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Abstract

The cooling dynamics of individual gold nanodisks synthesized using colloidal chemistry and
deposited on solid substrates with different compositions and thicknesses were investigated using
optical time-resolved spectroscopy. Experiments demonstrate a strong substrate-dependence of
these cooling dynamics, which require the combination of heat transfer at the nanodisk/substrate
interface and heat diffusion in the substrate. In the case of nanodisks deposited on a thick sapphire
substrate, the dynamics are found to be mostly limited by the thermal resistance of the gold-
sapphire interface, for which a value similar to that obtained in the context of previous experiments
on sapphire-supported single gold nanodisks produced by electron beam lithography is deduced. In
contrast, the cooling dynamics of nanodisks supported by nanometric silica and silicon nitride
membranes are much slower and largely affected by heat diffusion in the membranes, whose
efficiency is strongly reduced as compared to the thick sapphire case. The dynamics are also affected
by accumulation effects associated to the repeated character of pump pulse excitation, an effect
negligible in the sapphire case. The time-resolved signals measured on membrane-supported
nanodisks are analyzed in the framework of a finite-element thermal model operating in the
frequency domain, from which the time-dependent temperature rise of a supported nanodisk heated
by a periodic pulse train is deduced. This model allows for a good reproduction of the measured
temperature evolutions, and enables an estimation of the values of both the thermal conductances

of nanodisk-membrane interfaces and the thermal conductivities of the used membranes.



Understanding the specificities of nanoscale heat transfer is crucial for many technological
applications. It is for instance essential in modern electronics for meeting the challenges set by the
heating of densely packed nanometric transistors, for designing efficient nanostructured
thermoelectric devices, or for developing imaging and therapeutic approaches exploiting the
photothermal properties of nanoparticles.”™ Nanoscale heat transfer fundamentally differs from its
bulk counterpart, in particular due to the increased role played by interfaces, which induce Kapitza
resistances,”® and because heat propagation becomes non-diffusive for systems with nanometric
sizes of the order of (or smaller than) the characteristic dimensions ruling the thermal properties of
bulk materials, such as their phonon mean free paths.”® A large part of the current understanding of
nanoscale heat transfer has been obtained using far-field optical pump-probe techniques working in

the time or frequency domains.”™!

These non-contact approaches rely on the selective heating of the
absorbing parts of a sample using a pump pulse and on the optical monitoring of the induced thermal
dynamics by a probe beam, whose propagation is modified by the pump-induced heating because of
the temperature-dependence of the dielectric function of materials. This approach has for instance
been successfully applied to study the thermal dynamics of bulk systems, layered structures and

suspended nanometric membranes.'* *?

Composite materials involving absorbing nanoparticles (e.g., metal ones) in a dielectric
environment are highly relevant for investigating nanoscale heat transfer, as the heated and probed
volumes in such experiments, set by the geometrical size of the used nanoparticles, can be much
smaller than the diffraction-limited lateral size of optical beams (a few hundreds of nm). Evacuation
of the energy optically injected in a nanoparticle away from it requires two successive processes:
heat transfer at the interface between the nanoparticle and its environment, and heat propagation in
the latter. The kinetics of these two processes (and therefore their relative contributions to the
cooling dynamics) depend on many characteristics of the nanoparticle and of its environment, such
as their thermal properties, morphologies, initial and transient temperatures, as well as on the
nature of their interface. Depending on the investigated system, measurement of the cooling
dynamics of metal nanoparticles is thus able to provide information about interface thermal
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conductances (e.g., determining how their values depend on nanoparticle, environment and

interface compositions) and/or about the modalities of heat conduction in the close environment of

the nanoparticless'zz_n, where Fourier’'s law can become invalid because of ballistic and

hydrodynamic effects. The effect of high temperature rises, which may induce phase changes in
either the nanoparticles or their environment, has also been addressed.”®”® From the instrumental

perspective, single-particle optical methods (which have already been largely used to study the linear
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optical response, internal thermalization®® and acoustic vibrations of metal nano-objects)



have only been used at rare occasions in the field of nanoscale heat transfer.?*

They offer two
major advantages over traditional ensemble experiments in this research area. The absence of
averaging effects in single-particle experiments first allows to establish a finer connection between
the composition and morphological features of the investigated systems and their thermal dynamics,
as well as to characterize the reproducibility of these dynamics from one nanoparticle to another.
Moreover, they also allow for a much more quantitative connection between thermal dynamics and
their induced transient optical response, as the nanoparticle initial temperature rise and transient

