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Light incident on a total internal reflection surface will tunnel through a submicrometre gap in the presence
of a dielectric surface. This tunnelling phenomenon is used in the photon tunnelling microscope to image
polyethylene single crystals, providing a topographical map of the single-crystal surface. Tunnelling increases
exponentially with sample height and is quantified using video photometry of the grey-scale tunnelling image.
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INTRODUCTION

The study of morphology of polymers is an area of
continuing interest in polymer science. By morphology,
one means the supermolecular structure that arises from
the physical organization or self-assembly of the macro-
molecule. On the one hand, polymers such as poly-
ethylene, crystallized from the melt, form a spherulitic
morphology, the internal structure of which has been
studied in great detail’™®. On the other hand, poly-
ethylene crystallized from solution gives rise to some
beautiful crystal habits that have formed the basis for the
understanding of the solution crystallization process in
polymer materials*~°.

It is well known that many synthetic polymers
crystallized from dilute solutions form single crystals. The
discovery of such ‘single crystals’, made almost at the
same time by Keller>, Till® and Fischer” in 1957, has had
a profound impact on the understanding of crystallization
of macromolecules. Their electron diffraction data showed
that the polymer chains were normal to the single-crystal
surface, and most remarkable, given the length of the
polymer chain, was the fact that the crystals were only
about 100 A thick. This led Keller and O’Connor® to
conclude that the molecules must fold sharply on them-
selves to give rise to lamellar periods of only 100 A. Since
then several studies have been carried out on solution-
grown crystals, always confirming and elaborating on the
rather remarkable phenomenon of chain folding leading
to the single-crystal habit.

The principal tool that has been used to study the
morphology of single crystals is electron microscopy and
diffraction either from electrons or X-rays. Despite its
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obvious importance, electron microscopy is not without
its shortcomings. These include the relatively high cost,
the need for high vacuum, loss of the ability to manipulate
samples, and possible damage to samples upon irradia-
tion with the electron beam. These limitations are
overridden in many cases by the resolution achievable
and by the fact that one can perform selected-area
diffraction to determine the unit-cell structure and
orientation of crystalline polymers. Nevertheless, in an
effort to circumvent many of the limitations of electron
microscopy, Wunderlich and coworkers'® and others!!-*2
have used several forms of interference microscopy to
visualize the single crystals formed from solution. All
forms of interference microscopy use the phase difference
between a ray of light split into two or more rays, which
on passing through a polymer crystal are made to
recombine at a later stage, in the microscope, into a single
ray. This phase difference is then converted into an
intensity difference, thus making the polymer crystal
visible and in some cases even leading to quantitative
measurements of the thickness of the lamellae!®.

Photon tunnelling microscopy (p.t.m.), described fully
elsewhere'?, is proving to be a valuable tool for the
characterization of topographical features of many
dielectric surfaces including polymers. P.t.m., a form of
optical microscopy descended from surface contact
microscopy'* and frustrated total internal reflection
microscopy (f.tir.m.)**, makes use of evanescent waves
to image topographical features with a height resolution
of less than a nanometre and a lateral resolution of
0.16 um. The image is displayed in high-resolution 3D
with continuously varying perspective (see Figures 4 and
5).

It is well known that a light beam propagating in
medium 1 with refractive index n, incident on a boundary
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with medium 2 having a lower refractive index n,
undergoes total internal reflection at a critical angle given
by sin~ !(n,/n,). As no energy is transferred into the rarer
medium, the field in medium 2 is termed an evanescent
wave. The amplitude of this wave decays exponentially
with distance z normal to the reflecting boundary and
the field strength E., of this decay is given by:

Eev=E0 eXp(_Z/dp) (1)

where E, is the amplitude of the electric field associated
with the light beam in medium 1 at the boundary. The
penetration depth d, in medium 2 at which the amplitude
E, decreases by a factor 1/e is given by:

P 2n(sin? 0 —n32,)Y?

where A, is the wavelength in the denser medium 1, 8 is
the incident angle and n,, =n,/n;. In the presence of a
third medium with refractive index ny>n,, the total
reflection is frustrated. The third medium leads to the
conversion of the evanescent wave to a propagating wave
by an amount that is exponentially proportional to the
distance z from the totally reflecting surface. If the surface
of this medium is topographically rough, this causes a
change in the total reflection, leading to a frustration of
total reflection, which may differ from place to place
laterally owing to the local variation of the surface
topography. This results in the modulation of the
intensity of the reflected light corresponding spatially to
the modulation of z by the surface topography of the
third (dielectric) medium. This produces a grey-scale
image where height information is mapped onto an
intensity distribution. Photometry of this grey-scale
image (or intensity distribution) yields quantitative height
measurements directly and without ambiguity. The
brighter the image, the further the feature is from the
total internal reflection (t.i.r.) surface. It is important to
note that the remarkable sensitivity to height variations
originates from the exponential dependence of the frustra-
tion of total reflection on depth. This leads to a sub-
nanometre detector-limited resolution in the z direction.
Hence, the surface topography can be obtained from
photometry of the tunnelling image, if the exact depen-
dence of the energy transfer on z is known. This
dependence can be calculated a priori for non-absorbing
dielectrics, but is difficult to do for other classes of
materials. Conversely, this dependence can be empirically
calibrated, as was done elsewhere!3. The vertical resolu-
tion of height variation is limited only by detector
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discrimination of the corresponding intensity modulation
of the tunnelling image.

