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N
anostructures with complex geo
metries and three-dimensional (3-D)
architectures have recently received

considerable interest in many fields, includ-
ing electronics,1 optics,2 energy3 and bio-
technology,4 since they enable superior de-
vice performance and miniaturization. Most
approaches for fabricating these nanostruc-
tures rely on vacuum-based thin film deposi-
tion or electroplating, which requires a seed
layer and many chemical additives. Directed
assembly of nanoparticles (NPs) has been
shown to be a promising alternative ap-
proach for building functional nanomaterials
and nanostructures in aqueous solutions at
room temperature and pressure.5�10 Much

progress has been made in assembling
NPs into one, two and three-dimensional
nanostructures by utilizing electric,7,11,12

magnetic9 and fluidic forces.13 However,
there is a dearth of studies on fabricating
crystalline, solid and homogeneous nano-
structures. This ismainly due to thedifficulties
in controlling the assembly and fusion of NPs
into desired geometries. Depending on the
particle composition, functionalization and
size, the forces and energies governing the
assembly and fusion of NPs can be different.
For example, on the basis of the suspension
medium, NPs could possess different surface
properties such as surface energy and charge,
which can affect the assembly process and
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ABSTRACT Directed assembly of nano building blocks offers a versatile route to the

creation of complex nanostructures with unique properties. Bottom-up directed assembly

of nanoparticles have been considered as one of the best approaches to fabricate such

functional and novel nanostructures. However, there is a dearth of studies on making

crystalline, solid, and homogeneous nanostructures. This requires a fundamental under-

standing of the forces driving the assembly of nanoparticles and precise control of these

forces to enable the formation of desired nanostructures. Here, we demonstrate that

colloidal nanoparticles can be assembled and simultaneously fused into 3-D solid

nanostructures in a single step using externally applied electric field. By understanding

the influence of various assembly parameters, we showed the fabrication of 3-D metallic materials with complex geometries such as nanopillars,

nanoboxes, and nanorings with feature sizes as small as 25 nm in less than a minute. The fabricated gold nanopillars have a polycrystalline nature, have an

electrical resistivity that is lower than or equivalent to electroplated gold, and support strong plasmonic resonances. We also demonstrate that the

fabrication process is versatile, as fast as electroplating, and scalable to the millimeter scale. These results indicate that the presented approach will

facilitate fabrication of novel 3-D nanomaterials (homogeneous or hybrid) in an aqueous solution at room temperature and pressure, while addressing

many of the manufacturing challenges in semiconductor nanoelectronics and nanophotonics.

KEYWORDS: directed assembly . nanoparticles . dielectrophoresis . 3-D nanostructures . nanoscale interconnects .
plasmonic-based biosensing
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the NPs interaction with the substrate.14 Similarly,
larger size NPs have higher melting temperature com-
pared to smaller ones15 making them difficult to fuse
into solid structures. To successfully fabricate nano-
structures with the desired material and geometry, it is
essential to identify the governing parameters that
control the forces involved in the assembly process.
In this work, we developed a directed assembly

technique that enables assembly and fusion of various
metallic NPs to fabricate highly organized 3-D crystal-
line, solid nanostructures on surfaces. In this technique,
colloidal NPs are assembled and simultaneously fused
into 3-D nanostructures using an externally applied
electric field. Using this method, we fabricated 3-D
nanostructures made from gold, copper, aluminum
and tungsten with feature sizes as small as 25 nm in
less than a minute at room temperature and pressure
without the need for a seed layer and chemical addi-
tives. The control of nanostructure dimensions was
investigated as a function of many governing para-
meters such as voltage, frequency, assembly time
and particle concentration. Material and electrical
characterizations revealed that fabricated gold nano-
structures have polycrystalline nature and very low
resistivity (1.96 � 10�7 Ω 3m). The fabricated solid
3-D nanostructures also demonstrate high optical
quality supporting strong plasmonic resonances with
line-widths as narrow as 13 nm. This enables highly
sensitive plasmonic-based biosensing of proteins.

RESULT AND DISCUSSION

Fabrication of 3-D Nanostructures. The fabrication pro-
cess involves directing the assembly of colloidal NPs,
using dielectrophoresis (DEP),16 onto a substrate. The
substrate consists of a conductive film coated by any
patterned insulator [e.g., poly(methyl methacrylate),
PMMA or SiO2] that features nanoscale patterns
such as vias, trenches or other geometries as shown
in Figure 1a. An AC electric field is applied between the
substrate (through the exposed conductive film in the
vias) and a counter electrode positioned approxi-
mately 5 mm from the substrate in the NP suspension.
The electric field creates a dielectrophoretic force on
the NPs, moving them toward the vias where the
magnitude of electric field is highest (see Supporting
Information Figure S1). The NPs under the effect of
DEP also experience a pearl-chaining force,17 which
plays an important role in assembling the NPs into the
vias. The chaining force arises from the interaction
of induced dipoles between the NPs. In addition, the
surface charge of the particles would also create
an additional induced dipole moment in the ionic
atmosphere.18 The particle�particle interaction be-
comes very important when the NPs accumulate on
the bottom surface of the vias allowing the NPs to
attach to already-assembled NPs. As the NPs assemble,
the applied electric field induces their fusion, forming
arrays of solid nanostructures (Figure 1b). The fusion of

