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Besides the importance of the primary process in physics and chemistry, application of the light-NP
interaction has attracted significant interest from various areas ranging from analytical chemistry to
material chemistry and biomedicine. Here we consider both mechanistic and application aspects. Our
attention is focused on pulsed-laser-induced fast processes that revealed the heating-cooling dynamics
of electrons, lattice (particle), and particle’s environment. On the application side, we focus on material
fabrication and processing that beat diffraction-limited resolution. Together, we will shed a light on
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Surface plasmon resonance the essence of research activities carried out in the past 10 years. In addition to an abundance of latest
Photothermal response information obtained from currently available literature, this review includes figures obtained by our
Plasmonic nanobubble own calculations to provide readers with a better understanding of the basics of the optical properties

and energy and heat-transfer processes of Au NPs, which are not familiar to photochemists.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Past decades have witnessed an ever increasing interest in the
optical properties of nanoparticles and nanostructures [1-7], which
has had a tremendous impact on broad areas of research such as
optics, electronics, biomedicine, analytical chemistry, and photo-
chemistry. Scheme 1 gives an overview of the areas of current
promising applications of plasmonic nanoparticles (NPs).

In nano-optics and nanoelectronics, miniaturization with high
throughput is highly desirable; consequently, an interest in sur-
face plasmons in optical circuits below the diffraction limit has
grown rapidly [8,9]. In biomedical applications, because of their
strongly resonant light-absorbing and light-scattering properties,
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Scheme 1. Overview: the areas of current promising applications of plasmonic
nanoparticles.

plasmonic NPs can be useful contrast agents in the diagnostic imag-
ing of tumors [10,11]. In addition, when illuminated, plasmonic
NPs can serve as nanoscale heat sources, photothermally inducing
cell death and tumor remission [12,13]. In chemistry, in particu-
lar for analytical applications, surface-enhanced Raman scattering
spectroscopy (SERS) utilizing enhanced local electromagnetic fields
near the plasmonic NPs and nanostructures is a promising tool
for ultratrace analysis, ultimately enabling detection at the single-
molecule level [14,15]. Biosensing that exploits the detection of
a refractive-index change around the plasmonic NPs is another
area of development [16-18]. Recent developments have greatly
improved the sensitivity of plasmon sensors based on the single
NPs and NP arrays. In the plasmonic NP field, photochemistry is
currently prominent among the areas receiving increasing atten-
tion.

Photovoltaics, which is a method of converting sunlight into
electricity, is a major field in photochemistry [19-21]. Approaches
based on plasmonic structures can be used to improve absorption
in photovoltaic devices, permitting a considerable reduction in the
thickness of absorber layers and yielding new options for solar
cell design [22,23]. An effect of plasmon-assisted optical antennas
[24,25], where light is concentrated into a subwavelength vol-
ume to convert the incident light into amplified localized fields,
has the potential to promote low-yield photochemical reactions
with greater efficiency. It has been shown that two-photon-induced
photochromic and photopolymerization reactions can be realized
under the illumination of continuous wave (CW) lasers and halogen
lamps [26-29]. Previously, these two-photon reactions have only
been conducted by irradiation with high-intensity pulsed lasers.
Fundamental aspects and applications of metal-enhanced fluores-
cence [30,31] and plasmon-assisted photocatalysts [32,33] are also
active areas of research in photochemistry.

This review deals with phenomena initiated by the interaction
oflasers with plasmonic NPs that give rise to rich physics and chem-
istry, as summarized in Scheme 2.

Briefly, the absorption of visible light by a plasmonic NP results
in the instantaneous heating of the particle [34,35]. This heating
has a profound effect both on the particle itself and the surround-
ing medium. The former can be described by electron dynamics
[4-7], coherent acoustic lattice vibrations [6,36,37], melting and
evaporation from the particle surface [38,39], and explosive frag-
mentation [40,41]. The latter is described by cavitation [42-45] and
stress-wave generation [46,47], resulting from heat transfer from
the particle to the surroundings. These phenomena are intriguing
from a fundamental scientific viewpoint and cover a wide range of
applications as will be described below (Section 4). For instance,
local heating triggered by the light absorption of a plasmonic NP
enables nanofabrication on particle support. The amount of heat
generated by the plasmonic NP can be controlled by the particle
size, shape, and aggregation state of the NP as well as the illuminat-
ing laser intensity, wavelength, and pulse duration. Thus interplay
of plasmonic NPs with laser light allows spatial and temporal heat
management besides the optimization of local electromagnetic
field.

This review is intended to provide photochemists with informa-
tion that is useful when initiating research using plasmonic NPs, in
particular with lasers combined with traditional organic and inor-
ganic photochemistry. The review focuses on metal NPs rather than
semiconductor quantum dots [48,49], which are more familiar to
photochemists. The photochemistry of noble metal nanoparticles is
different from that of traditional molecules. Generally, the fluores-
cence emission of Au NPs is very weak unless the particle diameters
are less than 5nm [50]. On the other hand, Au NPs with diame-
ters greater than 20 nm scatter light in the dark field and can be
used for imaging just like fluorescent dyes or quantum dots with-
out suffering from photobleaching/blinking [51,52]. Their particle
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Scheme 2. Interaction of pulsed lasers with plasmonic nanoparticles and related phenomena.

size-, shape-, spacing- and medium-dependent optical properties
have distinct advantages that cannot be replaced by any other
materials. Note, however, that the accepted method of describing
the optical properties of these metal NPs is quite different from that
by which the photophysics of other molecules is delineated. This is
because, for metals, frequency (wavelength)-dependent responses
of dielectric functions are important. In this review, we examine
the emerging field of laser-plasmonic NP interactions, leading to
light manipulation, heat management, and nanofabrication. Partic-
ular emphasis is placed on Au NPs interacting with pulsed lasers.
Although Ag NPs have superior characteristics in terms of plas-
monic enhancement [53], Au NPs have been selected because
they have higher chemical stability and are used more frequently
[54,55].

2. Brief background
2.1. LSPR: localized surface plasmon resonance [1-6]

Plasmonic NPs absorb and scatter light from UV to near IR. The
classical interaction of NPs with light and the resultant optical

properties are described by the dielectric function &; here ¢ is usu-
ally represented as a function of the angular frequency w (=2mc/A)
of light. The dielectric function of gold is defined as the sum of the
interband term, &;5(w), which considers the response of 5d elec-
trons to the 6sp conduction band, and the Drude term, ep(w), which
considers free conduction electrons (Drude model); thus,

&(w) = ep(w) + ep(). (1)

The localized surface plasmon resonance (LSPR), represent-
ing the optical properties characteristic of gold NPs, originates
from the latter term, i.e. the photoexcitation of free electrons.
The collective oscillation of photoexcited free electrons on the
surface of Au NPs occurs via the interaction of Au nanospheres
with the electromagnetic field of light, exhibiting a resonance
frequency at 510-550nm depending on the particle radius
(extrinsic size effect). By contrast, the interband transition is
insensitive to the particle size, yielding a threshold at 518 nm
(2.4eV). Each term of the dielectric function is divided into a
real part (¢1(w)=n%—«2) and an imaginary part (&;(w)=2nk),
where n represents the refractive index and k represents
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the absorption coefficient of the metal (complex refractive index:
n=n+ik).

Plasmonic NPs with diameters lesser than the electron-mean-
free path (~40 nm for Au) allow the confinement of free electrons.
According to the simplest model, the electrons are damped by a
inelastic scattering process at the inner NP surface, resulting in
an increased relaxation frequency or a higher damping constant
I' (s71): the relaxation time of the free-electron gas is reduced.
Accordingly, the dielectric function (&(w)) of a bulk metal has to
be modified (intrinsic size effect), giving rise to a size-dependent
dielectric function &(w, R),

&(w, R) = e®% (@) — el (w) + ep (w, R) (2)

Here gb“k() describes the dielectric function of bulk metal
calculated from n and «, where values have been experimentally
obtained [56]. The second term in equation (2) denotes the Drude’s
dielectric function of a free-electron gas defined by equation (3a),
and the third term denotes the dielectric function of a NP with a
radius R defined by equation (3b). Inspection of equation (2) reveals
that the dielectric function of the free-electron gas s?“*(w) deter-
mined experimentally is modified by including a size-dependent
term that considers the intrinsic size effect of NPs, technically by

subtracting that of the bulk metal ¢5"%(w) and adding a modified
dielectric function ep(w,R):

bull wj

ulk — 1 R S 3
o (@) w2 1 il (32)

&
,R)Y=1—- —F—— 3b

ép(w,R) i Ry (3b)

where wp (s~!) represents the plasma frequency of the free-

electron gas defined by (neez/som;;)l/2 = 1.38 x 10'®s~! for Au,
where 1, is the density of the free electrons (5.9 x 1028 m—3 for
Au), e is the electron charge (A s or C), &g is the vacuum permittivity
(A% s* kg~ m~3)and m is the effective mass of an electron (kg). The
damping constant I" is described by I'=vg/l (I'=1.07 x 1014 s~1
for Au) for the bulk metal and I'(R)=vg(1/l+A-1/R) for metal
nanospheres with diameters smaller than the electron-mean-free
path, where vr (1.4 x108ms~! for Au) is the Fermi velocity, [
(3.8 x 10-8 m for Au) is the electron-mean-free path, R (m) is the
NP radius, and A is a proportionality constant (A=1 for isotropic
electron scattering).

The absorption and scattering properties of spherical metal
NPs are well described by applying the Mie theory [57]. The Mie
theory provides exact analytical solutions to Maxwell’s equations
for spheres with various diameters: the absorption and scattering
probabilities are represented by the absorption cross section Cyp;
(m?2), the scattering cross section Csc; (m?2), and the extinction cross
section Cext, Which is the sum of both (Cext = Csca + Caps)- The cross
section, C, of each optical event is defined by

I =Ipexp(—N-C - x) (4)

where Iy represents the intensity of incident light, I represents the
intensity of transmitted light, N (m~3) is the number density of
particles, and x (m) is the optical pass length. Equation (4) basi-
cally expresses the Beer-Lambert law. Within the framework of the
Mie theory, the absorption and scattering of light originate from
free-electron oscillations driven by the oscillating electromagnetic
fields of the incident light. As the diameter of the metal sphere
increases, oscillations from higher orders, such as quadrupole or
octapole oscillations, are likely to occur as well as the dipole mode.
These oscillations are currently defined as plasmon modes. In the
Mie calculation, the input parameters are the particle’s dielectric
function &1 (w) +iey(w), radius R, and the permittivity of surround-
ing medium é&;,. The solution procedure is complicated, and thus
not given here [58]. In the quasi-static regime where the radius R is

significantly smaller than the incident wavelength A, phase retar-
dation and the mixing of higher-order multipole oscillations are
negligible. In this case, a more simplified expression based on the
dipole approximation can be used, as given by

12mwR3 g2 2e2(w)
Cext = 5 5 (5a)
€ [e1(w)+2em]” + &2(w)
12875R5¢2, [ (£1(w) — em)? + &2(w)?

Csca (5b)

34 L) +26m) + ex(w)?

Here, ¢y is the velocity of light in vacuum. The resonance con-
dition in which the peak of the LSPR band occurs is approximately
fulfilled when &1(w)=—2¢p, if £2(w) is small or slightly dependent
on w. Note, however, that equations (5a) and (5b) cannot repro-
duce the size-dependent peak shift of the LSPR band because of the
limitation of the dipole approximation.

Fig. 1 depicts the calculated spectra of extinction, absorption
and scattering for a single spherical Au NP of various diameters.
The distinct LSPR band appears at 520-580nm. A rising shoul-
der with decreasing wavelengths at less than 500 nm is assigned
to the interband transition. The size-dependent optical proper-
ties are very obvious. Practically, the scattering of a 20-nm Au
NP is negligibly weak. A somewhat broadened spectral envelope
was obtained for an extinction (absorption) spectrum owing to the
intrinsic size effect. Furthermore, the LSPR band exhibits a much
broader envelope for particles with much smaller than 10 nm and
even disappears completely for NPs with sizes less than or equal
to 2nm. The contribution of scattering is greater with increasing
diameter; for 100-nm Au particles, the relative amount of scattering
cannot be ignored. Higher-order modes are more prominent with
increasing particle size, causing the LSPR band to undergo a red-
shift and resulting in an increased bandwidth. This is because, for
large particles, the light cannot polarize the NPs homogeneously,
and retardation effects lead to the excitation of higher-order modes.

The near-field scattering cross section is approximately 2 orders
of magnitude greater than the scattering cross section for 20-nm Au
NPs because of higher-order electric fields located on the NP sur-
face. The fields vanish rapidly with distance. In contrast, the Cyg of
a 100-nm-diameter Au sphere is only 1 order of magnitude greater
than Csca.

