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(57) ABSTRACT

Art electrode pair enables the performance of a device to be
accurately delivered, a method for manufacturing the same.
An electrode pair 10, wherein one electrode 12A and the
other electrode 12B are provided on the same plane so as to
face each other with a gap 17 therebetween, and portions of
the one electrode 12A and the oilier electrode 12B facing
each other are respectively curved so as to get away from the
plane along a direction nearing each other. This electrode
pair 10 is manufactured by preparing, as a sample, a sub-
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space therebetween so as to have an initial gap, immersing
the sample in an electroless plating solution, changing the
electroless plating solution after a lapse of a certain period
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ELECTRODE PAIR, METHOD FOR
FABRICATING THE SAME, SUBSTRATE
FOR DEVICE, AND DEVICE

TECHNICAL FIELD

The present invention relates to an electrode pair having
a gap, a method for fabricating the same, a substrate for a
device, and a device.

BACKGROUND ART

A device configured by making an electrode pair facing
each other so as to have a nanogap therebetween and by
placing a nanoparticle or molecule in the nanogap has a
switching and memory functions, and is thus considered
promising as a new device. The inventors aim to assemble
a single electron transistor (SET) by introducing a chemi-
cally synthesized metal nanoparticle into nanogap electrodes
produced by electroless gold plating, thus making an SET
integrated circuit that operates at room temperatures (Non-
patent Literature 1). The inventors have also succeeded in
producing nanogap electrodes having a gap length of 5 nm
or shorter at an yield of 90% (Non-patent Literature 2), and
furthermore developed a “molecular ruler electroless gold
plating (MoRELGP)” method using a surfactant agent mol-
ecule as a template, thus establishing a technology for
producing nanogap electrodes having a gap length of 2 nm
with high reproducibility (Patent Literature 1).

CITATION LIST
Patent Literature
Patent literature 1: W02012/121067
Non-Patent Literature

Non-patent Literature 1: K. Maeda, Y. Majima et al. ACS
Nano, 6, 2798 (2012)

Non-patent Literature 2: Victor M. Serdio V., Yasuo Azuma
Shuhei Takeshita, Tare Muraki, Toshiharu Teranishi and
Yutaka Majima, Nanoscale, 4, 7161 (2012)

SUMMARY OF INVENTION
Technical Problem

However, details of the structure of the nanogap elec-
trodes produced by the technology disclosed in Patent
Literature 1, details of the cross-sectional structure in par-
ticular, are unknown, which has inhibited fabrication of
devices using nanogap electrodes. The reason is that the
cross-sectional structure controls the quantity of functional
materials introduced between nanogap electrodes such as
nanoparticles or molecules, determining the capacitance,
namely gate capacitance, between the gate electrodes and
the functional materials. It is also desired to fabricate an
electrode pair, in addition to nanogap electrodes, by adjust-
ing facing areas while maintaining smooth surfaces and a
gap therebetween because the performance of a device is
determined by such an adjustment.

In view of the problem, an object of the present invention
is to provide an electrode pair that enables a device to deliver
its performance accurately, a method for fabricating the
electrode pair, a substrate for a device having the electrode
pair, and a device.
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Solution to Problem

In order to achieve an object, the following means are
taken in the present.

[1] An electrode pair, comprising:

one electrode and the other electrode provided on a same
plane, facing each other with a gap therebetween,

wherein portions of the one electrode and the other
electrode facing each other are curved in a manner getting
away from the plane along a direction nearing each other.

[2] The electrode pair as set forth in [1],

the one electrode and the other electrode respectively
comprising: a main body portion extending in one direction;
and a proximity portion extending from the main body
portion in a manner where each tip is adjacent to and facing
each other,

wherein the main body portion contacts the plane,
whereas the proximity portion does not contact the plane but
is curved in a manner getting away from the plane along a
direction nearing the tip.

[3] The electrode pair as set forth in [2],

wherein the proximity portion has a curved convex outer
surface, cross sectional area of the proximity portion
orthogonal to an axis that extends from the main body
portion toward the tip becoming smaller along a direction
nearing the tip.

[4] The electrode pair as set forth in [2],

wherein the one electrode and the other electrode respec-
tively comprise: a metal layer; and an adhesive layer pro-
vided between the metal layer and the plane in order to
tightly adhere the metal layer to the plane, and

the proximity portion is comprised of the metal layer.

[5] A substrate for a device, comprising:

a substrate; an electrode pair provided on the substrate,
one electrode and the other electrode having a gap therebe-
tween; and an insulating layer provided to cover the elec-
trode pair,

wherein space is formed by the one electrode, the other
electrode, the substrate, and the insulating layer.

[6] A device, comprising: the electrode pair as set forth in
any one of [1] to [4] having nanogap therebetween,

wherein, the one electrode and the other electrode are
respectively used as a source electrode and a drain electrode,
and

a nanoparticle or a functional molecule is provided in the
nanogap.

[7] A device, comprising: the electrode pair as set forth in
any one of [1] to [4] as a photoconductive antenna electrode
pair.

[8] A method for fabricating an electrode pair, compris-
ing: preparing a substrate as a sample, the substrate on which
a pair of seed electrodes is formed with apace, the space
being an initial gap;
immersing the sample in an electroless planting solution;

exchanging the electroless planting solution after a pre-

determined time elapses.

