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Abstract

Energy-filtered transmission electron microscopy provides an opportunity to map the nanoscale elemental composition in polymeric systems.
Nevertheless, it presents its own set of unique challenges in its application to soft materials. Here, we outline an optimized protocol for ele-
mental mapping in soft materials using sulfur mapping of polymer/fullerene mixtures as an example. Three factors are crucial: (1) focusing at
zero-loss, (2) using an objective aperture, and (3) maximizing signal-to-noise and counts for the chosen imaging conditions. Analyzing the
corresponding source images, bright field images, and thickness maps can ensure optimum conditions are achieved for elemental mapping of

polymers.

Introduction

Transmission electron microscopy (TEM) has contributed to
many advances in polymer and soft matter science. Some of
the earliest applications of TEM for polymers revealed spheru-
litic crystallization of natural rubber and low-density polyethyl-
ene.!"! Later, TEM studies of lamellar crystals of polyethylene
led to the folded chain model.[*! These pioneering studies relied
on standard bright-field techniques with the aid of gold or chro-
mium shadowing to generate contrast in the TEM, but as the
need arose to image more complex systems, such as blends
and block copolymers, new modalities for imaging became
warranted.

Most TEM studies of polymeric materials rely on mass con-
trast, where the image intensity depends on local mass thick-
ness (thickness multiplied by density). Nevertheless,
polymeric materials are generally composed of elements with
low atomic numbers where domains have little or no difference
in electron density. One strategy has been to use heavy element
stains, but staining can perturb the morphology and specificity
relies on differences in physical absorption or chemical reactiv-
ity, which depend on the details of the system.

Alternatively, the image formation process can rely on phase
and diffraction contrast.”’] Phase contrast relies on defocus of
the objective lens to provide interference between the scattered
and unscattered beam based on differences in the mean inner
potential, but the contrast enhancement is often modest and res-
olution is limited due to defocus. If one of the materials is crys-
talline, dark field imaging using an objective aperture to select a

scattered beam can distinguish between different phases
through diffraction contrast. Given the sensitivity of polymers
to radiation damage, this approach is often limited to electron
doses of about 20 e/A% ™! limiting the capture of multiple ori-
entations or reflections, resulting in an incomplete picture of
the distribution of crystallites in any single image. As a conse-
quence, moving beyond mass, phase, and diffraction contrast
will be transformative, especially for studies of more complex
structures.

Analytical TEM aims to supplement the aforementioned con-
trast mechanisms, such as through energy-filtered TEM
(EFTEM), which relies on inelastically scattered electrons for
the image formation process. As the electron beam interacts
with the sample, inelastic losses will be a consequence of the
valence electronic structure (1-10 eV), from plasmon reso-
nances (10-50 eV), or from excitations of core-shell electrons
(50—1000 eV). These electrons can be discriminated by their
energy-loss by magnetic fields applied in spectrometers because
they will be deflected to different angles depending on their
energies. An energy filter can then be used to form images at a
user-defined energy-loss, which is selected by a slit aperture in
the energy-dispersive plane of the spectrometer. Currently,
there are two types of energy filters available, in-column
Q-filters and post-column energy filters called Gatan imaging
filters (GIFs). These energy filters can then provide imaging
modalities beyond mass, phase, and diffraction contrast.

While conventional bright-field imaging of polymeric mate-
rials suffers from minimal mass contrast, polymer systems have
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been successfully imaged using EFTEM to generate contrast
from differences in the valence electronic structure,!™ elemental
composition, '™ or plasmons absorption.!'*'* Nevertheless,
the weak mass contrast inherent to many soft materials systems
provides unique challenges. Here, we outline an optimized
protocol for elemental mapping in soft materials using sulfur
mapping of the polymer/fullerene blend poly(3-hexylthiophene-
2,5-diyl)/[6,6]-phenyl-C61-butyric acid methyl ester (P3HT/
PCBM) as an example. We emphasize that three factors are
crucial: (1) focusing at zero-loss, (2) using an objective aperture,
and (3) maximizing signal-to-noise and counts.

