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Abstract

Imaging nanoscale polymer objects in the Transmission Electron Microscope is difficult, because small polymeric objects interact only
weakly with intermediate-energy electrons. Heavy element staining can induce significant amplitude contrast, but stains can introduce
artifacts that complicate the structure determination at nanometer length scales. This paper explores transmission electron holography for
phase contrast imaging of unstained arborescent graft polystyrene nanoparticles. Holography is able to recover significant phase contrast
from these particles despite the fact that there is negligible amplitude contrast. Comparative imaging experiments show that off-axis
holography provides substantially higher contrast than that generated by the traditional method of transferring phase information to
amplitude information via defocus. This effect is a consequence of different lens contrast-transfer behavior in each of these two imaging
approaches. Under kinematical conditions when the appropriate mean inner potential is known, the specimen’s projected thickness can be
directly mapped from the holographic phase image to give a measure of the specimen’s three-dimensional shape. Such quantitative imaging
shows that individual arborescent graft polystyrene nanoparticles, which are spherical in a good solvent, adopt a flattened shape when

deposited on a carbon substrate and allowed to dry.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Globular macromolecular structures such as dendrimers,
hyperbranched polymers, and micro/nanoemulsions have
been increasingly studied over the past decade [1-5]. These
all possess unique thermodynamic and rheological proper-
ties due to their small size which can range from a few
nanometers to hundreds of nanometers. Their size and
flexible chemical functionality make them very suitable for
drug delivery in pharmaceutical applications, and their self-
assembling properties make them of increasing interest to a
variety of patterning technologies.

Real-space characterization of such polymeric nano-
structures can be achieved using the high resolution of the
transmission electron microscope (TEM). Generally speak-
ing, amorphous polymeric materials do not scatter electrons
strongly and, therefore, they typically do not provide high
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contrast using bright-field TEM imaging. Most amorphous
polymers, as well as many semicrystalline polymers, thus
require staining prior to examination in the TEM. Staining
preferentially labels chemically active sites with heavy
elements such as osmium, ruthenium, or uranium, among
other possibilities. These high atomic number (Z) elements
increase the high-angle Rutherford scattering and provide a
source of strong amplitude contrast between stained and
unstained specimen features. Staining approaches have
made and will continue to make significant contributions to
the general understanding of multiphase polymeric
materials at low and medium resolution. However, staining
can lead to artifacts that interfere with image interpretation
at fine length scales. Artifacts such as the accumulation of
staining nanocrystals (e.g. oxides and salts) around
nanoparticles supported on a carbon grid [6], or the
enhanced contrast typically observed at surfaces and
interphase boundaries, often can not be avoided by creative
specimen preparation. Instead, alternate imaging methods
must be explored which generate contrast based on the
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intrinsic interaction between the incident electrons and the
unstained specimen. Phase contrast imaging is one such
alternative.

Modulation of the electron wave phase by unstained
polymers can be significant despite the fact that the
amplitude modulation is weak. In the absence of magnetic
or electric fields and strong Bragg interference, the phase
shift, Ad(x, y), is due to the electron refraction caused by the
mean inner potential, @,. Under kinematical conditions, it
can be described as [7]:

Ag(x,y) = CePoi(x, y) 1
Ck is an energy-dependent constant given as:
AE 2E,+E
Cp=—2"A = 2
E™ on Ey+E @

where E and A are the electron energy and wavelength,
respectively, and E, is the electron rest energy. The mean
inner potential (dy) is very sensitive to the distribution of
valence electrons [8—10] and is thus expected to lead to
differential phase shifts when an electron wave passes
through a multiphase polymer.

Phase contrast imaging of unstained multiphase poly-
mers based on defocus methods to exploit mean inner
potential differences has been studied in a series of papers
by Thomas et al. [11-13]. The transfer properties of the
microscope convert phase information into amplitude
information, and the amplitude information can sub-
sequently be recovered from the recorded image intensity.
Again, however, because the electron scattering strength of
most polymers is so much weaker than that of most metals,
ceramics, and semiconductors, significant defocus must be
applied to generate contrast from polymeric specimens. The
same is true of most biological specimens. Defocus
introduces interference fringes near surfaces and interfaces
that in turn complicate image interpretation.