[9] The method for fabricating an electrode pair as set
forth in [8], further comprising: adjusting the number of
times of changing the electroless plating solution so that
surfaces facing each other are extended in a longitudinal
direction while a gap between one electrode and the other
electrode is kept constant.

Effects of Invention

According to the present invention, one electrode and the
other electrode are placed on the same plane, facing each



US 10,164,080 B2

3

other, and opposed portions of the one electrode and the
other electrode are curved in a manner getting away from
that plane along a direction nearing each other. It is therefore
possible to fabricate a strong electric field in the gap by
applying a small voltage between the electrodes. Hence, the
performance of each device can be worked efficiently by
placing a nanoparticle or molecule in the gap to create a
device, or by using an electrode pair as a photoconductive
antenna. Furthermore, according to the present invention, a
substrate on which a seed electrode pair is formed so as to
have an initial gap therebetween is prepared as a sample, and
an electroless plating solution in which the sample is
immersed is replaced when a predetermined period of time
has elapsed. An electrode pair having smooth surfaces can
thus be fabricated by adjusting the facing areas while
maintaining the gap.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows an electrode pair according to a first
embodiment of the present invention, where (A) is a cross-
sectional view taken along line X1-X1 in (B), and (B) is a
plan view.

FIG. 2 shows an electrode pair according to a second
embodiment of the present invention, where (A) is a cross-
sectional view along the line X2-X2 in (B), and (B) is a plan
view.

FIG. 3 shows an electrode pair according to a third
embodiment of the present invention, where (A) is a cross-
sectional view taken along line X3-X3 in (B), and (B) is a
plan view.

FIG. 4 is a schematic diagram of a device according to an
embodiment of the present invention.

FIG. 5 is a schematic cross-sectional diagram of the
antenna in FIG. 4 taken along line X4-X4.

FIG. 6 schematically shows the sample fabricated in the
example, where (A) is a cross-sectional view, and (B) is a
plan view.

FIG. 7 is an SEM image of the nanogap electrodes
fabricated in the example.

FIG. 8 is a chart showing an SEM and STEM images of
the nanogap electrodes obtained after the sample was pro-
cessed.

FIG. 9(A) is a chart showing an STEM image of the
nanogap electrodes obtained after the sample was processed,
and its enlarged view, (B) is a diagram of (A).

FIGS. 10(A), (B), and (C) are respectively a spectrum
image of EELS, image diagram of the peak count of nitrogen
(N), and image diagram showing the peak count of silicon
(Si).

FIG. 11 is an SEM image of the sample fabricated in
Comparative Example.

REFERENCE SIGNS LIST

10, 20, 50: Electrode pair

10A, 20A: Device

11: Substrate

11A: Semiconductor substrate

11B: Insulating layer (first insulating layer)
12: Electrode

12A: One electrode

12B: The other electrode

12C, 12D, 12X, 12Y: Metal layer

12E, 12F: Seed electrode

13: Insulating layer (second insulating layer)
13A: Space
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14A, 14B, 14C, 14D: Adhesive layer
15: Main body portion

16: Proximity portion

16A: Tip

16B: Opposed surface

16P: Top part

16Q: Bottom part

16R: Front part

16S: Rear part

17: Gap

18: Metal nanoparticle (functional molecule)
19: Top gate

21, 22: Protective layer

30: System for generating THz electromagnetic wave
31: Photoconductive antenna element
32: Coplanar transmission line

33: Antenna

33A: One electrode

33B: The other electrode

34: Substrate (GaAs substrate)

35: Hemispherical lens

Description of Embodiments

The embodiments of the present invention will hereinafter
be described by referring to the drawings. The embodiments
of the present invention can be modified in various ways for
use within the range of the invention indicated in the scope
of the patent claims.

[An electrode pair and a substrate for a device having the
electrode pair]

FIG. 1 shows an electrode pair according to a first
embodiment of the present invention, where (A) is a cross-
sectional view taken along line X1-X1 in (B), and (B) is a
plan view. The electrode pair 10 according to the embodi-
ment of the present invention is structured by placing one
electrode 12A and the other electrode 12B on the same plane
s0 as to face each other via a gap 17. The opposed portions
of the one electrode and the other electrode are curved in a
manner getting away from that plane along a direction
nearing each other. The following description assumes that
that plane is the surface of a substrate 11.

As shown in FIG. 1, the electrode pair 10 is made of one
electrode 12A and the other electrode 12B provided so as to
face each other with a nanogap therebetween on a substrate
11, which is configured by providing an insulating layer 11B
on a semiconductor substrate 11A.

As shown in FIG. 1, the one electrode 12A and the other
electrode 12B have a main body portion 15 extending in one
direction, and a proximity portion 16 extending from the
main body portion 15 in a manner where each tip 16A is
adjacent to and facing each other. Each proximity portion 16
extends from the main body portion 15 in an axial direction
in a plan view toward the opposing electrode 12 (hereinafter
simply represented as the electrode 12 when the one elec-
trode is not distinguished from the other), tips 16 A make a
gap 17. The gap 17 is set according to devices. The distance
between the tip 16 A of the one electrode 12A and the tip 16 A
of the other electrode 12B may be several micrometers, or
several nanometers, 0.3 nm to 12 nm, for example. As shown
in FIGS. 1(A) and (B), one direction is defined as x
direction, the width direction of the electrode 12 is defined
as 'y direction, and the thickness direction of the electrode 12
is defined as z direction. The tip 16A of the one electrode
12A and the tip 16A, of the other electrode 12B face each
other with a gap 17 therebetween. The length of the gap 17
in the y direction is determined by electroless plating
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solution and plating conditions. The length may be 0.3 nm
or longer or approximately 90% of the width of the main
body portion 15 in the y direction.

