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Abstract
The ability to understand, control, and engineer heat flow is central to applications ranging from
energy conversion to thermal management. Heat transport is particularly interesting at the micro-
and nanoscale, where the conventional description of diffusive heat conduction can break down
and where interfacial thermal transport becomes increasingly relevant. Probing nanoscale heat
transport requires experimental methods that are non-invasive, compatible with ultrathin sam-
ples, and capable of resolving heat dynamics across interfaces between different materials. Optical
pump-probe techniques provide a powerful contactless solution, combining high spatial and tem-
poral resolution to accurately map the temporal dynamics and spatial evolution of material tem-
peratures. Here, we first discuss the recently established technique of spatiotemporal thermome-
try (STT), which is particularly suitable for in-plane thermal transport. We then propose the tech-
nique of material-selective time-resolved thermometry, which is particularly suitable for out-of-
plane heat transport. Both techniques follow the evolution of the temperature of thin films in time
and space. Together, these two time-resolved approaches provide a platform for quantifying heat
transport parameters in materials down to atomic thicknesses, with great potential for exploring
nanoscale thermal phenomena.

1. Introduction

The thermal properties of a material govern its ability to dissipate excess energy in devices [1], determine
its role in thermal management strategies [2] and dictate the efficiency of energy conversion in thermo-
electric systems [3]. Poor heat dissipation can limit device lifetime and performance, while controlled
heat flow enables enhanced performance. Understanding how heat flows through materials is therefore
central to both technological development and the fundamental study of nanoscale systems [4]. It is par-
ticularly interesting to study heat transport at reduced length scales, on the order of the mean free path
of heat-carrying phonons, where (quasi-)ballistic [5–9] and hydrodynamic [10–15] transport phenomena
can occur. Another important aspect of nanoscale heat transport is thermal conduction across mate-
rial interfaces, where phonon transmission is governed by vibrational mismatch and interfacial coupling,
which are characterized by the thermal boundary conductance (TBC), or inversely, the Kapitza resis-
tance [16].

After decades of progress, the experimental study of heat transport is now a well-developed field
that benefits from a broad range of established techniques. Among these, electrical methods such as AC
calorimetry [17], the 3ω technique [18], and microheater-based approaches [19] have allowed accurate
measurements of the thermal properties of many materials and miniaturized systems [4, 20]. However,
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their implementation often requires direct electrical contacts [21] and/or potentially complex device fab-
rication processes. In addition, these techniques offer limited spatial resolution and do not provide time-
resolved information. Optothermal methods provide certain advantages, as they are based on contact-
free, temperature-sensitive optical measurement approaches. Raman thermometry, for example, can be
used to determine the thermal conductivity by locally heating a sample and monitoring temperature-
dependent changes in the Raman response—such as peak shifts, linewidth variations, and Stokes/anti-
Stokes intensity ratios. This technique can also be used to investigate interfacial heat transport [22]. In
frequency-domain thermoreflectance (FDTR), a modulated heating laser induces reflectivity changes on
a metal transducer deposited over the material(s) of interest, and a probe laser evaluates these changes
as a function of the heating frequency, which in turn depends on the thermal properties of the materi-
als underneath the metal transducer [23]. In an analogous way, time-domain thermoreflectance (TDTR)
[24–26] uses pulsed lasers to track the temporal heat dynamics of such metallic transducers, from which
the thermal properties of the underlying material(s) can be determined. Another time-resolved approach
is transient thermal grating (TTG) thermometry, where two overlapped pump beams generate a spa-
tially periodic temperature profile, and a probe beam experiences diffraction that varies as a function of
pump-probe delay time, as heat diffuses [27, 28]. These optothermal techniques have established them-
selves as powerful and well-established methods to measure heat transport and thermal properties of a
broad range of materials, despite often relying on complex mathematical modeling and, in some cases,
requiring strong local heating.

