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Chapter 1

General Introduction

1. Laser Processing in Liquids

Over the past few decades, nanotechnology and nanoscience and their
application in almost every field related to industry have rapidly advanced.-
4 Both chemical and physical nanoparticle synthesis techniques have been
studied because of the global demand for diverse nanoparticles. Chemical
synthesis of nanoparticles, however, always requires extra procedures to
eliminate excess surfactants and residual reactants and ultimately obtain
stable and pure nanoparticles. Laser processing in liquids is a convenient and
scalable physical method for synthesizing various ligand-free, stable, and
pure nanoparticles of versatile materials.

In pulsed laser ablation in liquids (PLAL), nanoparticles are formed
through an explosive interaction caused by high-energy-density laser
irradiation onto a bulk target in liquid (Figure 1. 1).>® When a laser pulse
with an intense energy interacts with a target in a liquid, plasma is generated
on the target surface.'®!? This plasma contains ionic and atomic species
originating from the materials in the target.™® The duration of the plasma
generation is in the range of nanoseconds to microseconds, depending on the
surrounding environment and laser parameters.’* ' The cavitation bubble
forms a sharp quasi-hemispherical phase boundary in the liquid. Soon after,
this cavitation bubble undergoes periodic evolution of further expansion and
shrinkage until its collapse, which can last from microseconds to
milliseconds.'®*2 The condensation of a cluster from vaporized material in
a specific environment of PLAL is thought to be the main nanoparticle
formation mechanism.*®)

Nanoparticles synthesized by PLAL are fascinating materials for various
applications.r’?2 A variety of size-controlled nanoparticles with high purity
and a unique surface chemistry, both of which are properties highly relevant
for industrial applications, is synthesized by PLAL. Upscaling PLAL
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nanoparticle synthesis to the production of multiple grams per hour is
essential for many applications. Recently, a model has been developed by
Intartaglia et al. to predict productivity on the basis of ablation.?® This model
assumed that the ablation efficiency was proportional to the laser energy.
Utilizing a novel laser system consisting of a 500 W, 10 MHz, 3 ps laser
source that was fully synchronized with a polygon scanner reaching scanning
speeds up to 500 m s, Streubel et al. explored different strategies to increase
the productivity of PLAL nanoparticle synthesis.?” By employing a high
scanning speed, laser-induced cavitation bubbles were spatially bypassed at
high repetition rates, and continuous multigram ablation rates up to 4 g h™t
were demonstrated.?®

2. Pulsed Laser Melting in Liquids (PLML)

Submicrometer spherical particles have been synthesized by subjecting
raw colloidal nanoparticles dispersed in a liquid medium to pulsed laser
irradiation (Figure 1. 2).252% Referred to as PLML, in this process, raw
nanoparticles are selectively heated to a temperature above the melting point
and then melted by unfocused pulsed laser irradiation (Figure 1. 3). Raw
nanoparticles are generally aggregated in liquid, and the aggregates merge
into large submicrometer droplets. Subsequently, the formed droplets are
quenched by the surrounding liquid to become nonporous, highly crystalline,
submicrometer spherical particles. Using this technique, submicrometer
spherical particles can be fabricated for various materials such as metals,3"
31 oxides,? semiconductors,® and carbides.®

The particles obtained by PLML are unique in that they are spherical and
crystalline.®® These two features are generally incompatible because
crystalline particles usually form a polyhedral shape with stable low-indexed
crystalline faces. Submicrometer spherical particles used in commercial
applications are limited to amorphous particles made of glass or polymer.
Therefore, the material versatility of the particles obtained by PLML is an
important advantage over other particle fabrication processes. In addition,
submicrometer spherical particles synthesized by PLML are nonporous,
which is not observed in spherical particles obtained by chemical methods.
Furthermore, bimetallic alloy submicrometer spherical particles, which are

3



PLML

Agglomerates of
raw nanoparticles

D ‘«—g ) Submicrometer
spherical particles
c Stirring >

Figure 1. 2. Schematic drawing of the synthesis of submicrometer
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Figure 1. 3. Hlustration of the formation of submicrometer spherical
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immiscible under equilibrium, can be formed by PLML.3% The rapid cooling
process of PLML leads to the formation of particles with unique features,
such as submicrometer size, spherical shape, crystalline structure, nonporous
nature, and nonequilibrium alloy phase.

In previous work, it was shown that the particle heating—melting—
evaporation model can be successfully applied for many phenomena arising
when colloidal nanoparticles interact with pulsed laser beams.?2" This
model consists of two energy terms: (1) light energy absorbed by a particle
and (2) thermal energy that induces phase transitions of a specific material.
By equating these two terms (i.e., no heat loss), curves indicating the
required laser fluence to induce the phase transition of a spherical particle
versus particle diameter can be calculated. Despite the model’s simplicity,
the resulting phase diagram explains the size of the submicrometer spherical
particles synthesized by PLML (Figure 1. 4).

3. Applications of Submicrometer Spherical Particles

In light of their unique features, various applications of nonporous
crystalline submicrometer spherical particles have already been proposed
and validated. In particular, optical applications of particles with sizes
equivalent to the optical wavelength have been widely investigated, aiming
for effective back reflectors in solar cells and for random lasing.%® 3" In
addition, the nonporous nature of these particles also leads to improved
mechanical properties.® 39 Submicrometer spherical particles with high
crystallinity are used in bulk materials such as lubricant oil additives to
reduce the friction coefficient.*® Such utilization of submicrometer spherical
particles in bulk materials contributes to the miniaturization and weight
lightening of devices.

Based on the results of fracture tests on various submicrometer spherical
particles under applied compressive force, the fracture strength of the
submicrometer spherical particles was found to be larger than that of the bulk
material reported in the literature by about one order of magnitude.*? Due to
the single crystallinity of the particles, smaller particles have a higher
fracture strength, exhibiting up to 10-40% of the calculated ideal tensile
fracture strength based on the density functional theory. These results
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Figure 1. 4. Experimental results versus the phase diagram calculated
using the particle heating—melting—evaporation model for ZnO spherical
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demonstrate that the particles have a high mechanical strength and, therefore,
are promising for mechanical applications at the submicrometer length scale.

The synthesis of submicrometer spherical particles is difficult in both top-
down approaches such as grinding techniques and bottom-up approaches
such as chemical methods (Figure 1. 5). Recently, submicrometer particles
were gradually synthesized by a top-down method based on an advanced
grinding technique. However, the submicrometer particles synthesized by
grinding often have an angular shape and an active surface caused by
mechanical crashing. Particles synthesized by chemical approaches are
generally below the submicrometer scale because conventional chemical
synthesis methods involve or are based on a precursor reaction or ligand
exchange, thus resulting in the formation of nanoparticles. PLML is an
effective approach to obtain high-quality submicrometer spherical particles.

In order to fully exploit the unique features of PLML-fabricated particles
(crystalline and spherical) in practice, a mass-production PLML technique is
required. In previous PLML particle synthesis for batch-type irradiation, the
production rate reached 7 mg h™ under typical conditions.*? In order to
achieve a high spheroidizing ratio of irradiated particles in the vessel, the
PLML batch process requires a long irradiation time to compensate the
extinction of suspended particles. Thus, to ensure that all particles suspended
in the batch vessel are converted into spherical particles, the liquid in the
vessel must be irradiated by an excessive number of laser pulses. By
adopting the slit nozzle system that supports a continuous liquid film flow,,
Ishikawa et al. improved the production rate of submicrometer spherical
particles, achieving up to 195 mg h™* using the same typical laser system.*®)
In order to further increase the production rate, employing a high-power laser
source, which generally exhibits a high repetition rate, would be an effective
approach.?
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4. Thermal Behavior during Submicrometer Spherical Particles’
Formation

The rapid cooling process of PLML is a significant factor in forming
crystalline and spherical particles. These two features of the products are
generally incompatible because crystalline particles are expected to be
faceted (i.e., featuring a polyhedral shape with stable, low-indexed, crystal
faces). The PLML cooling process is one of the fastest in thermal processing
of materials because the specific surface area of submicrometer spherical
particles is far larger than that of bulk materials.?” 44 It enables the formation
of unique crystalline and spherical particles. The instantaneous heating
process of PLML also has a significant effect on particle melting in liquids.
Heat loss during PLML has been considered to be negligible because the
heating rate by pulsed laser irradiation is much faster than the cooling rate.2®
If the heating rate of particles irradiated with pulsed laser does not
sufficiently exceed the cooling rate, the particles in the liquid will be poorly
heated because nearly all heat energy would dissipate to the surrounding
liquid from the particles during pulsed laser heating. Therefore, the heating
rate of the particle, which depends on the pulse width of the pulsed laser,
influences the formation of submicrometer spherical particles.

Submicrometer spherical particles interact strongly with light when the
optical wavelength is close to the size of the particles.*® Depending on the
optical properties of the material, the submicrometer particles absorb laser
energy inhomogeneously.** In PLML, a homogeneous distribution of heat
energy within the spherical particles is assumed because heat diffusion in the
solid-state particle is much faster than heat transfer to the surrounding liquid
from the particle. However, time is required to homogenize the heat
distribution within the particle. Inhomogeneous heating leads to partial
melting, evaporation, and ablation of the particle. Therefore, the heating
duration during pulsed laser heating is important in synthesizing uniform and
stable submicrometer spherical particles.

5. Outline of This Study

In PLML, the entire particle in the liquid is melted within a nanosecond-
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scale heating and cooling process, resulting in submicrometer spherical
particles. In order to form a submicrometer spherical particle via pulsed laser
irradiation in a liquid, the laser fluence must be larger than the threshold for
particle melting, but smaller than the threshold for laser ablation. When the
laser fluence exceeds the threshold for laser ablation, nanoparticles are
formed because of an explosive interaction between the particles and laser
light. Therefore, the temperature of the whole particle is in the range of
particle melting in the complicated nanosecond-scale heating and cooling
process during the PLML synthesis of submicrometer spherical particles.
However, the time evolution of the heating and cooling process during
particle formation has never been considered in previous work. In this
dissertation, the time-resolved thermal behavior of the submicrometer
spherical particle formation is studied. The balance between the thermal
diffusion within the particle and the thermal dissipation to the surrounding
liquid from the particle should be considered to understand the particle
formation mechanism.

In Chapter 2, submicrometer spherical particles are synthesized in a liquid
using several tens of nanoseconds long laser pulses, and the particle
temperature profile is calculated; the results are analyzed in terms of particle
cooling. The experimental and computational results show that the heat
energy of the particle is dissipated to the surrounding liquid by particle
cooling, even during pulsed laser heating. Consequently, the authors reveal
the submicrometer spherical particle formation conditions and mechanism
for nanosecond- and nanometer-scale particle cooling in a liquid.

In Chapter 3, submicrometer spherical particles are fabricated via both
picosecond and nanosecond laser irradiation under similar conditions to
study the effect of picosecond laser irradiation. The laser fluence required
for fabricating the submicrometer-size spherical particles by irradiation with
a picosecond laser is lower than that with a nanosecond laser. This result
suggests that the energy loss from the particles is lower for shorter laser pulse
durations. Therefore, picosecond laser irradiation is an energy-efficient
method for fabrication. Furthermore, the sizes of the obtained particles
decrease as the pulse width decreases, which can be attributed to the decrease
in the thermal diffusion length within the particle. This result suggests the
possibility of size control of the submicrometer spherical particles by tuning
the pulse width.
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In Chapter 4, submicrometer spherical particles are synthesized by pulsed
laser irradiation at a high pulse frequency. At 200 Hz or lower, laser
irradiation at higher pulse frequencies is effective in reducing the irradiation
time to treat almost all particles in the liquid. In comparison, at frequencies
of 400 Hz or higher, nanoscale spherical particles form and the mass fraction
of submicrometer spherical particles drastically decreases. This result
suggests that consecutive laser pulse irradiation at 400 Hz or higher induces
heat accumulation in the particles and suspension, thus resulting in further
heating of the particles.