Materials and methods

15 mg/mL solutions of P3HT (50.9 kg/mol, P of 2.23, 96%
H-T regioregularity, Merck) and PCBM (Merck) (in 1:1 ratio)
were made with chlorobenzene (Sigma-Aldrich) in a nitrogen
glove box and stirred for a minimum of 10h at 45 °C.
Silicon wafers were cleaned through sonication for 20 min in
acetone and 20 min in isopropanol followed by 15 min of ultra-
violet light ozonation. PEDOT:PSS (Clevios P, H.C. Starck)
was spin-cast onto the silicon wafers in air, after which
P3HT/PCBM was spin-cast onto the PEDOT:PSS film inside
a nitrogen glove box. Films (ca. 70 £ 10 nm) were floated off
in deionized water and then picked up with copper TEM
grids. Samples were dried overnight at room temperature
under vacuum and then annealed at 190 °C for 45 min in a
nitrogen glove box. Sulfur elemental maps were taken at the
Penn State Materials Characterization Lab on the Tecnai G2
20 XTWIN operating at 200kV equipped with a GIF
Tridiem filter and the FEI Titan Krios operating at 300 kV
equipped with a GIF Quantum filter and K2 direct electron
detector using the standard three-window method.">! A slit
width of 20 eV was used. Pre-edge 1, pre-edge 2, and post-edge
energies were 128, 150, and 185 eV, respectively. The size of
the objective aperture used was 20 um.

Results and discussion

Generating elemental maps from core-loss
energy filtered micrographs

As the electron beam interacts with the sample, electrons will
scatter elastically and inelastically. A magnetic prism beneath
the TEM can separate scattered electrons into their respective
energy losses, after which a slit is used to select only electrons
of a specified energy loss to create the image. Selecting only
elastically scattered electrons, for example, will generate a zero-
loss image, which has improved contrast compared with an
unfiltered image due to the larger inelastic scattering cross-
section (when compared with elastic cross-sections) of organic
materials.">'%7 As shown for P3HT/PCBM mixtures, the zero-
loss [Fig. 1(b)] and unfiltered images [Fig. 1(a)] can be used to
calculate a thickness map [Fig. 1(c)].

Often there is little mass contrast in zero-loss images for
polymeric materials because differences in density are small.
As a consequence, many TEM micrographs of polymers rely
on chemical or physical selective staining with heavy elements
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to generate imaging contrast..'”) Instead, we can use core-loss
electrons to obtain elemental maps. This is most commonly
accomplished using the three-window method, in which two
pre-edge images [Figs 1(d) and 1(e)] and one post-edge
image [Fig. 1(f)] is acquired. The energy window selected for
the three energy-filtered micrographs are optimized from the
electron energy-loss spectrum near the edge of interest; for
P3HT/PCBM this was 128, 150, and 185 eV with a =10 eV
window (20 eV slit). The two pre-edge images are used to gen-
erate a background that is then subtracted from the post-edge
image, resulting in an elemental map [Fig. 1(g)]. The thickness
t of the sample should be much thinner than the mean free path 4
to ensure low plural scattering and mass thickness contributions
to the image;!'>! in Fig. 1(g) #/A is on average 0.2.

The comparison between the thickness and elemental maps
serve as confirmation that contrast in the elemental map is from
elemental contrast and not thickness variations. The elemental
map is directly proportional to the amount of sulfur, such that
thicker regions are expected to show stronger sulfur signal
even if the composition within the film is homogeneous and
spatially invariant. Thus, differences between the sulfur map
and thickness map indicate enrichment of sulfur composition
within the film. Furthermore, a map of the sulfur composition
(averaged over the thickness of the film) can be extracted by
dividing the elemental map by the thickness map, as previously
outlined.!'®!

Previous work has demonstrated similar core-loss elemental
maps as the one shown in Fig. 1 for P3HT/PCBM mix-
tures,>7-%19722] a5 well as for other conjugated polymer mix-
tures.l!¥23261 The goal of the following sections is to
systematically outline the crucial parameters and common pit-
falls that are needed to successfully generate elemental maps of
polymeric systems. As we describe below, we propose that a
complete set of images include a bright field micrograph, a
thickness map, and an elemental map of the same region to
minimize the possibility of artifacts affecting imaging results.

