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Abstract: The light-based nanowelding of metallic nanoparticles is of particular interest because it
provides convenient and controlled means for the conversion of nanoparticles into microstructures
and the fabrication of nanodevices. In this study, we investigated the wavelength dependence of
laser-induced nanowelded shapes of silver nanoparticles (AgNPs). We observed that the nanowelded
microstructures illuminated with only a 405 nm laser were more branched than those formed via
illumination using both the 405 nm and 532 nm lasers. We quantified this observation by two
compactness descriptors and examined the dependence of the power of the 532 nm laser. More
importantly, to understand the experimental observations, we formulated and tested a hypothesis
by calculating the wavelength-dependent electric field enhancement due to the surface plasmon
resonance of the AgNPs and nanowelded microstructures when illuminated with lights at the two
wavelengths. Based on the different patterns of hot spots for welding AgNPs from these calculations,
numerical simulations successfully reproduced the different shapes of nanowelded microstructures,
supporting our hypothesis. This work suggests the possibility of light-based control of the shapes
of laser-induced nanowelded microstructures of metallic nanoparticles. This work is expected to
facilitate the development of broader applications using the nanowelding of metallic nanoparticles.

Keywords: surface plasmon resonance; nanowelding; shape control; laser-induced assembly;
metallic nanoparticles

1. Introduction

Due to the broad applications of metallic nanoparticles in photonics, electronics, and
the fabrication of nanodevices [1-9], welding between nanoparticles (termed nanoweld-
ing) has been of great interest [10-19]. For example, nanowelding is an attractive strategy
to significantly reduce the contact resistance between nanoparticles due to the capping
layer of the nanoparticles during synthesis, creating solid nanocontact for efficient electron
transport and facilitating the fabrication of effective nanodevices [10-14]. The nanow-
elding of nanomaterials has been achieved through various methods, including thermal
heating, pressure, laser/light, electric current/field, and plasma [15,20-23]. Among these
methods, the laser/light-based nanowelding has been particularly interesting to many
researchers due to its noncontact and noninvasive nature, the convenience and ease of use,
the wide range of choices of light wavelength, and the capability of nanowelding at room
temperature [10-12,16,24-28]. For instance, shining lasers or fluorescent lights on metallic
nanoparticles could weld them into higher-order assemblies and microstructures or change
their shapes in a controlled manner [11,24-27].

Colloids Interfaces 2023, 7, 67. https:/ /doi.org/10.3390/ colloids7040067

https://www.mdpi.com/journal/colloids


https://doi.org/10.3390/colloids7040067
https://doi.org/10.3390/colloids7040067
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/colloids
https://www.mdpi.com
https://orcid.org/0000-0003-0450-302X
https://orcid.org/0000-0002-6867-0540
https://orcid.org/0000-0003-0012-9640
https://orcid.org/0000-0002-8601-8302
https://doi.org/10.3390/colloids7040067
https://www.mdpi.com/journal/colloids
https://www.mdpi.com/article/10.3390/colloids7040067?type=check_update&version=1

Colloids Interfaces 2023, 7, 67

20f13

Light-based nanowelding relies on localized surface plasmon resonance (SPR) in
metallic nanoparticles [10,12,24-26]. SPR refers to the coherent oscillations of free electrons
on the surface of metals, coupled to the electromagnetic waves of the incident light [29-32].
Because SPR is dependent on the size, shape, and composition of nanoparticles, lights with
appropriate wavelengths (i.e., around the resonance wavelength) are required to generate
localized SPR for nanowelding for a given type of metallic nanoparticles [24,25,33,34].
Therefore, a single wavelength of light (or a narrow bandwidth) was typically used for
light-based nanowelding in the past, while the wavelength dependence of the nanowelding
of metallic nanoparticles has been rarely studied [10,15,28,33,35,36].

