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MATERIALS

separation of the three phases to form the coaxial nanostruc-
ture. Our composite nanocable structure with a crystalline sili-
con core should be an interesting candidate for nanoelectronic
devices. Meanwhile, the present method can be further
explored to engineer other multilayer nanojunctions with the
desired geometry.
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Assembly of Micropatterned Colloidal Gold Thin
Films via Microtransfer Molding and
Electrophoretic Deposition**

By Ryan C. Bailey, Keith J. Stevenson, and Joseph T. Hupp*

The ability to fabricate materials and structures with sub-
micrometer scale features reliably and economically is of
interest in many areas of science and technology. For instance,
significant and vigorous research efforts are focused on con-
trolling the assembly of inorganic and metallic nanoscopic
particles.[l‘s] This interest has arisen because these nanostruc-
tured materials often exhibit properties that are remarkably
different from those of materials of macroscopic dimensions,
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for example, quantum-confined size-tunable luminescence
behaVior,m Coulomb staircase effects,m and photonic band-
gap responses.[gl Metallic gold colloids, in particular, have
been intensely investigated with the intent to elucidate funda-
mental behavior and to find materials with interesting new
properties.” "2 One specific goal is to tailor the size, shape,
and geometrical arrangement of nanoscopic particles, clusters,
and aggregates in an effort to produce desired linear and non-
linear optical properties such as specifically tuned spectral
extinction**! or optimization of localized electromagnetic
surface enhancement phenomena.[ls’m

To date the majority of the methods used to assemble
colloidal gold thin films have been based on adsorption from
colloidal solutions onto chemically derivatized surfaces with a
specific affinity for Au, for example, amines (-NH,), thiols
(-SH), and carboxylic acids (-COOH)."”??l While they are
very effective for preparation of densely packed nanoparticle
thin films, these methods have certain drawbacks in that: 1)
the time scale for assembly is generally slow (hours to days),
2) surface particle density is sometimes difficult to regulate,
and 3) in the simplest cases, no significant patterning of the
particles occurs. These drawbacks are largely a consequence
of dealing with colloidal solutions containing very small parti-
cles (<300 nm diameter). In this size regime, colloidal forces,
i.e., buoyancy, frictional, and coulombic forces, outweigh the
gravitational (sedimentation) force and act to keep the parti-
cles suspended. Consequently, particle transport is governed
solely by Brownian motion, resulting in completely random
particle—particle and particle-substrate collisions.

In an attempt to circumvent some of these limitations,
recent studies have focused on creating templated nanoparti-
cle assemblies using methods such as microcontact printing of
self-assembled monolayers (SAMS),[23‘24] nanoetching,[25] and
e-beam lithography® to fabricate spatially and density con-
trolled nanoparticle architectures. We are also interested in
developing low-cost approaches to fabricating nanoparticle
assemblies—in particular, assemblies capable of functioning
as 2D optical transmission gratings for chemical sensing appli-
cations. Herein we describe a straightforward method for the
assembly of micropatterned colloidal gold thin films on con-
ducting platforms that relies upon electrophoretic deposition
and a form of soft lithography, microtransfer molding
(MTM).[27'28]

Since colloidal metal particles are usually charged, a prom-
ising approach is to utilize a directional force (an external
electric field) to drive the suspended nanoscopic particles
toward a surface. This process, known as electrophoretic
deposition (EPD), permits external regulation of surface
nanoparticle density and film growth. Surprisingly, despite the
extensive use of EPD in materials synthesis,**>?! in only a few
cases has it been employed for the assembly of thin films of
metal nanoparticles.’* Most relevant to our report, are
reports by Giersig and Mulvaney on the electrophoretic
deposition of gold colloids from aqueous and organic media
onto transmission electron microscopy (TEM) grids.[35’36]
Here we report an elaboration of the -electrophoresis
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approach that yields patterned, rather than monolithic, thin
films of colloidal gold.

In order to perform electrophoretic deposition, an applied
directional force that drives the colloid towards the substrate
must overcome the natural forces of gravitation, buoyancy,
and friction. When the magnitude of the force that a colloid
experiences in the presence of an electric field (Fg = QgE) is
greater than the natural forces on the particles (Fn =
v3n17d)[37] then the particles can be manipulated by the field.
Using the reported zeta potential ({ = -35 mV) of a citrate-
stabilized 14 nm colloidal gold particle in aqueous solution,
its velocity can be calculated to determine the magnitudes of
forces acting on the particle. When a voltage of +0.250 V is
applied then Fg > Fyn. At this potential (or correspondingly
when the electric field exceeds ~1.25 V/cm) we expect to
observe controlled assembly via electrophoretic deposition; at
potentials below this threshold value no substantial field-
assisted colloidal deposition is expected.

