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T
he active layer in organic photovol-
taic (OPV) devices is typically com-
prised of a bulk-heterojunction (BHJ)

architecture, consisting of an intimate blend
of donor and acceptor phases.1 This type of
architecture simultaneously satisfies the re-
quirements for producing a high-efficiency
device: (a) domain sizes which are smaller
than the excitonic diffusion length (≈10 nm),
(b) a large interfacial area to facilitate exciton
separation, and (c) a high degree of vertical
connectivity to enable charge transport to

the surface electrodes.2 All these morpho-
logical features are, in turn, related to the
nature and extent of phase separation
which occurs during film processing. This
process can be altered by, for instance,
controlling the solvent evaporation rate3

or by thermally annealing the film after
casting.4 These parameters are known to
alter the morphology of the film as well as
the device performance; however, develop-
ing a true understanding of this relationship
is difficult due to partial crystallization of
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ABSTRACT

The morphology of the active layer in an organic photovoltaic bulk-heterojunction device is controlled by the extent and nature of phase separation during

processing. We have studied the effects of fullerene crystallinity during heat treatment in model structures consisting of a layer of poly(3-hexylthiophene)

(P3HT) sandwiched between two layers of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). Utilizing a combination of focused ion-beam milling and

energy-filtered transmission electron microscopy, we monitored the local changes in phase distribution as a function of annealing time at 140 �C. In both
cases, dissolution of PCBM within the surrounding P3HT was directly visualized and quantitatively described. In the absence of crystalline PCBM, the overall

phase distribution remained stable after intermediate annealing times up to 60 s, whereas microscale PCBM aggregates were observed after annealing for

300 s. Aggregate growth proceeded vertically from the substrate interface via uptake of PCBM from the surrounding region, resulting in a large PCBM-

depleted region in their vicinity. When precrystallized PCBM was present, amorphous PCBM was observed to segregate from the intermediate P3HT layer

and ripen the crystalline PCBM underneath, owing to the far lower solubility of crystalline PCBM within P3HT. This process occurred rapidly, with

segregation already evident after annealing for 10 s and with uptake of nearly all of the amorphous PCBM by the crystalline layer after 60 s. No microscale

aggregates were observed in the precrystallized system, even after annealing for 300 s.
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one or both components during processing, the ex-
istence of spatial heterogeneities within the film, and
the overall complexity of the BHJ architecture itself.5

One way of mitigating these complications is to analyze
simple model structures and extrapolating the observa-
tions to thatof a realisticdevice. Toward thisend, anumber
of groups have recently studied bilayer structures consist-
ing of a layer of poly(3-hexylthiophene) (P3HT) deposited
onto a [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
coated substrate.6�8 In a separate paper,9 we have re-
portedneutron reflectivity (NR)measurements of a trilayer
systemcomposedof a layer of P3HT sandwichedbetween
two layers of PCBM. This approach is very powerful, and
has led to important understandings of the mixing beha-
vior as a function of heat treatment conditions. However,
NR is restricted to specimens which exhibit no surface
roughness above thenanoscale, due toa loss of coherency
in the reflectedsignal. Inaddition,whileNRandother 'bulk'
techniques such as dynamic secondary ion-mass spectro-
metry and X-ray photoelectron spectroscopy provide
valuable details regarding the depthdistributionof phases
within model structures, none of these are sensitive to
local compositional variationswithin the layers themselves
as they lack sufficient spatial resolution in the lateral
dimensions. To address this gap in the characterization
ofmodel OPV systems, wehave employed cross-sectional,
focused ion-beam (FIB) specimen preparation in concert
with energy-filtered transmission electron microscopy
(EF-TEM) to directly image the spatial extent of the various
phases present as well as their dependence on heat
treatment conditions.
Cross-sectional FIB specimen preparation is a tech-

