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Heat transfer from irradiated metallic nanoparticles is relevant to a broad array of applications ranging
from water desalination to photoacoustics. The efficiency of such processes depends on the ability of these
nanoparticles to absorb the pulsed illuminating light and to quickly transfer energy to the environment.
Here we show that compared with homogeneous gold nanoparticles having the same size, gold-silica
core-shell nanoparticles enable heat transfer to liquid water that is faster. We reach this conclusion by
considering both analytical and numerical calculations. The key factor explaining enhanced heat transfer
is the direct interfacial coupling between metal electrons and silica phonons. We discuss how to achieve
fast heating of water in the vicinity of the particle and show that optimal conditions involve nanoparticles
with thin silica shells irradiated by ultrafast laser pulses. Our findings should serve as guides for the
optimization of thermoplasmonic applications of core-shell nanoparticles.

DOI: 10.1103/PhysRevApplied.13.034036

I. INTRODUCTION

Metallic nanoparticles have a remarkable ability to
absorb electromagnetic radiation in the vicinity of the
plasmon resonance wavelength, which lies in the visible
or near-infrared domain for common nanostructures [1].
This phenomenon originates in the collective electromag-
netic response of the metal conduction electrons, which
results in local field enhancement. In turn, this localized
enhancement may be exploited to realize heat sources at
the nanoscale [2—4]. By tailoring of the nanoparticle size
and composition, the resonance wavelength may be tuned,
which is advantageous if electromagnetic absorption or
scattering from the nanoparticle environment has to be
minimized.

This sensitivity combined with the biocompatibility
of gold nanoparticles (GNPs) has been exploited in
different contexts, including thermally induced photo-
chemistry [5], phase transition [6], material growth [7],
and nanomedicine [8,9]. The Ilatter includes thermal
imaging [10], diagnosis, photoacoustics [11], drug release
[12,13], and cancer therapy [14,15], in which GNPs have
been used to induce localized heating in tumor cells,
leading to their destruction. In these applications, the effi-
ciency of the treatment depends on the absorption contrast
between the cancerous and healthy tissues [4], which is
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realized by working in the so-called transparency window
between 700 and 900 nm, where absorption by human
tissues is a minimum [16].

Alongside GNPs, metal-dielectric core-shell nanoparti-
cles (CSNPs) have also been investigated as a nanosource
of heat with applications in cancer therapy [17], opti-
cal enhancement [18,19], and solar-energy-assisted water
purification [20], bringing in some cases clear benefits.
One such instance is photoacoustics, where the rapid heat-
ing of illuminated particles triggers an acoustic or stress
wave induced by thermal expansion [11]. The efficiency
of this process is intimately related to the ability of the
nanoparticles to transfer heat in their environment. Chen
et al. [10,21] used gold nanorods coated with silica to
assess the ability of these nano-objects to enhance the con-
trast in photoacoustic imaging. They found that compared
with bare gold nanorods, silica-coated nanorods produce
photoacoustic signals that are about 3 times higher. This
enhancement is shown not to result from changes in the
absorption cross section due to the silica coating; rather it
is ascribed to a change in interfacial thermal conductivity
induced by the silica shell. This interpretation is consistent
with earlier experimental investigations of Hu et al. [22],
who reported faster heat dissipation for gold nanoparti-
cles coated with a silica shell. The underlying mechanism,
however, has not been elucidated so far.

In a different context, several experimental studies
investigated heat transport at metal-dielectric interfaces, on
picosecond timescales. Recent transient-thermoreflectance

© 2020 American Physical Society
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experiments with a gold film on silicon and silica
substrates [23,24] revealed the existence of a direct
electron-substrate energy transfer. Indeed, there are at
least two mechanisms according to which electrons may
heat up the substrate: nonequilibrium electron-phonon
exchange in the metal, which then transfers energy to
the substrate through phonon-phonon coupling [25-29];
and direct electron-phonon coupling through the interface
[30-33]. While the effect of the electron-phonon coupling
in the bulk metal is to increase the thermal boundary
conductance [25,34], the direct electron-phonon coupling
provides another channel for heat to flow across the metal-
dielectric interface [35].

This energy transfer through interfacial electron-phonon
conductance was predicted theoretically 20 years ago
[30-33]. Although the exact nature of the coupling
between the conduction electrons and the substrate
phonons remains under investigation [36], experiments
report conductance values in the range from 100 to 1000
MW /m? /K [23,24], in agreement with theoretical predic-
tions. One consequence recently emphasized by Lombard
et al. [35] is that thermal transport at metal-nonmetal inter-
faces is enhanced when such electron-phonon conductance
is present.

Whereas several theoretical and experimental studies
have characterized heat generation under pulsed illumi-
nation of GNPs [3,6,37—39], the case of CSNPs has
received much less attention so far. Exceptions include
Refs. [18,40], which are, however, restricted to static
conditions only. Recent computational studies also inves-
tigated the photoacoustic response of silica-coated gold
nanospheres [41,42]. However, these studies consider only
one temperature to describe heat transfer in the core-
shell nanoparticle, an approximation that is reasonable for
nanosecond laser pulses, but is insufficient for femtosec-
ond and picosecond pulses. Under these conditions, as we
will show, electron-phonon processes play the leading role
in transferring heat to the nanoparticle environment.

In this work, we study theoretically transient heat trans-
fer around gold-silica CSNPs illuminated by a pulsed
laser. We consider a multitemperature model, in which
each energy carrier is assigned a temperature field. Our
calculations demonstrate that, at a constant value of the
laser power, core-shell nanoparticles may heat up the sur-
rounding water faster than gold nanoparticles of the same
diameter. This effect is significant for a thin silica shell and
very short laser-pulse durations. Of prime importance is
the role of the interfacial electron substrate conductance,
which permits rapid heating of the silica shell, eventu-
ally accelerating heat transfer to water. The remainder of
this article is organized as follows. Section II introduces
the model, for which an analytical approach is developed
in Sec. III. Numerical results are presented and discussed
in Sec. IV. A summary and perspectives are given in
Sec. V.