The experimental spectra in colloidal solutions generally agree
well with the calculated spectra under the conditions of homoge-
neous particle size distribution and low concentrations. Besides,
single-particle absorption and scattering spectra that are directly
compared with the Mie theory can be measured [59,60]. Dis-
crete dipole approximation method was performed to calculate
the extinction and scattering efficiencies of non-spherical particles,
rods, cubes, and triangular plates [61-63].

The LSPR band undergoes temperature-dependent spectral
changes. Fig. 2 shows the extinction spectral changes of a Au NP
in air on a glass substrate at various temperatures, calculated by
the Mie theory using the temperature-dependent dielectric func-
tions measured for the gold film by Otter [64]. For comparison, an
experimental spectral change from literature is also shown [65].

With increasing temperature, the bleaching (intensity reduc-
tion) of the LSPR band occurs with the broadening of the spectral
envelope. This can be explained by an increase in the occurrence
of electron-phonon scattering at high temperatures. In this event,
the reduction in the &;(w) values occurs and leads to an increased
damping constant I".

2.2. Electron dynamics, photothermal response and related
phenomena

The ultrafast electron-phonon dynamics of Au and Ag
NPs have been well investigated by applying femtosecond



32

S. Hashimoto et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13 (2012) 28-54

al0— . . . 15 b 10— , , , 15 ¢ 107— , , , 15
- CNF/’\ = « o
= ;o = Z =
= T g = :1 T 3
E \ i o T o
= R 1102 = {1038 = {10 3
=~ ! \ » ~ oo~ A
o \ @ =} n = %]
© ’ N ] 13} & o -+
@ N = 3 o o o
2] ! ~ 15 ~ %} =] %} =]
2 R = % 1~ 2 ~
g L B - S £ =
E -~ =
© > El\?
0Lb— La 0 0o 7 oE=3 . . - 0
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800

wavelength / nm

wavelength / nm

wavelength / nm

Fig. 1. Cross sections of extinction Cext, absorption Cyps, scattering Csca, and near-field scattering Cnr, representing scattering on the NP surface, as a function of the wavelength
calculated by the Mie theory for diameters of 20 nm Au (a), 50 nm Au (b), and 100 nm Au (c) single spherical particles submerged in water (n=1.33). Note that the ordinate
scales are different: the scales in (b) are 10 times greater than those of (a) and the scales in (c) are 10 times greater than those in (b).

a 1x10™ T T T T T T T T T b
1.0
8x10™" 55
0.8
o 6x107° 0.7
E o 06 /
@ 05 - '
O 4x10™ 3
S 04
o
® 03
2x107° -
0.1
0x10° T S S P s
450 500 550 600 650 700 400 450 500 550 600 650 700 750 800

Wavelength / nm

wavelength i / nm
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(b) Temperature dependence of the plasmon band absorption (extinction) for the 22-nm Au NPs in water. The absorption spectra are measured at 291 K or 18 °C (solid line)
and 345K or 72°C (dashed line). (Fig. 2b was reproduced from Ref. [65]. Reproduced with permission from the American Chemical Society.)

transient-absorption spectroscopy [66-68]. The energy deposition
resulting from the laser interaction of plasmonic NPs occurs in the
following four stages [35,69]. First, the laser light is absorbed by the
electronic system, creating nascent nonthermal electrons. After a
few 100 fs, a thermal equilibrium is reached corresponding to the
Fermi distribution as a result of electron-electron scattering with
cold conduction-band electrons. Subsequently, the electron energy
is transferred to the NP lattice via electron-phonon coupling (<a
few ps). The lattice energy is later transferred to the surround-
ing medium through phonon-medium interaction (<several tens
to several hundreds of ps) through heating the medium at the
expense of the cooling NP. The final stage is heat diffusion within
the medium. Fig. 3 represents the electron relaxation dynamics of
a Au NP as a function of time on excitation by a femtosecond laser
[70].

The well-defined electronic temperature Te, resulting from
the internal thermalization of hot electron gas varies from hun-
dred to several thousands of Kelvin depending on the laser
pump energy and pulse duration. The lattice temperature Tj
increases as a result of the energy transfer from the hot
electron gas into the lattice; in the last step, the tempera-
ture of the surrounding medium T, increases owing to the
energy transfer from phonons. These consecutive processes are
described well by applying the two-temperature model (TTM)
[4-7,34,69-72].

The heat transfer from the NPs to the medium leads to the for-
mation of a photothermal bubble in liquids. It is believed that heat
dissipation from pulsed-laser-heated metal NPs causes an explo-
sive evaporation of the surrounding superheated liquid, which

changes into an expanding bubble formation [42,43]. Scheme 3
illustrates the process of bubble generation caused by the pulsed-
laser-induced heating of a Au NP and subsequent heat dissipation
to the surrounding liquid.

10000

1000 1

tem perature /K

S ........................T.cp

_____.--—-~';"""; ''''''' Teav

298 o= T T T
0 20 40 60 80

time /ps

100

Fig. 3. Simulated temporal evolution of electron temperature T, (dashed red curve);
lattice temperature T; (solid black curve); and maximum water temperature Tp,
at the NP-water interface, (dashed-dotted blue curve) for a 55-nm-diameter gold
sphere absorbing a 150-fs laser pulse (full-width at half maximum; FWHM of
the Gaussian time profile) at 400nm and a laser energy density of 10 mJcm—2
(Pmax =6.3 x 10'© W cm~2). Horizontal lines represent temperatures at which impor-
tant events occur: Ty, boiling point of bulk gold (~3100K); Trmp: melting point of
bulk gold (1336 K); T, : the critical point of water (647 K); and Tc,y: cavitation thresh-
old (573K, Ref. [73]), considering the spinodal effect of water. (Modified from Ref.
[70]. Reproduced with permission from the American Chemical Society.)
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2.3. Plasmonic field enhancement [74,75]

The excitation of the large optical polarization associated with
LSPR results in large local electromagnetic field enhancement at
the NP surface, in addition to strongly enhanced absorption and
scattering by the NP at the LSPR frequency. An example for single
spherical Au particles, 50, 100, and 400 nm on excitation of the LSPR
band of Au is given in Fig. 4.

A greater enhancement is expected for particle diameters
40-60 nm and the optimum diameter results from both the absorp-
tion and scattering cross sections. This is clearly seen in Fig. 4, where
the field enhancement of the Au NP is greater for a 50-nm-diameter
particle than for 100-nm and 400-nm-diameter particles, because
of the greater contribution of scattering for bigger Au NPs. The elec-
tric field is strongly localized for small spheres. Contrastingly, the
dipole field of a 100-nm Au NP is distorted because of the contri-
bution of multipole oscillations within the sphere. Further severe
distortion was observed for the 400-nm Au sphere, and higher-
order plasmon modes are well visible. Importantly, the intrinsic
size effect (see Section 2.1) is included in the field-enhancement
calculation. This is quite important, if the Au NP radius is less
than or equal to the electron-mean-free path. For instance, by
neglecting the intrinsic size effect, the electric field-enhancement
factor increases to 6.04 for 50-nm Au NPs. The difference is more
dramatically observed for 20-nm-diameter Au NPs, where the field-
enhancement factors are 4.58 with the intrinsic size effect and
5.36 without it. Greater field enhancement was postulated on the
basis of experimental studies for non-spherical particles and nanos-
tructures, including nanorods [76] and triangles [77] with sharp
edges, for which field calculations on the basis of finite-difference-
time-domain (FDTD) simulations supporting the observations were
given [75-79].

The near-field scattering efficiency, defined by Qur=Cnr/7R2,
is a measure of the ability of a sphere to extract power from the
incident wave and redirect it as scattering power over the whole
surface. Qnr is considerably greater than unity. This implies that
the influence of the sphere on the incident light extends beyond
its geometrical boundaries. In other words, a spherical Au NP can
act as a field amplifier. Qg is an important parameter for surface-
enhanced Raman scattering (SERS). Fig. 5a shows Qg as a function
of the diameter of Au NPs surrounded by water, calculated both at
532 nm and at the peak positions of the Cyg.

When excited at 532 nm, the value of Qur increases with increas-
ing NP diameter, reaching a plateau at diameters between 50 and
60 nm. This behavior can be explained by a greater increase in the
dependence of scattering cross section on the NP size because of the
reduced contribution of the intrinsic size effect. Further increase in
diameter leads to areduced near-field scattering efficiency because
the field retardation and geometrical cross section start to domi-
nate. By contrast, the curve given by the peak position of Qyg is

shifted to larger NP sizes. This is reasonable because a red-shift
occurs for the resonance wavelength of the Cyg. For instance, the
wavelength at the maximum peak position of Cyg is 549 nm for a 50-
nm-diameter Au NP and 587 nm for a 100-nm Au NP. The near-field
scattering efficiency can be significantly larger than the scattering
efficiency Qsca, which is a measure of the far-field scattering. This
is because Qur involves fields that increase more rapidly than the
dependence of 1/a (a is the distance from the surface of a metallic
sphere) as one moves from the far field to the surface of the sphere.
Thus, the integrated near-field intensity includes additional field
components that appear only in the near-field region. Fig. 5b gives
the values of Qur as a function of a for a 50-nm Au NP dispersed
in water. The figure shows that Qnr decays very quickly within a
distance of 25 nm, where Qnr decreases to 7.8% of the maximum
value. After a distance of 50 nm is reached, Qnr is only 2.1% of the
surface value. This value is nearly equal to Qsca. At this distance, the
far-field effect dominates.

3. Photo-induced dynamics of metallic nanoparticles
3.1. Shape transformation

Pulsed-laser irradiation of Au nanorods suspended in water
resulted in a shape change to spherical particles [38,39,80-82]. The
shape transition of the nanorods was studied by Chang et al. [80]
by exposure to 532- and 1064-nm nanosecond (6 ns) lasers. They
ascribed the observed rod-to-sphere conversions to a photoanneal-
ing process. Link and co-workers carried out a similar experiment
by applying both femtosecond (800 nm, 100fs) and nanosecond
(355nm, 7ns) lasers [38,39,81]. They observed that both lasers
basically contribute to the photothermal reshaping of Au nanorods
in an aqueous solution. They also found that femtosecond lasers
are better suited for reshaping purpose because the energy thresh-
old for complete melting of the nanorods is reduced by a factor of
100 when using the femtosecond laser. This is because femtosec-
ond lasers have such a high intensity that the rate of absorption,
and thus heating the lattice, is extremely rapid. This point will be
described later with reference to temperature simulation.

Zijlstra et al. [82] observed a gradual shape change from a long
and thin rod to a shorter and wider rod, which eventually col-
lapsed into a sphere, thus ambiguously confirming the assumption
of the rod-to-sphere transformation actually occurring (Fig. 6). In
this case, a simple calculation showed that the mp of gold (1337 K)
is attained for the complete transformation by the laser energy
deposited (260f] or 2.1 mJcm~2) for nanorods with dimensions
92 x 30 nm under the condition of negligible heat dissipation.

It has been known that NPs exhibit a melting temperature that
depends on particle size because of the effect of the surface-to-
volume ratio. A remarkable decrease in the melting temperature
was observed for particle diameters less than 5nm [83-85]. For
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Fig. 4. Electric field (|E|/|E;|) distributions for diameters of 50 nm (a), 100 nm (b), and 400 nm (c) Au spheres submerged in water (n=1.33) on excitation by a plane-polarized
light with a wavelength of 532 nm. The calculation was performed on the basis of the Mie theory. The k-vector of the incident field E; is collinear in the z-direction and the
electric field oscillates in the x-z plane. The field in the y-z plane was not given because of insignificant enhancement. Note that the light intensity is the square of the field

strength, and thus, the enhancement of incident light intensity should be (|E|/|E;|)?.

particles lesser than 5 nm, the homogeneous melting temperature
is inversely proportional to the radius of the particle, whereas for
larger particles, melting occurs near the mp of bulk gold. Exper-
imentally, the melting temperature of a 38-nm Au NP has been
found to be ~1067 K (~830°C), which is 200K lesser than that of
bulk gold with a mp of 1337 K (1064 °C) [86]. Distinct from the
entire particle melting at above the melting temperature, it was
demonstrated that shape changes induced by surface melting occur
at temperatures much lower than the mp of bulk gold. For instance,
a transformation in the shape of average 38-nm elliptical Au NPs
resulting from surface melting was observed at temperatures as
low as 673 K (400 °C) when the particles deposited on a silicon sub-
strate were heated in a muffle furnace and inspected using SEM

a g
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[86]. Thermal heating experiments affirmed that a temperature of
523K (250°C) is sufficient to completely transform nanorods into
spheres within an hour [87]. In this case, reshaping was observed
evenat373 K(100°C). A phase transformation ascribable to the for-
mation of a core-shell structure of a particle with a surface melting
layer was experimentally observed at 377K (104°C) [88]. These
results suggest that surface melting occurs at a temperature much
lower than the mp of bulk gold.

