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A technique to fabricate nanogaps with controllably varia-
ble gap width in silver (Ag) nanowires (NWs) by photother-
mal-induced stress utilizing a focused continuous-wave
laser (532 nm) is presented. For the case of an Ag NW
on gold thin film, a gap width starting from ~20 nm is
achieved with a critical minimum power (CMP) of about
160 mW, whereas in the case of an Ag NW placed on
top of a zinc oxide NW, the attained gap width is as small
as a few nm (<10 nm) with a CMP of only ~100 mW. In
both cases, the CMP is much lower as compared to the re-
quired CMP (~280 mW) for an Ag NW placed on a bare
silica substrate. The photothermal-induced stress combined
with Rayleigh instability, melting, and sublimation of Ag
aids in breaking the Ag NW. In particular, the former
one plays a key role in attaining an extremely narrow
gap. This technique to fabricate sub-100 nm nanogaps in
metal NWs can be extensively implemented in fabrication
and maintenance of nanomechanical, nanoplasmonic, and
nanoelectronic devices. © 2018 Optical Society of America
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Recent advances in synthesis of metal nanowires (NWs) have
opened up new avenues for their application in diverse fields of
nanoscience and nanotechnology, including nanoelectronics
[1], nanophotonics [2], nanomedicine [3], and nanomechan-
ical systems [4]. In this regard, silver (Ag) NW is one of the
most commonly used ones due to the ease of fabrication
and its broad range of applicability, such as transparent con-
ducting electrodes [5], flexible displays [6], and solar cells
[7]. Towards utilizing the Ag NWs for the above-mentioned
applications, the most basic requirements are the capability
of joining and breaking of these NWs following a flexible
method that can work in diverse situations [8,9].
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Furthermore, nanogaps produced by breaking NWs in a con-
trolled manner can find applications in nanoelectronics [10],
nanoplasmonics [11], and so on. In molecular electronics, the
electrical transport or optical properties of one or more molecules
bridging a nanogap can be measured, as the metal NWs can act
like electrodes. The narrow space between two metal nanostruc-
tures can greatly enhance the local field due to the local surface
plasmon resonances in nanoplasmonics. Therefore, a reliable and
reproducible fabrication technique of nanogaps in metal NWs
has become an active field of research.

So far, various methods such as focused ion beam [12,13],
mechanical [14], chemical [15], templated electroplating
[16,17], electromigration [18], and photothermal-induced
[1] nanobreaking have been demonstrated for successfully fab-
ricating nanogaps. Photothermal-induced nanobreaking pro-
vides many advantages over the other methods in terms of
spatial position selection of nanobreaking, non-contact han-
dling, and cost effectiveness. However, a gap width below
300 nm could not be realized following this method [1].
Furthermore, the field of photothermal-induced stress at nano-
scale and fabrication of nanogap with controllably variable gap
width starting from a few nm (<10 nm) by this method have
not been explored yet.

In this Letter, an improvised photothermal-induced nano-
breaking method utilizing a focused continuous-wave (CW) laser
has been introduced for targeted breaking of Ag NWs in a con-
trolled manner towards fabricating nanogaps with variable gap
width starting from a few nm. The introduction of a metal thin
film or a semiconductor NW under the metal N'W causes locali-
zation of heat arising due to strong light absorption, which in
turn generates a temperature gradient between the top and bot-
tom (which is in contact with metal thin film/semiconductor
NW) surfaces of the metal NW. The Rayleigh instability and
photothermal-induced stress arising due to this temperature gra-
dient along with melting/sublimation, which comes into play
when the temperature is close to the melting point, aid in break-
ing the metal NW. A comprehensive comparative study to
understand the role of different substrates in deciding the
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resultant photothermal-induced stress and corresponding nano-
gap width (¢) has been demonstrated. This ability to fabricate
variable gap width starting from a few nm (<10 nm) can find
application in molecular electronics.

Nanostructures consisting of noble metals, such as Ag and
gold (Au), exhibit strong plasmon resonances when excited with
light at visible frequencies. The excitation of resonant surface
modes enhances the local electromagnetic field. These effects
cause the intensification of light absorption. The absorption
of light by the metal nanostructures, in turn, produces heat,
which increases the temperature of the nanostructures.
Thermal stress comes into the picture when a temperature gra-
dient is developed, whereas melting/sublimation overtakes when
the laser power is high enough to raise the temperature close to or
above its melting point.

