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Soft X-ray contact microscopy of
polyethylene microstructures
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A new technique of high resolution soft X-ray contact microscopy has been used to pro-
duce images of polyethylene microstructures. Both single crystals and spherulitic cast
films have been imaged using this method which has previously been used in the examin-
ation of biological materials. A soft X-ray sensitive thin film of polymethylmethacrylate
(PMMA) has been used to record the image of the polyethylene specimens. The exposed
PMMA was then developed in a solvent and the resultant topographic image was exam-
ined in an electron microscope. It was found that direct observation of the lightly coated

PMMA surface in the scanning electron microscope resulted in significant loss of
resolution due to radiation damage. A method of obtaining a transmission electron
microscope replica specimen is described, and the images so obtained are presented.

1. Introduction

The microstructure of partially crystalline poly-
mers consists of structure at various scales from
molecular dimensions to optically visible spheru-
lites. Attempts to observe the finer details using
transmission electron microscopy have been
restricted by the rapid rates of radiation damage
which occur in the electron beam during obser-
vation and image recording [1, 2]. Recent progress
in using soft X-rays to produce contact images of
biological materials has led to a new method of
examining microstructures in synthetic polymers
which is discussed here. As pointed out by Sayre
et al. [3], soft X-rays have some inherent advan-
tages over electrons in microscopy of biological
materials. Suitably chosen wave lengths of X-rays
can give high resolution images at lower doses than
can be obtained with electrons. The purpose of
this work is to show that images of polyethylene
(PE) microstructures can be made using this tech-
nique.

The technique has been described elsewhere in
the biological literature [4, 5], but the salient
points are outlined here, and some modifications
to the existing methods are discussed. The useful-

ness of the technique, which is essentially contact
radiography [4], has become apparent with recent
advances in the field of microelectronics. The
attempts to fabricate smaller circuits have led to
increased interest in the use of soft X-rays together
with extremely high resolution polymer resists
(for example polymethylmethacrylate (PMMA)).
The same systems have recently been used to
image biological materials with possible theoretical
resolutions of close to 10nm [4]. The procedure
is shown in Fig. 1. A thin film (~ 1.5 um thick) of
PMMA is deposited on a polished surface of silicon
or glass. The material to be examined is held in
contact with the surface of the PMMA and the
combination is exposed to soft X-rays. The X-rays
are absorbed by different amounts in different
parts of the specimen, depending on the local
chemistry, density and thickness. The underlying
PMMA undergoes chain scission at low doses. The
specimen is removed and the irradiated PMMA is
immersed in a solvent which preferentially dis-
solves the lower molecular weight material. Using
scanning electron microscopy, the coated PMMA
surface may be examined and the topography of
the etched surface is a replica of the specimen
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Figure I Schematic diagram of the exposure technique.
The profile of the PMMA after development is shown as
(A).

microstructure [4, 5]. Higher resolution images
may be obtained by examining the developed
PMMA film directly in the transmission electron
microscope (TEM) [5]. However, as shown in the
present work, these examination techniques
damage the polymer resist and thus distort the
image. Modifications to the existing methods are
thus made and discussed here.

2. Experimental procedure
Linear polyethylene (PE) used for the preparation
of crystals was polymerized and characterized at
the Research Centre of SNPA at Lacg, France.
The weight average molecular weight (M,,) was
8.4 x 10® gmol™, and the polydispersity (M, //M,)
was 1.11. A suspension of PE in p-xylene was
heated in an oil bath at 100° C for 20 min until
completely dissolved. An aliquot of the solution
was transferred to a thermostat held at the crys-
tallization temperature of 60°C, and an appro-
priate amount of pure solvent previously heated to
the same temperature was added to the solution
(the concentration of solution from which the
crystals precipitated was 0.05% (w/w)). This mini-
mized the time to reach the crystallization tem-
perature and a uniform lamellar thickness was
achieved. The lamellar thickness thus produced
was measured from the PE crystals which were
filtered from the suspension at 60° C, washed in
acetone and dried in vacuo at room temperature.
Small angle X-ray scattering was used to measure
the lamellar thickness of the mat so produced and
a value of 9.7 £ 0.4 nm was found.

