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Direct imaging of ulirathin organic films on solid surfaces is important for a variety of reasons;
in particular, the use of such films as ulirathin resists for nanometer scale fabrication and
information recording requires that we understand their microstrucure. We have used the
Langmuir-Blodgett technique to prepare menolayer and submonolayer films of
poly{octadecylacrylate) (PODA ) and poly(methyimethacrylate) (PMMA ) on graphite
substrates. Atomic scale images obtained with the scanning tunneling microscope (STM) and
the atomic force microscope of the PODA films showed a variety of structures, including
isolated narrow fibrils, parallel groups of fibrils, and an ordered structure consistent with the
side chain crystallization expected with that material. The fibrils observed are interpreted as
individual polymer chains or small bundles of parailel chains. Images of the PMMA samples
show no ordered regions. By applying voltage puises on the STM tip, we were abie to locally

modify and apparently cut through the PODA fibrils.

L INTRODUCTION

Observation of organic adsorbates on conducting sur-
faces with the scanning tunneling microscope (STM) has
been an intriguing area of research since the conception of
the instrument. Previcusly, Langmuir-Blodgett (LB) bi-
layers of cadmium arachidate were imaged on & graphite
substrate.” This work has recently been repeated and ex-
tended to phospholipid films as well as LB films with embed-
ded proteins.” Sorbic acid,’ copper phthalocyanine,* DNA,°
di-methy! and di-ethyl phthalate,® and K-24 liquid crystals
in their smectic phase’ are examples of other organic materi-
als for which STM tmages have been reported. Recently, an
organic monolayer on an insulating substrate was imaged by
atomic force microscopy (AFM).®

The LB technigue for the formation of thin and uniform
layers of amphiphilic molecules on solid substrates has come
to prominence due to its potential applications in the field of
microelectronics.” Generally, the LB films formed by am-
phiphilic monomers have poor thermal and mechanical sia-
bility, which is a major drawback for practical applications.
To form stable and robust films two ideas have been pro-
posed. One is to use molecules which are polymerized by
irradiation with ultraviolet light or an electron beam after
transfer to a solid substrate.’® The other technique, which
was used in these experiments, is to transfer the preformed
amphiphilic polymer to substrates by the LB technique.!!

In this paper, we report the first STM and AFM images
of polymers deposited with the LB technigue on a graphite
substrate. The polymer studied was poly(octadecylacry-
late} (PODA). With our STM we have also imaged LB de-
posited atactic  poly{methylmethacrylate) (PMMA),
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which is a commonly used electron-beam resist,'? but have
found only disordered structures. We therefore decided to
focus our studies on the polymer PODA whose strong alky!
side chain interactions are known to yield an ordered struc-
tare in the bulk."?

PODA structures on graphite were imaged by both
STM and AFM, confirming the reproducibility of the data
by two different microscopy technigues. Several structures
were observed on samples prepared by three polymer depo-
sition techniques.

it was possible to perform molecular manipulation of
isolated polymer fibrils on graphite in the STM. Application
of a voltage pulse on the STM tip resulted in modification of
the polymer at the location of the pulse. Similar surface mod-
ifications with the STM, including moelecular attachment of
di-methy! and di-ethy! phthalate to the graphite substrate,®
deposition of metallic features from the gas phase,™ “lith-
ography’” on gold and graphite substrates, and electrochemi-
cal gold deposition on a goid substrate,'® have been previous-
ly reported.

. SAMPLE PREPARATION

The LB films were atactic PODA (Ref 16) with a
weight average molecular weight (M) of 23 300 and a
number average molecular weight {84, ) of 13 000, and were
deposited using a Langmuir trough.”” The monomer repeat
unit [see Fig. 1(2)] has a molecular mass of 324, which
corresponds to about 40 repeat units and a 120-A total chain
tength for the polymer.

The PODA was spread on the purified water (pH 6.4)
surface from a dilute (0.5 mg/mi} solution in chlorocform.
Seversal slow (30 cm?/min) compression and expansion cy-
cles were repeated until the pressure-area isotherm was re-
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FIG. 1. (a) Molecular structure of the monomer repeat unit of PODA and
PMMA. Samples were prepared by {b) horizontal Lifting from the water
subphase, {¢) horizontal dipping from the top, or (d} vertical dipping.

producible. During film transfer the pressure was held con-
stant at 20 dyn/cm.