In this technique, a focused CW laser (A = 532 nm) shot
(duration 7 = 4 ms and beam waist ~400 nm) is used to break
the Ag NWs placed on different substrates. To focus the laser
beam, a microscope objective (100x) is used, and the sample is
mounted on a 3D nanometer (least step size = 30 nm) scanning
stage to break the NW accurately at the targeted point. The
laser polarization and power are manipulated by using a com-
bination of two polarizers and one half-wave plate. Ag NWs
(synthesized by a self-seeding approach [19]) of different diam-
eters (D) and of fixed length (L ~ 10 pm), and parallel polari-
zation (i.e., the electric field is parallel to the long axis of the
NW) of the laser beam have been used. The parallel polariza-
tion provides greater control over the breaking process
compared to perpendicular polarization as the change in tem-
perature due to change in power is more drastic in the case of
perpendicular polarization [9].

Utilizing this photothermal effect, two different approaches
have been demonstrated towards realizing fabrication of varia-
ble sub-100 nm gaps by breaking Ag NWs. In these ap-
proaches, different substrates (Au thin film, ZnO NW on
silica, and bare silica) have been used (Fig. 1). It has been ob-
served that Rayleigh instability plays a dominant role in break-
ing the Ag NW in the case of the Au thin film substrate,
whereas photothermal-induced stress is mainly responsible in
the case of the ZnO NW substrate. More details exploring
the role of these substrates in determining ¢ are provided in
the subsequent sections.

Breaking of Ag nanowires placed on an Au thin film.
Different incident laser powers are used to break the N'Ws
of different diameters placed on an Au thin film (thickness =
100 nm) deposited on a silica substrate. The schematic diagram
of the breaking process is shown in Fig. 1(a). Scanning electron
microscopy (SEM) images of the broken Ag NWs placed on Au
thin film are shown in Figs. 2(a)-2(h). The nanogap widths ob-
tained from the SEM images vary from 20 nm to a few 100 nm
corresponding to incident laser powers varying from 151 mW to
164 mW. A careful look at the SEM images reveals one inter-
esting fact: the morphology of the broken N'W shows undulation
and the ends become much sharper compared to the initial diam-
eter of the NW. It can also be observed that the critical mini-
mum power (CMP) required for initializing the breaking of the
NWs increases with diameter of the NWs, and also g increases
with incident laser power [Fig. 2(i)].

Towards understanding the underlying physical mecha-
nisms responsible for breaking of the Ag NWs, finite-difference
time-domain (FDTD) and COMSOL simulations have been
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Fig. 1. Schematic diagrams depicting different approaches of break-
ing of Ag NWs using a focused CW laser when placed on (a) an Au
thin film, (b) ZnO NWs, and (c) a silica substrate. 7', and Tpoiom
are the temperatures of the top and bottom surfaces of the Ag NW,
respectively; 7 is the average temperature, and ATis the temperature
difference between them. 7'y, ,, represents the melting point of Ag.
CMP is the required critical minimum power to initiate the breaking

of the NW. The dotted lines indicate initial shape of the NWs.

performed, and the detailed simulation method can be found
in Ref. [9]. A Gaussian laser source with beam waist dimeter of
about 400 nm is considered for simulations. The high light
absorption and thermal conductivity of the Au thin film play
an important role in deciding the CMP, and thereby the gap
width. From the simulation results, it has been observed that
high light absorption helps in decreasing CMP (i.c., the tem-
perature at which the NW breaks is reached at lower incident
laser power), whereas high thermal conductivity has the reverse
effect [Fig. 2(j)]. The nanogap width obtained for the incident
laser power of 160 mW and the NW diameter of 300 nm is
about 20 nm [Fig. 2(a)], and the corresponding simulated two-
dimensional plot of temperature distribution shows that the
maximum temperature at the focal point reaches 1205 K
[Fig. 3(a)] which is close to 7', ,,- The enhanced absorption
of light owing to the excitation of surface plasmon modes,
which is evident from the electric field distribution [Fig. 3(b)],
raises the temperature of the NW at the focal point. This rise in
temperature sublimates the Ag atoms around the focal point,
which is evident from the thinner diameter at the breaking
point compared to the initial diameter of the NW before laser
exposure [Figs. 2(a)-2(h)]. It is observed from the simulated
one-dimensional plot of temperature distribution that the tem-
perature difference between the top and bottom surfaces of the
Ag NW is 10 K [Fig. 3(c)]. The corresponding estimated ther-
mal stress (6 =Y -a-AT, where a~19x10° K! [20]
and ¥ ~ 83 GPa [21] are the linear thermal expansion coeffi-
cient and Young’s modulus of Ag, respectively; AT is the