We set out to investigate how the shapes of nanowelded microstructures of metallic
nanoparticles depend on the light wavelength. The rationale of this work is two-fold. First,
an advantage of light-based nanowelding lies in the wide range of wavelengths of light [33],
while understanding the wavelength dependence of laser-induced nanowelded shapes of
metallic nanoparticles is expected to allow us to exploit this advantage. Second, although
single metallic nanoparticles (of given shape, size, and composition) have distinct resonance
wavelengths, nanowelded assemblies and microstructures have different shapes and sizes,
and thus they will likely show different SPR responses to different wavelengths [24,25,33].

In this study, we used silver nanoparticles (AgNPs) as a model and investigated the
wavelength dependence of laser-induced nanowelded microstructures of AgNPs. AgNPs
were used in our previous study for examining the real-time kinetics of laser-induced
nanowelding, in which we observed that AgNPs illuminated with a 405 nm laser formed
branched microstructures [12]. Here, we illuminated the AgNPs with an additional laser
at 532 nm and observed the shapes of nanowelded microstructures using fluorescence
microscopy. We also varied the power of the 532 nm laser and quantified how the shape of
nanowelded microstructures depended on the power. More importantly, to understand
the experimental observations, we formulated and tested a hypothesis by examining the
wavelength-dependent electric field enhancement due to the SPR of both individual AgNPs
and nanowelded microstructures when illuminated with lights at the two wavelengths.

2. Materials and Methods
2.1. Synthesis and Characterization of AQNPs

The AgNPs used in this study were synthesized using the polyol method [37], follow-
ing the same procedures as in our previous studies [12,38-40]. Briefly, 50 mL of ethylene
glycol (EG, J.T. Baker/Avantor, Radnor, PA, USA) was added to a 250 mL 3-neck round
bottom flask and heated to 150 °C in an oil bath, followed by adding 0.6 mL of 3 mM
NaHS (Alfa Aesar, Ward Hill, MA, USA) in EG, 5 mL of 3 mM HCI (Alfa Aesar, Ward Hill,
MA, USA) in EG, 12 mL of 0.25 g polyvinylpyrrolidone (PVP, MW ~55,000, Sigma-Aldrich,
Burlington, VT, USA) in EG, and 4 mL of 282 mM CH3;COOAg (Alfa Aesar, Ward Hill,
MA, USA). The reaction proceeded at 150 °C for ~1 h until the absorbance peak position
(measured via UV-Vis spectroscopy) reached ~420 nm. The reaction was then quenched
by placing the flask in an ice bath. Acetone was added to the mixture at a 5:1 volume
ratio, and the product was collected via centrifugation. The resultant AgNPs were purified
using water, collected via centrifugation, and resuspended in water for characterization
and future use, while the concentration was determined using inductively coupled plasma
mass spectrometry (ICP-MS; iCAP RQplus mass spectrometer, Thermo Fisher Scientific,
Waltham, MA, USA).

The synthesized AgNPs were characterized via transmission electron microscopy
(TEM) and UV-Vis spectrometry. TEM images were captured using a TEM microscope
(JEOL JEM-1011, JEOL USA, Peabody, MA, USA) with an accelerating voltage of 100 kV. Par-
ticle size and shape were measured on the TEM images using Image] (Version: 2.3.0/1.53q)
and an algorithmic analysis reported by Laramy et al. [41]. UV-Vis spectra were obtained
using a UV-Vis spectrophotometer (Cary 50, Agilent Technologies, Santa Clara, CA, USA).



