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Seeking non-Fourier heat transfer with

ultrabroad band thermoreflectance
spectroscopy

M| Check for updates

Ahmad Zeniji', Gilles Pernot?, David Lacroix?, Jean-Michel Rampnoux', Olivier Bourgeois®,
Stéphane Grauby ® < & Stefan Dilhaire ®

Studying superdiffusive thermal transport is crucial for advanced thermal management in electronics
and nanotechnology, ensuring devices run efficiently and reliably. Such study also contributes to the
design of high-performance thermoelectric materials and devices, thereby improving energy
efficiency. This work leads to a better understanding of fundamental physics and non-equilibrium
phenomena, fostering innovations in numerous scientific and engineering fields. We are showing, from
a one shot experiment, that clear deviations from classical Fourier behavior are observed in a
semiconductor alloy such as InGaAs. These deviations are a signature of the competition that takes
place between ballistic and diffusive heat transfers. Thermal propagation is modelled by a truncated
Lévy model. This approach is used to analyze this ballistic-diffusive transition and to determine the
thermal properties of InGaAs. The experimental part of this work is based on a combination of time-
domain and frequency-domain thermoreflectance methods with an extended bandwidth ranging from
a few kHz to 100 GHz. This unique wide-bandwidth configuration allows a clear distinction between

Fourier diffusive and non-Fourier superdiffusive heat propagation in semiconductor materials. For
diffusive processes, we also demonstrate our ability to simultaneously measure the thermal
conductivity, heat capacity and interface thermal resistance of several materials over 3 decades of

thermal conductivity.

Thin films were found to have widespread applications in engineering
systems to enhance their optical, electrical, and thermal properties. How-
ever, when the thickness of a thin film becomes smaller than the mean free
path of its heat carriers (such as electrons or phonons), the thermal behavior
of the film significantly deviates from its bulk counterpart due to geometric
constraints. This thermal transitional region, known as the intermediate
regime, lies between ballistic flight and purely diffusive transport behaviors.
This intermediate regime is clearly related to the spectral dependence of the
phonon spectrum, and is characterized by a superdiffusive regime which can
be described by the Lévy Walks theory™”. This superdiffusive behavior,
distinct from conventional Brownian motion, is also expected in various
semiconducting alloys, and in particular in InGaAs. Gaining a compre-
hensive understanding of this superdiffusive thermal transport is vital for
numerous technological applications, such as those dealing with nano-
electronic devices, heat management and thermoelectric materials. It is also
of crucial importance in active and optoelectronic devices which have often

heat sources in the InGaAs material layer.Recently, another phonon
transport mechanism, namely the hydrodynamic heat transport, not
addressed in this work, has been investigated in several works’™ and applied
to Frequency Domain ThermoReflectance (FDTR) measurements®. In the
particular case of low temperature in silicon, it appears that a model that
takes into account hydrodynamic component of phonon motion is neces-
sary to accurately fit amplitude and phase recorded thermal signal. In 2007,
Koh and Cahill’ conducted femtosecond laser Time-Domain ThermoRe-
flectance (TDTR) experiments, where they observed an anomalous fre-
quency dependence of the thermal conductivity in semiconductor alloys.
When a modulated heat source generated by laser pulses oscillates above the
MHz range, they observed that the apparent thermal conductivity of alloys
decreases by over 50% when compared to its bulk value while the apparent
thermal conductivity remains constant in pure crystals (such as InP, GaAs)
and amorphous materials (like SiO,). The authors claimed that ballistic
phonons, with a mean free path longer than the thermal diffusion length of
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the heat source do not contribute to the measured thermal conductivity.
However, their cumulative approach® inherently carried a bias since it
maintained a diffusive-Fourier regime. Consequently, their TDTR experi-
ment was converted into a method for measuring the mean free path
spectrum of phonons™"’. In 2010, Siemens et al."" used a soft X-Ray TDTR
experiment to observe deviation in Fourier predictions while varying the
size of metallic heaters from 65 nm to 2 pm. Soft X-Ray features drastically
increased the spatial resolution of their experiment and allowed the authors
to observe a ballistic-diffusive transition. They tempered this effect by
assuming an additional ballistic boundary resistance between the heater and
its medium, but once again, their theoretical approach was Fourier based. In
2015, Nelson and Minnich'*" conducted experimental measurements using
a Transient Thermal Grating (TTG) technique and presented a similar
anomalous behavior of thermal conductivity with a spatially modulated heat
source. Their method involved the absorption of crossed laser pulses, which
established a sinusoidal temperature profile. The temperature-induced
index grating diffraction of a probe laser beam was used to monitor the
temperature distribution. By adjusting the period of the thermal grating, the
heat penetration length could be varied within the range of 1-10 um. At
small spatial periods corresponding to a high-frequency excitation, a
reduction in the apparent thermal conductivity was observed, indicating a
transition from the diffusive to the ballistic transport regime. Again, this
behavior was explained by the authors considering that only phonons with a
mean free path shorter than the size of the heat source contribute sig-
nificantly to the thermal conductivity.Indeed, the observed frequency
dependence of thermal conductivity in thermoreflectance experiments
arises from a bias that occurs when a purely diffusive-Fourier model fails to
account for the transition between the diffusive and ballistic regimes. In
2015, Vermeersch et al."* demonstrated, through first-principle calculations
and solving the Boltzmann transport equation, that a quasi-ballistic tran-
sition regime often emerges in alloys. To describe this regime, they intro-
duced a new model based on Lévy dynamics"*, which played a crucial role in
understanding the ballistic-diffusive effects. In their study, Lévy dynamics in
alloys is referred to as super-diffusion”’.