nique used to produce electron transparent specimens
from specific nanoscale regions of a material.10 As
typically employed, a nearly flat coupon is milled from
a bulk specimen using a focused beam of Gaþ ions. This
coupon is then lifted from the bulk using a micromanipu-
lator, 'microwelded' to a support grid by ion-assisted
chemical vapor deposition of ametal, and further thinned
with the ion beam until electron transparency has been
achieved. Most modern instruments are also equipped
with an electron beam column, for imaging during the
milling and lift out processes. In the context of OPV
research, cross-sectional FIB preparation has proven quite
useful for the analysis of full BHJ device stacks in the
transmission electron microscopy (TEM),11�13 since they
cannot be analyzed in plan view.
EF-TEM is a spectroscopic imaging techniquewhere-

in a postspecimen magnetic prism at the base of the
TEM column is used to disperse the transmitted elec-
trons to form an energy-loss spectrum. A slit at the
dispersion plane is then used to allow only electrons
which have lost a specific amount of energy to pass
through to the postslit lenses, which reconstitute the
electrons into an image collected by a CCD camera.14

This technique has shown that subtle changes in the
plasmon response of various materials can be used to

generate contrast where there is very little present in
other imaging modes.15,16 In our previous work, we
have demonstrated that plasmon-loss electrons can be
collected in such a way as to produce strong differ-
ential contrast between the donor and acceptor
phases in OPV films, which is otherwise lacking in
conventional bright-field TEM imaging.17 The tech-
nique has subsequently been employed to character-
ize various OPV systems under a variety of processing
conditions.5,18�20 In addition to plasmon-loss imaging,
elemental maps can be formed using EF-TEM by
selecting electrons which have lost a specific amount
of energy due to inner-shell ionization. Core-loss im-
aging is a more directly quantifiable approach, since the
number of atoms of a particular element in projection
at a given image location is proportional to the total
energy-loss signal that is collected. Kozub et al. em-
ployed this approach to collect quantitative maps in
P3HT:PCBM films using the sulfur-L2,3 and carbon-K
edges (located at 164.8 and 283.8 eV, respectively).21

Since P3HT contains sulfur while PCBM does not, and
because PCBM contains a greater concentration of
carbon, these maps were then used to measure the
phase distribution as a function of heat treatment.
In an effort to understand the effects of PCBM

crystallinity on transport and phase behavior during
heat treatment, we have used EF-TEM imaging to
characterize the series of model trilayer structures that
were the subject of our previous paper based on NR
characterization.9 Two trilayer familes were examined
(see Figure 1 as well as the Methods section), each
consisting of a layer of regioregular (RR)-P3HT sand-
wiched between two layers of PCBM. In the first case,
hereafter referred to as trilayer A, the bottom-most
layer of PCBM was in the as-cast state before lamina-
tion of the subsequent layers. In contrast, for trilayer B
the bottom layer of PCBMwas thermally annealed after
deposition, such that it was converted to a highly
crystalline state prior to lamination of the other layers.

RESULTS AND DISCUSSION

Asmeasured via bright-field TEM imaging, the thick-
ness of the cross-sectional FIB specimen prepared from

Figure 1. Schematic representation of the two trilayer
structures examined in this work.
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each trilayer film compares quite well with the values
previously measured via NR.9 This is an important
observation, as it indicates that the alteration to the
structure of the film by the electron and ion beam
during FIB milling was minimal. Further indication of
this is shown in high-resolution lattice images col-
lected near the interface of the substrate and the
bottom PCBM layer, which show the retained crystal-
line structure of the Si substrate itself as well as a
periodic structure in the crystallized PCBM of trilayer B
(Figure 2). FFT analysis of the PCBM region of the TEM
images (not shown) reveals two dominant spatial
frequencies at 1.14 and 1.85 nm�1. No such periodicity
was encountered in the bottomPCBMof trilayer A, or in
the top PCBM layer in either system. This confirms that
the thermal annealing treatment converted the pri-
mary PCBM in trilayer B to a highly crystalline material,
and that this periodicity is retained even after the
relatively high electron/ion doses imparted during
the FIB milling process used to make the thin, cross-
sectional specimens.22