We used highly oriented pyrolyvtic graphite (HOPG) as
the substrate. It was freshly cleaved with tape rendering sur-
faces atomically flat over thousands of angstroms.'® Three
different types of films were prepared and studied. The first
type of film [see Fig. 1(b)] was prepared by raising & hori-
zontally held graphite substrate from the bottom of the LB
trough. Due to the hydrophobic character of the surface, the
water slips off the graphite leaving a submonolayer polymer
film on the surface. The second type of film {see Fig. 1({c)]
was prepared by lowering the horizontally held graphite to
bring it into contact with the spread film and raising it again.
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The third type of §lm {see Fig. 1(d) ] was transferred by first
dipping the graphite vertically into the water subphase and
then lifting it vertically out. The laiter two methods are ex-
pected to yield monoc- and bilayer coverages since the hydro-
phobic side chains establish direct contact with the graphite.
The dipping speed for all three methods was I mm/min.

Attenuated total reflection (ATR) infrared spectrosco-
py performed on these samples showed strong symmetric
and antisymmetric CH, stretching modes and weak C= 0O
vibrational peaks, which were not observed on clean graph-
ite.

tH. FILM STRUCTURE

The identification and characterization of flexible poly-
mers on surfaces is inherently complicated because of uncer-
tainties in {1) characterization of the intrinsic chain config-
uration for high polymers having many repeat uniis, (2)
determination of the mode of organization of polymer chains
in the Langmuir film prior to transfer, and (3) understand-
ing the individual and ccoperative chain rearrangements
which occur during transfer of the film to the subsirate.

In polymers with very long side chains it has been well
established that dispersive interaction between the side
chains can lead to crystallization of the bulk material. Such
interaction, referred to as side chain crvstallization, has been
reported for PODA." The extent of crystallinity has been
estimated to be 38% based on specific volume measure-
ments. !’

There is general agreement that the side chains are per-
pendicular to the chain backbone.'*? Since the PODA sam-
ple is atactic it is unlikely that the backbone participates in
the crystalline packing. In fact, Hsieh, Post, and Moraweiz?°
have proposed that the backbone as well as the first nine
methylene groups are disordered. The crystalline regions are
formed from the outer portions of side chains of the same as
well as different polymer chains and are packed in a hexag-
onal array. The minimum size of such a bundle would be
about 11 A diam.

For the pseudo-two-dimensional Langmuir film, there
is some degree of simplification, but significant structural
issues remain unresolved. Mumby, Swalen, and Rabolt®
found that mono- and multilayer PODA Langmuir films
formed by spreading from a dichloromethane solution could
be transferred to both hydrophilic and hydrophobic sur-
faces. They used grazing incidence reflection infrared spec-
troscopy to show that for LB PODA films on a hydrophilic
aluminum substrate, the carbony! bonds are oriented per-
pendicular to the surface, as are the hydrocarbon tails. Since
their resuits for multilayer structures were similar to those
for a monolayer, they concluded that there was no mismaich
between layers; i.e., the monolayer structure was replicated
throughount the assembly. Since the hydrocarbon chains are
oriented perpendicular 1o the substrate, it seems likely that
they interact in a manner similar to that which induces side
chain crystallization in the bulk. However, a significant dif-
ference is that the side chains protrude from the backbone in
two opposing directions in the bulk, whereas on the water
surface they are expected to be velatively parallel. This hag
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important consequences for interpretation of the structures
formed upon transfer from the water to the graphite. The
infrared spectroscopy was unable to provide much informa-
tion about the backbone structure. However, pressure-area
isotherms indicated no significant contribution from back-
bone overlap. One could conceive of a variety of relatively
ordered backbone organizations that would allow close
packing of the side chains with no backbone crossovers, par-
ticularly since PODA backbones are relatively short. No di-
rect evidence for this exists, however.

V. STM AND AFM INSTRUMENTATION

We used a pocket size STM with singie-tube scanner
operated in air, which routinely renders atomic resolution
on graphite.”* Due to the rough topography of the surfaces
studied and the large scale scans used, we were unable to
operate in the normal fast scan mode. The horizontal line
scan and the frame rate were lowered to 200 and 1 Hz, re-
spectively, The feedback bandwidth was set to approximate-
Iy twice the horizontal scan rate. The contrast information
was extracted from the current error signal as it is typically
done in constant height mode. Images were taken with a bias
of approximately 0.3 V and tunneling currents between 0.25
and 0.5 nA. Images taken at higher currents were unstable.