Here, we discuss two time-resolved, all-optical techniques that enable quantitative studies of ther-
mal transport in thin films, with nanometer accuracy and sub-picosecond time resolution. First, in
section 1, we describe spatiotemporal thermometry (STT), which enables studying in-plane heat dif-
fusion by tracking in time the broadening of spatial profiles that are related to temperature pro-
files. Second, in section 2, we introduce a time-resolved technique to investigate out-of-plane ther-
mal transport, namely material-selective time-resolved (MaSTR) thermometry. This technique mon-
itors the temperature evolution of individual slabs of a multilayer structure through temperature-
dependent resonant modes. Together, these techniques provide an all-optical, contact-free platform
for extracting thermal transport properties, in particular the in-plane thermal conductivity, the out-
of-plane thermal conductivity, the interfacial thermal (Kapitza) resistances, and the heat capacity.
Whereas we will highlight the capabilities of these techniques by providing examples based on two-
dimensional materials, the techniques and methodologies are broadly applicable to a wide range of
thin-film and multilayer systems, beyond two-dimensional materials. Our goal is to offer both concep-
tual context and practical guidance for using these two time-resolved optical methods to study thermal
transport.

2. Spatiotemporal thermometry (STT)

2.1. The concept of STT
The concept of STT is the following (see figure 1(a)): a pump pulse photoexcites a material, either by
leading directly to lattice heating or indirectly through electronic excitations that transfer energy to the
lattice. The rate at which an excitation is transferred to the material as heat depends on the properties of
the material(s) of interest, in particular the electron and phonon relaxation times. The presence of lat-
tice heat changes the optical properties of the material, which is detected as a change in reflection of a
probe pulse that arrives with a variable time delay compared to the pump pulse. Spatially scanning the
probe across the pump spot at different pump–probe delays results in maps that reflect the spatiotem-
poral evolution of the heat distribution, thus revealing how heat spreads in the material and enabling
the extraction of thermal transport properties. Probing this heat around specific temperature-dependent
resonances, such as excitons or plasmons, leads to the strongest optothermal response and therefore the
highest sensitivity to temperature changes. This is not strictly necessary, since the reflectance away from
resonances is typically also (weakly) temperature dependent. Ideally, one should operate this technique in
a regime where the change in reflection is linear in incident power and therefore linear in temperature,
because this ensures that the transient reflection profile represents a temperature profile.

The STT technique has in common with TTG that it is sensitive to heat transport with both spatial
and temporal resolution. Although the pump-probe scheme is similar to that of TDTR measurements,
the STT technique does not require a transducer. Thermal properties are inferred from the evolution
of the excitation response instead of absolute temperature measurements, eliminating the need to know
how much power has been absorbed from pump excitation to obtain the absolute temperature of the
material. In terms of samples, it typically simply requires a uniform thin film of a material of interest. In
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Figure 1. Concept and experimental implementation of spatiotemporal thermometry. (a) Pump pulses (green) create a local
hotspot in a material of interest. Probe pulses (red) scan across the pump spot at varying time delays∆t to measure the evolving
temperature distribution, enabling the tracking of temperature in space and time. (b) Schematic of a spatiotemporal thermome-
try setup. A scanning mirror steers the probe beam that is imaged onto the back aperture of the objective using a 4f relay formed
by two lenses with focal lengths f1 and f2. In a conjugate configuration, angular deflections of the mirror translate into lateral
displacements at the sample plane while maintaining the probe focus. B.S. is beam splitter.

some cases, it is necessary to suspend the material over a hole to minimize the effects of the substrate on
heat transport.

