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The three-dimensional characterization of third generation photovoltaic device structures at the nanometer
scale is essential to the development of efficient, reliable, and inexpensive solar cell technologies. Electron
tomography is a powerful method for three-dimensional characterization; however, the application of this
method to the organic materials systems that comprise typical high-efficiency devices is complicated by the
difficulty in generating contrast from the compositionally similar materials. Herein we report the application
of low-loss energy-filtered transmission electron microscopy as a method of generating spectroscopic contrast
from a common organic bulk-heterojunction thin film consisting of a polymer donor and a fullerene-derivative
acceptor. Spectral imaging methods combined with principal component analysis are used to characterize the
contrast generation mechanism and to determine the optimum data acquisition parameters for this particular
combination of organic phases. A proof of method for using the low-loss spectral signal as a basis for electron
tomography is presented, and the advantages and drawbacks of the technique as applied to multiphase organic
systems relative to the more commonly employed bright-field imaging approach are outlined.

1. Introduction

A promising route to implementing a shift in the world’s
energy usage to renewable sources is the development of low-
cost, mass-produced, third-generation photovoltaic (PV) de-
vices.! Encouraging performance has been achieved by organic
solar cells based on bulk-heterojunction (BHJ) thin film
structures consisting of an interpenetrating network of two
organic phases, acting respectively as electron donor and
acceptor materials. Specifically, BHJ thin film devices based
on a donor/acceptor combination of regioregular poly(3-hexyl-
thiophene) (P3HT) and a [6,6]-phenyl C61 butyric acid methyl
ester (PCBM) fullerene derivative have exhibited external
quantum efficiencies as high as 75% and power-conversion
efficiencies (PCE) of ~4%.> The development of alternate
polymer acceptors has led to PCEs above 6%.> The high
performance of the BHJ architecture has been attributed to the
nanometer-scale self-assembly of heterojunctions formed by
spontaneous phase separation of the two constituents.* Improv-
ing the efficiency of such multiphase devices depends upon
understanding and exploiting their inherent structural, chemical,
and electronic heterogeneities. Since these features are organized
in a complex, highly interconnected three-dimensional (3D)
network at length scales that are typically on the order of tens
of nanometers, their proper characterization represents a difficult
challenge from a measurement science perspective.

Electron tomography in the transmission electron microscope
(TEM) is a proven method for characterizing the three-
dimensional morphology of heterogeneous materials at nanom-
eter length scales.” Recent studies have applied electron
tomography to the analysis of the 3D morphology of organic
BHIJ thin films using conventional bright-field (BF) TEM
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imaging.®~® However, the organic phases such as P3HT and
PCBM that comprise BHJ systems typically exhibit low
differential contrast due to their similarities in composition. In
these studies, phase contrast has been enhanced by imaging with
a defocused objective lens, thereby tuning the contrast transfer
function to emphasize a narrow band of spatial frequencies that
correspond to the predominant length scale (=10 nm) of the
phase separation. However, this contrast enhancement strategy
presents significant drawbacks for the 3D analysis of the
distributions of the donor and acceptor phases in these device
structures. First, the large defocus degrades the intrinsically high
spatial resolution of the TEM, necessarily blurring structural
detail at length scales smaller than the selected bandpass; hence
this approach may discard relevant information related to
features at these length scales which may significantly affect
device properties. More significantly, defocused BF images are
dominated by phase contrast, which does not necessarily obey
the fundamental assumption upon which tomographic recon-
struction methods are based, namely that the acquired signal
varies monotonically with the integrated mass thickness of the
relevant phase.” However, BF amplitude contrast, which is often
enhanced in organic structures via the practice of selective
“staining” of a phase or feature with a high atomic number atom,
does obey the projection requirement with an intensity variation
governed by Beer’s Law.’ In this latter case, imaging is
performed at Gaussian focus (i.e., with no defocusing of the
objective lens), thus preserving the subnanometer spatial resolu-
tion of TEM and allowing the characterization of the complex
3D morphology at all relevant length scales. Clear evidence of
the failure of TEM phase contrast imaging to meet this
requirement is the well-known Fresnel fringe—bright or dark
depending upon whether the objective lens is under- or
overfocused—that appears at the edge of the specimen; for
example, current generation tomographic reconstruction algo-
rithms would interpret the bright fringe in a traditionally
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underfocused image as a mass thickness lower than that of the
adjacent vacuum, which is unmistakably an artifact.

