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1. Soft transfer method  

Figure S1-1: The different steps of the soft dry transfer process developed to transfer the 2D material 

on top of the microheater without any strain. Scale bar=50 µm. 3D image are done with Blender. 

 

The transfers were performed using a commercial transfer station from HQ Graphene. For the 

exfoliated hBN, the flake was transferred using the pick-up technique 1,2, consisting of PPC-coated 

PDMS hemispheres, to catch the flakes. The use of water is known to enhance transfer efficiency due 

to capillary forces between water and two-dimensional materials 3,4, and has already been employed by 

authors5–7. This technique was employed for the transfer of WSe₂ grown by chemical vapour deposition 

(CVD). To collect the WSe₂ flakes, a volume of 3 μL of demineralized water, with a droplet diameter 

of about 400 μm was deposited to the surface. The PPC/PDMS structure is then brought into contact 

with the flakes. The temperature is bring to 308.15 K in order to optimize the contact. The flakes are 

then removed from the surface during the pick-up step at 300K. 

Applying the 2D material onto the silicon cantilevers is a delicate process. In contrast to the typical 

fabrication of suspended 2D materials, it is essential to consider the pressure exerted by the PDMS 

hemisphere on the suspended silicon cantilevers and the reduced contact area, which is approximately 

30 μm². To this end, a transfer method was developed whereby only a thin film of suspended PPC 

covered by the 2D material comes into contacts with the cantilevers. To enhance adhesion and reduce 

the native oxide before transfer, the substrate was subjected to plasma treatments based on O2 and SF6. 

To create the suspended PPC film, a hemisphere of PDMS is cut in four quarters, with a distance of a 

few hundred micrometers between each quarter. PPC is then deposited on a silicon substrate, which is 

subsequently removed with adhesive tape. The tape is perforated to create a suspended film of PPC, 

which is deposited on top of the previous PDMS structure. This process resulted in the structure shown 

in Figure S1-1. 

During the pick-up step of the hBN flakes with these PPC structure, the temperature rises to 55 °C in 

order to improve adhesion. The second phase of the transfer process entails the meticulous placement 

of the flake onto the suspended cantilevers. To prevent excessive stress during this process, it is 

important to proceed slowly, with a duration of about two hours. Once a small contact between the 

cantilevers and the PPC is established, the temperature is gradually increased to 65°C. At this 

temperature, the PPC gradually softens and slowly contacts the surface. The temperature is then 

gradually elevated to 95°C to facilitate the gradual melting of the PPC. This process prevents any 

deformation. The PPC is then subjected to evaporation by placing the sample in an oven at 350°C for 

four hours under vacuum. With this process, the samples are free of contamination. 

I  Image of the PDMS  
cut in four quarters 

 



2. Typical samples 
 

 
Figure S2-2: Schematic (a) and optical image (b) of the sample with a 2D material (purple), 

suspended between two microheaters in silicon. The red electrode is heat up to 𝑇𝑠𝑜𝑢𝑟𝑐𝑒 by Joule heating. 

The two heat dissipation paths are marked in yellow. 

 

 

Figure 2-3: Geometric shapes used in the simulations. a) Geometry of HS1. b) Geometry of HS2 

superposed with an optical image. c) Geometry of Gr1. Scales in micrometers. 

 

 
Figure 2-4: Temperature profiles along the heat propagation direction. Temperature of silicon 

(black), WSe2 (red), graphite (blue) in a) HS1 with P=4.6 mW, Tbath=-109 °C. b) HS2 with P=6.2mW 

and Tbath=-116 °C. c) Gr1 with P=5.6 mW and Tbath=-127 °C. The grey areas correspond to the regions 

with cantilevers and the white area to the region with the suspended 2D material region. In insets are 

presented the optical images of the different samples. 



 

 

Figure S2-5: Atomic force microscopy of the different flakes. For Gr1 and HS1, the thicknesses were 

measured directly on the suspended membranes.  

 

The electrical conductivity of silicon was determined by the geometry and the extracted electrical power. 

The temperature dependence of the electrical conductivity has been integrated. The electrical resistance 

of graphite was considerable, but to prevent any Joule heating of the graphite itself, the measurement 

was performed with the electrical contacts of the second microheater in floating mode, which was only 

thermally anchored to the substrate. It is noteworthy that the temperature difference between the two 

points on the Si cantilever was identical to the graphite temperature (same 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑). It indicates 

good thermal contacts and confirms the value of 𝛥𝑇2𝐷. 

HS1 

HS2 

Gr1    



 

3. Raman spectrum and temperature calibration 

 

Figure S3-6: Stokes-Raman spectrum of a) WSe2, b) silicon and c) hBN11 at ambient temperature. 

 
Figure S3-7: Raman spectrum of WSe2 with fitting by a Pseudo-Voigt function 

 

First-order thermal coefficient 

At very low temperatures, the frequency ω of the characteristics vdW materials Raman peaks is almost 

constant 8–10, while at  higher temperature a linear temperature dependence of ω is commonly used with 

𝜔(𝑇) = 𝜔0 + 𝜒𝑇 11–14. We measure the first-order thermal coefficient 𝜒 for different two-dimensional 

materials, such as TMD  MoS2 11–14 or WSe2 15 but also for Graphene16–18 and hBN 18–24 and for silicon 
25–29 . 

 



 
Figure S3-8: Raman peak position as a function of temperature for a) the A1g WSe2 peak, b) for the 

G peak of graphene, c) for the E2g peak of hBN10, d) for the E2g peak of hBN11. 

