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ABSTRACT

This Account focuses on our recent and systematic effort in the
development of generic scanning probe lithography (SPL)-based
methodologies to produce nanopatterns of self-assembled mono-
layers (SAMs). The key to achieving high spatial precision is to keep
the tip—surface interactions strong and local. The approaches used
include two AFM-based methods, nanoshaving and nanografting,
which rely on the local force, and two STM-based techniques,
electron-induced diffusion and desorption, which use tunneling
electrons for fabrication. In this Account we discuss the principle
of these procedures and the critical steps in controlling local tip—
surface interactions. The advantages of SPL will be illustrated
through various examples of production and modification of SAM
nanopatterns and their potential applications.

Introduction

Microfabrication of self-assembled monolayers (SAMs) has
attracted tremendous attention because patterned SAMs
can be used as resists for pattern transfer'™ and as
templates to pattern proteins and other biosystems.*
Micrometer-sized patterns have been fabricated within
SAMs using microlithographic techniques such as photo-
lithography,® microcontact printing,26~8 microwriting,>58
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and micromachining.2 Argon ion or electron beam lithog-
raphy can produce smaller patterns (down to tens of
nanometers) but require a high-vacuum environment.®
Another approach to produce nanometer-sized domains
of SAMs is the coadsorption of two or more adsorbates.'%*t
However, with this approach, it is difficult to precisely
control the size and distribution of these nanodomains
because the structure is determined by the interplay of
the kinetics and thermodynamics of the self-assembly
process.!011

Creating nanopatterns of SAMs with molecular preci-
sion requires new fabrication strategies. Scanning probe
microscopy (SPM) techniques such as scanning tunneling
microscopy (STM)*? and atomic force microscopy (AFM)*3
are well-known for their ability to visualize surfaces of
materials with the highest spatial resolution.* Taking
advantage of the sharpness of the tips, and strong and
localized tip—surface interactions, SPM has also been used
to manipulate atoms on metal surfaces and to fabricate
nanopatterns of metal and semiconductor surfaces.'>16
These successful examples catalyze an emerging field of
scanning probe lithography (SPL). Recent progress in SPL
of various materials has been discussed in several re-
views.171® Complementary to those studies, our research
interests focus on SPL of SAMs.

Despite the structural complexity of SAMs, molecular
resolution images have been obtained using both AFM?9.20
and STM.2422 The fact that molecules within SAMs can
be resolved indicates that the tip—SAM interaction in AFM
imaging and the tunneling electrons in STM imaging are
localized to molecular dimensions. Therefore, in principle,
by enhancing these local interactions such as force,
density of tunneling electrons, or electrical field strength,
one is able to break chemical bonds selectively. The
detailed methodology in controlling these local inter-
actions is the key to obtaining sharp patterns with high
spatial precision. Various approaches of controlling the
local interactions have been reported. These methods
include AFM-based lithography such as tip-catalyzed
surface reactions,? dip-pen nanolithography,?* and STM-
based lithography such as tip-assisted electrochemical
etching and field-induced desorption.?®

In this Account, we focus on our recent and systematic
efforts in developing generic SPL-based methodologies to
produce nanopatterns of SAMs. We first discuss the
principle of our SPL procedures. The critical steps in
controlling local tip—surface interactions will then be
addressed. The advantages of our approach will be il-
lustrated through various examples of production and
modification of SAM nanopatterns. Finally, we introduce
our preliminary studies on some promising applications
of nanofabrication of SAMs using SPL.

g/IF()eLthodology of Nanofabrication of SAMs Using

Basic Procedures. The highest resolution AFM images of
thiol SAMs were acquired in liquid media under very low
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FIGURE 1. Schematic diagrams of four basic manipulation mechanisms using AFM (A and B) and STM (C and D). The imaging and fabrication

modes are depicted in the top and bottom rows, respectively.

imaging forces (e.g., 0.05 nN).2%2° The pressure exerted by
the tip was ~0.01 GPa (assuming a tip radius of ~100 A).
The van der Waals energy per CH, group is ~2 kcal/mol.?
Therefore, under such imaging pressure, the AFM tip was
in contact with the alkane chains, which causes small local
deformation.?® Increasing the local pressure would in-
crease the deformation, disrupt the packing, and eventu-
ally displace thiol molecules from their adsorption sites
because the Au—S bond is the weakest at the interface
(the binding energies for S—Au, C—C, C—H, and C—S are
40, 145, 81, and 171 kcal/mol, respectively). In addition,
the lateral movement of thiols on gold requires less
activation energy than desorption. Increasing the load
further would cause the underlying gold substrate to
deform.

