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ABSTRACT: With their special hierarchical fractal and highly symmetric
formation, silver dendrites have a large surface area and plentiful active sites at
edges, which have allowed them to exhibit unique properties ranging from
superhydrophobic surfaces to biosensors. Yet, many suggested synthesis processes
either require a long reaction time or risk contamination from sacrificial elements.
Limited research in directing while enhancing the growth of these silver dendrites
also hinders the application of these unique microstructures as site-selective
hydrophobicity of surfaces and location-dependent SERS (surface-enhanced
Raman spectroscopy). A possible solution to this is to utilize WO3 nanocubes as
beacons to accelerate and conduct the growth of these silver dendrites through the
electrochemical migration process. These nanocubes effortlessly altered the applied
electric field distributed between the electrodes, depending on their orientations
and positions. As the silver dendrites branched from the nanocubes, the dendrites
themselves further concentrated the electric field to encourage the growth of more loose fractal silver dendrites. The combinatory
effect successfully directs the growth of silver dendrites along the concentrated electric field paths. Both changes to the electric field
and directed growth of silver dendrites are underscored using Multiphysics COMSOL simulations and time-lapse microscopy. This
work provided insight into the possibility of designing microstructures to direct and accelerate the growth of silver dendrites.

■ INTRODUCTION

For many decades, a wealth of nanostructures such as
nanoparticles,1 nanowire,2 nanorods,3 nanoflower,4 and nano-
dendrites5−7 have been fabricated from noble metals like
copper,8 gold,9 palladium,10 and silver.6 By twitching with the
sizes, crystallinities, shapes, and compositions, researchers have
successfully coaxed unique properties out of these nanostruc-
tures. Of these nanostructures, nanodendrites with a special
hierarchical fractal and highly symmetrical formation have
rendered themselves distinctive. The large surface area and
plentiful active sites at the edges of these nanodendrites allow
them to form superhydrophobic11 surfaces, produce surface-
enhanced Raman scattering (SERS),5,12 initiate catalytic
processes,9 and serve as biosensors.13 Coincidentally, these
nanodendrites displays far superior performance in SERS,14

antibacterial ability,15 and electrocatalysis16 than their spheri-
cally shaped nanoparticles’ counterparts.
Silver dendrites are highly sought after because of their

excellent electrical and thermal conductivities among these
noble metals. Furthermore, silver’s electronic and optical
properties are readily controlled by size and shape. So, to
fabricate these silver dendrites, long-duration processes such as
photoreduction in the presence of ultraviolet irradiation,17 and
the use of sacrificial metals such as copper and zinc in the
galvanic replacement process,5,18 has been well established.
Although these processes can produce large amounts of silver

dendrites, they cannot ascertain control over the direction of
growth. Such control is critical to add more functionalities such
as site-selective hydrophobicity of surfaces and location-
dependent SERS to these amazing nanostructures.
Recently, some controls over these dendrites were reported

with the implementation of templated-assisted growth during
the galvanic replacement process.19,20 Leow et al.21 discovered
that by running a focused laser beam along specific sites of the
GO film, localized reduced GO (rGO) with higher
conductivity can be created, which then encourages the
electrochemical migration of silver dendrites along these
paths. Regulated formation of Zn dendrites were also achieved
by Sun et al. with the help of TiOx/Zn/N-doped carbon
inverse opal.22

With inheriting a large surface area to enhance the
absorption of silver ions and concentrate aromatic molecules,
a superior signal-to-noise ratio of silver dendrites coupled rGO
in SERS application has also been reported.23 GO is thus
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selected as a potential candidate in our quest to develop a way
to direct the growth of silver dendrites while enhancing their

formations through electrochemical migration. This is an aim
that has yet to be accomplished. The decision to investigate

Figure 1. (a) Deposition of GO/WS2 mixture across prefabricated gold electrodes. (b, d) Optical images of (b) Pristine GO film and (d) GO/WS2
mixture being deposited across the gold electrodes. (c, e) SEM images of the (c) pristine GO film and (e) GO/WS2 mixture. Insets of (c) and (e)
show higher magnification of the GO film and nanocubes, respectively. (f) EDX elemental map of a single nanocube.

