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ABSTRACT

Single-particle optical spectroscopy methods have enabled quantitative investigations of the optical,
electronic and vibrational responses of nano-objects in the recent years. In this work, single-particle
pump-probe optical spectroscopy was exploited to investigate the cooling dynamics of individual gold
nanodisks supported on a sapphire substrate. The measured time-resolved signals are shown to
directly reflect the temporal evolution of the nanodisk temperature following its sudden excitation.
The single-particle character of the experiments enables a quantitative analysis of the amplitudes of
the measured time-resolved signals, allowing to rationalize their large probe wavelength-dependence.
The measured cooling kinetics mainly depends on nanodisk thickness and to a much lesser extent on
diameter, in agreement with numerical simulations based on Fourier law of heat diffusion, also
accounting for the presence of a thermal resistance at the interface between the nanodisks and their
substrate. For the explored diameter range (60-190 nm), the nanodisk cooling rate is limited by heat
transfer at the gold-sapphire interface, whose thermal conductance can be estimated for each

investigated nanodisk.
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resistance, thermoplasmonics



INTRODUCTION

A detailed understanding of nanoscale heat transfer is required in many technologies. It is for
instance essential to manage the crucial problem of heat dissipation from nanoscale components in
nanoelectronics, to create nanostructured materials with good thermoelectric properties and to
maximize the efficiency of nanoparticle-based photothermal therapies.t™ Nanoscale heat transfer
fundamentally differs from that at macroscopic scale for two major reasons. First, the thermal
resistances limiting heat transfer at interfaces (“Kapitza resistances”>®) play a much greater role in the
former case, and rule the cooling rate of small nanostructures.”*® Second, Fourier law of heat
conduction, which assumes a diffusive motion of heat carriers, ceases to be applicable to describe heat
propagation over distances smaller than their characteristic mean free paths (ballistic regime)**'? and
in situations where the causality relation between the temperature gradient and heat flux becomes

manifest (hydrodynamic regime).t>14

A lot of the current understanding of nanoscale heat transfer has been obtained using non-
contact optical pump-probe techniques. The main idea of this approach consists in investigating the
dissipation of the energy injected by a pump light beam in a sample by monitoring the induced
modifications of the sample optical properties, e.g. by measuring the transmission or reflection of a
probe beam. This general strategy can be implemented in various ways, differing by the types of light
sources, spectroscopy methods and samples used. For instance, pump-probe techniques can work

1516 (modulating pump power, the use of continuous beams being

either in the frequency domain
possible in this case) or time domain!’ (using time-delayed pump and probe pulses, which can be
spatially overlapped or separated), and can be applied to both bulk and nanostructured materials,

provided that they are partly absorbing.8°

Time-resolved experiments involving absorbing nanostructures (playing the role of both
heaters and thermometers) dispersed in a dielectric environment are particularly interesting to study
nanoscale heat transfer. Indeed, the sizes of the heated volumes correspond in this case to those of
the absorbing nano-objects (which can be of the order of a few or a few tens of nm), rather than that
of the pump beam, whose lateral size is limited by diffraction to about half of its wavelength, i.e. a few
hundreds of nm (and which constitutes the relevant length scale for heating of bulk materials and thin
films). This approach has for instance been used to measure the thermal conductances at the interface
between metal nanoparticles and their environment, and to investigate the dependence of these
conductances on composition of nanoparticles, environment and interfaces (e.g., nature and length of
surfactant molecules).”?>2 The relation between the measured time-resolved optical signals and the

thermal kinetics in the nanoparticles and their local environment has also been recently modeled, 24



allowing more precise estimations of interface conductances in cases where environment heating
significantly influences time-resolved signals. Additionally, some time-resolved experiments
performed on arrays of metal nanowires patterned on crystalline substrates with high phonon mean
free paths (e.g. sapphire and silicon) have demonstrated the failure of Fourier law at the

nanoscale.'>26-%°

All the studies mentioned above were performed on ensembles of nanostructures. The signals
measured in these investigations thus represent an average over nanostructures affected by an
unavoidable dispersion of their morphology and thermal contact with the environment. This approach
makes analysis of the amplitude of time-resolved signals extremely challenging, as it would require to
precisely know the density of the nanoparticles and their size dispersion, and to take into account the
different efficiencies with which their heating is generated and probed (due to their different locations
in the non-uniform pump and probe beams, and to the dispersion of their optical responses resulting
from their morphological differences). Single-particle methods, which have already been applied to

