Scanning Probe Microscopy of Polymer Materials
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INTRODUCTION

In the 300 years of optical and 50 years of elect-
ron microscopy development, nothing has prepared
us for the incredible imaging power and simplicity
of scanning probe microscopy(SPM). The trans-
mission electren microscope(TEM) and the scan-
ning electron microscope(SEM) have served as
very useful instruments to survey surface topology
in wide variety of materials. However, hoth TEM
and SEM have resolution limits in studying sur-
face structures, and only give two dimensional
images. In order to observe topology of polymer
samples in TEM, shadowing methods using heavy
metals such as Pt, Cr, and Au have been applied.
The resolution of the shadow images 1s restricted
by the particle sizes of shadow materials. The
SEM is a powerful instrument, which directly gi-
ves images of the shape of materiais. But the reso-
lution of two dimensional SEM images is on the
order of nanometers. A three-dimensional image
of a surface with atomic resolution is only possible
with a SPM, such as the scanning tunneling mic-
roscope(STM) and the atomic force microscope
(AFM).

The capability of the SPM to probe the topogra-
phy and electron structure of surfaces with atomic
resolution makes it a powerful instrument for the
study of surface chemistry. The STM! has the
greatest proven resolution of any surface imaging
technique : for ideal samples the lateral resolution
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is about 0.1 nm and the vertical resolution is less
than 0.01 nm.

The AFM was first developed by Binning. Quate
and Gerber’ in 1986 to image non-conductors.
Here, instead of using an STM tip whose direction
is normal to the surface of a sample, they positio-
ned the tip in an almost parallel direction so that
its sharp edge was just above the surface. The tip,
acting as a cantilever, did exert a force on the
sample in the same way that the STM tip does,
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except that now the minute deflections of the can-
tilever with its force-sensing edge were of impor-
tance. To measure the deflection of the cantilever,
they used a second STM tip that could resolve
cantilever deflections as small as 10 nm. Modern
commercial AFM’s detect the deflection of the can-
tilever by an optical lever, in which a laser beam
is reflected off the cantilever tip into a segmented
photodiode (Fig. 1(a)). The types of cantilevers
most often used are either thin metallic wires or
microfabricated silicon oxide (Si0,) or silicon nit-
ride (Si;N,) levers in rectangular or triangular st-
ructures.

AFM technology also has been extended to
measure electrostatic® and magnetostatic interac-
tions? as well as long-range van der Waals forces.
>~% These forces are measured in noncontact
mode of tip and sample. The first topic deals with
monopoles, the second with dipoles, while the
third requires a quantum mechanical treatment.?
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Fig. 1. Principles of AFM(a) and STM(b).
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These forces and their derivatives can be as small
as 10N and 10*N/m, respectively, requiring reso-
nance enhancement methods. An excellent review
of these microscopies is listed in Ref. 10. These mic-
roscopic techniques measuring forces in noncontact
and contact modes are included in the category of
scanning force microscope (SFM).1011

Now SPM is widely applied in a variety of re-
search fields, e. g, semiconductor devices, clusters,
metals, organic materials, biomaterials and poly-
mers.”” A number of research groups have begun
interesting frontier studies of polymer materials.
Until now many papers reporting SPM results
have appeared in the rapid publishing journals.
This trend directly reflects the rapid propagation
and importance of SPM usage in polymer science.
The application of the SPM is not limited to high
resolution atomic images of polymer surfaces, but
also have been extended to crystal structure anal-
ysis, nucleation, crystal growth structure and me-
chanism, deposition, adsorption, etc.'?2 The SPM is
only a few years old, however, with the abundance
of work that has already approved, one can tell
that SPM has a great potential in providing new
knowledge about polymer and other materials,

This review is intended to give a basic under-
standing of SPM and its possible applications for
polymer research. We will briefly introduce the
principles of STM and AFM operation, and sum-
marize several examples of STM and AFM studies
on polymers and other materials. We will also dis-
cuss possible artifacts and other problems in using
SPM.