2.2. Implementation of a STT setup
Figure 1(b) illustrates a possible implementation of an STT setup, where a laser source generates optical
pump pulses that photoexcite the sample, which heats up. Probe pulses that are derived from the same
laser source via a nonlinear optics stage, are sensitive to temperature-induced changes in transient reflec-
tivity ∆R/R. An optical delay line controls the temporal delay ∆t between pump and probe pulses, and
a scanning mirror controls the position of the focus of the probe pulse relative to the pump focus. This
allows for mapping the temperature response as a function of the pump-probe offset ∆r. The pump
beam is modulated with a fixed frequency fmod using a mechanical chopper, and a lock-in amplifier
extracts the pump-induced change in reflectivity, i.e. the thermal response at the modulation frequency
fmod. The reflected probe light is separated from the reflected pump light using a dichroic beam split-
ter and detected by a photodiode. Recording the probe signal as a function of pump-probe offset ∆r
and delay time ∆t allows the reconstruction of a two-dimensional map, or one-dimensional linecuts,
of the local temperature response. Analysis of the broadening of spatial temperature profiles at different
pump–probe delays provides direct access to in-plane thermal transport and enables the extraction of the
in-plane thermal diffusivity D∥.

Depending on the relaxation dynamics of a material relative to the laser repetition rate, two distinct
regimes can occur: (i) a non-accumulating heat regime, in which the pump-induced temperature rise
fully decays before the arrival of a subsequent pulse, such that each pump-induced excitation event is
thermally independent; and (ii) an accumulating heat regime, in which the system does not fully relax
between pulses, leading to residual heating and energy accumulation over multiple excitation cycles.
Below, we explain for both regimes how to extract the in-plane thermal diffusivity D∥.

2.3. Heat transport in the non-accumulating heat regime
We first consider the non-accumulating heat regime, where heat transport leads to a straightforward
broadening of the spatial temperature profile as a function of pump-probe delay time. The experimen-
tal transient reflectivity profile at each pump–probe delay can be described by a Gaussian function:

∆R

R
(∆r,∆t) = A(∆t)exp

[
− ∆r2

2σ2 (∆t)

]
, (1)

where A(∆t) is the amplitude of the relative reflectivity change and σ(∆t) is the Gaussian width at delay
∆t (see figure 2(a)). The diffusivity follows from the temporal evolution of the width:

D∥ =
σ2 (∆t)−σ2 (0)

2∆t
. (2)
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Figure 2. Obtaining heat transport properties using STT. (a) STT measurements on a thin gold film: transient reflectivity pro-
files (normalized to the∆t= 0 ps profile) at selected time delays, with a single Gaussian fit. (b) Temporal evolution of the
Gaussian width squared (σ2), showing fast electronic heat diffusion (≈ 60 cm2 s−1), followed by slower phononic heat diffu-
sion (≈ 1.4 cm2 s−1) in the non-accumulating heat regime. Reprinted with permission from [32]. Copyright (2023) American
Chemical Society. (c) Heat diffusion observed in suspended TMDs (D∥ = 0.18 cm2 s−1 and 0.59 cm2 s−1 for MoSe2 and WS2,
respectively) in the accumulating heat regime. Reprinted from [36], with the permission of AIP Publishing.

This Gaussian-tracking approach can, in principle, capture both charge and phonon heat diffu-
sion of a broad range of materials [29]. For example, Delor et al [30] employed this approach to mea-
sure the thermal diffusivity of silicon using spatiotemporal wide-field imaging, finding a value of 0.6 ±
0.2 cm2 s−1, corresponding to a thermal conductivity of approximately 100 Wm−1 K−1. Block and co-
workers [31, 32] used STT to measure in-plane heat diffusion in gold, finding a thermal diffusivity of
approximately 1.4 cm2 s−1 in the regime where electrons and phonons are in thermal equilibrium (see
figure 2(b)). Using the same technique, the thermal diffusivity of hBN-encapsulated MoS2 [33], disor-
dered gold films [34], and semiconductor nanocrystals [35] were determined.