The results obtained by Vermeersch et al. revealed that the pre-
viously mentioned reductions in apparent conductivity observed in
semiconductor alloys are a direct manifestation of superdiffusive Lévy
transport, without having to assume a frequency-dependent thermal
conductivity. Moreover, the formalism indicated that the transient
temperature behavior within the material significantly deviates from the
Fourier theory, offering improvements in the thermal characterization
of alloys and material interfaces. Such experimental measurements
obtained with a classical TDTR setup’ have enabled to highlight a
superdiffusive regime but this kind of experiment has inherent draw-
backs which complicate the analysis such as cumulative thermal
effects or a limited acquisition time window. One new experimental
evidence of superdiffusive transport was reported in 2022'°. Never-
theless, the process described by the authors needs i) to grow more than
10 samples with thicknesses from 10 nm up to 1 um, ii) to perform
measurements from ambient temperature down to cryogenic. In addi-
tion, the 3-omega method used in this article only allows measuring a
sample thermal resistance. There is no possibility to know the value of
the frequency range of the phonons involved without varying the sample
thickness.

In the following work, we will delve into the origin and principles of the
super-diffusion regime and explore its modeling in greater detail. From an
experimental aspect, ultra wideband thermal spectroscopy associated to
Levy modeling is a unique tool for instantly revealing the presence of
superdiffusion processes and identifying the frequency range of the pho-
nons that contribute the most to the non-Fourier process. The key advan-
tages of this technique are as follows: a single sample is sufficient and it is not
necessary to carry out a temperature study. The super diffusive regime is
then highlighted in a one shot experiment.

Thermal spectroscopy combined with a probabilistic approach to
phonon distribution sheds a new light on thermal transport.

Results and discussion
Theoretical background
This section summarizes the approach described in ref. 14, providing a
framework for fitting and predicting the experimental data. It also justifies
the necessity to develop an ultrabroad band experimental technique,
described in the next section, in order to demonstrate the non-Fourier
behavior. Classically the formalism is rooted in a probabilistic framework,
where the movement of thermal energy carriers within the material is
characterized as a stochastic process. This approach utilizes the duality
between the temperature response AT(rt) and the probability density
function P(r,t) of encountering a randomly moving energy carrier at posi-
tion r and time ¢. This duality is expressed as AT(r, t) <= %, where p
and Crespectively stand for the density and the specific heat of the medium.
In essence, we employ continuous time random walk (CTRW) processes,
which involve a series of transition events'”"", to describe the behavior of
thermal energy carriers.

Regular one dimensional (1D) Fourier diffusion is stochastically
equivalent to Brownian motion" where a single pulse Q X §(¢) of surface
energy density (in J.m ) is expressed with the probability distribution:

AT p(x,t) = P%Pm(xv t) 1)

) a2 . o )
with Ij_l 0%(x, t)= 7D ¢ where D is the thermal diffusion coefficient
and [T7Pp(x, )dx = 1.