 

Supplementary table 3a : First-order coefficient of Raman spectrum of hBN as extracted from the 

literature. 

first-order Raman temperature 
coefficients χ E2g ( cm-1.K-1 ) 

Isotropy of h-BN Layer number Linear ? Temperature 
range (K) 

Suspended ? Ref 

Strain corrected 
−0.0197 ± 0.0007 

Natural 11 Yes 300-370 Suspended 
 

24 

Strain corrected 

− 0.0170 ± 0.0007 

h-BN 10 11 Yes 300-370 Suspended 

−0.0223 ± 0.0012,  
−0.0214 ± 0.0010, 

and −0.0215 ± 0.0007 

Natural  1 
2 

3 

Yes 300-400 
 

Suspended 23 

−0.0558 ± 0.0011,  

−0.0480 ± 0.0022,  
and − 0.0380 ± 0.0011 

Natural  1 

2 
3 

Yes 300-400 On substrate 

−0.0191 ± 0.0005 Natural  Bulk Yes 300-400 Suspended 

–0.0341 ± 0.0012, 

−0.0315 ± 0.0014, 
and –0.0378 ± 0.0016 

Natural  1 

2 
9 

Yes 300-450 On substrate  22 

-0.025 hBN 10, Natural, hBN 11 Single crystal No 100-600 On substrate 24 

−0.023 Natural Bulk Yes 300-680 On substrate 20 

− 0.04123 
 

− 0.02385 

Natural 16.2 nm 
 

36.2 nm 

Second order poly.  
-8.446 × 10−5  

− 2.501 × 10−5 

cm−1 °C2 

80-473 On substrate 18 

-0.025 Natural Bulk With DFT 80-600 On substrate 21 

 

Supplementary table 3b : First-order coefficient of Raman spectrum of Si as extracted from 

literature. 

 
First-order Raman 

temperature coefficients χ 

E2g ( cm-1.K-1 ) 

Linear ?  Temperature range (K) Article 

-0.054 Yes  300-1200 25 

-0.0216 No  10-800 26 

From- 0.02 to -0.034 

depending of the 

reference 

Yes  240-400 27 

−0.022 Yes  300-420 28 



-0.047 Yes  180-800 29 

 

 

Stokes and anti-Stokes calibration. 

The temperature can be also determined by measuring the ratio between the intensity of the Stokes and 

anti-Stokes peaks. The probability of Stokes or anti-Stokes scattering depends on the density of active 

Raman phonons. The ratio between the two peaks  dependents on the temperature 30–34: 

𝐼𝐴𝑆

𝐼𝑆
=

(𝜈𝑙𝑎𝑠𝑒𝑟 + 𝜈𝑅𝑆)𝑛

(𝜈𝑙𝑎𝑠𝑒𝑟 − 𝜈𝑅𝑆)𝑛
𝑒

−ℎ𝑐.𝜈𝑅𝑆
𝑘𝐵𝑇  

The temperature can therefore be writted as: 

𝑇 =
−ℎ𝑐. 𝜈𝑅𝑆

𝑘𝐵𝑇
.

1

𝑛(𝑙𝑛(𝜈𝑙𝑎𝑠𝑒𝑟 + 𝜈𝑅𝑆) − 𝑙𝑛(𝜈𝑙𝑎𝑠𝑒𝑟 − 𝜈𝑅𝑆) + 𝑙𝑛(𝐼𝑆 𝐼𝐴𝑆⁄ ))
 

With 𝐼𝐴𝑆 the intensity of the (Anti-)Stokes Raman peak, 𝜈𝑙𝑎𝑠𝑒𝑟 the frequency of the laser, 𝜈𝑅𝑆 the 

frequency of the Raman peak and n a coefficient. In the literature, n=4 30–33,35,36, n=3 30,31,34,36,37 or even 

n=0 36 have been reported.  It is explained that under thermal equilibrium, n is dependent on the detection 

process 24,30,31.  
Figure S3-9a shows the variation of the LO silicon Raman peak as a function of temperature. Figure S3-

9 b illustrates the variation of the position of this silicon peak as a function of the temperature of the 

Linkam cell. Subsequently, a coefficient 𝜒= -0.0187 cm-1. K-1 is determined by linear extrapolation, 

based on the assumption that 𝜔(𝑇) = 𝜔0 + 𝜒𝑇. In addition, the temperatures evaluated with the 

Stokes/Anti-Stokes intensity ratio according to the aforementioned formula with n= 4, 3 and 0 are plotted 

in red, orange and yellow, respectively. We note that there is a discrepancy of about 10 °C between the 

temperature of the Linkam cell and the Stokes/Anti-Stokes intensity ratio. As a consequence, we decide 

that the temperature of the Linkam cell should serve as an absolute reference between -200°C and 20°C. 

To compensate for this offset, a correction factor of 0.91, 0.89 and 0.83 was inserted into the previous 

formula for n = 4, 3 and 0 respectively. We note that the solutions for n=0 did not converge to the desired 

results. Calibration using the Stokes-Anti- Stokes measurement enables the calibration curve to be 

extended to temperatures higher than 20°C at the microheater, which is not possible with the Linkam 

cell temperature alone. 

 
Figure S3-9: Temperature dependence of the Raman peak of silicon. a) Stokes Raman spectrum at 

three temperatures with the same laser power. b) Position of the Raman peak as a function of temperature 

with the different linear extrapolations. 



4. Joule heating, laser heating and WSe2 thermometry 
 

Figure S4-10: Joule heating in a silicon cantilever: a) Temperature of the silicon cantilever as a 

function of the applied voltage. b) Temperature map along the two cantilevers for HS1, extracted from 

the Si peak. The measurement was performed at Tbath =23°C. 

 

 

Figure S4-11: Raman signature of a suspended heterostructure with WSe2 on top of hBN as a 

function of the applied optical power. (right) Raman signature of Si microheater as a function of the 

applied optical power. (middle) Raman signature of WSe2 on top of the hBN as a function of the applied 

optical power P. (left) Raman signature of the hBN as a function of the applied optical power. 

We do not observe a laser heating of hBN up to 3.6 mW. 

