Electrochemical Etching of Gold
within Nanoshaved Self-Assembled

Monolayers

Jingru Shao,™$ Eric A. Josephs,*® Cheetar Lee," Adriana Lopez,” and Tao Ye™*

*School of Natural Sciences and *School of Engineering, University of California, Merced, California 95343, United States. SThese authors contributed equally.

ABSTRACT Wet etching of metal substrates with patterned self-
assembled monolayers (SAMs) is an inexpensive and convenient
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method to produce metal nanostructures. For this method to be

relevant to the fabrication of high precision plasmonic structures,

the kinetics of nanoscale etching process, particularly in the lateral
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direction, must be elucidated and controlled. We herein describe an &

in situ atomic force microscopy (AFM) study to characterize the

etching process within patterned SAMs with nanometer resolution

and in real time. The in situ study was enabled by several unique
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elements, including single crystalline substrates to minimize the variability of facet-dependent etch rate, high-resolution nanoshaved SAM patterns,

electrochemical-potential-controlled etching, and AFM kymographs to improve temporal resolution. Our approach has successfully quantified the extent of

both lateral etching and vertical etching at different potentials. Our study reveals the presence of an induction period prior to the onset of significant lateral

etching, which would be difficult to observe with the limited time resolution and sample-to-sample variation of ex situ studies. By increasing the vertical

etch rate during this induction period with higher potentials, gold was etched up to 40 nm in the vertical direction with minimal lateral etching. High-

resolution etching was also demonstrated on single crystal gold microplates, which are high quality gold thin films suitable for plasmonics studies.
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he ability to concentrate, guide and

modulate electromagnetic energy at

the nanoscale with surface plasmons
crucially depends on the shapes and sizes
of noble metal nanostructures.' While
relatively simple metallic structures are
produced with chemical synthesis*® or
template stripping,*> more complex struc-
tures, particularly those useful for plasmonic
circuits, are commonly fabricated with fo-
cused-ion beam (FIB)®7 and electron beam
lithography (EBL).2 A potential alternative
that is inexpensive, convenient, and less
damaging to immobilized biomolecules in
plasmonics-based biosensors*® is wet etch-
ing with patterned self-assembled mono-
layers (SAMs).'°~ "2 Alkanethiol SAMs, which
can be patterned using soft-lithography'*'
or scanning probe lithography,’®™'® can
protect the underlying noble metal while
the metal in exposed areas is etched away
by a chemical etchant. A major barrier to
the fabrication of high-resolution metallic
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nanostructures with wet etching is lateral
etching that occurs at the boundaries of the
exposed areas.'®” "3 To produce high-aspect
ratio, nanometer-precision structures that
are routinely required in plasmonics,'®?°
the vertical etch rate, Ry, must be signifi-
cantly larger than the lateral etch rate, R.
Such high etching anisotropy is difficult to
achieve with the polycrystalline gold thin
films that are commonly used in wet etch-
ing studies.® "> Moreover, our ability to
improve pattern transfer fidelity is ham-
pered by the limited knowledge of the wet
etching process, as the elucidation of etch-
ing kinetics is hindered by the low time
resolution in existing ex situ studies.'®%13
In addition, due to the damage of the SAM
resist by electron beams'® and contamina-
tion of gold by exposure in air,'*'?'3 a fresh
sample must be used for each time pointin
ex situ studies. Therefore, it is challenging to
measure the extent of lateral etching with
sub 10-nm precision due to the expected
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sample-to-sample variability in the sizes of the SAM
patterns and irregular etching of the polycrystalline
substrate.