Operating Principles of Scanning Probe Micros-

copes

Principle of STM : Classically, at room tempera-
ture, the electrons in the metal tip of STM do not
have sufficient energy to leave the metal and enter
the vacuum gap between the tip and a conductive
sample. However, there is a small, but finite pro-
bability, that an electron wave can tunnel through
the vacuum barrier into a second metal, if the se-
paration between the two metal surfaces is small



enough. Solutions of the Schrodinger equation™
show that the tunneling current. T, through the
vacuum gap is proportionat to :
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S is the gap separation, m is the mass of the
electron, and h s Planck's constant. Clearly, there
is a non-zero probability that an electron can tun-
nel from the tip through the vacuum gap and ap-
pear in the other metal. This exponential depen-
dence of tunneling current on separation is what
makes the STM work so well. In practice, a bias
voltage of a few millivolts to a few volts is applied
between the tip and the sample, and the tunneling
current 1s usually a few tenths of a nA.

To make bes: use of the unique properties of
the tunneling carrent, it is necessary 1o be able
to hold and pos:tion a metal probe within a nano-
meter or less of the sample surface while at the
same time being able to raster this tip across the
surface. In the original STM'™ this was accompli-
shed with three, independently controlled, piezo-
electric transducers of lead titanate/lead zirconate
ceramic fixed in a tripod arrangement (Fig. 1(b)).
The tip, which 15 usually a fine needle of tungsten,
platinum/iridium alloy, or gold, 1s then mounted
to the tripod. Ir modern, and in most commercial
instruments, the tripod arrangement has been rep-
laced by a single, cylindrical piezoelectric tube to
which the tunneling tip is attached.” The electro-
des on the outside of the tube are divided into
four segments on opposite sides of the tube that
control the rastaring direction. A single electrode
on the inside of the tube controls the vertical
direction. The tube scanner is significantly faster
and more resistant to vibrations than the tripod
arrangement. Single tube piezoelectric transducers
with ranges less than a nanometer to more than
100 microns have been designed. Hence, the mo-
dern STM can now determine structural informa-
tion from the atomic scale to the range that 1s visi-
ble with the optical microscope. In addition, a typi-
cal STM image takes only a few to tens of seconds
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to acquire.

When the STM is operated, a metal tip is bro-
ught close enough to the surface to be imaged that
electrons begin to tunnel between the tip and the
surface at a convenient operating voltage (2 mV-2
V). The tip is scanned over the surface while the
tunneling current is measured. A feedback net-
work changes the height of the tip to keep the tu-
nneling current constant in the so-called "constant
height mode”™ or the current is monitored at cons-
tant tip height in the “current height mode™. In
the more-commonly used constant current mode,
if the current can be kept constant to 2%, then
the gap between the surface and tip remains cons-
tant within 10 nm."* The image consists of a map
of the tip height vs lateral position which results
in a three-dimensional rendition of the scanned
surface.

Principle of AFM | The AFM traces out con-
tours of constant force (as oppose to the STM
which traces out contour of constant electron den-
sity) by rastering a sharp tip across the sample
surface. The AFM tip, which is suspended on a
cantilever spring is pushed very gently agairst the
surface to be imaged. As the tip is scanned across
the surface, the cantilever is deflected by the va-
riations in the surface contours (Fig. 1{a). . The
deflection of the cantilever can be measured with
electron tunneling, interferometry, or by an optical
tever.!® All that is required is an eclectrical signal
that varies rapidly with the deflection. This signal
is then sent to the same type of electronics used
for a STM. A feedback loop controls the voltage
to the vertical piezo element on which the cantile-
ver 1s mounted so that the force i1s held constant
as the tip 18 scanned across the surface of the
sample with the horizontal piezo element. As in
the STM, one scan is a plot of the voltage applied
to the vertical piezo as a function of the raster po-
sition. An image is built of many scans, each sligh-
tly offsets from the previous one.

The resolution of the instrument 1s determined
by the reliability and sensitivity of detecting the
cantilever motion and the resonant frequency of
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the cantilever. The optical lever AFM (Fig. 1(a))
amplifies the motion of the cantilever to produce
a motion of the reflected beam at the detector that
is greater by a factor of 2L//, where L=4cm is
the distance for the cantilever to the photodiode
and /=100 yum is the length of the cantilever.®
The factor of 8)0 is sufficient so that the instru-
ment is not limited by the photodiode lateral sen-
sitivity, but rather by sound and building vibra-
tions. The microfabricated cantilevers are made
from silicon oxicle or silicon nitride and have reso-
nant frequencies of the order 100 kHz, resulting
in a noise level small enough to permit routine
atomic resolution imaging of non-conducting solids
and crystals.'®