Figure 1. Fabricating 3-D nanostructures through electric field-directed assembly of NPs. (a,b) NPs suspended in aqueous
solution are (a) assembled and (b) fused in the patterned via geometries under an applied AC electric field. (c) Removal of the
patterned insulator film after the assembly process produces arrays of 3-D nanostructures on the surface.
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small colloidal chains into structures such as wires
under an applied electric field arises from localized
Joule's heating, induced by the applied AC voltage at
the NP junctions.19 Following the assembly and fusion
process, the insulator layer can be removed (if needed)
to obtain free-standing 3-D nanostructure such as
nanopillars as shown in Figure 1c.

Effect of Pattern Geometry. The effect of pattern geo-
metry (vias) on the nanopillar formation is shown in
Figure 2. When the diameter of the vias are small, such
as 50 and 100 nm, the 5 nm gold NPs successfully
assemble and fuse into solid nanostructures at room
temperature under the application of 12 Vpp AC vol-
tage with a frequency of 50 kHz for 90 s (Figure 2a,b).
Since gold NPs (or any conductive NPs) are highly
polarizable, they are attracted toward the vias where
the electric field intensity is high with a DEP force of
4.51 � 10�14 N (see Supporting Information pp 2�5).
However, when the via diameter was increased to
200 nm, only partial assembly was observed in the
via (under the same experimental conditions used to

fill sub-100 nm diameter via), resulting in an incom-
plete nanopillar formation (Figure 2c). This maybe due
to the electric filed intensity and distribution in the vias.
To fully understand this phenomenon, we used 3-D
computational fluid dynamics simulation to model the
electric field near the via. The simulation results show
that the intensity of the electric field in the vias varies
depending on the geometrical parameters such as
diameter, depth and via spacing. Figure 2d�f displays
the static electric field contours in a via for three
different via diameters for a fixed depth and spacing
(for the same dimensions shown in Figure 2a�c). The
electric field intensity at the center of the via decreases
as the diameter increases. This results from the ampli-
fication of the electric field only at the edges of the
patterns.20 For a via-shaped geometry, the electric field
strength is always higher at the side-walls compared
to the center. This effect is not significant in small vias
because the side-walls are much closer. When the
diameter becomes sufficiently large, the center part
of the via is not affected by the amplification of the

Figure 2. Effect of via geometries on nanopillar formation. (a�c) SEM images of (a) 50, (b) 100, (c) 200 nm-wide nanopillars.
The nanostructure height is 150 nm. (d�f) Cross-sectional view (from the 3-D simulation) of different size vias, revealing the
simulated localized electric field. (g) Electric field intensity in the via (at the center of the via) as a function of the aspect ratio
(depth/diameter) for different via diameters. The spacing between the vias is 1 μm in these simulations. (h) Electric field
intensity in the via (at the center of the via) as a function of the spacing between the vias. The via depth was 150 nm in these
simulations. The scale bars in the inset figures in (g) and (h) are 100 nm.
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electric field at the side-wall, leading to lower field
intensities at the center. Therefore, NPs are exposed to
smaller DEP forces at the center of a large via, resulting
in only partial particle assembly. The calculated DEP
force acting on a 5 nm particle located 230 nm away
from the bottom (measured from the center) of a
200 nm diameter via is 1.54 � 10�14 N. This force is
three times smaller than the DEP force at the same
distance from a 50 nm diameter via (see Supporting
Information p 5), explaining the incomplete assembly
results shown in Figure 2c.

The intensity of the electric field for vias with
various aspect ratios and fixed spacing is presented
in Figure 2g. As the aspect ratio of the vias increases,
the electric field intensity decreases because of the fact
that larger aspect ratio vias are less affected by the
electric field amplification at the edge of the via (see
Supporting Information Figure S2). To demonstrate the
effect of the aspect ratio on the nanopillar formation
and make a systematic comparison, we assembled
5 nm gold particles into vias with aspect ratios of 6, 3,
1.5, and 0.75 and 1 μm spacing that were simulated in
Figure 2g. The experimental conditions were 12 Vpp AC
voltage with a frequency of 50 kHz for 90 s. The results
showed that when the electric field in the vias (at the
center of the via) falls substantially below 2� 106 V/m,
the DEP force on the NPs becomes so low that only
partial nanopillar formation is observed (Figure 2g
inset SEM images). For example, the simulation shows
that the vias with aspect ratios of 1.5, 3, and 6 have
electric field intensities at or higher than 2 � 106 V/m.
In these cases, NPs successfully assemble in the via

forming solid nanopillars. On the other hand, for the via
with aspect ratio of 0.75, the electric field intensity at
the center is 1.56� 106 V/m resulting in an incomplete
nanopillar formation. The NPs were assembled only
at the side-walls where the electric field intensity
was ∼2 � 106 V/m (Figure 2f). These simulation and
experimental results indicate that for a complete
nanopillar formation using the aforementioned experi-
mental conditions, the electric field intensity in the via
should be equal or larger than 2 � 106 V/m.

