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With photon tunneling microscopy it is possible to image polymeric and other dielectric
surfaces by means of the unusual properties of photon tunneling or evanescent waves.
Vertical resolution is 1 nanometer, limited by the detector, over a vertical range of half a
wavelength. Lateral resolution is better than a quarter of a wavelength over a field of view
up to 125 micrometers. Samples can be surveyed in real time in air, with no need for
metallization, and without shadowing or the intrusive effects of electrons or scanning
probes. The use of this technique to study single crystals of polyethylene and processes
such as latex film formation and the evolution of polystyrene topography while dewetting
above the glass transition temperature are described.

In many of the numerous applications of
polymers, such as paints, optical coatings,
industrial substrates, medical implants,
clothing, and even ivory substitutes on pi-
ano keys, surface topography influences the
performance (optical, mechanical, thermal,
electrical, and so on), appearance, wear,
and adhesion of the materials (I, 2). In this
article, we highlight the advantages that
photon tunneling microscopy (3) brings to
the study of polymer surface topography and
illustrate them with a report on some repre-
sentative imaging applications.

Researchers today have available a pow-
erful arsenal of microscopes, from the low-
voltage and environmental scanning elec-
tron microscopes (SEMs) to the new and
growing family of scanning probe micro-
scopes (SPMs) (4-9) initiated by the scan-
ning tunneling microscope (STM) (10).
Light microscopy, including dark-field, po-
larized (11), reflected light, spectroscopic,
fluorescence, and interference techniques
(12), continues to be the workhorse of poly-
mer imaging because it provides direct, vi-
sual, whole-field and real-time imaging of
the unperturbed surface. Samples are acces-
sible, easily explored and moved, and inter-
ference allows topography to be measured
[for example, lamellae thicknesses of poly-
mer crystals (12)]. Information is gathered in
a parallel manner, rather than serially, as
with scanning methods. Imaging is therefore
fast, which allows large sample surveys and
redundant imaging for high data confidence,
as well as imaging of dynamic samples. The
typical low-energy light can be spectrally
modified to eliminate sample modification,
as when imaging a photoresist.

Light microscopy has undergone great
evolution. The phase-modulated interfer-
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ence microscope produces topographic im-
ages and height quantification with high
vertical resolution over a large vertical
range, although not at present, in real
time (13). The more recent confocal mi-
croscope (14) incorporates serial scanning
into the light microscope to increase the
lateral resolution and, in addition to to-
pographic imaging, can be used to con-
struct tomographic images of biological
and other samples.

The photon tunneling microscope
(PTM), another extension of light micros-
copy, only became available commercially
in 1992, although it has been in proprietary
service since 1985 (15, 16). The PTM
descends from frustrated total internal re-
flection microscopy (17) or from evanes-
cent wave or surface contact microscopy
(18) when used in the transmission mode.
The direct visual tunneling images are also
displayed as real-time, topographic, three-
dimensional (3D) images, with continuous-
ly variable viewpoint and magnification
control. Single profiles are isolated for vid-
eo cross-sectioning of the sample. Because
the PTM is a light microscope, it can be
configured for spectroscopic, fluorescence,
surface plasmon (19), polarization, and
other studies, in transmission as well as the
normal reflection mode.

Brief Description of the PTM

The PTM, like its forebear, is based on the
behavior of light at the boundary between
a dielectric medium 1 with index of refrac-
tion m, and dielectric medium 2 with a
lesser index of refraction m,. Total inter-
nal reflection (TIR) occurs in medium 1 if
the angle of incidence 0 is equal to or
greater than the critical angle sin™! (n,/
M,). Probing the rarer medium near the
TIR surface with a dielectric surface of 1
greater than m, couples energy from the
first medium (Fig. 1), indicating the pres-
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ence in the rarer medium of an electro-
magnetic wave, as first observed by New-
ton (20). It has the same frequency as its
parent wave in the denser medium and is
evanescent because it does not carry any
energy from the TIR surface in averaged
time if unperturbed.

