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Healing defects of metallic structures is an essential procedure for manufacturing and maintaining
integrated devices. Current nanocomposite-assisted microhealing methodologies are inadequate for
nanoscopic applications because of their concomitant contamination and limited operation accu-
racy. In this paper, we propose an optically controllable targeted nanohealing technique by utilizing
the plasmonic-enhanced photothermal effect. The healing of nanogaps between two silver nano-
wires (NWs) is achieved by increasing the incident laser power in steps. Partial connection of NWs
can be readily obtained using this technique, while near-perfect connection of NWs with the same
crystal orientations is obtained only when the lattices on the two opposing facets are matched after
recrystallization. This non-contaminating nanohealing technique not only provides deeper insight
into the heat/mass transfer assisted by plasmonic photothermal conversion in the nanoscale but also
suggests avenues for recovering mechanical, electronic, and photonic properties of defected metal-
lic nanodevices. Published by AIP Publishing. https://doi.org/10.1063/1.5018120

Healing is ubiquitous, from biological tissue to non-
biological materials, from macroscope to nanoscope. In
nature, the ability to heal injury increases the survivability
and lifetime of most plants and animals. In artificial fields,
healing materials after damage or fracture for prolonging
their life-span and reducing their costs has a dramatic impact
on micro/nano-scopic fields, including biomedicine,lf6
mechanics,7_12 photonics,13_23 and electronics.>3!

Healing of microdefects (such as microcracks and
microscratches' %) plays an important role in manufac-
ture and maintenance of mechanic, electronic, and photonic
micro-devices. Currently, most microhealing (induced by
heat,38’39 moisture,32’33”40412 and light15’36) methodologies
are implemented with the assistance of nanocomposites. In
these microhealing processes, nanocomposites (such as
metallic nanostructures'® and conductive polymers®>%4%)
are suspended and deposited to heal microdefects in order to
restore the mechanical connection and electrical or optical
conductivity of broken pathways. Although these methods
can be utilized to heal many microdefects simultaneously,
serious contamination of the adjacent intact parts might be
caused by the non-targetedly dispersed nanocomposites,
leading to crosstalk or short circuits. Besides, with mechani-
cal, electronic, and photonic devices downsizing further to
nanometer scale, these microhealing methods are inadequate
for the nanoscopic applications due to the limitation of their
operation accuracy.

Towards achieving fabrication and maintenance of
nanodevices with minimized contamination, there has yet to
emerge a viable solution to targetedly nanohealing the
defects. In this regard, we present a plasmonic-enhanced tar-
geted nanohealing technique with nanoscale accuracy.
Nanogap, which is a kind of typical nanodefect, is healed by
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this technique. In the nanohealing process, continuous-wave
(CW) laser shots with increasing power narrow the nanogap
widths step by step. By appropriately controlling the expo-
sure power, the partial connection (i.e., the nanogap con-
nected at its bottom) can be obtained. Furthermore, near-
perfect connection (i.e., connection of the nanowires (NWs)
throughout the cross-section of the nanogap) of NWs with
the same crystal orientation is obtained when the crystal ori-
entations on the two opposing facets are matched. This nano-
healing technique presents four advantageous traits: (i)
superior targeting which minimizes the influence in the non-
defect area, (ii) no extra contamination as the nanodefects
are healed by utilizing intrinsic materials, (iii) low cost since
the CW laser is exploited in the nanohealing, and (iv) high
flexibility and nanoscopic accuracy in operation rendered by
the non-contact handling with CW laser and a microscope.
Although Garnett’s work has demonstrated the light-induced
plasmonic welding technique,'* it works only for vertical
nanogaps formed by two crossed nanowires. The technique
presented in this work aims at healing parallel nanogaps,
which is ubiquitous in defected nanocircuits, and its dynamic
nanowelding process is also reported. This result unveils the
role of plasmonic-enhanced photothermal conversion in
heat/mass transfer at the nanometer scale, provides a distinct
guideline on how to exploit this plasmonic effect for recover-
ing properties of defected mechanical, photonic, and elec-
tronic nanodevices, and thereby can be potentially applied to
photomask repair for integrated circuit fabrication and
microchip package for nano-electromechanical systems.?* 2

Nanogaps in silver nanowires (NWs) as typical nano-
defects in metallic nanostructures are repaired by the
plasmonic-enhanced targeted nanohealing technique pre-
sented in this article. The surface plasmon polaritons are
excited when the nanogap is exposed to a focused CW laser,
and thereafter, the optical energy is converted into thermal

Published by AIP Publishing.
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energy owing to the decay of polaritons.43_49 As aresult, the
generated thermal energy elevates local temperature in and
around the nanogap, causing atoms on the edges to move
towards the nanogap center due to Rayleigh instability.’
After the laser exposure, the local temperature in and around
the nanogap decreases, during which the resolidification of
local movable silver atoms narrows the nanogap and connec-
tion of NWs is achieved.