Colloids Interfaces 2023, 7, 67

30f13

2.2. Fluorescence Microscopy for Imaging of Nanowelded Microstructures of AGNPs

The prepared AgNPs were first diluted in ultrapure water (>17.5 MQ)-cm) to a final
concentration of 1.3 mg/mL and then added to a flow chamber made of cleaned coverslips
and glass slides [12,39,40,42,43]. The flow chamber was sealed using nail polish and
then mounted on a fluorescence microscope for imaging (Figure 1A) [42]. Note that the
conjugation of fluorescent dyes to the surface of the AgNPs was not needed as AgNPs
are fluorescent by themselves [12,44,45]. The fluorescence microscope used in this study
was an Olympus (Center Vally, PA, USA) IX-73 inverted microscope equipped with an
Olympus 100 x NA = 1.49 oil immersion TIRF objective, a multi-color laser bank (iChrome
MLE, Toptica Photonics, Pittsford, NY, USA), and an EMCCD camera (iXon Ultra 897,
Andor Technology, Belfast, UK), similar to our previous study [12]. A 405 nm laser and
a 532 nm laser from the laser bank were used in this study. The microscope and data
acquisition were controlled using Micro-Manager [46,47]. A BrightLine full-multiband 1A
P-V RWE super-resolution laser filter set (LF405/488/532/635-B-000, Semrock, Lake Forest,
IL, USA) was used in the emission path of the microscope. The laser-induced nanowelded
microstructures of AgNPs were imaged on the EMCCD camera. The effective pixel size
of acquired images was 160 nm. To facilitate comparisons among measurements under
different conditions, videos of 6000 frames were taken. The lasers were turned on at time
0 (i.e., frame 0 of the recorded videos), while the last frame of each movie was used for
further analysis. The total exposure time to lasers was 5.25 min.
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Figure 1. Experimental setup and characterization of AgNPs: (A) sketch of the experimental setup for
visualizing nanowelded microstructures using fluorescence microscopy; (B,C) representative TEM
images of AgNPs used in this study. The inset of panel C shows the size distribution of the AgNPs
used in this study; (D) absorption spectrum measured using a UV-Vis spectrometer. The red dashed
line indicates 420 nm.

2.3. TEM Imaging of Nanowelded Microstructures

AgNPs in ultrapure water at a concentration of 1.3 mg/mL were added to a TEM grid
placed in a Petri dish with a coverslip bottom. The sample was mounted on the fluorescence
microscope and illuminated with the 405 nm laser for 5.25 min. The TEM grid with formed
assemblies of AgNPs was then imaged using a TEM microscope (JEOL JEM-1011, JOEL
USA, Peabody, MA, USA) with an accelerating voltage of 100 kV.
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2.4. Automatic Identification of Nanowelded Microstructures of AGQNPs

The laser-induced nanowelded microstructures were identified automatically using
custom Python scripts based on the scikit-image Python package [48], as described in our
previous work [12]. For the last frame of the videos, the background was first removed
using a rolling-ball algorithm [49] with a ball size of 9 pixels, followed by smoothing
twice using a Gaussian filter with a standard deviation of 1 pixel. The background in the
smoothed image was removed once again, followed by applying a threshold to obtain
a black/white (BW) image. Edges were detected from the BW image using the Sobel
filter [50], followed by dilating the edges by 3 pixels to fill possible gaps in the edges. Small
objects with areas <32 pixels were removed, before performing a flood fill [51]. The filled
objects were eroded with 4 pixels, followed by removing small objects (area <32 pixels).
The resulting BW image was segmented into individual structures, which corresponded
to the identified microstructures. Th(% boundaries of the microstructures were recorded as

X1, Xo, -, xn)

n x 2 arrays, B = (
Y1, Y2, s Yn

2.5. Shape Analysis of the Nanowelded Microstructures of AQNPs

The shapes of the nanowelded microstructures of AgNPs were analyzed and com-
pared based on two compactness descriptors [52]. The first compactness descriptor is
the coverage coefficient (2, defined as the covering percentage of the microstructure
over its circumscribed circle. In more detail, for a given microstructure described by
its boundary B, the area of the microstructure A was calculated using the Gauss’s area
formula [53]. The radius of the circumscribed circle of the microstructure was determined