Phase contrast imaging by transmission electron holo-
graphy provides an alternate means of recovering phase
modulations from weakly scattering systems such as organic
polymers and biological structures [14—18]. Despite the fact
that holographic approaches have been known for many
decades [19,20], widespread application of the method was
limited until the development and commercialization of
robust field-emission electron sources with sufficient
coherence to render holographic interference experiments
practical [21,22]. We have used electron holography to
collect phase images from nanospherical particles of
polystyrene, PS, as well as of silicon [23,24]. The spherical
geometry enables one to determine the specimen thickness
at any given point in the specimen and, using Eq. (1), to
subsequently remove the thickness contribution to the
electron wave phase shift. The remaining contribution can
be directly related to the mean inner potential. This previous
work determined that the PS mean inner potential is 8.4 V.

In the present paper we describe work which relaxes the
spherical-specimen constraint. Here we study arborescent

graft polystyrene nanoparticles [25—28]. These are globular
macromolecular structures with controllable dimensions.
While they are spherical when solvated, deposition on a
substrate together with solvent removal can compress their
shape. We use these as model specimens to show that
holography can recover substantial phase contrast near
focus despite the fact that there is negligible amplitude
contrast. Using the previously determined value of &5°, we
then recover the projected thickness from the phase image.
The contrast generated by holographic imaging at focus is
then compared to that generated during a through-focus
series using the more traditional phase contrast transfer
properties of the microscope and shows that the holographic
approach gives substantially higher contrast than the
defocus method.

2. Relevant imaging theory

This section briefly outlines the mathematical framework
underlying imaging first by defocus [29] and then by
holography [30]. It comes from well-established literature.
For simplicity, we assume that the specimen behaves as a
so-called weak phase object such that modulation of the
wave amplitude by the specimen does not occur and any
phase modulation is small. Given that we are studying
specimens tens of nanometers or less in thickness and
composed of light elements, this is a reasonable approxi-
mation. For a weak phase object, the exit-face wavefunc-
tion, y«(r), can be approximated as:

W) = Ae 0 ~ 1 — iod(r) 3)

where o = T/AE is the interaction constant and @(r) is the
projected electrostatic potential of the specimen. The
parameter o can be recovered from Eq. (2) when Ey > E.
When the exit-face wave is acted upon by the objective lens,
it is modulated by the lens transfer function #(r) = c(r) +
is(r). In a real-space representation, the exit-face wavefunc-
tion is convoluted with the lens transfer function. Assuming
unit magnification, the intensity recorded is given by:

I(r) = I[1 = ie®(r)] * ()

=111 = ied(p)] * [c(r) + is(D)]P )
or
I(r) ~ 1+ 20®(r) * 5(r) ©)
The lens transfer function is given as:
1(r) = F[T(g)] = F[B(q)e"?] (6)

where F represents a Fourier transform, B(g) is an aperture
function, and ¢ is a reciprocal-space vector which measures
spatial frequencies. The effects of defocus, Af, and spherical
aberration, Cg, are accounted for by the phase factor in
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Eq. (6):
1
X(@) = mANMg + S TCA'G ™

¢(r) and s(r) correspond to the Fourier transforms of the real
and imaginary parts of 7(q), respectively:

c(r) = F[B(g)cos x(g)] and s(q) = F[B(g)sin x(q)] 3

sin y(q) is commonly referred to as the phase contrast
transfer function, because it transfers modulation of the
wave phase into a modulation of amplitude. In a traditional
imaging experiment, amplitude information can be recov-
ered when the wave intensity is recorded by a camera
(Eq. (5)). Without transfer, no phase information would be
recovered. Since x(g) is a function of defocus, the nature
and extent of this transfer can, to some extent, be controlled.
Contrast in an image recorded by defocus in a bright-field
mode is given by:

C= I(Z) - Imin (9)

] max +1 min

where [, and I,,, are the minimum and maximum
intensities within a particular image.

A holographic imaging experiment is designed to recover
both the wave amplitude and the wave phase [31,32]. After
passing through the specimen, the exit-face wave function,
modulated by the lens transfer, is combined with an
unmodulated reference wave. With sufficient coherence
between them, these two waves interfere. The recorded
intensity is then given by:

Iioto (1) = 1(r) * 1(1) + Yher (D) (10)

where i(r) is the specimen-modulated, exit-face wavefunc-
tion and Y.¢(r) is the unmodulated reference wave function.
Expression (10) can be evaluated to give:

Thoio(r) = 1+ lyr) = 1)
(11)
+2ly(r) * t(r)lcos[2mg. T + Ap(r)]

The final term in this expression describes a set of
cosinusoidal fringes at a given carrier frequency, g., with
phase shifts, A¢(r), and amplitude, A(r) = 2lya(r) * t(r)| that
represent, respectively, the phase and amplitude of the
image wave.