Figure 1 summarizes the fabrication strategy: A polydi-
methylsiloxane (PDMS) stamp created from a lithographic
master was used to pattern an organic soluble ink (Shipley
photoresist 1827) on indium tin oxide (ITO) using a pre-
viously described procedure,””) commonly referred to as
MTM.[zg] The colloidal Au negative pattern was then gener-
ated via electrophoretic deposition by applying an anodic bias
of +0.250 V to the ITO platform for 60 min in the presence of
a 1 mM citrate-stabilized Au colloid solution. Subsequent
soaking of the patterned substrate in acetone for 15 min
removed the soluble organic ink template. Film deposition is
observed to occur at precisely the predicted applied potential.
The field required for patterned assembly (less than 1.3 V/
cm) is surprisingly small in comparison to fields typically used

PDMS
e
Master

PDMS cast over master

Creation of PDMS stamp i 60°C for 1 hour

PDMS
_ “Inked” with
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Microtransfer Molding

4_
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in EPD of ceramic films (~50-200 V/cm),™®! but in agreement
with earlier ﬁndings.ps] No colloids are observed to deposit in
the absence of an electric field, nor under conditions of
cathodic bias, even over long periods of time (>5 h). Although
the mechanism for film growth is not fully understood,
adsorption of the negatively charged particles at the positively
charged electrode obviously is strong enough to overcome
repulsive particle—particle electrostatic interactions. Recent
investigations of field-induced colloidal film assembly indicate
that both electroosmoticl®” and electrohydrodynamic[40] trans-
port processes can act to drive fluid and particle motion.
Figure 2 shows representative atomic force microscopy
(AFM) images of a patterned colloidal gold film prepared
from PDMS stamps made from a lithographic master with
5um x 5um square relief structures. Good replication is
observed (Fig. 2a), with a pattern that is remarkably uniform
over areas greater than 5 mm? as governed by the nominal
size of the PDMS stamp employed. A clearer view of the
nanoscale structure and component particle composition is
shown in Figure 2b. The templated regions appear to be com-
posed of discrete, densely packed particles, with a higher
degree of clustering occurring at the patterned boundaries
(edges). Figure 2c is a higher resolution image of the region
indicated in Figure 2b that shows individual colloids as well as
two- and three-dimensional aggregates. Although accurate
size and spacing information cannot be directly obtained from
unprocessed AFM images due to convolution of the particle
with the tip (which leads to a broadening of the lateral dimen-
sions), analysis of particle height should give a good indication
of the particle (sphere) size.*!! Surprisingly, the patterned
areas appear to be only a monolayer thick, as demonstrated
by the histogram plot (Fig. 2d) obtained by performing “bear-
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anodic polarization
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Removal of Photoresist i
for 15 minutes

H
o]

ITO Electrode
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Fig. 1. Procedure for fabrication of patterned colloidal gold thin films on transparent, conductive ITO substrates via microtransfer mold-
ing and electrophoretic deposition. Left: Formation of a PDMS stamp and patterned ITO substrate. Right: Schematic representation of
the electrophoretic deposition cell consisting of a stainless steel cathode and an ITO anode. Adjustment of the applied electric field gra-
dient is accomplished by variation of the DC voltage and cathode—anode gap spacing.
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Fig. 2. a) Representative 70 um x 70 um AFM height image of a micropatterned
gold colloid thin film prepared by uTM and electrophoretic deposition.
b) 8.25 wm x 8.25 um AFM height image of the area indicated by the white box in
(a). ¢) A higher resolution 0.8 um x 0.8 um AFM height image of the area out-
lined by the white box in (b), showing individual and aggregated colloids.
d) Depth histogram obtained by “bearing” analysis of (b) showing that resultant
patterned colloidal films are roughly one monolayer thick (particle height 15 nm).

ing analysis”.*! The average patterned film thickness is esti-
mated to be 15 nm, consistent with the colloidal solution par-
ticle size (14 nm). Using a 2D space-filling argument and as-
suming that a full closest packed monolayer will occupy
74.05 % of the area inside the squares, we have estimated the
surface particle concentration to be ~2.4 x 10'! particles/cm?,
a density slightly higher (approximately 30 % greater) than
that observed by self-assembly methods.!'’??!