Spectroscopic imaging via energy-filtered TEM (EFTEM)
provides an alternative contrast generation mechanism for
tomographic analysis that does not suffer from the drawbacks
of BF phase contrast imaging. EFTEM imaging is performed
at Gaussian focus, as the image contrast results from the intrinsic
differences in chemistry or electronic structure between the
phases.'? In recent years, chemical imaging of organic materials
via EFTEM imaging has become increasingly popular. For
example, the microstructure of multiphase systems has been
probed via core-loss elemental mapping,!!~5 and the spatial
distribution of carbon bonding states in a triphase polymer
composite has also been mapped.'> In addition, this spectro-
scopic signal obeys the projection requirement for specimens
whose thickness is small in comparison with the inelastic mean
free path (~100 nm) of the incident electrons,'® and the utility
of EFTEM-based imaging for tomography of polymer/carbon
nanotube composites'’ and block copolymers'® has been
demonstrated.

In this work, the applicability of EFTEM low-loss imaging
to the structural and chemical characterization of organic PV
device structures will be demonstrated on a widely studied BHJ
thin film system consisting of P3HT and PCBM. The advantages
and drawbacks of this approach relative to the more widely used
techniques based on bright-field TEM imaging will be discussed,
and its applicability to high spatial resolution 3D characterization
of organic PV device structures will be demonstrated.

2. Experimental Section

2.1. Specimen Preparation. The protocol for synthesizing
the BHJ device structures considered here has been described
in detail elsewhere.!? Briefly, a thin film BHJ sample comprised
of P3HT and PCBM (Plexcore 2100, Plextronics Inc. and
Nano-C Inc., respectively) was prepared from a solution of the
two phases dissolved, in equal proportions by mass, in 1,2-
dichlorobenzene.? The solution was spin-coated onto a glass
substrate supporting a film of indium tin oxide (ITO) and a 40-
nm-thick sacrificial layer of poly(3.4-ethylenedioxythiophene)
poly (styrenesulfonate) (PEDOT:PSS). A slow drying proce-
dure'® was used to produce a BHJ that had previously been
found to exhibit power conversion efficiencies of greater than
2%.2! For analysis of the films by TEM, the specimens were
scored and immersed in water to promote dissolution of the
PEDOT:PSS layer. The delaminated film was then floated onto
a copper TEM grid. In addition, films of the individual
constituent phases (i.e., PCBM and P3HT) were similarly
prepared.

2.2. Electron Microscopy and Tomography. The three thin-
film samples (hereafter denoted P3HT, PCBM, and BHJ) were
analyzed via electron-energy loss spectroscopy (EELS) in an
FEI Titan 80—300 TEM/STEM operating at 80 kV and equipped
with a Gatan Model 865 Tridiem imaging energy filter. To
prevent potential degradation of the EELS spectral features, the
preliminary EELS analysis was carried out using a Gatan Model
626 cryo-transfer TEM holder. The sample was cooled to —130
°C and allowed to stabilize at this temperature for several
minutes prior to exposure to the electron beam.

EFTEM spectral imaging (SI) was performed using an energy
selecting slit of width AE = 2 eV and an energy increment
(step size) of OE = 0.2 eV, thereby providing an oversampling
AE/OE = 10. An EFTEM-SI image series was acquired across
the low-loss (LL) region of the spectrum, comprising the zero-
loss (ZL) peak and the plasmon-loss resonance, in the energy
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Figure 1. EELS spectra acquired from the P3HT, PCBM, and BHJ
films. The dashed line overlays the maximum of the plasmon peak for
the BHJ film, showing that it is present at an energy loss between the
plasmon peaks of the two pure materials. A weak spectral feature at
an energy loss near E = 6 eV is present in the spectra acquired from
both the PCBM standard and the BHJ film.

