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T
he patterned assembly of Au nano-
structures has garnered much inter-
est due to their unique electrical and

optical properties,1 which have led to sev-
eral applications in electronics,2�4 chemi-
cal5 and biological6 sensing, catalysis,7 and
optics.8 To achieve precise ordering of these
materials for devices, various patterning
techniques such as electron-beam lithogra-
phy and microcontact printing have been
developed.9 More recently, dip-pen nano-
lithography (DPN) has emerged as a scan-
ning probe-based technique that combines
the nanoscale resolution of electron-beam
lithography with the direct writing of micro-
contact printing.10 The versatility of DPN is
evidenced by its wide range of substrates
and inks such as alkanethiols,11 silanes,12,13

polyelectrolytes,14,15 conducting
polymers,16�18 and biological
molecules.19�21

In particular, DPN of 16-
mercaptohexadecanoic acid has been used
to generate a resist layer on Au films for pat-
terning Au nanostructures on silicon.22

However, this subtractive approach re-
quires extra steps in coating the substrate
surface with a thin film of Au and etching
exposed Au. Additive methods, on the
other hand, rely on the self-assembly of Au
nanoparticles (NPs) on organic templates
patterned by electrochemical atomic force
microscopy (AFM).23�25 Both of these indi-
rect techniques involve more steps in li-
thography and surface modification than
DPN of Au NPs.

Although DPN has been used for the di-
rect write of Au NPs,26�28 results in the lit-
erature conflict or are incomplete regarding
the importance of various factors such as
contact force and substrate effects. For in-
stance, Thomas et al. reported that pattern
dimensions were independent of the ap-

plied contact force, whereas Ben Ali et al.
observed strong contact force dependence.
Furthermore, Garno et al. used a covalent
linkage between the Au NPs and the sub-
strate surface to limit lateral diffusion of pat-
terns; however, the need for such specific
interactions has not been proven. More-
over, the extent of patterning was limited
in all studies due to low throughput pre-
sumably caused by depletion of ink.

For continuous feeding of ink, a microf-
luidic nanofountain probe was developed
and used to pattern arrays of Au
NPsOresulting in dots as small as 200 nm
in diameter29 and lines as thin as 100 nm.30

However, the resolution of these printed
features was ultimately limited by the aper-
ture of the nanofountain probe, which was
fabricated via a multistep micromachining
process. Other attempts at using a scanning
probe tip for patterning Au nanostructures
have involved application of electric
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ABSTRACT Various methods for the patterned assembly of metal nanoparticles have been developed in

order to harness their unique electrical and optical properties for device applications. This paper discusses a

method for direct writing of Au nanoparticles at nanoscale resolution using dip-pen nanolithography. First, a

procedure was developed for increasing the loading of Au nanoparticles onto AFM tips to prolong patterning life.

AFM tips were subsequently imaged by scanning electron microscopy to determine ink coverage and to gain insight

into the deposition process. Next, surface interactions, relative humidity, and writing speed were controlled to

determine an optimal range of conditions for deposition. Various ink�substrate combinations were studied to

elucidate the dependence of deposition on interactions between Au nanoparticles and the substrate surface; inks

consisted of positively and negatively charged particles, and substrates were SiO2 surfaces modified as hydrophilic

or hydrophobic and interacted electrostatically or covalently with Au nanoparticles. Results indicate that a highly

hydrophilic surface is required for Au nanoparticle deposition, unless covalent binding can occur between the Au

and substrate surface. The optimal range of relative humidity for patterning was found to be 40�60%, and Au

nanoparticle deposition was not sensitive to writing speeds ranging from 0.01 to 2 �m/s.

KEYWORDS: gold nanoparticles · patterning · scanning probe lithography · dip-pen
nanolithography · silicon · nanofabrication
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fields,31�33 surface reduction of Au salt,34 and

biocatalysis.35

We report a facile method using commercially avail-

able AFM tips for high-resolution, direct patterning of

Au NPs on a variety of surfaces. Since ink transport is

thought to occur via the water meniscus that forms be-

tween the AFM tip and the substrate,36 the Au NPs

used in this study were water soluble. Deposition of

Au NPs occurs when their affinity for the substrate over-

comes that for the tip and any cohesive forces within

the ink itself. To promote transfer of ink to the substrate,

the Au NPs were dispersed in either water or metha-

nol, both low viscosity solvents, and then weakly phys-

isorbed on the tip via an additive inking process. Fur-

thermore, various ink�substrate combinations were

studied to elucidate the dependence of deposition on

interactions between Au NPs and the substrate surface;

inks consisted of positively and negatively charged Au

NPs, and substrates were similarly or oppositely

charged, hydrophilic or hydrophobic, or capable of

binding to Au via a thiol functionality.

