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etal nanoparticles (NPs) show
strong scattering and absorption
of light in visible and near-infrared
region owing to their localized plasmon
resonances. The absorbed light is then
turned into thermal energy. With pulsed
light irradiation, transient thermal power
generated in NPs introduces abundant ther-
modynamic effects, such as ablation, ultra-
fast heating, thermal expansion, surface
melting, and reshaping. The heat transfer
theory of ultrafast laser heating was ex-
plored in the last century by Kaganov et al.,’
Anisimov et al,” Qiu et al.® and others. Much
experimental work has also been done re-
cently, due to rapid developments in nano-
technology. For example, Link and co-
workers* showed that various degrees of
shape change of gold nanorods in a colloid
can be induced by using an intense femto-
second- and nanosecond-pulsed laser; Hu
and Hartland® investigated the relaxation
time of heat dissipation for gold NPs in
aqueous solution with femtosecond-pulsed
laser heating; Plech and co-workers®” used
time-resolved X-ray scattering to examine
the lattice dynamics of gold NPs excited by a
femtosecond laser, and found that gold NPs
enter the premelt state when lattice tem-
perature is only 519 K; Govorov and co-
workers® showed that laser-heated gold
NPs leads to the melting of ice matrix;
Baffou and co-workers presented a thermal
microscopy method based on molecular
fluorescence and imaged the heat source
distribution of the NPs system.® The laser-
heated NP system already showed potential
applications in NP fabrication,'®"" photo-
thermal therapy,'? drag delivery,'® and op-
tical data storage.™
However, to the best of the authors' knowl-
edge, the transient temperature variation
of a nanoscale material system during an
ultrafast photothermal process has rarely
been accurately characterized. Only indirect
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Photothermal effects in plasmonic nanostructures have great potentials in applications for
photothermal cancer therapy, optical storage, thermo-photovoltaics, etc. However, the
transient temperature behavior of a nanoscale material system during an ultrafast
photothermal process has rarely been accurately investigated. Here a heat transfer model
is constructed to investigate the temporal and spatial variation of temperature in plasmonic
gold nanostructures. First, as a benchmark scenario, we study the light-induced heating of a
gold nanosphere in water and calculate the relaxation time of the nanosphere excited by a
modulated light. Second, we investigate heating and reshaping of gold nanoparticles in a
more complex metamaterial absorber structure induced by a nanosecond pulsed light. The
model shows that the temperature of the gold nanoparticles can be raised from room
temperature to >795 K in just a few nanoseconds with a low light luminance, owing to
enhanced light absorption through strong plasmonic resonance. Such quantitative predication
of temperature change, which is otherwise formidable to measure experimentally, can serve
as an excellent guideline for designing devices for ultrafast photothermal applications.

KEYWORDS: thermodynamic - photothermal - metamaterial absorber -
nanoparticle reshaping

measurements have so far been attempted.”~”
Lack of quantitative assessment of photo-
thermal effect in a plasmonic system can
greatly obstruct device design and optimi-
zation. Numerical calculation of photother-
mal response, on the other hand, can quickly
reveal temperature information in a complex
plasmonic nanostructure, which has indeed  *Address correspondence to
attracted some attention recently. Baffou and ~ Mn@kthse.
15
co-workers ™ presented a boundary element Received for review December 20, 2011
method for solving electromagnetic scattering  and accepted February 22, 2012.
and steady-state heat transfer analysis of i .
i K ; Published online February 22, 2012
gold NPs in water excited by a continuous-  10.1021/nn2050032
wave (CW) laser. In another work, Baffou and
Rigneault'® introduced a numerical approach  ©2012 American Chemical Society
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based on the finite difference method to investigate
the transient temperature of gold NPs in water excited
by femtosecond-pulsed laser. In this paper, we build a
heat transfer model to quantitatively understand the
light-induced heating in nanoscaled plasmonic sys-
tems. Both the electromagnetic-absorption and the
heat-transfer portions of the multiphysics model are
solved with the versatile and commercially available
finite element method (FEM). To keep the validity of
heat transfer equation in our system, we have to take
care of the spatial and temporal extremities: first, we
take account of the correction of the material proper-
ties such as thermal conductivity,'” boundary thermal
conductance,'®2° and melting point,?' due to nano-
meter size effect, Second, we restrict the application of
the heat transfer equation only to problems with a light
pulse duration of nanoseconds or longer, because a
femtosecond or picosecond laser pulse introduces
nonequilibrium between electrons and the lattice of
a material. Two study cases will be presented in our
model. First, we will discuss the case of exciting a gold
nanosphere in water by CW laser and the thermal
relaxation time of such a nanosphere, when the laser
is modulated. This study validates our model by a
comparison with the results in Baffou's work.'® Second,
we will study the case of a metamaterial absorber
excited by a nanosecond pulsed light. A metamaterial
absorber can have high absorption in the optical
regime,*?~%> which has great potential to harvest the
light efficiently and generate heat in nanoscale. In our
model, transient temperature distribution in the NPs
and surrounding matrix can be calculated. With all
input parameters from experimental conditions, our
simulation discloses important temperature variation
characteristics which are otherwise difficult to obtain
experimentally. Our model shows that the temperature
of the gold NPs rises from room temperature to 795 Kin
just 4 ns, when the NPs are excited by a critical light
pulse fluence of 0.035 J/cm?. Such quantitative infor-
mation can be critical for designing nanostructures
with functioning photothermal applications.

