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Abstract

Pulsed-laser heating of colloidal noble-metal nanoparticles in an aqueous solution induces
morphological changes such as size reduction. However, the technique suffers disadvantages
through polydispersed products. Here, we show that continuous-wave (CW) laser heating of single
gold nanoparticles is capable of generating particles of smaller diameters with superb control in
terms of exposure time and intensity. We show, based on calculations of particle temperatures under
illumination, that surface evaporation below the boiling point of bulk gold occurs, resulting in a
gradual diameter decrease in air. In our experiment, a focused illumination of Au NPs through an
objective lens of a microscope provided peak-power densities (10°~10" W cm 2) equivalent to that
of a typical nanosecond laser. Nevertheless the heating rate under CW laser illumination is much
lower than that under pulsed-laser illumination, resulting in better control over nanoparticle heating
and related morphological changes. Furthermore, the single-particle study of such heating helps us

to clarify the evolution of such changes to a given particle by regulating the laser intensity.

Keywords: photothermal evaporation, CW laser heating, size reduction, bubble formation,

temperature calculation
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1. Introduction

Photothermal properties of plasmonic nanoparticles (NPs) and nanostructures have attracted
increasing attention because of potential applications to various fields including cancer therapy,
bioimaging, drug delivery, and nanofabrication."” The photothermal response arises because
illuminating the NP with visible light enables the excitation of its localized surface plasmon
resonance (LSPR) band, leading to an extremely efficient extinction (absorption and scattering) of
incident light.® The light absorption results in an increase in particle temperature caused by the
LSPR decay in which excited electrons couple with phonons within the NP. The generated thermal
energy is quickly transferred to the NP environment through phonon-phonon coupling, contributing
to local heating of the area surrounding the particle. >>*'!

Previously, continuous-wave (CW) laser heating of Au NPs was used for material

13,14

fabrications,'> and particle manipulation and also light manipulation.'” Laser intensities of

10°-10° W cm™ that realize high local temperatures (~100°C or higher) were employed in
applications such as embossing and polymer-film milling by manipulating a single Au NP,'*!
fabricating a nanohole on a glass substrate,'® and allowing nanoscale phase transition of
phospholipids membranes through heating an Au NP."?° Laser powers as in material fabrication
were used for a photothermal single-particle imaging of small Au NPs (520 nm).*'** CW laser
illuminations with such high intensities can cause modifications in particle morphology. Indeed,
recently, 100-150-nm-diameter Au nanospheres supported on a glass substrate in air were
demonstrated to undergo surface melting under the illumination of a 532-nm or 488-nm CW laser
beam with peak-power densities of 1.5-6 x 10° W cm ™2, leading to particle temperatures above 550
K2

Noticeable changes in particle morphology, such as reshaping from rod to sphere and particle
size reduction, have been realized by exposing plasmonic nanoparticles to high-intensity
pulsed-lasers with peak-power densities of 10'-10'> W cm™2.>** However, it has rarely been

investigated whether CW laser irradiation can cause large modifications, in for example particle
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size, besides surface melting, for Au NPs without resorting to pulsed lasers. The CW laser
irradiation has advantages over pulsed-laser irradiation because this method precludes the
involvement of non-photothermal and multi-photon absorption-induced ablations, and thus purely
photothermal process can be singled out. The equilibrium particle temperature under CW laser
exposure is reached in less than ~1 ps and particle temperatures during the irradiation can be
estimated provided that information such as the absorption cross-section, Cus of a NP, laser
intensity, 7 and the thermal conductivity of the medium, kmeq is given.”” Moreover, the particle
temperature at which a particular morphological change is initiated can be determined
experimentally.”?® Traditionally, temperatures above the boiling point (bp) are considered to be
prerequisites for photothermal evaporation.””* In analogy with surface melting that takes place at
temperatures below the melting point (mp),> our interest is turned to surface evaporation that may
take place below the bulk bp of ~3100 K. Such a possibility has been suggested recently for
homogeneous heating.**

For our purpose, a single-particle study is best suited rather than ensemble measurements.”?
Ensemble measurements suffer a drawback in that both non-irradiated and irradiated particles are
observed at various spatial laser intensities in postmortem analyses. Additionally, the finite size
distribution of the original particles is a problem. The single-particle approach is favored in our
study because it gives an exact and precise picture of a laser-induced event. Some confusing
ensemble measurements have been reported in the literature. While one study reported no
femtosecond-laser-induced fragmentation of Au NPs dispersed in aqueous solution, another study
demonstrated its occurrence.**”> This discrepancy arises presumably because of the difficulty in
identifying the small number of irradiation products present in the vast majority of intact reactants.
We note that the pulsed-laser fixation and ablation studies of Au NPs at a single-particle level have
been performed by Ito and coworkers.>*?’

