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Designed fabrication of nanostructures requires progress on a number of fronts in research and development.
The ability to synthesize, deposit, and position nanometer scale materials is important for the development of
this technology. We report here on studies of deposition and manipulation of electrochemically prepared,
micelle-capped Au nanorods deposited on silicon dioxide {Si€urfaces. A thiol-terminated silane
(8-mercaptopropylmethyldimethoxysilane, MPMDMS) was used as an active interface for gold nanorod
assembly. A scanning force microscope (SFM) was used to image and manipulate individual Au nanorods.
It was found that mechanical movement of the rods depends on the location of the pushing point along the
rod.

Introduction example, Smalley and co-workéidemonstrated deposition of
o ) ) ) single-walled nanotube segments on chemically functionalized,
Fabrication of nanostructures using different materials and nanolithographic templates, Batzill et’agrew Ag nanowires
methods is a rapidly growing field of interdisciplinary resedrch. by Ag deposition on a stepped surface of a Csifigle crystal,
Advances in fabricating nanoscale devices will occur with 54 Penner and co-workémemonstrated electrodeposition of
improvements in the ability to synthesize, deposit, and position molybdenum at step edges on graphite. Physical effects have
nanobuilding blocks on suitably designed substrates. Several 5,55 peen used to align nanowires and nanotubes during the
techniques employing different strategies have been used t0geposition process. An electric field was used by Smith &t al.
create patterned nanostructures on surfaces. Recent methodg, align metallic nanowires, and Lieber and co-worketsowed
include the use of existing surface structures as a template, localy,q assembly of semiconductor nanowire arrays by combining
deposition of material from a scanning probe microscope (SPM) uidic alignment with surface-patterning techniques.
tip, and direct manipulation of deposited nanoclusters using an The high-resolution capability of SPM technigues has also

SPM tip. been used for the fabrication of nanostructures. Nanopattern

. One effective approach is to use chem|calltemplates O tormation by local deposition of metal clusters using a scanning
inherent surface structural templates, e.g., atomic steps, recon- . . .

; - . . . tunneling microscope (STM) tip has been demonstrated by
struction sites, and grain boundaries, for patterning nanostruc-

tures by subsequent deposition of the desired material I:Orseveral groups. Kolb et &°mechanically deposited Cu clusters
y q P ' on Au in an electrochemical environment. Similar results were
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all? Also, an STM tip has been used to initiate linear chain
polymerization of an adsorbed layer of monomolecular moi-
eties!®

A third approach, and the one used in this study, is to deposit
pre-synthesized metal clusters on a substrate and position them
in a desired pattern using a scanning force microscope (SFM)
tip. Since it is now possible to synthesize multicomponent metal
nanoparticles using a combination of templates and layer-by-

layer self-assembly, thisottom-uppositioning approach is well
suited for creating large structures from novel, precisely made
building blocks'* In our laboratory, we have demonstrated
controlled manipulation by mechanical “pushing”, using an
atomic force microscope (AFM) tip, of individudl® and
linked?® gold particles, and use of gold particles as templates
for subsequent deposition processesMore recently, the
positioning of individual carbon nanotubes on a S#bstrate
by mechanical pushing was demonstrafethis setup was also
used to study the nanomechani€and electrical properties of
the carbon nanotubés.

One possible extension of such nanomanipulation work is to

use nanorods as fundamental building blocks to create novel

structures. The shape and size of metallic nanorods make the
excellent models to study the electrical and opffptoperties

of nanowires, as well as frictional forces and nanometer-scale
mechanics. Several groups have demonstrated the ability to
synthesize colloidal nanorods with well-defined sizes and shapes

using different materiald24In particular, gold nanorods have
been prepared by electrochemical methi§d&These procedures

100 nm
Figure 1. TEM images of gold nanorods that were synthesized
electrochemically and have an aspect ratio of 4 to 9.

was removed using a centrifugation procedure (Clay Adams
Dynac Centrifuge; 3300 rpm at 2& for 20 min). A droplet of

the gold nanorod solution was placed onto the MPMDMS-
modified silicon substrate and allowed to dry in air. Once dry,
the sample was carefully rinsed with DI water and then dried

Mhgain under nitrogen.

X-ray photoelectron spectroscopy (XPS) data was obtained
using a Physical Electronics Model 5300 ESCA spectrometer
equipped with an Al K (1486.6 eV) X-ray source and using a
pass energy of 90 eV. Transmission electron microscopy (TEM)
(Philips 420; 120 keV) was used to analyze the nanorod size
and shape distributions.

have produced gold nanorods with mean aspect ratios ranging  agp imaging and manipulation experiments were carried

from 1 to greater than 10. Most of these studies have used TEM

out using an Autoprobe CP AFM (Park Scientific Instruments)

and other spectroscopic techniques to analyze the size and Shap@perated in dynamic mode in air, using triangularly shaped

distributions of the synthesized rods. To the best of our

silicon cantilevers (Park Scientific Instruments, 13.0 Nm

knowledge, AFM has not been used yet as a complementary gy ing constant, and 340 kHz resonance frequency). The setup

characterization technique.
Despite the wide range of research that has dealt with

that was used for AFM nanomanipulation has been described
previously?® |t is based on Probe Control Software (PCS)

synthesis issues, very little research has been devoted to th%leveloped in our group and built upon the application program-
self-assembly and alignment of rod-shaped nanocrystals. Oneying interface (API) provided by PSI.

of the few examples available is from El-Sayed’s lab where a
variety of ordered structures could be formed under controlled
experimental condition.