In the spatial Fourier domain, the temperature distribution becomes:
Q Q ¢
ATip(E 1) =GP )=z @

While in the double transformed Fourier-Laplace domain the
expression becomes:

1

ATlD(575)=PgCP1D(575)=p—%X m (3)

P,p(€,s) represents the characteristic function of a normalized
random-walk process. In this context, P, ,(x,t)dx denotes the probability of
locating the injected source energy within the range [x, x+dx] at time . The
derivatives of P, (&, s) with respect to & exhibit continuity at £ = 0, implying
that the moments of P, ,(x;t) exist and are finite.

For a more general non diffusive process the formalism remains
unchanged, but the probability distribution is modified in the following
way'”:

Pip(€,s) = (4)

_ 1
s+ ()

with y(§) = D,|¢|*

The £ D pole in Eq. (3) in the Laplace domain is replaced in Eq. (4) by a
function of the wave number y(£) from which we deduce a fractional
diffusive coefficient D = %5) =D, &2

The flaw of such an approach is that only one regime can be described
depending on the exponent value « (1 < « < 2).If @ = 2 then propagation is
purely diffusive while if & <2 the propagation is superdiffusive. A more
complete description is needed when a large time scale is accessible to the
measurement implying a corresponding large scale of frequencies (s) and
wave numbers (£). The probability distribution is modified and the (&)
function is rewritten as follows'"”:

£\? 7 £ B
<<£bd> + 1) cos (a.arctan (Fw)) 1

2D,

v = o

(©)
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Fig. 1 | Diffusivity ¥® vs wave numbers in log-log scale. At low spatial frequencies
the diffusivity appears constant as the propagation is purely diffusive. At high spatial
frequencies, above the cut-off, the transport becomes purely superdiffusive with a
a-2 exponent.

This expression comes from the truncated Levy distribution form-
alism able to describe both purely diffusive Fourier process and super-
diffusive Levy carriers. a is the superdiffusive exponent and &,; the
truncation wave number such as &,; = 2 of the Levy distribution where
the truncation appears through u;,; (the bd index stands for the ballistic-
diffusive transition) u;, is the value of the jump cut-off*’ so that the mean
square displacement (MSD) could be finite and regulates the length over
which the transition from quasi-ballistic to diffusive transport occurs”.
The function 42 is plotted in Fig. 1 for the following parameters:
Up; = 4um, D=10"*m?.s7! et @ = 1.5. The Fourier regime clearly
appears at low spatial frequencies while the highest frequencies evidence
the superdiffusive propagation. The transition between the two regimes
appears for £ = £,; = 1.6 X 10°m~!. Considering the truncation para-
meter u;,; being equal to the diffusion length, we can deduce the f ;-
cut-off frequency between the two transport regimes:

2m I D ©)
— =Upy = Lpi, = _
fbd " ﬂfcut—oﬁ

Dy

fcutfojf = F = 2.0MHz (7)

This value depending on the material thermal diffusivity and on the
jump cut-off value, the cut-off frequency is expected to appear in the
[1 MHz, 1 GHz] range".

From these considerations we now have a complete analytical
expression for 1D energy density single pulse response in the material in the
Fourier-Laplace domain from which we can calculate the response P, ,(x, t)
in the real space by classical numerical Fourier inverse Transforms. The
extension to the 3D solution is obtained assuming an isotropic propagation
and from symmetry arguments'”:

AT3D(ra t) = lTZCPiD(x = 1’/\/3, t) (8)

with r the distance to the source.

Ultrabroad band thermoreflectance spectroscopy

Given the frequency range of the expected superdiffusive regime, there is a
need for a spectroscopy method with high sensitivity in the [1 MHz, 1 GHz]
region.

