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Heteroepitaxial growth is demonstrated by electroless Au plating (ELGP) on polycrystalline Pt surface and initial ultrafine-linewidth Pt nanogap
electrodes, confirmed by scanning transmission electron microscope cross-sectional images, atomic-resolution scanning electron microscope
images, and energy-dispersive X-ray spectroscopy elemental maps. The gap between a pair of spherical multidomain heteroepitaxial Au on Pt
electrodes of radius 5 nm is controlled to a value as small as 0.7 nm by the self-termination mechanism of ELGP without short circuit. The
heteroepitaxial spherical Au/Pt nanogap electrodes are found to be robust against annealing at temperatures up to 573 K.
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N
anogap electrodes are the platforms for developing
transistors on the scale of a few nm, such as a
molecular transistor and a single-electron transistor

(SET).1–7) Owing to the development of semiconductor
technologies guided by Moore’s law, the gate length of
transistors is as small as 10 nm, and will become a few nm
within the next 10 years. It means that semiconductor
technologies could soon start to access single functional
π-conjugated molecules as semiconductor materials. The
most commonly reported methods for the fabrication of
nanogap electrodes include electromigration, electroplating,
and oblique evaporation.2–6) Molecular transistors have been
prepared by introducing molecules into nanogap electrodes,
and have been reported as SETs and Fowler-Nordheim
transistors; however, measurement temperatures tend to be
limited at low temperatures like 4 K.8–14)

Our electroless Au plating (ELGP) is a unique method that
enables the fabrication of multiple nanogaps simultaneously
and to control the gap separation of nanogap electrodes.15–18)

We have developed a fabrication process for Au-based
nanogap electrodes by combining ELGP with electron-
beam lithography (EBL); the thus-obtained electrodes have
a gap separation of 3.0 ± 1.7 nm, combined source-and-drain
(S/D) linewidth of 90 nm, fabrication yield of 90%, and
smooth surface with gap radius of 30 nm.16–18) This high
yield for narrowing the gap separation has been explained by
a self-termination mechanism, in which mass transport of the
plating Au ions in the nanogap region is restricted owing to a
gap separation of only a few nm.17) By using ELGP Au-
based nanogap electrodes, we have demonstrated ideal SET
logic operations19–23) and molecular transport properties.24)

For obtaining larger gate capacitance for molecular transis-
tors, we have tried to reduce the gap radii by narrowing the
S/D linewidth of the electrodes to as small as 10 nm.25)

However, ultrafine Au-based nanogap electrodes with a
10 nm linewidth cannot be used for transistors owing to
poor thermal stability attributed to Rayleigh instability.25) We
have changed the base electrode material from Au to Pt and
have developed a process for the fabrication of robust ultra-
fine Pt-based polycrystalline nanogap electrodes with 10 nm

scale linewidth and 6 nm gap separation by using EBL.25)

However, to realize single-molecular transistors with high
gate capacitance, an additional reduction in gap separation, to
the same length of few-nm-scale single molecules, is
required.
Herein we demonstrate heteroepitaxial Au growths by

ELGP on polycrystalline Pt surface and initial ultrafine-
linewidth Pt nanogap electrodes using scanning transmission
electron microscope (STEM) cross-sectional images, atomic-
resolution scanning electron microscope (SEM), and energy-
dispersive X-ray spectroscopy elemental maps. The reduction
in gap separation and radii of the Au gaps on Pt-based
nanogap electrodes and their thermal stabilities are also
demonstrated.
To fabricate ultrafine Pt-based nanogap electrodes, EBL

processes were used in the manner described in our previous
report.25) Ultra-fine electrode patterns were drawn on an EBL
resist-coated SiO2/Si substrate by using an EBL apparatus
(Elionix, ELS-7500EX). After EBL resist development, Ti
and Pt were evaporated to obtain thicknesses of 3 nm and
10 nm, respectively, onto SiO2/Si substrate via e-beam (EB)
deposition. After a resist lift-off process, initial ultra-fine
Pt-based nanogap electrodes were obtained.
ELGP process was performed on Pt electrodes and