To understand and control the etching process for
faithful pattern transfer on gold, we herein report the
firstin situ AFM study of electrochemical etching within
a patterned SAM resist. This in situ study was made
possible by addressing numerous technical barriers,
including the variability of etch rates on different
crystalline facets of polycrystalline gold films,'®~'2 lack
of control over etching kinetics, and insufficient tem-
poral resolution of AFM imaging. Our study success-
fully quantified both lateral and vertical etching with
subsecond time resolution under potential control.
Our results have indicated that the etching process is
surface reaction limited and is affected by surface
adsorbates. The etch rate is not constant even at a
fixed electrode potential. Lateral etching has a pro-
nounced induction period, which is attributed to the
selective passivation of the sidewall. By controlling
etching kinetics on different crystalline facets, we have
identified the conditions needed to achieve high
etching anisotropy—Iateral etching is within the mea-
surement error (4 nm) when gold is vertically etched
below 40 nm. Our in situ approach may be readily used
to study and control nanoscale etching kinetics with
alkanethiol SAM resists produced by other patterning
methods.'?'>2" In addition, our method may be used
to produce complex, high-resolution plasmonic nano-
structures that allow selective immobilization of bio-

chemical ligands in “hot spots”.’

RESULTS AND DISCUSSION

Thus far, in situ scanning probe microscopy studies
of etching of passivated gold surfaces are mostly
limited to those with unpatterned SAMs.?*?* It has
been found that the corrosion of gold preferentially
initiates in SAM defects. Due to the low time resolution
of imaging and limited control over the defects, these
studies have largely focused on qualitative aspects of
corrosion.?*% For in situ microscopy to be relevant to
pattern transfer with SAM resists, it is imperative to
produce open gold areas in the SAM with high resolu-
tion and obtain quantitative information of lateral and
vertical etching. Our approach integrated the following
unique elements to overcome technical barriers to
in situ imaging: (1) we used Au(111) substrates (a bulk
single crystal®® or gold microplates)®® to avoid the
variability of etch rates of polycrystalline gold films;
(2) we patterned an alkanethiol SAM on gold by
nanoshaving, which offers a resolution as high as
10 nm (Figure 1). During nanoshaving, the alkanethiol
molecules are mechanically desorbed by a large local
pressure applied by the AFM tip to expose the under-
lying gold surface (Figure 1a, left and middle);'® (3)
while the introduction of a chemical oxidant into the
liquid cell may perturb in situ imaging and allow for

SHAO ET AL.

limited control over the etching process, we applied
an electrochemical potential to initiate the etching so
that AFM could track the evolution of the nanoshaved
area; (4) while traditional frame-by-frame imaging is
too slow, we instead configured the AFM to scan the
same line across the nanoshaved shapes repeatedly
(Figure 1a, right). The topography profiles of the
scanned line at different time points were stacked to
form what we called AFM kymographs (as shown in
Figure 1b and later), with the topography profile of the
scanned line shown along x axis and the y axis repre-
senting time. The kymographs provided a convenient
and intuitive method to quantify vertical and lateral
etching with subsecond time resolution.

In Situ Measurement of Electrochemical Etching. We used
octadecanethiol (C18) as the etch resist, as C18 SAMs
have been previously shown to serve as a robust and
high-quality wet etch resist.>2® Then, using nanoshav-
ing, we exposed nanoscale regions in the C18 SAM
formed on the Au(111) substrate.>* The sample was
then exposed to the etchant: 40 mM thioureain 10 mM
sulfuric acid solution.?” The reaction describing the
etching of gold by thiourea in acidic solutions is as
follows:*®

Au(s) + 2TU(ad) = AuTU, " (aq) + e~ )]

where TU represents the thiourea SC(NH,), and
AuTU," represents the gold—thiourea complex.
Thiourea must diffuse and adsorb onto the gold
surface to form the aqueous species AuTU," with the
aid of oxidant, which leads to etching of gold. While
Fe>" is often used as the oxidant for thiourea-mediated
etching of gold,'*'>?! the introduction of a new
oxidant into the liquid cell may perturb in situ imaging
and require some stabilization time before images can
be acquired reliably and a stable local concentration is
established. Therefore, we used the electrochemical
potential to initiate the oxidation/etching on demand
so that the progression of etching at the bare gold
region could be tracked in situ by AFM (Figure 13, right,
and 1b). As will be shown later, potential control also
offers a unique opportunity to facilitate anisotropic
etching.