asrm = max(\/(xi —x) 4 (yi - yc)2>’ where xc = Y}V 3 and ye = T §f are the posi-

tion of the center of mass of the microstructure. Then, the coverage coefficient was estimated
as () = %. The second compactness descriptor is the roughness coefficient ¢ [52,54]. For a

given microstructure with boundary B, we calculated the distance of vertices to the center of

mass, ¥ = \/ (x;i — xc)? + (i — yc)z, and estimated the standard deviation, o;. To facilitate
the comparison among microstructures of different sizes, the roughness coefficient was nor-
malized using the perimeter (P), ¢ = 0, /P, where P = Y \/(x; —x; 1) + (yi — yi_1)? -

2.6. Calculation of Electric Field Enhancement

The electric field enhancement on the surfaces of a single AgNP and a cross-shaped
microstructure (AgCS) in water was calculated using the MNPBEM17 toolbox [55-57]. The
refractive index of bulk silver from the toolbox was used, while the refractive index of
water was taken to be 1.33. Electromagnetic plane waves of linear polarization were used
for excitation, and the electric field enhancement was computed by summing the incoming
and induced electric fields [55-57]. The polarization was either in x or y direction, while
the wavelength was either 405 nm or 532 nm. For each wavelength, the total electric fields
were calculated by averaging the electric field enhancement in both polarization directions.
When the AgNP or AgCS was illuminated with both lasers, the electric field enhancement
from both wavelengths were added up.

2.7. Simulation of Growth of Microstructures

Numerical simulations were run to examine the shapes of the microstructures when
different locations of the microstructures (faces vs. multifaceted grooves) showed different
probabilities of welding additional AgNPs. Briefly, an empty square grid (30 x 30) was
prepared with a single AgNP placed at the center as the seed. Then, 20 additional AgNPs
were welded sequentially one by one, following three rules: (1) Each new AgNP can
only be placed next to the microstructure (i.e., the new location for welding must have a
neighboring occupied site); (2) the probability of welding the new AgNP to a multifaceted-
groove location (i.e., with multiple neighboring occupied sites) is P;;, and the probability of
placing it on a microstructure face (i.e., with a single neighboring occupied site) is 1 — Py,;
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(3) if multiple candidate sites are possible, a random candidate site is chosen for welding
the new AgNP. For each value of P,;, 1000 simulations were run, generating 1000 different
shapes. The shapes were analyzed as described above. We also varied Py, from 0.05 to 0.95
and compared the compactness descriptors (e.g., coverage (2) for different Py, values.

3. Results and Discussion

The AgNPs used in this study were characterized as described previously and shared
the same characteristics as those in our previous study [12]. TEM images showed that the
AgNPs were mostly nanocubes, while a small fraction (~23%) appeared as nanospheres and
nanotriangles (Figure 1B,C). The average size of the AgNPs was measured to be 32 & 8 nm
(measured from 674 AgNPs, inset of Figure 1C), consistent with our previous study [12].
The absorption spectrum of the AgNPs was measured via UV-Vis spectroscopy, showing a
peak at 420 nm [12] (Figure 1D).

As reported previously, microscale higher-order structures and assemblies of AgNPs
were formed upon illumination with a 405 nm laser due to SPR [12]. The wavelength of
405 nm was chosen as it is close to the SPR peak of the AgNPs [12] (Figures 1D and S1).
These microstructures could be visualized using fluorescence microscopy (Figure 2A),
as the fluorescence intensities of the higher-order microstructures were stronger than
those of the individual AgNPs [12]. With the 405 nm laser illumination, the formed
microstructures showed branches (Figure 2A-D), which could be explained with a simple
analytical model based on polymerization [12]. Such branched microstructures were
confirmed using TEM, as shown in Figure 2E-H [12]. High-resolution TEM measurements
were also performed on these microstructures, showing that the AgNPs were indeed
fused/nanowelded into each other and displayed lattice fringes across the interfaces [12].
It should be noted that, although TEM results showed much higher resolution and more
details of the nanowelded microstructures of AgNPs, the field of view was compromised
compared with fluorescence microscopy (Figure 2). A single microstructure may exceed
the TEM field of view (Figure 2E). For convenience, fluorescence microscopy was chosen in
this study to further investigate the wavelength dependence of laser-induced nanowelding
of AgNPs.

