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1. Introduction

Soon after the invention of the scanning tunneling
microscope (STM)?! and the scanning or atomic force
microscope (SFM/AFM),? researchers found that sub-
sequent images of an area sometimes revealed dif-
ferent topography. This observation indicated that
scanning could alter the surface. After recognizing
this fact, only a small step was required in order to
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undertake these modifications in a controlled way.3—>
In recent years, scanning probe-based lithography
(henceforth SPLS) has attracted the attention of a
large number of research groups, as evidenced by the
fact that this review encompasses over 300 publica-
tions. Current work in the area of SPL has tremen-
dous scope both in terms of the distance scales which
are involved, which range from the atomic scale, e.g.,
single atom manipulation”® to line drawing in the 50
um range,® and in terms of the variety of instrumen-
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tation which have been employed. The objectives
of research in the area of SPL are equally di-
verse—atomic scale experiments have been aimed
primarily at extending the current understanding of
the physics of the surfaces themselves, while nhanom-
eter scale SPL work has either been driven by
technological applications for this science, such as
high-density memories, or by fundamental interest
in the chemistry and physics of the modified regions
or the nanometer-scale materials which are produced.

Several trends are recognizable in the SPL litera-
ture published since 1991. First, the five year period
under consideration has witnessed the emergence of
entirely new scanning probe microscopy (SPM) meth-
ods including the widespread introduction of non-
contact and lateral (or frictional) atomic force imaging
modes in commercial instrumentation, and near-field
optical microscopy (NSOM).1® Concurrently, new
SPL methods, based on the unique capabilities of
these instruments, have also appeared. Secondly,
SPL is beginning to take on some of the character-
istics of a mature area of scientific inquiry. Specif-
ically, in the recent literature, greater emphasis has
been focused on fundamental investigations of modi-
fication mechanisms—work aimed at achieving an
understanding of the chemical or physical mechanism
operating in modification experiments of various
types. Finally, the capabilities of SPL methods
introduced in the late 1980s have been dramatically
improved in several instances. Examples include the
STM-based CVD deposition of metals, the field-
emission mode STM modification of polymer resist
films, and the STM-based electrochemical deposition
of materials.

Although the historical record for SPL spans just
10 years, a large volume of papers have appeared
during this period (over 500 papers). SPL advances
during the first half of this period have been re-
viewed.®11:12  Therefore, to avoid redundancy, we
focus here on work published in the last five years
(1991 publication date or later). SPM investigations
encompass distance scales ranging from 0.1 nm (e.g.,
single atom deposition or removal) to 1.0 um (involv-
ing perhaps 105—10° atoms). At the extremes of this
range, the methodologies which are employed are
substantially different: Atomic-scale SPL typically
requires an ultrahigh vacuum environment and/or
cryogenic sample temperatures, whereas for SPL
modification at the ~10—100 nm scale, it is fre-
quently possible—even necessary—to operate in liquid
solvent or in clean gaseous ambients containing
reactant species. Because of the divergent nature of
the SPL at these two extremes, previous reviewers
of SPL have usually concentrated attention on one
or the other. Experts in the area of atomic-scale SPL
have recently authored several excellent reviews,3-16
for example, and for this reason the discussion of
atomic-scale and single atom manipulation presented
here is abbreviated. Finally, to further define the
scope of the reviewed literature, it is useful to
delineate an operational definition for SPL. For the
purposes of this review, then, SPL will be taken to
include any experiment in which an SPM was used
to locally modify the surface of the substrate—whether
these modifications are geometrically well-defined
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structures or irregular pits or dots. Within the
confines defined above, we have endeavored to achieve
complete coverage of the SPL literature.

We have organized this review as follows: In
section 2, we briefly discuss the principles which
underlie nanometer-scale SPL modification experi-
ments. In section 3, experimental aspects of SPM
are discussed. In these first two sections, no attempt
has been made to write in a review style. Section 4
contains the actual review of the SPL literature. In
this section we report on the appearance of the
fabricated features, specific experimental parameters
and—if provided by the authors—mechanistics of the
lithographic process. This section has two levels of
organization: First, SPL contributions during this
period have been classified as either electrical, me-
chanical, or optical on the basis of the mechanism of
the observed modification process. In the case of
electrical and mechanical classifications, the pub-
lished work has been further grouped according to
the identity of the “lithographically active layer” in
or upon which modifications have been produced.
Finally, the review is concluded in section 5. Here
we summarize the experimental procedures and
compare SPL methods in terms of the utility of these
methods for fundamental and applied research. Fi-
nally, we speculate on the future of SPL.

II. Principles of SPL

We have organized the SPL literature in this
review according to classifications of the mechanism
as mechanical, electrical, or optical. A general de-
scription of each of these three modification modes
is attempted next.

A. Mechanical Modification

At least two mechanical modification SPL schemes
can be delineated: Scratching—in which the probe
tip of an SFM (typically) is employed to mechanically
displace material on a sample surface, and a mode
which, for lack of a better name, we shall refer to as
“pick-up-and-put-down”. As the name implies, weakly
adsorbed particles on a surface can sometimes be
encouraged to reversibly adhere to an SPM probe tip.
In this case, these particles can be picked up from
one region of a surface (or can be attached to the tip
ex situ) and subsequently transferred to another
region of the surface. Relative to scratching, pick-
up-and-put-down has been infrequently demon-
strated, but recent advances may improve the feasi-
bility of this method. Figure 1 shows schematically
the principle of mechanical lithography. This process
creates holes or trenches that are often surrounded
by walls consisting of the removed material. An
example of this type of lithography is shown in Figure
2.

B. Electrical Modification

In Figure 3, the principle of “electrical” lithography
is displayed. For applied voltages above a certain
threshold, material on the sample surface exposed
to the electric field undergoes chemical or physical
changes. These changes may be either reversible or
irreversible, and mechanistically, they can derive
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Figure 1. Schematic diagram illustrating the principle of
“scratching”. The high applied force on the SPM tip causes
the tip to plow through the sample. The excess material is
usually pushed to the sides of the scan line or window
resulting in walls of debris.
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Figure 2. An example of a mechanical lithographic
process. NC-AFM scanning with large forces displaces
material from the center of the scan window to the edges.
Reimaging at lower magnification and using a lower
applied force reveals the modified area. The “modification”
image was scanned with the set point of the noncontact
mode close to “0”, i.e., close to continuous contact mode,
the subsequent image shown here was then taken in
noncontact mode.

from electric field effects directly, as a consequence
of the increased current flow induced by the higher
bias voltage (e.g., ohmic heating), or, in liquid am-
bients, because of electrochemistry at either the tip
or sample which occurs at the higher applied biases.
In general, electrical modifications are induced by the
application of short (microsecond to millisecond)
tunneling current or bias pulses which help to
spatially limit the lateral dimension of the modifica-
tion on the surface. These changes frequently do not
produce profound changes in the topography, how-
ever, using contrast enhancing techniques such as
force modulation,'” lateral force,® conductance,*® dI/
ds or dI/dV?° can distinguish more clearly between
the modified and unmodified areas of the substrate.
A typical example is shown in Figure 4.

C. Optical (or Optically Assisted) Modification

Two discrete types of optical modification schemes
can be distinguished. In methods based on the near-
field optical microscope (NSOM), the SPM tip func-
tions either as a detector of light or as a light source.
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Figure 3. Schematic diagram illustrating the principle of
electrical lithography. Upon the application of an electrical
field, a modification of the sample surface is obtained. This
modification can be derived from the transfer of atoms from
the tip to the sample, the removal of atoms from the sample
surface, or it may be represent a modification of the
chemical or physical nature of the surface (polymerization,
crystallization). Often, modified regions are not readily
visible in a topographic image and only became clear either
by postprocessing of the latent pattern (etching) or through
the use of image modes that reveal either chemical or
electronic structural differences of the surface.
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Figure 4. High-resolution patterns written in hydrogen
passivated Si(100)-2x1:H using an STM with a —4.5 V tip
bias and 2.0 nA tunneling current. The line width is 1 nm,
and the line spacing is 3 nm. Patterned areas appear
brighter (i.e., 0.15 nm higher) since the removal of hydro-
gen restores the clean Si surface, thus increasing locally
the efficiency of electron transfer. (Reproduced with per-
mission from ref 356. Copyright 1994 American Institute
of Physics.)

In either case, if the tip is sufficiently close to the
surface (d < A/502%) the coupling of light can involve
a region of the surface which is considerably smaller
in diameter than the far-field diffraction limit (i.e.,
AM2). SPL schemes involving the NSOM have re-
cently been reported involving, for example, the
exposure of conventional photoresist films. Alterna-
tively, the tip—sample gap can be illuminated using
an external source. This external illumination can,
for example, activate or sensitize a reactive species
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Figure 5. Schematic diagram illustrating the principle of
optical or optically assisted SPL. Light is channeled to the
surface either through the tip or by focusing the light at
the tip—sample gap. Several types of modification have
been demonstrated: Local melting, light-induced polym-
erization, and light-assisted field evaporation, the last
usually obtained with a simultaneously applied voltage
pulse.
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Figure 6. AFM image of a line pattern (spacing 164 nm)
created by NSOM-based lithography. Lines were obtained
by irradiating a photoresist (Hoechst Novolack AZ 6612)
through an optical fiber tip. A solution of the resist with
10% of a photosensitive complex were spin cast onto a
polished silicon wafer and subsequently annealed to remove
any solvents, resulting in a film which was insoluble in
bases. Irradiation of this resist restores the solubility in
base and a pattern can thereby be formed. (Reproduced
with permission from ref 334. Copyright 1995 Elsevier
Science S. A., Switzerland.)

to electron bombardment and thereby trigger a
reaction of the activated species on the sample
surface under the tip. A schematic setup for this
technique is shown in Figure 5, and a typical example
is given in Figure 6.

lll. Experimental Considerations, and
Instrumentation

In this section, the principles and instrumentation
which are associated with various SPL modification
modes are reviewed. Literature references to the
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implementation of these methods, as well as specifics
regarding the implementation, are reserved for sec-
tion IV.

A. Instrumentation

Despite the existence of a variety of commercial
scanning probe microscopes, home-built instrumen-
tation continues to play an important role in experi-
ments involving lithography. A survey of the 1995
SPL literature, for example, reveals that 25% of this
work involved home-built SPMs while the remaining
75% was performed using commercial instrumenta-
tion. In contrast, for experimental work involving
only SPM imaging, these percentages are 17% home-
built and 83% commercial. One possible interpreta-
tion of these statistics is that commercial instruments
are not yet well adapted to SPL. In the following
paragraphs, we briefly discuss the instrumental
requirements associated with some of the most com-
mon SPL experiments, and review recent innovations
in SPL instrumentation.

At a minimum, electronics including a pulse gen-
erator and an oscilloscope are required in addition
to the conventional imaging electronics of an SPM
in order to perform a lithography experiment involv-
ing pulsed bias, current, or tip position. The pat-
terning of a surface with many modified regions also
requires that a trigger signal be output from the x—y
scan controller (typically a computer) so that the
pulse generator can be fired repeatedly as the tip is
stepped between the predefined locations on the
surface which define the pattern to be generated. The
electronics of the SPM must be sufficiently “open” to
permit the generation of this triggering pulse, and
the synchronization of the pulse in time with the
motion of the probe tip. In most commercial instru-
ments, the movement of the probe (or the sample) in
the x—y direction is controlled by software. Com-
mercial software that (at least partially) fulfills the
requirements for convenient SPL patterning is pres-
ently available.?

Also desirable is the ability to analyze the patterns
which are obtained using a variety of other tech-
niques including optical microprobe methods, scan-
ning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and scanning auger microprobe
(SAM) analyses. “Finding” the previously produced
structures can be very difficult, and a locating
system—which permits a particular micrometer-scale
region of a surface to be revisited by these other
spatially selective probes, or by another scanning
probe microscope—would be extremely useful. To
enable the transfer of a sample from a SPM to a far
field optical microscope, for example, both instru-
ments would have to be equipped with translation
stages having better than micrometer-scale precision
which permit predetermined positions on the sample
to be located and relocated. For producing larger
structures, or larger arrays of nanostructures, on a
surface an additional requirement are scanners with
the ability to scan laterally over regions of up to 100
x 100 um?.

SPM imaging usually involves tip velocities on the
order of micrometers per second. If it is assumed
that comparable tip velocities can be employed in a
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Figure 7. An example of parallel lithography. An array
of two cantilevers fabricated the message “NANO IV” in
one run. The left cantilever patterned “NA” and “1”, the
right one “NO” and “V”. The pattern was written in
hydrogen-terminated silicon, and the latent image was
subsequently transferred into the sample with a KOH etch.
The height of the letters is approximately 50 um, the depth
of the etched profile 50—80 nm. (Reproduced with permis-
sion from ref 24. Copyright 1996 American Vacuum
Society.)

SPL writing experiments, then data transfer rates
during writing are the product of this velocity and
the reciprocal bit length. For example, a bit dimen-
sion of 10 nm (which is the sum of a 5 nm diameter
for a modification and a 5 nm boundary region),
yields data transfer rates during writing of 100 bits
s~1. It is needless to say that for practical applica-
tions, this writing speed must be increased by many
orders of magnitude. It is worthwhile recognizing
that the time required to generate the actual surface
modification (usually microseconds to milliseconds),
is generally not rate limiting. Instead, the movement
of the probe and the response time of the feedback
system impose an upper boundary on the rate at
which the modification step can be attempted while
the stability of the system is maintained within
acceptable limits. Several approaches to increasing
data transfer rates during writing and reading have
been recently investigated: Mamin and co-workers??
used a rotating sample—in analogy to a hard
disk—instead of rastering the probe in the more
conventional line-by-line fashion.

An implicit problem with SPL-based memory is
that with a single tip, data must be transferred to a
surface in a serial mode. The Quate group has
overcome this limitation by effecting SPL in parallel
using an array of cantilevers operating independ-
ently.?4=26 An example of this application is shown
in Figure 7. Novel probe designs having high-speed
capabilities and built-in actuators have been devel-
oped, for example, by Minne et al.,?*27~30 Fujii and
Watanabe,?! or MacDonald et al.’>3% A variety of
other instrumental refinements which are relevant
to increasing the speed of the SPL experiment have
also been reported3*—37 as follows: (i) implementation
of stacked piezoceramic plates as actuators in place
of conventional piezoelectric tubes, (ii) designs for
faster electronics such as 1/V converters®® and feed-
back circuits,®® and (iii) application of high-perfor-
mance computers (e.g., with parallel processing ca-
pabilities) for independent scan (pattern) generation
and image acquisition respectively.*°
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B. Sample Preparation

In most of the experiments discussed in this review,
the substrate surface which is subjected to modifica-
tion is structurally distinct from the bulk of the
sample. That is, a thin layer of “lithographic active”
material on the sample surface is actually altered.
This layer can consist of a Langmuir—Blodgett (LB)
film, a self-assembled monolayer (SAM),*' standard
lithographic resist materials,*> or thin layers of
sputtered metal.*®* At hydrogen-terminated silicon
(111) surfaces, prepared by etching in concentrated
HF solutions, the lithographically active layer can be
the chemisorbed hydride monolayer: This adsorbed
hydrogen can be locally stripped in an STM experi-
ment by applying a bias pulse. In a corrosive
ambient such as air, areas where the hydride layer
have been removed are susceptible to oxidation to
SiO; (see examples in section 1V, under silicon).

LB films and SAMs are prepared following stan-
dard procedures. Details can be found in the respec-
tive papers or in reviews e.g., by Gaines* or Roberts*
for LB films and by Ulman®® or Dubois and Nuzzo*’
for SAMs. Resists are often polymers films (e.g.,
polymethyl methacrylate or PMMA) that undergo a
chemical transformation such as cross-linking during
exposure to light, electrons, etc. Exposed regions of
the polymer film exhibit different chemical and/or
physical properties as compared with the nonexposed
polymer. From the exposed film, a positive or nega-
tive mask is obtained by selectively removing only
nonexposed or exposed polymeric material, respec-
tively. This removal process relies on the different
solubilities of exposed and nonexposed regions of the
film produced by cross-linking. An overview of resist
materials is given by Moreau.*? In contrast to optical
lithography where films of roughly 1 um thickness
are used, with SPL, much thinner films in the range
from 10 to 50 nm, often prepared by spin coating,
may be used.*®

C. Probes

For most STM-based SPL experiments, standard
electrochemically or mechanically etched metal wires
have been used as tips. However in experiments in
which the STM tip is used to mechanically modify a
surface, relatively soft metal tips have been replaced
with tips composed of harder materials in a few cases.
For example, Kaneko et al.*® have described the
application of conductive, boron-doped diamond tips
for such applications. If, as is more likely, the
mechanism of the STM lithography is electrical, the
tip must resist oxidation, field evaporation, and shape
changes; effects which can be induced either by
resistive heating or by the high electric fields imposed
by an applied voltage pulse.

Similar considerations apply for AFM-based SPL
experiments: Sumomogi et al. have employed single
diamonds as tips,%5! whereas tips with a high quality
diamond coating®® have been prepared by Nieder-
mann et al. The durability of these tips for mechan-
ical modification experiments is apparently superior
to that of either silicon or silicon nitride. Tips and
cantilevers of nearly degenerate silicon have recently
become commercially available> and these exhibit
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sufficient electrical conductivity for many SPL ex-
periments involving bias pulse-induced modification
of surfaces. However, it is very common to sputter
a thin film of metal, usually gold, onto the AFM probe
to further increase the conductivity. Recently, Th-
omson and Moreland® investigated a variety of
different tip coatings for point-contact studies and
concluded that gold indeed gives the most reproduc-
ible and stable coatings for this purpose in air.

IV. Results

This section is organized into three subsections on
the basis of the classification of an SPL experiment
as having a mechanism which is predominantly
electrical, mechanical, or optical. Because the mech-
anism operating in some of the reviewed experiments
is uncertain, this classification scheme is somewhat
arbitrary and some misclassification is probably
inevitable.

A. Electrical SPL Methods

In the context of this review, electrical experiments
are defined as those in which the imposition of an
electric field is required for modification of the
surface. In general, this field is either obtained by
the application of a large dc voltage between sample
and tip, or by the application of voltage pulses.

The literature in this section has further been
classified according to whether the method operates
directly at a clean surface—that is, a surface on which
no intentionally added lithographically active layer
is present. We have classified all such methods as
“direct”. As mentioned earlier, atomic resolution
lithography experiments (SPL experiments involving
the manipulation of single atoms), most of which fall
into this category, are only very briefly reviewed.
Applications of electrical lithography to the modifi-
cation of silicon surfaces, because of the technolog-
ical significance of this material, are given special
emphasis: Because of the large volume of papers,
work with clean silicon and hydrogen-terminated
silicon (Si:H) surfaces are discussed separately. A
large volume of papers report the SPL modification
of surfaces on which a thin resist layer is present.
The objective in these experiments has been to
generate a chemical modification of the resist layer
which permits the preferential removal of this layer,
or of the surrounding unmodified resist, in order to
obtain a mask.