2.4. Heat transport in the accumulating heat regime
The accumulation regime occurs when the thermal relaxation time of the material is comparable to, or
longer than, the delay between sequential pulses [37]. In this case, the spatiotemporal temperature evo-
lution during a modulation cycle is shaped by the cumulative contribution of multiple pulses. To model
this regime and extract the in-plane thermal diffusivity, Fourier’s diffusive heat equation is numerically
simulated for a localized Gaussian heat source, as described in [36]:

∂T

∂t
= D∥∇2T+ S, (3)

where T is the lattice temperature, t is time, D∥ is the diffusivity, ∇ is the multi-dimensional gradient,
and S describes any source term. Successive pump pulses are added at intervals set by the laser repeti-
tion rate (frep) and modulation frequency (fmod) with a total of N= frep/2fmod pulses per pump-on win-
dow for a 50% duty cycle. The resulting temperature dynamics are processed using a lock-in detection
scheme to obtain the in-phase and out-of-phase spatial temperature profiles. These simulated profiles are
compared to the experiment to determine the thermal diffusivity, after convolution with the probe beam
profile to reproduce experimental conditions.

Applying this approach to two-dimensional semiconducting materials, the heat-accumulation regime
has been used to investigate suspended TMD films via the temperature-dependent broadening of exci-
tonic resonances [36]. By analyzing the ∆t < 0 signal, [36] demonstrated the ability to access a steady-
state residual lattice temperature profile that results from heat accumulation over multiple laser pulses in
thin TMD flakes. The obtained in-plane thermal diffusivities were 0.18 cm2 s−1 for MoSe2, 0.20 cm2 s−1

for WSe2, 0.35 cm2 s−1 for MoS2, and 0.59 cm2 s−1 for WS2 (see figure 2(c)). By multiplying the mea-
sured diffusivities with the volumetric heat capacity Cv, they obtained the in-plane thermal conductivity
κ∥ of these films, in good agreement with values reported in the literature. [38].
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2.5. Prospects and limitations of STT
The technique of STT offers several notable advantages. It is fully non-invasive and contact-free, and
it provides two complementary routes to extract the in-plane thermal diffusivity of thin films: (i) by
describing the spatial profile with a Gaussian function in the non-accumulating heat regime, or (ii) by
comparing the measured profiles with a simple Fourier-based diffusion model in the accumulating heat
regime. Importantly, neither approach requires material-specific parameters, which are often essential
in other optothermal techniques. Another advantage of the technique is its high sensitivity. In TMDs,
measurements indicate a thermoreflectance coefficient on the order of 10−4 K−1 [36], comparable to the
maximum sensitivity achieved using gold transducers, while probing the temperature of the material of
interest via excitons. As a result, a temperature rise smaller than 1 K produces a measurable transient
reflectivity change, since pump-probe techniques can resolve transient reflectivity changes below 10−4,
highlighting the technique’s ability to detect subtle thermal perturbations.

Although the examples given here were based on heat transport following Fourier’s law, this tech-
nique is capable of revealing deviations from this law. In particular, it is possible that the shape of the
temperature-dependent transient reflectivity profiles develops in a way that cannot be explained by
Fourier’s law. Manifestations of hydrodynamic heat transport, such as second sound, where heat trans-
port shows wave-like behavior [39], will result in observable deviations in the profile evolution described
in equation (1). Recently, non-Fourier heat transport, where thermoelastic and hydrodynamic effects
together led to highly viscous heat transport, was indeed observed using this technique [40]. In some
non-diffusive transport cases, the temperature evolution can be represented by an effective diffusivity,
and it may depend on pump-spot size, pump modulation frequency, laser repetition rate, excitation
wavelength, and optical penetration depth.

Despite these strengths, the method also comes with certain limitations. Materials with long-lived
photoexcited carriers may be dominated by electronic diffusion contributions, complicating the extrac-
tion of the phonon heat diffusivity. An effective solution is the use of infrared pump pulses to directly
excite lattice vibrations, suppressing electronic transport effects [41]. Furthermore, the 2D diffusion
model assumes uniform out-of-plane heating, which holds when the film thickness is small compared to
the lateral extent of the heated region and the optical penetration depth. For thicker samples or mate-
rials with extremely low out-of-plane thermal conductivity, a full 3D diffusion description becomes
necessary.

