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Polymer-Protected Sub-2-nm-Nanogap Fabrication for
Biological Sensing in Near-Physiological Conditions**

Huijuan Zhang, Robert J. Barsotti, Chee-Leong Wong, Xuejia Xue, Xiaogang Liu,
Francesco Stellacci, and John T. L. Thong*

There has been considerable interest in developing methods for
rapid and sensitive detection of biological molecules such as
DNA and proteins in biodefense and drug-discovery applica-
tions."?! Fluorescence-based optical-detection methods are
widely used in various settings, but these methods require
labeling of the target molecules and generally exhibit a
relatively low detection sensitivity and thus are not suitable
for rapid and inexpensive detection of small quantities of target
molecules.*®! Electrical detection schemes have recently
gained significant attention because they are label-free and
capable of rapidly detecting minuscule quantities of mole-
cules.”~13 Among electrical-based detection methods, nano-
gap devices that comprise a pair of electrodes with separations
on the order of nanometers have been intensively investi-
gated.[11'20] Several approaches, including nanoimprinting,[ls]
electron-beam lithography,???!  dip-pen lithography,®*!
shadow masking,®* electrochemical etching/deposition,®”!
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and thermally-assisted electromigration of lithographically
defined narrow thin Wires,[m’?’]] have been demonstrated to
fabricate sub-100-nm gaps. However, these nanogaps have
limitations for biological detection in aqueous solutions under
near-physiological conditions (i.e., high ionic strength)?! as
the current flowing through the gap can be orders of magnitude
smaller than the parallel ionic current flow between the
macroscopic electrodes.?>34 A very recent publication by
Huang et al. describes an approach to fabricate polymer-
protected gap electrodes but with relatively large-gap junctions
(25-100 nm) that could potentially be used to address thisionic-
current issue.®”!

Here we present a facile approach to the fabrication of sub-
2-nm nanogaps with self-aligned conformal hole structures in
the overlying polymer layer that significantly minimize non-
specific binding of biomolecules and nanoparticles. In addition,
we show that the background ionic-noise current through these
nanogaps in electrolytes of high salt concentration is reduced by
two orders of magnitude. We also demonstrate that the self-
aligned polymer-protected nanogap devices with substantial
reduction in parasitic ionic currents could be used for rapid and
inexpensive sensing of DNA strands in aqueous solutions
without the constraints typically associated with conventional
nanogaps.

In a typical procedure, a 100-nm-thick poly(methyl
methacrylate) (PMMA) layer is first coated on a Au electrode
fabricated with a constriction as shown in Scheme 1A (3D
view). During the application of a slow voltage ramp (1 mV
per 7s), the electrode gradually breaks down due to electro-
migration, opening a sub-2-nm gap while simultaneously
forming an overlying PMMA hole structure precisely located
on the newly-formed nanogap (Scheme 1B, 3D view). We will
show that the formation of the hole structure can be attributed
to heat-induced ablation as illustrated in Scheme 1 (side view).
We will present reasons to believe that the increase in voltage
induces a Joule heating at the constriction site, which causes the
polymer to expand locally and reflow when the temperature
exceeds the polymer’s glass transition point, forming a
protuberance on top of the constriction site (Scheme 1, step
i; side view). Subsequently, localized thermal expansion of the
polymer leads to a buckling event that forms a dome-shaped
structure between the PMMA and the Au electrode (Scheme 1,
step ii; side view). The high tensile stress developed on the
PMMA layer and the rapid increase in local temperature as
electromigration progresses lead to polymer ablation at the
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Scheme 1. Self-aligned formationofananogap witha conformalPMMAhole nanostructure. Left) 3D view ofthe device before (A) and after (B) electrical
stressing. Right) Side view of the device formation process. i) PMMA expansion at the constriction site upon Joule heating. ii) Formation of a
dome structure induced by a buckling event. iii) Simultaneous formation of a sub-2-nm gap and a hole nanostructure by PMMA ablation.

constriction site, resulting in the formation of a hole structure
on top of the nanogap (Scheme 1, step iii; side view). The hole
feature is about 200nm in diameter (full width at half
maximum, FWHM) and precisely aligned to the nanogap.
Such alignment is particularly difficult to achieve by conven-
tional electron-beam lithography due to variability in the
position of the nanogap that eventually opens as a result of the
electromigration process.