Figure 2. Laser-induced nanowelding of AgNPs with 405 nm laser illumination: (A) representative
fluorescence image of laser-induced assemblies of AgNPs when illuminated with a 405 nm laser;
(B-D) zoomed-in images of the corresponding regions in panel A; (E) representative TEM image
of the laser-induced assemblies of AgNPs when illuminated with a 405 nm laser; (F-H) zoomed-in
images of the corresponding regions in panel (E).

We then visualized the nanowelded microstructures formed by the AgNPs after
being illuminated with a 405 nm laser, in the absence or presence of a 532 nm laser at
different powers. The 532 nm laser was chosen because we expected that the nanowelded
microstructures respond to longer wavelengths as larger AgNPs showed redshifts in their
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scattering/absorption spectra [58-60] (Figure S1). Representative images of the nanowelded
microstructures are shown in Figure 3. Compared with the branched microstructures with
405 nm laser illumination only (Figures 2 and 3A,G) [12], the nanowelded microstructures
became more compact and less branched when the AgNPs were illuminated with both the
405 nm and 532 nm lasers (Figure 3B-F,H-L). Note that little nanowelding was observed
with the 532 nm laser alone. We should also point out that varying the power of the
405 nm laser alone changed the nanowelding kinetics but resulted in similar branched
microstructures [12].

Figure 3. Representative images of nanowelded microstructures of AgNPs when illuminated with
405 nm laser of fixed power at ~3.60 mW in combination with 532 nm laser of different powers:
(A,G) 0% (0 mW), (B,H) 20% (~6.00 mW), (C,I) 40% (~12.85 mW), (D,J) 60% (~20.00 mW), (E K) 80%
(~28.2mW), and (F,L) 100% (~36.3 mW). Images in the bottom row (G-L) are zoomed-in images of
the magenta, square regions of the top-row images (A-F).

To quantify this observation, we identified the nanowelded microstructures from the
images and examined the compactness of the microstructures based on two compactness
descriptors [52]. The first descriptor is the coverage coefficient (2, defined as the covering
percentage of the microstructure over its circumscribed circle (Figure 4A). A branched
structure is expected to have a lower coverage coefficient than a more compact structure.
As shown in Figure 4A, the coverage coefficient of nanowelded microstructures steadily
increased from 49% to 65% as the power of the 532 nm laser increased from 0% to 100%.
The second compactness descriptor is the roughness coefficient, 7, defined as the standard
deviation of the distance of boundary points to the center of the microstructure normalized
by the perimeter of the microstructure [52,54]. As branches on a microstructure will result
in rougher peripheries, larger fluctuations, and thus larger standard deviations, we expect
that a microstructure with more branches has a higher roughness coefficient than more
compact ones [52]. As expected, the roughness coefficient decreased from 0.031 to 0.019 as
the power of the 532 nm laser increased from 0% to 100% (Figure 4B).