Experiments involving a lithographically active
layer have been organized according to the method
of formation (e.g., LB monolayer, self-assembled
monolayer), of this layer. This format is employed
despite the chemical similarity of these layers in
order to highlight the specific instrumental param-
eters associated with the modification of the layers
prepared by these various methods. Because of their
unique characteristics, SPL experiments conducted
in an electrolytic environment are summarized sepa-
rately at the end.

1. Direct Modification of the Surface

a. Silicon. 1. Si:H. Dagata et al.5>% patterned
hydrogen terminated n-Si(100) for use as a negative
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mask for the selective epitaxial growth of GaAs. This
approach was also investigated by Snow et al.5’
These workers epitaxially deposited 5 nm of silicon
on the GaAs and passivated the resulting silicon
surface by etching in HF. This sample was then
patterned with a STM and the structures which were
obtained were transferred to the underlying GaAs
using a two-step etch procedure. Snow et al.%® also
attempted to passivate GaAs with sulfur and to
subsequently remove this passivation layer locally
using the STM. However, the chemical homogeneity
of the modified regions and the thickness of the
passivation layer were difficult to control resulting
in poorer reproducibility as compared with the Si:H
system. Patterning parameters for the GaAs:S sys-
tem were as follows: Eg = 1.2V sample-(—), I+ =0.4
nA, for imaging the bias was held at 2.8 V.

Sugimura, Nakagiri, and co-workers have investi-
gated many aspects of SPL based on Si:H surfaces.5*7°
Si:H surfaces were prepared by etching cleaned
Si(111) wafers in 1.0 wt % HF solution for 30—60 s;
unetched wafers with thick native oxide layers were
also employed. The patterning of these surfaces
involved the application of a 5.0 V bias [sample-(+)],
and currents between 0.1—0.5 nA for the patterning.
These SPL experiments were usually performed in
a glovebox in order to achieve controlled humid-
ity.61636566,68-70 Eollowing SPM patterning, samples
were subjected to various etching procedures in order
to amplify the relief produced by the modification
step, see also Figure 8. The authors proposed a
modification mechanism involving the electrochemi-
cal oxidation of the surface in humid air, or by field-
enhanced oxidation in a dry environment.6%7* The
obtained structures consisted of protrusions, 1—2 nm
high. An explanation for this height change from the
unpatterned Si to the patterned SiO, areas can be
given in terms of the different densities, 12 and 19.8
cm?® mol~? for Si and SiO,, respectively. Smaller and
better defined etch patterns were obtained when
tetramethylammonium hydroxide (TMAH) was used
instead of the more common KOH solutions.®® This
was possible due to the reduced roughening of the
surface during the etching process. Surface rough-
ness measurements revealed a 10-fold decrease when
TMAH was used instead of KOH. Grooves 40 nm
deep and 50 nm wide were obtained. Even though
especially suited for etching Si(100), TMAH also
etches Si(111) at least 100 times faster than SiOy, it
is therefore also applicable for this surface.

Several applications of these patterned silicon
surfaces were proposed and experimentally tested by
Sugimura and Nakagiri: The electroless deposition
of gold and other metals occurs preferentially on the
unexposed, Si:H surface, whereas metal deposition
was inhibited at exposed SiOx lines.®® A positive gold
pattern was obtained as follows: An oxidized silicon
surface was covered with a monolayer of trimethyl-
silizane by CVD.”* This monolayer was then locally
degraded or removed by means of anodization with
the SPM tip. Finally, treatment of the modified
surface with the electroless plating solution resulted
in the deposition of gold only at regions of the surface
patterned with the STM.”* Ultimately, these gold
patterned surfaces could be functionalized as fol-
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Figure 8. AFM image of gold patterns on silicon. The patterning was performed as follows: Hydrogen-terminated Si was
locally oxidized by STM at a sample bias of 5 V and 0.2 nA current. The sample was then etched for 1 min in aqueous
tetramethylammonium hydroxide and subsequently immersed in an electroless plating bath for 7 min. (Reproduced with
permission from ref 65. Copyright 1995 American Vacuum Society.)

lows: The patterned samples were immersed into a
solution of an alkanethiol (n-hexadecyl mercaptan)
that formed a self-assembled monolayer on the gold
patterns but not on the silicon. This was confirmed
experimentally using Auger electron spectroscopy.
Such functionalized patterns might be useful in
sensor applications.”72 A second similar application
involved the use of the same organosilane layer as a
protective mask: Si etching reagents such as NH4F/
H,0./H,0 are effective on both Si and SiOy but do
not etch the monolayer-modified surface. In this
way, grooves 30—60 nm wide and 5—10 nm deep
respectively, were created on SPM-patterned sur-
faces.”

Fay et al.”® used both n- and p-type Si(100) in their
studies. Gratings with periodicities between 80 and
500 nm were fabricated. Whereas for the 80 nm
grating a maximum tunneling current of 2 nA could
be applied, 500 nm gratings could be fabricated with
20 nA currents using the same bias (1—2 V). The
latter modifications were visible in a SEM even after
the thermal growth of a 70 nm thick SiO; layer and
subsequently sputtering 16 nm of Au on top of the
substrate. Using AES, the authors demonstrated
that within the modified areas, the oxygen content
was increased, thus supporting the transformation
of Si into SiO,. Even though reactive ion etching in
HBr greatly increases the roughness of Si, it was
found suitable for pattern transfer.

Urban et al.”” pointed out that the (110) surface is
well suited for this patterning scheme due to the
observed strong anisotropy of the surface structure
which is obtained by etching.

Instead of rinsing Si(111) surfaces in water follow-
ing an HF etch, Pérez-Murano et al.”® 8! dried etched
surfaces in an N, gas stream, thereby obtaining

fluorine surface concentrations of up to 10 cm2.
These authors hypothesize that this lithography is
electric field driven. In addition to topographic
images, spectroscopic images were also recorded, i.e.,
current images at different biases. The contrast for
an SPL-patterned region was a sensitive function of
bias, indicating that the modification is not purely
topographical but also electronic in nature.
Kramer et al.® applied the same method to amor-
phous silicon (a-Si) surfaces. A drawback of a-Si is
that anisotropic etching is not possible, and ex-
tremely smooth surfaces cannot, therefore, be easily
obtained. Amorphous silicon, however, can easily be
deposited on a variety of smooth substrates and can
be used as a mask for the patterning of the underly-
ing substrate. This approach may be useful for the
patterning of materials which, like GaAs, do not have
a robust passivation chemistry. Kramer et al. inves-
tigated the influence of scan rate, current, and bias
on pattern formation. In air, no marked influence
of the tunneling current was observed (range 2—100
pA). The authors therefore rejected the possibility
that electron-induced desorption of hydrogen was
solely responsible for pattern formation and, on the
basis of a bias amplitude study, concluded that field-
induced oxidation may be an important contributing
process as well. Thin films of amorphous and hydro-
genated silicon were deposited using CVD on a thin
metal film of Talr. This silicon layer was further
passivated and patterned with a STM. In a two-step
etch the not-oxidized silicon is removed and the pat-
tern transferred into the metal film. Lines with
lengths of 2 um and widths of 40 nm were obtained.®
Following this principle, a 100 nm thick layer of
amorphous Si layer was used by Minne et al.?® to
pattern an underlying 500 nm thick oxide film.
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Lithography on Si:H was performed by Snow and
Cambell®48 using AFM with an electrically conduct-
ing tip. As the AFM is operated in contact mode,
special considerations were given to the coating of
the SizNy4 tip. The authors found that Ti remained
both mechanically and electrically stable, the tip—
sample gap exhibits a high resistance likely due to
the native oxide on Ti. A 100 nN force and a bias
between 1.5 and 2.5 V was employed for the writing
process. Scanning with the same force but without
the applied bias did not alter surface morphology.
The writing patterns were visible to the AFM after
exposure but could also be used as a mask for
subsequent etching by KOH. Rather high speeds of
up to 1 mm s~ and line width down to about 15 nm
were obtained. An improvement of the etch selectiv-
ity between silicon and silicon oxide was reported by
the same authors when an electron cyclotron reso-
nance (ECR) source was used: A Cl, plasma gener-
ated by this source showed higher efficiency than
typical reactive ion etching techniques. This fact
allows lower pressures of the plasma which produces
less scattering, resulting in deeper and smoother etch
profiles.8¢

Teuschler et al.8788 patterned a Si(100) surface with
a conductive AFM tip (7 V bias) and measured
frictional forces on these patterns. The oxidized
patterns revealed a 20% increase in the friction force
compared with unmodified hydrogen terminated
areas.

Gordon et al.®° proposed a chemical model for the
mechanism of field-enhanced oxidation on Si(111): A
hydrogen-terminated silicon surface prepared by
etching in HF will exhibit some Si—F bonds. In air,
F can easily be replaced by OH. These OH terminals
eventually can bridge and form an monolayer of
oxide. Growth does not stop at this point but an
oxide layer up to 0.7 nm in thickness can be formed.
This can be explained in terms of field effects across
the interface between Si and the oxide layer which
promote the diffusion of oxygen-bearing ions. The
application of an electric field between the tip of an
AFM and the substrate causes this oxide layer to
grow further to a thickness of 8 nm for 7—8 V biases.
These workers further demonstrated that the best
lithographic performance was obtained using the
AFM in contact mode and a 100 nN loading force. In
noncontact mode, incomplete line drawing was ob-
served, see also Wang et al. below.*

2. SiO,. Field enhanced oxidation on SiO, was
observed by Tsau et al.®® They showed that oxide
lines can be formed by applying a high bias (several
volts, sample-(+)) between a silicon sample and the
doped cantilever tip. No patterning was observed
with sample-(—) pulses. The patterns consist of lines
roughly 1 nm high and could be transferred into
grooves after a short dipping into HF, thus suggest-
ing that the fabricated lines indeed consist of SiO.
The authors also showed that noncontact AFM can
be employed for lithography.®® The minimum ob-
served feature size was 10 nm, a size that the authors
attribute to the chemical reaction “bandwidth”. This
explanation also accounts for the fact that this
resolution limit is also observed with STM and
contact AFM. The observed features were not due

Nyffenegger and Penner

to deposited charge as the structures could still be
imaged after several hours. The formation of silicon
dioxide is thought to be electrochemical as these
experiments were performed in an air ambient.
Compared to experiments with contact AFM, the
writing time was longer, likely due to the fact that
the effective writing time, i.e., when the tip very is
close to the surface, is shorter due to tip oscilla-
tions.

Hattori et al.®2% also investigated the field-assisted
oxidation of Si. A clear relationship between the
observed height of the fabricated structures and the
applied bias (2—10 V) as well as the scan speed (0.1—
10 um s™1) was observed. By etching with HF, the
produced structures could be transformed into grooves.
The depths of these grooves correlated with the
height of the original structures, indicating that they
are composed entirely of SiO,. By analyzing the
dependence of the structure size upon scan rate, the
authors suggest that the fabrication process is mainly
limited by the diffusion of oxidizing species. Simi-
larly, Whidden et al.®* used 5 nm thick oxides for
pattern generation. Sample-(+) biases were varied
between 2 and 8 V; currents, between 80 pA and 1
nA. However, the authors suggest that the generated
features consist of hydrocarbon deposits and are not
a product of further oxidation of the sample. The
latent patterns were transferred into the oxide by HF
vapor etching (10 nm deep, extending into the silicon
substrate) and further into the underlying Si by
reactive ion etching in a CF4/O; flow.

Porous silicon was patterned by Enachescu et al.%
in a UHV chamber. Modifications in the form of
parallel lines were obtained by applying a 7 V bias
(sample-(+)) with the feedback “on” at a tunneling
current of 27 pA. The fabricated structures exhibited
a lower conductivity (attributed to the formation of
defect states) and a lower barrier height as compared
with unmodifed porous silicon regions. Both effects
will cause the tip to be driven closer to the surface
in order to maintain the set point current. Thus the
apparent depth of the fabricated structures was
attributed partially to these electronic effects and the
real dimensions were difficult to assess. These
authors also investigated phosphorus-doped, hydro-
genated amorphous silicon and observed two different
types of modifications, both apparently electronic in
nature. Egvaluesof 9 —10V and I+ > 100 nA caused
compressive modifications of the surface and grooves
having a width of 10—20 nm could be written. In
contrast, Eg values of 5—9 V and I+ in the range from
1 to 100 nA resulted in the formation of raised
regions and, under these conditions, lines were
formed. Both effects were explained in terms of
electronic effects associated with the reduction of
electronically active P-dopant sites (compression) or
to the formation of additional surface states (conduc-
tivity increase).%®

3. Si. Ostrom et al.®” showed that upon applying
a pulse between a tungsten tip and a Si surface, small
“columns” could be grown on the sample surface.
Although the authors preconditioned the tip by
means of a tip—sample contact in order to transfer
Si to the tip, they suggested that the formation of
the structures was based upon the diffusion of surface



Surface Modification Using SPM

atoms rather than a transfer of atoms from the tip.
Preconditioning was necessary in order to obtain a
sharper tip to induce a radial electric field rather
than a parallel field underneath a blunt tip. It was
observed that sample-(+) pulses (7 V, 1-10 s) pro-
duced significantly larger structures than negative
pulses; 10—20 nm compared with 3.5 nm.

In UHV using STM, Yau et al.?®° produced small
structures on a Si surface when a bias above 5 V
(sample-(+)) was applied. They proposed that ad-
sorbed contamination on the Si sample was polym-
erized during the voltage pulse. 1V spectroscopic
characterization was used to show that the observed
mounds were topographic rather than electronic
structures. These workers further noted the spotty
appearance of the lines, and speculated that freshly
formed nanostructures might provide channeling
(focusing) of the current between the tip and sample.
Thus the field strength surrounding the structure
might be too small to allow for the growth of a new
structure. Only at some minimum distance from the
first structure would the field strength be sufficient
to support the polymerization reaction.®

b. Layered or van der Waals Materials. An
abundance of prior work involving the modification
of layered materials such as highly oriented pyrolytic
graphite (HOPG), MoS;, NbSe,, WSe,, or Bi,Sr,-
CaCu,0y exists. The attraction to these materials is
obvious: The basal planes of these compounds are
frequently atomically smooth, these surfaces are
renewable by cleaving, and because the basal plane
is coordinatively saturated, these surfaces are ex-
tremely unreactive and therefore stay free of chemi-
sorbed impurities even in air or liquid ambients. An
additional characteristic of the layered metal dichal-
cogenides and graphite is the anisotropic bonding in
these materials which has facilitated the “quantized”
removal of material in a layer-by-layer fashion in
some previous work. Paossibly because of the weak
interlayer forces in these materials, the SPL modi-
fication on these surfaces typically requires only mild
conditions of applied force or tip—sample bias.

HOPG is one of the earliest and best studied
materials for scanning probe-based lithography, e.g.,
Albrecht et al.1%! showed in 1989 that an STM could
be used to write entire words with 30 nm sized letters
in the surface of HOPG. Terashima et al.1%? reported
in 1990 that STM-generated pits acted as perfect
nucleation sites for evaporated gold. The mechanism
of the hole formation, however, is not yet fully
understood. Several authors have investigated the
different parameters affecting this hole formation,
the reported values e.g., for threshold bias vary
markedly: Moriarty and Hughes'® investigated the
pit formation at very high resolution and showed the
smallest structural formation consisting of the dis-
placement of 4 atoms. Abe et al.1%41%¢ jnvestigated
30 nm thick arc evaporated carbon films and found
similar behavior as generally observed for HOPG.
The depth of the pits was the same as the nominal
film thickness, suggesting that all material was
removed until the substrate was exposed. Upon
applying a sample-(+) pulse having an amplitude
larger than 4 V, mound formation was observed.
Auger analysis showed that these mounds were
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Figure 9. An STM image of a modified graphite surface
in air showing pits produced by the application of tip—
sample bias pulses. A bias pulse threshold of 2.5 V was
observed for pit formation, and for larger pulse amplitudes,
larger pits were formed. For the three pulses 2.5, 2.7, and
2.9 V, diameters of 10, 20, and 30 nm were obtained in
this experiment. The pulse width was ~1 s. (Reproduced
with permission from ref 107. Copyright 1994 Elsevier
Science, The Netherlands.)

composed of carbon and of the underlying metal (Au
or Pt). On carbon films directly evaporated onto Si,
no mound formation was observed. Kondo et al.107:108
found a threshold value of 2.5 V in air and 8.5 V
under UHV conditions. The authors explain this
difference in terms of two different mechanisms: In
UHYV sublimation is believed to be responsible for
removal of atoms, and the threshold voltage should
be related to the binding energy, for graphite 7.43
eV. In air, humidity effects play a major role and
the important reaction is an electrochemical one
forming COy and H; at energies below 2 eV. These
values are in agreement with the observed threshold
bias voltages. Differences can be discussed in terms
of activation energies. The same behavior of thresh-
old values in air and in UHV was also observed for
MoS;, NbSe,, and Bi,Sr,CaCu,04. Uesugi and Yao!®
observed both pit and structure formation on graph-
ite. Pits were observed e.g., in air. Small structures
on the graphite surface were formed in a mixture of
hydrogen and acetone at 20 Torr and are believed to
be composed of carbon either from contamination or
by decomposition of acetone. Parameters were sam-
ple-(+) 4 V pulse for 50 us. The authors did not
observe deposition in vacuum and therefore excluded
the Pt tip as a possible source for the dots. Lines on
graphite were also fabricated by Wang et al.l1°
An example of SPL on graphite is depicted in Figure
9. For SPL on graphite in electrolytes see subsection
5.

Following the observation by Parkinson!!! in 1990
that the layer-by-layer etching of metal—dichalco-
genide crystals (specifically SnSe,, TiSe,, and NbSe,)
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is induced by STM imaging, the SPM-induced modi-
fication of these materials has captivated the interest
of several groups, and several new phenomena have
been observed.

Using an STM, Dransfeld and co-workers!*? re-
ported that the application of bias pulses (tip-(—) 5
V x 10—400 ns) to the van der Waals surface of a
WSe, single crystal caused the etching reaction of
this surface to be nucleated and, with continued STM
imaging, an etched region—one monolayer in depth
and having a triangular shape—was formed and
continued to grow with time. In more recent work
with WSe,, this research group!!3-115 has been able
to generate more subtle modifications of the basal
plane surface which apparently did not involve the
removal of material from the surface as in earlier
etching experiments. In these experiments the modi-
fications appeared either as mounds or as ringlike
structures. Qualitatively similar structures have
been seen previously by STM on the nominally
nonmodified surfaces of natural MoS, crystals.16.117
High-resolution STM imaging revealed that no mate-
rial was removed from the surface during the modi-
fication operation. Relaxation of these structures
was not observed for periods of several hours follow-
ing their generation. While the origin of these
modifications was not apparent, the authors went on
to demonstrate that these features could be removed
by mechanical means: The tip sample distance was
lowered by increasing the current and decreasing the
tunneling bias. Then, with the feedback strongly
damped, the tip was scanned at a high rate over a
modified region of the surface. When this “ironing”
procedure was repeated twice, modified regions were
removed.!18

SnSe, and MoS, were investigated under UHV
conditions by Huang et al.1*®* Vacancies of 3—4 atoms
could be formed in these materials when pulses in a
STM configuration were applied. Voltage amplitude
thresholds of 3.5 V for MoS; and 1.4 V for SnSe, were
seen. The larger threshold for MoS; was ascribed to
the fact that the Mo—S bond strength is greater than
that for Sn—Se.

c. Bulk Metals or Metal Films. Silver films
were employed in the STM modification experiments
of Rabe and Buchholz.'?® These workers showed that
very short voltage pulses of ~50 ns and 5 V in
amplitude were sufficient to modify the surface of
thin silver films. The modification consisted of pits
for sample-(+) pulses, and of pits and/or hillocks in
the case of pulses having a sample-(—) polarity. Prior
to the application of a pulse, the tunneling current
was reduced to 2 pA. This low current set-point
combined with the short duration of the pulse re-
stricted the total number of electrons involved in
these processes thereby eliminating the possibility
of modification due to heating effects. Consequently,
it was concluded that these modification processes
were most likely brought about by the field evapora-
tion of metal at either the tip or sample.