The procedure of our AFM-based lithography is il-
lustrated in Figure 1A,B. First, the surface structure is
characterized under a very low force or load. Fabrication
locations are normally selected in regions with flat surface
morphology, e.g., Au(111) plateau areas. The second step
is patterning SAMs under high force. In nanoshaving
(Figure 1A, bottom), the AFM tip exerts a high local
pressure at the contact. This pressure results in a high
shear force during the scan, which causes the displace-
ment of SAM adsorbates. There is a distinct difference
between nanoshaving and wearing.?® In nanoshaving,
adsorbate molecules are displaced by an AFM tip during
the scan at a load higher than the displacement thresh-
old.?” Holes and trenches can be fabricated with one scan.
Wearing is normally referred to as the detaching of
adsorbates by repeated scanning of an AFM tip under a
load smaller than the threshold.? In wearing, molecules
are gradually moved away from the edges of defect sites.
During AFM scans, both processes may occur simulta-
neously, although shaving is the dominant process under
high load.

In nanografting (Figure 1B), AFM tips are also used to
shave thiol molecules from their adsorption sites.?® The
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SAM and the AFM cantilever are immersed in a solution
containing a different thiol. The thiol molecules in the
solution adsorb on the newly exposed gold surface as the
AFM tip plows through the matrix SAM. The nanostruc-
tures are characterized in the third step at reduced loads
(top panels in Figure 1A,B).

In STM-based lithography, tunneling electrons are used
to achieve nanofabrication of SAMs. As illustrated in
Figure 1C,D, SAMs are first imaged under a very low
tunneling current, and then fabrication locations are
chosen. Unlike in AFM, STM tips are not in contact with
the surface during imaging. Under ultrahigh vacuum
(UHV), the tunneling current is slowly increased while the
bias voltage is maintained constant. As the tunneling
current is increased beyond a certain threshold, displace-
ment of metal atoms or desorption of adsorbate molecules
occurs (bottom panels in Figure 1C,D). The resulting
patterns can then be imaged at a reduced current.

Determination of the Threshold Force and Current.
Fabrication force and current are the key parameters in
maintaining a local tip—surface interaction. Extremely
high forces in AFM can cause plastic deformation or
displacement of the underlying gold substrate.?® On the
other hand, if the force is too low, molecules cannot be
displaced completely in one scan. Multiple scans could
result in winding edges due to the drift between scans.
Since the fabrication threshold varies with the geometry
of AFM tips, the structure of the matrix SAMs, and the
fabrication environment, the threshold should be deter-
mined in situ for each individual experiment before
attempting fabrication.

The force threshold can be determined by monitoring
the changes in surface structure as a function of increasing
load. The structural changes are best monitored from
molecular resolution images taken at relatively small
scanning areas (typically, 3 x 3 to 25 x 25 nm?). Under
low imaging forces, topographic images reveal the mo-
lecular packing within SAMs. Figure 2A,C shows an
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FIGURE 2. Determination of threshold force and tunneling current.
Topographic images (5 x 5 nm?) of (A) CsS/Au(111) and (C) OTE/
mica taken in 2-butanol. At a load of 10 nN, images A and C changed
into the periodicity of (B) Au(111) and (D) mica (0001), respectively.
The threshold forces are 9.5 and 9.6 nN, respectively, which
correspond to a pressure of 0.4 GPa based on the Hertzian model.
(E) Sudden fluctuation occurs when the tunneling current causes
diffusion or displacement.