loss range —5 eV < E < 40 eV, thereby producing a data cube
of 225 images. The data were acquired with 0.5 s exposures
with the (2048 x 2048) pixel camera configured for a 4x on-
chip binning to produce (512 x 512) pixel images with a
sampling of ~2 nm/pixel and a field of view of ~1 um as
measured in the plane of the sample. The data cube was filtered
in order to remove point blemish artifacts such as X-rays and,
if necessary, registered to correct for spatial drift using the
FELMI plug-in for Digital Micrograph.? Finally, the data cube
was analyzed by principle component analysis (PCA) using the
AXSIAZ SI analysis program operating on a desktop PC.
EFTEM tomography analysis of the thin-film BHJ was
performed at room temperature using a Fischione Instruments
model 2020 high-tilt tomography holder. A series of 141
EFTEM images were acquired using a Saxton scheme (tilt
increment =1.5° at 0° tilt) over a specimen tilt range of —70°
< 0 =< +70° using the FEI Xplore3D tomography acquisition
software. All images were acquired using an energy-selecting
slit AE = 5 eV centered at E = 19 eV on the low-energy
shoulder of the bulk plasmon peak for the BHJ, which had been
identified during EFTEM-SI analysis as providing optimal
contrast between the constituent phases. Images were acquired
using a 2 s integration time and a 2 x on-chip binning to produce
(1024 x 1024) pixel images with a sampling of approximately
1 nm. A second EFTEM tilt series was acquired from a different
portion of the film under identical conditions, except in this
case the energy-selecting slit was centered at £ = 0 eV on the
zero-loss peak, with an objective lens defocus of —25 um, in
order to enhance the inherently low contrast in this imaging
mode. The raw image stacks were then registered to the common
tilt axis by multiple iterations of cross-correlation analysis and
subsequently reconstructed using the weighted-back-projection
algorithm in the IMOD tomography reconstruction software.?*

3. Results and Discussion

EELS spectra acquired from the single component films of
P3HT and PCBM, as well as the BHJ device structure are shown
in Figure 1. The spectra of all three films exhibit broad plasmon-
loss resonances with peak intensities near 25 eV; however, the
three samples exhibited subtle variations in peak energy and



3D Characterization of Photovoltaic Devices

A B

J. Phys. Chem. C, Vol. 114, No. 41, 2010 17503

C

Figure 2. Typical zero-loss BF images (E = 0 eV, f = 0 um) of the (a) PCBM, (b) P3HT, and (c) BHJ films. Note the large domains present in
the P3HT and the difficulty in discerning contrast between the two constituents in the BHJ film. The scale bar is 200 nm.

shape. For the P3HT film, the plasmon peak energy is found to
be 22.2 eV, while that of the PCBM film is at 25.5 eV. The
relative values are consistent with the decreased electron density
of the polymer compared with the fullerene derivative.?> The
plasmon peak energy of the BHJ device structure lies between
the two values exhibited by the individual components, at 23.3
eV.

Two other features of note are evident in the EELS spectrum
of the PCBM phase. First, a minor but distinct peak is found at
~6.6 eV. This feature has been attributed to the sw-plasmon
excitation of the Cq molecule.?®?” Second, the low-energy
shoulder of the PCBM plasmon peak deviates noticeably from
the quasi-Gaussian shape exhibited by the P3HT and the bulk
plasmon peaks of most materials. This distinctive shape is due
to additional interband transitions of valence electrons to the
o* band,?*?’ which within the limited spectral resolution of this
analysis (~0.7 eV) appears as an approximately linear increase
in the spectral intensity over a 15 eV energy range between the
local minimum at around 9 eV and the plasmon intensity
maximum. The first of these two spectral features, which is also
apparent in the BHJ device structure, provides a useful indicator
of the spectral signature of the fullerene derivative.

Representative EFTEM zero-loss bright-field images of the
three films, each acquired at Gaussian focus, are shown in Figure
2. The zero-loss image of the PCBM film is largely featureless
at this magnification. Conversely, the P3HT exhibits equiaxed
domains which are several tens of nanometers in diameter; a
morphology that is consistent with previous AFM studies of
P3HT.?® Also evident are macroscopic thickness variations,
evident as low-frequency variations in intensity across the image,
that are largely absent in the image of the PCBM film. Most
significantly, the image of the BHJ device structure demonstrates
the difficulty in generating contrast that distinguishes between
the polymer and fullerene phases using bright-field zero-loss
imaging at Gaussian focus due to the intrinsically low amplitude
contrast differentiating between these compositionally similar
phases. Instead, the image contrast is dominated by low-
frequency intensity variations due to film thickness, similar to
that seen in the P3HT film.