To understand the observed different nanowelded shapes of AgNPs without and with
the 532 nm laser (in addition to the 405 nm laser), we hypothesized that, when illuminated
with lights of different wavelengths, the surface plasmon resonance of the AgNPs and
nanowelded microstructures produced different patterns of hot spots for the nanowelding
of additional AgNPs. To test this hypothesis, we calculated the enhancement of the electric
field at the surfaces of a single AgNP and a cross-shaped microstructure (AgCS), using
a boundary element method (BEM) approach with the MNPBEM17 toolbox [55-57]. The
AgNP was modeled as a 30 x 30 x 30 nm nanocube (Figure 5A), while the AgCS consisted
of five nanocubes, with a dimension of 90 x 90 x 30 nm (Figure 5B). The scattering spectra of
the AgNP and the AgCS were determined using the MNPBEM17 toolbox [55-57], showing
a peak of 431 nm for the AgNP (Figure 5C, black solid line), consistent with our previous
result based on the discrete dipole approximation (DDA) method using the DDSCAT
7.3 program [12,61,62]. For the AgCS, we observed a primary peak at 645 nm, with a
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secondary peak at 419 nm (Figure 5C, red dotted line). It is well known that a larger size of
nanoparticles results in a redshift [58-60]. Therefore, due to the larger overall size of the
AgCS compared with the individual AgNPs, the redshift of the primary peak is expected.
The emergence of the secondary peak is likely due to the special shape of the AgCS.

(A)

Ares X |
Q=22 100% 65 o
TR? &__/;«
= 60 - /,j-"
g | ¥
G 554 s
//
/,,
50 A §/
High 2 0O 20 40 60 80 100
Ps32 (%)
0.0325 -
B
" _ STDEV() o
M ~ Perimeter 0.0300 A \
CJ i) \
/ r \) (P Py T 0.0275 A \
( o 2
Yy L/‘;é'f/gf;“) s - ) © 0.0250 1 \i\
r( N\ ‘) \\ L r&\ ) \\i§
J 3 ) YO U 0.0225 4 S
- s
) .\\
Hi 0.0200 -
High o Low o

Ps32 (%)

Figure 4. Compactness analysis of the nanowelded microstructures of AgNPs: (A) dependence of the
coverage (2 of the nanowelded microstructures on the power of the 532 nm laser; (B) dependence of
the roughness coefficient o of the nanowelded microstructures on the power of the 532 nm laser. Error
bars in both panels stand for the standard errors of the means (SEM). The number of measurements
per sample ranged from 245 to 435.

We further calculated the electric field enhancement at the surfaces of the AgNP and
the AgCS when illuminated with the 405 nm laser and/or the 532 nm laser using the
MNPBEM17 toolbox [55-57]. Linearly polarized plane waves (in x or y direction) with
wavelengths of 405 nm or 532 nm were used. Near-field electronic polarization has been a
major topic for studying SPR [63-65]. The electric field enhancement (averaged over the
two polarization directions) of the AgNP and the AgCS at the Z = 0 nm planes are shown
in Figure 5D,E, respectively. For the outside of the individual AgNPs, we observed that the
electric field enhancement was more significant at the faces of the AgNPs with the 405 nm
laser illumination, while it was more significant at the edges/corners with the 532 nm laser
illumination (Figure 5D). The difference is more significant when comparing the inside of
the AgNPs: The electric field “penetrated” into, and was enhanced inside, the AgNP when
excited with the 405 nm laser alone—an indication of the resonance—while illumination
with the 532 nm laser alone did not show any electric field enhancement (Figure 5D).
This difference is consistent with the measured and calculated spectra of the individual
AgNPs (Figures 1D and 5C). With both lasers of equal amplitude, the total electric field
enhancement around the AgNP was roughly uniform (Figure 5D). The difference in the
distribution of electric field enhancement with different illuminations was also obvious for
the AgCS (Figure 5E). With the 405 nm laser illumination, the electric field enhancement
was significant at the faces of the AgCS. In contrast, the grooves (concave corners) of the
AgCS showed the highest electric field enhancement with the 532 nm laser illumination
(Figure 5E). In addition, with both lasers of each amplitude, the multifaceted grooves of the
AgCS continued to show the highest electric field enhancement (Figure 5E). Additionally, it
was observed that the electric field was enhanced inside the AgCS for both illuminations
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at 405 nm alone and 532 nm alone, consistent with the calculated spectrum of the AgCS
(Figure 5C).
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Figure 5. Electric field enhancement due to surface plasmon resonance at the surfaces of a single
AgNP and a nanowelded cross-shaped microstructure: (A,B) the geometry of (A) a single AgNP and
(B) a nanowelded cross-shaped microstructure (AgCS). Blue lines indicate the edges of the boundary
elements generated with the MNPBEM17 toolbox [55-57]; (C) the calculated scattering spectra
(rescaled) of the single AgNP and the cross-shaped AgCS; the blue and green lines indicate 405 nm
and 532 nm, respectively; (D) the calculated electric field enhancement of the single AgNP when
illuminated with (top) 405 nm laser only, (middle) 532 nm laser only, and (bottom) 405 and 532 nm
lasers; (E) the calculated electric field enhancement of the cross-shaped AgCS when illuminated with
(top) 405 nm laser only, (middle) 532 nm laser only, and (bottom) 405 and 532 nm lasers.