Looking ahead, STT opens the door to probing physical processes that were previously difficult to
access. Combining the thermal diffusivity extracted from this approach with an independent measure-
ment of the thermal conductivity would enable the determination of the heat capacity of thin films. The
technique also provides a powerful platform for exploring non-diffusive heat transport and for studying
more complex structures such as van der Waals heterostructures, where material-specific resonances offer
intrinsic layer selectivity. In addition, pulse-picking or variable-repetition-rate lasers can extend the flex-
ibility of the method by increasing the spacing between pulses, thereby eliminating any negative-delay
signal and enabling the use of simple Gaussian-width analysis (see section 2.3) to extract the in-plane
thermal diffusivity. Together, these developments point to a broad and expanding landscape for future
applications of this technique.

3. MaSTR thermometry

3.1. The concept of MaSTR thermometry
The concept of MaSTR thermometry, which is a technique that we introduce here, is to use pump pulses
to heat a transducer material and then to follow the spreading of heat from the transducer into the
material(s) below the transducer by directly probing the material(s). The timescale by which the excita-
tion is transferred as heat into the material of interest, just like in TDTR, is determined by electron and
phonon relaxation times, and thermal boundary resistances. By using time-delayed probe pulses that are
sensitive to temperature-dependent and material-specific resonances, this enables observing heat trans-
port through different materials in time. This transport is typically governed by the TBCs (or Kapitza
resistances) and the out-of-plane thermal conductivity of the materials [16]. In this technique, the mate-
rial(s) of interest is (are) placed on a substrate and coated with a metallic transducer (see figure 3(a)).
The substrate should be transparent for the probe pulses, as this technique requires pumping the trans-
ducer from one side of the sample and probing the material(s) underneath the transducer from the
other side. Under certain conditions, this technique enables a direct determination of the TBC and the
out-of-plane thermal conductivity, as we will show.
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Figure 3. Concept and experimental implementation of material-selective time-resolved (MaSTR) thermometry. (a) Conceptual
sketch of a typical sample formed of three layers. Layer 1 corresponds to the metallic transducer, layer 2 to the material of inter-
est, and layer 3 to a transparent substrate. We label the interface between layers 1 and 2 as ‘A’ and the interface between layers
2 and 3 as ‘B’. Heat transport in the out-of-plane direction is governed by the interfacial thermal conductances GA, GB, the
heat capacities C1, C2, and C3 of the different layers, and their out-of-plane thermal conductivities κ⊥,1, κ⊥,2, and κ⊥,3. (b)
Schematic of a MaSTR thermometry setup, where a sample is excited by pump pulses through an objective from one side, and
interrogated by probe pulses through an objective from the other side. Both pump and probe pulses typically originate from the
same laser, to ensure synchronization, and a delay line ensures variable delay between pump and probe pulses. The detection
scheme either uses a photodetector or a spectrometer to measure reflected or back-scattered light, respectively.

We propose two types of optical probes that are particularly suited for MaSTR thermometry. The
first option is to probe resonantly a temperature-sensitive mode, such as excitons in TMDs (as described
in the STT section) [42, 43], plasmon resonances in metallic systems [44, 45], Mie resonances in dielec-
tric nanoparticles [46, 47], or phonon-polaritons [48]. An increase in the lattice temperature will gen-
erate a broadening and/or a shift of the resonance [42, 43, 45, 46], which leads to a heat-dependent
reflectance change at a frequency that is specifically related to a given material. The second option is to
use the Raman response of the material(s). This relies on the temperature-dependent change in spec-
tral position and/or amplitude of phonon modes of the material(s). Another option is to use the ratio of
the anti-Stokes and Stokes intensity [49, 50]. Both suggested probes provide a material-specific response,
thus enabling independent tracking of the temperature of different layers in a multi-layer stack. In the
case of 2D materials, this allows for achieving the ultimate resolution in the out-of-plane direction,
down to the atomic limit. As described in the STT section, it is important to verify that an increase in
reflection is linear with an increase in pump fluence, to ensure that a change in reflection accurately
describes a change in temperature.