Figure 2. (a) Raman spectrum of pristine GO, pristine WS2, heated WS2, and GO/WS2 mixture that has been heated to 85 °C. (b) An expanded
view of the Raman measurement range between 150 cm−1 to 650 cm−1. (c−f) SEM images of the samples used in the Raman measurement. Insets
are images with higher magnifications of the respective samples. (g) XRD patterns of heated WS2 and GO/WS2 mixture.
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with an electrochemical migration24 process lies in the
advantages that this procedure has in creating a large scale,
one-step synthesis process with good morphological control of
the silver dendrites via a simple process of varying
concentration of silver ions, current density, and deposition
time.
Coincidentally, monolayer or few-layer tungsten disulfide

(WS2) has been discovered to form stable composites with
metal nanoparticles25 while improving the composite’s overall
electrochemical properties. These two-dimensional lamellar
transition metal dichalcogenide (TMD) microflakes have a
similar microstructure as GO, which will likely allow them to
form a good composite with the GO flakes. As a result, the
composite can produce a hybrid thin film with unique electric
field distribution along the large surface area. In the presence
of silver ions and under an applied potential, redistribution of
these electric fields will encourage the formation of silver
dendrites through an enhanced electrochemical process and
direct the growth of these silver dendrites along these electric
field lines.
In this work, WS2 microflakes are intentionally mixed with a

GO microflakes’ suspension and deposited on silicon dioxide
wafers to form a thin composite film. The intended strategy is
to use these WS2 microflakes as nanopath-beacons to guide the
migration of the silver dendrites across the GO terrain. The
composite film is then subjected to an applied potential in the
presence of silver ions that are likely trapped between the
microflakes. Multiphysics COMSOL simulation is then used to
form a deeper understanding of how the redistribution of the
electric field across the composite film can affect the
establishment of these silver dendrites.

■ RESULTS AND DISCUSSION

Formation of GO/WO3 Nanocubes’ Composite Film.
First, 0.9 μL of a diluted GO and WS2 microflakes’ solution is
deposited between the prefabricated gold electrodes. The
substrate with the solution is heated at 85 °C on a hot plate in
ambient conditions until dry (Figure 1a). The outcome of
these processes results in randomly scattered nanocubes on the
composite thin film.
Figure 1b,c shows optical and SEM images of the pristine

GO film, with a distinct optical contrast compared to the GO/
WS2 composite film. While GO film appears to be smooth with
some crease (inset of Figure 1c), small white specks are
observed to be sparsely scattered across the GO/WS2
composite film (Figure 1d,e). Detailed SEM analysis shows a
distinct cubic structure (inset Figure 1e) observed from these
sparks. EDX elemental map of one of these cubes suggests that
they are likely to be tungsten oxide (WO3) nanocubes.
With only GO and WS2 as the precursors, it is important to

determine the chemical nature of the nanocubes and how they
are formed via the process illustrated in Figure 1a. A
nondestructive optical analysis is first carried out on these
nanocubes using Raman spectroscopy (Figure 2a). The
analysis involved four different sample types of film. Namely,
pristine GO nanoflakes, pristine WS2, heated WS2, and heated
GO/WS2 films. Survey scan from 100 to 3200 cm−1 shows the
presence of defects (D), graphitic (G), 2D and D+D′ peaks, all
contributed by the GO flakes.26 At the same time, samples with
WS2 shows a few distinct peaks below 600 cm−1 (highlighted
by the blue oval).
Figure 2b shows an expanded view of the region highlighted

by the blue oval in Figure 2a. Raman peak located at 518 cm−1

is associated with the underlying Si wafer.26 The outcome

Figure 3. (a) Schematic of the fabrication process in which the AgNO3 solution is deposited on GO/WO3 film. (b) COMSOL simulation of
electric field lines between two T-shaped electrodes. Optical time-lapsed images of Ag migration under a constant voltage 1.5 V across GO film in
the (c−f) absence and (g−j) presence of WO3 nanocubes.
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suggests that strong Raman signals at ∼352 and ∼417 cm−1

represent the E1
2g and A1g modes in WS2

27 unheated
nanocubes in the absence of GO flakes. Evidently, after
heating to 85 °C in ambient, more Raman peaks are detected.
These peaks include those located at ∼295 and ∼323 cm−1,
which are associated with the 2E2

2g and E2
2g mode of WS2.

