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Fabrication of Sub-20nm Metal Nanogaps from Nanoconnections
by the Extended Proximity Effect”
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Abstract: We describe the fabrication of metal nanogaps of sub-20nm in feature size using the proximity effect in electron

beam lithography (EBL). The proximity effect is extended to develop a flexible and practical method for preparing metal

(e.g.Au or Ag) nanogaps and arrays in combination with a transfer process (¢. g. ,deposition/lift-off) . Different from the

direct gap-writing process,the nanogap precursor structures (nanoconnections) were designed by GDSII software and then

written by electron beam. Following a deposition and lift-off process,the metal nanogaps were obtained and the nanogap

size can be lowered to ~10nm by controlling the exposure dose in EBL.
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1 Introduction

Recently, nanostructures, nanomaterials, and
nanofabrications have been developed and have at-
tracted considerable attention in the fields of nano-
technology and device application''®'. The develop-
ment of molecular electronics and single electron de-
vices'®"! has been a challenge for the single nanostruc-

tures™ and even single molecules'"”

. The nanogaps
have provided an important platform for investigating
the physical properties of individual functional mole-
cules and nanostructures (e. g., quantum dots, nano-

[11~13) =~ At the same time, the

tubes, and nanowires)
fabrication of the nanogaps and their alignments are
essential to develop quantum devices from individual
nanostructures or single molecules. Lithography tech-
niques involving soft lithography and nanoimprints
have been successfully used to prepare nanogaps.
Electron-beam lithography (EBL)"*'* is an impor-
tant and flexible technique for fabricating nanogaps
with high resolution. Moreover, the EBL process can
overcome its low writing speed and high cost in a
large arca by use of a subsequent nanoimprint
process. However,it is still difficult to prepare narro-
wer nanogaps (e. g. ,sub-20nm and even sub-10nm) by
the direct writing procedures during the EBL process.

In this paper,we describe an alternative method,
involving EBL and a lift-off process,to fabricate met-
al nanogaps of sub-20nm,and even down to ~10nm in
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size. Here, the proximity effect'™’ in the EBL tech-
nique is extended and used to achieve the precursor
nanoconnections, and thus metal nanogaps followed
1617 In addition,
the size of the nanogaps could be lowered to ~10nm
by the combination of the structural design and the
EBL development processes. We expect that the as-

prepared metal nanogaps will bring some alternative

by a deposition and lift-off process

opportunities in the studies on single molecules and
single electron nanodevices.

2 Experiment

Metal nanogaps were fabricated by a standard
EBL process followed by a deposition and lift-off pro-
cedure. In all EBL cases, we used FEI Sirion scanning
electronic microscopy (SEM) with a Raith Elphy
quantum pattern generator for the preparation of the
nanogap precursor structures (nanoconnections). The
precursor nanoconnection was designed to rely on the
proximity effect,as shown in Fig. 1. A typical fabrica-
tion schematic process is shown in Fig. 2. A bilayer-
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Fig.2 Schematic diagram of the fabrication of nanogaps by the proximity effect in EBL

resist process was used to coat one bottom layer of po-
ly (methyl methacrylate-methacrylate acid) (PMMA-
MA) and one top layer of poly (methyl methacrylate)
(PMMA ., Mw:430K) on the silicon wafer. The whole
layer thickness of the resist was about 300nm. Then,
the EB writing was carried out at an accelerating volt-
age of 30kV and a beam current of 160pA. We varied
the nanoconnection or gap size by varying the writing
dose in the range of 100 ~ 1000[_}.(:/01’1’12. After the
e-beam exposure,all samples were developed in a mix-
ture of methyl-iso-butyl-ketone (MIBK) and isopro-
panol (IPA) (volume ratio 1 : 3) for 1min at room
temperature, followed by washing in IPA for 20s. Fi-
nally, metallic nanogaps were obtained by a lift-off
process after the sputtering deposition of metal (Cr/
Au, thicknesses 5/30nm) . An FEI Sirion200 SEM was
used to investigate the morphologies of the resulting
nanostructures.