In a first embodiment of the present invention, the main
body portions 15 contact an insulating layer 11B, the prox-
imity portions 16 do not contact the insulating layer 11B,
and the proximity portions 16 are curved in a manner getting
away from the insulating layer 11B along a direction nearing
tips 16A. The proximity portion 16 has a convex outer
surface, whose cross section orthogonal to the axis that
extends from the main body portion 15 toward the tip 16A
becoming smaller along a direction nearing the tip 16A.
Specifically, the cross-sectional area orthogonal to the axial
direction (x direction) of the main body portion 15 becomes
smaller along a direction nearing the tip 16A, and the tip
16A has the smallest cross-sectional area, namely the small-
est dimension. Unlike the main body portion 15, the prox-
imity portion 16 makes a state of vacancy immediately
below just as an eaves, forming space 13A. The state of the
proximity portion 18 forming such space is called an “eaves
structure.”

It is desirable that the proximity portions 16 be nearly
symmetrical vertically with respect to a surface mostly in the
middle of the electrode 12 in the thickness direction (z
direction), as shown in FIG. 1(A). It is particularly prefer-
able that top portion 16P and bottom portion 16Q of the
cross-sectional shape orthogonal to the substrate 11 contain-
ing the axis (X1-X1) of extension of the main body portion
15 of the electrode 12, are curved, forming a part of a
secondary curve such as nearly arc or elliptical arc. It is also
desirable that the proximity portions 16 be nearly symmetri-
cal with respect to a surface mostly in the middle of the
electrode 12 in the width direction (y direction). In particu-
lar, front portion 16R and rear portion 16S of the cross-
sectional shape orthogonal to the substrate 11 containing the
line of the electrode 12 in the width direction, are respec-
tively curved, forming a part of a secondary curve such as
nearly arc or elliptical arc. In the structure of the proximity
portions 16, the center of curvature of the top portion 16P
and that of the bottom portion 16Q), of the cross-sectional
shape orthogonal to the substrate 11 containing the axis of
extension of the main body portion 15 of the electrode 12,
and the center of curvature of the front portion 16R and that
of the rear portion 168, of the cross-sectional shape orthogo-
nal to the substrate 11 containing the line of the electrode 12
in the width direction, all exist within the proximity portion
16.

FIG. 2 shows an electrode pair according to a second
embodiment of the present invention, where (A) is a cross-
sectional view along the line X2-X2 in (B), and (B) is a plan
view. The same signs are allocated to portions identical to or
corresponding to the portions of the electrode pair shown in
FIG. 1. The second embodiment is different in that a pair of
adhesive layers 14A, 14B is provided on the insulating layer
11B to have a gap therebetween, and that a metal layer 12C,
12D is provided to each of the pair of adhesive layers 14A,
14B.

In the second embodiment, one electrode 12A is made of
an adhesive layer 14A and a metal layer 12C, while the other
electrode 12B is made of an adhesive layer 14B and a metal
layer 12D. As shown in FIG. 2, each proximity portion 16
is made only of a portion of the metal layer 12C, 12D that
does not contact the adhesive layer 14A, 14B. Consequently,
similar to the first embodiment, the proximity portions 16 do
not contact the insulating layer 11B, and are curved in a
manner getting away from the insulating layer 11B along a
direction nearing the tip. The proximity portions 16 have a
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convex outer surface whose cross section orthogonal to the
axis extending from the main body portion 15 toward the tip
16A becomes smaller along a direction nearing the tip 16A.
In other words, the cross section orthogonal to the axial
direction of the main body portion 15 (x direction) becomes
smaller toward the tip 16A, whose area is the smallest.

In the second embodiment, since the metal layers 12C,
12D are formed on the insulating layer 11B via the adhesive
layers 14A, 14B, the metal layers 12C, 12D can be hardly
peeled off from the insulating layer 11B.

FIG. 3 shows an electrode pair 50 according to a third
embodiment of the present invention, where (A) is a cross-
sectional view taken along line X3-X3 in (B), and (B) is a
plan view. The same signs are allocated to the portions
identical to or corresponding to those in the electrode pair
shown in FIG. 1. The third embodiment is different from the
first embodiment in that an opposed surface 16B of the one
electrode 12A and that of the other electrode 12B face each
other while maintaining a gap within a predetermined range,
and that the opposed surfaces 16B have a predetermined
area. The predetermined area falls within a range from 20
nm? to 560 nm? for example, assuming that the width of the
electrodes falls within a range from 10 nm to 80 nm and that
the height of the electrodes falls within a range from 2 nm
to 70 nm. The one electrode 12A and the other electrode 12B
have a thickness, namely height, larger than that in the first
and the second embodiments. In the third embodiment also,
the main body portion 15 contacts the insulating layer 11, the
proximity portions 16 do not contact the insulating layer
11B, and the proximity portions 16 are curved in a manner
getting away from the insulating layer 11B along a direction
nearing the tip 16 A. Furthermore, the proximity portions 16
have a convex outer surface whose cross section orthogonal
to the axis extending from the main body portion 15 toward
the tip 16 A becomes smaller along a direction nearing the tip
16A. In other words, the cross-sectional area orthogonal to
the axial direction (x direction) of the main body portion 15
becomes smaller along a direction nearing the tip 16 A, and
the tip 16 A has the smallest cross-sectional area. In the third
embodiment, the area at the end of the tip 16A rarely
changes in the top-bottom direction, the area has a fixed size.

