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We report a novel approach to the fabrication of self-aligned nanoscale trench structures in a thin
polymer layer covering on conductive materials. By passing AC current through a polymer-coated
nanowire in the presence of an appropriate solvent, a self-aligned nanotrench is formed in the polymer
overlayer as a result of accelerated dissolution while the rest of the device remains covered. Similar
results have been achieved for polymer-coated graphene ribbons. Such polymer-protected devices in
which only the active component is exposed should find important applications as electrical sensors in
aqueous solutions, particularly in cases where parasitic ionic currents often obscure sensing signals.

Introduction

There is great interest in the development of nanoscale biosen-
sors, motivated by the capability of integrating nanostructured
optical and electrical materials with current semiconductor
technology for highly sensitive and ultrafast detection.
Conventional electronic biosensors utilize surface interactions
with biomolecules in aqueous solution, to affect the electrical
properties of the active sensor element that converts the bio-
event into an electrical signal.> As the detection is invariably
carried out in solution, there is a need to avoid parasitic ionic
currents through parallel conduction paths between the elec-
trodes exposed to the liquid. In particular, for solutions of high
ionic strength, such ionic currents often substantially mask the
biodetection signal.> One of the methods identified to work
around this problem is to selectively create only a small opening
structure at the sensing part for attachment of biological probes,
while keeping exposed electrodes electrically insulated. The
challenge lies in the fabrication of such devices where a nanoscale
sensing component, such as a nano-gap or a semiconductor
nanowire, has to be fabricated underneath an insulating layer
(e.g. a polymer coating) and in registry with a small opening that
exposes the sensor to the solution containing the analyte. At the
same time, it is desirable that the fabrication process should be
facile and inexpensive.
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A wide range of approaches have been reported for high-
resolution patterning of protective polymer materials in the past
decades.* Apart from conventional lithography approaches that
require pattern registration and alignment, other reported tech-
niques include the use of electric-field and Joule heating to locally
ablate the polymer in self-aligned processes.’ Another interesting
approach involves modifying the surface morphology of poly-
meric resists by using atomic force microscopy (AFM) based
electrostatic nanolithography in which perturbations or depres-
sions can be created in polymer films. In this article, we report an
on-chip self-aligned method in which an opening structure is
formed by differential dissolution of a polymer film covering
a conductive nanowire or a graphene ribbon by Joule heating.
For potential device applications, we also demonstrate the
selective deposition of nanoparticles on the exposed nanowire as
well as self-aligned patterning of an opening on the graphene
ribbon.

Results and discussion
Method

The process flow of the self-aligned patterning method is illus-
trated in Scheme 1. Lines of ~250 nm in width and 20 pm in
length were patterned on a 500 nm thick SiO, coated Si
substrate by electron beam lithography (EBL). Chromium/gold
(5/40 nm) metal electrodes were deposited by thermal evapo-
ration on the patterned samples, followed by a lift-off process
(Scheme 1a). The sample was then spin-coated with 80 nm thick
polymethylmethacrylate (PMMA, 950k molecular weight)
(Scheme 1b). Subsequently, the sample was immersed in
p-xylene solution, and AC current was applied to the metallic
nanowire to induce Joule heating which in turn heats the
overlying PMMA (Scheme Ic). AC current was used to prevent
electromigration in the Au nanowire as the current density
(~10% A cm~2) required to attain a sufficiently high temperature
approaches typical values for the onset of electromigration
under DC current stressing.” Upon dissolution, a self-aligned
nanotrench forms in the vicinity of the nanowire by differential
dissolution, while the rest of the device remains polymer-
protected (Scheme 1d).
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Scheme 1 Schematic process flow: (a) patterning of a metal nanowire
with contact pads by EBL on a Si substrate, (b) deposition of a PMMA
layer on the substrate, (c) selective dissolution of the polymer layer by AC
current heating in the presence of p-xylene solvent and (d) formation of
a self-aligned nanotrench structure along the nanowire.