II. MODEL

Our model is akin to a two-temperature model (TTM).
We first present the governing equations before discussing
in detail the underlying assumptions and range of validity
of this approach.

A. Governing equations

The system we investigate is a core-shell nanoparti-
cle, with metallic core and nonmetallic shell [Fig. 1(a)].
Although our description is general, we focus in particular
on the gold-silica combination, which has been investi-
gated experimentally [10]. The nanoparticle is immersed
in water and submitted to laser pulsed illumination.
Figure 1(b) recapitulates the various energy fluxes at play
during the relaxation process. The light energy is instanta-
neously absorbed by the free electrons in the metal, causing
a rapid increase in their temperature. This excess energy
is then transferred to the shell by two different channels.

6‘ Particle

FIG. 1. Heat transfer from a CSNP and a GNP heated by a
laser pulse. G is the coupling constant between electrons and
phonons in the metal. oy, 0y, 0y, and oy, are the interfacial
conductances at the electron-silica, phonon-silica, silica-water,
and phonon-water interfaces, respectively.
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The first is direct and occurs at the core-shell interface
through the electron-phonon thermal conductance o,,. The
second channel is indirect: it involves electron-phonon
energy exchange inside the core, as governed by the cou-
pling factor G, and then phonon-phonon thermal coupling
at the core-shell interface, quantified by the conductance
0. With the heat diffusing in the shell, a thermal flux pro-
portional to the phonon-water conductance oy, is induced
across the shell-water interface, allowing the energy to dif-
fuse in the infinite water reservoir. Although our focus
is on a CSNP, we use throughout the study the bare
gold nanoparticle as a reference point. The heat-transfer
channels relevant in this case are depicted in Fig. 1(c):
while electrons and phonons thermally equilibrate in
the metal, a thermal flux is induced across the metal-
water interface through the interfacial phonon-phonon
conductance oy,,,.

The thermal processes are assumed to be governed by
the following set of equations:

9T.(1)
Ce =—V.G(T, - T
Y ot ( p)
- Scaes [Te - TS‘(RC’ t)] + P(t)’ (1)
aT,(t
ccp#() =V.G(T. - T,)
- Scaps [Tp - TS(RCa t)] s (2)
aTs(r, ¢
CSL = kSVZTSs (3)
at
aT,(r,t
w% = kwvaw’ (4)

where the index m € {e,p, s, w} indicates the component
[43] and T,,, ¢, and k;, are, respectively, the temperature,
heat capacity, and thermal conductivity of component m,
the thermal boundary conductance at the interface between
component m and component # is indicated by a,,,,, 7 is the
radial distance, R., S,, and V. are the radius, surface area,
and volume of the core domain, and R = R. + d, S, and V'
are the same quantities for the entire nanoparticle, includ-
ing the shell of thickness d, whose volume Vy =V — V..
For the power P(¢) received by the electrons, we consider
for simplicity a square pulse P(f) = PO (tpu — 1), with P
the average laser power, © the Heaviside function, and 7y
the pulse duration. Note that the average power P is related
to the laser fluence F' and nanoparticle absorption cross
section oups(A) simply through P = ops(MF/ fpul, Where
0abs May be described by Mie theory [1,3] for the spherical
nanoparticles of interest here.

In addition to Eqs. (1)~(4) describing the temporal evo-
lution of temperatures, the continuity of the heat flux
across an interface implies the following boundary condi-

TABLE 1. Thermophysical parameters at 7, = 300 K for the
components of the system considered: thermal conductivity %,
heat capacity ¢, and diffusivity D = k/c.

Quantity Electron Phonon Silica Water Unit

k 320.0 3.0 137 0606 Wm!'K™!
c 0.0197 2.35 1.01 411 MIm3K™!
D 16243 1.28 136  0.15 nm? ps~!

tions at the core-shell interface » = R, and the shell-water
interface r = R:

_kSVTS(Rcat) = Ogs [Te - TS(Rcat)]

+ Ops [Tp - TS(RCst)] s (5)
_ksVTs(Ra t) = Osw [Ts(Ra t) - TW(R: t)] >
= —k, VT, (R, ). (6)

Finally, as regards initial conditions, all components are
assumed to be at room temperature 7. The equations for
the GNP can be written in a similar manner. For complete-
ness, they are given in Supplemental Material [44].

We list in Tables I and II the parameters relevant for
gold-silica CSNPs. Two comments are in order on the
value of the interfacial conductances. First, the thermal
conductance between the gold nanoparticle and water
depends on the wetting contact angle, and increases
with the hydrophilicity of the interface, as discussed in
[45—47]. Here, for the evaluation of oy, we consider
the nanoparticle-water interface to be hydrophilic. This
choice is justified by the fact that hydrophilic nanoparticle-
water interfaces are preferred experimentally to ensure
good dispersion of the nanoparticles and avoid nanopar-
ticle agglomeration, which may occur if the interface is
hydrophobic. Second, the interfacial electron-phonon cou-
pling is assumed to be local, while it has been proposed that
this coupling may extend a few angstroms in the dielec-
tric [30,36]. These latter studies demonstrate that the effect
of this spatial extension is to slightly decrease the total
thermal boundary resistance [36]. Therefore, taking into
account these nonlocal effects would only tend to acceler-
ate the heating of liquid water. However, since the exact
spatial coupling length in silica is not known, we work

TABLE II. Thermal exchange coefficients in bulk gold and at
the interfaces between the various components.