Focusing at zero-loss

Focusing at zero-loss is difficult because the lack of contrast in
polymeric materials often causes the zero-loss image to look
the same even at different defocus values. Ideally, we would
be able to find focus at the sulfur edge, but in the case of
electron-transparent polymer films, the counts at the sulfur
edge are too low to practically tune the defocus. Furthermore,
in some cases, elemental enrichment is anti-correlated with
mass density, such that contrast at an elemental edge may be
minimal or diminished. A common practice for EFTEM is to
use the plasmon energy-loss to find focus, but contrast can
also be weak in the plasmon region due to the broad, overlap-
ping plasmon resonances between organic materials. To over-
come these challenges, we have found that the use of Fast
Fourier Transforms (FFTs) of the zero-loss image can guide
the operator in finding focus. FFTs are routinely used to mini-
mize astigmatism, and we propose that FFTs can also be used to
minimize defocus when imaging low-contrast soft materials.
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Figure 1. TEM images of P3HT/PCBM films. The unfiltered image (a) consists of both elastically and inelastically scattered electrons. The zero-loss image (b) is
composed of only elastically scattered electrons. From the unfiltered and zero-loss image, a thickness map (c) can be generated. While zero-loss images of
polymeric materials do not reveal much structure, elemental maps such as a sulfur map (g) can be generated through the three-window method, which uses two
pre-edge images (d, e) to estimate a background that is subtracted from a post-edge image (f).

As shown in Fig. 2, zero-loss images of P3HT/PCBM mixtures
show little contrast, where features mostly correspond to large-
scale film thickness fluctuations. Thus, focusing by eye is chal-
lenging. Corresponding elemental maps show significant loss
of resolution when the zero-loss image is out of focus; in this
case, about 2—3 microns out of focus will cause a loss of reso-
lution in 10 nm features (Fig. 2). The overall challenge of
focusing for smaller features that are apparent in the bright
field images (that require smaller defocus) can be resolved by
relying on the FFTs to guide the operator to minimal defocus.
The addition of sulfur-containing nanoparticles that do not dis-
rupt morphology could also be a solution for perfecting focus
of soft materials when taking sulfur elemental maps.

Using an objective aperture

We demonstrate that the use of an objective aperture improves
contrast in elemental maps of polymeric materials (Fig. 3). The
role of the objective aperture is to filter out electrons that have
been scattered to high angles. Incoherent scattering, such as
from multiple scattering, is angle-independent and will add a
background or noise to images. From Bethe theory, the differ-
ential cross section for inelastic scattering decreases quickly at
high scattering angles.['>) We hypothesize that the objective
aperture is important because it removes electrons scattered
to high angles that are mostly due to incoherent scattering;
when the image formation process relies on inelastically scat-
tered electrons the fraction of incoherently scattered electrons

is likely higher. Although an alternative hypothesis is that the
objective aperture is adding elastic contrast (mass contrast) to
the image, thickness maps [Fig. 1(c)] do not show the same
contrast as the sulfur maps shown in Fig. 1(g) or Fig. 3.

Maximizing signal-to-noise and counts
In order to generate high-quality sulfur maps, it is important to
maximize signal-to-noise and to ensure that counts are above
the noise level of the detector. Counts can be maximized by
centering the beam on the charge-coupled device (CCD)
and spreading the beam so that its circumference just barely
surpasses the CCD screen; care must be taken that the curvature
of the beam does not introduce defocus at the image edges.
Qualitatively, sulfur maps taken with increasing exposure
times (and therefore higher counts) show improved resolution
(Fig. 4). Line scans of post-edge images show that
signal-to-noise increases with increasing exposure time
(Supplementary Fig. S1). Figure 4 and Supplementary Fig. S1
suggest that for a GIF Tridiem detector (UltraScan sensor with
2048 x 2048 pixels), about at least 200 counts is needed for all
energy-filtered images to generate high-quality sulfur maps.
We note that high doses are detrimental for soft materials; how-
ever, for heavy elements like sulfur, which are unlikely to dif-
fuse, high doses are tolerated, such that we are effectively
imaging sulfur atoms in a carbon-rich matrix due to damage.
To investigate the correlation between signal-to-noise and
exposure time in more detail, we calculate a peak-to-noise
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Figure 2. Zero-loss images (top row), corresponding FFTs (middle row), and resultant sulfur elemental maps (bottom row) at various defocus values. While all
zero-loss images look similar, a few hundred nanometers of defocus can have a significant effect on resultant elemental maps.

ratio, which we define as the peak amplitude of a given feature
in a line scan divided by the variance in intensity with respect to
a moving average. This is exemplified in Supplementary
Fig. S2 for one fiber feature; peak-to-noise ratios reported in
Fig. 4 are averaged from three individual features.
Peak-to-noise ratios approximately increase with the square
root of exposure time.