This paper investigates five variables in the deposi-

tion process: ink loading, surface interactions, relative

humidity (RH), writing speed, and ink�solvent system.

First, a procedure was developed for increasing the

loading of Au NPs onto AFM tips to prolong pattern-

ing life. Next, surface interactions, RH, and writing speed

were varied to determine an optimal range of condi-

tions for deposition. Other DPN inks such as alkanethi-

ols have well-characterized behavior under a range of

RH and writing speed;37 however, to our knowledge, no

such study has been reported for Au NPs. Finally, mixed

solvent systems were formulated to impart more fluid-

like properties to the Au NP ink.

RESULTS AND DISCUSSION
Ink Loading. The base inks used in this study con-

sisted of aqueous solutions of negatively charged

citrate-capped Au NPs (C-Au NPs, 5 nm nominal diam-

eter), aqueous solutions of positively charged amine-

capped Au NPs (Nanogold, 1.4 nm), and methanolic so-

lutions of positively charged 4-(N,N-

dimethylamino)pyridine-capped Au NPs (DMAP-Au

NPs, average diameter 5 nm). The respective concentra-

tions of C-Au NPs, Nanogold, and DMAP-Au NPs were

approximately 5.1 � 1013, 1.8 � 1016, and 1.6 � 1015

particles/mL. Limited patterning occurred when the

AFM tips were functionalized via the dip-coating

method commonly used for DPN inks. The extent of

patterning correlated with Au NP concentration; tips

dip-coated with Nanogold and DMAP-Au NPs some-

times produced patterns, while C-Au NPs, which were

of the lowest concentration, could not be patterned.

Therefore, we developed an inking method for saturat-

ing Au NPs on AFM tips to achieve consistent

patterning.

The Au NPs were loaded onto a Si3N4 AFM tip via a

micropipetter dispensing 5 �L droplets. To efficiently

load the tip, the ink was confined to the cantilever by

placing Parafilm under and on top of the probe (Figure

1a). The hydrophobic nature of Parafilm ensured that

the droplets would stay on the cantilever at a high con-

tact angle rather than spread to the rest of the probe.

To concentrate the Au NPs on the tip, solvent evapora-

tion was accelerated by heating the probe to 60�70 °C

under a saturated water vapor environment. This ink-

ing procedure was repeated three to five times for suf-

ficient loading of Au NPs, which was verified using scan-

ning electron microscopy (SEM) in Figure 1b. A freshly

coated tip was then used for continuous patterning un-

til depletion of ink from the tip, again verified with

SEM (Figure 1c). Typically, such inked tips deposited

Au NP patterns spanning several microns.

Surface Interactions. The base substrate used in this

study was silicon with a thermally grown oxide layer

(300 nm). This SiO2 surface is commonly used for de-

vice fabrication, well characterized, and easily function-

Figure 1. (a) Tip inking setup. The droplet of Au NPs is con-
fined around the AFM tip by hydrophobic Parafilm surround-
ing the probe. SEM images were taken of an AFM tip loaded
with Au NPs (b) and a depleted AFM tip after patterning (c).
Scale bars: 500 nm.
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alized. To promote the formation of a water meniscus

between the AFM tip and the substrate, the SiO2 was

rendered hydrophilic (static water contact angle � 0°)

by UV-ozone (UVO) treatment.

Since SiO2 was negatively charged under the condi-

tions of our deposition (above pH 3.5),38 DPN of posi-

tively charged DMAP-Au NPs and Nanogold was at-

tempted with the hypothesis that electrostatic

attraction would aid Au NP printing. Both of these Au

NPs were successfully patterned via DPN on UVO-

treated SiO2 at ambient temperatures and RH above

40%. Conditions such as RH and writing speed will be

discussed in later sections.

Panels a and c of Figure 2 show AFM images of pat-

terned DMAP-Au NPs. The heights of the particles in

the line and boundary patterns are 2.5 � 0.9 and 5.1

� 1.9 nm, respectively. The thermal stability of these

patterns was verified by annealing at 165 °C for 30 min

(Figures 2b,d). The heights of the annealed particles

were comparable to those before annealing: 3.3 � 1.1

and 5.3 � 1.3 nm for the line and boundary patterns,

respectively.