ordered octadecanethiol monolayer on gold (abbreviated
as Cy8S/Au) and a disordered octadecyltriethoxysilane
layer on mica (OTE/mica), respectively. As the load
increases, the images remain unchanged at first and
become increasingly distorted at higher forces. A continu-
ous increasing of the imaging force results in a transition
in the AFM image from the lattice of SAM to that of the
substrate. Figure 2B,D reveals that both Au(111) and mica
(0001) have a hexagonal symmetry with lattice constants
of 2.88 and 5.18 A, respectively. The load at which the
transition occurs is referred to as the displacement
threshold. In the experiments shown in Figure 2, the
displacement thresholds for C;3S/Au and OTE/mica are
9.5 and 9.6 nN, respectively.

At fixed bias voltage, the tunneling current in STM
increases exponentially with decreasing tip—surface dis-
tance.21 At high current, STM tips may become attached
to the surface, resulting in nonlocal fabrication such as
the formation of deep pits or irregularly shaped clusters.
Very often, tips become very dull upon separation due to
removal of or picking up of materials. To determine the
threshold current, we first optimize the imaging conditions
for SAMs, i.e., the bias voltage (V) and tunneling current
(1). Typical V and | values for decanethiol SAM are +1 V
and 5—15 pA, respectively.?>?? Keeping the voltage con-

FIGURE 3. (A) 160 x 160 nm? topographic images of C1sS/Au(111)
with the thiols shaved away from the central 50 x 50 nm? square.
(B) 160 x 160 nm? topographic images of OTE/mica containing a
heart-shaped pattern produced using nanoshaving.

stant, we gradually increase the current by moving the
tip toward the surface. As illustrated in Figure 2E, a large
fluctuation in | is observed when the current reaches the
fabrication threshold. The fluctuation is attributed to
movements of atoms and molecules under the tip.

Nanopatterning of SAMs Using SPL
Nanoshaving. There are a number of requirements to
produce sharp nanopatterns using nanoshaving: local
displacement, immediate removal of the displaced ad-
sorbate, and absence of readsorption. The fate of the
displaced molecules depends on the structure of SAMs
and the fabrication environment. Alkane thiols form an
ordered structure on Au(111) without cross-linking among
nearest neighbors.® In air or water, where thiols exhibit
little solubility, most of the displaced molecules often
remain weakly attached to the gold substrate or SAMs in
nearby locations. Therefore, the displacement is mostly
reversible and cannot be used to pattern thiol SAMs.3!
Using solvents in which thiols exhibit sufficient solubility
such as ethanol or 2-butanol, sharp patterns can be
produced. Figure 3A shows a 50 x 50 nm? square hole
within a C15S/Au(111) layer produced in 2-butanol.

In contrast to thiol SAMs on gold, siloxane layers can
be patterned using nanoshaving under various media.?’
Unlike thiol SAMs on gold, siloxane layers on mica do not
exhibit long-range order.?”32 There are very few covalent
bonds between the siloxane molecules and the mica
substrate due to the low density of dangling hydroxyl
groups on the mica surface.?”3? The stability of siloxane
SAMs arises from the cross-linking of the chains through
the Si—O network, which are formed by baking the
adsorbate layer at 120 °C for 2 h.2"%2 Due to the low
reactivity between the displaced siloxane molecules and
mica, the displacement is irreversible, regardless of the
fabrication medium. Siloxane molecules are either re-
moved farther away from the fabrication sites during the
scan, or they become attached to the AFM tip.® Figure
3B shows a “nanoheart” within an OTE/mica layer pro-
duced in air.