Pt-based nanogap electrodes in the manner described in our
previous reports.16,17) Briefly, for removing the organic
contaminants or residual resist on Pt surface, initial ultra-
fine Pt-based nanogap electrodes were cleaned by immersing
in an acetone/ethanol mixture followed by UV-ozone
cleaning. To prepare ELGP solution, Au sheet (99.99%,
65 mg) was dissolved in 3 ml of the commonly used medical
iodine tincture (I2 and KI in ethanol) with ultrasonic agitation
and then, L(+)-ascorbic acid was added as a reducing
agent in the Au-dissolved iodine tincture solution until
saturation.17) Finally, ELGP on the Pt surface was conducted
by simply immersing cleaned Pt electrodes or initial Pt-based
nanogap electrodes into the ELGP solution, which was
diluted 1000 times by de-ionized water (8 ml, 18.1 MΩ).
After immersion for the plating, the ELGP Pt electrodes and
ELGP Pt-based nanogap electrodes were rinsed in de-ionized
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water and acetone/ethanol mixture for stopping Au plating.
For confirming the thermal stability of the ELGP Pt-based
nanogap electrodes, the nanogap electrodes were introduced
in a vacuum furnace and were annealed for 2 h.
To observe top-view images of the ELGP Pt electrode and

ELGP Pt-based nanogap electrodes, a field-emission scan-
ning electron microscope (FE-SEM) (Hitachi, SU8000) was
used. To prepare the thin samples for cross-section analysis
of the studied electrodes, a focused ion beam SEM (FIB-
SEM) (Hitachi, NX2000) was used. To observe and analyze
the cross-section of ELGP Pt electrodes and ELGP Pt-based
nanogap electrodes by SEM, STEM, and energy-dispersive
X-ray spectroscopy (EDX) maps, a spherical-aberration-
corrected STEM/SEM (Hitachi, HD-2700) was used. To
observe the cross-section of ELGP Pt-based nanogap elec-
trodes, FE-TEM (Hitachi, HF-3300) was used.
A top-view SEM image of ELGP on the flat surface of Pt-

based nanogap electrodes [Fig. 1(a)] shows bright isolated
granular structures. This SEM area was removed and sliced
by FIB-SEM for cross-sectional analysis. The cross-sectional

images obtained by bright-field (BF)-STEM, high-angle
annular dark-field (HAADF)-STEM, and EDX elemental
maps, are shown in Figs. 1(b)–1(d), respectively. The
cross-sectional EDX elemental mapping shows Ti, Pt, and
Au layers on SiO2/Si substrate from the bottom to the top,
without any alloying. The isolated granular structures are
observed as overlapped hemispheric gold islands in the BF-
STEM and HAADF-STEM images.
Notably, a typical contact angle of ELGP granular gold

islands on the Pt surface is 64° as shown in Fig. 1(c), which
are lower than 90°, suggesting that the chemical reduction rate
of Au ions at the peripheral Pt surface of the granular gold
island is almost same as that at the surface of the granular gold
island. This large chemical reduction rate at the peripheral Pt
surface leads the heteroepitaxial Au growth on Pt, since it
generates Au-Pt bonds at the polycrystal Pt surface.
Magnified cross-sectional BF-STEM, HAADF-STEM, and

secondary electron (SE)-SEM images of the ELGP granular
gold islands on Pt layer, highlighted in Fig. 1(b) (red), are
shown in Figs. 2(a)–2(c), respectively. The BF-STEM and

(a)

(b)

(c)

(d)

Fig. 1. (Color online) Scanning electron microscope (SEM) and scanning
transmission electron microscope (STEM) images, and energy-dispersive
X-ray spectroscopy (EDX) maps of the electroless Au-plated (ELGP)
Pt-based electrode on SiO2/Si substrate. (a) SEM image (top view),
(b) bright-field (BF) STEM image (cross-section view), (c) high-angle
annular dark-field (HAADF) STEM image, and (d) EDX elemental maps of
Au, Pt, Ti, and O. (c) Contact angle (j) of ELGP granular gold island (64°).

Fig. 2. Magnified cross-section images of the heteroepitaxial ELGP
Pt-based electrode highlighted in Fig. 1(b) (red). (a) Spherical-aberration-
corrected BF-STEM, (b) HAADF-STEM, and secondary-electron (SE) SEM
images.
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HAADF-STEM images show lattice fringes of the Pt(111)
planes as different parallel lines with equal spacing in the
middle dark and bright layers, respectively. The EDX
elemental map in Fig. 1(d) shows that this middle layer is
Pt. Therefore, the EB-evaporated Pt layer is polycrystalline in
nature. On the polycrystalline Pt layer, isolated hemispheric
Au islands are observed in the overlapped BF-STEM and
HAADF-STEM images. Every hemispheric Au island tends
to have unique parallel lines as shown in the BF-STEM
image [Fig. 2(a)]. At the cross-sectional surface observed by
SE-SEM, the lattice fringe of Pt(111) is connected to that of
ELGP Au(111), which is sufficient evidence of the hetero-
epitaxial growth of Au on polycrystalline Pt by ELGP. This
evidence is also supported by the BF-STEM and HAADF-
STEM images [Figs. 2(a) and 2(b), respectively].
Heteroepitaxial growths of Au on a single-crystal Pt(111)

surface by electrodeposition and evaporation by Knudsen cell
in ultrahigh vacuum have been widely reported.26–29)

