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Constructing Metal Arch Nanobridges Utilizing a
Photothermal-Induced Nanobonding Technique

Pintu Ghosh, Jinsheng Lu, Hao Luo, Wei Wang, Ziquan Xu, Min Qiu, and Qiang Li*

Construction of multilayered arch nanobridges and nanocantilever structures
consisting of silver nanowires using a photothermal-induced nanobonding
technique is demonstrated. The fabricated nanobridges are of different height
(300 nm to 20 um) and span (25-70 pm). Their current—voltage characteristic
curves indicate superior electrical connection between the metal nanowires
and the abutments (gold thin film). Moreover, super mechanical strength

of these arch nanobridges and nanocantilevers is demonstrated by putting
gold nanoplates (a few tens of nm thick, a few tens of um in diameter, and a
maximum weight of 3 pN—about 20 times heavier than the silver nanowire
of same length) on top of these nanostructures. The multilayered arch

networks and interconnects,?? quantum
interference device, photodetector,®! and
phototransistor.l®! In particular, the arch
shape enables it to avoid short-circuit
and any other physical nano-obstacles in
nanodevices.

In last few decades, quite a few
researchers have fabricated nanobridges
successfully following different methods:
(1) molecular beam epitaxy (MBE): arch-
shaped nanobridge with height (h) and
span (S) = 2 um;Bl (2) electron beam
lithography (EBL): straight nanobridge

nanobridges demonstrate their potential applicability as short-circuit-free
multipronged electronic connections in nanoelectronic devices. Furthermore,
by recording the change in vibration frequency due to proximity of foreign
contamination, these nanobridges and the nanocantilevers can be utilized to
identify them; that is, these nanostructures can be used as biological sensors

to detect viruses, bacteria, and other pathogens.

The construction of arch bridges, which can today be found all
across the world, has a long interesting history, and possibly
the oldest existing arch bridge, Mycenaean Arkadiko bridge in
Greece from about 1300 gc,!! is still used by the local populace.
The curved design of an arch bridge allows it not to push load
forces straight down, but instead they are transmitted along the
curve of the arch to the supports (called abutments) at either
end. Its weight pushes the abutments down and outward,
making the entire structure extensively rigid and strong. This
type of arch bridge at nanoscale (we call it arch nanobridge)
is also of paramount importance as they can potentially be
applied in manufacturing and maintenance of nanoelectronic,
nanophotonic, and nanomechanical devices, such as nanowire
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with S = 2 um;*”! (3) chemical-mechan-
ical polishing (CMP): straight nanobridge
with h = 20 nm and S = 1 um;® (4) metal-
induced growth: straight nanobridge with
S = 1 pm;? (5) thermal oxidation: straight
nanobridge with S = 200 nm;P! (6) vapor-
liquid-solid growth: straight nanobridge
with S = 4-11 um.®l EBL, MBE, and CMP
provide high accuracy in spatial position
selection of the nanobridges, but they involve highly expensive
and complex experimental setup. The other methods, which are
mentioned above, are relatively less expensive but can hardly
be applied for precisely positioning the nanobridges and also
have limited flexibility in terms of deciding the height and
span, which limits their applicability. Moreover, most of these
methods are utilized for fabrication of straight nanobridges
and not suitable for fabrication of arch-shaped nanobridges.
Although Lewis et al.,l’) have reported fabrication of arch nano-
bridges utilizing an innovative method of strain engineering,
it necessitates complex growth of two lattice mismatched and
highly asymmetric core—shell structures using MBE. Therefore,
it is of great interest to develop a relatively simpler method to
fabricate arch-shaped nanobridges.