Nanografting. Nanografting can create both positive
and negative patterns, depending upon the relative chain
length between the new and matrix adsorbates.?>?8 Figure
4A displays two C4gS nanoislands fabricated into a matrix
of C10S/Au(111). It is important to point out that the newly
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FIGURE 4. (A) Fabrication of two C;S nanoislands (3 x 5 and 50 x 50 nm?) in the matrix of a C4S monolayer using nanografting. As shown
in the cursor profile (B), the CysS islands are 8.8 A higher than the surrounding Cy,S monolayer, consistent with the theoretical value for
crystalline-phase SAMs. (C) Fabrication of multicomponent patterns using nanografting. The dimensions of the CyS (left) and CysS (right)
islands are 30 x 60 and 20 x 60 nm? respectively. (D) The corresponding cursor profile shows that the CysS and C,S islands are 7.5 & 1.0

and 12.0 & 1.5 A taller than the CyS/Au matrix monolayer, respectively.

grafted C,gS nanoislands not only have an ordered and
close-packed (32 x 3Y2)R30° lattice but also have fewer
defects such as pinholes or uncovered areas.?’?8 During
the time frame of nanofabrication experiments (hours to
tens of hours), there were no observable exchange or
desorption reactions.?>?® The absence of pinhole defects
and exchange reactions is critical for a faithful pattern
transfer when patterned SAMs are used as masks. Using
the same procedure, thiols with various chain lengths
from 2 to 37 carbons (C,SH, CsSH, C16SH, C,SH, and
C130C19SH) have been successfully patterned.?® The ob-
served heights and high-resolution images of these nano-
patterns indicate that the thiols are close-packed within
the patterns. In addition, nanopatterns terminated with
various functional groups such as —OH, —CO;H, —NH,,
and —CHO have also been produced.?834

By changing thiol solution above the matrix layer before
each nanografting experiment, we were able to produce
multiple nanopatterns with desired arrangements and
compositions of thiols. Figure 4C shows two patterns of
different heights. First, a rectangular CygS pattern (20 x
60 nm?) was grafted within a CS matrix SAM. The
solution was then replaced with a 0.2 mM C,,SH solution,
and a second rectangular pattern (30 x 70 nm?) of CxS
was grafted to the left of the CysS island. The C4sS and
C2,S patterns were parallel to each other and were 0.80 +
0.05 and 1.17 + 0.03 nm taller than the surrounding C;0S
matrix (Figure 4D), respectively. Molecular resolution
images of the two nanoislands revealed a hexagonal lattice
with a lattice constant of 0.50 nm. Together, the height
measurements and molecular resolution images indicated
that the chains were closely packed within the nano-
islands. The ability to produce multiple patterns regio-
specifically from different adsorbates satisfies a basic
requirement for fabrication of various nanoelectronic
devices and sensor arrays.

In Situ Modification of SAM Nanopatterns. The unique
advantage of nanografting is its ability to systematically

460 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 33, NO. 7, 2000

change the patterns in situ without restarting of the entire
fabrication process.?® In Figure 5, two parallel C1gS nano-
lines (10 x 50 nm?) were first produced in a C10S matrix
with a separation of 20 nm. The interline separation was
then increased to 65 nm.?® To perform this operation, we
erased the right line by scanning the area defining this
line at a high force in a C1,SH solution. After the line on
the right was erased, we then replaced the C;,SH solution
with a C1gSH solution and fabricated a new line further
to the right of the first CiS line, thereby increasing the
interline spacing to 65 nm. In contrast to other micro-
fabrication methods, the use of nanografting to modify a
prepared pattern does not require the generation of new
masks or a repeat of an entire fabrication process. This
ability to interactively pattern on the nanometer scale
provides a unique opportunity for studying size-depend-
ent properties systematically and unambiguously as all
other experimental conditions can be held constant.

Nanofabrication of SAMs with Tunneling Electrons.
Previous studies have shown that STM images of SAMs
with true molecular resolution are achieved at low tun-
neling current (1-100 pA) and under UHV.?'?2 STM
images allow thiol SAMs to be visualized with unprece-
dented detail, such as the primary (372 x 32)R30° struc-
ture, the c(4 x 2) superlattice, and various defects includ-
ing etch pits, domain boundaries, steps, and valleys on
the gold substrate.?12?