Titanium surfaces have been patterned by Sug-
imura et al. using a strategy similar to that which
this group has employed for Si:H surfaces (vide
supra). The oxidation of Ti to TiO, is observed under
the influence of a +5 V bias between the sample and
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tip in an N, atmosphere with controlled humidity.
The observed modifications appear as protrusions
because of the lower density of TiO, as compared with
Ti. The reaction of Ti to TiO; is described as an
electrochemical process in the water-filled gap be-
tween sample and tip.59696264 As was seen for silicon
surfaces,®® on TiO, the humidity was found to be very
important: Size as well as etching rate were in-
creased at higher humidity.®64 However, humidity
had no influence on the lithographic process on an
organosilane-modified Ti substrate. In this case the
pattern size depended uniquely on the tip size. This
difference was explained in terms of the hydropho-
bicity differences between these two surfaces.”™

In other SPL experiments with Ti, a thin layer of
the metal (7.5 nm) was deposited on Pt and then
selectively removed with a STM in tunneling mode
by ramping the bias voltage between +2 V for 0.25 s
at 80 Vs~L. In this way, Pt disk ultramicroelectrodes
having radii between 5 and 36 nm were fabricated.
The authors suggest that surfaces patterned using
this procedure might be employed for electrochemical
investigations of nanoelectrodes.?!

Chromium films on Si (30—50 nm) were investi-
gated by Song et al.'?> with STM both in air and in
N.. A native oxide film of 1 nm thickness was
assumed to exist at the chromium surface in all
experiments. Upon applying elevated tunneling bias,
structures as small as 25 nm were observed. Two
different types of modifications were observed: With
a large bias (sample-(+) 3.5 V) and using a stationary
tip, patterns were formed which were water soluble,
producing a positive mask. With a smaller bias and
a scanning tip, patterns were formed that were
almost insoluble in water and stable in NaOH or
standard Cr etchant solutions. These observations
are consistent with the formation of CrOs in the “high
dose” patterning experiments (involving a stationary
tip) and the water insoluble Cr,03 in the “low dose”
experiments.

A 10 nm film of Cr was modified by Wang et al.??3
using AFM. These experiments were carried out
under conditions of controlled humidity. No modifi-
cation of the Cr surface was obtained when working
in dry air or when applying sample-(—) pulses. In
humid air and with sample-(+) pulses, mounds could
be formed having dimensions which depended on the
pulse duration (varied between 10 ms and 1 s) and
amplitude (2—10 V). The smallest structures which
were observed were 20 nm in diameter and 3.5 nm
high. The fabricated structures were stable in dry
air; however, in humid air these structures disap-
peared within half an hour, suggesting that the
composition of these structures was water soluble
CrOs3. Auger spectroscopic results were consistent
with the formation of a chromium oxide species on
the surface, also supporting the hypothesis that these
modification result from a tip induced oxidation of
the chromium surface.

Fukuzawa and co-workers'?* investigated the sys-
tem of a Pd STM tip and a thin Pd film on Si in air.
These workers observed that the application of bias
pulses having either polarity caused the formation
of mounds on the surface. A threshold voltage of 4
V for sample-(—) pulses and 6 V for sample-(+) pulses
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was established and the size was found to increase
from 100 to 1000 nm with increasing pulse ampli-
tudes.

On a patterned substrate two previously formed
lines were connected with a STM by Welland et
al.1?5126 A 25 nm layer of gold/palladium was the top
layer on this sample. By applying a 4 V, 9 ms pulse
mounds could be formed. The authors manufactured
an entire row of such mounds to connect two of these
preformed lines.

Hosaka et al.'?” investigated the possibilities of
changing locally the magnetic properties using SPL.
A layered Pt/Co film was employed in an UHV
chamber with a magnetic force microscope (MFM).
A tip with a magnetic layer (PtCoCr) and a outer
carbon layer was used for both writing and reading.
Pulses (8 V) were applied to form magnetic domains
with about 60 nm diameter. The authors describe
the process of magnetization resulting from local
heating due to the field emission current during the
pulse. In an earlier paper, they demonstrated the
magnetization using STM. In that case polarization
microscopy was used to verify magnetization.'?®

d. Superconductors. YBa,Cu3O;— (YBCO) films
were investigated by Yang et al.*?° using STM. These
workers observed a tunneling induced etch effect,
causing the formation of square patterns to be etched
in the surface (see also 1). By applying pulses of 150
us duration and 5.5—8.5 VV amplitude, relatively large
pits were formed having dimensions of ~100 nm in
diameter and 30—100 nm in depth. These dimen-
sions were pulse amplitude dependent. Furthermore,
they observed a threshold of 5.5 V for sample-(+)
pulses and 8.5 V for the opposite polarity. By
scanning one line up to 300 times, Bertsche et al.130
produced a groove in the YBCO surface. Surface
modification was observed with pulse amplitudes of
near 4 V, however, only if the tip was placed close to
a terrace edge. The pulse removed material leaving
a 3 nm diameter structure. No debris could be found
indicating that a mechanical process could be ex-
cluded. Heyvaert et al.'3! found that exposure to
moderate electrical fields (1 V bias at 0.2 nA current)
could alter the surface of YBCO as well. The rate
depended not only on the applied electrical field
(varied between 0.5 and 1.2 V) but also on the
exposure time. The oberved influence of the electrical
field strength and the lack of material accumulation
on the border of the imaging windows let the authors
conclude that field evaporation and not mechanical
milling was reponsible for the observed modifications.
Contradictory results have been reported by several
groups and are discussed in section B.1.

Thomson et al.'® summarized the influence of
tunneling parameters as well as the humidity on the
possible mechanisms of modification of YBCO sur-
faces. SPL at low tunneling resistances was at-
tributed to mechanical milling, whereas at somewhat
higher “intermediate” resistances, the process was
classified as an e-beam lithography type and finally
for very high currents and biases it was speculated
that thermal heating of an oxygen-deficient surface
led to vaporization and thus the removal of material.
A humid and slightly acidic environment was found
to enhance material removal, suggesting that elec-
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trochemical reactions in the tunneling gap may
contribute to the modification of YBCOs. Of the
modification regimes explored in this work, the
e-beam “mode” was found to be the most reproduc-
ible. The tunneling parameters used in this regime
werel >1nAand4 <U <5V.

On Bi,Sr,CaCu,Oy (T, = 80 K), Terashima et al.133
reported that monolayer deep etch pits which were
~10 nm in diameter could be obtained by raising the
tunneling bias to 4.5 V for 1 s.

e. Other. GaAs surfaces prepared by MBE were
employed for SPL investigations by Dagata et al.'3
When an arsenic protective layer was grown on top
of the GaAs, stable patterns could be written, whereas
on Ga-terminated samples no structuring could be
performed. A further improvement was observed
when a 12 monolayer thick intermediate layer of
indium-doped GaAs was grown a few ML below the
surface. The authors suggested that indium, in the
form of In,03, segregates near the surface thereby
stabilizing the structures formed by the modification
procedure.

Sinnott et al.'® demonstrated theoretically the
feasibility of extracting hydrogen atoms from a
diamond(111) surface using a diamond tip terminat-
ing in an ethynyl radical (C=C"). It was further
predicted that tip crashes or the binding of the
reactive tip to defect sites would cause a loss of the
ethynyl group and thus deactivate the tip.

2. Organic Materials as Lithographically Active Layers

a. Organic Resists. Dobisz, Marrian, and co-
workers*136-143 performed lithography on thin (10—
50 nm) resist films (e.g., SAL601 from Shipley) in
UHYV using a STM and made comparisons to results
obtained using e-beam exposure of the same resists:
Using STM, circular nanostructures were seen for
excursions of the bias above ~8 V (tip-(+)).*® A well-
defined size dependence on the bias pulse amplitude
was also observed: For biases at the 8 V threshold,
nanostructures with diameters of 20 nm were ob-
tained and this diameter increased linearly with the
applied bias up to 60 nm for 30 V, see Figure 10. In
these experiments, no significant dependence of the
nanostructure size on the tip composition was found.
For purposes of comparison, a negative resist (SAL601)
was spin coated onto Si and GaAs substrates and
exposured using both the STM (conditions 10—50 V,
10—100 pA, 200 nC cm™1) and electron-beam (condi-
tions 50 kV, 10 nm).138 The smallest line width for
the e-beam technique was found to be 93 nm,
however, with STM lines with widths below 25 nm
were obtained. Both the quality of the modification
and the line width was found to depend on the
applied bias, the film thickness (between 30—50 nm)
and the substrate: GaAs appears to be less well
suited for high-resolution lithography because of the
greater surface roughness of GaAs. Another negative
resist, PABCMU (a polydiacetylene with pendant
urethane groups) was employed in similar experi-
ments.’*® The smallest features obtainable in this
case were larger (55 nm) than on Si, but still smaller
than the 80 nm features obtained by e-beam on the
same GaAs substrate.
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Figure 10. SEM micrograph of lines written with STM
in 30 nm thick film of the photoresist SAL601-ER7 (Shi-
pley) on a Si substrate. Lines were written with a bias of
15 V (sample-(+)) and a scan speed of 500 nm s~ After
exposure, the samples were annealed at 107 °C and
developed in a commercial reagent. For SEM imaging a
15 nm Au film was sputtered onto the samples. (Repro-
duced with permission from ref 140. Copyright 1991
American Vacuum Society.)

SALG601, a negative tone polymer resist, was also
investigated by Archer et al.'** These workers showed
that the application of biases above 10 V (tip-(+))
caused the formation of mounds 20—30 nm in diam-
eter and 1—1.5 nm in height, whereas applied pulses
with amplitudes below 9 V caused the formation of
grooves in the surface—apparently caused by me-
chanical contact of the tip with the surface.

A 50 nm thick film of a chemically amplified resist
(Si-CARL: chemical amplification of resist lines (with
silicon)), spin coated onto a layer of a conductive
organic polymer, was investigated by Kragler et al.14®
Patterning was performed in air with a STM using
biases of ~50 V (both polarities) and currents in the
10 pA range. A difference between the two polarities
was observed in terms of the “damage” imposed on
the surface: For tip-(—) biases, larger amplitudes
were required in order to mimic the behavior seen
at relatively low tip-(+) biases. For example, the
modification seen for a tip-(—) 50 V experiment,
would only be observed following development of the
resist, whereas in experiments involving either larger
tip-(—) biases or tip-(+) biases, the modifications
which were obtained could be seen by STM even prior
to development. The authors reported that the
energy required to induce full exposure of the resist
using the STM was ~10 mC cm~2, a value 3 orders
of magnitude higher than for high energy e-beam
lithography. On the basis of this analysis, it was
concluded that the low-energy electrons sourced in
the STM experiment are relatively inefficient at
transposing the photoactive molecules of this resist.

Park et al.1#6 used so-called spin on glass—a resist
based on a Si—O backbone with methyl groups as
organic components—as the lithographically active
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layer. This resist was spin coated onto Si(111) and
modified by applying a high voltage (70—100 V,
sample-(+)) pulses between a conductive AFM tip
and the surface while in contact. Whereas the latent
image could not be imaged with the AFM, after
etching in a buffered oxide etch (BOE), the written
pattern became visible as grooves with line widths
down to 40 nm. The authors noted that they were
able to write lines at a rate of up to 3 mm s~! with
100 nm line width.

Dobisz et al.»*” simulated STM-based lithography
involving resists using a method'#® which was orig-
inally developed for modeling field emission. The
system which was modeled consisted of a 20 nm
diameter sphere operating at a planar surface on
which a resist layer having a thickness of 5 nm was
deposited. In this simulation, electron scattering by
the resist was not considered. For this tip geometry,
spot sizes of the emission were found to be between
2 and 11 nm depending on distance between the tip
and the surface of the resist layer (5—20 nm) and
applied electric fields (1.9—5 V nm™1). Using a self-
assembled monolayer as a resist,*° the authors found
15 nm as the smallest feature size, suggesting that
real tip diameters were larger than the 20 nm
assumed in the simulation. A counter-intuitive
conclusion of these simulations was that a very small
tip—resist separation (allowing higher resolution)
may not be desirable as tunneling becomes unstable,
eventually leading to a tip crash.

b. Langmuir—Blodgett (LB) Films. The sys-
tem investigated by Stockman et al.'0-153 consisted
of a Si(111) surface on which a thin (25 nm) gold layer
was deposited by vacuum evaporation. On this gold
surface, four layers of w-tricosenoic acid were depos-
ited using the Langmuir—Blodgett (LB) method. A
STM, operating in field emission mode with biases
of 8 and 10 V (sample-(+)), was then employed to
pattern this surface by drawing lines at a speed of 1
um st using currents between 5 and 25 nA. Pat-
terned regions of the w-tricosenoic acid tetralayer
were rendered insoluble in ethanol, presumably due
to cross linking involving the terminal vinyl group.
Consequently, following a patterning experiment,
rinsing of the surface with ethanol removed the
w-tricosenoic acid resist layer only at nonexposed
regions producing a negative mask. Argon ion mill-
ing was employed to selectively remove the exposed
gold; regions underneath the cross-linked polymer
were unaffected. In order to test the quality of the
remaining gold, electrical resistivity measurements
at varying temperatures were performed. These
measurements showed a metallic resistivity vs
temperature dependence, thus confirming the success
of this experiment. The narrowest line width ob-
tained was 15 nm, determined mostly by the tip
shape. However, long and continuous lines (10 um)
could not be obtained with this minimum line
width. An example of this scheme is shown in Figure
11.

LB multilayers of PMMA (two, four, and six layers)
and monolayers of octadecanol (CH3(CH;)16CH,OH)
were used as resists by Xu and Allee!> on Au and Ti
surfaces. LB film-modified surfaces were exposed in
air with an STM using tungsten tips (Eg = 8—10 V
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Figure 11. SEM micrograph of a 15 nm wide gold line
obtained by patterning a w-tricosenoic acid monolayer-
modified gold surface using an STM. Exposure of this film
using an applied bias of —8 to 10 V and 20 nA, cross-linking
of the resist occurred rendering it insoluble in ethanol.
Following STM patterning, unmodified regions of the LB
film were removed by rinsing with ethanol, and argon ion
milling was employed to remove gold from regions exposed
by the rinsing step. Protruding gold lines, covered with the
cross-linked w-tricosenoic acid monolayer, were thereby
obtained. The length of the scale bar is 1 um. (Reproduced
with permission from ref 153. Copyright 1993 American
Institute of Physics.)

tip-(+), 1 = 0.5—3.0 nA). Octadecanol monolayers
functioned as negative masks in these experiments:
Nonexposed regions of the surface could be dissolved
by acetone, whereas exposed areas were insoluble.
Scanning Auger microprobe analyses revealed that
the remaining LB regions (i.e., exposed regions) were
covered by a contamination layer. PMMA LB films,
in contrast, behaved as positive masks: Etchants
(such as cyanide used for Au) caused the preferential
removal of areas which were exposed by the STM,
suggesting that the exposed and thus fragmented
areas were more susceptible to the “attack by
etchants”. An advantage of PMMA resists patterned
in air using the STM (as compared with conventional
in vacuo e-beam protocols) was that a separate
“development” step following the patterning of the
surface was not necessary. Development of the
PMMA resist causes a proliferation of the damage
initiated by the electron beam. The authors at-
tributed the stronger effect of STM patterning to
enhanced oxidation of the PMMA resist in the
proximity of the tip—sample gap.

Day et al.*®® reported that an LB monolayer of
stearic acid could serve as a mask for STM based
lithography on gold coated Si. The voltage threshold
for creating modifications to the monolayer was found
to be +4 V, and a negative mask was created by the
modification process: Removal of the LB film in
chloroform or acetone left only the patterned struc-
tures on the sample.
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Penner and co-workers'®6157 investigated the modi-
fication of Langmuir—Schaeffer-like bilayers of stear-
ic acid deposited on the graphite basal plane surface
using a STM in air. The application of bias pulses
(6 V either polarity x 50 us) caused the formation of
lumps and voids having typical dimensions of 10—
20 nm in diameter. The mechanism by which these
modifications were produced was not apparent.
Whereas lumps were persistent for hours, voids were
observed to refill with material on the time scale of
several minutes. This refilling was interpreted as the
viscous flow of molecules from the bilayer and, using
equations derived for the circular geometry of this
experiment, the time required for the refilling of
circular 10 nm diameter voids was used to calculate
the viscosity of the bilayer. The viscosity values
measured obtained using this method were in good
agreement with expected values.

An unusual localized charging effect at LB-modi-
fied Au(111) surfaces was reported by Yano et al.>8
using a combined STM and AFM approach. Upon
application of a triangular voltage pulse of 9 V tip-
(+) (3 ms), an enhanced conductivity of the surface
was seen by STM, despite the fact that AFM images
of the same region showed almost no difference in
topography. The reproducibility of this effect was
demonstrated by generating 100 nanostructures on
a 780 nm? area. Although the mechanism of this
modification process was not apparent, the authors
ruled out the possibility that metal might be field
evaporated onto the surface of the LB film from the
tip because the resulting metal nanostructures would
be visible in an AFM experiment.

c. Self-Assembled Monolayers (SAMs). The
selective removal of an alkane thiolate monolayer (n-
octadecanethiol on Au(111); evaporated on mica)
during STM imaging in air was reported by Kim and
Bard.’®® The imaging conditions employed to effect
removal of the alkane thiol layer involved the imposi-
tion of a small gap impedance of 1.0 MQ obtained
using Eg = 10 mV, and I+ = 10 nA. Under these
conditions, it is likely that the STM tip is in physical
contact with the monolayer and that a mechanical
removal mechanism is operating. More nonpertur-
bative imaging conditions (involving Eg = 1.0 V, and
I+ = 1 nA), however, caused the removal of the
thiolate monolayer when the same area of the surface
was repeatedly imaged. Pits and mounds could also
be formed with voltage pulses “a few seconds long”
and having a 3.0 V amplitude and a sample-(+) or
sample-(—) bias were applied, respectively.