Quantity Value Unit References
G 2.5 x 1010 MWm—3 K™! [49]

05 (T) 152 MWm—2K™! [23]
05(1070) 636 e [23]

Ops 141 e [35]

Osw 150 e [5 0]

Opw 139 . [45,46,51]
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with a local electron-phonon coupling. If not otherwise
mentioned, all properties are taken at 75 = 300 K. There
are two quantities, however, for which it is essential that
the temperature dependence is taken into account. The
first is the electronic heat capacity ¢, = y T,, with y the
Sommerfeld constant of the metal [48]. For gold, y =
65.6Jm~3 K2 [23]. The second is the interfacial electron-
phonon conductance at the core-shell interface, which can
be written as

Ues(Te) :A+BT67 (7)

with the constants 4 = 96.Il MWm 2K™!
0.18 MWm—2 K2 [23].

and B =

B. Discussion

A complete treatment of the heat transfers in our sys-
tem should be based on a Boltzmann transport equation
(BTE) with rates that account for all possible scattering
channels [52,53]. However, BTE calculations are compu-
tationally demanding, in particular when different phonon
modes should be described. The method we consider here
is only approximate, but since the computational resources
required are modest, it opens the way to an efficient explo-
ration of the parameter space defined by the nanoparticle
and pulse features. As an additional benefit, the approach
is amenable to an analytical treatment, an insight that is
difficult to obtain with the BTE.

The governing equations given above define a four-
temperature model for the CSNP-water system, which
is a straightforward extension of the TTM [54,55]. The
key point of the TTM is to describe the nonequilibrium
dynamics of electrons and phonons by assuming coupled
rate equations for the different energy carriers. Predic-
tions of the TTM were partly confirmed by early experi-
mental observations of nonequilibrium between electrons
and phonons in metal with use of time-domain ther-
moreflectance as reported by Eesley [56]. The TTM is
based on a number of standard but simplifying assump-
tions. Because we apply this framework for particles of
size below 100 nm and for laser excitation of very short
timescales (down to 1 ps), it is important to discuss the
expected range of validity. We discuss in turn the three
main assumptions underlying our governing equations:

(a) Fast electron thermalization

(b) Diffusive or ballistic transport of the energy carriers

(¢) Bulk near-equilibrium values for the transport coef-
ficients.

1. Fast electron thermalization

Electron thermalization depends on the rate of both
electron-photon and electron-electron processes. The

electron-photon interactions first bring the valence elec-
trons [57] to a high-energy state [58]. The initial electron
distribution is a nascent (as-photoexcited) distribution that
differs from the Fermi-Dirac distribution frp(€, u(7,)) =
1/ exp{le — u(T,)1/ksT,} [59,60]. Indeed, at very short
timescales excited electrons are not “dressed” by electron-
electron interactions and thus they may not be viewed as
quasiparticles. Is it only after sufficient electron-electron
collisions have occurred that the electron density may
by described by a Fermi-Dirac distribution with a well-
defined local electronic temperature 7,. The correspond-
ing electron-electron scattering time 7, may be inferred
from liquid Fermi theory [61,62] and depends on the
excess energy of the electron §e = € — e with respect
to the Fermi level er: T, = 19(€r/8€)? in the random-
phase approximation [59,62], where 79 = 128/ (nzﬁa)p),
where w, is the plasma frequency. This scattering time
describes the relaxation time of an electron due to its
interaction with a reservoir of thermalized electrons. The
thermalization time of the electrons, however, is a collec-
tive phenomenon occurring on a timescale t, which may
be calculated with use of Boltzmann transport equations
of the electron-electron scattering process characterized
by the time t,. Monte Carlo simulations demonstrated
that the relaxation time t generally decreases with the
laser fluence [63]. The sensitivity of the electron relaxation
time on the laser fluence explains why early experimental
investigations, at low excitation levels, reported a nonther-
mal character of the electron distribution [59,60,64—67]. At
higher excitations, the electron cooling down is relatively
well described by the two-temperature model [63,68—70].
For the specific case of gold and for electron temper-
atures higher than 800 K, the relaxation time computed
from Monte Carlo simulations [63] is shorter than 1 ps,
and in this work we concentrate on this latter regime. For
femtosecond pulses, this implies that the incident laser
power is above a minimum value that is typically a few
watts. In those conditions, the fast electron thermalization
underlying the TTM is a reasonable approximation.

2. Diffusive or ballistic transport of the energy carriers

As demonstrated by first-principle calculations [71], the
vast majority of phonon modes in gold have a mean free
path shorter than 10 nm [72]. Because the gold nanostruc-
tures of interest here are much larger, the assumption of
diffusive transport for gold phonons is well justified (some
alternatives were proposed in Ref. [73]). In contrast, it has
been shown experimentally that the electron mean free
path § in gold is 100 nm [74—77], which is greater than
the typical size of the nanoparticle considered in this work.
In view of this quasiballistic nature of the transport, we
assume that the electronic temperature 7, is uniform all
across the metallic region [see Eq. (1)]. Furthermore, the
spatial dependence of the gold-phonon temperature is also
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ignored [see Eq. (2)], assuming in effect a flat profile. As
discussed in Appendix C, this hypothesis is numerically
validated in the nanostructures investigated. One conve-
nient implication is that the radial symmetry is conserved
at all times.

For amorphous silica, molecular-dynamics simulations
demonstrated that Fourier’s law is valid down to the
nanometer scale [78], justifying our assumption of diffu-
sive transport in the silica shell. Similarly, heat transport
in liquid water can also be modeled as diffusive. Recent
molecular-dynamics simulations [79] indeed showed that,
in the vicinity of a metallic nanoparticle, the local thermal
conductivity of water may be described by bulk water con-
ductivity, except in the immediate vicinity (2 nm) of the
nanoparticle and at very short timescales (¢ < 5 ps).

3. Bulk near-equilibrium transport coefficients

Given that the gold nanoparticles considered below
may have a radius as small as 20 nm, one may wonder
whether we should consider the electron-phonon coupling
constant of bulk gold. Early experimental investigations
aimed at determining the electron-phonon coupling con-
stant in metallic thin films [67,80—83] were prompted by
theoretical predictions of the thermal relaxation in met-
als by Allen [84]. In the case of nanoparticles, Arbouet
et al. [85] demonstrated for diameters above 10 nm that
the intrinsic electron-phonon interaction is well accounted
for by the bulk constant. This being said, we should
also discuss the fact that the electron-phonon coupling
constant G may change with the electronic temperature
T, [49,70,73,86]. This dependence starts to be signifi-
cant at high temperatures (7, > 5000 K) for gold, and in
this study we concentrate on lower-energy excitations. For
completeness, we perform TTM simulations in CSNPs tak-
ing into account the temperature dependence of both the
electron-phonon coupling constant and the electronic heat
capacity. As detailed in Appendix B, the results indicate
that these nonlinear effects have little impact in the regime
considered.

