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Abstract:

Copper and platinum electrodes with a nano-gap of ~100 nm have been fabricated
by milling of thin metallic films by a focused ion beam (FIB) system. The current-
voltage (I-V) characteristics of platinum electrodes are shown to follow V3/2
dependence in accordance with the classical Child-Langmuir’s law while those of
copper electrodes measured inside the FIB chamber (residual pressure of ~10-

6mbar) correspond to tunneling at low voltage and Fowler-Nordheim (F-N)
quantum mechanical tunneling above 8.4V. The field enhancement factor (B) is
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found to depends on the surface homogeneity, cross-sectional area, gap of
electrodes, and varies inversely with the applied voltage (value lies in the range of
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I. INTRODUCTION

The fabrication and electrical transport properties
of nano-gap electrodes have become important in
emerging electronics today because of their wide-
ranging applications in high brightness /low power
flat-panel displays, sensors, e-beam lithography
(EBL), high power microwave amplifiers, sub-
100nm transistor circuits, field emission electron
sources, etc. [1-5]. Also, they make reliable
electrical contacts at the nanoscale, bridge individual
nano-structure with the macroscopic system, and
realize devices for detecting nano-particles [6-8].
The nanogap electrodes are formed by electron beam
lithography (EBL) [9], shadow evaporation [10],
mechanically controllable break junction (MCB)
[11], electrochemical  plating [12] and
electromigration [3, 13]. Yet, another technique
based on focused ion beam (FIB)-direct lithography
has attracted increasing interest in the recent past
[14]. This enables direct mask-less fabrication of
nanogap electrodes by sputter milling of the metal
thin film with a fine (<10 nm) ion beam besides a
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variety  of  three-dimensional  structure  of
nanostructures, namely pillars, cantilevers, springs,
etc. (needed for various nano/micro-
electromechanicalsystems), nanosensors, actuators,
and structures for biological applications [15]. The
technique is quick and flexible, suited for
nanostructure fabrication [16]. The FIB has provided
a very convenient tool for building features through
a combination of gradual addition and removal of
material [17]. This paper describes the fabrication of
1) planar metallic nanoelectrode over the substrate by
milling the metallic film and ii) case of overhanging
nanoelectrode by involving a judicious combination
of milling and deposition of metallic films with FIB.
Further, their 1-V characteristics have been studied
under the ambient condition as well as inside the FIB
chamber, maintained at a residual pressure of 107
mbar.
Il. EXPERIMENTAL DETAILS

Focused ion beam (FIB) model FEI Nova Nanolab
600 equipped with energy-dispersive  X-ray
spectroscopy (EDS) facilities for compositional
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analyzing of the samples and Residual Gas Analyzer
(RGA) for identifying the gases present in the
vacuum chamber. The I-patterned mask has been
used for Cu deposition on which the electrical
connections have been made. The 30 KeV ion
energy with current ranging from 10 pA to 0.1 nA
and dwell time varying from 100 ns to 1 ms have A
thin film of I-shape and thickness ~150-200 nm is
initially deposited by d.c. sputtering on a cleaned
glass substrate with a d.c. sputtering unit (fig. 1). A
trench is then created by milling the platinum film of
length 200um and width 100 nm using a dual-beam
focused ion beam (FIB) with 30keV Ga" ions beam
size ~10-20 nm at current ~100 pA [18].

1.5mm

a) 1mm

i +200um

b)

Glass substrate

FIB milled trench
100nm
—

d)

c) Gap~100nm
150-200nm @ — /
\
150-200nm*
Figure 1:Schematic

diagram of a) an I-shape pattern of metal film
deposited on glass substrate by using thermal
evaporation b, c) cross-sectional view before and
after forming a trench (width ~ 100 nm) by milling
with the focused ion beam, and d) nanoelectrodes of
size 200 um x 150-200 nm with a gap of ~ 100 nm.
Thus, the electrodes of a cross-sectional area 200um
x 150-200nm and a gap of 100nm are realized. The
cross-section view of the platinum film with between
the gap electrodes and schematic picture of 100 nm
wide trench created are shown in Fig. 2.The
electrodes assembly with the gap has been placed on
a specially designed sample holder for measuring
current-voltage (I-V) characteristics in air and/or
vacuum by employing a current source, Keithley
model 6430.

Published by: The Mattingley Publishing Co., Inc.

January-February 2020
ISSN: 0193-4120 Page No. 15024 - 15029

I1l. RESULTS AND DISCUSSIONS

100 nm

Figure 2: Scanning electron micrograph of
electrodes with a gap of 100nm.

The current density (J) versus voltage (V) plot on a
log scale (inset of fig. 4) shows a straight line with
a slope of ~1.5 in the voltage range of ~11-35V,
suggesting thereby the operation of the classical
Child-Langmuir’s law, i.e., V32 dependence [19,
20].
4g, [2e V7

9 \'m D?