An example of the STM image is shown in Figure 6A,
in which ordered decanethiol domains with various
orientations are visible. These domains are separated by
boundaries and etch pits. True molecular resolution is
demonstrated in Figure 6B, which displays the ordered
structure of a C10S/Au and the molecular defects at the
domain boundary. At 70 pA, an L-shaped pattern, 10 nm
in width, was produced (Figure 6C). The pattern is 0.7 nm
lower than the surrounding SAM (see cursor profile in
Figure 6D). The apparent depth is deeper than the single
Au(111) step but smaller than the chain length of the
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FIGURE 5. In situ modification of the grafted nanostructures. (A)
AFM image of the matrix C10S SAM before fabrication. The bright
area that is 30 nm in diameter and 0.25 nm higher than the rest of
the surface is due to a single atomic step of Au(111) covered by the
C10S SAM. (B) After fabrication of two parallel C1sS nanolines with
dimensions of 10 x 50 nm? and a separation of 20 nm. (C) Erasure
of the right line by scanning its area under a high imaging force in
a CyoSH solution. (D) Refabrication of the second line by scanning
under a high imaging force in C14SH solution. The interline spacing
was increased to 65 nm. The spatial precision for this fabrication
is 2 nm.

decanethiol (1.4 nm). This is consistent with the previous
STM studies and the fact that alkyl chains do not make
a significant contribution to the tunneling current.?.??
The electronic density of states of hydrocarbon chains
is sufficiently far from the Fermi levels of the tungsten
tip and the gold substrate.®3 High-resolution images
revealed the lack of periodicity of SAM within the nano-
pattern. Together the depth measurements and the high-
resolution studies suggest the removal of thiols under the
high tunneling current.

After tens of imaging and fabrication scans, the STM
tip became covered with thiol molecules and other
adsorbates. High-resolution images could still be obtained
using these “aged tips”, as shown in Figure 7A. However,
the results of fabrication appeared to be dramatically
different under conditions similar to those used in the
generation of Figure 6. As shown in Figure 7B, a nearly
triangular pattern was produced at 80 pA. However, thiols
within this pattern were not removed as the (3“2 x
3Y2)R30° structure still remained. The height difference
between the pattern and the surrounding area is 0.24 nm

height / nm

710 20 30 40
distance / nm

FIGURE 6. Example of tunneling electron-induced evaporation of
thiols in CyoS/Au(111). (A) Constant-current STM topograph (100 x
100 nm?) acquired at a bias voltage of 2 V and tunneling current of
4pA. (B) A7 x 7 nm?image reveals the packing and defects of the
SAM with molecular resolution. (C) After an L-shaped area was
scanned at 80 pA. (D) Cursor plot indicates that the depth of the
pattern is 0.75 nm, and a new nanoisland near the patterned area
is 0.24 nm higher than the matrix.
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FIGURE 7. Example of tunneling electron-induced diffusion in CyS/
Au(111). (A) A 75 x 50 nm? constant-current STM topograph taken
using a tungsten tip at 1.5V and 6.6 pA. (B) After a triangular area
was scanned at 80 pA. At this current, one layer of gold atoms under
the SAM in the triangular area was displaced. (C) The cursor profile
indicates that the central triangular area is 0.24 nm lower than the
surrounding areas. The depth corresponds well with the single
atomic height of Au(111).

(Figure 7C), corresponding well with a Au(111) step. The
displaced gold atoms moved to the upper left part of the
pattern (Figure 7B) and step edges. In other words, we
can produce etch pits and nanoislands. It is known that
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the number of etch pits may be reduced or eliminated by
a mild annealing process, e.g., at 50 °C for 3 h.2.%
Therefore, by combining annealing and our STM lithog-
raphy, one can actively control the distribution and
locations of etch pits within thiol SAMs by rearranging
the gold atoms underneath the thiol SAM.