Figure 3. AFM topographic images rendered in 3D of Nanogold patterns on UV-ozone cleaned SiO2 before (a) and after (b) gold
development.

Figure 2. AFM topographic images of DMAP-Au NP patterns on UV-ozone cleaned SiO2. Lines and boundary patterns be-
fore (a,c) and after (b,d) annealing at 165 °C for 30 min. Each pair of images (a,b) and (c,d) has the same height scale as shown
on the right. Scale bars: 2 �m.
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On the basis of analysis of DMAP-Au NPs by trans-

mission electron microscopy (see Supporting Informa-

tion, Figure S1), particle size ranges from 1 to 8 nm.

Since the lines were patterned before the boundary

pattern using the same inked tip, we can conclude that

smaller particles deposit first, followed by larger par-

ticles and aggregates. This result has also been ob-

served with C-Au NPs (see section titled Writing Speed)

and is in accordance with the Stokes�Einstein equa-

tion, which predicts that smaller particles have a higher

diffusivity.39

The high diffusivity of Nanogold resulted in pattern-

ing of aggregates (Figure 3a), as opposed to the single-

particle deposition observed for DMAP-Au NPs. The val-

ley in the middle of the patterned line in Figure 3a is

due to Nanogold depositing from the sides of the AFM

tip onto the substrate.40 To verify that the deposited

material was indeed composed of Au NPs, the pattern

was exposed to an electroless gold development solu-

tion (GoldEnhance EM from Nanoprobes, Inc.) for 5 min.

Subsequent AFM scans revealed that the Au NPs ap-

proximately doubled in height (Figure 3b).

DPN of negatively charged Au NPs on a positively

charged substrate was also demonstrated by using

C-Au NPs as the ink and SiO2 treated with poly-L-lysine

as the substrate. The resultant patterns of Au NP dots

are shown in Figure 4. The goal of dot patterning is to

deposit a single Au NP in a precise location. Line pat-

terns of C-Au NPs on poly-L-lysine-treated SiO2 are also

shown in the section titled Writing Speed. To verify that

the deposited material was indeed Au, chemical analy-

sis was performed on patterned C-Au NPs via Auger

electron spectroscopy (AES). Preliminary AES spectra in-

dicated high carbon content, and no Au peak was ob-

served. The carbon signal was likely from citrate ions

that comprise the ink matrix to stabilize the Au colloid.

Since Auger electrons have a mean escape path of a few

nanometers at most, an adequate signal from Au was

detected only after eliminating the organic layers via

thermal annealing and UVO cleaning of the patterns.

Figure 5a shows an SEM of the Au features and the cor-

responding AES spectrum, which contains the Au

(MNN) transitions at 2018 and 2100 eV. The peak for

the Au (NVV) transition is not shown because it is con-

voluted with the low energy peak for SiO2.

The AES data indicate that the DPN-generated pat-

terns were indeed composed of Au NPs; however, it

seems that the organic matrix stabilizing the Au NPs

was also deposited. In fact, treatment of patterned

DMAP-Au NPs and C-Au NPs with gold development so-

lution resulted in significantly less growth than that of

patterned Nanogold, which is not suspended with or-

ganic stabilizers in solution and hence more of the Au

surface is exposed for reaction. Furthermore, AES analy-

sis of AFM tips freshly inked with C-Au NPs indicates

the presence of an organic matrix. The Auger spectrum

in Figure 5b contains peaks for C (265 eV), O (510 eV),

and Na (994 eV), reflecting the composition of sodium

citrate, as well as weaker peaks for Au.

Despite the significant amount of negatively

charged citrate ions comprising the ink, C-Au NPs were

also successfully patterned on UVO-treated SiO2 (Figure

Figure 4. AFM topographic image of C-Au NP patterns on poly-L-lysine/SiO2. The dot patterns were purposefully offset for
ease of identification. Scale bar: 2 �m.

Figure 5. (a) Derivatized Auger spectrum of C-Au NPs de-
posited by DPN. The Au (MNN) transitions are labeled. Inset
shows a 390 � 390 nm2 SEM image of the C-Au NPs.
Crosshair indicates point of analysis. (b) Derivatized Auger
spectrum of an AFM tip inked with C-Au NPs. The C, O, and
Na peaks are labeled and are indicative of a sodium citrate
matrix surrounding the Au NPs.
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6a), thereby demonstrating that negatively charged

particles can be deposited via DPN on negatively

charged substrates. As opposed to most DPN studies

in which electrostatic attraction or covalent binding is

required for patterning, the mechanism for Au NP pat-

terning involves physisorption. Similar patterns were

generated for both positively and negatively charged

Au NPs on UVO-treated SiO2. Therefore, these results

suggest that electrostatic attraction between Au NPs

and the substrate surface is not necessary for

patterning.

