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N
anoparticles (NPs) feature unique
electronic, photonic, and magnetic
properties that make them prom-

ising candidates as building blocks for the

next generation of nanodevices.1�5 One of

the keys to the use of NPs in future tech-

nologies is their controllable and precise as-

sembly into ordered low-dimensional struc-

tures.6 During the past few years, a range

of techniques for spatial ordering of two-

and three-dimensional NP arrays have been

developed.7�10 Along with two- or three-

dimensional NP arrays, NPs in one-

dimensional (1D) (wire-type) or quasi 1D ar-

rays are of particular interest, both theoreti-

cally and experimentally11�17 because of

their value in understanding fundamental

problems such as localization, hopping, and

the formation of the energy bands in dis-

crete but coupled systems. However, as-

sembling 1D NP arrays is challenging due

to the difficulty in obtaining continuously

connected 1D superstructures over longer

length scales. To circumvent the difficulty in

constructing 1D structures from isotropic

NPs, most previous studies have focused

on assembling NPs on 1D templates such

as DNA,18,19 nanowires,20 1D-structured

substrates,21,22 templates fabricated by ad-

vanced lithography,12,23�25 etc. Although

template assembly is effective, direct pat-

terning methods of 1D NP arrays on planar

substrates would enable facile production

in large quantity and low cost with high

throughput.

We have recently developed a soft litho-

graphical approach,26 nanomolding in cap-

illaries (NAMIC), to pattern functional mate-

rials on the sub-100 nm scale.27 NAMIC uses

a hybrid stamp with harder, more well-

defined features that is fabricated by

nanoimprint lithography (NIL) on flat poly-

dimethylsiloxane (PDMS) as the nanomold,

thus allowing large areas (over several cm2)

patterning of NP arrays in one-step with

relatively low cost. Here, we report the use

of NAMIC to pattern small gold nanoparti-

cles (3.5 nm, core diameter) into stable 1D

NP arrays through the use of dithiocarbam-

ate (DTC)-based surface chemistry.28�30

The covalent linking of Au NPs on the sub-

strate through DTC bond formation pro-

vides 1D arrays having a uniform layer of

NPs on the surface with high stability to or-

ganic solvents and water. These NP arrays

provide systems for studying the electrical

properties of the 1D NP, wire-like arrays.

Moreover, owing to the robust chemical im-

mobilization, the patterned Au NPs can be

further modified through functional thiols

to bind proteins that potentially can be

used for biosensing applications.
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ABSTRACT We report here the use of nanomolding in capillaries (NAMIC) coupled with dithiocarbamate

(DTC) chemistry to fabricate sub-50 nm quasi-1D arrays of 3.5 nm core gold nanoparticles (Au NPs) over large areas.

Owing to chemical immobilization via the DTC bond, the patterned NP systems are stable in water and organic

solvents, thus allowing the surface modification of the patterned Au NP arrays through thiol chemistry and further

orthogonal binding of proteins. The electrical properties of these patterned Au NP wires have also been studied.

Our results show that NAMIC combined with surface chemistry is a simple but powerful tool to create metal NP

arrays that can potentially be applied to fabricate nanoelectronic or biosensing devices.

KEYWORDS: soft lithography · nanomolding in capillaries · nanoparticles ·
nanoparticle wires · conductance
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RESULTS AND DISCUSSION
Scheme 1 shows a schematic outline of the NAMIC