In this study, we present optical spectroscopy and scanning electron microscopy (SEM)

measurements on the morphological changes of a single Au NP initiated by a focused 488-nm CW
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laser excitation. A temperature simulation was also performed that supported the experiment
analysis. We observed a controlled size reduction describable as layer-by-layer stripping distinct
from the uncontrolled destructive ablation observed previously for nanosecond-pulsed-laser
excitation.?”**7 Apart from surface melting, we observed surface evaporation taking place below
the bp. Particle modifications caused by laser-induced surface evaporation have had less attention in

the past.

2. Experimental
Aqueous solutions of Au NPs with nominal diameters of 100 nm (cat. #: EMGCI100) were
purchased from BBI Solutions (Cardiff, UK). The particles were synthesized using a variation of
the Frens citrate reduction method, and were stabilized with citrate.”® The particles were
transformed to spherical shape from their original faceted shape by irradiating with weak-intensity
nanosecond laser pulses of wavelength 532 nm (~10 mJ cm ). The particle image acquired using a
transmission electron microscope and the corresponding size distribution (102 + 4 nm) are given in
ESI, Fig. S1. The Au NPs were spin-coated onto a 24 mm x 24 mm x 0.5 mm cover slip (D263T,
Matsunami, Osaka, Japan) cleansed in a plasma reactor (YHS-R, Sakigake, Japan; 70 W, 20 kHz)
for 40 s on each side. The Au NPs were washed three times with double-distilled water by placing
0.5 mL of water on a spin coater and spun. Aside from this sample preparation referred to as
air/glass, Au NPs on the glass slide were immersed in water in a 90-uL. chamber consisting of two
cover slips sandwiched with a 0.3-mm-—thick silicone rubber spacer referred to as water/glass.

The laser illumination of a single Au NP was performed using an objective lens (60x, NA =
0.70) of an inverted microscope (IX 71, Olympus, Japan; equipped with a dark-field condenser
U-DCD (NA = 0.8—0.92)) with two output ports (see ESI, S2 for an illustration of the experimental
setup with typical microscope images of single Au NPs). The output from one port was relayed to a
spectrograph consisting of a polychromator (SP300i, Acton Research Corp., Acton, MA; grating:
150 grooves/mm, blazed at 500 nm) and a CCD camera (type: DU401-BR-DD, Andor Technology,
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Belfast, UK; operated at —60°C) through a 300-um-diameter pinhole, while the output from the
other port was used for imaging with a digital camera (DS-5M, Nikon Digital Sight, Kanagawa,
Japan). The dark-field microscopy-spectroscopy was used to select a single particle to be subjected
later to laser illumination. The particles were brought to the laser spot by scanning with a sample
chamber on a motorized stage (BIOS-105T, SigmaKoki, Tokyo, Japan; 100-nm resolution). The
excitation of a single Au NP was performed using a focused beam from a 488-nm CW laser
(OBIS-488-LX-150, Coherent Inc., Santa Clara, CA). We used a 488-nm wavelength because this
excitation wavelength is slightly off-set from the LSPR peak position and the absorption-cross
section is unaffected by temperature changes. In contrast, the LSPR peak intensity is strongly
dependent on the particle temperature and medium refractive index changes (ESI, Fig.S3). The
excitation of the LSPR band causes the value of absorption cross-section (C,ps) for NPs to decrease
with increasing temperature because of temperature-induced damping, making it difficult to
estimate the particle temperature. The irradiation periods were controlled by applying mechanical
shutters (F77, Suruga SEIKI Co. Ltd., Tokyo, Japan; F100, Nikon Digital Sight, Kanagawa, Japan).
The laser power was measured using a photodiode power meter (OPHIR, Orion). The spatial laser
profile was determined from scattering-signal intensity measurements from the 100-nm-diameter
Au NP while scanning with the stage at a 100-nm interval. The laser beam diameter thus determined
was 1.2 um although a calculated 1/¢* diameter of 0.5 um was obtained assuming a Gaussian beam
profile and using experimental optical parameters (NA = 0.70, A = 488 nm, n = 1.33). The laser