In conclusion, the TTM framework may provide a sound
description of thermal transport across gold-silica nanopar-
ticles, whose gold region has a spatial dimension larger
than 10 nm, and irradiated by laser pulses of moderately
high fluence, such that the maximal electronic temper-
ature T, is between 800 and 5000 K. For femtosecond
pulses, this corresponds typically to incident laser powers
between 2 and 100 W. Finally, since such a power is below
the threshold for water cavitation [87], we disregard all
phenomena related to mass transfer or bubble formation.

ITI. ANALYTICAL APPROACH

Here we examine by analytical means to what extent the
heat-relaxation dynamics differ for a CSNP and a GNP.
To do so, we consider the model defined by Eqgs. (1)+4),

but for tractability, we add the following approxima-
tions: (i) heat diffusion is instantaneous, implying that
the temperature is uniform within each domain and that
in particular, the shell thickness does not play any role;
(i1) all coefficients are constant; (iii) the heating of elec-
trons is instantaneous; and (iv) the water remains at initial
temperature Ty. The system of equations is now linear, and
the solution can be obtained in terms of Laplace trans-
forms with respect to time. Transformation back to the time
domain to obtain explicit expressions for the temperature
{T,,(H)} is not possible analytically in the general case but it
is straightforward to do so once parameters are given their
numerical values. Because ¢, and o,; both depend heav-
ily on temperature, we consider two limiting cases, where
they take a low value and a high value, respectively. We
use ¢.(7T) and o,,(T), with T fixed to T in case A and 107y
in case B.

The time evolution of temperatures is shown in Fig. 2,
where we compare the results with and without the
electron-silica conductance. The most-striking difference
is visible at short times. With o, the silica-shell tempera-
ture T is well above that of gold phonons 7}, and reaches
a maximum before 10 ps. Without o, Ty remains largely
below T, and the maximum is attained at a much later
time, around 100 ps. The acceleration of energy transfer
in the presence of electron-silica conductance is particu-
larly visible in the electron temperature, whose decrease is
shifted to earlier time over most of the time range. Finally,
with o, there is a time interval somewhere between 1 and
100 ps where the silica shell has the highest temperature.
Because all those features are common to cases A and
B, one can expect they are relevant in the full model as
well, which is confirmed by comparison with the numerical
results (see Fig. 5). Overall, this suggests that the analytical
solution is able to capture at least the qualitative features.

10°F = T ARALL:
s — Electrons -
= i Phonons |
<
=
10
| E
= r
g I
2
< _
5 107
o
=
(0]
=
/
-3 Ll VAR Ll
107
10" 10” 10’ 10° 10°
Time 7 (ps)
FIG. 2. Time evolution of the temperatures for the components

of a CSNP with and without interfacial electron-shell conduc-
tance (continuous and dashed lines, respectively) as predicted by
the analytical model. The initial shift in electron temperature is
unity.
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We now characterize the short-time behavior of heat
transfer. Because water is assumed to remain at temper-
ature Ty, we consider the total heat flux going out of the
particle. It increases linearly at early times:

J /AT pjn = Kt + O@F), ®)

where AT, j, is the initial shift in electron temperature. The
prefactor is found to be

127[ (RC + @2 GESGSW (9)
K =
S R[4 d/R)P - 1] e

for the core-shell nanoparticle and

oy = 422G (10)

Cp
for the gold nanoparticle. Except for the smallest particles
with R < 15 nm, the k., /Ky ratio computed for parti-
cles of the same total radius R = R, + d is approximately
2 in case A and approximately 10 in case B. The heat flux
at early times is thus significantly enhanced with core-shell
nanoparticles. The thin-shell limit € = d/R. — 0 is the
most interesting and leads to a very-compact expression
for the ratio,

K

CSNP __ CpOesTsw <l — 1) + O(e), (11)

K np Gegopy \ €

which is independent of radius, and where the numeri-
cal prefactor is 0.38 in case A and 1.6 in case B. In the
latter case, an order-of-magnitude enhancement in flux is
expected for the typical value € ~ 0.1, suggesting that a
thin-shell CSNP is clearly to be preferred over a GNP.

One way to quantify the relaxation rate of heat trans-
fer is to consider the time required to heat up the water
in the vicinity of the particle. Accordingly, we propose
an estimate for the time 7 needed to reach temperature
Ty + AT, in a water layer of thickness 4. We assume that
the heat released by the particle, as estimated by integra-
tion of Eq. (8), serves only to heat up homogeneously the
water layer, without diffusing further, giving

T2 AT, ; 4
% - ATwchn [R+1)*—R]. (12)
K

For h=2 nm, we get 7., =66\/AT,/AT.;, and

AT, /AT, ;, psincases A and B respectively. This line
of reasoning is applicable only if the time 4?/D,, = 26 ps
needed for heat diffusion in water over a distance /4 is com-
parable to 7 g, Which is the case as long as AT,,/AT,;,

remains below unity.

A very-compact expression for 7., is obtained if we
take again the thin-shell limit and expand this time at

lowest order in 4/R.:

_ dcg he,, AT,
= [— , 13
tCSNP O¢s Ogy AT, e,in ( )

where one recognizes the geometrical average of the two
relaxation times associated with interfacial conductance
oes and oy,. Numerically, 7., =43\/AT,/AT.;, and
AT, /AT, ps in cases A and B, respectively. With
AT,y =~ 103 and AT, in the range from 1 to 100 K, Tegnp
falls in the range from 0.6 to 13 ps, which is close to the
heating time found numerically below, at least for inter-
mediate and high laser powers. In the low-power regime,
near the threshold, heat presumably has time to diffuse in
water [87], and Eq. (13) is not expected to apply. Finally,
we can compare T, for the core-shell and gold nanopar-
ticles. From Egs. (9), (10), and (12), one sees that the ratio
Tonp/ Tesnp 18 controlled by | /iy /K ognp - AS seen in Fig. 3,
the enhancement is more pronounced for thin shells. For a
typical case where R = 45 nm and d = 5 nm, for cases A
and B one gets T, /Tosp = 1.6 and 3.3, respectively.