As proof-of-concept experiments, we have successfully
fabricated 44 self-aligned conformal hole structures out of 50
attempts while all 50 tries have sub-2-nm nanogaps. The as-
fabricated nanostructures were first characterized by atomic
force microscopy (AFM). Figure la shows a typical AFM
topography image of the PMMA hole structure with a
diameter of 200 nm at the constriction site. In contrast, failed
attempts resulted in formation of protuberant features as
shown in Figure 1b. The morphology of the nanogap formed
simultaneously via the thermally assisted electromigration at
the pre-patterned constriction site was further examined by
scanning electron microscopy (SEM) (Figure 1c). A typical
current-voltage (I-V) curve for nanogap formation and the
resulting tunneling /-V characteristics are shown in Figure 1S
(Supporting Information). The tunneling current 7 through a
metal-vacuum-metal gap is proportional to

exp (—2 W d) (D

where d is the gap distance, V is the applied voltage, and & is
the work function of the gold electrodes.””®"! The sizes of the
gap are in the range of 1.1+0.11nm as determined by
tunneling current measurements. Due to the electromigration
process in a polycrystalline electrode, the nanogap is formed at
an indeterminate location along a wider crack,®®! depending
on the particular sample, and tunneling occurs through the
nanogap representing the closest points between two electro-
des. The formation of the wider crack followed by the
tunneling nanogap is shown in Figure 2S (Supporting
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Information). To confirm the formation of PMMA hole
nanostructure directly on top of the nanogap, the nanogap
device modified with 3-aminopropyl triethoxysilane (APTS)
was immersed in a solution of citrate-stabilized Au nano-
particles of ~20-nm diameter.’”l The PMMA layer was then
stripped off by acetone and the vicinity of the nanogap
examined by SEM. As anticipated, Au nanoparticles were
assembled in a circle centered on the nanogap as shown in
Figure 1d, indicating that the PMMA hole nanostructure is
well-aligned with the nanogap. The size (=120nm) of the
nanoparticle aggregate patch is smaller than the FWHM
diameter of the PMMA hole structure as determined from the

1000 nm

Figure 1. a) Topography image of a self-aligned hole by AFM and the
heightprofile ofthe PMMAhole structure. b) Topographyimage ofa PMMA
protuberance by AFM and its height profile. c) SEM micrograph of a typical
nanogap marked by a dashed circle. d) SEM micrograph of Au
nanoparticles assembled at the nanogap templated by the PMMA hole.
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Figure 2. a-d)Aseriesofreal-time AFMimages ofabowtie electrode coated with PMMA upon applyingelectric stressing. Aline profilealongthe bowtie
and separation between peaks shows progressive PMMA reflow with time (scale bars are 500 nm). e) Simulated temperature map of the PMMA layer
indicating temperature transitions from hot (red color) to cold (blue color). f) The corresponding temperature profile of the PMMA surface at the
constriction site. g) Temperature plots of the PMMA bottom layer (black square) and top surface (red triangle) versus the portion migrated at the
constriction site: 0% = no migration, 100% = final nanogap formation. The solid lines are fitted data and the dashed line is the boiling temperature of
PMMA. The projected temperature of the PMMA is as high as 750 K at the bottom and 626 K at the surface.

AFM line scan partly due to the probable sloping of the
polymer profile, partly due to artifacts in size determination of
deep holes through AFM tips, and partly due to hydrophobic
repulsion of charged Au particles from the PMMA walls.
To support the thermal-ablation-induced hole formation
mechanism, the volume changes of the PMMA layer before and
after electrical stressing were analyzed by real-time AFM
imaging. During electrical stressing, the bowtie structure
covered by the PMMA was continuously scanned by AFM.
1.5um x 1.5um scan images of the constriction site were
captured at 1-min intervals. Noticeable topographical changes
occurred in the time interval of 133 to 136 min (Figure 2a—d).
The volume loss of 1.84 x 102 um?® upon hole formation was
determined from differential AFM measurements, implying a
thermal-ablation event occurred in the polymer layer. A similar
calculation was performed for the volume change of the PMMA
protuberance shown in Figure 1b, which yielded a volume
increase of 0.046 wm?>. Such a large volume increase is ~200
times greater than expected from thermal expansion alone
(PMMA expansion coefficient o = 6.7 x 10~%),1*8! substantiat-
ing the formation of the dome-shaped structure at the
constriction site as presented in Scheme 1. The temperature
profiles of the PMMA layer and Au electrode were simulated
by using the multi-physics simulation software ANSYS 10.0.
The constriction site is considered to be progressively
electromigrated as observed in Figure 2§ and illustrated in
Figure 3S (Supporting Information). At the start of electro-
migration, the electrode structure is as defined, and the
temperature profile is simulated at 20%-80% reduction
in the constriction width at intervals of 20% to model the
temperature rise. As shown in Figure 2e and f, upon Joule
heating the local temperature of PMMA at the constriction
with 20% of the original width remaining is around 560 K. The
local temperature is not only higher than the glass transition
temperature (7,=399K), but also the boiling point
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(Tooiting =473 K) of PMMA, promoting the occurrence of the
polymer ablation.* The simulated PMMA temperature
agrees well with PMMA ablation experiments carried out by
Luo et all*! Figure 2g is a plot of the simulated peak
temperature versus the portion electromigrated. It should be
noted that the local temperature of the PMMA increases
rapidly in the course of electromigration.