peak-power density /, (mW um ?) can be expressed as>

_ P(2.3546)°

T 2(FWHM)? (1)

where P is the power density of the laser (measured laser power divided by beam area).
We measured the single-particle scattering spectra of Au NPs before and after a set duration

for laser illumination to observe optical spectral changes associated with the morphological changes
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of par‘[icles.23 We also took particle images using SEM after each irradiation. In our experiment, it
was not possible to obtain SEM images before and after irradiation for the same particle. Therefore,
we selected particles of similar diameters for laser excitation by examining peak positions in the
scattering spectra: particles with peak positions, 540 + 1 nm in air/glass and 579 = 2 nm in
water/glass, were illuminated. For SEM measurements, we inspected at least 10 particles to
minimize statistical errors.

A field-emission electron microscope (S4700, Hitachi, Tokyo, Japan) was used for imaging
the particles. For imaging of the particles on glass substrates, Pt-Pd alloy was sputter-deposited; by
measuring the thickness of the film on a glass substrate at various locations, the thickness was
determined to be 5 + 2 nm for 100-nm Au NPs. For postmortem SEM imaging, each single Au NP
irradiated was located using an optical microscope; the glass substrates were patterned using
femtosecond laser irradiation.

Estimations of the particle temperature of citrate-capped Au NPs under CW laser illumination
were performed based on a one-dimensional (1D) heat conduction equation using experimentally
determined, effective thermal conductivities, ke, of the medium and substrate.’® The method

reportedly can estimate particle temperatures between 300 and 700 K with an accuracy of £20 K.

3. Results and discussion

The CW-laser excitation of an Au NP supported on a glass substrate and exposed to the surrounding
medium enables the particle temperature, 7, to increase with laser-energy absorption.
Simultaneously, heat conduction from particle to medium as well as to the substrate takes place
resulting in thermal equilibration.”® An equilibrium temperature is assumed to be reached within
less than a microsecond (ESI, Fig. S4). In our experiment, the laser illumination was performed
through the objective lens of a microscope for spherical single Au NPs (102 + 4 nm) exposed to air
or immersed in a water chamber. The spectral peak position of the scattered white light from a
single Au NP was used in selecting target particles of similar sizes before irradiation; the scattering
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spectra were used to evaluate the morphological changes due to irradiation. We describe below the

observed heating effect on exposure to 488-nm laser light.

3.1 Morphological changes in air.

Figure 1a shows the spectral changes in scattered light for single Au NPs before and after

1llumination for 10 ms.
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Fig. 1 (a). Scattering spectral changes of single Au NPs in air on a glass substrate after 10-ms
illumination of 488-nm CW laser, focused with an objective lens (60x, NA: 0.70) and various laser
peak-power densities: (A) 10 mW pm 2, (B) 20 mW um 2, (C) 30 mW pm 2, and (D) 40 mW pm >
Note that 1.0 mW pm > =10’ W cm 2= 10" W m >
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Fig. 1 (b). A typical series of SEM images of single Au NPs in air on a glass substrate captured after
illumination of various durations (125 ps, 10 ms, and 5 s) with a 488-nm CW laser at the same

peak-power densities and focused with the same objective lens. Scale bars: 100 nm.
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Fig. 1 (c¢). Average particle diameter as a function of laser peak-power density in air. Four
descending curves (scale: left) were constructed from SEM images similar to those in Fig. 1(b). The
particle temperature, 7}, as a function of laser peak-power density (ascending dashed red line; scale:
right) was calculated using a 1D heat conduction equation (ESI, S5). The two plateaus correspond
to the melting and boiling enthalpies. The particle diameters shown include the sputter-deposited

Pt—Pd layer of 5 + 2 nm. The average initial Au diameter was 112 £+ 4 nm.