The simulations in Figure 2h show that, for a given
via diameter and depth, the electric field intensity
in the closely spaced vias was small compared to
the sparsely spaced vias (see Supporting Information
Figure S3). This would lead to a lower nanopilllar height
in closely spaced vias. To demonstrate this, we as-
sembled 5 nm gold particles into 50 nm diameter and
150 nm deep vias separated with 500 and 5000 nm
under 12 Vpp AC voltage with a frequency of 50 kHz
for 90 s. As shown in the inset images in Figure 2h, the
closely spaced nanopillars were shorter (120 nm) than
the sparsely spaced nanopillars (150 nm) due to the
lower electric field and consequently smaller DEP force
exerted on the NPs near these vias. The simulations
and experiments discussed above indicate that the

simulation results presented in the Figure 2g,h will
be useful for estimating the assembly outcome and
nanopillar formation for various via dimensions.

Control of the Fabrication Process. The results show that
the amplitude and frequency of the applied voltage
can be controlled to achieve a successful nanopillar
formation for different via geometries. Typically, 50 nm
diameter pillars can be obtained when the voltage is
applied at 12 Vpp with a frequency of 50 kHz for 90 s.
When a lower voltage (∼6 Vpp) is applied, the DEP and
chaining forces decrease, resulting in a partially as-
sembled and partially fused particles in the vias (see
Supporting Information Figure S4a). On the other
hand, the application of a higher voltage (∼20 Vpp),
significantly increased the assembly rate but resulted
in undesirable particle over assembly and agglomera-
tion on the PMMA surface (see Supporting Information
Figure S4b). Similarly, the NP assembly in the vias could
also be controlled by varying the frequency of the
applied field. At higher frequencies (∼100 kHz), the
counterions on the particles can not follow the rapidly
oscillating electric field,18 which decreased the parti-
cle�electric field interaction and the assembly rate
(see Supporting Information Figure S4c), whereas
at low frequencies (∼10 kHz), the assembly rate be-
came very high, once again leading to undesirable
particle over assembly and agglomeration in localized
regions mostly near the edges of the via array
(see Supporting Information Figure S4d). Therefore,
the applied voltages need to be slightly higher than
12 Vpp (14�16 Vpp) at lower frequencies (30�50 kHz) to
efficiently assemble nanostructures in large diameter
(>50 nm) vias.

As discussed earlier, when the via diameter is at or
larger than 200nm, the electric field andDEP force near
the vias becomes so low that complete nanopillar
formation using only AC voltage becomes difficult.
To achieve a successful particle assembly and chaining
in the vias, the DEP force needs to be above a certain
threshold in addition to having a sufficient particle
concentration near the vias.18 Since the DEP forces
are only effective within a few hundred nanomaters,21

manipulation of AC voltage was not sufficient to
achieve complete nanopillar formation in these large
vias. To overcome this, we applied a constant DC offset
voltage in addition to the AC voltage. The DC voltage
creates an additional electrophoretic (EP) force on the
NPs that will drive the NPs closer to the substrate and
effectively increase the particle concentration in the
vicinity of the vias. This can be further demonstrated by
the fact that the magnitude of electrophoretic force
on 5 nm gold NPs under a DC voltage of 2 V is 1.78 �
10�12 N, which is almost 2 orders of magnitude higher
than the DEP force. As a result, a uniform nanopillar
formation in 200 nm diameter vias is achieved (see
Supporting Information pp 9�10 and Figure S5).
Table 1 summarizes the critical assembly parameters

A
RTIC

LE



YILMAZ ET AL. VOL. 8 ’ NO. 5 ’ 4547–4558 ’ 2014

www.acsnano.org

4551

and their ranges used for the fabrication of metallic
nanostructures with different dimensions.

Fusion Mechanism. The fusion of NPs into solid nano-
structures results largely from Joule's heating at the
nanoparticle interface due to the applied current.19,22,23

To estimate the Joule's heating at the particle-surface
interface, we used themodel shown in Figure 3a. In this
model, the NP temperature increase due to Joule's
heating ΔT can be calculated by ΔT = Q/(v 3 cv,p) where
v is the particle volume, cv,p is the specific heat capacity
of NPs, and Q is the Joule's heating, which can be
determined by Q = Ip

2
3 Rc 3 t where Ip is the magnitude

of the current passing through a nanoparticle, Rc is the

contact resistance at the particle-surface interface, and t
is the time period of the applied current. The contact
resistance is Rc = (Fc 3 z0)/Ac where Fc is at the particle-
surface interface, z0 is separation distance between the
particle and the surface, and Ac is the contact area
which is function of contact radius a. Therefore,ΔT can
be expressed as follows (see Supporting Information
pp 10�16 for the detailed derivations):

ΔT ¼ 3I2pFcz0t
4π2cv, pa2r3

(1)