Although we did not intentionally add an oxidant
such as Fe>" to the thiourea solution, we found that the
nanoshaved areas were rapidly etched even without
any applied potential (Figure 2a—c) or at —300 mV
(data not shown). We suspected that the dissolved
dioxygen may serve as the oxidant in the presence of
thiourea.”’*° To test the hypothesis, a nanoshaved
SAM surface was exposed to the thiourea solution
that had been purged with nitrogen. Indeed, no
etching was observed this time (Figure 2d—f). There-
fore, by removing oxygen from the thiourea etchant,
we can trigger the etching process with potential
control.
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Figure 1. Schematic of in situ characterization of gold etching in nanopatterned SAM resist. (a) Octadecanethiol (C18) SAM on
Au(111) is patterned by nanoshaving, which uses the pressure exerted by an AFM tip to selectively desorb thiol molecules in
specific areas. The sample is then subjected to an acidic thiourea solution under electrochemical control. Etching at the
nanoshaved area is triggered by applying a positive potential to the gold substrate, and AFM is used to image the nanoshaved
area during etching. (b) 3D view of an AFM kymograph, which shows a nanoshaved region being gradually etched in both
vertical and lateral directions. AFM repeatedly images the same line as etching proceeds and the topographical profiles are
stacked together to form the AFM kymograph, with the Y axis representing the time axis.
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Figure 2. Role of air in the gold etching reaction. (a) AFM image of the nanoshaved patterns in butanol. The depth was about
1.5 nm. (b) After exposing the surface to aerated thiourea solution for a minute, the nanoshaved areas were etched to 35 nm
deep and turned into triangular/hexagonal shapes at open circuit potential. The edges of the deeply etched holes are along
the nearest neighbor directions of Au(111). (c) Cross-sectional profiles of the pattern in panel a (blue) and panel b (red). (d)
AFM image of the shaved patterns before and (e) after exposure to deaerated thiourea solution. (f) Cross-sectional profiles of
nanoshaved holes in panel d (blue) and panel e (red) show identical depths, suggesting that etching is minimal under this

condition. Scale bars are 300 nm.

To study the etching kinetics with kymograph, we
configured the AFM to scan the same line across the
nanoshaved region repeatedly. As there was no lateral
etching in the overall shape if lateral etching was not
observed in the kymograph (Figure S1), the measured
depths and widths in the kymograph could therefore
be used to monitor the etching kinetics of the shape
of interest with a lateral precision of ~4 nm (AFM
measurement error, see Materials and Methods section
for discussion) and a vertical precision of 0.27 nm. This
approach, which allows us to determine etching an-
isotropy with subsecond time resolution, represents an
optimum balance between temporal resolution and
topographical information needed to understand the
nanoscale etching process. To address the potential
concern that tapping mode imaging by the AFM tip
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may perturb the etching process, we imaged the
nanoshaved shapes after etching (Figure S2). There
was no observed depth difference between the AFM
scanned line and the rest of the shaved area. In
addition, the shapes that were imaged by the tip and
those that were not imaged were etched to the same
depth. These observations suggest that the tapping
mode imaging used to characterize the etching mini-
mally perturbs the electrode reactions. The lack of tip
perturbation is also an indication that the etching
process is limited by surface reaction, not mass transport
of reactants, which is impeded by the presence of the
AFM tip. Indeed, our estimated etch rates under a mass
transport limited scenario (modeled as a recessed micro-
disk electrode) are at least 3 orders of magnitude higher
than our measured etch rates (Supporting Information).
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Figure 3. In situ measurement of patterns under linear potential sweep. (a) Different shapes were nanoshaved and the line
indicated was imaged during etching. (b) AFM kymograph of the line in panel a, while a linear potential sweep was applied.
The arrow shows the direction of the time axis. (c) AFM image of the nanoshaved shapes after etching, showing lateral
expansion that is consistent with the kymograph in panel b. Panels b and c are shown on the same color scale. Some newly
appeared bright features are observed in the first row, which are absent in other experiments where potential is kept below
210 mV. Therefore, these bright features may originate from products of decomposition reactions above 210 mv®’ or
desorbed C18 molecules due to extensive lateral etching. As AFM tip may sweep these insoluble species along while
collecting the kymograph, these species are more likely to accumulate near the imaged line. (d) The depth of three
nanoshaved holes as a function of time. (e) Depth (red) and width (blue) of the largest hole as functions of potential. The onset
of vertical etching occurred near 150 mV while lateral etching began near 200 mV. The uncertainty in potential measurement
is approximately 10 mV. The uncertainty in width measurements is 4 nm as discussed in the Materials and Methods section.