The one electrode 12A and the other electrode 12B are
placed facing each other, and the size of the gap 17 falls
within a fixed range on the order of nanometer for example.
That is why the size of opposed surfaces 16B and that of the
gap can be designed flexibly, ensuring a very large capaci-
tance even with nano-size electrodes, which is an advantage.
It is desirable in the third embodiment also that adhesive
layers 14A, 14B be provided as shown in FIG. 2.

In the first to the third embodiments, various semicon-
ductor substrates such as Si and GaAs substrates are used as
a semiconductor substrate 11A. The insulating layer 11B is
formed by various insulating materials such as SiO, and
Si;N,. The one electrode 12A and the other electrode 12B in
the first embodiment and the metal layers 12C, 12D in the
second embodiment can be formed by metals such as Au, Al,
Ag, Cu, and Ni. The adhesive layers 14A, 14B in the second
embodiment can be formed by Ti, Cr, Ni, etc. The metal
layers 12C, 12D can be formed on the adhesive layers 14A,
14B by the same metal or different metals such as Au, Al,
Ag, Cu, and Ni.

A device 10A, 20A using the above-mentioned electrode
pair 10, 20 will be described. Since the gap 17 here is set so
as to have a nano size, the gap 17 is called “nanogap,” and
such an electrode pair is called “nanogap electrodes.” As
shown by the dotted line in FIGS. 1 and 2, a metal nano-
particle or functionalized molecule (“functionalized mol-
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ecule” is called “functional molecule™) 18 is placed in the
gap 17, and an insulating layer 13 is formed on the metal
nanoparticle, or functional molecule 18, and the electrodes
12. To distinguish the insulating layer 13 from the insulating
layer 11B, the insulating layer 11B may be called a first
insulating layer, and the insulating layer 13 may be called a
second insulating layer. Furthermore, as shown in FIGS. 1
and 2, to apply electric potential to the metal nanoparticle or
functional molecule 18, a top gate 19 is formed on the
second insulating layer 13, and a side gate (not shown) is
formed on the same plane as the one electrode 12A and the
other electrode 12B. As a result, tunnel junctions are formed
between the metal nanoparticle 18 and the electrodes 12,
allowing the electric potential of the metal nanoparticle to be
adjusted by the top gate 19 and the side gate. A single
electron device can thus be formed. Furthermore, by using
fullerene as the functional molecule 18 for example, a
molecular device is formed. Nano devices using nanogap
electrodes can thus be provided.

In this case, the second insulating layer 13 is not formed
in the area from the position where the gap 17 is the smallest
to the substrate 11, forming space 13A among the one
electrode 12A, the other electrode 12B, the first insulating
layer 11B, and the second insulating layer 13. Comparison
with a conventional case where the tip surface of the first
insulating layer 11B and that of the electrode 12 facing each
other are orthogonal to the substrate 11, and the bottom edge
of the tip surface contacts the substrate 11 is summarized as
follows. With any of the electrode pairs in the first and the
second embodiments of the present invention or conven-
tional electrode pairs, when a voltage is applied between the
nanogap electrodes, the electric field intensity is the maxi-
mum between the nanogap. Consequently, the voltage
applied between the electrodes 12A, 12B is efficiently
applied to the metal nanoparticle 18 or functional molecule
18. With the electrode pair in this embodiment, the maxi-
mum electric field intensity of the first insulating layer 11B
is lower than that of a conventional electrode pair because of
the existence of the space 13A. With a device using nanogap
electrodes, a voltage is applied to the gap in order to work
the memory function or switching function of the device. At
that time, electric field is also applied to the first insulating
layer 11B. The smaller the electric field intensity, the better
from the viewpoint of decrease in leakage current, hence
prevention of dielectric breakdown. In the first and the
second embodiments of the present invention, the existence
of'the space 13A makes leakage current decreased, further it
achieves nanogap electrodes having high dielectric strength.
Furthermore, with the cross-sectional structure of the elec-
trode pair according to the first and the second embodiments
of the present invention, the cross-sectional area of the
proximity portion 16 is isotropically small in three dimen-
sions, and has an arbitrary dimension. Consequently, the
number of functional materials such as nanoparticle and
molecule to be introduced between the nanogap electrodes
can be controlled. With a device having such a cross-
sectional structure, the capacitance between a top gate 19, or
side gate (not shown), and the functional material can be
adjusted, thereby achieving various memory functions or
logical functions.