process combined with DTC chemistry to pattern Au

NPs. First, an amine-functionalized self-assembled

monolayer (SAM) of N-[3-

(trimethoxysilyl)propyl]ethylenediamine (TPEDA) was

prepared on a silicon oxide surface. The hybrid PDMS

nanomold was fabricated by NIL with a thin film of ther-

mal resist on a composite flat PDMS substrate
according to a previously published proce-
dure.31 Polymer nanogrooves of 30 or 100 � 5
nm separated by 4 �m were formed on the
PDMS surface. A typical length of the PDMS na-
nomold was 0.5�1.5 cm, and the width of the
mold was 0.5�2 cm. The mold can contain
about 1250�5000 parallel channels. Then, the
PDMS nanomold was soft bonded to the amine-
functionalized SiO2 substrates to form a parallel
array of nanochannels. The channels were then
filled with a solution containing CS2 and
Au�TOH NPs (�3.5 nm core diameter, coated
with TOH (monohydroxy(1-mercaptoundecyl)-
tetraethylene glycol)) ligands. Driven by capillary
forces, the CS2 and Au�TOH NP solution fills
the nanochannels. The primary amine on the
surface is converted to DTC by reaction with CS2

that then displaces some TOH ligands on the
Au NPs, binding the NPs onto the surface within
the confinement of the nanochannels. The pro-
cess is simple, clean, and reliable and is based on

water/alcohol solutions, providing eco-friendly fabrica-
tion. After evaporation of the solvent and detachment
of the mold, the Au NPs are deposited on the substrate.
A short oxygen plasma step was applied to remove
the organic residues due to the bonding of the PDMS
mold. This may remove to some extent also the organic
shell at the top of the particles at the structures. The
physisorbed NPs can be rinsed away by solvent, thus

Scheme 1. Process scheme for the formation of 1D Au NP arrays us-
ing NAMIC coupled with DTC chemistry to pattern Au NPs into 1D
arrays

Figure 1. (a) TEM image of the Au NPs used in the assembly step. 3D AFM (b), SEM (c), AFM height images (d), and section
analysis (e) of Au NP patterns fabricated using a 30 nm � 100 nm (w � h) mold on Si/SiO2 after O2 plasma by NAMIC com-
bined with DTC chemistry.
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leaving a uniform array of 1D Au NP lines on the
substrate.

Figure 1 a shows a representative transmission elec-
tron microscopy (TEM) image of the Au NPs used in
the assembly step. Measured from the TEM image, the
Au NPs have an overall average diameter of �7 nm
(metal core � the ligands size). Figure 1b�e shows the
scanning electron microscope (SEM) and atomic force
microscopy (AFM) height images of the Au NP patterns
which were fabricated through a 30 nm � 100 nm (w
� h) PDMS nanomold onto an amine-functionalized Si/
SiO2 substrate.

As observed in the AFM and SEM images, after
NAMIC and rinsing with solvent, the Au NPs formed
continuous nanolines over large areas without obvious
defects. The nanolines have an average width of 40 � 5
nm that is somewhat larger than the width of the PDMS
nanomold (30 nm). This is probably due to the short ex-
posure of oxygen plasma to the PDMS nanomold be-
fore the binding. The height of the Au NP arrays is 18
� 2 nm measured from AFM line scans, and no change
was seen upon further sonication in ethanol. The height
of the Au NP patterns (�18 nm) corresponds to �2 to
3 layers of the Au NPs, probably owing to the closed
packing of the Au NPs during the solvent evaporation
within the nanochannels, while the width corresponds
to about 5�6 NPs.

A control experiment was done by deposition of
Au�TOH NPs in the absence of CS2 under the same
conditions through NAMIC. After mold detachment and
rinsing, we observed that the Au NPs formed broken
lines on the substrates due to the rinsing with ethanol
(see Supporting Information). Upon further sonication,
the patterned Au NPs could be completely removed
from the substrate. It proves that, in the absence of CS2,
the Au�TOH NPs were only physisorbed on the sub-
strate and that DTC bond formation is essential to
achieve stable NP patterns.

The NAMIC approach combined with DTC chemis-
try can be applied to different types of NPs since CS2-
mediated ligand exchange also works for NP systems
featuring other thiophilic core materials. To demon-

strate this versatility, we have patterned
both core�shell CdSe�ZnS quantum dots
(QD-TOH, 2.8 nm) and superparamagnetic
FePt NPs (FePt�TOH, 2.4 nm) under the
same conditions. Figure 2 shows a repre-
sentative fluorescence micrograph and
AFM image of both patterned NP arrays.