There is no guarantee that this crystalline structure
is indicative of that present in the layer prior to FIB
preparation, only that some form of crystallinity has
proven resistant to damage. Furthermore, there are
regions of the PCBM layer which do not exhibit such

fringes, suggesting that the layer is polycrystalline
since fringes are only produced from those regions
which exhibit the proper orientational relationship
with the electron beam to satisfy the Bragg criteria
for diffraction. To determine whether the observed
crystal structure is consistent with unaltered PCBM
and has not been induced via exposure to the ion
and electron beams during milling, selected-area elec-
tron diffraction (SAED) patterns were collected (as
shown for the initial trilayer B in the right-most panel
of Figure 2). In all samples of the trilayer B family, three
reflections were observed, all of which were oriented
normal to the film. These were located at 0.64, 1.29,
and 1.88 nm�1 (indicated by white arrows in the SAED
pattern in Figure 2), corresponding to interplanar
spacings of 1.56, 0.84, and 0.53 nm. A previous SAED-
based study of crystals in thin-films of PCBM reported
similar values of 0.84 and 0.52 nm interplanar spacings;
nevertheless, nomentionwasmade of a reflection near
1.56 nm.23 However, similar values have been reported
for the one of the unit cell dimensions of crystalline
PCBM.24,25

The presence of retained PCBM crystallinity was
somewhat unexpected. Previous work22,26 has shown
that, due to the low thermal conductivity in most
polymer systems, the local temperature increase

Figure 2. Bright-field TEM images acquired fromas-fabricated trilayers A andB (a andb, respectively). Also shown is the SAED
pattern from the as-fabricated trilayer B (c) showing crystalline periodicity orthogonal to the film thickness, and 70 nm �
70 nm zoomed images extracted from (a) and (b) detailing the bottom-most PCBM layer in trilayers A and B (d and e,
respectively).
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caused by the ion-beam can be extremely high. Ac-
cording to these authors, the temperature rise (T) can
be estimated as

T ¼ P

πaK
(1)

where P is the power in the ion beam (probe current
multiplied by beam energy), a is the radius of the
beam, and κ is the thermal conductivity of the material
being milled. Initial thinning was carried out using
a 30 keV beam with a probe current of 93 pA, resulting
in a nominal probe diameter of 45 nm. If κ is assumed
to be 0.1 W/(m K), then the temperature rise is esti-
mated to be approximately 400 K. This value far
exceeds the melting temperature of PCBM; however
for the final thinning step, a lower energy (5 keV) beam
with less current (47 pA) was used. For an estimated
probe diameter of 50 nm, this produces a temperature
increase of approximately 30 K. Therefore, by using a
low intensity final milling procedure in the preparation
of cross-sectional specimens, the surface regions al-
tered by previous milling steps using higher intensity
beams can be removed and the underlying crystal
structure preserved.
The results of low-loss EF-TEM ratio imaging of the

two different trilayer structures that were studied as a
function of four different annealing times are shown in
Figure 3. The intensity in these images is such that,
within the organic layers, the brighter regions corre-
spond to P3HT and the darker to PCBM, while the
silicon substrate is very intense due to a strong plas-
mon resonance near 17 eV loss. The as-fabricated
structures are quite similar to each other, both in terms

of the phase distribution and the thicknesses of each
layer, which are close to the expected values (Table 1).
It is also important to note that no contrast modula-
tions are observed within the P3HT layer of either sys-
tem, indicating that the layers exhibit a largely uniform
density throughout. Upon annealing for 10 s, the P3HT
layer noticeably swelled, and developed small regions
of contrastmodulationwithin approximately 10�15nm
in size. Since the contrast mechanism in this imaging
mode is dominated by density changes, this suggests
that the density is no longer uniform within the P3HT

Figure 3. Low-loss EF-TEM ratio images trilayers A and B (top and bottom rows, respectively) as a function of annealing time
at 140 �C. From left to right: 0, 10, 60, and 300 s. Bright regions correspond to P3HT, while dark correspond to PCBM.

