance noise and that it reveals
accurate information, images of different scan sizes are
compared.

Figure 1 shows the intensity mapping of C, and S
fragments with 10 and 5 wm fields-of-view. Because
only P3HT contains S atoms, the intensity of the S frag-
ments is directly proportional to the distribution of the
P3HT. For PCBM, C, fragments can be used because Cg
typically forms C, fragments while alkyl chains in P3HT
mainly generate C,H,, fragments. It is clear that similar
~50 nm features are observed regardless of the scan
size. In addition, these images are similar to surface im-
ages previously reported using other
techniques.'"123334 Therefore, it can be concluded that
the imaging conditions are adequate for imaging or-
ganic electronics with features of ~50 nm. However,
unlike TEM, which has a resolution around 1 nm and is
controlled by the aberration of the lens, the resolution
of ToF-SIMS is limited by the spot size of the primary
ion, and hence, the resolution is not as good as with
TEM. Therefore, 5—15 nm fibrous structures observable
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Figure 1. ToF-SIMS intensity mapping of C; and S fragments. The main image size is 10 um X 10 um, and the inset image

sizeis 5 um X 5 pum.

by TEM” cannot be observed here. Nevertheless, while
TEM provides contrast through the difference in scatter-
ing factors, which relates indirectly to the distribution
of chemical species, the contrast in ToF-SIMS image re-
veals the number of molecules on the surface. There-
fore, ToF-SIMS imaging has the advantages that the dif-
ference in chemical structure of specimens can be
imaged directly.

In order to study the structure below the surface, in
situ ion sputtering is typically used. It has been shown
that Cgo™ cluster ion beams do not alter the remaining
P3HT:PCBM surface significantly,?®33 so Cgo" sputtering
is ideal for profiling organic P3HT:PCBM blends. How-
ever, it is known that C4™ can deposit amorphous car-
bon in the surface,?”% hence the observed C concentra-
tion is often higher than expected. Figure 2a shows
the XPS depth profiling using Cs™ sputtering, and the
observed 97% C concentration is higher than the ex-
pected 95% for P3HT:PCBM blend. Since this implanted
carbon also yields C, fragments upon primary ion bom-
bardment, C," sputtering can interfere with the analy-
sis of PCBM distribution because the C, fragment is
used to identify the concentration of PCBM and it is
not possible to differentiate the PCBM from deposited

C. Instead of a C4o* ion beam, this work uses Cs™* ion
sputtering for the ToF-SIMS depth profiling. It is known
that single atomic ion species such as Ar™ can alter the
chemical structure even at low energy, and unreliable
results can be generated.?”* Therefore, the possibility
of Cs* ion-induced chemical transformations in the re-
maining surface needs to be ruled out. The Cg™ ion
sputtering in XPS depth profiling is an accepted
method because it is known to preserve the chemical
information of the sample.?® A comparison of this
method (Figure 2a) with the ToF-SIMS depth profile
from Cs™ ion sputtering (Figure 2b) reveals few differ-
ences. Because the specimen was analyzed without
prior sample preparation and cleaning processes, the
apparent S/C ratio is rather high due to surface con-
tamination. The SOs-related signal indicates that the
bottom PEDOT:PSS interface was reached, and the sput-
tering rate can be calibrated to 0.63 nm/min and 0.1
nm/s for XPS/Ceo* and ToF-SIMS/Cs™, respectively. In
the bulk of the polymer blend, both profiles show high
S concentrations (characteristic of P3HT) in the top 20%
(~30 nm from the outermost surface) of the film, and
this concentration slowly decreases to a constant con-
centration of 45% (~68 nm in depth). The similarities in
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Figure 2. (a) C¢o*/XPS and (b) Cs*/ToF-SIMS depth profiles of pristine specimens. The broken lines indicate the intensity ratios.
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Figure 3. (a) ToF-SIMS spectra normalized to the intensity of C,; the inset shows the intensity depth profile, and the broken
line indicates the intensity ratio; (b,c) intensity isosurface of the outermost surface, and reconstructed cross-sectional struc-
ture for the pristine P3HT:PCBM blend. The image size is 3.5 pm X 3.5 pm X 150 nm.

the depth profiles acquired with independent tech-
niques confirm that the conditions of Cs* sputtering
used in this work preserved the chemical structure in
the remaining surface and can be used to generate re-
liable depth profiles. This success in Cs* profiling could
be attributed to the implantation of Cs enhanced ion-
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ization, hence the damage in the newly exposed sur-
face is masked.