extinction changes can both be precisely quantified in these experiments.***

In this work, we apply single-particle time-resolved optical spectroscopy to the study of the
cooling dynamics of individual gold nanodisks (NDs) supported on various dielectric substrates
differing by their composition, thermal properties and thickness, and thus allowing a more or less
efficient evacuation of heat away from the NDs. We investigate here the two extreme cases of NDs
deposited on a thick crystalline substrate with high thermal conductivity (sapphire) and on
nanometric, amorphous membranes with much lower thermal conductivity (silica and silicon nitride),
the latter one corresponding to the original situation of a system where both the heater and its close
environment have nanometric dimensions. By performing experiments on several individual NDs for
each substrate, we characterize the reproducibility of ND cooling dynamics. Whereas the cooling
dynamics of a ND deposited on a thick sapphire substrate are mostly ruled by interfacial heat transfer
and near complete after 1 ns, those of NDs standing on suspended silica and silicon nitride
membranes with 40-50 nm thicknesses are strongly influenced by heat conduction in the membrane
and are much slower. Moreover, they turn out to be affected by the periodic character of ND
excitation, achieved using a laser with 80 MHz repetition rate in our experiments. Indeed, the ND
temperature rise prior to each new pump pulse, resulting from anterior pump excitations every 12.5
ns, is typically 10% of its maximal value in our experiments. The detailed analysis of the cooling
dynamics of membrane-supported NDs is performed by finite-element modeling (FEM) in the
frequency domain. This model allows for better understanding of the non-complete ND cooling
before each pump pulse in the permanent regime. It also allows to quantitatively estimate the
thermal conductances of ND/membrane interfaces and the thermal conductivities of the thin

membranes in the vicinity of the NDs, used here as fitting parameters.

Gold NDs were prepared by colloidal chemistry, following an already published protocol.*
Syntheses were performed in aqueous solution in presence of the cetyltrimethylammonium bromide
(CTAB) surfactant. In a first step, gold nanoplates were obtained using a method initially proposed by
Mirkin’s group to produce triangular nanoplates.* A high percentage of hexagonal nanoplates

(~90%) was obtained to the detriment of triangular shapes (*10%) by optimizing the concentrations



of the reactants in the growth solution, i.e. CTAB 0.1 M, HAuCl, 0.7 mM and ascorbic acid 1.6 mM. Au
NDs were obtained in a second step, by mild oxidation of these hexagonal and triangular nanoplates
smoothing their vertices and edges, using the Au(lll)/CTAB oxidant complex, as explained

elsewhere.*?*

The morphological distribution of the Au NDs synthesized by this 2-step procedure
was investigated using SEM imaging (Figure 1a), following ND deposition on an ITO substrate. Close
to circular sections were observed for a majority of the produced nano-objects, a fraction of them
however still presenting quasi-hexagonal or triangular sections. Statistics on the obtained SEM
images yielded an average ND diameter of D=(97 £ 12) nm. The occasional observation of a few NDs
contacting the substrate via their lateral surface rather than via one of their parallel bases also
showed that their thickness h was of the order of 10 nm. A precise estimation of the average value of
h could however not be performed using SEM, due to the weak number of NDs in this configuration
and to uncertainties about their precise orientation. Deposition of the NDs for single-particle optical
investigations was performed on three different solid substrates: a) a 480 um thick (0001) a-Al,O;
(sapphire) single-crystal substrate, and b) 40 nm thick silica (SiO,) and c) 50 nm thick silicon nitride
(SizNs) membranes patterned into 50 x 50 um (silica) or 100 x 100 um (silicon nitride) apertures
etched in a 200 nm thick support mesh. The immobilization of NDs at the surface of these substrates
was performed by depositing a drop of a very diluted solution of gold NDs which was left to dry,
leading to a low density of deposited NDs (<1 ND/um?) as needed for performing far-field single-
particle optical studies. Several copious ethanol rinsing followed by a UV/Ozone treatment were

applied to remove any organic residues, as previously detailed in ref **.