Reconstruction of the hologram first involves the
application of a Fourier transform to the intensity distri-
bution of Eq. (11). The result is:

F{lyo(r)} = 8q) + W 9T(q) * V()T (q)
+8(q + q0) * W PT(q) (12)

+8(g — go) * ¥ (T (q)

The first term is a delta function. The second is the
autocorrelation function, which in the case of a weak phase
object is identical to the expression given by Eq. (4). The

third and fourth terms correspond to sidebands offset in
reciprocal space from the autocorrelation function by the
carrier frequency, g., of the holographic interference
fringes.

The reconstruction procedure continues by isolation of
one of the two sidebands using a numerical aperture
followed by an inverse transform to recover the holographic
image wave function, Yj,(7) :

Photo () = F~{WQT(q)} = (r) * 1(r) (13)

For a weak phase object, the reconstructed holographic
wavefunction is given as:

thoto (1) = [1 — i P(D)] * c(r) + is(r)]
=14 0P(r) * 5(r) = iloD(r) * c(r)] (14)

The wave amplitude is given by |is.,(r)!, and the wave
phase is given by:

o D(r)*c(r)
anlANO] = T 55
(15)
= Ad(p) ~ LD D

1 — o®(r) * s(r)

where we have invoked the small angle approximation. In
the context of a phase image that maps the spatial
dependence of A¢ in two dimensions, the relevant measure
of contrast is:

_ Ad(r) — A‘;bmin
A(Z,)max + A(bmin

We will see in Section 4 that the contrast associated with a
holographic phase image is substantially higher than that of
a phase image generated by defocus. We attribute this to the
fact that for a significant range of spatial frequencies,
particularly those that carry information at length scales of
order 1 nm and higher, the term o®(r) * s(r) is close to zero
while the term o@(r) * c(r) is finite and relatively constant.

C (16)

3. Experimental procedure

Arborescent graft polymers (AGPs) based on polystyrene
were used as specimens throughout this work. The particular
specimens studied were designated G3-5k indicating that
they are third generation structures synthesized from 5k
molecular weight polystyrene precursors. These were
synthesized following methods described in the literature
[25,26]. Neutron scattering shows that the present G3-5k PS
AGP has a spherical shape in solution with an average
diameter of 53 nm [33]. Atomic force microscopy (AFM)
indicates that the particles tend to flatten when cast onto a
mica substrate [34]. For the studies reported here, AGP
solutions were diluted in toluene to a concentration of
approximately 0.1 wt%. A drop of this solution was placed
on a Cu TEM grid with a supportive carbon film. After
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solvent evaporation, the specimens could immediately be
examined in the TEM with no further preparation.

The electron microscopy was performed at Stevens using
a Philips CM 20 FEG TEM/STEM at an accelerating
voltage of 200 kV. The manufacturer’s specification for its
spherical aberration coefficient, C,, is 2.0 mm. This
instrument has a high brightness, high coherence Schottky
field emission gun (FEG) electron source. Its selected area
aperture (SA) mechanism has been modified [35] to
incorporate a Mollenstedt electrostatic biprism [36] which
is central to the off-axis electron holography technique [22,
31]. Both holograms and focal-series images were recorded
digitally using a 1k X 1k Gatan 794 Multiscan camera. This
camera affords sufficient recording linearity and dynamic
range for efficient holographic imaging experiments.
Holograms were reconstructed using the HoloWorks
package within Gatan’s Digital Micrograph software
package.