Given the low intrinsic amplitude contrast between the P3HT
and PCBM phases in the TEM BF images, the difference in
the spectral signatures of the two phases was explored as an
alternative source of contrast generation. To correlate the spectral
features of the two constituent phases with their spatial
distribution in the BHJ devices, an EFTEM spectral image,

comprised of a full spectrum such as those shown in Figure 1
for each imaging point (pixel), was acquired from the BHJ
specimen. To a first approximation, the spectral response from
any individual imaging point might be expected to be a linear
combination of the spectral responses of the individual phases
shown in Figure 1. However, deviations from this linear
behavior may arise for a variety of reasons. For instance, charge
transfer between the donor and acceptor phases in the BHJ may
result in a qualitative change in the dielectric response relative
to the single-phase standards, producing either a change in
sensitivity factor or a modification in spectral shape. Alterna-
tively, the segregation of charge to the interface may give rise
to a distinct interfacial component to the dielectric response.
Since our goal is to use the low-loss EFTEM signal as the basis
for quantifying the relative proportions of the constituent phases
in projection, a prerequisite for tomographic analysis, it is
essential that the spectroscopic signal and its relationship to the
constituent phases be well understood.

Multivariate statistical methods, such as principal component
analysis (PCA), can be used as a means to understand the origin
of the features in a spectral image. The details of PCA and its
application to microanalysis in general and EFTEM specifically
have been described in detail elsewhere.?*?%3° Briefly, PCA
identifies a minimal basis set of spectral components, a linear
combination of which accurately reconstructs the spectral
response at each pixel of the SI, apart from the contribution of
statistical noise. The analysis reveals the number of linearly
independent components distinct from the noise, so that spectral
variations arising from unexpected sources in the specimen (e.g.,
a distinct interfacial component, as hypothesized above) or in
the instrumental response (e.g., a detector nonlinearity) are
reliably identified. Each component consists of a component
spectrum, showing the nature of the distinct spectral variation,
and a component image, which provides a real space map of
the regions of the specimen where this spectral variation occurs.
The combination of the component spectrum and image typically
allows the origin of the extracted spectral variations to be
identified. Moreover, because PCA identifies the intrinsic
spectral variations within the SI itself, any alteration of the
spectral response in the real structure relative to single phase
standards (e.g., due to charge transfer) is automatically ac-
counted for.

The application of PCA to the EFTEM SI acquired from the
BH]J thin films revealed six components distinct from the con-
tributions of Poisson noise. Component 1 describes the average
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Figure 3. Results of the PCA analysis of the BHJ EFTEM-SI data cube: (a) s
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pectral component that describes chemical contrast between the

P3HT and PCBM phases; (b) component image corresponding to (a), highlighting P3HT; and (c) component image with inverted contrast, highlighting
PCBM. Also shown are the raw images extracted from the data cube centered at (d, red border) £ = 19 eV and (e, green border) E = 29 eV, the
energies corresponding to the extrema in (a), as well as (f) the difference of images (d) and (e), depicting the maximum contrast difference of any
pair of images in the EFTEM-SI. Image (f) provides a good approximation to image (b), but with lower absolute contrast given that the SI component
image integrates contrast throughout the entire spectral range. The scale bar is 200 nm.

spectral response, with a spectral intensity distribution similar
to that shown for the BHJ in Figure 1. Components 2, 3, and 5
correspond to the detector response, arising because of spectral
shifts or broadening at the periphery relative to that in the center
of the detector. Component 4 corresponds to variations in
specimen thickness, with an image component exhibiting an
intensity distribution similar to that in Figure 2c. Component 6
describes the difference in spectral response between the P3BHT
and PCBM phases in the BHJ thin film. Significantly, no
additional spectral components (arising from, for example, an
interfacial response distinct from that of the constituent phases)
were identified.

Selected results of the PCA analysis of the EFTEM SI are
shown in Figure 3. Spectral components 6 and 1, as well as

their ratio, are plotted in Figure 3A. Spectral component 6
exhibits the positive and negative intensities characteristic of
PCA spectral components with index (n) greater than 1. This
arises because the intensity distribution in these spectral
components is relative to the mean spectrum, which is repre-
sented by component n = 1. In the present case, the positive
portion of spectral component 6 consists of a single extrema
near 19 eV loss, while the negative portion exhibits an extrema
near 27 eV as well as a minor component at ~6.6 eV loss.
This intensity distribution can be understood by comparison with
the spectra acquired from the single phase P3HT and the PCBM
films shown in Figure 1. The minor component at 6.6 eV
combined with the higher energy-loss value of the extrema
indicates that, to a good approximation, the negative portion
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Figure 4. Zero-loss BF images (top, E = 0 eV, f= 0 um) and thickness maps (bottom) obtained from an BHJ film at specimen tilts of (a,c) 6 =
0° and (b,d) 6= 70°. The thickness maps are shown on a false color scale with black corresponding to zero thickness and white corresponding to

a thickness of two inelastic mean free paths.

corresponds to the PCBM, while the positive portion, with the
lower energy loss extrema, corresponds to the P3HT. Thus
component 6 represents the signal that distinguishes the two
phases.