To further test our hypothesis, we developed a model and numerically simulated the
nanowelding growth of microstructures based on the different patterns of electric field
enhancement with different illuminations. Because the generated heat is proportional to
the square of the electric field (Q ~ UAgEZ, where 04, is the conductivity of silver, and
E is the electric field) [2], different patterns of electric field enhancement would result in
different patterns of temperature enhancement (i.e., “hot spots”) at the surfaces of the
AgNPs and nanowelded microstructures. Thus, the hot spots would lead to different
melting patterns and probabilities for welding new /additional AgNPs. Based on the
calculations above, we, therefore, modeled that illumination with a single laser at 405 nm
led to a higher probability of attaching new AgNPs to the faces of the microstructures
(and a lower probability to grow at the multifaceted grooves—low P,;), while illumination
with both lasers (405 nm and 532 nm) resulted in a higher probability of welding new
AgNPs to the multifaceted grooves of the microstructures (high Py, Figure 6A). A total of
1000 simulations were run for each case (i.e., 405 nm only vs. 405 nm + 532 nm), while
the final size of microstructures was set to 21. Representative images of the simulated
microstructures are shown in Figure 6B, where the top row shows the results for P, = 0.1
(i.e., illumination with 405 nm only), and the bottom row shows the results for P, = 0.9
(i.e., illumination with 405 nm + 532 nm). More representative simulated images with
different P, values are shown in Figure 52. We observed that illumination with a single
laser at 405 nm resulted in branched structures (top row of Figure 6B), while illumination
with both lasers led to compact structures (bottom row of Figure 6B), consistent with
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our experimental results (Figure 3). Furthermore, we quantified the compactness of the
simulated microstructures in each case using the coverage coefficient (2 and observed that
the coverage coefficient increased as the Py, increased (Figure 6C), again consistent with the
experimental results (Figure 4).
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Figure 6. Simulation of different shapes of nanowelded microstructures based on the differences in
the SPR-induced electric field enhancement: (A) model for the growth of nanowelded microstructures
with different probabilities of growing at the corners (i.e., newly attached AgNP is adjacent to multiple
faces), Py,. The yellow edges highlight the preferences of attachment of new AgNPs with low (left)
or high (right); (B) representative shapes of nanowelded microstructures with (top) P, = 0.1 and
(bottom) P, = 0.9; (C) dependence of the coverage (2 of the simulated nanowelded microstructures

on Py,.

4. Conclusions

In conclusion, we investigated the wavelength dependence of laser-induced nanow-
elded shapes of AgNPs. We observed that the nanowelded microstructures of AgNPs
illuminated with the 405 nm laser only were more branched than those formed via illumi-
nation with both the 405 nm and 532 nm lasers (Figure 3). We quantified this observation
using two compactness descriptors and examined the dependence of the power of the
additional 532 nm laser (Figure 4). More importantly, to understand the experimental
observations, we formulated and tested a hypothesis that the surface plasmon resonance
of the AgNPs and nanowelded microstructures generated different patterns of hot spots
for the nanowelding of additional AgNPs when illuminated with lights of different wave-
lengths. This hypothesis was supported by the calculations of the wavelength-dependent
electric field enhancement due to surface plasmon resonance of the AgNPs and nanowelded
microstructures when illuminated with lights at the two wavelengths (Figure 5). Based on
the different patterns of hot spots for welding additional AgNPs from these calculations,
we ran numerical simulations and successfully reproduced different shapes of nanowelded
microstructures (Figure 6), supporting our hypothesis.