The proposed MaSTR thermometry technique has in common with TDTR that it uses a transducer
and pump and probe pulses. The main difference is that instead of inferring the temperature of the
material(s) of interest indirectly through the temperature dynamics of the transducer, it obtains the
temperature dynamics of the material(s) directly and with material specificity. The advantages are that
more complex structures can be studied, and, under some conditions, thermal transport properties fol-
low directly from the obtained dynamics. In the case of using exciton modes as temperature probe, the
technique has similarities with STT, with the difference that the attention now lies on out-of-plane trans-
port. In the case of using the Raman signal as probe, it has similarities with Raman thermometry.

3.2. Implementation of a material-selective time-resolved thermometry setup
Figure 3(b) presents a sketch of a possible implementation of MaSTR thermometry, where the tem-
perature is probed by Raman spectroscopy or via reflectance changes. The pump pulses may be mod-
ulated before they reach the sample from the transducer side, in order to improve sensitivity and/or to
optimize the amount of heat accumulation (see section 2.4). Ideally, the pump wavelength and power
should be such that it leads to maximum absorption by the transducer and minimum absorption by the
underlying layer(s). The constraints on the probe beam depend directly on the chosen type of tempera-
ture probe. When probing resonances directly through reflection measurements, the main choice is the
wavelength to use, which should be close to the resonance. When probing phonon resonances through
Raman measurements, the probe wavelength can be fixed, but it is important for the probe pulses to
have a spectral width that is narrow enough to resolve sharp Raman features. In practice, this typically
means that probe pulses need to be stretched in time to a duration of several ps [51]. The reflected
or back-scattered light is then sent to a photodiode connected to a lock-in amplifier to measure the
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temperature-induced reflectance change, or to a confocal module and a spectrometer for the acquisition
of Raman spectra as a function of the pump-probe time delay, respectively.

3.3. Finite element simulation of the heat dynamics
We now use an Al/MoS2/SiO2 stack as an example system to demonstrate the utility of MaSTR ther-
mometry, by tuning several thermal transport parameters and numerically simulating their effect on
the time-dependent temperature of MoS2. This is the temperature that will be probed through either its
temperature-dependent reflection around the exciton or one of its Raman modes. We choose SiO2 as the
substrate, because it is one of the most common substrate materials, and Al as the metallic transducer,
because of its rapid carrier thermalization [52–54]. The simulation consists of a finite element model
[55], where each layer of the stack is divided into thinner sub-layers to generate a one-dimensional
mesh, whose thickness defines the spatial resolution of the simulation in the out-of-plane direction. The
temperature dynamics of each individual finite element is governed by two transport parameters [56]: an
interfacial heat contribution, characterized by the TBC G between two adjacent materials [16, 57], and a
conductive heat contribution based on Fourier’s heat diffusion inside a given material and characterized
by the out-of-plane heat conductivity κ⊥ [58]. More details about the simulation are available in [59],
and the corresponding code is openly accessible via [60].

In our Al/MoS2/SiO2 sample, we calculate the temperature of each MoS2 layer as a single finite ele-
ment for different delay times ∆t, with the SiO2 temperature fixed at 300 K, acting as a perfect heat
sink. The simulation takes the pump-induced heating of the electrons in the Al transducer to be instan-
taneous, since this is orders of magnitude faster than the heat transfer across the sample [56], and lets
a pump pulse excite the sample every 12.8 ns, which corresponds to a laser source with a 78 MHz
repetition rate. We simulate the heat dynamics of the full system over 100 pump pulses, to reach a
(quasi-)steady state in the heat accumulation regime [36] (as mentioned in section 2.4). Finally, we com-
pute the average temperature dynamics of the MoS2 flake after the last pulse, since this corresponds to
the dynamics that would be measured in an experiment. Figure 4 displays the results of our simulations
for two different thickness regimes for the MoS2 layer: the thin layer regime and the thick layer regime.