In this article, we demonstrate fabrication of multilayered
arch nanobridges and nanocantilevers by utilizing photo-
thermal-induced nanobonding technique. To realize the fabrica-
tion of an arch nanobridge with a relatively simple method, we
improvised a technique where we raise the central part of a metal
nanowire (NW) in an arch form using a nanofiber and fix the two
ends on two different electrodes by continuous wave (CW) laser
based photothermal-induced nanobonding technique which
provides many advantages over other techniques (thermal,!

photothermal 118 capillarity-driven,['>2%  chemical,?!-23
electrochemical, stretch-induced,?>%%] mechanical
pressing,?’! nanosoldering,**2 and Joule heating.}334) in

terms of relatively simple experimental setup, spatial position
selection, noncontact handling, and cost effectiveness.>>-37]
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Thereafter, current-voltage characteristic curves of the arch
nanobridges are also recorded toward realizing their potential
application in fabrication and maintenance of nanoelectronic
devices. We also demonstrate their super mechanical strength
by putting weight on top of the arch nanobridges, and also use
them as stand to hold micro-objects. For example, gold nano-
plates (GNPs, a few tens of nm thick, a few tens of um in diam-
eter, and a maximum weight of 3 pN—about 20 times heavier
than the silver nanowire of the same length) which can be used
as microreflectors for visible light, are placed on top of the arch
nanobridges and nanocantilevers. The adhesive force between
the GNP and the NW is strong enough to keep the GNPs sus-
pended in the air in a stable configuration. The multilayered
arch nanobridges demonstrate their potential applicability as
short-circuit-free multipronged electronic connections in nano-
electronic devices. Furthermore, by recording the change in
vibration frequency due to proximity of contamination, these
nanobridges and the nanocantilevers can be utilized as biolog-
ical sensors.

Toward realizing fabrication of any complex nanostructures,
Ag NW comes to mind immediately due to the recent advances
in synthesis of long (a few tens of um) NWs, which find applica-
tion in diverse fields of nanoscience and nanotechnology,38
including nanoelectronics,'”'837]  nanophotonics,*#?  and
nanomechanical systems.[>#! Silver is specifically an attrac-
tive material for fabricating arch nanobridges because it is an
extremely soft, ductile, and malleable transition metal, which
also exhibits the highest electrical and thermal conductivi-
ties among all metals. It should also be mentioned that silver
nanowire has comparable hardness and elastic modulus to bulk
silver.[4®]

The fabrication of an arch nanobridge is realized by raising
the central part of an Ag NW in an arch form using a nanofiber
and by fixing the two ends on two different metal abutments
(gold thin films) by photothermal-induced nanobonding
technique. A focused CW laser (A = 532 nm) shot (duration
7 =4 ms) is used for bonding the ends of an Ag NW on a gold
thin film (thickness = 100 nm) deposited on silica substrate.
A microscope objective (100x) is used to focus the laser beam
(waist = 400 nm), which makes the bonding process energy-
efficient and precise. The sample is also mounted on a 3D
scanning stage (least step size = 30 nm) to move the desired
point of the NW accurately to the focus point. The laser polari-
zation and power are manipulated by using a combination
of two polarizers and one half-wave plate. More details about
the experimental setup can be found in Figure S1 (Supporting
Information).