FIG. 4 is a schematic diagram of a device according to an
embodiment of the present invention. As shown in FIG. 4,
the device according to the embodiment of the present
invention is a photoconductive antenna element 31 consti-
tuting a system 30 that generates THz electromagnetic
waves. The photoconductive antenna element 31 is con-
structed by connecting an antenna 33 to a coplanar trans-
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mission line 32 for example, with a small gap formed at the
center of the antenna 33. The dimension of this gap is
generally set to be on the order of um to several nanometers.
An appropriate DC bias voltage is applied to the gap.

As THz electromagnetic wave generators and detectors,
antennas of butterfly type, parallel line type, bow-tie type,
logarithmic spiral type, finger gap type, array type, etc. are
used. FIG. 4 shows a case where the antenna 33 is of dipole
type. By producing optical carriers in a semiconductor using
femtosecond pulse laser beam and by modulating sub-
picosecond photoconductive current, THz electromagnetic
waves can be generated.

In the example shown, a photoconductive antenna ele-
ment 31 is formed on a GaAs substrate 34, and the photo-
conductive antenna element 31 is formed on a plane of a
semiconductor hemispherical lens 35. By irradiating a fem-
tosecond laser beam to the gap of the antenna 33, free
electrons are generated as carriers in a region to which
optical pulses in the substrate 34 are irradiated, namely near
the positive electrode of the antenna 33. Generated free
electrons are drawn to the positive electrode by DC bias
electric field, generating instantaneous carrying current,
which is a terahertz electromagnetic wave radiation source.
Photoconductive current is thus fed, generating THz elec-
tromagnetic wave pulses.

The magnitude of photocurrent during photoirradiation is
proportional to the bias electric field derived from bias
voltage. When the gap length of the antenna is made to be
smaller, the bias electric field becomes larger in proportion
to the inverse of the gap length. FIG. 5 is a schematic
cross-sectional diagram of the antenna in FIG. 4 taken along
line X4-X4. In the embodiment of the present invention, a
space 38 is formed among one electrode 33A, the other
electrode 33B, and substrate 34, as in the case of the
nano-devices shown in FIGS. 1 and 2. By allowing elec-
trodes 33 to form a cross-sectional area orthogonal to the
substrate 34 having a certain dimension, the tip of the
electrode 33 does not come off the substrate 34. Conse-
quently, the maximum intensity of the electric field gener-
ated to the substrate 34 in the embodiment of the present
invention is larger than a conventional case where a space 38
such as the one in the embodiment of the present invention
is not formed. In other words, since the one electrode 33A
and the other electrode 33B have an eaves structure, the
effect of inducing electric charge to the semiconductor
existing in the substrate 34 becomes larger, and the maxi-
mum electric field intensity in a direction of extension of the
electrodes on the surface of the substrate 34 immediately
under the gap becomes larger, compared to the conventional
type not having an eaves structure. As a result, in the
embodiment of the present invention, the eaves structure
produced by electroless plating helps to produce high elec-
tric field in the semiconductor substrate 34, unlike the
structure using a part where a substrate contacts electrodes.
Consequently, terahertz electromagnetic wave generating
efficiency increases.

FIG. 4 shows a system as a generator. With a system as a
detector also, it is only necessary to place a current detector
instead of DC bias. Since electric field is produced easily, the
performance as a detector, namely detection efficiency,
increases.

Devices using an electrode pair 50 according to a third
embodiment include a capacitor in which a gap is made
smaller and opposed areas are made larger. Since such a
capacitor has a large capacitance, resonance frequency of an
LC resonator having such an electrode pair 50 as a capacitor
can be decreased.
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[Method for Fabrication]

A method for fabricating nanogap electrodes according to
each embodiment of the present invention will hereinafter be
described, taking the nanogap electrodes shown in FIG. 2 as
an example.

First step: to form a first insulating layer 11B on a
semiconductor substrate 11A

Second step: to form adhesive layers 14A, 14B on the first
insulating layer 11B

Third step: to form an electrode pair by the electroless
plating method, and make gap length narrowed down to a
specified value as required by the molecular ruler electroless
plating method.

Specifically, in the second step, adhesive layers 14A, 14B
are formed on the first insulating layer 11B so as to have a
gap larger than the final gap length for example. Then seed
electrode layers 12E, 12F are formed on the adhesive layers
14A, 14B at an interval so as to form a pair. A substrate on
which a pair of seed electrodes is formed with at the interval
so as to have an initial gap is thus prepared as a sample.

Then in the third step, an electrode pair is formed by the
electroless plating method. At that time, the sample is
immersed in an electroless plating solution. The immersing
time is set depending on the concentration of metal ions
contained in the plating solution. When a specified period of
time has elapsed since the sample is immersed in the plating
solution, the plating solution is changed. A flat surface can
thus be formed. The flat surface is not necessarily a plane,
but portions having steps may contain smooth curved sur-
faces. The flat plane here means that the height, or depth, of
projections and depressions with respect to the reference
surface falls within a range from 5 nm to 30 nm.

In the third step, the number of times of changing the
plating solution is decreased to shorten the total time of
immersion, and an electrode pair such as the one in the
second embodiment can thus be fabricated. Meanwhile, the
number of times of changing the plating solution is
increased to increase the total time of immersion, and an
electrode pair such as the one shown in the third embodi-
ment can thus be fabricated.