Scale bars are 400 nm in the AFM images.

Electrochemical Etching with a Linear Potential Sweep. To
determine the onset potential of etching in the nano-
shaved area, we applied a linear potential sweep from
85 + 10 to 255 £ 10 mV at 2 mV/s to the nanoshaved
surface under the thiourea solution (Figure 3a). The
AFM kymograph of the squares (imaged line as marked
in Figure 3a) was shown in Figure 3b. The image of the
nanoshaved holes after etching (Figure 3c) shows that
the holes were indeed expanded laterally, consistent
with the kymograph. In addition, the extents of lateral
expansion along different angles were similar. Hence
the kymograph, which only measures the lateral ex-
pansion along one axis, is still a good representation
of the lateral etching. The three squares had nearly
identical depths over time, except that as the pattern
etched deeper, there was some measured difference
due to the tip convolution effect,*® i.e, the AFM tip
could not reach the bottom of the smallest square
(Figure 3d) during the scan. Therefore, the largest
square was used to extract potential-dependent width
and depth (Figure 3e). The lack of size dependence
further supports that the etching is not mass transport
limited. Due to the finite size of the tip, the crystal-
lographic orientation of the sidewall could not be
determined reliably. Future studies that use high as-
pect ratio AFM tips>" will be necessary to determine if
the sidewall is vertical or slanted at a specific angle. The
absolute width determination of the etched area can
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be affected by the tip convolution.3*3? Nevertheless,
the relative width change of the opening can be
determined reliably, according to our estimate of the
error caused by tip convolution (see Supporting In-
formation). The onset of vertical etching (red symbols)
occurred at 150 = 10 mV, while lateral etching (blue
symbols, error bars indicate the AFM measurement
error) occurred at 200 + 10 mV. The reason for such
a lag will be discussed later. The inhibition of vertical
etching at 200 £ 10 mV and above is consistent
with existing studies showing that 210 mV triggers
dimerization.”” The dimerization leads to decomposi-
tion reactions and generates products that passivate
the gold surface (Figure 3e).?” On the other hand, the
etching of the sidewall, which most likely has a differ-
ent crystallographic plane, is unhindered at potentials
above 200 mV.

Electrochemical Etching with a Potential Step. To under-
stand etching at specific potentials in greater detail, we
applied potential steps, 95 £ 10, 109 + 10, and 172 £
10 mV, respectively, to a surface with nanoshaved
shapes that were identical to those in Figure 3a
(shown in Figure 4a—c). The width and depth of the
largest square were extracted and displayed in
Figure 4d—f. The fact that in the potential step experi-
ment, the etching begins below the onset potential
determined in the potential sweep experiment can be
attributed to the time required to reach a steady-state