Development of New Tip Geometries

The sharpness of the tip, or more exactly, its
radius of curvature, determines the lateral resolu-
tion of the STM or AFM, given state of the art
piezoelectric transducers. The use of very blunt
tips, readily made by conventional machining me-
thods, with radii about 100 nm sufficed in the early
years of STM. If tunneling occurred with equal
probability from all points of this tip, the lateral
resolution would be on the order of the tip radius,
and the STM would not be much of a microscope.
What actually happens is that on virtually every
tip, naturally occuarring protuberances project far-
ther from the tip than other atoms. Hence, the ac-
tual radius for tunneling is of atomic dimensions.
Currently, to avoid multiple active probes and to
minimize vibraticn and adhesion, very sharp tips
with apex radii sizgnificantly less than 100 nm have
been prepared by electropolishing or other me-
thods.'*® The need for sharp tips in microscopy
arose 1n the context of the field electron emission
microscope.'® Turgsten has been used almost exc-
lusively from the early stages to make the tips.
Other metals, including Pt/Ir and some semicon-
ductors were late: used. Several books are availa-
ble with collected technical procedures for making
sharp tips. Many ways to produce sharp tips of
various materials for microscopy have been devi-
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sed. (1) Electrolytic (electrochemical) polishing/
etching : (2) chemical polishing/etching ; (3) ion
milling ; (4) cathode sputtering ; (5) whisker
growth ; (6) vapor, electro- or electron-beam de-
posited : (7) flame polishing : (8) mechanical
shaping ! (a) oil-stone hand polishing, (b) cutting,
(¢) machining, (d) fragmenting, (e) bashing :
(9) combinations of some of the above : (10)
others, 41718

Electrolytic methods are a major way in which
STM tips are prepared. Fig. 2 shows one of the
scheme to make a tip by an electrolytic method.’®
The electropolishing process can be monitored by
eye or by optical microscope and stopped when
the specimen region near the air-liquid interface
has completely “necked-in™ and a small piece be-
low this region has fallen away (dropped-off).
More detailed procedures are described in ref. 17,
18. For in situ characterization of electrode surfa-
ces, a preparation method of glass and polymer
coated STM tips that possess < 10 nm apex radii
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Fig. 2. Configuration of a simple electropolishing
scheme. A is the specimen blank. B is the counter
clectrode, C is a mechanicallvheld clamp, and V is
either AC or DC(with the specimen positive) voltage.
(cited from ref. 18)
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was reported by Heben et al. 1#20

For the SFM, sharper tips, with a nominal ra-
dius of 10 nm, were recently developed by Park
Scientific Inc. through a microfabrication process.®!
The tips are conical in shape, while conventional
tips are pyramidal with nominal radii of about 40
nm (Fig. 3). The SFM with the new tip is repor-
ted to have significantly better resolution.

STM Studies on Polymer Materials

Most organic materials are extremely poor con-
ductors of electricity. Hence the STM treats orga-
nic materials as if they were part of the potential
barrier, if they are thin enough to tunnel through.
In fact, there are many STM studies treating many
non-conductive polymers in addition to conductive
polymers.

Nucleation and Growth of Conductive Polymers :
Many conductive polymers conraining conjugated
bonds are insoluble in common solvents, and this
property has made structural characterization
difficult. There are, however, several STM papers

Fig. 3. SFM tips.(a) Conical shape tip, and (b) conve-
ntional pyramidal tip. The silicone cantilevers and in-
tegral probe tips are produced by microfabrication

process.(cited from ref. 21)
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that have been successful in imaging the molecular
structures of conductive polymers and the mor-
phologies of the initial stage of polymerization and
growth. This demonstrates that STM is suitable
to test the structures of conductive polvmers.

Yang et al.?* observed typical microisland and
strand structure in electrochemically deposited
and doped polypyrrole that related to the nuclea-
tion and growth pattern, shown in Fig. 4. The con-
ducting polymer films have a structure which gra-
dually changes from an ordered crystalline array
at the surface to an amorphous materials in the
bulk. Yang et al.*® observed a helical molecular st-
ructure for doped polythiophene, and found that
STM measurements of the helical pitch and the
diameter agreed quite well with X-ray measure-
ments.