To calculate ΔT using this equation, the contact
radius, the contact resistivity and the current passing
through a nanoparticle need to be determined. The
contact radius can be calculated from adhesion-
induced deformation of NPs. Our calculations showed
that the NPs plastically deform under van der Waals
force Fa. Therefore, we used Maugis and Pollock (MP)
model in plastic deformation24 to determine contact
radius of different size of NPs. (see Supporting Informa-
tion pp 11�12 for calculations). It has been reported
that the resistivity of metals at nanoscale dimensions is
higher than their bulk resistivity25�27 because of electron
scattering from grain boundaries and interfaces.27,28

For example, Ramsperger et al.25 showed that the elec-
trical resistivity of a 4 nm wide and 1 nm thick gold
nanowire is 1.5 � 10�4 ohm 3m, which is 6 orders of
magnitude higher than bulk gold resistivity. Similarly,

TABLE 1. Summary of the Parameters Affecting Metallic

3-D Nanostructure Fabrication Process for Different Via

Diameters with a Fixed Via Depth at 150 nm

range

parameter via diameter <200 nm via diameter g200 nm

voltage 12�16 Vpp 16�20 Vpp
frequency 30�70 kHz 30�70 kHz
DC voltage � 2 V
assembly time 30�90 s 60�120 s
particle size e10 nm >20 nm
particle concentration ∼ 1013 mL�1 >1014 mL�1

postcurrent applied � >5 mA

Figure 3. Fusion of NPs into solid nanostructures. (a) Schematic of the model used for fusion calculations. (b,c) Tilted SEM
images of 200 nm diameter nonfused nanopillars fabricated using (b) 20 and (c) 50 nm gold NPs. (d) Fused nanopillars after
10 mA DC current is passed through the nanopillars in (c).
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Celleja et al.26 obtained a resistivity of 3 � 10�7 ohm 3m
from a 40 nm diameter gold wire, and Zou et al.27

obtained a resistivity of 7 � 10�8 ohm 3m from a
75 nm diameter gold wire. Therefore, bulk resistivity of
gold cannot be used in eq 1. To determine the resistivity
at the nanoparticle-surface interface Fc, we interpolated
the reported resistivity values above. The RMS value
of AC current was measured using an ammeter at an
applied AC voltage of 12 Vpp at 50 kHz with a 2 V DC
offset. To estimate the current passing through a particle
Ip, the amount of current passing through a via (Ivia) was
determined by subtracting the current passing through
the entire chip without patterned vias (just a PMMA
film) from total current measured after the vias were
patterned. Then, the resulting current was divided to the
number vias and then to the number of monolayer
particles in a single via (Figure 3a).

Our calculations showed that the temperature of
5 nm gold particles increases by 593 �C during the
assembly process under the applied voltage of 12 Vpp
(measured current is ∼1.62 mA). Since small size
particles have much lower melting temperature com-
pared to their bulk melting points,15 this temperature
would fuse 5 nm gold particles into solid nanostruc-
tures. This explains the formation of solid nanopillars
shown in Figure 2a,b. As eq 1 shows,ΔT decreases as a
function of r3 leading to a much smaller temperature
increase for larger size particles. According to our
calculations, the temperature of 20 and 50 nmparticles
increase by 63.1 and 3.23 �C, respectively, which are
insufficient for complete particle fusion. To verify these
calculations, we assembled 20 and 50 nm gold parti-
cles. We applied an AC voltage of 12 Vpp at 50 kHz with
a 2 V DC offset during 90 s for all experiments. It is
evident from the SEM images in Figure 3b,c that 20 nm
particles were partially fused and 50 nm gold particles
were nonfused, as it was predicated in the calculations.
However, we showed that the partially fused or non-
fused NPs can be completely fused into solid nanopil-
lars by passing a high current following the assembly
process. Figure 3c shows the SEM images of solid
nanopillars made from 50 nm particles after a 10 mA
post-DC current is applied during 120s. To calculate
the temperature increase for this case, wemodified the
previous model shown in Figure 3a as follows: (1) we
assumed that the current passes through the series of
particles assembled perpendicularly in the via, (2)
we used the particle�particle contact radius instead
of particle�substrate contact, and (3) we updated
the time period required for fusion (see Supporting
Information Figure S10). The modified model results
showed that the temperature of the assembled 50 nm
particles increases by 477 �C, explaining the complete
fusion of these NPs into solid nanostructure. The
calculations and experiments indicate that as the
size of NPs increases, complete fusion into solid nano-
pillars does not occur without applying postcurrent

treatment. For a solid nanopillar formation using larger
size NPs (>20 nm), a high current (>5 mA) should
be applied through the NPs following the assembly
process.