TABLE 1. Thickness measurements as extracted from low-

loss EF-TEM Imagesof TrilayersA andBafter VariousHeat

Treatment Times at 140 �Ca

Trilayer A

0 s 10 s 60 s 300 s

total thickness 108 ( 2 111 ( 1 104 ( 4 119 ( 3
bottom PCBM 37 ( 1 34 ( 2 32 ( 2 36 ( 2
RR-P3HT 34 ( 2 46 ( 2 44 ( 5 64 ( 3
top PCBM 36 ( 2 31 ( 1 28 ( 4 19 ( 3

Trilayer B

0 s 10 s 60 s 300 s

total thickness 111 ( 4 117 ( 3 105 ( 8 97 ( 9
bottom PCBM 37 ( 1 38 ( 1 70 ( 3 71 ( 19
RR-P3HT 38 ( 2 62 ( 5 35 ( 7 26 ( 16
top PCBM 36 ( 3 17 ( 3 0 0

a All values are in nanometers. Thicknesses given are the mean value of 10
measurements over a lateral film distance of 250�500 nm. Error estimates
represent the 95% confidence interval, based on the standard deviation of the mean
for each measurement.
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layer, by virtue either of localized densification of P3HT
or by incorporation of higher density material (i.e.,
PCBM) within the layer. After annealing for 60 s, the
structure of trilayer A remains similar to that observed
in the specimen which was annealed for 10 s. It is only
after annealing for a full 300 s that further changes in
the phase distribution of trilayer A were observed. In
this specimen, the degree of swelling of the central
P3HT layer has significantly increased along with a
decrease in thickness of both the top and bottom
layers of PCBM. These results suggest that amorphous
PCBM can readily dissolve into the adjacent P3HT layer,
and that the amount of PCBM within the P3HT in-
creases with annealing time. It should also be pointed
out that, while the layer thicknesses are initially quite
homogeneous across the film, roughening of the layer
surfaces and interfaces begins after 60 s of annealing,
as is evident by the increase in the error of the thick-
ness measurements for each layer and the overall film
presented in Table 1. This produces a more hetero-
geneous nanoscale distribution of PCBM, which only
increases at longer annealing times. While bulk tech-
niques such as NR can capture the average distribution
over a large area of film, they are not sensitive to finer
scale detail such as that which is revealed by EF-TEM
analysis, andwould result in very poor data if applied to
the roughened surface exhibited by the specimens
after longer annealing times due to a loss of coherency
in the reflected signal.
In contrast to these observations, the structure of

trilayer B was found to be altered in much more
noticeable ways, even at short annealing times. After
annealing for 10 s, the P3HT layer has developed
contrast modulations similar to those observed in
trilayer A; however, this layer has nearly doubled
in thickness along with an accompanying decrease in
the thickness of the topmost layer of PCBM. Converse-
ly, the thickness of the bottom-most, crystalline
PCBM layer is largely the same as that in the as-
fabricated trilayer, indicating that the crystalline PCBM
layer is far less soluble than its disordered counterpart.
In addition, the presence of the crystalline layer also
alters the net flux across the P3HT layer with respect to
the case of trilayer A, where the extent of shrinkage in
both PCBM layers was nearly the same. These changes
are shown more dramatically after 60 s of annealing,
after which trilayer B has fully converted to a bilayer
structure consisting of a P3HT top layer and an under-
layer of PCBM that is twice as thick as the initial layer of
crystalline material. It is also notable that the P3HT
layer thickness has decreased relative to that in the
specimen that was annealed for 10 s, and is now on par
with that in the as-fabricated specimen. This suggests
that, while the P3HT layer is swollen by PCBM at short
annealing times, the net flux across the middle layer
is sufficient to allow most of the amorphous PCBM
to diffuse across this boundary to combine with the

crystalline layer underneath. Further annealing for
300 s only increases the roughness of the two layers
and their interfaces while not producing any further
alteration of the phase distributions.
Line plots extracted from the carbon K-edge ele-

mental maps produced via core-loss EF-TEM are shown
in Figure 4. Since the intensity in these traces is directly
proportional to the number of carbon atoms present in
the specimen at that point, they can be used to deduce
the overall distribution of carbon as a function of heat
treatment. For example, the carbon content in the
P3HT layer of the initial trilayer A sample is significantly
lower than that in the surrounding PCBM layers, as
expected based on the nominal densities of P3HT and
PCBM (1.1 and 1.6 g cm�3, as measured by Ro et al.9)
and the atom fraction of carbon each contains (40%
and 82%, respectively). After annealing at 140 �C, the