To conclude this section, our analytical approach sug-
gests that compared with GNPs, CSNPs with thin shells
may induce heat transfer that is 2 or 3 times faster. As
we show in Appendix A, the presence of a silica shell
may also decrease the longest relaxation time in the sys-
tem. To probe the intermediate regime, which is most

Tonn/ T,
10 GNP CSNP
I 10
g 8
C) c
= o 8
@ 6 L
2 ]
.‘Aé &6
= 4
G 4
<
%)
2
2
0 10 20 30 40 50 0
Total radius R (nm)
FIG. 3. Ratio of relaxation times T, /7., for a CSNP and

a GNP as a function of the total radius R and shell thickness d
for case B. The result for case A is quite similar, with values
typically twice as small.
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relevant to applications, and obtain a complete picture, tak-  total radius of the particle is R =45 nm, the silica
ing into account nonlinearities, we now turn to numerical ~ shell has thickness d = 5 nm, and laser-pulse duration is
resolution. tou = 10fs.

IV. NUMERICAL RESULTS AND DISCUSSION A. CSNP versus GNP

We present in this section our numerical results on the Figure 4(a) shows the heating time 7 needed to reach

heat transfer around illuminated nanoparticles, with focus @ desired temperature shift AT,, ranging from 1 to 50 K.
on the comparison between a CSNP and a GNP. The sim- We first note that t is defined only if the laser power is
ulation method is based on a finite-difference scheme. In  above a threshold value Py, which is proportional to the
contrast to the analytical treatment in Sec. III, where only ~ temperature shift. As can be expected, the heating time
the short-time and long-time behaviors were accessible, 18 a decreasing function of the laser power, with a steep
we now have access to the entire relaxation process and  drop in the vicinity of the threshold. Our main observation
we can assess the heating efficiency with criteria that are 18 that, away from the threshold, the CSNP heats up the
tailored to a specific application. For a broad range of pho- ~ Water faster than the GNP. The trend is most pronounced
tothermal applications, the primary goal is to heat up the  at a highheating level. For instance, with AT, = 50 K and
immediate vicinity of the particle so as to transfer heat  laser power P = 50 W, the heating time is almost twice as
to the environment. This is true not only for photoacous-  short as with a CSNP. The decrease of the heating time
tics [10] but also for photothermal bubble generation [88]. due to the presence of a silica shell is of the same order
Therefore, we choose as our central quantity the heating ~ ©of magnitude as reported experimentally [22]. The differ-
time 7 needed to reach a given temperature Ty + AT, ata  €nce in the heating time between the two types of particles

distance 4 from the surface of the nanoparticle. Through- ~ Vvanishes at a low heating level: for 7 = 50 W, it is only
out the study, we fix # = 2 nm, whereas AT, is variedina 5% at AT,, = 1K. This trend can be understood if we
large range. recall that the interfacial electron-silica conductance o,
As a complementary measure of efficiency, we also depends heavily on temperature, as specified in Eq. (7).
consider the ratio As detailed below, the enhancement of heat transfer is thus
more significant at high temperature.
Ey(7) Core-shell and gold nanoparticles also differ in their effi-
n=—-——-7-, (14) . g o
Elaser () ciency, as seen in Fig. 4(b). Strikingly, except for laser

powers very close to the threshold, the CSNPs always per-

where E,(¢) is the energy stored in water within a distance ~ form better. For instance, with laser power P = 50 W and
h from the particle surface and Ej (¢) is the total energy AT, = 1K, there is more than a twofold difference in effi-
supplied by the laser; both quantities are time dependent,  ciency, with n = 1.2% and 0.5% for CSNPs and GNPs,
and we consider their ratio at time 7 when the desired  respectively. Whatever the temperature shift, the efficiency
temperature shift AT, is reached. never exceeds 10% and is only a fraction of a percent at
Our default parameters are as follows. The initial tem-  the highest power laser. In this case, most of the energy
perature is 7y = 300 K. If not otherwise mentioned, the = brought by the laser pulse either diffuses away or is stored

(a)' T T T ] (b) T T T T T
I | 10 . . ]
L S ]
2, _
E10F S .
“ ~ '..
) = \
£ & R
=) 2
=R =
T 10F =L AT, =50K
F — AT,,=25K
— AT,,=10K
— AT,,=1K .
Ll A | |
10 1 10° 10' 10°
Laser power P (W) Laser power P (W)

FIG. 4. Heating time 7 (left) and efficiency 7 (right) as a function of laser power P for various temperature shifts A7), of the water
shell. Results are included for a CSNP (solid lines) and a GNP (dotted lines). In both cases, the total radius is R = 45 nm. The dashed
gray lines show the heating time for a CSNP when the electron-silica channel is disabled (o.; = 0) for AT,, = 1 K (left curve) and
AT, = 50 K (right curve). Vertical lines indicate the threshold power Py,.

034036-7



ALKURDI, LOMBARD, DETCHEVERRY, and MERABIA

PHYS. REV. APPLIED 13, 034036 (2020)

@) —— T —— (b) e e —mrrrey
ST T T T : § Witho ] m—————— — Electrons
F : : “ 1 10 Phonons 3
r : : Without o, 1 o ]
3 : : “ — Silica ]
6l i ]
[\‘O . B F‘O 4
= T 1 = 0
7,0 Gold Silica Water ] & 0E 3
Electrons /\ ] L |
2+ 5 5 -
; . . 1 0E E
[ : ; | F / ]
ol e SN ! A R A Cl C
35 40 45 50 55 107 10° 10" 10°
Radial distance r (nm) Time 7 (ps)

FIG. 5.

Temperature within a CSNP with and without electron-silica conductance o, (continuous and dashed lines, respectively).