Crooks and co-workers'®® investigated SAMs of
octadecyl mercaptan (CH3(CH>)17SH) on Au(111) for
use in lithographic STM applications. Repetitive
scanning of a small area with tunneling conditions
of Eg = 0.3V, I+ = 0.1 nA caused a visible modifica-
tion of the substrate involving the sweeping of
molecules to the edges of the scan window. At higher
Eg values of 3 V, complete removal of SAM material
within scanned areas was observed. In addition to
scanning probe evidence for this selective removal
process, electrochemical experiments independently
demonstrated the generation of clean gold “micro-
electrodes” on the otherwise electrochemically inac-
tive thiol-modified surface following the STM gen-
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eration of one or more etched regions. Specifically,
this experiment involved the STM etching of several
5 x 5 um? “windows” into the SAM, and the subse-
guent observation of Ru(NH3)3™2* cyclic voltamme-
try at the exposed gold surface within these windows
in aqueous solutions.

This group also studied the chemical vapor deposi-
tion (CVD) of copper onto SAM-modified surfaces. It
was observed that CVD copper deposition occurred
preferentially at regions of the thiol-modified gold
surface from which the thiol monolayer had been
removed by STM-“etching”; disproportionation of the
copper precursor, (hexafluoroacetylacetonato)copper-
(N—(1,5) cyclooctadiene, did not occur at thiol-modi-
fied regions of the surface.’6%.162 Copper-filled squares
with side lengths between 0.5 and 5 um were pro-
duced using this scheme.

STM was also employed by Xu and Allee'> to
pattern SAMs of octadecyl mercaptan (i.e., octa-
decanethiol) on GaAs surfaces. Exposure involved
imaging with a large Eg of 10 V (current = 0.5 nA)
and produced a positive mask: Etchants such as
ammonium hydroxide (NH,OH) and citric acid [HOC-
(CH,COOH),COOH] attacked only regions of the
GaAs-modified surface which had been imaged by the
STM. An increase in surface roughness of the GaAs
surfaces was observed following the etching step-
indicating that the SAM provided incomplete protec-
tion of the GaAs surface from these etchant solutions.

Marrian, Dobisz, Perkins, and co-workers163.164
have investigated a variety of SAMs—based both
on silane and thiol functionalities—for lithographic
applications at Si(100) surfaces. [[[(Aminoethyl)-
amino]methyl]phenethyl]trimethoxysilane [(CHz0)s-
Si(CH3),CsH4CH,NH(CH,);NH,, PEDA], [4-(chloro-
methyl)phenyl]trichlorosilane (Cl3SiCsH4CHCI,
CMPTS), and octadecyltrichlorosilane (C1gH37SiCls,
OTS) were self-assembled onto native silicon oxide
surfaces and patterned in UHV using an STM (see
conditions below). After patterning, both types of
resists were treated with Pd catalyst and a Ni-
electroless plating solution. Only in unexposed areas
did Ni deposition occur—indicating that the SAM
layers function as negative masks. In contrast, OTS
is a positive resist when used in combination with
50 keV e-beam lithography. The authors further
established threshold values for the applied tunnel-
ing bias necessary to perform the lithography: For
OTS this threshold was 10 V (sample-(+)), for PEDA,
8 V, and for CMPTS, 4V. These voltage threshold
values did not correlate with the known photochemi-
cal sensitivity of these materials. In this initial work,
the smallest transferred feature sizes were 20 and
25 nm; however, recent refinements of the method
by these authors have permitted an improvement of
the resolution to 15 nm.**® This higher resolution
was made possible by improvements to the level of
dispersion of the Pd catalyst on the surface. An
additional refinement involved the use of hydrogen-
terminated silicon in place of surfaces terminated
with a native oxide which were used in earlier
studies. A lowering of the threshold from 8 to 6 V
for PEDA was observed on such samples, likely
contributing to the narrower lines obtained following
exposure.
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A modified STM was used by Mduller et al.'%® to
perform lithography on both SAMs of n-hexade-
canethiol (CH3(CH);5SH) and n-docosanethiol
(CH3(CH)2:SH). The STM was equipped with a high
voltage power supply (which enabled the application
of bias pulses up to 200 V) and a fast x—y scan
generator. The monolayers were formed on polycrys-
talline Au films and patterned using an STM in UHV.
During patterning the tip was operated in field
emission mode with biases at around 100 V and
currents between 0.1—2.0 nA. These imaging condi-
tions produced a tip—sample distance of ~30 nm
which, in turn permitted scan rates of 30 um s™! to
be employed. Gratings were obtained consisting of
50—100 nm high lines having a period of 0.2 to 1.6
um. The smallest line width observed was 70 nm,
and a threshold dose for patterning under these
condition was established at 300 xC cm~2—comparable
to the thresholds seen for PMMA in e-beam litho-
graphic work.

Lercel et al.1%6167 studied SAMs of octadecanethiol
both on evaporated gold on Si(11) and GaAs(100)
substrates. As had previously been demonstrated,
this C;g thiol monolayer was found to be very stable
on gold and protective for 24 h against oxidation in
air even on GaAs surfaces. The localized modifica-
tion of this monolayer was accomplished by applying
a large imaging bias (4 V threshold) in a STM
configuration. Minimum line widths between 15 and
25 nm were obtained, see Figure 12. On gold
surfaces, the patterned SAM was used as a positive
mask for a Kl/I, etch. On patterned SAM-modified
GaAs, an etchant containing NH,OH, H,0,, and H,O
was found to be suitable. At applied biases below 4
V, modifications to the thiol-modified surfaces were
also observed; however, these modifications were
interpreted as mechanical in nature; apparently
caused by the proximity of the tip to the resistive
thiolate layer. Patterning in this low bias mode
yielded irreproducible results—in particular, continu-
ous lines could not be obtained.

d. Other Polymeric Materials. Polymers which
are not conventional resist materials have neverthe-
less been found to have useful properties for SPL
experiments involving electrical modification mech-
anisms.

A thin film of a very hygroscopic polymer, polyvinyl
alcohol (PVA), was prepared on a graphite basal
plane surface. By applying a pulse between the
tungsten tip and the coated sample in a STM con-
figuration in UHV and in air ambients, Tang et al.168
fabricated structures with sizes between 0.5 and 2
nm. A pronounced effect of the relative humidity
(RH) during PVA film preparation on the resolution
of the modification process was observed. Apparently
the polymer film could retain water even when loaded
into a UHV chamber as nanostructures obtained in
UHYV resembled those seen in air and in low humidity
air ambients (1-2 nm). At 100% RH, 0.5 nm
structures were observed. The threshold voltage for
structure fabrication increased from 2.9 V at 100%
RH to 5 V in UHV conditions, suggesting that
electrochemistry may play a role in the mechanism
of the modification process.
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Figure 12. NC AFM image of lines, written with an STM, in a self-assembled monolayer of octadecanethiol on GaAs. The
lines were produced using an imaging bias of 10 V (sample-(+)) and a tunneling current of 100 pA. The features shown are
2—4 nm in height. (Reproduced with permission from ref 166. Copyright 1994 American Institute of Physics.)

Bashkin et al.'®® reported the modification of thin
layers of hexamethyldisilazane (HMDS, [(CH3)s-
Si]:NH) on graphite. Hillocks were formed when a
sample-(—) pulse between 4 and 6 V and 0.1 ms
duration was applied. Also on an additional LB
monolayer of barium stearate [(C;7H3sCOO),Ba] on
top of the HMDS layer the same hillock formation
was observed. Pulsing with amplitudes higher than
6 V also altered the surrounding substrate.

3. Material Transfer Between Tip and Surface

Material can be locally transferred from a probe
tip to a surface (or vice versa) by a process which
bears a resemblance to the field evaporation of
materials seen in the field ion microscope (FIM).17°
SPL experiments of this type have been the focus of
much prior research. Particularly in air ambients,
however, other mechanisms (e.g., tip contact, elec-
trochemistry) have been found to contribute to mate-
rial transfer in addition to the field evaporation
mechanism which is important in UHV. This is
indicated, for example, by experimental findings that
the threshold field strength required to effect transfer
of several metals are uncorrelated in SPM-induced
versus FIM-based experiments. Several reviews of
the SPM literature in this area have been published
by Tsong,'"* Lang,'”? and recently by Gratzke and
Simon,”® see below.

Gratzke and Simon'” have focused attention on the
mechanisms which might contribute to the transfer
of metal atoms between a metal tip and surface
during the application of a bias pulse in UHV. An
early example of such an experiment was the deposi-
tion of gold mounds on a gold surface using a gold
STM tip by Mamin et al.?’#1"> Gratzke and Simon
asserted that field evaporation cannot supply the
necessary number of Au atoms (that is, the number
required by the size of the mounds which are experi-
mentally obtained) in the requisite time (i.e., the
duration of the bias pulse). For example, Binh and
Garcia'’® have calculated that an ion current of 10°

s~tis induced by a field of 10 V nm~* (approximately
equal to the field present in the STM experiment).
This flux is insufficient to supply ~500 Au atoms in
10 ns as seen, for example, in the experiments of
Chang et al.1”” Other mechanisms can also be ruled
out either based on the results of calculations, or
because experimental data does not provide evidence
for the operation of these mechanisms: Joule heat-
ing-induced melting of the tip and tip deformations
caused by electrostatic forces are two such mecha-
nisms which are given consideration in that review.
On the basis of the improbability of these other
mechanisms, Gratzke and Simon proposed a new
mechanism based on the Nottingham effect: The
energy difference between electrons which leave the
tip during tunneling and the electrons from an
external circuit which replace these electrons is
dissipated as phonons in the tip causing heating. The
calculations of the authors’ confirm that the rise time
of the temperature to the melting point (of gold, for
example) is of the same order of magnitude as the
experimental pulse width. However, further experi-
ments are necessary to decide the validity of this
hypothesis, and further refinement of this model is
also necessary. Joule heating and the Nottingham
effect have been discussed also by Xu et al.1"®

As already noted, since the original work of Mamin
et al.,'’417> material transfer between a gold tip and
a gold sample has been the subject of several stud-
ies: Chang et al.*”” found that in UHV STM experi-
ments, tip-(—) pulses produced both pits and mounds
with the same probability. This result is consistent
with evaporation from both the tip and the sample
with approximately equal probability, and leads to
the expectation that similar statistics should be seen
using a tip-(+) pulse polarity. However, a quick
degradation of the tip was observed in this case. The
different behavior seen with pulse polarity was
explained in terms of the “regeneration” of the tip. If
the tip is negatively biased, electrons are sourced by
a relatively small area of the tip very near the apex.
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Figure 13. STM image of gold structures on silicon. The mounds were obtained by applying voltage pulses (12 VV amplitude,
50 us duration) between a gold STM tip and the hydrogen terminated Si(111) substrate resulting in material transfer
from the tip to the sample. The structures in the corners of this image were produced with the tip biases negative with
respect to the surface during the pulse; the center structures with the tip positive. Typical dimensions are 100 nm in
diameter and 20 nm in height. (Reproduced with permission from ref 186. Copyright 1994 American Institute of Physics.)

With a positive tip bias, on the other hand, the
“blunt” sample surface generates a relatively diffuse
stream of electrons which impact the tip over a
relatively large area. Consequently, the current
density in this geometry can be too small to cause
the level of tip heating required for melting and
regeneration. The authors also observed a broad size
distribution for both pits and mounds, and a sharp
threshold for the modification process with tip-(—)
bias: A 100% efficiency of modification was seen with
a 3.9 V pulse height, whereas 3.2 V pulses almost
never created a pit or mound.

These conclusions were substantially confirmed in
the work of Ohi et al.*”® However, these workers did
not report pits for pulses having a sample-(—) bias.
The broad distribution of mound sizes, however, is
explained as follows: The rapid transferal of atoms
from the tip to the surface results in the formation
of a gold “bridge” or “neck” from the surface to the
tip because the rate of the deposition exceeds the time
response of the feedback circuit. The current tran-
sient associated with this momentary short eventu-
ally (in a few ns) causes the retraction of the tip and
the breaking of the gold bridge. The shape of the tip
and the amount of atoms transferred in this process
are obviously determining of the final shape of the
generated structure and can also explain, qualita-
tively, a large fluctuation in the shape and size.
Related work involving quantum point contacts has
been reported by Pascual et al.1&

Mascher and Damaschke!® reported a threshold
field of 3 V nm™1 for the Au—sample/Au—tip system
for experiments performed in air. These workers
showed that by applying a triangular pulse with
amplitudes between 3.5 and 5 V and a duration of 1
s, the above mentioned erratic behavior of mound and
pit formation was overcome: Triangular pulses with
sample-(+) bias exclusively formed pits, whereas
pulses with sample-(—) bias formed hillocks only.

The patterning of gold surfaces using Pt/Ir tips has
also been reported by Bessho and Hashimoto.'8? In

these experiments, a voltage threshold for pit forma-
tion in air was 2.2 V [sample-(+)], and a 90% success
rate was obtained at 3 V. Mounds were obtained
with sample-(—) pulses and the same voltage values
for both threshold and 90% success rates were seen.
Mounds, generated using sample-(—) pulses, could be
removed by applying a second sample-(+) pulse in
some cases. The authors attribute this behavior to
characteristics of the Pt/Ir tips used in these experi-
ments.

Lebreton and Wang*® wrote letters (appearing as
grooves) ~30 nm in height on gold surfaces using Pt/
Ir tips in air. A humidity of at least 18% was
required for successful patterning and the patterns
written in the gold surface remained stable over
several days in dry nitrogen environment.

Tungsten tips were employed by McBride and
Wetsel.'® They also were able to produce both pits
and mounds depending on the polarity of the pulse.
The mounds, however, adhered poorly to the surface.

Schaub et al.'8® further investigated hillocks cre-
ated with STM tips made of Fe, Ni, and Pt.

Penner and co-workers'®® investigated lithographic
processes at hydrogen-terminated Si(111) surfaces
using gold and copper STM tips in air and in N;
ambients. By means of scanning Auger microprobe
analyses, it was demonstrated that for sample-(+)
pulses, metallic structures having typical dimensions
of 20-50 nm in diameter and 1—5 nm in height could
be formed, as shown in Figure 13. Typical pulse
parameters were 5—20 V (amplitude) and 2 us to 2
ms (duration). Structures were also obtained using
sample-(—) pulses; however, these protrusions were
not stable to repeated STM imaging and Auger
analysis did not indicate the presence of metal on the
silicon surface. On the basis of the SAM analyses,
the authors proposed that the structures obtained
using sample-(—) pulses consisted either of contami-
nants or of oxidation products of the silicon surface.

Au STM tips were used by Hosaka et al.*®” to write
“Tbit” onto SiO, with 0.5 um gold letters consisting
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Figure 14. STM image of a nickel line on silicon which was fabricated using the CVD scheme with Ni(CQO), as precursor
at a base pressure of 5 x 107 Torr. A writing bias of bias 15 V (sample-(+)), and current of 2.0 nA, were employed at a
velocity of 190 nm s™1. The tip was rastered several times along this line in order to produce a continuous line, resulting
in a effective writing speed of 10 nm s™1. The line is 14 nm high and 6.2 um long with an apparent width 40 nm (measured

as FWHF). (Reproduced with permission from ref 357.)

of mounds with a ~20 nm diameter. In contrast to
the experiments described above, thresholds were
sample-(+) 70 V and sample-(—) —40 V; values in
agreement with theoretical values for field evapora-
tion despite the fact that these experiments were also
performed in air. In later work, these authors also
showed that using smaller bias pulse amplitudes (10
V), the deposition of gold particles was possible.1?7-188

Hosaka and co-workers have also employed gold
covered AFM tips to pattern gold surfaces in air.
Reproducibility was similar to that seen in the prior
STM experiments of this group.18®-1°1 |n addition to
gold surfaces, this group also deposited gold struc-
tures on the graphite basal plane using the same
technique. For bias pulses having a small amplitude
sample-(+) 5 V, pits in the graphite surface were
obtained and, upon increasing this amplitude to 10—
25 V, mounds were obtained.®> A theoretical treat-
ment of field emission confirmed the feasibility of this
process. The threshold voltages predicted by this
theory did not agree well with experiment, but these
differences were attributed to the imprecision with
which the tip—sample distance was known. This
theory also predicts a lower threshold voltage for gold
atom transfer using a negative tip bias as compared
with a positive tip bias.

Lozovik and co-workers!®3 suggested the following
experiment for nanoscale lithography: Ina STM con-
figuration tips are employed made of a metal that is
able to adsorb larger amounts of hydrogen, e.g., Pd.
When a pulse is applied between sample and tip,
hydrogen will be emitted from the tip and can cause
local chemical and/or physical modification on the
surface.

Pérez-Murano et al.’®* used tapping mode AFM
with gold-coated tips to pattern silicon surfaces with
small gold mounds by applying 5 V sample-(+)
pulses. With a 100 k2 resistor in series, current was
limited and the authors observed mound formation
but did not attribute these to gold deposits but to
oxide formation. This was seen after subsequent
etching that resulted in pits for this case, whereas
when gold was deposited mounds would remain.

Shekhawat et al.*> used Al STM tips to fabricated
lines onto a hydrogen terminated p-type Si(100)
substrate. Lines were generated in air by applying
a bias of 3.5 V and current of 2 nA. The authors
further claimed that tunneling spectroscopy revealed
metallic characteristics of the lines and therefore
suggested that these lines (10 nm wide and 21.5 nm
high) consist of Al.

4. Chemical Vapor Deposition

The first SPL experiments in which gas-phase
CVD-like precursors (volatile metal organic com-
plexes) were reacted using an STM were reported by
the research groups of de Lozanne!®® and Mc-
Cord®®7:1%8 in the late 1980s. A pervasive problem in
the early experiments of this type was the high levels
of carbon incorporated into metal nanostructures
prepared by CVD. This contamination was derived
from the organic ligands which are required to confer
volatility in metal-containing precursors. As indi-
cated in the synopses which follow, this problem has
now been defeated for several metals. An example
of structures obtained using this CVD scheme is
depicted in Figure 14.

CVD deposition has been extended to reactive
metals, including aluminum and tungsten.
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Baba and Matsui*® reported that sample-(—) pulses
having a 4 V amplitude caused the precursor gas,
WF¢ (4.5 x 1078 Torr), adsorbed on a Si(111) surface,
to be dissociated. Pulses having the opposite bias,
on the other hand, produced only carbonaceous
deposits derived, presumably, from contamination in
the vacuum chamber.

Trimethylaluminum (TMA, 1074 Torr) was em-
ployed by Yau et al.?® to create Al deposits on
graphite surfaces. A threshold voltage for this depo-
sition was found at 3.5 V. At higher biases, pits were
formed in the graphite (see b) and metal deposits
were not observed.