To demonstrate the robustness of the
structures, as well as fabrication of con-
tacts, a substrate with prepatterned Au NP
lines was patterned by NAMIC again to cre-
ate a second set of parallel lines to achieve
cross patterning. Owing to the robust inter-
actions by the DTC bond, the first Au NP
lines are quite stable upon contacting with

the second PDMS nanomold. Figure 3a shows the pro-
cess of making crossed lines by two sequential deposi-
tions. The first set of parallel Au NP lines was deposited
on an amine-functionalized silicon substrate by NAMIC
combined with DTC bond formation (Scheme 1). Upon
PDMS demolding and rinsing with ethanol and further
cleaning by O2 plasma, the TPEDA layer was regener-
ated from its solutions on the silicon dioxide surface.
The substrate was then rotated by 90° and contacted
to another PDMS nanomold, and then Au�TOH NPs
were deposited again under the same conditions. The
second set of Au lines overlaps with the first one, form-
ing a grid pattern (Figure 3b�e).

As clearly seen from the SEM and AFM images (Fig-
ure 3b�e), the Au NPs formed grid patterns over large
areas. Nanolines overlapped one another with uniform
width (100 or 40 � 5 nm) which compares well with the
dimensions of the PDMS nanomold. The height of the
lines is 18 � 2 nm except at the junctions (�30 nm).
This cross patterning through the NAMIC approach
could enable an ordered orthogonal assembly onto
the substrate if a second type of NPs is used, one that
provides a useful device platform for investigating the
interactions between two different sets of NPs at the
junctions of such grid patterns.

Owing to the stable chemical immobilization via
the robust DTC bond that is actually stronger than an
Au�thiol bond,29,30 the patterned Au NP lines are
stable in water and organic solvents, allowing further
surface modification of the Au lines through functional-
ized thiols. As an example, a positively charged hydro-
philic thiol ligand TTMA (HS-C11-tetra(ethylene glycol)-
NMe3

�) was used to modify the surface of the Au
nanolines by incubating the patterned Au nanolines in
the TTMA ethanol solution (0.1 �M) for 8 h. The samples
were then thoroughly washed with ethanol to achieve
arrays of TTMA monolayer-functionalized Au nanolines
(Au�TTMA). Due to the positive charges provided by
the TTMA ligands, Au�TTMA can be further used for
the specific binding of negatively charged materials by
electrostatic assembly (Figure 4a). Negatively charged,
fluorescein isothiocyanate-labeled bovine serum albu-

Figure 2. (a) Fluorescence micrograph of patterned QD-TOH NPs and (b) AFM height
image of patterned FePt�TOH NPs on Si/SiO2 by NAMIC combined with DTC chemistry
using a 100 nm � 100 nm (w � h) PDMS nanomold.
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min (FITC-BSA) was deposited onto the Au�TTMA from
an aqueous solution. After rinsing with water, the
samples were imaged by fluorescence microscopy and
AFM (Figure 4b�e).

From the fluorescence images (Figure 4b,c) taken
after surface modification of the Au NP nanolines by
TTMA and the postdeposition of FITC-BSA, continuous
fluorescence line patterns were observed over large ar-
eas on the substrate, thus indicating the successful
deposition of FITC-BSA selectively on the positively
charged Au�TTMA nanolines. Measuring from the AFM
height images of the pat-
terned Au nanolines be-
fore and after functional-
ization by TTMA and FITC-
BSA (Figure 4d,e), the
width and height of the
nanolines have increased
by �45 and �20 nm
which both indicate a
layer increase of �20 nm.
This shows a uniform at-
tachment of FITC-BSA on
the Au nanolines via elec-
trostatic interaction.