 
Figure S4-12 : Temperature measurements at different points in HS1. a) Optical image of the 

sample HS1 with the three measurements positions in black. b) Table with the temperatures of the 

different materials at three positions and for V=0 V and V=6 V.   



5. Absence of deformation and optical separation of strain from 

Raman measurements 
Given the sensitivity of Raman spectroscopy to deformations, it is crucial to determine with precision 

whether mechanical deformations and forces are exerted on the cantilevers or on the 2D material. To 

achieve this, a variety of techniques were employed. The first step was to determine whether any 

optically discernible deformations occurred during the heating process, such as defocusing of the 

structure or the emergence of visible folds. The second approach involved using atomic force 

microscopy to assess the surface of the 2D material during the heating of the structure. This allows to 

verify the absence of any folds or bends at the nanometer scale. The third method is illustrated in Figure 

1e and employs direct Raman spectroscopy to identify and separate the mechanical stress component 

from the temperature component on the Raman spectrum. This method enables to quantify the 

mechanical stress at 0.1%, which is negligible in the Raman signature of WSe2 and can be separated in 

the data. 

The fourth method refers to the measurements presented in Figure S2-4b. We note here that the 

temperature points for the silicon and two-dimensional materials are well aligned at the contacts level, 

indicating the absence of an relative strain. However, an asymmetry of strain between the silicon and 

the two-dimensional material is  expected due to the geometric aspect ratios. 

 
Figure 5-13: Optical image of the sample. (a) Without and (b) with electrical heating at V=5V at Tbath=-

120 °C. Scale bar=10 µm. We do not see any strong deformation of the sample. This is confirmed for 

all samples. 

 

 



Figure 5-14: Atomic force microscopy of a suspended flake of hBN. a) Optical image of the sample, 

b) and c) Optical images of the sample during the atomic force microscopy measurements. d) 

topographies of a suspended part of the hBN with V between 0 and 6 V. 

  

Figure S5-15: Optical separation of strain and temperature for sample HS3. a) Position of the E2g 

peak of hBN at varying x-values (longitudinal direction) along the y-values (transverse direction). b) 

Position of the A1g peak of WSe2 at varying x-values along the y-values. c) Extracted values of strain 

(bidirectional) obtained for 2D heterostructures along the y direction at varying x-values. d) Same 

procedure for temperature. 

 

It is possible to extract information from the Raman shift on both temperature and strain for the 

heterostructure composed of hBN and WSe2. All data points presented in Figures S5-15 are included in 

Figure 1e in the main text. The data are aligned with the directions of the strain and temperature axis. 

They correspond to homogeneous deformations along the heterostructure and homogeneous heating or 

cooling of the heterostructure. This demonstrates that temperature and strain can be optically separated 

in our devices and that the WSe2 flake is at the same temperature of the hBN flake. hBN is highly 

sensitive to strain 38, while the WSe2 peak is mainly sensitive to temperature. 



6. Temperature uncertainty and parasitic thermal effects 
The determination of the temperature standard deviation is detailed here. We determine 𝛿𝑇𝑆𝑖 = 3°𝐶 for 

silicon, 𝛿𝑇𝑊𝑆𝑒2 = 5°𝐶 − 8°𝐶 for WSe2, and 𝛿𝑇𝐺𝑟 = 3.5°𝐶 for graphene. Figure S6-16 shows the 

measured temperature for sample HS1 (a) and sample Gr1 (b) when no heating of the microheater is 

applied. From these measurements we can extract an uncertainty of 5°C for WSe2, since data for each 

temperature value on the longitudinal x-axis is an average over 5 points on the y-axis (the standard 

deviation corresponds to the error bar in Figure 3a). It is confirmed that the temperature of the silicon 

holder was well defined at Tbath. This test also demonstrates that there is no parallel channel of thermal 

conduction between the two cantilevers, in addition to the conduction through the 2D material, neither 

through residual air conduction nor radiative thermal transport. 

 
Figure S6-16: Determination of the standard deviation of the temperatures during the 

measurements. a) Temperature of WSe2 (red) and Si (black) at V=0 V and Tbath =-118 °C along the 

sample HS1. The grey (white) areas correspond to the supported (suspended) sections. b) Temperature 

of the Graphite, illustrated in blue at V=0 V and Tbath=-127 °C in Gr1. c) Temperature map of the silicon 

cantilevers at V=6 V and Tbath=-109 °C for HS1. The white square indicates the area used to measure the 

standard deviation. 

 



Figure S6-17: Thermal bath. a) Stokes Raman spectrum of silicon away from the hot zone for different 

voltages V. c) Temperatures variations evaluated from the position of the Si peak in a). The black dot 

in the sketch b highlights the measurement point. 

 
Figure S6-18: Parasitic thermal path with thermal radiation and thermal conduction through the 

residual air. a) Raman spectra of Silicon on the two cantilevers without suspended 2D material with 

and without Joule heating of the microheater with the corresponding temperatures extracted from the 

peak position. The different arrows indicate the measurement positions. b) Temperature map along the 

two cantilevers with Joule heating. 



7. Temperature dependence of the electrical and thermal 

conductivity for HS1, HS2 and Gr1. 
 

The majority of materials display a dependence on temperature of their thermal and electrical 

conductivities. Given the considerable temperature difference across silicon cantilevers (exceeding 

100°C), it is imperative to consider this temperature dependence. The electrical conductivity of the 

microheaters, 𝜎𝑆𝑖, was determined independently using the initial electrical conditions (P = 4.6 mW, 6.2 

mW and 5.6 mW for HS1, HS2 and Gr1, respectively) and a fitting parameter (α) from an external 

electrical measurement: 

𝜎𝑆𝑖 = 𝛼(5. 10−11𝑇2 − 10−8𝑇 + 4. 10−5)−1 

Figure S7-19 a shows the electrical conductivities of silicon for the three samples as a function of 

temperature. There is a slight discrepancy between the samples, which can be attributed to variations in 

the manufacturing process. However, they exhibit values that closely aligned with those observed in 

typical silicon samples. The electrical conductivities of heavily doped silicon, as in our cantilevers, are 

observed to be higher than those of intrinsic silicon, typically in the range of 1000 S/m. At temperatures 

below 400 K, the electrical conductivity exhibits a nearly constant behavior with respect to the 

temperature and decreases slight above this range. It can be concluded that the temperature dependence 

of 𝜎𝑆𝑖 is not a significant factor in the system under consideration.  