Importantly, the self-aligned polymer-protected nanogap
exhibits significantly reduced ionic current in an aqueous
solution in the presence of high salt concentration. To validate
the ionic-current-reduction capability, one bare nanogap and
one PMMA -protected nanogap were tested in a phosphate
buffer saline (PBS) solution (0.3m NaCl, 10mm NaH,PO,/
Na,HPO,, pH 7). As shown in Figure 3a, the ionic current
detected by the bare nanogap is 20nA at 500 mV. In contrast,
the PMMA-protected nanogap shows 0.1 nA at 500mV. The
hysteresis loop for the bare nanogap in the /-V curve can be
attributed to the capacitance of the electrolyte solution. In
addition, the PMMA-protected nanogap showed only subtle
variationsinionic current at different salt concentrations (1,0.3,
and 0.1 M NaCl) (Figure 3b).

We further examined the polymer-protected nanogap for
DNA-detection application in aqueous solutions. The exposed
electrodes were first modified with a single-stranded oligonu-
cleotide (capture strand a) and placed into a solution (0.3 M PBS
buffer solution) of 15-nm Au nanoparticles modified with a
different single-stranded oligonucleotide (probe strand b)
(Figure 4a).[41’42] In the presence of a complementary target
DNA (target strand a’h’), the nanogap device showed a marked
increase in electrical conductance (Figure 4b). In contrast,
with non-complementary target DNA the nanogap showed
essentially unaltered electrical conductance as no Au nano-
particle assembled. Comparative SEM images of Au nano-
particle assembly on test samples with mismatched target and
with complementary target are shown in Figure 4S (Supporting
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Figure 3. a) /-V characteristics of a bare nanogap and a nanogap with a self-aligned conformal PMMA hole (200-nm-diameter) in 0.3 m PBS buffer.
b) I-V characteristics of a nanogap with a self-aligned conformal PMMA hole in 1, 0.3, and 0.1 m NaCl solution. Measurements were done at a

voltage sweep rate of 5 mV per 50 ms.

Au electrodes with a bowtie constriction.

N\ 5HS-ATATGCTAGTCG 3
NS\ 5GCTGTGCCTAAT-SH3

Capture strand a:
Probe strand b:
Target strand a’b’:

a ®
q/vvﬁ/\/\/q

N\ 5’ATTAGGCACAGCCGACTAGCATATS!

Importantly, the self-aligned polymer-
protected ultra-small nanogaps exhibit
two orders of magnitude reduction in
parasitic ionic currents and thus offer
markedly improved signal-to-noise ratio,
which should find particularly useful appli-
cations for in situ biological detection
directly in aqueous solutions under near-
physiological conditions. We have demon-
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Figure 4. a) Schematic of target DNA detection by a detection system that comprises a PMMA-
protected nanogap and oligonucleotide-modified Au nanoparticles. b) /-V characteristics of

strated here the application for wet DNA
sensing, focusing primarily on ionic-current
reduction by the polymer hole. In fact, this
application for DNA sensing has not
reached the limit of the polymer-protected
nanogap as the sub-2-nm nanogap was not
fully exploited. It should be noted that the
polymer-protected sub-2-nm nanogap is
capable of capturing molecules, peptides,
or DNA, which are much smaller than the
15-nm Au nanoparticles used here, and
detecting/studying these molecules in aqu-
eous solution.***1 Qur efforts in this
direction are currently underway.

the nanogap before and after DNA hybridization in the presence of Au nanoparticles ina 0.3 m
buffer solution. Measurements were done at a voltage sweep rate of 5mV per 50 ms. ¢) SEM

image of a nanogap showing nanoparticle assembly in the vicinity of the nanogap electrodes

Experimental Section

upon DNA hybridization. Note that the PMMA layer was removed by oxygen plasma for high-

resolution SEM image and the dashed red circle indicates the approximate position of the

original PMMA hole structure. The scale bar is 100 nm.