Femtosecond pump-probe thermoreflectance”*” has proven to be a
very adequate and efficient method to assess the dynamics of electron and
phonon transport in nanomaterials and to characterize nanomaterial
properties such as thermal properties®™ or acoustic and optical
properties™ ™. In such pump-and-probe experiments, a metallic film,
usually aluminum or gold, is deposited on the sample layer to increase
absorption and convert pump light into heat. The high-intensity pump
heats the sample and the low-intensity probe senses its reflectivity response.
Femtosecond laser sources can then be used with this kind of pump-probe
set-up to investigate the thermal properties of thin films, multilayers, and
nano-objects, and to determine thermal interface resistances™ "', They
provide the very high temporal resolution required to study small spatial
dimensions with a good dynamic range. We can distinguish two config-
urations, namely TDTR™ and FDTR”, for which the reflectivity var-
iations are respectively measured either as a function of time or as a function
of frequency (see Supplementary Figs. S1.1 and S1.2).

It is clear that none of the spectral ranges of the TDTR and FDTR
techniques are suitable to bring out the superdiffusive regime which is
expected to appear in the [1 MHz, 1 GHz] frequency range. In this fre-
quency range, we have checked that, with a 70 nm thick Al transducer, we do
not have to take into account the non-equilibrium electron contribution (see
Supplementary Fig. S2.2). We have then combined both techniques to
obtain a broadband thermal spectral sensor. The FDTR and TDTR
experiments respectively probe [10 kHz, 200 MHz] and [76 MHz, 1 THz]
frequency ranges which finally lead to a [10 kHz, 1 THz] final range. Several
precautions must be taken in order for measurements obtained by both
methods to overlap. In particular, the same magnification conditions, and
the same pump and probe wavelengths must be used in both setups. In
addition, since the magnitude signal is dependent on the energy absorbed
within the sample, the use of the same pump power should be guaranteed
unless the thermal analysis is made from the phase signal. Indeed, this phase
signal can then be used to identify the thermal properties of the samples
studied, after compensating for optical path differences and propagation
delays.

To validate this ultra-wide thermal spectroscopy, experimental mea-
surements were carried out first on a silicon sample. For these measure-
ments, the radius size of the pump and probe beams were measured to be
respectively 6.5 um and 4.5 pm. The silicon substrate is covered by a 70-nm
thick Al transducer. The amplitude and phase signals of the FDTR/TDTR
sensor are presented in Fig. 2 where we can note a perfect overlap of the
TDTR and FDTR measurements, as well as in the amplitude and in the
phase curves in the [76 MHz, 200 MHz] region.

21,22

Modeling and parameter identification

From the phase curve, next step consists in identifying the thermal prop-
erties of the sample from the measurement. A 1TM (Fourier One Tem-
perature Model)*"** is used to describe the heat transfer during a pump-
probe experiment. The sample is modeled by an Al transducer layer
deposited on a semi-infinite substrate as presented in the central part of
Fig. 3. The discontinuity of the temperature field at the interface is modeled
by an interface resistance. In this section, for simplicity, we have assumed
that the transducer is instantaneously thermalized in both models in order
to focus on the material of interest.

At this point, we can compute both temperatures on top of the
transducer (where the probe laser is performing the temperature mea-
surement) and on top of the material of interest (where the superdiffusive
effect is expected to be observable) using the quadruple formalism* in the
Fourier (+>w) Hankel (r>1) domains and assuming that the heat is being

Communications Materials | (2024)5:123
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Fig. 3 | Screening effect of the transductor. Comparison of modeled amplitude and
phase Fourier and truncated Lévy spectra above the transducer (a for the amplitude
and b for the phase) and below the transducer (c for the amplitude and d for the

phase) for a semi-infinite material. The thermal properties used for the calculation
are shown in Table 1.

deposited by a spatial Gaussian shape single laser pulse of energy Q.

T(Lw)] 1 0|11 R
[ QW) ]_ kAltAl(%‘{'Az) 1 '[0 1

H

T,(4, w)

0, 0). 27 (), w)

(€)

Q stands for the energy of the laser absorbed by the aluminum
transducer with a thickness 4, and respectively a thermal conductivity and
diffusivity k4; and D4; R is the thermal resistance interface between the
transducer and the layer of interest. Z(\, w) is the thermal impedance of the
material under study considered as a semi-infinite medium. T} is the surface
temperature measured by the probe beam while T, is the temperature on top
of the layer of interest. T,(w) = T(z = 0, w) and T,(w) = T(z = t,;, w)
are obtained solving numerically this system of two equations.
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Table 1 | Physical properties of the different layers and interface used for the calculations shown in Fig. 3