Our AFM, which is similar in construction to the STM
used in these experiments, has been previously used to image
several crystalline surfaces, including graphite, with atomic
resolution.” The AFM was operated in air using the fast
scan variable deflection repuisive contact mode. In this
mode, images of the sample are obtained by measuring ang-
strom scale changes in the deflection of a cantilever bearn as
the tip of the lever is keld in contact with the sample by
applying a small force. The deflection of the lever changes in
response to surface topography and is detected by tunneling
to the backside of the cantilever. The cantilevers used in
these experiments were microfabricated “V-shaped” SO,
levers described previously.***?* Atomic resolution images
were obtained using forces in the rangeof 2 10 %1 x 10°
N, with best results near the upper end of this range. Hori-
zontal and vertical scanning frequencies were 1800 and 18
Hz, respectively. A feedback system with slow response was
used. The contrast information was extracted from varia-
tions in the tunneling current.

In both instruments, images were displayed using a vid-
eo image processor with a temporal fitter,”® which continu-
ously converts the data into a real time video grayscale im-
age. The video images are recorded on videotape and can
later be transferred to a graphics workstation for further
image processing and subsequent photography.

V. 8TM STUDIES OF POLYMER FIBRILS ON GRAPHITE

With the STM, we observed submonclayer coverages of
PODA on the surface of the horizontally dipped samples
described in Sec. I1. Three of these samples were prepared by
horizontal raising and one was prepared by horizontal low-
ering. On samples prepared by the first technique, we ob-
served several areas of bare graphite. Also observed were
several areas exhibiting isolated fibrijs that ranged in length
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from one hundred to several hundred angstroms with the
graphite background clearly visible on either side. In other
regions the fibrils had formed small bundles which were in
turn parallel to other bundles in the vicinity. Occasionally,
the orientation of the chains with respect to the substrate
remained constant over distances of several thousand ang-
stroms. Rotating the scan direction did not affect the direc-
tion of the bundles, ruling out the possibility that the scan-
ning influenced the orientation of the chains or caused some
similar imaging artifact.

Figure 2(a), shows a portion of an isolated narrow fibril
and the graphite lattice background which was used to deter-
mine the geomeiric calibration. The fibril width is 8 + 2 A
and although it is tempting to conclude that it is an image of
a single polymer chain, it is also possible that the fibril repre-
sents a small bundle of & few chains. The shadow that is
observed to the right of the chain is caused by the delayed
respouse of the feedback to the strong current signal from
the fibril. This response also causes the apparent distortion
of the graphite lattice to the right of the fibril. No exact
height information can be extracted from the signal because
of the mixed imaging mode used and the elastic deformation
of soft layered surfaces, such as graphite, imaged by STM in
air.”’ Moreover, the derivation of height information de-
pends on the nature of the tunneling barrier, which is not
well understood. Figure 2(b) shows a parailel array of fi-
brils. If part of an array is viewed at higher magnification,
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FIG. Z. STM images of PODA submonolayers on graphite: (a) An isolated
fibril on the otherwise clean graphite. () In other areas, the much more
common larger fibrils are seen, which are interpreted as bundles of chains.

Albrecht of al, 1180



images similar to Fig. 2(a) are obtained where the graphite
background is clearly resolved and very closely spaced nar-
row fibrils are visible. While scanning regions containing
isolated fibrils, we obtained images which were probably
produced by multiple tips.”**® In these images the intensity
of the chain was reduced with respect to the background and
one could see the graphite lattice superimposed on the chains
themselves. Such artifacts can result from simultaneous
imaging by two or more tips, one of which scans over the
adsorbate while the others scan over clean graphite.

it seems clear that the structures observed in Fig. 2 are
due to the PODA chains that have been deposited on the
graphite. A detailed picture of the polymer side chain struc-
ture is more difficult to present, however. During the hori-
zontal Lifting of the graphite substrates, one expects that the
flow of the water would cause breakup of the organized
PODA film. Although this flow could induce ordering in the
orientation of the chains, cne would expect that the side
chain interactions between groups of different backbones
that existed in the Langmuir ilm on the water surface wouid
be preserved. Thus, the smallest feature could correspond to
several chains with parallel backbones that are not necessar-
ily in lateral registry. The narrow width is consistent with
the expectation that the side chains do not extend horizon-
taily from the polymer backbone, but are oriented away
from the substrate. Side chain interaction could then pro-
duce the minimum size hexagonal bundle that has been sug-
gested as the important structural feature in the bulk. The
farger bundies would then result from aggregation of these
small features, again as a result of side chain interaction.