2424 Vol. 43, No. 10 / 15 May 2018 / Optics Letters

a)D =300 nm P=

20 nm

b)) =218 nm P=152 mW

236 nm

35 nm ) 8 nm P=161 ma
D =150 nm

k=315Wm'K, &,=23
152156 160 164 4 2 0 2 4
Laser Power (mW) Length (um)

Fig. 2. SEM images of the broken Ag NWs placed on an Au thin
film. (a)—(h) Images are arranged in ascending order of g. The scale
bars are 200 nm. (i) Nanogap width versus incident laser power plot
corresponding to NWs of different D. (j) Temperature distribution
plot along the Ag NW considering zero absorption (fixed imaginary
part of the relative permittivity (¢ = &, + i¢,) to be zero, i.e., &, = 0),
significantly smaller thermal conductivity (x = 10 Wm™! K1), and
actual values of relative permittivity (¢, = 2.3) and thermal conduc-
tivity (x = 315 Wm™ K1) of the Au thin film. The D and L of the
Ag NW and the incident laser power are considered to be 300 nm,
10 pm, and 160 mW, respectively.
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Fig. 3. Simulated results corresponding to the breaking of Ag NWs
placed on an Au thin film. (a) 2D plot of temperature distribution for
the incident laser power of 160 mW in the Z = 0 nm plane, i.e., top
surface of the Au thin film. (b) Electric field distribution at the end of the
Ag NW. (¢) 1D plot of temperature distribution along the long axis of
the Ag NW for different incident laser powers. The continuous and
dashed lines represent the temperatures of the top and bottom surfaces
of the Ag NW, respectively. For (a)—(c), the diameter and length of the
NW are fixed at 300 nm and 10 pm, respectively. (d) Maximum temper-
ature versus incident laser power plots for various diameters of N'Ws
[fixed L = 10 pm and parallel polarization (£,)].
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temperature difference) comes out to be 16 MPa, which is on
the same order as the elastic limit (~45 MPa) [22] of Ag at
room temperature. However, the thermal stress can be ne-
glected as the Ag NW is very ductile [8], and the temperature
is close to its melting point. The breakup and undulation of
NWs at near melting point temperature indicate that these
NWs experience Rayleigh instability [23]. The simulated re-
sults obtained regarding the dependence of CMP on diameter
of the Ag NW demonstrate that the required power increases
with the NW diameter [Fig. 3(d)], which is also in agreement
with the obtained experimental results [Fig. 2(i)].

Breaking of Ag nanowires placed on ZnO nanowires. In
this section, we report the breaking of Ag NWs placed on ZnO
NWs [Fig. 1(b)]. The experimental method is similar to the
one described in the previous section. The replacement of
Au thin film by ZnO N'W changes the photophysical processes,
specifically the absorption and heat conduction, and thereby
changes the underlying physical mechanisms of breaking of
Ag NWs.

The SEM images of the nanogaps obtained by controlled
breaking of Ag N'Ws are shown in Fig. 4. The obtained g ranges
from a few nm to a few hundred nm, corresponding to the in-
cident laser power ranging from 94 mW to 100 mW.
Surprisingly, the CMP is much lower in this case compared to
the Au thin film substrate case, and therefore much lower ¢
(<10 nm) could be obtained in this case [Figs. 4(c) and 4(d)].
The SEM images depicting the state of the Ag NWs for the in-
cident power just below CMP are shown in Figs. 4(a) and 4(b).
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Fig. 4. SEM images of broken Ag NWs placed on ZnO NWs. The
images are arranged (a)—(h) in ascending order of nanogap width. The
scale bars are 200 nm for all images. (i) Nanogap width versus laser
power plot corresponding to NWs of different diameters. The g under
10 nm could not be resolved from the SEM images, and is thereby
represented by ¢ = 5 nm. (j) Temperature distribution plot along
the Ag NW considering zero absorption, significantly smaller thermal
conductivity, and actual values of relative permittivity and thermal
conductivity of the ZnO NW. The D and L of both Ag and ZnO
NWs and the incident laser power are considered to be 300 nm,
10 pm, and 100 mW, respectively.
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Fig. 5. (a) Simulated 1D plot of temperature distribution along the
long axis of the NWs. The diameter and length of both the Ag and
ZnO NWs and the incident laser power are considered to be 300 nm,
10 pm, and 100 mW, respectively. (b) Zoomed-in image of (a) showing
AT between the top and bottom surfaces of the Ag NW placed on
ZnO NW.