Al transducer

Thickness 70 nm
Thermal conductivity 180 W.m'.K™'
Specific heat capacity 2.45MJ. m2. K™

Interface Thermal resistance

Raysi =5 nK.m2wW-"

Semi-infinite substrate Thermal conductivity

Ksub = 10 W.m~".K™" (Fourier) ks,p = 10 W.m".K™'; a = 1.5; ugp = 4 pm (Levy)

Specific heat capacity

PCsubstrate = 1.65 MJ. m3K!

In a classical Fourier diffusive regime, the impedance is given by
, -1
Ztourier Ay @) = (ky /55 + A\*)  while in a superdiffusive Lévy regime, it
must be modified calculating the Lévy impedance through the Green’s
function in the Fourier-Hankel domain":

[ [ AT p(r, e 2t (Aryrdrdt

) (10)

Z14y (A @) =

where AT;p(r, t) is given by Eq. (8).

Consequently, a comparative study of the Lévy model thermal
response with that of the Fourier-1TM can be carried out to show the
difference between these two models. Figure 3 shows the amplitude and
spectral phase of the thermal response calculated with the Fourier-1TM and
Lévy models of a semi-infinite substrate covered with a 70 nm aluminum
transducer at two specific positions: first (lower part of Fig. 3) at the interface
between the Allayer and the semi-infinite material of interest, second (upper
part of Fig. 3) on top of the metal surface where the temperature is measured
by thermoreflectance. The thermal properties used in the calculation are
shown in Table 1.

We have verified that the Lévy model becomes a regular Fourier model
with « =2, giving the same spectral response as the one calculated by the
Fourier Model (this result is not shown in the graph for the sake of clarity).
However, when the exponent « is equal to 1.5, the Lévy model behaves
differently from the Fourier model, showing superdiffusive effects. Both
amplitude and phase display an evident signature of the superdiffusive
nature of the thermal transport but since the thermal phase does not require
a normalization process, it can be directly compared with the experimental
signal. This is one of the reasons why, in the following of this work, we shall
focus on the thermal phase to study the non-Fourier thermal transport.

The differences between both models are very pronounced on the
surface of the material below the transducer. The Fourier model under-
estimates the temperature amplitude rise of the hot spot under the surface by
afactor of two at high frequencies, i.e. at short times when ballistic effects are
prevalent as ballistic phonons do not contribute to cooling mechanisms’.
The phase is also strongly influenced by the nature of the propagation
phenomenon (Lévy or Fourier).

The transducer evens out the temperature distribution and masks non-
diffusive effects when viewed from the sample surface, in particular in the
amplitude response. Nevertheless, super-diffusion is still visible from above
the transducer over two decades around 10 MHz in the phase response.
Indeed, the 1TM and superdiffusive (& = 1.5) models behave identically at
high frequency, where the thermal response is sensitive to the transducer.
Since the transducer is considered to be instantaneously thermalized, the
phase of the spectral response tends towards —90° at high frequency.
However, at low frequencies, both model phase responses are superimposed
and tend towards 0° due to the semi-infinite medium. The differences in the
rest of the frequency range are due to the superdiffusive regime. Therefore,
the range of this thermal regime is accessible by the FDTR/TDTR ther-
moreflectance spectral sensor. In addition to the FDTR/TDTR overlapping
conditions and the lack of normalization necessity, this is another reason to
use the phase signal to perform the thermal parameter identification rather
than the amplitude signal.

Customarily™, a 70-nm thick transducer is used as the best compro-
mise between thermal transparency and the best energy deposition

Table 2 | Physical properties of the different layers and
interface

Al transducer Thickness 70 nm
Thermal conductivity 180 W.m~'.K™'
Specific heat capacity 245MJ. m3 K™

Raysi=2.3 nK.m2W-"
K= 135 W.m—" K"
oCg=1.69 MJ. m2K-"

Interface Thermal resistance*

Si substrate Thermal conductivity*

Specific heat capacity*

The * stands for identified free parameters in the model.

efficiency by the pump laser. It is under these conditions that we have been
able to experimentally demonstrate the super-diffusion in the last section.

