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Advances in the Transmission Electron Microscopy
of Polymers

MATTHEW R. LIBERA! AND RAY F. EGERTON?

Department of Chemical Engineering and Materials Science, Stevens Institute
of Technology, Hoboken, New Jersey
2Department of Physics, University of Alberta, Edmonton, Canada

Transmission electron microscopy (TEM) of polymers involves the problem definition
and methodologies associated with the microscopy of both inorganic and biological
materials but cannot be categorized within either of these fields alone. On the one
hand, like other synthetic materials, polymers offer the ability to control properties
through synthesis and processing, and TEM is a powerful method with which to pro-
vide information within the synthesis—structure—property paradigm of materials science
and engineering. The well-established techniques of bright/dark-field imaging, electron
diffraction, high-resolution imaging, and analytical microscopies are thus all used to
study polymers. On the other hand, the electron—specimen interactions are more like
those in biological systems. Synthetic polymers and biological materials consist largely
of light elements whose elastic interactions with energetic electrons are relatively weak.
Generating image contrast can thus be a challenge in polymer TEM. The inelastic
electron/soft material interactions are, however, relatively strong. These provide for
powerful spectroscopies but also lead to radiation damage. The constraints that dam-
age puts on imaging are far more stringent in polymers than in inorganic systems. This
review highlights ongoing advances in contrast generation exploiting both elastic and
inelastic electron—polymer interactions and outlines the salient issues determining the
achievable spatial resolution in radiation-sensitive materials.

Keywords polymer, TEM, electron microscopy, radiation damage, image contrast,
image resolution, holography, phase contrast, stain

1. Introduction

The transmission electron microscope (TEM) has been used extensively for decades to
study the morphology of synthetic polymers. It continues to be an essential tool, particularly
because of the inherent ability of these materials to hierarchically structure themselves over
multiple length scales and produce morphologies that lead to advances in functionality
and application. Significantly, instrumentation advances over the past decade have made
both established and emerging TEM imaging methods more accessible to an ever-growing
number of applications-oriented research groups around the world, and increasing numbers
of scientists and engineers are exploiting these methods to quantify polymer morphology.
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There have historically been two central challenges associated with studying polymers
in the electron microscope. First, because they are predominantly comprised of low-atomic-
number elements, soft materials display an intrinsically low level of electron-optical image
contrast. Second, soft materials tend to be very sensitive to the ionizing radiation used
in an intermediate-energy electron microscope and can suffer both chemical and struc-
tural change—beam damage—during the microstructural measurement. These two issues
continue to provide an incentive to the development of new imaging techniques.

A number of excellent and modern monographs have been written on transmission
electron microscopy and its application to materials'~ and two important ones that focus
primarily on polymers.*> This review highlights some of the most advanced work over
the past decade, concentrating on new methods to generate contrast, advances in our
understanding of radiation damage in the TEM, and the increasingly important topic of
dose-limited spatial resolution.

2. Contrast Mechanisms

Some of the basic contrast mechanisms afforded by electron—specimen interactions are
outlined schematically by Figure 1. A subset of soft materials exhibits spatial variations
in crystallinity, crystal orientation, or density due to the presence of heavy elements.
Crystallinity gives rise to Bragg diffraction, and heavy elements can induce significant
Rutherford scattering. In both cases, some incident electrons are scattered to relatively high
angles where they can be blocked by an objective aperture (Figure 1A), thus producing dark
contrast in a final image. In many cases, however, soft-material specimens are amorphous
and do not exhibit significant spatial variations in density. Thus, scattering is primarily in
the forward direction, and an objective aperture provides little or no contrast. Nevertheless,
the rich valence electron structure of soft materials can introduce spatial modulations in
the phase or energy of an incident electron wave (Figure 1B). These provide two alternate
sources of contrast for imaging soft-materials morphology, and much of the recent and
ongoing technique-development work concentrates on phase contrast and spectroscopic

Objective lens

I I
objective
aperture

Figure 1. (A) Spatially modulated crystallinity or heavy element stain distribution provides for
amplitude contrast when electrons scattered to high angles are blocked by the objective aperture. (B)
Changes in electron phase or in electron energy are alternative sources of contrast in amorphous soft
materials with small variations in density.



19: 07 9 Septenber 2010

[ Canadi an Resear ch Know edge Network] At:

Downl oaded By:

Advances in the Transmission Electron Microscopy of Polymers 323

imaging methods. The following few sections outline and review some of the important
aspects of these various imaging methods.