However, to the best of our knowledge, heteroepitaxial
growth of electroless plated Au on polycrystalline Pt surface
has not been reported. In this study, Pt surface was prepared
by usual EB-deposition.
The SEM image of typical ultrafine Pt-based nanogap

electrodes with two side-gate electrodes fabricated by EBL is
shown in Fig. 3(a). The Pt-based nanogap electrodes have
gap separation and S/D linewidths of 7 and 11 nm, respec-
tively, the same as those mentioned in the previous report.25)

These values of gap separation and S/D linewidths are

already almost on the sub-10 nm scale. However, additional
decrease in gap separation to single molecular length is
required for single-molecular transistors. Therefore, ELGP
was used for the synthesis of ultrafine Pt-based nanogap
electrodes.
The top-view SEM image of Pt-based nanogap electrodes

after ELGP is shown in Fig. 3(b). Bright isolated granular
structures were observed, similar to what was observed in the
case of ELGP on the surface of the polycrystalline Pt-based
nanogap electrodes. These ultrafine ELGP Pt-based nanogap
electrodes show a pair of unique spherical structures in the
gap with a top radius of 5 nm.
The two side-gate electrodes of the ELGP Pt-based

nanogap electrodes were removed and sliced from both sides
up to the dotted lines observed in FIB-SEM images. The
cross-sectional BF-STEM image [Fig. 3(c)] shows the
spherical Au structure produced by ELGP, and every sphere
in the BF-STEM image corresponds to those in the SEM
image shown in Fig. 3(b). The Au spheres grow at not only
the top but also a side of the Pt-nanorod structure, owing to
the almost square rod cross-section with Pt-thickness and
linewidth of 10 and 11 nm, respectively.
Magnified cross-sectional BF-TEM image of the ELGP Pt-

based nanogap electrodes [Fig. 3(c)] is shown in Fig. 3(d),
taken from the direction of the pair of arrows shown in
Fig. 3(b). Certain cross-sectional areas of the Pt electrodes are
highlighted as two blue rectangles in Fig. 3(d). Notably, the
nanogap consists of a pair of polycrystalline spherical shapes
with radii of 2.8 (left) and 4.3 (right) nm to minimize the
surface energy for a given volume. Since Pt electrodes are
involved within the spheres, multidomain heteroepitaxial Au
growth on Pt by ELGP has also been observed.
The gap separation was determined from the cross-

sectional profiles of the heteroepitaxial spherical Au/Pt
nanogap in the BF-TEM images. The gap separation was
evaluated to be 0.35 nm and 0.70 nm in directions perpendi-
cular to the nanorods and where the evaluated gap separation
was the largest, respectively, as shown in Fig. S1(b) and S1
(c) in the supplementary information, available online at
stacks.iop.org/APEX/12/125003/mmedia. Consequently, the
accurate gap separation was decided as 0.70 nm.
This extraordinarily small gap separation of 0.70 nm exists

between two multidomain heteroepitaxial Au/Pt spheres with
radii of 2.8 and 4.3 nm. Self-termination of ELGP reportedly
restricts the growth of the electroless Au plating owing to the
mass transport of the plating Au ions at the gap.16,17) The gap
separation and the radius of the ELGP Au-based (Au/Au)
nanogap electrodes were previously reported to be 3.0 and
45 nm, respectively; the corresponding values of 0.7 nm and
4.3 for the heteroepitaxial spherical Au/Pt nanogap electrodes
are ∼4 and 10 times smaller, apparently improving the gate
capacitance of nanogap-based transistors. The current be-
tween the 0.7 nm nanogap electrodes was less than 10 pA
under the bias voltage application of 0.1 V through the
electrode pads. As the gap separation has been controlled
as small as 3 atomic scales without short circuit, the plating
Au ion was reduced one by one, and diffused at the surfaces
of the pair of the heteroepitaxial Au/Pt spheres during the
ELGP process to minimize the surface energy for a given
volume. Since the radii of the Au/Pt pair spheres are as small
as a few nm, the plating Au ions could approach close to the

(a)

(b)

(c)

(d)