Solvent selection

It is well-known that polymer dissolution rate is markedly
dependent on temperature.® By applying current to a polymer-
coated pre-patterned conductive nanostructure, localized Joule
heating can cause a temperature rise in the overlying polymer
layer. The elevated temperature results in a fast dissolution of the
polymer in the hot region, leading to the formation of a well-
defined pattern. An appropriate solvent needs to satisfy three
criteria: (1) the dissolution rate of PMMA in the solvent should
be negligible at room temperature; (2) the solvent should dissolve
PMMA quickly at temperatures above room temperature, i.e.,
a sharp increase in dissolution rate with temperature is desirable;
(3) the solvent needs to be non-polar and non-ionic. Several
solvents were tested for their dissolution rates at elevated
temperatures compared to room temperature in order to select
an appropriate candidate for nanotrench fabrication. Methyl
isobutyl ketone (MIBK) was found to dissolve PMMA too
rapidly as it dissolves a 600 nm thick film in less than one minute
at room temperature. MIBK was then diluted with isopropyl
alcohol (IPA) which slowed the dissolution. However, it was
found that during electrical heating, dissolution occurred in
a fast and uncontrollable manner (Fig. S1 in ESIY). Since IPA
and MIBK are both polar solvents and slightly ionic, the pres-
ence of an electric field accelerates the dissolution of the PMMA
during the dissolution process.® For ionic solvents, conduction-
assisted carrier drift and material transfer may also occur.'
Benzene, a non-polar solvent, also did not provide a satisfactory
differential rate of dissolution. It dissolves a PMMA film at
about 5 nm s™' at room temperature, which is too fast for
differential dissolution to achieve reasonable patterns. Finally,
p-xylene (CgHjo) was chosen as the non-polar solvent that

prevents the electric-field-accelerated dissolution and also has
a preferred dissolution rate.

Characterization of dissolution rate

Characterization of PMMA dissolution in p-xylene was con-
ducted by dissolving PMMA films of pre-coated samples at
temperatures ranging from 298 K to 348 K for various durations
while recording the average dissolution rate as shown in Fig. la.
The thickness of PMMA on each coated sample before dissolu-
tion was measured by using a FILMETRICS F20 thin film
measurement system. After dissolution of the PMMA for
different duration time ¢ at temperature 7 in p-xylene, the
PMMA thickness was subsequently measured. The average
dissolution rate D at different 7" was then obtained by calculating
the dissolved thickness over the known duration time ¢. Fig. la
shows that the dissolution rate D scales nearly exponentially with

temperature as
E,
D=4 -
exp(~ ).

where A is a constant, E, is the activation energy, R is the gas
constant, and 7 is the temperature. A straight line fit on an
Arrhenius plot (Fig. 1b) is obtained and yields an activation
energy of 132 kJ mol~', which is comparable to the value, 105 kJ
mol~!, reported by Cooper and coworkers for PMMA dissolu-
tion in 2-butanone.® The difference in the activation energy could
be attributed to the use of polar rather than non-polar solvents in
the reported work. Hence, p-xylene is a good solvent for the
system as the dissolution rate is negligible (<1 nm s~') at room
temperature and rises rapidly at higher temperatures, thereby
providing a practical working window for experiments to be
carried out.

Selective dissolution

As a proof-of-concept experiment, we have successfully fabri-
cated a self-aligned nanotrench structure in a polymer layer
along a pre-patterned Au nanowire while the rest of the device
remains protected by the polymer. Fig. 2a shows a typical
Scanning Electron Microscopy (SEM) image of a 252 nm wide
nanowire prior to selective dissolution. The nanowire was spin-
coated with a thin PMMA layer of ~80 nm thickness. After AC
current heating and dissolution, a nanotrench that is well aligned
to the nanowire was formed, as shown in Fig. 2b. It is believed
that the nanowire was fully exposed after dissolution as sup-
ported by the line profiles shown in Fig. 2c and d. The applied
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Fig. 1 (a) PMMA dissolution rate in p-xylene as a function of temper-
ature and (b) the corresponding Arrhenius plot.
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Fig. 2 (a) SEM image of a gold nanowire obtained. (b) Atomic Force
Microscopy (AFM) topographic image showing the formation of nano-
trench on the nanowire after selective polymer dissolution Scale bars for
(a) and (b) = 5 um. (c and d) The corresponding height profiles along lines
(c) and (d) indicated in (a) and (b), respectively. As observed, the width of
the nanowire is measured to be ~244 nm, which is consistent with the
recoded value in the SEM image and the measured data in the AFM
image, indicating the full dissolution of the PMMA layer on the nano-
wire.

heating power determines the local temperature and hence the
dissolution rate and dissolved thickness for a given period.
Experiments show that a typical heating power of ~0.01 W is
needed to create a nanotrench with 5 s dissolution time. It is
noted that the dissolved pattern has dimensions in the order of 1
micrometre, which is considerably larger than the nanowire
dimension, ~250 nm in width. The enlargement of dissolved
pattern dimension is due to the effect of thermal diffusion during
heating and the dissolution of the polymer heated up around the
nanowire.