2.1. Bragg Diffraction

Diffraction-contrast imaging techniques well established in crystalline inorganic systems
have been used extensively to study crystalline and semicrystalline polymers. These have
recently been discussed by Michler.* High-resolution imaging methods, based on the inter-
ference of two or more Bragg-scattered beams, have been described by Martin et al.®’

2.2. Heavy Element Stains

Heavy element staining coupled with bright-field imaging has been used for decades
to study polymer morphology.>® This method takes advantage of the fact that certain
elements or compounds will preferentially react with or localize themselves in some
particular component of a polymeric material. Osmium tetroxide, for example, reacts
with unsaturated carbon—carbon bonds, whereas ruthenium tetroxide preferentially reacts
with aromatic rings. Figure 2 illustrates the significant contrast induced by OsOy stain-
ing of a microphase-separated nanoparticle blend of homopolymer polystyrene (PS) and
polystyrene-polybutadiene-polystyrene (SBS) triblock copolymer. Other common stains
include iodine, uranyl acetate, and phosphotungstic acid. All of them to varying degrees
tend to preferentially localize within specimen regions of lower density such as the amor-
phous parts of semicrystalline polymers.® The nature and use of these and other stains have
been reviewed by Sawyer et al.’ and by Smith and Bryg.?

All of these stains induce contrast by preferentially scattering electrons elastically
to high angles. For a uranium atom, the median angle for elastic scattering of 100 keV
electrons is about 50 mrad, so a small objective aperture will intercept almost all of
these electrons, making uranium-stained regions much more opaque than any surrounding
unstained specimen regions.

Because of the various complex morphologies that can be displayed over a range of
length scales by and, indeed, engineered into, polymeric materials, three-dimensional imag-
ing using transmission electron tomography has been of growing importance. Tomographic
imaging is particularly useful in studies of block copolymers where microphase separation
occurs at nanolength scales to produce interpenetrated three-dimensional morphologies
difficult to analyze by traditional two-dimensional techniques. Much of this work can take
great advantage of stained specimens, which produce high contrast and are relatively in-
sensitive to electron-beam damage. Tomography produces a three-dimensional image by
reconstructing a large number of two-dimensional images collected from the same speci-
men but from a large range of different angles.'” Some of the first applications to synthetic
polymers were made by Spontak et al.!'"'> in the mid 1990s. The integration of powerful
computer systems and fully motorized specimen stages on the current generation of mi-
croscopes has made the technique far more accessible and its use in polymer-morphology
studies continues to accelerate.'?

Despite the fact that staining methods have been and will no doubt continue to be used
by polymer microscopists, there are several shortcomings associated with their use. Among
these is the fact that they are inherently qualitative. Often, a qualitative understanding of
morphology is adequate, but sometimes it is not. In addition, stains can introduce artifacts
such as inorganic nanostructures'* or nonlinear decoration of interfaces,!> and care must
often be exercised when interpreting stain-induced contrast. Perhaps most importantly,
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Figure 2. Bright-field TEM (200 keV) images of the same SBS triblock copolymer—PS homopolymer
nanoparticle blend on a carbon support film: (A) unstained, near focus; (B) unstained at —35 um
defocus; (C) OsOy stained at focus.

however, is the simple fact that there are no good stains for many polymer systems.
The various components in some systems often have similar structures and chemistries,
limiting the extent to which a particular stain can preferentially label one or more of these
components in an interpretable manner. Furthermore, there is increasing interest in studying
materials under conditions related to their synthesis or use, such as solvation or hydration,
and most staining protocols have limited utility under such conditions. Consequently, there
is interest in exploring alternative imaging methods that forego the use of stains and instead
generate contrast based on the intrinsic interaction of incident electrons with the polymer
specimen itself.

2.3. Phase Contrast

In the absence of stains, one alternative source of contrast lies in differential modulations
of the electron phase. Phase modulation occurs because the positive Coulombic potential
of an atomic nucleus accelerates the incident electron wave. The Columbic potential can be
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represented as a Fourier series, and the orientation-independent zeroth-order term in this
series is referred to as the mean inner potential, ®(. An electron-optical index of refraction,
N, can be defined as:

ed, E,+E
E 2E,+E

Nep =1+ 6]
where e is the magnitude of the electron charge, E is the accelerating energy, and Ej is the
electron rest energy. Relative to a reference wave that would pass through vacuum rather
than through a specimen, and in the absence of dynamical-scattering effects, the electron
phase is shifted by an amount:

A =21 (neo — )(/2) (@)

where 7 is the specimen thickness and A is the electron wavelength. Specimen-dependent
spatial variations in @ will thus give rise to spatial variations in A¢ and thus to phase
contrast.