In Chapter 5, a burst-mode laser is used to control the increase in
temperature of the particles irradiated with a picosecond pulsed laser by
manipulating the burst pulse. Particles subjected to picosecond laser
irradiation tend to be inhomogeneously heated. If the thermal diffusion
length in the particles during ultrafast laser heating is smaller than the
particle size, the inhomogeneous heating effect will form nanoparticles as a
byproduct. Therefore, laser irradiation operated in burst mode is required to
control the particle heating process to suppress byproduct formation through
partial evaporation so that the synthesis of submicrometer spherical particles
using a high-power, ultrafast laser system is enabled. Fewer nanoparticle
byproducts form as the number of burst pulses is increased because the heat
distribution within the particle is homogenized during the burst-pulse
interval. Burst-pulse heating suppresses inhomogeneous particle heating and
particle evaporation induced byproduct formation.

In Chapter 6, general conclusions are presented. The thermal diffusion
within the particle and the thermal dissipation to the surrounding liquid from
the particles on the picosecond to nanosecond timescales are summarized.
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Chapter 2

Pulse-width dependence of cooling effect on submicrometer ZnO
spherical particle formation by pulsed laser melting in liquid

(This is the peer reviewed version of the following article: S. Sakaki, H. Ikenoue, T. Tsuji,
Y. Ishikawa, and N. Koshizaki, ChemPhysChem 18, 1101 (2017), which has been
published in final form at https://doi.org/10.1002/cphc.201601175. This article may be
used for non-commercial purposes in accordance with Wiley Terms and Conditions for
Use of Self-Archived Versions.)

2. 1. Introduction

Over the past few decades, nanoparticle fabrication by pulsed laser
irradiation with high fluence targeting material immersed in liquid (pulsed
laser ablation in liquid) has been widely studied.*™ In this method,
nanoparticles are generated by an explosive interaction between bulk
material and high-power laser light.

Recently, the synthesis of submicrometer spherical particles by
irradiating particles dispersed in liquid with a nanosecond pulsed laser was
reported.® Particles dispersed in liquid are instantaneously heated over the
melting point of the material when particles have adequate optical absorption
of nanosecond pulsed laser light, whereas the dispersion medium is barely
heated due to its optical transparency. The molten droplets are then quenched
by the unheated surrounding liquid, maintaining the spherical shape of the
droplets.6® The droplets of raw particles merge with adjacent droplets,
which results in the growth of submicrometer spherical particles.'® V)
Through this rapid particle heating and cooling, submicrometer spherical
particles are formed. This technique has been successfully applied to various
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materials including metals, semiconductors, and oxides (e.g., Au, Ag, Si,
ZnO, and TiOy).” 8 12714

Pyatenko et al. developed a particle heating—melting—evaporation
model that well explains the spherical particle formation conditions. 5 16)
In this model, all of the laser energy absorbed by a particle is assumed to be
exclusively utilized for particle heating. A laser—fluence curve as a function
of particle size for the phase transition from solid to liquid can then be
obtained. This curve is quite useful to explain the submicrometer spherical
particle formation mechanism and to predict the laser fluence required to
obtain submicrometer spherical particles. The curve with a positive slope in
the size range of several hundreds of nanometers suggests that the particle
size increases with laser fluence.

The particle heating—melting—evaporation model considered particle
cooling only by boiling conductive/convective heat transfer. This cooling
rate is slow comparting with particle heating, and therefore cooling process
was ignored in this model. However, heat dissipation by the liquid-phase
surroundings is possibly considerable. Heated particles would be rapidly
cooled by the liquid medium in the initial heating stage by laser pulse, and
then heat dissipation from particles is disturbed by the vapor-phase
surroundings generated by evaporation of surrounding liquid medium in the
subsequent heating stage. We fabricated submicrometer spherical particles
using a nanosecond pulsed laser with different pulse widths of 50 and 70 ns
to study the pulse width effect on the products. If the laser fluence of a single
laser pulse is the same, the pulse width should not affect submicrometer
spherical particle formation according to the particle heating—melting—
evaporation model without considering cooling effects of liquid-phase
surroundings. However, in our experiments, the laser—fluence threshold for
submicrometer spherical particle formation increased as the pulse width
increased, which suggests the contribution of a cooling process during pulsed
laser heating. Here we propose a new particle heating—cooling model to
explain this experimental result. Based on this new model, we also calculate
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time-dependent profiles of particle temperature, and computationally clarify
the pulse-width dependence of the cooling effect. The calculation results are
compared with experimental results to verify the validity of the developed
particle heating—cooling model.

2. 2. Results and Discussion
2. 2. 1. Experimental results

In this study, colloidal ZnO particles were irradiated with a KrF
excimer laser (Gigaphoton Inc., wavelength 248 nm, pulse frequency 100
Hz, pulse width 50 or 70 ns). Pulse shape was measured by biased silicon
detector (Electro-Optics Technology Inc., ET-2020) (Figure 2. 1).
Commercial ZnO powder (Sigma-Aldrich Co., LLC) was dispersed in de-
ionized water with a ZnO concentration of 0.2 mg/ml. Then, 6 ml of the
suspension in a glass vessel was irradiated for 8 min at various laser fluences
with agitation by a magnetic stirrer. The laser beam was focused using a lens
with a focal length of 500 mm to adjust the laser fluence (beam size 1.5 mm
x 8.7 mm square). Part of the particles in suspension absorb laser energy and
melt. By repeating this process with agitation for sufficient time,
submicrometer spherical particles with homogeneous size distribution are
formed.? The quenching process is usually reported to require 107 to 10~
s.1-2D) This quenching time is much shorter than the interval between two
consecutive laser pulses in this experiment. Therefore, no heat energy from
a laser pulse is retained in the particle just before the subsequent laser pulse
arrives, and particles can be regarded as independently interacting with each
laser pulse. The suspension after laser irradiation was settled for a day to
separate insufficiently treated raw particles and nanoparticle by-products
from the produced submicrometer spherical particles. The precipitation in
the glass vessel was dropped onto a Si substrate to observe the particle morphology
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Figure 2. 1. Temporal pulse profile of a KrF excimer laser with a pulse width
of 50 ns (red solid curve) or 70 ns (blue dashed curve).

19



using a field-emission scanning electron microscope (FE-SEM).

SEM images of raw ZnO particles and particles obtained by KrF

excimer laser irradiation with different pulse widths at 81 mJ pulse™ cm™
are presented in Figures 2. 2(a), (b), and (c). Raw particles have non-
spherical shapes with an average diameter of about 60 nm (Figure 2. 2(a)).
At a pulse width of 50 ns, agglomerates of raw particles were melted, and
submicrometer spherical particles with an average diameter of about 170 nm
were formed (Figure 2. 2(b)). In contrast, at a pulse width of 70 ns, particles
after laser irradiation were not spherical and were almost identical to the raw
particles (Figure 2. 2(c)), though 81 mJ pulse™ cm is a sufficient laser
fluence for agglomerates to melt based on the estimation by the particle
heating—melting—evaporation model ignoring the pulse width effect. Pulsed
lasers with short pulse widths would be efficient for pulsed laser melting in
liquid because heating by longer pulses is supposed to cause larger heat
dissipation.
Figures 2. 3(a) and (c) present the SEM images of the particles obtained after
KrF excimer laser irradiation with different pulse widths at a larger laser
fluence of 202 mJ pulse™* cm™. For both pulse widths of 50 and 70 ns,
submicrometer spherical particles were obtained. Additionally, the average
size distribution histograms plotted by counting more than 200 particles are
almost identical, regardless of pulse width (Figures 2. 3 (b) and (d)). At high
laser fluence, the pulse width has little influence on the products obtained by
pulsed laser melting in liquid.

The laser—fluence dependence of the average diameter and standard
deviation of the obtained ZnO particles calculated from the SEM images are
depicted in Figure 2. 4. The average diameter increases with laser fluence
when the laser fluence exceeds the threshold for submicrometer spherical
particle formation. In addition, the laser—fluence threshold increases with
increasing pulse width. For the case of a KrF excimer laser with a pulse width
of 50 ns, a laser fluence of 81 mJ pulse™* cm~2 was the threshold, whereas a
laser fluence of 101 mJ pulse™ cm=2 was required for 70 ns. When the third
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Figure 2. 2. SEM images of ZnO particles. Raw particles (a) and after KrF
excimer laser irradiation at a laser fluence of 81 mJ pulse™* cm2 with a pulse
width of 50 ns (b) or 70 ns (c).
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Figure 2. 3. SEM images of ZnO particles after KrF excimer laser irradiation
at a laser fluence of 202 mJ pulse™ cm™2 with a pulse width of (a) 50 ns or
(c) 70 ns. The corresponding particle size distributions from (a) and (c) are
shown in (b) and (d), and the average particle sizes are 327 nm and 323 nm,
respectively.
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a pulse width of 50 ns (red circles) or 70 ns (blue triangles).
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harmonic of an Nd:YAG laser with a pulse width of 10 ns is used, the laser—
fluence threshold is 67 mJ pulse™* cm™2,® which is smaller than for the KrF
excimer laser with pulse widths of 50 and 70 ns. The amount of laser energy
absorbed by a particle from one pulse is almost the same regardless of the
pulse width. This result suggests that the particles dissipate heat energy to
the surrounding liquid during pulsed laser heating and the maximum heat
energy accumulated in the particles decreases with increasing pulse width.

2. 2. 2. Particle heating—cooling model

The particle heating—melting—evaporation model could explain well
the submicrometer spherical particle formation in our previous studies using
a 10 ns pulse width Nd:YAG laser.!* *® However, particle cooling by the
surrounding liquid, which might affect submicrometer spherical particle
formation, was not considered to be significant in these studies. Here we take
the cooling process into consideration and develop a new particle heating—
cooling model describing the submicrometer spherical particle formation
process. In this model, a homogeneous distribution of heat energy within a
spherical particle and no volume change of the spherical particle during
heating and cooling are assumed. The time required for submicrometer
spherical particles to cool to room temperature is much shorter than 10 ms.*"
21) The calculations have been performed for a single pulse, because the pulse
repetition rate of the laser used in these experiments is 100 Hz (pulse
interval: 10 ms).

2.2.2.1. Particle heating

Particles absorb laser energy depending on the pulse shape of the
laser. In this model, all laser energy absorbed by the particle is converted to
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particle heat energy.

Lars = 02y "2 JO) (1)

2
Here, Q2. is the absorption efficiency based on Mie theory, % Is the

particle geometrical cross section, and J(t) is the time-dependent laser
fluence. The integral of time-dependent laser fluence corresponds to the laser
fluence.

2. 2. 2. 2. Particle cooling

The heat energy of the particles diffuses to the surrounding liquid. In
this model, conductive heat transfer is defined because convection around
submicrometer-scale particle is neglligible.??

‘;—‘t’ =h-nd? -{T(t) =Ty} (2)
where

__ Nugky
p=Miths ()

Here, h is the heat transfer coefficient, md? is the particle surface area,
T(t) is the particle temperature, and T, is the temperature of the
surrounding liquid. The heat transfer coefficient is proportional to the heat
conductivity of the surrounding liquid, k,,, Nusselt number, Nu,, and
inversely proportional to the particle diameter, d . In the case of
submicrometer particles in water, heat transfer coefficient can be estimated
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1.2 to 12 MW m2 KL, This value is much larger than the value estimated in
heating-melting-evaporation model. Therefore, cooling process have
influence on heat dissipation of particles.

In the initial heating stage, particles contact directly with the liquid
and are cooled. At the spinodal temperature of 573 K, explosive evaporation
of the water is reported to occur,?>?% and heated particles start to be cooled
by vaporized liquid over 573 K with the following heat transfer coefficient
value.

_ Nug-ky
L)

Here, k, isthe heat conductivity of the surrounding evaporating vapor. The
heat conductivity of vapor is much lower than that of liquid and, therefore,
the cooling rate by vapor is much slower than by liquid. Cooling process is
drastically switched by evaporation of surrounding liquid.

