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ABSTRACT

Two new methods have been developed to precisely position gold nanoparticles on surfaces. The surface-active nanoparticles have a shell
of a mixed monolayer comprised of alkanethiol and alkanedithiol molecules to anchor particles to gold surfaces via sulfur—gold chemisorption.
In the first method, regions of an alkanethiol self-assembled monolayer (SAM) are shaved by the AFM tip under high force in a solution
containing nanoparticles. Nanoparticles then adsorb onto the exposed areas defined by the shaving track of the tip. In a second method, the
AFM tip is coated with nanoparticles. Under low force, AFM images are acquired and the nanoparticles remain on the tip. When higher load
is applied, areas of the SAM matrix are uncovered and nanoparticles are deposited following the scanning track of the AFM tip. Thus, the 3D
positions of the nanoparticles are precisely controlled. The nanostructures are characterized in situ with the same tip at reduced load. Individual
particles within the nanopatterns can be resolved by AFM. In both methods, the matrix SAM effectively resists the nonspecific binding of
nanoparticles, and prevents lateral diffusion of nanoparticles. The high spatial precision offered by AFM lithography is advantageous for
fabrication of nanoparticle-based nanodevices.

Metal nanoparticles exhibit size-dependent opticalec- as the LangmuirBlodgett method’?® Stepwise derivati-
tronic 22 and catalytic propertiesywhich have great potential ~ zation procedures have been used to form multilayered Au
for engineering new materials and sensgr®rospective  colloid films attached to amine-terminated thiols/Au(13%).
applications for nanoparticles include miniature electronic These methods provide approaches for assembling nanopar-
devices| ™ spin coatings? and biosensing'~* Prototype ticles into highly organized ensembles and layers for macro-
devices in molecular electronics, which incorporate gold and microapplications.

nanoparticlf:ﬂ as components, include single-electron o gpplications involving micro- and nanodevices, litho-
transistors; single-electron charging devices, photonic graphic approaches have been developed to position nano-
NSIStors o) _ .
switches'® and quantum dots. The 3D positions of nano-  particles. For example, surfaces of micropatterned self-
particles on surfaces must be controlled precisélypefully  555embled monolayers (SAMs) produced by microcontact
at the level of individual particles. To make micro- and rinting®®-32 and by photolithograpi#§ served as templates
nanoscale devices .funczt1|ona|, nanoparticles must be ahgnecfo guide nanoparticles into micropatterns. In these strategies,
precisely in nanowirés?! and nanoparticles must be posi- e selectivity of adsorption is dictated by the interactions
tioned precisely at the gap of metahsulator-metal junc- between nanoparticles and surfaces. The feature sizes

i 22
tions: ) i i achieved thus far for these approaches are on the order of
Methods are continuously being developed and improved microns

for directing the organization of metal nanoparticles into thin - . .
To reach nanometer precision, scanning probe lithography

film layers?*24 nanocrystal array®, and superlattice¥. b d 1o pat ficles. | i
Hexagonal ordering has been achieved using approaches suclft\aS een used 1o pattern nanoparticies. ron oxide nanopar-

ticles, 4-16 nm in diameter, were adsorbed onto patterned
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DPN, then letting the solvent evapordtélhese DPN-based an outer shell of mixed thiol compositih. Typically,
approaches further miniaturized fabrication in comparison particles protected with only dithiol ligands aggregate readily
to photolithography and microcontact printing. However, in solution, due to disulfide cross-linking between particles.
lateral dispersion was present, thus compromising the lateralA stable dispersion has been achieved using nanoparticles
precisions® with a mixed monolayer shell consisting of both thiol and
Lateral dispersion was eliminated by using SAMs as methyl terminal groups. The thiol groups on the nanoparticle
resists. AFM tips were used to remove siloxane molecules surfaces offer an advantage for chemisorptive attachment to
exposing SiQ for subsequent amine functionalizati®n.  gold surfaces. The synthesis of surface-active nanoparticles
Citrate stabilized gold nanoparticles then adsorbed ontohas been described in detail previou¥l\Briefly, alkane-
amine-terminated patterns. Silica was typically elevated thiolate-protected gold nanoparticles were first synthesized
above the surrounding resist layer. The height of the silica by using the biphasic Brust routé Then, multiple copies
depends on the degree of oxidation. The lateral dimensionof alkanedithiols were exchanged into the protecting mono-
was precisely controlled, however, the perpendicular dimen- Jayers of hexanethiolate-protected gold nanoparticles dis-
sion was difficult to regulate due to the difficulties of solved in hexane, rendering the resulting particles surface-
controlling tip-induced oxidatiof! active, with free thiols on the outer peripheral surface. Excess
In this article, we introduce two approaches in which 3D dithiols and displaced thiols were removed by repetitive
positioning can be controlled with nanometer precision. Both methanol extractions from the exchange (hexane) solution.
methods can precisely position nanoparticles within al- These surface-active nanoparticles were kept in hexane or
kanethiol resists using AFM-based lithography. The attach- decane solutions to minimize particle cross-linking. They
ment occurs by chemisorption to the substrate via multiple could then be used for surface assembling and nanofabrica-
S—Au linkages, since the nanoparticles are composed of atjon.
gold core and an outer shell of mixed thié¥sSulfur—gold
chemisorption defines the perpendicular precision. The
surrounding matrix of methyl-terminated alkanethiols ef-