27

presence of more peaks are attributed to heat-initiated
dissociation of foreign molecules, which might have hindered
the detection of pristine WS2 Raman signals. As observed from
the SEM images (Figure 2d,e), these occur without significant
changes to the nanocubes’ physical morphology. Figure 2c−f
shows SEM images of pristine GO nanoflakes, pristine WS2,
heated WS2, and heated GO/WS2 films taken at similar
magnifications. The insets of these show higher magnification
SEM images of the respective samples.
Interestingly, with the addition of the GO flakes to the WS2

nanocubes (Figure 2f), WS2 Raman peaks are no longer
detected. Instead, two distinct peaks located at ∼257 cm−1

(W−O−W bond) and ∼352 cm−1 (W−OH2 bond),
representative of WO3·H2O elements, are detected (Figure
2b).28 The identified element, WO3·H2O, also corresponded to
the XRD pattern obtained from the GO/WS2 mixture (Figure
2g), where the peak at 2θ = 12.8° corresponds to the (002) of
GO sheets. The peaks at 2θ = 16.5°, 25.7°, 33.4°, and 51.2° are
indexed to the diffraction pattern of orthorhombic WO3·H2O
(JCPDS Card No. 43-0679). Because of incomplete
conversion of WS2 to WO3·H2O, some XRD peaks associated

with WS2 are also identified at 2θ = 33.4°, 69.1° (JCPDS Card
No. 35-06511). It is important to note that the XRD peak with
a value of 2θ = 33.4 is being associated with both elements.
Compared with heated WS2 samples, XRD patterns highlights
partial conversion of the WS2 elements to WO3·H2O.
However, in this sample, only two out of fours peaks identified
in the GO/WS2 mixture are picked up during the analyses. The
result suggests that relative to the GO/WS2 mixture, by
increasing the temperature of the GO and WS2 mixture to 85
°C (in ambient), the process encourages W to be readily
oxidized into WO3 and form bonds with water molecules.
These water molecules are present on the surface and trapped
between the GO flakes. As a result, S atoms will likely remain
within and on the surface of the GO-H2O film mixture. From
the above analyses, these nanocubes will now be termed WO3

nanocubes.
WO3 Nanocubes as Beacons for Enhancement of

Silver Dendrites’ Formation. In a bid to determine the
potential use of the WO3 nanocubes as beacons to facilitate the
formation of silver dendrites in the presence of an applied
potential, 8 μL of AgNO3 solution is deposited across the
hybrid film for 20s in a dark environment, with minimum light
being introduced onto the sample. The choice of a dark
environment minimizes any chances of photoreduction of
AgNO3, thus allowing results from subsequent electrochemical
processes to be more accurately presented.

Figure 4. Time lapsed optical images of preferential growth of Ag dendrites in the presence of WO3 nanocubes across (a−f) two T-shaped
electrodes and (g−j) a combination of pointed and T-shaped electrodes. Red arrows and white circles in (a−f) demarked the Ag dendrites’ growth
and location of the WO3 nanocubes, respectively. The black dotted line encloses a region with only pristine GO film in (a−f). (g−j) Time-lapsed
optical images of Ag dendrites on (g,h) pristine GO film and (i,j) in the presence of WO3 nanocubes. Yellow dots in (i) and (j) indicates the
position of the WO3 nanocubes.
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Subsequently, the sample is rinsed with deionized water and
blown dry with nitrogen gas. The seemingly dried sample is
then connected to a source meter to study Ag dendrites
formation via electrochemical migration process across the
composite film. The fabrication process, as mentioned above, is
depicted in Figure 3a.
When a constant potential is applied between the electrodes,

the growth of Ag dendrites takes place from both corners of
the T-shape negative electrode Figure 3c through an
electrochemical deposition process. In general, Ag+ ions

electrolytes provided by AgNO3 solutions are trapped between
the GO flakes. These Ag+ ions then take in electrons from the
cathode in the presence of an applied potential. The process
results in the formation of Ag nanoparticles at the interface
between water and the cathode. Ag+ ions are continuously
being reduced, and the Ag dendrites are formed by maintaining
a constant potential, hence a constant supply of electrons. A
detailed study of Ag dendrites’ formation on pristine GO flakes
has been reported by Leow et al.21 The growth of Ag dendrites
begins from the corner of the T-shaped electrodes due to the

Figure 5. (a−d) Illustrates the formation process of Ag dendrites through the electrochemical method, and how the presence of WO3 nanocubes
can further encourage while influencing the formation and paths of these Ag dendrites. (e) Time-lapsed optical image of Ag dendrites formation
across T-shaped electrodes after applying 1.5 V for 8 s. (g) SEM image of four WO3 nanocubes highlighted by yellow dotted lines and the red
arrows indicates the growth direction of Ag dendrites from the WO3 nanocubes. (f, h, i) COMSOL simulation of how the electric field distribution
across the electrodes is affected by the WO3 nanocubes and the growth of Ag dendrites. The location of the nanocubes and Ag dendrites in the
simulation matches those in (e) and (g), respectively. (j) A higher-magnification SEM view of the loose fractal formation of Ag dendrites obtained
through our process.
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presence of a stronger electric field present at these locations.
The above statement is justified by the COMSOL simulation
of electric field (indicated by the white cones) across parallel
electrodes under an applied potential of 1.5 V, as presented in
Figure 3b.
Pristine GO flakes are replaced with the GO/WO3 film