Figure 4. Line profiles extracted along from the carbon
K-edge elemental maps along a line perpendicular to the
substrate interface from trilayers A and B (top and bottom,
respectively). The traces show the relative concentrations of
carbon as a function of distance from the silicon substrate.
Each profile represents themean value of 100 pixels at each
data point, and the uncertainty in each point is approxi-
mately (3�5% based on the standard deviation of all
100 measurements. For purposes of comparison, the pro-
files have been normalized to their measured carbon con-
tents near the silicon substrate.
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difference in carbon content between the P3HT layer
and the PCBM layers decreases by (6 ( 2) %, confirm-
ing the observed uptake of PCBM previously observed
via low-loss imaging.Within the error of themeasurement,
no further changes in the carboncontent of theP3HT layer
were observed after annealing for 60 and 500 s, indicating
that the equilibrium PCBM concentration within the P3HT
layer is achieved quite rapidly at 140 �C.
For the initial trilayer B specimen, the carbon con-

centration in the P3HT layer is again much lower
than that in PCBM layers. After annealing for 10 s at
140 �C, the difference in carbon content decreased by
(10( 3)%, similar to the observed difference for trilayer
A. However, a slight decrease in the carbon content of
the P3HT layer was observed after annealing for 60 s,
indicating a net flux into the bottom PCBM layer. These
results suggest that the amorphous PCBM component
first migrates into the middle P3HT layer and then
separates from the P3HT to merge with the crystalline
PCBM underneath after longer annealing times. All of
these measurements agree quite well with those of the
previous NR study,9 as demonstrated by the plot in
Supporting Information Figure S.1 where the layer thick-
nesses as measured by the C�K edge EF-TEM data is
overlaid with those measured via NR. Therefore, the
EF-TEM analysis confirms the NR data, while also reveal-
ing the nanoscale structural features not accessible toNR.
Another feature observed in the case of trilayer A

was the presence of large-scale PCBM aggregates after
annealing at 140 �C for 300 s. An example of this is
shown in Figure 5, where a micrometer-sized aggre-
gate has erupted from the trilayer, exhibiting a height
nearly three times that of the original trilayer thickness.
The aggregate is surrounded by a PCBM depletion
region that is ≈300 nm wide near the substrate, but
which extends to nearly 1 μm in width near the trilayer
surface. This difference in the extent of PCBMdepletion
in the top and bottom layers may indicate that
the diffusion along the film surface, a pathway not

available in the bottom-most layer, is more energeti-
cally favored than bulk or interfacial diffusion mechan-
isms. An alternative explanation is stabilization of the
bottom PCBM layer by the presence of the silicon
substrate relative to the top layer supported on the
middle P3HT. However, further investigation is re-
quired to fully illuminate the uptake of the surrounding
material by the agglomerates.
Beyond the depleted region, the specimen retains

the trilayer structure with a P3HT layer that has swelled
considerably, as was shown in Figure 3. However,
within ≈300 nm of the aggregate's edge, no contrast
fluctuations were observed within the P3HT layer,
further suggesting that all PCBM within the vicinity of
the macroscale aggregate has been depleted. This is
consistent with previous results based on scanning
transmission X-ray microscopy by Watt et al.,27 and
confirms that all of the surrounding PCBM is swept into
the growing aggregate at this annealing temperature.
It is also interesting to note the degree to which