We may envision several possible fabrication mecha-
nisms based on knowledge of STM tip—SAM interactions.
Under our fabrication conditions, e.g., 2 V and 70 pA,
STM tips penetrated into the SAM and located in close
proximity to the Au—S interface. Under a very high local
field (108—-10° V/cm), an ultrasmall yet high-density
electron beam was directed by the tip to collide with the
S—Au interface. The S—Au bonds (40 kcal/mol) were most
likely weakened or broken under such high tunneling
current.® With the presence of clean W or Pt—Rh tips, the
thiols loosely bonded to gold surface could become
attached to the tips. When these relatively “dirty” tips were
used to fabricate SAMs, thiols had low affinity toward the
tip and thus were not detached from the surface. At high
current, the tunneling electrons exciteed the top layer of
gold atoms after the Au—S bonds were broken, causing
the lateral displacement of gold atoms. Tips may be
cleaned again using voltage pulsing (negative 2—5 V for
10 ms) to deposit adsorbed materials from the tip to the
surface.?>3940

Applications of SPL and Patterned SAMs

Changing the Microenvironment of Surface Reactions.
During nanografting, the top asperity of the AFM tip
displaces adsorbed thiols within the matrix SAM, thus
producing a transient reaction environment in which the
newly exposed gold surface is spatially confined by
surrounding thiols and the AFM tip. At least one order of
magnitude increase in the reaction rate was observed for
the self-assembly of n-alkane thiols under spatial confine-
ment with respect to the corresponding unconstrained
processes.? In addition, the resulting SAMs formed under
spatial confinement do not have “scars” or uncovered
areas.

The accelerated kinetics and the resulting scar-free
layer can be explained qualitatively by an altered reaction
pathway, as schematically shown in Figure 8. It is known
from SPM?%4! and diffraction studies*? that unconstrained
self-assembly includes two main steps. Molecules initially
attach to gold with their axis parallel to the surface,
forming a lying-down phase as a reaction intermediate
(Figure 8A). As the reaction proceeds, thiols stand up and
eventually form a complete layer.®>4142 During nanograft-
ing, an AFM tip exposes a bare gold surface within a
previously assembled monolayer. The newly exposed gold
is spatially confined by the tip and surrounding thiols.
Such spatial confinement restricts the formation of a lying-
down configuration for adsorbing thiols but favors their
direct adoption of the standing-up configuration.?’ Thus,
the self-assembly process follows a pathway that bypasses
the lying-down to standing-up transition (Figure 8B).

This standing-up configuration facilitates the ligation
of sulfur to gold and the packing of the chains to form
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FIGURE 8. Schematic diagram showing the reaction pathway for
the (A) unconstrained and (B) spatially constrained self-assembly
(SCSA) reactions.

the SAM. In addition, the standing-up configuration is also
enthalpically favorable because the interactions between
the newly adsorbed molecules and the surrounding thiols
help stabilize the transition states for the self-assembly
process. Thus, the overall activation energy for the spa-
tially confined self-assembly (SCSA) is most likely lower
than that in the unconstrained reaction process. As a
result, self-assembly on the constrained gold surfaces
proceeds with a faster reaction rate. The accelerated
kinetics are critically dependent on the dimension of the
spatial confinement, with exposed surface dimensions less
than the chain length of the adsorbing thiols appearing
to prevent alternative reaction paths most efficiently.°

The proposed model is analogous to the accelerated
kinetics observed within the cavities of zeolites and the
capsules of certain supramolecular complexes.*®* This
finding has generic implications in that spatial confine-
ment can provide an effective means for changing the
mechanism of certain surface reactions by sterically
hindering alternative pathways and for accelerating the
kinetics of a surface reaction by stabilizing particular
transition states or reaction intermediates.

Direct Characterization of AFM Tip and Tip—Surface
Contact. In SPM imaging as well as fabrication, the
sharpness of the very top portion of the tip is most critical.
The power of AFM also lies in its capability to simulta-
neously image local topography and physical properties
such as elastic compliance, frictional force, and conduc-
tivity.?64445 The quantification of this these properties
requires the tip size and the tip—surface contact area to
be known.?64445 There is, however, no direct and easy way
to characterize the top portion of the tips. The diameter
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FIGURE 9. Characterization of three AFM tips using nanografting. In the top three rows, the topographic images and corresponding cursor
plots are shown in the left and middle columns respectively, and the schematics of the tips are shown on the right column. The bottom two

rows explain the convolution of tip C in AFM imaging.

of the tips is estimated from the topographic images of
surface steps with known heights.*® The choices typically
include crystalline steps such as Au(111), C(0001), or mica
(0001).