Subsequent experiments were performed to deter-

mine whether a highly hydrophilic surface is a key re-

quirement for Au NP patterning. Indeed, no deposition

of Au NPs was observed on moderately hydrophilic to

hydrophobic substrates in the absence of covalent in-

teractions. SiO2 functionalized with mercaptopropyltri-

methoxy silane (MPTS-SiO2, static water contact angle

� 45°) did not yield Au NP deposition unless the Au sur-

face was available for covalent binding to the thiol

groups. Only Nanogold particles were successfully pat-

terned on MPTS-SiO2; DMAP- and C-Au NPs did not de-

posit on this surface because the Au surfaces were cov-

ered in an organic matrix and thus not accessible for

thiol binding.

The Nanogold line patterns on MPTS-SiO2 (Figure

6b) are almost an order of magnitude lower in height

than those on UVO-treated SiO2 (Figure 3), suggesting

different mechanisms for Nanogold deposition on

these two surfaces. The driving force for Nanogold

deposition on UVO-treated SiO2 is the hydrophilic sur-

face, whereas Nanogold deposits on MPTS-SiO2 due to

covalent binding. The less hydrophilic MPTS-SiO2 sur-

face may result in a smaller water meniscus forming at

the AFM tip/substrate interface, thereby limiting the Au

NP deposition.

In contrast to nanofountain probe studies,29 C-Au

NPs could not be deposited via DPN on SiO2 functional-

ized with aminopropyltrimethoxy silane (static water

contact angle � 65°) despite the electrostatic attrac-

tion between C-Au NPs and the positively charged
amino groups. The nanofountain probe patterned a liq-
uid residue (consisting of sodium citrate) along with
C-Au NPs; however, no such residue has been observed
in attempted DPN of C-Au NPs on amino-terminated
surfaces. Furthermore, DPN of Au NPs on SiO2 function-
alized with pentafluorophenyl propyl trichlorosilane
(static water contact angle � 84°) did not result in depo-
sition, even at RH as high as 70%. These results indi-
cate that a highly hydrophilic surface is required for
DPN of Au NPs, unless covalent binding can occur be-
tween the Au NPs and the substrate surface. Electro-
static attraction is neither a necessary nor sufficient con-
dition for DPN of Au NPs. These conclusions are
consistent with reports on the importance of the water
meniscus for ink transport in DPN.16,36,40,41

Relative Humidity. To further investigate the role of wa-
ter in this system, multi-pen experiments under vari-
ous relative humidity conditions were performed. Us-
ing an AFM probe with multiple tips (shown in Figure
7a) allowed for a high-throughput evaluation of RH ef-
fects while taking into account potential variations in
the inking of each tip. In these nine experiments done
in parallel, no Au NPs deposited at RH below 40%. All
pens began patterning single-particle lines at RH 40%;
a representative AFM image is shown in Figure 7b. As

Figure 7. (a) Optical micrograph of multipen setup. All nine pens were used for patterning C-Au NPs at various relative humidities on
UVO-treated SiO2. Scale bar: 100 �m. (b�d) AFM topographic images of C-Au NPs patterned on UVO-treated SiO2 at relative humidi-
ties of 40% (b), 60% (c), and 70% (d). Scale bars: 2 �m.

Figure 6. AFM topographic images of C-Au NP line patterns on UVO-
treated SiO2 (a) and Nanogold line patterns on mercaptopropyltri-
methoxy silane-treated SiO2 (b). Scale bars: 2 �m.
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RH increased to 60% and patterning progressed, the
height and line width of patterns also increased as Au
NP aggregates were deposited and tip blunting oc-
curred due to prolonged contact with the surface (Fig-
ure 7c). At RH of 70%, co-deposition of the solvent ma-
trix was observed (Figure 7d). A larger water meniscus
at higher relative humidity36,42 contributed to matrix
deposition. Therefore, the optimal range for patterning
Au NPs is RH of 40�60%.

