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Supplementary Information 

S1. Raman measurement with a vacuum system

Figure S1. (a) The confocal Raman spectroscopy system. (b) The vacuum chamber and the heating stage. 

(c) The 100  objective lens. (d) The turbo pump with the pressure gauge.×
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S2. CVD-grown monolayer, bilayer and multilayer MoS2 on the SiO2 substrate

Figure S2a shows the monolayer, bilayer and multilayer MoS2 films that were transferred onto the SiO2 

substrate during one synthesis process. The number of layers in the MoS2 films was confirmed by 

analyzing the peak separation of  and  peaks from the Raman spectra in Fig. S2b, and by analyzing 𝐸 1
2𝑔 𝐴1𝑔

the z-height profiles (Fig. S2e) of the topographic AFM images in Fig. S2c and S2d.

Figure S2. (a) The optic image of the MoS2 films transferred onto the SiO2/Si substrate. (b) The Raman 

spectra of the monolayer, bilayer, and multilayer MoS2. The AFM images of the (c) monolayer and bilayer 

and (d) multilayer MoS2 regions. (e) The z-height profiles of the monolayer, bilayer, and multilayer MoS2. 

Black arrows indicate the MoS2 wrinkles appeared during synthesis or transfer process in Fig. S2d and 

S2e.
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S3. Temperature dependence of Raman spectroscopy

Figure S3. The Raman spectra for the (a) monolayer, (b) bilayer, and (c) multilayer MoS2, at different 

temperatures. 
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S4. Laser power dependence of Raman spectroscopy

Figure S4. The Raman spectra for the (a) monolayer, (b) bilayer, and (c) multilayer MoS2, for different 

laser power values. 
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S5. FEM simulations of the temperature profile

We used the finite elements method (FEM) with heat transfer module of the Comsol Multiphysics 

software package to investigate the temperature profiles in the suspended MoS2 films. First, we designed 

the geometry as in Fig. S5(a), to obtain the temperature profiles in our structure of interest. The substrate 

was modeled as a combination of silicon, silicon dioxide and Au thin films with respective thicknesses of 

500 μm, 300 nm, and 500 nm. Afterwards, we created cylindrical holes, 3.7 μm in diameter and 5 μm in 

depth. Finally, atop the Au layer we created a 0.65-nm-thick MoS2 layer. The area for this geometry was 

100  100 μm. ×

For this modeling, we extracted the material physical properties for Si, SiO2 and Au from the material 

library of Comsol Multiphysics. For MoS2, we took the value of thermal conductivity from Table 2.

To set up the physics, we used the “Heat Transfer in Solids” model and incorporated the heat source, 

expressed by the Gaussian function, into the governing heat transfer equation. Basically, the interface 

provides the equations, the boundary conditions, and the sources for modeling. We modeled the laser 

beam as a heat source by the Gaussian function:

(11)

𝑃𝛼

(𝜋𝑟2
0)𝑡

𝑒𝑥𝑝( ‒
𝑥2 + 𝑦2

𝑟2
0

)
We assumed that the heat losses due to convection and radiation can be neglected and the temperature 

of the bottom face of the silicon domain was assumed to be ambient (300 K). 

An additional computational optimization was focused on meshing. The generated fine meshes yielded 

highly accurate temperature profiles. The minimal and the maximal element sizes for both the MoS2 films 

and the bottom layer were 0.005 and 0.006 μm, respectively. All simulations were performed in a 3D 

model.
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Figure S5. Schematics of (a) the suspended MoS2 film on the 500-μm-thick silicon, 300-nm-thick silicon 

dioxide, and 500-nm-thick Au thin film with 3.7 μm diameter and 5 μm depth cylindrical hole-array. (b) 

Temperature distribution for the monolayer MoS2 film on the Au substrate and (c) temperature profiles 

for the different MoS2 films. 
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S6. Evaluation of thermal conductivity

To estimate the MoS2 thermal conductivity by using Raman approach, the heat equation without 

convective heat loss was used for evaluating the temperature profile of the MoS2 sample membranes 

inside a microcavity, with four boundary conditions: i) the temperature and ii) the temperature gradient at 

the cavity edge are continuous, iii) the temperature of a MoS2 film on the Au substrate converges to the 

ambient temperature at a remote distance from the cavity center, and iv) the heat energy at the center of 

the suspended MoS2 film is equal to the heat absorbed following the laser illumination in the steady state. 