Capabilities of the Fabrication Technique. Control of the
governing parameters enabled successful fabrication
of nanopillars down to 25 nm with controlled dimen-
sions and various materials, over large areas (Figure 4).
The fabricated nanopillar arrays showed good unifor-
mity over a large area. For example, the average height
of 35 nanopillars measured at different locations of
1 mm � 1 mm nanopillar arrays was 117.5 nm with
uniformity of 90.3% (see Supporting Information
Figure S11). The nanopillars in the corner of the arrays
were taller than the ones in the center because of the
electric field edge effect.20 When the nanopillars in the
corners were excluded, the uniformity increased to
94.5%. The high magnification microscopy images in
Figure 4b�d indicate that the fabricated nanopillars
have smooth side walls for all dimensions fabricated,
indicating the fusion of the NPs. Using the presented
directed assembly approach, any other metallic
NPs can be fabricated on any conductive surface.
Figure 4e�g shows fabrication of nanopillars from
copper, aluminum, tungsten NPs. In addition, the pre-
liminary results show that it is possible to make hybrid
nanostructures by sequentially assembling other types
of inorganic or organic NPs such as silicon and poly-
styrene-latex (PSL). Figure 4h shows the SEM image
of a 50 nm diameter gold�silicon hybrid nanopillar
fabricated by assembling 5 nm silicon NPs on a gold
nanopillar formed at the bottom of the via. The height
of the gold portion of the nanopillar was controlled by
adjusting the assembly time. Similarly, Figure 4i shows
the SEM image of a gold-fluorescent PSL hybrid nano-
structure fabricated by assembling 22 nm fluorescent
PSL NPs on top of a gold nanopillar. The resulting
hybrid nanostructure is clearly shown by the fluores-
cent microscopy images in Figure 4i inset. In addition
to nanopillars, we also demonstrate the fabrication of
complex 3-D nanostructures such as nanorings and
nanoboxes as shown in Figure 4j. These nanobox
geometries have a larger exposed area and lower
electric field than those of the 50 nm diameter via

geometries presented in Figure 2a (see Supporting
Information Figure S12). To fabricate these structures,
we applied a higher voltage (16 Vpp) and a lower
frequency (30 kHz) for 90 s to assemble 5 nm gold
particles. Ring shape nanostructures are important for
spintronics application, such as magnetoresistive ran-
dom access memory (MRAM).29 Cost-effective fabrica-
tion of these nanostructures from various materials
with precise control of dimensions is strongly desirable
for practical applications. In this work, we demonstrate
that we can fabricate ring and box shape structures
with a thickness down to 25 nmwithout using complex
or multiple fabrication steps.
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Material Properties. We used transmission electron
microscopy (TEM) to determine the material character-
istics of our fabricated gold nanopillars, which were
placedona copper TEMgrid using a conventional lamella
lift-out process (see Supporting Information pp 19�20,
Figure S13). The bright-field image in Figure 5a indicates
that the gold NPs were completely fused during the
assembly process, transforming them into homogeneous
nanopillars without any voids or gaps. The small-area
electron diffraction (SAED) pattern obtained from the
entire nanopillar presented in the inset to Figure 5a
revealed the polycrystalline nature of the nanopillars
(see Supporting Information Figure S14). Notably, only

two grains, each having its lattice orientation in one
direction, existed over the 30 nm � 30 nm area of the
nanopillar (Figure 5b). Recalling that the nominal dia-
meter of an individual NP was 5 nm, we infer that large
number of NPs fused into a single grain. The formation
of a single-crystallinematerialmight have resulted from
the recrystallization of multiple NPs during the fusion
process.30

Electrical Properties. To demonstrate that fabricated
nanostructures have promises in nanoelectronics, we
compared the electrical characteristics of our fabri-
cated nanopillars with those of nanopillars fabricated
by a conventional electroplating process using an

Figure 4. Capability of NP assembly process for fabricating various sizes, types, and shape of 3-D nanostructures. (a) Optical
microscopy image of nanopillar arrays fabricated over 1 � 1 mm area. Insets show close-up SEM images of gold nanopillar
arrays from a single array (area: 10 μm� 10 μm). (b�d) SEM images of individual gold nanopillars with various aspect ratios,
which were confirmed in corresponding atomic force microscopy (AFM) images. (e�g) Fabricated nanopillars made of (e)
copper, (f) aluminum, (g) tungsten, (h) gold and silicon, (i) gold and fluorescent PSL. Inset in (i) shows fluorescent images after
PSLNPs are assembledon thegoldnanopillar. (j) Top-downandhigh-angle SEM imagesof a 3-Dnanobox (left) and ananoring
(right) fabricated using dielectrophoretic NP assembly.
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SEM-based in situ Zyvex S-100 nanomanipulator (see
Supporting Information pp 20�27, Figures S15 to S19).
Both the NP-based and electroplated gold nanopillars
yielded comparable resistance (Figure 5c). On the basis
of ourmeasurements, the lowest resistivity (calculated)
for 20 different NP-based pillars is 1.96 � 10�7 Ω 3m,
which is only an order of magnitude higher than the
bulk resistivity of gold (2.44� 10�8Ω 3m) (see Support-
ing Information Figure S19). This is attributed to the
nanoscale dimensions of the nanopillars. Asmentioned
earlier, when the dimensions of metals are comparable
with or less than the mean free path (∼30 nm for gold),
the resistivity of metals become higher than their
bulk resistivity25�27 because of electron scattering from
grain boundaries and interfaces.27,28 The obtained re-
sistivity value is even lower compared to some of the
previously obtained values of resistivity for electro-
plated or vacuum-deposited gold nanowires having
similar dimensions.31,32 Moreover, flexibility in material
choice of our method provides additional benefits
over electroplating. Although electroplating has the
advantages of being simple and cost-effective in