Figure 1 shows the process of plasmonic-enhanced tar-
geted nanohealing for nanogaps (initial gap width g =80 nm,
fabricated by cutting the NWs using focused ion beam, see
Methods, supplementary material) between two silver NWs.
The corresponding experimental apparatus is shown in sup-
plementary material Fig. S1. The silver NWs with nanogaps
are laid between two adjacent gold electrodes, which are
used to monitor the recovery of the electric conductivity of
nanowires by measuring the voltage-current (V-I) curve with
a two-probe system (see supplementary material Methods).
The silver NWs show typical pentagonal cross-sections [Fig.
1(c)]. The diameters (D) of silver NWs range from 200 nm to
400 nm, and their lengths are longer than 40 um. Focused
CW laser shots (wavelength A=532nm, beam radius
R, =200nm, and exposure time /=2ms controlled by a
mechanical shutter) are utilized to heal the nanogaps. The
relationship between the absorptance of the silver NW
(D=300nm for the nanowire and g=_80nm for the nano-
gap) and the laser wavelength is calculated (shown in Fig.
S4 in the supplementary material). For example, an 80-nm-
wide nanogap between two silver NWs of diameter
D =300nm is shown in Fig. 1(c-i). The nanohealing is
achieved by increasing the incident laser power in steps. At
first, the nanogap is exposed to laser shots with compara-
tively low constant power (P =30 mW) with perpendicular
polarization. The direction of the perpendicular polarization
and parallel polarization is perpendicular and parallel to the
axis of the NW, respectively. The perpendicular polarization
is chosen because the maximum temperature of the nanogap
under perpendicular polarization is less sensitive to nanogap
widths compared with that under parallel polarization (Fig.
S3 in the supplementary material). Low power is used at first
because the initial nanogap (g =80 nm) is prone to be dam-
aged at high power. The gap width is reduced from 80 nm to
42 nm with several laser shots (P =30 mW). Eventually, the
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nanogap stops narrowing even with additional laser shots. In
this process, the morphology of the edges of the pentagonal
NWs at the nanogap end changes and becomes round shaped
[Figs. 1(b-ii) and 1(c-ii)]. In the next step, the power of the
laser shot is gradually increased from 30 mW to 60 mW with
a step of 5 mW, and partial connection with the nanogap
connected at its bottom is obtained at power P =60 mW
[Figs. 1(b-iii) and I(c-iii)]. The bright field transmission
electron microscopy (BFTEM) image of the cross-section of
the connected part [from the slice marked with the red arrow
in Fig. 1(c-iii)] illustrates its partial connection [Fig. 1(d)].

The V-I curves also demonstrate the recovery capability
of electrical properties of the NW with a nanogap after nano-
healing [Fig. 1(e)]. Before cutting the NW, the resistance of
the NW (without a nanogap) comes out to be about 15 Q (the
blue line). After cutting (before nanohealing), the NW is dis-
connected and its resistance becomes infinite (the black line).
After nanohealing, its resistance turns out to be about 18 Q
(the red line), showing that the nanohealing restores its origi-
nal electrical conductivity although only partial connection of
the two NWs is realized. The resistance of the connected
part at the bottom of the nanogap can be estimated as 0.2 Q
according to the resistance equation R = pl/(mr?), where p
(=1.65 x 10~® Q-m for bulk silver) is the resistivity of silver,
! (=30nm) is the length of the connected part, and r
(=10nm) is the radius of the connected part. Therefore, the
resistance of the partial connection of the two NWs occupies
only a small portion of the total resistance, and partial connec-
tion is enough to recover the original electrical conductivity.

The nanohealing with partial connection is achieved by
increasing the incident laser power in steps and adjusting the
number of laser shots. First, we mainly study the effects of
laser power and NW diameter on narrowing the nanogap
width for the first laser shot. Since nanohealing with partial
connection cannot be obtained by the first laser shot, multi-
ple laser shots continue to be imposed.