3336 of metal

study the linear optical response,®®3! internal thermalization3? and acoustic vibrations
nano-objects, constitute an ideal way to overcome these limitations. In this work, we apply single-
particle time-resolved spectroscopy to the study of the cooling dynamics of individual metal
nanoparticles: gold nanodisks (NDs) supported on sapphire. We report quantitative investigations of
the sensitivity of the measured signals to ND heating, by measuring the proportionality factor between
optical cross-section changes and nanoparticle temperature rise. This sensitivity is shown to strongly
depend on the probe wavelength used, in agreement with the results of previous thermo-optical
models.?>? By performing experiments on a large number of individual NDs with different diameters
and thicknesses, we also characterize the size-dependence of ND cooling dynamics. Finite-element
modeling (FEM) was used to demonstrate that ND cooling dynamics are essentially determined by the

thermal resistance at the gold-sapphire interface, whose value can be determined by comparison

between the measured and simulated signals.

EXPERIMENTAL AND THEORETICAL METHODS

Nanodisk fabrication and morphological characterization. Gold NDs with a diameter spanning
the D = 60-190 nm range were nanopatterned by a combination of electron beam lithography, Au
thermal evaporation and lift-off techniques on the optically polished surface of a 480 um thick (0001)
a-Al,0s single crystal sapphire substrate.?®3” A large (10 um) separation between adjacent NDs was

chosen so as to allow optical investigation of a single ND and to avoid optical and thermal inter-ND



coupling effects. Atomic force and scanning electron microscopy characterizations of the NDs were

performed to estimate the thicknesses and diameters of the produced NDs, respectively.

Spatial modulation microscopy/spectroscopy. Localization and linear optical characterization
of individual NDs were performed by spatial modulation spectroscopy (SMS).® This
microscopy/spectroscopy far-field optical technique is based on the periodic displacement of a single
nano-object in the focal spot of a tightly focused light beam, which induces a modulation of the
transmitted light power (Fig. 1a). The measured signal being related to the extinction cross-section Oex
of the investigated nano-object via accessible experimental parameters (size of the illuminating spot
and amplitude of the spatial modulation), SMS enables cex to be quantitatively determined as a
function of the illumination wavelength A and light polarization angle 6. SMS experiments were
performed using a tunable Ti:sapphire oscillator combined with a visible optical parametric oscillator
and a frequency-doubling BBO crystal as a light source, allowing optical studies in the 375-1040 nm
wavelength range. The light beam delivered by this source was focused on the sample by a 100X
microscope objective, the direction of its linear polarization being controlled by a wire grid polarizer.
The size of the laser spot at the sample surface, close to the diffraction limit (about 0.7 A full-width at
half-maximum), was precisely determined by two-dimensional fitting of the SMS images of small NDs
obtained using a translation stage. Spatial modulation of the sample was performed at f = 1.5 kHz
frequency with 300 nm modulation amplitude and lock-in detection at 2f. Quasi-circular NDs were

identified from the weak dependence of their extinction on 6.’

Time-resolved experiments. The ultrafast dynamics of individual NDs were monitored using

3239 an approach based on the illumination of

single-particle femtosecond pump-probe spectroscopy,
the investigated nanoparticle with two spatially overlapping, tightly focused and time-delayed
femtosecond light pulses, referred to as pump and probe (Fig. 1c). Time-resolved measurements on
individual NDs were performed by combining the SMS microscope with a two-color pump-probe setup
based on the femtosecond laser source described in the previous paragraph, delivering ~150 fs pulses.
The oscillator pulse train was split in two parts to generate the pump and probe beams. The pump
beam was produced using second harmonic generation (yielding Ay, in the 375-510 nm range), while
the probe beam was either the signal from the Ti:sapphire oscillator (with A,=690-1040 nm in this
case) or the output of the optical parametric oscillator (A,=500-730 nm). A mechanical chopper
operating at 30 kHz was used to modulate the pump power. The pump-induced relative changes of
probe beam transmission, ATr/Tr, were measured using synchronous detection as a function of the
time interval separating pump and probe pulses, controlled by a mechanical delay line. This raw

measured signal is directly related to the transient changes of the extinction cross-section Gext(Apr) of

the investigated nano-object at probe wavelength A, via ATr/Tr= -AGext (Apr)/Spr, With Sp=Tdrwim?/(4
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In2) the area of the probe spot and drwnwm its full width at half maximum.3? As S, is an experimentally
accessible parameter, these experiments provide access to the ultrafast variations of AGex as a
function of the pump-probe delay. Frequent optical realignments were performed so as to maintain

the pump and probe beams centered on the investigated ND.