general, not every metal can be electroplated on
any conductive surface.33,34 This makes electroplating
limited in terms of the number of structures that
can be fabricated on desired surfaces.33 In addition, in
some cases, electroplating process involves the use
of seed layers and many chemical additives35,36 which
could increase the complexity and the cost involved in
the process. Because the formation of the nanopillars
in our process is governed by the physical assembly
followed by fusion of NPs on the surface and not
by the chemical nucleation as in electroplating, any
conducting materials can be directly fabricated on
surfaces without requiring an intermediate seed layer
or chemical additives. We also showed that nanopillar
formation rate of our directed assembly process is
as fast as electroplating for the same nanopillar geo-
metry, density and area (see Supporting Information
Figure S15). This together with the scalability of
the presented process, for example, could pave the
way for seedless copper interconnect technology37

and fabrication of very-small-diameter (<16 nm)
interconnects,38 which are difficult challenges in CMOS

Figure 5. Material and electrical characterization of the nanopillars. (a) Bright-field TEM image of NP-based gold nanopillars;
inset: diffractionpatternof the pillar. (b) High-resolution TEM image, indicating the existence of twograinswithin the 30nm�
30 nm area of a single nanopillar. Arrows indicate the two different lattice directions. (c) Resistance measurements of the
electroplated and NP-based gold nanopillars (diameter: 50 nm, height: 150 nm), 10 nanopillars from two different chips each.
Inset shows high-angle SEM image of gold nanopillars in the PMMA during the electrical characterization.
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(complementary metal�oxide�semiconductor) based
manufacturing.

Optical Properties. The presented fabrication tech-
nique also enables high quality plasmonic nanostruc-
tures for optical device applications. Plasmonics has
recently received significant attention since surface
plasmons (SPs), by localizing and enhancing light at
a metal/dielectric interface, lead strong light/matter
interactions.39 Advances in plasmonics, however,
strongly depend on the ability to pattern high quality
metals and hybrid materials at nanoscale dimensions.
In recent years several new fabrication approaches
have been proposed to exploit plasmons for wide
range of applications.40,41 One promising application
of plasmonics is biosensing.42�44 Biosensing platforms
utilize plasmonic resonances that show variations due
to change in the refractive index of their surrounding
medium. To achieve a reliable biosensor with low limit
of detection, narrower resonances and high overlap
between optical fields of the plasmonic mode and the
interacting biomolecules is needed. Recently, a plas-
monic metamaterial structure based on randomly
positioned nanopillar arrays are shown to be highly
suitable for ultrasensitive biosensing by Kabashin et al.4

We numerically analyzed a periodic nanopillar system
to further improve biosensing performance.45 As
shown in Figure 6a, the optimized nanopillars have
diameter and height, roughly 200 and 400 nm,

respectively. These nanostructures with such high
aspect ratio are challenging using lift-off based elec-
tron-beam lithography techniques. Figure 6b,c shows
the near-field intensity enhancement (|E|2/|Ein|

2) distri-
bution at the top surface and through cross section,
respectively. Our numerical calculations indicate that
nanopillar arrays enhance the incident light intensity
up to 10 000 times. More importantly, these large local
fields extend deep into the medium making them
easily accessible to monitor changes in their surround-
ing medium (see Supporting Information pp 27�28).
This strongly amplifies the sensitivity of the nanopillar
based plasmonic nanosensors to determine the local
refractive index changes. For experimental demonstra-
tion we fabricated well-defined periodic nanopillar
arrays using our new nanofabrication method. We
found that fabrication of these large diameter and
deep structures over a large area (over 0.2 mm area)
is challenging using 5 nm particles, mainly because of
very low electric field in the vias (see Supporting
Information Figure S21). To overcome this, we carried
out various modifications in the assembly conditions.
First, we used 50 nm gold particles instead of 5 nm.
Larger particles experienced larger DEP forces, which
increased the assembly rate in the vias. Second, we
applied a DC offset together with AC electric field
during the assembly process. This not only increased
the force on the particles but also led a uniform particle