The third step will be described further in detail. Metal is
deposited on the seed electrode layers 12E, 12F by the
iodine electroless plating method to form a part of metal
layers 12C, 12D. Then by depositing a metal by the molecu-
lar ruler electroless plating method as required, the remain-
ing part of the metal layers 12C, 12D is formed. At that time,
it is not essential to adopt the molecular ruler electroless
plating method, but the whole of the metal layers may be
formed by adopting the iodine electroless plating method
only. In the iodine electroless plating method and the
molecular ruler electroless plating method, plating pro-
gresses under the conditions where plating and etching can
occur simultaneously. If plating only occurs on a priority
basis, the potential gradient of plating bath of sharply
protruding part becomes steeper than that of flat part.
Consequently, plating progresses on a priority basis, and
thus the surface easily becomes rough. Meanwhile, in the
iodine electroless plating method and the molecular ruler
electroless plating method, etching is given priority in an
area surrounding the sharply protruding part where plating
has progressed on a priority basis. As a result, etching
occurs, causing protruding part to be eliminated. For this
reason, the surface of electrodes fabricated by the both
methods becomes smooth and flat, with plating and etching
being allowed to progress simultaneously over the whole
electrode surface. It is desirable with any of the plating
processes to perform processing in several stages to prevent
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deposited metal from being etched because the conditions in
an area close the electrode where plating is occurring change
from plating to etching conditions if plating is performed for
a long time. Since the surface of the electrodes thus becomes
flat, and plating progresses, allowing the radius of curvature
of the plated surface to become large, an eaves structure is
formed.

In the iodine electroless plating method and the molecular
ruler electroless plating method, the sample is immersed in
an electroless plating solution. The electroless plating solu-
tion of the iodine electroless plating method is prepared by
mixing a reducing agent in electrolyte containing metal ions.
Meanwhile, the electroless plating solution of the molecular
ruler electroless plating method is prepared by mixing a
reducing agent and surfactant in electrolyte containing metal
ions. When the sample is immersed in the electroless plating
solution, the metal ions are reduced by the autocatalytic
reaction between the reducing agent and the metal surface,
the metal is deposited on the surface of the metal layer,
forming metal layers 12C, 12D and thus narrowing the gap
between seed electrode layers 12E, 12F. The surfactant
contained in the electroless plating solution is chemically
adsorbed to the metal layers 12C, 12D formed by the
deposition. The surfactant controls the gap length between
electrodes to nanometer size. Since metal ions in the elec-
trolyte are reduced by the reducing agent, allowing metal to
be deposited, such a method is classified into the electroless
plating method. Metal layers 12C, 12D are formed on the
seed electrode layers 12E, 12F by plating, and a pair of
electrodes 12A, 12B can thus be obtained. The plating
temperature of molecular ruler electroless gold plating var-
ies depending on the types of surfactants. For example, in
the case of monoalkyl trimethyl ammonium bromide
C,H,,+ N*(CH;),Br", the optimum plating temperatures
for n=12, 14, 16, and 18 are respectively 60° C., 65° C., 73°
C., and 78° C. By adopting the electroless plating method
using surfactant molecule, which is a protecting group, on
the surface of the electrodes 12A, 12B as a molecular ruler,
the molecule of the surfactant controls the gap length, and
thus nanogap electrodes can be formed with good reproduc-
ibility and accuracy. By then performing UV washing and/or
O, plasma ashing, the molecule having attached to the
surface of the electrodes 12A, 12B undergoes ashing, and
then carbon is removed.

To construct a device, a metal nanoparticle or functional
molecule 18 is then introduced in the nanogap as shown by
the dashed line in FIG. 2, and a second insulating layer 13
is formed by the catalytic chemical vapor deposition (CAT-
CVD) method, photo CVD method, etc. By performing the
above processes, the device shown in FIG. 2 is obtained.

Example

FIG. 6 schematically shows the sample manufactured in
the example, where (A) is a cross-sectional view, and (B) is
a plan view. To observe the structure of the electrodes, FIG.
6 also shows the state after the sample has undergone
processing. The sample shown in FIG. 6 was fabricated by
the iodine electroless plating method and molecular ruler
electroless plating method by following the procedure
shown below.

First, a substrate 11 made by forming a silicon oxide film
11B on a silicon substrate 11A was prepared. A resist was
applied to the substrate 11, and by EB lithography technol-
ogy, a pattern of adhesive layers 14A, 14B having a gap
length of 25 nm was drawn. At that time, a pattern of
adhesive layers 14C, 14D was drawn on the inside of the
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region where side gates were to be formed. After develop-
ment, 2 nm-thick Ti layers were formed as adhesive layers
14A, 14B, 14C, 14D by the EB deposition, and Au was
deposited on the adhesive layers 14A, 14B, 14C, 14D in
thickness of 10 nm to form a seed electrode layer.

An iodine electroless plating solution was prepared as
follows: a thin leaf of gold (36 mg) was immersed in 1.5 mL
of iodine solution to allow [Aul,]™ ions to dissolve using an
ultrasonic cleaner. 0.6 g of L(+)-ascorbic acid was added to
the solution, putting in hot water at 85 degree C. to reduce
the solution into [Aul,]™ ions. Supernatant was taken out
into another vessel, 0.3 g of L(+)-ascorbic acid was added to
the solution, putting the vessel in hot water at 85 degree C.
to fabricate an undiluted plating solution.