(a) Local temperature for each domain at time # = 10 ps. The laser power is P = 13.9 W, close to the threshold. (b) Time evolution of

the mean temperature of each component.

in the nanoparticle. Because the heating time is minimum
well above the threshold, whereas the efficiency is max-
imum near the threshold, an optimal value of the laser
power should exist if the two criteria are to be optimized
simultaneously.

B. Role of the interfacial electron-silica conductance

CSNPs may heat up the neighboring water shell faster
and more efficiently than GNPs. If however, the electron-
silica coupling is disabled (o,; = 0), this conclusion no
longer holds, as illustrated in Fig. 4(a) by the dashed lines.
The heating time will become longer for CSNPs. To bet-
ter appreciate the effect of o, on the heating dynamics,
we plot in Fig. 5 the temperature profile within the CSNP
and its time evolution with and without o.,. Whereas the
phonon temperature is rather insensitive to the presence
of this channel, both the electron temperature and the sil-
ica temperature are strongly affected. For instance, at time
t = 10 ps shown in Fig. 5(a), the electron temperature is

4 times lower, whereas the silica temperature is higher
by an order of magnitude. Surprisingly, the silica compo-
nent can be the hottest component in the system. The time
evolutions of the different temperatures in the system are
shown in Fig. 5(b). The electrons are the first to reach their
maximum temperature at the end of the illumination by the
laser power (not shown). Around a time of 1 ps, the silica
in turn reaches a maximum at 7, >~ 1800 K, well above the
phonon temperature at this stage, a phenomenon already
noticed with the analytical model. The picture is com-
pletely modified without o,;. The maximum silica temper-
ature is much lower (7 ~ 450 K) and occurs at a much
later time (10? ps). Thus, the acceleration of the energy
transfer that was already present in the simplified analyti-
cal model is fully confirmed by the numerical results.

C. Influence of particle size and shell thickness

The ability of a particle to store energy is related to its
geometrical and thermophysical parameters, notably the

(@ ¢ o T (b) |
H d =20 nm
d=15nm
—_ d=10nm —_
B d=5nm A0tk
= 102k F
Q 107¢ ;
E | £
20 o0
5 R
s N e <
[ R e P Q
= TS e T
o 10°F
10 F [
101 L L L IR T ‘1(1)2 L 161 " (1)2
Laser power P (W) Laser power P (W)

FIG. 6.

Influence of geometrical properties of a CSNP on the heating time. (a) The shell thickness d is varied while the core radius

R. = 40 nm is maintained. (b) The total radius R is varied while the shell thickness d = 5 nm is maintained. The temperature shift
AT, = 50K. The dotted lines indicate the results for a GNP of the same total radius.
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FIG. 7.

Influence of the laser-pulse duration on the heating time: (a) fpu = 10 ps; (b) #,u = 10 ns. The water-temperature shift is

AT, Results for a CSNP and a GNP are shown in continuous and dashed lines, respectively. Here R, = 40 nm and d = 5 nm.

thermal diffusivity D and heat capacity ¢, which are fixed
once materials are chosen. On the other hand, both the size
of the metallic core and the thickness of the silica shell can
be tailored at will. In what follows, we investigate their
influence on the energy transfer.

Figure 6 illustrates the effect of changing the shell thick-
ness d. Here the gold core radius is fixed to R, = 40 nm,
and the shell thickness increases from 5 to 20 nm. The tem-
perature shift is AT,, = 50 K. For comparison, the heating
time for a GNP with the same total radius R = R. + d is
also reported. A feature common to both types of particles
when the size is increased is the shift in the threshold laser
power, which reflects the fact that for larger particles more
energy is needed to reach the same heating level in the
surrounding water shell. Above the threshold, CSNPs and
GNPs display different behaviors. When the laser power
P exceeds 100 W, the heating time of GNPs varies only
slightly with their size. In contrast, the heating time of
CSNPs increases considerably with shell thickness. Such
a trend can be expected since the thermal conductivity of
silica is low compared with that of a metal, and heat trans-
fer is strongly limited by heat diffusion in the silica shell
(see Ref. [44] for an illustration). As a result, a CSNP with
the thickest shell d = 20 nm yields a heating time that is
almost an order of magnitude longer than that of a GNP
of equal radius, whereas the thinnest shell leads to a relax-
ation that is still faster. It is thus clear that thin shells favor
fast heat relaxation.

The core particle size can also impact the heating per-
formance. Fixing the silica shell thickness at d =5 nm,
we vary the core radius from 20 to 50 nm. The heating
time is shown in Fig. 6(b) and appears to decrease with
the core size. It is found that small core-shell particles are
beneficial in two ways. First, the heating time decreases
with the nanoparticle size. Second, CSNPs perform better
then GNPs due to the interfacial electron-phonon coupling.
If one seeks fast heating in the water shell, the optimal

nanoparticle appears to be a small CSNP with a thin
shell.

D. Influence of pulse duration

The results so far are for a laser pulse of duration 10 fs.
In this subsection, we investigate how the dynamics of heat
transfer is affected by a much longer pulse, in the picosec-
ond or nanosecond range. Although the mechanisms are
the same, the heating time and threshold power exhibit
drastic changes.

The heating time for pulse duration #,,; = 10 ps is shown
in Fig. 7(a) [89]. In comparison with the short-pulse results
shown in Fig. 4, the typical values for T are similar but the
threshold power decreases by 3 orders of magnitude. For
instance, for AT,, = 50 K, we have Py = 0.014 W rather
than 14 W previously. This trend continues for much-
longer pulses. The heating time for laser-pulse duration
foul = 10 ns is shown in Fig. 7(b). The threshold powers
now fall in the range from 10~ to 10~® W depending on
the temperature. Choosing again AT,, = 50 K, one sees
that Py, drops one more time by more than 2 orders of mag-
nitude, now reaching Py, ~ 4 x 107> W. The heating time
now extends over a much larger range, up to 10* ps. In
the vicinity of the threshold, the heating time is typically
on the order of the pulse duration, implying that all the
laser energy is needed before the heating criterion can be
fulfilled.