For homogeneous transparent dielectric
media, the field strength of the evanescent
wave decays exponentially as E, exp(—z/d,),
where 7 is the distance normal to the TIR
boundary and d; is the penetration depth
into medium 2 at which the field strength
falls to 1/ of its initial value E,

A

- 2mw(sin?0—n,,

dp 2172
where m,, = m,/Mm, and A, is the illumina-
tion wavelength in medium 1 (Fig. 1).
Evanescent waves are fully explained by o
classical optics (21-23), but ideas from 8
quantum theory add to the intuitive under- 5
standing of the microscopy. The analogy to
electron barrier tunneling has been elegant-
ly made (24-28), and the effect is known as £
optical or photon tunneling. The exponen- 3
tial decay then represents the probability of §
encountering a photon from medium 1 in =
the tunneling gap at some distance z normal ©
to the TIR boundary.
Photon tunneling has several remarkable
properties of significance to microscopy:
The exponential decay of the tunneling ©
probability encodes height information in S
the sample topography into a gray-scale G
tunneling image, the photometry of which £
yields profilometry directly after empirical %
calibration. The smoothly continuous de-
cay of the tunneling probability frees verti- £
cal resolution from wavelength constraints; 2
vertical resolution is limited in practice by ©
. . . @
photometric resolution, determined by the T
signal-to-noise ratio of the detector (which o
also affects the vertical range). g
Photons tunneling into the gap are the ©
same frequency as in medium 1, so that the
high lateral resolution of oil immersion
microscopy is achieved even though the
sample remains dry. In addition, only light
at and beyond the critical angle in medium
1 is totally internally reflected, so the illu-
mination forming the photon tunneling
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Fig. 1. Schematic diagram showing the ener-
getics and geometry of photon tunneling.
.
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image is annular. This enhances the higher
spatial frequencies, amplifying lateral reso-
lution by 1.3 to 1.6 times (29-31). Such
enhanced resolution is common to optical
systems with centrally obstructed apertures
and is used to advantage in applications
from microlithography to astronomy. The
full numerical aperture (NA) nevertheless
remains available for imaging the sample.

Evanescent waves generated in turn by
the illuminated sample’s microfeatures (32)
are received and converted by the proximal
transducer into propagating image-forming
light, leading to a “super numerical aper-
ture” where collection of the evanescent
waves normally missed in a light micro-
scope results in higher lateral resolution.
There may also be contributions to the
resolution from evanescent waves generated
by the microroughness of the transducer
itself, and this is being explored.

The inherent high contrast of the gray-
scale tunneling image, going from dark to
light (TIR) over a vertical range of only
N2, helps the system modulation transfer
function (MTF) (the optical as well as
video resolution chain).

These properties lead to light micro-
scope profilometry with nanometer vertical
resolution and lateral resolution better than
NM4. The latter is a true resolution value
derived from an Abbe-type periodic target
(33) rather than a visibility limit.

Finally, the coherence of the microscope
is intentionally kept low by use of the full
NA of the objective and use of broadband
filters in the illumination, with no restric-
tion on polarization. This not only im-
proves the lateral resolution but also adjusts
the system linearity for highest topographic
fidelity and makes the tunneling response
more tolerant of optical variations if present
in the sample (3).

Instrumentation. Configuring a reflected
light microscope for photon tunneling is

straightforward, requiring only TIR of the
epi-illumination at a surface in the object
plane. The objective is oil immersed to a
transparent window, or transducer, and fo-
cused on its distal surface (Fig. 2). The NA
of the objective is larger than one to con-
tain the critical angle defined by the refrac-
tive indices of the transducer and the tun-
neling gap, so that TIR occurs at the
transducer’s distal surface. Accordingly, an
aqueous tunneling gap, as with in vivo
biological samples, requires the NA to be
greater than 1.33. For high index transduc-
ers that are hemispherical rather than plan-
oparallel, the required NA can be less than
unity.