We have used the model presented above to identify thermal para-
meters of pure semiconductor crystals such as Si and Ge, amorphous SiO,,
polymers and finally, a semiconductor alloy InGaAs where non-diffusive
Lévy effects are expected.

Diffusive transport in Fourier material

The identification was carried out on the silicon sample whose thermore-
flectance signals were previously presented in Fig. 2. Table 2 summarizes the
known Al properties (thickness, penetration depth, thermal conductivity,
and specific heat capacity) and the three properties to be identified with the
corresponding identified values.

A sensitivity study of the 1'TM model (see Supplementary Fig. S3)
shows that, for materials with a thermal conductivity higher than
10 W.m "K', thanks to the ultrabroad bandwidth of the experimental
measurements, the interfacial thermal resistance can be simultaneously
identified along with the substrate thermal conductivity and specific heat
capacity. For lower thermal conductivities, between 1 and 10 W.m LK,
the two latter parameters are correlated, then only both interfacial thermal
resistance and material thermal conductivity can be identified.

Finally for very low thermal conductivities (k<1 W.m "K', the
thermal contact resistance R, may be much smaller than the sheet resistance
of volume probed beneath the surface Lp/k (where Lp, is the thermal dif-
fusion length): LTD > R,.. As the thermal flux crosses these resistances in series,
when one is much higher than the other, the lower resistance has no
influence on thermal transport and cannot be estimated. In our case the
sensitivity to Ry is very weak making its identification impossible. That is the
reason why only the thermal conductivity has been identified.

Figure 4 shows the experimental phase response and the theoretical
ITM optimization curve for the Al/Si sample, characteristic of a
classical Fourier thermal transport™”. The best optimization was obtained
for the following parameters: kg;= 135 W.m "K', pCg; = 1.69 M].m *.K*
and Ryysi=2.3nKm>W', which are close to the values found in
literature**,

In addition, 5 other materials with different thermal conductivities
ranging from 02 to 164W.n "K' were measured: germanium-
manganese (GeMn), scandium nitride (ScN), vanadium dioxide (VO,),
silica (SiO,) and a polymer (PI). The phase experimental responses and the
ITM optimization theoretical curves for these materials are given in the
Supplementary Figs. S4.1-S4.5. Figure 5 presents a comparison between the

identified values for the 6 materials and the values found in the literature***,
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Fig. 4 | Thermal properties identification. Phase signal measured by the FDTR/
TDTR sensor on a Al/Si sample and best 1TM fit.
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Fig. 5 | Range of thermal conductivity measurements. Thermal conductivity of

various materials measured by the FDTR/TDTR versus previously found literature
thermal conductivity.

We can note substantial agreement on the whole thermal conductivity
range, which shows the capability of this sensor to identify thermal con-
ductivities on a range of three decades.

We must now ensure that this kind of measurements will allow the
distinction between a purely diffusive regime from a Lévy dynamics
regime.

Experimental evidence of thermal superdiffusive transport

In this last section, we have investigated the expected superdiffusive beha-
vior in a 2-um thick InGaAs alloy sample. The study of this quasi-ballistic
thermal behavior was carried out in several steps.

Firstly, we measured the phase spectral response of the sample studied
using the FDTR/TDTR thermal sensor. Then we applied two optimizations
to the experimental signal to describe the thermal response. The first opti-
mization was performed using the purely diffusive Fourier one temperature
Model (Fourier 1TM) and the second using the superdiftusive Lévy model.
If the studied sample solely exhibits a pure thermal diffusive behavior, the
two temperature models, 1TM and Lévy, should converge and identify

identical thermal properties (a should converge to 2). However, for mate-
rials in which a superdiffusive regime exists, 1TM should not be able to
correctly describe the spectral phase response and therefore should not be
able to identify consistent values.

The sample studied is the Ing 53Gag 47As alloy, in which, according to
the literature”", there is a frequency dependence of the thermal con-
ductivity, indicating the presence of a pronounced Levy-Fourier transition.
Here we show the ability of the FDTR/TDTR sensor to detect this super-
diffusive regime.