Pulsed-X-ray scattering was used to examine the lattice expan-
sion and melting dynamics in Au NPs (100-nm diameter) in water,
following excitation with femtosecond-laser pulses (excitation
wavelength: 400nm) [89]. At the excitation power correspond-
ing to temperatures below the mp of bulk gold, the lattice shows
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Fig. 5. (a) Near-field scattering efficiency Qnr as a function of the diameter of Au NP surrounded by water, calculated both at 532 nm and at the peak positions of the Cyg; (b)
Qnr as a function of a (the distance from the surface of a metallic sphere) for a 50-nm Au NP dispersed in water.
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Fig. 6. Sketch of the intermediate particle shapes observed at different pulse-
energy densities. The dimensions of all scanning electron microscopy (SEM) images
are 200 x 150 nm. The laser irradiation was conducted by a single pulse of 100 fs
duration with a wavelength of 800 nm. (Reproduced from ref. 82. Reproduced by
permission of the PCCP Owners Society.)

a loss of long-range order owing to the premelting of the parti-
cle. When the power was increased to the melting temperature
of bulk gold, complete melting occurred within 100 ps after laser
excitation. Because of the limitation of the time resolution of
the system, the detection of earlier events was not possible.
Besides, one would have to differentiate between particle melt-
ing of the particle ensemble and that of the structure of each single
particle.

3.2. Fragmentation and size reduction of gold nanoparticles

3.2.1. Possible mechanism of size reduction

Exposure of Au and Ag NPs to a single-shot laser or a number of
shots of pulsed lasers allowed the size reduction or fragmentation
[38,39,70,90-100]. The laser-induced size reduction has attracted
significant attention from researchers in the related fields. This phe-
nomenon includes the fundamental aspects of interplay between
NPs and lasers such as how photon energy flows within NPs, lead-
ing to the destructive event, and how fast the energy flow occurs. In
addition, the method can be utilized for controlling particle size and
the size distribution in the laser-ablation-based nanoparticle gen-
eration [101-105]. Three types of mechanisms have been known
to consider size reduction, as illustrated in Scheme 4 [70].

Koda and co-workers [90] proposed a heating-melting—
evaporation concept (Scheme 4 (1)) for the observation of the size
reduction of chemically prepared aqueous Au NPs with sizes rang-
ing from 19 to 47 nm diameter. In their experiments, the LSPR
band was exposed to various intensities and numbers of a 532-nm
nanosecond-pulsed-laser beam. Assuming negligible heat transfer
to the surrounding water, they considered that the size reduction
starts to occur when the particle temperature exceeds the boiling
point of bulk gold. The calculation of the particle temperature T (K)
was performed by applying simple thermodynamics:

Q- AHrnelt - AHV&D
CP

TIK] = +293 (6)

Here Q (Jg~') represents the energy absorbed by a unit mass of
gold by the irradiation of a single pulsed-laser light, G, is the specific
heat capacity of Au, 0.131 (Jg~1 K~1) and AHp,; is the enthalpy of
melting, 6.28 x 10! (Jg~'), and AHy,p is the enthalpy of vaporiza-
tion, 1.87 x 103 (Jg~1). In support of the photothermal mechanism,
Inasawa et al. [91] conducted further detailed research through the

use of a355-nm picosecond laser. They revealed that the size reduc-
tion of Au NPs takes place by a layer-by-layer mechanism based on
the observation of the bimodal distribution of particle sizes that are
slightly smaller and much smaller than the original ones. They con-
cluded that the irradiation by picosecond-laser pulses is the most
efficient way to induce the size reduction of Au NPs. Later, Pyatenko
et al. [92] carried out a calculation to examine the melting and
size reduction of gold NPs and concluded that the photothermal
mechanism prevails at low laser intensities. He also concluded that
the excitation of the LSPR band of Au NP by a 532-nm nanosecond
laser is more efficient because of a greater absorption cross section
Caps, compared with other wavelengths, such as 1064 and 355 nm,
but gave no experimental evidence. Werner et al. carried out the
measurement of the dependence of the size-reduction threshold
on the excitation wavelength [93]. They found that the interband
excitation is more efficient than the LSPR excitation.

In contrast to the photothermal evaporation concept, a Coulomb
explosion model is given in Scheme 4 (2). The Coulomb explo-
sion model presumes the ejection of quite a large number of
electrons to generate multiple ionized NPs that undergo spon-
taneous fission because of the charge repulsion. Kamat et al.
adopted this model to interpret the 355-nm picosecond-laser-
induced splitting of Ag NPs, because they detected hydrated
electrons in the transient-absorption measurement [94]. Subse-
quently, Mafune and co-workers observed hydrated electrons on
intense nanosecond-pulsed-laser excitation of Au NPs in aqueous
sodium dodecyl sulfate (SDS)[95,96]. Their results indicated higher
size-reduction efficiencies for 355-nm irradiation than for the
excitation of the LSPR band of the gold NPs. The observed high effi-
ciency was explained by interband electronic excitation-relaxation
cycles that enable a faster absorption of a new photon than
the conduction-band electrons can absorb. Furthermore, they
detected positively charged Au ions by applying mass spectrom-
etry and proposed that thermionic emission of electrons due to
the interband excitation is responsible for the highly efficient
splitting of Au NPs [97,98]. More recently, Giammanco et al.
developed a theoretical analysis based on the TTM to explain
the fragmentation of gold NPs by picosecond-laser irradiation
[99]. They excited rather small gold NPs with an average diam-
eter of 3.5nm stabilized with poly(amidoamine) PAMAM-G5 in
water. By fitting their experimental data with the theoretical
analysis, they concluded that the evaporation of the NPs does
not play a relevant role in comparison to the Coulomb explo-
sion resulting from thermionic electron emission and photoelectric
effect. However, they did not consider the depletion of mp and
bp and the quantum confinement effect for such small parti-
cles.

The photothermal and Coulomb explosion mechanisms have
been investigated independently and no unified concepts have
been developed to distinguish the two mechanisms. For instance,
it remained unclear under what conditions of pulse width and
laser energy one mechanism surpasses the other. In the Coulomb
explosion mechanism, the electron dynamics that govern various
relaxation processes including electron emission, play a major role
in electronic excitation. In contrast, in the photothermal evapo-
ration mechanism, evaporation from the particle surface plays a
major role. In this case, the thermal energy deposited into the
lattice system results in the heating of NPs to the evaporation
point depending on the evaporation pressure of the material. Until
recently, precise theoretical calculations to determine the thresh-
olds for surface evaporation and Coulomb explosion have been
unavailable, especially for the nanosecond-pulsed-laser excitation
of NPs. Table 1 summarizes the previous studies of pulsed-laser-
induced size reduction. Not many studies gave the experimental
threshold of size reduction. The threshold is so important to identify
the precise mechanism.
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Scheme 4. Schematic illustration of size reduction and fragmentation mechanisms of plasmonic NPs in a colloidal solution.

In addition to the photothermal evaporation and Coulomb
explosion mechanisms, a near-field ablation mechanism [106]
has been postulated exclusively for extremely high-intensity
femtosecond-laser excitation (Scheme 4 (3)). The mechanism
assumes that the spallation of solid Au NPs takes place by the action
of an intense laser field that was caused by the plasmonic near-
field enhancement. The experimental proof for the mechanism is
still not convincing because of the following reason. The near-field
ablation of Au NPs in water is supposed to take place well before
the melting of the nanorods (NRs). However, El-Sayed’s group [81]
and Zijlstra et al. [82] have shown that Au NRs can easily melt to
form spherical NPs (see Section 3.1) without undergoing fragmen-
tation. Au NRs have a much higher field-enhancement factor (see
Section 2.3) than spherical NPs. This may cause near-field ion emis-

3.2.2. Temperature calculation to elucidate the mechanism

Werner and Hashimoto [100] conducted a precise calcula-
tion of time-dependent temperature profiles to elucidate the
size-reduction mechanism of aqueous colloidal Au NPs, which
is dependent on excitation laser-pulse duration (femto-, pico-
and nanosecond), excitation laser energy, and excitation laser
wavelength. They conducted a simulation based on both a TTM
[4-7,34,71,72,107-110] describing electron-lattice heating and the
liquid-droplet model of fragmentation [111,112] to distinguish
the Coulomb explosion mechanism from photothermal surface
evaporation. Here three temperatures were considered: electron
temperature T,, lattice temperature T;, and the temperature of the
medium surrounding the particle Tp,.

; ; ; i dT, (t
sion leading to the Coulomb explosion at much lower laser densities ¢, (1,) £ © _ —&(Te) - (Te —TL) +S(t) (7a)
than those observed by Plech’s group [106]. Thus the concept of dt
near-field ablation contradicts the observations of melting without dTy (1)
fragmentation. Werner's group performed field-intensity calcula- ~ C(To) —5— =8&(Te) - (Te = T1) - F (7b)
tions on the surface of 60-nm Au NPs in water and concluded that
the field strength at the fragmentation threshold is not sufficiently 0T (1, t) 190 2 0Tm (1, t)
high for ion emission [70]. Cin(Tm) at  r2or kmr or +F (70)
Table 1
Threshold laser power densities taken from available literature.
Target particle (diameter) Pulse duration Excitation wavelength Threshold energy? Mechanism® Threshold peak power Year Source
Au sphere (19-47 nm) 7ns 532nm 40-50 mJ cm—2 PT 6-7 MW cm 2 1999 [90]
Au sphere (25 + 8 nm) 30ps 355nm 17 mJcm—2 PT 560 MW cm—2 2005 [91]
Au sphere (10-100 nm) 10ns 355nm NA PT 300 MW cm—2 2009 [92]
Au sphere (10-100 nm) 10ns 532nm NA PT 150 MW cm—2 2009 [92]
Au sphere (10-100 nm) 10ns 1064 nm NA PT 2009 [92]
Au sphere (55 + 7 nm) 4-6ns 266 nm 20 mJ cm—2 PT 3.8 MW cm2 2011 [100]
Au sphere (55 £ 7 nm) 4-6ns 355nm 24mjcm—? PT 4.5MW cm2 2011 [100]
Au sphere (55 + 7 nm) 4-6ns 532nm 33mJcm2 PT 6.2 MW cm—2 2011 [100]
Ag sphere (40-60 nm) 18 ps 355nm NA CE 1998 [94]
Au sphere (10 nm) 10ns 355nm NA CE 27 GW cm~2 2007 [96]
Au sphere (3.5nm) 15ps 355nm NA CE 1.2GWcem2 2010 [99]
Au sphere (3.5nm) 20ps 532nm NA CE 0.5 GW cm—2 2010 [99]
Au sphere (60 + 8 nm) 150fs 400 nm 7.3mJcm—2 CE 46 GW cm—2 2011 [70]
Au sphere (60 + 8 nm) 150fs 532nm 3.6mjcm2 CE 23GWcm~2 2011 [70]
Au sphere (38 nm) 100fs 400 nm 9-12mJcm—2 NF 90GW cm~2 2006 [106]
Au sphere (80 nm) ~6ns 355nm 120 m]J cm~2 20 MW cm—2 2007 [118]

2 NA: not available.
b PT: photothermal evaporation; CE: Coulomb explosion; NF: near-field ablation.
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Equation (7a) describes the evolution of the electron tempera-
ture T, coupling to the lattice with the electron-phonon coupling
constant of g(Te), and the laser irradiation term S(t). Equation (7b)
describes the dynamics of the lattice temperature T; that include
heat transfer across the interface between the particle and its sur-
roundings, expressed by a term F. Finally, equation (7c) describes
the medium temperature on a spherical surface dependent both
on the time and distance from the particle center r. Here Ce(Tp),
Ci(Ty), and Ciy(Tp) are the electron, lattice, and medium specific
heat capacities, and k;, is the thermal conductivity of medium. S(t)
and F are given by

Clis (Nm, R) - P(t)

SO ==

(8)
_hAp

F=

[Tt — Tm (R)] 9)

Equation (8) shows that the energy absorption by laser irra-
diation is described by the absorption cross section Cups (m?)
multiplied by the laser power density, P (Jm~2) and divided by the
particle volume Vj, (m?). Most importantly, S(t) represents energy
truly absorbed by a NP irradiated with a laser energy density of P.
In equation (9), h (a typical value is 100 MW m~2K-! for 100-nm
Au NPs in water [89]) is the interface thermal conductance, A, (m?)
is the particle surface area, and Ti;(R) is the maximum water tem-
perature at the NP-water interface. Note that, in equations (8) and
(9), R denotes the particle radius.