Optical simulations. Modeling of the ND plasmonic response was performed by FEM, using
the RF module of the COMSOL commercial software. Gold NDs were described as circular cylinders
characterized by their height h and diameter D. Their inhomogeneous environment resulting from the
fact that they are supported on a sapphire substrate was explicitly included in the model, refractive
indexes of 1.76 and 1 being used for the sapphire substrate and the above medium, respectively. A
perfectly matched layer was used around the simulation domain to avoid spurious finite-size effects.
Gold dielectric function € was modeled based on Johnson and Christy tables of bulk gold dielectric
function €¢%° (the most common choice in the literature although other tables are available***?). € was
written as &(w)=€"“(w)+wy/ (0 wHiYo))-t*/(w(wHiy)), which corresponds to describing the dielectric
response of gold conduction electrons by a Drude term® involving the bulk gold plasma frequency we
(Awe = 9.01 eV) and an optical scattering rate y of the conduction electrons larger than that of bulk
gold (Ayo= 50 meV).>” ND illumination by a linearly polarized plane wave was considered. Absorption
and scattering cross-sections were deduced from the computed electric field and summed to yield the
extinction one. Simulations were performed for different D and h values until a good agreement with
the investigated experimental spectrum was reached, as shown in Fig. 1a. The 00ext/0€1 and 00ex/0€>
partial derivatives (Fig. 1b) were deduced from the calculations leading to an optimal reproduction of
experimental spectra by first reproducing them with slightly modified €, or & values and then
performing discrete derivation.

Cooling dynamics simulations. The cooling dynamics of gold NDs were modeled using the Heat
Transfer module of COMSOL. Gold NDs were described as perfect cylinders. The sapphire substrate
was explicitly included in the simulations as a half-sphere of 1 um radius (large enough to ensure that
the choice of boundary conditions at its external border does not influence the computed dynamics).
Gold and sapphire were described using their bulk thermal parameters, i.e. ca,= 2.5 J.cm3.K? and
canos=3.1 J.cm3.K! volumetric heat capacities, and Aa,=317 W.m™1.K?* and Aai0s=25 W.m.K* thermal
conductivities (note that the small temperature excursions in our experiments make unnecessary to
consider their temperature-dependence). Perfect contact and finite thermal conductance G were
assumed at their interface. Simulations were performed in the time domain with a 10 ps time step, the

axial symmetry of the system being exploited to reduce computational costs. A ATy initial temperature



rise was defined in the ND. ND temperature was seen to remain quasi-uniform throughout the cooling

process, as expected from a Bi = hG/Aa,<<1 Biot number.

RESULTS AND DISCUSSION

Two samples of sapphire-supported Gold NDs with different ND thicknesses (h=18 and 40 nm,
with ND diameters ranging from 60 to 190 nm in both cases) were made. The extinction spectra of the
investigated single NDs were determined using SMS (Fig. 1a).3%% As discussed in detail in a recent
paper,¥ combination of SMS measurements with numerical modeling of ND optical response
constitutes a powerful tool for the morphological characterization of single NDs, especially since their
electron microscopy imaging is challenging (large substrate thickness preventing the use of
transmission electron microscopy and substrate charging degrading the resolution of scanning
electron microscopy images). On the one hand, polarization-dependent extinction measurements
allow the detection of minute deviations of actual ND shapes from the targeted cylindrical ones, as
they induce a polarization-dependent extinction cross-sections and lift the degeneracy of ND in-plane
dipolar localized surface plasmon resonances (SPRs).3” On the other hand, comparison of the measured
extinction spectra with those generated using optical numerical simulations allows one to estimate the
dimensions of the investigated NDs, which may differ from those targeted in the nanofabrication
process.? The extinction spectrum of one of the investigated NDs (referred to as ND1 in the following)
is shown in Fig. 1a as an example. It displays a marked resonance near 700 nm wavelength, associated
to the in-plane SPR of ND1. This spectrum was found to be quasi-independent of polarization, thus
suggesting a quasi-circular ND section. ND1 extinction spectrum could be well reproduced by FEM
simulations accounting for the sapphire substrate supporting the NDs, using D=101 nm and h=21 nm
for the ND diameter and thickness (note that using an optical scattering rate y of conduction electrons
larger than that of bulk gold Yo, with Aiyo= 50 meV, is necessary to reproduce the measured SPR width,
with hy= fiyo+100 meV for the ND shown in Fig. 1a, as in previous analyses on NDs of similar sizes®’;
the large SPR width probably results from the high polycrystallinity of nanostructures produced using
electron beam lithography). These deduced D and h values, are in reasonable agreement (about 10%
larger) with those measured with atomic force and scanning electron microscopies, respectively. FEM
simulations also enable to determine the sensitivity of the extinction spectra of NDs to changes in the
gold dielectric function €=¢g;+i €,, which is an essential ingredient to analyze the effect of ND heating
on its optical response, as discussed in detail below. This sensitivity is quantified by 00ex/0€; and

00x/0€, partial derivatives (Fig. 1b). These derivatives both present enhanced amplitudes in the SPR



domain but display different spectral shapes, reflecting the fact that €; and & mostly affect SPR

position and width, respectively.