Localization and extinction spectroscopy of individual NDs immobilized on solid substrates
were performed by spatial modulation spectroscopy (SMS), a far-field optical technique based on the
periodic displacement of a sample illuminated by a tightly focused light beam, which induces a
modulation of the transmitted light power when a nano-object is present in the light beam (Figure
1b).3*** An advantage of SMS is that the extinction cross-section 0. of single nano-objects can be
guantitatively deduced from this modulated signal and measured as a function of the illumination
wavelength A and light polarization angle 6. SMS experiments were performed using a light source
tunable over the 375-1040 nm wavelength range, obtained by combining a tunable femtosecond
Ti:sapphire oscillator (producing A=690-1040 nm pulses with f,.,=80 MHz repetition frequency) with a
visible optical parametric oscillator and a frequency-doubling BBO crystal. The light beam delivered
by this source was focused on the sample by a 100X microscope objective (with spot sizes on the
sample of about 0.7 A full-width at half-maximum, close to the diffraction limit), the direction of its
linear polarization being controlled by a wire grid polarizer. Spatial modulation of the sample was

performed at f=1.5 kHz frequency with 300 nm modulation amplitude and lock-in detection at 2f. In



this work, SMS was first used to localize individual gold NDs, which are randomly distributed over the
substrate surface following the deposition step. Their o.,: spectra presented a resonance associated
to their in-plane dipolar surface plasmon resonance (SPR), with a central position Aspr varying from
700 to 900 nm. For some of the investigated nano-objects, a weak dependence of o, on 6 and a
slight dipolar SPR degeneracy lift, signatures of a moderate in-plane morphological anisotropy®,
were observed (Figure 1b). Individual estimations of ND diameter D and thickness h were performed
by comparing the central position and integrated spectral area of the quasi-Lorentzian experimental
Oex: SPectra with those obtained in optical FEM simulations considering substrate-supported circular
NDs (Figure 1b). D and h values respectively in the 85-115 nm and 7-12 nm ranges were deduced
from this analysis for the investigated NDs. FEM modeling of extinction spectra thus leads to D values
consistent with those deduced from SEM imaging of the synthesized NDs, while allowing a

guantitative estimation of h.

The ultrafast dynamics of individual NDs were monitored using single-particle femtosecond

pump-probe spectroscopy,***’

an approach based on the illumination of the investigated
nanoparticle with two spatially overlapping, tightly focused and time-delayed femtosecond pump
and probe light pulses (Figure 1c). Time-resolved measurements on individual NDs were practically
performed by combining the SMS microscope with a two-color pump-probe setup based on the
femtosecond laser source described above, delivering ~150 fs pulses. The oscillator pulse train was
split in two parts to generate the pump and probe beams. In this work, a probe wavelength A, close
to Aspr Was chosen for each investigated ND. This choice was based on previous numerical and
experimental studies of the thermo-optical dynamics of single metal nanoparticles in dielectric

environments. 4849

Indeed, these investigations have shown that the sensitivity of time-resolved
signals to nanoparticle heating is maximal when A, =A<, While the contribution of environment
heating to the measured signals simultaneously vanishes, ensuring specific probing of the
nanoparticle temperature evolution. The probe beam was thus produced by the Ti:sapphire oscillator
(with A,=690-1040 nm), while second harmonic generation was used to generate the pump beam.
Its fluence was tuned so as to limit the initial ND temperature rise to less than 20 K, as higher values
were previously shown to lead to irreversible modifications of the ND optical response and cooling
dynamics.® 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 Ge«(A,r) Of the investigated nano-object at probe wavelength

Aor Via ATr/Tr= -AGex (Apr)/Spr, With Spr=ndFWHMz/(4 In2) the area of the probe spot and dewuwm its full



width at half maximum.** As Ser is an experimentally accessible parameter, these experiments
provide access to the ultrafast variations of Ac,,; as a function of the pump-probe delay. To improve
the signal to noise ratio, averaging over a few (from 2 to 10) successive pump-probe traces was
performed, with optical realignments so as to maintain the pump and probe beams centered on the
investigated ND.

The time-resolved signal measured on a single gold ND deposited on a 40 nm thick silica
membrane is presented as an example in Figure 1c. This signal (as well as the other measured ones)
exhibits two features which are typically observed in the context of time-resolved experiments on
metal nanoparticles, namely an initial peak associated to the optical excitation and internal
thermalization on few picosecond timescales of the ND and a relaxation on a nanosecond timescale,
reflecting its cooling dynamics, i.e. the dissipation towards the environment of the energy deposited
in the investigated nanoparticle by partial absorption of the pump pulse. Damped oscillations
associated to ND acoustic vibrations were also apparent on some of the measured signals, but are
hardly discernable in Figure 1c. The weak amplitude of the oscillatory component of the signals,
associated to acoustic vibrations, is related to the choice of near-SPR probing, made, as discussed
above, to specifically probe ND temperature dynamics. This is in agreement with previous
investigations on metal nanospheres which showed that nanoparticle vibrations mostly induce a
periodic SPR shift, and therefore a weak transient optical response at wavelengths close to the SPR