A lot of work has been done related to models and measurements of the mean in-
ner potential for various materials, much of which has concentrated on inorganic solids.
Gadjardiska-Josifovska and Carim have provided an excellent overview of much of this
work.!® @, varies from approximately 5 to 30 V. It has been measured to be 8.5 V in
polystyrene,'” 9.09 V in amorphous carbon,'® and 5.9 V and 5.4 V in anthracene and
naphthalene,'® respectively. Though the magnitude of the mean inner potential is in great
measure determined by the nuclear charge, subtle variations in @ are related to the redis-
tribution of valence electrons and this effect is the source of phase contrast in many organic
polymers and other soft materials. In the absence of thickness differences or significant
variations in density, organic materials provide a range of possible valence states. At one
extreme is carbon in the fully saturated state, such as found in polyethylene; the other
extreme is carbon in a highly conjugated state with delocalized electron states, such as
found in polythiophene or polyanilene.

Because the information recorded on film or on a charge-couple device (CCD) camera
corresponds to the modulus squared of the exit-face wave function, modified by the imaging
lenses of the microscope, phase information is lost. The three main techniques used to
convert phase information into amplitude information are defocusing, holographic methods,
and methods that use some form of Zernike phase plate. All three approaches have been
explored in the context of imaging the morphology of amorphous multiphase polymers.

Defocusing is a classic technique that employs defocus on the order of 10 xm or more
to force the objective-lens transfer properties to convert phase information into amplitude
information. Itis a method well established in biological systems. It was applied to polymers
in the mid 1970s by Petermann and Gleiter?® and used extensively by Petermann until
2002.2' In the early 1980s Thomas et al. applied defocus phase-contrast imaging to a
variety of different polymers including polystyrene-polyisoprene (PS-PI) block copolymer
systems.?>?> The technique has recently been discussed by Simon et al.?® Figure 2B
shows that a defocus of about 35 um is able to generate phase contrast in the SBS-PS
nanoparticle blend. The nature of this contrast, however, bears little direct correspondence
to the nanoscale morphology manifested by OsOy staining (Figure 2C). Defocus imaging
has not been extensively used in polymer studies for two reasons. First, the achievable
resolution degrades as the defocus increases. Second, the transfer properties of the objective
lens become very nonlinear at high defocus and can thus introduce contrast inversions that
complicate image interpretation.
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A second method to study polymers and soft materials by phase-contrast imaging is
off-axis transmission electron holography.?”-?8 In contrast to the defocus method, holog-
raphy can be done with the specimen either in focus or very close to focus. It was first
conceived of by Dennis Gabor in 1947 to improve the resolution of a TEM. Based on the in-
terference between an object wave that passes through a specimen and a reference wave that
passes through the vacuum adjacent to the specimen, holography is a technique particularly
well suited to phase-contrast imaging. The advent of coherent light sources—Ilasers—in the
early 1960s enabled great progress in light-based holography. Electron holography did not
make much impact until the late 1980s when coherent electron sources—field-emission gun
(FEG) sources—became commercially available and thus accessible to many researchers.
It has found some good success imaging magnetic and electrostatic fields. First applied
to polymers in the mid-1990s,2°3! holography has been used to study a variety of poly-
meric systems over the past decade.?®32-3¢ Significantly, the Lichte group has shown that
holographic phase-contrast imaging can differentiate phase shifts generated by the subtle
differences in mean inner potential between polystyrene and polyisoprene in an SIS block
copolymer.?®

Though holography can provide for both high-resolution and quantitative imaging, it
has seen relatively little application to polymers. This is in part due to the need for somewhat
specialized instrumentation, including a field-emission microscope and an electron biprism.
In addition, to obtain an unmodulated reference wave that travels through a vacuum means
that only regions of specimen within a few micrometers of an edge can be studied. Even more
limiting, however, is the fact that the field of view is limited to hundreds of nanometers when
using the standard objective lens and to ~1-2 um when using a so-called post-specimen
Lorentz lens. Consequently, though holographic imaging may prove particularly useful for
imaging polymeric nanostructures, it currently is less useful for studying the mesoscale
structure that is so important in a great majority of polymer applications.