In photothermal-induced nanobonding technique, optical
energy is converted to thermal energy when photons are
absorbed due to the excitation of surface plasmon polaritons on
the metal NW. This thermal energy increases the temperatures
of the Ag NW and the Au thin film, which in turn melt the con-
tacting surfaces when the temperatures of the materials reach
close to their melting points. The atoms of the melted NW and
the gold thin film get diffused, and upon cooling they solidify
and become rigidly bonded together. High-resolution transmis-
sion electron microscopy images of the bonding are provided
in Figure S2 (Supporting Information). Photothermal-induced
bonding of an Ag NW on an Au thin film is obtained by exposing
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the NW placed on the Au thin film to a focused CW laser shot
(Figure 1a—c). Both perpendicular and parallel (electric field of
the incident laser beam is perpendicular/parallel to the long
axis of the NW) polarizations can be used to bond an Ag NW
on a gold thin film. Figure 1d-i shows the scanning electron
microscopy (SEM) images of the bonded Ag NW on a gold thin
film corresponding to different polarizations. The top view of
the SEM images shows that the NW becomes thinner at focal
point of the laser beam (Figure 1d,g). As shown in the figure,
the initial diameter (D = 280 nm) of the Ag NW near the focal
point of the laser beam reduces to 260 and 245 nm for the par-
allel and perpendicular polarizations of the incident laser beam
with power P = 120 and 90 mW, respectively. This reduction of
diameter after laser exposure indicates melting of the surface
of the Ag NW. Although the laser power is much lower in case
of perpendicular polarization, it is noted that the reduction of
the NW diameter is more for this polarization, indicating that
the melting of the surface of the Ag NW is more sensitive to
perpendicular polarization. The tilt- and cross-section-view SEM
images show that a hemispherical hollow bump of the gold
thin film is formed for both polarizations (Figure 1e,fh,i). The
laser being Gaussian in shape, the absorbed energy, and cor-
responding temperature of the gold thin film are the highest at
the center of the laser beam spot, and they decay drastically out-
side the laser beam spot. Therefore, the gold thin film expands
more at the center of the laser beam spot, whereas the film
remains in mechanical contact with the silica substrate outside
the spot. This thermal expansion of the gold thin film due to
the high local temperature leads to the formation of the bump.
The height and diameter of the bump for optimum power cor-
responding to both polarizations of the incident laser beam are
=360 nm and 4.5 um, respectively. This bump is not essential
to realize the arch shape of the nanobridge, but it works like a
ramp and helps in forming the arch without breaking the NW
due to stress arising from sharp bending, specifically when
the height of the arch nanobridge is about a few hundreds of
nm, as the height of the bump is of the same order. The sim-
ilar size of the bumps for both polarizations in spite of using
much lower power for perpendicular polarization compared to
parallel polarization indicates that the bonding process is more
energy-efficient for perpendicular polarization. The reduction
of diameters of different NWs near the focal point of the laser
beam (perpendicular polarization) is plotted with respect to the
laser power (Figure 1j). For any particular polarization, we start
with a very low power and thereafter keep increasing the power
until we obtain optimum bonding of the Ag NW on the gold
thin film. If we keep increasing the laser power further, the
NW breaks.”l Optimum bonding is obtained for the power
range when it is high enough to melt the surface of the NW
and the gold thin film but less than the power which initiates
the breaking of the NW. The recorded optimum power range is
much lower for perpendicular polarization compared to parallel
polarization. Therefore, we preferred perpendicular polariza-
tion for bonding of the Ag NW on the gold thin film toward fab-
ricating different arch bridges. It is observed that the optimum
power range increases with the diameter of the NW, which can
be understood intuitively—for larger diameter, there are more
silver atoms which can melt and participate in the bonding
process. For example, the optimum power ranges for NWs with
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Figure 1. Nanobonding. Schematic diagrams depicting a) the initial state of an Ag NW placed on a gold thin film, b) formation of a hemispherical bump
when the Ag NW is subjected to CW laser exposure, and c) the cross-section view of the bump. SEM images showing the bonding of the Ag NW with
the gold thin film for d—f) parallel and g-i) perpendicular polarizations of the incident laser beam. The polarizations of the laser beam are represented
by pink arrows. SEM images of (d, g) top-, (e, h) tilt-, and (f, i) cross-section views of the bonded NWs. The images of cross-section views are recorded
after removing half of the bump including the NW (indicated by the green dashed boxes in (d) and (g)) using focused ion beam. The scale bars are
1 um. j) NW diameter at the focal point versus incident laser (perpendicular polarization) power plot for different NWs. The shaded region shows the
optimum power range. k) Top-view SEM images showing the change in diameter near the focal point for the optimum laser power range corresponding
to perpendicular polarization. The scale bars are 400 nm. Simulated dominant component of the electric field distribution for |) parallel and m) per-
pendicular polarizations, respectively. The tilt angle for tilt- and cross-section views is set at 75°. The green dots indicate the laser incident position.