A home-constructed atomic force microscope (AFM) with
the optical-beam deflection configuration was used for this
: ' AR ) study#+42 Samples are placed on a segmented piezo-tube
fectively resists th? no_nspecn‘lc binding of nanoparticles and stage for translation, and the cantilever is mounted in a fixed
prevents lateral diffusion. ) ) position. A laser is focused on the back of the cantilever

Gold (Alfa Aesar, 99.99% Ward Hill, MA) was deposited  gnq deflected to a four-segment photosensitive detector,
onto freshly cleaved mica substrates (clear ruby muscovite,pich monitors the vertical deflection and lateral twisting
mica, S&J Trading Company, New York, NY) according t0 ¢ e cantilever as the sample is rastered against the tip.

a pr:eViOlCJiSIy rgpor‘Fed E}rosedLﬁ%.The substratesDwere This design enables the simultaneous acquisition of topog-
preheated to 323C in a high vacuum evaporator (Denton raphy, frictional force, and elasticity images. The electronic

- 7
Vacuum Inc., Moore_stown, NJ, modgl D\./502 A) ak2lo . controllers and software are from RHK Technology (Troy,
Torr. The evaporation rate was maintained at 3 A/s during MI). Images were acquired isecbutanol or in hexadecane.
gold deposition. The final film thickness ranged between 150 The AFM scanner was calibrated using commercial calibra-
and 200 nm. After deposition, the temperature was main- _. . . o .

. - . . tion grids, with a periodicity of 3.&xm and heights of 22.0,
tained at 325C for an additional 15 min for annealing. After 100, and 485 nm, respectively (NT-MDT, Moscow, Russia)
removing the films from the UHV chamber, pieces of glass Con’1mercially a\;ailable SN, cantileveré were u,sed for '

ffi he fil ing E k 377 (E Tech- . . . .
were affixed to the films using Epotek 377 (Epoxy Tec imaging, with force constants of 0.1 N/m (Microsharpened

nologies, Inc., Billerica, MA) and cured f@® h at 150°C. il Th Mi S le. CA). Th
Films of gold glued to glass in this fashion can be stored at cantriever, €rmo MICroscopes, sunnyvaie, ): €

room temperature for several months. Stripping the glass'maglng force was typically less than 0.5 nN.
pieces from the mica produces clean Au(111) surfaces, with A contact-resonance imaging (CRI) method was used to
flat areas as large as 360300 nn? and a mean roughness improve topographic image contrast by minimizing-tip
as small as 25 A, according to AFM measurements. surface interaction® With CRI, the tip remains in contact
Alkanethiols were available commercially and used as with the surface while the sample is sinusoidally modulated
received: 1-decanethiol (HS(GJ4CHs, 96% purity) and at a resonance frequgncy of the%ipgmplg contact. This
1-dodecanethiol (HS(CH1:CHs, 96% purity) from Aldrich; mode is effective for improving the imaging contrast both
n-hexadecylmercaptan (HS(GHCHs, 92%) from Pfaltz and in liquid media and under ambient conditions, using standard
Bauer;n-hexadecane (99%) from Signseebutanol (99.7%)  commercially available soft cantilevers.
from Fisher Chemicals. SAMs were prepared by immersing The AFM controller was interfaced with a programmable
freshly stripped pieces of ultraflat gold on glass into the vector scanning module (VSCAN, RHK Technology, Inc.)
desired thiol solution. Typically the substrates were placed to enable automated scanning probe lithografdtyets of
into 0.1 mM solutions of thiol irsecbutanol for at least 24  programmed motions were written and compiled into lithog-
h to ensure the formation of a complete, stable monolayer. raphy scripts to create the desired surface arrangements of
The SAMs were removed from solution and rinsed copiously nanopatterns. Scripts were written that controlled the length,
with secbutanol and ethanol before AFM imaging. direction, speed, and the applied force of the scanning motion
Encapsulated gold nanoparticles with alkanethiol shells during lithography. Automated scanning probe lithography
have been modified via place-exchange reactions to includeenabled the rapid fabrication of multiple nanopatterns in well-
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Figure 1. Characterization of nanoparticles chemisorbed on Au(111). (A) A topographic image2(2?). (B) Corresponding cursor
profile for A. (C) Schematic diagram of the cross-sectional view of the thiol-passivated nanoparticles. (D) Histogram of the heights measured
for 190 nanopatrticles.