To study the effect of incident laser power on narrowing
the nanogap width, different powers (20 mW-65 mW) are
exploited to expose the nanogaps (¢ = 100nm) in NWs with
a similar diameter (D ~ 340nm). Figure 2(a) shows the
change of the nanogap width with increasing incident laser
power. The nanogap width does not change when it is
exposed to a laser shot of power P <25 mW. Only when the
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FIG. 1. Process of plasmonic-enhanced targeted nanohealing. (a) Schematic diagram depicting the healing technique of the nanogap between two silver NWs
with laser shots. (b) Model diagrams and (c) SEM images of nanogap evolution in the healing process: the nanogap (i) before laser shots, (ii) after the first laser
shot, and (iii) after multiple laser shots with increasing power. Inset scale bars represent 500 nm. (d) The BFTEM image of the cross-section of the connected part
from the slice marked with a red arrow in (c-iii). The nanogap is partially connected at its bottom. The scale bar represents 200 nm. (e) Electrical characterization
(V-I curves) of a silver NW before cutting, after cutting (before nanohealing), and after nanohealing is presented as blue, black, and red lines, respectively.
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FIG. 2. The dependence of the change of the nanogap width on (a) and (d) laser power, (b) and (d) NW diameter, and (c) number of laser shots for (a) and (b)
the first laser shot and (c) and (d) multiple laser shots. (a) Measured nanogap width versus laser power. Insets are SEM images of the nanogaps exposed to the
laser shot with power P =30 mW (c-i), 60 mW (c-ii), and 65 mW (c-iii). The insets in the tilted view are measured from the side view tilted at 54°. Inset scale
bars represent 200 nm. (b) Measured nanogap width versus the NW diameter. Black and green dots represent nanogap widths before and after the laser shot,
respectively. Vertical lines (marked with blue dashed circle) representing different nanogaps but corresponding to the same NW diameter are slightly shifted
along the X-axis for the purpose of clarity. The semitransparent green trapezium represents the trend of the reduced amount of nanogap widths with increasing
NW diameters. (c¢) For multiple laser shots with fixed laser power (P =30 mW), measured nanogap widths with similar NW diameters (D =271 nm, 274 nm,
and 280 nm) versus number of laser shots (N =1, 2, and 4). (d) For multiple laser shots with increasing laser power, measured nanogap widths versus final laser
power (FLP). FLP here means the power of the ending laser shot exposed on the nanogap. The semitransparent green thick curve represents the trend of the
required FLP for healing the NW with increasing NW diameters. Lines in the same blue dashed circle represent nanogaps exposed with the same power.
Typical SEM images of the damaged and partially connected nanogaps (corresponding to the NW with diameter D =300 nm) exposed to laser shots with FLP
P = (i) 40 mW and (ii) 60 mW, respectively. Inset scale bars represent 200 nm.

power is beyond 30 mW does the nanogap width decrease
[Fig. 2(a-1)]. The nanogap width becomes smaller as the inci-
dent laser power is increased. The nanogap width is reduced
from the initial value 100 nm to 20 nm for the incident laser
power P=60 mW [Fig. 2(a-ii)]. The NWs get damaged
when the incident power is increased beyond 60 mW [Fig.
2(a-iii)]. Since the initial nanogaps (g = 100 nm) are easy to
be damaged by the high laser power, low initial laser power
(P =30 mW) is utilized in later nanohealing.

The effect of the NW diameter on narrowing the nanogap
width is also investigated. Figure 2(b) shows the change of
measured nanogap widths for different NW diameters
(230nm-340nm) and the same initial nanogap width (around
80 nm) after the first laser shot (N =1) of power P =30 mW.
The nanogap widths after one laser shot are reduced, com-
pared with those before the laser shot (indicated by the black
dots). The reduced amount of nanogap widths generally
decreases as the NW diameter increases. For example, the
nanogap widths for NWs of D=230nm are reduced by
55 nm, whereas the nanogap widths for NWs of D =340nm
are reduced by 35 nm. This trend is in accord with the simu-
lated results showing that the maximum temperatures of the
nanogaps (g =80nm) decrease from 940K to 680K as the
diameters of the NWs increase from 220 nm to 340 nm [Fig.
S2(g) in the supplementary material]. The exact temperature
for melting the NW cannot be identified in experiment. The
calculated temperature in the gap is around 740K for the

nanogap (D =300nm and g =80nm). The reduction of the
nanogap width is due to the resolidification of movable sur-
face atoms which flow towards the center of the nanogap.
Therefore, it can be concluded that the nanogap width reduc-
tion is less for larger NW diameters as the maximum tempera-
ture decreases with increasing NW diameters.”®

The influence of multiple laser shots with fixed power on
narrowing the nanogap width is investigated. Figure 2(c)
shows the change of nanogap widths after different numbers
of laser shots. The NWs corresponding to these nanogaps
have similar diameters (271 nm, 274nm, and 280nm), and
the initial nanogap widths are about 80 nm. The incident laser
power is fixed at P =30 mW. The nanogap width decreases
to 36 nm and 22nm after one laser shot and after four laser
shots [Fig. 2(c)], respectively. The nanogap cannot be reduced
below 20nm even if the number of laser shots is increased
further. This self-limited saturation in the amount of reduced
nanogap widths results from the decreasing nanogap width
at the nanogap because the maximum temperature declines
with the decreasing nanogap width [Fig. S2(g), supplementary
material].