The ultrafast dynamics of individual NDs were monitored using single-particle femtosecond
pump-probe spectroscopy,®*3° an approach based on the illumination of the investigated nanoparticle
with two spatially overlapping, tightly focused and time-delayed femtosecond light pulses, referred to
as pump and probe (Fig. 1c, also see the Methods part). The transient AGex variations measured using
App=410 nm and A,=690 nm pump and probe wavelengths for ND1 are presented as an example in Fig.
1c. The measured signal contains signatures of the sample excitation by pump pulse absorption and
the induced relaxation mechanisms (processes 1-3 in Fig. 1c).>® The sharp peak observed at short
timescales reflects the gold ND ultrafast excitation and internal thermalization on a =1 ps timescale by
electron-electron and electron-phonon scattering mechanisms (process 1 in Fig. 1c). This impulsively
launches, by a displacive excitation mechanism induced by thermal dilation, ND acoustic vibrations,
which appear on nanosecond timescales as damped oscillations in time-resolved signals (process 2 in
Fig. 1c) and have been the scope of recent studies.>®3” This feature partly overlaps with a monotonic
decay of the signal associated to ND cooling (i.e., dissipation of the thermal energy injected by the
pump pulse, also occurring on a nanosecond timescale, process 3 in Fig. 1c). The contribution of the
cooling process to the time-resolved signals can be obtained upon subtraction of ND internal
thermalization and vibrational response contributions, respectively fitted by an exponential decay and
a sum of damped sinusoids, each corresponding to a detected vibrational mode. The deduced thermal
component, shown in the inset of Fig. 1c, presents a quasi mono-exponential decay over the whole
investigated range of pump-probe delays (up to 2.5 ns). More generally, mono-exponential decays
were observed at long time scales (>500 ps) for all signals, but deviations from a mono-exponential
behavior were observed at short time scales for some of the investigated NDs (in particular in the case
of excitation with high pump fluence, as discussed below). All thermal components could however be
accurately reproduced using a biexponential decay function A; exp(-t/Ti)+ A, exp(-t/T2), with A>A;
amplitudes and characteristic times of the order of T:= 2 ns and T, = 200 ps in the case of h=18 nm

NDs.

Time-resolved signals being averaged over multiple acquisitions, care must be exerted to
ensure that no modification of the ND thermal dynamics occurs during the course of the experiments.
Controlling the pump-induced initial ND heating is critical in this context, as shown in Fig. 2 for
experiments on ND2, a ND fabricated with the same parameters as ND1. For a pump beam fluence at
the particle position of Fy,=1 J.m? (deduced from measurements of pump beam power and spot size),
successive acquisitions were reproducible, corresponding to a quasi-exponential response with

Ai/Ay=4.4 (black line in Fig. 2a). However, increasing pump fluence to Fp,=2.7 J.m? led to marked
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modifications of the cooling dynamics (red line in Fig. 2a), manifesting in biexponential fits with A;/A;
ratio reduced to 1.8. These changes were preserved after return to the initial lower pump fluence (blue
line in Fig. 2a). Additionally, they were correlated with a permanent modification of the extinction
spectrum of the ND (Fig. 2b), whose SPR became red shifted and with larger maximal amplitude after
ND2 exposure to the 2.7 J.m? fluence. In the following, thermal investigations were performed in a

low excitation regime to avoid such perturbations.

The initial temperature rise of an internally thermalized metal nanoparticle corresponding to
a given Fp, value was estimated as ATo= Uaps /Cau, With cay the volumetric heat capacity of gold (cau = 2.5
J.em3.K?) and Uabs=0abs(App)Fop/V the absorbed energy density, determined by pump fluence Fyp, ND
volume V and absorption cross-section at pump wavelength Gaps(App). V and Taps(App) are obtained from
optical FEM calculations. Specifically, V is computed using the sizes used in the simulation to achieve
an optimal reproduction of the experimental extinction spectrum (Fig. 1a). FEM simulations also allow
to separate the contributions of absorption and scattering to extinction, and thus to estimate Gaps(App).
This analysis led to ATy=15 and 40 K for the two fluence values used in Fig. 2. For the highest fluence,
the ultrafast initial electronic excitation and subsequent electron-lattice thermalization at To+ATo
appear sufficient to induce permanent modifications in the ND or its local environment. Understanding
the precise mechanisms underlying this effect would require further investigations, but is out of the
scope of this paper, where only AT, values below 15 K were considered after these preliminary studies,
so as to avoid modification of ND linear and ultrafast optical responses during the course of the

experiments.