The simulation model, which is based on a previous ther-
mophysical calculation of Au nanorods on the excitation by
femtosecond-laser pulses [69], can be improved, especially for
ultrashort pulse heating of Au NPs by taking advantage of a previous
theoretical treatment [113]. An exhaustive description of the elec-
tron heat capacity and the electron-phonon coupling factor was
complied by applying the real electron density of states, Fermi dis-
tribution, and temperature-dependent chemical potential. It has
been revealed that the free-electron gas model (FEG) with its lin-
ear temperature-dependent electron heat capacity (Ce(Te)=yTe),
assuming a parabolic electron density of states and a constant
electron-phonon coupling factor, is valid only at temperatures
below the electron temperature of 2500 K [113]. Above 2500K, the
real electron heat capacity differs significantly from that of the FEG
model. For instance, at 10,000 K, the electron heat capacity of gold
is three times higher than that derived from the FEG model. Impor-
tantly, this high electron temperature can be easily attained via
femtosecond-laser excitation. For instance, Fig. 7a shows the sim-
ulation results of temperature evolution based on the FEG model.
Here exactly the same laser parameters were used as those used in
the rigorous model that leads to the computational result given in
Fig. 3 for 55-nm aqueous Au NP colloids.

A comparison of Figs. 3 and 7 may deserve attention. Signifi-
cantly overestimated T, values were obtained in the initial stage
when the FEG model was used (Fig. 7a). However, the values of T;
at 60-100 ps delays in Fig. 7a are similar to those observed in Fig. 3,
suggesting that the estimation of Tj is still acceptable for the calcu-
lation based on the FEG model. Fig. 7b gives the temperature profile
when the heat dissipation to the surrounding water is intentionally
neglected. Fig. 7b shows that heat losses can be neglected to obtain
T; in the femtosecond-pulse excitation with reasonable accuracy
because of the slow heating process of the surrounding water. This
explains why the heat dissipation was negligible in the tempera-
ture calculation of Au nanorods excited by a femtosecond laser [82].
The limited applicability of the FEG model was observed for the
electron-phonon coupling factor [113]. Werner’s group adopted
temperature-dependent density changes of the nanoparticle and
water and a Gaussian time profile of a laser pulse in S(t) [100]. These

points were important in estimating the temperature dynamics but
were not considered previously [69].

According to the investigation by Werner’'s group [100], the
Coulomb explosion mechanism operates if the electron tempera-
ture exceeds a certain threshold. This is because, at high T, such as
5000 K, sufficiently energetic electrons in the tail of the Fermi distri-
bution can overcome the work function of a metal and escape from
the surface. This process is known as thermionic electron emission
[97,98]. The probability of electrons thermionically emissible from
one atom can be calculated by

o0

Ne = /EDOS(E)f(E,pL(Te),Te)dE (10)

&€

where EDOS(E) is the electron density of states, fis the Fermi dis-
tribution defined as f=(exp[(E — u)/ksTe]+1)~! dependent on the
chemical potential u, and T,. The fission probability depends on
the ratio of the Coulomb expulsion term to the surface energy of
a particle: if the former exceeds the latter, charged droplets are
unstable to undergo explosion, which has been known since the
pioneering study by Rayleigh (Rayleigh instability) [114,115]. The
fragmentation temperature T, (frag), at which the electron temper-
ature exceeds the threshold to emit a sufficient number of electrons
to cause instability, can be obtained. For instance, for a 60-nm-
diameter Au NP, T, (frag) can be calculated as 7300K in the liquid
state, and as 8200K in the solid state. At 7300K, the number of
electrons ejected is calculated as 600, and at 8200K, it is 1500.
Obviously, the liquid NP is less stable than the solid because of the
reduced surface energy.

The temperature calculation in the nanosecond regime is
more simply performed because the electron-phonon coupling
is completed in the nanosecond-time domain. Thus, equation
(7a)-(7c) reduces to a set of equations given in the following (one-
temperature model (OTM)) [116]

CL(Ty) dTét(t) — _F+S(t) (11a)
Cm(Tm)w = rlz% (keraTma(rr’t)> +F (11b)

Fig. 8 shows temperature versus time curves obtained by a sim-
ulation using equation (11a) and (11b) for the nanosecond-laser
excitation.

Two different laser power densities were employed in the simu-
lation. The increase in particle temperature (or lattice temperature
T;) takes place monotonously with time, passing through the mp
of bulk gold and reaching the bp of bulk gold, in both Fig. 8a and
b. At much higher laser power densities, however, a much rapid
temperature increase is noted, as shown in Fig. 8b. Note that even
with the simulation using the TTM given in equation (7a)—(7c), the
time profiles of T, and T, obtained are quite similar to those of the
OTM. This suggests that as long as nanosecond-laser pulse is used,
no mechanistic difference can be expected between the TTM and
OTM. The simulation also suggests that bubble formation can take
place during the nanosecond-laser pulse duration because of the
explosive evaporation of water, superheated well above the bp of
water up to the critical temperature (647 K). The formation of a bub-
ble around a NP presumably induces the reduction in the refractive
index from 1.33 to 1.0. As a result, a significant reduction in the
optical absorption of Au NP can result, as depicted in Fig. 9. The
thermal insulation of NPs within the bubble is also expected.

Importantly, the absorption cross section (Cyps), Which deter-
mines the absorbed laser power in equation (8), largely depends
on the temperature-dependent optical properties of both the Au
NP and the surrounding medium. In the femtosecond-pulsed-laser
excitation regime, where the pulse duration is smaller than the
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Fig. 7. Time-dependent temperature profiles of electron temperature T, (dotted curve), lattice temperature T; (solid curve), and the temperature of the medium surrounding
the particle T, (dashed dotted curve), calculated for the 55-nm-diameter Au sphere by applying the FEG model (a) and the evaluation of T, and T, calculated when heat
dissipation to the surrounding water was neglected (b). Exactly the same laser parameters as those given in Fig. 3 were used.

electron-electron and electron-phonon relaxation time scales, C,ps
can be calculated with the optical properties at ambient tempera-
ture Caps (Mm(Tambient ) R)- Here the pulse energy is totally absorbed
by the NP before the temperatures of the electrons, lattice, and sur-
rounding medium increase significantly. On the other hand, in the
nanosecond-pulsed-laser excitation regime, Te, T;, and Ty, increase
simultaneously during the Gaussian pulse-time profile. Thus, C,p; is
dependent on temperature, assuming the following very complex
form: Cips(nm(Tm, p), R, T1, Rg). Here the medium refractive index
nm is a function of the temperature and pressure gradients around
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Fig. 8. Temperature versus time curves for lattice (particle) temperature T,
(solid curve) and maximum water temperature T, at the NP-water interface
(dashed-dotted curve) for a 55-nm-diameter Au particle interacting with a 5-
ns laser pulse (FWHM of the Gaussian time profile) at 355nm, 28 mJcm—2
(Pmax =5.26 x 10 W cm~2) (a) and 52] cm2 (Ppax =9.77 x 10° Wcm~2) (b). See the
caption of Fig. 3 for symbols Ty, Tmp, Tep. (Modified from ref. 100. Reproduced with
permission from the American Chemical Society.)

the Au NP. If T, exceeds the threshold of nanobubble formation, the
refractive index in the vicinity of the Au NP decreases to a minimum
value of 1.00, and the value of C,y is significantly reduced inside the
expanding bubble with a radius of Rg. Furthermore, lattice heating
induces the changes in the optical properties of the Au NPs, which
have been mentioned above (see Fig. 2). All these points make
the temperature calculations in the nanosecond-excitation regime
very difficult because of insufficient knowledge about the behav-
ior of the nanobubble expansion and collapse. However, it should
be pointed out that without considering of this bubble effect, an
accurate estimation of the size-reduction threshold is not possible.

3.2.3. Interpretation of experimental size reduction based on
temperature simulation

The experimental study of size reduction can be demonstrated
by in situ absorption (extinction) spectroscopy assisted by trans-
mission electron microscopy (TEM). Fig. 10a shows an example of
in situ spectral changes recorded for the size-reduction experiment
of the 60-nm-diameter Au NP excited by a femtosecond laser with
a wavelength at 400 nm. Fig. 10b shows the plots of experimental
AA, the changes in LSPR band peak intensity, after 3,600,000 shots
(1kHz, 60min) as a function of the laser power density (scale on
the left) on excitation at 400 nm.

In Fig. 10Db, a slightly decreased AA occurs at a laser power den-
sity of 2.5mJcm~2 and AA remains constant up to 5.0mJcm2.
When the laser power density increases to 7.3 mJcm~2, a greater

x10™
104
1 ! water
3 A |- critical point
i\ |~ - -~ water vapor
= 64
~Z
1]
2 44
&)
2_
0 T T T T |
200 400 600 800 1000

wavelength /nm

Fig. 9. Absorption cross section curves as a function of wavelength for a 55-nm-
diameter Au NP in water of various phases: liquid (n=1.33), critical state (n=1.07),
and vapor (n=1.00). (Reproduced from ref.[100]. Reproduced with permission from
the American Chemical Society.)
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Fig. 10. (a) Typical time sequence of in situ spectra for 60-nm Au NPs in aqueous solution during femtosecond-pulsed-laser irradiation at 400 nm, and a laser power density
of 19.4 mJ cm~2. The spectra were recorded at 0, 15, 40, and 60 min. The repetition rate was 100 Hz. (b) Plots of experimental AA, the change in the LSPR band peak intensity
after 3,600,000 shots (1 kHz, 60 min) as a function of laser power density (scale on the left) on excitation at 400 nm by a femtosecond laser (150 fs). Calculated laser power
density dependent maximum temperature evolution of T, (dashed red line) and T; (solid black line) for a 60-nm aqueous Au NP (scale on the right) is also included. The
vertical dashed-dotted lines (q; =6.0, g = 7.4 m] cm~2) indicate the range of the calculated Coulomb explosion threshold for liquid gold nanodroplets. The dashed line shows
the reshaping threshold at 700 K. (Reproduced from [70]. Reproduced with permission from the American Chemical Society.)
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Fig. 11. TEM images of 60-nm Au NPs after 60 min of femtosecond-laser irradiation at 100 Hz at an excitation wavelength of 400 nm, (a): 0mJcm~2, (60+8)nm; (b):
3.7mJcm=2,(55+5)nm; (c): 7.6 mJcm~2; (57 + 13)and (2.5 + 1.3) nm; (d): 12.1 mJ cm~2, (56 + 13)and (3.2 + 1.2) nm, (e): 19.4 mJ cm~2, (54 + 12) and (3.0 = 1.3) nm. (Modified

from ref. [70]. Reproduced with permission from the American Chemical Society.)

decrease in AA occurs and continues at higher power densities.
Thus, the threshold energy of size reduction was assigned to
7.3 mJcm~2 [70]. The assignment was consistent with TEM images
given in Fig. 11, because the fragmentation started approximately
at the same laser power density.

This threshold laser energy cannot be explained by the pho-
tothermal mechanism, because the lattice temperature is still far
below the bp of gold at this stage (Fig. 10b, T; ~ 1300 K). However, at
this laser power density, T, can exceed the fragmentation threshold
of 7300K for a liquid gold droplet. Thus, it is reasonable to consider
that the Coulomb explosion mechanism is applicable.

On the other hand, if we look at the AA versus the laser power
density profile for a nanosecond-laser excitation, a completely dif-
ferent picture emerges. Fig. 12 is such an example. Since T, =T; for
the nanosecond-laser excitation, extremely high T, that exceeds
Te (frag) cannot occur. Instead, the maximum T; increases steadily
with increasing laser power densities, as shown in Fig. 12. Thus, the
size-reduction mechanism is described exclusively by the evapora-
tion mechanism that occurs when the particle temperature exceeds
the bp.

As stated above, in nanosecond-laser excitation, heat loss to the
surrounding medium and the optical effect of bubble formation
during the excitation are important. In Fig. 12, the particle tem-
perature curve was constructed considering these two effects. If
the heat loss and bubble effect are totally neglected, a considerably
different temperature curve can be drawn, especially for the exci-
tation at 532 nm, where the LSPR peak position is located nearby.
Fig. 13 shows such an example.
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Fig. 12. Laser power density dependent evolution of maximum T; (solid line) for
a 55-nm aqueous gold NP (scale on the right side) together with the experimental
plots of AA for 36,000 shots versus the laser power density (scale on the left side) on
excitation at 532 nm (a) and 266 nm (b). Vertical lines represent the experimental
thresholds of melting and evaporation. (Modified from ref. [100]. Reproduced with
permission from the American Chemical Society.)
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aqueous Au NP (scale on the right side) when the heat loss and the optical effect
of bubble were neglected, together with the experimental plots of AA for 36,000
shots versus the laser power density (scale on the left side) on excitation at 532 nm
(a) and 266 nm (b).