In contrast, the temperature dependence of the thermal conductivity is of significant importance. This 

temperature dependence is well documented in the literature and it decreases with increasing 

temperature. The curve of 𝑘𝑆𝑖,𝑟𝑒𝑓(𝑇) was extracted from the reference 39 and adjusted according to the 

conductivity of the sample at 200 K as : 

𝑘𝑆𝑖(𝑇) = 𝑘𝑆𝑖,𝑟𝑒𝑓(𝑇)
𝑘𝑆𝑖(200𝐾)

𝑘𝑆𝑖,𝑟𝑒𝑓(200𝐾)
 

With 𝑘𝑆𝑖(200 𝐾) which corresponds to the fitting parameter in Comsol. Figure S7-19 b) shows the 

thermal conductivity of HS1, HS2 and Gr1, which is between 124 and 156 W.m-1.K-1 at room 

temperature. This finding aligns well with the values reported in the literature, which are typically in the 

range of 140 W.m-1.K-1 40,41. 

Figure S7-19: Temperature-dependent conductivities of silicon. a) Electrical conductivity of silicon 

as a function of temperature in the three samples. b) Typical thermal conductivity of silicon in the same 

samples. 



 
Figure S7-20: Temperature-dependent thermal conductivity of the vdW heterostructure used for 

the simulation in the sample HS2. In black is the curve from ref42. The red and blue dots delimit the 

maximum and minimum of thermal conductivities at each temperature obtained from the simulations 

for the sample HS2. 

 

 



8. Simulations for GR1: 2-points configuration. 

 
Figure S8-21: Phase space of the system with the best fitted solutions (colored region) as a function 

of kSi and the in-plane kGr for the sample Gr1.  

 

In this and the following section, we have defined the colored region in the different phase space graphs 

as the sum of the squares of the temperature differences for the two temperature points or more 𝛴𝛥𝑇2 =
∑ (𝑇𝑚𝑒𝑠𝑢𝑟𝑒𝑑 − 𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑)2

𝑝𝑜𝑖𝑛𝑡𝑠 . The white region describes the solution space in which at least one 

point of the simulated temperature 𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 has a difference to the measured temperature 

𝑇𝑚𝑒𝑠𝑢𝑟𝑒𝑑  exceeding the standard deviation for at least one point (|𝑇𝑚𝑒𝑠𝑢𝑟𝑒𝑑 − 𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑| > 𝛿𝑇). The 

coloured region was defined as the region of the available solutions, and within this zone, the lowest 

value of 𝛴𝛥𝑇2 corresponds to the optimal solution. 

This procedure enables the identification of the optimal solution for the given data set. To illustrate, if a 

single point diverges, (|𝑇𝑚𝑒𝑠𝑢𝑟𝑒𝑑 − 𝑇𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑| > 𝛿𝑇),  this does not necessarily affect the value of 

𝛴𝛥𝑇2. Our method addresses this issue. 

The area of satisfactory solutions in phase space depends on the number of measurement points used. 

In the case of Gr1, a satisfactory solution can be obtained with only two points. We deduced from Figure 

S8-21 that the best solution is for k2D=2800±700 W.m-1.K-1. 

 



9. Simulations for HS2: temperature dependence of k2D. 
 

The temperature gradient measured along the HS2 at a voltage of 8 V is approximately 250 Kelvin. The 

thermal conductivity 𝑘2𝐷(𝑇) varies considerably within this range. This dependence can be derived 

directly from the temperature profile. Considering a bar of a material of length L, between two 

temperatures, 𝑇ℎ𝑜𝑡 and 𝑇𝑐𝑜𝑙𝑑, it is possible to define the temperature profile in accordance with Fourier's 

law. To obtain the temperature along the x-longitudinal axis, it is possible to introduce a temperature 

dependence such as  𝑘2𝐷(𝑇) = 𝑐𝑇𝛼. The temperature profile is then written as follows 43 : 

𝑇(𝑥) = [
𝑥

𝐿
𝑇𝑐𝑜𝑙𝑑

𝛼+1 + (1 −
𝑥

𝐿
) 𝑇ℎ𝑜𝑡

𝛼+1]

1
𝛼+1

 

In Figure 4c, the temperature profile of the sample HS2 is quasi linear and corresponds to a coefficient 

α close to -1. It matches the expected behavior and experimental data obtained in reference 42. 

A temperature dependence for 𝑘2𝐷(𝑇)  was included in the COMSOL model. This model is based on 

the experimental values of 𝑘2𝐷,𝑟𝑒𝑓(𝑇) as reported in reference 42. Thus, 𝑘2𝐷(𝑇) is defined as∶ 

𝑘2𝐷(𝑇) = 𝑘2𝐷,𝑟𝑒𝑓(𝑇)
𝑘2𝐷(190𝐾)

𝑘2𝐷,𝑟𝑒𝑓(190𝐾)
 

Nevertheless, the inclusion of the temperature dependence in 𝑘2𝐷 has a minimal impact on the 

conductivity value of the 2D material at room temperature, as shown in Figure S9-22 when comparing 

the thermal conductivity with temperature dependence at 300K and the thermal conductivity without 

temperature dependence We can compare at 300 K which corresponds to the mean of the vdW structure 

temperature. 