EXPERIMENTAL

The optical microscope (Nikon or equivalent) is equipped
with vertically incident Kohler illumination, a phototube
and a reflected-light oil immersion objective of numerical
aperture (NA4) 1.25 and 100 x magnification, and is
schematically shown in Figure 1. A microscope coverglass
serves to hold the oil for the immersion objective and
also serves as the object plane for t.i.r. In some cases it
has been useful to use a thin proprietary (Polaroid)
flexible optical membrane as the transducer (or the object
plane for tir) that is stiff over the field of view of the
microscope but flexible enough on a larger scale to
accommodate curved surfaces and even dirt on the
sample. The microscope stage is used for the vertical
motion of the sample. A photometric vidicon camera
(Dage MTI, Series, 81) mounted on the phototube
converts the grey-scale tunnelling image into a video
signal that is restored into a real-time 3D image of the
sample topography by a three-axis oscilloscope. At the
present time, the vidicon detector produces a vertical
resolution better than 1 nm (a fraction of a nanometre)*3.
This was determined using a calibration mapping
function generated from a smooth glass sphere of 1.6 m
radius'3. To demonstrate the capability of the micro-
scope, images of a moulded optical storage structure
obtained using a p.t.m., microinterferometer (Wyko
Corporation), scanning electron microscope (SEM) and
atomic force microscope (a.f.m.) are shown in Figure 2.

Polyethylene (Marlex-50) was crystallized from a dilute
(0.5%) p-xylene solution at 80°C to obtain large single
crystals. A small amount of the suspension of p-xylene
containing the single crystals was deposited on a
microscope slide and the solvent was removed by
evaporation under atmospheric conditions. Images of
several crystals on the slide were obtained with the
photon tunnelling microscope.

RESULTS AND DISCUSSION

Figure 3 shows the grey-scale image of a polyethylene
single crystal as viewed directly under the p.t.m., where
the individual single crystals are visible as intensity
differences in the grey-scale image. The high resolution
and contrast of this image is rather remarkable, as viewed
through the microscope. In order to quantify the
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Figure 1 Schematic of the principle of operation of the photon tunnelling microscope
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Figure2 Comparisonimages obtained of an optical storage disc: (a) SEM, (b) Wyko and (c) a.f.m. images; {(d), (¢), (f) corresponding p.t.m. images

tunnelling image, a charge-coupled device (c.c.d.) or a
vidicon detector views the tunnelling image at the
microscope’s phototube in the normal manner. This
output is readily analysed and displayed in any number
of ways. Figure 4 shows the analogue 3D display of the
grey-scale image shown in Figure 3. The single terraces
of the polyethylene crystals are very clearly seen in this

figure. Each video raster line of a high-resolution XY
oscilloscope is displayed as amplitude traces, thus
electronically mapping the intensity distribution of the
grey-scale image into height for a real-time 3D image. A
single trace can be isolated anywhere in the image for
electronic cross-sectioning and height measurement. The
terraces of the single crystal are easily seen and have step
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heights of ~ 7 nm. It should be emphasized that the image
in Figure 4 is obtained without any shadowing or
extraneous sample preparation methods normally used
in a SEM, for example. The contrast is provided by the
tunnelling probability of the light beam being exponen-
tially dependent on the z direction.

A further advantage of using the analogue display is

Figure 3 Tunnelling image of polyethylene single crystals as seen
through the p.t.m.

Figure 4 Topography (3D image) of polyethylene single crystals

Figure 5 An expanded view showing only the single crystals
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Figure 6 A contact interference image of the polyethylene single
crystals obtained by suppression of t.ir. illumination of the p.t.m.

the ease of manipulating the image. For example, the
perspective of the image can be changed, which can aid
in the understanding of the topography. An image of the
single crystal obtained by expanding the scale of the
oscilloscope is shown in Figure 5. It should be pointed
out that the apparent height in the 3D image, in
comparison to the lateral dimensions, is markedly
exaggerated, as is often the case with most profilometry
techniques. The long side of the photograph is 25 um
across, while the step heights are only on the order of
7.0-8.0 nm.

Frequently the height of the single crystals exceeded
the tunnelling range. This was due primarily to the fact
that many of the crystals had a centre of the growth
spiral that was much thicker than the rest of the crystal.
This lifted the flexible transducer much beyond the
tunnelling range. A limit to the tunnelling range exists
since the probability with which t.i.r. is frustrated decays
exponentially. This limit is typically 0.754, which for green
light is about 0.38 yum. In such a situation one uses the
other attributes of the microscope to image the thicker
crystal, for example conversion of p.t.m. to an interference
microscope. This is accomplished by suppression of the
tir. illumination, required for interferometry, and re-
focusing the microscope to image the crystal in the
interference mode. Now, the flexible optical membrane
serves as a contact interference reference surface. An
interference image of a single crystal consisting of several
lamellae obtained using the p.tm. in the interference
mode is shown in Figure 6. Use of monochromatic light
allows for quantification of the height of each of the
lamellae.

The fact that the p.t.m. is easily adaptable to do
interference microscopy implies that one has not only a
method to observe large single crystals, and possibly
dendrites, but also a method to determine the lamellae
thickness and indices of refraction. Wunderlich and
coworkers'® demonstrated these aforementioned capa-
bilities previously. Though not done here, it is also
possible from the measurement of indices of refraction
to determine the chain orientation within the crystal.

CONCLUSIONS

It has been shown that photon tunnelling microscopy
can yield quantitative information on the topography of
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