RESULTS AND DISCUSSION

Heat Transfer Model. Thermal analysis of the process
is described by a transient heat transfer equation
written as

aT
CsPE+V'( —kVT) = Qs (1

T is the temperature of the nanostructure, both time
and space dependent. C,, p, and k are space-depen-
dent specific heat capacity, density, and thermal con-
ductivity of the material, respectively. Qs is heat source
per unit volume. The first term is the time derivative of
thermal energy per unit volume. The second term is
heat flux going outside the unit volume due to tem-
perature gradient. Equation 1 is the commonly known
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heat transfer equation for macroscopic media. Natu-
rally one may question its feasibility for modeling a
nanoscale material system subject to a nanosecond
heat source. This can be justified as follows. First, from
the geometrical point of view, when a thin material film
has its thickness approaching the mean free path of
heat carrier, a strong boundary scattering effect dras-
tically reduces the thermal conductivity. Such a mech-
anism has been well described and validated for
gold film. Following the conclusion by Chen and Hui,'”
the thermal conductivity of a 60 nm-thick gold film is
k=139 W/(m-K), only 44% that of bulk gold. In view of
this, we have to employ modified thermal properties
for the materials used in the nanostructure according
to their actual geometrical feature sizes. Second, from
the temporal perspective, one has to recognize that
different physical steps occurred with a clear time
sequence in light—matter interaction:* within the first
~100 fs, photon-electron interaction is dominant; from
100 fs to 10 ps, electron—Ilattice relaxation occurs;
around 100 ps or longer, heat dissipation to the
surrounding matrix happens. In the case of a photo-
thermal process with a femtosecond or a picosecond
pulsed light source, thermal analysis is only valid with
the two-step radiation heating model,>* in which
electrons and lattice are defined with two distinct
temperatures. Our current study however only focuses
on the nanosecond heating phenomena. Therefore eq 1
is still applicable in our thermal analysis. In addition,
our choice of nanosecond temporal regime, as will be
shown later, corresponds to experimentally achievable
situations, which facilitates cross-comparison between
the theoretical and experimental results.

In the numerical analysis of heat transfer differential
equations, there are two groups of boundary condi-
tions (BCs): exterior BCs and interior BCs. Exterior BCs
are conditions applied for the outermost boundaries of
the geometric model. Generally, exterior BCs include
Dirichlet BC, Neumann BC, and BC for the material—air
interface. For Dirichlet BC, the temperature at the bound-
ary is fixed, T = Tg,. One special case of the Neumann BC
is the thermal-isolation BC and is written as n - (—kV'T) =0,
which means the normal derivative of temperature is
zero. The BCs for the material—air interface is described by

n-(—kVT) = h(T —T)+eo(T —TH (2

The term on the left represent outward conductive
heat flux. The first term on the right is convective heat
flux to the air environment. The second term on the
right is radiation heat flux. n is the outward vector
normal to the boundary surface; h = 5 W/(m?K) is the
convective heat transfer coefficient of air; ¢ is surface
emissivity. The Stefan—Boltzmann constant is written
as 0 =5.67 x 102 W/(m?K*. Room temperature is T, =
300 K. Interior BCs are continuous conditions by de-
fault. For example, BC at the metal—water interface can
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be treated as a continuous condition and described by
N ( —knVTm) = 0 -( —kyVT) (3)