Below 10 mW pm 2 practically no scattering spectral changes were observed (Fig. 1a-A). Above
15 mW um 2, however, the light scattering intensity decreased notably with increasing laser power
density. Concurrently, scattering spectral red-shifts occurred, the size of which slightly depends on
the laser intensities. The former observation suggests that particles of greater diameter decrease
under higher laser intensity because the light scattering intensity scales as the 6-th power of the
diameter.” The latter observation suggests that the occurrence of particle-particle interaction after
irradiation because plasmon-plasmon interaction through particle association has been known to

cause red-shifts in LSPR peak positions.””* Overall, the observed spectral changes suggest that
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with increasing laser intensity a greater size reduction takes place with the simultaneous formation
of associated structures of particles. Light scattering spectroscopy also suggested that a greater size
reduction resulted with longer exposure periods (not shown). Although the optical scattering
measurement is available for quick assessment of single particle event, detailed information
regarding the particle morphological changes cannot be extracted from only this measurement. Thus,
we recorded SEM images associated with the laser illumination.

Figure 1b shows a typical series of SEM images after illumination of various durations at
different laser intensities. Strong morphological changes are seen to occur, that produce a
size-reduced core surrounded by much smaller satellites. Importantly, the core size reduced
gradually with increasing laser intensity and also increasing irradiation period. Figure 1c shows a
graph summarizing particle core diameters plotted as a function of laser peak-power density at
various illumination periods; particle diameters were extracted from the SEM images similar to
those in Fig. 1b. The four descending curves dependent on the exposure periods obtained from data
points were extracted from SEM images. Exposing the same particle more than once for a
postmortem SEM acquisition was not possible, therefore, we used different particles of similar
diameters for the series of images. Figure 1c clearly shows the laser intensity- and irradiation
period-dependent decreases in the original particle diameters.

Figure lc also includes the particle temperature (7;) calculated as a function of laser
peak-power density (ascending red dashed line). We used the 1D heat conduction equation to
acquire laser intensity-dependent particle temperatures (ESI, S5). Previously, it was shown that 7,
obtained by the application of this equation using experimentally determined effective thermal
conductivity was in good agreement with both experimental and rigorous computational 7}, values
for various medium-substrate combinations at temperatures below 700 K.** We assumed that the
slope of the 7 vs. T}, curves is similar at temperatures above 700 K and in liquid state because the
temperature-dependence of Cyps is negligible at the excitation wavelength of 488 nm.”® We also
included melting and boiling enthalpies in determining the / vs. T, curve. Here, the lengths of the
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plateau regions were determined by dividing the enthalpies by the slope (heating rate). Comparisons
of the particle temperature curves and intensity-dependent particle diameters reveal that the size
reduction depends critically on the irradiation period. For 125 ps of irradiation, reductions started at
the laser intensity corresponding approximately at the boiling temperature. With the irradiation
period increasing from 10 ms to 5 s, the laser intensity needed to initiate the reduction gradually
decreased and most importantly a diameter decrease was observed at temperatures below the bp of
gold.

This is significant because the temperature curve (Fig. 1c) was calculated for a
100-nm-diameter Au NP. If the particle diameter decreases continuously because of laser
illumination, 7}, should also decrease because Cy,s for Au NP decreases with particle diameter. This
situation can be understood from the variation of T}, with particle diameter at three different laser

intensities (Fig. 2).

20 mW um-
15 mW um-2 4
10 mW um-

2000

T,/K

1000

100 80 60 40 20
AUNP diameter /nm

Fig. 2. Calculated particle temperatures as a function of particle diameter for three different laser
peak-power densities. The particle was assumed to be supported on a glass substrate in air (effective

medium refractive index: 1.12 (Ref. 23)); the excitation wavelength was 488 nm.
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When we focus on the data for laser intensity of 20 mW pm > (Fig. Ic), a gradual diameter decrease
was observed with increasing illumination period after 10 ms. At this laser intensity, the initial 7, is
estimated at 2650 K, which is below the bp of gold and continuous size reduction proceeded at
significantly lower temperatures. After 5 s of irradiation, the particle diameter is reduced to 75 nm
(70 nm without the sputtered layer) with an estimated 7}, of 1500 K. In contrast, at a laser intensity
of 10 mJ pm 2 (Fig. lc), no particle diameter decrease was observed even for an illumination period
of 5 s; at this intensity, the estimated T, is 1450 K, which is close to but above the mp of 1337 K for
bulk gold. In terms of laser intensity, the threshold for diameter decrease is ~16 mJ pm
Accordingly, we infer that, with temperatures between mp and bp, particle diameter decreases with
laser intensity as the Au NP is then a liquid droplet.