De Lozanne and co-workers have refined their
original CVD methodology and demonstrated that
high purity metal nanostructures are accessible using
this technique. For example, de Lozanne and Rubel
et al.?017204 jnvestigated CVD processes with NiCOg
as precursor. Typical parameters were 107° Torr
NiCOg, 15 V bias, and a writing speed of 10 nm s™.
Lines with minimum dimensions of 24 nm wide and
4 nm high were obtained. Long lines, having uniform
dimensions were reported to be difficult to obtain.
Auger analyses revealed that the formed structures
were up to 95% Ni. In order to investigate the
electrical properties of lines fabricated with this
technique, the authors attempted to draw lines
between prefabricated contact pads. For this purpose
a high-resolution tip positioning system was imple-
mented, and for these experiments, a combined STM
and SEM was used. Four probe resistance measure-
ments were performed as a function of temperature,
and an estimation for the resistance of a single Ni
wire was 25 uQ c¢cm.205

Similar precursors were used by Kent et al.206:207
to fabricate an array of several hundred iron struc-
tures on a silicon substrate using gaseous Fe(CO)s.
These particles were employed for investigations of
the magnetic properties as a function of the particle
size. Experimental parameters were as follows: Eg
= 15 V (sample-(+)), I+ = 50 pA, Peeco), = 3 x 1075
Torr. Auger spectroscopy revealed a minimum iron
content of 50% in these structures. The application
of sample-(—) pulses resulted in the deposition of
structures having a composition of 10% iron and 90%
carbon. This difference in composition suggested the
existence of two different decomposition modes for
the precursor: Electron bombardment of the precur-
sor molecules for sample-(+) biases, versus field-
induced reaction with sample-(—) polarity.

Iron-containing nanostructures have also been
deposited using ferrocene as a precursor by Thibau-
dau et al.?® The following experimental findings
were reported: At a threshold bias of 1.7 V [sample-
(—)], ferrocene pressure in the chamber could be
varied between 107* and 1072 Torr and the writing
efficiency was found to be independent of the tun-
neling current within 0.04—4.0 nA. Letters, 30 nm
high and 3 nm wide—consisting of a string of
particles—were deposited. The authors predicted
that the structures possessed a composition of ~1:1
Fe:Si, however experimental proof of the composition
was not available.

Palladium was deposited onto p-Si(111) using al-
lylcyclopentadienyl palladium (Pd(CsHs)(CsHs) as a
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precursor by Saulys et al.?%® Deposition occurred on
both tip and sample depending upon the polarity of
the applied bias and was performed in an UHV
chamber with 4 x 107! Torr base pressure and an
estimated pressure of the precursor of 107® Torr.
Deposition on the sample was seen when reimaging
the surface, whereas Pd deposition on the tip was
deduced to occur based on improvements to the
imaging resolution. Line drawing was performed by
means of rastering the tip along one line for several
times at a 3—4 V bias. These lines, having apparent
widths of 50 nm and heights of 10 nm, were found to
be discontinuous (as was apparent from topographi-
cal images) and to consist of a series of dots.

In addition to metals, the nonmetals gallium and
silicon have also been deposited using the CVD
strategy in three previous instances:

Uesugi et al.?’® employed physisorbed gallium
precursor to deposit Ga on Si(111) surfaces. Rather
than maintaining the precursor gas in the UHV
chamber at a certain pressure—the practice in all of
the experiments involving metal deposition above—the
authors exposed the H-terminated Si(111) surface to
10* Langmuirs of triethylgallium (TEG) and then
evacuated the chamber. Dots with apparent diam-
eters between 2 and 13 nm were produced by the
application of sample-(—) pulses having an amplitude
of at least 2.5 V. No structures were obtained for
sample-(+) pulses. The authors suggest that under
the influence of the electrical field the weak Ga—C
bond of the TEG molecule breaks and reactive Ga
atoms bond with Si atoms of the sample surface.

Rauscher et al.?'* operated a STM in field emission
mode (Eg = 40V, I+ = 30 pA) to crack SiH,4 precursor
molecules at a Si(111)-(7x7) surface. The exact
composition of the fabricated deposits was not re-
ported in this paper, but the presence of Si—H species
was expected. Structures with heights between 0.4
and 5 nm with apparent widths of 40 nm were
observed. The site selectivity of the fabrication
process was imperfect since deposited material was
observed up to 200 nm from the position of the tip
on the surface. This absence of site selectivity was
attributed to the transport of “activated” SiH, mol-
ecules away from the tip—sample gap prior to deposi-
tion as a consequence of cracking. A rough calcula-
tion showed that the efficiency of the cracking process
should at least be 15%. A linear relation between
amount of deposited material and deposition time
(bias at 40 V) was observed, indicating that the
deposition rate is constant.

Nanolithography based on the decomposition of
SiH4 was also investigated by Wong et al.?*?> who
fabricated discontinuous lines 2—5 nm in width and
<100 nm in length. These workers emphasized the
importance of the tungsten tip in the process and
suggested that SiH, is fragmented at the tungsten
surface under the influence of the applied field. This
field further induces surface diffusion of the silane
fragments to the apex of the tip where they are field
evaporated to the sample. Shielding effects of the
tip were also reported.

5. In Situ SPL in Liquids

In situ SPL experiments in liquids usually involve
either of two types of electrochemical processes which
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can be directed in a localized fashion at a conductive
surface using an STM (or AFM) tip: Deposition
reactions involve the localized electrochemical syn-
thesis of a material on the surface, whereas etching
reactions are those which result in the localized
removal of material from the surface.

The field-assisted etching of Si(100) and GaAs(100)
surfaces was observed by Nagahara et al.?** A STM
was operated in the so-called two-electrode mode?'4
with a bias of 1.4 V (tip-(+)) and a current of 1 nAin
0.05% HF (with a Pt/Ir tip). Etched scan windows
could be observed in the repeated imaging of an area.
The etch rate was observed to be dependent upon the
scan speed, i.e., the dwell time of the tip over a
particular region of the sample. The authors scanned
varying areas with the same nominal scan rate of 10
Hz and found that when the “image acquisition rate”
was greater than 28 000 nm? s, no modification of
the sample surface could be discerned. The smallest
etched structures had linewidths of 20 nm and depths
were 1-5 nm. Mechanical ablation of the surface by
the tip was ruled out as a mechanism for this
lithography because etching was not observed in
other electrolytes such as pure water or dilute H,-
S0O,4. The importance of the applied field was dem-
onstrated using experiments in which the tip was
retracted from the surface by 50 nm, thereby lower-
ing the applied field by at least 1 order of magnitude.
Under these circumstances, the etching of these
surfaces was not observed.

The etching of Si(100) surfaces was also investi-
gated by Ye et al.?!® using a four-electrode STM?14
operating in 10 mM HF. In these experiments, the
silicon surface was modified using either anodic and
cathodic positive potentials, i.e., below 1 V vs NHE
or above —0.5 V. The authors assume that in the
case of negative sample potentials, the surface gets
attacked by the HF under the influence of the electric
field between tip and sample causing localized dis-
solution of Si. With positive voltage pulses, apparent
depressions were formed, but the authors assumed
that these depressions were not purely topographic
but also electronic in nature due to the formation of
silicon oxide on the sample.

Li and Crooks et al.?*® observed the selective
dissolution of a Au(11l) surface in F~ and CN-~
containing electrolytes. Using tunneling conditions
of Eg = 0.1 V (tip-(+)) and I+ ~ 0.5 nA, etching was
not observed in 0.1 M KF solutions at the open circuit
potential (OCP) of the surface (ca. +200 mV vs Ag/
AgCI). However, at —150 mV vs Ag/AgClI the nucle-
ation and growth of monoatomic deep pits was
observed. Imaging larger areas showed that pitting
was confined to regions of the surface which had been
previously imaged. In 0.001 M KCN, 0.1 M KOH
solutions, and using similar tunneling conditions, the
gold surface was stable at potentials below —770 mV
vs Ag/AgCI, whereas at potentials above —520 mV,
dissolution was again observed. The authors further
observed that a positive bias (tip vs sample) acceler-
ated the dissolution process, whereas a negatively
biased tip locally retarded dissolution.

Using an AFM in contact mode, Chen and Guay?'’
showed that aluminum surfaces could be locally dis-
solved. Both bulk polycrystalline Al surfaces, and Al
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films evaporated onto glass surfaces were employed
for these studies. Upon repetitive scanning of the
Al surface using a force of ~200 nN for 2 hin 0.1 M
NaCl, depressions were formed in the sample which,
for evaporated Al surfaces, extended to the underly-
ing glass substrate surface. In pure water ambients,
no modification of the aluminum surface was seen
using identical imaging conditions, whereas in 1.0 M
NaCl, the dissolution process was not spatially
selective—corrosion of the entire aluminum surfaces
was instead observed. The authors proposed that the
AFM selective etching effect was induced by the
dissipated energy from tip—sample frictional forces.

As first demonstrated by Albrecht et al.1%! (see the
section on layered or van der Waals Materials), the
application of an STM bias pulse while tunneling at
a basal plane graphite surface can cause the forma-
tion of pits in the surface. The characteristics of this
STM-induced pitting of graphite surfaces was studied
in liquid ambients by Penner, Heben, et al.?'821° |n
aqueous electrolyte solutions, a threshold level of 4
V for pit formation was seen, and this threshold was
independent of the bias pulse polarity, and the
tunneling conditions (within the range explored by
the authors). This fact argues for a nonelectrochemi-
cal mechanism for this modification process. At the
4.0 V threshold required for pit formation, small
mounds having dimensions of 0.7 nm wide and 0.22
nm deep were sometimes seen, whereas pulses with
larger amplitudes formed pits with diameters of 2 nm
or more. The depths of the pits was usually one or
two graphite monolayers. Although the mechanism
of this pitting reaction was incompletely understood,
the presence of water was required: Attempts to
effect pit formation in dry, nonaqueous solvents
(including acetonitrile and methanol), and in dry N,
gaseous ambients failed.

Metal plating is the most straightforward, and the
most studied, type of deposition. It is therefore not
surprising that most initial forays into the area of
SPL electrochemical deposition by several groups has
involved attempts to locally deposit metals using the
STM.

Li and Penner et al.??°-223 have used the bias pulse-
induced pitting of graphite to prepare nucleation sites
which facilitate the deposition of metal (Ag and Cu)
nanostructures. Silver and copper particles (having
dimensions of 20—50 nm diameter x 1—7 nm height)
were deposited at graphite surfaces immersed in
dilute ([M"*] ~ 0.5 mM) metal-plating solutions by
applying bias pulses in a two-electrode STM config-
uration; an example is shown in Figure 15. Ex situ
scanning Auger microprobe analyses confirmed that
the nanostructures deposited using this method from
silver electrolytes were composed of silver. The bias
pulse consisted of an initial voltage spike (sample-
(), 6 V x 5 us) which caused the formation of a pit
on the surface, followed immediately by a 3 V x 50
us pulse which induced metal deposition at this pit.
By varying the concentration of the metal ion in the
electrolyte, it was demonstrated that dissolved metal
ions do not supply the growth of metal nanostruc-
tures in these experiments. Instead it was experi-
mentally demonstrated that an under-potentially
deposited (UPD) silver monolayer??42?5>—adsorbed at
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Figure 15. STM image of a silver line on graphite
acquired in aqueous 0.1 M AgNOQOs;. This line was formed
by applying a series of bias pulses between the platinum
STM tip and the HOPG sample with a small lateral
movement of the tip between each pulse. Each write pulse
sequence consisted of a 6 V x 5.0 us initial pulse (pit
formation) followed immediately by a 3 V x 50 us pulse
(metal deposition) with the tip positively polarized in both
cases. The height of the structure is about 1 nm.

the platinum STM tip—provided the precursor silver
required for the creation of silver nanostructures in
these experiments. The silver in this monolayer is
alternatively stripped (during nanostructure growth),
and replenished by adsorption of Ag™ from the
electrolyte solution (during the intervals between
nanostructure deposition). Monte Carlo simulations
of the deposition process confirmed the feasibility of
this mechanism, and additional electrochemical ex-
periments addressed issues relating to the Kinetics
of regeneration of the silver UPD layer, and the
chemical nature of this layer at the surface of the
platinum STM tip.

Will et al 2267228 ysed a STM, operating in the four-
electrode mode, to locally deposit copper nanostruc-
tures on gold surfaces from dilute copper plating
solutions. Before applying a potential step to the
substrate, the initial potentials of Au(111) sample
and tip were chosen such that an UPD monolayer of
Cu existed on the Au substrate (+9 mV vs Cu/Cu?").
The tip bias relative to the sample was adjusted to
insure that excess Cu also existed on the tip (—30
mV vs Cu/Cu?"). From these initial conditions, the
sample potential was stepped briefly by +50—90 mV
causing a momentary inversion of the tunneling
bias—and, of course, two excursions of the bias
through 0.0V. These “zero crossings” are believed to
provide the means by which the tip is moved gently,
and momentarily, into contact with the sample
surface allowing a cluster of copper atoms to be
transferred from the tip to the surface. The electro-
chemical disposition of the tip and sample at the
beginning of this experiment (specified above) are
crucial to its success. If, for example, copper is not
present on the STM tip, no clusters are deposited. It
was further shown that the size of the clusters could
be varied with varying the pulse amplitude; surpris-

Nyffenegger and Penner

ingly with smaller pulse widths leading to larger
structures. These clusters had heights of 0.4—1.5
nm, and apparent widths of 5—8 nm. Clusters could
be produced in rapid succession (>10 Hz) and placed
within 10 nm of each other.

In addition to the STM, the scanning electrochemi-
cal microscope (SECM??°) has also been employed for
the local electrochemical deposition on surfaces.
Shohat and Mandler?¥° used the SECM to create Ni-
(OH)2 nanostructures in a scheme involving the
perturbation of the local pH. Methyl viologen (N,N'-
dimethyl-4,4'-bipyridinium dichloride) was used as
a redox couple in an aqueous nickel containing elec-
trolyte buffered at pH 5.5. Feedback current—as-
sociated with the reversible oxidation of MV** to
MV?2* at the platinum surface, and rereduction to
MV*t at the tip—permitted the operation of the
SECM in the so-called positive feedback mode (see
ref 231 and references cited therein). The oxidation
reaction of MV** at the sample surface, however, also
involves removal of a proton from the electrolyte (by
hydrogen reduction), causing a local increase of the
pH which was sufficient to promote deposition of Ni-
(OH),. Lines roughly 80 and 150 xum wide were
fabricated using a 50 um tip and lateral scan rates
between 0.1 and 1 um s™%, respectively. The plati-
num surface itself played a crucial role in this
experiment—on glassy carbon surfaces, for example,
no Ni(OH), deposition was observed.

Meltzer and Mandler®? used a SECM to locally
deposit gold from a gold UME onto a indium tin oxide
(ITO) substrate. The first step of this process in-
volved the anodic dissolution of gold at the UME in
the presence of Br~. At the ITO surface, the gold
complex AuBr,~ was reduced leading to a gold
deposit. This deposit consisted of dots of roughly 1
um diameter. If the tip was moved along the surface,
lines with could be written. The resolution in this
and other SECM experiments was believed to be
limited by the size of the UME. The quantity of gold
deposited per dot was sufficiently small (as calculated
from the feedback current) to permit the UME to be
used for lithography for an extended time.

LaGraff and Gewirth?33.234 described a fundamen-
tally different approach involving the localized re-
moval of a passivation layer on an immersed metal
electrode surface using the tip of an AFM. The
specific system of interest was a Cu(110) surface
immersed in HCIO, (pH 2.45)/107°5 M Cu and main-
tained at open circuit potential (280 mV vs NHE).
Upon applying a higher imaging force of 25 nN (in-
creased from 5 nN), a sample-(—) 70 mV pulse caused
the localized deposition of Cu. In previous work by
this same group,®® the existence of an epitaxial oxide
adlayer on the copper surface has been demonstrated
under the conditions existing in the lithography
experiments. This oxide adlayer apparently sup-
pressed the deposition of copper which, at lower pHs
where this layer is absent, occurs at small negative
overpotentials. However when this adlayer was
disrupted by imaging at an applied force of 25 + 5
NN, copper electrodeposition promptly occurred within
the scanned region and nanostructures, having heights
of 40—60 nm, were obtained. Lateral dimensions
could not be given precisely due to tip convolution.



Surface Modification Using SPM

In addition to metals and metal oxides, polymers
have also been electrochemically synthesized in a
localized fashion on surfaces using the STM. The
focus in experiments of this type have been the
electronically conductive polyheterocycles (e.g., poly-
pyrrole, polythiophene). In principle, the synthesis
of these polymers is easily implemented using the
STM because polymerization is initiated and propa-
gated simply by poising either the tip or sample
potential sufficiently positive to cause the electro-
chemical oxidation of the appropriate monomer. The
first experiment of this type—and the only example
of SPM-induced localized polymerization prior to
1991—was an experiment in which an aniline-
containing Nafion layer on a platinum surface was
reacted using the tip of a SECM.2%¢

Since 1991, many additional cases have been
reported, and high resolution for this type of SPL
process has been demonstrated. Polypyrrole (PPy)
was singled out for investigation by Sasano et al.?®"
In a pyrrole containing electrolyte (0.01 M pyrrole,
0.003 M LiCIlQ4 in propylene carbonate), structures
30 nm in diameter were formed on HOPG basal plane
surfaces as follows: The sample was potentiostatted
slightly negative of the polymerization threshold and
the tip was poised at a potential slightly positive of
this value for several minutes. Although these
conditions would appear to favor electrochemical
deposition of PPy on the tip, this difficulty was not
reported. Instead, after applying these potentials for
5—15 min, cluster-like structures were found on the
sample.

Yang et al.?®® applied pulses over a wide voltage
range (3—7 V, 1—-10 s) to effect the localized polym-
erization of pyrrole on Au(111) surfaces from solu-
tions of aqueous 0.04—0.05 M pyrrole and 0.02—0.05
M (C;Hs)4sN-BF4. These workers also reported that
upon application of a pulse with the opposite polarity,
fabricated structures could be removed. Macroscopic
analogies to this removal at positive potentials do not
exist for PPy and the nature of the removal process
is therefore unclear. A distinguishing characteristic
of this work was the excellent reproducibility of the
modification process which was demonstrated. In
one case, the pulse-to-pulse reproducibility enabled
the word “Science” to be spelled out on a gold surface.

A similar approach was undertaken by Yaniv and
McCormick?® who reported the use of sample-(+)
bias pulses of 7.5 V amplitude and 250 ns duration
to fabricate PPy structures having typical dimensions
of 50 nm on the HOPG basal plane.

As already noted, the SECM has also been em-
ployed for localized polymerization experiments. PPy
lines having a 50 um width and a length of up to 1
mm were deposited on Au-coated glass surfaces from
dilute pyrrole-containing electrolyte solutions by
Kranz et al.®?4 For polymerization, the SECM was
operated with the probe—a 10 um UME—as a counter
electrode and a Ag/AgCIl reference electrode. A
programmed pulse sequence was applied that in-
cluded firsta 1.2 V x 2 s pulse that initialized pyrrole
oxidation. This pulse was followed by a 0.85 V x 1
s pulse to complete oxidation, and a final 2 s period
at the imaging bias (0.35 V vs Ag/AgCI) to allow
reequilibration of the monomer concentration in the
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vicinity of the tip. The tip was moved during the
application of this pulse train at a speed of 2.6 um
s~1 and lines having the above-mentioned dimensions
were obtained by repeating each scan five times.

