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ABSTRACT: With the development of nanoscience and
nanotechnology for the bottom-up nanofabrication of nano-
structures formed from polystyrene nanoparticles, joining
technology is an essential step in the manufacturing and
assembly of nanodevices and nanostructures in order to provide
mechanical integration and connection. To study the nanospot
welding of polystyrene nanoparticles, we propose a new
nanospot-soldering method using the near-field enhancement
effect of a metallic atomic force microscope (AFM) probe tip
that is irradiated by an optical fiber probe laser. On the basis of
our theoretical analysis of the near-field enhancement effect, we
set up an experimental system for nanospot soldering; this
approach is carried out by using an optical fiber probe laser to
irradiate the AFM probe tip to sinter the nanoparticles, providing
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a promising technical approach for the application of nanosoldering in nanoscience and nanotechnology.
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1. INTRODUCTION

With the development of nanoscience and nanotechnology,
new nanomaterials, nanostructures, and nanofeatures are
constantly discovered and fabricated, showing broad application
prospects in the field of new materials, biomanufacturing,
bionic manufacturing, hydrogen fuel cells, solar cells,
information devices and equipment, and other high-perform-
ance scientific instruments. Although most of the focus has
been on synthesizing carbon nanotubes, graphene, etc,' ™3
structures created from polymers hold substantial promise.
Because of the interesting properties of polymer particles with
small size and high surface-to-volume ratios, polymer particles
are used in the fabrication of nanoscale devices. Specifically,
because polystyrene (PS) has been studied extensively and is
readily available, it is gaining particular interest.*”® However, in
the bottom-up nanofabrication of nanostructures formed from
PS nanoparticles, joining technology is an essential step in the
manufacturing and assembly of nanodevices and nanostructures
in order to provide mechanical integration and connection.”””

With regard to the PS nanoparticles being a promising
candidate for nanostructure building blocks, the nanosoldering
of adjacent PS particles has been demonstrated by thermal
processing. Yi et al.'® reported the sintering of 500 nm diameter
PS nanoparticles on patterned substrates. Harel et al.''
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demonstrated the fabrication of PS nanostructure by nano-
manipulation and thermal processing. However, during thermal
processing, all of the PS particles in either the softening or the
melting process were affected by the heated substrate, and the
researchers could not achieve effective nanospot soldering of
specified adjacent PS nanoparticles without affecting other PS
particles.

On the basis of the application prospects and the soldering
situation of PS nanoparticles described herein, we report for the
first time a new nanospot-soldering method with an optical
fiber probe laser irradiating a metallic AFM probe that is based
on the near-field enhancement effect, and we demonstrate the
effectiveness and feasibility of nanospot soldering from the
theoretical and experimental viewpoints.

2. NEW IMPLEMENT FOR NANOSPOT SOLDERING

To achieve nanospot soldering with a laser, obtaining a
nanospot light source with a sufficently high power becomes
the key to success at eliminating the diffraction limit restriction.
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Figure 1. Schematic diagram of nanospot soldering of polystyrene nanoparticles with an optical fiber probe laser that irradiates the metallic AFM

probe tip.
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On the basis of the near-field optical theory, if a
micronano probe is irradiated by a strong focusing laser or a
near-field laser, then an enhanced electromagnetic field with a
very high field-enhancement factor will appear around the
probe tip. Under laser irradiation, the free electrons in the
micronano probe tip are in a collective oscillation. If the
oscillation frequency of the electrons is consistent with the
frequency of the incident laser, then resonance will be
produced. In the resonant state, the energy of electromagnetic
field can be effectively transformed into a collective oscillation
energy of the free electrons of the micronano probe tip and the
PS nanoparticles. The PS nanoparticles can melt and be joined
together. At the same time, with the advent of the scanning
tunneling microscope (STM) and the atomic force microscope
(AFM) as tools for both imaging and micronano manipulation,
nanospot soldering can be achieved; the new implement for
nanospot soldering is illustrated in Figure 1.