diameters 150 and 295 nm are 55-75 and 85-150 mW, respec-
tively. Representatively, the top-view SEM images showing the
change in diameter of an Ag NW (initial D = 285 nm) for the
optimum power range (Ppunge = 80-150 mW) corresponding to
perpendicular polarization are shown in Figure 1k. The SEM
images showing change in diameter for the optimum power
range for different NWs are provided in Figure S3 (Supporting
Information). This wide optimum power range makes this
bonding technique easy to achieve for NWs with a broad range
of diameters.

Toward better understanding of this polarization effect on
bonding, we simulated the light absorption fraction and elec-
tric field distribution for both the polarizations using finite-
difference time-domain (FDTD) Lumerical software. The
fraction of power from the source that is absorbed within the
volume corresponding to parallel and perpendicular polari-
zations are =13 and 48%, respectively (see the Experimental
Section for further details). This stronger absorption makes the
perpendicular polarization more energy-efficient. Furthermore,
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we analyze the electric field distribution of the plasmonic modes
for both perpendicular and parallel polarizations (Figure 11,m).
The figures show that different plasmonic modes are excited for
different polarizations.[***% The mode excited for perpendicular
polarization is more lossy, which makes this polarization more
energy-efficient compared to the parallel polarization.

A single arch bridge consisting of a single Ag NW is fabri-
cated by raising the central part of the NW by a nanofiber in
an arch shape and welding the two ends of the NW on two
gold electrodes (Figure 2a). The fabrication procedure of a
single arch bridge can be enlisted in several steps (schematic
diagrams are provided in Figure S4, Supporting Information).
First, the Ag (synthesized by a self-seeding approach)®% NW is
placed between two adjacent Au electrodes in such a way that
the central part of the NW is at around the midpoint of the gap
between the electrodes. These microgap Au electrodes are fab-
ricated using a focused ion beam (FIB) on a 100-nm-thick gold
film deposited on the silica substrate. The gap between two adja-
cent electrodes is varied between 10 and 50 um according to the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Single arch nanobridge. a) Schematic diagram of a single arch bridge formed by photothermal-induced bonding of silver NW on gold thin
film at two ends of the NW. b—d) Tilt-view (tilt angle = 75°) SEM images of single-layered arch bridges with different height and span.

requirement of the arch parameters. Nanofiber probes are used
for picking and placing the NW at the desired location and also
for raising the central part. Second, one end of the NW is fixed
on the Au electrode by the photothermal-induced nanobonding
technique. Therefore, the fixed end of the NW does not move
while raising the central part of the NW. Third, a nanofiber is
inserted beneath the central part of the NW to raise the cen-
tral part of the NW. The nanofiber being conical in shape, it
has variable diameter. Therefore, the arch height is adjusted as
per requirement just by changing the position of the nanofiber.
Fourth, the other end of the NW is fixed on another Au elec-
trode. The two ends of the Ag NW are bonded on different elec-
trodes, so that the current—voltage characteristic curve can be
recorded to unravel its potential to be used in manufacturing
and repairing nanoelectronic devices. Following this technique,

ol

/-~ 10.5 um

we have fabricated single arch bridges with different height
(ranging from =300 nm to =20 um) and span (ranging from
=25 to =70 um). Three representative single arch nanobridges
with variable height (11 um, 12.5 um, and 300 nm) and span
(50, 57, and 25 pum) are shown in Figure 2b—d. A list of various
fabricated arch nanobridges with different height and span is
provided in Table S1 (Supporting Information). To visualize the
suspended part of an arch nanobridge, a video recorded while
changing the focal plane of the optical microscope objective is
provided in Video S1 (Supporting Information).