The Nusselt number is the ratio of convective heat transfer to
conductive heat transfer. In the case of natural convection on a sphere, the
Nusselt number is given as below.?®

0.589Ra}/*

Nud =2+ ]4/9 (5)

[1+ (0.469/P1)9/16

Here, Ra, is the Rayleigh number and Pr is the Prandtl number. In
submicrometer scale heating, heat transfer is governed by heat conduction
but not by fluid convection. In this case, the Nusselt number is constant,
Nu, = 2, because the Rayleigh number is negligibly small on the
submicrometer scale.??

Thermal particle-water interface resistance is considered in the case
of Au nanoparticles irradiated with femtosecond, picosecond and
nanosecond lasers.?” 28) However, conductive heat transfer does not contain
interfacial condition, and the step of temperature across the interface of
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particle and liquid is in quasi-equilibrium for the nanosecond case.?”
Therefore, we considered the step of temperature would be negligible during
several tens of nanosecond heating.

2. 2. 2. 3. Time-dependent particle temperature

The accumulated heat energy in a particle is the difference between
the laser energy absorbed by a particle and the energy dissipated by
conductive heat transfer.

dE _ dEgps dq
dt ~  dt dt

(6)
If the laser energy is not enough to melt the agglomerate of raw
particles, only particle heating in the solid state is expected.

T(t) = Ty + —o—+ E(t) (7)

Pp—6—Cs

3
Here, p, is the density of the particle, % is the particle volume, and ¢,

IS the particle specific heat in the solid state.
If the agglomerate absorbs more energy, particle melting occurs.
T(t) = T (8)

Here, T,, is the melting point of the material. During particle melting, the
particle temperature stays at the melting point.

With more absorbed energy, the particle completely melts and the
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temperature of the droplet increases further.

1

d3
p Ty

T() =T, + [E@®) — pp - ™2+ (Hy,, — Hy, + AHp)]  (9)

Here, Hy, — Hyp, is the relative enthalpy required for start of melting, AH,,

is the latent enthalpy of melting, and c; is the particle specific heat in the
liquid state.

2. 2. 3. Temporal temperature profile

By numerically solving the differential equation using a fourth-order
Runge—Kutta method, the time profile of the particle temperature of ZnO
spherical particles can be calculated. The pulse shape of the time-dependent
laser fluence used in the calculation is plotted in Figure 2. 1. The optical data
used in the calculation are listed in Table 2. 1,39 and all thermodynamic data
are listed in Tables 2. 2 and 3.25 3% 32 The absorption efficiency of ZnO
spherical particles at a wavelength of 248 nm was calculated from refractive
index and extinction coefficient using Mie theory (Figure 2. 5).

Figure 2. 6 depicts the calculated time-dependent temperature profile
of ZnO spherical particles 60 nm in diameter irradiated with a KrF excimer
laser (wavelength 248 nm, pulse width 50 or 70 ns) at laser fluences of 61,
81, and 101 mJ pulse™* cm™. These laser fluences are sufficient for particle
melting (dotted line: T;,,) when the adiabatic condition is satisfied. The
particle temperature calculated under the adiabatic condition (dashed line:
T,q) increased with increasing laser fluence. However, in this experiment,
submicrometer spherical particles were formed from 81 mJ pulse™ cm™ for
50 ns pulse width and from 101 mJ pulse™ cm™ for 70 ns pulse width.
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Figure 2. 5. Absorption efficiency of ZnO spherical particles at a wavelength
of 248 nm calculated using Mie theory.
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Table 2. 1. Refractive index and extinction coefficient of zinc oxide at a
wavelength of 248 nm.

n k

ZnO 1.808 0.509

Table 2. 2. Thermodynamic data of water used in the calculations.

T, k, (298K) k, (573K)
Tspinodal
K K W/m- K W/m- K
Water 298 573 0.61 0.043

Table 2. 3. Thermodynamic data of zinc oxide used in the calculations.

p Tmelt AHm HT _ HT Cs Cl
m 0

g/cm® K K/kg kl/kg  KkJ/kg-K KJ/kg-K

ZnO 5606 2243 870.65 1284.37 0.660 0.757
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At a laser fluence of 61 mJ pulse™® cm™, which is sufficient for
particle melting under the adiabatic condition, the maximum particle
temperature is below the melting point in both cases of 50 and 70 ns pulse
widths (Figure 2. 6(a)). For a 70 ns pulse width, the particle temperature is

below the spinodal temperature of the surrounding water (chained line: Ts,),

and the particles are rapidly cooled by liquid water. In contrast, for the 50 ns
pulse width, the particle temperature is above the spinodal temperature and,
therefore, the surrounding liquid evaporates and the generated vapor disturbs
heat dissipation from the particles. Therefore, the particle temperature is
much higher when irradiated with 50 ns pulses than with 70 ns pulses due to
the lower heat loss of 50 ns pulses.

At a laser fluence of 81 mJ pulse™* cm™, the particle temperature
reaches the melting point of ZnO for a 50 ns pulse width, but is below the
spinodal temperature for a 70 ns pulse width because heating rate is
comparatively lower than cooling rate by water (Figure 2. 6(b)). At a laser
fluence of 101 mJ pulse™* cm™2, the particle temperature reaches the melting
point of ZnO for 70 ns pulse widths (Figure 2. 6(c)). Once particle
temperature exceeds the spinodal temperature, attained temperature is
drastically increased. These calculation results considering the cooling effect
by the surrounding liquid are in good agreement with the experimental
results on spherical particle formation. When the temperature of the raw
particles reaches the melting point of the material, submicrometer spherical
particles are formed. During nanosecond pulsed heating of submicrometer
particles, the formation of vapor films around particles is essential for them
to melt in liquid.
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c) 101 mJ pulse™* cm”
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Figure 2. 6. Time-dependent temperature profile of ZnO particles 60 nm in
diameter irradiated with a KrF excimer laser at laser fluences of 61 mJ
pulset cm™ (a), 81 mJ pulse  cm2 (b), and 101 mJ pulse* cm™2 (c). In each
graph, temperature profiles calculated using the model considering the
cooling effect are shown for pulse widths of 50 ns (red solid curve) and 70
ns (blue dashed curve). The dotted horizontal line represents the melting
point of zinc oxide, T,,, the dashed horizontal line represents the particle
temperature under the adiabatic condition, T,,, and the chained horizontal

line represents the spinodal temperature of water, T,
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2. 2. 4. Fluence- and size-dependent maximum temperature

Figure 2. 7 illustrates numerical calculation results of the maximum
temperature of ZnO spherical particles irradiated with a KrF excimer laser.
Under the adiabatic condition, no heat is dissipated from the particles to the
surrounding liquid during pulsed heating. The laser fluence required to attain
the same temperature almost linearly increases with particle diameter for
diameters above 100 nm and is nearly constant below 100 nm. A higher
maximum temperature is attained when a larger fluence is applied (Figure 2.
7(a)). By considering the cooling effect and the pulse width of the KrF
excimer laser, the maximum temperature is decreased, especially for small
particles and low laser fluence (Figures 2. 7(b) and 7(c)). Thus, we find a
clear dip in the fluence—size diagram, indicating that 100 nm particles can be
selectively melted with smaller laser fluence. For large particles, the
maximum temperature considering the cooling effect is almost the same as
that under the adiabatic condition. The plotted circles and triangles in Figure
2. 7 are the experimental results shown in Figure 2. 4. Submicrometer
spherical particles are formed in the region above the melting point of ZnO
(gray-colored region). In contrast, raw particles are not melted and maintain
their shape and size if they stay in the region below the melting point.

The region in black in Figure 2. 7, which shows where the particle
temperature is barely elevated, expands toward larger particle size with
increasing pulse width. At a laser fluence of 150 mJ pulse™* cm,
nanoparticles smaller than 40 nm or 50 nm are insufficiently heated for pulse
widths of 50 ns or 70 ns, respectively (Figures 2. 7(b) and 7(c)).
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Figure 2. 7. Two-dimensional diagram of the highest temperature attained
as a function of laser fluence and particle size for ZnO spherical particles
irradiated with KrF excimer laser (a) under the adiabatic condition, and based
on a model considering the cooling effect with laser pulse widths of 50 ns
(b) and 70 ns (c).
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2. 3. Conclusions

Submicrometer ZnO spherical particle formation by pulsed laser
melting in liquid is examined using a nanosecond pulsed excimer laser with
different pulse widths. The threshold fluence for submicrometer spherical
particle formation increases with increasing pulse width from 50 to 70 ns.
This result suggests that the particles dissipate heat energy even during
several tens of nanoseconds pulsed heating, especially in the case of longer
pulse widths with lower laser fluence. Considering the cooling effect of the
surrounding liquid, a particle heating—cooling model is developed to
estimate the particle temperature profile during nanosecond pulsed laser
irradiation. Vapor films considered to be formed from the heated liquid
surrounding the particles significantly suppress the heat dissipation from the
particles to the liquid and elevate the maximum temperature attained.
However, if the particle size is small or the pulse width is large, the transient
temperature during heating is not high enough to form vapor films, resulting
in a drastic lowering of the maximum temperature. Utilizing the heating—
cooling model developed here, the threshold fluence for spherical particle
formation and maximum particle temperature can be estimated, which is
useful for predicting the fabrication conditions for submicrometer spherical
particles.
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Chapter 3

Comparison of picosecond and nanosecond lasers for the synthesis of
TiN submicrometer spherical particles by pulsed laser melting in liquid
(Applied Physics Express; \olume 11; Number 3; 035001,
https://doi.org/10.7567/APEX.11.035001, Copyright 2018 The Japan Society of Applied
Physics)

Nanoparticle synthesis via irradiation with a high-power laser in a
liquid medium, which is known as pulsed laser ablation in liquid (PLAL),
has been studied for a few decades because of the distinctive particle
formation mechanism associated with this technique.*® This method can be
applied to various materials such as metals,® oxides,” carbides,® and alloys?.
In PLAL, high-power pulsed lasers (nanosecond,® picosecond,'® and
femtosecond lasers!?) have been widely used because they can provide the
high instantaneous energy density needed to elicit an explosive interaction
between a target and laser light. For excitation of a target with ultrashort
pulses such as femtosecond laser, intensive heating of an electron gas occurs
during the pulse duration because pulse duration is shorter than electron-
phonon coupling period.!? In contrast, for excitation of a target with
nanosecond pulses, the electrons and lattice are in thermal equilibrium
because pulse duration is longer than electron-phonon coupling period.tV

Recently, submicrometer spherical particle formation by pulsed laser
melting in liquid (PLML) has been reported.>? In PLML, nanosecond laser
is usually used for synthesis of submicrometer spherical particles, since
PLML is thermal process under equilibrium conditions between electrons
and lattice.**'® Heat loss during nanosecond heating has been considered to
be negligible because a typical time needed for particle cooling is much
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larger than duration of nanosecond laser heating.'® However, recent study
indicated that the particles dissipate heat energy by cooling effect of
surrounding liquid even during several tens of nanoseconds heating.'”
Therefore, laser irradiation with shorter pulse width than nanoseconds would
be effective in reducing heat loss of pulsed heating.