A third method for phase-contrast imaging involves the use of a post-specimen phase
plate inserted at the back-focal plane of the objective lens. The phase plate can take the
form of a uniform film of conducting material (e.g., carbon) of suitable thickness, usually
chosen to change the phase of scattered electrons by 7/2, with a small axial hole such
that the phase of the forward-scattered beam in unaltered.’ Alternatively, it can be a three-
electrode structure acting as a miniature einzel lens.®* In both cases, problems have arisen
from hydrocarbon contamination and/or charging of the phase plate, leading to unstable
properties. In addition, the central hole is often not small enough, so that information
of low spatial frequency is lost. However, research on phase plates continues because of
the potential to provide adequate image contrast at lower dose.*® As with holography,
the specimen can be sharply focused, and resolution is therefore optimized. Figure 3, for
example, shows a phase-contrast image, taken at focus, of an unstained lamellar PS-PI
diblock copolymer.*! Note that this image shows adequate contrast to resolve the two
phases, but by itself it does not enable one to determine which phase corresponds to the PS
and which to the PI.

2.4. Spectroscopic Contrast

The inelastic interactions between energetic electrons and materials provide an alternative
source of contrast for quantitative mapping of composition, chemistry, and the distribution
of phases in materials without the need for heavy-element stains. These interactions can
be analyzed by electron energy-loss spectroscopy (EELS).*>** Significantly, the past two
decades have seen substantial improvements in both the hardware used to collect EELS
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Figure 3. Phase contrast image of an unstained lamellar polystyrene—polyisoprene diblock copoly-
mer (PS-b-PI) collected using a 300-kV microscope equipped with a semicircular phase plate (after
Tosaka et al.*!).

data and the software used to analyze it, so spectroscopic imaging has become far more
accessible to applications-oriented engineers and scientists.

Electron energy-loss spectroscopy in the TEM is particularly well suited for analyzing
energy losses in the sub-keV regime. This range includes K-shell core excitations from
carbon (284 eV), oxygen (532 eV), and nitrogen (401 eV), as well as L-shell and M-shell
excitations from a wide range of higher atomic number elements.** Most soft materials
have high concentrations of carbon, nitrogen, oxygen, and hydrogen, and the electronic
structure associated with macromolecular compounds of these elements leads to distinctive
fine structure in the ionization edges. Often, different polymer phases can be distinguished
from each other based on their relative compositions. Significantly, the multiple hybrid
bonding states characteristic of carbon, in particular, provide a rich valence-electron fine
structure in soft materials. Low-loss spectra—sampling energy losses between a few eV
and about 50 eV where valence states manifest themselves—provide a second type of
characteristic fingerprint that can be used to differentiate between different polymer phases
based on their relative chemistries.

The magnitudes of inelastic electron scattering cross sections scale inversely with the
energy loss AE. Consequently, the spectroscopic intensity associated with low-loss spectra
is orders of magnitude higher than that associated with core-loss spectra. Under conditions
of dose-limited resolution typical of radiation-sensitive soft materials, as discussed below, a
substantially higher signal and better spatial resolution can often be achieved using low-loss
rather than core-loss spectroscopy.

Imaging based on spectroscopic contrast can be performed in either scanning trans-
mission electron microscope (STEM) mode using spectrum imaging*># or in TEM mode
using energy-filtering (EFTEM) techniques.*’*® EELS spectrum imaging collects a con-
tinuous energy-loss spectrum over a range of energies (e.g., 0 to 80 eV loss) at each pixel
in a 2D digital raster over a specimen area. Having complete spectra brings advantages
to background modeling and fitting. In addition, all of the inelastically scattered electrons
in the collection range can contribute to the imaging, so the incident dose is used most
efficiently. In contrast, energy filtering uses either an in-column or post-column filter to
collect images using electrons from a defined energy window, often 5-10 eV wide. EFTEM
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has repeatedly proven powerful for so-called zero-loss imaging, where most inelastically
scattered electrons are filtered out using a slit centered on the zero-loss peak. It is similarly
useful for core-loss imaging to map elemental distribution but is less useful for mapping
chemical variations, because these require an energy resolution of a few eV or less. Because
a large fraction of inelastic electrons is filtered from the final image, the incident dose is
used less efficiently than in spectrum imaging mode.