while maintaining a similar electrode design and applied
potential. Because of the replacement, a unique growth path
for the Ag dendrite is observed over such film (Figure 3g). The
first instant potential is applied across the electrodes; no
dendrite growth is observed to form between the parallel
portion of the electrodes on the GO film (Figure 3c).
However, in the case where WO3 nanocubes are present on the
GO film, short dendrites have already started to form under
the same circumstances. As Ag dendrites migrate across the
composite film, they travel along a preferential path toward the
WO3 nanocubes, which likely serve as beacons (Figure 3h) to
guide the formation of Ag dendrites. Upon coming into
contact, these nanocube beacons triggered the formation of
more Ag dendrites. By maintaining a constant applied potential
of 1.5 V, more bunching of Ag dendrites from the WO3
nanocube beacons is observed Figure 3i,j. In the absence of the
WO3 nanocubes (Figure 3c−f), the duration of the applied
field required to achieve the same distance of the migration
process is much longer. The observation further highlights the
directive role of the WO3 nanocubes.
The role of WO3 nanocubes in enhancing Ag dendrites

formation is verified by covering the bottom half of the
electrodes with a PDMS polymer layer (region highlighted by
the black dotted line in Figure 4a) before allowing the top half
to be decorated with WO3 nanocubes. The nanocubes are
enclosed by the white circles in Figure 4a. For the same
amount and duration of applied potential, it is noticeable that
the growth of these Ag dendrites (highlighted by the red
arrows in Figure 4a−f) takes place primarily within the region
where WO3 nanocubes are present, and these dendrites are
“attracted” toward these WO3 nanocubes. The observation
thus affirms the above-proposed role played by these WO3
nanocubes. By changing the design of the electrode, replacing
one of the T-shaped electrodes with a pointed edge, the
distributions of the electric field are changed. As a result, the
effect of WO3 on the growth of the Ag dendrites becomes
more substantial. Figure 4g−h shows the growth of Ag
dendrites from the pointed electrode across pristine GO film.
These dendrites branch out from the pointed tip, as well as the
edges of the pointed electrode. In the presence of WO3
nanocubes, it is evident that the Ag dendrites grow from the
pointed growth of Ag dendrites along the edges of the sharp
electrode. In the presence of WO3 nanocubes, it is evident that
the Ag dendrites grow from the pointed growth of Ag
dendrites along the edges of the sharp electrode.
Proposed Mechanism of WO3 Nanocubes’s Role in

Directing Ag Dendrites’ Formation. The electrochemical
method for controlled synthesis of silver dendrites is a well-
established process.17,21,29 It involves tuning the applied
electric potential to create an inequilibrium thermodynamic
environment that favors the reduction of Ag+ ions, resulting in
the formation of Ag dendrites. In a similar context, Figure 5a−
d illustrates how Ag dendrites are readily formed in this work.
In the absence of an applied electric potential, low
concentrations of Ag+ ions in water are trapped between the
GO flakes.21 Applying an electric potential across the T-shaped
electrodes generates a stronger electric field around the corners

(a claim supported by COMSOL simulation of electric field
lines between two T-shaped electrodes (Figure 3b and Figure
5f). Consequently, a combinatory effect of strong electric field
coupled with low concentrations of Ag+ ions, resulted in the
free-roaming positively charged Ag+ ions to become more
strongly attracted to the corners of the negative electrodes and
become reduced.30 The process then results in the formation
of Ag dendrites, branching out from the electrode corners
more readily than other parts of the electrodes (Figure 5b,e)
through an ion diffusion limited growth process.30,31 With
sustained applied electric potential, a continuous reduction of
Ag+ ions to Ag NPs takes place, extending these Ag dendrites
toward the positive electrode (Figure 5c).
Previous work by Leow et al.21 underscored the ability to

direct and control the migrating path of Ag nanoparticles
across GO by using a focused laser beam to tune the electron
affinity of the GO film and directing the electric field across the
GO film, while You et al.30 showcased how in situ studies of
growth modes of silver crystals are induced by the presence of
a concentrated field in an aqueous solution. Both works
highlight the critical role electric field distribution has in
shaping the direction in which Ag nanoparticles migration can
occur.
Single-crystal WO3 is an n-type semiconductor,32 which