The effect of probe wavelength on the time-resolved signals measured on ND1 is illustrated in
Fig. 3. In our experimental setup based on a Ti:sapphire oscillator, either frequency-doubled or driving
an optical parametric oscillator (see the Methods part), the wavelengths of the pump and probe beams
cannot be chosen fully independently; therefore their parameters could not be kept constant
throughout this series of experiments. In order to isolate the effect of probe wavelength from that of
pump excitation, the measured transient extinction cross-section changes A0ex: Were divided by the
estimated initial temperature rise ATo, with ATo=10 K for the F,p=0.7 J/m? typical pump beam fluence
used in these experiments. Fig. 3a shows that the probe wavelength considerably affects the amplitude
of time-resolved signals, but weakly their temporal dynamics. This is best appreciated by separately
comparing the temporal dynamics (inset of Fig. 3a) and amplitudes (Fig. 3a-b) of the thermal
components of the measured time-resolved signals, obtained by subtraction of the internal
thermalization and vibrational contributions. Indeed, the inset of Fig. 3a shows that all thermal
components overlap once normalized by their initial value, while Fig. 3b allows one to appreciate their

variations of sign and amplitude in the spectral range of the ND SPR (Fig. 1a).
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These observations can be understood considering the simplified situation of uniform
temperatures in both the nanoparticle and its local surrounding medium (assumed homogeneous
here), noted T, and Tn*** (environment heterogeneity and T, spatial variations being conversely
included in the more complete FEM simulations of ND thermal dynamics presented below). In this
simplified case, time- and probe wavelength-dependent transient extinction changes are related, to

first order, to the temporal evolutions of Tpand T, via

0o, \A,.1)=A, A, AT, (1)+ A, A, )T, (1) (1

with

A, ()= 2% (1) 461 ()4 0% (3) 422 ()

0&, dar, 0&, dar, )
oo de
4, ()= % (3) e 1)

where €=¢g;+i€; is the complex dielectric function of the metal nanoparticle, and €, that of its
environment, assumed real. Eq. 1 shows that transient extinction changes generally reflect a
combination of the thermal dynamics in the nanoparticle and its environment, with A,-dependent
weights. This may lead to a complex dependence on probe wavelength of time-resolved signals, as was
experimentally demonstrated in the case of gold nanoparticles in ethanol.? This effect originates from
the different dynamics of the temperatures in the nanoparticle and its local environment in the context
of actual time-resolved experiments. Indeed, the former is suddenly increased by pump pulse
absorption and monotonously decays towards its equilibrium value, while the latter reaches its
maximum with a position-dependent delay, due to the time needed for the heat generated in the

nanoparticle to be transferred and to propagate into its environment.?2*

In the present study, the similarities of the dynamics measured using a large number of probe
wavelengths and the monotonous decay of |AGex| as a function of time demonstrated by the inset of
Fig. 3a imply that sapphire substrate heating has a negligible influence on the measured signals. This
can be ascribed to the weak sensitivity of sapphire dielectric function to temperature changes, with
den/dT = 4.10° K'in the visible range,*® to be compared to the 103 K typical values of |de;/dT| and
| de/dT | for gold in the same spectral range.***> Additionally, the high thermal conductivity of sapphire
(25 W.m.K?) favors heat dissipation in the substrate away from the ND vicinity, and thus limits the

temperature rise in this region.

The negligible contribution of environment heating to time-resolved signals means
that the heating-induced changes of the ND extinction cross-section are proportional to the ND

temperature rise at all times (this temperature being well-defined for pump-probe delays exceeding
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the few ps duration required for complete ND thermalization by electron-electron and electron-
phonon interaction processes). In particular, the A, coefficient entering eq. 1 can be computed as the
ratio between the initial amplitude of the thermal signal and the estimated initial ND temperature rise
ATo. The Ap spectrum of ND1 retrieved from time-resolved experimental signals is shown in Fig. 3b. Its
spectral shape resembles that of the 00.x/0€ derivative shown in Fig. 1b: it displays large and negative
values near the central position of the SPR (dashed blue line in Fig. 3b-c) and smaller, positive values

on the SPR sides.