The STM study of Hecki and Smith* on elec-
tropolymerized glutaraldehyde having poor condu-
ctivity showed that it is possible to use STM as
an instrument to form polymerized clusters on a
nanometer scale and to investigate the process of
polymerizing small organic monomeric molecules
to oligomers. STM is more often used to study
nucleation and growth mechanism of inorganic

Fig. 4. Nucleation and growth pattern of polypyrrole
doped by p-toluene sulfonate, consisting o7 polvmer
strands growing between the polvymer islands.(cited
from ref. 22)
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materials, i.e., hydrogenated amorphous carbon fi-
Ims,*® chemical deposited diamond films.?® Pt,*” Ag
and Au films®~% etc,

Electrochemically Deposited Polymers . In this
section, we will introduce several examples of
electrochemically deposited conductive polymers.
The observations of fine structures were first
made by STM. TEM does not usually give very
good contrast because the polymers are not very
ordered.

Morphologies of polyaniline electrochemically
deposited onto a thermally evaporated gold elect-
rode substrate were investigated by Jeon et al’’
in the nucleation stages. They observed an in-
crease in population of nuclei and homogeneous
film by incr=asing the deposition time. They alsc
reported interesting results of tunneling experi-
ment of the fully doped polyaniline and the n-n*
gap was found to be 4 eV, in close agreement with
optical adsorption microscopy. They showed that
the tunneling conductance at the Fermi level was
finite and changed spatially, suggesting that the
observed results were consistent with metallic be-
havior basec on a single polaron lattice model.

STM images were obtained by Caple et al®
from deposited thick films of polythiophene, poly
(3-methylthisphene),  and  poly(3-bromothio-
phene), which were electrochemically deposited
on a platinum substrate. They assumed that the
sulfur atoms are involved in the tunneling process.
Films of both chemically and electrochemically
prepared poly(hydroxy-aniline) were imaged by
Porter et al’* with the STM. Both types of films
showed amorphous, island-like structures of ave-
rage diameter 1 pym and height 10 nm and an abu-
ndance of free-standing polymer strands. The ave-
rage diameter of the strands was approximately
2 nm, and the periodicity along the strands was
approximately 3.15 nm and 2.95 nm, for chemically
and electrochemically prepared strands, respecti-
vely. Coil or simple helical structure of strands
was deduced from these dimensions. Oka and Ta-
kahashi* observed iodine doped poly(N-vinvlcar-
bazol) deposited on ‘highly oriented pyrolytic gra-
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phite’ (graphite) and the size of the global shape
of deposited polymer complex was compared with
the shape of a random coil in free space.

Since a STM image may give atomic resolution,
the obtained atomic image may be complementary
to the structure analysis of unknown material. A
structure analysis was done by Kempf et al.™ for
two conductive polymer systems ; poly(4-vinylpy-
ridine) and poly (butadiene-b-4-vinylpyridine) with
77", 88 -tetracyanoquinodimethane (TCNQ) using
X-ray diffraction, STM and FTIR. They found from
this combined structure analysis experiments that
the charge transfer complex formed between the
pyridine group and the known electron acceptor,
TCNQ), is the conductive element in these systems.

STM for Nonconductive Polymers . There are
many reports on observations of non-conductive
polvmer molecules and other materials, such as
nucleic acids* ™ proteins,® ™! etc.*?~* These
observations unveiled many unknown structures
of less-ordered polymers, that can be extended to
develop an understanding of the phenomena of
adsorption, adhesion and compatibility.

Yang et al.*® observed poly(ethylene oxide) sa-
mples on graphite surface prepared by applying
a drop of 0.1 wt.% ethanol solution. The images,
showing individual monomer units, were consis-
tent with the crystal structure analyzed by Tado-
koro et. al., irrespective of molecular weight. From
the analysis of the STM images they suggested
single, double and multistranded helical structu-
res. The proposed superhelical structure was also
similar to those of polypyrrole and polythiophene,

Ultra-high molecular weight polyethylene(PE)
precipitated from a 107 g/mi of xylene solution
by rapid cooling on a mica sheet was examined
hy Reneker et al.*® The top surface of a thin. con-
ducting layer of evaporated Pt/C on a polymer re-
vealed much the same information as was obtained
by removing the Pt/C layer and examining it with
a TEM. They could observe fine line structures
with 0.75 nm spacing that is close to the molecular
distance in(020) surface of PE. They could not ex-
plain the reason of this observation of nonconduc-
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tive PE molecules from the shadowed sample. Ho-
wever, it is not strange that the image was taken
from the uncovered region by shadowing materials
and the gap was enough to allow the tunneling
current to pass through.