To demonstrate another application of the arch bridge, we
put a GNP (a few tens of nm thick and a few tens of um in
diameter), which can act like a microreflector for visible light,
on top of the arch bridge (Figure 3a). The diameter of the
NW is about 284 nm, and the weight of the GNP (thickness

7

Figure 3. Gold nanoplate suspended on an arch nanobridge. a) Schematic diagram depicting a gold nanoplate (GNP) placed on top of a single arch
bridge. b) Tilt- and c) top-view SEM images of a GNP suspended on an arch bridge. Tilt angle is set to be 75°. d) False colored tilt-view SEM image of
another GNP placed on a nanobridge. e) Optical microscope image showing laser beam (532 nm) reflected from the GNP. The scale bars are 10 pm.
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Figure 4. Multilayered arch nanobridge. a) Schematic diagram and b) tilt-view SEM image of a double-layered arch bridge. c) Current—voltage charac-
teristic curves obtained for before and after the fabrication of the bridges. The rest of the current—voltage curves are obtained after bonding the NW's
on the four different electrodes, and the subscripts indicate the electrode number as shown in (b). d) Tilt-view SEM image of a gold nanoplate placed

on top of a double-layered nanobridge. Tilt angle is set to be 75°.

=~ 30 nm, average D = 24 um) is about 2.6 pN. Although the
gold nanoplate is about 16 times heavier than the silver nano-
wire of the same length, the tilt and top view of the SEM image
(Figure 3b,c) show no sign of bending or deformation of the
bridge due to the weight on top of it, which indicates that
the bridge is mechanically strong enough to keep such weight
suspended in the air without buckling. One more example of a
GNP suspended on top of a single arch nanobridge is shown in
Figure 3d. To demonstrate its potential to be used as a micro-
reflector, it is shown to reflect laser beam (532 nm) under an
optical microscope (Figure 3e). A video showing a nanofiber
sweeping under the GNP is also provided in Video S2 (Sup-
porting Information). This video shows that the nanofiber does
not touch the NW and the GNP, which supports the fact that
the GNP is completely suspended in the air.

Multilayered arch bridges consisting of metal NWs
are important in microelectronic circuits for connecting
multiple ports without short-circuit. As a proof of the concept,
we have fabricated a double-layered arch bridge which consists
of two arch bridges of different heights and positioned orthogo-
nally (Figure 4a). The top bridge is fabricated first, and next the
bridge with lower height is fabricated (Figure 4b).

The current-voltage characteristic curves corresponding
to the NWs before and after bonding on the Au thin film
are shown in Figure 4c. It is observed that the conductivity
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increases multifold after bonding the NWs, which indicates
that the bonding drastically improves the electrical connec-
tion. The obtained resistances corresponding to the top and
bottom NWs are 27 and 20 Q, respectively. This difference in
conductivity of the two bridges is attributed to the larger diam-
eter (525 nm) of the NW connecting the electrodes 3-and-4
compared to the diameter (370 nm) of the NW connecting
1-and-2. The zero conductivity between the electrodes 1-and-3
indicates no short-circuit, which is ensured by the height dif-
ference of about 6 um between the top and bottom bridges.
This feature demonstrates its potential applicability as short-
circuit-free multipronged electronic connections in nanoelec-
tronic devices. Furthermore, we have put a GNP on top of
another double-layered arch bridge (Figure 4d) to demonstrate
its mechanical strength.

Finally, toward demonstrating the mechanical robustness of
the bonding, we also fabricated nanocantilever structures by
binding one end of an Ag NW on an Au thin film and raising
the other end using a nanofiber. Furthermore, we put a GNP
(thickness = 30 nm, average D = 26 um) on the suspended end
of the nanocantilever (Figure 5a). The Ag NW (D = 270 nm)
makes an angle 44° with the horizontal plane, and the arm
length is =30 um, which keeps the GNP suspended hori-
zontally in the air at a height = 20 um from top plane of the
substrate (Figure 5b,c). The angle of the cantilever can be