Metal nanoparticles
are potential building
blocks for nanoelectronic
devices, for example, us-
ing the Coulomb block-
ade effect.33�35 A Cou-
lomb blockade is normally
visible at low tempera-
tures for large particles.36

By decreasing the metal
island size down to 1�2

nm, Coulomb blockades can
be observed at room temper-
ature, which is a key issue for
real-world applications of
single electron devices.35

However, to precisely posi-
tion and integrate such small
particles into functional de-
vices is quite challenging. Pre-
vious efforts in this area have
consisted primarily of litho-
graphic patterning followed
by random deposition37,38 or
the electrostatic39 or mag-
netic40 trapping of nanostruc-
tures. However, these ap-
proaches all feature
challenges: they do not pro-
vide precise positioning, have
difficulty in obtaining long
distance, large areas, continu-
ous connection, they require
specific susceptibilities, have

low throughput, and/or are not readily scalable.
In our work, the NAMIC approach was used to

pattern ultrasmall Au NPs. The flow and the self-
organization of the particles offer a better chance
to achieve continuous NP patterns compared to
other deposition methods. Additionally, the forma-
tion of the DTC bond between the Au NPs and the
substrate achieves specific binding that can provide
systems with a stable and uniform layer of NPs on
the surface. Furthermore, the large areas fabricated
with Au NP arrays allow the possibility to study the

Figure 3. (a) Schematic diagram illustrating grid patterns obtained by two sequential
NAMIC steps. SEM (b) and AFM (c) images of Au�TOH NPs grid patterns fabricated on Si/
SiO2 by NAMIC coupled with DTC chemistry using the 100 nm � 100 nm (w � h) mold
twice. SEM (d) and 3D AFM (e) images of the Au�TOH NP patterns by NAMIC combined
with DTC chemistry using the 100 nm � 100 nm (w � h) mold first and the 30 nm �
100 nm mold second.

Figure 4. (a) Schematic illustration of the TTMA-functionalized Au nanolines and further deposition of
FITC-BSA. Fluorescence micrographs (b,c), AFM 3D height images (d), and section analyses (e) of pat-
terned Au nanolines before and after functionalization by the TTMA ligands and further electrostatic
deposition of FITC-BSA.
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electrical properties of large arrays of particle struc-
tures instead of only one or a few particles lines as
reported before.37�40

To measure the electrical properties of the pat-
terned Au NP arrays, macroscopic conductive gold
pads were fabricated on the Au NP arrays on SiO2

substrates by thermal evaporation of gold and con-
ventional lift-off procedures (see Supporting Infor-
mation). Conductivity measurements were carried
out by a two-probe method at room temperature.
Figure 5 shows the I�V characteristics of the Au NP
arrays fabricated by NAMIC using a 30 nm � 100
nm (w � h) mold on a SiO2 substrate. Nonohmic
current�voltage behavior was observed at applied
voltages from �20 to 20 V (Figure 5a). The curves are
strongly nonlinear, nearly symmetrical at V � 0,
and have nonzero threshold voltages.

The NPs used in our study are composed of a
gold core (�3.5 nm) encapsulated by a monolayer
shell of the TOH ligand. This core�shell structure
provides an intercore tunneling resistance, RT,
greater than the resistance quantum h/e2 and should
have a similar conducting behavior as in tunnel junc-
tion arrays.41,42 As studied by Middleton and Win-
green,43 electronic transport through an array of
small metal particles separated by nanoscale gaps
is determined by the interplay between the single-
electron charging of an individual particle and the
tunneling between adjacent particles. In the pres-
ence of a charge disorder due to quenched impuri-
ties in the insulating substrate under the array, this
interplay leads to highly nonohmic current�voltage
(I/V) characteristics. They predicted current suppres-
sion below a threshold voltage (Vt), while above this
threshold the current follows a power law, I � (V �
Vi)	, with 	 � 1 in 1D and between 5/3 and 2 in 2D.