Fig. 3. (a) SEM image of ultrafine-linewidth Pt-based nanogap electrodes
fabricated by electron beam lithography (EBL) on SiO2/Si substrate.
Heteroepitaxial spherical ELGP Pt-based nanogap electrodes. (b) SEM image
(top view), (c) BF-TEM image (cross-section view), and (d) magnified BF-
TEM. In Fig. 3(d), Pt nanogap is highlighted in blue. Lattice fringes has a
lattice parameter of 2.31 Å (a pair of parallel lines with arrows), indicating
heteroepitaxial Au (111) growth on polycrystalline Pt (111) by ELGP.
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gap region compared with the previous Au/Au pair spheres
with 45 nm in radii.16,17) Consequently, the extraordinary
small gap formation of 0.7 nm has been obtained by the self-
termination mechanism under the ultra-small radii of Au/Pt
spheres with a few nm.
From the lattice fringes shown in Fig. 3(d), the hetero-

epitaxial spherical Au growth on Pt nanogap ends is
confirmed. The distance between a pair of parallel lines
[highlighted in Fig. 3(d)] is calculated to be 2.31 Å, almost
equal to the lattice plane distance of Au(111) (2.35 Å).
The continuous crystal growth of Au (111) along the Pt (111)

plane has been reported for Au evaporation and Au electro-
deposition on the highly cleaned Pt (111) single crystal.26–29)

Krupski et al. demonstrated that the perfectly wetted Au crystal
can grow on Pt single crystal because Au has lower surface
energy than and almost the same lattice constant as Pt.26)

Practically, the surface free energy of the Pt (111) surface
(2.299 J m−2<ϒ< 2.489 J m−2) is higher than that of the Au
(111) surface (1.283 Jm−2<ϒ< 1.506 J m−2).26,30) Therefore,
this heteroepitaxial spherical Au (111) growth along the
polycrystalline Pt (111) during ELGP is supported by the
surface free energy. However, this multidomain heteroepitaxial
Au growth along the polycrystalline Pt is observed not upon
ultrahigh vacuum evaporation or electrodeposition, but by using
an ELGP process.
The thermal stability of heteroepitaxial spherical Au/Pt

nanogap electrodes are analyzed as shown in the SEM
images obtained after annealing [Figs. 4(a)–4(d)]. The
heteroepitaxial spherical Au/Pt nanogap electrodes did not
show any changes in their structure after annealing at 473 K
for 2 h [Fig. 4(b)]. Upon increasing the annealing temperature
to 573 K for 2 h [Fig. 4(c)], the heteroepitaxial spherical
Au/Pt nanogap electrodes maintained the unique structure
with the same gap separation, although some of the spherical
Au structures on the flat Pt electrodes began to diffuse on the

Pt surface due to Rayleigh instability. After annealing at
673 K for 2 h [Fig. 4(d)], the heteroepitaxial spherical Au
structures on Pt-based nanogap electrodes disappeared and
were completely diffused on the Pt surface. Consequently,
the thermal stability of the heteroepitaxial spherical Au/Pt
nanogap electrodes at temperatures up to 573 K was higher
than the previously reported Au/Au nanogap electrodes with
∼90 nm scale S/D linewidth, which was deformed into
droplets at 573 K owing to Rayleigh instability.25)

Based on the SEM images shown in Figs. 1(a) and 2(b),
the heteroepitaxial Au spheres grown by ELGP on poly-
crystalline Pt tend to be isolated from the next Au spheres.
Since the surface diffusion coefficient of Au is 107–108 times
higher than that of Pt, Au atoms tend to diffuse even at room
temperature if the gap radius is smaller than 5 nm.25,31) This
is because the surface tension is inversely proportional to the
radius of the spherical structure. Consequently, the Au–Pt
bond at the heteroepitaxial interface restricts Au atom
diffusion at the Pt surface despite the extremely large surface
tension. This robustness of the spherical Au structure on
polycrystalline Pt surface after annealing is remarkable if we
consider the small radius of 5 nm.
In conclusion, heteroepitaxial Au growth has been

demonstrated on Pt by using ELGP. Multidomain hetero-
epitaxial Au spheres of radius 5 nm were observed in
Pt-based nanogap electrodes. Owing to the self-termination
mechanism, the gap separation was controlled to a value as
small as 0.7 nm without short circuit. The heteroepitaxial
spherical Au/Pt nanogap was more robust against annealing
up to 573 K than the Au/Au nanogap because of hetero-
epitaxial growth. The small radius and the robustness of the
heteroepitaxial spherical Au/Pt nanogap electrodes encou-
rage the development of few-nm-scale molecular transistors
with gate capacitance large enough to operate at room
temperature.

Fig. 4. SEM images of heteroepitaxial spherical ELGP Pt-based nanogap electrodes (a) before annealing and after annealing at (b) 473 K, (c) 573 K, and
(d) 673 K in a vacuum furnace.
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