Spherulitic polyethylene thin films were pre-
pared in the following manner. High density poly-

ethylene pellets from Dupont (Canada) Research
Laboratories (provided by Dr D. Axelson) were
dissolved in p-xylene, and a precipitated suspen-
sion of PE in the xylene was produced by cooling
to room temperature. This suspension (nominaily
0.5% (w/w)) was heated until the PE was dissolved
completely. One or two drops of this solution
were then applied on a glass slide which was
covered by a thin film of phosphoric acid (pre-
heated to 130° C). The heater was turned off and
the glass slide was allowed to cool at room tem-
perature. The thin PE film was floated off on dis-
tilled water, washed several times in water, then
examined in an optical microscope. The average
thickness of the polymer film was measured by
light interference microscopy and was estimatéd
to be about 1.5 um. Appropriate areas for X-ray
replication were selected.

3. Soft X-ray replication

Solution of polymethylemethacrylate (PMMA)
(obtained from R. Feder at Thomas J. Watson
Research Laboratories of IBM) in chlorobenzene
(6% w/v) was used to prepare the thin resist film
on glass cover slips. The measured molecular
weight was 350 000. It was spin coated and baked
in an oven in the standard way (appropriate to
fabrication of integrated circuits). The thickness
of the resist was measured by light interference
microscopy to be approximately 1 um.

The PE crystal specimens were prepared by
applying a few drops of the crystal suspension to a
transmission electron microscope (TEM) grid
which had been covered with a 10 nm thick carbon
film (prepared by vacuum evaporation). After the
crystals were dried the TEM grids were placed on
the PMMA resist in a manner so that the PE crys-
tals were in intimate contact with the resist. The
resist—specimen combination was then mounted
in a holder for the soft X-ray machine.

The spherulitic films were cut to TEM grid size,
then floated on water and picked upon on a TEM
grid. After being dried, the specimens were placed
in contact with the resist, mounted in a holder and
placed in the X-ray machine.

The soft X-ray generator used for the exposures
was a laboratory built apparatus, incorporating
a water-cooled flat faced solid target (which could
be changed to use a variety of materials), sur-
rounded by a heated filament. The operating con-
ditions for these experiments were: aluminium
target, accelerating voltage 1.8keV, tube current
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8x 107 A. The PE crystals were irradiated for
30h and the spherulitic films for 60h. The
exposure times were estimated in the following
way. The development rates (rate of dissolution as
a function of X-ray energy deposited) of PMMA
exposed to the laboratory source were measured
using the given solvents, at the given temperature.
The dose incident on the PMMA film through the
polyethylene specimen was estimated using the
absorption coefficient calculated assuming pure
carbon. This is, of course, an approximation, since
other experiments performed at the Canadian
Synchrotron Radiation Facility using monochro-
matic radiation show significant differences from
carbon in the absorption coefficient for polymers
(this is to be published).

After exposing the Xrays, the PMMA resist on
its glass substrate was developed by immersing it
in a stirred solution of methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) (1:3 by
volume) which was held at 25°C. To minimize
solvent swelling each development step involved
immersion in the developer of no longer than
20 sec, followed by washing in isopropyl alcohol
and air drying. The image was checked optically
at each step until the best contrast was achieved.
With the given specimens, and under the exposure
conditions used, the optimum development times
were about 8 min for PE crystals and about 20 min
for the spherulitic films. The entire development
and optical microscopy procedures were per-
formed in a class 100 clean room.