Another interpretation is that the smallest feature is a
single chain. One would expect that in the absence of the
stabilizing side group interactions found for multiple chain
aggregates, the hydrophaobic side chains would lie horizon-
tally on the graphite surface, Since hydrocarbons and water,
normally present on samples in air, are usually not imaged in
STM, it is conceivable that only the PODA backbone ap-
pears in the image. In the absence of accurate height infor-
mation and understanding of the exact charge transport
mechanism, one cannot unequivocally discriminate between
the single chain and the muliiple chain modeis.

One of the samples prepared by horizontal raising in the
LB trough exhibited an isolated highly ordered region of
approximately 300 A % 300 A, shown in Fig. 3(a). The spac-
ing between rows {measured along 2 line joining the upper
right-hand and lower ieft-hand corners) is one to two times
the side chain length. This spacing is in agreement with a
two-dimensional version of & model proposed for the crystal-
line bulk.’® The detzils of the polymer organization in this
ordered region are difficult to determine. It is not clear, for
example, whether any of the linear features seen in the array
are poiymer backbones or whether they are groups of side
chain crystallites.

The sample that was prepared by lowering into the LB
trough, on the other hand, displayed a number of different
structures, including areas of clean graphite, isolated fibrils,
densely packed disordered regions, and several ordered
structures different from that shown in Fig. 3(a). Figure
3(b) shows a diamondlike structure which might be inter-
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FIG. 3. STM images of two ordered regions obtained on samples with sub-
monolayer coverage: {a) a two-dimensional ordered overlayer suggestive of
bulk ordering, (b) possible dismond-shaped nucleation seed of larger scale
hulk structures.

preted as a nucleation seed of larger scale structures which
are known to exist in bulk polymer single crystals.®

The observation of these ordered structures suggests
that the transferred film has properties characteristic of the
bulk over small parts of the surface.

The vertically dipped samples exhibited full coverage.
No clean graphite regions were observed on these samples
except at the edges where the transfer might not have taken
place successfally. STM images of vertically dipped samples
were scmewhat less noisy than the submonolayer samples
prepared by horizontal dipping. This noise reduction, which
is attributed to the greater stability and smooth topography
of the full coverage films, allowed us to observe more of the
fine scale features of the adsorbates themselves. Particularly
prominent or these samples were regions containing highly
paraliel features.

Figure 4(2) shows a boundary region between two re-
gions exhibiting different morphologies. Both regions ap-
pear to contain overlapping plates (or wide fibrils); how-
ever, the packing appears denser in the upper domain. The
lower domain shows the same parallel ordering which was
observed to some extent con all samples. Some fine scale
structure is visible within individual plates. One may specu-
late that the more densely packed array visible in the upper
domain is the result of greater overlapping caused by buck-
ling during compression or transfer of the film to the sub-
strate. The plates in both domains may be guite similar, with
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FIG. 4. STM images of PODA bilayers on graphite: (a) a sharp domain
boundary separates two regions with differing morphology, (b} shows a
densely packed, but not highly ordered, array of overlapping structures.

variations in overlapping differentiating the two domains.
Figure 4{b) shows ancther region elsewhere on the sample
similar to the upper domain of Fig. 4(2), but with a slightly
different packing.