 

Figure S9-22: Simulations for the sample HS2 and phase space of the converging solutions a) with 

(left) and b) without (right) temperature dependence of k2D. 
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10. Simulations for HS2: out-of-plane thermal conductivity 
 

Figure S10-23 shows the optimization of the simulations with measurements of the sample HS2 for a 

range of out-of-plane thermal conductivities of the 2D material 𝑘2𝐷,┴. It is not possible to achieve 

convergence for values of 𝑘2𝐷,┴ = 2 𝑊. 𝑚−1. 𝐾−1. The solutions are obtained for 𝑘2𝐷,┴ =

5 𝑊. 𝑚−1. 𝐾−1 and above. If 𝑘2𝐷,┴ is greater than 5 𝑊. 𝑚−1. 𝐾−1,  the in-plane 𝑘2𝐷  value is unaffected 

by the out-of-plane thermal conductivity of the material. This leads to the conclusion that the value of 

the out-of-plane thermal conductivity should be around 5 𝑊. 𝑚−1. 𝐾−1. The table below shows the out-

of-plane thermal conductivity values reported for hBN in the literature. The average value is close to 5 

𝑊. 𝑚−1. 𝐾−1, further validating our measurements. 

 
Figure S10-23: Simulations for the sample HS2. Phase space of the system with the fitted solutions 

(colored region) as a function of kSi and the in-plane khBN for the sample HS2 at different out-of-plane 

thermal conductivities k┴hBN.  a) k┴hBN=2 W.m-1.K-1
. b) k┴hBN=5 W.m-1.K-1. c) k┴hBN=10 W.m-1.K-1.  d) 

k┴hBN=20 W.m-1.K-1. 

 
 

Supplementary table 10a : Out of plane thermal conductivity of others 2D materials from 

literature 
Thermal 
conductivity  

(W/m/K) 

Material Temperature  Layers Simu/Exp 
Suspendu

e or not 

Interface conductance 
(MW/m2/K) 

Measure setup Ref 

4.4 

3.8 

2.8 
2.5 

MoS2 

WS2 

MoSe2 
WSe2 

Tamb Bulk Exp ( 

Non) 

/ Thermoreflectance 

(Change with the 

modulation 
frequency) 

44 

2 

2 

MoS2 Tamb Bulk Exp 

(Non) 

26  MoS2/Al 

20 

TR-MOKE 

Thermoreflectance 

45 

 MoS2 
MoSe2 

Tamb 1L 
1L 

 

Exp 
(Non) 

0.44 MoS2/Au 
0.09 MoSe2/SiO2 

 46 

3.5 MoS2 Tamb Bulk Simu   47 

1.5 WSe2 Tamb Bulk   Thermobridge 48 

 



 

Supplementary table 10b : Out-of-plane thermal conductivity of hBN from literature 

Thermal 

conductivity  
(W/m/K) 

Isotope/Non-

isotope 

Temperature  Layers Simu/Exp Measure setup Ref 

3,5  

4,5  

3,3 

10 

11 

Tamb 

Tamb 

Tamb 

Bulk Exp Thermoreflectance 42 

8.1 

0.2 

 Tamb 585 nm 

7 nm 

Exp 3ω style 49 

2  Tamb Bulk Exp  50 

5.2  Tamb Bulk Exp Thermoreflectance 51 

5,5  Tamb Bulk Simu Thermoreflectance 52 

 



11. Simulations for HS1: thermal contact simulation 
Figure S11.24 shows the convergence of the fitting solutions at different 𝑘2𝐷 and 𝑘𝑆𝑖, the thermal 

conductivities of the two materials for the sample HS1, with three different values of thermal 

conductivity at the interface 𝑘𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒. The interface is defined and simulated according to the 

specifications shown in Figure S11-24. Figure S11-24 b illustrates a perfect circle within the phase space 

of the solutions, while Figures S11-24 a and S11-24 c show imperfect circles. In cases a and c, the 

temperature is closely aligned with the experimental values for one material but divergent for the other 

one. To interpret the results, it is useful to make an analogy with optics and the astigmatism of an optical 

beam through a lens. A light beam without astigmatism generates a perfect circle, while a beam with 

astigmatism produces misshapen circles. Astigmatism can be attributed to the presence of an additional 

angle (or additional parameter) between the plane and the direction of the beam. The 𝑘𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 appears 

to behave in a manner analogous to this third parameter. Based on these considerations, we consider the 

scenario where 𝑘𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒= 1.4 W.m-1.K-1 to be the most accurate. 

 

 

Figure S11-24: Simulations for the sample HS1. Phase space of the system with the correct solutions 

(colored region) as a function of kSi and in-plane khBN for the sample HS1 at different contact thermal 

conductivity kinterface. a) kinterface=1 W.m-1.K-1
. b) kinterface=1.4 W.m-1.K-1. c) kinterface=2 W.m-1.K-1. 

 

𝑘𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the conductivity of an additional material, sandwiched between the hBN and the cantilever 

in order to simulate the thermal interface contact. 

The electrical conductivity is equal to the 2D material's electrical conductivity (insulating for hBN). 

For the interface, the thermal conductivity along x and y is 0 W.m-1.K-1 to eliminate parasitic thermal 

transport and the vertical thermal conductivity is 𝑘𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒. 
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12. Thermal conductivity of hBN and graphene in the 

literature. 
In recent years, several techniques have been employed to measure the thermal conductivity of van der 

Waals (VdW) materials. Some techniques require the use of supported materials, while others require 

the use of suspended samples, which ultimately leads to different thermal conductivities. Furthermore, 

the influence of temperature, sample thickness and the isotopic nature of the materials on thermal 

conductivity must not be ignored. The exceptionally high value of the thermal conductivity observed in 

one of our samples (𝑘2𝐷 =1650 W.m-1.K-1 in HS1) is explained here. We conclude that our configuration 

for HS1 is favorable for a high value of 𝑘2𝐷. 