Energy-loss spectroscopy and its application to polymers has been reviewed by Du
Chesne* and by Libera and Disko,’® and over the past decade there has been steady interest
in the use of this technique. It has, for example, been used extensively, both in core-loss
and low-loss modes, to study several aspects of multiphase polymer morphology in vari-
ous types of blends, composites and block copolymers.’'~%° In addition, spatially resolved
EELS has been applied to studies of a variety of polymer—polymer and polymer—inorganic
interfaces.%'~%® By incorporating cryo-TEM techniques that have been well established in
the biological microscopy community and by exploiting the fact that solvents can have char-
acteristic spectral fingerprints substantially different than those of many polymers,®-"" spa-
tially resolved EELS has also been applied to a number of frozen-hydrated’”'~’* and frozen-
solvated materials.”>’® Figure 4 provides an example of the problem-solving power of this
approach. It summarizes results related to the colloidal synthesis of biphasic poly(dimethyl
siloxane) [PDMS]-acrylate copolymer nanoparticles.”* Figure 4A shows that the water,
PDMS, and acrylate low-loss EELS spectra can be distinguished from each other. Water,
for example, displays a sharp onset circa 9 eV loss, which has been attributed to excita-
tion across the band gap®®7” and which effectively differentiates water spectroscopically
from many soft materials. Component mapping by cryo-spectrum imaging (Figures 4B-D)
shows that acrylate monomer dissolves in the PDMS host precursor. The formation of
lobed-type emulsions via the copolymerization of acrylate monomers in a PDMS seed
emulsion was confirmed using a high-angle annular-dark-field (HAADF) STEM image
(Figure 4E), and subsequent component mapping (Figure 4F) shows the formation of the
biphasic nanoparticle with PDMS-rich and polyacrylate-rich lobes. Significantly, however,
the copolymer-rich lobe in this biphasic colloid consists of almost pure organic copolymer,
whereas the PDMS-rich lobe is partly mixed with the copolymer. This result indicates that
the interphase boundary is highly diffuse, a finding that provides important insight into the
synthesis—structure—property relationships in this particular polymer system.

One instrumentation development that will no doubt have a significant impact on the
contrast associated with spectroscopic imaging of polymers is the commercial availabil-
ity of monochromators.”8-8* Typically, the energy resolution associated with EELS-based
methods is limited by the energy spread of the electron source, represented by the full-width
at half-maximum of the zero-loss peak in an energy-loss spectrum. The energy spread of
a Schottky thermally assisted field-emission gun (FEG) electron source is typically about
0.6-1.0 eV. Cold field emission sources have a narrower spread (~0.3-0.4 eV) due to their
lower temperature, whereas thermionic sources (W or LaB¢) have energy spreads of about
1.5 eV or more. Monochromators filter the emitted electrons at the price of a reduced
incident current, and energy resolutions on the order of 0.1 eV can be achieved, sufficient
to resolve substantially more fine structure in energy-loss spectra. Figure 5 presents spectra
collected from polystyrene using monochromated and unfiltered electrons. The enhanced
energy resolution enables the low-energy shoulder (~5.5 eV) on the 7w —7* peak (~7 eV)
as well as a series of interband transitions on the rising edge of the bulk plasmon peak to be
detected. Early work using monochromated electron sources was performed by the Boersch
group, with sub-10-meV energy resolution,’®®> The Ritsko et al.%*%7 and Fink et al.%%%°
studies were not done using an electron microscope and, hence, lacked spatial resolution.



19: 07 9 Septenber 2010

[ Canadi an Resear ch Know edge Network] At:

Downl oaded By:

Advances in the Transmission Electron Microscopy of Polymers 329

Acrylate
copolymer
<«

PDMS
—

counts

<€—Water

0 10 20 30 40 -
Y

Figure 4. (A) Low-loss EELS spectra; component maps before polymerization for (B) acrylate
monomer, (C) PDMS, and (D) amorphous ice (water); (E) high-angle annular dark-field (HAADF)
cryo-STEM image of biphasic particle after polymerization; and (F) component maps for polyacrylate
(right) and PDMS (left) after polymerization (after Kim et al.”*). (Figure available in color online)