means that the positively charged Ag+ ions will naturally be
attracted to these negatively charged beacons. Under the
influence of a constant applied electric potential, these WO3
nanocubes then readily reduced the Ag+ ions, allowing Ag
dendrites to start branching out from these WO3 nanocubes.
Not only so, in the presence of an applied potential, electric

field distribution will also be affected by both the orientations
and locations of these nanocubes (Figure 5h). The above
statement is justified through COMSOL simulation. A time-
lapse optical image of Ag dendrites growth across T-shaped
electrodes under an applied potential of 1.5 V for 8 s was
captured, and the positions of the nanocubes, appearing as
white specks, are recorded in Figure 5e. The geometry is then
duplicated in COMSOL simulation, and an electric field
distribution under similar applied potential is presented in
Figure 5f. In Figure 5f, magenta arrows indicate how localized
electric field lines are redistributed around the WO3 nano-
cubes. A close-up SEM image of typical Ag dendrites growth
(red arrow) around the WO3 nanocubes (yellow dotted box) is
depicted in Figure 5g. Running similar COMSOL simulation
reveals how the Ag dendrites’ growth direction from the WO3
nanocubes accords with the alterations to the electric field
distributions (Figure 5h). As the Ag dendrites extend from the
WO3 nanocube, the surface and contour plot of the potential
from the simulation emphasized how the concentrated
potential field around the Ag dendrites can further encourage
the formation of more bunches (Figure 5h,i). A higher
magnification SEM view of the Ag dendrites formed through
this process shows loose fractal formation. The observation is
in good agreement with the proposal by You et al.,30 given our
work also utilizes low concentrations of Ag+ ions and a
concentrated field by both the WO3 nanocubes and newly
formed Ag dendrites.

Unique Function of S Atoms. Previously, Raman analysis
suggested the formation of WO3·H2O elements upon thermal
annealing of GO and WS2 mixture to 85 °C (in ambient).
Coupled with electrical measurements and COMSOL
simulation, the role of the WO3 nanocube as a guiding beacon
is now better understood. However, that leaves an unsolved
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puzzle about the role played by S atoms. With the oxidation of
W to form WO3, S atoms from WS2 precursors are believed to
have likely remained within and on the surface of the
composite film.
Thorough SEM and EDX elemental maps of these

nanocubes insinuate the possible formation of AgS on the
surface of the nanocubes (Figure 6a−e). A more compre-
hensive analysis of these nanocubes after the migration process
is conducted using HRTEM (Figure 6f−i). The TEM image
presented in Figure 6f shows the formation of small NPs on a
single nanocube. SAED characterization of the cube produces a
cubic atomic structure with an interplanar distance of 0.387
nm (inset of Figure 6f). The result corresponds to that of
WO3,

33 which is in good agreement with the Raman results.
To determine the nature of these NPs atop the nanocube,

HRTEM reveals lattice structures corresponding to two
different compositions. From the region enclosed by the
orange square in Figure 6f, the lattice spacing (Figure 6g) of
0.712 and 0.498 nm matches the (002) and (200) plane of
silver hydrogen sulfate, Ag2(HSO4)2(H2SO4).

34 From the
smaller region in the blue square (Figure 6f), these
nanoparticles are identified as silver sulfide, AgS composites

with the lattice spacing of 0.207 and 0.188 nm (Figure 6h).
These spacings correspond to the lattice planes (220) and
(222). From the third region enclosed in the green square
(Figure 6f), the nanoparticle is identified to be AgS with the
lattice plane (220), while the surface on which the nanoparticle
formed is WO3 with lattice plane (004) (Figure 6i).
Results from the HRTEM analysis suggest that under an

applied electric potential, Ag ions react with S ions on the WO3
nanocubes to form AgS NPs. At the same time, these Ag ions
could also be intercalated within the WO3 nanostructure. The
intercalation process is highly dependent on the crystal
structure of the WO3 nanocubes. In general, the higher
symmetry of the crystalline will bring about a greater possibility
for ion intercalation.35 Since the WO3 nanocubes are identified
to have a cubic phase crystal structure (inset Figure 6f), it
provides a favorable condition for this process.
Despite the formation of AgS NPs atop these WO3

nanocubes, SEM and EDX analysis suggest that the dendrites
branching out from these WO3 nanocubes beacons comprise
mainly Ag NPs. Figure 7a shows an SEM image of the
dendrites formed between the electrodes after applying an
electric potential. EDX spectra (Figure 7b−d) obtained from