353032 Noticeably, the average signal value at negative time delays of the pump-

central position.
probe trace presented in Figure 1c differs from zero, a feature indicating that the T,e,=1/f.ep=12.5 ns
time separating two successive pump pulses is not sufficient for complete cooling of the ND (a
complete modeling of this effect will be discussed below). The thermal components of the measured
time-resolved signals, expected to be proportional to the ND temperature rise ATyp(t) at times
posterior to ND internal thermalization, were extracted from the raw signals by subtraction of their
oscillating part (fitted using a sum of 1-3 damped sinusoids). They were additionally normalized so as
to present the same value immediately after ND internal thermalization. The normalized ATyp(t)
dynamics deduced from this treatment show some variability from one ND to another (Figure 2a).
However, for a given substrate, these normalized signals mostly differ by their average values at
negative times (which ranges from 0 to 0.15 for all normalized signals). They present otherwise
similar variations, as illustrated in Figure 2b which shows the normalized evolutions of AT \p(t)=
ATyp(t)- ATyp(0), deduced from the signals of Figure 2a by subtraction of their average values at
negative time delays ATyp(0).

The normalized ATyp(t) signals measured on thick sapphire substrate present the lowest

value at negative times (<0.02 for all signals except one, for which the value is close to 0.1), indicating



that the cooling process is almost fully completed after T, and that the periodic character of ND
excitation by multiple pump pulses does not play an important role. The corresponding AT’ yp(t)
signals present biexponential dynamics, with characteristic times t,~0.4 ns and 1,50-100 ps. Similar
biexponential dynamics (with longer 1, and 1, characteristic times) were already observed in the
context of previous time-resolved measurements performed on 18 nm and 40 nm thick gold NDs
produced by electron beam lithography on a sapphire substrate.*® The physical origin of the short
exponential with characteristic time 7, still remains to be clarified, but the present work allows one
to rule out an origin associated to a specific synthesis procedure (as it shows up for NDs synthesized
by both lithography and colloidal chemistry). Moreover, we found that such a fast exponential
appears in numerical models when considering a ND covered by a transparent impurity such as an
ultrathin water layer, leading to a fast internal thermalization of the {ND-impurity} system following
selective ND heating. As in our previous work,*® we ascribe the monoexponential decay at delays
exceeding 0.2 ns to ND cooling dynamics limited by heat transfer at the interface between the ND
and its supporting sapphire substrate. The measured dynamics were similarly analyzed by comparing
them with the simulated cooling dynamics of a ND following its excitation by a single pump pulse,
using a complete thermal model considering both interfacial thermal resistance at the ND/substrate
interface and diffusive heat propagation in the two media, leaving the interface conductance G as a
free parameter. The modeled ND cooling dynamics being weakly sensitive to the thermal
conductivity of the sapphire substrate, the bulk value of the latter was used, although previous
studies suggest that its effective value near heaters of ~100 nm lateral sizes may be reduced by
ballistic effects.>”® The t;~ 0.4 ns measured cooling times were reproduced by using G ~(65+10)
MW.m™2.K™" in the modeling, a value similar to the ~(60+10) and (75+10) MW.m2.K" ones obtained
for the two samples of lithographed NDs investigated in our previous study.*®

The cooling dynamics measured for NDs deposited on thin silica and silicon nitride
membranes are close, and strongly differ from those of NDs deposited on thick sapphire substrates.
They present larger normalized ATyp values at negative time delays (Figure 2a) and non-exponential
AT’ \po(t) dynamics which are much slower than in the sapphire case (Figure 2b). For instance, the
time needed for AT’\p decay down to 10% of its maximal value is about 3 times larger than in the
sapphire case. The non-exponential decay of AT’y for NDs deposited on thin membranes implies
that the cooling kinetics of membrane-supported NDs is not only ruled by interfacial heat transfer as
in the thick sapphire case, and that heat propagation in the membranes is slow enough to strongly
affect the observed dynamics. This large dissimilarity with the thick sapphire case originates from
two distinct reasons making heat propagation in thin silica and silicon nitride membranes much less

efficient than in a thick sapphire substrate. On the one hand, the thermal conductivities of silica and