Information). The target DNA-induced electrical response is
attributed to the controlled assembly of Aunanoparticlesin the
vicinity of the nanogap, thereby providing an additional current
pathway. This was confirmed by SEM characterization of the
nanogap, showing high density of nanoparticles precisely
assembled into the electrode gap (Figure 4c). It should be noted
that without the PMMA layer protection the measured ionic
current (~10~% A) through a bare nanogap device as shown in
Figure 3a completely masks the electrical read-out signal
(~107'° A) in the event of DNA hybridization.

In conclusion, we have presented a novel approach to the
fabrication of self-aligned PMMA-protected sub-2-nm nano-
gaps. The approach exploits a combination of electromigration
and thermal-ablation techniques by utilizing PMMA-coated

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fabrication of PMMA-protected nanogaps:
To produce ultra-small nanogaps, electrode
patterns with a weak bowtie junction were
delineated in PMMA resist by electron-beam lithography on a 500-
nm SiO,-covered silicon die. A metal layer of 18-nm-thick Au and
1.5-nm-thick Ti (as adhesion layer) was thermally evaporated
(BOC Edwards, Auto 306 Vacuum Evaporator) on the patterned die
and lifted-off in acetone to create the Au electrode. This was
followed by optical lithography using AZ5212 photoresist to
define large bond pads (400 um x 400 pm). A second layer of
150-nm-thick Au and 15-nm Ti was thermally evaporated and
lifted-off to deposit the contact pads. An insulating polymer layer,
in this case ~100-nm-thick PMMA was spun on to coat the entire
device. Next, a simple voltage sweep at 1 mV per 7 s was applied
to the bowtie structure at room temperature using a Keithley 4200
parameter analyzer to stress the electrode till tunneling current
was detected (when conductance <2e?/h).?®! The surface
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morphology of the polymer-protected nanogaps was examined by
AFM (JEOL SPM 5200).

Attachment of Au nanoparticles by APTS: B7) Citrate-stabilized
Au nanoparticles of ~20 nm in diameter were purchased from SPI
supplies and Structure Probe, Inc. A nanogap with a self-aligned
hole structure at the constriction site was firstly immersed into
0.05% APTS in water for 10 min to form a self-assembled layer of
APTS on the substrate. The substrate was then immersed in a
solution of Au nanoparticles for 2h to allow assembly of the
nanoparticles and subsequently blow-dried with nitrogen. The
presence of nanoparticles at the nanogap was examined by SEM
(Philips XL 30 FEG).

Temperature-simulation model: The structure used was a
trilayer model consisting of a PMMA layer (100-nm-thick), the Au
electrode (20-nm-thick) and the underlying SiO, (500-nm-thick).
The bottom SiO, layer was defined as the boundary condition due
to a large thermal mass attributed to the Si substrate (500 wm).
The electrical load was a voltage sweep from 0 to 1.2V in steps of
1mV per 7 s following the actual experimental conditions.

Functionalization of nanogap electrodes and Au nanoparticles:
411 All oligonucleotides were purchased from Sigma—-Aldrich Ltd.
Au nanoparticle (15-mm-diameter) solution was prepared follow-
ing a literature method.*! The 3'- or 5'-terminal disulfide of
oligonucleotide strands were first cleaved by dithiothreitol (DTT) in
a buffer solution (0.1 m phosphate, pH 8.0) for 2h 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 gradually
increased to 0.3m NaCl, 10 mm NaH,PO,/Na,HPO,, pH 7 buffer
(0.3m PBS buffer) every 4h. After 48h the nanoparticles were
centrifuged and redispersed in 0.3m PBS buffer. The surface
modification of nanogap electrodes with thiolated oligonucleo-
tides was carried out via a similar procedure. For DNA detection,
the nanogap substrate was immersed into a mixed solution of
probe-DNA-functionalized Au nanoparticles (2 nw) and target DNA
(1 pm; final target concentration). The device was then incubated
at 65 °C for 20 min and slowly cooled down.
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