A remarkable observation here is that for the longest
pulse duration, the heating time of the CSNP and the GNP
are almost the same in most of the laser-power range,
except for the highest values P > 10=2 W. This applies
whatever the desired temperature shift. To understand this
result, we first note that the typical time for the thermal
energy to diffuse within the silica shell is d?/D; ~ 18 ps,
which is much less than the pulse duration #,, = 10 ns.
Therefore, the heat transfer is not limited by equilibration
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within the silica domain. To gain further insight, we look
at the temperature evolution within a CSNP and a GNP
(see Fig. S2 in Ref. [44]). Except for the very early time
before 1 ps, the electron, phonon, and water temperatures
are identical in the two types of particles. Thus, in contrast
to short pulses, for which the temperatures of the three
particles are far from equilibrated, long laser pulses leave
sufficient time for thermalization of the different compo-
nents within the particle. The heat relaxation is then limited
by the transfer to water and diffusion therein. Given that the
gold-water conductance and silica-water conductance have
similar values (see Table II), one can expect very similar
dynamics for the CSNP and the GNP.

V. CONCLUSION

To summarize, we present a complete study of heat
transfer around illuminated gold-silica core-shell nanopar-
ticles immersed in water. We describe the energy transfer
by analyzing a simplified model and then solving numer-
ically the heat-transfer equations. Our model takes into
account the thermal boundary conductance at the particle-
water and core-shell interfaces, and highlights the role of
the interfacial electron-phonon coupling. Throughout the
study, we compare results for a CSNP and a GNP of the
same size. To assess the heating dynamics, we chose as
a quantitative criterion the time needed to increase the
temperature of a thin narrow shell of water surround-
ing the particle. Our results show that in many situations
the CSNPs enable heat transfer that is faster than that
enabled by GNPs. We identify optimal conditions to min-
imize the heating time: a short laser pulse and a thin silica
layer.

We focus exclusively on silica-coated gold nanopar-
ticles, but it is worth discussing whether our approach
and conclusions may extend to other systems. The effect
that we outline here relies on the interfacial electron-
phonon coupling o,s. This coefficient has been measured
experimentally for gold-dielectric interfaces [23,24,90] but
remains essentially unknown for other metals. Therefore, it
would be extremely valuable to obtain from time-domain
thermoreflectance or first-principles calculations, the inter-
facial conductance for other metals. A further question
is to ascertain whether the assumptions inherent to the
TTM framework still apply in the case of other systems.
Several clues are already available. First, we note that
gold has a relatively long electron thermalization time as
compared with other metals, as shown by Boltzmann trans-
port calculations [63]. Second, gold has a rather small
electron mean free path [74]. Finally, first-principles cal-
culations demonstrate that for gold, aluminum, and silver,
the distribution of phonon mean free paths essentially
vanishes above 10 nm. Therefore, we conclude that for
metals other than gold, our TTM treatment should hold

under comparable and possibly broader conditions of laser
heating.

Our analysis may help in interpreting two types
of experimental investigations. The first involves time-
resolved spectroscopy experiments [22], which showed
that gold-silica core-shell nanoparticles in water display
faster heat dissipation than gold nanoparticles. Second, our
analysis confirms the scenario put forward in recent pho-
toacoustic studies [10,21] that interpreted the enhanced
photoacoustic signal displayed by gold-silica nanoparticles
as stemming from the increased efficiency of heat transfer
to the environment due to the presence of a silica shell.
As we show in this study, the key process here is the cou-
pling between the metal electrons and silica phonons. If
the silica shell is thin enough, the mechanism may offer
optimized conditions for heat transfer from the gold core
to the nanoparticle environment. The nonlinear photoa-
coustic response of CSNPs may be analyzed either by
the analytical approach of Calasso et al. [91] in the lin-
ear regime or by solving the finite-difference time-domain
numerical scheme of Prost ef al. [11]. The frontier between
the linear and nonlinear regimes corresponds to laser flu-
ence F ~ 7 mJ/cm?, which for CSNPs irradiated by fem-
tosecond laser pulses with a wavelength in the vicinity
of the surface plasmon resonance corresponds to power
P ~ 20 W. Note that a recent study solved photoacoustic
equation for silica-coated nanoparticles based on a Fourier
heat-conduction model [42]. However, that work does not
treat electron-phonon coupling processes, and addresses
mainly long laser pulses (in the nanosecond range). In
contrast, our study demonstrates that for femtosecond and
picosecond laser pulses, electron-phonon couplings can
not be ignored and yield an enhanced thermal response
of the nanoparticle environment. This provides motivation
for a full determination of the photoacoustic response of
CSNPs following pulsed irradiation taking into account
thermal diffusion and coupling between all the energy
carriers.

This study has implications on both the applied side
and the fundamental side. First, it calls for the experi-
mental or theoretical determination of the electron-phonon
conductance of different combinations of metal-dielectric
interfaces. Of special interest will be interfaces displaying
high thermal coupling. Enhancing locally heat transfer is
important for a broad array of applications, among which
photoacoustic generation may be the most-illustrative
example [10,11]. Here, the simplest type of a core-shell
nanoparticle is envisaged, but clearly interfacial electron-
phonon couplings should play a major role in a wide class
of heterogeneous particles, including concentrated core-
shell multilayers [18,92]. Combining the optical response
of these structures with heat transfer mediated by the dif-
ferent channels opens an avenue for the optimization of
photothermal energy conversion based on metal-dielectric
multilayer nanostructures.
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APPENDIX A: LONGEST RELAXATION TIME IN
THE THEORETICAL MODEL

Because the water temperature is assumed to remain at
its initial value T, the long-time behavior is exponential
and involves a relaxation time that we characterize in this
section. Skipping the derivation, one gets for the core-shell
nanoparticle

1 GR.(c. + cp) + 3c.0ps
T =—
NP 3 GRC(GGS + Ups) + 3Ues0ps
Ve(ce + ¢p) + Vies

Al
e R (XD
which includes the two limiting cases
VC e VS )
G —> 00, = LG DIEIE )
Sasw
e RC e A
Oy —> 0, f0=C_+M+Too- (A3)
G 305