These studies do, however, suggest that monochromatic energy sources will be able to re-
veal substantial fine structure in both low-loss and core-loss EELS spectra. In addition, the
past two decades have seen substantial work using ultraviolet photoelectron spectroscopy
(UPS),”-* which can probe the valence electron structure up to binding energies of about
40 eV, again with energy resolution on the order of 0.05-0.35 eV. These studies also re-
solve a rich electronic structure in a variety of different polymeric materials. Such spectral
information can not only provide new and better fingerprints to give sharper contrast in
spectroscopic imaging studies but new insights to electronic structure, particularly at inter-
faces in a range of emerging soft electronic devices. Electron monochromators are being
increasingly used in studies of inorganic materials but have not yet seen much application
to polymeric materials. Instrumentation that can provide <30-meV energy resolution with
sub-nanometer spatial resolution is planned for commercial production.’*
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Figure 5. Electron energy-loss spectra from polystyrene. Top: Collected using broad-beam 80-keV
incident electrons with 0.11-eV energy resolution (after Ritsko and Bigelow®®). Bottom: Collected
using a focused beam of 200-keV incident electrons with 0.8-eV energy resolution (see Yakovlev and
Libera''?).

3. Radiation Damage

Soft materials are well known to undergo structural and chemical change when irradiated
with energetic electrons. Collectively, these effects are known as radiation damage. Damage
is not unique to polymers and biological tissue but is prominent in these soft materials.
Metals and semiconductors, by contrast, are relatively insensitive to intermediate-energy
electron irradiation. Ceramics, broadly speaking, lie somewhere in between.

The fact that electron microscopes have been used for several decades to characterize
soft materials with great success is an important indicator that this tool is one that can
answer important morphological questions despite the concerns over radiation damage.
Indeed, radiation damage is rarely an issue in studies of stained specimens, because stains
tend to stabilize the structure and distribute the deposited energy over larger volumes of
material. Furthermore, in studies of unstained specimens at low resolution the incident
electron dose can be distributed over relatively large volumes so that the fraction of chemi-
cally or structurally modified material remains relatively small. In addition, materials with
intrinsic periodicity—e.g., crystalline polymers—Ilend themselves to signal averaging so
the noisy data collected at low incident doses can be combined to create images with high
resolution. Variations of this approach have been responsible for many of the successes in
macromolecular electron crystallography enjoyed by the biological community.®>~'% The
most challenging soft-materials imaging problems are those on unstained amorphous or
aperiodic materials such that data are collected at the highest possible spatial resolution.
This is the most general type of problem and is one of increasing importance technolog-
ically. At this limit, careful experimentation requires that the effects of radiation damage
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be monitored to ensure that the morphological effects being studied are intrinsic to the
material and not a consequence of the damage imposed by the experiment itself.

There are two general types of electron—specimen interactions that contribute to dam-
age. One type involves high-angle elastic scattering by atomic nuclei, which can transfer
sufficient energy to the specimen to cause atomic displacement. Known as knock-on or
displacement damage, it occurs when the incident energy is above some threshold value
that depends on the atomic number and binding energy of the atoms in the specimen.
Low-density materials are particularly susceptible to knock-on damage, because of their
relatively low atomic mass. The mean displacement energy of carbon in molecular form
is approximately 5 eV, and this much energy can be transferred in a head-on (180-degree)
collision by incident electrons of energy 30 keV or more.'%! In comparison, the threshold
energy to displace an atom in crystalline silicon is 145 keV.

A second important type of electron—specimen interaction involves inelastic scattering
of incident electrons by atomic electrons. Significantly, the cross sections for both elastic
and inelastic electron scattering increase with decreasing incident electron energy. Thus,
despite the fact that the effects of knock-on damage due to elastic scattering decreases
with decreasing electron energy, the damage due to inelastic scattering increases. Some of
the transferred energy is dissipated as heat and under certain circumstances, such as high
dose rate and broad-beam illumination of a low-conductivity material, can give rise to an
appreciable temperature rise. Calculations suggest, however, that in many practical cases,
particularly those involving STEM imaging with a focused electron probe, the temperature
rise is limited to a few Kelvin. Often the most significant consequence is mechanical insta-
bility of the specimen due to the thermal stresses associated with nonuniform temperature.
In the case of low-T, polymers, however, one must also be aware of beam-induced changes
in viscosity and possible local flow.