Binning combines charges collected by adjacent CCD pixels;
therefore, increased binning leads to an increase in signal-to-noise
at the cost of resolution. We demonstrate elemental mapping of
P3HT/PCBM using a range of binning at the same exposure
time of 40 s (Supplementary Fig. S3), where the signal-to-noise
increases with binning (Supplementary Fig. S4). The pixel
size, however, increases from 0.41 nm for binning 1 to 3.31 nm

¥ Objective aperture out |
2 %

y

Figure 3. Sulfur elemental maps of P3HT/PCBM films acquired with an objective aperture (left) and without an objective aperture (right).
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Figure 4. Source images and sulfur maps taken with a 40 s exposure (top), 20 s exposure (middle), and 10 s exposure (bottom). CCD counts are included for
each source image and average peak-to-noise ratios are reported for each sulfur elemental map.

for binning 8 at a magnification of 33,800x. The peak-to-noise
ratio at first increases linearly with increased binning but appears
to saturate after binning 4, suggesting binning 4 is optimum for
this feature size of interest (ca. 10 nm) at this magnification.
Thus, careful optimization of both exposure time and binning
are necessary to optimize imaging conditions. Furthermore, for
samples with severe drift, a lower exposure time combined with
higher binning is often ideal, as long as the trade-off with loss
of resolution is acceptable for the feature size of interest.
Although in principle counts can be increased to achieve the
needed counts for high-quality elemental maps generated from
core-loss energy-filtered images, in practice drift can limit the
exposure time. A possibility to overcome this limitation is to
use a series of short images that are drift corrected to achieve
the needed counts, as is commonly done in single-particle
reconstructions.*”)

Another strategy for increasing signal-to-noise is the use of a
direct electron detector.!*® While a traditional CCD converts

primary electrons into photons via a scintillator, a direct electron
detector bypasses the scintillation step, thus leading to higher
signal-to-noise. As shown in Supplementary Fig. S5, the
peak-to-noise ratio of P3HT/PCBM sulfur elemental maps is
approximately 1.5 higher for the K2 direct electron detector
compared with a traditional UltraScan for the same sample at
identical imaging conditions. Although these images are similar
to elemental maps shown in Figs. 1-4, the microstructure differs
slightly because a different P3HT batch was used. Nevertheless,
Supplementary Fig. S5 demonstrates that for the same sample at
identical imaging conditions, use of a direct electron detector can
improve the signal-to-noise of a sulfur elemental map for poly-
meric materials.

Although this work is focused on sulfur elemental mapping,
the outlined strategies are applicable for mapping at other
edges, such as carbon, nitrogen, oxygen, and fluorine. It is
often informative to map at two edges when possible, to further
confirm the role of thickness variations in elemental maps. For
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example, demonstrating a contrast inversion when mapping
two different elements eliminates the possibility that both
maps are representative of thickness variations.l”? We also
expect that our approach outlined here can aid in mapping at
the plasmon region (5 to 30 eV). Background subtraction and
accounting for thickness variations require more images than
the three-window method due to broad overlapping plasmon
peaks for most materials, such that approaches like principal
component analysis are needed.>'%** "1 Focusing on the plas-
mon region is easier simply because of the higher signal (when
compared with core-loss imaging) that allows focusing directly
at the energy loss of interest. Nevertheless, optimization of the
imaging conditions is also crucial for plasmon imaging to aid in
the identification of the contributions to the resulting plasmon
maps.

Summary and conclusions

Polymer microscopy brings about a set of challenges that often
differ from hard materials microscopy, such as low imaging
contrast due to similar electron densities between amorphous
or weakly diffracting phases or domains. Core-loss elemental
mapping addresses this limitation by revealing the morphology
through differences in elemental composition. Three factors are
emphasized for successful elemental mapping of polymeric
materials, including focusing at zero-loss, using an objective
aperture, and ensuring sufficient signal-to-noise and counts,
such as by binning pixels. We also propose that in order to min-
imize the probability of artifacts, FFTs of bright field images
can ensure near zero defocus, thickness maps can confirm the
thickness of the sample is less than the inelastic mean free
path (and reveal regions where elemental maps could be dom-
inated by mass contrast), and the counts of the source images
can ensure enough signal reached the detector to allow for suc-
cessful elemental mapping. Although in principle this tech-
nique could be limited by radiation damage, in the example
highlighted here, mapping sulfur densities is tolerant to high
radiation doses at the mesoscale, because damage results in sul-
fur within a carbon-rich matrix that diffuses slowly.

Supplementary material
The supplementary material for this article can be found at
https:/doi.org/10.1557/mrc.2018.159.
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