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FOCUSED ION BEAM FABRICATION OF ELECTROCHEMICALLY
SYNTHESIZED NANOWIRE-BASED ELECTRODES

S.VALIZADEH

ABSTRACT

A new nanoelectrode device with a gap size of about 30 nm was fabricated using 200 nm in di-
ameter electrochemically synthesized Au nanowire. The gap was created by Focused Ion Beam mill-
ing at 10" ions / cm” and dwell time of 0.2 ps. The I-V characterization of the circuit prior to FIB
milling and of the empty gap circuit in air showed the resistances of 0.55 MQ and 4 GQ, respectively.
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ELEKTROKIMYASAL YONTEM ILE SENTEZLENMIS NANOTEL ESASLI
ELEKTROTLARIN ODAKLANMIS iYON DEMETI ILE URETIMI

0z
200 nm ¢apinda elektrokimyasal yontem ile sentezlenmis altin nanotelden a91k11g1 yaklagik olarak
30 nm olan yeni nanoelektrotlarin tiretimi gergeklestirilmistir. Agiklik 10" iyon / em” 6gtitme ve 0.2
ps durma zamani parametrelerinin kullanildig1 odaklanmis iyon demeti (FIB) ile saglanmistir. FIB ile

ogutme oncesi ve havada devrenin bogluk araliginin I-V karakterizasyonu sonucu direncin sirasiyla
0.55 ile 4 GQ, arasinda oldugu belirlenmistir.

Anahtar Kelimeler: Template sentezleme, Odaklanmis iyon demeti, Nano elektrot, Altin

nanotel, Nano agiklik.
1. INTRODUCTION

Currently, one of the main challenges in
nanotechnological structure development is to
create reliable nanoelectrodes with a few nano-
meters spacing that can assess the electrical
properties of individual nanoparticles for a vari-
ety of applications ranging from electronics to
chemical and biological sensors.

Unfortunately many of the experimental
electrode manufacturing techniques reported so
far suffer from low yields in fabricating success-
ful structures or from lack of the mechanical and
electrical flexibility required for systematic in-

vestigation of charge transport characteristics
(1.2).

One of the most successful approaches to
fabricate a large number of nanowires (NWs)
with high aspect ratio, that may form the basis
for a new type of nanoelectrode, is the use of
membrane-based templates for electrodeposition
of multilayers as well as of single metals [3-5].
Template synthesis is an alternative to conven-
tional lithography and enables the fabrication of
ultra narrow NWs with a diameter down to less
than 5 nm. Additionally, large varietics of NWs
and nanotubes of ordered semiconductor arrays
(Si, Ge, CdS, CdSe ZnO), metals (Cu, Co, Bi,
Ni, Au), and metal oxides (Fe;0,4, NiO,) can be
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synthesized by using the template synthesis
technique. Examples of such templates for elec-
trodeposition of multilayers as well as single
metallic NWs are the track-etched polycarbonate
membrane (3,5), nanoporous aluminium oxide
(6,7) and nanoporous mica (8).

Recently, we have reported that the Focused
Ion Beam (FIB) technique can be used to form
clectrical contacts on a single Au NW [9-10].
The dual-beam FIB is equipped with Electron
Beam Assisted Deposition (EBAD) and Ion
Beam Assisted Deposition (IBAD) devices.
IBAD and EBAD assisted deposition of Pt metal
in our FIB/SEM system involve the decomposi-
tion of CyH,cPt gas molecules, resulting in the
local deposition of Pt metal on the sample
within the areca where the ion beam is scanned.
The mechanisms by which IBAD and EBAD
function are similar, but the deposition effi-
ciency for the IBAD process is much higher

(11).

The present work reports on the fabrication
of a new type of nanoelectrode constructed from
electrochemically synthesized Au NWs that are
lifted off and released between pre-patterned
contact pads. The dual FIB deposition method is
used to create interconnection bridges between
the Au NW and the metallic contacts deposited
on an oxidized silicon wafer. Thereafter, the
full in-situ FIB method is exploited for milling a
nano-sized gap in the NW.

