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he fabrication of metallic electro-
Tde pairs separated by a few nano-
meters is a fundamental challenge in
nanotechnology and is well beyond the
capabilities of current microfabrication tech-
niques.! Possible areas of application lie
within, for example, single-molecule electro-
nics,? spectroscopy,’ and plasmonics.* Thus
far, top-down approaches such as the
mechanical controllable break junction,>®
shadow mask evaporation,” and electro-
migration®® have proven successful in fab-
ricating nanoelectrodes. Common shortcom-
ings of these techniques are time consump-
tion, low throughput, and the requirement
for expensive and complicated experimen-
tal setups normally operating at cryogenic
temperatures.'®
In contrast, bottom-up approaches for
the fabrication of nanogap devices are cur-
rently much less explored, despite their
potential for being more cost-effective and
providing parallel fabrication routes for the
production of multiple devices in only a few
synthetic steps.'' ' Efforts in this direction
have typically focused on the integration of
(bottom-up) prepared nanoparticles into
devices, where precise control of placement
is required.’”” '8
Gold nanorods (AuNRs) have received
considerable attention due to their facile
synthesis and interesting physical proper-
ties, many of which originate from their
anisotropic nature. Using a variety of meth-
ods, AuNRs have been self-assembled in
one,'??° two,>' and three?* dimensions.
Directional assembly of AuNRs has been
obtained via electric field-assisted deposi-
tion between lithographically defined elec-
trodes,”®> using carbon nanotubes as
templates,®* stretching AuNR-embedded
poly(vinyl alcohol) polymer films,>>?¢ and
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We demonstrate alignment and positional control of gold nanorods grown in situ on substrates

using a seed-mediated synthetic approach. Alignment control is obtained by directing the

growth of spherical nanoparticle seeds into nanorods in well-defined poly(methyl

methacrylate) nanochannels. Substrates with prepatterned metallic electrodes provide an

additional handle for the position of the gold nanorods and yield nanometer-sized gaps

between the electrode and nanorod. The presented approach is a novel demonstration of

bottom-up device fabrication of multiple nanogap junctions on a single chip mediated via

in situ growth of gold nanorods acting as nanoelectrodes.
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employing capillary forces in polymer guid-
ing templates.?”?® Similar strategies have
been employed for ~5 um long gold nano-
wires over large areas,”® and nanowires of
different materials have been assembled
using, for example, flow-induced align-
ment,>° while fabrication of carbon nano-
tube arrays®' has been demonstrated in
scalable high-performance electronics.>?
Herein, we employ a combination of top-
down and bottom-up approaches for the
fabrication of nanogap junctions by direc-
ted in situ growth of AuNR-based nano-
structures inside prepatterned poly(methyl
methacrylate) (PMMA) nanochannels on
silicon dioxide surfaces. The effect of
PMMA channel width on AuNR alignment
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is examined, and we show how the introduction of
prepatterned metallic electrodes on the substrate can
be used not only to control the AuNR position but also
to enable electronic characterization of the interface
between AuNRs and the lithographically defined elec-
trodes. At this interface, we found the presence of
nanogaps, formed upon seed-mediated growth of
AuNRs; ligand-stabilized gold nanoparticle seeds as-
semble preferentially close to the prepatterned elec-
trodes, and growth of the seed particles into AuNRs
primarily happens in a direction away from the pre-
patterned electrodes, resulting in nanogaps at the
interface.

This study demonstrate control over position and
orientation of AuNRs grown directly on substrates
using a seed-mediated growth approach and may
contribute to the further development of parallel
fabrication schemes for nanogap electronics.

RESULTS AND DISCUSSION

Directional Growth of AuNRs in PMMA Channels. The
growth of AuNRs is based on a seed-mediated ap-
proach to prepare anisotropic gold nanoparticles.®®
The synthesis is readily performed in aqueous solutions
of cetyltrimethylammonium bromide (CTAB) and re-
sults in fairly monodisperse CTAB-capped AuNRs after
purification (see Supporting Information, Figure S1).