Since nanohealing of the nanogaps cannot be achieved
by increasing the number of laser shots with the same power,
we continue to implement multiple laser shots with gradually
raised laser power after the first laser shot of P =30 mW.
The laser power is not directly raised to high power, because
the nanogaps with width g =40nm = 10 nm are easy to be
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FIG. 3. Nanohealing with near-perfect connection. The nanogap (a) before and (b) after laser shots. (¢) The BFTEM image of the cross-section of the con-
nected part [marked as a red dashed line in (b)]. (d) The zoom-in image for a red rectangle in (c). (e) and (f) The SAED patterns for a blue circle and a pink cir-
cle in (c) show the silver lattice in (e) the connected part and (f) the original part, respectively.

damaged by the high laser power. Figure 2(d) shows the
dependence of the change of nanogap widths on the NW
diameters and incident laser power. Nanohealing with partial
connection for nanogaps corresponding to NWs with four
different diameters (D =215nm, 255nm, 300nm, and
345nm) is obtained in this study. The power of the laser
shots is increased from 30 mW to 60 mW with a step of 5
mW and further from 60 mW to 90 mW with a step of 10
mW. The nanogaps corresponding to the NWs with the same
diameter are narrowed, healed (with partial connection), and
damaged (cannot be healed with this technique any more)
sequentially with increasing incident laser power. Thus,
healing nanogaps requires appropriate final laser power
(FLP). For instance, the nanogaps corresponding to the NWs
with diameter D =215nm are narrowed at power P =30
mW, nanohealed at power P =35 mW, and damaged at
power P =35 or 40 mW. For the NWs with larger diameters,
the required final laser power for healing is higher.
According to the simulated maximum temperature corre-
sponding to incident power P =40 mW for different NW
diameters (220nm-340nm) in Fig. S2(g) (supplementary
material), to achieve the same maximum temperature, the
nanogaps corresponding to NWs with larger diameters
require higher final laser power. These simulated results
agree with the experimental results shown in Fig. 2(d).

Besides nanohealing with partial connection, we also
obtain nanohealing with near-perfect connection of NWs
(Fig. 3). The nanogap (g = 80nm) corresponding to the NW
of diameter D =320nm [Fig. 3(a)] is healed with near-
perfect connection after five laser shots (P =30 mW, 40
mW, 50 mW, 60 mW, and 60 mW; t=2 ms, 2 ms, 2 ms, 2
ms, and 125 ms). About 70% of the gap area is healed. This
near-perfect connection was achieved as the two sides had
the same crystal orientation after laser-induced recrystalliza-
tion. Figures 3(c) and 3(d) show the cross-sectional BFTEM
images of the healed nanowire; the sample was lift-out from
the red dashed line in Fig. 3(b) by using the focused ion
beam. It is clear that the crystal orientation of the healed part
[blue circle in Fig. 3(c)] is consistent with that of the original
part [purple circle in Fig. 3(c)], since the selected area elec-
tron diffraction (SAED) patterns [Figs. 3(e) and 3(f)] from
the two parts show the consistency.

In conclusion, we have proposed a technique of
plasmonic-enhanced targeted nanohealing. Nanogap as a
kind of typical nanodefect is healed by this technique. The

nanohealing is achieved by increasing the incident laser
power in steps and adjusting the number of laser shots. Laser
shots with increasing power at the nanogap step by step
cause the local temperature to rise and more local silver
atoms of the NWs to move towards the nanogap. By appro-
priately controlling the exposure power, nanohealing with
partial connection can be obtained. Furthermore, we obtain a
near-perfect connection of NWs with the same crystal orien-
tation. This technique reveals the role of the photothermal
conversion in heat/mass transfer in the nanoscale and offers
a platform to exploit the enhanced properties of mechanical,
photonic, and electronic nanodevices.

See supplementary material for (1) experimental appara-
tus, (2) simulation results corresponding to nanohealing, (3)
simulations for polarization analysis, (4) simulation of the
dependence of absorptance on wavelength, and (5) methods.
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