A more profound consequence of inelastic scattering is that it leads to chemical change
in the specimen. The same interactions that are exploited by electron energy-loss spec-
troscopy to assess chemistry and composition, for example, lead to ionization and bond
breaking. The underlying reason is related to the fact that, because most polymers are elec-
trical insulators, there is no ready source of free electrons to saturate a radiation-induced
free radical in a timescale shorter than that required for other chemical processes to occur.
Among these alternative processes are polymeric chain scission, i.e. depolymerization, or
crosslinking, or atomic/molecular motion leading to mass loss. Often these effects can
happen simultaneously in a given specimen, because (1) different chemical moieties re-
spond to energetic radiation differently, as manifested by the G-value characterization of
radiation sensitivity, 102 (2) the local structural environment can influence whether and how
atoms or molecular fragments move, and (3) the local chemical environment can affect the
nature of the possible chemical processes that might occur after ionization. Soft materi-
als having high concentrations of aromatic moieties tend to be somewhat more radiation
resistant than fully saturated polymers. This property is usually attributed to the delocal-
ization associated with highly conjugated bonds that provide a source of electron charge
and the means to distribute the adsorbed energy over a larger volume of material. However,
the situation is very different than that, say, for a good metal where there is a vast sea
of valence electrons that can fill electron states created by an ionization event and do so
on a timescale faster than many of the possible secondary processes that might otherwise
occur. Nevertheless, it has been suggested that damage to highly aromatic compounds may
require K-ionization of a carbon atom, a relatively dramatic event that leads to Auger
emission and a loss of two electrons from the same atom. If so, one might expect damage
to cease below some threshold incident energy related to the carbon K-ionization energy
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(285 eV) and there is some evidence for this, 0104

questioned.'%

Practically speaking, radiation damage in soft materials manifests itself in ways that can
usually be measured as a function of the incident dose. Chemical changes can be monitored
spectroscopically. Changes in crystallinity can be monitored by the fading of intensity
in particular Bragg reflections. Mass loss can be monitored by changes in transmission,
following a Beers law—type approach. Which of these mechanisms of damage is most
important depends on the nature of the morphological questions being asked.

Chemical changes and loss of crystallinity tend to both follow an exponential decay in
signal as a function of dose:

although the interpretation has been

D
I (D)= Iexp [_H] 3)

Cc

where D, is the so-called critical dose (or fluence) at which the signal intensity has fallen
to 1/e of that characteristic of the unirradiated material. Measuring and reporting D, for
a given experiment is an important part of a careful soft-materials imaging experiment,
because it provides a reference for determining the extent to which the doses used during
spectral or image data collection cause damage.

Among the unresolved physics associated with radiation damage in soft materials are
the delocalized effects that occur tens of nanometers or more from the point of electron
incidence. This phenomenon increases the measured critical dose and might, for a point
analysis, improve the achievable spatial resolution. First reported by Varlot et al.'? in 1999
in poly(ethylene terepthalate), it was confirmed by Siangchaew and Libera in polystyrene. '
In both cases, the dose-dependent decay in the m —n* peak associated with aromatic rings
was measured by electron energy-loss spectroscopy. When the probe size was decreased
from a diameter on the order of 1 um to a diameter on the order of a few nanometers, the
apparent critical dose increased by several orders of magnitude. Fast secondary electrons
generated by inelastic electron specimen interactions can travel within the plane of the thin
specimen, radially away from the incident beam, carrying energy that causes delocalized
damage,'?” but their range and number appear to be insufficient to account for the observed
increase in D.. These measurements were based on the 6-7 eV energy-loss peak associated
with the w —z* excitation and use of the Rayleigh-type formula, L ~ 0.61/(0), where (0)
~ (0.5E/E()** is a median scattering angle,”’ gives a delocalization distance L ~ 4 nm
for Ey = 200 keV. An additional contribution to the large D, values may thus arise from
detection of material outside the incident beam that had not yet been damaged by secondary
electrons, but this detection involves energy transfer and presumably some damage.