Supported/suspended: As shown in Figure 2c, supported samples have overall lower thermal 

conductivities than suspended samples. This is obvious for graphene, with a ratio of 3 between the 

supported and suspended cases. For hBN, we extract a ratio of 1.7 with an analogous comparison. 

Similar comparisons have been made in previous studies collected on different 2D materials, in Figure 

S12-25, with an overall ratio of about 2.7 between suspended and supported samples.  In addition, we 

compared the thermal conductivity of exfoliated isotopically pure hBN of a supported sample measured 

by modulated thermoreflectance (MTR) with the ones measured on the suspended samples. The 

exfoliated flake on the support measured by MTR has a thermal conductivity of 470 W.m-1.K-1 at room 

temperature, i.e. there is a ratio of 3 between this value and the value obtained with the suspended flakes 

measured  with the microheater configuration, which is reasonably expected according to the literature. 

 

Figure S12-25: Compilation of the ratio of the thermal conductivity observed on the 

suspended and supported samples. Each of these ratios was carried out in the same article with 

very similar samples each time. The references are provided in the table below. In blue are the 

experimental data, and in brown the theoretical work. 

Supplementary table 12a : Suspended/supported 
Thermal 
conductivity 
(suspended/supp
orted) in W.m-1K-1 

Ratio Temperature Layers and material Simu/exp Ref 

117/31  
95/47  

3.8 
2.0 

Tamb 1L Mos2 
2L MoS2 

Simu 
 

53 

2500/370 6.7 Tamb 1L Graphene CVD Raman 54 

1200/600 2.0 Tamb 1L Graphene Simu 55 

63/32 2.0 Tamb 1L Ws2 PL 56 

84/55 
59/24 
77/34 
42/17 

1.5 
2.4 
2.3 
2.4 

Tamb 1L MoS2 
1L MoSe2 
2L Mos2 
2L Mose2 

Raman 46 

 

Isotopic purity: The thermal conductivities of isotopic two-dimensional materials are typically higher 

than those of their natural counterparts. In reference 57, the authors performed thermal conductivity 

measurements at different isotopic concentrations in Graphene and discovered that pure isotopes 

exhibited thermal conductivity values twice those of natural carbon-based materials. Figure S12-26 



shows that isotopically pure hBN exhibits higher thermal conductivity than natural hBN. We compare 

the thermal conductivity of exfoliated commercial hBN and exfoliated isotopically pure hBN with 

modulated thermoreflectance on supported samples. The thermal conductivity measured at room 

temperature was approximately 250 and 284 W.m-1.K-1 for natural hBN and 470 W.m-1.K-1 for isotopic 

hBN, respectively. The complete experimental description for natural hBN is provided in reference 58. 

The thermal conductivity is observed to double from the utilization of an isotopic material. 

 

Figure S12-26: Comparative analysis of hBN and graphene/graphite thermal conductivities from 

the existing literature with the thermal conductivities evaluated in this study. We separate experimental 

and simulated measurements, isotopic and natural materials, ambient and low-temperature 

measurements, as well as the different thicknesses of the 2D materials. This graphic encompasses a 

multitude of thermal conductivity measurement techniques. All data and references are detailed in the 

table below. 
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Supplementary table 12b : In-plane thermal conductivity of hBN- graphene/graphite and 

different TMDs from literature 
 

Material 
 

Thermal 
conductivity 

(W/m/K) 

Suspended/ 
supported 

Isotope Temperature Thickness Typical 
size 

Setup Ref. 
 

hBN 585  

550  
408 

1300  

Sup 

 

10 

11 
 

10/11 

300 K 

300 K 
300 K 

Tmax 

Bulk mms Thermoreflectance 42 

hBN 450 Sup  300 K Bulk  Method 3ω 59 
hBN 315 Sup  300 K Bulk  Thermoreflectance 51 
hBN 242 Sup  300 K 4L  Pump probe 60 
hBN 1009  

958 
Sus 11 

10 
300 K 1L 

1L 
3.8 μm 
 

Optothermal Raman 61 

hBN 751 Sus  300 K 1L 3.8 µm  Optothermal Raman 23 
hBN 670  Sus 10 300 K 11L 5 µm Optothermal Raman 24 
hBN 484 Sus  300 K 2L 3 µm Thermobridge 62 
hBN 360 Sus  300 K 11L 7.5/6.5 µm Thermobridge 63 
hBN 350  Sus 11 300 K MWNT 6 µm Thermobridge 64 
hBN 243 Sus  300 K   9L 7µm Raman 22 

         
hBN 2067    300 K BNNR  Simu 65 
hBN 1650  

900  

 10 Tmax SWNT  Simu 66 

hBN 1160    Bulk  Simu 67 
hBN 670  

730 
 11 

11 
 1L  Simu 68 

hBN 1700 

600 

  125 K 

300 K 

  Simu 42 

hBN 550 
800 

520  

  
11 

11 

Tmax 
Tmax 

300 K 

1L 
1L 

1L 

 Simu 69 

hBN 550    Bulk  Simu 70 
hBN 50–500  11 300 K BNNT  Simu 71 

Material 
 

Thermal 
conductivity 

(W/m/K) 

Suspended/ 
supported 

Isotope Temperature Thickness Typical 
size 

Setup Ref. 
 