For photon tunneling to occur, the sam-
ple is placed in proximity to the transducer
(so called because in this configuration, the
window facilitates conversion of height
modulation in the sample topography into
light modulation) before oil immersion to
the objective (the sample remains dry). In
addition to providing the required optical
unity for TIR (partially frustrated now by
local photon tunneling into the sample),
the immersion oil between the transducer
and the objective allows the sample and
transducer to travel together with respect to
the microscope. This eliminates damaging
sliding contact, protects the sample from
the oil, and allows complete freedom of
movement about the surface.

A recent innovation is a proprietary
(Polaroid Corp.) flexible transducer. It is
stiff and flat 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. It can be made
large enough to cover and protect any
sample, can be coated for surface plasmon
studies, and height features for calibration
or other uses, such as control of the tunnel-
ing gap, can be embossed into it.

The vertical tunneling range is about

N2, or 0.3 um for red light. Where the gap
grows larger than this and the tunneling
image is lost for the deeper topography, the
transducer serves as a soft contact interfer-
ence reference, with only refocusing and
suppression of TIR illumination required for
interferometry.

The PTM gleans height information
from the tunneling modulation caused by
the (optically homogeneous) sample topog-
raphy referenced to the transducer. This
simple arrangement precludes the need for
vertical control instrumentation and its
limitation on vertical resolution (32), but
to measure height (and not optical varia-
tion as in waveguides, latent images in
photoresist, or biological samples), the
photon tunneling response must be cali-
brated to the particular optical properties of
the sample. There are several ways of doing S
this, but empirical calibration to identical S
material of known geometry, such as a .
spherical surface, allows the relation of §
sample height to the gray-scale tunneling g
image to be directly measured and also
provides a check on optical homogeneity.
Polymers that cannot be fashioned into a
sphere are spin-coated onto a sphencal
substrate. Differences in film and bulk indi- &
ces are rarely a problem because an =1%
variation has the same effect on the tunnel-
ing image as a 1-nm variation in topograph-
ic height, which is just resolved with the
present detector.

A photometric vidicon or charge-coupled
device (CCD) views the tunneling image at
the microscope’s phototube in the normal
manner. The CCD offers the better signal-to-
noise ratio and therefore higher vertical reso-
lution and vertical range (which in practice is ©
the tunneling range divided by the number of %
resolvable gray levels), but the vidicon has 9
higher lateral resolution at lower cost, and ©
with a pasicon tube, the vertical resolution is=
about a nanometer. Fortuitously, the nonlin- 2

ecemb

m www.sciencemag.org on

o
[a)]
A Pc-gaggd—u;laée_;ﬁacesor B
! _ (Optional) : Video signal Light to vidicon LGkt S0
m (reduced by photon epi-illuminator
Grayscale video image tunneling into sample)
— Vidicon
[ e Microscope objective
| m Objective body (last element)
VCR and Freezeframe NA > 1
¥ Flexible
L_(  E— Microscope Trafr::rdnuecer transducer
15 —Immersion oil
38 )
0009 ﬁ(g\ .
Hoge s L Sample Tunn?h‘n)g

3 gap (air

| xyz Oscilloscope High-NA Ob|ecuve

* Sample <Transducing window

(__ xzStge By
Xyz Screen video transfer

Fig. 2. Schematic diagram of (A) the photon tunneling microscope and (B) the transducer, objective, and sample.
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ear response of the vidicon to intensity largely
corrects the exponential response of tunneling
to linear height, so that in the absence of
image processing to correct the gray scale, the
3D display of the topography is true. Thus,
the resolution is convolved with the detector
characteristics, and detector tradeoffs must be
considered.