Several nonconductive polymers such as PEY
phthalocyaninato-poly-siloxane (and a polydiacety-
lene),*® and poly(l-butene)49 deposited on gra-
phite surface were imaged with the STM, but the
contrast formaticn from insulating polymer chains
in STM is still not understood. Fig. 5 shows a
STM image of a melt drawn poly(1-butene) film.
The measured iaterhelical distance of about 0.42
nm does not coincide with the expected value of
about 0.6 nm. This was interpreted in two ways. 50
1) The presence of the lattice has a dramatic inf-
luence on the packing or the molecular array. 2)
The measured superstructure might be a purely
electronic effect with the molecular helices origi-
nating from the interference between the graphite
and the poly(10butene) film. This c¢bservation in-
dicates possible artifacts of STM images, which

| be discussed later.

Fig. 5. High-reso'ution STM picture of a graphite sur-
face covered with a poly(1-butene) film. In the lower
right corner autcmatically resolved lattice of graphite
is visible. The helical structure originating from the
-0.38nm. The
distance between the helices is measured to be 0.42
7.5%92nm" (cited from ref. 49)

film filaments has a pitch height of

nm. Image size

Application of STM : An interesting paper mea-
suring the local piezoelectric activity’'® of a thin
polymer film by STM was first reported by Birk
et al.®! A thin copolymer film of vinylidene fluo-
ride and trifluoroethylene (60/40 mol %) with ca
1 um thickness was prepared by a spin coating te-
chnique, and its piezoactivity was measured in the
experimental setup shown in Fig. 6. They applied
a slowly varying (20Hz) triangular driving voltage
U, to the electrodes as shown in Fig. 7. and mea-
sured directly the vibrational amplitude perpendi-
cular to the sample surface. The measured local
value of the piezoelectric constant djy was -0.03
nm/V on the poled copolymer films, which is in
good agreement with macroscopic observations on
thicker films.>® Again they found a typical hystere-
sis effect with saturation behavior for electrical
field above 90 MV/m, when a slowly variable elec-
trical field was applied to measure the field indu-
ced local piezoelectric surface motion.

Tunneling spectroscopy in the STM provides a

[ Experimental setup ]

Feed-

| back-
1 |uop

| —
!

200m ILd L Au-EIectrude =

T
900nm | Polymer ! 2 L
. H S
300"’“:{3A| Electlode&_,J G

e / / ’ e /’ / / ye
v /., Glass Substrate

2} Piezo-
i Positioner ™.

Tunneling-Tip

Fig. 6. Experimental setup for measuring the local
piezoelectric activity using a scanning tunneling mic-
roscope - The polymer film is sandwiched between
an Al-bottom electrode and a gold film as a top elect-
rode. The tip of a STM is located just above the gold
electrode (V,= feedback voltage, U, = bias voltage. and
I,= tunneling current). The feedback loop controls the
z position of the tip. The voltage U, can be used to
pale the copolymer film or to switch its polarization
into the reverse direction and U, drives the film pie-

zoelectrically.(cited from ref. 51)

Polymer Science and Technology Vol. 3, No. 2, April 1992



AZ=12A
AR

R

At = 5ﬂm§1

“At=50ms
(ay (b)

Fig. 7. The piezoelectric surface mation of a copoly-

mer film as measured by STM in a constant current
mode. The slowly varying triangular driving voltage
Us{lower trace  and the feedback voltage V,(upper
trace, typically 0mV) are plotted as function of time
for (a) positive and for (b) negative polling. The ab-
solute value of the surface amplitude Az is driven
from the calibration of the z piezopositioner.(cited
from ref. 51)

direct measurement of local electronic properties
with spatial resolution in the order of nanometers,
which might be related to conduction mechanisms
in polymers. Bonnell and Angelopoulos™ characte-
rized spatially localized electronic structure in pol-
yaniline by STM. They determined vanations of
local electronic structures of fully and partially
protonated emeraldine hydrochloride films. They
found that two iypes of electronic structure predo-
minate, a highly conductive metallic-like, and a
less conductive semiconductive-like structure on
length scales cof tens of nanometers. They also
found evidence for the existence of regions with
a locally stable bipolaron configuration.