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Nanocantilever. a) Schematic diagram of a nanocantilever. b)
Top- and c) tilt-view SEM images of a gold nanoplate placed on top of the
nanocantilever in a horizontal position. d) Tilt-view SEM image of a gold
nanoplate placed on top of a nanocantilever in vertical position. A nano-
bridge is also fabricated under the nanocantilever, but the gold nanoplate
is suspended in the air and not supported by the nanobridge. Tilt angle is
set to be 75°. The scale bars are 10 um.

manipulated by the nanofiber, which shows the flexibility of
this fabrication technique. The adhesive force between the Ag
NW and the GNP is strong enough to hold the GNP in a stable
position, which indicates that the adhesive force is much
greater than 3 pN (weight of the GNP). The gold nanoplate is
about 20 times heavier than the silver nanowire of the same
length indicating the super mechanical strength of the nano-
cantilever. Another example of a GNP suspended on nano-
cantilever vertically is shown in Figure 5d. This nanocantilever
structure can potentially be used as a stand for a micro-object
for a complex 3D optical or a mechanical system. A video
showing a nanofiber sweeping under the GNP suspended in
the air is also provided in Video S3 (Supporting Information).
This video shows that the nanofiber neither touches the NW
nor the GNP, which supports the fact that the GNP is com-
pletely suspended in the air.

In summary, we demonstrate the fabrication of multilayered
arch bridges and cantilever structures consisting of Ag NWs
by fixing the ends of the NWs on gold thin film by utilizing
photothermal-induced nanobonding technique. The height
(ranging from =300 nm to =20 um) and span (ranging from
=25 to =70 um) of the fabricated bridges are varied over a wide
range. The recorded current-voltage characteristic curves show
superior electrical connection between the NW and the gold
electrodes. Furthermore, we demonstrate the super mechan-
ical strength of the nanobridges and nanocantilever by putting
weight (about 20 times heavier than the Ag NWs of the same
length) on top, and also use them as stand to hold micro-
objects suspended in the air. For example, gold nanoplates,
which can be used as microreflectors for visible light beam,
are kept on top of the arch bridges and cantilever structures
in a stable configuration. The multilayered arch nanobridges
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demonstrate their potential applicability as short-circuit-free
multipronged electronic connections in nanoelectronic devices.
Furthermore, by recording the change in vibration frequency
due to proximity of contamination, these nanobridges and the
nanocantilevers can be utilized as biological sensors. Fabrica-
tion of these arch nanobridges with superior electrical conduc-
tivity and super mechanical strength is a step forward toward
realizing their true potential for nanoelectronic, nanophotonic,
and nanomechanical devices.

Experimental Section

Simulation of Absorption and Electromagnetic Field Distribution: 3D
FDTD method (FDTD Solutions v8.13, Lumerical) was used to obtain
the fraction of the power from the source that is absorbed within the
volume and the electromagnetic field distribution. From the FDTD
results, the heat power volume density Q is calculated using the relation

Q:%eowlm(s,)|E|2, where &, o, €, and E are free space permittivity,

angular frequency of the incident light, relative permittivity, and electric
field, respectively.?% For the simulation, a silver NW with a typical
pentagonal cross section was considered to be placed on an Au thin film.
Perfectly matched layers were set as absorbing boundary conditions. The
maximum mesh sizes across the NW cross section and along the NW
axis are fixed as 1.5 and 50 nm, respectively. The permittivity data for
Au and Ag were taken from Johnson and Christy.'l In the simulation, a
Gaussian light source (A =532 nm) was considered to be focused on the
junction of the NW and Au thin film.

Current-Voltage ~ Curve:  The  current-voltage  characteristic
measurements were performed by a source-meter (Keithley 2602) and
two tungsten microtapers. Two tungsten microtapers were touched on
the electrodes connected with the NW, and the source-meter was used
to scan the voltage and its corresponding current to obtain the -V
characteristic curves.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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