Vi AFM STUDIES OF POLYMER FIBRILS ON GRAPHITE

For the AFM studies, another sample with submono-
fayer coverage of PODA was prepared by the horizoatal
raising technigue. This sample was imaged by AFM for the
purpose of comparing the observed structures with those
seen by STM and to demonstrate the usefuiness of AFM for
imaging adsorbed polymers. On approximately 56% of the
surface, clean graphite was observed. AFM images of clean
graphite showed no geometric distortion and were compara-
ble in signal-to-noise ratio with good guality STM images of
graphite. A variety of structures was observed in other re-
gions of the sample. Figure 5(a) shows a single fibril 5-10 A
wide stretched across the graphite surface. The similarity of
this image to Fig. 2(a) demonstrates the reproducibility of
the observed structure and the good correlation between
AFM and STM images of samples prepared in this way.
Although it is not possible to determine with certainty from
the image that the fibril 1s a PODA polymer or bundle of
polymers, similar structures are seldom encountered on
clean graphite except in the rare case of a grain boundary,™
which can be identified from its characteristic change of
crystal ortentation. Such fibrils were observed singly and,
more frequently, in parallel arrays as shown in Fig. 5(b),
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FIG. 5. AFM images of submanolayer POIDA on graphite: (a} an isolated
fibril stretched across the surface, (b) paralle! fibrils on the surface.

which is similar to the STM images of parallel arrays on
samples with submonolayer coverage {e.g., Fig. 2(b}]. The
spacing of these large (length > 100 A) fibrils in arrays was
10-30 A. Smaller fibrils were observed in small parallel ar-
rays with spacings of 3.5-5 A. Figure 6(a) shows a region
where several isclated fibrils having different orientations
appear to overlap one another.

- AFM images of surfaces that are not atomically flat are
difficult to interpret because of two effects: (1) simultaneous
imaging from multiple contact points between the tip of the
cantilever and sample, and (2) imaging of apparent super-
lattices around disruptions in the graphite lattice. The first of
these effects is more pronounced in the AFM than the STM
because of the nonideal geometry of the tip of the cantilever
used in these experiments. This tip is much less sharp ma-
croscopically than a conventional STM tip, since forming a
sharp tip on the cantilever presents difficult fabrication
problems.*? In the worst case, the cantilever and sample can
be considered as two rough surfaces in contact with one an-
other, and the image is a convolution of the topography of
both surfaces. While images of atomically flat graphite are
only subtly affected by multiple tips,?® images of rougher
surfaces can be completely altered. For example, the appar-
ently overlapping chains in Fig. 6(a) may result from simul-
taneous imaging of nonoverlapping chains in two separate
regicns of the sample by two protrusions on the tip of the
cantilever. Stronger evidence for this effect is shown in Fig.
6{b). The three structures visible could be three identically
bent fibrils adsorbed on graphite with exactly the same ori-

Alprecht et al. 1182

...... ’

.and..permissians



38¢ A 340 A ;

o
. )
ooz

{a) {b}

55 A § g

5 35 A 5
1 k] F ¥

e} {d}

FIG. 6. Examples of AFM images which are difficult to interpret: Isolated
chains (a) may actually overlap or result from a superposition of nonover-
lapping chains due to multiple tips. A triple image {b) of a single feature is
likely caused by three tips. In (¢}, the brighter dots visibie in the lower left
(in contrast to the normal graphite seen in the upper left) form an apparent
V3 superlattice attributed to scattering of electron states in the graphite, The
array of dots in the lower part of (d) may be a distorted superlattice or the
actual small scale structure of adsorbates.

entation, bt it is more likely that a single adsorbate was
imaged by three asperities on the cantilever tip. The prob-
ability for multiple tip imaging can be reduced either by im-
proving the tip geometry or by using substrates which un-
dergo less elastic deformation due to the forces involved in
the AFM. Such deformations, which are thought tc occur on
the surface of layered materials such as graphite,’” increase
the contact area between tip and sample.

The appearance of superlattices near lattice defects is
known to occur in STM images of graphite.™ In these experi-
ments, however, the effect was observed more often in AFM
images than STM images of PODA on graphite. The adsor-
bate visible in the vpper right-hand corner of Fig. 6(c) is
believed to be responsible for the apparent 3 superlattice
visible in other areas of the iimage due to scattering of the
electron states in the graphite at the adsorption sites.® Other
structures can be difficult to distinguish from these superlat-
tices, such as the array of bright spots seen in Fig. 6{d}.
These spots exhibit a 4 A X 2 A periodicity. One may specu-
late that the array of spots shows the structure of chains
lying flat on the graphite, which seems unlikely in light of
previous studies, or are due to individual side chains oriented
perpendicular to the subsirate. In the latter interpretation,
deformation of the graphite surface allows the AFM to im-
age both the graphite substrate and the side chains struc-
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tures, which are expected to extend ~ 20 A vertically. How-
ever, one cannot rule out the possibility that the spots are
caused by an apparent superlattice whose geomeiry is dis-
torted by friction or other effects in that region.