Another interssting application of STM is in mi-
crolithography™ ™ because the STM is capable
of forming a low-voltage, submicron beam with ex-
tremely high current density. McCord and Pease™
reported using 1 modified STM in microlithogra-
phy. Poly(methy! methacrylate) films as a negative
resist were exposed with the modified STM and
the patterns were transferred into metal films
using a liftoff technique. Even though the patterns
were close to the highest resolution ever achieved
with polymer resists on bulk substrates, they dis-
cussed, certain imitations that have to be over-
come in this technique.
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AFM Studies

The AFM has been developed more recently in
1986, and AFM’s have only started to be commer-
cially distributed recently. Accordingly, only a few
papers about AFM studies on polymer materials
have been reported. Despite the short history of
AFM, the enormous potential of this technique is
obvious because the images are invariably superior
in comparison with any other technique for study-
ing the surface morphology of polvmers. One of
the merits of AFM is the visualization of non-con-
ductive polymers and organic materials, which was
impossible with the STM. If we broaden our inve-
stigations to other materials, especially to biomate-
rials, we can easily find that AFM is important be-
cause of its own exclusive merits. This will be dis-
cussed in the last section of the review.

The AFM is very compatible with a variety of
environments, including liquids like water or sa-
line. Operating the AFM with a sample and canti-
lever under water allows not only for more realis-
tic environments, but for better control of the app-
lied forces. The AFM is capable of imaging with
a tracking force of about 2x10° N under water,
which allows much softer surfaces to he imaged.‘—’g
A fluid cell is shown in Fig. 8, which 1s used by
l.:)9

Manne et al.”” to study electrochemical adsorption

and deposition of Cu on"™! surface of Au in situ.

Polyethylene Dendrites | One of the first AFM
studies on commercial polymers appeared 1 1990
by Patil et al® for dendrite crystals of PE. They
tried to evaluate the ability of the AFM to analvze

From
To photodiade ¢ Spring clip
/rCami!ever holder
7 . g R
~ LR g L Fluid
- X ’ outlet
L Fy
| X.y.z
Translator
o Lo
0" Ring ~Sample Fluid

Fig. 8. Cross section of a fluid cell for AFM.(cited

from ref. 59)
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morphological features that are well known from
TEM. Fig. 9(a) shows a region near apices of a
typical dendritic crystal. The double rows of
growth spirals described by Geil and Reneker®!
run from each of two apices of the basal lamella
in the upper left part of the figure.

Fig. 9¢(b) end (c) show the capability of the
AFM to measure the height of the sample, which
is difficult to determine quantitatively with the
TEM. The height of spiral terraces along the line
in Fig. 9(b) is plotted in Fig. 9(c;. The height dif-
ference between the two points of the arrowheads
was 152 nm. All of the lamellae measured were
close to 15 nra thick, which is a typical characteris-
tic of lamellar crystals. Fig. 9(c¢) suggests an im-
portant artifect of AFM. The authors used a

0 500 1000

Fig. 9. (a) Dendritic crystal of polyethylene on mica
grown from a 0.1% xylene solution. (b) Spiral terra-
ces near an apex of a basal lamella. The edge of the
area shown 1z 1.2mm long. (b) Cross section plot of
a spiral terrace along the line shown in (a). (42) :
(cited from ref. 60)
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square-pyramid formed silicone nitride crystal tip.
This shape has appeared in the edge of each lame-
lla, which should have been normal to the basal
plane. This means that their data were convoluted
due to the shape of the tip. Clearly, this effect
must be taken into account in the interpretation
of the AFM data.

Cycloalkanes as a Model of Chain Folding in Po-
lyethylene : A series of AFM studies on polymer
samples has been reported by the Magonov and
Cantow group on cold-extruded PES52 normal- and
cyclic- alkanes® 24-hexadiynylene bis(p-fluoroben-
zenesulfonate) and its monomer crys.tal,64 polypro-
pylene,® and polytetrafluoroethylene and polycar-
bonate.% They confirmed the molecular structure
of various polymers using AFM. Amongst their in-
teresting results are AFM images of cycloalkanes,
% the structures of which have been regarded as
a model of chain-folding in PE.5” The four methy-
lene units in a trans zigzag conformation form the
(001) surface of cyclohexatriacontane in a regular
fashion as shown in Fig. 10(a), which was compu-
ter simulated by SCHAKAL, a molecular graphics
program.® The corresponding AFM image of cyc-
lohexatriacontane is shown in Fig. 10(b). From the
figure we can confirm again the regular-sharp fol-
ding structure in the cycloalkane. In the near fu-
ture it is expected that AFM study can image
chain folding structures in PE, which has been a
long lasting puzzle in polvmer physics.