controlled, repeatable conditions, as well as the productionfrequency was used to enhance the image contrast for
of arrays of nanostructures. amplitude and phase signals. While the particle size can be
For size assessment, nanoparticles were immobilized onextracted from the AFM topographs, as discussed previously,
a clean gold surface via thiol chemisorption on gold. The corresponding amplitude images provide information regard-
desired surface coverage was achieved by adjusting both théng the tip-sample interactions. For particles without a thiol
concentration and immersion time. In the AFM topograph shell, homogeneous contrast was observed in amplitude and
shown in Figure 1A, the Au(111) substrate was immersed phase images. With coreshell nanoparticles, amplitude
directly in a 0.005 mg/mL solution of nanoparticles in images taken at resonances were sufficiently sensitive to
hexadecane for 8 h. The cursor plot of Figure 1B indicates reveal a dark contrast when the tip was mostly in contact
the heights of three selected nanoparticles ast4072 nm, with the thiol shell (see Figure 2C). When the tip is on top
7.0+ 0.2 nm, and 5.6 0.2 nm. The lateral dimensions of ©of the particle, the resonance amplitude is highly damped
nanoparticles measured in the AFM topograph include AFM (dark), because tipthiol molecule interactions are suf-
tip convolution?46 Therefore, to ensure accurate size ficiently different from that in the tip-Au contact. This force
determination, only height measurements were used for datamodulation approach provides an effective means to identify
analysis. The schematic in Figure 1C depicts a cross-sectionathe presence of coreshell particles.
view of thiol-modified nanocrystals, for which the overall Two methods were developed for precisely positioning
and specific dimensions of the metal core and the length of nanoparticles on gold surfaces. The first method (Figure 3A)
the thiol shell are clearly illustrated. According to AFM combines nanoshaving of a matrix SAM with subsequent
measurements, the overall diameters range from 3 to 10 nmadsorption of nanoparticles onto the exposed areas of the
thus the metal cores correspondingly range in size from 1.2 substrate. The main steps are as follows: first, the sample
to 8.2 nm. The size distribution is displayed in Figure 1D, is characterized by AFM under low force in a solution
based on measurements of 190 particles imaged withincontaining nanoparticles. A relatively flat area with few
various regions of the same sample. The histogram showsdefects is typically chosen for fabrication. In the second step,
that 85% of the particles range between 4 and 8 nm in nanofabrication is accomplished by shaving areas of a
diameter. The average value was 6.1 nm. methyl-terminated alkanethiol SAM matrix under high force.
A zoom-in view (1x 1 u?) is shown in Figure 2, where  The AFM tip is used as a fabrication tool, to plow a furrow
simultaneously acquired topographic and amplitude imageswithin a field of SAM matrix. Nanoparticles attach selec-
are displayed side-by-side. The amplitude image was ac-tively on the uncovered areas of the gold surface, via sulfur
quired with the sample vibrating at a resonance frequency gold chemisorption. In the final step, the nanoparticles within
of the AFM tip-gold surface contaét. The resonance the nanopatterns are imaged using the same AFM tip.
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resist is first characterized under low force. An area is chosen
for fabrication, and higher force is applied to push the tip
through the matrix SAM to deposit nanopatrticles onto the
Au(111) surface. Matrix molecules under the tip are scraped
away at high force and displaced with the scanning motion
of the tip to other areas of the sample or dissolved into the
surrounding liquid. Nanoparticle “paint” from the tip is
deposited onto the uncovered areas of the substrate under
high force, following the scanning track of the AFM tip.
Returning to lower force for imaging, the newly generated
nanopattern can be characterized. As with NPRW, a single
AFM tip is used for the steps of characterization and
fabrication. Both methods in principle can precisely position
nanoparticles on surfaces. Methyl-terminated SAM matrices
prevent adsorption of gold nanoparticles and eliminate lateral
diffusion. The shell of mixed thiols determines the perpen-
dicular position.