2. EXPERIMENTAL METHOD

2.1.Electrochemical of Au

Nanowires

Synthesis

Au NWs were prepared by using the elec-
trochemical synthesis technique inside nuclear-
track-etched polycarbonate membranes with
pores of 200 nm diameter serving as the tem-
plate. Prior to the deposition of the Au NWs,
the working electrode was fabricated by sputter
depositing a 20 nm thick Ti layer followed by a
500 nm thick Au layer on one side of the mem-
brane. The electrochemical fabrication process
was performed using an EG&G Princeton Ap-
plied  Research  Model 263  potentio-
stat/galvanostat in a standard type three clec-
trode electrolytic cell. A schematic illustration
of the experimental arrangement is shown in
Fig. 1. The electrodeposition of the Au NWs
was performed at -690 mV in a standard gold
electrolyte consisting of 0.8 M CeHzOs and
0.003 M KAu (CN), at pH 3.5-4. The inset of
Fig. 2 shows a SEM micrograph of Au NWs
with an average length of approximately 20 pm
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grown in the porous membrane after dissolving
the membrane in dichloromethane (Cl,CH,), and
collecting the wires onto carbon grids.

2.2 In-situ Contacting and Milling of
Nanostructures with The FIB Direct-
Write Technique

The FIB/SEM system used was a FEI
DB235. FIB/SEM is a combination of a high
resolution 30 keV field emission gun SEM
(FEGSEM) clectron column (with spot sizes
ranging from 2 to 10 nm) and a 30 keV Ga’
FIB column(with minimum beam spot size of 7
nm). The FIB column is tilted 52° with respect
to the electron beam column. Both beams can be
aligned to hit the same spot by cucentric height
adjustment of the sample stage. Thc total bcam
density of Ga™ ions was set to 10" ions cm™
The FIB system is equipped with an 1n]cct0r
through which trimethyl-
methylcyclopentadienyl-platinum (CyH,4Pt) gas
molecules can be introduced near the sample
surface. The gas molecules are then dissociated
by one of the two beams and Pt metal is hence
deposited on the sample surface. The operating
parameters for the FIB during milling and depo-
sition included an accelerating voltage of 30 kV,
an emission current of 2.3 pA and a dwell time
of 0.1 ps with 50% overlap at a chamber pres-
sure of 1.4 x 10 mbar.

The Au NWs were dispersed on an oxidized
Si wafer with Cr/Au pads Figures 2 (a) to (c)
show a FIB Omniprobe" consisting of a tung-
sten needle used to extract an individual NW
with a diameter of approximately 200 nm. In
order to reduce the potential damage to the NW,
Pt-EBAD deposition at a low acceleration elec-
tron energy of 3-5 kV and a reduced scan size
was used to weld a single Au NW to the needle
(Fig. 2 (a)). After welding, the attached NW was
transferred close to the prepatterned four-point
contact pads on the oxidized Si substrates (Fig. 2
(b)). Thereafter, the NW was released by mak-
ing strategic cuts between the NW and the nee-
dle in order to place the NW in the desired posi-
tion on the sample. Fig. 2 (c) shows the released
NW in the middle of the rcpattcrned pads. Note
that in Figs. 2 (a) and (b) the needle with the
attached NW is above the substrate. Since the
working distance is related to the substrate, the
scaling bar does not describe the size of the
grobc or the NW in these figures. The contact
ridges between the Au NW and the metallic
contacts on the oxidized Si wafer were created
using the dual FIB deposition method. The resis-
tivity of the Au NW was found to be 2.8 x 10™
Qcm (10). After performing the resistivity
measurements of the Au NW, the FIB was used
to mill a nano-sized gap in a single Au NW in
order to fabricate a novel NW based nanoelec-
trode device.
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Figure.1. A schematic illustration of the experimental setup for template synthesis of Au NWs.

3. RESULTS AND DISCUSSION

3.1 Fabrication and Characterization of
the FIB-Milled Electrode Gaps

It is obvious that the interaction between the ener-
getic ion beam and the NW will influence the pro-
perties of the fabricated nanogap. Addi-tional to
the optimal FIB processing parameters defined
above, the ion dose and the dwell time are essen-
tial parameters that play a dominant role during
the milling process. In order to in-vestigate how
to achieve a minimum gap size in the Au NW, ion
beam currents ranging from 1 pA to 50 pA were
investigated using a 0.1 us dwell time.

The results of the FIB milling yields for the cut-
ting processes on the Au NW are given in Table 1
together with the obtained gap sizes. Figures 3 (a)
to (c) show the topography of typi-cal Au NWs
cut by the FIB.