A, can also be theoretically estimated from eq. 2, which requires knowledge of 00ex/0€1,2 and
deqo/dT derivatives for the investigated gold ND. The determination of 00ex/0€1,2 (Fig. 1b) from optical
FEM computations has been presented above. The temperature dependence of gold dielectric function
has been the object of multiple recent measurements and models.*° The thermal derivatives d&; o/dT
extracted from these measurements strongly depend on the type of gold sample used (continuous or
granular, annealed or not, deposited thickness) and on temperature. As a result, the values of the
de1,/dT coefficients of gold reported in the literature are dispersed, in particular for the de;/dT
derivative, as €; presents large values but weak relative changes with temperature in the visible range.
To evaluate the impact of these uncertainties on A, spectra, two different de;,/dT tables were used
for computing A, (Fig. 3c): one experimentally determined by Wilson and Cahill,* and one theoretically
estimated from the expected temperature dependences of Drude and interband components of gold
dielectric function, as discussed in ref. ** (see figure 6 of this reference). The de&;,/dT values present
significant differences in the red/near infrared range relevant to the present experiments. For instance,
at 800 nm wavelength, the former table yield d&;/dT=3.10° K and d&,/dT=2.103 K% while the latter
one corresponds to d&;/dT=1.103 K* and d&,/dT=3.103 K2.** As a result, the computed A, spectra differ
depending on the chosen table (Fig. 3c). However, they both present spectral variations in good
agreement with the experimental results, close to those of the 00e«/0€, derivative (Fig. 1b) which
result from the fact that |de,/dT|>]|de1/dT|in the investigated spectral range for both considered
deq,/dT tables (see eq. 2). The measured and computed A, amplitudes, which have maximal values of
a few tens of nm2.K? also show a good quantitative agreement considering the high number of

parameters involved in the analysis and the large uncertainties affecting de;,/dT coefficients.

The proportionality between the measured time-resolved signals and ND transient
temperature rise was exploited for systematic investigations of the size-dependence of ND cooling
dynamics. Time-resolved signals were collected on 60 different NDs of different sizes. In all the
experiments, sample illumination with a A,,=410 nm, low fluence (<1 J.m) pump beam was used in

order to achieve moderate (=10 K) initial temperature rises and avoid ND modification throughout the
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measurements (Fig. 2). Since probe wavelength choice is not critical to achieve AQex LIAT, (as shown
by Fig. 3b), a A,r=510 nm wavelength away from the ND SPR domain (Fig. 1a) was used as it reduces
the relative contribution of ND acoustic vibrations to the measured time-resolved signals. All bare
time-resolved signals were processed by subtraction of internal thermalization and vibrational

signatures, as in Figs. 1a and 3a.

Fig. 4a presents representative normalized thermal signals obtained for NDs with different
thickness (h=18 and h=40 nm, average thicknesses of the two samples used determined by AFM) and
diameter (from 60 to 180 nm), showing that their cooling kinetics is strongly dependent on h and
weakly dependent on D in this size range. All measured thermal components present an exponential
decay at large time scales (>500 ps delays), with an associated decay time 1, of about 0.7 and 1.7 ns
for h=18 and h=40 nm NDs, respectively (as discussed above, some NDs present a biexponential
dynamics, whose description requires a second characteristic time 1,<<T1). Such exponential behaviour
suggests an interface-limited cooling dynamics.”® Indeed, in the case of a Biot number Bi = hG/Aa, <<1
(with Aay the gold ND thermal conductivity), which guarantees that the ND remains isothermal
throughout the thermal relaxation process, and of a substrate heat conductivity high enough to ensure
negligible modification of substrate temperature near the ND being cooled (two relevant assumptions
in the case of Au NDs on sapphire), integrating the interfacial heat current density Jin=GAT, (Fig. 4b)
over the ND surface S in contact with the substrate leads to V-ca,-dAT,/dt=G-S-AT,. This results in an
exponential decay of AT, with a characteristic time T=ca,h/G, cau being the volumetric heat capacity of
gold and G the Kapitza thermal conductance of the nanostructure/substrate interface.®® Such an
exponential decay, with a characteristic time linearly scaling with ND height, has been experimentally
reported for permalloy NDs nanopatterned on a Si substrate!® and the transient thermal dynamics
theoretically investigated for the case of Cu NDs deposited on Si°2. Within the context of the present
study, the T:[Jh scaling is in approximate agreement with the 2.4x smaller T; values determined for
h=18 nm NDs as compared to h=40 nm ones, and their weak dependence on ND diameter.
Furthermore, preliminary G estimation via G= ca,h/T leads to G values in the order of 60 MW.m2.K?
for the gold-sapphire interface, which is consistent with the 20-70 MW.m2.K! range reported in the