Taub et al** and later Zamborini et al.3>3® studied
the growth of AuNRs directly on surfaces from seed
precursors. In these studies, the orientation and posi-
tion of the resulting AuNRs are not well controlled, and
a large fraction of non-rod-shaped byproduct is ob-
served in the growth process. Some control of position
was shown using soft lithography to print micrometer
wide tracks of the nanoparticle seeds on the substrate
followed by growth, but the yield of AuNRs was low,
and no directional control was obtained.?” Locally
aligned AuNRs have been obtained through a surface
chemical amidation reaction; however, no explanation
for the alignment has yet been presented.®

In the present work, thermally oxidized silicon chips
were coated with the positive resist PMMA and nano-
channels were patterned by electron beam lithogra-
phy; the exposed and developed areas were removed,
uncovering the silicon oxide surface. AuNRs were
synthesized directly on the substrate from seed pre-
cursors, as illustrated schematically in Figure 1A.

CTAB-stabilized gold nanoparticle seeds were de-
posited on the substrate by immersion, and the seeded
substrate was placed into a growth solution that
promotes unidirectional growth of AuNRs, with lengths
up to hundreds of nanometers (details of the synthesis
steps are given in the Experimental Section). Figure 1B
shows a scanning electron microscopy (SEM) image
after growth of AuNRs in predefined PMMA channels.
The widths, w, of the channels were varied between
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Figure 1. (A) Schematic illustration of the in situ growth of
AuNRs on a 1 x 1 cm? Si/SiO, substrate. (B) SEM image of
AuNRs grown in 20—200 nm wide PMMA channels. (C)
Image of highly aligned AuNRs in 40—80 nm wide channels
showing the templating effect of the PMMA nanochannels.

20 < w < 200 nm in increments of 20 nm. Growth results
in parallel alignment of rods in narrow channels with
widths of 20 < w < 80 nm (Figure 1B), but for channels
with w > 100 nm, a less strict confinement causes the
AuNRs to be less aligned. Figure 1C shows the channels
templating the direction of AuNRs. The presence of non-
rod-shaped byproduct is common in seed-mediated
preparations of AuNRs, and a large fraction of spherical
particles are also present here. It is well-established that
only a small percentage of the seeds actually evolve into
nanorods3%*? In solution-based synthesis of AUNRs, the
majority of byproduct can typically be removed by
centrifugation purification,*® a process that is not possible
on a substrate. The nanorods remain aligned on the
surface after removal (lift-off) of PMMA in acetone.

Aligned Growth from Prepatterned Metallic Contacts. The
integration of AUNRs into electronically addressable nano-
gap devices requires, in addition to directional and posi-
tional control, a means for electronic addressability of the
nanorods. For this aim, submicrometer metallic electrodes
were fabricated by e-beam lithography on an oxidized
silicon substrate (see Experimental Section). PMMA chan-
nels were used to direct the growth of AuNRs perpendi-
cular to the prepatterned metallic electrodes, as illustrated
in Figure 2A—D.

The chip design consists of five parallel electrodes:
one thick central gold electrode and two thin chromium
electrodes on either side (see Experimental Section for
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Figure 2. Aligned growth of AuNRs from prepatterened metallic contacts. (A) Schematic illustration of a prepatterned chip
with four parallel Cr electrodes surrounding a Au electrode and PMMA channels positioned perpendicular to the metal wires.
(B—D) Seeding step followed by growth of AuNRs and removal of PMMA. (E) SEM images of the chip before lift-off in acetone
of w=40 nm and (F) w = 140 nm wide channels. (G) Image after lift-off in acetone at the area with channel widths of w =20 and
w = 40 nm, and (H) a close-up clearly showing AuNRs grown perpendicularly from the Au electrode bridging the two Cr
electrodes. Yellow markers highlight AuNRs that originate from a Au wire and touch or bridge both Cr wires.