For the purposes of identifying optimal imaging characteristics
for subsequent analysis, the more salient spectral distribution
is the ratio of spectral components 6 and 1, since this provides
a measure of contrast. Relative to the “signal,” the “contrast”
spectral component exhibits intensity extrema of greater energy-
loss separation, an enhancement of the spectral feature charac-
teristic of the fullerene derivative at ~6.6 eV, and a suppression
of the noisy intensity fluctuation below the zero loss peak. The
5-eV-wide intervals, which represent the spectral signals that
would produce the greatest contrast in the P3HT and PCBM
phases, are found to be centered at 19 and 29 eV, respectively,
and these regions are highlighted by the overlain red and green
windows.

The image component that corresponds to spectral component
6, and its complement, are shown in Figure 3, parts B and C,
respectively. In the former image, regions of high intensity
represent pixels which correspond to the positive (i.e., P3HT)
portion of spectral component 6, while in the latter the high
intensity pixels correspond to the negative (PCBM) portion. The
image component associated with enhanced P3HT exhibits a

filament-like structure, while that associated with enhanced
PCBM highlights an equiaxed morphology that occupies the
channels bounded by the filaments. These structural character-
istics of the two BHJ constituents are consistent with previous
cryogenic BF-TEM imaging studies that reported a microstruc-
ture consisting of elongated, filament-like crystals of P3HT in
a matrix of PCBM.®

For comparison, the two image slices corresponding to the
red and green windowed energy regions in the ‘“contrast”
spectral component were extracted from the unprocessed 225-
image EFTEM SI data set, and these are presented in Figure 3,
parts D and E. The intensity difference between these two ‘raw’
images is also shown in Figure 3F. The intensity difference is
similar to the component image in Figure 3B, but with a lower
signal-to-noise ratio. Similarly, the individual image slices of
Figure 3, parts D and E exhibit intensity variations similar to
the component images of Figure 3, parts B and C, respectively,
but with lower overall signal and contrast. The difference in
these component images and the extracted raw images arises
because PCA of spectral images effectively provides noise
filtering by integrating the spectral difference throughout the
image stack. Nevertheless, Figure 3, parts D and E, provide
sufficient discrimination between the P3HT and PCBM phases
to merit further imaging of the nanoscale microstructure of the
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Figure 5. EFTEM image series array acquired at varying energy losses (E) and defocus (f): the rows (top to bottom) show images acquired with
energy selecting slit centered on £ = (0 and 19) eV; the columns (left to right) show images acquired with an objective lens focus of f = (—25,
0, and +25) um. The scale bar is 200 nm. Low-frequency thickness-related variations in intensity are present in all of the images; however,
intensity variations arising from compositional inhomogenity is clearly revealed only in the low-loss EFTEM images acquired at Gaussian focus.
Note that there are high-frequency modulations in image intensity in the defocused zero-loss bright field images but that the apparent structure is
distinctly different from that apparent in the lowloss images. A movie showing the entire data set for all three imaging conditions is included in the

Supporting Information.

BHIJs with these individual energy-filtered images, since their
acquisition is simpler and more dose efficient than a full SI
series. More importantly, for 3D characterization by tomogra-
phy, this imaging paradigm provides the critical advantages of
speed and a total signal that is proportional to a linear
combination of the mass thickness of the individual phases.

Once the optimal EFTEM imaging conditions had been
identified, it was necessary to evaluate the suitability of the
plasmon-loss signal for acquisition of images at the specimen
tilts, 6, required for electron tomography. The linearity of the
EFTEM signal can be degraded by nonlinear plural plasmon
scattering events at projected thicknesses greater than the
electron inelastic mean-free path, A. Since all TEM images are
necessarily projections through the thickness of the specimen,
this effect could be particularly limiting at high specimen tilts,
where the projected thickness of a parallel-sided thin film
increases inversely proportional to cos(6). It is well established
that a map of the ratio of the specimen thickness to the inelastic
mean-free path (#/4), can be formed from the ratio of bright-
field images acquired with and without an energy-selecting slit
that excludes electrons that have undergone inelastic scattering.*!
Bright-field images and #/4 maps of BHJ thin films at tilt angles
of § = 0° and € = 70° are shown in Figure 4. At § = 0°, the
BHIJ film is well suited to EFTEM analysis, with mean and
maximum #/A values smaller than 0.4 and 0.8, respectively.
These values necessarily increase at @ = 70° (1/cosf =~ 2.9),
but the mean #/A value is still less than 2 for the ~80 nm-thick
films of this study.