Borgwarth et al.?*! used SECM to locally polymer-
ize a thiophene derivative (2,5-bis(1-methylpyrrol-2-
yhthiophene). The molecules were deposited as
monomer onto an ITO surface by evaporation and
then locally polymerized using the SECM in aqueous
0.1 M KBr/0.9 M Na,SO,. This was accomplished by
electrochemically oxidizing bromide to bromine at the
tip; this bromine then diffused to the surface and
oxidized thiophene monomers to initialize the polym-
erization to polythiophene. Lines, approximately 20
um in width and more than 100 um in length, were
fabricated with the 10 um SECM tip. A distinguish-
ing characteristic of this experiment was the fact that
the sample surface played no role in the polymeri-
zation process. Oxidizing equivalents were delivered
to the adsorbed thiophene via bromine which was
created (from Br~) at the tip. Following patterning
experiments, residual (nonoxidized) monomer could
be removed using either acetone or acetonitrile
leaving PPy lines having a width of 20 um. This
resolution was attributed to diffusional broadening
caused by the diffusion of the bromine away from the
UME tip before reaction with the monomer.

The localized polymerization of aniline at graphite
surfaces using an STM was investigated by Nyf-
fenegger and Penner.?*2 A sequence of two pulses
were applied in order to generate each PANI nano-
structure (~10—30 nm diameter x 0.5—5 nm height)
in these experiments: An initial 6 V x 5 us [sample-
(+)] spike caused the formation of a pit on the
graphite surface (see above) and a second 3 V x 50
us pulse induced the polymerization of aniline at this
pit. PANI is known?43244 tg exhibit an oxidation state
dependent volume: The oxidized form of the polymer
had a larger volume than the reduced form of the
polymer. In situ measurement of the particle volume
as a function of potential demonstrated that indi-
vidual nanostructures prepared using this procedure
also exhibited this property, indicating that these
particles were, in fact, PANI. As in the case of the
silver deposition experiment reported by this group
(see above) it was demonstrated using Monte Carlo
simulations that the flux of dissolved aniline mol-
ecules at the reaction site (i.e., the pit) integrated
over the 50 us duration of the experiment, was
insufficient to supply the quantity of aniline required
to support PANI nanostructure growth. On the basis
of this analysis, and other experimental data for this
system, a physisorbed layer of aniline at the graphite
surface was postulated to provide the primary source
for “precursor aniline” for nanostructure growth in
these experiments. Qualitatively as expected, the
success rate for STM-directed PANI deposition was
observed to depend sensitively on the electrochemical
potential of the graphite surface with a maximum
in the success rate coinciding with the potential of
zero charge of the graphite surface.

6. Atomic-Scale Modification Processes

In this section—for the reasons already discussed
in the introduction—we briefly list work which has
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been published without attempting a description of
the experiments contained in each contribution. All
of the following experiments were performed in UHV.
A typical example is shown in Figure 4.

The low-temperature manipulation of atoms and
molecules has been reported by Eigler et al.”:8245246
and has been summarized, e.g., by Stroscio and
Eigler.2#

Meyer et al.?*8-2%0 have also described the manipu-
lation of single atoms at low temperatures and
demonstrated writing capabilities.

Cesium structures on GaAs and InSb were fabri-
cated by Whitman et al.?5!

Lyding and co-workers?52-2%* desorbed hydrogen
from the Si(100)2x 1 monohydride surface at the near
atomic level by applying 4.5 V [sample-(+)] pulses.
No modification was observed with pulses up to 10
V having the opposite polarity. Line widths of less
than 1 nm were obtained. Upon exposure to O, only
the depassivated, i.e., hydrogen free, pattern was
“affected”, as seen by comparing the patterns before
and after exposure. NH; was also found to repassi-
vate the exposed area.

Lyo and Avouris?35-258 were able to remove a single
silicon atom from the Si(111)7 x 7 surface by applying
a voltage pulse between tip and sample in a STM
configuration. A silicon atom could subsequently be
reinserted into this vacancy by applying a second
pulse having the opposite polarity. Hasegawa and
Avouris?®%25 removed single atoms from a recon-
structed Au(111) surface. The vacancies produced by
this process caused both short-range and long-range
modifications of the 22 x +/3 reconstruction of this
surface.

Also on the Si(111)7x7 surface, Aono and co-
workers?60-264 jnvestigated the influence of tip com-
position on the nature of the modification produced
by bias pulses. These workers reported that the
transfer of Si atoms from the surface to the tip occurs
with an exponentially decreasing probability even
after the bias pulse has been turned off.?61 A tip
material dependence of the critical bias (field) was
observed and correlated with the respective work
function of the tip material: Low work function
metals (Ag, W) exhibited a higher threshold than
high work function materials such as Pt and Au.?62.263

Komeda et al.?®> described a modification scheme
involving a tip excursion toward the sample surface
up to point contact. Jumps in the current response
during this excursion were attributed to the removal
of single atoms from the Si(111) surface.

Iwatsuki et al.?66267 showed that relatively large
(80 nm in diameter, 5—10 nm in height) but well-
defined pyramids could be fabricated on Si by apply-
ing a small bias at either Si(111) or Si(100) surfaces
held at 600 °C. Hexagonal pyramids were formed
on Si(111) and square pyramids on Si(100).

Salling et al.15268.26% patterned the (100) surface of
Si as well as antimony monolayers deposited on this
surface.

Gu et al.?7%271 removed atoms from the Si(111)7x7
surface by altering the tunneling current from the 1
nA set point employed for imaging to 30—50 nA.
Straight lines could be formed having the same width
as the unit cell when scanning along low index
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directions of the surface. Scanning along other
directions produced somewhat broader and less regu-
lar lines.

Tsong and Chang?’? observed that also during
imaging, Si atoms previously desorbed from the
sample could evaporate back. They obtained mark-
edly different images of a previously formed structure
depending on the imaging bias which probably caused
a different flux of atoms back to the sample.

Hosaka et al.'® removed single S atoms from a
MoS; surface to obtain a pattern of sulfur vacancies
arranged to spell the word “nanospace”. The removal
of each S atom was accomplished by the application
of a sample-(+) 5.5 V x 70 ms pulse.

On InSb(110) surfaces, small pits were produced
using imaging conditions of 3 V sample-(+) and 120
pA when the tip was maintained at a particular point
on the surface or a very small area was rescanned
several times. The dimensions of these pits depended
on the “exposure” time. A 100 s exposure, for
example, produced a pit having a 2.5 nm diameter.?”

7. Applications

In the following section we review SPL experiments
where the fabricated features were used as a part of
a device. Within this section, we have not distin-
guished between various fabrication mechanisms.

The potential for obtaining very high information
storage densities is often cited as motivation for
pursuing SPM-based modification. Several papers
have appeared which have specifically sought to
demonstrate some of the capabilities required for a
practical memory including pulse-to-pulse unifor-
mity, high contrast, error checking, and correction
(the ability to identify a modified region by more than
topography alone), erasability, persistence, and last
but not least high writing/reading speeds.

Vanadium-based glasses were investigated by Sato
et al.274-27¢ for applications as a SPM-addressable
high density storage media. The application of a 4
V pulse between the tip and the glass (with V,0s as
electrical conduction component) in a STM configu-
ration caused the appearance of hillocks having a
diameter of ~15 nm in the current signal of the STM.
These hillocks were explained in terms of a phase
transformation from the amorphous into the crystal-
line phase. A negative pulse having the same
amplitude caused this process to be reversed, and the
crystallite to be erased. Up to 10 reversible cycles
could be performed at a particular site on the surface;
however, subsequent attempts to erase crystallites
were unsuccessful. Current—voltage spectroscopic
investigations of the glassy and of the crystalline
forms of the vanadium glass revealed behavior
characteristic of a semiconductor and a metal, re-
spectively. Consequently, these two forms were
distinguishable in a STM configuration because at a
fixed bias voltage, the crystalline form exhibited
higher conductivity.

AFM-induced local changes of conductivity in amor-
phous GeSb,Te, films were demonstrated by Kado
and Tohda.?”” An AFM in contact mode with a
conducting probe was used to pattern and to measure
both the topography and conductivity of a sputtered
GeSh,Te, film on gold that served as the underlying
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electrode. After applying a 5 ms x 3 V pulse at
certain locations on the sample, the current reading
at these places changed from 10 pAto 1 nA (at 0.5V
bias). In the conductivity image a clear change could
thus be seen, whereas in the topographic image no
change between the modified and unmodified areas
could be observed.

SPL has also been employed to fabricate transis-
tors, or components of transistors such as gate
electrodes, channels, etc.

Fayfield and Higman?"® used an AFM to pattern
the channel area between the source and drain of a
MOSFET. Patterning was achieved by oxidizing the
Si substrate using sample-(+) biases of 4—5 V applied
between silicon surface and the Ti-coated AFM tip.
The thickness of the fabricated oxide structures was
adjustable over the range from ~2 to 6 nm using the
bias amplitude over the range from 4 to 7 V. Further
increases in Eg or slower scan speeds did not further
increase this height, but broader line widths were
instead obtained. Lines were drawn parallel and
perpendicular to the electron channel. After pat-
terning, MOSFETSs having patterns parallel to the
channel exhibited a higher mobility for electrons,
likely due to surface potential modulations induced
by the grating. These potential modulations lowered
the electron mobility in the direction perpendicular
to the grating.

Minne et al.?” used the AFM for an intermediate
step in the fabrication of a MOSFET. This step
consisted of patterning the gate area by selectively
oxidizing selected parts of the hydrogen-terminated
a-Si half-product. This was accomplished by apply-
ing a bias between 12 and 25 V between the sample
and a Ti-covered AFM tip in contact mode.

A so-called side-gated field effect transistor was
fabricated by Cambell et al.?8%281 The fabrication
steps again included preforming of contacts pads by
standard lithographic tools, passivation of the silicon
with hydrogen and subsequent SPL patterning and
post-processing. The authors pointed out that this
type of FET may be advantageous for certain ap-
plications such as single electron tunneling struc-
tures because of its low gate channel capacitance.

The fabrication of a single electron transistor was
described by Matsumoto et al.?82 On top of a 100 nm
thick SiO; film, a layer of 3 nm Ti was sputtered. In
air, the top 1 nm of Ti was partially oxidized and
further oxidation of this layer using the STM operat-
ing with a sample-(+) bias of 5 V could be ac-
complished, as indicated by Auger analysis of pat-
terned regions?®® (see also references by Sugimura
and co-workers®9606264) - The spatially selective oxi-
dation of this surface permitted the construction by
SPL of very small (30 x 35 nm?) tunneling junctions
and a functional transistor. A Coulomb staircase (see
e.g., refs 284 and 285), characteristic of a functioning
single electron device, was observed at room temper-
ature.

A similar device was operated at 0.3 K by Yamada
and Yamamoto.?®® In this device, the SPL was
employed to generate a nanostructure (70 nm diam-
eter, 15 nm high) composed of tungsten. This was
accomplished by applying a tip-(+) pulse of 15V, 0.5
ms between a tungsten tip and the top layer (Si doped
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GaAs) of the substrate. Auger was used to confirm
the presence of tungsten in the modified regions of
the sample.

B. Mechanical SPL Methods

In this chapter we review SPL experiments in
which modifications are produced by tip—surface
contact. The organization of this section follows that
of the Electrical Lithography section (4.1). As com-
pared with electrical modification schemes, however,
a broader range of surfaces are accessible because
mechanical SPL schemes are usually implemented
using an AFM which can be operated on nonconduc-
tive surfaces. An additional consideration in all such
experiments, however, are such factors as degrada-
tion of the patterning resolution with time and tip
durability. Applications of mechanical SPL are shown
in Figures 16 and 17.

1. Direct Modification of the Surface

Because of the malleability of the coinage metals
(including copper, nickel, gold, silver, and platinum),
surfaces or films of these metals have been frequently
used for modification experiments involving both
STM and AFM.

Pits were produced in 3—15 nm thick sputtered
polycrystalline gold surfaces using an STM by Rob-
erts et al.?” These pits, having typical dimensions
of 30 nm diameter x 10 nm depth, were produced by
operating the STM with a low tunneling resistance
below 85 MQ. On platinum/carbon films, in contrast,
modifications were not seen even for gap resistances
as low as 500 kQ. Resistances below 50 MQ also
caused damage to PMMA film-modified Si surfaces.
In these experiments, material was pushed to the
edges of the scan window. The mechanism of modi-
fication in the case of gold surfaces was presumed to
involve the mechanical transfer of gold to the tip.

Silva and co-workers?® used a tungsten STM tip
as a “cutting” tool to isolate selected areas of a thin
gold film evaporated onto a mica surface. The
procedure described by these authors required that
the gold film thickness be determined by cutting
through the film to the mica substrate with the tip
by scanning the tip along one line and lowering the
tip by 0.1 nm between each scan. Once the film
thickness was determined using this procedure, the
feedback was disabled, the tip was depressed into the
gold film to a depth equaling the measured film
thickness, and was then moved in a desired pattern
parallel to the surface resulting in the removal of gold
along these scan lines. Using this procedure, the
authors inscribed lines with depths of 23 nm, widths
of 70 nm, and lengths as great as 350 nm.

A diamond tip on a stiff cantilever (10.8 N m™1)
was used by Sumomogi et al.>° to modify copper, gold,
and nickel surfaces. Both, bulk metals and evapo-
ratively deposited metal films were investigated. The
machining was performed by scanning a square
region using a scheme in which each line was
repetitively scanned four times with forces of 1—-20
uN. Particularly precise milling of Ni surfaces was
possible resulting in well-defined square patterns
with edge profiles in the range of the tip size; see
Figure 16. The micromachining of gold samples was
much less successful: Gold appeared to be pushed
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Micromachined Ni surface (Suwomogi Lab.)

ni-2.008
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Scan size 5.000 pm
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Z range 300.0 nm
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Z 299.975 nw/div

Figure 16. An AFM image of a nickel surface after scratching with a diamond AFM tip with a loading force of 7.84 uN.
The area was scanned four times in total, and the scratch depth for each scan was about 80 nm. (Reproduced with permission

from ref 50. Copyright 1994 American Vacuum Society.)

to the edges of the scanned area. Cu represented an
intermediate case. In the cases of Ni and Cu, a
roughly linear relationship between the depth of a
milled area and the applied force was established.
In a subsequent paper,5 the parameter space in this
experiment was further explored. Investigations of
the relationships between the line depth, the number
of scans, the density of scan lines, the scan rate, and
the scan width were reported.

Wendel et al.?®° used an AFM tip to inscribe a line
in a 30 nm thick gold stripe on a silicon oxide surface.
Measurements of the conductivity through the gold
showed that it was possible to completely remove the
metal. However, the forces involved in removing the
gold were more than 10 times higher than forces they
applied to modify photoresists, and tip degradation
was problematic under these conditions. By employ-
ing sharpened AFM tips, fabricated by e-beam depo-
sition (EBD), the authors further reported the me-
chanical patterning of a resist (Shipley 1805, 3—15
nm film thickness) with inscribed lines having a
minimum width of 9 nm. Surprisingly, although
EBD-fabricated AFM tips appeared fragile by SEM
inspection, 100 000 holes of similar size could be
prepared using a single such tip. The patterns so
prepared were transferred into the underlying GaAs—
AlGaAs heterostructure by multistep development
involving etching in H,O/NH,OH/H,0, = 1000:3:1,
removing of resist in acetone, and dry etch in oxygen
plasma.290.291

Bouju et al.?®? calculated the time-dependent be-
havior of up to three gold atoms on a NaCl surface
upon pushing one of the atoms with a diamond AFM
tip. It was shown that by pushing, gold dimers and
trimers can be formed. However, it is not possible
to align three gold atoms in row on the NaCl(100)

surface, as the gold atoms will preferentially form a
triangular cluster.

In experiments similar to those anticipated by
Bouju et al., Schaefer et al.?®® arrange Au clusters
with heights between 9 and 20 nm on flat substrates
including HOPG or WSe,.

Gobel and von Blanckenhagen?® created regular
patterns on bulk and thin film gold films using a
conventional Si tip and forces in the 25 uN range. A
series of grooves formed using this method were
successively less deep, indicating wear of the probe.
Tip degradation was confirmed by comparing SEM
micrographs of the cantilever before and after the
lithography experiment. The mechanism of this
micromachining was not well understood. One hy-
pothesis involved friction-induced local heating ef-
fects which might induced localized melting. How-
ever, the authors estimated a local temperature
increase during the plowing to be ~0.6 4K, a value
that does not support this model.

Goto and Hane?*®> produced pits 9 nm deep in
indium films having a thickness of 200 nm. Although
the cantilevers used in these experiments were rela-
tively soft (0.01 N m~1), high forces could be applied
by means of electrostatic forces: Between the sample
and the gold-coated backside of the cantilever, a volt-
age pulse was applied which generated, for example,
~1.9 uN for a 200V pulse. A pronounced relation
between the depths of pits obtained in the iridium
surface, and the applied pulse amplitude was ob-
served. Extrapolation of these data permitted a
threshold of 160 V (1.2 uN) to be estimated for pit
formation.

Substantial interest has focused on developing
modification schemes which are applicable to the
high T, copper oxide based materials.
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The STM etching of a high T, superconductor,
YBa,Cu307—, was investigated by Parkinson and co-
workers.?% The mechanism of the removal process
in this case was attributed to the mechanical ablation
of surface atoms by the tip. STM imaging using
tunneling biases of 0.10 to 1.5 V (tip-(+)) and currents
of <1.0 nA caused the removal of layers having a
thickness of 1.2 nm; equal to the unit cell dimension
along the c axis of this material. The removal of
larger quantities of material from the surface was
correlated with the observation of a stepped topog-
raphy in which a series of layers, separated by 1.2
nm steps, were observed. Nanostructures consisting
of linear troughs and square recesses were “milled”
into the surface by repetitive STM imaging.

The etching of superconducting material was also
observed by Virtanen et al.?®” Using Pt tips in STM
in air, flat square patterns were “milled” into the
surface of a YBCO surfaces. Again a threshold
tunneling bias (~1.5 V) was observed above which
no modification of the surfaces was seen.

Chen et al.?®® also suggested that mechanical
processes—such as tip ablation—may also play a role
during STM maodification procedures in the case of
YBCO surfaces. As one example they showed a
series of STM images (100 x 100 nm?, bias —0.75 V
tip-(—), current 0.42 nA) of an YBCO surface: A pit
was observed to grow from a diameter of 5 nm to
more than 40 nm over the course of 13 scans.
Concurrently, a degradation of the resolution was
observed and attributed by the authors to a change
of the tip morphology.

Mechanical superconductor modifications induced
by STM were also reported by Volodin and Aarts?®
for superconducting NbSe, surfaces. Tungsten and
platinum tips were employed in a STM at 4.2 K to
both image and modify the surface of cleaved NbSe;.
No modifications were observed when the tunneling
resistance was maintained above 6 MQ; however, for
lower gap resistances, etching of the surface was
observed. The authors did not attribute the etching
to electrical processes, but to “mechanical lithogra-
phy” for the following reasons: No excess material
(originating from the etched pits) was found at the
edges of the pits and at low temperature, the diffu-
sion of removed atoms should be very low, so it is
unlikely that the debris diffused out of the scan
window. In addition to etching, these workers also
reported the deposition of material on the surface
following the application of short voltage pulses
between the tip and sample. Freshly prepared STM
tips did not possess the ability to deposit material,
and this fact suggests that the deposited material is
actually derived from the surfaces of the supercon-
ductor by mechanical removal by the tip.