silicon nitride are lower by about one order of magnitude than that of sapphire. On the other hand,
heat diffusion in membranes away from a nano-heater becomes a two-dimensional process at time
scales exceeding those required for heat to propagate over the membrane thickness. This greatly
reduces the efficiency of heat spreading around the ND as compared to the case of thick substrates,
where diffusion remains three-dimensional at all experimentally relevant time scales. Additionally,
the non-vanishing normalized ATy, values at negative time delays indicate that, conversely to the
thick sapphire case, the time separating two successive pump pulses, T.,=12.5 ns, is not sufficient for
complete cooling of the NDs. This makes therefore their comparison with time-domain simulations

involving a single pump pulse less relevant than in the bulk substrate case.

A modeling approach allowing, in the linear regime, to compute the thermal dynamics of a
membrane-supported ND for any time-dependent heating process, was thus performed in this work.
This approach was largely inspired by previous works in the field of time-domain

thermoreflectance.******

Its main idea consists in first calculating the complex frequency-domain
response E(f) of the investigated system, whose modulus and argument respectively describe the
amplitude and phase of the system temperature oscillations with respect to a time-harmonic heating
at frequency f. The Fourier transform AT(f) of the thermal dynamics induced by any time-
dependent excitation process q(t), of Fourier transform §(f), is then given by AT(f) = h(f)§(f),

allowing to deduce the corresponding temporal dynamics AT(t) by reverse Fourier transform.

In this work, the frequency-domain response fl(f) of a gold ND supported by a thin
membrane was first calculated using FEM, based on the model described in Figure 3a. The modeled
geometry consists of a cylindrical gold ND with diameter D and thickness h deposited on a cylindrical
membrane characterized by its diameter D,, (with D,>>D) and thickness h,,. The ND and membrane
were described by their specific heats ¢, (2.49, 1.59 and 2.13 MJ.m>.K™ values being used for Au,
SiO, and Si;N,4) and thermal conductivities A,, (assumed to be isotropic). Bulk thermal conductivities
values, 317 and 1.4 W.m>.K?, were used for Au and SiO,. The high thermal conductivity of gold
ensuring a quasi-uniform temperature within the ND at experimentally relevant
timescales/frequencies, its precise value has little impact on the model predictions. Regarding silica,
our choice was based on previous measurements which showed that the thermal conductivity of >25

12,53

nm thick silica films remains close to the bulk A,, value at room temperature, as expected for a

membrane thickness much greater than the phonon mean free path in silica (1 nm). Conversely,
SisN; heat conductivity was left as a free parameter of our model, as room-temperature
measurements on silicon nitride samples have led to very scattered A,, values (ranging from 0.3 to 10

55-60

W.m'l.K'l) in the past. Thermal interface conductance values at Au-SiO, and Au-Si;N, interfaces



were also left as free parameters. Sinusoidal energy injection (with frequency f) in the ND was
considered. Thermal insulation boundary conditions were applied on the upper and lower circular
bases of the cylindrical membranes, and constant temperature ones on their lateral surface (allowing
a thermal flux out of the simulation system, which is important for avoiding divergence of ND
temperature). 2D axisymmetric simulations exploiting the rotational symmetry of the considered
geometry were performed, allowing to greatly reduce the required computational times. The spatial
profile of the temperature rise (modulus) computed for a D=100 nm, h=10 nm gold ND located on a

thin silica membrane with D,=2 um and h,=40 nm when f=f, is shown as an example in Figure 3b.

It should be noted that the system considered in the simulations differs from the actual
experimental configuration. Contrary to the simulation case, where a ND at the center of an
homogeneous, 2 um diameter cylindrical membrane is considered, in our experiments NDs are
located at various positions on large square membrane windows (50 and 100 um side length for silica
and silicon nitride membranes, respectively). Moreover, the present model neglects heat dissipation
to the surrounding air, a phenomenon whose efficiency is low for bulk systems (the convective heat
transfer coefficient being of the order of 10 W.m™2.K* for natural convection in air, i.e., more than 10°
times smaller than typical G values) but which may become more significant for micro- and
nanometric systems, and has been previously demonstrated to influence the thermal dynamics of
some suspended 2D systems.®® Nevertheless, these differences between the systems considered in
experiments and simulations are not relevant here because, as discussed below, they only affect the
ND temperature rise preceding each pulse (Figure 2a), which presents large variations from one ND
to another and that we did not attempt to quantitatively model, but not the AT\p(t) cooling

dynamics obtained after subtraction of this offset value (Figure 2b).