3.4. The thin layer regime
First, we focus on the thin layer regime, represented by a 10 nm thick MoS2 layer (16 monolayers).
In figure 4(a), we show the simulated time-resolved temperature change ∆T of the MoS2 layer. In
this simulation, the TBC between MoS2 and the substrate GB is fixed to 15 MWm−2K−1, based on
reported values for MoS2/SiO2 interfaces [61–63]. The TBC between Al and MoS2 GA is varied from 1 to
1000 MWm−2K−1. Similarly, figure 4(b) presents simulated dynamics with a fixed GA = 50 MWm−2K−1,
corresponding to previously measured TBC of Al/MoS2 interfaces [7, 38], and GB varies between 1 and
1000 MWm−2K−1. In the two cases, both the heating and the cooling of the MoS2 flake becomes faster
for increasing TBC, as expected. All simulated temperature dynamics can be described by the combi-
nation of a rising and a decaying exponential function. This leads to the rise and decay times of the
MoS2 layer as shown in figure 4(c). Below, we will show that from these timescales, we can directly
obtain the TBCs GA and GB.

In the thin-layer regime, the temperature dynamics of the MoS2 layer are dominated by the inter-
faces rather than by heat conduction in the MoS2 layer. This is because the interfaces are more resistive
to heat transport than transport within this thin layer. This means that the thermal conductivity κ⊥,2

does not affect the obtained temperature dynamics, which we confirm in our simulation. We can then
assume that the temperature in the MoS2 layer is uniform and use a simple three-temperature model
[64], which we use to connect the obtain timescales directly to TBCs. To this end, we use the equivalent
circuit shown in figure S1 and described in Supplementary section S1. The resulting timescales are:

τrise =
h2C2

GA +GB
(4)

τdecay =
h1C1 (GA +GB)

GAGB
. (5)

We plot calculated values of τrise and τdecay as a function of GA and GB in figure 4(c), and find
an excellent agreement with the obtained rise and decay times from our finite element simulations.
Knowing the thicknesses and heat capacities of the used materials, one can then use the combined
equations (4) and (5) to obtain GA and GB directly from the measured rise and decay times from a
MaSTR thermometry experiment.
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Figure 4. Simulated temperature dynamics for the example of an Al/MoS2/SiO2 sample. (a) Simulated temperature dynamics of
the MoS2 layer in a 50 nm-Al/16 L-MoS2/SiO2 sample as a function of the TBC of the first interface GA. The TBC of the second
interface is fixed as GB = 15 MWm−2K−1, based on previously reported values for MoS2/SiO2 interfaces [61–63]. (b) Simulated
temperature dynamics of the MoS2 layer in a 50 nm-Al/16 L-MoS2/SiO2 sample as a function of GB, with GA = 50 MWm−2K−1,
based on previously reported values for Al/MoS2 interfaces [7, 38]. (c) Rise time (circles) and decay time (squares) from panels a
and b. The continuous lines give the values predicted by a simple 3-temperature model. (d), (e) Simulated temperature dynamics
of the MoS2 layer in a 50 nm-Al/100 L-MoS2/SiO2 sample as a function of C2 (d) and κ⊥,2 (e). (f) Rise time (circles) and decay
time (squares) from panels d and e.

3.5. Thicker flakes andmore complex structures
Beyond the thin layer limit, the thermal resistance due to the out-of-plane heat conductivity κ⊥,2 cannot
be ignored anymore. To get an idea of its influence on the measured temperature dynamics, we run our
finite element simulation on a 63 nm thick MoS2 flake (100 monolayers) for κ⊥,2 varying between 1 and
500 Wm−1K−1. From now on, we fix GA = 50 MWm−2K−1 and GB = 15 MWm−2K−1, as reference TBC
values for Al/MoS2 and MoS2/SiO2 interfaces [7, 38, 61–63]. The results are shown in figure 4(d) and
highlight how an increased conductivity results in faster dynamics. The obtained rise and decay time are
shown in orange in figure 4(f) and show a similar effect of κ⊥,2 on both the rise and decay time, result-
ing in a slower/faster heat dynamics. For completeness, figure 4(e) and the green points in figure 4(f)
present simulations results as a function of the heat capacity. As expected, an increased heat capacity
results in longer timescales.