The nanowire served as a line source and generated isotherms
of cylindrical distribution with a finite diameter.'* To illustrate
the thermal distribution around the nanowire during the disso-
lution process, the temperature profile was simulated using the
multi-physics simulation software ANSYS 10.0 as shown in
Fig. 3a. It took less than 1 ps for the device in p-xylene to achieve
a steady-state temperature profile, and hence it is reasonable to
equate the dissolution time with the heating time. It is observed
that the heat was confined between the nanowire and electrode
pads (blue: room temperature). Fig. 3b and ¢ show the simulated
temperature profile along (x-direction) and across (y-direction)
the nanowire. While the opening at the trench closely correlates
with the isotherm dimension of the order of 1 micrometre, the
PMMA profile around the nanowire does not follow exactly
(Fig. S2 in ESIY). The sloped sidewalls of the polymer arise from
the dissolution process from top to bottom with the polymer
below having a shorter dissolution interaction with the solvent.
Dissolution rate D is obtained as a function of position across the
nanowire. Since the heating and dissolution time is 5 s in our
experimental work, the dissolved thickness vs. the position across
the nanowire was derived and plotted in Fig. 3d. It is clearly seen
that the resulting depth profile matches the nanotrench pattern
shown in Fig. 2b with a width of about 1 um. However, instead of
obtaining smooth edges at the trench opening as simulated in
Fig. 3d, an ~30 nm hump is observed experimentally shown in
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Fig. 3 (a) Simulated temperature profile of the PMMA surface showing
isotherms. The blue and red colors indicate cold and hot regions of the
polymer, respectively. (b and c) Respective temperature plot as a function
of position on the PMMA surface as indicated by y and x direction shown
in (a). (d) Calculated thickness of the polymer dissolved vs. position
across the nanowire (y-axis).

Fig. 2b. It is known that for dissolution to occur, solvent must
first diffuse into the polymer film to form a rubbery surface
layer.'> The polymer then can undergo a transformation from
a solid film to solid-swollen layer to a gel layer followed by liquid
layer before being dissolved into the solvent.> The small
expansion along the nanotrench edge is possibly due to the
swelling process and polymer redistribution during dissolution.
To confirm the removal of the PMMA polymer at the site of
the self-aligned nanotrench, we have demonstrated site-specific
assembly of Au nanoparticles onto the exposed nanowire. The
nanotrench device was first modified with a capturing DNA
strand (5’HS-C¢A o). A solution of Au nanoparticles (~15 nm)
modified with a complementary DNA strand (5HS-C¢T;o) was
then added to the device (Fig. 4a)."® To avoid charging artifacts
when examining the nanowire by SEM, the PMMA layer was

Au Nanoparticle

—— After dissolution
——— Before dissolution

0.0 01 02 03 04 05
Applied Bias (V)

Fig. 4 (a) Schematic of self-assembly of Au nanoparticles by DNA
hybridization; (b) SEM image showing selective assembly of nano-
particles onto the exposed nanowire. Scale bar is 200 nm. (c) Schematic of
electrical conduction measurements of the device before and after selec-
tive polymer dissolution in test solution (0.3 M NacCl). (d) IV charac-
teristics measured before and after polymer dissolution.

2304 | Nanoscale, 2010, 2, 2302-2306

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C0NR00398K

Downloaded on 14 October 2010
Published on 09 September 2010 on http://pubs.rsc.org | doi:10.1039/CONR00398K

View Online

Fig. 5 Optical images of PMMA-coated a graphene device before (a)
and after (b) selective dissolution of the polymer. The inset in (b) is the
AFM height profile of the pattern marked by the dotted line.

removed by low power oxygen plasma. As anticipated, upon
DNA hybridization Au nanoparticles were selectively assembled
on the exposed nanowire (Fig. 4b). Control experiments were
carried out to exclude the possibility of non-specific binding of
Au nanoparticles to the surface as shown in Fig. S3 (ESI{). In
addition, the full exposure of nanowire is also supported by an
electrical conduction experiment as illustrated in Fig. 4c. A
droplet of test solution (0.3 M NaCl) was applied onto the device
surface. The IV characteristics of the setup were measured in
a probe station, by inserting one probe into the electrolyte and
the other probe contacting one of the bond pads attached to the
nanowire. This test is to measure the ionic current from the
nanowire. Measurements were taken before (i.e., the nanowire
protected by PMMA) and after (i.e., the nanowire exposed upon
removal of the polymer at the nanowire site) the selective poly-
mer dissolution. As observed (Fig. 4b), the ionic current through
the nanowire after the dissolution is apparent after polymer
dissolution, whereas negligible current flowed prior to dissolu-
tion.