and T,, = T,, at interface. k., (k,,) and T, (T,,) are the
thermal conductivity and temperature of metal and
water, respectively. When analyzing a multilayer thin
film structure like metamaterial absorber,?? one how-
ever should consider the effect of finite thermal bound-
ary conductance (TBC). TBC is defined as

q = G(Tp —Tg) (4)

where g is heat flux across the interface between
materials A and B; G is TBC and T, — Tg is the
temperature step of two materials at the interface.
With finite TBC, the temperature of material A and
material B is discontinuous at the interface. Such an
interfacial effect is critical for the thermal properties of
nanostructures. Previously, Kading and co-workers
measured the TBC of the gold—silica interface,'® Kato
and co-workers measured the TBC of the gold—
alumina interface,’® Hopkins and co-workers studied
the temperature dependence of TBC of the metal—
alumina interface at high temperature and showed
that TBC can be increased by 50%, when temperature
rises from 300 to 500 K.*°

Heat Generation. To calculate the heat generation
within a gold NP system, the electromagnetic scatter-
ing of the nanostructure is first solved. Having the
knowledge of incident field and nanostructure com-
position, we can solve the electromagnetic (EM) scat-
tering problem numerically, which is done in our case
with a commercial FEM solver in COMSOL Multiphysics.
The lossy nature of gold, manifested by the imaginary
part of its permittivity value, implies that resistive heat
will be generated in the gold nanostructure.?® The heat
power volume density Qq is written as

1
Qq = Seow Im(er)[E[* (5)

where &g is permittivity of vacuum; o is angular
frequency of the light; ¢, is the relative permittivity of
gold; E is electric field. The optical constant of gold is
referred to the experimental data measured by Johnson
and Christy.?’

Photothermal Effect of a Gold Sphere in Water. To validate
our method, we conduct the EM scattering study and
heat transfer study of a benchmark scenario, i.e., heat-
ing of gold sphere of 50 nm radius in water by a CW
laser. Previously it was studied by Baffou with the
boundary element method.”® The gold sphere is ex-
cited by a plane wave traveling in the negative
z direction with an x-polarized E field and an intensity
of 1 mW/um?, shown in Figure 1a. Our EM scattering
results show that the plasmon resonance of the gold
sphere in water occurs at the 540 nm wavelength, with
a peak absorption power of 21.45 uW, as shown in
Figure 1d. With 530 nm light excitation, the normalized
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electric field distribution and heat power volume
density Qq around the gold sphere in water are shown
in Figure 1 panels a and b, respectively. Since it is a
steady-state heat transfer analysis, eq 1 is simplified
such that Qg is used as heat source Q, and the time
derivative of temperature is set to zero. The result of
heat transfer analysis shows that the temperature of
the gold sphere is increased by 52 K, shown in
Figure 1c. These findings are similar to the results of
Baffou in which a peak absorption power of 20.5 uW at
wavelength 530 nm and a temperature increase of 55 K
were obtained.'® The noticeable difference is that our
absorption power spectrum has a slightly broader
resonance peak than Baffou's."”

Based on the benchmark model, we further
investigate the temporal behavior of the NP system,
by simulating the transient temperature variation of
the nanosphere excited by an on—off modulated
light source. It is well-known that the theoretical
relaxation time 7. of a gold nanosphere in water can
be estimated on the basis of the heat transfer
equation,?®%°

R? R?