Note that at high laser intensities exceeding 35 mW ;,Lm_2 at which T}, > bp is estimated, rapid
size changes occur for the core particles that were surrounded by many satellites. Nevertheless, a
gradual laser intensity-dependent size reduction is still evident. This observation contrasts with that
in a water medium where severe damage to particles was observed. Apart from the morphological
changes of the particle, we observed a modification of a glass surface, specifically, the formation of
a crater. Because this observation is not relevant to particle deformation, we have relegated a brief

description of the changes to ESI, S6.
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3.2 Morphological changes in water.
Figure 3a shows a set of SEM images after illumination in water for various durations at different

laser intensities (see ESI, Fig. S7 for the corresponding scattering spectral changes).

-2
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125 pus
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Fig. 3 (a). A series of SEM images of single Au NPs supported on a glass substrate after
illumination in water over various durations (125 ps, 10 ms, and 5 s) using a CW laser at various
laser peak-power densities (10, 20, 30, 40 mW pum 2) and focused with an objective lens. Scale
bars: 100 nm.

14



Page 15 of 24 Physical Chemistry Chemical Physics

5000 ¢—¢—¢125us

—9—010ms
100 G—e—© 5s
4000
-===T,air
c - - == T, water
£ 3000 —
ol -
0] P
£ 50
o 2000
1000

peak power density / mW pm'z

Fig. 3 (b). Average particle diameter (scale: left) as a function of laser peak-power density in water.
The data for the curves is taken from SEM images in a similar manner to those in Fig. 3(a). The red
dashed ascending line represents the / vs. T;, curve in air and the blue dashed ascending line is the /
vs. T, curve in water (the scale for both curves: right). The average initial Au diameter was 112 + 4

nm including a sputter-deposited Pt-Pd layer.

The SEM images reveal morphological changes to Au NPs in water is distinct from those in air; size
reduction occurred but a core particle survived, and depending on exposure periods and laser
intensities, ejected products were more or less confined to those areas illuminated by the beam. For
an irradiation period of 125 us, rather than small particles observed in air, the ejected products
appeared as a film that had been solidified from liquid gold droplets released from around the core
of the particle. In contrast, for a 10-ms irradiation period at high intensities, explosive ejections of
particle-like species from around the core were distinctly observed. The formation of a core-satellite
structure is reminiscent of its observation in air, but was more confined to a smaller area in water.
Furthermore, for a 5-s irradiation exposure aside from fragments, a distinct ring structure
surrounding the irradiated products emerged at higher laser intensities. The ring clearly originates

from the original Au particle.
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A graph representing particle diameter vs. laser peak-power density (Fig. 3b) was constructed
from an analysis of SEM micrographs (Fig. 3a). The laser intensity-dependent particle changes
reveal that the threshold associated with size reduction is more clearly defined in water than in air.
For instance, a threshold was observed at 20 mW um_z for an irradiation period of 125 us and at 16
mW pm  for 1- and 5-s exposures. For reference, the T, vs. laser peak-power density curves were
calculated for Au NPs in air and water (Fig. 3b). In water, because of its greater thermal
conductivity than that of air, the laser-intensity-dependent increase in 7}, has a much smaller slope.
Additionally, in Fig. 3b, the plateau region corresponding to the melting enthalpy consumed in
water is longer than that in air because the heating rate is lower in water (see ESI, S5). Moreover, at
a certain threshold laser intensity, bubble formation from the evaporation of surrounding water
caused by heat transfer from the NP is known to occur.*! This can result in a sudden jump in the NP
temperature surrounded by the bubble due to the poor thermal conductivity of air.** Indeed, the
onset of the diameter reduction observed at 1-5 s of illumination is similar to the threshold intensity
of bubble formation, i.e., ~16 mW umfz. Here, the threshold for bubble formation was measured by
the blue shift in the scattering spectrum during the 5-s excitation period.” Previously, a threshold of
25 mW pm 2 was measured for 100-nm Au NP supported on a glass substrate immersed in water
and excited with a 532-nm CW laser beam.*” One explanation for the observed difference in our
measurement is ascribed to the temperature-induced LSPR band bleaching.*"**