The video signal can be analyzed and
displayed in a number of ways, but at
present, analog processing has the speed
and resolution advantage over digital in the
3D display. A high-resolution xy oscillo-
scope displays each of the video raster lines
as amplitude traces, thus electronically
mapping intensity back into height for a
real-time 3D image (3). Analog circuits
shear, expand, or collapse the multiple
oscilloscope amplitude traces to control 3D
viewpoint with simple turns of a few knobs.
A single trace can be isolated anywhere in
the image for electronic cross-sectioning
and height measurement.

Film Formation of Polymer Latex

Films formed from polymer latexes, and the
mechanism of film formation, are of consid-
erable industrial importance (34-36). Poly-
mer latexes are water-based coating formu-
lations containing the polymer as a colloi-
dal suspension of spheres. When allowed to
dry, some latexes produce transparent, con-
tinuous, crack-free, and mechanically rigid
films, whereas some others give rise to
opaque powders. Such differences arise from
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Fig. 3. (A) Nomarski image of the radial cracks formed when an emulsion of 50-nm latex spheres

the latex particle size and the temperature
at which the film was formed. Films formed
above the minimum film-forming tempera-
ture (MFT) are usually transparent and
continuous.

Several multistep mechanisms have been
proposed in order to understand the film
formation process and to account for the
variables that affect the final film. The most
widely accepted mechanism has three stages.
First, the water evaporates, leading to close
contact of particles. Second, it is believed
that the particles pack and deform as water
evaporates, giving structures [as examined by
scanning and transmission electron micros-
copy (SEM and TEM, respectively)] consis-
tent with face-centered-cubic (fcc) packing.
Third, annealing the film at temperatures
greater than the glass transition temperature

T, of the polymer latex leads to a mechani-
caglly rigid film. These stages and the respec-
tive temperature ranges depend on a number
of parameters, which include the latex struc-
ture, size, and composition, as well as dis-
persion formulation.

We used 50-nm spheres (traceable to
the National Institute of Standards and
Technology) of polystyrene suspended in
water. A drop of the suspension was air
dried on a glass plate, leading to a film
with very interesting surface topography.
This film is rather turbid and is not me-
chanically rigid. Nomarski imaging (12)
reveals a beautiful system of radial and
tangential features (Fig. 3A). The gray-
scale tunneling image from the PTM (Fig.

e 10 pm -

dries. (B) Gray-scale PTM image and (C and D) two 3D images of the same film.
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3B) shows these surface height variations
and the additional diagonal features in high
contrast, which when seen in 3D (Fig. 3, C
and D), are revealed to be ridges running
diagonally, with occasional orthogonal flip-
ping across tiles defined by cracks. The
flexible transducer was used in this case.
These features are also seen in Nomarski
imaging but are restricted to an overhead
view, and with less resolution than with the
PTM. The shift in the ridges across cracks
indicate they were once continuous and
formed before the cracking. Further, the
cusping of the tile edges is obvious in a
PTM. The spheres themselves are beyond
the lateral resolution of the PTM, but
structure is indicated.

It appears that the observed topography
of the latex film is consistent with an
incomplete close-packed structure for the 3 |
latex particles. A detailed analysis of the &
structure formation below and above the &
MFT and in real-time is currently under
way (37).

Imaging of Polymer Single Crystals

Many synthetic polymers can be crystallized
from dilute solutions to form what are
usually referred to as “polymer single crys-
tals.” The discovery in 1957 of such single
crystals (38—40) has had a profound impact
on the understanding of the crystallization
and self-assembly of macromolecules (and
recently, proteins). Electron diffraction
data showed that the polymer chains (poly-
ethylene) were normal to the crystal plate-
lets formed from dilute solution. Remark-
ably, the platelets were only about 100 A
thick. This led Keller and O'Connor (41) 2
to conclude that the molecules must fold ©
sharply on themselves, giving rise to lamel-
lar periods of only 100 A. Since then,
several studies have been carried out on
solution-grown crystals (42).