In our case, as measured from SEM and AFM im-
ages (Figure 1e), the width and height of Au NP pat-
terns are 40 and 18 nm, which correspond to around
5�6 Au NPs in parallel and 2�3 layers high, which
can be considered as quasi-1D Au NP arrays. The I�V

curve of the system should follow the power law
which is predicted by Middleton and Wingreen.43

When the data are plotted as log (I) versus log (V)
(Figure 5b), a nearly straight line is obtained. From
the slope and the intercept of this line, we infer that
	 � 2.9 and Vt � 2.7 V, which are comparable to
some published data for a single layer or a short 1D
array of Au NPs with similar dimensions.15,20,42,44

This shows that our fabrication method represents
a viable technique for creating large-area, continu-
ous particle lines.

SUMMARY
A high-resolution soft lithographic technique to

pattern Au, CdSe-based QDs, and FePt nanoparti-
cles on surfaces has been developed. Nanomolding
in capillaries (NAMIC) has been combined with
dithiocarbamate (DTC) chemistry to immobilize NPs
from solution to form arrays of uniform and stable
sub-50 nm quasi-1D NP nanolines over large areas.
Combined with the DTC chemistry, NAMIC shows the
possibilities to create stable NP patterns, both in
aqueous and organic solvents. The electrical proper-
ties of these patterned quasi-1D Au NP arrays have
been studied, and these arrays are shown to be con-
ducting and to have nonlinear I�V characteristics
with nonzero threshold voltages consistent with
Coulomb blockade behavior. The surface of the pat-
terned Au NP arrays can be further functioned by
thiol ligands, and bovine serum albumin (BSA) pro-
teins were successfully adsorbed onto the NP arrays.
These results show that the NAMIC method com-
bined with surface chemistry is a facile and power-
ful approach for the patterning of colloidal nano-
structures over large areas and represents a
significant step toward the integration of bottom-up
chemically prepared nanostructures with litho-
graphically patterned nanostructures. It is also be-
lieved that these techniques can be applied as a
valuable tool to fabricate nanoelectronic or biosens-
ing devices.

Figure 5. I�V characteristics (a) and the plot of log (I) versus log (V) (b) of the Au NP arrays fabricated by NAMIC using a 30
nm � 100 nm (w � h) mold at room temperature.
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MATERIALS AND METHODS
Materials. Imprint resist mr-I T85 was obtained from Micro Re-

sist. The fluorescent isothiocyanate-labeled bovine serum albu-
min (FITC-BSA) and N-[3-(trimethoxysilyl)propyl]ethylenediamine
(TPEDA) were purchased from Aldrich. All materials were used
as received without further purification. Au NPs, FePt NPs, CdSe-
based QDs, and TTMA (HS-C11-tetra(ethylene glycol)NMe3

�)
ligand were prepared according to published results.28 Silicon
templates were fabricated by edge lithography followed by wet
etching.32 Two different sizes of nanoridges (30 nm and 100 nm
wide, 100 nm high, separated by 4 �m) were used as imprint
molds to fabricate the PDMS nanomold.

Composite Flat PDMS Substrates. Composite flat PDMS substrates
were prepared by first casting the liquid prepolymer of the elas-
tomer onto a polished Si wafer onto which an antiadhesion
layer had been deposited. After degassing, a piece of cover glass
(Menzel-Gläser BB015015A1 15 mm � 15 mm) which was
cleaned by piranha solution (3:1 mixture of sulfuric acid and hy-
drogen peroxide. CAUTION! Piranha solutions should be handled
with great care in open containers in a fume hood. Piranha is
highly corrosive, toxic, and potentially explosive) was then put
into the uncured mixture. The cover glass sank to the bottom of
the PDMS liquid leaving a thin layer between the cover glass
and the Si wafer. After curing at 60 °C for 8 h the stamp was
peeled off from the Si wafer.