Although the experimental size-reduction threshold, i.e., the
evaporation threshold for the excitation at 532 nm, is determined
as 33mJcm~2, the computationally obtained bp is 10 mJcm—2
(Fig. 12a). This large discrepancy is significantly reduced in
Fig. 12a in which the computational particle boiling threshold is
28 mJcm~2. Inspection of Fig. 12b reveals that this discrepancy
is small for the excitation at 266 nm. This is because the optical
effect of bubble formation is dependent on the excitation wave-
length and is not significant at 266 nm (see Fig. 9). It is important
to note that previous studies of laser-induced size reduction com-
pletely ignored the two effects, which leads to the overestimation
of temperature increase [90-99].

heat
dlSSlpﬂthll

Pulsed laser-
heatmg

surface evaporation
at boiling point

The combination of the experimental laser irradiation and
computational temperature studies of Au NPs revealed that the
nanosecond-laser-induced size reduction can be represented by
Scheme 5.

Apossible scenariois as follows. During the nanosecond-pulsed-
laser heating of Au NPs, thermal energy is transferred to the
surrounding water and its temperature, T;;, increases steadily.
As the spinodal temperature of 573K [73] is attained, explosive
evaporation of the water occurs and a “hot” high-pressure bubble
expands rapidly, which depresses C,,s through a refractive-index
reduction in the LSPR region. If the laser intensity is sufficiently
high to heat up the thermally insulated NPs to the boiling point,
surface evaporation, and thus, the size reduction of the original Au
NPs results. The generated fragments may form aggregates because
of low permittivity within the bubble. Finally, after the nanobub-
ble collapses and the NP cools down to room temperature, the
coexistence of size-reduced original NPs and small “snake-like” or
“nut-like” structures can be observed in TEM images.

So far only one study has reported the failure of the
observation of single-shot femtosecond-laser-induced fragmen-
tation. Warshavski et al. [117] used both 800-nm (50fs,
150mJcm~2, 3x1012Wcm=2) and 550-nm (90fs, 90 mjcm2,
1.8 x 1012 W cm~2) laser pulses for the excitation of 16, 23, and
45 nm diameters of Au NPs in aqueous solution. They could not
identify any statistically significant decrease in the average particle
size by TEM observation. They ascribed the effect of femtosecond
pulses as causing no significant particle size reduction. However,
the interpretation of an ensemble experiment, in which only a por-
tion of the particles that are exposed to the peak intensity of a laser
pulse undergoes complete fragmentation, requires a certain pre-
caution. The particles exposed to the wings of a spatial Gaussian
beam may be reshaped rather than fragmented because of insuffi-
cient energy absorption.

3.2.4. Time scale of fragmentation

To reveal the time scale of size reduction/fragmentation,
transient-absorption spectroscopy was employed by Werner
et al. [70]. Previously, femtosecond pump-probe spectroscopy has
been applied to elucidate the electron dynamics of plasmonic

nanobubble generation
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o =

bubble
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coalescence inside reduced NP and
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Scheme 5. Schematic illustration of the size reduction of aqueous gold NP colloids by nanosecond-pulsed-laser irradiation.
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NPs [65-67]. Fig. 14 shows an example of transient-absorption
spectral changes of Au NPs in aqueous solution. Negative absorp-
tion or “bleaching” signals are indicative of ultrafast electron
relaxation (cooling) processes (electron-electron relaxation and
electron-phonon relaxation processes), mentioned above.

The bleaching signal occurring from initial femtoseconds to
several hundred picoseconds may interfere with transient sig-
nals associated with laser-induced fragmentation because the size
reduction can be observed by the reduction in the LSPR band. How-
ever, it is interesting to note that an isosbestic point appears at
~490 nm in the transient-bleaching signals, as shown in Fig. 14. By
exciting 60-nm-diameter Au NPs at 400 nm and probing at 490 nm,
the LSPR bleaching signals ascribable to the fragmentation of Au
NPs were observed (Fig. 15).

At a laser power density of 3.7mJcm~2 which is below the
fragmentation threshold, only a slightly reduced signal ascribed to
a surface melting was observed. At the fragmentation threshold
(6.1 mJcm~2) and above (17.2 mJ cm~—2), greater bleaching signals
increasing with laser power density were observed and this was
ascribed to fragmentation signal. Inspection of Fig. 15 reveals that
fragmentation takes place not instantaneously but over 100 ps. This
fragmentation scheme was proposed by assuming the Coulomb
explosion mechanism as in the following Scheme 6.

On excitation with a laser power density above 6-7 mJcm~2,
high T, of greater than 7300K can easily be achieved to induce
thermionic electron emission. At the same time, T; increases to
1337K, causing a phase transformation from solid to liquid within
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Fig. 15. Femtosecond-transient-bleaching signals at various power densities versus
time for 60-nm-diameter Au NPs in aqueous solution measured at (4904 5)nm.
(Reproduced from ref. [70]. Reproduced with permission from American Chemical
Society.)

3-10ps. This phase transformation greatly decreases the surface
tension (surface energy) of the Au NP. When the repulsion energy
caused by the critical charge of the liquid Au NP exceeds the
Rayleigh instability threshold, the liquid droplet splits into many
smaller nanodroplets, that separate into individual clusters in the
time course of 100 ps. This is a picture obtained by the transient-

| time scale of size-reduction process ~100 ps

absorption study given in Fig. 15.
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Scheme 6. Schematic illustration representing the femtosecond-laser-induced fragmentation process. (Reproduced from ref. [70]. Reproduced with permission from the

American Chemical Society.)
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By analyzing the time-resolved Bragg reflection intensity on the
irradiation of a 100-fs pulsed-laser (A =400 nm), Plech et al. demon-
strated the lattice expansion and melting of 38-nm-diameter Au
NPs in water [106]. They reported that the surface ablation of Au
NPs occurs at 9-12 mJ cm~2 before the complete melting of the par-
ticle that occurs at a power density of 15m]J cm~2. A fragmentation
model was proposed that assumes the spallation of Au ions from
the surface of the Au NPs within 100 ps of excitation caused by the
near-field enhancement of the incident laser light.

3.2.5. Single-particle approach

As we mentioned above, ensemble measurements suffer a draw-
back in that they only observe an average figure of various events
caused by various laser power densities for various particles sizes.
Thus a single-particle approach is favored, because it could give
an exact and precise picture of a laser-induced event. Along this
line, Ito et al. [118,119] conducted the laser-ablation of single 80-
nm-diameter Au NPs submerged in water on a glass substrate. The
laser manipulation technique [120-122] was used to bring a NP to
a desired position on the substrate. The laser irradiation was con-
ducted by irradiating a single-shot or multiple shots of a Nd:YAG
laser pulse (355 nm, 6 ns). Atomic force microscopy (AMF) images
were recorded before and after the irradiation. The fragmenta-
tion threshold of 120 mJcm~2 was determined by the observation
of ablation-induced fragments. The threshold value is appreciably
higher than that of solution measurements because of substrate
effect (see Fig. 12). It was also found that the individual ablation of
Au NPs on glass substrates in a solution results in the efficient adhe-
sion of their fragments onto the substrates. This can be used for the
formation of patterned NPs on a substrate. For swift and convenient
analysis of particles without the aid of AFM, single-particle spec-
troscopy measurements can be performed to monitor the ablation
event by applying dark-field microscopy [59].

3.3. Heat transfer from gold nanoparticles to the surrounding
medium

Hu and Hartland [123] investigated the cooling dynamics of Au
NPs with various diameters dispersed in water by femtosecond
pump-probe spectroscopy. From their experiment, they concluded
that the probe signal versus time profile could be conveniently
fitted by applying a stretched exponential function, given by

F(t)=A-exp [—(;)ﬁ] (12)

Here 7 is the cooling time constant, t is the delay time, and 8
is the stretching parameter. By fitting the experimental results,
they found an almost quadratic dependence of the cooling times
on the diameter of the particles, whereas the stretching parame-
ter remained practically constant at 0.7. Fig. 16 shows the Au NP
size-dependent cooling time constants.

Hu and Hartland gave an empirical equation for calculating the
NP temperature at low temperatures;

t 0.7
T(t)=(T; — To) - exp {-(msg.Rz) ]+T0 (13)

where T; is the initial temperature at thermal equilibrium and Ty is
the temperature of the surrounding water.

Subsequently, Plech et al. [89] measured the cooling dynam-
ics by observing the lattice expansion and contraction of Au
NPs dispersed in water. They analytically solved a set of two
differential heat diffusion equations in the Laplace domain and
additionally introduced a thermal heat conductance, h, at the
NP-water interface. By fitting their analytical results with the
experimentally obtained data, they estimated a heat conductance
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Fig. 16. Characteristic time constant for energy dissipation determined using equa-
tion (12) versus diameter: (O) experimental data; (-) calculated temperature versus
time profiles. The dashed line shows a fit to the data assuming a parabolic depen-
dence of T on diameter (i.e., T  R?). (Reproduced from ref. [123]. Reproduced with
permission from the American Chemical Society.)

of (105+15)MW m~2K-!, It was considered that the NP-water
interface builds a layer of a few nanometers surrounding the NP
surface with an average temperature defined by T;y(R). For a sphere
with radius R, the surface area Ap, and the volume Vp, are defined
as Ap=4mR? and Vp=4/37R3. Thus the heat transfer term at the
NP-surface-water boundary, equation (9), reduces to

_ 3h

RN [T. = T (R)] . (14)

Equation (14) shows that the heat loss through the NP-water
interface is proportional to the temperature gradient between the
lattice and water. Furthermore, Fis inversely proportional to the NP
radius, which consequently leads to an increase in the heat transfer
by reducing the NP size. In other words, a strong thermal non-
equilibrium exists between T; and Ty, and smaller NPs have greater
heat loss. Depending on the distance from the NP-water interface,
the surrounding water medium gives a temperature distribution
according to equations (14) and (7c) (or (11b)). Fig. 17 shows an
example of the calculated spatial water temperature curves for a
55-nm Au NP excited with different pulse durations, 5 ns and 150 fs,
at three different time delays.

Inspection of Fig. 17 reveals that the nanosecond-laser heating of
Au NPs leads to a greater heat dissipation to the surrounding water
than the femtosecond-laser heating. The lattice and water tempera-
tures at the NP surface-water interface are in quasi-equilibrium for
the nanosecond case. In contrast, in the femtosecond-laser heating,
the effect of heat conductance is clearly visible. At a short delay of
100 ps, a discontinuous decrease is observable in the temperature
across the NP-water interface because of the effect of the thermal
boundary conductance h: a thermal non-equilibrium of T; and Ty,
is established. By increasing the delay time, the difference between
T; and Ty, is reduced and vanishes after 600 ps. At this time delay,
a thermal equilibrium is attained caused by the cooling of the NP
lattice temperature occurring simultaneously with the heating of
the surrounding water. Thus, the results show that the finite ther-
mal interface conductance is an important factor for controlling
the cooling of metal NPs in condensed media. Molecular dynamic
simulations of the heat transfer of Au NPs in different liquids have
shown temperature distributions similar to those given in Fig. 17
[124]. The heat conductance of Ag NPs embedded in a glass matrix
has been estimated by Juve et al. [125].

An important consequence of the heat transfer to the sur-
rounding liquid of laser-heated metal NPs is the formation of
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Fig. 17. Calculated temperature profiles of water surrounding a 55-nm-diameter Au NP excited with a laser power density of 2.5 mJ cm2 at (a) 355 nm (pulse duration: 5 ns)
and (b) 400 nm (pulse duration: 150 fs) as a function of the radial distance r from the particle center. The time delays are (a) 7.5 ns (black curve), 10 ns (red curve), and 15 ns
(blue curve); (b) 100 ps (black curve), 200 ps (red curve), and 600 ps (blue curve). The starting point of the simulation was —27p from the maximum of the Gaussian time
profile. The temperature inside the particle is assumed to be uniform. Temperatures, Tcp, and Tcay, represent the temperatures of water at the critical point (647 K) and the

bubble formation threshold (573 K), which considers the spinodal effect of water.

vapor nanobubbles. Plech and co-workers [42,126] experimentally
investigated the formation of vapor bubbles by probing the envi-
ronmental water and its structural change with X-rays after the
explosive phase transformation. They estimated that the vapor
nanobubble with an initial high pressure expands up to a maximum
radius, where the inner pressure is reduced to an equivalent value
to the outer water pressure, and then the bubble starts to collapse.
The maximum radius greatly depends on the laser power. After the
first cycle, the surrounding liquids are heated up again to the critical
temperature through heat transfer from the NP surface and another
bubble formation occurs. This process is repeated in a sequential
manner with a decrease in the maximum bubble radii until the
metal NP is cooled down far below the cavitation temperature.
An example of measured bubble dynamics by X-ray pump-probe
spectroscopy together with the calculated bubble radii and inner
pressures by applying the Rayleigh-Plesset equation is given in
Fig. 18.