Barcikowski et al. reported that submicrometer spherical particles
could be synthesized by picosecond laser irradiation to colloidal
particles.’®®) This method was effective when the pulse width was longer
than the electron—phonon coupling period of the material.*® However, the
difference between picosecond and nanosecond laser melting in liquid has
not been investigated. Thus, in this study, submicrometer spherical particles
were fabricated via both picosecond and nanosecond laser irradiation under
similar conditions to study the effect of picosecond laser irradiation on the
energy efficiency of particle synthesis and the properties of the obtained
particles. TiN was used as the materials for the particles in this study because
it has potential applications as submicrometer hard plasmonic particles.?%?)
TiN raw particles (Wako Pure Chemical Industries, Ltd., < 50 nm) were
dispersed in deionized water at a concentration of 0.2 g/L. A nanosecond
laser (Continuum Powerlite Precision 8000, 532 nm wavelength, 10 Hz pulse
frequency, 7 ns pulse width, and 8 mm beam diameter) and a picosecond
laser (Continuum PY61C—10, 532 nm wavelength, 10 Hz pulse frequency,
40 ps pulse width, and 6 mm beam diameter) were used for laser irradiation.
A colloidal solution of TiN raw particles was agitated using a magnetic stirrer
during laser irradiation. To obtain sufficient laser fluence for PLML, the laser
beam of the picosecond laser was condensed to a 4 mm diameter through a
convex lens with a focal length of 500 mm. To compensate for the difference
in the sizes of the laser beams (the beam of the nanosecond laser was four
times larger than that of the picosecond laser), 3 ml of suspension were
irradiated for 20 min with the picosecond laser and 6 ml of the suspension
were irradiated for 10 min with the nanosecond laser (total input energy per
suspension volume irradiated with the picosecond laser was equal to that
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with the nanosecond laser). The sizes and morphologies of the particles were
measured via field—emission scanning electron microscopy (FE-SEM JEOL
JSM-6500F). The crystal structures of particles were evaluated by X—ray
diffraction analysis (XRD, Rigaku RINT-2000).

SEM images of particles irradiated with a nanosecond laser for 10
min are shown in Figs. 3. 1(a) and 1(b). Nanosecond laser irradiation at a
laser fluence of 67 mJ pulse™* cm™ resulted in submicrometer spherical
particles; in contrast, irradiation at a laser fluence of 50 mJ pulse™* cm™, the
obtained particles were almost identical to the raw particles. Figures 3. 1(c)
and 1(d) show the particles irradiated with a picosecond laser for 20 min.
Picosecond laser irradiation at a laser fluence of 50 and 67 mJ pulse ™ cm2
resulted in submicrometer spherical particle formation. Thus, a low laser
fluence is sufficient to synthesize submicrometer spherical particles with a
small pulse width. This result indicates that the heat loss from particles
irradiated with a picosecond laser is lower than that from particles irradiated
with a nanosecond laser during pulsed laser heating.

Figures 3. 2(a) and 2(c) shows SEM images of particles irradiated
with a pulsed laser with different pulse widths at a laser fluence of 67 mJ
pulse* cm™2. The final diameter of particle irradiated with a pulsed laser for
sufficient time is determined by the laser fluence, because the laser fluence
determines the maximum diameter of the particle which can be melted.?? To
irradiate with a pulsed laser for sufficient time, the irradiation times were
three times longer than those used on the particles shown in Fig. 3. 1; the
irradiation time with the nanosecond laser was 30 min and that with the
picosecond laser was 60 min. Based on these SEM images, the size
distributions of the submicrometer spherical particles irradiated with a
pulsed laser with different pulse widths were graphed by measuring the sizes
of more than 300 particles [Figs. 3. 2(b) and 2(d)]. The average diameter of
the particles irradiated with the nanosecond laser was 111 nm and that of the
particles irradiated with the picosecond laser was 74 nm. This finding
indicates that the average diameter of submicrometer spherical particles also
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ns laser (10 min) ps laser (20 min)

Figure 3. 1. SEM images of TiN particles irradiated (a, b) with a nanosecond
laser for 10 min and (c, d) with a picosecond laser for 20 min with laser
fluence values of (a, ¢) 50 mJ pulse™* cm™2 and (b, d) 67 mJ pulse * cm™,
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Figure 3. 2. SEM images of TiN particles irradiated (a) with a nanosecond
laser for 30 min and (c) with a picosecond laser for 60 min at the laser fluence
of 67 mJ pulse? cm™ and the corresponding size distributions of TiN
particles irradiated (b) with a nanosecond laser for 30 min and (d) with a
picosecond laser for 60 min.
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decreases with decreasing pulse width.

Figure 3. 3 shows XRD patterns of the particles depicted in Fig. 3. 2,
which were irradiated with picosecond and nanosecond lasers at a laser
fluence of 67 mJ pulse* cm™2; a logarithmic ordinate scale was used to
emphasize peaks from minor components of particles. Both samples
exhibited strong XRD peaks corresponding to TiN. For nanosecond laser
irradiation, peaks corresponding to rutile TiO, appeared, indicating a slight
oxidation of TiN. This result is consistent with a previous report of the
formation of TiO, and TiOxNy by PLML.? In contrast, for picosecond laser
irradiation, there was no peak indicating the presence of rutile TiO,, but the
broad and weak peaks in the XRD diffraction pattern corresponding to
TiOxNy were observed in higher 26 angles relative to the peaks
corresponding to TiN.2% The particle heating time with a picosecond laser is
shorter than that with a nanosecond laser, and the cooling time of the small
particles obtained by picosecond laser irradiation is shorter than that of the
large particles obtained by nanosecond laser irradiation.'®'”) Therefore, the
oxidation reaction between particles and liquid may be suppressed due to the
reduction in reaction time at high temperature.

The thermal diffusion length during pulsed laser heating is given by the
following well-known diffusion equation:

10 = [ ®

where k is the heat conductivity of the particles, t is the pulse width, p
Is the density of the particles, and C is the specific heat of the particles.
Thermal diffusion length in TiIN particles during pulsed laser heating
calculated by Eq. (1) based on the physical properties of TiN?) in Table 3. 1
is 17.6 nm for picosecond laser and 233 nm for nanosecond laser. The
thermal diffusion length increases with the heating duration.
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Figure 3. 3. XRD patterns of the particles irradiated with a picosecond and
nanosecond lasers at a laser fluence of 67 mJ pulse ™ cm™ depicted in Fig. 3.
3.2.
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Figure 3. 4 shows the spatial distribution of the resistive heat loss
density from TiN spherical particles of 50 nm and 100 nm in diameter owing
to electromagnetic wave irradiation by a plane-polarized light with a
wavelength of 532 nm using the constants in Table 3. 2. The distributions
were calculated using COMSOL Multiphysics®, a commercial software
based on the finite element method. In this size range, TiN particles are
heated mainly at their surfaces by the laser light irradiation. The thermal
diffusion length during nanosecond laser heating (233 nm) is larger than the
diameter of the particles obtained by nanosecond laser irradiation. Therefore,
thermal energy diffuses from the particle surface which absorbs laser energy
to the entire particle during pulsed laser heating, resulting in homogeneous
heating and melting the particles. In contrast, the thermal diffusion length
during picosecond laser heating (17.6 nm) is smaller than the diameter of the
particles obtained by picosecond laser irradiation. Therefore, particles are
partially heated at the incident light side of the particle surface during pulsed
laser heating. The size of the obtained particles decreases with decreasing
thermal diffusion length, which depends on the pulse width.

As shown experimentally and theoretically, the particle
heating—cooling model developed by our group can be applied to calculate
the particle temperature during pulsed laser irradiation.*” Particles are heated
via laser absorption depending on the time profile of laser pulse. The
absorption efficiency can be calculated from the refractive index and
extinction coefficient of TiN?® shown in Table 3. 2 based on the Mie theory.
In this model, the heat loss due to particle cooling is considered, and it is
assumed that all laser energy absorbed by the particles is converted into heat
energy. Hence, the laser fluence required for the melting start are calculated
based on this particle heating—cooling model considering the cooling effect
of the surrounding liquid.
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Figure 3. 4. Spatial distribution of density of the electromagnetic heat loss
from TiN spherical particles with diameters of (a) 50 nm and (b) 100 nm
when excited by plane-polarized light with a wavelength of 532 nm, resulting
in local thermal heating by the electromagnetic wave (light) irradiation. Here,
the light propagates in the X-direction, the electric field oscillates in the X—
Z plane, and the magnetic field oscillates in the X-Y plane. The distributions
were calculated using COMSOL Multiphysics®.

Table 3. 1. Physical properties of TiN

p (g/cm®)

k (W/m-K)

C (kJ/kg-K)

5.22

19.2

0.951

Table 3. 2. Optical properties of TiN (532 nm)

refractive index

extinction coefficient

1.42

1.48
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The fluence-size phase diagram for TiN spherical particles
determined by the previously reported procedure is shown in Fig. 3. 5.617)
The phase diagram shows the phase boundary curves for the melting start
when particles are irradiated with a nanosecond laser (red dotted line), a
picosecond laser (blue solid line), and a pulsed laser without heat loss (black
dashed line). With nanosecond laser heating, a higher amount of laser energy
IS needed to start the melting than under conditions without heat loss,
especially with small particles (< 50 nm). Small particles are drastically
cooled by the surrounding liquid because the cooling effect depends on the
heat transfer coefficient, which is inversely proportional to the particle
diameter.!” With picosecond laser heating, however, the laser energy
required to start the melting is almost the same as that without heat loss;
almost all of the laser energy is transferred for particle heating because the
heating rate is much faster than the cooling rate. Therefore, picosecond laser
heating is an energy-efficient process for synthesizing submicrometer
spherical particles.

This phase diagram illustrates that nanosecond laser irradiation at a
laser fluence of 50 mJ pulse™ cm2 is insufficient to melt the particles owing
to the particle cooling effect. Therefore, submicrometer spherical particles
could not be synthesized via nanosecond laser irradiation with a laser fluence
of 50 mJ pulse™* cm™. By increasing the laser fluence, the size of the
particles produced via nanosecond PLML is reported to be increased.'*"
This is probably due to the repetitive melting and fusing process of the
particles.?? In PLML, the agglomerates of the particles melt and fuse,
resulting in relatively large particles formation. Then, the growth process
continues as long as the particles can be melted. The phase diagram shown
in Fig. 3. 5 suggests that at a laser fluence of 67 mJ pulse™ cm2, particles
smaller than 120 nm melt to form submicrometer spherical particles; the
particles experimentally obtained by nanosecond laser irradiation are
approximately 111 nm in size, as measured from the SEM images. However,
the particles obtained by picosecond laser irradiation were much smaller than
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Figure 3. 5. Phase diagram of TiN spherical particles at the melting start
calculated according to the particle heating—cooling model and accounting
for the cooling effect of the surrounding liquid. Irradiation with a nanosecond
laser (red dotted line), a picosecond laser (blue line), and a laser without heat
loss (black dashed line) are shown. The average diameters of the obtained
particles after nanosecond laser irradiation (red circle) and picosecond laser
irradiation (blue triangle) are also plotted.
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the size estimated from the fluence-size phase diagram and were close to the
raw particle size. This is probably due to insufficient fusing induced by the
inhomogeneous heating of raw particles by picosecond laser heating.

Figure 3. 6 shows an SEM image of particles irradiated with a
picosecond laser for 20 min at a laser fluence of 167 mJ pulse™* cm™.
Nanoparticles were mainly observed, but a few submicrometer spherical
particles were seen. In case of nanosecond laser heating, nanoparticles were
main product at a laser fluence of 350 mJ pulse™* cm2.2¥ The laser fluence
at which nanoparticles were mainly formed decreased with decreasing pulse
width. The laser intensity (I = J/t where J is the laser fluence and t is
pulse width) of the picosecond (40 ps) laser exceeds 10 W/m?, which is two
orders of magnitude larger than that of nanosecond (7 ns) laser. The thermal
diffusion length during picosecond laser heating is smaller than the size of
the agglomerates. Therefore, the agglomerates of raw particles partially
evaporate under high-intensity picosecond laser irradiation, resulting in
nanoparticle formation. The Coulomb explosion of the particles would not
occur because the electron—phonon coupling period (10 fs for TiN at 298 K)
is shorter than the picosecond time scale.?”

Because the laser fluence threshold for submicrometer spherical
particle formation decreased as the pulse width decreased (from nanoseconds
to picoseconds), it can be concluded that the heat loss during pulsed laser
melting in liquid is reduced in the case of ultrafast heating. The calculations
also show that particles are heated with negligible heat loss during the pulsed
laser heating with a picosecond laser. Therefore, the picosecond laser
irradiation of colloidal particles is an energy-efficient method for pulsed
laser melting in liquid. The oxidation reaction is suppressed by picosecond
laser irradiation because the reaction time at the high temperature induced
by picosecond laser irradiation is shorter than that with nanosecond laser
irradiation. The size of the obtained particles also decreased with decreasing
pulse width from nanoseconds to picoseconds, which can be attributed to the
decrease in the thermal diffusion length in the particles. The thermal
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diffusion length during picosecond laser heating is smaller than the size of
the particles, implying that the particles irradiated with a picosecond laser
are only partially heated. This result suggests that tuning the thermal
diffusion length by varying the pulse width may lead to size control of
submicrometer spherical particles.
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Figure 3. 6. SEM image of TiN particles irradiated with a picosecond laser
for 20 min with a laser fluence of 167 mJ pulse™ cm™.