Here, we give a scenario for particle disintegration in water. For the short exposure period of
125 ps, water molecules strongly interfere with the ejection of the liquid material resulting in a
film-like solid structure. The short irradiation period is insufficient to sustain the bubble
expansion.® In contrast, for long illumination periods of 1 and 5 s, bubble formation and expansion
eject gold droplets into areas where expansion ceases. With the NP sitting inside the bubble,
fragmenting of the gold droplet releasing smaller droplets is possible at high temperatures. Thus, the
observed confinement, expansion, and ring formation depended on laser intensity and duration. An

assumption made previously *® of whether high pressure can break up the liquid core during bubble
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collapse remains unclear.

3.3 Mechanistic aspect.

Under CW laser illumination, we observed in 100-nm Au NPs a dependence of the reduced core
diameter on both laser intensity and illumination period. This behavior is ascribed to the
evaporation of gold droplets. In particular, we found clear evidence of evaporation occurring at
temperatures below the bp of gold in air from calculations of 7, during illumination. Previously,
Inasawa and coworkers observed a bimodal particle size distribution, one at 6 nm and the other at
1624 nm, of products from the picosecond laser-induced evaporation of aqueous colloidal Au NPs
with monomodal distribution of 25 + 6 nm.”® From their analysis, they proposed that the size
reduction proceeds layer-by-layer at the outer surface; still, the control of particle size by ps laser
illumination was unsatisfactory. Our single particle observation under CW laser illumination in air
clearly showed the formation of satellite particles ejected from the remaining core particle, i.e.,
surface evaporation, with far better core size controllability. In pulsed-laser illumination, 7
increases with time during and after illumination followed by a decrease through heat transfer to the
surroundings.” Thus, the photothermal evaporation takes place over a limited time interval during
which T}, is above the evaporation threshold temperature. In contrast, in CW laser illumination, 7,
can be kept near the evaporation threshold during the illumination period. Clearly, T}, can be better
controlled by the CW laser illumination.

The size reduction of Au NPs on oxide substrates through evaporation was observed
previously at temperatures far below the bulk bp of gold (~3100 K) when thermal treatment was
applied in a furnace in an Ar atmosphere (10-10° Pa).*! For instance, at 950°C (1223 K) in an
Ar-atmosphere at 10° Pa, the size reduction took place from the average diameter of 300 nm to that
of 200 nm in 2 h. Furthermore, thermogravimetric analysis of Au nanorods revealed that the loss of
gold starts at ~1200 K through evaporation.*® These observations suggest that the evaporation at
temperatures below the bp of gold is possible if the heating period is sufficient. In the present study,
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we found that to observe Au NP evaporation continuous heating is important.

The observed CW laser-induced evaporation of individual Au NPs is a non-isothermal event.
Under constant laser illumination, Cy,s should decrease because of a gradual decrease in NP
diameter, causing a particle temperature decrease (Fig. 2). Additionally, a temperature gradient will
be formed in the surrounding medium during the particle heating. From the possible 2D temperature
distributions (ESI, S8) for air and water media, the temperature gradient formed in the medium acts
to reduce the temperature of ejected species, which cannot occur in homogeneous heating. For
non-homogeneous temperature distribution conditions, directly fitting the experimental diameter vs
laser intensity curves using the evaporation model is not feasible. Instead, evaporation was
simulated as follows. The rate of change in the particle radius with time, dr/d¢, can be represented

by47,48

1

dr M 2 aP

E:[zzﬂepzj T @
p

where M is the molecular weight, R is the gas constant, p is the density, a is the evaporation
coefficient (0 < a <1), T}, is the particle temperature, and P; is the vapor pressure above a particle of

radius 7. We calculated the diameter decrease Ar according to

M M 1/2 a P
Ar = S AL 3
Z(ersz T (3)

in which a time step Az was set to 40 ps, P, was taken from the literature,®' and o was obtained from
the slope of the experimental Ar vs ¢ curve. We first obtained C,ps for an initial 100-nm Au NP, then
T, was calculated, followed by acquisition of Dp (particle diameter). We repeated the same
procedure using the newly obtained Dp until the final period of exposure of 1 s is reached. We only

performed the calculation for air because in water a discontinuity occurs in the diameter reduction