Here the maximum bubble radius is reached after 250 ps, at
which time the pressure within the bubble decreased to an equiv-
alent value of the outermost water pressure (1atm). The first
maximum in pressure at 650 ps denotes the collapse of the first
bubble. The following calculated modulations in pressure and size
are only expected for oscillatory bubble motion.

Subsequently, Plech and co-workers [43] conducted the excita-
tion of Au NPs dispersed in water by a femtosecond-pulsed-laser
and observed their lattice contraction during the cooling process.
At a certain laser power density and delay time, the NP lat-
tice remained constant without undergoing contraction, where no
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Fig. 18. Bubble radius (solid curve) and pressure (dashed curve) transients of the
water vapor inside the bubble as calculated from the Rayleigh-Plesset equation
together with the measured radii. (Reprinted with permission from ref. [42]. Copy-
right 2005, American Institute of Physics.)

efficient heat transfer occurred. They assigned this laser power
density as the threshold power density of the formation of a
nanobubble that thermally insulates the Au NPs. Fig. 19 gives the
relative lattice expansion dependent on the laser power density for
two Au NP sizes.

Furthermore, they estimated a bubble formation temperature
that is slightly dependent on the Au NP size but is approximately
equal to the critical point of water (Tp =647 K).

More recently, Plech’s group [127] conducted nanosecond-
time-resolved spectroscopy experiments on 60-nm and 80-nm-
diameter Au NPs dispersed in water to observe the bubble
dynamics. They excited the suspension by single 10-ns pulses
at 532nm or 355nm to measure the extinction signals with
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Fig.19. Lattice expansion of AuNPs of 52- and 94-nm diameters as determined from
the peak shift of the (111) powder reflection at 100 ps (circles) and 1 ns (crosses)
delays together with a calculation of the thermal expansion (lines; dashed line with-
out rescaling). Above 155Jm~2 (15.5 mJ cm~2), no powder reflection at the 100 ps
delay is detectable, indicating particle melting. (Reprinted with permission from ref.
[43]. Copyright 2006, American Institute of Physics.)
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Fig. 20. Transient-extinction change of an 80-nm Au NP suspension by four collinear multicolor laser probe beams excited with a single 10-ns laser pulse at 532 nm at a
power density of (A) 300] m~2 (30 mJ cm~2) and (B) 450 m~2 (45 mJ cm~2). (Reproduced from ref. [127]. Reproduced with permission from IOP Publishing.)

nanosecond-time resolution at several wavelengths. They observed
an oscillating signal of one period from a negative signal turning to
a positive one, which is given in Fig. 20.

Plech’s group discussed the detected extinction signals on the
bases of the calculated Mie extinction spectra of a Au NP and
expanding vapor bubble in water at different temperatures. They
concluded that the extinction signal at the threshold laser power
density of bubble formation first decreases, because of a reduced
extinction of Au NPs caused by a refractive-index change from
water to vapor (from 1.33 to 1, see Fig. 9) and a negligibly small
extinction signal of small vapor bubbles. At longer time delays,
the vapor bubbles grow, leading to an extinction (scattering) signal
higher than that of the Au NP extinction at ambient temperature.

The right side of Fig. 21 shows an extinction change
€(®)/e(0)|e=5ns as a function of the laser power density. A calcula-
tion of the extinction as a function of the bubble size is shown on the
left. The interpretation assumes that the extinction first decreases
onincreasing the power density (increasing maximum bubble size)
because of the decoupling of the LSPR from the dielectric surround-
ing. At a larger laser power density, the bubble increases in size and
enhances scattering as a positive contribution to the extinction. It
should be mentioned that Plech and co-workers applied rather high
laser power densities, well above the size-reduction threshold of Au
NPs dispersed in water [90,93]. Size reduction and reshaping may
lead to a permanent extinction reduction and blue shift of the plas-
mon band, and thus should be considered in the interpretation of
the signal observed here.

Lapotko’s group [45,128-130] carried out scattering spec-
troscopy on a single Au NP placed on a glass substrate surrounded
by water. They excited the NP with a single laser pulse with
both nanosecond- and subnanosecond-time scale durations. They
detected the time-dependent scattering and transmission sig-
nals using a CW or pulsed-laser for analyzing light. They found
that a much higher laser power density (100 mJcm~2 for a 250-
nm-diameter Au) at an excitation laser wavelength of 532 nm
is necessary for the threshold of bubble formation than that

expected theoretically by employing a simple light-to-heat con-
version model. At the threshold of bubble formation, a minimum
lifetime of ~9 ns was observed, which was independent of the Au
NP diameter. This discontinuity (threshold behavior) could not be
detected by replacing the Au NPs with absorbing molecules dis-
solved in water. In this case, the shortest bubble lifetime measured
by a photodetector (transmittance) signal at the vapor bubble gen-
eration threshold was ~1.6 ns, and the lifetime increased gradually
with increasing laser power densities with a very low thresh-
old. Because of the much higher bubble generation threshold and
discontinuity in the minimum lifetime, Lapotko’s group consid-
ered the phenomenon a new complex nanosystem, i.e., plasmonic
nanobubble (PNB). It should be pointed out that they did not con-
sider the possible effects of glass substrate on cooling and bubble
nucleation. Fig. 22 shows the laser power density dependent bubble
generation probability and lifetime of a 90-nm Au NP.

Lapotko’s group discussed the increased threshold for bubble
formation on the basis of the curvature effect. According to the
Young-Laplace equation, a smaller curvature radius of water yields
a higher vapor pressure. This additional pressure has to be over-
come before the bubble, which is generated by a laser-heated Au NP,
can expand into the surrounding water. In addition, they detected
increased scattering or extinction signals by increasing the laser
power density. Thus, the lifetime and maximum scattering was
directly correlated with the bubble size.

The experimental data of Plech [127] and Lapotko [129] con-
tradict to each other. For instance, one significant difference is the
threshold laser power density of bubble formation. Lapotko’s group
postulated much higher laser power densities necessary for bub-
ble initiation than the theoretically estimated ones. On the other
hand, Plech’s experimental data agreed well with the thermophys-
ical calculations and the spinodal effect of water. Also, Lapotko did
not observe any oscillation-like signals.

Neumann and Brinkmann [44,131,132] conducted experimen-
tal investigations on the nucleation dynamics of bubbles in
water by the 532-nm pulsed-laser excitation (duration: 12 ns) of
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Fig. 21. Left: calculation of the extinction cross section of an Au NP with a radius of 30 nm (60 nm diameter) as a function of a surrounding vapor bubble of variable size.
Vertical lines denote the particle-vapor interface. Right: measured extinction change at 532 nm through a 60-nm-diameter Au NP suspension in the flowing capillary at a
variable laser power density of 355-nm pulses. (Reproduced from ref. [127]. Reproduced with permission from IOP Publishing.)
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Fig. 22. (A) Time responses for single 80-nm Au NPs (a-c) and a molecular solu-
tion of Trypan Blue (d-f) obtained with a single pump-laser pulse (vertical dashed
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power density of bubble formation, (c) over-threshold power density showing bub-
ble dynamics, (d) dye absorption, (e) bubble formation power density, (f) bubble
dynamics. Two arrows in f show the deviation of the after bubble signal from the
baseline caused by residual heating of the surrounding water. (B) Dependence of the
PNB lifetime (Tpng, red) and the generation probability (black) around single 90-nm
Au spheres on the power density of a single pump-laser pulse (0.5 ns, 532 nm); verti-
cal line separates the types of corresponding time responses (A), and the horizontal
line separates the optical scattering effect. (Reproduced from ref. [129]. Reproduced
with permission from the American Chemical Society.)

microabsorbers, melanosome. They found a rather low bubble
threshold at a temperature of 409 K. They explained the observa-
tion by the spinodal effect of superheated water, where the density
of water becomes dramatically low (spinodal density) and explo-
sively converts into vapor. In other words, the average distance
between the water molecules reaches a critical distance because
of the disruption of hydrogen bondings. Furthermore, Neumann’s
group obtained the bubble radii and expansion velocities from
time-resolved microscopy dependent on the laser power density.
The velocities ranged from 10 to 85ms~! for laser power den-
sities that were 1.5-8.5 times greater than the threshold power
density. On the other hand, the shock wave velocity, generated by
pulse-laser-heated NPs, is approximately the velocity of sound.
The mechanisms of laser-induced bubble formations assisted
by nano-/micro-absorbers have not been fully understood. Clear
explanations for the experimental results still are needed.

3.4. Laser-induced agglomeration and fusion

Instead of size reduction or fragmentation, the pulsed-laser-
induced growth of Au NPs has been observed [133-144]. Kamat and
co-workers [133] observed that thionicotinamide-capped Au NPs
(particle diameter: 15-20 nm) dispersed in water undergo fusion
and fragmentation on laser-pulse excitation (532nm, ~18ps,
1.5 m]J pulse~1) for 1 min. The resultant particles had grown in size
(~100nm) but were well separated. After 30 min of continuous
laser irradiation, they observed fragmentation of these particles,
producing small particles (diameter: 5nm). They attributed this
phenomenon to the melting (fusion) of aggregates to form larger
spherical particles because surface-modified Au NPs exist as aggre-
gates. On the other hand, similar laser-induced fusion was not seen
in uncapped-Au NPs.

Niidome et al. [136] observe that the irradiation of a
pulsed-1064-nm laser light (6-8ns, 875mjcm~2, 10Hz) to
dodecanethiol-passivated Au NPs (3.2 +£0.92nm) in cyclohexane
resulted in the enormous growth of particles. The size increased
up to ~200 nm with spherical shape. In this case, photofragmenta-
tion was unlikely, because the smallest particles coexisting were
~10nm. Removal and/or photodecomposition of the adsorbed
dodecanethiol molecules from the particle seems to be indispens-
able to the fusion of particles. The same group [138] reported
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Fig. 23. Laser-induced agglomeration of Au NPs in an aqueous solution by the irradiation of a 532-nm pulsed-laser light (1.1J cm~2 pulse~!, 10 Hz) in a Ar-saturated solution
(a), and O,-saturated solution (b). Au NPs were prepared by the laser-ablation in pure water on irradiation of a 1064-nm pulsed-laser light. (Reproduced from ref. [139].

Reproduced with permission from the American Chemical Society.)

that large and highly spherical Au NPs (diameter: 20-30 nm) can
be prepared by a pulsed-laser irradiation (532 nm, 6-8 ns, 10 Hz)
of polycation-Au NP (diameter: 10nm) complexes in an aque-
ous solution. In this case, the complex of negatively charged
Au NPs and cationic poly(diallyldimethylammonium chloride),
PDDA was formed by electrostatic interaction. Later, Koshizaki
and co-workers exploited this technique for the preparation of
submicron-sized spherical particles with a homogeneous size dis-
tribution [140-143]. Large spherical particles were also prepared
by Pocovi-Martinez et al. [144]. Thiol-passivated Au NPs (3-4 nm
diameter) irradiated in chloroform at 266 nm (10 ns, 12 mJ pulse~1)
led to a rapid increase (minutes time scale) in the size of NPs, pro-
ducing large spherical particles (~100 nm).

Werner et al. [139] observed the pulsed-laser-induced agglom-
eration of Au NPs leading to immediate flocculation in pure water.
Notably, they employed uncapped negatively charged Au particles
with a broad size distribution (10-100 nm diameter) prepared by
the laser-ablation technique [145]. The excitation was provided by
a 532-nm nanosecond-laser pulse (laser power density: 1.1]cm=2).
The laser-induced particle growth process was monitored by the
extinction growth in the 700-800 nm region at the expense of
LSPR band depression. In this case, the size growth occurs simul-
taneously with size reduction because of the high-intensity laser
irradiation. This is the main cause of the observed LSPR band
depression. Fig. 23 shows the results.

The growth was seriously affected by the irradiation atmo-
sphere: for instance, the retardation of growth was observed in
a Ar-saturated solution while the growth rate was enhanced in
a O,-saturated solution (see the difference between (a) and (b)).
The mechanism of agglomeration was ascribed to the combination
reaction of cationic fragments generated by the laser-ablation of
Au NPs with intact Au NPs with an original negative surface charge
to produce large neutral species susceptible to further aggregation.
Thus, in water, the role played by the cationic species produced by
ablation-induced ionization is very important. In addition, species
may be generated, possibly by thermal processes such as melting
and vaporization.