An example of the results from nanoshaving and selective
adsorption is shown in Figure 4. The sample was immersed
in a 0.01 mg/mL solution of nanoparticles in hexadecane
for the duration of the experiment. Figure 4A shows a
nanoshaved rectangular area, surrounded by a decanethiol
matrix. Fabrication was accomplished with a single scan of
the 150x 300 nn¥ region. Decanethiol molecules were not
removed completely with one scan; however, the removal
of most adsorbates within the frame is clearly evident in
Figure 4A. Several Au steps and a deep crack are visible
surrounding the pattern, which serve as landmarks for in situ
imaging. After 12 h, the patterned area filled with nanopar-
ticles, as shown in Figure 4B. A cursor plot within the hole
measures a depth of 1:20.2 nm, which is slightly smaller
than the expected thickness of a decanethiol SAM (1.5 nm).
a b ¢ This corresponds to incomplete removal of thiol molecules
within the fabricated areas, shown by the gray shaded area
of the combined cursor plot of Figure 4C. The incomplete

M} ) removal of matrix thiol molecules does not seem to prevent
TITIT T T T T 77 b 2 adsorption of nanoparticles, as dithiols within the shell can
VS reach areas of bare gold and anchor the particles on the
surface. Cursor measurements of the nanostructures shown
Figure 2. AFM topographic (A) and amplitude (B) images acquired in Figure 4B show that nanoparticles under measurement
at a resonance frequency of 38 kHz and modulation amplitude of exhibit a height of 2.3+ 0.3 nm above the matrix, thus the
74 A. (C) Schematic diagram illustrating three important-tip  yarg]| nanoparticle diameter measures 380.3 nm.
surfacg contacts: (a)l tip-gold substrate, (byHoibstrate/tip-edge Svyst tic dat Ivsis sh that th ticle si
of particles, and (c) tip-top of particle. ystematic data analysis shows that the nanoparticle sizes

within the nanopattern range from 3 to 5 nm in diameter.

The second method for patterning nanoparticles uses The height measurements are consistent with a single layer
NanoPen Reader and Writer, NPR¥Vand can be ac- ©Of nanoparticles. Additionally, individual nanoparticles can
complished either in air or in a particle-immiscible solvent b€ resolved, despite the effects of tip convolution. For the
such assecbutanol. The procedure is illustrated in Figure 150 x 300 nnt region shown in Figure 4B, approximately
3B. The mixed shell of the nanoparticles containing free 51 nanoparticles are packed within the nanopattern.
thiol groups are suitable for coating thiophilic silicon nitride In contrast to nanografting of thiol SAMS,adsorption
AFM tips. Droplets of nanoparticle solution are applied of nanoparticles is slower. There are orders of magnitude
directly to an inverted AFM tip in 0.kL increments and  differences between the size of thiol molecules and nano-
allowed to dry. A stereomicroscope is used to carefully particles, which contribute to a much lower mobility for
monitor the deposition of liquids from a microliter syringe. nanoparticles. Also, there is a very large difference in
After deposition, the solvent evaporates rapidly. Within concentration for the experimental conditions. For a given
minutes the tip is ready to use as a brush to paint 1 mL volume, a typical solution of hexanethiol (0.1 mM)
nanopatterns. The next steps of nanofabrication are identicalwould contain approximately #0hexanethiol molecules for
as for NPRW using thiol moleculé& The alkanethiol SAM nanografting, as compared to*2Manoparticles for a 0.01

iy, T
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Figure 3. Two methods for positioning nanoparticles via scanning probe lithography. (A) Nanoshaving followed by selective adsorption
of nanoparticles. (B) Removal of SAM resist followed by deposition of mixed-shell nanoparticles from the tip (NPRW).