By using in situ Cs™ ion sputtering for ToF-SIMS, sur-
face structures and reconstructed cross-sectional struc-
tures for pristine and annealed specimens can be ob-
tained (Figure 3 and Figure 4, respectively). The 3D
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Figure 4. (a) ToF-SIMS spectra normalized to the intensity of C,; the inset shows the intensity depth profile, and the broken
line indicates the intensity ratio; (b,c) intensity isosurface of the outermost surface, and the reconstructed cross-sectional
structure for the annealed P3HT:PCBM blend. The image size is 3.5 pm X 3.5 pm X 150 nm.

structure is reconstructed by stacking 15 slices with
100 s sputtering intervals. The animated cross-sectional
structure at different slices is presented in the Support-
ing Information. Considering the sputtering rate deter-
mined from Figure 2b, the vertical distance between
the slices is around 10 nm. The sputtering rate (and
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hence the slice thickness) is easily controlled by alter-
ing either the rastering size or the current of the sput-
tering ion beam. In other words, the vertical resolution
of the reconstructed 3D image can be adjusted easily.
The reconstructed 3D nanostructures inside the
bulk heterojunctions that were acquired using scan-
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Figure 5. Theoretical energy level diagrams and carrier transportation for the pristine P3HT:PCBM blend in the (a) normal and (b) in-
verted device architecture, and (c) the annealed P3HT:PCBM blend in the normal device structure. The shading of the color indicates
the differences in concentrations.

ning ToF-SIMS depth profiling are similar to those re-
ported previously.”'8** Therefore, this technique is ad-
equate to analyze the nanostructures of organic
electronics. It is noteworthy that the iso-intensities of
C, (PCBM) and S (P3HT) are not entirely complemen-
tary. This result is due to the fact that total phase sepa-
ration did not occur, and therefore, materials are mixed
to a certain extent in the thin film.3* In addition, the ab-
solute amount of materials—rather than the relative ra-
tio between the components—is observed using ToF-
SIMS. For the P3HT-enriched region, the absolute
amount of PCBM is not necessarily lower than average
due to the nanoporous nature of the P3HT polymer. As
a result, the distribution of PCBM and P3HT is random
and is not complementary.

In the ToF-SIMS patterns and profiles presented in
Figures 3a and a, it is clear that the vertical phase sepa-
ration is suppressed after annealing. The reconstructed
3D cross-sectional image of the PCBM distribution (Fig-
ure 3b) is rather uniform, while Figure 3c clearly re-
vealed differences in the fragment distribution that di-
rectly relates to the molecular distribution along the
vertical axis. The deficiency of P3HT near the PEDOT:
PSS interface is due to the lower surface energy of P3HT
than of PCBM and is consistent with results reported
previously.”> On the other hand, after annealing, the
cross-sectional images of PCBM and P3HT are both uni-
form along the vertical axis. Using the S/C, ratio of the
annealed specimen (uniform 1:1 wt % of P3HT:PCBM) as
a reference, the composition of the pristine blend can
be calculated as a function of depth. It is found that, at
the outermost 30 nm, the weight ratio of P3HT:PCBM is
1.85:1, and below 70 nm, the weight ratio is 1:1.16.

The difference in the fragment (molecular) distribu-
tion along the vertical axis is consistent with that re-
ported by Campoy-Quiles et al.'” using VASE, where the
diffusion of PCBM toward the outer interface after an-
nealing is observed when the blend is coated on PE-
DOT:PSS. However, VASE has limited lateral resolution,
so it is not possible to determine the 3D structure. Us-
ing ET, van Bavel et al.” also reported the enrichment of
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P3HT near the bottom interface. While all of these stud-
ies revealed the diffusion of PCBM toward the outer in-
terface, ET shows significant phase segregation in the
depth distribution after annealing, while VASE'” and
ToF-SIMS (shown herein) revealed that the initial phase
segregation is leveled after annealing. Such a differ-
ence may be due to differences in the fabrication
processes.

It is clear that the pristine blend has a higher concen-
tration of P3HT and PCBM at the outer and bottom in-
terfaces, respectively, and the standard device (which
consists of ITO/PEDOT:PSS/P3HT:PCBM/AI using the
pristine blend) has a power conversion efficiency (PCE)
of 1.13%."” Because the usual configuration uses the
bottom ITO/PEDOT:PSS layer as the anode, enrichment
of electron acceptor and donor near the anode and
cathode, respectively, is discouraged. This kind of de-
vice architecture cannot transport holes and electrons
effectively because of the lower concentration of P3HT
and PCBM near the PEDOT:PSS anode and the Al cath-
ode, respectively (Figure 5a). As a result, the PCE is low-
est for this type of device. On the other hand, for the
pristine blend, the inverted structure that matches the
distribution of electron acceptors and donors is benefi-
cial to the electrode selectivity; in this case, charge car-
riers have adequate routes of transportation. For ex-
ample, by using the structure ITO/TiO,/P3HT:PCBM/
V,0s/Al (Figure 5b), where TiO,-coated ITO serves as
the cathode and PCBM is segregated at the bottom in-
terface,®® the PCE is 2.71%.3¢ For the annealed blend in a
normal device structure, the electrode selectivity is bet-
ter due to the diffusion of PCBM toward the Al cath-
ode (Figure 5c), and in addition, the crystallinity of P3HT
increases. As a result, a PCE of 3.92% is observed.!” Un-
derstanding the nanoscale molecule distributions and
selecting appropriate device structures are critical to
enhancing the efficiency of organic electronic devices.