Figure 6. (a−e) EDX elemental maps of one WO3 nanocube after applying an electric field. (f) TEM image of a WO3 nanocube decorated with
AgS NPs. Inset is a SAED of the WO3 nanocube. (g−i) HRTEM of (g) orange, (h) blue, and (i) green regions highlighted in (f). d1, d2, and d3
represent the interplanar distance of Ag2(HSO4)2(H2SO4), AgS, and WO3.
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the dendrites, indicated as I, II, and III in (Figure 7a), suggest
that these dendrites mainly comprise Ag NPs. This result is
further verified by the elemental map of silver and sulfur
(Figure 7e−g).

■ CONCLUSIONS

Herein, we report success in utilizing WO3 nanocubes as
guiding beacons to encourage the synthesis and direct the
growth of Ag dendrites. Using a simple mixing and low-
temperature heating process, WS2, in the presence of GO
suspension, formed W−O−W and W−OH2 bonds. These
bonds are representative of WO3·H2O elements. When
dispersed together with GO microflakes to form a thin
composite film, these WO3 nanocubes readily alter electric
field distribution under an applied potential. Depending on
their location and orientation, the site-specific concentration of
the electric field initiates Ag dendrites’ growth from these sites.
This claim is justified through Multiphysics COMSOL
simulation. At the same time, the WO3 nanocubes also serve
as path-guiding beacons, encouraging more growth of Ag
dendrites within a shorter time. Simultaneously, sulfur from the
dissociation of WS2, when left to interact with the Ag ions,
resulted in the formation of AgS and Ag2(HSO4)2(H2SO4)
nanoparticles atop the WO3 nanocubes. Because of the cubic
phase of WO3, there is also a likelihood of intercalating these
nanoparticles within the nanocubes. Thus, our work presented
a new and straightforward approach to encourage and direct
the growth of Ag dendrites through an electrochemical
migration process.

■ EXPERIMENTAL METHODS

Sample Preparation. Graphene Oxide and Tungsten
Disulfide Mixture. Highly concentrated graphene oxide (GO)
microflakes (6 M L−1, Graphene Supermarket) are diluted to 2
M L−1. The diluted solution is mixed with tungsten disulfide

microflakes solution (WS2, Graphene supermarket) to a 1:5
volume ratio.

Oxygen Etching of SiO2/Si Substrate and Preparation of
Silver Nitrate Solution. Patterned SiO2/Si substrates undergo
reactive ion etching at 200W for 1 min with 50 ccm of oxygen
to enhance the substrate’s hydrophilicity for better GO
deposition. A silver nitrate solution is obtained by dissolving
silver nitrate crystals (Sigma-Aldrich) in deionized water to a
concentration of 0.1 M L−1.

Fabrication of Gold Electrodes on SiO2/Si. The
electrodes’ fabrication was achieved using UV lithography
and sputtering metal deposition. Soda-lime blank (Nanofilm,
Wetlake Village, California) with 100 nm thick chromium and
530 nm thick layer of AZ1518 photoresist is patterned by a
direct-write laser system (Heidelberg Instruments uPG 101) to
fabricate the initial UV photomask with electrode patterns.
Next, a 1 μm thick AZ1512 resist is deposited by spin coating
and being exposed to UV light in a Mask & Bond Aligner (Karl
Suss, MA8/BA6). After resist development, two layers of Cr/
Au (10 nm/50 nm) are sputtered on the SiO2/Si substrates as
an adhesion and electrode base, respectively. Finally, lift-off is
carried out using acetone, leaving the electrodes on the SiO2/
Si wafer (Nanyang Equipment Pte Ltd.).

Further Characterizations. Further characterizations are
carried out using an optical microscope (OM) (model:
Olympus BX51) under bright field illumination. Surface
morphology, crystallinity, and chemical composition are
characterized using SEM-EDX (JEOL JSM6700-F with Oxford
Instruments X-MaxN 150 EDX detector) and TEM (JEOL
JEM-2010F). Raman measurement is carried out using a
Renishaw System coupled with a 532 nm laser. Electrical
measurements are conducted using the Keithley 4200-SCS
Source-meter unit attached to the OM.

Figure 7. (a) SEM image of silver dendrites formed across electrodes. (b−d) EDX spectra of regions I, II, and III indicated in (a). (e−g) EDX
elemental map of the dendrites showing that the dendrites comprise Ag atoms.
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