3 Results and discussion

In a typical EBL process, the size of the devel-
oped nanostructures become smaller than that of the
precursor nanoconnections designed by GDSII soft-
ware due to the proximity effect. In the fabrication of
the uniform nanostructures using EBL, one usually
tries to avoid the proximity effect. However, herein,
we used the proximity effect to fabricate nanoconnec-
tions for the nanogaps and their arrays. Figure 1 and
Figure 2 show the scheme of the formation of
nanogap precursor structures by the proximity effect
in EBL. Different from the process in other re-
ports-*
triangular pads,not the direct gap nanostructures. The
exposure dose in part (a) was larger than that for part
(b). Part (a) should be under exposure when we ex-
pose the designed structures in the same dose. For the
two connected triangular pads,the originally connect-
ed parts in the dashed field in Fig. 1 could be changed
in the developed PMMA cases when the dose was ex-
act for part (b).In other words,the size of the central
part will be controlled for the fabrication of nanogap
precursor structures when varying the writing dose.

,we designed the connection between the two

Figures 3 (a) and 3(b) show the typical SEM
images of the precursor nanoconnections and their ar-

Fig.3
of the array developed by EBL at a writing dose of 700.C -

(a) SEM image of the nanoconnection; (b) SEM image

cm ?;(c) Cr/Au nanogap; (d) Its array fabricated after the
metal deposition and lift-off process
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Fig.4 SEM images of metal nanogaps by varying the writing
dose followed by a deposition/lift-off procedure (a) 400,C -

em 2;(b) 5004C + em %3 (c) 1000,C « cm 2

ray before the formation of the metal nanogaps. Rel-
ying on the proximity effect in EBL,a writing dose of
700.C/cm* was used to obtain the nanogap precursor
structures of smaller than 20nm in width between the
two triangular pads after they were developed in the
mixture of MIBK and IPA. We transferred the posi-
tive precursor structures into a nanogap by metal sput-
tering (Cr/Au with 5/30nm thick) and a lift-off
process. Figure 3 (c¢) presents the metal nanogap of
12nm obtained after the lift-off process and Figure 3
(d) shows a typical array of the resulting metal
nanogaps.

As mentioned above, the sizes of the metal
nanogaps can vary in a wide range by adjusting the
writing dose and the designed structures. This is an
important advantage in our fabrication process. More-
over,we do not need to design the original nanogaps
to achieve the nanogaps with a gap size in the range
of 10~50nm. Figure 4 shows some typical SEM ima-
ges of different metal nanogaps based on the proximi-
ty effect of EBL and the deposition/lift-off proce-
dure. When we increased the writing dose from 100 to
700.C/cm?*, the size of the resulting metal nanogaps
decreased from 50 to 10nm, as illustrated in Figs. 4
(a) and 4 (b). When increasing the writing dose to
1000,.C/cm?* ,however, we only obtain a nanoconnec-
tion between two metal triangular pads due to a com-
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Fig.5

nanogaps and the writing dose in the range from 200 to 700,.C

«cm ? The line is a guide for the eye.

Plot of the relation between the size of the resulting

plete exposure in part (a) in Fig. 1,as shown in Fig. 4
(c). We extracted from the SEM data the size of the
resulting nanogaps as a function of the writing dose,
as plotted in Fig. 5. This figure indicates that the met-
al nanogaps could be lowered to 10nm in size, and
should be useful for the detection of single molecules
or quantum dots,or single molecule devices.

4 Summary

We described an alternative fabrication method
for the nanogaps down to 10nm and their arrays re-
sulting from the precursor nanoconnections prepared
by the extended proximity effect in EBL processes.
The size of the nanogaps can be controllable and var-
ied in the range of 10~50nm by adjusting the writing
dose. We expect that the as-prepared metal nanogaps
will open up applications in investigations of single
molecules and single electron nanodevices.
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