Therefore, laser-induced melting, removal of stabilizing lig-
ands, and charge neutralization are mainly ascribed to coalescence
(fusion) and agglomeration of particles for pulsed-laser irradiation.
Interestingly, it has been known for years that CW laser or lamp
irradiations can cause the coagulation of Au and Ag NPs [146-152].
This “photo-induced coagulation” proceeds for over many hours

(e.g. 30 h) for uncapped-Au NPs by the irradiation of UV light from
a high-pressure mercury lamp or a visible (488 and 514 nm) CW
laser beam in organic solvents such as 2-propanol and ethanol
[146-150]. Similar light-induced acceleration of aggregation for
aqueous Au NPs stabilized by citrate was observed by exciting the
LSPR band by a514-nm CW laser [151]. According to Kimura, photo-
enhanced van der Waals attractive force on the excitation of the
LSPR band is responsible for the observed phenomena [148,149].
On this point, recent studies that apply an optical-trapping tech-
nique deserve comment [153-155]. Yoshikawa et al. demonstrated
that the optical trapping by a 1064-nm CW laser can control the
assembly of Au NPs (40 nm diameter) reversibly in water [153]. By
the action of optical force, the LSPR extinction band of assembled
NPs (600-700 nm) was observed to increase with increased laser
intensity owing to a conformational change in the Au NP assembly.
Zhang and co-workers [155] observed that the optical trapping of
micron-sized Au NP aggregates or 40-nm-diameter citrate-capped
Au NPs with a CW laser at 532 nm induced irreversible agglom-
eration. The observed trapping was explained by optical force, in
the first place, but they also attributed an additional cause to laser
heating.

4. Application of laser-induced response of metallic
nanoparticles

4.1. Surface modification and treatment of substrate

Interaction of lasers with plamonic NPs allows nanofabrica-
tion on various substrates on which the particles are placed
or assembled. Ko and co-workers reported the fabrication of
nanometer-sized craters on a polyimide film self-assembled with
Au NPs when exposed to a 532-nm nanosecond-laser light through
an objective lens (3-5ns pulse width, 30-300mjcm~2 power
density) [156]. Tsuboi and co-workers observed the nanohole
(d<100 nm) formation on a Au NP-polymer hybrid film deposited
on glass substrates and irradiated by a single 532-nm (~8 ns) laser
shot [157]. These two studies attributed the origin of nanoholes to
a heat-mode fabrication, caused by the heat transfer from the NPs.
The heat mode of nanofabrication represents the material modifi-
cation owing to the damage caused by melting and the explosive
evaporation of Au atoms and clusters. The nanoholes were gen-
erated through the rapid overheating of strongly absorbing NPs
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Fig. 24. (a) SEM image of a borosilicate glass surface assembled with 47 - 8 nm Au NPs with a surface coverage of 30% and exposed to a single-shot of a 532-nm pulsed-laser
light (power density: 360 mJ cm~2 pulse~!). The left side of the image shows the glass surface fully covered with small NPs resulting from the laser splitting of the original
particles. The right side of the image displays a bare surface from which the particles were removed after laser irradiation. Here many dark spots with a slightly bright outer
ring are formed on the bare surface. For comparison, the inset depicts the SEM image of the glass surface before the irradiation. (b) AFM topographical images of sample
surfaces subjected to a single-shot laser irradiation at a laser power density of 470 mJ cm~2. Dark spots represent pitted areas corresponding to the craters. The average crater
depth is 4-6 nm. The AFM images were acquired for the surfaces exposed to the laser irradiation and in the absence of Pt-Pd coating. The fragments of Au particles were

removed before the measurement. (Reproduced from ref. [116]. Reproduced with permission from the American Chemical Society.)

during a short laser-pulse duration when the influence of heat
diffusion is minimal.

Hashimoto et al. [116,158] observed the formation of
nanocraters on a borosilicate glass surface assembled with
40-nm-diameter Au NPs when irradiated with a single-shot
nanosecond-pulsed-laser with a wavelength of 532 nm (Fig. 24).
Laser power densities of two orders of magnitude smaller than
those of causing the breakdown of the glass were applied for the
fabrication of the craters.

The average diameter of the craters was ~20nm with a depth
of less than 10 nm for the single-shot experiment: however, after
repeated irradiations, the size of the craters expanded to a 100 nm
scale [158]. The crater formation was simultaneous with the laser-
induced splitting of Au nanoparticles to generate smaller particles
of 15nm diameter. The number density of the craters increased
sharply, depending on the laser power density. The onset of the
increase occurred at ~160-170mJcm—2 pulse~!, and reached a
value of two times the number density of original Au particles
(150+10 particles-m~2) with a weak tendency to level off at
high power densities (Fig. 25a). The onset of the crater forma-
tion coincides with the splitting of Au NPs because of increase in
the temperature above the boiling point (~3100K) of gold result-
ing from the absorption of the laser energy. Thus, the explosive

evaporation of gold nanoparticles is postulated to play a crucial
role for the modification observed here. This assumption gained
a support from the estimation of laser power density dependent
thermoacoustic pressures due to the sudden evaporation of gold
(Fig. 25b).

This finding may represent a new application of the laser-
ablation/fragmentation of nanoparticles to material processing
based on the photothermal process. Very recently, Tsuboi and co-
workers have demonstrated that this laser-Au NP technique is
applicable to the formation of pores on the shell wall of spheri-
cal hollow silica microparticles embedded with Au NPs [159]. They
prepared pores of tunable sizes from 17 to 56 nm by varying the
size of original Au NPs from 6 to 39 nm.

In the meantime, Obara and co-workers observed the forma-
tion of nanoholes on the surface of a silicon substrate placed with
200-nm-diameter Au spheres by irradiating a single femtosecond-
laser pulse (800 nm) with an intensity of less than the ablation
threshold of silicon [160-162]. Leiderer and coworkers observed
the ablation pattern for regular arrays of gold triangles with a side
length of 450 nm and a thickness of 25 nm when these structures
were illuminated with a 150-fs laser pulse (800 nm, 10 m] pulse~1)
[163,164]. Holes as small as 5nm were fabricated at two cor-
ners of each triangle on a silicon substrate. Heltzel et al. observed
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Fig. 25. (a) Number density of craters as a function of the laser power density for single-shot laser irradiation. The number density of original Au NPs was (150 + 10) particles
wm~2, (b) Thermoacoustic pressure estimated by the vapor pressure of gold given by pp = ((271m)3/2/(kBT)1/2) vg - exp (—Lo/kBT) as a function of the laser power density

of 45-nm-diameter Au NPs placed on a glass substrate (effective refractive index: 1.12). In the equation; m, vo; Lo; and kg represent the atomic mass of gold; lattice vibration
frequency; sublimation energy; and Boltzmann constant, respectively. (Reproduced from ref. [116]. Reproduced with permission from the American Chemical Society.)
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Fig. 26. Nanoscale-ablation site and depth profile: SEM images of the nanorods before and after laser irradiation at a local effective power density of (a) 54 m] cm~2, right at
the ablation threshold, and (b) 218 mJ cm~2. The scale bars correspond to 75 nm, and the yellow arrows indicate the incident polarization. (c) The depth profile of the ablation
site shown in (b), along the long axis shown with the dotted line as obtained using AFM. Note the different scales for the horizontal and vertical axes in (c). (Reproduced from

ref. [76]. Reproduced with permission from the Optical Society of America.)

nanoholes with a diameter slightly smaller or roughly the same as
that of the spheres on a silicon surface with 250- and 40-nm Au
nanospheres exposed to a single pulse of a 532-nm nanosecond
laser [165]. These observations were attributed to the plasmonic
enhancement of the incident electric field at the boundary of the NP
and the substrate. This deduction was supported by the observation
that the nanohole profiles resembled the laser intensity distribu-
tion on the substrate surface in the power density region lower
than the ablation threshold power density of the bulk silicon. The
assumption of the plasmonic enhancement was also supported by
the fact that the holes produced by a linearly polarized wave of laser
radiation exhibited an elongated entrance shape in the direction of
polarization. Thus, besides the heat mode of enhanced material fab-
rication, a photon-mode process is postulated to occur, in which the
electric field enhancement due to the excitation of the LSPR band
of NPs can cause a multiphoton absorption, leading to the ablation
and modification of the material surface [160-167].

Despite demonstrations by several groups, the direct cause of
plasmon-assisted near-field ablation is still not understood very
well. Ben-Yaker’s group conducted further research to gain a better
understanding of the phenomena [76]. They observed nanoscale-
laser modification and ablation of a silicon (10 0) surface at local
power densities significantly lower than the direct femtosecond-
laser-ablation region of silicon, i.e., 420 m] cm~2. Fig. 26 shows SEM
images of ablation sites and a depth profile, as observed by an AFM
(atomic force microscopy).

Ben-Yaker’s group found that the nanorod ablation sites were
a photo imprint of the nanorod, very similar in size to the
nanorod. The ablation sites did not consist of two separated craters,
which is expected from a calculated |E|2 enhancement pattern. On
the basis of this observation, they concluded that the Poynting
vector enhancement more accurately predicts plasmonic-laser-
ablation than the |E|2 enhancement pattern [76]. However, based
on the observation of a double-crater shaped hole, Meunier’s group
strongly opposed this view [168]. This dispute should be resolved
by further experimental and theoretical studies.

Ueno et al. [28,29,169-171] have demonstrated a new tech-
nique of nanogap-assisted surface plasmon nanolithography.
They prepared arrays consisting of pairs of closely spaced gold
nanoblocks on dielectric substrates including glass. They observed
the two-photon absorption (TPA)-assisted photopolymerization of
a negative-type photoresist, SU-8 in the intense near-field sup-
posed to exist in the nanogap between the blocks generated by the
irradiation of a halogen lamp (wavelength range: 600-1000 nm,
0.2Wcm—2), with a CW laser (785nm) or femtosecond laser
(800 nm) [28]. The photoresisit, SU-8 is known to photopolymer-
ize by exposure to ultraviolet light at wavelengths shorter than
360-400 nm, and thus, the simultaneous absorption of two pho-
tons is prerequisite to initiate polymerization. Fig. 27 shows the

SEM images of pairs of Au nanoblocks, (a) with regions of polymer-
ized SU-8 ((b) and (c)) resulting from exposure to a femtosecond
Ti:sapphaire laser (120 fs, 800 nm, 80 MHz).

When the laser beam was polarized linearly along the axis of
the pairs (Fig. 27b), longitudinal plasmon modes localized in the
nanogaps induced significant local polymerization after a short
exposure. When the laser beam was polarized perpendicular to
the axis of the pairs, transverse plasmon modes were excited
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Fig. 27. (a) SEM image of a pair of gold nanoblocks measuring 100 x 100 x 40 nm?3
and separated by a 5.6-nm wide nanogap before irradiation by an attenuated
femtosecond-laser beam. (b) SEM image of other nanoblock pairs after 0.01 s expo-
sure to the laser beam polarized linearly along the long axis of the pair. (c) SEM image
of another pair after 100 s exposure to the laser beam polarized in the perpendicular
direction (d and e). Theoretically calculated near-field patterns at selected planes
for the excitation conditions of the samples shown in (b) and (c), respectively. In (d),
the field pattern is shown on the x-y plane bisecting the nanoblocks at half of their
height (i.e., 20 nm above the substrate), and in (e), the field is calculated on the plane
coincident with the line c-c shown in (d). The field intensity is normalized to that
of the incident wave, and therefore represents the intensity-enhancement factor.
(Reproduced from [28]. Reproduced with permission from the American Chemical
Society.)
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and induced photopolymerization in the corresponding regions
(Fig. 27¢). The calculated field-intensity patterns shown in Fig. 27d
and e correspond closely with the experimental photopolymer-
ization pattern. Furthermore, for Au nanoblock structures with
nanogaps narrower than 10 nm, photopolymerization rates were
increased by orders of magnitude [169]. The same group [170,171]
also used the nanoblock structures for photomasks for contact
exposure of a positive photoresist on glass substrates. As expected,
periodic patterns of pits were formed at the nanogaps in the devel-
oped photoresist surface after exposure to a femtosecond-laser
beam. It was shown that the ordered clusters of nanoparticles sep-
arated by nanogaps can provide a stable and versatile platform for
further development of optical subwavelength nanolithography.

LSPR-assisted laser nanofabrication and nanogap-assisted sur-
face plasmon nanolithography are promising techniques to beat
the diffraction-limited resolution (200-300 nm).