4. Recording high resolution images

With thin specimens and correct exposure con-
ditions, it was expected that structure down to a
scale as small as perhaps 10 nm could be resolved.
The standard technique for examining the etched
surface of the exposed PMMA has been either
direct observation of a lightly metal coated surface
using scanning electron microscopy [4], or by
direct observation in the transmission electron
microscope [5]. In the latter case, the PMMA film
was initially spun onto a very thin silicon nitride
window (approximately 100 nm thick), the image
recorded and developed in the manner described
earlier, and the PMMA-silicon nitride combination
was placed directly in the TEM. The resultant
image was due to differential thickness contrast,
which could be enhanced by shadowing. The
problem which arises in both cases, and which has
not yet been addressed in the literature, is that the
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Figure 2 Development curves (developed relief height
AX against development time in 1:3 MIBK to IPA). (A)
has been exposed to soft X-rays (30 min) and an SEM
electron beam (2min). (B) has been exposed to soft
X-rays only.

examination of the PMMA film in the electron
beam results in radiation damage in the PMMA
itself. Studies of electron microscope images of
surfaces and thin films of polymers have shown
that the radiation damage distorts the topography
of the polymer [7], so a simple set of tests was
performed to determine if SEM techniques were
sujtable for the examination of the images on such
an electron sensitive material as PMMA.

Copper TEM grids were placed on top of a
PMMA coated silicon wafer and exposed to soft
X-rays for a short time (1/2h). The aluminium
target was used. Subsequently, the grid was
removed, and the X-ray exposed PMMA (with the
grid pattern as a latent image) was irradiated with
the electron beam over half its area in a scanning
electron microscope (SEM) (Stereoscan 600 at
25keV). A large spot size was used to facilitate
damage observations. The relative development
curves of the PMMA (a) irradiated with soft X-rays
only and (b) irradiated with soft X-rays and elec-
trons were compared in Fig. 2. In this example,
the images were examined in the SEM for 2 min.



The PMMA was developed in a solution of 1:3
(v/v) MIBK to IPA. The observed images after
development for varying times are shown in Figs. 3,
4 and 5. The regions irradiated in the SEM are
clearly distinguished from the regions irradiated
only by the soft X-rays (the scan lines from the
rastered electron beam are visible). Indeed, the
width of the grid bar image is measurably reduced
after exposure to the electron beam. This obser-
vation should be considered in attempting to
optimize the image quality by repeated steps ot
dissolution/SEM examination, as has beenreported
elsewhere [8]. The radiation enhanced dissolution
of the PMMA results from a significant decrease in
the molecular weight as a result of chain scission
at these doses [9, 10]. The differences in the

Figure 3 Optical micrograph of
the PMMA image of a TEM grid
developed for Ssec. The area
(A) was irradiated for 30 min to
soft X-rays plus 2 min to an SEM
electron beam. The area (B) was
irradiated to 30 min of soft X-
rays only. The scale marker is
20 um. Compare Figs. 4 and 5.

development rates, and in the images (Figs. 2 to
5) are a reflection of a large decrease in molecular
weight in the PMMA during the examination in
the SEM for typical observation times. Further
examination of image quality, even at low beam
current, also reveals significant damage. The
obvious conclusion is that direct observation of
the PMMA film in a electron microscope will result
in a loss of resolution, and in significant change in
the image as a consequence of the observation
itself.

To circumvent this problem, a secondary repli-
cation process was used to record a stable image.
A carbon replica of the etched PMMA film was
taken in the following manner. The lightly etched
PMMA surface (the image of the PE specimen}

Figure 4 Optical micrograph of
the same area as Fig. 3, devel-
oped for 30 sec.
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was shadowed with platinum at a shallow angle of
5° to 8° using vacuum evaporation. At this point
the PMMA was still supported on a glass cover
slip. A 12 nm thick carbon film (measured by a
film thickness monitor) was deposited on top of
this shadowed surface by vacuum evaporation. The
surface of the area of interest on the replica was
scored into squares about 2mm on a side. The
glass cover slip was floated on a 2% HF solution
with the carbon film on top, until the glass was
dissolved. The floating carbon replicas, still on
the PMMA film, were repeatedly washed in dis-
tilled water, and picked up with TEM grids. The
PMMA was then dissolved in acetone, leaving the
shadowed carbon replica on a TEM grid.