It is worth asking whether the image contrast displayed in
Figure 3 could have been obtained by conventional bright-field
TEM, a technique that is better established and more widely
available, given that BF-TEM can be performed without an
imaging energy filter. The absence of the morphological features
of Figure 3 in Figure 2C demonstrates that amplitude contrast
is insufficient in the compositionally similar phases constituting
the BHJ thin film. To perform a direct comparison of the contrast
produced by BF-TEM phase-contrast and low-loss EFTEM
spectroscopic-contrast imaging of the BHJ device structure, a
series of energy-filtered images with the energy-selecting slit
centered at 0 and 19 eV loss was acquired from a common area
of the specimen while varying the defocus of the objective lens
from —25 um to +25 um in increments of 5 um. These data
are most dramatically displayed in a movie showing a side-by-
side comparison of the image contrast through the focal series,
which can be viewed in the Supporting Information; representa-
tive images from this series are presented in Figure 5. The
EFTEM images demonstrate the necessity of performing the
low-loss imaging analysis at Gaussian focus; deviation from
this focus quickly effects a loss of spatial resolution. This
degradation in resolution is illustrated by the two images
acquired with defocus values of —25 um and +25 um, in which
little if any contrast remains apart from low frequency modula-
tions arising from thickness variations. It is evident that the
contrast produced by the defocused BF TEM image of this
particular BHJ film is complex and dissimilar to the P3HT
morphology revealed by the EFTEM imaging. This dissimilarity
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Figure 6. Array of images corresponding to the phase distributions at different depths within the BHJ, as extracted from reconstructed tomograms
of P3HT:PCBM BHI films acquired using (top) defocused ZL BF (E = 0 eV.,f = —25 um) and (bottom) in-focus EFTEM low-loss images (E =
19 eV, f= 0 um). The slices correspond to depths (left) near the “free” surface of the film, (middle) midway through the ~80 nm-thick film, and
(right) near the surface closest to the PEDOT:PSS-coated ITO substrate. The field of view in all images is ~900 nm.

is common to the BF TEM images at all defocus values, as
demonstrated in the supplemental movie. While not necessarily
refuting its application by other researchers to the analysis of
other BHJ films, this comparison demonstrates that BF TEM
imaging with a defocused objective lens is not a robust technique
for the analysis of all BHJ systems generally, at least under
noncryogenic conditions, and it demonstrates the relative
robustness of the EFTEM technique as a means of generating
contrast which faithfully depicts the chemical phase distribution
within the film. A second focal series analysis was also carried
out over a range of (—30 to +30) um defocus using a finer
increment of 1 um, and a movie of this data set is also included
in the Supporting Information.

This discrepancy in the results produced via the two imaging
methods necessarily carries over into tomography studies. Two-
dimensional slices of constant depth within the film, as extracted
from tomographic reconstruction of tilt series acquired with
imaging conditions similar to upper left and lower middle
images of Figure 5, are shown in Figure 6 (a movie of the entire
reconstructed volume is presented included in the Supporting
Information). The slices extracted from the defocused BF tilt
series suggest a three-dimensional network of P3HT filaments,
consistent with the nominal microstructure of the film. However,
the filament size and distribution suggested by the BF phase-
contrast imaging is clearly inconsistent with that of the EFTEM
spectroscopic-contrast imaging tilt series.

The reconstruction generated from the spectral-contrast data,
which represents the true structure of the BHJ thin film, suggests
that it consists of a highly interconnected 3D network of P3HT
filaments in a PCBM matrix. No obvious preferential segregation
of the phases relative to the surfaces of the thin film was detected
within the resolution of the tomogram, which is on the order of

a few nanometers, since all of the slices were found to contain
a similar area fraction of P3HT filaments.