Bogy3® demonstrated that doped diamond STM
tips*® could be employed to confirm the hardness of
thin (30 nm) refractory carbon layers. Grooves and
indentations were formed in a carbon-coated hard
disk. Degradation of the diamond tip was not
observed provided the applied force did not exceed a
critical value (not measurable in this experiment).
However, as the author points out, in the STM
configuration, the applied force was not measurable
during the indentation process and for this reason,
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only relative measurements of hardness were pos-
sible using this method.

Jung et al.?%* suggested a dynamical AFM method
for effecting modifications at polycarbonate (PC) sur-
faces: With the Si;N3 tip in light contact with the
polycarbonate sample (F ~ 10 nN), the force was
modulated with a frequency of a up to 8 kHz and with
a 500 nN amplitude. An advantage of this force
modulation is that—in contrast to large constant
forces sometimes required to cause modifica-
tions—torsion and stick—slip with the surface during
scanning of the tip were reduced. With this method
the authors wrote the word “HEUREKA” on a PC
surface with letters roughly 50 nm high.

In a recent review, Wiesendanger'? presented two
examples of lithography involving an AFM operated
in the above-mentioned “dynamic mode”:2%* Into the
surface of a compact disk (polycarbonate), letters
were written or a constriction was fabricated in a 5
um wide and 30 nm thick YBCO film on a MgO
substrate.

Junno et al.?%? used the tip of the AFM to move 30
nm GaAs particles on a GaAs surface. Lines and
letters were formed using these displaced particles.
In addition, these authors noted that this technique
could be used to estimate the real diameter, d, of a
particle using the following procedure: First, a single
particle would be imaged, and then two would be
brought into contact using the tip and reimaged. For
each particle, a contribution of 2w due to tip convolu-
tion is expected, thus for an isolated particle, the
apparent diameter equals w + d + w, whereas if two
particles in contact are imaged, the total apparent
diameter should be w + d + d + w. Subtraction of
the one-particle width from the total two-particle
width therefore yields the real diameter, d.

At Si(111) surfaces on which layers of Cso molecules
were deposited, Maruno et al.2%%3% varied the tun-
neling parameters to gradually lower the height of
the tip in an attempt to determine the threshold
distance at which Cg molecules adsorbed on the
silicon surface are displaced by the tip. The height
above the silicon surfaces was found to equal that of
the Cso molecule—roughly 0.7 nm. This threshold
distance was interpreted in terms of a mechanical
mechanism for the displacement process.

The “nanostructuring” of porous silicon was re-
ported by Dumas et al.3%> On porous silicon surfaces
derived from Si(100), lowering of the STM imaging
bias from 5 to 0.5 V, caused the tip to contact the
surface and to compress the porous silicon layer.
Apparently because of the porosity of this surface,
compression was possible and grooves could be
formed without extruding SiO, from the sample
surface. Grooves having a depth of 8 nm and widths
of 60 nm were fabricated in this way.

2. Organic Materials as Lithographically Active Layers

a. Organic Resists. We have already sum-
marized SPL experiments in which thin organic
resists have been modified using electrically based
mechanisms. The mechanical modification of resists
has also been demonstrated by Sohn and Willett3°6
who generated a line pattern on a 24 nm thick
PMMA film (on top of a 300 nm thick PMMA/MAA
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Figure 17. SEM micrograph of chromium lines at the
boundary of a gold contact pad and the underlying GaAs
substrate. These lines were obtained by mechanically
patterning a PMMA/MMA resist layer with contact mode
AFM using a loading force of 1.1 uN. After patterning, the
resist was developed and used as a mask for the deposition
of chromium. Finally, the mask was removed with acetone.
These lines are 15 um in length, and approximately 40 nm
in width. (Reproduced with permission from ref 306.
Copyright 1995 American Institute of Physics.)

film) using contact AFM. Forces higher than 1 uN
were applied during the modification process. In
effect, the tip “plowed” through the mask leaving
trenches having a minimum width of 40 nm. The
line width was found to be a linear function of the
applied force and was dependent upon development
time and resist thickness. Following the develop-
ment of these AFM-patterned resists, height—width
aspect ratios between 2:1 and 3:1 were achieved for
the subsequently deposited structures into the resist
pattern, as shown in Figure 17.

Yamamoto et al.3%” used a negative resist designed
for e-beam lithography, poly(glycidyl methacrylate)
(PGMA), in their SPL experiments. PGMA films
(500 nm thick), spin coated on silicon, were at first
employed. Grooves 10 nm deep could be fabricated
at scan speeds of 1 um s™* and forces in the 300 nN
range. Single indentations were obtained when the
tip—sample force was increased to more than 70 nN.
Square regions were milled using a force of 750 nN.
However in these experiments, the excursion of the
tip into the surface of the polymer film did not equal
the film thickness, and the surface of the underlying
silicon surface was therefore not exposed. On the
basis of theoretical considerations, these authors
estimated that using an applied force of 750 nN, a
17 nm thick film layer could be removed. On the
basis of this prediction, the film thickness was
decreased to 10 nm and the authors demonstrated
that the polymeric material within the entire scanned
area could be removed exposing the underlying
silicon substrate.

b. Langmuir—Blodgett (LB) Films. Molecular
layers prepared using the LB method are attractive
candidates for mechanical modification schemes be-
cause the molecules within these films need not
interact strongly with the substrate surface on which
the LB film is deposited. In addition, in many
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instances, the amphiphilic molecules in these films
are not significantly entangled. Thus, these mol-
ecules can relatively easily and cleanly be removed
or displaced under the influence of an SPM tip.

Mechanical lithography on LB films of behinic acid
(CH3(CH,)20COOH) was reported by Garnaes et al 3%
Lithography was performed by scanning small squares
of 30 x 30 nm? and using forces of ~70 nN with
contact AFM. No change to the surface was observed
when the force applied to the tip was kept below 10
nN. The depth of the resulting squares in the sample
was approximately equal to the thickness of a behinic
acid monolayer. Lines were written into the film by
scanning a sequence of squares with a small offset
between subsequent frames. These lines were stable
in air for periods of 10 h.

Multilayered LB films of w-tricosenoic acid (CH.-
CH(CH3)20COOH) were used by Fujihira and Ta-
kano®® in their work. These workers fabricated
monolayer- and bilayer-deep squares by scanning 1
x 1103 x 3 um? areas 2—3 times with 50 nN loading
force. A damage threshold of 10 nN for these
multilayers was estimated.

Demir et al.31% prepared Langmuir—Schaefer (LS)
films3!! on the (111) facets of Au droplets formed by
melting the end of a Au wire.3'?2 By changing tun-
neling parameters these films could be imaged with
an STM without visible damage. However, varying
these parameters caused a modification of the sur-
face. This way 1 x 1 um? patterns were generated.
Depending of the tunneling bias, the shape and the
depth of these patterns varied markedly. The ob-
served depth of the patterns which were obtained (up
to 180 nm) was usually greater than the thickness
of the LS film (~5 nm). This disparity indicated that
the lithographic process might not involve simply the
mechanical removal of material. In fact, in a paper
by Kim and Bard,*®® it was suggested that modifica-
tion of the underlying gold surface might occur during
imaging of alkane thiols SAMs. The patterned LS
film eventually was successfully employed as mask
for localized electrodeposition of Cu into the fabri-
cated squares.

c. Other Polymeric Materials. Very thin (4—
10 nm) plasma-deposited polyacetylene films were
patterned by Gorwadkar et al.3!2 using contact AFM.
Patterning was done by scanning once or several
times over a small (100 x 100 nm?) area at a defined
force. They observed indentations even at very low
forces of 5 nN, much lower than the forces employed
for lithography by other groups (e.g., refs 309, 314,
and 315). The shape of the indentations was found
to be a function of the scan speed. Additionally, the
applied force was varied by applying a bias between
sample and tip.316

Polyimide (P1) films were patterned by Jin and
Unertl.®* The silicon-supported films employed for
these studies were either commercial P1 foils (thick-
ness, d = 25 um thick) or were prepared by spin
coating (d = several micrometers). Rather high loads
(up to 500 nN) were used to incribe grooves with
apparent widths of 100 nm and depths of 5 nm. Two
different patterning modes were observed: The ap-
plication of forces below a certain threshold level
produced patterns which appeared raised, whereas
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forces above this threshold produced grooves or pits
in the film with the removed material appearing at
the edges of the pattern. Viscoelastic effects or
morphological changes caused by sample heating
during the scan process, were cited as possible
contributing factors to the modification mechanism.

Khurshudov and Kato3!® observed a qualitatively
similar effect—an apparent volume increase—on poly-
carbonate surfaces after “scratching” the surface with
the tip of an AFM. The “scratching” was performed
by scanning along one line with a nominal load of
44.5 nN, and modifications were obtained following
at least five passes on a single line. Subsurface
cracking of the polymer film was involved to explain
the AFM-induced volume effect.

The physics of the deformation of polymer films
with the tip of an AFM was probed by Boschung et
al.?¥” Polypropylene and poly(methyl methacrylate)
films were investigated. Using unusually stiff STM
cantilevers (125 N m™1), plastic deformation and
energy dissipation during the deformation of polymer
surfaces with an AFM tip were measured. These
workers discovered that a tip excursion of 75 nm into
the surface of commercial, 0.1 mm thick PMMA foils
produced 20 nm deep trenches. This mechanism
permitted a micrometer-scale letter “T” to be in-
scribed. Force vs tip position curves were measured
and—by defining the inelastic deformation as the
area of the hystheresis loop in the tip position during
penetration and retraction—the dissipated energy
associated with the deformation process was calcu-
lated.

During the electropolymerization of poly(N-meth-
ylpyrrole) (PMeP) Yano et al.3!® observed in situ that
the evolving polymer morphology could be modified
by the applied forces of the contact AFM exceeded
10 nN. By repeatedly scanning areas of 2 x 2 um?
to 5 x 5 um? with forces of 30 NN during film growth,
square impressions of the image window were ob-
served in the polymer film after the growth of the
film was terminated. These depressed regions ex-
posed the sample surface. Because PMeP exhibits a
redox-switchable conductivity (the oxidized form is
conductive; the reduced form insulating), the authors
suggested that patterned PMeP films could serve as
masks for the local electrochemical deposition of
metals.

On a polymer blend of polystyrene (PS) and poly-
(ethylene oxide) (PEO), Nie et al.3!° observed that
scanning with an applied force of 50 nN resulted in
a lowering of the elasticity of PEO, but no modifica-
tion of the elasticity of PS was observed. Further-
more, stripes perpendicular to the scanning direction
were observed on PEO domains (15—20 nm periodic-
ity, 3—5 nm in height). The observed decrease in the
elasticity was explained in terms of a compacting
effect of the AFM tip on this material.

d. Two Biological Examples. Garcia®® has
used a low current STM (<1 pA) in field emission
mode to image purple membranes sprayed onto
HOPG surfaces. By increasing the tunneling current
to a few picoamps, a transition from field emission
to tunneling was observed and, concurrently, the tip
position above the purple membrane surface became
unstable and an excursion of the tip toward the
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graphite surface (through the membrane) was ob-
served. In this tunneling mode, irreversible modifi-
cations to the membrane were produced. For ex-
ample, by repeatedly scanning across a membrane
fragment on the HOPG surface, Garcia was able to
cleanly “cut” the membrane.

Brandow et al.??! used AFM to cut a model lipid
membrane (1,2-bis(10,12-tricosadiynoyl)-sn-glycerol-
3-phosphocholine) grown on HOPG. A fairly sharp
damage threshold for the applied force (13 + 1 nN)
could be established. The cutting rate became sig-
nificantly faster when forces slightly above the tre-
shold level were used. When the lipid was polymer-
ized (UV irradiation) forces up to 50 nN were applied
without any visible damage.

C. Optical SPL Methods

In this section we present SPL experiments involv-
ing either the use of the scanning near-field optical
microscopy (NSOM), or the application of an SPM in
combination with external laser light sources. These
experiments are closely related and the operational
difference is that in case of the NSOM experiment,
a transparent probe tip functions as a waveguide
either to deliver light to the surface, or to detect
scattered or fluorescence light from the surface in the
near-field limit. In some NSOM experiments, inter-
actions of light with the surface are used to establish
the tip position above the surface (and, hence, the
laser is an integral part of the microscope itself).
More often, the tip position is established using a
conventional noncontact AFM mode in which the
transparent tip is vibrated either in the plane of the
surface, or perpendicular to the surface.

1. Laser-Assisted Lithography

Using the AFM, Mamin and Rugar? were able to
read and write information at frequencies in the
range of 100 kHz. Writing involved a “thermome-
chanical” process in which an AFM, operating in
contact mode, was used to pattern thin PMMA films.
The AFM tip could also be illuminated using a diode
laser (830 nm) from beneath the transparent sample
surface. Writing was effected as follows: While
operating with an applied force below the damage
threshold for the PMMA film, the tip was illuminated
by a laser pulse which heated the PMMA film above
its heat deflection temperature. The locally heated
PMMA film enabled the tip to transiently penetrate,
producing a single pit or bit. By rotating the PMMA
sample (as, for example, in conventional hard disks)
these workers were able to write and read at rates
(near 100 kHz) which were limited by the mechanical
properties of the cantilever.

The system employed for this experiment was later
refined by the same group.®??> In the improved
apparatus, a sharpened optical fiber in contact (0.1—1
uN) with the polycarbonate sample was employed for
both writing and reading—eliminating the require-
ment that the sample be transparent. An infrared
laser pulse was coupled into the optical fiber to effect
heating of the Au/Pd-coated tip apex and the sample.
Reading was accomplished by detecting the move-
ment of the fiber with a interferometer. Again, to
facilitate fast data transfer during reading, the
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sample was mounted on a rotating air spindle.
Maximum writing speeds were limited by the cooling
time for the tip/media system after each laser pulse;
however, writing rates of 50 kHz and reading rates
of 300 kHz were nevertheless obtained.

An even more recent refinement to this apparatus
has been reported involving the thermal writing
step.?® The pulsed laser, which was used in previous
work for heating, was replaced by a cantilever having
an integral heating element. This cantilever consists
of heavily boron doped (10%° cm—3) “legs” terminated,
at the apex of the tip, with a bridge having a much
lower doping level of 107 cm~3. This bridge forms
the “filament” of a resistive heater having a thermal
time constant of just 40 us. Typical pulse parameters
for writing were 16 V and 20 us, and a 11 kHz
repetition rate was demonstrated.

A CVD-like deposition scheme has been described
by Yau et al.3%® Like the CVD deposition schemes
described earlier, the deposition of aluminum, for
example, was performed using an STM located in a
high vacuum chamber into which a volatile precursor
(e.g., TMA, Aly(CHz3)s) was present at partial pres-
sures of a few millitorr. However, in these experi-
ments the STM was operated using conditions of
imaging bias and current which did not induce the
deposition of aluminum from TMA. Instead, deposi-
tion was induced by the illumination of the tunneling
gap with a laser pulse which “activated” TMA mol-
ecules within the illuminated region (by photooxida-
tion) causing these molecules to become more labile
in the electron beam, flowing between the STM tip
and sample. Following the application of a laser
pulse, a small (16 nm diameter) deposit was found
which, presumably, consisted of aluminum atoms.
The authors also observed the reverse process (e.g.,
erasing) in cases where the sample was irradiated
once more. Only those structures located underneath
the tip disappeared, whereas other structures, also
within the illuminated region, were not affected.?%0-324

Christenson et al.®? described a patterning scheme
in which a laser diode light source was employed in
conjunction with an AFM. The sample involved was
a proton-implanted multiple quantum well (MQW)
InGaAs/GaAs light emitter. The proton bombard-
ment increased the series resistance along the MQW
junction and sensitized the surface to photons having
subbandgap energies. By using W- or Au-covered
Si3N4 AFM tips, voltage pulses—having an amplitude
below that necessary to cause atom transfer between
the tip and sample—were applied to the surface.
Irradiation of the surface lowered the sample resis-
tance (and the ohmic drop within the sample) in-
creasing the bias pulse amplitude at the sample
surface to values above the atom-transfer threshold,
and causing either tungsten or gold from the tip to
be transferred to the surface. The metal particles
produced using this method were ~300—500 nm in
diameter. These metal “bits” could be read using a
scheme also based on the fact that the ohmic resis-
tance between the tip and sample was decreased at
locations where a metal mound was located. Again
small amplitude (millivolt) tip—sample bias were
applied while the surface was illuminated to optically
activate it. As the tip encountered a metal particle
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on the surface, the improved electrical contact caused
electron injection from the tip into the surfaces and
the emission of light.

Gorbunov and Pompe?®?¢ combined a STM together
with a laser focused on the gap in the STM config-
uration. It has been theoretically established (in the
context of the SERS enhancement, for example3??)
that the radiation field near metal particles having
dimensions smaller than the wavelength of light can
be strongly amplified. In an STM experiment, the
optical properties of the tip—because of its small
radius of curvature—can satisfy the conditions for
“focusing” an incident radiation field having the
correct wavelength. Under UHV conditions, the
authors fabricated small hillocks on a gold surface
by applying 5 ms pulses of laser light (800 nm, 0.8
W) to the tunneling gap existing between a silver tip
and the gold surface. By applying 100 ms optical
pulses, the formed hillocks could be erased. Without
applying the second laser pulse, the hillocks were
persistent for a few hours.

Jersch and Dickman328 used the same approach in
an air ambient environment. Using tungsten tips
and irradiation by means of a Nd:YAG laser with 5
ns pulses at 532 nm and variable pulse energy, these
workers produced pits and channels in a thin gold
film in air ambients. When these tungsten tips were
modified with a silver coating, the formation of
hillocks instead of pits was reproducibly observed.
The authors were also able to form hillocks using
platinum/iridium tips; however, the threshold of the
laser intensity would increase to 30—80 MW cm2
compared to 10—20 MW cm~2 for silver or silver-
coated tungsten tips.

2. Near-Field Optical Microscopy (NSOM)

The near-field scanning optical microscope
(NSOM)032% has been employed for lithographic
purposes by several groups. A general overview of
NSOM has been given by Heinzelmann and PohI330
and by van Hulst et al.33! Using the NSOM, the
resist-based optical lithographic method can, in prin-
ciple, be employed without modification. A typical
example is shown in Figure 6.

For example, films of the photoresist Shipley KTI
747 having a thickness of 0.2—0.5 um thick on silicon
were used in the NSOM patterning experiments of
Smolyaninov et al.3%? By using 248 nm light (from a
KrF excimer laser) and uncoated fibers, lithography
at the 0.1 um level was obtained. The light intensity
(and not dosage) was found to be the most important
factor determining the size of the exposed regions.
These workers also observed nonlinear features
(“donuts”) in the linear resist, demonstrating that the
radiation field near the tip has pronounced nonlin-
earities.