TG @ ©
where o is the thermal diffusivity of the material and R
is the radius of the sphere. In this system, the cooling
process is governed by the thermal properties of water,
because the thermal conductivity of gold is two orders
as high as that of water. The 7, of a 50 nm radius sphere
is 17.4 ns, where the thermal diffusivity of water a.is set
at 1.435 x 1077 m?%s. Govorov and co-worker esti-
mated that 7. = 6 ns for a 30 nm radius sphere.”® The
relaxation time of the gold nanosphere in water can be
estimated by eq 6 only when the temperature of gold
nanosphere and water are continuous at the interface.
However, during the ultrafast process of femtosecond
pulsed laser heating, the gold NP could reach a rather
high temperature, while the temperature of water is
still at 300 K. In such a case, a huge temperature gap is
presented between the gold NP and water. Hu and
Hartland studied the relaxation time of a gold NP
excited by femtosecond laser.> They reported that
the relaxation time is 400 ps for a gold NP with
25 nm radius, which is 10 times smaller than 7.
calculated from eq 6. In our model, we apply a nano-
second pulsed light source and restrain the gold NP
system in a continuous temperature state. We simulate
the temperature variation of nanospheres in water
with radii of 25, 50, 75, and 100 nm, when they are
heated by modulated light source. The transient tem-
perature of a nanosphere of 50 nm radius is shown in
Figure 1e, with a 110 ns rise time and a 110 ns fall time.
The modulation signal has a period of 800 ns and a
duty ratio of 50%. During cooling process, the tem-
perature of a nanosphere can be fitted to a stretched
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Figure 1. Photothermal effect of a gold sphere with 50 nm radius in water. (a) Electric field intensity normalized to the incident
field. (b) Heat power volume density Q. (c) Steady-state temperature increase due to 530 nm light excitation. (d) Absorption
power spectrum of gold sphere in water, with incident light intensity at 1 mW/um?. (e) Transient temperature of R = 50 nm
gold nanosphere in water excited by on—off modulated light. (f) Comparison of theoretical relaxation time z, relaxation time
fit to simulation result 7, and modulated rise/fall time of gold nanosphere as a function of R2.

exponential function purposed by Hu and Hartland® as

PN
F(t) = Aexp (- (g) ) )

where tyg is the moment when the heat source is
turned off; A is the temperature of the nanosphere at
t = tos the relaxation time 75 can be derived by fitting
the simulated temperature data to eq 7; the stretching
parameter /5 equals 0.4 for a 50 nm-radius nanosphere.
The simulated relaxation time 7 derived by fitting
simulation data to eq 7 is compared with 7. as a
function of R, shown in Figure 1f. It indicates that 7,
is a linear function of R? and 27% larger than .. We also
extract the rise/fall time from the modulated tempera-
ture of nanospheres with various radii. We define two
threshold levels T, and T, of the modulated tempera-
ture, as shown in Figure 1le. T, sits at the 90% of
temperature step and T, sits at the 10% of temperature
step. The rise/fall time is defined as the time interval for
temperature to change from T, to T,, or vice versa. In
Figure 1f, the rise/fall time is also compared with 7, and
7, as a function of R The rise/fall time is approximately
5times as long as 7, which is mainly due to the fact that
the rise/fall time is corresponding to a larger change
from 90% to 10%, while relaxation time 7, corresponds
to a smaller change from 100% to 1/e = 36.8%. In this
study, the permittivity of water is considered to be
1.777, and the material thermal properties are listed in
Table 1.
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I
TABLE 1. Material Thermal Properties Used in the Heat
Transfer Model

specific heat density, thermal conductivity,
capacity, C; (J/(kg-K)) P (kg/m?) k (W/(m-K))
gold 129 19300 317 (bulk), 139
(thickness = 60 nm),
110 (thickness = 40 nm)
water 4180 1000 0.6
alumina 880 3980 6
silica M 2200 1
air 1 353[KI/T, 0.03
1.18 (T =300 K),
0.4 (T = 800 K)

Photothermal Effect of Metamaterial Absorber. We apply
our method to a more complicated study case, that s, a
photothermal effect in a metamaterial absorber ex-
cited by a nanosecond pulsed light source. Figure 2a
shows one unit cell of the three-layer metamaterial
absorber used in our experiment. A single unit can be
treated as an optical resonator. The units are arranged
to form a two-dimensional square lattice with lattice
constant a = 310 nm in both x and y direction. The
structure has three key layers: a 40 nm-thick gold
particle on the top; a 10 nm-thick alumina spacer in
the middle; and a 60 nm-thick gold film in the sub-
strate. The upper half space is air and the sample ison a
150 um-thick BK7 silica glass. The gold particle has a
size of 230 x 170 nm? in xy dimension.
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Figure 2. (a) Geometric structure and material composition of three-layer metamaterial absorber. The orientation of electric
field E and wave vector k of the incident light is also shown. (b) Simulated spectra of reflectance, transmittance and
absorptance of metamaterial absorber. (c) Magnetic field H is shown as color image. Electric displacement D is shown as
arrows, in the absorber unit cell with incidence of x-polarized light at 2.0 xm wavelength. (d) Heat power volume density Q4 of
the absorber unit cell with incidence of x-polarized light at 2.0 um wavelength. At plasmon resonance, Qq is strongly localized
within gold NP (upper gray solid line box) and its mirror symmetric counterpart (lower gray dash line box).