Plating was performed as follows: 8 mL of ultrapure water
was measured, to which 8 pl. of the undiluted plating
solution was added, and the sample was immersed in the
plating solution at a room temperature for a desired period
of time. The dilution ratio of the undiluted plating solution
to ultrapure water was 1:1000. The sample was taken out,
subjected to rinsing with the ultrapure water, acetone boil-
ing, and ethanol boiling, and the sample was blown using a
nitrogen gun. By repeating this plating process twice, the
seed electrode layer was plated using the iodine electroless
plating method.

Another electroless plating solution was then prepared. As
a molecular ruler, 28 mL of hexamethonium bromide bis
(trimethyl ammonium bromide) C H, ,[N*(CH;);Br 7], solu-
tion (25 mM) having trimethyl ammonium group on both
ends of the alkyl chain was prepared. 120 uL of chlorauric
acid HAuCl, solution (50 mM) was added to the solution. 1
mL or 2 mL of acetic acid (99%) was added to the solution.
3.6 mL of L(+)-ascorbic acid (0.1 M), which was to be used
as a reducing agent, was then added, and mixed well to be
used as a plating solution. By immersing the sample in this
plating solution for 25 minutes at a room temperature twice,
metal layers 12C, 12D, 12X, 12Y were prepared. Plating
temperature was 25° C.

By the above process, nanogap electrodes were fabricated
by the iodine electroless plating method and the molecular
ruler electroless plating method.

Oxygen plasma ashing was then performed to remove a
part of the molecule having alkyl chain of the surfactant used
as the molecular ruler.

FIG. 7 is an SEM image of the nanogap electrodes
fabricated in the example. This image exhibits that the gap
length between the first and the second electrodes was 1.98
nm, which is supported by the fact that sweeping of voltage
between the first and the second electrodes produces current
on the order of 0.1 pA or lower. The SEM image viewed
from the top reveals that the proximity portion has a curved
shape in a plan view. Specifically, it is mostly symmetrical
in forward and backward directions with respect to the
intermediate plane in the width direction. Also each end of
the first and the second electrodes has a mostly semispheri-
cal contour in the plan view. The shortest part of the gap
formed between the first and the second electrodes was also
found to be much shorter than the width of the main body
portion.

Then, to observe the cross section of the nanogap elec-
trodes fabricated in the example, the sample was processed
as follows. As shown in FIG. 6. SiN was deposited on the
nanogap electrodes by 50 nm as an insulating layer 13. To
deposit SiN, the sample was placed within a vacuum cham-
ber, silane gas, ammonia gas, and oxygen gas were intro-
duced for the processing by the catalytic CVD method.
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Then, to cover the nanogap part, platinum and then tungsten
W were respectively deposited by 5to 10 nm and 1 to 2 um
as protective layers 21, 22.

The sample was then processed using focused ion beam
(FIB). At that time, a composite ion beam system where an
FIB column and an SEM column were placed within the
same chamber with a specified angle with respect to the
sample was used. By using this system, a large groove was
formed in front of the first and the second electrodes in a
plan view, and each electrode was gradually cut from the
side face.

FIG. 8 is a chart showing an SEM and STEM images of
the nanogap electrodes obtained after the sample was pro-
cessed. The cross section in FIG. 8 shows that the portions
of the nanogap electrodes in proximity to the gap are at a
position above the top face of the oxide film, and that the
proximity portions are at mostly the center of the cross
section. In other words, by comprehensively considering the
SEM image in a plan view in FIG. 7 and each image in FIG.
8, it was found that nanogap electrodes 12A, 12B were
formed on the insulating layer 11B of the Si substrate 11A,
and that the tips of the nanogap electrodes did not contact the
insulating layer 11B, and that the proximity portions were
curved, with the center of curvature of the cross section of
the top and the bottom parts, when the proximity portions
were divided into the top and the bottom portions, respec-
tively existing within each of the main body portions.

From the facts of the SEM image in the plan view in FIG.
7 and the cross-sectional SEM and STEM images in FIG. 8,
it was found that each cross section of the proximity portions
of the nanogap electrodes is smaller than the width and the
height of the nanogap electrodes. The dimensions of the
cross sectional area of the proximity portions of the nanogap
electrodes can be adjusted by adjusting the electroless
plating conditions. By adjusting the dimensions of the
proximity portions of the nanogap electrodes, the functions
to be introduced to the tip portion and surrounding area of
the nanogap and the number of nanoparticles to be placed in
the nanogap can be controlled. In particular, by ensuring
dimensions allowing a plurality of nanoparticles to be intro-
duced, fluctuation in electrical characteristics depending on
devices can be suppressed.

FIG. 9 is a chart showing an STEM image of the nanogap
electrodes obtained after the sample was processed, and its
enlarged view. At the bottom is shown its image diagram.
This image also supports the above description. FIGS.
10(A), (B), and (C) are respectively a spectrum image of
electron energy-loss spectroscopy (EELS), image diagram
of the peak count of nitrogen (N), and image diagram
showing the peak count of silicon (Si). Based on EELS
elemental analysis, the white part in the data of light and
shade exhibits that the density of that element is high.