Krausch et al.3® performed lithography with a
NSOM on another standard photoresist—Hoechst
Novolack AZ 6612—and obtained line widths of 200—
80 nm for uncoated and Al-coated optical fiber tips
respectively with a constant depth of about 15 nm.
Because the photoresist reacts “linearly” to the ir-
radiation, the shape of the formed lines represents
the actual field of the irradiation. It was found that
this field can best be fitted with a Gaussian-type
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curve. For practical applications, this represents a
major limitation where high aspect ratios are impor-
tant.

The vibration of an optical fiber used in a NSOM
with a shear force feedback system can impose a
limitation on the resolution attainable in an NSOM
experiment: When scanning the tip of a shear force
NSOM, the tip may not only move along the scan
direction but also slightly out of phase due to the
vibration needed to establish the shear force feed-
back. The irradiation process is not instantaneous,
thus during exposure the tip might expose a larger
area than desired. Wegschneider et al.3%* investi-
gated this possible limitation but found only a small
influence on both shape and aspect ratio of the lines
formed by the process described by Krausch et al.333

In addition to conventional photoresists, other
photosensitive materials have been investigated for
NSOM lithography applications.

Hosaka et al.'87:33%573%7 patterned unique layered
samples using an NSOM. Photosensitive samples
were prepared by rf sputtering a thin amorphous Ge,-
Sh,Tes layer onto a polycarbonate substrate and
capping this layer with another of the optically
transparent material ZnS—SiO,. This capping layer
also “insulated” the surface from possible topographi-
cal changes to the optically active Ge,Sh,Tes film.
Upon irradiation through the Al-coated, optical fiber
tip (785 nm, 7—8 mW, 0.5 —5 ms pulse length) the
Ge,Sh,Tes layer became crystalline, and the reflec-
tivity of this layer (upon irradiation with 0.2 mW,
785 nm) was altered—an optical effect which was
readily observable using an NSOM. The estimated
resolution of this method was 50 nm.

A NSOM using shear force feedback was used by
Massanell et al.33 to modify the surface of triglycine
sulfate (TGS). Under illumination with increased
laser power, lines could be written. Correcting for
tip convolution the authors estimated the line width
to be on the order of 60 nm. Very small lines were
observed in the topographic image, whereas larger
ones (obtained with higher laser power) were also
visible in the optical image. The mechanism of the
lithographic process was not well understood, pos-
sible explanations include charge removal, photo-
chemistry, and local heating.

Froehlich et al.3® used a modified STM in their
work: The optical fiber as well as the photoresist on
the substrate were coated with a thin (transparent)
layer of gold in order that a tunnel junction could be
established for distance control. A HeCd laser (1 =
442 nm) was then coupled into the optical fiber and
used to expose the photoresist. Subsequent steps
involved etching of the gold layer and standard
development of the resist layer. Lines with a width
of 200 nm were obtained. The authors claimed that
by improving their instrumentation, e.g., the probe
(currently 80 nm aperture) line width down to 20 nm
should be achievable.

A photon scanning tunneling microscope (PSTM)340
can also be employed to locally modify the optical
properties of a resist material: Rather than using a
regular HeNe (633 nm) laser as light source for the
total internal reflection (TIR) in the resist-covered
quartz sample, a more energetic HeCd (442 nm) was
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coupled onto the sample causing a bleaching of the
resist. Lee et al.** found then that this photobleach-
ing was enhanced in the proximity of the tip. By
optimizing the exposure time a mirror image of the
tip was thereby transferred into the resist material.
The authors estimated an attainable resolution for
line drawing using this method to be ~100 nm.

V. Conclusions and Outlook

Research in the area of SPL—published since
1991—has been surveyed in this review. We conclude
in this section by providing a summary of the
experimental observations and capabilities which
have been demonstrated, by commenting briefly on
possible technological applications for SPL, and by
drawing attention to areas in which improvements
to SPL methods appear to be possible. These are
areas where forthcoming research in the area of SPL
will likely be focused.

A. Summary of Experimental Observations

It is probably normal for research in a completely
new area, such as SPL, to be somewhat phenomeno-
logical or descriptive during an initial discovery
phase. This is an important period during which the
limits of what is possible are probed, and after 10
years, SPL appears to be at the close of this period
now. The papers reviewed here mostly belong to this
descriptive phase although some systematic and
thorough investigations of SPL mechanisms have
recently been reported. One example is very quan-
titative work in the area of material transfer to/from
the tip, reviewed in section 1V.A.3.

In Tables 1 and 2 are tabulated typical modification
dimensions and—where applicable—write rates for all
of the SPL method reviewed in section 4 (Table 1),
as well as the values of experimental parameters
such as the bias pulse amplitude, and tip—sample
force required to effect surface modification using a
particular SPL technique (Table 2). Because in many
proof-of-concept papers, the available parameter
space (e.g., bias, force, etc.) has not been probed, these
summaries are necessarily incomplete and fre-
guently, “typical value ranges” are specified in place
of more informative statistical data. Although it is
premature (or presumptuous perhaps) to “rank”
various SPL techniques, we have attempted to high-
light advantages and disadvantages for many SPL
methods, and to identify the SPL approaches which
appear best suited to various applications.

From Table 1, it is apparent that the smallest
characteristic dimensions which are routinely achiev-
able are ~10 nm. Wang et al.®® have suggested that
this minimum value might be dictated by the chemi-
cal and physical phenomena involved in the litho-
graphic process—independent of the technique which
is employed. One instrumental source for this limit-
ing value in STM-based experiments has been dis-
cussed by Dobisz et al.*” who have calculated that
for sharp STM tips, a minimum “electron beam” spot
size of 5 nm is obtained.

One aspect which has not received adequate at-
tention is the possibility that a functional lower limit
for a particular system may exist which is not equal
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Table 1. Summary of Write Rates and Attainable
Resolutions for the Various SPL Methods Reviewed

write rate®  resolution®
technique? section (um s™2) (nm)
(a) electrical IV.A
Si:H la 10 10-60
SiO,/Si la 23 10—-40
layered materials 1b 1-10
metals; metal films 1l.c 10 30-50
organic resists 2.a 30 000 15-150
LB films 2.b 25 6—25
SAMs 2.c 3000 15-70
transfer: mounds 3 10—-20
transfer: pits 3 5-15
CVD 4 0.035 5-50
electrolyte; in situ 5 0.1 10-500
(b) mechanical 1V.B
direct modification 1 1 100—-200
using resists 2 0.2 10-50
(c) optical IvV.C
NSOM 1 20 60—100
laser assisted 2 25 000 30—350

a Techniques and materials are listed according to their
respective appearance in section 4. ® These numbers represent
fastest reported values for scan rates during the lithographic
process. Unfortunately no typical values can be given as only
a relatively small number of speeds were reported. In some
cases “speed” was not even an issue, e.g., in studies of the
mechanism of pit formation. ¢ These values represent typical
or average dimensions for the line width and/or the “dotsize”
which was obtained.

to the smallest acheivable modification. From a
technological standpoint, it may prove useless to
fabricate features smaller than a certain size if, for
example, surface diffusion, surface oxidation pro-
cesses, etc., severely limit the stability of such
features. It will likely prove necessary in the future
to carefully identify this functional lower limit using
careful stability studies lasting months. Once this
functional lower limit is determined, subsequent
research efforts should focus on achieving perfor-
mance increases, i.e., speed and reliability. Surface
diffusion rates, surface energies, and nanostructure
dopant concentrations are possible starting points for
the discussion of desirable, functional lower size
limits.

No well-defined limit to the data transfer rate for
SPL (at a single tip) has been demonstrated. In
Table 1, a tremendous variation in the write rate
from experiment to experiment is evident, and the
experimental factors responsible for imposing this
limit were also quite variable. As one example, Park
et al.*8 reported a maximum scan rate of 3 mm s
which was limited by the positioner (i.e., the piezo
tube). The resolution at this speed was 100 nm, i.e.,
10 times more than the suggested lower limit. This
tradeoff, in which higher fabrication speeds lead to
larger feature size, has been commonly reported.
At present, it is absolutely clear that instrumenta-
tion is the limiting factor for SPL read and write
rates. Theoretical investigations of the kinetics of
nanostructure formation are therefore not urgently
needed—at least not from a purely technological
standpoint. As it appears increasingly probable that
fabrication speeds will be improved by means of
parallel operation, rather than by further increasing
the serial write rates at single tips, it appears that a
technological motivation for kinetic studies of nano-
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Table 2. Summary of SPM Modification Parameters

current  force

technique® section bias (V) (nA) (nN)

(a) electrical IV.A

Si:H la 2—9 0.2—2

SiO,/Si la 3-10 0.1-1

layered materials 1b 35-45 0.1-50

metals; metal films l.c 3.5-10 0.5-3

organic resists 2.a 20-70 0.01-1

LB films 2.b 4-8 0.5-10

SAMs 2.c 8—25 0.01-6

transfer: mounds 3 35-5 0.1-2

CVD 4 3-40 0.05—-30
(b) mechanical 1IV.B

polymer films 1 1 30—-100

metals 2 0.2 >1000

& In most publications, the set force in experiments involving
an AFM with a conducting tip has not been given.

structure growth may not exist for some time.

In Table 2 are tabulated the parameters (current
and voltage, or applied force) which have been
employed to effect SPL modifications. At first glance,
the “bandwidth” of these instrumental parameters
is tremendous. However one trend at least is evi-
dent: For “direct” modification experiments involving
STM, bias voltage thresholds in the 2—3 V range are
common and probably correlate with dissociation
energy of typical chemical bonds (typically 1—2 eV).
At surfaces on which a relatively thick LB or SAM
layers are disposed, or in experiments in which a field
emission imaging or modification mode was involved,
higher bias voltage requirements usually exist. In
a few experiments, electron dose (i.e., the injected
charge per unit surface area) has been isolated as a
determinate. In several such cases, it has been
observed that the minimum required dosages (e.g.,
to draw a line in a resist) are higher for the STM
experiment than for the analogous experiment con-
ducted using e-beam exposure of the same resist
layer (see e.g., refs 140, 145, and 151). It has been
suggested that this effect may derive from the
relatively small flux of energetic electrons in the STM
experiments.

A related, technologically crucial point which has
so far received relatively little attention is reproduc-
ibility with respect to nanostructure formation, data
readout, and where devices have been prepared,
performance of SPL patterned devices in applications
such as transistors.

B. Performance of the Different Techniques

A ranking of SPL methods based on criteria of
write speed, minimum nanostructure dimension (in-
formation density), reproducibility, and the ease of
experimental implementation has been attempted.
Two separate rankings for device fabrication and
data storage applications have been generated how-
ever from both of these lists, several new, and
promising SPL methods (e.g., laser-assisted material
transfer from the tip to the sample) have been
omitted because only a small data set is available,
and the merit of these methods cannot yet be fairly
assessed.

1. Device Fabrication

The highest write rates have been obtained by
patterning an organic resist using AFM.'#¢ The
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largest “data set” written out in single experiments
has again involved the AFM patterning of organic
resists,*1146 and the AFM patterning of Si:H sur-
faces.%5% An important consideration for device
fabrication is the proximity with which successive
lines can be drawn. The highest densities for arrays
of lines have apparently been acheived using STM
to expose passivated Si(100).85 Pre- and postprocess-
ing steps, such as sputtering of the resist layer and
etch steps are required for all of these methods either
to resolve or to increase the relief of patterns obtained
directly using SPL. However, if only the SPL process
is considered, Si:H patterning using the AFM ap-
pears to be the most straightforward (see section
IV.A.l.a).

2. Data Storage Fabrication

The fastest data writing and reading rates, as high
as 100 kHz s, have been obtained using a hybrid
laser heating/AFM method to generate bits by locally
melting a polymer film.%%2 The instrumentation for
this “local melting” experiment is now highly devel-
oped including (nonstandard) cantilevers in which
the heating function and motion actuators have been
fully integrated. With these instrumental refine-
ments, the implementation of this SPL experiment
has apparently become very straightforward.?®6 The
largest data sets, however, have been obtained via
the mechanical patterning of polymer resist with very
sharp AFM tips?®°—a techgniue which is not explicitly
intended for data storage. The ability to generate
data densities of terabits cm~2 have been claimed for
yet other SPL methods involving the transfer of from
a Au covered AFM tip,'®” and the SPL induction of
domains having discrete conductivities in GeSb,Te,?"”
and Na,V.0s.2"* It has been suggested that even
higher bit densities—up to 10 bits cm~?—may be
possible for truely atomic scale SPL processes, in
particular, the removal of single sulfur atoms from
a MoS; surface.®’

A somewhat unexpected conclusion is that me-
chanical SPL techniques appear superior overall to
SPL methods on the basis of electrical modification
of a surface. This is surprising in view of the
expected deletarious effects of wear on the perfor-
mance of an AFM tip for SPL (see section IIL.).
Smaller feature sizes are more readily obtained using
electrical SPL, interest in these techniques will then
endure if sizes below 50 nm are to be realized.

C. SPL Applications and the Future

Of the two applications which are most often cited
for SPL, high-density information storage and na-
nometer-scale device fabrication, prospects for long-
term commercial viability appear to be better for the
former. In a recent overview article, Hosaka3®
described SPM-based storage techniques and wrote
“We predict that they are positioned close to the
future [of] data storage”. Indeed, the theoretical
capacity for SPL-based storage devices, employing
existing reading and writing strategies—approaching
10%° bits cm~?—is unmatched by magnetic or optical
storage media. However, data transfer rates con-
tinue to be too slow. For an AFM based system, for

Chemical Reviews, 1997, Vol. 97, No. 4 1225

example, the maximum speed can approximate the
resonance frequency of the cantilever (several hun-
dred Kilohertz), while data transfer rates in the
vicinity of 10 MHz are required for many practical
industrial applications

The most encouraging progress in this direction
comes from the Quate group who have pioneered the
microfabrication of piezoresistive cantilever arrays
as large as 5 x 125% and demonstrated that these
cantilever/tip arrays may be operated in parallel both
to modify and to image at higher data transfer rates
than are possible using a single cantilever and tip.?®
Itis clear that the extraordinary information density
which is possible using SPL provides plenty of
motivation to improve data transfer rates and further
work in this direction is clearly justified.

The advantages of SPL for device fabrication are
less apparent. Dagata®*? observed that the direct
modification of GaAs surfaces—achieved, for example,
by locally modifying a thin, passivating a S or As
layer using an STM—might constitute a case where
SPM modification is commercially feasible. However,
Pease3* has dramatically put into perspective the
technological challenges associated with achieving
commercial viability with SPL methods: An array
of 100 x 100 probes scanned at several cm s™! but
with independent control of each tip constitutes an
example of a configuration which might achieve
adequate throughput in an industrial application. On
the basis of his analysis, Pease concludes that SPL-
based device fabrication is a “very long term option
at best”.

The prospects for commercial SPL applications in
the area of device fabrication grow even dimmer
when it is considered that the optical lithographic
state-of-the art continues to be a rapidly moving
target. Currently 0.5 um technology is standard for
Si based ICs, while parts of the new Pentium Pro and
PowerPC microprocessors are patterned with 0.35 um
lithography, and microprocessors prepared using 0.25
um technology are 1—-2 years in the future. Further
refinements such as the use of even more energetic
radiation,*** improvements to phase shift mask tech-
nology,®*> and the development of better chemically
amplified resists®#6 have the potential to lower this
size to 0.15 um (probably within a few years) and an
absolute lower limit is difficult to predict. Finally,
SPL faces competition from three older technolo-
gies—e-beam, ion beam and X-ray lithography—all of
which compete with SPL in terms of the accessible
resolution. Proceedings from the 1995 International
Conference on Electron, lon, and Photon Beam Tech-
nology and Nanofabrication give a broad overview
of the state of the art of these “competitors”.?*’ In
addition, de Lozanne et al.®* have recently compared
SPL with these alternative technologies.

Collectively these considerations make it increas-
ingly difficult to identify a niche for SPL in the manu-
facture of integrated circuits in quantity. A viable
niche, however, may exist for the fabrication of single
devices or prototypes. The initial cost of fabricating
such experimental devices by conventional litho-
graphic means is high, and it is conceivable, at least,
that SPL will provide a means of producing single
devices at lower cost. With further advancements in
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parallel SPL technology, it may prove to be the case
that the capability of preparing single experimental
devices will be extended to a larger community of
researchers since the cost of SPL, relative to conven-
tional e-beam lithography, is small.

SPL has unique capabilities for performing a
variety of fundamental investigations involving sur-
faces, and in this capacity, many of the capabilities
provided by SPL methods are unsurpassed. In many
previous cases, for example, a single SPL experiment
has functioned as a perturbation to the surface
structure and the subsequent relaxation of the sur-
face to equilibrium has afforded an opportunity to
observe, by SPM, surface transport mechanisms,
phase transitions, etc., which are difficult to discern
at nonperturbed surfaces. Examples include the
measurement of the surface diffusion coefficient for
metal atoms on a surface,?3*° measurements of the
viscosity of a bilayer molecular assembly,*%¢ and the
observation of electron standing waves in a corral.246
In addition, SPL methods provide a means for
synthesizing single nanoscopic domains of materials
for subsequent investigation by SPM, and by other
methods. An ensemble of nanoscopic particles—either
on a surface, or suspended in solution—can be ob-
tained using a variety of synthetic methods such as
MBE,?° arrested precipitation,31352 electrospray,3>?
and pyrolysis methods,3** but the synthesis of a single
nanoscopic particle can so far only be accomplished
using SPL. Single, SPL-synthesized particles have
so far been employed to study, for example, single
electron devices,?82286 and molecular adsorption.%®
These two unique experiments, aimed at probing
fundamental surface chemical and physical problems,
are likely to sustain interest in SPL well into the
future independent of the success of SPL as a
technological tool.

VI. Glossary

AES auger electron spectroscopy

AFM atomic force microscope/microscopy
CMPTS [4-(chloromethyl)phenyl]trichlorosilane
CVD chemical vapor deposition

HMDS hexamethyldisilazane

LB Langmuir—Blodgett

LS Langmuir—Schaefer

MAA methacrylic acid
NCAFM noncontact atomic force microscope/microscopy
NHE normal hydrogen electrode

NSOM  near-field optical microscope/microscopy

PANI polyaniline

PC polycarbonate

PEDA [[[(aminoethyl)amino]lmethyl]phenethyl]trimeth-
oxysilane

PEO polyethylene oxide

PGMA  polyglycidyl methacrylate

PMeP poly(N-methylpyrrole)

PMMA  polymethylmethacrylate

PP polypropylene

Ppy polypyrrole

PS polystyrene

PSTM photon scanning tunneling microscope/micros-
copy

PVA polyvinyl alcohol
OCP open circuit potential

OTS octadecyltrichlorosilane
SAM self-assembled monolayer
SECM  scanning electrochemical microscope

Nyffenegger and Penner

SERS surface enhanced Raman spectroscopy
SPL scanning probe lithography

SPM scanning probe microscope/microscopy
STM scanning tunneling microscope/microscopy
TMA trimethyl aluminum

TGS triglycine sulfate

TIR total internal reflection

UME ultramicroelectrode

UPD under potential deposition

YBCO  YBa,CuzO7
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