details), enabling two- or four-terminal measurements.
All metallic electrodes are completely coated with
PMMA, and nanochannels with widths varying be-
tween 20 < w =< 200 nm are defined across the
electrodes so that the silicon oxide surface and the
metallic electrodes become accessible to seed-
mediated growth of AuNRs. We observed that the
seeds assemble preferentially inside the PMMA chan-
nels and particularly near the gold electrode (see
Supporting Information). We attribute this finding to
a combination of the hydrophilic/hydrophobic inter-
face found in the nanochannels and capillary forces;
similar observations on assembly of nanoparticles
in nanochannels have been studied in detail by
others. 22> After exposing the chips to a growth
solution, the AuNRs grow in close proximity to the
gold electrodes, as shown in SEM images (Figure 2E—H).
For narrow channels (w = 40 nm, Figure 2E) and wide
channels (w = 140 nm, Figure 2F), the AuNRs protrude
from the Au electrode bridging the two adjacent Cr
electrodes (which are not clearly visible due to charg-
ing effects caused by the insulating PMMA layer). After
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removal of PMMA, the parallel Cr electrodes are visible
as dark vertical lines and the AuNRs remain present on
the SiO, surface (Figure 2G, w = 20 and 40 nm).
Figure 2H displays a close-up view of four AuNRs
that have grown perpendicular to the Au electrode, while
bridging both Cr electrodes. Given the geometry of the
chip, the prepatterned chromium electrodes can restrict
the growth of AuNRs and not all of the AuNRs will grow to
fully bridge all contacts. More images before and after lift-
off in acetone are presented in the Supporting Informa-
tion (Figures S2 and S3, respectively). The PMMA chan-
nels confine and direct the growth of the AuNRs.
Nanorods in wider channels have freedom to grow in
different directions, while AuNRs in narrow channels are
simultaneously restricted and guided by the walls of
PMMA. Table 1 shows that the average orientation angle
and angle distribution (with respect to the channel
direction, see Figure S5) increase with the width of the
channels and confirms that the PMMA channels play a
crucial role in guiding the growth of AuNRs on the
substrate. Growing the AuNRs on prepatterned sub-
strates without the PMMA nanochannels results in
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randomly aligned AuNRs in the space between metal
electrodes (Supporting Information, Figure S4).

The average dimensions of the AuNRs are 453 +
114 nm in length and 37 £ 10 nm in width. The
dimensions do not vary significantly with channel
width, although the diameter of the AuNRs is confined
in w = 20 nm wide channels. Thus, for channels w >
20 nm, AuNR growth in the transversal direction is
terminated before encountering the channel walls. The
AuNR dimensions are similar to those obtained else-
where for growth on surfaces.>**” The yield of AuNRs
(i.e., ratio between the number of rod-shaped and the
total number of particles) is ~5—10% regardless of the
channel width. A low AuNR yield is expected when
using the seed-mediated growth approach directly on
surfaces®*>® and even in solution.>® The most widely
accepted explanation for the AUNR growth mechanism
in solution suggests that AuNRs evolve along one axis
due to preferential binding of CTAB bilayers to specific
crystallographic facets ({100} and {110}) of the devel-
oping seeds.® On a 2D surface, one could speculate
that many seed particles will have the facets preferred
by CTAB oriented in such a way that their growth
direction is restricted. Assembling the seed particles
with their facets oriented favorably with respect to
growth could significantly increase the AuNR to by-
product ratio. Such orientation could be achieved by
utilizing molecular linkers (e.g., dithiols) to facilitate
oriented self-assembly of the seed particles preceding
growth. Table 1 shows that a large fraction, n, probe
~60—89%, of the grown AuNRs are bridging at least
one Cr electrode, allowing for two-probe measure-
ments, while n, probe ~19—47% allows for four-probe
measurements because the AuNRs bridge both Cr
electrodes. The probability of finding AuNRs con-
nected to prepatterned gold electrodes is greater than
finding them anywhere else on the substrate
(Supporting Information, Table S1), emphasizing that
gold nanoparticle seeds preferentially assemble and
grow close to the prepatterned gold electrodes. These
numbers are derived from the yields of AuNRs in a
given configuration within a small area (see Supporting
Information, Table S1, and accompanying discussion
for details). Despite the moderate yields, the present
method is scalable to wafer-sized substrates and would
potentially allow for thousands of nanogaps in a few
synthesis steps after microfabrication of the underlying
electrode patterns.

Pregrown AuNRs do not assemble in the PMMA
channels, proving that the above observations are
indeed due to in situ growth (Supporting Information,
Figure S6).