As seen in Fig. 3(a) at 50 pA, a gap of about 100
nm was milled and the gap shape showed a widen-
ing and narrowing effect at the top and bottom
edges, respectively. The halo shape at the edge of
the gap may originate from the non-Gaussian
beam profile which causes a continu-ous re-depo-
sition of sputtered material into the milled section.
A considerable improvement in the gap size and
shape was observed at 30 pA. As seen in Fig. 3(b)
the side wall of the gap is uniform with a smooth
milled surface.

The influence of dwell time on the shape and size
of the electrode gap was also investi-gated. Table
2 shows the gap size at different dwell times for a
constant beam current of 1 pA. It can be noticed

that a minimum gap size of 30 nm with homoge-
nous spacing, as shown in Fig. 4, can be milled
using a dwell time correspond-ing to 0.2 ps.
Changing the dwell time at a con-stant ion beam
current has a crucial effect on the lateral gap size
created in the NW because more material is milled
away the longer the ion beam is fixed at a single
position.

In order to test the possibility of using the nano-
electrode with 30 nm gap for transport stud-ies,
we perform an [-V measurement. The [-V re-
sponse of the gap was recorded using a two-point
probe connected to an Agilent BIS00A Semicon-
ductor Device analyzer. Fig. 5 shows I-V profiles
recorded at 294 K on an Au NW before and after
FIB milling. The I-V profiles of uncut and cut
NWs showed ohmic behavior over the entire
measurement range with resistances of 0.55 MQ
and 4.0 GQ, respectively. The calculated resist-
ance of the setup before FIB milling is in good
agreement with our earlier study [9], with the Pt
connections contributing to the major part of the
resistance.
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Figure.2a.

Figure 2c.

Figure 2. FIB/SEM images illustrating the four-contact nanoelectrode fabrication procedure using an
Au NW. Panel (a) shows the NW welded in-situ by Pt-IBAD onto a nanomanipulator. The
inset shows Au NWs with a diameter of 200 nm and an average length of 20+£3 pm, ob-
tained from completely filled pores after dissolving the template membrane in dichloro-
methane (Cl,CH,) and collecting the wires on carbon grids. Panel (b) shows the NW being
transferred close to the prepatterned Au pads on the oxidized substrate inside the FIB. Panel
(c) illustrates a NW released in the middle of the pads before contacting to the electrodes.
Note that the working distance is related to the substrate. Thus, the scaling bars in panel (a)
and (b) do not describe the correct size of the Omniprobe or the NW which are located
above the substrate in these panels.
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Figure 3. S. Valizadeh (a)

Figure 3(b).

Figure 3(c).

Figure 3. FIB/SEM images of gaps milled in an Au NW by the FIB; the dwell time for the FIB milling
processes was 0.1 ps. Panel (a) shows a gap of 100 nm milled at 50 pA, (b) shows a gap of 80 nm
milled at 30 pA, and (c) shows gaps of 50 nm and 35 nm milled at 10 pA and 1 pA, respectively.
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Figure 4. An illustration of the first prototype of the new Au NW based nanoelectrode. A gap of 30 nm
was milled within the low dose regime of 1017 ions / cm2 and a dwell time of 0.2 ps. The
SEM image is taken at a tilt angle of 52°.
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Figure 5. Current-voltage characteristics at 294 K for the nanoelectrode device of the Au NW prior to
FIB milling and of the empty gap circuit in air. The displayed curves showed ohmic behav-
1or with resistances of ~ 0.55 MQ and ~ 4 GQ, respectively.
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Table 1. The results of FIB milling yield to create a minimum gap in Au NWs.

Ton beam current [pA] | Ton dose [ionscm™] | Gap size [nm]
6.11 x10 " 35+1
10 1.24x10" 502
30 1.25x10 " 80 +3
50 1.26x10 " > 100

Table 2. Gap size evolution as a function of dwell time at a constant ion beam current of
1 pA. The uncertainty of the measured gap size is = 1 nm.

Dwell time [ps]

Gap size [nm]
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4. CONCLUDING REMARKS

We have demonstrated a novel nanoelec-
trode fabrication technique based on in-situ ma-
nipulation and milling of NWs in a FIB/SEM
chamber. The formation of 30 nm-sized elec-
trode gaps in Au NWs was achieved by FIB
milling in the low dose regime of 6.11 1017 ions
/ em” and using a dwell time of 0.2 ps. Thus, we
have shown the potential of using electrochemi-
cally synthcsizcé) Au NWs in combination with
the FIB technique, in order to make nanoelec-
tronic devices with critical dimensions below
100 nm, using “top-down” fabrication tech-
niques.
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