Figure 8 illustrates the large tip-to-tip variation in
patterning of Au NPs. The pens are numbered 1�9
from left to right in Figure 7a. At RH 40%, pens 1�5 pro-
duced only partial patterning of Au NPs, whereas pens
6�9 produced complete patterning. The right side of
the pen array (pens 6�9) may have produced better
patterning due to initial contact with the substrate, de-
spite optical leveling of the entire array prior to pattern-
ing. When RH was ramped up to 60%, only pens 7 and
9 deposited Au NPs. When RH was decreased to 50%,
none of the pens deposited Au NPs; therefore, as ink is
depleted from the tip, the RH needs to be ramped up
for continuous deposition. Patterning resumed for
about half the pens when RH was increased to 70%.
SEM analysis of all pens after patterning suggests that
the discrepancy in deposition was due to variable con-
tact between the pens and substrate surface. For in-
stance, pens 3 and 5 were blunter than pens 1, 2, and
4 (Supporting Information, Figure S2).

Writing Speed. The start-and-stop deposition of par-
tial patterns (Figure 7d) indicates that DPN of Au NPs
is an inhomogeneous process. Further evidence for this
inhomogeneity is the fact that deposition is indepen-
dent of writing speed or tip dwell time. No correlation
between tip dwell time and Au NP deposition could be
found for times ranging from 20 to 120 s (Figure 9).
Therefore, a diffusion coefficient could not be calcu-
lated for the transport of Au NPs from the tip to the sub-
strate surface. Unlike inks such as small molecules and
polymers, Au NPs do not spread laterally on substrates
with increasing contact times. Single Au NPs were ob-
served to deposit at dwell times of both 1 and 120 s. The

Au NPs may stick on transfer and form a physical bar-

rier against further deposition.

For line patterns, writing speeds ranging from 0.01

to 2 �m/s also did not have any correlation with Au

NP deposition. As discussed in the previous section Sur-

face Interactions, Au NPs exhibit a consistent diffusion

profile with smaller particles depositing first followed

by progressively larger particles as patterning proceeds.

This phenomenon is illustrated in Figure 10 as writing

speed is held constant at 1 �m/s. The discontinuities

in Au NP deposition may be due to the time required

for the particles to diffuse from the sides of the tip to

the apex. A closer examination of the SEM image of an

inked tip (Figure 1b) reveals islands of Au NPs that may

contribute to the lag times in deposition. The variable

particle sizes within each line in Figure 10 are also in-

dicative of inhomogeneous deposition. Optimization of

the Au NP ink is necessary to achieve more uniform

Figure 8. Plot of Au NP deposition for each of the nine pens
on the DPN probe at various relative humidities as pattern-
ing time increases. The half-filled circles denote partial pat-
terning, and the black circles denote complete patterning.

Figure 9. Plot of the measured heights of Au NPs in Figure
4 versus their respective tip dwell times. The data indicate
that the amount of Au NPs deposited does not depend on
tip dwell time for times ranging from 20 to 120 s.

Figure 10. AFM topographic images of C-Au NPs patterned
on poly-L-lysine-treated SiO2. Lines were written at the same
speed of 1 �m/s, and patterning progressed from left to
right. Scale bars: 1 �m.
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coating of the AFM tip and homogeneous Au NP
deposition.

Ink�Solvent Systems. Preliminary experiments with dif-
ferent ink�solvent systems were conducted to investi-
gate their effect on ink loading and subsequent deposi-
tion. Hexanol was added to DMAP-Au NPs in a 1:1 ratio
to investigate its potential as a lubricating agent since
it has a higher boiling point than methanol (151.4 °C
versus 64.7 °C). The resultant DPN-generated patterns
consisted only of the solvent matrix (Supporting Infor-
mation, Figure S3). In another experiment, varying con-
centrations of ethylene glycol (boiling point: 197.3 °C)
were added to C-Au NPs. At 10% incorporation of eth-
ylene glycol, only the solvent matrix was deposited. No
Au NP deposition was observed for 1% ethylene glycol
incorporation either. Au NPs were only patterned when
there was 0.1% or less ethylene glycol present in the
ink. This small percentage of ethylene glycol did not sig-
nificantly affect the patterning of Au NPs. Other
ink�solvent combinations, however, could potentially
result in more homogeneous patterning. In fact, stud-

