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1. Physics on distinguishing the OP and AP temperatures of supported nm-thick MoS2

In Raman-based thermophysical characterization of supported 2D materials, upon photon 
irradiation, the sample undergoes heating and Raman excitation. If the bandgap of the sample 
is less than the photon energy, the sample will absorb the laser energy, initiating a cascade of 
energy transfer among the material’s carriers, including hot carriers, OPs, and APs. The process 
is as follows: initially, electrons within the material absorb the photon energy and are excited 
from the valence band to the conduction band, leaving holes in the valence band. However, due 
to the inherent instability of electrons in the conduction band, after a short time (~ns), they 
recombine with the holes and transfer energy to the OPs through electron-phonon scattering. 
Subsequently, the energy transfer proceeds from OPs to APs. Given the higher group velocity, 
heat capacity, and thermal conductivity of APs compared to those of OPs, APs receive nearly 
all the energy transferred from electrons to OPs. Consequently, they play a dominant role in 
heat conduction within the sample. This energy-cascading process results in a significant 
thermal non-equilibrium between OPs and APs [1, 2]. The TMD 2D sample used in this study 
is MoS2, characterized by a bandgap of 1.69 eV [3], which is smaller than laser photon energy 
(2.33 eV). Thus, the energy absorption and cascading mechanism described above apply to our 
samples.

2. Details on cross-correlation method

The Raman system used in this study consists of a 532 nm CW laser, a Horiba iHR550 
imaging spectrometer, and a confocal microscope. Also, a motorized neural density filter wheel 
(model FW212CNEB) controlled by a LabView program is used to vary the laser power 
automatically for collecting Raman signals at various P. And the amplitude-modulated CW 
laser is achieved by modulating the CW laser to a square-wave form using an electro-optic 
modulator (EOM) (model 350-160, Conoptics) under different frequencies. The 

/P Py w w= D D = ¶ ¶  values are determined using the cross-correlation method [4] rather than 
the two-step fitting process for establishing the ω ~ P relationship [5-7]. This global data 
processing method has significantly improved accuracy and low uncertainty. The cross-
correlation equation relating Raman wavenumber with temperature is expressed as
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where 1w  and 2w  define the limits of the range of the Raman peak of interest, ( )I w  is the 
experimental intensity, and ( )f w  is a Gaussian function given by 
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related to the full width at half maximum. Trial values of 0w  and ψ, giving the maximum value 
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of G, are taken as the true properties of the Raman spectrum variation versus temperature. More 
information can be found in our previous work [4].

3. Thickness measurement of MoS2 samples using atomic force microscopy

In this study, two nm-thick MoS2 samples are prepared using mechanical exfoliation from 
bulk material and subsequently transferred onto a Si substrate for the Raman experiments. 
Details of this mechanical exfoliation process can be found in our previous work [8]. Figure S1 
shows atomic force microscopy (AFM) images of the two samples. The experiment is 
conducted at two distinct locations on sample 1 and one location on sample 2. Analysis of the 
AFM results reveal a thickness of 25 nm for sample 1 and 10 nm for sample 2.

Fig. S1. The AFM images of the two MoS2 samples studied in this work. Sample 1 with a 
thickness of 25 nm: (a) top view and (c) side view, and sample 2 with a thickness of 10 nm: (b) 
top view and (d) side view. The locations where Raman experiment is conducted are shown in 
the images.

4. Applicability of IET model based on objective lens and laser spot size

Figure S2 shows the laser spot size under different objective lenses. As can be seen, as the 
laser spot size gets smaller, the hot carrier diffusion length (~0.3~0.5 m) becomes comparable 
to the length of the laser-heated area. This causes the generated hot electrons to carry heat 
beyond the laser spot area, where the recombination process transfers energy to optical and 
acoustic phonons. Moreover, the in-plane heat conduction within the MoS2 sample becomes 
more important for smaller laser spot sizes, transporting a considerable amount of absorbed 
laser energy out of the laser heating area. Consequently, the interfacial energy transfer (IET) 
model will overestimate interface heat transfer within the laser heating area. However, the 20× 
objective lens demonstrates a negligible contribution of thermal energy diffusing outside the 
laser spot area. Further insight into in-plane phonon transport and hot carrier diffusion can be 
found in the work of Yuan et al. [9]. Note that the yellow area represents the sample, and the 
red area indicates the heat transfer region within the sample and silicon substrate.
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Fig. S2. Laser heating under 20×, 50×, and 100× objective lenses to illustrate the effects of in-
plane heat conduction and hot carrier diffusion. The yellow area represents the sample, and the 
red area indicates the heat transfer region within the sample and silicon substrate. The IET 
model is applicable only for the 20× objective lens, as the effects of in-plane heat conduction 
and hot carrier diffusion are negligible in this case.

As discussed in the main paper, for the laser spot size ( 0r ) measurement, we use the 

Gaussian beam’s radial distribution as  2 2
0 0expI I r r= - , where I is the intensity of the beam 

at the distance r from the beam center, and I0 is the maximum intensity of the beam at the center. 
At the point where the radius equals 0r , the laser intensity is e-1 (36.8%) of the maximum value, 
as shown in Fig. S2. In the past, various methods for defining the laser spot size are found in 
literatures. Some methods use the distribution of  2 2

0 0exp 2I I r r= - , and the spot size r0 
corresponding to the location where the intensity drops to e-2 (13.5%) of the maximum value 
[10-12]. Others use the full width half maximum (FWHM) definition, which defines the laser 
spot size between two points where the intensity is half of its maximum value [13]. And some 
studies use the same definition as this study [14]. Our definition results in a smaller laser spot 
size compared to the e-2 definition, as shown in Fig. S3. However, all data processing in this 
paper has been conducted using the same definition, ensuring consistency and not impacting 
the results. This approach is standard practice within our research group.
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Fig S3. Illustration of different definitions for determining the laser beam radius based on the 
Gaussian beam intensity profile. I is the intensity of the beam at the distance r from the beam 
center. I0 is the maximum intensity of the beam at the center (normalized to 1), and 0r  is the 
laser spot radius, where the intensity of the beam drops to a certain value.
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