For imaging with the PTM, polyethyl-
ene (Marlex-50) was crystallized from a
dilute (0.5%) solution in p-xylene at 80°C
to obtain large single crystals. A small
amount of the suspension of single crystals
in p-xylene was deposited on a microscope
slide, and the solvent was removed by
evaporation under atmospheric conditions.
The flexible transducer was used in this
application.

The gray-scale tunneling image of a
polyethylene single crystal viewed directly
in the PTM eyepiece (although the quality
of this image is considerably reduced by the
video chain) shows the individual lamella
as intensity differences (Fig. 4A). The high
resolution and contrast of this image are
remarkable. The analog 3D display of the
gray-scale image (Fig. 4B) clearly shows the
individual lamellae of the polyethylene
crystals, with step heights of ~70 A. Ma-
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nipulation of both the perspective and an-
amorphism in the 3D image helps to reveal
the surface (Fig. 4C). The apparent height
in the 3D image is exaggerated in compar-
ison with the lateral dimensions. The long
side of the image is 25 wm across, whereas
as above, the step heights are only on the
order of 70 to 80 A.

Frequently, the topography of the single
crystals exceeded the tunneling range be-
cause many of the crystals had a growth
spiral center that was much thicker than the
rest of the crystal. This lifted the flexible
transducer beyond the tunneling range. In
such a situation, one uses the microscope in
the contact interference mode described ear-
lier to image the thicker crystal. An inter-
ference image of a single crystal consisting of
several lamellae was obtained with the PTM
in the interference mode (Fig. 4D).

Dewetting Studies of Polystyrene

The processes of a liquid wetting a surface and
a liquid film drying from a solid surface are
important in many practical applications, for
example, in paints and other coatings, deter-
gents, and flow through porous media. In
addition, thin polymer films are used in a
variety of applications where their thermal
stability is important; in many cases, a smooth
and stable surface is desirable.

Wetting and dewetting of a liquid film
on a solid surface depends on the nature of
long-range interactions between the liquid
and the solid. Wetting is reasonably well
understood (43—46), and our experiments
were designed to study the inverse process,
that is, the retraction and rupture, or de-
wetting, of a thin polymer film on a glass
substrate. A common example is the way a
film of water that has been spread on a
waxed automobile spontaneously ruptures
and draws up into small beads.

It is possible with techniques like spin
coating to prepare smooth surfaces of con-
trolled thickness of polymer films even on
nonwettable (defined by a nonzero contact
angle between the substrate and the poly-
mer film) surfaces. Films prepared on non-
wettable surfaces, however, are not stable
above their glass transition temperature and
will rupture spontaneously, giving rise to
beads of the polymer (46).

Experimental studies of thick films of a
nonvolatile fluid dewetting (47) and of thin
films (<100 nm) of polystyrene have been
reported (48). Thick films undergo the
dewetting process by a nucleation and
growth mechanism (47), whereas thin films
(<100 nm) are expected to undergo de-
wetting by means of a spinodal-type decom-
position. Evidence for spinodal decomposi-
tion has been given (48) on the basis of the
size of the droplets observed on completion
of dewetting.
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Our experiments were designed to directly
observe the process that eventually ruptures
the film, leading to droplets of size h%/a, where
h is the initial thickness of the film and a is a
molecular size (46). Thin films of polystyrene

Fig. 4. (A) Gray-scale PTM image of single polyethylene crystals and (B and C) 3D images showing
the topography from different viewpoints. (D) A single large crystal can be imaged with the PTM in

contact interference mode.
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(weight- and number-averaged molecular
weights M, = 19,000; M,/M,, < 1.05; Poly-
mer Laboratories, United Kingdom) were
coated onto a glass substrate from dilute solu-
tions of polystyrene in toluene. The concen-
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Fig. 5. (A through D) A selection of patterns formed during the dewetting of thin polystyrene films
on a glass substrate, with a typical peak-to-valley height of 0.2 pm. The structure shown in (C) is

typical of those formed close to the contact point.
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tration and spinning speed were chosen to
yield a film about 700 A thick; it actually
measured 710 A (within 10 A) by indepen-
dent profilometry. The spin-coated film,
checked by differential interference contrast
microscopy (12), was uniform over the diam-
eter of the lens (50 mm).

