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ABSTRACT

Metallic nano-particle pairs in close proximity to one
another display surface-enhanced Raman

crucial to obtaining reliable information on the optimum
gap size that will produce the most enhanced molecular
signal. Reliable identification of molecules at extrgme

scattering low concentrations can then be explored as a function of

(SERS). Single-molecule detection has been predicted to beParticle spacing, potentially leading to single molecule
possible thanks to SERS. The SERS enhancement can bedetection of biological and chemical species such as

maximized by simultaneously increasing the curvature of
the patrticles and bringing them into close proximity to one
another. The field intensity has been predicted tocase
exponentially as the gap size decreases, and hendedlye s
of small gaps (1-20 nm) is crucial to achieving single-

cyanide and anthrax.

Several approaches exist to fabricate metallic
particle-pairs: electromigration [3], e-beam lithographly
shadow evaporation [5], electroplating, etc. Of these, e-

molecule detection. Identification of hazardous substances Peam lithography is the most reproducible processiate;
such as cyanide and anthrax is then possible on anthere has been no study in the literature about aciyevi

extremely small concentration level, bordering on single-
molecule detection. This work presents the fabricatibn
bow-tie nano-gap structures using an optimized electron-
beam lithography process. Uniform sub-20 nm gaps are
demonstrated.

Keywords: surface enhanced Raman scattering, single
molecule detection, electron beam lithography, nano-gap

1 INTRODUCTION

The interaction of light and designed metallic nano-
particle structures has led to the discovery of induced
localized electric fields at the particle’'s surfacene3e
intense localized fields are caused by a natural resenan
that noble metal particles have with incoming light whe
the patrticles are smaller than the wavelength of ligling
used. This resonance is specific to the particle shages, si
material, and surrounding environment, and is generally

both a small gap as well as a well-defined structuré wit
sharp curvature. In [1], 7-8 nm gaps are fabricated but with
circular particles. Bow-tie particles are fabricatedehbut

with poor feature definition. Sub-5 nm gaps are fabricated
in [7] but the fabricated particles are either circudar
shapeless. To maximize the SERS effect, we have chose
fabricate 100-nm triangular particles with a small gap
between them.

2 NANO-GAP FABRICATION

The process flow for nano-gap fabrication is as falow
spin-coat 80 nm thick 950K PMMA on an oxide/quartz
wafer, pattern with e-beam lithography, develop for ibOs
1:3 MIBK/IPA developer, metallize Cr+Au (25 nm) in
high-vacuum using e-beam evaporation, lift-off metal gisin
room-temperature n-methyl-pyrrolidone. These steps are
further elaborated below.

termed the localized surface plasmon resonance (LSPR).
When this resonance is induced and the resulting fields  The e-beam lithography system used is a JEOL JBX
occur in the presence of biological or chemical species, 9300FS, with a spot size of 14 nm. This spot size
spectroscopic signals from these species can be stronglycorresponds to a beam current of 2 nA. Different pces
enhanced. This localized field can be maximized by conditions were tested to identify the optimal develop
simultaneously increasing the curvature of the partihes conditions for sub-20nm gaps. Three different developers,
bringing two particles into close proximity to one another 1:1 MIBK/IPA for 60s (developer A), 1:3 MIBK/IPA for
(separations equal to or less than the particle size]P[1] 10s (developer B), and 7:3 IPA/DI water for 30s (developer
C) were tested. For the liftoff, both hot (85 °C) andme
Thus, here exists great potential in studying enhanced temperature n-(methyl-pyrrolidone) was tested. A dose-
Raman scattering of adsorbed species and determining howmatrix was constructed to identify the optimal dose.
the separation between two noble metal particles hiih Developers A and C yield shapes that are not very sitarp
curvature determines the enhancement. The field inyensit the edges and this would result in a reduced enhancement
has been predicted to drop exponentially as the gap is Of the surface field. Developer B yields a good pattern as
increased; hence detailed study of small separations (5-10Well as reproducible gaps; this is possibly because of the
nm) of well-defined and mono-dispersed nano-particles is Shot-noise effect in e-beam lithography. Also, room-
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temperature lift-off worked just as well as a lift-cdt >< >< >< >< ><
elevated temperatures.