The results of frequency-domain FEM simulations performed for the reference case of a
D=100 nm, h=10 nm gold ND located on a thin silica membrane with D,,=2 um diameter and h,,=40
nm thickness are shown in Figure 3c. The computed response globally evokes that of a low-pass
filter, with the amplitude of the response being constant at low frequencies and decaying at high
ones, and the phase shift between the excitation and the response going from 0 at low frequencies
to -nt/2 values at high ones. In order to clarify the influence of the key parameters of our thermal
model on this frequency reponse, FEM calculations were reproduced with modified values of the
interface conductance (G) and of some of the membrane characteristics (A, D and h,,) (Figure 3c).
The induced changes of the response function are also shown in Figure 3d. As can be seen on this
figure (and as previously noticed in the context of thermoreflectance investigations on thin films>**),

the sensitivities to interface and membrane characteristics have a different frequency dependence,

which is essential to allow their independent determination. For a membrane-supported ND, the
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low-frequency part of the response function mostly depends on membrane geometrical and thermal
characteristics, while its high-frequency component is essentially sensitive to G value. This can be
ascribed to the fact that temperature oscillations in the membrane occur on a smaller volume as
frequency increases, giving more importance to interfacial effects.

The effect of G, which takes place over a broad frequency range, can be better understood by
considering the simplified case of isothermal ND and membrane (obtained in the limit of very high
membrane conductivities, and thus strongly differing from the situation addressed in Figure 3). The
ND temperature evolution ATyp(t) for a sinusoidal heating A exp(iot) (with ©w=27f) is then described
by the differential equation caV dATyp/dt+GSATyp=A exp(iwt) with ca, V and S the ND volumetric

heat capacity, volume and surface in contact with the substrate (with V/S=h). The response function

is in this case a low-pass filter one, ﬁ(f) e with T =hca,/G (=0.25 ns in the reference case

G 1+i2ntf’
considered in Figure 3), whose low-frequency limit and cutoff frequency f.=1/(2rt) are both affected
by G, which thus impacts the response function over a broad frequency range (frequencies of the

order of and below f.).

It can also be observed in Figure 3 that membrane characteristics (Am, hy, and D,,) affect the
response function a different way, the effects of a reduction of h,, and D,, by a factor of 2 as
compared to the reference case being in particular limited to the <1 GHz and <5 MHz frequency
ranges, respectively. The existence of such frequency thresholds for the effects of h,, and D,, can be

understood by considering the frequency-dependent thermal penetration length in a material
L, = ’Z—’;, with o = Am/Cm the membrane diffusivity (=9 107 m?/s for silica).®®> The finite

thickness of the membrane thus has an influence at frequencies low enough for h,, to be smaller

than L,, i.e. for f<o/(n hy’) (about 200 MHz and 800 MHz for the 40 nm and 20 nm thicknesses

p
considered in Figure 3cd, respectively). This simple analysis thus explains why the 2x reduction of h,,
investigated in Figure 3cd is without effect at >1 GHz frequencies. It also predicts a non-negligible
effect of h,, on the ND temperature dynamics in our experiments, which involve a periodic excitation
with 80 MHz frequency. A similar analysis shows that the lateral size of the membrane impacts the

response function only at frequencies lower than about 4 MHz for D,,=1 um, making a decrease of D,

from 2 to 1 um without effect for frequencies exceeding a few MHz (Figure 3cd).

The ND excitation process in our time-resolved experiments involves several very different
time scales, ranging from ~10™ s (duration of pump pulses) to =10 s (pump beam modulation)
which are however not all relevant to describe the measured ND temperature evolution. On the one
hand, modulation of the pump beam being performed at a low frequency (30 kHz), more than 2000

times smaller than the repetition frequency of the used laser source (80 MHz) in our experiments, its