NIL Procedure. Before spin coating the resist, the composite
PDMS substrate was treated by a short exposure of oxygen
plasma (10 mTorr; 10 W; 20 sccm O2; 15 s). This oxidation step in-
creases the surface energy of the PDMS substrate to achieve a
better film quality. A thin film of mr-I T85 solution was spin-
coated onto the PDMS substrates, followed by a soft baking
step for 2 min at 140 °C on a hot plate to form a 300 nm poly-
mer layer. A stack of a composite PDMS substrate spin coated
with mr-I T85 and a Si template coated with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane as an antiadhesion layer was in-
serted into a hydraulic press (Specac), and the temperature was
raised to 140 °C. Then, 2 bar of pressure was applied to the sys-
tem for 5 min. Upon cooling to 50 °C, the template was sepa-
rated from the PDMS substrate.

Amine-Terminated Monolayer Preparation. Amine-terminated
monolayers were prepared by immersing a cleaned silicon sub-
strate into a 10 mM solution of TPEDA in ethanol for 12 h under
N2. The substrate was then removed from the solution and rinsed
with CH2Cl2, ethanol, and CH2Cl2, followed by drying in a nitro-
gen flow.

NAMIC Procedure Combined with Dithiocarbamate (DTC) Bond
Formation. Before NAMIC, a short oxygen plasma (10 mTorr; 10
W; 20 sccm O2; 60 s) step was used to pretreat the PDMS nano-
mold surface to promote adhesion upon contacting the sub-
strate. Thereafter, the nanomold was placed on the amine-
modified substrate to form nanochannels. After the formation
of the nanochannels, a drop of a NP solution containing 1:1 (v:v)
mixture of a 200 nM aqueous solution of Au NPs at pH � 9.5
and a 100 mM CS2 in ethanol solution was applied at the open
ends of the nanochannels. Once the channels were filled com-
pletely, the solvent was allowed to evaporate at room tempera-
ture, and the NPs were precipitated out onto the substrate within
the confinement of the channels. Once the solvent was com-
pletely evaporated, the PDMS nanomold was carefully peeled
off from the substrate. Then the substrate was thoroughly rinsed
with water and ethanol. Traces of residual T85 were observed
on the substrate caused by the oxygen plasma pretreatment of
the nanomolds, but these could be easily removed by oxygen
plasma (20 mTorr; 20 W; 20 sccm O2; 60 s).

Postdeposition of Fluorescent BSA. The patterned Au NP arrays on
silicon substrates were immersed in a TTMA in ethanol solution
(0.1 �M) for 8 h. The samples were then thoroughly washed with
ethanol and dried in a nitrogen stream to achieve arrays of
TTMA-functionalized Au nanolines (Au�TTMA). Subsequently,
the substrates were incubated with fluorescent FITC-BSA (1 mg/
mL) in water for electrostatic assembly. After 1 h, the substrates
were washed with water several times and then dried in a nitro-
gen stream.

Measurements. AFM analyses were carried out with a Nano-
Scope III (Veeco/Digital Instruments, Santa Barbara, CA, USA)
multimode atomic force microscope equipped with a J-scanner,
in tapping mode by using Si3N4 cantilevers (Nanoprobes, Veeco/
Digital Instruments) with a nominal spring constant of about

0.32 N m�1. AFM imaging was performed at ambient condi-
tions. High-resolution SEM imaging was carried out with a JEOL
Gemini 1550 FEG-SEM. Fluorescence microscopy was performed
using an Olympus inverted research microscope IX71 equipped
with a mercury burner U-RFL-T as light source and a digital cam-
era Olympus DP70 (12.5 million-pixel cooled digital color cam-
era) for image acquisition. Red emission light (A 
 590 nm) was
filtered using a U-MWG Olympus filter cube. Electrical measure-
ments were carried out in a Suss MicroTec PM300 manual probe
station with a standard Keithley 4200 semiconductor character-
ization system.
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