Figure 6. Demonstration of the sensitivity of the fabricated nanopillars. (a) SEM image of the fabricated nanopillar structures.
(b,c) Near-field intensity enhancement distributions calculated (b) at the top surface of the nanopillar and (c) through cross-
section. (d,e) Variations in the spectral response of the nanopillar arrays (d) after introducing bulk solutions with different
refractive indices: DI-water nDI = 1.333, acetone nacetone = 1.356, and IPA nIPA = 1.377, and (e) after attachment of 1 mg/mL of
A/G and 1 mg/mL of IgG.
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assembly over the via array.46 Third, we increased the
assembly time to 10 min for tall structures with large
diameter (400 nm height and 200 nm diameter). As
mentioned earlier, these large particles were not fused
during the assembly. Therefore, following the assem-
bly, a high current (∼10 mA) has been passed through
these particles to fuse them into solid nanostructures
(see Supporting Information Figure S21). The struc-
tures demonstrated high optical quality supporting
strong plasmonic resonances with line-widths as
narrow as 13 nm. The resonance strongly shifts with
different refractive indices of bulk solutions including
DI-water nDI = 1.333, acetone nacetone = 1.356, and IPA
nIPA = 1.377. As shown in Figure 6d, we demonstrate
a refractive index sensitivity as large as 571 nm/RIU.
Because of spectrally narrow resonances, we achieved
an experimental figure of merit as large as 44. Nano-
pillar structures are also suitable for surface based
biosensing, which is demonstrated by detecting pro-
tein monolayers (A/G) and bilayers (Immunoglobulin
G (IgG) bind of A/G). As shown in Figure 6e, because of
accumulation of biomass on the sensor platform, the
plasmonic resonance shifts robustly with 4 and 14 nm
after addition of protein A/G and IgG, respectively.

CONCLUSIONS

In this paper, we introduce a new aqueous directed
assembly approach to fabricate crystalline, homoge-
neous and 3-D nanostructures with controlled dimen-
sions. By identifying and controlling the driving forces
of the assembly process, we demonstrated the ability
of fabricating various metallic 3-D nanostructures with
feature sizes as small as 25 nm. These metallic nano-
structures have lower or equivalent electrical resistivity
compared to electroplated gold, and support strong

plasmonic resonances. In addition, the fabrication
process is as fast as electroplating, shown to be scal-
able to the millimeter scale and conducted at room-
temperature and pressure without requiring chemical
additives making it highly suitable for cost-effective,
green nanomanufacturing.
The fabricated nanostructures can be used for a

wide range of applications in the area of nanoelectro-
nics and nanophotonics. For example, future genera-
tion CMOS circuits demand for very small size (<16 nm)
and high aspect ratio interconnects.38 According to
the Semiconductor Industry Association's International
Technology Roadmap for Semiconductors (ITRS),47

fabrication of these structures using conventional elec-
troplating or vacuum deposition is challenging. The
ability to produce nanoscale structures with controlled
dimensions through this method could enable fabrica-
tion of very small size interconnects from vastly differ-
entmaterials including copper, tungsten and silver.47,48

Nanopillars with specific dimensions (diameter, height
and spacing) bring complementary characteristics of
localized and extended surface plasmons together.45

This could lead to plasmonic devices with multiple
sensing modalities, including label-free biodetection,
surface enhanced vibrational spectroscopy and optical
trapping at the same time.45,49 Combining fluore-
scence NPs with metallic nano-objects could enable
the control of optical emission characteristics. Similarly,
the fabrication of layers of dielectric and metallic
structures could be used as metamaterials with
unique optical properties39,50 and hybrid plasmonic
nanoantennas.51,52 In addition, hybrid structures
made from semiconducting and metallic layers can
find applications in hybrid electronics53 and 3-D
photovoltaics.3

MATERIALS AND METHODS

Particle and Substrate Preparation. The aqueous gold NPs sus-
pension was purchased from British Biocell International
(nominal diameter: 5 nm). NPs were directly used from com-
mercial suspensions. The gold colloid is composed of chlor-
oauric acid (<0.01%), sodium citrate (<0.00001%), tannic acid
(<0.0000001%) and potassium carbonate (<0.0000001%) and
have citrate stabilization with a net negative surface charge.
The zeta potential of the gold particles and the conductivity of
the suspension are �41 ( 7 mV and 600 μS/cm, respectively.
The aqueous copper, tungsten, aluminum and silicon NPs
suspension was purchased from Meliorium Technologies
(nominal diameter: 10 nm). These NPs have sodium dodecyl-
benzenesulfonate functionalization. The zeta potentials of
these particles varies between �45 mV and �50 mV. The
conductivity of the suspensions is around 2 mS/cm. The aqu-
eous fluorescent polystyrene-latex (PSL) NPs suspension was
purchased from Thermo Scientific (Fluoro-Max Red, nominal
diameter: 22 nm). The zeta potential of fluorescent PSL particles
is�43mV( 5mV. The conductivity of the suspension is around
700 μS/cm. The original suspension was diluted in DI water
10�100 times prior to assembly.

The preparation of the substrates, displayed in Figure 1,
beganwith Cr/Au (2 nm/120 nm) being sputtered onto a SiO2/Si

(470 nm/380 μm) wafer, which was then diced into 12 mm �
12mmchips. Next, PMMAwas spin-coated onto the precleaned
(piranha: H2SO4/H2O2, 2:1) Cr/Au chips. The nanoscale patterns
were fabricated using conventional electron beam lithography,
with subsequent development in methyl isobutyl ketone and
isopropyl alcohol (MIBK/IPA, 1:3).

NP-Based Nanopillar Fabrication. The substrate and a counter
electrode (Cr/Au sputtered gold) were connected to a function/
arbitrary waveform generator (Agilent 33220A) and submerged
into the NP suspension. Following the application of a sinusoi-
dal AC electric field with or without a DC offset, the substrate
and the counter electrode were removed from the suspension
using a dip coater (KSV NIMA) at a controlled speed (85 mm/
min). Finally, the PMMA layer on the substrate was removed
using acetone for metallic and silica nanopillars, ethanol for PSL
nanopillars.