Gr 1910* Sup  300 K Bulk  Simu 72* 

Gr 1900 Sup  300 K Bulk  Thermoreflectance 51 

Gr 1680 Sup  300 K 1L   73 

Gr ~1000 

~500 

Sup  300 K 36L 

1L 

 bridge 74 

Gr 160 

1000 

Sup  300 K 1L 

36L 

 Electric heat spreader 75 

Gr 840 

1100 

Sup 

Sus 

 300 K 1L  Raman 76 

Gr 695 Sup  300 K 1L  FTDR 77 

Gr 636 Sup  300 K 1L  Pump probe 60 

Gr 600 Sup  300 K 1L  Microbridge 78 

Gr 370 

2500 

Sup 

Sus 

 350 K 1L  Raman 54 

Gr 365 Sup  300 K 1L  Raman 79 

Gr 308 Sup  300 K 5L  Raman 80 

Gr 4840-5300 Sus  300 K 1L 3 µm Raman 16 

Gr 4300 Sus  300K 8.5 µm  mm Thermobridge 81 

Gr 4000 Sus 13/12 320 K 1L  Raman  57 

Gr 2700 Sus  300 K 1L  Raman 82 

Gr 2600-3100 Sus  300 K 1L µm Raman 83 

Gr 370 

2500 

Sup 

Sus 

 350 K 1L 3.8 µm Raman 54 

Gr 1875 Sus  350 K 1L  Raman 84 

Gr 1800 
 

Sus  300 K 1L 2.6 µm 
6.6 µm 

Raman 85 

Gr 1800 Sus  300 K 1L  Raman 86 

Gr 840 

1100 

Sup 

Sus 

 300 K 1L  Raman 76 

Gr 600 Sus  300 K 1L  Raman 87 

         



Gr 3600 

2200 

2000 

Simu  300 K 1L 

2L 

Bulk 

  88 

Material 

 

Thermal 

conductivity 

(W/m/K) 

Suspended/ 

supported 

Isotope Temperature Thickness Typical 

size 

Set-up Ref. 

 

MoSe2 20 Sus  300 K   2L  7.5µm Raman 89 

MoS2 

WS2 
MoSe2 

WSe2 

82 

120 
35 

42 

Sup  300 K Bulk  Thermoreflectance 44 

MoS2 80 Sup  300 K Bulk  Thermoreflectance 51 

MoS2 62 
15 

Sup  Tmax 
300 K 

Bulk  Thermobridge 90 

MoS2 85-100 

 

Sup  300 K Bulk  TR magneto-optic Kerr effect 45 

MoS2 34.5 Sup  300 K 1L  Raman 91 

MoS2 

MoSe2 

MoS2 

MoSe2 

84 

59 

55 
24 

Sus 

Sus 

Sup 
Sup 

 300 K  

300 K 

300 K  
300 K 

1L 

1L 

1L 
1L 

 Optothermal Raman 46 

MoS2 44-50 Sus  300 K 4L  Thermobrigde 92 

WSe2 124 Sup  300 K Bulk  Thermobridge 48 

WS2 63 Sus  300 K 1L  PL 56 

WS2 32 Sup  300 K 1L  PL 56 

WS2 120 Sus  300 K 1L  Raman 93 

MoS2 90 Sus  300 K 1L  Raman 93 

WSe2 75 Sus  300 K 1L  Raman 93 

MoS2 68 Sup  300 K 5L  Raman 80 

MoS2 40 Sus  300 K 12L  Raman 94 

MoSe2 105 Sus  300 K 1L  Optomechanic 95 

MoS2 73 Simu  400 K Bulk   47 

 

 

Supplementary table 12c : Thermal conductivity of cubic structure from literature 
Article 

 

Thermal conductivity  

(W/m/K) 

Isotope/Non-iso Temperature (K) Layers Simu/Exp 

96 1660 
1650  

11 
10 

Tamb 
Tamb 

Bulk  c-BN Exp 

97 2380  Tamb Diamond Exp 

 
Thickness of the material: As shown in Figure S12-25, the overall thermal conductivities (represented 

by the dots) are typically higher than those observed for monolayers (represented by the squares) in 

Graphene/graphite. In light of the findings from the study by Balandin et al.16, the scientific community 

has anticipated that monolayer materials will exhibit a thermal conductivity that exceeds that of the bulk 

material. Within the community, this statement, the distinction between the two types of materials, has 

become less clear-cut, and the highest thermal conductivity is now observed in solid materials 81. This 

may be attributed to the inherent challenges associated with measuring the thermal conductivity of 

monolayers. Recently, a reverse trend has been observed for TMDs89. The thermal conductivity of our 

thick samples' is higher than that of previously measured monolayers. Moreover, the results of our 

experiments indicate that the thinnest sample exhibits a lower conductivity than the thickest sample. The 

data suggest that the thermal conductivity is higher for thicker hBN. However, further investigation is 

required to confirm this hypothesis. 

 

Measurement temperature: The maximum thermal conductivity in VdW materials is measured around 

100 K 81,98. In HS1, thermal conductivity is measured at around -50 °C and for Gr1, it is around -40 °C. 

These temperatures are slightly lower than the ambient temperature. Thermal conductivity in HS2 is 

measured between 120 and -100°C. Thermal conductivity is higher for measurements at low 

temperatures. This is why the measured values are expected to be slightly higher than the ambient 

temperature references, but the effect should be negligible. 



13. Thermoreflectance on the supported isotopic hBN 

 

Figure S13-27 Thermoreflectance measurement reported in a thick flake of isotopic hBN deposited 

on a gold layer. 

A study was carried out to measure and simulate the modulated thermoreflectance (MTR) of an 

analogous flake of  hBN isotope. Details of the methodology are described in the reference 58. We use a 

pump laser (green laser =532 nm at P~1 mW) modulated at a frequency in the range 100 Hz-1 MHz, 

and measure the variation of the reflectivity of a probe laser (bleu laser = 483nm at P~150 µW) as a 

function of their relative distance. The probe laser exhibited a response profile, as shown in the different 

graphics of Figure S13-27, related to the temperature gradient induces by the pump beam. We perform 

measurements at different frequencies of the laser modulation allowing to change the thermal diffusion 

length into the hBN. The amplitude and phase of the signal are plotted for each frequency measurement. 