4. Resolution Limits

The limit of spatial resolution in the imaging of polymer morphology using energetic ra-
diation sources is one of increasing interest and importance. This resolution limit is very
different from that associated with the imaging of less radiation-sensitive materials such as
semiconductors, metals, and many ceramics. In the latter case, the achievable resolution is
determined by the quality of the microscope optics, most notably by the spherical aberra-
tion of the objective lens, and substantial improvements in resolution have recently been
achieved by the development of next-generation aberration correctors'*-!!! and by holog-
raphy. The so-called point resolution is a well-defined quantity that can be measured and
used to reproducibly specify the achievable spatial resolution associated with a particular
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Figure 6. The Rose criterion defines the minimum feature size, d, which contains N = AN counts
of intensity, that can be distinguished from the surrounding background with an intensity level of N
counts.

microscope and its operating conditions. Achieving this resolution, however, requires rela-
tively high doses of incident radiation. Most inorganic materials can withstand these doses,
but most polymers cannot. Consequently, the traditional specification of a microscope’s
point resolution, or in STEM mode its probe size, is not very useful. Instead one needs to
ask what is the minimum dose to which a particular material can be exposed and generate
a sufficient signal-to-noise ratio (SNR) so adjacent pixels can be distinguished. This is a
well-known problem, first addressed in the 1940s by Albert Rose in the context of television
technology''>!!? and extensively discussed in the context of electron microscopy.'?!:193-105
Some of the insights and limitations of this approach have been discussed by Burgess.'!*

Rose found that a pattern can be distinguished from a noisy background if the SNR is
greater than about 5. We will apply this concept to a single pixel whose lateral dimension
is d and whose image intensity, as specified by the number of incident electrons, is N.
This intensity differs by an amount AN from the background level in adjacent pixels.
The contrast ratio is then C = AN/N (Figure 6). If we assume that the noise involved is
electron-beam shot noise, which is equal to N2, then the SNR = AN/N'? = C N'2. In
order to maximize SNR, we need to increase N until radiation damage threatens to destroy
the structure of the specimen, giving N ~ d’D./e where D, is the critical dose, and e is
the electron charge. Then the Rose criterion becomes Cd(D_./e)'> = SNR > 5 so that the
smallest useful pixel size (the radiation-limited spatial resolution) is d = (5/C)(e/D.)">.
For 20% contrast (C = 0.2) and D, = 0.01 C/cm? (typical of many polymers), d ~ (25) *
(D./e)™ 2 = 1 nm.

For a direct-exposure detector that is capable of counting single electrons,!’ this
estimate may be realistic. However, most current detectors use a scintillator to convert the
electrons into photons, introducing an additional shot-noise term, and the photon detector
is a CCD array whose output contains readout noise. Leakage current in the diodes is
removed by subtracting the output recorded in the absence of electrons, and this dark-
current subtraction increases signal contrast but increases the noise content. Individual
CCD diodes have slightly different gain, so the resulting fixed-pattern noise is minimized
through division by a flat-field response, but this process again increases the statistical
noise. Sousa et al.”> measured the standard deviation in the intensity recorded by a CCD
detector on a Gatan (Pleasanton, CA) Enfina EELS spectrometer and found it equal to
2.6(N)**8 which would increase the smallest useful pixel size to about 2 nm under the
above conditions.
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In general, the noise performance of an electron detector is described in terms of
a detective quantum efficiency (DQE). The actual signal/noise ratio is given by SNR =
(DQE)% (SNR)igea, Wwhere (SNR);geq 18 the ideal signal/noise ratio determined by electron-
beam shot noise. A more general expression for the damage-limited spatial resolution is
therefore:

d = (5/C)(e/D.)""*(DQE)~"/? )

This equation presents a useful means with which to estimate the achievable dose-limited
resolution. One caveat is that an exposure to a dose as large as D, involves substantial
damage to the specimen, suggesting that the value of d given by Eq. (4) should be regarded
as a lower limit. On the other hand, taking SNR = 5 is probably conservative of the
signal-to-noise ratio needed to differentiate adjacent pixels.

5. Conclusion and Outlook

The study of polymeric materials using the transmission electron microscope combines
challenges and rewards, both in terms of the morphological problems that can be solved as
well as the nature of how method and instrument development must occur to better study this
class of material. In addition to the well-established and important approach of using heavy
element stains to induce contrast between different morphological features, substantial
advances have been made over the past two decades in new stain-free imaging methods
based either on phase contrast or on spectroscopic contrast. This work is ongoing and will
have even greater impact as these new methods become more user friendly and attract
the attention of applications-oriented researchers. The damaging effects of the incident
ionizing radiation are an ever-present concern, particularly in unstained materials. These
effects should not be thought of as a barrier to meaningful morphological measurements in
the TEM but rather as an important constraint on how to perform an imaging experiment
and how to meaningfully interpret the data.
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