53



References

[1]

[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]

C.-Y. Shih, C. Wu, M. V. Shugaev, and L. V. Zhigilei, J. Colloid
Interface Sci. 489, 3 (2017).

S. lbrahimkutty, P. Wagener, T. d. S. Rolo, D. Karpov, A. Menzel, T.
Baumbach, S. Barcikowski, and A. Plech, Sci. Rep. 5, 16313 (2015).
K. Sasaki, T. Nakano, W. Soliman, and N. Takada, Appl. Phys. Exp. 2,
046501 (2009).

S. Ibrahimkutty, P. Wagener, A. Menzel, A. Plech, and S. Barcikowski,
Appl. Phys. Lett. 101, 103104 (2012).

D. Zhang, B. Gokce, and S. Barcikowski, Chem. Rev. 117, 3990 (2017).
F. Mafuné, J.-y. Kohno, Y. Takeda, T. Kondow, and H. Sawabe, J. Phys.
Chem. C 104, 9111 (2000).

N. N. Luo, X. Tian, C. Yang, J. Xiao, W. Hu, D. Chen, and L. Li, Phys.
Chem. Chem. Phys. 15, 12235 (2013).

V. Amendola, P. Riello, and M. Meneghetti, J. Phys. Chem. C 115, 5140
(2012).

Y. Ishikawa, K. Kawaguchi, Y. Shimizu, T. Sasaki, and N. Koshizaki,
Chem. Phys. Lett. 428, 426 (2006).

[10] S. Barcikowski, A. Menéndez-Manjon, B. Chichkov, M. Brikas, and G.

Ragiukaitis, Appl. Phys. Lett. 91, 083113 (2007).

[11] S.-S. Wellershoff, J. Hohlfeld, J. Giidde, and E. Matthias, Appl. Phys.

A 69, 99 (1999).

[12] Y. Ishikawa, Y. Shimizu, T. Sasaki, and N. Koshizaki, Appl. Phys. Lett.

91, 161110 (2007).

[13] H. Wang, M. Miyauchi, Y. Ishikawa, A. Pyatenko, N. Koshizaki, Y. Li,

L. Li, X. Li, Y. Bando, and D. Golberg, J. Am. Chem. Soc. 133, 19102
(2011).

[14] H. Wang, N. Koshizaki, L. Li, L. Jia, K. Kawaguchi, X. Li, A. Pyatenko,

Z. Swiatkowska-Warkocka, Y. Bando, and D. Golberg, Adv. Mater. 23,
1865 (2011).

54



[15] H. Wang, A. Pyatenko, K. Kawaguchi, X. Li, Z. Swiatkowska-
Warkocka, and N. Koshizaki, Angew. Chem. Int. Ed. 49, 6361 (2010).

[16] A. Pyatenko, H. Wang, N. Koshizaki, and T. Tsuji, Laser Photonics Rev.
7,596 (2013).

[17] S. Sakaki, H. lkenoue, T. Tsuji, Y. Ishikawa, and N. Koshizaki,
ChemPhysChem 18, 1101 (2017).

[18] D. Zhang, M. Lau, S. Lu, S. Barcikowski, and B. Gokce, Sci. Rep. 7,
40355 (2017).

[19] M. Lau, and S. Barcikowski, Appl. Surf. Sci. 348, 22 (2015).

[20] S. Ishii, R. P. Sugavaneshwar, and T. Nagao, J. Phys. Chem. C 120,
2343 (2016).

[21] G. V. Naik, J. L. Schroeder, X. Ni, A. V. Kildishev, T. D. Sands, and A.
Boltasseva, Opt. Mater. Express 2, 478 (2012).

[22] A. Pyatenko, H. Wang, and Naoto Koshizaki, J. Phys. Chem. C 118,
4495 (2014).

[23] K. Kawasoe, Y. Ishikawa, N. Koshizaki, T. Yano, O. Odawara, and H.
Wada, Appl. Phys. B 119, 475 (2015).

[24] N. Martin, O. Banakh, A.M.E. Santo, S. Springer, R. Sanjinés, J.
Takadoum, and F. Lévy, Appl. Surf. Sci. 185, 123 (2001).

[25] S. Jeon, C. J. V. Tyne, and H. Lee, Ceram. Int. 40, 8677 (2014).

[26] P. Patsalas, N. Kalfagiannis, and S. Kassavetis, Materials 8, 3128 (2015).

[27] A. B. Mei, A. Rockett, L. Hultman, I. Petrov, and J. E. Greene, J. Appl.
Phys. 114, 193708 (2013).

55



Chapter 4

Influence of Pulse Frequency on Synthesis of Nano and Submicrometer
Spherical Particles by Pulsed Laser Melting in Liquid
(This is the following article: https://doi.org/10.1016/j.apsusc.2017.10.235)

4. 1. Introduction

In recent years, much attention has been focused on nanoparticle
fabrication by pulsed laser ablation in liquid (PLAL).® In PLAL, a bulk
target immersed in liquid is irradiated with a high power pulsed laser, and
nanoparticles are formed through explosive interaction between the bulk
target and the laser pulses.® Size reduction of nanoparticles caused by pulsed
laser fragmentation in liquid (PLFL) has also been investigated.5*2 In PLFL,
dispersed particles interact explosively with a high power pulsed laser, and
nanoparticles are formed.'? These techniques require fewer chemical
reagents and no vacuum equipment.

SMSPs of various materials are fabricated by pulsed laser irradiation
with relatively low laser fluence onto colloidal nanoparticles dispersed in
liquid.® 329 In this method, a suspension in a glass vessel is generally
irradiated for an appropriate time with magnetic stirring. Parts of the raw
nanoparticles dispersed in the suspension are irradiated and absorb laser
energy; SMSPs are then formed by particle melting, fusing, and
quenching.?® By repeating this process, almost all the agglomerates
consisting of raw nanoparticles in the suspension are modified to form
SMSPs. NSPs are also fabricated by this method at higher laser fluence than
that used to form submicrometer particles.?Y) Raw particles that absorb the
laser energy are heated above the boiling point of the material and evaporated,
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resulting in NSP formation at relatively high laser fluence.

In this method, an Nd:YAG laser with a pulse frequency of several
tens of hertz is usually used.*® Therefore, laser irradiation at higher pulse
frequencies is probably effective in reducing the total irradiation time
required to treat almost all the raw particles in the vessel. In PLAL, ablated
mass linearly increases with pulse frequency in the kHz and MHz regime
until the temporal bubble-shielding effect arises.?> 2 In PLML, kHz laser is
also used to fabricate SMSPs.?* However, the pulse frequency might affect
particle cooling, because the interval between two consecutive laser pulses,
that is, the maximum available time to cool particles heated over the melting
point, would be comparable to the cooling time reported as 107 to 1072 s
when a high-frequency pulsed laser is used.?® If the pulse interval is shorter
than the cooling time, heat energy acquired from a single laser pulse cannot
be completely dissipated within the pulse interval and will persist until a
subsequent pulse arrives, resulting in a gradual temperature increase by heat
accumulation in a particle even during the pulse interval. In this study,
SMSPs are fabricated by KrF excimer laser irradiation at higher pulse
frequencies than before to study the pulse frequency effect on the obtained
particles.

4. 2. Experimental section

Commercial ZnO particles (Sigma-Aldrich Co., LLC, < 100 nm)
were dispersed in deionized water at a concentration of 200 ppm. Then, 6 ml
of the suspension in a glass vessel was irradiated with a KrF excimer laser
(Gigaphoton Inc., wavelength 248 nm, pulse width 50 ns) at various pulse
frequencies (25-800 Hz). The beam size was 0.13 cm? (1.5 mm x 8.7 mm
rectangle). The total number of pulses was fixed at 48,000 irrespective of the
pulse frequency. Therefore, laser irradiation with a higher pulse frequency
requires a shorter time to produce 48,000 pulses. The suspension temperature
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was measured with a thermocouple immersed in the liquid. After laser
irradiation, the suspension was dropped onto a Si substrate to observe the
particle morphology using a field-emission scanning electron microscope
(FE-SEM, JSM-7001FA, JEOL Ltd.). To measure the size of the obtained
SMSPs, the suspension was settled for a day to separate the NSPs from the
produced SMSPs. A precipitate of the suspension was also dropped onto a Si
substrate for FE-SEM observation.

4. 3. Results and discussion
4. 3. 1. Particle morphology

SEM images of raw ZnO particles and particles obtained by KrF
excimer laser irradiation at 100 Hz are presented in Fig. 4. 1. Raw particles
have angular morphology, and the average diameter of the raw particles is
about 60 nm (Figure 4. 1(a)). At a laser fluence of 182 mJ pulse™® cm?,
agglomerates of raw particles melted, and SMSPs with an average diameter
of 324 nm were formed (Fig. 4. 1(b)). In contrast, at a laser fluence of 203
mJ pulse™* cm™2, NSPs with an average diameter of 44 nm were formed in
addition to SMSPs with an average diameter of 327 nm (Fig. 4. 1(c)). In this
case, agglomerates of raw ZnQO particles would be vaporized by high-fluence
laser irradiation. The vapor condenses and then solidifies to form spherical
nanoparticles.

Fig. 4. 2 shows SEM images of particles obtained after KrF excimer
laser irradiation (182 mJ pulse ™t cm™) at various pulse frequencies. The time
taken to produce 48,000 pulses is 1,920 seconds at 25 Hz, 240 seconds at
200 Hz, 120 seconds at 400 Hz, and 60 seconds at 800 Hz. At pulse
frequencies of 25 Hz to 200 Hz, almost all the obtained particles were SMSPs
(Figs 4. 2(a) and 2(b)). In contrast, at a pulse frequency of 400 Hz and above
(Figs 4. 2(c) and 2(d)), NSPs were formed in addition to SMSPs, although a
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Figure 4. 1. SEM images of (a) raw ZnO particles and particles irradiated
with a KrF excimer laser (100 Hz) at a laser fluence of (b) 182 mJ pulse™
cm2and (c) 203 mJ pulse cm™.
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Figure 4. 2. SEM images of ZnO particles irradiated with a KrF excimer
laser at a laser fluence of 182 mJ pulse™ cm2. Pulse frequency of (a) 25 Hz,
(b) 200 Hz, (c) 400 Hz, and (d) 800 Hz.
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laser fluence of 182 mJ pulse™* cm™ was insufficient to obtain NSPs by
vaporization at a pulse frequency of 100 Hz, as indicated in Fig. 4. 1. This
result suggests that heat energy absorbed by a particle is not completely
dissipated during the pulse interval and subsequently accumulates with
consecutive laser pulses. Figs 4. 3(a-d) shows SEM images of ZnO particle
precipitates by natural sedimentation of the suspension irradiated with a KrF
excimer laser at various pulse frequencies as depicted in Fig. 4. 2. NSPs were
easily separated from the suspension by natural sedimentation over one day.
By counting the SMSPs in the SEM images of Figs 4. 3(a-d), histograms of
particle diameter distribution are graphed, respectively (Figs 4. 3(e-f)).

Fig. 4. 4(a) shows the pulse frequency dependence of the mass
fraction of SMSPs in the products estimated from SEM images shown in Fig.
4. 2. The mass fraction of the SMSPs to the all particles (SMSPs and NSPs)
in the products was estimated by converting the size distribution data of all
the SMSPs and NSPs in the SEM images into mass ratio of SMSPs to NSPs
assuming that all particles are spherical and ZnO. Since the particle mass is
proportional to the cube of the particle diameter, SMSPs are much heavier
than NSPs. Before natural sedimentation, most particles obtained were
SMSPs at a pulse frequency of 25 to 200 Hz. In contrast, at 400 Hz or higher,
the mass fraction of SMSPs was drastically decreased through vaporization.
Therefore, laser irradiation at a pulse frequency of 200 Hz and below is
appropriate for effectively obtaining SMSPs. By natural sedimentation over
one day, we could remove NSPs from the suspension and prepare an SMSP
suspension with a mass fraction of over 90%.