The structure of the sample consisted of a 2000-nm thick InGaAs layer
deposited on an InP substrate with a 70-nm thick aluminum transducer
deposited on top. Figure 6 shows the multilayer structure of this sample with
the thermal properties essential for its modeling, the known values being
taken from the literature™. The properties of the aluminum transducer and
all fixed parameters are summarized in Fig. 6. The value of the thermal
resistance Ry,gaasmp between InGaAs layer and substrate has no significant
effect due to the low sensitivity of the response to it since the InGaAs
thickness is larger than the diffusion length in the frequency range of
interest.

The 1TM optimization was performed with two free parameters, the
thermal conductivity of InGaAs (kp,G.as) and the thermal resistance
between the Al transducer and the InGaAs layer (R4 y1,Gaas)- For the Lévy
model, which describes the heat in a semi-infinite medium over which a
transducer is placed, the InGaAs layer was considered as a substrate. In
addition to the thermal conductivity of InGaAs (kj,G,as) and the thermal
resistance (RaymGaas)> Optimization with this thermal model allows the
identification of two other parameters, namely the super-diffusion exponent
(o) and the characteristic transition length (ugp).

Figure 7 shows the measured spectral phase response of the Al/
Ing 53Gag 47As/InP sample on which two optimizations are performed, the
first with the classical Fourier-1TM and the second with the Lévy model.
Raw data for amplitude and phase of the thermal response are shown in
Supplementary Fig. S5.1. We can immediately see the inability of the
Fourier-1TM model to describe the entire frequency response of the sample.
The purely diffusive model does not fit the experimental response, especially
with a frequency range from 200 kHz to 200 MHz. However, the model fit is
adequate at high frequencies (200 MHz to 10 GHz) where the thermal
response is sensitive to the Al transducer effect. This is also the case at low
frequencies (below 200 kHz) where the response is sensitive to the thermal
effect of the InP substrate. Therefore, the discrepancy only exists in the range
where the response is sensitive to the InGaAs layer. The parameters iden-
tified by this 1TM optimization are 3.4 W.m "K' for the kjG.as and
11.8 nK.m”. W™ for the Raypcaas The thermal conductivity is 50% lower
than what would be expected, while the thermal resistance is 50% higher
than literature values.

The same figure also shows the optimization performed by the semi-
infinite Lévy model. In contrast to the Fourier—1TM, the Lévy gives a more
accurate fit to the thermal response above the 200 kHz frequency. The best
optimization is obtained with values of & = 1.7 + 0.1, upp = 3.5 £ 1.6 pm for,
kinGans =59+ 04 W.m "K' and Raypugaas=5.1%3.5nKm> W' Error
bars are calculated by propagating uncertainties in the fixed thermophysical
parameters, mainly the Al thickness (+5 nm) and rms laser spot size (+5%),
and 10% for the all the others taken from the literature.

These identified values are in perfect agreement with the theory and
measurements found in the literature™'. This implies that the model was
able to describe the thermal frequency response of InGaAs while main-
taining a frequency-independent thermal transport of the material.

Consequently, the failure of the purely diffusive Fourier—1TM to
describe the thermal response is in agreement with the theoretical simula-
tions by Vermeersch'*'" which predict the existence of the superdiffusive
regime in the InGaAs alloy.

Conclusions
A superdiffusive thermal behavior, distinct from conventional Brownian
motion, is expected in some particular semiconductors. Indeed, for most of
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Thermal parameters

Al transducer 70nm

Thermal resistance 1 Ral/ingaas=? nK. m?2/W

InGaAs 2000nm

Layer
InGaAs

Thickness dingaas=2000 nm
kInGaAs:? W/m/K

PCingaas=1.6 MJ/m? /K

Thermal conductivity

Specific heat capacity

Thermal resistance 2 Ringaas/mp=1 nK.m?/W

Substrate
InP

Thermal conductivity ki,p=65 W/m/K

Specific heat capacity pCrp=1.49 MJ/m3/K

Fig. 6 | Thermal model. Schematic description of the Al/InGaAs/InP sample and table summarizing the thermal properties used for the modeling.
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Fig. 7 | Optimization on InGaAs phase response and experimental evidence of
superdiffusive transport. Spectral phase of the thermal response measured for
Al/Ing 53Gag 47As/InP sample. Black dots represent the experimental response. The
blue continuous line shows the theoretical response adjusted by the Fourier-1TM.
The red dashed line shows the theoretical response adjusted by the Lévy model. The
spectral modulus is shown in Supplementary Fig. S5.1.

these materials, the transition between both purely diffusive and super-
diffusive regimes was theoretically predicted in a frequency range between
1 MHz and 1 GHz. However, pump-probe experimental benches work
either at low frequencies (FDTR) with an upper limit around a few tens of
MHz or at high frequencies (TDTR) with a lower frequency limit and
frequency resolution around 76 MHz corresponding to the laser
repetition rate.