the surrounding P3HT layer has accommodated the
growth of the PCBM aggregate, the thickness of which
under the P3HT has exceeded twice that of the entire
starting film thickness. Because of this, the P3HT layer
near the perimeter is significantly distorted and pulled
upward away from the substrate, no doubt imparting
significant strain to the layer. Finally, it is apparent that an
irregular, discontinuous region of retained P3HT, which
is ≈30 nm thick, is present within the aggregate itself.
While retained P3HT content in macroscale PCBM aggre-
gates has been reported via Raman spectroscopy,28,29 to
our knowldedge this is the first direct observation of its
morphology and location within the aggregate.
Strikingly, SAED analysis of these agglomerates did

not reveal any distinct, crystalline peaks, as would be
expected for either an agglomerate of nanocrystallites
or a single crystal of PCBM and as others have demon-
strated for larger PCBM agglomerates.4,30 As we have
seen, it is unlikely that the lack of crystallinity in the

Figure 5. Large-scale aggregate growth in trilayer A after annealing at 140 �C for 300 s. Aggregates (left) were found to
exhibit nonuniform composition through their interior with a significant amount of retained P3HT. The aggregates were
found to be surrounded by a region of PCBM depletion ≈300 nm wide near the substrate and nearly 1 μm wide near the
trilayer surface (right). Beyond this region, the trilayer exhibited the structure depicted previously in the low-loss images
acquired from this specimen (see Figure 3).
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aggregates can be attributed to specimen alteration
during the FIB liftout preparation since the crystalline
structure of the bottom-most PCBM in trilayer B was
retained. While this intriguing result requires further
analysis, one possible explanation for the lack of
crystallinity in the current aggregates is that the an-
nealing time and/or temperature was insufficient to
produce a well-ordered structure, such that the aggre-
gates at this stage are in a 'liquid-like' state with no
observable long-range order.
Macroscale aggregates like those observed in tri-

layer A were not detected in the case of trialyer B. This
could be attributed to the limited volume of material
analyzed using the FIB-assisted EF-TEM technique;
however, optical micrographs acquired from these
two samples (Supporting Information Figure S.2) reveal
that in fact no appreciable aggregate growth has oc-
curred in trilayer B. Therefore, the presence of a
monolithic PCBM crystal layer suppresses the forma-
tion of aggregates, and this is likely because the driving
force for further growth of the crystal layer is greater
than that for the nucleation and growth of additional,
smaller crystals. From a practical standpoint, this sug-
gests that nanoscale crystalline PCBM could play a
stabilizing role within a BHJ; acting as a controlled sink
for themoremobile amorphous PCBM in its vicinity and
preventing the macroscale phase separation that so
often limits the space of processing parameters avail-
able during fabrication. However, this must be balanced

against the destabilization of the short-range structure
of the film caused by rapid uptake of the nearby
amorphous PCBM by the crystalline component.

CONCLUSION

The cross-sectional analysis of model trilayer OPV
specimens via EF-TEM can be a powerful method for
determining the effects of thermal annealing upon the
resulting phase distribution. In this study, we have
utilized these techniques to investigate the role played
by the crystallinity of the fullerene component in the
P3HT:PCBM OPV system. In the absence of a crystalline
PCBM component, significant uptake of amorphous
PCBM into the P3HT was observed; however, the over-
all phase distribution was otherwise stable. When
crystalline PCBM was present in the system, significant
migration of amorphous PCBM through the intermedi-
ate P3HT was observed, even after short annealing
times. At long annealing times, all available amorphous
PCBMmigrated through the P3HT to bondwith the less
mobile crystalline PCBM on the other side. Finally, in
the absence of crystalline PCBM, macro-scale PCBM
aggregate growth was observed, driven by uptake of
amorphous PCBM from the surrounding regions of the
film. The phenomena revealed by studying model
systems in this way allows for a more fundamental
understanding of the behavior of these materials,
which can then be extrapolated to more complex
BHJ device architectures.

METHODS
Materials. For the electon donor phase, regioregular P3HT

(Plextronics, Inc.) with a number-average molecular mass
of 62 kDa, regioregularity of 99%, and a polydispersity index
of 1.9 was utilized. PC61BM (Nano-C, Inc.) was used for the
acceptor phase. Both materials were utilized as received.