‘]CL =

where %0is the permittivity of free space, e is the
charge of an electron, D is the gap between the
electrode strips of cross-section (infinite length and
width W; D/W<0.1) and m is mass of an electron.
Nevertheless, the actual current value is quite
different, i.e., seven order smaller than predicted by
the empirical Child-Langmuir law in 2-dimension
for D=100 nm [20]. On the other hand, the observed
values do match with quantum space charge limited
current (Jom) Without showing the expected \Va
dependence [21],

J _ 80h2 Vl/Z
QM 472'261/2m3/2 D4

The above assertions become apparent from fig.3
and fig.4 in which J-V plots are drawn on a log and
semi-log scales using Child-Langmuir (CL) and
quantum space charge (QM) formulations (egs.1 and
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2 respectively) for electrodes having a gap of
100nm. Notice that in both the cases (fig. 4, 5),
Jci>> Jom and so quantum effects are insignificant in
this situation.
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Figure 3:Current density versus voltage (J-V)
characteristics on semi-log scale platinum electrodes
formed with a gap of 100 nm on the glass substrate.
Inset gives the (J-V) plot on a log scale with a
straight line of slope ~ 1.48 above 10 V, depicting
the V*2 dependence of current.
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Figure 4:J-V characteristics of metal electrodes with
a gap of 100nm obtained from classical Child-
Langmuir (CL) law and quantum space charge
limited current (QM), i.e., V¥ and V¥? dependence.
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Figure 5: J-V characteristics of copper electrodes
having a gap formed on a glass substrate obtained
inside the FIB column at vacuum~10-6 mbar.
Inset a) shows the J-V plot on a log scale as a
straight line with a slope of 1.1 and b) depicts the
(I/V2) versus 1/V plot. Fig.5 depicts the current
density versus voltage plot under vacuum ~10-6
mbar on a semi-log scale for copper electrodes
separated by a gap of 100nm. The corresponding J
versus V plot on a log scale (in the inset) shows a
straight line in the intermediate voltage regime of
1.1-3.4 V with unit slope and so suggests ohmic
behavior at low-voltages; resistance being~45MQ.
Such behavior may, however, be attributed to
tunneling, being valid at low voltages (IaV; for V<)

[22]

Also, log (I/V?) versus 1/V plot included in the inset
contains a straight line with a negative slope above
8.4V in accordance with the Fowler-Nordheim (F-N)
quantum mechanical tunneling [23].

_gﬁz _3/23
I—Ad}exp{w L2

s
The value of field enhancement factor (ﬂ ) deduced
from the slope (magnitude being b¢3/2 D/'B) is ~175.

0 2 4 6

It may be mentioned that the value of P determined
similarly and reported in the literature for different
systems varies markedly, i.e. lie with range 1400-

30000 [24]. Therefore, the present value of B (=
175) seems to be quite reasonable. However, F-N
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current deduced from expression (3) with B =175
does not conform to the experimental curve shown

in fig.5. Notice that (F-N) currents for ﬂ:175, 30
and 20 cross the experimental data curve at different
voltages. So, it is necessary to assume variation of

B itself with voltage for the observed current to
follow (F-N) description. To understand this aspect,
experimental data is fitted into expression (3) at each

voltage taking B as a variable. Such an exercise

reveals Ato be inversely proportional to voltage
(inset of fig.7), such that

,B—A+B

where constants A and B are 338V and 3.9,
respectively. The typical values of  are 37.7, 26.4
and 20.8 at 10, 15, and 20 V, respectively. Thus, the
current density estimated with expression (3) taking
an appropriate value of B at each voltage matches
well with the experimental data (fig.6). The observed
current matches well with deduced value by taking 3
is a variable. Inset shows the variation of § inversely

with the applied voltage.The change in P> with
voltage is possibly due to surface roughness and
variation in the spatial separation of electrodes.
According to Bonard et al.,[24] ‘B’ is determined by
geometrical shape, length and radius of the emitter
besides impurities and localized fields at protrusions.
As a consequence, the current at a given voltage

becomes sufficient in regions of higher B> to cause
local heating and blunting of the electrodes.
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Figure 6: J-V characteristics as deduced from
classical Child-Langmuir (CL) law and F-N
expression with selected B values (20, 30 and 175)
together with the experimental data showing the
cross over.This leads to a sudden decrease in the
current temporarily. On increasing voltage, the
current increases again in the usual way with a new
‘B> until smoothening of electrodes occurs in other
regions. Fig.6 depicts this phenomenon in copper
electrodes.
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Figure 7: 1-V characteristics of copper electrodes
with a gap of ~ 100 nm depicting the effect of
burning.
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This process continues until the electrodes become
smooth with nearly the same gap all over and/ or get
burned out at places. Obviously, the burning process
causes an overall decrease in the electrode cross-

sectional area progressively.

Figure 8: Scanning electron micrograph of the
copper electrodes following partial burning.
The effect is displayed in the scanning electron
micrograph (fig.7) with burned end regions. The J-V
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characteristics of the remaining portion of the
electrode (30um x 200nm, fig.9) are shown in fig.10.
This result follows F-N current expression (3) above
26V now with enhancement factor (B) varying again
as per exp. (4), the constants being A=294V and
B=2.3. A close comparison of J-V characteristics
reveals i) overall lowering of the enhancement factor
(9.6 at 40 V and 8.2 at 50 V) and ii) initiation of F-N
current at a higher voltage (~26V instead of 8.4V
earlier fig.5). The origin of such a change lies in the
electrode surface becoming relatively smooth. This
result suggests that rough electrode surface and/or
protrusions are responsible for large ‘B’ values.

CONCLUSIONS
Copper nano-gap electrodes over glass substrates
and with gap ~100 nm can be fabricated successfully
using a focused ion beam. copper current
measurements inside the FIB chamber at a residual
pressure of 10° mbar correspond to quantum
tunneling at lower voltages and Fowler-Nordheim

(F-N) description at voltages exceeding the metal

work function. The field enhancement factor (f)

varies inversely with the applied voltage, the value

being in the range of 8-21.
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