Polypropylene | Isotactic-polypropylene(i-PP) is
one of the more common polymeric materials. It
shows three crystalline modifications. The recently
found y-phase has an unique structure, in which
the polymer chains are not packed parallel along
a single direction in the crystal structure ; a struc-
ture not yet found in any other polymer crystals.5
Lotz et al® performed AFM studies on the a-
phase of i-PP, and successfully revealed the con-
tact plane of the polymer when crystallized on the
surface of benzoic acid. Fig. 11(a) shows the two
unit cells of i-PP projected along the c-axis. Elect-
ron diffraction experiments revealed that (010)
plane is parallel to the benzoic substrate surface.

Polymer Science and Technology Vol. 3, No. 2, April 1992



Fig. 10. (a) Drawing and (b) three dimensional AFM
image of (001) plane of cyclohexatriacontane, (CH.)a
(cited from ref. 63)

In this case two (040) contact planes are possible,
as marked in Fig, 11(a) with letters A and B. And
the corresponding b-axis projections are again
shown in Fig. 22(a) and (b), respectively. The
high-resolution AFM image of Fig. 11(b) showed
a mirror image of Fig, 12(a). Therefore, they could
define that the surface that appeared in Fig. 12(a)
1s the exposed :ontact plane, and that the helix
is right handed.

Applications of AFM for Quantitative Measure-
ments .| AFM can also be applied to test the qua-
lity of surface and thickness measurements as well
as to obtain high-resolution images. This section
will introduce briefly the present work in our la-
boratories

regrarding polytetrafluoroethylene
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Fig. 11. (&) Two unit cells of a-phase i-PP. The large
circles show methyl group, and small circles show
main carbon atoms, which are packed in 3/1 helix.
(h) AFM image of i-PP contacted with benzoic acid
crystal surface.(cited from ref. 65)

(PTFE) layers® The preliminary results illustrate
an example of AFM application to a quantitative
measurement of thin polymer films.

Wittmann and Smith™ veported that PTFE lay-
ers deposited on glass surfaces by a rubbing me-
thod are ordered like a single crystal. They also
found that the layers can be used as a substrate
to orient many other crystalline polymers, liquid
crystals, and small organic and inorganic materials.
Magonov et ai.% and Hansma et al.”! have already,
independently examined these layers, using AFM.
Our present work using AFM is aiming at finding
the influence of processing parameters, such as
temperature, pressure, deposition speed,”” on the
continuity and thickness of the samples. Fig. 13(a),
(b) and (c) show an AFM image of PTFE layer,
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Fig. 12. Two possible surfaces of (040) contact plane
of i-PP. One (a) and two (b) CH, groups are exposed
on the surface(darker circles).(cited from ref. 65)

the height variation along the line in {(a}, and den-
sity of heigkts. From Fig. 13(b) and (¢) we could
compare the continuity and average thickness of
the PTFE layers. We have found that the thickness
ranges from 20~ 150 nm, and that it increases with
increasing temperature and pressure applied du-
ring deposition. More continuous films were ob-
tained at slower deposition speeds.

Modification of SPM and its Samples

In order to improve the performance of STM
and AFM, the ordinary STM or AFM, which
only give structural informations, have been modi-
fied51:52 34577374 And the STM or AFM someti-
mes combined with other instruments, such as
SEM, TEM and optical microscope.”?® These co-
mbined instruments are able to both take images
and measure physical properties simultaneously.
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Fig. 13. (a) AFM image of PTFE thin film produced
onto a glass surface by rubbing a PTFE rod across.
(b) Height variation along the line in (a). (¢) Histog-
ram showing the height distribution from the square
area in (a).(cited from ref. 69)

Some sensitive samples are difficult to image
under normal conditions. To make contamination
free samples and to make observations at that co-
ndition, the SPM has sometimes been carried out
under ultra-high vacuum conditions.”™ For biologi-
cal samples, lateral resolution of AFM is often li-
mited to nanometer levels, due primarily 1o the
AFM tip and sample interactions. Several approa-
ches to immobilize and stabilize softer flexible ma-
cromolecules for AFM has been examined, notably,
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tethering, coating, and freezing.”® Although each
approach has its advantages and disadvantages,
rapid freexing techniques have been the special
advantage for avoiding chemical perturbation ard
minimizing physical disruption of the sam-
ple. ™™ Fisher et al™ reported a AFM technigue
operating at cryogenic temperatures (143°K),
which has & potential to image frozen biomolecules
at a high-resolution.