Trilayer Fabrication. Trilayer films were fabricated by first spin-
coating a layer of PCBM from solution (10 mg mL�1, in
chloroform) onto a silicon substrate with native oxide surface
at ≈523 rad s�1 (i.e., 5000 rpm) for 60 s. Next, a P3HT layer was
deposited onto the PCBM surface using an elastomer-assisted
mechanical lamination process, as described in our previous
paper.9 Briefly, P3HT films were spin-cast onto a OTS-Si sub-
strate, delamintated using a PDMS stamp, and then released
onto the previously cast PCBM surface. Finally, the last layer of
PCBM was deposited using a similar procedure, also described
previously.9 The PCBM was spin-cast onto a silicon substrate
with native oxide surface. Then a PDMS stamp was applied and
delaminated by immersing in water. The stamp was then dried
using dry nitrogen gas, and the film was mechanically lami-
nated to the awaiting P3HT surface.

Two different trilayers were fabricated in this way. In the first
(Trilayer A), the stack was simply built in the sequence just
described. In the second (Trilayer B), the first PCBM layer was
subjected to a thermal annealing treatment (180 �C for 30 min)
prior to lamination of the subsequent layers, resulting in con-
version to a crystalline state (as confirmed by GIXD analysis). In
summary, both layers are identical with the exception that the
first PCBM layer was left in the as-cast state in Trilayer A, while it
was converted to a highly crystalline state in Trilayer B.

To study themixing behavior upon annealing, four different
specimens of each of the two trilayer architectures were

fabricated. The first was left in the as-fabricated state, while
the rest were subjected to thermal annealing treatment at
140 �C for 10, 60, and 300 s, respectively.

Specimen Preparation. Thin, cross-sectional samples of each
trilayer were prepared via focused ion-beam milling in a dual-
beam instrument (FEI Nova NanoLab 600).To minimize speci-
men damage during the initial stages of this process, each
trilayer was first sputter-coated with 25 nm of Au�Pd.
A standard TEM liftout protocol was then employed, whereby
a 2 μm thick, rectangular coupon was milled from the bulk of
the specimen, attached to a Cu support grid, and thinned to
electron transparency (<100 nm) using a 30 kV Ga ion beam.
Final polishing of the section was carried out using a 5 kV Ga ion
beam in order to remove any residual amorphous layer and
redeposited material from the surface.

TEM and EF-TEM Analysis. With the use of an FEI 80-300 TEM/
STEM instrument equipped with a Gatan Tridiem 865 imaging
energy-filter, these thin sections were then imaged using
bright-field TEM and energy-filtered imaging. As described in
a previous paper, two low-loss images were acquired for 5 s
using a 5 eVwide slit centered at 19 and 29 eV loss, or just below
and just above the bulk plasmon peak energy at≈23 eV loss. A
20 μmobjective aperture was used for this acquisition, resulting
in a collection semiangle of 5 mrads. The ratio of the lower
energy-loss image to the higher energy-loss image emphasizes
the P3HT-rich regions of the specimen (the PCBM-rich regions
could just as easily be displayed by inverting this image). In
addition, core-loss elemental maps were acquired using the
C�K edge (283.8 eV loss). A standard three-window method
was utilized,31 as implemented in Digital Micrograph (v. 1.83,
Gatan, Inc.). Specifically, in this case three images were acquired
using a 20 eVwide slit, two centered at energy-loss values below
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the edge onset (252 and 272 eV) and a third after the edge-
onset (294 eV). In this case, signal-to-noise is enhanced with a
smaller collection angle, so a 20 μm objective aperture was
employed providing a collection semiangle of 5 mrads. All
three images were acquired at full hardware binning (8� or
[256 � 256] pixels) and averaged over five acquisitions, each
with a 5 s exposure time. The two pre-edge images are used to fit
the background signal, assuming a power-law decay, which is then
subtracted from the postedge image to form an elemental map.
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