VOL.7 =

NO.6 = 5421-5429 = 2013

WWww.acsnano.org

5424



V=95£10 mV V=109+10 mV V=172+10 mV

a) os b) os

time

114s

c)os

100 200 300 400 20 40 60 80 100 20 40 60 80 100
Time (s) Time (s) Time (s)
g) 2404 X  95mV .
O 109 mvV N
E A 172 mV s
£ 220+ Lon an
= = i nm
T 200 x o o m A
H = om0 sant ma
IO W CEDOEED O AA A A
180.'=.—_.m“; almoe A mazs
20 40 60 80
Depth (nm)

Figure 4. In situ measurement of patterns under different step potentials. (a—c) AFM kymographs of nanoshaved squares that
were identical to Figure 3a and subjected to low (95 &= 10 mV), medium (109 &= 10 mV), and high (172 & 10 mV) potential steps,
respectively, being shown on the same color scale. As etch rate is relatively low at low and medium potentials, two
consecutive AFM images are combined to analyze the kinetics. (d—f) Depth (red) and width (blue) evolution of the largest
square over time for different step potentials, all shown with identical z scales. (g) Width vs depth plot at the three different

step potentials. Scale bars are 400 nm.

etch rate after the potential is changed to a new value.
Lateral etching was significant at all three potentials.
However, a pronounced induction period for lateral
etching was observed in these experiments. Hence,
significant lateral etching occurred after the onset of
vertical etching. The time lag is consistent with pre-
vious observations in the linear potential sweep ex-
periment (Figure 3e). Interestingly, the etch depth
beyond which lateral etching becomes significant, d|,
was dependent on the step potential (Figure 4g). At 95
and 109 mV, lateral etching began at a much smaller
depth, 5 and 12 nm, respectively. By comparison, at
172 mV, lateral etching was undetectable (within the
measurement error ~4 nm) until the depth of nano-
shaved area exceeded 40 nm.

The large etching anisotropy implies that metal
nanostructures with high aspect ratios can be pro-
duced with wet etching under optimized conditions.
However, the anisotropy is unexpected considering
that the more stable (111) facet (bottom of the hole) is
typically etched more slowly.*~>° The origin of the
preferential etching in the vertical direction remains to
be fully understood. A plausible explanation is that
residual adsorbates in the etched area have diffe-
rent interactions with the sidewall and the bottom
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(Scheme 1). At a lower surface coverage, C18 molecules
lie down to maximize the van der Waals contact
between the alkyl chain and the gold surface,*® im-
peding the complexation of thiourea with gold. Hence,
the displacement of residual adsorbates may be the
rate-limiting step in the etching reaction. Initially there
is no lateral etching due to the absence of the side wall.
However, once the first layer of gold in the nanoshaved
area was etched, a sidewall with freshly exposed gold is
generated. The etching of the sidewall allows lateral
expansion of the nanoshaved area. While the bottom
of the etched hole remains as (111) facet, the sidewall
may have different crystallographic planes such as
(110), which are known to bind thiol adsorbates more
strongly than (111).3°737 By contrast, the adsorbates on
the (111) facet are more readily displaced, kinetically
favoring etching in the vertical direction. We found
that prior to etching, the depth of the nanoshaved area
was 0.6 nm smaller than expected given the thickness
of C18 SAM (Figure 2e), which suggests the presence of
adsorbates in the nanoshaved area. Numerous me-
chanisms could lead to the passivation of a freshly
exposed sidewall. Given the high mobility of thiol
molecules at low surface coverage,®® the molecules
diffuse from the nanoshaved areas to the sidewall,

A \ 72n
VOL.7 = NO.6 = 5421-5429 = 2013 A@M\R)

WWww.acsnano.org

1101 L

5425



PR

AU(TU); AU(TU)Z+

dddddd o— —o ddddddd ddddds, dddeddd & éd

T Au(Tu),* Au(TU),* TU
l N Au(TU),*
TN R TR
+V +V AU(TU);
TU TU TU
Au Au Au

Scheme 1. Proposed etching mechanism of nanoshaved pattern.

where the adsorption energy is higher. Additionally, if a
minimal amount of lateral etching occurs, thiol mol-
ecules in the SAM at the edge of the nanoshaved area
might detach and cap the sidewall of the etched hole.
As the presence of low-coverage thiol molecules on
exposed gold areas is common for SAM surfaces
patterned with other techniques such as microcontact
printing,'® dip-pen nanolithography'® and chemical
lift-off lithography,'> due to the surface diffusion of
thiols in additive methods,*®* or incomplete removal
of thiols in subtractive methods,'® the selective pas-
sivation of the sidewall, which can be exploited to
promote anisotropic etching, may be a general phe-
nomenon in wet etching with alkanethiol SAM resists.