A major additional advantage to using carbon
replicas of the PMMA surface is that for ultra-
high resolution the depth of etching of the PMMA
must be small. In resolving the low contrast micro-
structures such as those in crystalline polymers,
lateral dissolution rates may be significant and
fine structure may be seen only in the top layers
of the PMMA. Feder and Sayre also point out that
diffraction effects will become important at larger
distances from the specimen—PMMA interface
(deeper into the resist) [5]. Hence, there is definite
advantage in using only a very light etch (for
which a carbon replica technique is ideal).

5. Results and discussion

The TEM micrographs of the carbon replicas of
the PE multilayer crystals are shown in Figs. 6
and 7. The first shows a multilayered lozenge-
shaped crystal and the second shows a dendritic
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Figure 5 Optical micrograph of
the same area as Fig. 3, devel-
oped for 120 sec.

growth pattern. These crystals are typically formed
at low crystallization temperatures and consist of
several superposed chain-folded layers which are
all of equal thickness. In Fig. 7, the 10 nm thick
lamellar layer can be clearly distinguished up to
the sixth layer. The number of layers which can be
distinguished is determined by these factors,
namely, the transmitted X-ray intensity, the sen-
sitivity and the resolution of the resist. The first
two factors govern the rate at which the PMMA
undergoes radiation damage, which in turn deter-
mines the dissolution rate in the developer. As the
number of superposed layers increases, the trans-
mitted X-ray intensity will decrease accordingly.
When the specimen becomes very thick, the trans-
mitted intensity is too small to cause significant
molecular weight changes in the PMMA, and the
lamellar layers beyond this limit are not separately
resolvable.

In examining the microstructures of Figs. 6
and 7, superposed layers of approximately 60 nm
edge to edge distance can be observed. Fig. 8
shows the carbon replica image of a PE thin film
crystallized from melt. Two spherulities are visible
with centres at the top left and at the lower right
corners, respectively. The spherulite boundary is
clearly visible, and microstructure within each
spherulite is identifiable down to a scale of about
60nm. The arrangement and shapes of these
microstructural elements are consistent with arrays
of lamellae. On a large scale, the radial fibrils are
clearly part of the accepted spherulitic morph-
ology. The contrast and the resolution of the
images should become significantly better with



thinner films of PE (of the order of 50 to 100 nm).
An approximate calculation of the expected con-
trast between crystalline and amorphous regions
has been made by comparing the densities of the
two phases. The result suggests that, in thin PE
specimens, the lamellar structure should be resolv-
able, if the PMMA resist can record such small
structures. Experiments with these materials and
other kinds of fine scale structures are proceeding
to investigate the possibility of this. The achieve-
ment of this kind of resolution obviousty has
important implications for the examination of
lamellar microstructures in polymers.

v

Figure 6 Soft X-ray micrograph of PE
crystals on a carbon substrate. The scale
marker is 500 nm.

In addition to revealing the standard micro-
structures, the technique can be extended to reveal
distributions of chemical elements on this micro-
scopic scale [12], as has been demonstrated in
biological materials. Using images of one area of
the specimen above and below X-ray absorption
edges of the relevant element, digitizing and sub-
tracting the images, a map of the distribution of
the element may be obtained. Work also continues
in this area.

6. Conclusions
The first images of crystalline polymers using a

Figure 7 Soft X-ray micrograph of PE
crystals on a carbon substrate. The scale
marker is 500 nm.
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high resolution soft X-ray contact replication have
been presented. Multilayer PE crystals grown from
solution, and melt crystallized spherulitic PE have
been shown. The theoretical resolution of this
technique using PMMA resist is of the order of
10 nm or smaller. The work follows that of recent
attempts in the study of biological structures, but
incorporates the additional improvement that a
shadowed carbon replica of the etched PMMA
surface is taken to examine in the TEM. This step
produces a stable, high resolution image, whereas
the previous direct observations of the PMMA sur-
face in the SEM or in the TEM were subject to
radiation induced image distortion. More detailed
experiments involving monochromatic radiation
from a synchrotron source are underway, and this
will produce more exact quantitative methods for
optimizing the images.
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