mg/mL solution of nanoparticlesa 10 million-fold differ- drops of nanoparticle solution were deposited onto an
ence. Thus, a slower diffusion is expected and observed forinverted tip. The solvent evaporated rapidly to generate a
nanoparticle systems. For nanoparticle concentrations of 0.02 sufficient amount of nanoparticles applied only to the desired
0.01, and 0.005 mg/mL, adsorption over areas of hundredsareas at the apex of the tip, instead of covering the back of
of nanometers was completed after 10, 16, and 30 h,the cantilever.
respectively. Successful examples of nanostructures of gold nanopar-
Nanoparticle adsorption onto nanoshaved areas of al-ticles produced using NPRW are shown in Figure 5. An
kanethiol SAMs provides one approach for positioning accumulative volume of &L of nanoparticles in hexane
nanopatrticles, with advantages of being highly localized and (0.10 mg/mL) was deposited onto an AFM tip joL
selective. Automated scanning probe lithography enablesincrements with a glass syringe and allowed to evaporate.
production of arrays of nanostructures with designed geom- The tip was then used to image a decanethiol SAMér
etries and dimensions. As a preliminary experiment, arrays butanol, revealing fine structural details of the matrix SAM,
of nanopatterns were produced under a solution of 0.02 mg/such as defects. When higher force was applied to the tip,
mL of nanoparticles. These includex33 arrays of 100 nm  and also using slow scanning rates (approximately 200 nm/
nanostructures of coreshell nanoparticles within a dode- s), nanoparticles from the tip were transferred to the substrate
canethiol matrix SAMPO following the writing track of the AFM tip. After the
For DPN* and NPRW8 typically the procedure to coat fabrication step, the force was reduced for characterizing the
the AFM tip (pen) with thiols (ink) includes either dipping feature in situ. Nanoparticles were positioned within a 150
or submerging a tip into a solution containing the thiol x 450 nn? rectangle as shown in Figure 5A. The height of
molecules of interest. However, for nanoparticle solutions, the pattern ranged from 2.5 to 3.5 nm above the decanethiol
the tip coating procedure needed to be modified for two matrix (Figure 5B), therefore the size of the particles ranged
reasons. First, with an immersion or dipping procedure, the from 4.0 to 5.0 nm. It might be expected that using coated
back of the cantilever became densely covered with nano- AFM tips would compromise the AFM imaging resolution;
particles, because gold is commonly used as the reflectivehowever, as shown in Figure 5A, the sacrifice in resolution
coating. The layers of nanoparticles greatly reduced theis not significant. Steps of gold terraces and individual
reflection intensity of the laser beam, thus making imaging nanopatrticles can still be resolved.
difficult. Second, when using a dipping process to only  There are approximately 45 nanoparticles visible within
immerse the apex of the tip in solution, very few particles the 150x 450 nnt rectangular nanopattern in Figure 5A,
deposited onto the tip and thus did not provide a sufficient which is far fewer than for a densely packed layer. Within
nanoparticle coating. For effective NPRW, multiple small a single experiment, multiple patterns with accumulated areas
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Figure 5. Positioning nanoparticles using NPRW. (A) AFM

g topograph (5506« 550 nn?) of a decanethiol SAM, where a 150

S5 450 nn? rectangle of thiol-modified gold nanoparticles were placed

- with nanometer precision. (B) Corresponding cursor profile for A.
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)

<1k Nanoparticles can be positioned precisely on surfaces using
AFM-based lithography. Two AFM-based nanopatterning
methods were successfully demonstrated: nanoshaving fol-

0 "')0 260 360 lowed by selective adsorption and NPRW. The nanoparticles
which were used have a 8.2 nm gold core, covered by

a mixed shell of alkanethiol and alkanedithiol molecules.
Figure 4. Positioning nanoparticles via nanoshaving and subse- Dithiol molecules serve as anchors to attach particles to
quent selective adsorption. (A) A 150 300 nnt area of thiol  gyfaces. Surfaces are modified with SAMs to prevent lateral

SAMs were shaved within a decanethiol matrix. (B) Same area diffusion and nonselective adsorption of coshell particl
imaged after 12 h immersion in 0.01 mg/mL nanopatrticle solution. usiona onselective adsorption of cosnell particies.

Nanoparticles attached selectively to the shaved areas. (C) AThese new methods prove to have nanometer precision for
combined plot of the cursors indicated in A and B, the gray area placing nanoparticles on surfaces. Only single layers of

indicates undlstqrbed matrix SAM, the white area indicates the areananoparticles are observed. Nanopatterning can be achieved
where nanoparticles attached. . o . .
under ambient conditions, in aqueous solutions, or other

of 1P nn? were constructed without depleting the tip coating solvents._ 'll'he r_ehs_ultf] are CharacterL)zed mISItg' Indwf;&l
of nanoparticles. An advantage of this method is the versa- hanoparticles within the patterns can be resolved using )

tility of working in various environments, such as ambient Further work is in progress to resolve the nonspherical shape
and liquid media. High selectivity was also observed, since of core metal nanocrystals and molecular packing within the
nanoparticles do not deposit on areas of the surface unles$hells. If dithiol molecules can be selectively placed on

higher force is applied. Since particles are localized on the specific crystalline faces, orientational specific immobiliza-
AFM tips, slow diffusion rate is no longer an issue. The tion would be possible. We anticipate that the results reported

nanopatterning and characterization steps are very rapid; botthere will provide new approaches for nanoparticle-based
steps are completed within a time frame of onky@&min. electronic devices.

distance (nm)
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