That higher potentials allow the nanoshaved
shapes to be etched to a greater d|, the depth at the
onset of lateral etching, may be explained by increased
Ry, the vertical etch rate, at these potentials. d, can be
described by

tL
d =/ Ry(t) dt

ty

where ty, and t;, are the times when significant etching
in vertical and lateral directions begins, respectively. At
a higher potential where Ry(t) is sharply increased,*
significant vertical etching may occur between ty
and t.. Although the time offset between vertical and
lateral etching, t;, — ty, may be potential dependent as well
(about 140, 40, and 80 s for the low, medium, and high
step potentials, respectively), Ry(t) is much more sensitive
to potential (increased by more than an order of magni-
tude when the potential increases from 95 to 172 mV).

In addition, we also evaluated the pattern trans-
fer fidelity by looking for electrochemical etching
through defects of SAM. This phenomenon was only
observed when lateral etching is significant (Figures 2b
and 3c) and mostly through large monolayer defects
(Figures 2a and 3a). Figure S4 shows that even with
significant lateral etching due to a prolonged period
of time at 109 mV, etching in SAM defects is not ob-
served. The minimal etching of gold in the SAM defects
(Figure $4), which is consistent with a previous study,?
may be attributed to the use of single crystalline
substrate and thermal annealing protocol that addi-
tionally improves the order of the C18 SAM.
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a)

0nm

b)
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Figure 5. Application of electrochemical etching for fabri-
cation of nanosized patterns. (a) AFM image of micrometer
size single crystalline gold plates synthesized on top of ITO.
The C18 SAM on the gold plates is patterned and etched. (b)
AFM images showing circular nanoholes created by nano-
shaving before and after etching. Note that etching through
SAM defects was not observed. The two rows under high-
lighted areas are nanoshaved squares that have smaller
area (about 30 nm wide) and were etched as well. However,
the depth is smaller, which can be ascribed to the finite size
of the tip, i.e., the tip could not reach the bottom of the small
holes during imaging. AFM tips with higher aspect ratio
would be needed to probe the depth of such small holes
accurately.

The decrease in R, at later stages of etching, as
indicated by the slope change in depth vs time plots in
Figures 3e and 4f, may originate from the accumulation
of AuTU, " in the etched hole. As the depth increases,
the diffusion of AuTU, " from the recessed etched hole
to the bulk solution slows down, leading to the accu-
mulation of the etching product that increases the
backward reaction rate and reduces the net vertical
etch rate.*® Another possibility is the accumulation of
side products that may passivate the bottom surface.?’
Numerical simulation of the diffusion and electrode
reactions*'*? at the nanoscale will be needed to help
clarify the origin.

Pattern Transfer on Gold Microplates. While studies on
bulk single crystals offer important insight into the
etching kinetics, the structures produced are of limited
relevance to applications that exploit the plasmonic
properties of gold, which often require thin films.**~*
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The gold microplates supported on indium—tin-oxide
(ITO) are substrates that are single crystalline, inexpen-
sive, compatible with electrochemistry, and have the
required thicknesses (15—60 nm).?> Because the top
of the microplates is terminated with Au(111) and
the plates can be readily functionalized with alkane-
thiols,?> we have explored the electrochemically con-
trolled etching as a method to produce nanoholes in
gold microplates. Figure 5 shows the AFM images of
fabricated nanoholes near a corner of a gold plate after
a step potential was applied to the substrate. Etching
was carried out at 170 £+ 10 mV to minimize lateral
etching. The nanoholes generated this way were
etched to 15 nm deep with lateral etching less than
5 nm. Due to the effective passivation of the SAM, the
top surface remains atomically flat after etching, which
should reduce the dampening of surface plasmons due
to the roughness of polycrystalline thin films.*®