In this system, the laser can be transmitted by the fiber and
be focused by the optical fiber probe. The light that is reflected
from the tapered, metallic probe tip is propagated to the optical
fiber and is directed by the fiber splitter to a power meter for
detection. A polarization rotator can be used to adjust the
polarization direction of incident laser. This light is optimized
to ensure that the laser beam is efficiently coupled into the core
with a diameter of several micrometers and then directed all the
way to the fiber tip. The combination of a flange attenuator and
a polarization rotator permits both continuous variation of the
laser power and polarization that are suited to the nanospot-
soldering process. The optical fiber probe, placed in the guide
unit to avoid vibration, is attached to a multidimensional
nanopositioning stage and then is inserted into the sample
object stage. As the optical system, the all-fiber-coupling optical
circuit with low loss can match the optical probe as a result of
good transmission. Therefore, the spatial light path is very
flexible, and in the nanospot-soldering procedure, the relative
position between the AFM probe tip and the optical fiber probe
tip can be controlled by the multidimensional positioning stage
with high accuracy, which is useful for subsequent nanospot-
soldering procedures.
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3. THEORETICAL ANALYSIS AND DISCUSSION

To study the near field of the metallic AFM probe tip as it is
irradiated by the optical fiber probe laser, Figure 2 shows the
corresponding computational model.
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Figure 2. Computational model of the metallic AFM probe tip,
irradiated by a tapered metal-coated optical-probe laser.

In the model, the incident laser transmits along the x-axis
direction with the polarization direction along the z-axis
direction. To ensure the accuracy and reliability of simulation
results, the simulation model and parameters were as much as
possible set to match the actual situation. On the basis of the
actual parameters of optical fiber probe, the larger-end diameter
of fiber probe @, smaller-end diameter ¢,, and the length H
were set to ~700, 100, and 600 nm, respectively. The curvature
radius R, and the taper angle 6, of the AFM probe tip (Si
material coated with a Pt film) were set to 20 nm and 30°,
respectively. According to the near-field excitation conditions
necessary for the appearance of the near-field enhancement
effect, the AFM probe was placed in the near-field region of
optical fiber probe, and the distance [ was set to 70 nm in the
corresponding simulations. Considering the actual laser instru-
ments and the near-field enhancement effect, the laser
wavelength was set to 808 nm. To calculate the enhancement
characteristics at the corresponding laser wavelength, the
relative permittivity values (&0, and &, for the optical fiber

probe and &g and ey, for the AFM probe tip) were set to 3.9,
—34.5 + i85, 13.6 + i0.044, and —17.179 + i29.609,
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respectively. In addition, the relative dielectric constant epg and
the electrical conductivity of PS nanoparticles were set to 2.55
and 0.0167 S/m, respectively.'® Because the penetration depth
of the laser in aluminum material is very small in the actual
situation of the optical fiber probe, the thickness of the
aluminum film T was set to 80 nm in order to limit the
scattering and transmitting of light. At the same time, the
metallic AFM probe tip and the PS nanoparticle were placed in
the near-field region of optical fiber probe. To prevent the
contamination of the AFM probe tip by PS nanoparticles, the
distance d,,, between the AFM probe tip and the PS
nanoparticle was set to 10 nm in the simulations. The diameter
of the PS nanoparticle was set as 120 nm to obtain accurate
data.

On the basis of the computational model, to analyze the
near-field effect of the metallic AFM probe that was irradiated
by an optical fiber probe laser, it was simulated with the finite
element method, and the enhanced electric field is shown in
Figure 3. For the purpose of clearly and simply expressing the

Electric field (Vim)

Figure 3. Electric field distribution with an optical-fiber-probe laser
irradiating the metallic AFM probe and the polystyrene nanoparticle.