The lateral resolution of ToF-SIMS is around 50 nm
and is not comparable with TEM, which usually has a lat-
eral resolution of around 1 nm. Nevertheless, the total
data acquisition time for completion of the 3D molecule
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distribution in the bulk heterojunction layers presented
here is well within 2 h (75 min to collect all 15 images,
25 min for sputtering, and almost real-time reconstruc-
tion using a standard Java enabled personal computer).
On the other hand, ET requires about 2 h to acquire
the tilt series between =70° at T min/image and addi-
tional time (on the order of hours) for data reconstruc-
tion using a specialized, high-performance computer. In
other words, the ToF-SIMS-based technique is much
faster than other techniques. In addition, although only
about 150 nm is profiled in this work, there is no physi-
cal limitation to the total analyzable thickness using
ion sputtering. It has been demonstrated that multilay-
ered organic electronic devices with all electrodes in
their original states can be studied by ion beam sputter-
ing without prior sample preparation.>? On the other
hand, TEM-based techniques require the sample to be
transparent to electrons, and therefore, it is necessary to
remove other layers from a device”'® or to use focused
ion beam-based nanomachining'® to prepare suitable

METHODS

Fabrication of Photoactive Films: The fabrication process is identi-
cal to that reported previously.'” In short, the photoactive films
were prepared by spin coating (2000 rpm, 60 s) a chlorobenzene
solution (30 mg/mL, 1:1 weight ratio of P3HT:PCBM) onto the
poly(ethylene dioxythiophene):polystyrenesulfonate (PEDOT:
PSS)-modified ITO surface. The specimen is optionally annealed
at 140 °C for 30 min. The final thickness of the active layer was
about 150 nm, and the power conversion efficiency is reported
to be 1.13 and 3.92% before and after annealing, respectively.'”

XPS Measurements: The experiments were performed with a
PHI 5000 VersaProbe (Chigasaki, Japan) XPS system. A microfo-
cused (25 W, 100 um) Al Ka X-ray was used, and the takeoff
angle of the photoelectron was 45°. A dual-beam charge neutral-
izer (7 V Ar* and 30 V flooding electron beam) was used for
charge compensation. The Ar* sputter source was operated at
0.2 kV, 300 nA with an incident angle of 45°. The Cg," ion source
was operated at 10 kV, 10 nA with an incident angle of 70°. Both
ion beams were simultaneously rastered over an area of 2 mm
X 2 mm.

ToF-SIMS Measurements: The experiments were performed with
a PHI TRIFT V nanoTOF (Chigasaki, Japan) ToF-SIMS system. The
pulsed primary ion source was Bis?* and was operated at 25 kV
(0.1 nADC, 2 fA pulsed) with a 5 um X 5 wm rastering area at an
incident angle of 40°. The analyzer collects negatively charged
secondary ions from a direction that is normal to the specimen
surface. The data acquisition time is 5 min for each image, and a
flooding electron beam (10 V) was used for charge compensa-
tion. The resulting images are passed through a low-pass filter in
Fourier space to remove random noise. The sputtering is done
with a Cs™ ion beam operated at 1 kV and 50 nA with a 200 um
X 200 wm rastering area at an incident angle of 40°. The final im-
age stack was reconstructed to the 3D volume image using
Imagel.
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specimen. Therefore, although the lateral resolution of
ToF-SIMS is not as good as ET, the technique presented
in this work is versatile and high throughput.

CONCLUSIONS

Using a newly constructed field emission, pulsed
Bi32* primary ion in scanning time-of-flight secondary
ion mass spectrometry with in situ Cs* ion depth profil-
ing, the 3D nanostructures of bulk heterojunction ma-
terials are reported. The results are similar to those re-
ported using electron tomography, indicating that the
ion beam-based technique presented herein is ad-
equate for analyzing organic electronics. In addition,
the technique presented is much faster and has fewer
restraints on specimen preparation in comparison with
other techniques. The differences between the pristine
and annealed specimens were also observed. While the
lateral phase separation is similar before and after an-
nealing, the differences in vertical phase separation sig-
nificantly affect the performance of devices made with
different parameters and device architectures.
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