Here 7, is the relaxation time for a core-shell nanoparticle
where all components (gold electrons and phonons, silica
phonons) would be equilibrated at the same temperature.
c./G is a typical time for equilibration between electrons
and phonons. The second term on the right-hand-side of
Eq. (A3) is the typical relaxation time for the ensemble
of electrons and phonons, assuming they have the same
temperature. To assess the effect of the electron-silica con-
ductance, the relaxation time 7, is plotted as a function
of o, in Fig. 8. Whatever the value chosen for c,, the
trend is similar. After taking a constant value at low o,
the relaxation time decreases to another plateau, which is
approximately 2 times lower. The two values considered in
cases A and B fall around the upper end of the range from
107 to —10° MW m2K~! over which the drop occurs.
Thus, as previously found with other criteria, one also sees
in the long-time behavior that ignoring the electron-silica
conductance would significantly slow down the relaxation
in the system.

To compare the cases of core-shell and gold nanoparti-
cles, we compute the longest relaxation time for the latter
and find

R(ce +¢p)
30pw

A Ce

o = : (A4)

where one can recognize the sum of the electron-phonon
equilibration time and the relaxation time for a bare
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FIG.8. Relaxation time 7., as a function of o for c, fixed at

c.(Tp) and ¢.(107)) (bottom and top curves, respectively).

nanoparticle where the electron and phonon are equili-
brated. This latter equation generalizes the equation rul-
ing the heat dissipation time of a bare nanoparticle with
Kapitza resistance [93], the latter time being obtained in
the limit G — oo and ¢, — 0.

Introducing the ratio of relaxation times & = 7, /Tequp
for core-shell and bare particles of the same size R. + d =
R, we find that the core-shell nanoparticles are more advan-
tageous (¢ > 1) for a small size and thicker silica shells. At
this point, one should remember that our theoretical model
assumes infinitely fast diffusion in the silica shell, implying
that it is valid only for small shell thickness d. An ad hoc
but simple way to account for diffusion is to add to T,
the typical time for diffusion in the silica shell, @/ D. This
is done in Fig. 9, which shows & as a function of the total
radius and shell thickness. As expected, the optimal shell
thickness is now finite. For instance, it is around 6 nm for a
particle of total radius 45 nm. The enhancement is weaker
in this case, with & mostly less than 1.5.

APPENDIX B: EFFECT OF NONLINEAR
TEMPERATURE DEPENDENCE OF THE
ELECTRON-PHONON COUPLING CONSTANT G
AND ELECTRONIC HEAT CAPACITY c,

Throughout our study, we use for the electron-phonon
coupling constant G and the electronic heat capacity c, the
values close to equilibrium. Under these conditions, G is
constant, while ¢, = y T, increases with the electron tem-
perature, y being the Sommerfeld constant. For electronic
temperatures higher than approximately 4000 K for gold,
interband transitions start to play a role, and both G and
¢, deviate from their nearequilibrium values and become
nonlinear functions of 7,, as shown by first-principles ab
initio calculations [49]. As seen in Fig. 10, the deviations
from the near-equilibrium predictions for G and ¢, occur
above electronic temperature 7, > 3000 K.
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FIG. 9. Ratio of the longest relaxation time for a CSNP and
a GNP as a function of total radius R and shell thickness d in
case B. Here the diffusion in the silica shell is accounted for in a
approximate manner (see the text).

To assess the effect of such nonlinearities on the CSNP
heating kinetics, we show in Fig. 11 the heating time as
a function of the laser power when we take into account
or do not take into account the nonlinearities of both G
and c,. It is clear that below 100 W, the nonlinearities
do not play a significant role, and the linear model used
above provides an acceptable description of the heating
of the CSNP. Beyond 100 W, a departure from the lin-
ear model may be seen, but it should be noted that when
o.s 7 0, the deviations are limited to 15%. It should also be
noted that above 100 W we use a value of o,, extrapolated
from its low-T, behavior, as we have no information on
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FIG. 10. Electron-phonon coupling G (left) and electronic heat
capacity c, (right) of bulk gold as a function of the electronic
temperature. The results of first-principles ab initio calcula-
tions (circles) are compared with the near-equilibrium coupling
constant and the Sommerfeld heat capacity (lines).
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FIG. 11. Heating time to reach AT,, = 25 K in two cases: con-

stant G and Sommerfeld heat capacity ¢, (black) versus ab initio
values (orange). Dashed curves correspond to the case o, = 0,
while continuous curves are the results with nonzero o,;. The
nanoparticle considered here is a CSNP with R, = 40 nm and
d = 5 nm irradiated by a femtosecond laser pulse.

the electron-phonon cross-coupling at electronic temper-
atures 7, > 3000 K. Exploring the heating kinetics of the
CSNP in this regime would require the experimental deter-
mination of o,, under conditions of strong electron-phonon
nonequilibrium.

APPENDIX C: EFFECT OF FINITE DIFFUSION IN
THE METAL

The model described by Egs. (1)~(4) assumes that the
diffusion of heat carriers in the metal is infinitely fast. The
underlying reason is the high thermal conductivity of the
gold free electrons (see Table I), suggesting that the tem-
peratures in the metal can be approximated as uniform.
While this is a good approximation for electrons, it might

100 T T T
— Infinite transport
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FIG.12. Heatingtime toreach AT,, = 1 and 50 K assuming for
metal phonons instantaneous transport (lines) or finite diffusion
(circles). The nanoparticle considered here is a CSNP with R, =
40 nm and d = 5 nm.
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not be the case for phonons, since their thermal diffusiv-
ity D, is much smaller. Their diffusion time over a typical
length of 40 nm is 1250 ps, which is 2 orders of magni-
tude greater than that for electrons. We check how heat
transfers are affected when the diffusion of phonons in the
metal is finite. As demonstrated in Fig. 12, the heating
times are exactly the same with infinite transport or finite
diffusion of phonons inside the metal. This indicates that
our approximation is legitimate.
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