CONCLUSION

Our novel in situ method to probe the wet etching of
gold at the nanoscale has yielded unique insight into
the pattern transfer process on SAM resists. In ex situ
electron microscopy and AFM studies, different sam-
ples must be withdrawn at different time points for
microscopy characterization;'®'>'® the limited time
resolution and sample-to-sample variability would pre-
clude such detailed kinetics information obtained in
this study. Notably we found that the etching rates of
the bottom and sidewalls are not constant and have
different onset times. Electrochemical potential can be

MATERIALS AND METHODS

Materials. Gold wire (99.99%, 1 mm diameter) was purchased
from Scientific Instrument Services, Inc. 1-Octadecanethiol (C18,
98%) was purchased from Sigma-Aldrich. Ethanol (99.5%) and
methyl sulfoxide (DMSO, 99.9%) were purchased from Acros
Organics. Thiourea, sulfuric acid and other reagents were pur-
chased from Fisher Scientific, Inc. and were of certified ACS or
higher grade. Only ultrapure water (>18MQ - cm) generated from
a Barnstead Nanopure Diamond water purification system was
used. All the glassware and parts used in the experiment were
cleaned by piranha solution (1:3 H,0,:H,S0,) and rinsed co-
piously with water prior to use. (CAUTION: Piranha solution can
react violently with organic materials, and should be handled
with personal protective equipment. Piranha solution should not
be stored in tightly sealed containers.)

Preparation of the Gold(111) Surface and Self-Assembled Monolayer.
A single crystal gold bead with (111) facets was made by
melting a gold wire and then mounted on a platinum foil. 2448
The gold bead was then cleaned by hot nitric acid and annealed
by hydrogen flame, before immersion into a 2 mM C18 ethanol
solution. To reduce the defects in the CI8 monolayer, the
container with sample in the thiol solution was purged with
nitrogen, heated to 70 °C and gradually cooled down to room
temperature overnight.”® The gold sample was then briefly
rinsed with ethanol and used immediately. The preparation
of gold microplates on ITO and subsequent SAM growth were
described in detail elsewhere.?® Briefly, the gold plates were
chemically synthesized on ITO by reducing Au(lll) using
ascorbic acid in the presence of capping agents, Kl and
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used to manipulate the etching kinetics and facilitate
anisotropic etching with a ratio of at least 10:1.
Although currently we do not know the ultimate
etching anisotropy achievable because of the limited
number of conditions explored, it is likely that even
higher anisotropy can be obtained in a more systema-
tic investigation.

Future studies that further elucidate the mechanistic
details of the etching process, such as the roles of
adsorbates, the crystallographic orientations of the
sidewalls, other surfactant molecules to additionally
suppress lateral etching, and the interplay between
mass transport and electrode reactions at the nano-
scale, may provide additional routes to suppress lateral
etching and generate high-aspect ratio structures.
With new insight of the nanoscale etching kinetics
and inexpensive single crystalline Au microplate sub-
strates,”® wet etching with SAM resists could be a
viable method to produce metal nanostructures with
high precision. While our approach was demonstrated
with nanoshaved SAM patterns, we expect it to be
suitable for SAM patterns produced with other
methods,*” such as those combining high spatial
resolution and high throughput.'> Since gold may
only be exposed at sidewalls of the etched area
while the rest of the substrate remains protected
by a SAM, wet etching can potentially enable selec-
tive attachment of biochemical ligands to the etched
holes or gaps (usually the EM “hot spots”), which
remains challenging to achieve with existing
techniques.®944