literature for thin gold films.5>3-¢

A more thorough modeling®? of ND cooling dynamics requires to include the effect of the finite
heat conductivity Am of the sapphire substrate (associated to a Jm=-/\m grad(Tm) heat current density
according to Fourier law, Fig. 4b), which was achieved using FEM numerical simulations (described in
the Methods part). The dynamics computed using the complete FEM model for NDs with 18 or 40 nm

thicknesses and 80 or 160 nm diameters (solid lines in Fig. 4c) are slightly slower than the purely
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exponential ones with Ti=cauh/G decay time obtained by assuming infinitely fast heat diffusion in the
substrate for the same G=70 MW.m2.K* considered value of interface conductance (dashed lines), the
difference increasing with ND diameter. They also deviate from a purely exponential decay, as also
observed in a previous theoretical work addressing the cooling of a metal ND in contact with a
dielectric substrate, in the case where the latter does not remain isothermal during the cooling
process.>? However, their non-exponential character is noticeable only at time scales exceeding those
considered in the experiments. The fact that ND cooling dynamics are primarily limited by heat transfer
at the ND-substrate interface is confirmed by comparing the cooling dynamics computed by assuming
a purely interface-limited process (corresponding to infinite Aaizos sapphire thermal conductivity,
dashed lines in Fig. 4c) and a purely diffusion-limited process (corresponding to infinite G, dotted lines
in Fig. 4c). As expected, the latter dynamics are strongly non-exponential, dependent on ND diameter
and considerably faster than the former ones for the whole range of ND sizes explored in the
experiments. It is however interesting to note that the large difference between the time scales
associated to interfacial heat transfer and heat diffusion in the sapphire substrate demonstrated here
for gold NDs would be strongly reduced for some other NDs compositions allowing better interface
conductance with the substrate, or for nanoparticles with larger lateral sizes (or nanostripes or thin
films). Regarding ND composition, interfacial heat transfer would be for instance about 5 times faster
for a nickel ND than for a gold one, as G=300 MW.m>2.K! for a nickel-sapphire interface.>® Regarding
nanoparticle size, Fig. 4c shows that increasing ND diameter increases the thermal cooling time scales.
The less efficient cooling predicted for a heat source with large lateral size (the limiting case
corresponding to a continuous film, j.e. D/h >>1) as compared to the smallest ones, can be understood
from the fact that in the latter case of a small nano-object heat can spread inside the substrate in three
dimensions (hot spot behavior), while in the former case it mainly propagates in the direction
perpendicular to the interface (the less efficient dissipation of the heat generated close to the interface

in the former case leading to higher temperature rises in this region).

The difference between the dynamics computed using the complete FEM model and in the
simple interface-limited case (in which substrate temperature remains uniform and unmodified
throughout the cooling process) implies that extracting a precise G value from time-resolved
experimental data requires their comparison with results of the complete FEM model, especially for
the NDs with the largest diameter values, i.e. approaching the continuum film case (for which the
isothermal substrate hypothesis is less satisfied). To do so, the measured cooling times T; were
compared to those extracted from exponential fits of the FEM-simulated cooling dynamics using
different G values (Fig. 4d). The cooling times determined for h=40 nm NDs are well reproduced by

calculations assuming G=(60+10) MW.m™.K*. Those of h=18 nm NDs correspond to a slightly larger
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G=(75+10) MW.m2.K! average value. The small difference between the G values extracted from the
two ND thicknesses, corresponding to two distinct samples fabricated during two different processing
sessions, could be due to either small differences in the gold-sapphire interface in these two samples

or to uncertainties associated to the determination of their average thicknesses by AFM.