Nanopillar Electroplating Process. A Techni-Gold 25 ES RTU
(ready-to-use) solution was purchased from Technic Inc., which
includes sulfuric acid, ethylenediamine, sodium gold sulfite and
sodium sulfite. The temperature of the solution was held at
60 �C. The substrate with patterned geometries and a counter
electrode were submerged into the electroplating solution.
In contrast to the directed assembly, a platinized titaniummesh
was used as the counter electrode. A temperature probe was
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inserted into the solution, which was heated at a set tempera-
ture of 60 �C, while amagnetic stirrer was set to a rate of 75 rpm.
A DC voltage was applied, using a Keithley 2400 source meter,
between the substrate and the counter electrode. The magni-
tude of the applied voltage and the deposition time were
altered to control the electroplating rate.

Electrical Characterization. Electrical properties of the nanopil-
lars were measured using an in situ NanoManipulator (Zyvex
S-100). Three tungsten probes with a 20 nm-diameter tip were
used to form the electrical contact. The manipulator probes
were connected to an Agilent 4156C source measure unit.
Initially, two of the probes contacted the bottom gold layer
to measure the resistance of thin film. Once good contact
was achieved between the two probes and the gold layer
(resistance: ca. 10Ω), a third probe was applied to a nanopillar.
The resistance of the nanopillar wasmeasured by activating one
of the probes on the gold layer and the probe on the nanopillar.

TEM Sample Preparation. High-resolution TEM and selected-
area diffraction were employed to characterize the fabricated
nanopillars. A Zeiss Auriga focused ion beam/scanning electron
microscopy (FIB-SEM) workstation was employed for prepara-
tion of the high-resolution TEM sample. To prepare a TEM
specimen from a bulk wafer presenting the fabricated nano-
pillars, one array of nanopillars was coated with a carbon
protection layer having a thickness of up to 1.5 μm. The carbon
protection layer was formed using electron beam-assisted
deposition for approximately the first 100 nm and then ion
beam-assisted deposition was applied up to 1.5 μm. A lamella
that contained the chosen array was cut out with various steps
of FIB milling (recipes from the system). The lamella was then
lifted out in situ and welded onto an Omniprobe Mo TEM grid
using anOmniprobe Autoprobe 300mounted on the roof of the
FIB/SEM chamber. Once on the TEMgrid, the lamellawas further
thinned down to approximately 100 nm using a 30-keV Ga
ion beam. Final polishing and cleaning was performed using
a 2-keV ion beam to minimize the ion beam damage to the
nanopillars, resulting in lamellae having a final thickness of
approximately 50�60 nm.

TEM Characterization. High-resolution TEM imaging and dif-
fraction were performed using a 200 kV Zeiss Libra 200 field
emission energy-filtering transmission electron microscope
(FEG EF-TEM). All bright-field TEM images were acquired at
200 keV. SAEDwas achieved using a 10-μmcondenser aperture,
selectively illuminating the area of interest in the specimen.

Electric Field Simulation. The magnitudes of the electrical
potential and electric field counters near the patterns were
simulated using commercial 3-D finite-volume modeling soft-
ware (FLOW-3D). In the simulations, the root-mean-square
(RMS) value of the utilized voltage was applied to the gold layer
beneath the vias. The calculated local electric field near the via
was used to determine the electric field gradient, which was
then used to calculate the DEP force on the particles.

FDTD Simulations. Three-dimensional finite-difference time-
domain (3D-FDTD) simulations were carried out to numerically
analyze the far- and near-field responses of the NP system. The
permittivity of gold was taken from ref 33. In FDTD simulations,
periodic boundary conditions were applied along the x- and
y-directions and Perfectly Matched Layer (PML) boundary con-
dition was applied along the direction of the illumination
source, z. The mesh size was chosen to be 2 nm along the x-,
y- and z-directions.

Sensing Experiment Presentation. As a first step, nanopillars
were immersed in ethanol solution for 30 min to remove the
organic contamination on the surface. The protein monolayer
was formed by spotting 1mg/mL of A/G on the chip surface and
incubating for 1 h. A/G is a recombinant fusion protein that
consists of binding domains of both protein A and protein G.
Protein A/G sticks on the gold surface by physisorption. Nano-
pillars were then rinsed with PBS (phosphate buffer) to remove
the unbound proteins. The protein bilayer was formed by
spotting 1 mg/mL of IgG on the chip surface and incubating
for 1 h. Protein IgG is immobilized on A/Gmonolayer because of
the high affinity of protein A/G to the Fc regions of IgG. Finally,
a washing process was performed to remove the unbound
protein.

Spectral Measurements. All spectral measurements were per-
formed by a Nicon Eclipse-Ti microscope coupled to a Spec-
traPro 500i spectrometer. Normally incident light was used to
excite surface plasmons on nanopillars. Reflected data was then
normalized using a thick gold standard.
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