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX) were also used to characterize film
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nano- and microstructure. Consistent with the AFM data and
with light microscopy, extended micropatterning was also ob-
served (data not shown). EDX was used to verify the presence
of gold (peak at 2.150 keV), as shown in Figure 3. The EDX
spectrum in Figure 3a, obtained on a single patterned square,
also shows the presence of silicon (1.735 keV), indium
(3.310 keV), and tin (3.460 keV). The EDX spectrum in Fig-
ure 3b was acquired from a bare section between the pat-
terned area and shows only peaks for Si, In, and Sn.

a
Sn
Si I“\
Au
5
8 A~
5 |b
© Sn
In
Si \
1.0 1.5 2.0 25 3.0 35

Energy (keV)

Fig. 3. EDX point spectra acquired from a) a Au colloid square region of a pat-
terned film and b) a bare ITO region between the squares.

The optical properties of the patterned films were examined
by UV-vis extinction spectroscopy. Figure 4 shows spectra for
a 33 uM aqueous colloidal solution of 14 nm gold particles
(Fig. 4, dotted line) and a micropatterned film (Fig. 4, solid
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Fig. 4. Extinction spectra of a 33 uM aqueous colloidal Au solution (dotted line,
Amax = 524 nm) and a micropatterned colloidal Au thin film (solid line, Ayax =
536 nm) demonstrating the red-shift associated with interacting particles and
aggregates. Inset: Plot comparing the maximum extinction wavelength (Apax)
under different refractive index fluids and showing the red-shift associated with
increasing the dielectric environment of the colloidal particles.
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line). The extinction maximum of the former appears at
524 nm, as expected,[43] but in the latter occurs at 536 nm. We
attribute the 12 nm shift for the film to the high refractive in-
dex environment imposed on one side of the film by the ITO
platform.* The high-index environment is also expected to
broaden and dampen the plasmon absorption.

Broadening is also expected based on many-particle inter-
actions, as is a filling-in of the red portion of the spectrum.!"”!
The plasmon resonance can be additionally red-shifted by
introducing a fluid with a higher refractive index than air. The
inset in Figure 4 shows the shift in the extinction maximum as
the surrounding medium is changed from air (n = 1.00, Aax =
536 nm) to water (n = 1.332, Apnax = 541 nm) to hexane (n =
1.379, Amax = 545 nm), and finally to benzene (n = 1.498, Amax
= 546 nm). This behavior is consistent with that observed for
platform-supported gold colloid monolayers*! as well as for
gold colloid solutions.*!

Lastly, we find that the patterned films are capable of func-
tioning as transmissive 2D optical diffraction gratings. The
requirements for diffraction are well-defined periodic compo-
sitional differences and significant differences in refractive
index, n, for the compositionally distinct areas. Diffraction is
expected to be most efficient when the diffraction elements
have heights comparable to the wavelength of incident light
(such that the electromagnetic radiation interacts with the
grating elements over a full period). Nevertheless, even with a
periodic film of ~15 nm thickness, transmissive diffraction of
a He—Ne laser beam (4 = 632.8 nm) is readily observable by
eye. The inset in Figure 5 shows a 2D pattern recorded with a
microstructured colloidal gold film in air.

Since diffraction is a result of periodic modulation in the
refractive index of a system (e.g., air—gold-air), it follows that
as the index of the surrounding medium is increased, the rela-
tive amount of light diffracted will diminish. Knowing that the
first-order diffraction efficiency of a system scales as the
square of the difference of the refractive indices of the two
components,*”! it is possible to gain information regarding the

.
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Fig. 5. Plot of square root of relative first-order (I; ) diffraction peak intensity
versus external solvent refractive index (n). Inset: Two-dimensional optical
diffraction pattern produced by transmission of light from a He-Ne laser
(632.8 nm) through a micropatterned colloidal gold thin film.
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grating by monitoring the relative amount of diffracted light
in varying dielectric environments. Figure 5 demonstrates this
effect: The square root of the intensity of a first-order diffrac-
tion peak (/7 o; see Fig. 5, inset) is plotted versus the refractive
index of the surrounding fluid. As expected, the intensity
decreases as ny,;q increases. Extrapolation of the plot to zero
diffracted-light intensity should define the point where npyiq
matches the refractive index of the gold nanoparticle film. For
A = 633 nm, the value obtained (admittedly via lengthy ex-
trapolation) is ~3.2. We note that the film refractive index
should be wavelength dependent and for gold will contain
both real and imaginary components. Strictly speaking, the re-
fractive index of the gold film should itself also change slightly
as Nayuig changes, since npy;q can influence the plasmon absorp-
tion energy (see inset in Fig. 4). This, in turn, will change the
degree of resonance enhancement of the index at a fixed dif-
fraction wavelength. While the likely small influence of ngy;q
upon the refractive index of the film has been ignored here,
we note that essentially the same effect is responsible for the
exquisite sensitivity of surface plasmon resonance spectrosco-
py to interfacial adsorption.!*s! We suggest that with an appro-
priate choice of incident-light color, a similar sensitivity to
molecular or ionic absorption might be achievable based on
changes in diffraction efficiency.