near-fleld enhancement effect, the electric field amplitude of the
incident laser E, was set to 1 V/m. At the outlet portion of
optical fiber probe, the strength of the electric field has a high
value attributable to the near-field enhancement effect that is
based on surface plasmon resonance as well as the high values
at the sharp-boundary portion of the optical fiber probe. Now,
the AFM probe tip and the PS nanoparticle were in the near-
field region, and an obviously enhanced electric field appears in
the gap between the metallic AFM probe tip and the PS
nanoparticle. The surface plasmon resonance and the edge-
enhancement phenomenon can affect the electric field
distribution with the secondary enhancement phenomenon,
presenting an electrical intensity as high as 3.6859 V/m
underneath the metallic AEM probe tip. If the gap between the
AFM probe tip and the PS nanoparticle is reduced, then a more
pronounced near-field enhancement effect can be obtained for
the nanospot-soldering operation. Because of the mutual
influence of the surface plasmon and the positional relation
between the optical fiber probe and the AFM probe, the near-
field distribution was asymmetrical on the central axis of the
optical fiber probe and the AFM probe. Observing the electric
field distribution at the PS nanoparticle, the enhancement effect
appears in the upper and the lower sides of PS nanoparticle as a
result of the polarization direction of the incident laser; the
laser can penetrate into the PS nanoparticle with high electric-
field intensity.

As an electromagnetic wave, the laser has high energy, which
is determined by the Poynting vector and is represented as

S=EXH (1)
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Here, S denotes the Poynting vector and E and H are the
electric intensity and magnetic intensity, respectively.

According to classical electromagnetic theory, the electric
field can be converted into the thermal field with the formula

Dy

Q=5 ®)
where @, is the frequency of incident laser, &’ is the imaginary
component of the relative permittivity of the AFM probe, and E
is the electric field strength.

In addition, the magnetic intensity H can be replaced by the
electric intensity E, on the basis of the Maxwell equations.
Therefore, the size of the electromagnetic energy of the
Poynting vector can be expressed as

I=S= 0.5c¢3011E2 3)

where I is the light intensity, ¢ is the velocity of light, and &, and
n indicate the dielectric constant of vacuum and the refractive
index of the medium, respectively.

Thus, the electric field is converted into a thermal problem.
Considering the near-field enhancement effect of an optical
fiber probe laser that irradiates the AFM probe, the AFM tip,
with Rayleigh length R* = 1/(2x) in the vertical direction, was
applied with a light intensity of 1.9 X 10'© W/m? and the
thermal distribution of AFM probe was simulated, with the
results shown in Figure 4. The AFM probe tip can achieve a

Femperature (K)

Figure 4. Thermal field distribution of the AFM probe tip irradiated
by a laser with an input power of 1.9 X 10'° W/m? achieving a stable
temperature of the AFM tip on the basis of the near-field enhancement
effect for nanosoldering.

temperature of 538.37 K, which is higher than the melting point
of the PS nanoparticle. Thus, according to the theoretical
analysis, the nanospot soldering of PS nanoparticles can be
achieved; the nanospot soldering of PS nanoparticles was
subsequently carried out.

4. EXPERIMENTS AND DISCUSSION

On the basis of the systemic diagram in Figure 1, we set up the
experimental platform for nanospot soldering that is shown in Figure
S. The optical fiber probe (MF04, NT-MDT, Russia) was made of a
single-mode tapered probe with an aperture diameter of 100 nm.
Because it is an important component for laser input, the optical fiber
probe can withstand the maximum laser power of 400 mW. Therefore,
before the nanosoldering experiments and on the basis of its adjustable
laser power, we selected the single-mode polarized laser instrument
(Lumics LU0808M100, Connect Laser, China) with a maximum
power of 64 mW for the incident laser source. The optical efficiency of
optical fiber probe, with a diameter of 100 nm, is about 107°. To
provide a theoretical basis for nanospot-welding, assuming laser-input
powers of 11 and 60 mW, the laser-output powers are 11 and 60 uW,
respectively, at the exit of the optical fiber probe. According to eq 3
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Figure S. (a) Experimental platform for nanospot soldering of polystyrene nanoparticles. (b) Before and (c) after alignment between optical fiber

probe and AFM probe tip.
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Figure 7. AFM images (a) before and (b) after nanomanipulation of 120 nm polystyrene particles that were based on the vector-scanning mode of

the AFM system.

and the near-field enhancement effect, the light intensity applied to
AFM probe tip is 1.9 X 10" and 1.04 X 10" W/m? respectively.
Then, the corresponding simulations were carried out, obtaining stable
temperatures of the AFM probe of 538.37 and 1197.5 K; these data
provide theoretical guidance for nanospot-soldering experiments.