The optimized process conditions resulted in sub-20 nm
gaps with good repeatability. But detection of SERS not
only requires small gaps but also uniform ones (i.¢h &i
low deviation from the mean gap value). Both the tesis
develop and the lift-off process did not have much of an B><
impact on gap-uniformity. It was found that the way the
pattern file was designed had a big influence on gap
uniformity. Some machine writing strategies may optimize ><
intra-field patterning and this might actually deteriorate t
gap distribution. An example of this is when left-paigti
particles are written first followed by all the right-ptihg ><
ones (assuming the pattern to be particle pairs sudiags t
shown in Fig. 1). The pattern file will have to be desidn
such that the machine is forced to write both partiries

>

. . > > > > ><
pair one after the other. Such a pattern design hadygreat
improved the uniformity of nano-gaps fabricated in this
work. Figure 1. Nano-gap pattern layout.

To achieve a narrow gap distribution, another important
factor to consider is shot pitch. Shot pitch is dependerst o 3 RESULTS
number of different parameters — the maximum deflector
frequency (fe), beam current, and dose. For the results SEM imaging was carried out on the samples using a
reported in this work,4f; is 50 MHz. This places a lower  high-resolution Zeiss Ultra-60 SEM which has an imaging
limit on the achievable shot pitch. Since the process resolution better than 2 nm at 1 kV. Low-voltage imaging
reported here uses a diluted developer and a short developbecomes important for non-conducting samples. The SEM
time, high doses are needed to pattern nano-gaps; this inimages shown here are Au+Cr particles on an oxidized Si
turn allows the use of a shot-pitch of 2 nm. wafer. Fig. 2 shows an SEM image of a particle paih it

gap of less than 5 nm; the measured radius of curvature of

If patterning on insulating substrates, such as quartz, an the corners is less than 15 nm. Gaps smaller thanvéris
anti-charge layer would need to be used. Two types of anti- obtained but could not be reliably measured because of
charge layers were experimented with —a 5 nm layer of Au, limitations of the SEM.
and ESPACER. Both of these approaches proved effective
in achieving well-defined patterns. Au deposition was done Gap distribution was measured by sampling gap
in a filament evaporator; this process step takes a dimensions across the 300 um x 300 um pattern. Fig. 3
considerable amount of time since it is done in vacuum. A shows the gap distribution for a 17 nm gap. The standard
quicker approach is to use ESPACER which is a water- deviation is found to be 5.4 nm, which is within the range
soluble polythiophene derivative; ESPACER is spin-abate to enable SERS detection.
on the e-beam resist; after e-beam lithography ariord®
resist develop, the ESPACER is washed away with water.

Figure 2. SEM image of a sub-5 nm gap
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Figure 3: Gap distribution histogram along with a fit
Gaussian curve. The mean is 17.6 nm and the
standard deviation is 5.4 nm

Table 1 shows the gap distribution for various mean gap
sizes. It can be seen that as the gap size decrdhses,
standard deviation slightly increases due to which thkarm
to standard deviation ratio increases to more than 8% f
nm gaps. In the reported process, the lower limit for a
usable gap distribution is around 10 nm.

4 CONCLUSION

Single-molecule detection can be possible by taking
advantage of SERS. An array of metallic nano-particiies pa
would be needed for particle detection; the particles reed t
have a small separation to enhance the SERS effedt. Bot
gap size and gap distribution are important. Electron beam
lithography has been utilized in this work to produce-Sub
nm gaps. By process optimization and correct pattern file
generation, good gap uniformity has been achieved.

Table 1: Gap distribution for various mean gap sizes.

Mean Gap —u Absolute Standard o/p
Deviation —c
(nm) (nm)
8.9 6.5 0.73
11.2 6.4 0.57
13.1 6.2 0.47
17.6 54 0.31
21.6 45 0.21
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