4. Results and discussion

Fig. 1 shows a low magnification bright-field image of
AGP PS nanoparticles on a carbon substrate. This specimen
was stained by exposure to RuQO, vapor at room temperature
for one hour. The average diameter of projected AGP
particles observed in images such as these is ~50 nm. This
is smaller than the neutron-scattering data for these same
particles in solution, presumably because of solvent
swelling effects that are absent in the TEM experiments.
Images such as that in Fig. 1 say little concerning the three
dimensional shape of an individual particle. Furthermore,
this image displays two common artifacts associated with
staining. First, there is an accumulation of stain at the
surface as can be seen by the rim of dark contrast around the

Fig. 1. Bright-field TEM image of RuOy,-stained arborescent graft
polystyrene particles on a thin carbon film. The inset is a high-resolution
image showing RuO, oxide nanoparticles on the sample surface.

edge of the particle. This rim would be absent if the stain
was uniformly distributed throughout the entire particle.
Second, RuO, nanoparticles deposit on the particle surface
as well as on the surrounding carbon substrate. Because of
their random orientation, they lead to speckled contrast that
increases image noise and degrades resolution. These RuO,
nanocrystals are evident in the high-resolution image inset
to Fig. 1. While different staining protocols such as shorter
exposure to the RuO, vapor change the details of these
staining effects, the artifactual structure remains.

Unstained versions of these same specimens were
studied by phase contrast imaging. Fig. 2 shows a typical
result of holographic imaging. Fig. 2a shows the raw
hologram. The inset enlarges a small portion of the
hologram to better show the cosinusoidal interference
fringes. Digital reconstruction of the hologram begins by
taking a Fast Fourier Transform (FFT) of the hologram
together with an empty reference hologram. The result is
shown in Fig. 2b. The FFT has a central autocorrelation
function together with two sidebands. A digital aperture
isolates one sideband that is subsequently back transformed
to recover the complex exit-face wavefunction. For the
purposes of the holographic imaging experiments reported
here, the transfer properties of the objective lens were
assumed to be constant over the relevant range of
frequencies.

Phase and amplitude images, where A¢(x,y) and A(x,y)

Fig. 2. (a) Electron hologram of an arborescent graft polystyrene particle.
The enlarged inset shows the holographic interference fringes; (b) FFT of
the hologram shows the autocorrelation and two sidebands; (c) recon-
structed phase image; and (d) reconstructed amplitude image.
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are mapped, are shown in Fig. 2c and d, respectively. The
phase image displays significant contrast representing the
AGP PS particle on the carbon support film despite the fact
that the amplitude image shows essentially none. This basic
result is independent of the size of the digital aperture used
to isolate the sideband and reconstruct the exit-face
wavefunction. It was also reproduced in several different
holographic imaging experiments using different speci-
mens. This is a significant result. It experimentally confirms
the hypothesis that, at focus, the weak-phase object
properties of such a nanoscale polymer specimen can give
rise to recoverable phase information in the absence of any
significant amplitude modulation of the electron wave by
the specimen.

Given an experimental dataset describing A¢(x,y) and
knowing the mean inner potential characteristic of
polystyrene from previous work [24], phase data such
as that in Fig. 2c can be converted into a measure of the
projected specimen thickness using Eq. (1). Fig. 3 shows
this conversion for the subset of phase data described by
averaging the 20-pixels-wide rectangular selection in
Fig. 2c running from the particle center to beyond its
edge. Fig. 3a shows the profile of phase shift data, and
Fig. 3b shows the result of the conversion to a thickness
profile. The solid line in Fig. 3b represents a second-
order polynomial fit to these thickness data. Since the
reference wave in these experiments sampled the carbon
substrate rather than vacuum, no measure of substrate
thickness could be made. Hence, the average background
signal was set to zero.
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Fig. 3. (a) Phase shift retrieved from Fig. 2(c) as a function of position from
the particle edge to its center; (b) thickness profile of the AGP particle with
a second order polynomial fit (solid line).

Fig. 3 shows that the maximum particle height is
approximately 23 nm. Its diameter, however, is approxi-
mately 51 nm. This quantitative imaging shows that the
AGP PS particle is not spherical, as might be concluded
based on the traditional stained image (Fig. 1). Instead,
the particle has a pancake shape. This shape presumably
forms during solvent evaporation when the solvated
particle wets the carbon substrate and is kinetically
frozen in that configuration once sufficient solvent has
evaporated to render the particle rigid. This result is
similar to the findings of previous AFM work [34] but is
less ambiguous since edge distortion effects due to the
finite tip dimensions are avoided.

Combining phase-shift and thickness data from Fig. 3,
one can develop a measure of contrast as a function of
particle thickness. The result is given in Fig. 4. The
conversion of holographic data uses the definition given
in Eq. (16) together with the calibration between
thickness and radial position given by the polynomial
fit in Fig. 3b. The contrast generated by the holographic
phase image increases significantly as specimen thickness
increases.