18
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because of bubble formation. The result (Fig. 4) shows that, at a laser intensity of 10 mW pm >, no

. ) . . .
diameter decrease occurs, whereas at 16 and 20 mW pum °, a diameter decrease is possible.
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Fig. 4. Simulated particle diameter decrease in air as a function of exposure period. For comparison
with experimental data, the ordinate scale was represented as the sum of the calculated diameter and

the thickness of the sputter-deposited layer.

This is consistent with the observation of a threshold laser intensity of 16 mW unfz for air. The
corresponding simulation suggests that our hypothesis of evaporation below the bp of gold is
qualitatively acceptable.

Note that particles generated after laser heating, i.e. cores and satellites, have spherical shapes.
Previous studies on pulsed laser heating of Au NPs in solution revealed spherical products.'®?"%%
Clearly liquid droplets of Au NPs undergoing evaporation tend to assume a spherical shape in
minimizing their surface energy during cooling process. The observation suggests that small
satellite particles formed from the condensation of evaporated species are also spherical. This
suggests that the satellite particles are formed via the liquid state. Besides minimizing the surface

energy, in our case, the hydrophilic glass surface may prevent liquid gold from spreading. * It was
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also reported that simple melting of Au NPs in solution changed their appearance from faceted to
spherical.”® For supported Au NPs on substrates, laser melting was observed to induce a
transformation to spherical shapes.”'™ Thus, unless some external force is applied, deforming
liquid nanodroplets into nonspherical shapes is difficult solely under the gravitational force.
Interestingly, we have learned that a spherical gold nanodroplet can be deformed by an optical force
to form a standing rod.”*

From the point of view of nanostructure fabrication, focused CW laser irradiation may raises
the following comment. According to our temperature calculation, the surface evaporation of the
100-nm Au NP at fluences of 16-20 mW pum ~ occurred at temperatures from 1500 to 2650 K in air,
generating cores and small fragments. However, at 20 <7, <30 mW pm ~ where the bp of ~3100 K
is almost reached, we observed remarkably small cores of 20—30 nm together with satellites. At still
higher laser intensities, explosive evaporation similar to that occurring in high-intensity pulsed-laser
excitation causes particle fragmentation. Because of the controllability of surface evaporation, the
CW laser illumination provides a protocol to prepare core-satellite structures. Although various
synthetic methods have been developed to prepare core-satellite structures,™>>*® CW laser
illumination is useful in preparing a single core-satellite structure at any location without difficulty.
The CW laser illumination in water produced unusual structures, such as a ring surrounding the
fragments. The structure is reminiscent of a plasmon resonator.’® Hence, CW laser-induced
photothermal evaporation in water may serve to prepare structures with unusual optical properties.
As mentioned above, the bubbles are responsible for the variation in Au NP evaporation although its
nature has not been fully characterized. Further study is needed to reveal the critical role of bubble

in particle modification.
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4. Conclusion

Using CW laser illumination, we detailed the slow photothermal evaporation of Au NPs overlooked
in pulsed-laser experiments. We also observed that bubble formation in water strongly affects the
evaporation of Au NPs. The result suggests the need for further investigation to reveal whether
bubble expansion or contraction is responsible for the fragmentation of liquid NP inside the bubble.
Addressing the significance of the result, we refer to the photothermal structuring. Examples are the
formation of a ring structure containing small particles, which can be useful for the development of
unique plasmonic optical properties in addition to the formation of core-satellite structures with
controlled sizes. When produced, the former is strongly affected by photothermal bubble formation
and the latter by photothermal surface evaporation. For CW laser illumination through an objective,
by regulating the irradiation period and intensity one can create unusual structures with better

controllability than the pulsed-laser irradiation.
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