Most SPM samples are normally ohserved wi-
thout further modification bv mounting on to subs-
trates, such as graphite, Au, mica, Si, etc. Some-
times prepiaring the samples by rapid-cooling is
important for the materials changing the phases
with temperature variation, such as liquid crystals.
micells, etc. Traditionally the images of liquid cry-
stalline materials in a particular phase have heen
taken by TEM using a freeze-fracture replication
method. Zasadzinski et al®~%
TEM and STM images of freeze-fractured replica

have compared the

samples of ¢ ripple phase. They could obtain much
more informations about the structure from the
three-dimensional STM images, which also have
a higher resolution.

Discussion and Suggestions for Further Work

The examples of the studies using STM and
AFM mentioned above allow usto get the impre-
ssion of current usage of these techniques. The
majority of the reports are only confirming the
conformatior. of known structures, and, perhaps,
this may be the first task for this new experimen-
tal tool. In addition, however, patential application
of SPM has been demonstrated, not only for pure
academic inverest but also for applied creative
works.

Expectations for SPM’s : STM and AFM can
readily give high-resolution images of atomic or
molecular structures. These high resolution ima-
ges are especially convenient to examine defect
structures of materials, which sometimes lead to
poor mechanical properties. Also, STM and AFM
may become adequate tools to study modified sur-
faces, such 1s, plasma-polymerization, adhesion,
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etc. Their imaging processes are non-destructive,
thus SPM can be applied to survey many dynamic
shape changes of specimens, for example, sorption,
desorption and transportation of materials. nuclea-
tion and growth of crystals, and growth of poly-
mers onto polymerization catalysts, etc.

Defects and Artifacts of SPM Images : There
exist some limits on the performance of SPM for
the structure analysis of unknown samples. be-
cause it 15 sometimes difficult to interpret the ob-
tained data without anv knowledge about the stru-
cture of the samples examined. Generallv no sin-
gle instrument should be used to determine struc-
ture, however, and the information obtained from
SPM images can be crucial to a complete structu-
ral analysis. This is especially important for less-
ordered complex materials, such as LB membra-

83.84 KL
charge-transfer complex polvmers.™® since

nes,
these materials usually yield limited information
in conventional analvsis instruments.

One has to carefully interpret SPM data because
of new artifacts associated with the (echnique.
There are several papers reporting artifacts of
ORI Bven if a SPM s calibrated,

artifacts may arise when the scanning area of in-

SPM images.

terest is tilted with respect to the xy-scanning
plane of the tip. When we observed the PTFE
samples shown in Fig. 13(a) in a high magnifica-
tion, for example, the surface of PTFE layer was
tilted by 45” or even more, but still gave molecular
resolution.™ Consequently we observed significant
artificial reduction of molecular spacings from the
tilted area.

Artifacts can be created by the tip, substrate.
and the interaction between them™ ™ ™* Leung
and Goh™ reported. for example, an interaction
between the tip of an AFM and polystyrene mole-
cules. They found that the tip produces a persis-
tent deformation on the film. Some of the polymer
molecules were pulled up by the tip, and artificial
periodic nanometer-size structures were observed.

Merits of SPM in Comparison with TEM : STM
or AFM are much more compatible with many mo-
dified or un-modified surfaces than the TEM, so
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less sample alteration is necessary. TEM samples
have to be thin (normally<0.1um) enough to
allow transmission of the electron beam. Both the
STM and the AFM can operate at room tempera-
ture and pressure, and even under fluids, inclu-
ding water. TEM 1is operated in a high vacuum
(107 torr). Both instruments are much less dest-
ructive to samples than the TEM because the ener-
gv input, a few mV vs hundreds of kV. is much
less. The energy in the electron beam of a conven-
tional TEM is sufficient to break most organic
chemical bonds, and often causes gross structural
rearrangements on the time scales required for
normal imaging. Also, electron micrographs are
two-dimensional projections, as opposed to the th-
ree-dimensional topographies provided by the
STM and AFM. Hence, even at their present emb-
ryonic level of development, the STM and AFM
can provide a wealth of new information. The co-
mmercial availability of the STM and AFM at rela-
tively modest prices will also spur new workers
apply these extraordinary methods to their mate-
rials. Still, the scientist who hopes for molecular
and eventually atomic resolution irnages of many
materials faces many challenges before this goal
can be reached. However, it is important to reme-
mber that the SPM is still in the early stages of
development, and that many sample preparation
techniques neec to be optimized before these inst-
ruments can fully realize their potential.
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