In summary, we report a convenient approach to controlled
fabrication of ultra-thin micropatterned colloidal gold films
on conductive platforms using a combination of microtransfer
molding and electrophoretic deposition techniques. When the
platforms consist of transparent, ITO-coated glass, the films
readily diffract visible light. We suggest that these and related
micropatterned films may prove useful as chemo- and electro-
chemically responsive optical diffraction gratings.[49'54]

Experimental

Stamps and Platforms: Patterned PDMS stamps were prepared from Dow
Corning Sylgard 184 (Ellsworth) cured for 1 h at 60 °C on a lithographic master
(10 wm pitch AFM calibration grating, Digital Instruments) having a two-
dimensional 5 um x 5 um square relief structure. Transparent, conductive ITO
platforms (10 Qsquare, Delta Technologies) were cleaned by immersion for
15 min in a heated (80°C) aqueous solution of ethanolamine (Aldrich,
20 wt.-%), followed by rinsing several times with deionized water.

Patterning and Film Deposition: Patterning was accomplished by employing
a soft lithography process known as WTM [28]. Wet inking of the patterning
material involved placing a drop of a diluted solution (1:10 (v/v) ink/acetone) of
commercially available photoresist (Shipley, 1827) on the PDMS stamp. The
inked PDMS stamp was then quickly placed onto a clean ITO platform and a
light weight (~10 g/cm?) was applied to the top of the stamp to ensure uniform
contact. The ITO-photoresist-PDMS mold was then cured at 60 °C for 5 min.

Subsequently, the patterned ITO substrate solution was introduced into the
custom fabricated electrophoretic cell (see Fig. 1) containing an aqueous gold
colloid solution (1.0 mM) prepared by a literature method [55].

A BAS CV27 (Bioanalytical Systems) potentiostat configured in a two-elec-
trode arrangement was used for electrophoretic deposition. The cell allowed
the distance between the anode and the cathode electrodes to be adjusted to an
optimum distance of 2 mm. Optimal coverage was observed when deposition
was carried out for 1 h, and the ITO was biased at +0.25 V (versus Pt counter
electrode) for electrophoretic deposition. Following the deposition, the photo-
resist was removed by simply soaking the substrate in acetone for 15 min.

Surface Characterization: AFM measurements were obtained using a Digital
Instruments Multimode Nanoscope Illa operating in tapping mode using a sin-
gle-etched silicon (TESP) Nanoprobe SPM tip (cantilever length 125 um and
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resonance frequency 307-367 Hz, Digital Instruments). Solution UV-vis spectra
were obtained on a HP 8452A diode array spectrophotometer. Spatially
resolved UV-vis microextinction measurements were performed using a pre-
viously published procedure [56]. EDX spectra were obtained on a Hitachi
4500 FE-SEM operating at 20 kV. A He-Ne laser (4 = 632.8 nm, 5 mW,
Uniphase) was used for the diffraction measurements. A digital zoom camera

mobility of the colloid and E is the applied voltage. The electrophoretic
mobility can be estimated from the reported zeta potential, { = -35 mV
[22], via the following relationship: § = 3/2nug/e.&, Where & is the permit-
tivity of free space and e, is the relative permittivity of the medium
(assuming no significant deviation from that of water). These calculations
gave a surface charge, Qg = —2.18 x 10" C and a net force, F = 5.5 x

(Kodak) was used to capture the diffraction pattern.

Received: June 7, 2000
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"H Solid-State NMR Spectroscopy of
Polyelectrolyte Multilayers™**
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The alternate adsorption of anionic and cationic polymers
has become an increasingly important method for producing
uniform thin polymer films.'! Since a wide variety of charged
molecules and polymers are amenable to this approach, poly-
electrolyte multilayers (PEMs) are being explored for appli-
cations ranging from photonics to enzyme immobilization.
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