The pulse frequency dependence on the average diameter of SMSPs
measured from the histograms of particle diameter distribution (Figs 4. 3(e-
h)) at a laser fluence of 182 mJ pulse™* cm2 is depicted in Fig. 4. 4(b). For a
pulse frequency range where mainly SMSPs are obtained, as shown in Fig.
4.2 (< 200 Hz), obtained particles have similar sizes of about 300 nm. Thus,
a larger pulse frequency up to 200 Hz is effective in reducing the irradiation
time for SMSP synthesis. Above the threshold for NSP formation in Fig. 4. 2

61



N
o

-b"'.'-
o

w
o
w
o

[N
o
[N
o

Frequency (%)
S

Frequency (%)
S

o
o

0 200 400 600 0 200 400 600
Diameter (nm) Diameter (nm)

N
o

iy
o

h) |

w
o
w
o

[ERN
o
[EEN
o

Frequency (%)
S

Frequency (%)

0O 200 400 600 0O 200 400 600

Diameter (nm) Diameter (nm)
Figure 4. 3. SEM images of ZnO particle precipitates by natural
sedimentation of the suspension irradiated with a KrF excimer laser
irradiation at a laser fluence of 182 mJ pulse* cm. Pulse frequency of (a)
25 Hz, (b) 200 Hz, (c) 400 Hz, and (d) 800 Hz. The corresponding particle
diameter distributions of (a-d) are shown in (e-f), respectively.
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Figure 4. 4. Pulse frequency dependence on (a) mass fraction of SMSPs in
the products and (b) average particle diameter measured by counting only ZnO
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KrF excimer laser irradiation at a laser fluence of 182 mJ pulse™ cm.
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(>400 Hz), however, the obtained large particles have a submicrometer size
of about 240 nm, which is smaller than those obtained at a lower pulse
frequency (< 200 Hz). This result suggests that particles irradiated with a
pulsed laser at high frequency might be heated, resulting in size reduction of
the SMSPs due to partial evaporation.

Fig. 4. 4(b) also shows the pulse frequency dependence on the
average diameter of NSPs measured from SEM images in Fig. 4. 2. The
average particle diameter decreases with the pulse frequency above the
threshold for NSP formation determined from Fig. 4. 2 (>400 Hz). The
average diameter of nanoparticles obtained by pulsed laser irradiation is
reported to gradually decrease as the laser fluence increases.® ¥ Therefore,
above the threshold for NSP formation, the effect of the pulse frequency on
the change in nanoparticle size would correspond to the effect of laser
fluence reported earlier. Heat accumulation resulting from consecutive high-
frequency laser pulses would cause further heating of the particles.

4. 3. 2. Liquid temperature

The average suspension temperature during laser irradiation is
gradually elevated by heat dissipation from the particles that absorb laser
energy to the surrounding liquid. Fig. 4. 5 shows the suspension temperature
increase in a glass vessel during laser irradiation at various pulse frequencies.
The highest attained suspension temperature increases with pulse frequency
because the input energy per unit time increases in proportion to the pulse
frequency. However, the temperature of the liquid adjacent to the particles in
the laser-irradiated region is higher than that of the laser-irradiated region
remote from the particles, because the particles irradiated with laser pulses
are the heat source for the suspension. Therefore, the temperature of the
liquid adjacent to the particles is much higher than the average suspension
temperature, and adjacent liquid would probably evaporate depending on the
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laser irradiation conditions, especially at the high input energy per unit time
accompanying a high pulse frequency. Such a high liquid temperature would
induce vaporization of the liquid at the interface and affect the highest
attained temperature discussed in the following section.

4. 3. 3. Calculation of particle temperature

These experimental results suggest that the heat energy absorbed
from a single laser pulse is not completely dissipated before the arrival of the
subsequent laser pulse, and it accumulates in a particle as a result of
consecutive laser pulses at high frequencies. Thus, the time required to
completely dissipate the energy supplied by a laser pulse is estimated to be
longer than 2.5 ms, which is the corresponding laser pulse interval for a pulse
frequency of 400 Hz. However, this cooling time is much longer than the
value estimated by conductive heat transfer calculation using the particle

heating-cooling model.?® The heat energy dissipated from the particles g,

is described by the following equation:

S = hend? (T, - To} (1)

where

h=——= (2

Here, h is the heat transfer coefficient, d is the particle diameter, T, is

the particle temperature, T, is the temperature of the surrounding liquid,
Nu, is the Nusselt number, and k is the heat conductivity of the
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surrounding liquid or vapor generated by liquid evaporation. On the
submicrometer scale, the Nusselt number is constant at Nu,; = 2, because
the convection around a submicrometer particle is negligible.?” %) When the
particles are cooled by evaporated liquid, the heat transfer coefficient of
particles 300 nm in diameter can be estimated as 0.29 MW m2 K from Eq.
(2). In this case, particles heated to the melting point are cooled to the
temperature of the surrounding liquid on a microsecond time scale.
Therefore, a pulse interval of 2.5 ms is sufficient for particle cooling.

The heat energy accumulated in the particles E, is the difference between

particle heating by laser absorption and particle cooling by conductive heat
transfer.

dEp _
dt

dq

dZ
Qs I =21 (3)
2
Here, Q2. is the absorption efficiency, % IS the particle geometric cross

section, and J(t) is the time-dependent laser fluence. The absorption
efficiency of SMSPs is calculated from refractive index and extinction
coefficient using Mie theory.?> 2

The particle temperature T,, below the melting point, at the melting
point, and above the melting point is defined by the following equations.

Tp(t) = To+ —g— E(t)  (4)

p~6 Cs

Tp ) =Tn (5)

,7rli3_cl ' [E(t) ~Pp ang ) (HTm - HTo + AHm)] (6)

D 6

T,(t) =Ty +
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3
Here, p, isthe density of the particle, % Is the particle volume, c, isthe
particle specific heat in the solid state, T,, is the melting point of the

material, Hr  — Hr, isthe relative enthalpy required for the start of melting,

AH,, is the latent enthalpy of melting, and c; is the particle specific heat in
the liquid state.

Fig. 4. 6 shows the calculated highest attained temperature of a ZnO
spherical particle 250 nm in diameter irradiated with a nanosecond laser
(pulse width 50 ns, laser fluence 182 mJ pulse™ cm™). The highest attained
temperature is elevated by an increase in the temperature of the surrounding
liquid because this increases the initial particle temperature. Moreover, the
highest attained temperature of the particles constantly cooled by a liquid
vapor film (red line) was higher than that of the particles cooled by a liquid
undergoing a phase transition from liquid to vapor (black line). When using
a laser with a pulse width of several tens of nanoseconds, the particles
dissipate heat energy to the surrounding liquid because heated particles are
cooled by a liquid with high heat conductivity during the initial stage of
heating.?® Therefore, a low-heat-conductive vapor film around the particles
generated by heat accumulation reduces heat dissipation.

Calculations suggest that the highest attained temperature of a
particle increases by a few hundred K through heat accumulation in the
adjacent liquid. The actual attained temperature of particles irradiated with a
pulsed laser at a laser fluence of 182 mJ pulse™* cm™2 would be near the
boiling point because NSPs were formed at a laser fluence of 203 mJ pulse™
cm2 (Fig. 4. 1). Therefore, heat accumulation in the liquid adjacent to
particles may cause heating of the particles to the boiling point, resulting in
nanoparticle formation at a pulse frequency of above 400 Hz.
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4. 4. Conclusions

SMSPs were fabricated by irradiation with a KrF excimer laser
(wavelength 248 nm, pulse width 50 ns) onto 6 ml of the suspension with a
particle concentration of 200 ppm in a glass vessel. The total time of laser
irradiation for the synthesis of SMSPs can be reduced using a high-frequency
pulsed laser at a laser fluence of 182 mJ pulse™ cm™ (< 200 Hz). The size
of the obtained SMSPs is similar in this frequency range. In contrast, NSPs
and SMSPs are simultaneously formed using a pulsed laser with a frequency
of 400 Hz or higher. This result suggests that the laser energy is accumulated
in particles and liquid by consecutive laser pulses, resulting in partial
evaporation of the particles above the pulse frequency threshold (=400 Hz).
Through this vaporization process, the average diameter of the obtained
SMSPs decreased. However, the time required to cool particles from the
melting point to ambient temperature is much shorter than 2.5 ms (pulse
interval for a pulse frequency of 400 Hz). Therefore, nanoparticle formation
was attributed to an increase in the suspension temperature. The average
suspension temperature was elevated during laser irradiation, especially at a
high pulse frequency. The liquid temperature adjacent to the particles is
higher than the average suspension temperature because the particles
irradiated with laser pulses are the heat source for the suspension.
Calculations suggest that the highest attained temperature of the particles
increases by a few hundred K through heat accumulation in the adjacent
liquid, resulting in nanoparticle formation at a high pulse frequency.
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Chapter 5

Heating process control of pulsed-laser melting in liquid via a burst-
mode laser

(Applied Physics Express; Volume 12; Number 1; 015002, https://doi.org/10.7567/1882-
0786/aaf284, Copyright 2019 The Japan Society of Applied Physics)

Laser synthesis methods of particles, such as pulsed-laser ablation in
liquid (PLAL) and pulsed-laser melting in liquid (PLML), have attracted
much attention because of their unique particle formation mechanism.**% In
PLAL, nanoparticles are formed through an explosive interaction caused by
high-energy-density laser irradiation of a bulk target in liquid.?® In PLML,
submicrometer spherical particles (> 100 nm) are formed through an
instantaneous melting caused by relatively low-energy-density pulsed-laser
irradiation of nanoparticles dispersed in a liquid, followed by rapid cooling
of the nanoparticles by the surrounding liquid.5

Particle synthesis by laser processing has advanced concurrently with
laser technology. Recently, ultrafast laser systems have become
commercially available as high-power laser sources. Barcikowski et al.
synthesized nanoparticles by PLAL with a productivity of 4 g h™* using a
novel laser system consisting of a 500-W, 3-ps laser source.'® In PLML,
however, submicrometer spherical particles were synthesized by batch type
irradiation with a low productivity of 7 mg h* using a typical laboratory-
scale flash lamp pumping laser system consisting of a 3-W, 10-ns laser
source.’® By adopting the slit nozzle system, Ishikawa et al. improved a
production rate of submicrometer spherical particle up to 195 mg h* using
the same typical laser system.!® High-power laser irradiation would also
effectively increase the productivity of a method to synthesize
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submicrometer spherical particles by PLML because the possible mass of
particles melted by pulsed-laser irradiation is, in theory, proportional to the
total energy input by the laser irradiation.

Compared with nanosecond laser irradiation, picosecond laser
irradiation at a relatively low laser fluence is an energy-efficient method of
synthesizing submicrometer spherical particles by PLML.> 19 In the case of
picosecond laser irradiation, however, byproducts of nanoparticles (< 100
nm) are formed through the partial evaporation of particles, in addition to the
formation of submicrometer spherical particles, even if the laser fluence is
below the threshold for particle evaporation.'® Submicrometer particles
irradiated with a picosecond laser are inhomogeneously heated because of
the complex electromagnetic interaction between the laser and the
submicrometer particles.'® If the thermal diffusion length in the particles
during ultrafast laser heating is smaller than the size of the particles, as in the
case of nonmetallic particles, the inhomogeneous heating effect will be
evident from the formation of nanoparticles as a byproduct. Therefore, a
method for controlling the particle heating process to suppress byproduct
formation through partial evaporation is needed to enable the utilization of a
high-power ultrafast laser system for synthesizing submicrometer spherical
particles.