10



effect was neglected in the model. This simplification was supported by the absence of significant
difference between time-resolved signals measured on a given ND using different modulation
frequencies. On the other hand, the duration of the used laser pulses (=150 fs) and that of internal
ND thermalization by energy exchanges between electrons and ionic lattice (about 1 ps)* being both
much smaller than the characteristic times of nanodisk cooling, excitation by each pump pulse was
supposed to be instantaneous. We therefore considered a ND excitation process described in the
time domain by a periodic train of delta pulses : q(t) < Y42 §(t — nTyp), to which is associated
the Fourier transform G(f) < Y42 §(f — nfyep). The temporal evolution of ND temperature rise
following each pump pulse, in the reference case of Figure 3cd and for modified values of G, A, hn
and D, is presented in Figure 3e. AT \p(t) signals obtained after subtraction of the value at t=0" (i.e.
the same treatment as in the case of experimental signals, to go from Figure 2a to Figure 2b) are
shown in Figure 3f. Results obtained by time-domain simulations with a single pump pulse are also
shown for comparison. While the main effect of a periodical ND excitation is a non-vanishing ATyp(0)
value, the AT \p(t) signals obtained for excitation by single (gray line in Figure 3f) and multiple pump
pulses (black line in Figure 3f) also differ at timescales exceeding 1 ns, justifying the use of the
complete model presented here to analyze our experimental results (note that the discrepancy
between the two signals would be greater for membranes thinner than those considered in this
work). G, A, and h,, are shown to impact the normalized signals both before and after offset
subtraction, while D, only affects the offset value. This can be easily understood from the frequency-
domain investigations discussed above, as D,, has an impact only at frequencies much smaller than
fep, While excitation is performed with frequencies multiple of f., (see G(f) expression above).
Therefore, D,, only affects the zero-frequency component of the dynamics, i.e. the average ND
heating. Conversely, G, A, and h,, affect not only the average temperature rise, but also (and in
different ways) the AT’yp(t) cooling dynamics as they impact the response function at many
frequencies multiple of f.,. The average ND temperature rise is thus sensitive to the far environment
of the NDs while, conversely, the normalized cooling dynamics AT \p(t) after offset subtraction is
affected only by the characteristics of the close environment of the ND, i.e. in the small region
around the ND where thermal energy penetrates at f,., frequency (Figure 3b). Therefore, the AT yp(t)
dynamics can be quantitatively analyzed even without precise knowledge of the membrane

geometry and thermal properties over large scales.

A direct comparison between measured and modeled AT \p(t) dynamics is shown in Figure 4,
for the two membranes considered in this work. As the signals measured on each membrane for
different NDs were very similar, they were collectively compared to simulations performed for a

D=100 nm, h=10 nm ND, i.e., D and h values close to the average ones determined using SEM
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imaging and/or FEM modeling of extinction spectra. The cooling dynamics of NDs deposited on a 40
nm thick silica membrane were well reproduced using G=120 MW.m™.K™* together with the A, value
of bulk silica (Figure 4a). This G value stands at the upper end of the 40-140 MW.m2.K " range of G
values obtained for gold-silica interfaces in previous measurements and atomistic simulations®™®°,
which have also shown a large dependence of G on silica growth procedure and crystalline or
amorphous character. The determined G value is also close to the G=105 MW.m™2.K™ one that we
previously obtained in the context of thermal measurements on ensembles of gold nanospheres
embedded in a glass with a large silica content.”® The cooling dynamics of NDs deposited on a 50 nm
thick silicon nitride membrane were also well reproduced by our simulations using slightly different
parameters as in the silica case, namely G=150 MW.m2K?*and A,, =1 W.m.K* (Figure 4b). Here too,
the deduced values of G and A,, are compatible with previous reports. Indeed, the deduced G value
is close to the only (to our knowledge) value reported in the literature for Au/Si;N, interfaces, G=120
MW/(mz.K)”, while the A,, value used for fitting our data falls within the broad 0.3-10 w.mtk?
range of previous measurements on silicon nitride membranes with different stoichiometries and
thicknesses.”®® The proximity of the G and A,, values that we used for reproducing the AT \p(t)
dynamics on silica and silicon nitride membranes reflect the similarity of the experimental signals
measured on these two membranes, whose thicknesses are also close. Not taking into account the

periodical character of the excitation, which affects the AT \p(t) dynamics (Figure 3f), would have

translated into slightly different (by about 15%) optimal values of the fitting parameters G and A,.