In addition, in order to allow adjustment of the distance between
optical fiber probe and the AFM probe, the optical fiber probe was

2

adhered to a metallic syringe needle that was attached to a 3D
nanopositioning stage with an ultrahigh resolution of 1 nm (SLC-
1720-s, SmarAct, Germany). In addition, the position of the sample
was monitored in situ by AFM imaging on a reconstructive scanning
probe microscope (SPM) platform (CSPM 5500, Being Nano-

Intruments, China).

297 DOI: 10.1021/am506344j
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Figure 8. Nanospot soldering of polystyrene nanoparticles (a) before and (b) after heating with an optical-fiber-probe laser irradiating AFM probe

tip (laser power = 60 mW).

To study nanospot soldering and show its advantages, we first
conducted experiments focused on the soldering of PS nanoparticles
with the thermal substrate. In the corresponding experiments, the
heating execution unit, with a magnet at the bottom, was placed on top
of the piezoelectric stage, keeping it in contact with the magnetic force.
The dispersion solution of 120 nm PS nanoparticles, treated by an
ultrasonic instrument, was used to coat the clean Si-substrate surface
and dried with a flow of N,. Then, the Si wafer with the PS
nanoparticles was placed on the heating unit for scanning and imaging.
By setting the temperature of the heating unit to 150 °C, the
temperature is higher than the glass-transition temperature of the PS
nanoparticles and is sufficient to achieve nanosoldering of the PS
nanoparticles. In the experiments, a 3 min heating time was used for
heating the PS nanoparticles. Thereafter, the heating unit and the Si
substrate were cooled for 20 min to prevent position drift resulting
from thermal expansion that occurred during scanning and imaging.
The experimental results, before and after heating, are shown in Figure
6. Figure 6a reflects to some extent the information for a single
particle. Figure 6b shows that adjacent nanoparticles formed larger
mounds, as compared to Figure 6a. Thus, heating the whole substrate
would result in the soldering of all of the nanosolders on the substrate,
and it would not achieve nanospot soldering at the expected position.
We mainly focused on the nanospot soldering with the new method.

Before nanospot soldering, nanomanipulation plays an important
role in the fabrication of the PS nanostructure. To study the feasibility
and accuracy of nanomanipulation, the PS nanoparticles were
manipulated with the vector-scanning mode of the AFM system.
Controlling the optimized parameters used in scanning and imaging, a
large sample range was scanned for nano-objects, and then a more
local, smaller range was scanned to produce clear images of the PS
nanoparticles (Figure 7a). According to the specific vector used
through the setting and conversion of coordinate values, the PS
nanoparticle, marked as “1”, was chosen as the nanomanipulation
object and was manipulated by the propulsive force of the AFM probe
tip. The nanomanipulation ‘result is shown in Figure 7b, which
illustrates that a nanoparticle can be artificially manipulated into a
specified position and also demonstrates that vector-scanning-mode
nanomanipulation is_an effective method of nanomanipulation,
providing an effective approach for carrying out nanospot soldering
on adjacent nanoparticles.

For the nanospot-soldering experiments with PS nanoparticles, an
alignment operation was first carried out between the optical fiber
probe and the AFM probe via adjustment of the 3D nanopositioning
stage and the angle of the optical fiber probe holder, which are shown
in Figure 5. Simultaneously, in the height direction, the optical fiber
probe was adjusted to irradiate the AFM probe tip and to ensure no
contact with the substrate surface when the AFM system carries out
scanning and imaging. Over the whole experiment, the taping mode
was used for scanning and imaging. For nanosoldering, a gap of 2—5
nm was set between the optical fiber probe and the AFM probe tip
under the noncontact mode. To achieve nanospot-soldering, the
agminate PS nanoparticles, marked with the green square in Figure 8a,
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were chosen as the operation objects. The geometric center, marked
with the green cross, became the location of the AFM probe tip that
was heated by the optical fiber probe laser. In the nanospot-soldering
process, the laser power and the duration time were set at 60 mW and
1 min, respectively, and the nanospot-soldering result is shown in
Figure 8b. The PS nanoparticles near the thermal point of AFM probe
tip were sintered into several mounds. In contrast, the nanoparticles
that were far away from the hot spot still kept their monomer
morphology (Figure 8b, red circles). This shows that nanospot
soldering can be effectively achieved with an AFM probe that is
irradiated by an optical fiber probe laser. However, after the nanospot
heating process, the PS nanoparticle morphology had a deformation of
a certain angularity without uniform roundness. According to the SEM
images of the AFM probe tip morphology before and after
nanosoldering (Figure 9), there is almost no modification of the

(a) Before Nanosoldering | (b) After Nanosoldering

Figure 9. SEM images of AFM probe tip morphology (a) before and
(b) after nanosoldering with an optical-fiber-probe laser irradiating the
AFM probe tip.