Nanografting provides a new and direct method to
characterize AFM tips and contact areas. First, only a
single scan is taken at a high load, and then the resulting
line is imaged at a low imaging force. For the three
tips shown in Figure 9, a single scan by each tip resulted
in a narrow line, a wide line, and a triple-line pattern,
respectively. The lines shown in Figure 9 consist of C,,SH
and thus are 12 A taller than the matrix C1,S/Au(111) layer.
Since thiols are closely packed within the grafted
patterns,?® these lines have sharp and straight edges.
Information about the top asperity of the AFM tips can
then be extracted from the corresponding topographic
images: (i) the cursor profile at both edges of each line
(width w and height h) reflects the local shapes of the

AFM tip [R = (W? + h?)/2h]; (ii) the flat portion of the
line corresponds to the lower limit of the contact diam-
eter; and (iii) the measured overall width of the line rep-
resents the upper limit of the tip diameter because of the
tip convolution.

In Figure 9, tips A and B have a single asperity at the
top with a radius of 10 and 20 nm, respectively. The
minimum contact diameter during fabrication is 6 nm for
tip A and 9 nm for tip B. The third tip (tip C) has double
asperities at the top. Multiple asperities occur frequently
in SPM, yet they are difficult to quantify. Using nanograft-
ing, tips with multiple asperities can be identified and
quantified directly. In the case of tip C, the AFM image
reveals a triplet line and a single line after a y-scan and
an x-scan, respectively. Thus, the doublet in tip C is
aligned along the x-direction. The rationale behind this
conclusion is illustrated schematically in Figure 9. A
doublet tip scanning over a pair of parallel lines with the
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FIGURE 10. Formation of two nanopattens of LYZ. (A) A 400 x 400
nm? topographic image of a CyS/Au(111) SAM, within which a 10
x 150 nm? line and a 100 x 150 nm? rectangle of HS(CH,),COOH
were produced using nanografting. (B) The same area imaged after
4 min of immersion in a LYZ solution (10 xg/mL in 20 mM HEPES
buffer, pH = 7.0). (C) Corresponding cursor profiles in one plot. The
origin is the gold surface, which can be determined by displacing
the SAM. The black and striped regions represent the matrix and
nanopatterned SAMs, respectively. Each peak corresponds to a one
adsorbed LYZ molecule.

same separation would result in a triplet line in the AFM
image. The dimensions of this double tip are also extracted
directly from the corresponding peak widths and separa-
tion in the cursor profiles. The two asperities in tip C are
10 nm in radius separated by 40 nm. In addition, the left
asperity is 1.5 nm shorter than the right one.

By systematic varyation of the chain length of thiols in
the matrix and solution, lines with heights ranging from
2 to 45 A have been produced, which provides more
choices of the step heights than commonly used crystal-
line steps such as mica (0001). Nanografting provides a
direct and rapid method to estimate the contact diameter
and three-dimensional geometry of AFM tips, in addition
to the tip radius, regardless of single or multiple asperities.

Production of Nanometer-Sized Protein Patterns.
Patterned SAMs produced using SPL may be used as
templates for subsequent fabrication processes such as
patterning proteins by selective adsorption.3* Selectivity
of protein adsorption can be achieved with the knowledge
of the variation in protein affinity toward different
SAM3.4,47751

As a proof-of-concept experiment, we first patterned
lysozyme (LYZ), an enzyme that catalyzes the hydrolysis
of the glycosidic links between GIcNAc and MurNAc
residues in the polysaccharide.?* As shown in Figure 10A,
two HS(CH,),COOH nanopatterns, a line and a rectangle,
were first grafted within a matrix C,,S/Au. The patterning
and imaging of SAMs were conducted in an aqueous
medium containing 1 mM HS(CH;),COOH. Prior to pro-
tein adsorption, the patterned SAM was first washed with
deionized water to remove any remaining HS(CH,),COOH
and then washed with 20 mM HEPES buffer (pH 7.0). After
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injection of a 10 ug/mL LYZ solution, proteins adsorbed
exclusively onto the two HOOC-terminated areas within
3 min, as shown in Figure 10B. Little adsorption was
observed at the methyl-terminated areas during the
experiment (4 h). The observed strong selectivity is mainly
attributed to the electrostatic interaction between LYZ and
the surface of HOOC(CH,),S/Au(111).434%1 At neutral
pH, LYZ (IEP 11.1) exhibits net positive charges, while
~10% of the carboxylate termini are negatively charged
(—COO0").%2 Therefore, electrostatic attraction drives the
selective adsorption of LYZ onto the HOOC-terminated
areas instead of the methyl-terminated matrix.