The absorber sample is normally excited by a super-
continuum light source with a wavelength range from 500
to 2400 nm. The light source has a repetition rate
f. = 25 kHz and pulse duration of 2.6 ns. The light is
x-polarized with the E field only in the x direction, as
shown in Figure 2a. The obtained reflectance, transmit-
tance, and absorptance spectra, as well as the EM field
distribution over the sample are shown in Figure 2b. In
Figure 2b, the first resonance peak is clearly seen at 2.0 um
with near unity absorptance. It indicates that the 3-layer
absorber is a highly efficient device for light energy
harvest. At a plasmon resonance of 2.0 um wavelength,
the magnetic field H is localized within the gap between
the gold NP and the gold film, while the electric displace-
ment vector D forms a loop around the gap, as shown in
Figure 2c. It indicates that the EM energy is mainly
concentrated within and around the gap region with
dimensions less than '/g of the wavelength.

The heat power volume density Qq at a resonance of
2.0 um wavelength is shown in Figure 2d. We categorize
the heat source distribution into three regions, the top
layer gold NP, the mirror-symmetric counterpart of NP
within the gold film (region with dash line box shown in
Figure 2d) and the rest of gold film. The resistive heat is
dependent on the wavelength and the polarization of the
incidence light. In Table 2, the heat source distribution of
the absorber unit cell is shown, with normal incident
x-polarized light at wavelength of 2.5 um (off resonance),
2.0 um (first resonance), and 0.82 um (second resonance).
It is found that the dominant portion of heat source is in
the top layer gold NP at the plasmon resonance. For the

CHEN ET AL.

TABLE 2. Heat Source Distribution of an Absorber Unit
Cell with Incidence of x-Polarized Light

off e first second e
length = 2.5 length = 2.0 length = 0.82
um um um
the top layer gold NP 39.2% 64.8% 62.1%
the mirror symmetric 37.7% 27.6% 31.1%
counterpart of
NP in gold film
the rest of gold film 23.1% 7.6% 6.7%

off-resonance case, the heat source distribution is more
evenly distributed within the three regions. Moreover, the
optical absorptances at the plasmon resonance of 2.0 and
0.82 um are 0.98 and 0.60, respectively, at least 5 times
higher than the absorptance at the off-resonance of
2.5 um, as shown in Figure 2b. It indicates that the plasmon
resonance of a gold NP system greatly enhances the heat
power generation and localization during the photother-
mal process.

The intensity of the incident light beam on the
sample has a Gaussian profile with a 20 um measured
spot diameter. The light fluence shining on the sample
from a single pulse is written as

- 2P0 2r?
Fi(r) = meXp(—m> (8)

In eq 8, Pp = 23 mW is the total optical power
of the incident light irradiating on the sample.
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Figure 3. (a) Heat power irradiating on an absorber unit cell located at the beam center and temperatures of gold NP and gold
film in such a unit cell during one pulse. (b) In the cross section view of the one absorber unit cell, the color image indicates
temperature distribution at 4.0 ns. The arrows indicate the heat flux at the same time.
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Figure 4. (a) Top view scanning electron microscope image of absorber sample after light exposure of 0.2 s. At circle center,
light fluence of a single pulse is 0.059 J/cm? while at the circle boundary, light fluence of a single pulse is 0.035 J/cm?. (b)
Calculated radial distribution of temperature of gold NPs during one light pulse from 0 to 6 ns.

f, = 25 kHz is the pulse repetition rate; r is the distance
from the beam center; w = 10 um is the Gaussian beam
waist. At the beam center, the light fluence is 0.059 Jem?.
The optical energy over one unit cell is

metamaterial absorptance spectrum, shown in Figure 2b,
in the range from 0.5 to 2.5 um. For the unit cell at beam
center, thermal energy is written as