In conclusion, the large substrate-dependence of the cooling dynamics of single supported
nano-objects was demonstrated in this work, which considered the extreme cases of both a thick
substrate with high thermal conductivity and that of thin membranes with low conductivity. In the
former one, the cooling dynamics were fast, quasi-exponential and mostly limited by the Kapitza
thermal resistance of the nano-object-substrate interface, whose value was found to be close to that
previously determined for gold NDs lithographed on sapphire, despite completely different ND
synthesis and deposition procedures. In the case of membrane-supported NDs, the cooling dynamics
were much slower and strongly non-exponential, demonstrating a large impact of membrane heat
diffusion on these dynamics. A numerical model accounting for the repetititive character of nano-
object excitation in the context of optical time-resolved experiments was developed and used to
understand the dependence of the cooling dynamics on the different substrate properties and to
guantitatively model the measured signals. In particular, a small membrane thickness was shown to
greatly slow down the cooling dynamics at time scales exceeding those needed for heat to propagate
over its thickness. Possible extensions of this work include the realization of more systematic

investigations of the membrane thickness effect and the use of ultrathin or highly conductive
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membranes, whose thermal conductivities may depend on their thickness or even be inaccurately

described by Fourier’s law of heat diffusion. Directly probing the thermal dynamics of the

membranes (rather than that of the supported nano-objects) by adequate tuning of the probe

wavelength would also be interesting to further clarify the modalities of heat propagation in the

close vicinity of a nano-heater.
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Figure 1. Electron microscopy characterization and single-particle optical spectroscopy of gold NDs.
a) SEM image of the synthesized NDs. b) SMS-measured and FEM-modeled extinction spectra of a
single gold ND deposited on a 40 nm thick silica membrane. The black circles and blue squares
correspond to measurements performed with two orthogonal polarizations of the incident light. The
red line corresponds to the result of a FEM simulation considering a circular ND with D=112 nm
diameter and h=7.8 nm thickness. The principle of SMS is schematized on the right. c) Time-resolved
extinction change measured on the same ND with pump-probe spectroscopy, using A,,= 405 nm and
Apr= 810 nm pump and probe wavelengths, and F,,= 2 J.m™ pump fluence. The principle of single-
particle optical spectroscopy is schematized on the right.
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Figure 2. Comparison of the cooling dynamics measured for single gold NDs supported on different
substrates. a) Normalized ATyp(t) temperature rise dynamics measured on gold NDs deposited on a
thick sapphire substrate (green traces), on a 40 nm thick silica membrane (blue traces) and on a 50
nm thick SizN, membrane (red traces). Each trace corresponds to a measurement on a distinct gold
ND. b) Signals deduced from those of panel a) after subtraction of their average values at negative

time delays AT \p(t)= ATyp(t)- ATyp(0) and normalization, presented on a logarithmic scale (same
color code).
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Figure 3. Numerical modeling of the thermal dynamics of a membrane-supported gold ND excited
by a periodic pump pulse train. a) Schematic description of the FEM model used for computing the
spatio-temporal temperature variations induced by a sinusoidal excitation of a gold ND supported on
a thin membrane. b) Temperature rise (modulus) in and near the gold ND computed for excitation at
the frequency f=f.,=80 MHz. c) Frequency-dependent ND temperature rise induced by a sinusoidal
ND excitation (modulus and phase of the frequency-domain response h(f)). The case of a D=100 nm,
h=10 nm gold nanodisk supported on a h,,=40 nm, D,,= 2 um silica membrane with a G=100 MW.m"
2 K™ thermal conductance at their interface was first considered (plain black line). Simulations were
then reproduced with h,,, D,,, A, and G values reduced one by one by a factor 2 as compared to the
reference situation (dashed colored lines, see legend). The vertical dashed line indicates the 80 MHz
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repetition frequency in our experiments. d) Sensitivity of ND heating to h,, D., A, and G values,
deduced from the computations shown in c¢) by calculating the associated relative modulus change
and absolute phase change of ND heating (same color code as in c)). e) Normalized ATyp(t) cooling
dynamics deduced from the frequency calculations shown in c) for ND excitation by a periodic Dirac
pulse train (same color code as in c). f) Normalized AT \p(t) cooling dynamics deduced from e). Note
that modification of D, (dashed green line) does not modify the AT \p(t) dynamics as compared to
the reference case (plain black line). The computed cooling dynamics following ND excitation by a
single pump pulse are also shown for comparison in panels e) and f) (plain gray line).
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Figure 4. Comparison between measured and modeled cooling dynamics of gold NDs supported on
a) Si0, and b) Si;N, thin membranes (as indicated on each panel). The measured signals (plain lines)
correspond to those of Figure 2b. The results of simulations based on the complete model described
in the main text are shown as dashed orange lines. They were performed for a D=100 nm, h=10 nm
gold ND, using G=120 MW.m™2.K™ and bulk silica conductivity (An,=1.4 W.m™.K") in a) and G=150
MW.m™2.K™" and A,=1 W.m™.K™" for SisN, thermal conductivity in b).
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