The optically smooth glass surface was a
planoconvex lens with a radius of curvature
of 1000 mm. This slight curvature caused
the rigid glass transducer to be in point
contact with the polystyrene film. In this
way, we could follow the tunneling gap
beyond where the topographic growth wet
the transducer simply by moving radially
from the contact point (the transducer and
sample move together, independent of the
microscope). This simple technique worked
where many others had failed and has found
general use for this class of sample.

The observations were made 2 mm away

from the point of contact, a distance large
compared with the thickness of the film.
However, the point of contact, despite
being far away from the area of observation,
does indeed affect the structural evolution
during the dewetting process. Detailed re-
sults are forthcoming (49).

When the polystyrene film is heated to
above its glass transition temperature, a
variety of patterns of ripples and periodic
lines arises, and the merging of these struc-
tures, giving rise to droplets, is dramatically
revealed with the PTM (Fig. 5). The struc-
tures at this stage are about 0.2-pm high
and are highly periodic.

Figure 6 shows a time sequence of the
dewetting process. The polystyrene film in
this case was heated to 165°C, well above
the glass transition temperature. Dewetting
begins as formation of ripple-like structures,
whose amplitude is on the order of a few

Fig. 6. A time sequence of the ripple structures as the polystyrene film starts to dewet: (A) 60 s, (B)
456's, (C) 540 s, (D) 564 s, (E) 864 s, and (F) 1200 s. (C) and (D) were made almost simultaneously
to show the demagnification made for clarity and to allow calibration over the entire sequence.
Peak-to-valley height is typically 0.2 pm.
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nanometers at the start of the breakup and
grows to a peak-to-peak height of 0.2 wm.
The spacing between the ripples is typically
about 5 pm. Several such ripples start at
the same instant, leading to the observed
structure.

Should the film break up by a spinodal
decomposition mechanism, one would ex-
pect to find ripples or waves, as is observed,
but one does not expect the ordered struc-
ture also seen here. The ripples eventually
grow in amplitude and spatial extent, collid-
ing with similar structures formed a distance
away. Each filament of the polymer making
up the ripple undergoes a Rayleigh-type
instability, giving rise to discrete droplets. In
time, the entire surface of the glass substrate
is filled with little beads of the polymer.

We believe that this is the first direct
observation of the path taken by a thinJ
polymer film as it starts to dewet by a spinodal §
decomposition mechanism. The ripples are &
then attributed to the amplifications of ther-Y
mal fluctuations before the dewetting of the 8
film. We were concerned that the observed £
structure might be a result of a Rayleigh- 3
Benard type instability, as there is a tempera- 3
ture gradient normal to the film plane (along
the optic axis of the microscope). The situa- ©
tion then becomes identical to the case of a 5
liquid film heated from below, giving rise to
buoyancy-driven convection. In this case, g
above a certain critical temperature gradient, ©
an instability attributable to convection is <
initiated. In the case of polymeric fluids, such-%
instabilities do not occur because of the high 9
viscosities involved (50). Hence, we attribute
the observed structures to dewetting through a
spinodal mechanism, rather than to a Ray- £
leigh-Benard type instability. 2

Experiments with a polystyrene of high-o
er molecular weight (M,, = 80,000; Mw/Mn8
< 1.04) reveal structures similar to those in o
Fig. 6. The circular, ripple-like structure S
does eventually break up into little drop-3
lets, as is expected (46) for a film breaking®
up by means of a spinodal decomposition
process. It appears from the results present-
ed that the film breaks up with a compli-
cated mechanism that has characteristics of
a spinodal decomposition and a nucleation
and growth process.
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