Data are analyzed by solving a three-dimensional theoretical model of classical heat transport describing 

the temperature distribution in multilayered samples, heated by an intensity-modulated Gaussian laser 

beam, including both lateral and vertical heat diffusion 99. The measurements fitting is conducted by 

including a surface thermal conductance Gth on the 91 nm layer of hBN isotope. The out-of-plane value 



of khBN was set to 5 W.m-1.K-1, and Gth and khBN// were used as fit parameters. The resulting values for Gth 

and khBN// were approximately 47 MW.m-2.K-1 and 470 W.m-1.K-1, respectively. Analogous MTR 

measurements of non-isotopic hBN flakes of slightly lower thicknesses (30-40 nm) have been already 

reported in literature 100resulting in lower khBN// values, of the order of 250 W.m-1.K-1, almost twice lower 

than what extracted for the isotopic hBN flake. 

14. Example of spectra during the measurements (Figure 4a) 

 
 

Figure S14-28 The different Raman spectra reported for the sample HS2 for the different materials 

along the measurement of Figure 4a. The points used for the thermal conductivity are average values 

obtained at the area localized by the different point in the inset. 



15. A reversed temperature bias in Figure 4e 
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Figure S15-29 An apparent temperature reverse bias within the non-linear temperature profile 

regime reported for the sample HS2. It is the same data as Figure 4e with uncertainty and more details. 

The apparent reversed temperature bias near the cold end in Figure 4e is indeed an intriguing observation 

that may warrant further investigation if confirmed. At this stage, however, we believe the effect remains 

within the bounds of experimental uncertainty and cannot be conclusively interpreted unless reproduced 

consistently. As shown in the expanded plot below, the deviation occurs over only a few data points 

around x = 10 µm, with an amplitude of roughly two standard deviations, suggesting a small signal close 

to the measurement noise rather than a genuine temperature inversion. 

Regarding the concern about a possible violation of the second law of thermodynamics, we offer the 

following points for clarification: 

The system is not isolated; it is continuously driven out of equilibrium by optical heating at one contact. 

Heat transport in such mesoscopic structures involves both forward and backward phonon fluxes, 

analogous to the Landauer picture for electronic conduction. This highlights that the interpretation of 

heat flux can be more complex than the macroscopic formulation of the second law and requires 

considering detailed phonon interactions. 

The apparent local reversal may simply reflect complex phonon population dynamics, involving 

diverse branches, energies, and momenta, rather than an actual decrease in entropy. In regimes 

approaching phonon hydrodynamics, simplified models such as the SMA become inadequate. 

Related phenomena, including local phonon cooling or parametric squeezing, for example, the one that 

have been reported in graphene optomechanical systems 101and other quantum systems. Raman 

processes themselves can pump or cool specific phonon modes through Stokes and anti-Stokes 

interactions, illustrating how localized phonon cooling may occur. 

Raman thermometry probes primarily the optical phonon population, which may transiently 

decouple from acoustic phonons in a nonlinear thermal landscape, making a strict thermodynamic 

interpretation difficult. 

A comprehensive understanding of this effect will require dedicated low-temperature experiments and 

more advanced modeling. 

 

 



16. Comparison of fitting strategies using different number of 

sampling points 
 

In general, a two-point configuration is sufficient only when thermal contact resistances are negligible. 

When the thermal contact resistance becomes comparable to the intrinsic thermal resistance of the 

sample, at least a four-point measurement is required to properly constrain the temperature profile. In 

the case of sample HS1, a four-point thermal measurement revealed a small but systematic deviation, of 

only a few kelvin, between the measured temperature and the simulated temperature map at the coldest  

region of the silicon microheater (points T1 and T6 in Fig. 3a). This motivated the use of a six-point 

configuration, which provides a temperature map that is much closer to the experimental reality. 

As shown in Figs. 3a–c, the temperature distribution obtained from the six-point analysis already 

reproduces the experimental data extremely well. Importantly, adding additional sampling points will 

not lead to any visible improvement in the quality of the fit. 

 

 

 

 

Figure S16: Standard deviation between experimental temperatures and simulated temperature for 

sample HS1 in function of the hBN thermal conductivity and the Silicon thermal conductivity. We plot 

the result for N=2,4,6 and 11 points of temperature. The white part corresponds to uncertainty above 2 

degrees. 

 

To quantitatively justify this conclusion, we show the standard deviation (in kelvin) between the 

experimental data and the fitted temperature map as a function of the number of sampling points (N = 

2, 4, 6, and 11).  

In this analysis, the thermal contact conductance was fixed to the value extracted independently (see 

Section S11 of the Supplementary Information). This explains why the two-point configuration can still 



yield a reasonable result in this specific case, as the contact conductance is not treated as a free 

parameter. Indeed, the thermal contact conductance cannot be reliably determined from a two-point 

measurement alone. 

We observe that the minimum standard deviation is reached for both the four-point and six-point 

configurations, with a slightly shift of the minimum standard deviation, i.e the best solution. Between 

the four-point and six-point analyses, the optimized thermal conductivities of hBN and silicon differ by 

approximately 100 W·m⁻¹·K⁻¹. This difference originates from the improved constraint provided by the 

additional points located farther from the heater in the six-point configuration and a better fit of our 

whole data. However, this correction remains relatively small. 

A similarly but smaller shift in the optimized parameters is observed when increasing the number of 

points from six to eleven, again on the order of less than 100 W·m⁻¹·K⁻¹ for the hBN thermal 

conductivity. This seems negligible and this confirms that the six-point configuration already captures 

the essential physics and provides a robust and accurate fit. Even the 4-point measurements seem 

accurate from this perspective. 

Finally, the apparent increase in the minimum standard deviation with the number of sampling points is 

a generic fitting effect: while a two-point dataset can always be fitted perfectly, this is no longer true 

when fitting three or more points, as can be explained schematically on the Figure below. This behavior 

is analogous to fitting a straight line through two points versus three or more points.  

Based on this systematic analysis, we conclude that using more than six sampling points does not 

significantly improve the fitting quality, while increasing experimental and computational complexity. 

The six-point configuration therefore represents an optimal compromise between accuracy and 

efficiency. 
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