4.2. Laser-induced deposition and treatment

Niidome and co-workers [137,138,172] reported that Au NPs
can be deposited on a glass surface by using nanosecond-pulsed
532-nm laser irradiation (83 mJcm~2 pulse~!) of dodecanethiol-
passivated Au NPs (3.2+0.95nm) in cyclohexane. When laser
irradiation was carried out using a photomask, reddish rectangular
patterns based on the deposited Au NPs can be clearly observed by
the naked eye. The deposition of Au NPs occurs only at the laser-
irradiated region of the substrate. The observation is reminiscent
of the study conducted by Ito et al. [118,119] for a single Au NP (see
Section 3.2.5).

A dense monolayer of isolated Ag- and Au NPs 40-60nm in
average diameter were prepared on mica by converting sputter-
deposited Ag- and Au-island films by nanosecond-laser irradiation
at 532nm (~50mJcm—2) [173]. Fig. 28 shows such an example.
Besides the shape change, particle growth was observed. The resul-
tant film gave strong LSPR bands without any serious broadening.
Arelatively narrow range of laser power density was employed for
the preparation. This power density range corresponds to the par-
ticle temperatures between the melting and boiling points of Au
NPs, suggesting that particle melting triggers the transformation
observed.

In a higher laser power density regime greater or above
100m] cm~2, a complicated mode of film conversion resulting in
the strong deformation (flattening) of the LSPR band became dom-
inant before the ablation mode finally set in. The fabrication of
sphere-like Au NPs of similar shapes and alignments on sapphire,
GaN, SiO,, and silicon substrates by irradiation of a few UV laser
pulses on a Au thin film was reported by other groups [174-176].

The nanostructural change to a periodically arranged line pat-
tern with a modified particle size and shape distribution occurred
when thin films containing Au NPs were irradiated with femtosec-
ond linearly polarized laser pulses (150 fs) [177]. Fig. 29 shows an
example.

A linear dependence between the period A of the line struc-
tures and the laser wavelength A (800, 528, 400, and 266 nm)
was observed. For the particle size and shape changes, the atomic
diffusion process (Ostwald ripening, coalescence/reshaping) was
assumed. Photothermal melting/evaporation could be the driving
force of the event. The periodic structure is reminiscent of the “rip-
ple” or LIPSS (laser-induced periodic surface structure) that has
been formed on nearly every kind of solid material (metals, semi-
conductors, glasses, and polymers) [178-180]. It was assumed that
the constructive interference between incident waves and surface
waves generated by the scattering of the incident wave caused the
observed surface structural change [178]. The periodically arranged
line pattern could be an example of the self organization of Au
NPs resulting from the laser-induced photothermal effect. Here it

is pertinent to note that Obara and co-workers [181] presented
computational and experimental results on plasmonic and Mie
scattering control of far-field interference for regular ripple forma-
tion on semiconductor and metal. They observed the interference
ripple pattern on the silicon substrate, which originates from the
plasmonic far field by gold nanospheres irradiated by femtosecond-
laser pulses. Their result suggests that in addition to plasmonic
scattering, the Mie scattering far field also play a role for the origin
of surface ripple formation.

Nanosecond- and femtosecond-laser-induced detachment was
observed for Au nanostructures prepared on a silicon or quartz
substrate by nanosphere lithography [182-184]. Laser-induced
melting was considered to be responsible for the nanosecond
excitation because of the contraction of the liquid toward a
sphere [182]. The detachment was observed for femtosecond-
laser excitation in both air and liquid. The ejection mechanism
in air was considered to involve the ablation of surface atoms
from a gold particle, which generated intense pressure at the
particle-substrate interface [183]. In contrast, in a liquid envi-
ronment, a mechanism was postulated that involves energy
transfer from a photoexcited nanoprism to the solvent within
cavities and defects at the particle-substrate interface [184]. In
this instance, the hot-solvent molecules result in an intense
pressure at the particle-substrate interface, resulting in particle
ejection.

4.3. Miscellaneous applications

The optical-limiting effect that strongly decreases the trans-
mission of light at higher laser intensities was observed for Ag
nanoclusters and Au NPs dispersed in solution [185-190]. The
optical-limiting behavior is applicable to devices that protect
human eyes and solid-state sensors from intense optical beams.
Fig. 30 shows an example of a dendrimer nanocomposite of Ag
clusters, {Ag(0)}E.

The nonlinear transmission was observed at 532 nm, within the
LSPR resonance spectral range. The threshold power density for
optical limiting was 2.0 cm~2. The mechanism of optical limiting
was ascribed to the formation of nanobubbles. The optical-limiting
performance of {Ag(0)}g is compared well with the results obtained
with carbon nanotubes. More recent nanosecond studies expressed
rather controversial opinions [188-190]. While Polavarapu [188]
concluded that nonlinear scattering plays an important role in
the optical-limiting behavior of oleylamine-capped Au NPs, Sun’s
group [189,190] postulated the dominant contribution of free-
carrier absorption for Au NP aggregates.

Because of chemical and thermal stabilities with less cytotoxi-
city, plasmonic NPs have been popular in biomedical applications.
In particular, the sharp molecular-scale confinement of high-
temperature regions is very beneficial as a nanoheater. For
example, Takeda et al. [191,192] demonstrated that the degra-
dation of proteins and nucleic acids can result from 532-nm
nanosecond-laser excitation (10 ns, 94 mJ cm~2 pulse~1) of Au NPs
an aqueous solution. For instance, they mixed Au NPs (diameter:
~20nm) with two kinds of protein molecules: bovine serum albu-
min (BSA) and lysozyme. Proteins were selectively adsorbed on Au
NPs by adjusting the pH of the solution. They observed selective
degradation because the Au NP creates a high-temperature region
in its close vicinity by the laser irradiation. At the laser power den-
sity they employed, the fragmentation/size reduction of NPs is also
likely. On the other hand, they assumed that the formation of the
laser-induced bubble is unlikely. Before these studies, a similar
study had been conducted by Huttmann et al. [193]. Under irradia-
tion with nano- and picosecond-laser pulses, the enzymes alkaline
phosphatase and chymotrypsin bound to the surface of 15-nm-
diameter Au NPs were inactivated. In this case, clear evidence of
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Fig.28. (a) AFM image (dimensions: 1000 x 1000 nm?) of an as-deposited Au-island film consisting of flat-shaped particles as simulated below the image. (b) 1000 x 1000 nm?
AFM image taken after laser irradiation (single-shot at ~50 mJ cm~2), clearly providing evidence for conversion to good spherical nanoparticles, with a typical height profile
and size distribution shown below the image and on the right, respectively. (Reproduced from [173]. Reproduced with permission from the American Chemical Society.)

Fig. 29. (a) TEM images (upper: cross-sectional view, lower: overhead view) of a polymer film containing gold nanoparticles after laser irradiation (A =400 nm) and (b) TEM
images of a nonirradiated polymer film containing gold nanoparticles. (Reprinted with permission from ref. [177]. Copyright 2005, American Institute of Physics.)
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Fig. 30. (a) The optical-limiting behavior of the {Ag(0)}r nanocomposite at 532 nm for a 10-Hz pulse-repetition rate observed by irradiating nanosecond-laser pulses. The
solid line illustrates the case of a constant transmission of ~60% (the transmission value at low power density). The inset shows the corresponding transmission variation
with the input power density. (b) A schematic representation of dendrimer nanocomposite of Ag clusters, {Ag(0)}¢ architecture. (Modified from ref. [185]. Reproduced with

permission from the American Chemical Society.)

the fragmentation was obtained by TEM measurement. However,
they reserved the judgment with regard to bubble formation as a
damage mechanism. The involvement of bubble generation with
protein deactivation is still not clear.

Another example of a biomedical approach is the applica-
tion of nanobubbles to theranostics (diagnostics and therapeutics)
[194,195]. A distinct goal of theranostics is to selectively target
specific (diseased) tissues or cells to increase diagnostic and thera-
peutic accuracy. In an example shown in Fig. 31 [194], a single-shot
laser-pulse excitation of transient and localized vapor bubbles

(defined as PNB [45]) caused damage to living cells (lung carcinoma
cells A549) using Au NPs.

For each cell, bright field and side scattering optical images
were registered before and after the pump pulse. In Fig. 31, pic-
ture (a) shows the bright-field image before irradiation and (c)
shows it after the irradiation. Also, (b) is the scattering image
of PNBs generated inside the cell. The detection of cell dam-
age was based on the observation of blebbing bodies in the
bright-field image of the cell after the pulse (c). The study
revealed conditions necessary for the precise excitation and
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Fig. 31. In vivo generation and detection of plasmonic nanobubble (PNB) in Au NP-treated A 549 cells: (a) bright-field microscopy image of two cells prior to their exposure
to a single pump-laser pulse (532 nm, 0.5 ns, 200 mJ cm~2); (b) time-resolved scattering image of the intracellular PNBs obtained with the 10-ns delayed (relative to the
pump-laser pulse) pulsed-probe laser (690 nm, 0.5 ns), where the lines show the contours of the cells as in (a); (c) bright-field microscopy image of two cells obtained
1205 after their exposure to a single pump-laser pulse and the generation of PNBs; (d) time response obtained during the exposure to a single pump-laser showing bubble
expansion and collapse. (Reproduced from ref. [194]. Reproduced with permission from IOP Publishing.)
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Fig. 32. Upper panel: dark-field light-scattering images of Au NP-doped zeolite L crystals. Lower panel: plots of the number of Au NPs per zeolite crystal (occupancy) versus
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based on a Poisson distribution for various experimental average occupancies: (a) 1.8; (b) 4.2. (Reproduced from Ref. [197]. Reproduced with permission from the American

Chemical Society.)

detection of plasmonic effects in vivo around Au NPs with nanoscale
sensitivity.

Finally, we show an example of composite-material fabrication
based on laser-ablation generation of Au NPs in liquids [101-105].
Chemically prepared Au NPs are unstable in aqueous solutions con-
taining high concentrations of salts or at extreme pHs. In zeolite
synthesis, Au NPs are required to withstand extreme high salts and
high pHs. Laser-ablation-based Au NPs were found to be very stable
in zeolite synthesis gel containing highly concentrated alkali pre-
sumably because of surface negative charge [145]. The upper panel
of Fig. 32 shows dark-field light-scattering images of Au NP-doped
zeolite L crystals [196,197]. Various colors (yellow, green, orange,
and red) of bright spots in the crystals represent Au NPs with vari-
ous sizes. For instance, green, yellow, and red represent 30-50 nm,
60-80nm, and greater than 100-nm-diameter NPs, respectively.
The measurement of single-particle scattering spectra of each spot
is feasible; the particle diameter can be estimated by the simu-
lation of the spectra with the Mie calculation. The lower panel of
Fig. 32 represents the histograms of the number densities of Au NPs

per zeolite crystal. The number density can be altered by changing
the concentration of Au NPs in the synthesis gel. Notably, the his-
tograms were approximated by the Poisson distribution. Beside this
example, the laser-ablation-based preparation of NPs in solution
may find many other applications.

5. Summary and future outlook

This review demonstrates the immense potential of Au NPs
when used with lasers, providing multiple varieties of research
opportunities, many of which are ongoing. The beneficial outcome
of the researches can influence various fields of science and tech-
nology: physics, chemistry, biomedicine, and materials science.
The reader may find the key word “LSPR” repeated many times
in this review. LSPR is primarily characterized not only by its dis-
tinct color but also by its highly efficient light-gathering ability
and swift/efficient light-to-heat conversion capability. Regarding
the mechanistic side, both ultrafast femtosecond and conventional
nanosecond lasers contributed enormously to reveal the dynamics
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and processes initiated by the excitation of Au NPs. Although these
dynamics have been largely unraveled for the ensemble of parti-
cles because of the effort of many researchers, investigations to
develop better understanding of the single-particle level with bet-
ter time resolution is still needed. Additionally, bubble dynamics is
currently the most intriguing subject and needs significant effort
to reveal the complete picture. From the perspective of materials,
we observed the powerful nature of pulsed lasers in combina-
tion with Au NPs. Both constructive and destructive effects were
demonstrated. The former can be the photothermal fabrication of
homogeneous spherical particles, NP monolayers on substrates,
periodic structures, and composite materials. Here heat manage-
ment is crucial to successful fabrication. The latter might be the
explosive evaporation, spallation, and fragmentation of Au NPs
together with bubble formation. However, in addition to already
established destruction of malignant cells, this can be exploited
for the fabrication of nanoholes. Photothermal bubbles have
potential use in material fabrication and diagnostic/therapeutic
applications. Because of remarkably high-resolution properties,
plasmon-assisted nanofabrication and nanolithography continue
to be a subject of intense research. We will undoubtedly observe
further activities and many beneficial results in the laser-plasmonic
NP research field for many years to come.
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