Vil. MODIFICATION OF POLYMER FIBRILS WITH THE
ST

The samples that were used for this experiment were
prepared by the horizontal raising technigue. A rectangular
voltage pulse of 100-ns duration was applied to the STM tip
while it was over part of an isolated chain bundle. Although
the graphite background was visible in various one-dimen-
sional amplitude traces, it was not visible in the two-dimen-
sional images due to the lack of continuouns high resolution
over the averaging period of our display device. The low
signal-to-noise ratio was due to tip instabilities cavsed by
voltage transients during pulsing.

Figure 7(a) is a 400 A X 400 A image showing a bundle
of fibrils before a pulse is applied to the tip. Figure 7(b)
shows the same area after the pulse is applied. In the second
image it appears that the bundle width bas approximately
halved, which may be an imaging artifact caused by a2 change
in tip geometry during the pulse (e.g., removal of a second
tip}. The pulse disrupts the highly paraliel siructure over a
50-A radius region, and appears to have broken the fibril at
the place where the pulse was applied. The effect may be
simifar to what occurs when PMMA is bombarded with
electrons in an e-beam exposure system.* During e-beam

N 400 A i v

400 A .

)

. 400 A 400

(¢} {d}

FIG. 7. Modification of polymers with the STM: A wide fibril (a), whichis
interpreted as a bundle of chains, is visible before a pulse is applied to the tip.
In the same area after the pulse (b}, the fibril has been disrupted, and per-
haps cut through, at the location where the pulse was applied. At a different
location (¢} along the same fibril, additional disruptions (d} are visible
after two more pulses are applied at different points.
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exposure, single bonds in the polymer chain are broken, and
monomers and larger building blocks are released. Figures
7(c) and 7(d) show the same effect in a region further along
the chain. Two pulses were applied to the tip between those
two images. The cause of the debris appearing around the
rupture is not immediately obvious, but may be related to the
negative action of the resist.

The voltage threshold for this effect was measured to be
4.1 4 0.2 V. The peak value of the tunneling current during
the pulse was approximately 200 nA. Assuming the pulse
energy is distributed over a 50-A radius region, and using a
monolayer film thickness (20 A), the energy density for a
single pulse is calcuiated to be 6 10° J/cm?. This energy
density, although very high for conventional exposure of
PMMA, is consistent with the density recently used in a
larger scale lithography experiment with an STM on 200-A-
thick PMMA films.> In the case referred to, 10 pA of cur-
rent, a constant 20-V tip bias, and a scan speed of | pm/s
were used for exposure. Foilowing the chemical develop-
ment of the resist, 200-A lines were observed by scanning
electron microscopy (SEM).

The tip voltage pulsing technique is repeatable and can
be used to deliberately cut the fibrils at 2 number of different
locations. The ability of the STM to cut individual narrow
fibrils of PODA on graphite suggests a new way in which the
STM may be used for lithography on a molecular scale. Us-
ing well-characterized filn deposition technigues we envi-
sion the possibility of lithographic patterning with a resolu-
tion of 100 A or better.

Vil CONCLUSIONS

1B deposited PODA on graphite has been imaged using
two new powerful tools: STM and AFM. The results suggest
that these two instruments can be used 1o observe the orien-
tation and morphology of organic chains. We have used
three different deposition techniques, each of which is ex-
pected to give a different surface coverage. The STM and
AFM images are consistent with what we know about side
chain interaction of PODA in bulk form and in Langmuir-
Blodgett films. Submonolayer coverages result in parallel
isolated and bundled fibrils with a visible substrate back-
ground and occasional ordered regions, while mono- and
bilayer coverages result in overlapping structures. Similar
structures have also been observed on epitaxial Au (111} on
mica and Mo8,. These results and film structure formation
mechanisms will be discussed in a subsequent publication.?®
The resuits also point out poorly understood features of the
instruments, such as multiple tip imaging, especially in the
AFM. Furthermore, we have demonstrated a mechanism
for manipulating the polymers with the STM which seems to
be of a similar nature as e-beam lithography on acrylates.
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