In this study, Fe;O, particles (Hitachi Maxell, 220 nm) were
dispersed in deionized water at a concentration of 0.1 g L™%. Next, 6 mL of
this colloidal suspension in a glass vessel was irradiated with a high-
repetition-rate picosecond pulsed laser (Photonics Industries, RGH-532-20,
wavelength 532 nm, pulse width 7 ps, repetition rate 0.1 MHz) for 30 min at
a laser fluence of 100 mJ cm™2. This laser can operate in either burst or single-
pulse mode. In burst mode, the laser produces a series of pulse trains, each
consisting of an adjustable number of burst pulses with a nanosecond-scale
pulse interval.l” 18 The laser fluence in either a burst pulse train or a single
pulse is 100 mJ cm2, as shown in Fig. 5. 1. Therefore, the laser fluence per
burst pulse decreases with increasing number of burst pulses. Utilizing this burst
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Figure 5. 1. Schematics of pulse temporal profiles with a pulse width of 7 ps
and a repetition rate of 100 kHz: (a) single-pulse mode with a pulse interval
time of 10 ps; (b) 2-burst mode; and (c) 5-burst mode, where the pulse

interval time is 13.9 ns within a burst.
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mode, we controlled the temperature increase of the Fe;O4 particles via burst
pulse irradiation. The morphology of the particles was characterized by field-
emission scanning electron microscopy (FE-SEM; JEOL JSM-6500F). The
colloidal suspension was allowed to settle for 1 day to precipitate
submicrometer spherical particles, and then the supernatant containing
byproducts of nanoparticles were separated. The concentration of Fe3O4
particles in the suspension before and after separation was measured by
inductively coupled plasma atomic emission spectrometry (Shimadzu ICPE-
9000).

SEM images of the raw Fe3;O, particles and the particles obtained by
pulsed-laser irradiation at a laser fluence of 100 mJ cm~ are presented in Fig.
2. The raw particles have an average diameter of 220 nm and a cubic shape
[Fig. 5. 2(a)]. After single-pulse-mode picosecond laser irradiation,
byproducts of nanoparticles were formed in addition to the submicrometer
spherical particles [Fig. 5. 2(b)], although only submicrometer spherical
particles were formed at a laser fluence of 100 mJ cm™ in the case of
nanosecond laser irradiation.'® 2° The particles irradiated with a picosecond
laser are inhomogeneously heated by laser absorption, and the period of
thermal diffusion in the particles is insufficient. Therefore, particles
irradiated with a picosecond laser are partially evaporated, resulting in
byproduct formation at a laser fluence lower than that of a nanosecond laser.
In burst mode, Fe3O, particles are irradiated with 2-burst pulse (average laser
fluence per burst pulse 50 mJ pulse™ cm-2), 5-burst pulse (20 mJ pulse™ cm
2), 20-burst pulse (5 mJ pulse™ cm ) and 50-burst pulse (2 mJ pulse™ cm-
2). The formation of byproducts consisting of nanoparticles was reduced with
increasing number of burst pulses [Fig. 5. 2(b—f)]. This result indicates that
partial evaporation is suppressed by burst-pulse irradiation. In 50-burst mode,
however, some of the particles have a similar shape to the raw particles [Fig.
5. 2(f)]. These particles did not melt and their shape remained unchanged
because long heating duration of 50-burst pulse train (681.1 ns) caused much
heat dissipation to the surrounding liquid.*> UV-vis extinction spectra of same
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Figure 5. 2. SEM images of Fe3O, particles. (a) Raw particles. Particles after
laser irradiation at a laser fluence of 100 mJ cm™2: (b) single-pulse mode, (c)
2-burst mode, (d) 5-burst mode, (e) 20-burst mode, and (f) 50-burst mode.
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samples supports these results (see Fig. 5. S1 in supplementary data). In 5-
burst and 20-burst pulse mode, particles irradiated with burst pulse train were
melted, although average laser fluence per burst pulse was smaller than the
value for particle melting (see Fig. 5. S2 in Supplementary data). This result
suggests that heat energy of a particle is not completely dissipated during the
pulse interval between two consecutive burst pulses and subsequently
accumulates with consecutive burst pulses, resulting in particle melting.

Figure 5. 3 shows the collection rate of the submicrometer particles,
which consist of raw particles and submicrometer spherical particles, relative
to all the particles in the suspension irradiated with different numbers of
pulses per pulse train. The collection rate was calculated by measuring the
concentration of submicrometer particles after separation of the byproducts
and concentration of all of the particles before the separation using
inductively coupled plasma atomic emission spectrometry. The collection
rate of the submicrometer particles increased with increasing number of
pulses per pulse train, although some of the particles irradiated with 50-burst
pulses were not melted and their shape remained unchanged. Thus, burst-
pulse irradiation suppresses both the partial evaporation of the particles and
the formation of byproduct nanoparticles.

When the thermal diffusion length during pulsed-laser heating is
smaller than the particle size, the particles are partially heated around the
space where the laser energy is inhomogeneously absorbed in the particle.
Figure 5. 4 shows the spatial distribution of the resistive heat loss density
from Fe3;O4 spherical particles of 220 nm diameters due to electromagnetic
wave irradiation by plane polarized light with a wavelength of 532 nm. The
distributions were calculated using COMSOL Multiphysics®, a commercial
software based on the finite element method from the refractive index and
extinction coefficient. Fe3O4 submicrometer particles are imhomogeneously
heated because the particles strongly absorb laser energy in the space where
the laser energy converts to the resistive heat. The thermal diffusion length
during pulsed-laser heating is given by the well-known diffusion equation.6-2%
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Figure 5. 3. Collection rate of the submicrometer particles relative to all of
the particles in the suspension irradiated with different numbers of pulses per
pulse train calculated by measuring the concentration of suspension using
inductively coupled plasma atomic emission spectrometry.
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Figure 5. 4. Spatial distribution of density of the resistive heat loss from
Fes;0, spherical particles with diameters of 220nm when excited by plane-
polarized light with a wavelength of 532 nm. Here, the light propagates in
the positive X-direction, the electric field oscillates in the X—Z plane, and the
magnetic field oscillates in the X-Y plane. Y-axis is perpendicular to the X—
Z plane.
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The thermal diffusion length during picosecond laser (7 ps) heating in this
experiment, as calculated using the diffusion equation on the basis of the
physical properties of Fes04,2% 23 is 14.6 nm, which is smaller than the size
of the raw Fe3Q, particles. Therefore, particles irradiated with the picosecond
laser are partially heated and the heat distribution in the particles is
inhomogeneous. During the interval between the burst pulses (13.9 ns), the
heat distribution in the particles is homogenized because the thermal
diffusion length during the pulse interval is 653 nm, which is larger than the
particle size. This heat homogenization during the pulse interval suppresses
byproduct formation through partial evaporation.

Particles are heated by pulsed-laser irradiation and cooled by the
surrounding liquid. The change in particle temperature during the process of
PLML was calculated using the particle heating—cooling model (see
supplementary data).'? In this model, all of the laser energy is assumed to be
converted into particle heat and the temperature distribution in the particle is
assumed to be homogeneous. In the initial heating stage, particles are rapidly
cooled by liquid water with a high thermal conductivity. At the spinodal
temperature (573 K), explosive evaporation of water has been reported to
occur and heated particles begin to be cooled by vaporized liquid with low
thermal conductivity.?®

Figure 5. 5 shows the calculated temperature change of FesO,
particles in water irradiated with a single pulse and with burst pulses (20-
burst and 50-burst) at a laser fluence of 100 mJ cm™2. This calculation result
suggests that we can control the heating process of particles via burst-pulse
irradiation. The temperature of particles irradiated with a single pulse
instantaneously reaches the melting point under irradiation with a
picosecond pulse with a laser fluence of 100 mJ pulse™* cm™, although the
heat distribution in the particles is inhomogeneous. In 20-burst pulse mode,
particles are gradually heated by a series of 20 pulses with an average laser
fluence of 5 mJ pulse™* cm™ and a pulse interval of 13.9 ns; the particle
temperature eventually reaches the melting point. In 50-burst pulse mode, particles
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Figure 5. 5. Calculated temporal evolution of the temperature of particles
irradiated with a pulsed laser using different numbers of pulses per pulse
train. The dotted horizontal line represents the melting point of Fe;O,, the
dashed horizontal line represents the spinodal temperature of water.
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are not melted by irradiation with 50 burst pulses with an average laser
fluence of 2 mJ pulse™* cm™.

Minimum pulse interval to homogenize heat distribution in FezO4
particles irradiated with a picosecond laser is estimated as a few nanoseconds
from the calculation of thermal diffusion length. However, heat dissipation
from particles irradiated with burst-mode pulsed laser increases with the
increase in the pulse interval of burst pulses.' Therefore, optimum value of
the pulse interval is a few nanoseconds in this experiment. In PLML, time
between two consecutive laser pulses for particle solidification and complete
cooling (a microsecond time scale) is required to form spherical and
crystalline submicrometer particles.” 2 Just utilizing high-repetition-rate
laser such as 100 MHz is not suitable for synthesis of submicrometer
spherical particles because cooling time of particle is insufficient. By
utilizing burst-mode laser, the heat distribution within the particle is
homogenized during pulse interval of burst pulses, and particles are
completely cooled during time between two consecutive burst-pulse trains.

The particles dissipate thermal energy through the cooling effect of
the surrounding liquid during several tens of nanoseconds of heating, and the
heat loss from the particles during pulsed-laser heating increases with longer
laser pulse durations.” The heating duration by irradiation with burst pulses
increases with increasing number of pulses. Therefore, the heat loss from the
particles also increases with increasing number of burst pulses. Particles
irradiated with 20-burst pulses are gradually cooled by surrounding vapor at
temperatures above the spinodal temperature during a pulse interval,
resulting in the formation of submicrometer spherical particles. In 50-burst
pulse mode, burst pulse irradiation with a laser fluence of 2 mJ pulse™ cm™
is insufficient to form the vapor layer surrounding the particles. Therefore,
particles are rapidly cooled by surrounding liquid water with high thermal
conductivity at temperatures below the spinodal temperature and maintain
the shape and size of the raw Fe;O, particles. Some of the particles in the
suspension are melted and submicrometer spherical particles are formed by
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50-burst pulsed irradiation [Fig. 5. 2(f)]. This result is caused by the
influence of the high repetition rate of 0.1 MHz. The local temperature of the
liquid surrounding the particles is increased by heat dissipation from the
particles absorbing consecutive laser pulses.?® Therefore, the liquid adjacent
to the particles absorbing consecutive laser pulses can easily evaporate,
resulting in a reduction of the heat dissipation by the cooling effect.

In summary, byproduct formation through the partial evaporation of
particles irradiated with an ultrafast laser was suppressed by control of the
heating process utilizing a burst-mode laser. The formation of nanoparticles
as byproducts decreased with increasing number of burst pulses because the
laser fluence per burst pulse was decreased and heat distribution in the
particles was homogenized during the pulse interval between burst pulses.
However, as the heating duration of the burst pulse train was increased, the
thermal energy of particles was dissipated by the cooling effect of the
surrounding liquid during the interval between burst pulses. When the
heating rate of particles irradiated with burst pulses did not sufficiently
exceed the cooling rate of particles, vapor layers surrounding the particles
did not form and particles were not melted.
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Supplementary data

Section 1. UV-vis extinction spectra of samples.

UV-vis extinction spectra of suspensions irradiated with different
numbers of burst pulses are shown in Fig. 5. S1. The suspension irradiated
with a single pulse showed an increase in extinction in the UV region (<400
nm), which has been reported to be caused by nanoparticle formation [1].
With increasing number of burst pulses, the extinction in the UV region
decreased. This result also shows that nanoparticle formation caused by
partial evaporation of particles would be suppressed by burst pulses
irradiation. The extinction spectrum of the suspension irradiated with 50-
burst pulses was almost identical to that of the raw suspension. Therefore,
most of the particles in the suspension maintained their shape and size.
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Figure 5. S1. UV-vis extinction spectra of samples obtained by laser
irradiation with different numbers of pulses per pulse train.
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Section 2. SEM images of samples irradiated with a single pulse mode.