The result of EELS analysis in FIG. 10 shows that SiN has
deposited on the top part of the gap. Meanwhile, Si peak was
observed at the bottom of the gap, indicating that that part
existed in a state not nitrided.

These results indicate that SiN is not deposited in a region
between the proximity portion of the nanogap electrodes and
the substrate surface, allowing a space to exist, when SiN
was deposited as a passivation film by the CAT-CVD
process.

In the above example, the case where the electrode pair
was nanogap electrodes was described. However, those
having ordinary skill in the technical field of the present
invention can of course form a gap on the order of um to
several nanometers by adjusting an electroless plating time.
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As a result, by fabricating an electrode pair having a gap
on the order of pm as a terahertz photoconductive antenna,
the electrode pair constituting the antenna has proximity
portions apart from the substrate surface just like an eaves
structure. When excitation is performed using a femtosec-
ond laser, etc., electric field can thus be produced easily in
an area near the surface of a GaAs substrate, thereby
enhancing the efficiency of generation of THz electromag-
netic waves, or reversely increasing detection efficiency by
using the system as a detector.

Comparative Example

A sample as a comparative example was manufactured as
follows.

First, as in the case of the example, a substrate 11 was
prepared by forming a silicon oxide film 11B on the entire
surface of a silicon substrate 11A. A 2-nm Ti layer was
formed as adhesive layers 14A, 14B, 14C, 14D. And then,
Au was deposited on the adhesive layers 14A, 14B, 14C 14D
by 10 nm to fabricate a seed electrode layer.

Then, when a thin leaf of gold is dissolved in an iodine
solution, the ratio of plating solution to pure water was set
to 1:100 so that the concentration becomes 10 times higher
than that in the example. As a reducing agent, L(+)-ascorbic
acid was added to reduce the solution to [Aul,]™ ions to be
used as a plating solution. By immersing the sample in the
plating solution twice at a room temperature, the seed
electrode layer was plated by the iodine electroless plating
method.

Then, another electroless plating solution was prepared.
The concentration of chlorauric acid HAuCl, solution was
made to be approximately 10 times higher than that in the
example. By immersing the sample in this plating solution
for 25 minutes twice at a room temperature, metal layers
12C, 12D, 12X, 12Y were formed.

By performing the above process, nanogap electrodes
were fabricated by the iodine electroless plating method and
the molecular ruler electroless plating method.

FIG. 11 is an SEM image of the sample fabricated in
Comparative Example, where surface roughness is found to
be large because the concentration of the plating solution is
high. It was thus found that the concentration of the plating
solution must fall within a specified range.

By changing the dilution ratio of undiluted plating solu-
tion for iodine plating and the concentration of chlorauric
acid for molecular ruler electroless plating, it was also found
that the following are preferable.

The dilution ratio of undiluted plating solution for iodine
plating is preferably 500 to 2000 folds. The concentration of
chlorauric acid for molecular ruler electroless plating is
preferably 0.1 mM to 0.5 mM.

What is claimed is:

1. A device, comprising:

a substrate;

an electrode pair provided on the substrate, the electrode

pair consisting of a first electrode and a second elec-
trode; and

an insulating layer provided to cover the electrode pair,
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wherein each of the first electrode and the second elec-
trode comprises: a main body portion extending in one
direction, and a proximity portion extending from the
main body portion in a manner where a tip of the first
electrode and a tip of the second electrode face each
other with a gap therebetween,

wherein the main body portion contacts the substrate

while the proximity portion does not contact the sub-
strate,

wherein the proximity portion is curved in a manner

getting away from the substrate along a direction
approaching the tip,

wherein both of a top portion and a bottom portion of the

proximity portion are curved so as to form an arc or an
elliptic arc of a cross-sectional shape orthogonal to the
substrate containing an axis of extension of the main
body portion, and

wherein an empty space is formed by the first electrode,

the second electrode, the substrate, and the insulating
layer.

2. The device as set forth in claim 1,

wherein the electrode pair has nanogap therebetween,

the first electrode and the second electrode are respec-

tively used as a source electrode and a drain electrode,

a nanoparticle or a functional molecule is provided in the

nanogap, and

the first electrode and the second electrode, and the

nanoparticle or the functional molecule are covered
with the insulating layer.

3. A method for fabricating the device of claim 1, com-
prising:

preparing a substrate as a sample, the substrate on which

apair of seed electrodes is formed with space, the space
being an initial gap;

immersing the sample in an electroless planting solution;

exchanging the electroless planting solution after a pre-

determined time elapses; and

repeating immersing the sample in the exchanged solu-

tion,

wherein an electrode pair comprises first electrode and

second electrode has a nanogap.

4. The method for fabricating the device as set forth in
claim 3, wherein a facing area of the electrode pair is
adjusted while a gap between the first electrode and the
second electrode is kept constant.

5. The device as set forth in claim 1,

wherein the first electrode and the second electrode com-

prise: a metal layer; and an adhesive layer provided
between the metal layer and the substrate to adhere the
metal layer to the substrate, and

the proximity portion is comprised of the metal layer.

6. The method for fabricating the device as set forth in
claim 3, further comprising

providing a nanoparticle or a functional molecule in the

nanogap.