ies in the literature have used surfactants for assisting
DPN of biomolecules.43

CONCLUSIONS
We have developed a procedure for loading suffi-

cient amounts of Au NPs onto AFM tips for patterning
on various surfaces, which either need to be highly hy-
drophilic or covalently bind Au. The Au NPs have a dif-
fusion profile consistent with the Stokes�Einstein
equation and, unlike other DPN inks such as 16-
mercaptohexadecanoic acid, Au NPs do not diffuse lat-
erally on the substrate surface during deposition. The
patterns were verified as Au NPs using chemical devel-
opment of the Au and elemental analysis via AES. Pat-
terning only occurs at RH � 40%, with the optimal
range being 40�60%, and is not sensitive to writing
speeds ranging from 0.01 to 2 �m/s. Further develop-
ments in the formulation of Au NP inks and possibly sur-
face modification of AFM tips are necessary to achieve
more uniform coating of the tips and more homoge-
neous Au NP deposition.

METHODS
Au NPs. C-Au NPs were obtained from Sigma-Aldrich; Nano-

gold particles were obtained from Nanoprobes, Inc., and
DMAP-Au NPs were synthesized according to a published proce-
dure.44 Briefly, 9 mg of AuCl3 was dissolved by sonication in 3
mL of 100 mM didodecyldimethylammonium bromide (DDAB)
in toluene. Next, 0.06 mL of tetrabutylammonium hydroxide
(37% in methanol) was added, turning the solution from or-
ange to yellow. Finally, 30 mg of tetrabutylammonium borohy-
dride dissolved in 1.2 mL of DDAB solution was injected to the
gold salt solution under stirring and N2 purging. After 3 h, ligand
exchange was performed by precipitating the Au NPs with a
few drops of methanol/ethanol and centrifuging for 5 min at
14 000 rpm. The Au NPs were then resuspended in a methan-
olic solution of 0.1 M DMAP. Particle concentration was deter-
mined by UV�vis spectroscopy (assuming an extinction coeffi-
cient of 107 based on an average particle size of 5 nm45). Refer to
Supporting Information, Figure S4 for the UV�vis spectrum.

Surface Preparation. Silicon wafers with 300 nm thermally
grown oxide layers (Silicon Quest International) were diced into
centimeter-sized pieces. Markers were scratched into the silicon
using a diamond scribe to enable registration of the imaging tip
with Au NP patterns. For relative humidity studies, a silicon sub-
strate with lithographically patterned markers was obtained
from Nanoink, Inc. All substrates were cleaned for at least 20
min in a UV-ozone cleaner (Model 42, Jelight Company Inc.) be-
fore further surface modification and patterning.

Surface treatment with poly-L-lysine (Ted Pella, Inc.) fol-
lowed previously published protocol.46 Briefly, SiO2 pieces were
exposed to a poly-L-lysine solution (1 ppm in water) for 3�5 min
and then rinsed with deionized water. SiO2 was functionalized
with mercaptopropyltrimethoxy silane through immersion in a
2% v/v solution in ethanol overnight at room temperature. The
substrates were then rinsed with and sonicated in ethanol and
cured in an 80 °C oven for 30 min. Amino functionalization of
SiO2 occurred through vapor deposition of aminopropyltri-
methoxy silane under vacuum overnight. Finally, hydrophobic
SiO2 was obtained by vapor deposition of pentafluorophenylpro-
pyltrichlorosilane under vacuum and heating at 80 °C for 30
min. All silanes were obtained from Gelest, Inc.

Patterning and Imaging. Patterning (contact mode, setpoint 1.5
to 2 V) and imaging (AC mode) were performed on an NSCRIP-
TOR DPN system (Nanoink, Inc.) at ambient temperatures (26 �

4 °C) and variable relative humidity set by the environmental
chamber. Line, dot, and boundary patterns were created using
InkCAD software, which allowed for the specification of writing
speeds and dwell times. Au NPs were inked onto the diving-
board cantilevers of types A and C Si3N4 probes (nominal spring
constants 0.041 and 0.061 N/m, respectively) obtained from
Nanoink, Inc. Au NP patterns were imaged using Si probes ob-
tained from Nanoink, Inc. and Nanosensors, with nominal force
constants of 42 N/m and nominal resonance frequencies of
320�330 kHz. AFM images were flattened using the Scanning
Probe Image Processor (SPIP, Image Metrology A/S).

AFM tips were imaged on an FEI XL30 Sirion SEM operated
at acceleration voltages ranging from 2 to 5 kV. AES data were
taken on a PHI 700 Auger Nanoprobe (Physical Electronics, Inc.).
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