AFM probe tip in the nanosoldering, scanning, and imaging operations
under the higher temperature that is caused by the higher laser power.
In addition, because the optical fiber probe laser could also illuminate
the surrounding PS nanoparticles when it irradiated the AFM probe
tip, the near-field enhancement effect on nanoparticles caused the
generation of the deformation under the higher laser power, without
the melting of nanoparticles and the merging together of the adjacent
nanoparticles.

Considering that the higher laser power can affect the other
surrounding PS nanoparticles, the nanospot soldering of PS
nanoparticles was carried out in succession under the lower laser
power (set to 11 mW in subsequent experiments). To clearly
distinguish the deformation of nanoparticles, the scanning area was
reduced from the original before nanospot soldering, and two adjacent
PS nanoparticles were selected as the nanospot-soldering object in
Figure 10a. For the nanospot-soldering effect, the AFM probe was
positioned at the center position of the two adjacent nanoparticles
(marked with the red crossing lines in Figure 10a). Changing the laser
irradiation time to S min and keeping the other parameters constant,

DOI: 10.1021/am506344;j
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Figure 10. Nanospot-soldering process of polystyrene nanoparticles (a) before and (b) after heating operation with (c) the height topography
throughout the process of the optical fiber probe laser irradiating the AFM probe tip (laser power = 11 mW).

the corresponding experiment was carried out in a manner that was
similar to that of the above nanospot-soldering experiment. The
nanospot-soldering result is shown in Figure 10b, which shows that
after the melting, agglomerating, and cooling processes the two
nanoparticles were sintered together well; they became a larger mound
(green cross) that has good roundness, resulting from the surface-
tension effect in the liquid state. The center position of the mound
coincides exactly with the heating spot of the AFM probe tip that was
irradiated by the laser (Figure 10a, red cross). In addition, the
morphology of the surrounding PS nanoparticles has no apparent
deformation or other effects. Therefore, the new method of an optical
fiber probe laser that irradiates the AFM probe can effectively achieve
the nanospot-soldering process without the damage caused by other
nanosolders or nanodevices, which also provides a promising technical
approach for the application of nanosoldering in nanoscience and
nanotechnology.

5. CONCLUSIONS

The nanospot-soldering method that uses an optical fiber probe
laser to irradiate the AFM probe, was proposed on the basis of
the near-field enhancement effect. The electric and thermal
field distributions were theoretically analyzed in simulations.
The near-field enhancement effect can appear underneath the
AFM probe tip, and it can cause the AFM probe tip achieve the
high temperature necessary for nanospot soldering. During the
soldering operation with the heating substrate, all of the
polystyrene nanoparticles can be nanosoldered, and the
adjacent nanoparticles can be sintered into larger mounds
with the thermal substrate, which would not achieve nanospot
soldering at the expected position. Using a nanomanipulation
method, the polystyrene nanoparticles can be manipulated into
the designated position. Then, the adjacent polystyrene
nanoparticles can be sintered into a larger mound after the
melting, agglomerating, and cooling of nanoparticles, which
demonstrates that the method using an optical fiber probe laser
to irradiate the AFM probe can effectively achieve the nanospot
soldering of polystyrene nanoparticles and provides a promising
technical approach for the application of nanosoldering in
nanoscience and nanotechnology.
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Thermal field distribution of the AFM probe tip that was
irradiated by a laser with an input power of 1.04 X 10" W/m?,
temperature of the AFM probe tip that was irradiated by a laser
with a different input power, and the nanospot-soldering
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laser irradiating the AFM probe (laser power = 11 mW). This
material is available free of charge via the Internet at http://
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