It is noteworthy that, in the case of both BF and EFTEM,
the tilt series data were acquired with the specimen at ambient
temperature; under these conditions, the crystalline structure of
the specimen rapidly degrades. Observations of the selected-
area electron diffraction ring patterns of these films indicates
that crystalline order of the sample breaks down after only a
few seconds of exposure to the electron beam. This structural
alteration would have a strong effect on the diffraction contrast
contained in the BF images; however, it has negligible effect
on the dielectric response revealed by EFTEM low-loss imaging.
Beyond the well-known effects of film shrinkage during the
first few minutes of beam exposure,*? no significant change was
observed in the morphology of the phase distribution in the BHJ
thin films. Some change was observed in the EELS spectrum
of the BHJ during an extended period of electron exposure
similar to that necessary for collecting a tomographic tilt-series.
Most notably, the zz-plasmon excitation peak (~6.6 eV) was
found to decrease in intensity and shifted to a slightly lower
energy-loss value over time. However, on the whole, the
dielectric response of the BHJ film remains fairly constant over
this prolonged period of exposure. A movie showing the
response of the film to the electron beam irradiation and a plot
of the EELS spectral time series data can both be found in the
Supporting Information. The ability to perform tomographic
studies of organic BHJ device structures in the absence of
cryogenic cooling is an advantage of the spectroscopic-contrast
imaging mechanism of this work; it would provide a definite
advantage to this imaging mode should this beam insensitivity
be generally applicable to different organic systems.
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In this work, we have performed a comparison of the data
generated via BF phase-contrast imaging and EFTEM spectro-
scopic-contrast imaging using the low-loss dielectric response.
To best achieve this comparison, all of the data were acquired
at 80 kV in order to maximize the contrast in the bright-field
images. Both elastic and inelastic scattering cross sections
decrease with increasing incident beam energy; imaging at
relatively low voltages, such as 80 kV, is a common means of
maximizing BF image contrast in organic specimens, since
elastic scattering is enhanced and the sample is more transparent
to electrons at higher accelerating voltages. However, this
enhancement in contrast due to elastic scattering is not necessary
for EFTEM spectroscopic-contrast imaging, and there may be
significant advantages to performing tomography experiments
at higher operating voltages (i.e., 200 kV—300 kV). In particular,
the corresponding decrease in the inelastic scattering cross
section effects an increase in A, and thereby a decrease in #/4
for a given film thickness. For the films characterized in this
study, the considerable reduction in #4 at the highest tilt angles,
from #/A ~ 2 at 80 kV to a value closer to #/A ~ 1 at 300 kV,
would significantly decrease the nonlinear effects of plural
scattering, and thereby improve the quantitative accuracy of the
tomographic reconstruction, particularly for microstructural
variations in the plane of the film, which are best sampled at
high specimen tilts. More importantly, the increase in A should
improve the tractability of analyzing actual BHJ device struc-
tures, which have film thicknesses larger than those of the model
films analyzed in this study. An increased accelerating voltage
will tend to increase the effects of TEM “knock on” damage
(the physical displacement of individual atoms due to elastic,
billiard-ball-like interactions), but will decrease the effects of
“ionization” damage (bond breaking from inelastic scattering),??
which might be more important for preserving the dielectric
response that provided the spectroscopic contrast. Experiments
to characterize the trade-offs of these various experimental
parameters, and to maximize the reliability and information
content of tomographic analysis of actual BHJ devices, will be
detailed in a subsequent publication.

4. Conclusions

Low-loss EFTEM imaging is well suited to generating
contrast between compositionally similar organic phases, such
as those present in BHJ device structures. The plasmon-loss
region of the EELS spectrum of the two-phase BHJ device is
well modeled as a linear combination of the spectral responses
of the individual constituent phases, and energy-filtered imaging
with the energy-selecting slit transmitting a spectral range over
which the component spectra exhibit significant differences in
intensity provides image contrast that discriminates well between
the two phases. This low-loss EFTEM signal provides a basis
for electron tomography of BHJ thin films as a means to reveal
the complex three-dimensional microstructure of organic pho-
tovoltaic device structures. In contrast to BF-TEM phase contrast
imaging, EFTEM low loss imaging generates readily interpret-
able contrast that obeys the tomography projection requirement,
and is particularly useful where diffraction and mass—thickness
contrast are not available. In addition, the spectroscopic contrast
of the EFTEM low-loss imaging is less sensitive than diffraction-
based contrast to electron irradiation, thus providing a relaxation
of dose requirements for the imaging of organic phases, thereby
allowing tomography of thicker BHJ films to be collected at
higher incident electron energies and without the need for
cryogenic cooling of the specimen.
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