It is worth noting that, in addition to nanowelded AgNPs showing different surface
plasmonic properties from individual AgNPs (Figure 5), it is well known that adjacent
AgNPs without welding could change the electric field enhancement [29,66]. For example,
as shown in Figure S3, calculations using the MNPBEM17 package revealed that not
only the spectra of the two AgNPs were different from the single AgNP in a separation-
dependent manner but also hot spots were formed between the two AgNPs. Such effects
likely play a role in the observed wavelength-dependent nanowelding of AgNPs. It would
be exciting to see a more complete model developed in the future.

Fluorescence imaging has been used in our studies to examine the nanowelded mi-
crostructures of AgNPs [12], which was possible due to the photoluminescence of Ag-
NPs [39,45,67]. TEM imaging was used to confirm the nanowelding of AgNPs in our
previous work and this study [12]. Although the resolution of TEM is much higher than
fluorescence imaging, the latter provides a much larger field of view. Therefore, compared



Colloids Interfaces 2023, 7, 67

10 0f 13

with electron microscopy, fluorescence microscopy is simple, versatile, and convenient.
As other metallic nanoparticles (e.g., gold and copper nanoparticles) are also photolumi-
nescent [68-73], we expect that the methods exploited in the current study are readily
applicable to the studies of nanowelding of other metallic nanoparticles. On the other
hand, we should point out that AgNPs were chosen in the current study because silver
can support strong surface plasmon across a wider spectrum, from 300 nm to 1200 nm,
than other metals, including gold and copper [29,32]. For nanoparticles composed of
other metals, the wavelengths used for nanowelding would be different. For example, the
resonance wavelength of individual gold nanoparticles of 30 nm is around 560 nm, while
the wavelength for cross-shaped structures is around 720 nm (Figure S4).

It is well known that the scattering spectra and surface plasmon resonance of metal
nanoparticles strongly depend on their material, composition, size, and shape, as well as
the surrounding dielectric environment [74,75]. It would be exciting to examine the laser-
induced nanowelding of nanoparticles comprising different metals, and with different sizes
and shapes. It would also be interesting to investigate how different solutions affect the
nanowelding process. We expect that the MNPBEM17 toolbox [55-57] will be useful for the
rational design of different nanowelding patterns based on laser and metal nanoparticles by
tuning the properties of dielectric solutions; the material, size, and shape of nanoparticles;
and the wavelength of illumination. In the current work, the simulations and calculations
of the electric field enhancement were performed on individual AgNPs and cross-shaped
structures, in combination with growth simulations, as a starting point to understand
the wavelength dependence of AgNP nanowelding. However, it would be interesting to
simulate the surface plasmonic properties of microscale structures of AgNPs in different
configurations and organizations in the future.

The current work suggests that it is possible to control the shapes of laser-induced
nanowelded microstructures of metallic nanoparticles using light at different wavelengths.
This capability of the light-based control of nanowelded shapes is expected to be convenient
for various applications, such as conductive bonding [15,76,77] and nanoparticle-based
metal printing [78-80]. Our study is expected to provide a better understanding and control
of such applications. We found that the observed wavelength-dependent nanowelded
shapes were associated with the wavelength dependence of the electric field enhancement
or the surface plasmon resonance. It would be interesting to theoretically and experi-
mentally explore the dependence of nanowelded shapes of metallic nanoparticles on a
wider range of wavelengths. We expect that such work will facilitate the rational design of
different shapes using illumination at different wavelengths.
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