In this study, we have deposited gold nanorods on a
MPMDMS (3-mercaptopropylmethyldimethoxysilane)-modified

SiO,/Si (111) substrate, imaged the rods using dynamic mode

AFM, and subsequently performed manipulation using the AFM
tip. The objective of this work was to demonstrate that these
gold nanorods can be utilized as functional “primatives” or
building blocks for nanostructure fabrication.

Experimental Section

A Si (111) wafer (P/B, International Wafer Service) was cut
into 1 x 1 cn? pieces and cleaned by immersing the Si wafer
in a “piranha” bath (30% kD, mixed in a 1:4 ratio with
concentrated k80, at 100°C for 10 min, and then rinsing

Results and Discussion

Gold nanorods were prepared by an electrochemical method
in which a gold electrode is used as the sacrificial anode and a
platinum electrode is used as the cathode. Both electrodes were
immersed in an electrolyte solution consisting of cationic
surfactant, GTAB, which serves both as the supporting
electrolyte and stabilizer to prevent agglomeration of the formed
rods. Figure 1 shows a TEM image of the synthesized nanorods.
The nanorod dimensions were measured to bet1® nm in
diameter and 7@ 20 nm in length, with a shape distribution
that was typical for the image shown.

Itis well-known that colloidal gold particles with ionic shells
can be deposited on surfaces that have been modified by layers
having end groups with high affinity for gold (i.e., CN, SH,
NH,).3! Electrostatic and/or chemical interactions between the

with ethanol (Aldrich, spectrophotometric grade). The sample gold and these groups bind the particles to the substrate. Amine-
was then stored in ethanol for later use. Deposition of 3-mer- terminated adhesive layers are commonly used for this purpose;
captopropylmethyldimethoxysilane (MPMDMS, Gelest Inc. PA) however, we found that such layers were not useful for these
was achieved by immersing the substrate into a 1:20 (volume particular studies. We believe that this is because the micelle

ratio) solution of MPMDMS in ethanol for 12 h. Subsequently,

(C16TAB) used to stabilize the gold nanorods in aqueous solution

the samples were rinsed with ethanol and then dried in a streamis positively charged overalf A tentative model has been

of pure nitrogen.

proposed to describe the surfactant behavior at the gold surface,

The electrochemical method for synthesis of suspended Auin which the surfactant cations are oriented toward the gold in

nanorods has been described previod&yhe gold nanorods
are capped with hexadecyltrimethylammonium bromidg;{C

the inner shell, while in the second layer (outer shell), the polar
group faces toward the water solution. Therefore, adsorption

TAB) and suspended in an aqueous solution. Excess surfactanbn a positively charged adhesive layer is electrostatically
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Figure 2. AFM images (km x 1um) of MPMDMS-modified SiQ/

Si substrate (a) before and (b) after gold-nanorod deposition. As shown
in (c), the MPMDMS layer is nearly featureless with a RMS roughness
of 2 A. The height scale from black to white is 2 nm in (a) and 10 nm
in (b).
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hindered. To check this model, we tried to deposit the rods on
an amine-terminated substrate. No evidence for deposition of
gold nanorods was observed by using XPS or AFM (results
not shown). However, we found that a thiol-terminated adhesive Figyre 3. A sequence of SFM images (500 nm500 nm scan size)
layer could be used successfully for rod deposition and displaying the manipulation of four gold nanorods. The arrows in each
assembly. A schematic representation of the sample depositionimage show the manipulation direction that results in the rod config-
process is illustrated in Scheme 1. In “open” or ambiant urationin the nextimage. (a) Initial arrangement of the rods; (b) result
atmosphere conditions, we found that the di-methoxy silane 9£"t§rl§?§'?ﬁi§' acgr-]I?éj)l?gts)ﬂﬁsogf“i;tgl%nngllt;;%?ggg?igslo%)gfagggs
compound forms a very smooth monolayer Wh"e the tri- of all 4 rods byj:45°’ relative to their original orientation. The height
methoxy compound formed a rough layer withi-2 nm scale from black to white is 10 nm for ).
agglomerate features. These poly-siloxane agglomerates result
from homogeneous polymerization in solution and deposit on gpserved in TEM. The apparent shape and length of the
the substrate. The di-methoxy compound was found also to bepanorods observed by AFM differ from those observed in TEM
less sensitive to humidity and small amounts of water in the pecause of well-known tip-convolution effects in the XY
organic solvent. This may be because there is one less “oxy” plane.
site available for condensation between silane molecules in xpswas used to confirm the presence of gold on the substrate
solution and therefore less homogeneous polymerization takesafter this procedure for depositing the nanorods. The presence
place. of characteristic Au 4d and 4f peaks proves that there is gold
Figure 2a shows an AFM image (@m x 1 um) of a on the surface. On the basis of the AFM images in Figure 2
3-MPMDMS-modified silicon substrate. Figure 2c shows a cross and the XPS data, we conclude that gold nanorods were indeed
section analysis of this image. It is evident in these figures that deposited on the 3-MPMDMS-modified silicon substrate.
the self-assembled monolayer that is formed is smooth and does Results from a nanorod manipulation experiment are shown
not contain any silane agglomerates. The overall RMS value in Figure 3. First, we located an area on the substrate with
of the scanned area was calculated to be 2 A. several nanorods in close proximity. An AFM image (500 nm
The AFM image in Figure 2b shows the surface after gold x 500 nm scan size) of this area is shown in Figure 3a. Four
nanorod deposition on this substrate. The nanorod heightsnanorods, marked as “1” to “4”, were manipulated in different
measured by AFM of 18 2 nm correspond well to the diameter  orientations to study the effects of the precise location of the
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