Individual LYZ particles within the patterns can be
resolved from the AFM image shown in Figure 10B. The
corresponding cursor profiles shown in Figure 10C reveal
that the immobilized protein molecules exhibit different
heights: 4.3 + 0.2 and 3.0 + 0.2 nm. LYZ molecules are
ellipsoidal with dimensions about 4.5 x 3.0 x 3.0 nm?
from X-ray crystallographic studies.’® The variation in
heights shown in Figure 10 is consistent with the fact that
electrostatic interactions are not specific and often result
in various protein orientations with respect to the sur-
face.*515 The advantage of using this physically mediated
protein immobilization is the experimental simplicity. In
addition, proteins retain their activity after the adsorp-
tion 515556 We have succeeded in patterning other proteins
including BSA and IgG using either electrostatic inter-
action or covalent binding between the primary amine in
the protein residues (such as lysine) and the surface
aldehyde groups of the SAMs.3* The patterns range from
15 nm to 1 um in lateral dimension.3*

Conclusion and Future Outlook

We have developed several SPL-based methods to produce
nanometer-sized patterns within SAMs. The key to achiev-
ing high spatial precision is to keep the tip—surface inter-
actions strong and local. In this Account, we introduced
two AFM-based methods, nanoshaving and nanografting,
which rely on the local force, and two STM-based tech-
niques, electron-induced diffusion and desorption, which
use tunneling electrons for fabrication. Compared with
other techniques used to fabricate microstructures of
SAMs, SPL, especially STM-based lithography, offers the
highest spatial precision. While our STM lithography is
carried out in UHV, the AFM fabrication can be done in
an ambient environment and is relatively simple to set
up. Edge resolution of several nanometers is routinely
obtained, and molecular precision can be achieved with
an ultrasharp tip. In addition, nanostructures can be
characterized with molecular resolution in situ using the
same tip. Using nanografting, one can also quickly change
and/or modify the fabricated patterns in situ without
changing the mask or repeating the entire fabrication
procedure. Various examples discussed in this Account
demonstrate that SPL can be used as a generic method
for nanofabrication of SAMs. In addition, the SPL process
itself allows many new phenomena to be revealed and
studied, such as spatially confined reactions. In combina-
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tion with protein immobilization techniques, we used SPL
to produce nanometer-sized protein patterns.

In light of the initial success, much more work lies
ahead. A well-known limitation of all SPL procedures is
that the fabrication steps are serial instead of parallel in
nature, which results in a relatively low fabrication speed.
Therefore, at present, SPL is used as a research tool in
laboratories instead of as a manufacturing tool for high-
throughput applications. In addition, more pattern-
transfer protocols such as selective etching and deposition
also need to be tested to explore the feasibility of using
SPL to produce nanostructures of metals and semicon-
ductors. Furthermore, the ability to change nanostructures
in situ provides a unique opportunity for systematic
studies of size-dependent properties of nanostructures in
the near future.

The strength of our approach is the ability to engineer
and image complex molecular architectures with high
spatial precision. The precisely engineeered nanostruc-
tures allow for the exploration of chemical and biochemi-
cal reactions under spatially well-defined and controlled
environments. Although not yet practical for high-
throughput applications and manufacturing, SPL studies
provide fundamental infromation on tip—surface inter-
actions, structures, and properties on a nanoscopic level.
These studies shall serve as a useful guide in the nano-
fabrication of nanoelectronic devices, biosensors, and
biochips.
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