Nanogap Characterization. We found that nanogaps of
1—5 nm form at the interface between in situ grown
AuNRs and the prepatterned Au electrode, as demon-
strated by transmission electron microscopy (TEM)
and electrical characterization. Gold electrodes were
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TABLE 1. Angle Distribution and Possible Device Yield of
AuNRs Grown on Prepatterned Electrodes

channel width (nm) angle” (deg) n, probe” (%) n, probe” (%)
20 51+89 189 59.5
40 58+ 118 18.8 783
60 13.0 & 19.7 46.5 744
80 233+227 433 80.0
120 21.0 £ 215 385 785
140 241+ 204 31.8 849
160 251+ 221 324 81.1
180 289 + 26.7 74 88.9
200 293 + 233 183 739

? Average orientation angle with respect to the channel direction. The alignment
angle is defined schematically in Supporting Information Figure S5. ° Fraction of
electronically addressable AuNRs in a four- or two-terminal configuration; n, probe
is a subset of n, probe (see Supporting Information Table S1 for details).

fabricated on 100 nm thick silicon nitride membranes
suitable for TEM characterization (Figure 3A). The
AuNRs were grown using the seed-mediated approach
without PMMA nanochannels.

TEM imaging of the nitride membranes was carried
out before and after exposure of the chips to seed and
growth solutions. The preference for seed particles to
assemble near the interface to the Au electrode is
verified by imaging prior to growth (see Supporting
Information Figure S7). Figure 3C,D reveals the pres-
ence of grown AuNRs mainly protruding from the Au
wire. AuNRs tend to grow away from the main Au
electrodes, an observation that is consistent with those
reported elsewhere® that also suggest that Au seed
particles are either inhibited by, or tend to grow in a
direction away from, nearby objects. Figure 3E shows the
interface between a lithographically defined gold wire and
an in situ grown AuNR revealing a ~1 nm gap. Some
junctions appear to be fused (Figure 3F) at the interface.
Fused AuNR—AUNR junctions are not uncommon.'" It is
not possible for us to address if the fusing occurs due to a
lack of stabilizing molecules in the nanogap or if it happens
during the TEM imaging due to the high-energy electron
beam exposing the gold during image acquisition. The
TEM micrographs (Figure 3C—F) also show the microcrys-
talline structure of the lithographically prepared electrodes
as well as the highly ordered, single-crystal AuNRs.

The formation of nanogaps was further confirmed
through electrical characterization by exploiting the
fact that the electrical resistance of a metallic contact is
maximum h/2e” ~ 12.9 kQ for a single Au atom,** while
the (tunneling) resistance of a nanogap is typically
much higher (MQ to GQ) and increases exponentially
with its size x as ~exp(kx), where the decay constant k
depends on the particular details of the interface
between the electrodes. In order to enable electrical
measurements, the device architecture was modified
from that shown in Figure 2 and designed to ensure
that only one AuNR junction is sampled with each
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Figure 3. (A) Schematic illustration of the side and top view
of a SizN, TEM membrane grid. (B) SEM image of e-beam
defined Au wires. (C) TEM overview and (D) close-up sub-
sequent to seeding and growth of AuNRs. Interface be-
tween Au wire and AuNR revealing the presence of (E)
nanogaps and (F) fused junctions.

measurement (see Supporting Information Figure S8A).
Measurements of the electrical resistance of AuNRs
are performed at room temperature using the
lateral chromium contacts (see Figure 4, inset);
poor electrical contact between chromium and
AuNRs is initially observed and can be attributed
to the native oxide on chromium in contact with the
organic CTAB bilayer at the surface of the AuNRs.
The contact is improved by applying relatively high
voltages (up to ~10 V) while limiting the current to a
maximum of 1 uA. Once a good contact to the AuNR
is established, the tunneling current from the
AuNR into the central gold electrode is measured
in a two- or four-probe configuration (for AuNR
device images, see Supporting Information Figure
S8B,C). Typical values of tunneling resistances are
on the order of 1—-10 GQ, which is expected for a
~1 nm wide nanogap.®

The exact sizes of the nanogaps fabricated using this
method vary (24 £ 1.5 nm, determined from TEM
images). In future experiments, the gap may be tailored
by assembling spacer molecules onto the Au electrode
prior to seeding and growth. Not only would this allow
for controlled gap sizes, but it would also lead to a better
yield of AuNRs provided that the assembly would favor
the orientation of the seed particles with respect to the

EXPERIMENTAL SECTION

Materials. AuNR Synthesis. Cetyltrimethylammonium bromide
(CTAB, 99%), sodium tetrahydridoborate (NaBH,, 99%), and hydro-
gen tetrachloroaurate(lll) trihydrate (HAuCl,, 99.9%) were obtained

-
o
&
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Figure 4. Electrical characterization of chemically fabri-
cated nanogaps. The low-bias (tunneling) resistance of five
different gaps formed between the AuNRs and the prede-
fined Au central electrode, measured in a two- or four-probe
configuration (inset), indicates a gap size of ~1 nm.

preferred crystal facets promoting growth. Potential
applications of these nanogap junctions may be
found in diverse fields as plasmonics,* single-molecule
spectroscopy,® and for the creation of molecular
junctions.! In preliminary expetiments performed at
our laboratories, a conjugated wire-like molecule was
deposited from solution into the nanogap, resulting in a
significant increase of the nanogap conductivity.
Further studies of these molecular junctions are cur-
rently in progress.