SEM images of suspensions irradiated with a single pulse at a laser
fluence of 33 and 50 mJ cm2 are shown in Fig. 5. S2. The particles irradiated
with a single pulse at a laser fluence of 33 mJ cm™ are not melted and
maintain their shape [Fig. 5. S2(a)]. When the laser fluence is 50 mJ cm?,
submicrometer spherical particles are obtained [Fig. 5. S2(b)]. Therefore,
laser fluence threshold for submicrometer spherical particles formation is 50
mJ cm™2,

Figure 5. S2. SEM images of samples irradiated with a single pulse mode at
a laser fluence of (a) 33 and (b) 50 mJ cm™,
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Section 3. Particle temperature calculated using particle heating-cooling
model.

Particles absorb laser energy depending on the input energy of pulsed
laser. In this model, all laser energy absorbed by the particle is converted to
particle heat energy.

dEabs 2

dt abs

nd? _
e J(t)

2

Here, Q2. is the absorption efficiency based on Mie theory, % is the

particle geometrical cross section, and J(t) is the time-dependent laser
fluence. The integral of time-dependent laser fluence corresponds to the laser
fluence.

Particles dissipate the heat energy to the surrounding liquid. In this
model, conductive heat transfer is defined because convection around
submicrometer-scale particle is negligible.?

dq
E = h - T[dz - {T(t) - To}

Nug'k
where h = —&~w

Here, h is the heat transfer coefficient, wd? is the particle surface area,
T(t) is the particle temperature, and T, is the temperature of the
surrounding liquid. The heat transfer coefficient is proportional to the heat
conductivity of the surrounding liquid, k,,, Nusselt number, Nu,, and
inversely proportional to the particle diameter, d.

In the initial heating stage, particles contact directly with the liquid
and are cooled. At the spinodal temperature of 573 K, explosive evaporation
of the water is reported to occur,® and heated particles start to be cooled by
vaporized liquid over 573 K with the following heat transfer coefficient value.

_Nud'kv
- d
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Here, k, isthe heat conductivity of the surrounding evaporating vapor. The
heat conductivity of vapor is much lower than that of liquid, and therefore,
the cooling rate by vapor is much slower than by liquid. Cooling process is
drastically switched by evaporation of surrounding liquid.

The Nusselt number is the ratio of convective heat transfer to conductive heat
transfer. In the case of natural convection on a sphere, the Nusselt number is
given as below.®)

0.589Ra}/*

Nug = 2 +
ta [1 + (0.469,/Pr)°/16]4/°

Here, Ra, is the Rayleigh number and Pr is the Prandtl number.
In submicrometer scale heating, heat transfer is governed by heat conduction
but not by fluid convection. In this case, the Nusselt number is constant,
Nuyz = 2, because the Rayleigh number is negligibly small on the
submicrometer scale.?)

The accumulated heat energy in a particle is the difference between
the laser energy absorbed by a particle and the energy dissipated by
conductive heat transfer.

dE  dEgps dq

dt ~  dt  dt

If the laser energy is not enough to melt the agglomerate of raw
particles, only particle heating in the solid state is expected.

L E@®
L
Pp T Cs

T(t)=T,+

3
Here, p, is the density of the particle, % is the particle volume, and ¢,

is the particle specific heat in the solid state.
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If the agglomerate absorbs more energy, particle melting occurs.
T(t) =T,

Here, T, is the melting point of the material. During particle melting, the
particle temperature stays at the melting point.

With more absorbed energy, the particle completely melts and the
temperature of the droplet increases further.

1
T(t) =Ty + ——— [E@®) = p, - "X+ (Hy, — Hy, + AHy,)]
Pp 6 "G

Here, Hy, — Hy, is the relative enthalpy required for start of melting, AH,,

is the latent enthalpy of melting, and ¢; is the particle specific heat in the
liquid state.
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Chapter 6

General Conclusion

In this dissertation, the author studied the thermal behavior of
submicrometer spherical particle formation by PLML in order to understand
the formation mechanism. The conclusions of the present work are
summarized as follows.

In Chapters 2 and 3, the heat dissipation to the surrounding liquid
from the particles in picosecond to nanosecond pulse heating is studied.
Figure 6. 1 shows the pulse width dependence of the heating efficiency of
PLML as estimated using the particle heating—cooling model. The heating
efficiency of PLML is the ratio of the maximum heat energy within a particle
considering cooling to all energy absorbed by a particle ignoring cooling (no
heat loss). If the particle dissipates no heat to the surrounding liquid, all
energy absorbed by the particle converts to heat energy within the particle.
Heat dissipation from the particles to the surrounding liquid increases with
increasing pulse width. In picosecond pulse heating, almost all of the laser
energy is spent on particle heating. However, when the pulse width exceeded
tens of nanoseconds, the particles drastically dissipated heat through the
cooling effect of the surrounding liquid.

Another important factor for heat dissipation to the surrounding
liquid is the particle size. Figure 6. 1 clearly indicates that the heating
efficiency drastically decreases when the particle size becomes smaller than
a threshold value, even for the same laser pulse width. This is attributable to
the inverse correlation between the cooling rate of the particles and the
particle’s diameter. This effect culminates in the extreme difference in the
attained temperature of particles with different sizes by pulsed laser heating.

Figure 6. 2 shows the temperature time profile based on the particle
heating—cooling model, as calculated for the laser heating (pulse width: 7 ns)
of Au nanoparticles of different sizes, 10 and 60 nm." The temperature of
the Au particle with 60 nm diameter reaches the boiling point via laser
heating, whereas the 10 nm particle is just slightly heated. This calculation
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Figure 6. 1. Pulse width dependence of the heating efficiency of ZnO
spherical particles irradiated with a pulsed laser at the laser fluence of
50 mJ pulse™* cm2, as estimated from the particle heating—cooling model.
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Figure 6. 2. Temporal temperature changes of an Au nanoparticle during
the irradiation of a nanosecond laser pulse at 532 nm and 50 mJ cm 2, as
calculated for 10 and 60 nm Au nanoparticles. The dotted line shows the
temporal profile of the nanosecond laser pulse used in the calculation.

Reprinted with permission from Ref 1. Copyright 2018 American
Chemical Society.
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explains the experimental results after stabilizer removal and the
agglomeration of the Au particles of different sizes. When Au particles
stabilized by high concentration sodium citrate (approximately 60 nm
diameter) are irradiated with a pulsed laser, Au nanoparticles (approximately
10 nm diameter) smaller than the original Au particles form via evaporation,
and submicrometer spherical particles are created simultaneously by the
melting and fusion process. The maximum temperature of the nanoparticles
(10 nm) is less than the decomposition temperature of sodium citrate; the Au
nanoparticles (10 nm) coated with the stabilizer are not largely modified at
this laser fluence condition and are likely to remain within a high stabilizer
concentration.

The calculation based on the particle heating—cooling model can
explain not only the submicrometer spherical particle formation process, but
also the nanoparticle formation process by evaporation and stabilizer
removal process. Furthermore, an appropriate pulse width should be adopted
depending on the particle’s diameter to efficiently synthesize submicrometer
spherical particles by PLML.

In Chapters 2 and 3, the thermal diffusion within the particle during
pulsed heating on the picosecond to nanosecond timescale is also studied.
Figure 6. 3 shows the thermal diffusion length during pulsed laser heating as
calculated by diffusion equation. The thermal diffusion length increases with
increasing pulse width. If the thermal diffusion length is smaller than the
particle size, the particle will be inhomogeneously heated around the space
where the laser energy is selectively charged because of the electromagnetic
interaction between the laser light and the particle. Inhomogeneous heating
causes partial evaporation around the space of the laser absorption, resulting
in nanoparticle formation. Therefore, time is required for thermal diffusion
within the particles to heat the particle homogeneously. For materials with
high heat conductivity, such as metals and semiconductors, the time for
homogeneous heating is on the picosecond timescale. In comparison,
materials with low heat conductivity, such as oxides and nitrides, require
nanoseconds to achieve homogeneous heating. Therefore, an appropriate
pulse width that depends on the particle’s diameter and the material should
be adopted, such that the submicrometer spherical particles are heated
homogeneously. The size of the obtained submicrometer spherical particles
decreases with decreasing thermal diffusion length, which depends on the
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Figure 6. 3. Pulse width dependence of the thermal diffusion length for
different materials estimated from the calculation using diffusion
equation.
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pulse width. Pulse width control could become a new approach for
controlling the size of submicrometer spherical particles.

In Chapter 4, the influence of pulse frequency and liquid temperature
on the synthesis of submicrometer spherical particles is studied. The total
laser irradiation time for the synthesis can be reduced using a high-frequency
pulsed laser. However, nanoparticles and submicrometer spherical particles
form simultaneously at pulse frequencies above the threshold. The time
required to cool down the particles from the melting point to ambient
temperature is much shorter than the pulse interval between the consecutive
laser pulses. Therefore, nanoparticle formation can be attributed to an
increase in the suspension temperature. The suspension temperature is
elevated during laser irradiation by the heat diffusion from the particles
absorbing the laser energy. The liquid temperature adjacent to the particles
is higher than the total suspension temperature because of the temperature
gradient from the heat-source particle heated by pulsed laser irradiation.
Calculations suggest that the highest attained temperature of the particles
increases by a few hundred kelvins through heat accumulation in the adjacent
liquid because of the initial particle temperature increase and reduction in
heat dissipation. The liquid temperature influences the heat transfer from the
particles to the liquid.

In Chapter 5, a burst-mode laser is utilized to control the formation
process of submicrometer spherical particles. Although ultrafast laser
systems are commercially available as high-power laser sources, ultrafast
laser irradiation to the particles dispersed in a liquid causes byproduct
(nanoparticles) formation derived from the insufficiency of the thermal
diffusion length within the particle. In the burst mode, the laser produces a
series of pulse trains, each consisting of an adjustable number of burst pulses
with a nanosecond-scale pulse interval. The formation of nanoparticles as a
byproduct is suppressed by burst-pulse irradiation because the heat
distribution in the particles is homogenized during the interval between burst
pulses. However, the heating duration of burst-pulse train irradiation
increases with the number of burst pulses, thus resulting in large heat
dissipation from the particles to the surrounding liquid. Controlling the
heating process by adjusting the number of burst pulses leads to the
homogeneous and efficient heating of submicrometer spherical particles
when utilizing an ultrafast high-power laser source.
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In this study, the thermal characteristics of submicrometer spherical
particle formation by PLML were presented (Figure 6. 4). The time-resolved
particle temperature for particles irradiated with a pulsed laser was estimated
on the basis of the new model developed by the author. This result enables
the control of the nanosecond-scale particle heating and cooling process of
PLML depending on the material’s characteristics, such as the size and
composition of the particle. However, no method for directly observing the
submicrometer spherical particle formation process by PLML has yet been
established. Observing the temporal lattice expansion of particles fabricated
by PLML using time-resolved X-ray diffraction is a promising approach for
measuring time-resolved particle temperature profiles of particles irradiated
with a pulsed laser in a liquid.%® In addition, monitoring the time-resolved
absorbance of a suspension irradiated with a pulsed laser suggests a particle
heating and cooling process since nanobubbles are generated around the
particles by the thermal diffusion from the heated particles.*  In order to
measure the time-resolved X-ray diffraction and absorbance, the timescale
of the particle heating and cooling process should be estimated. Calculating
the particle temperature using the new model on the formation process of
submicrometer spherical particles by PLML allows appropriate conditions
for the time-resolved study to be set.

The formation process of submicrometer spherical particles by
PLML, which represents the fastest temperature change in material
processing, is in a thermal nonequilibrium. Owing to the fast formation
process, thermal nonequilibrium materials such as the AuCo alloy, which is
immiscible under equilibrium, are synthesized.®’ Controlling the formation
process of submicrometer spherical particles under a nonequilibrium
condition leads to the synthesis of new functional materials.
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