Eop(r) = a*A(r) 9)

where a = 310 nm is the lattice constant of the
NP array. At the beam center, £,,(0) = 56.3 pJ. The thermal
energy absorbed by one unit cell is

En(r) = Ranp(r) (10)

where R, the absorption coefficient of the metamaterial
absorber is 0.213, derived from the overlap integral bet-
ween the light source power density spectrum and the
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En(0) = 0213 x56.3p) = 12.0p) (1)

The nanosecond heat source is finally described by a
Gaussian pulse function,

En() 1 (t —to)?
VAN hid =i

QS(rI t) =

where AV is the volume of heat source, T = 1.5 ns is the
time constant of the light pulse, t, = 3 ns is the time
delay of the pulse peak.
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The transient heat transfer problem is solved by the
FEM with COMSOL. As an example, the absorber unit
cell located at the center of Gaussian light beam is
modeled and analyzed first. At Gaussian beam center,
the temperatures of the gold NP T, and the gold film T¢
during the heat pulse are shown in Figure 3a. T,
reaches maximum 1116 K at 4.0 ns. Due to heat
dissipation to the surrounding, T, drops to 330 K after
1 us; 40 us later, T, drops to 300.5 K, just before the next
pulse comes. The temperature distribution of
one absorber unit cell at 4.0 ns is shown in Figure 3b.
The temperature within the gold NP is uniform, due to
the high thermal conductivity of gold and its small
particle size. The dominant temperature gradient is
along —z direction, indicating that the BK7 glass sub-
strate is an effective heat sink in our model. A rather
large temperature difference of 522 K between the top
gold NP and the bottom gold film is clearly shown
during the transition. If the finite TBC effect at the
gold—alumina and gold—silica interfaces is not con-
sidered in the heat transfer model, the temperature of
the gold NP reaches its maximum of 751 Kat 4.5 ns, and
the temperature difference between gold NP and gold
film is merely 40 K at that moment. It implies that a
finite TBC can drastically elevate temperature inhomo-
geneity in a multilayer nanostructure.

We conducted an experiment of photothermal
reshaping of gold NPs in metamaterial absorber with
a nanosecond pulsed light. The NPs reshaping phenom-
ena can be elaborated with our numerical heat transfer
analysis. In Figure 4a, the scanning electron micro-
scope (SEM) picture of a sample after it is irradiated by
the mentioned light source is shown. Because of high
optical absorbance and localized heat generation of
the nanoscale absorber, the concentrated heat power
is able to cause the morphology change of the gold
NPs in the absorber sample. In Figure 4a, a clear circular
boundary of 10.2 um in diameter divides the sample
into two zones. Inside the circle, the top layer rectan-
gular shape gold NPs are transformed to spherical
dome shape with 160 nm diameter; while outside the
circle, the shapes of the gold NPs are unchanged.
According to our heat transfer analysis, the maxi-
mum temperature of gold NP at the circle center is
1116 K, corresponding to a fluence of 0.059 J/cm? for a
single pulse. According to the Gaussian beam intensity

MATERIALS AND METHODS

Solving Electromagnetic Scattering of Metamaterial Absorber with FEM
Method. Metamaterial absorber is composed of 2D square array
of unit cells, shown as in Figure 2a. The incident light is normal
to the xy plane with E field polarized in x direction. To account
for the periodic nature of the metamaterial absorber, the model
boundary atx =+ a/2 and y = + a/2 is set to condition of perfect
electric conductor and perfect magnetic conductor, respec-
tively. The refractive indices of air, silica, and alumina are 1,
1.45,and 1.73, respectively. The optical constant of gold is taken
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distribution, the maximum temperature of gold NPs
located on the critical circle boundary is 795 K, corre-
sponding to F; (5.1 um) = 0.035 J/cm? With heat
transfer analysis, the calculated radial distribution of
gold NPs temperature vividly presents the photother-
mal process in a quantitative manner, as shown in
Figure 4b. The center region with a temperature above
795 K corresponds to the reshaped zone in Figure 43;
while the region with lower temperature corresponds
to an unchanged zone. The experiment indicates that
with photothermal treatment, gold NPs can undergo
reshaping at a critical temperature of 795 K, much
lower than the melting point of bulk gold 1337 K. The
morphology change of metal NPs below the bulk
melting point can be explained by theory of surface
melting.®” Previous study by Magnusson and co-
workers®® has shown gold NPs reshaping to a near
spherical shape of 40 nm in diameter, using gas phase
thermal annealing at 500 K. In our case, the photo-
thermal reshaped NP is much larger, 160 nm in dia-
meter. It is reasonable that our critical temperature is
higher than 500 K, because the binding energy of
metal crystal in NP increases with larger particle size.