We have proposed to merge both setups to reach an ultrabroad
bandwidth covering a frequency range from 10 kHz to 100 GHz. The ability
of this experimental set-up to evaluate the thermal conductivity of materials
over three decades has been demonstrated.

In addition, by comparing the classical Fourier-1TM with the Lévy
model, we have shown that, even if the transducer (compulsory in pump-
probe experiments), evens out the temperature distribution and masks non-
diffuse effects when viewed from the sample surface, super-diffusion is still
visible from above the transducer over two decades around 10 MHz, in
particular in the phase signal.

Finally, experimental pump-probe measurements on an InGaAs alloy
sample have highlighted the existence of the superdiffusive regime in the
InGaAs alloy. As a perspective to this work, investigations of phonon
transport mechanisms as a function of temperature can be interesting to
address a broad range of materials. Going to lower temperatures can provide
new insights above transitions such as: Levy flights, hydrodynamic and
ballistic transport.

Methods

In this paper, we have used heterodyne or asynchronous TDTR™™*
which consists in using two laser sources respectively delivering pump
and probe pulse trains at different repetition frequencies. The signal is
then measured at the beating frequency (see Supplementary Informa-
tion S1). The latter must be electronically stabilized. Consequently, all
mechanical translation devices are no longer required, and their inherent
limitations cease to exist. The signal processing from the raw time-
dependent data to the frequency domain signal is based on a classical
Fourier transform and is detailed in ref. 34. The benefits of this approach
are numerous in comparison with classical TDTR™: i) the acquisition
time reduced by several orders of magnitude, ii) an extension of several
decades of the temporal range studied, iii) no change in the size of the
laser spot on the sample, iv) the disappearance of unstable pointing, v)
the elimination of noise due to the translation of the plates, vi) the access
to imaging techniques with picosecond time resolution. The spectral
bandwidth typically extends from 76 MHz to 1 THz* limited on one
hand by the repetition rate of the pump laser and on the other by the
spectral extension of the laser pulse.

In the FDTR technique’ ™, the thermoreflectance signal is measured
with respect to the modulation frequency of the pump beam amplitude
while the probe beam is a CW laser (see Supplementary Information S1).
The FDTR method can be implemented with two continuous wave lasers.
The intensity of the pump beam is modulated either directly by a function
generator or by passing the laser beam through an electro-optic modulator.
For both modulation methods, the modulation frequency range is generally
swept from a few kHz up to a hundred MHz. The pump and probe beams
are focused on the sample surface with the same objective. After reflection,
the intensity of the probe is detected by a photodiode, and a lock-in amplifier
synchronized on the pump frequency is used to measure the phase and
magnitude of the thermoreflectance signal from the reflected probe beam
intensity.

Associated content
Supplementary information: The TDTR and FDTR optical benches are
described in Supplementary Information S1. In Supplementary
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Information S2, we show that, in the frequency range where super-
diffusion occurs, the non-equilibrium electrons do not contribute to the
thermoreflectance signal. Supplementary Information S3 is dedicated to
the model sensitivity in order to identify thermal parameters simulta-
neously on a wide frequency range. Supplementary Information S4
shows the phase frequency response on 5 materials with thermal con-
ductivities ranging from 0.2 to 16.4 W.m "K' in addition to the silicon
sample (135W.m '.K™') detailed in the main text. Supplementary
Information S5 shows the raw data amplitude and phase of the spectral
thermal response on InGaAs.

Data availability

The raw data in support of most of the quantitative figures reported in this
work are reported in the Supplementary Information. All of the other data
are available from the corresponding author upon reasonable request.
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