Another promising application of our self-aligned nano-
lithography technique is to selectively expose polymer protected
graphene devices. A piece of multi-layer graphene (~10 pm x
100 um in size) was prepared by mechanical exfoliation. Elec-
trode leads were patterned on the graphene by EBL and metal-
lized by evaporation. The device was further coated with PMMA
and examined by an optical microscope as shown in Fig. Sa.
Fig. 5b shows the optical image after site-specific dissolution of
the PMMA. By applying a heating power of ~0.01 W to the
graphene between the electrodes labeled as 1 and 2, a self-aligned
opening was obtained on the graphene while the rest of the
graphene sheet remained protected. An AFM topographic
profile of the as-fabricated trench structure marked by the dotted
line shown in Fig. 5b clearly shows the removal of the PMMA
layer. The formation of small humps at the trench opening site is
also consistent with that observed when using the nanowire as
the conducting material. The technique demonstrated here is
particularly important for developing solution-gated graphene
field effect transistors as the source and drain electrodes can be
protected by the PMMA layer from direct contact with the gate
electrolyte. Significantly, as shown in Fig. 5b, this patterning
method allows site-specific modification or functionalization of
the graphene.

Conclusion

In summary, we have developed a novel method for self-aligned
exposure of polymer-protected nanostructures or graphene

sheets. The polymer layer is preferentially dissolved as a result of
localized Joule heating of the nanostructure. The exposed
nanostructures have been utilized for site-specific immobilization
of Au nanoparticles. Importantly, the polymer layer prevents the
device from direct contact with any analyte solution while
leaving only the nanowire accessible. Furthermore, we have
demonstrated the selective opening of holes on polymer-coated
graphene, which yields an attractive device for various sensing
applications.'® It is conceivable that this selective dissolution
approach can be generalized to other systems with thermoplastic
polymers as the protective layer and various conductive nano-
wires (or nanotubes) as the active device element. Once refined,
the approach should be particularly useful for developing sensors
for biological detection with significantly reduced signal inter-
ference caused by background ionic current.

Experimental
Fabrication of self-aligned nanotrench on nanowire

950k molecular weight PMMA (3% in chlorobenzene), supplied
by MicroChem Corp., was spun on a 500 nm thick SiO, coated Si
substrate at 6000 rpm for one minute followed by baking at
120 °C for 15 min. Nanowires with interconnecting electrodes
were then patterned by electron beam lithography. Cr (5 nm, as
an adhesion layer) and Au (40 nm) were deposited using thermal
evaporation (BOC Edwards, Auto 306 Vacuum Evaporator) on
the patterned samples followed by a lift-off process by soaking in
acetone for 30 min to create Au nanowires. This was followed by
optical lithography using AZ5212 photoresist to define large
bond pads (400 um x 400 pm). A second layer of 100 nm thick
Au and 10 nm Cr was thermally evaporated and lifted-off to
deposit the contact pads. The sample was then spun with 2%
PMMA at 6000 rpm for one minute followed by baking at 120 °C
for 15 min. Next, the nanowire was bonded to external electrical
connections. Sinusoidal AC current with an amplitude typically
to 10 mA at 1 MHz (typical power input ~0.01 W) was used to
heat the nanowire. The dissolution was carried out in p-xylene
for 5 s. The sample was finally dried by nitrogen flow.

Temperature simulation

The structure used was a four-layer model, consisting of the
solvent layer (50 pm thickness), PMMA (80 nm thickness), the
nanowire/electrode layer (40 nm thickness) and silicon oxide
(500 nm thickness). The actual experimental values were used as
parameters for the simulation as follows: current amplitude =
10 mA, length of the nanowire = 20 pm and resistance of the
nanowire = 120 Q.

Functionalization of Au nanowires and Au nanoparticles

All oligonucleotides were purchased from Sigma Aldrich Ltd.
15 nm diameter Au nanoparticle solution was prepared following
a method in the literature.’® The 5'-terminal disulfide of oligo-
nucleotides strands was first cleaved by dithiothreitol (DTT) in
a buffer solution (0.1 M phosphate, pH 8.0) for 2 hours, and
purified with a NAP-5 column purchased from GE Healthcare
Ltd. The Au colloid solution was then mixed with the purified
thiol-DNA solution and left overnight. The concentration was
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gradually increased to 0.3 M NaCl, 10 mM NaH,PO,/Na,HPOQO,,
pH 7 buffer (0.3 M PBS buffer) every 4 hours. After 48 hours, the
nanoparticles were centrifuged and re-dispersed in 0.3 M PBS
buffer. The surface modification of the nanowire with thiolated
oligonucleotides was carried out via a similar procedure. For Au
nanoparticle assembly, the nanowire substrate immersed into the
solution of Au nanoparticles (2 nM) was incubated at 80 °C and
slowly cooled down for DNA hybridization. The sample was
then extensively rinsed using 0.3 M PBS buffer solution to avoid
trapping of nanoparticle solution in the trench and finally blow-
dried by nitrogen flow.
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