Careful inspection of the SEM images [Figs. 4(e)—4(h)] reveals a
distinctive characteristic: the morphology of the broken ends of
the Ag NW is flat, indicating little Rayleigh instability or melting
or sublimation. The variation of g for different NWs correspond-
ing to variable incident laser power is shown in Fig. 4(i). The light
absorption and conductivity of ZnO have similar effect as in the
case of Au thin film substrate [Figs. 2(j) and 4(j)].

To understand the reason for this peculiar behavior of low
CMP value, we simulated the temperature distribution along
the NWs. The 1D temperature distribution plots show that
the maximum temperatures of the ZnO and Ag NWs are
1200 K and 1050 K, respectively [Fig. 5(a)]. These maximum
temperatures are much lower than their respective melting
points, and therefore none of the NWs (Ag and ZnO) melts.
However, for the Ag NW, the temperature difference between
the top and bottom surfaces at the breaking point is 34 K
[Fig. 5(b)]. The corresponding thermal stress comes out to
be about 54 MPa, which is larger than the elastic limit of
Ag, and therefore the NW breaks even at this low temperature
(lower than T, ,,). It can be noted that the temperature
changes drastically along the long axis of the Ag NW as well
[Fig. 5(b)], but this variation is for just the bottom surface of
the Ag NW, and therefore it plays a limited role in the breaking
of the NW. Therefore, it can be concluded that the NW breaks
mainly due to photothermal-induced stress generated across the
top and bottom surfaces of the NW at the breaking point. This
is also evident from the SEM images showing flat cross sections
of the broken N'Ws at the breaking point [Figs. 4(e)—4(h)],
which show little evidence of melting/sublimation of Ag atoms,
unlike in the case of the Au thin film substrate [Figs. 2(a)-2(h)].
Furthermore, the limited spread (full width at half-maximum,
FWHM ~40 nm) of the temperature gradient along the length
of the NW helps in achieving narrow gaps [Fig. 5(b)].

In the case of an Ag NW placed on silica substrate, the CMP
is much higher (~280 mW for a NW with D ~ 300 nm and
L ~ 10 pm) compared to that in the other two cases, and there-
fore the minimum g is also much larger [1].

In conclusion, an improvised photothermal-induced nano-
breaking method utilizing a focused CW laser (532 nm) has
been introduced for targeted breaking of Ag NW in a con-
trolled manner to obtain variable gap width at sub-100 nm
scale. Instead of silica substrate, when Au thin film or ZnO
NW are introduced, the required CMP, which is a limiting

Vol. 43, No. 10 / 15 May 2018 / Optics Letters 2425

factor to achieve narrower gaps, gets lowered drastically from
about 280 mW (silica substrate) to about 160 mW (for Au thin
film substrate) and 100 mW (for ZnO NW substrate) to break
an Ag NW of diameter 300 nm and length 10 pm. Typically, it
has been observed that Rayleigh instability plays a predominant
role in breaking Ag NWs on Au thin film, whereas photother-
mal-induced stress and melting/sublimation are responsible for
ZnO NW and silica substrates, respectively. The photothermal-
induced stress corresponding to the CMP surpasses the elastic
limit of the Ag NW and aids in breaking the NW; thereafter,
nanogaps with variable gap width starting from a few nm
(<10 nm) are fabricated by increasing the incident laser power
above CMP. We demonstrate that this method is robust, and
controlled nanogap width can be obtained for a wide range of
NW sizes. This ability to fabricate variable gap width can find

applications in molecular electronics.
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