Fig. 4 also shows an experimentally derived relation
between contrast and thickness for phase contrast imaging
experiments based on defocus. The data are derived from
the results of through-focal series imaging of the same
unstained specimens used in the holographic imaging.
Salient results from one such through-focal series are given
in Fig. 5. The focal step for this particular series was
Af = 48 nm with 33 different images collected. Af =0
corresponds to the minimum-contrast condition. The image
data were normalized to unity by dividing every pixel value
in an image by the average background intensity character-
istic of that same image. The intensity profiles from each
image show that the intensity deviation relative to back-
ground varies with defocus. The noise associated with these
profiles clearly increases with defocus for the defoci
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0 5 10 15 20 25 30
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Fig. 4. Image contrast versus sample thickness for AGP particles imaged by
defocus phase contrast imaging (@) at focus (Af = 0) and holographic
phase contrast imaging (O)at focus (Af = 0).
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Fig. 5. Focal series images and intensity profiles across an AGP PS particle.

addressed here. These findings are representative of the
images of the focal series not included in Fig. 5. The
contrast-thickness relation given in Fig. 4 representing the
defocus experiment is derived from the intensity profile data
given in Fig. 5 together with the definition given by Eq. (9)
and the thickness/radial position relation given by the
polynomial fit (Fig. 3b).

Fig. 4 shows that the contrast derived from the phase
contrast image at zero defocus is substantially less than that
provided by holographic phase imaging at zero defocus. The
phase contrast generated by increasing the defocus does not
significantly affect this finding. Furthermore, increasing
defocus comes at the expense of an increase in image noise.
At extremely large defocus values of order microns, in
excess of those presented here, the defocus degrades
resolution and complicates the image contrast by sign
changes in the transfer when passing different spatial
frequencies.

The difference in contrast generated by the holo-
graphic and defocus approaches can be understood by
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Fig. 6. The cosine and sine terms of the microscope transfer function for
different values of microscope defocus.

considering the amplitude and phase transfer properties
of the microscope. As given by Egs. (6)—(8), the
microscope lens transfer function consists of cosine and
sine terms that each depend on defocus and spherical
aberration. Fig. 6 shows the cos y and sin y terms
calculated for focus values of 0, —91 (Scherzer defocus),
and —768 nm. Consider first the curves for Af = 0. The
cos y term is equal to unity for spatial frequencies
approaching 2nm. Over this same range of spatial
frequencies, the sin y term is essentially zero. For higher
frequencies, both terms oscillate in a manner that
complicates image interpretation. As the defocus
increases, the passband where cos y ~ 1 and sin y ~ 0
shifts to lower frequencies, but the basic behavior of
these functions remains the same.

As pointed out by Lichte [37,38], the role of the lens
transfer properties on phase contrast imaging by defocus
and by holography is thus clear. Defocus imaging of weak
phase objects, as described by Eq. (5), depends on the sin y
term. For a resolution of, say, 1 nm needed to achieve useful
images of many elements of polymer morphology, the sin y
term transfers almost no information from the exit-face
wave phase to the image-wave amplitude. It is the latter that
is recorded in a defocus experiment. A relatively small
fraction of the actual phase shift is converted to amplitude
information, and the contrast between the weak phase object
and the background in this imaging mode is small.
Holographic imaging of weak phase objects, on the other
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hand, is described by Eq. (15) and is dominated by the cos y
term. In this case, the exit-face wave phase is almost entirely
transferred through the lens to the image wave phase by a
multiplicative factor of unity for a valuable range of spatial
frequencies. Since holography recovers this phase directly,
the contrast between the object and the background can be
high despite the fact that the amplitude modulation is low.

5. Conclusions

Phase contrast TEM imaging offers an alternative to
heavy-element staining approaches for studying mor-
phology in nanoscale objects such as globular polymer
particles. Using arborescent graft polystyrene nanoparticles,
we have shown that holographic phase imaging can recover
significant phase contrast from an object despite the fact that
the amplitude contrast is negligible. Furthermore, knowing
the mean inner potential of polystyrene, we have been able
to recover a quantitative measure of the specimen thickness
at all points in the specimen. In the present experiments, this
ability enables us to conclude that the AGP particles on the
carbon support film are not perfectly spherical but instead
have a pancake shape. A comparison of the contrast
generated by the holographic approach and that generated
by the more traditional method of phase contrast transfer by
defocus shows that there is significantly more contrast in the
holographic phase image than in the defocused images.
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