3.6. Prospects and limitations of MaSTR thermometry
We believe that MaSTR thermometry is a promising approach to study heat transport in the out-of-
plane direction. According to our finite element simulations, it provides complementary information
to TDTR with additional benefits. In particular, in the thin-film limit, the rise and decay dynamics
are directly related to thermal transport properties, which means that no numerical model is needed.
Moreover, this technique provides the ability to selectively probe a composite system with material selec-
tivity, which allows one to follow in time and space how heat travels through the different materials. In
the case of 2D materials, this means sub-nanometer vertical precision can—in principle—be achieved.
Whereas this has been achieved using electrical heaters and steady-state Raman scattering, MaSTR ther-
mometry utilizes a time-resolved, all-optical approach, thereby enabling access to temporal resolution.
Furthermore, the technique can be extended to perform beam-offset MaSTR thermometry experiments,
by laterally offsetting the spatial offset between pump and probe beams, which are controlled by separate
objectives. This would allow acquiring information on the in-plane diffusion of a given layer, in anal-
ogy to beam-offset TDTR experiments [65]. This technique also offers new ways to look at deviations
from the three-temperature model, e.g. due to non-diffusive heat transport. This could, for example,
manifest itself as oscillations or sign changes in the obtained signal, such as in TTG experiments [14].
Finally, even for a material that cannot be probed directly, it should be possible to estimate the out-of-
plane thermal conductivity of this material by using it as a spacer between the transducer and a thinner
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‘temperature sensing’ layer. The heat dynamics of the sensing layer would then get delayed due to the
time needed for the heat to travel through the spacer layer, which is the material of interest.

For the interpretation of experimental results obtained with MaSTR thermometry—especially in
cases where the thin-film limit does not apply—we expect that numerical models will be needed to
extract thermal transport parameters. For this, as in TDTR experiments, sensitivity analysis will likely be
essential [26]. MaSTR thermometry relies on the specificity of the optical response of a given material.
In this regard, using a Raman probe is more universal than probing a temperature-sensitive exciton or
plasmon mode, for example, and it can give simultaneous access to the responses of different materials.
However, the latter approach has the advantage of a larger temperature sensitivity. For example, relying
on the anti-Stokes to Stokes intensity ratio to measure temperature changes requires reaching local tem-
perature differences on the order of tens of Kelvin at least, thus requiring high pump powers and long
integration times [50, 66]. Despite these challenges, the technique of MaSTR thermometry can become
an important addition to the toolbox of optothermal techniques aimed at understanding (nanoscale)
heat transport.

4. Summary

We have presented two time-resolved, all-optical approaches for probing thermal transport in thin films.
One approach, STT, extracts in-plane thermal transport from the spatial broadening of temperature
profiles, while the MaSTR thermometry method probes out-of-plane heat transport by monitoring
temperature dynamics within individual films. We have detailed both the experimental setups and the
associated numerical methods for extracting thermal properties. These techniques provide a contact-
free, high-resolution framework for studying in-plane and out-of-plane heat flow, and their applica-
bility extends beyond two-dimensional materials to a wide range of nanoscale and multilayer systems.
We anticipate that ongoing research will increasingly leverage these methods to explore non-diffusive
transport regimes, including quasi-ballistic and hydrodynamic heat flow. The ability to resolve thermal
dynamics with submicrometer spatial precision opens new opportunities for understanding fundamental
phonon scattering processes, heat propagation at nanoscopic length scales, and thermal transport across
atomic-layer interfaces, ultimately providing input to guide the thermal design of advanced materials and
nanoscale devices.
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