CONCLUSIONS

A heat transfer model is built to resolve the transient
temperature variation in metal nanostructure during a
photothermal process. We study the photothermal
process of two plasmonic nanostructures. First, the
CW-laser heating of a gold nanosphere in water is
investigated. The thermal relaxation time of a nano-
sphere in water is numerically derived and compared
to the well-known analytical relaxation time 7, =R?/a.
The photothermally induced rise/fall time of a nano-
sphere in temperature is found to be 5 times 7..
Second, the heating and reshaping of the gold NPs in
a metamaterial structure induced by a nanosecond-
pulsed light source is investigated. Our model predicts
that the reshaping of gold NPs takes place at only 795
K, induced by critical pulse fluence of 0.035 J/cm?. The
thermal response time in both cases is all at the
nanosecond scale. The model presented can be valu-
able for quantitatively analyzing photothermal effects
in various plasmonic systems, which can have promis-
ing applications in biology, optical storage, and thermo-
photovoltaic technology.

from the data of Johnson and Christy.?” The details about
electromagnetic scattering of metamaterial absorber can be
referred to the work by Hao et al.'*

Solving Heat Transfer Model of Metamaterial Absorber with FEM
Method. To solve the heat transfer model, the following four
pieces of information are essential: geometric structure, thermal
material properties, boundary condition, and heat source. The
geometric structure of a unit cell is shown in Figure 2a and is
mentioned when solving the EM scattering problem. Material
thermal properties used in our heat transfer model are listed in
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Table 1, where the density of air at atmospheric pressure can be
calculated using the ideal gas law. For a unit cell of absorber as
shown in Figure 2a, at the upper boundary plane in the
z direction, the boundary condition is described by eq 2, which
includes convective and irradiative heat exchange. At the lower
boundary plane in the z direction, the temperature of the silica
substrate is set to room temperature at 300 K. At the boundary
planes of x= & a/2 and y= + a/2, the heat flux in the horizontal
direction is set to zero. Setting the horizontal heat flux to zero at
the x and y boundaries is equivalent to setting periodic condi-
tions at these boundaries, therefore the unit cell is no longer
treated as a stand alone object, but as an element of a 2D square
array with a lattice constant a. Noticeably, at the interior
boundaries of the absorber unit cell, the finite TBC of the
gold—alumina interfaces and gold—silica interface could lead
to significant temperature discontinuity at these interfaces,
when vertical heat flux is present in the unit cell. To incorporate
the TBC effect in our numerical calculation, thin layers of
fictitious material with specific thickness and thermal conduc-
tivity are inserted into the model at these interfaces. The thin
layer of fictitious material can mimic the temperature disconti-
nuity caused by TBC at the interface of material A and material B,
if the parameters follow the rule:

(Ta —Tg)
d

where k. and d are the thermal conductivity and thickness of the
fictitious film; the second term is a heat flux at the A—B interface
with temperature discontinuity; the third term is heat flux
through a fictitious film with a temperature gradient. In such a
way, the temperature discontinuity is avoided, while the con-
sistency of temperature difference and heat flux is kept. In our
model, the TBC of the gold—alumina interface is 135 x 100
W/(m?-k) and the TBC of the gold—silica interface is 187 x 10°
W/(m?-k). With d = 2 nm, the k. of the fictitious film is 0.270
W/(m-k) and 0.375 W/(m - k) for the gold—alumina interface and
gold—silica interface, respectively. Defined in eq 12, Qs repre-
sents the total heat power of one arbitrary absorber unit cell.
However, Qq represents volume density of heat power within
such unit cell, as shown in Figure 2d. In the heat transfer model,
Qq is normalized, so that the volume integral of Q4 over the unit
cell equals Q. In such a way, our model incorporates both the
localized distribution of the heat source within the nanostruc-
ture derived from the EM scattering problem and the actual
heat source power derived from experiment configuration.
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