cetyltrimethylammonium bromide.?* The capping agent iodide
on gold plates was desorbed electrochemically at —800 mV and
the C18 SAM on Au plates was prepared as mentioned above.
Electrochemical Etching. Potential control was applied either
by an integrated potentiostat of the Agilent 5500 AFM or
Epsilon from BASi (Bioanalytical Systems, Inc.). All the potential
values quoted in this paper were measured versus Ag/AgCl (3 M
KCl) electrode. The Pt quasi-reference electrode and Pt/Ir coun-
ter electrode were set up in the liquid cell at the beginning of
the experiment. After nanoshaving, nitrogen purged 10 mM
sulfuric acid was flushed through the liquid cell and a potential
of —300 mV was applied. A solution containing 10 mM sulfuric
acid and 40 mM thiourea was purged with nitrogen for 15 min
and flushed through the liquid cell while the potential was kept
at —300 mV to minimize etching. Electrode potential was
applied when the pattern was repeatedly imaged by AFM. After
the experiment, the quasi-reference electrode was calibrated
using a commercial Ag/AgCl (3 M KCl) electrode from BASi. The
voltage fluctuation in the calibration process was 10 mV and this
value was used as the error in overall voltage measurement.
Atomic Force Microscopy. NT-MDT Solver Next AFM was used
for general characterization of the gold microplates in air. An
Agilent 5500 AFM, silicon probes (SNL-10, Bruker, 0.2—0.4 N/m)
and a custom built Teflon liquid cell were used for nanoshaving
and in situ imaging. The gold reflective coating on the AFM
probes was removed by aqua regia before use to avoid etching
of the coating in thiourea during in situ imaging. Nanoshaving
was performed by using a protocol similar to that described in
literature.'® Briefly, thiol molecules in selected regions of the
C18 SAM were removed by applying high forces using the AFM
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probe, in 1:1 (v/v) DMSO/water solution. The threshold of force
required for AFM lithography was determined by progressively
increasing the force until selective desorption was observed.
Typical threshold forces applied, which depend on the sharp-
ness of the AFM tip, range from 50 to 100 nN. To reduce the
amount of residual C18 on the surface, double shaving in
orthogonal directions were applied to the same pattern. The
same tip was used for nanoshaving and imaging. Imaging of
nanoshaved patterns in DMSO/water, butanol or ethanol was
conducted in contact mode; otherwise, imaging was performed
in tapping mode. An environmental chamber was used to
maintain a nitrogen atmosphere during etching. The height
measurements in AFM images were calibrated by atomic steps
on Au(111) surface.

Data Analysis. AFM kymographs were imported into MATLAB
and analyzed line-by-line to extract the width and depth of the
etched area. Each imported image contains single shape. For
each line, there are three steps to determine the width and
depth: (1) the average height was calculated from data points in
SAM region to determine the baseline height; (2) the deepest
point in the hole was found as the depth of the pattern; (3) the
boundary between etched area and SAM region was found by
the Canny method®® to calculate the width of the etched area.

There are several sources of error in the width measurement
by AFM, tip convolution due to finite size of the AFM tip, 3032
pixel resolution (256 pixels for 1 um length) and drift in y
direction during AFM kymograph collection. The evaluation of
the error due to tip convolution and pixel resolution can be
found in the Supporting Information. To give a best estimate of
the error due to y-direction drift, we analyzed the widths of the
shaved area at different lines before etching, by making the
assumption that each line would expand by the same extent
during etching. The standard deviation of the pattern width is
about 4 nm. Note that this value contains contribution from tip
convolution and pixel resolution as well; therefore, we defined it
as “AFM measurement error” and indicated it as the error bar for
all the width measurement.

The time offset t; — ty was estimated by extrapolation. The
data points in width or depth measurement were divided into two
regions, one without etching and one with significant etching.
Then, a linear line was fit to each region and the intersection of the
two fitted line was determined as the time offset.
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