CONCLUSIONS

We have demonstrated in situ growth of highly aligned
AuNRs at predefined positions directly on surfaces. The
position and direction of growth of the AuNRs was
controlled via a combination of self-assembly of nano-
particle seeds and directed growth of AuNRs in PMMA
nanochannels. Nanogaps were found at the interface
between AuNRs and prepatterned metallic contacts, as
confirmed by TEM imaging and electrical characterization.

This work demonstrates potential for bottom-up growth
of electrically addressable devices, where top-down pre-
paration of the metallic contacts prior to nanogap forma-
tion eliminates potential damage of the nanogap due to
post-processing steps. Future work may involve the use of
chemically grown nanogaps in plasmonic nanostructures
or enable the study of electron transport in single mol-
ecules. We envision the incorporation of s-conjugated
systems prior to seeding, thus circumventing solution-
based and random deposition of the molecule after
nanogap fabrication, while potentially achieving better
control of the molecular orientation in the gap.

from Aldrich Chemicals. Ascorbic acid was obtained from Merck. All
reagents were used as received, and all glassware was thoroughly
cleaned with a solution of sulfuric acid and potassium dichromate
before use. Water was purified using a Millipore Milli-Q setup for
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ultrapure water (18.2 MQ-cm). SisN4 TEM grids were purchased
from SPI supplies.

Chip Fabrication. Chips for directed growth and electrical
characterization of AuNRs are fabricated using standard elec-
tron beam lithography (JEOL JSM-6301F, 100 keV) on thermally
oxidized silicon substrates or SisN4 TEM grids. Metallic contacts
were formed by e-beam evaporation of chromium (7 nm) and
gold (30 nm with a 5 nm Cr sticking layer) on patterned chips
and lift-off in acetone followed by rinsing in isopropyl alcohol
and water and blow-drying with N,.

Synthesis of Seeds and Gold Nanorods on Surfaces. The gold
nanoparticle seeds were prepared as previously reported.** In
brief, 250 uL of 0.01 M of aqueous HAuCl, was added to 10 mL of
0.1 M CTAB in water. The solution turned orange, indicating the
formation of a CTA™—AuCl,~ complex. To this solution was
added 0.6 mL of 0.01 M ice-cold NaBH,, inducing a change in
color to a dark brown due to formation of 2—3 nm particle
seeds. The solution was vigorously stirred for 1 min followed by
aging for a minimum of 2 hours at 27 °C.

Next, a substrate (either bare Si/SiO, or prepatterned) was
immersed into the seeding solution for 10 min at 27 °C followed
by thorough washing in ultrapure water. Seeded substrates
were placed in a growth solution for 1 h at 27 °C followed by
thorough washing and drying with N,. The growth solution
consists of 9 mL of 0.1 M CTAB, 250 uL of 0.01 M HAuCl,, and
50 uL of freshly prepared 0.01 M ascorbic acid.

Imaging. SEM imaging of the chips was performed on a JEOL
JSM-6320F operated at 30 kV or on a Zeiss Supra 60 VP operated
at 10 keV. For TEM imaging, the growth was performed on SisN4
membrane TEM grids and examined using a Philips CM 20
running at 200 kV.

Electrical Measurements. All measurements were performed
on a Keithley 4200-SCS probe station at ambient conditions.
After nanorod growth, the chips were rinsed in deionized water
at 27 °C for 2 min and blown dry with N; for 10 s. For nanogap
measurements, the chips were annealed at 110 °C in a N,
atmosphere. If the chip was coated with PMMA, an additional
dip in acetone for 15 min, rinse with isopropyl alcohol, and
blow-dry with nitrogen was introduced just after AuNR growth.
Prior to electrical characterization, the chips are rinsed in
acetone and isopropyl alcohol and dried with N,.
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