CONCLUSIONS

In conclusion, the cooling dynamics of individual supported nanoparticles (gold NDs with 60-
190 nm diameters and 18-40 nm thicknesses) were quantitatively investigated using an optical pump-
probe spectroscopy approach combined with a spatial modulation microscope. The use of moderate
pump fluences, limiting lattice heating to <15 K values, was essential to avoid permanent modification
of the measured signals during the experiments. The absolute amplitudes of the transient extinction
cross-section changes, induced by ND heating, were seen to strongly depend on probe wavelength, in
good agreement with the results of a thermo-optical model. All experimental signals measured on NDs
with diameters down to 60 nm could be theoretically reproduced using Fourier law with bulk sapphire
thermal properties, and a gold-sapphire thermal interface conductance of about 70 MW.m2.K?
showing weak size dependence in the investigated size range and consistent with previous
measurements on thin films. As demonstrated by FEM investigations, the cooling dynamics measured
here are mostly limited by the gold-sapphire interface, the characteristic times associated with
interfacial heat transfer from the ND to the substrate being considerably longer than those associated
with substrate heat diffusion. These experiments may be extended to other compositions and
geometries of the nano-objects and their supporting substrate, opening the way to direct

investigations of the different nanoscale thermal transport regimes at the single-particle level.
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Figure 1. Linear and time-resolved optical spectroscopies of an individual gold ND supported on a
sapphire substrate. a) Absolute extinction spectrum of a single ND (referred to as ND1, black dots)
measured by spatial modulation spectroscopy, whose principle is shown on the right (see also the main
text). ND1 extinction spectrum is well reproduced by FEM calculations performed with D=101 nm and
h=21 nm ND diameter and thickness (red line). b) 00ex«/0€1 (blue) and 00e«/0<, (green) derivatives
deduced from FEM calculations. c) Ultrafast extinction changes of ND1 following its impulsive
excitation, measured using time-resolved pump-probe spectroscopy (principle shown on the right)
with Ap, = 410 nm pump wavelength, A, = 690 nm probe wavelength and 0.7 J.m pump fluence. The
signal contains signatures of three physical processes: ND excitation and internal thermalization (1),
damped acoustic vibrations (2) and cooling (3). The normalized thermal part of the signal, obtained by
subtraction of the contributions of the two former processes, is shown in the inset on a semi-
logarithmic scale, highlighting its quasi-exponential character.
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Figure 2. Pump fluence effect. a) Thermal component of the transient optical responses successively
measured on ND2 (a ND made with the same nanofabrication parameters as ND1) using App= 410 nm,
Apr = 515 nm and pump fluences of Fpo= 1 J.m? (black line), 2.7 J.m™ (red line) and 1 J.m? again (blue
line), demonstrating the permanent modification of ND2 ultrafast response after exposure to high
pump fluences. b) SMS-measured extinction spectra of ND2 before (black squares) and after the pump-
probe experiments with high pump fluence (red circles).
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Figure 3. Probe wavelength effect on the measured time-resolved signals. a) Time-resolved signals
measured on ND1 with probe wavelengths Ay= 520 nm (black), 660 nm (red), 675 nm (green), 718 nm
(blue), 730 nm (orange) (with Ay, = 410 nm for all these signals) and 790 nm (purple, with Ay, = 395
nm), divided by the estimated initial ND temperature rise AT,. The normalized thermal components of
these signals are shown in the inset in lin-log scale (same color code). b) A, coefficients deduced from
the amplitude of the thermal components of time-resolved signals measured on ND1 (eq. 1). c) A,
coefficients computed based on eq. 2 using the 00ex/0€1 and 00ex/0€; spectra deduced from FEM
calculations (Fig. 1b) and dg; ,/dT values taken from refs. # (solid black line) and ** (dashed red line).
The dashed blue line indicates the central position of the SPR.
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Figure 4. Morphological dependence of the cooling dynamics of individual gold NDs. a) Normalized
thermal components of experimental time-resolved signals measured on individual gold NDs with h=18
nm thickness (estimated by AFM) and diameters of about 60 (black), 120 (blue) and 180 nm (cyan),
and h=40 nm thickness and diameters of about 70 (red), 120 (purple) and 180 nm (yellow) (estimated
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by SEM). b) Schematics of the FEM simulations, showing the geometry and the two cooling processes
(heat transfer at the interface and in the substrate, with associated heat current densities Jin: and Ji)
considered. c) FEM-computed dynamics for h=18 nm, D=80 nm (black), h=18 nm, D=160 nm (blue),
h=40 nm, D=80 nm (red) and h=40 nm, D=160 nm (purple) NDs (plain lines), assuming a G=70 MW.m"
2 K conductance at the gold-sapphire interface. The cooling dynamics computed for these NDs in the
Naizos — % and G - o limits are also shown as dashed and dotted lines, respectively. Note that only two
lines are shown in the former case, for which the cooling dynamics only depend on ND thickness. d)
Summary of the T; cooling times measured on h=40 nm and h=18 nm gold NDs (black triangles, each
one corresponding to a different gold ND). FEM-computed cooling times for G=50 (grey), 60 (magenta),
80 (orange) and 100 MW.m=2.K! (green) are also shown.
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