Using these boundary conditions, the temperature distributions in the suspended and supported regions, 

T1(r) and T2(r), respectively, are

for (1)
𝜅

1
𝑟

𝑑
𝑑𝑟[𝑟

𝑑𝑇1(𝑟)

𝑑𝑟 ] + 𝑞(𝑟) = 0
𝑟 < 𝑅

for (2)
𝜅'1

𝑟
𝑑

𝑑𝑟[𝑟
𝑑𝑇2(𝑟)

𝑑𝑟 ] ‒
𝐺
𝑡

[𝑇2(𝑟) ‒ 𝑇𝑎] = 0
𝑟 > 𝑅

where  and  are the thermal conductivity are the thermal conductivity of the suspended and supported 𝜅 𝜅'

MoS2, respectively, r is the radial distance from the cavity center, R = 1.85 μm is the cavity radius, Ta is 

the ambient temperature, G is the interfacial thermal conductance between the MoS2 sample and the Au 

substrate, and t is the MoS2 film thickness. In the above equations, the heat generation term, q(r), was 

described by volumetric Gaussian laser beam heating:

(3)
𝑞(𝑟) =

𝐼𝛼
𝑡

𝑒𝑥𝑝( ‒
𝑟2

𝑟2
0
)

where α is the MoS2 film absorbance at the wavelength of 473 nm, t is the MoS2 film thickness,  = 𝑟0

0.17 μm is the Gaussian laser beam radius. P is the incident laser power, measured by using a laser power-

meter.

The general solutions to Eqs. (1) and (2) are:

for (4)
𝑇1(𝑟) = 𝑐1 + 𝑐2ln (𝑟) + 𝑐3𝐸𝑖( ‒

𝑟2

𝑟2
0
) 𝑟 < 𝑅

for (5)𝑇2(𝛾) = 𝑐4𝐼0(𝛾) + 𝑐5𝐾0(𝛾) + 𝑇𝑎 𝑟 > 𝑅
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where where  are arbitrary constants,  is the exponential integral, , and the two 𝑐𝑖 𝐸𝑖(𝑥)
𝛾 = 𝑟 ∙ ( 𝐺

𝜅'𝑡)1/2

homogeneous solutions I0(γ) and K0(γ) are the zeroth-order modified Bessel functions of the first and 

second kind, respectively. 

The boundary conditions that yield the values of constants ci are:

(6)𝑇1(𝑅) = �𝑇2(𝛾)|𝑟 = 𝑅

(7)𝑇2(𝑟→∞) = 𝑇𝑎

(8)
‒ 𝜅�𝑑𝑇1(𝑟)

𝑑𝑟 |𝑟 = 𝑅 =‒ 𝜅' �𝑑𝑇2(𝛾)

𝑑𝑟 |𝑟 = 𝑅

(9)
‒ 2𝜋𝑅𝑡𝜅' �𝑑𝑇2(𝛾)

𝑑𝑟 |𝑟 = 𝑅 = 𝛼𝑃

We used Mathematica (Wolfram Research) to determine the values of constants  by using these 𝑐𝑖

boundary conditions and Equation (4) and (5). From this calculation, we obtained the temperature profile 

in the suspended MoS2 film, T1(r). Finally, the weighted average temperature in the beam spot, Tm, 

measured by using Raman spectroscopy, can be approximated by using the obtained T1(r) and q(r) :  

(10)

𝑇𝑚 ≈

𝑟0

∫
0

𝑇1(𝑟)𝑞(𝑟)𝑟𝑑𝑟

𝑟0

∫
0

𝑞(𝑟)𝑟𝑑𝑟

The expression for Tm involves several parameters: the measured laser power P, the MoS2 absorbance α, 

and the MoS2 thermal conductivities  and . Here, we assumed that the thermal conductivities of the 𝜅 𝜅'

suspended and supported MoS2 samples are the same ( ), and we assumed G = 50 MW m-2 K-1. We 𝜅 = 𝜅'

used the numerical values of = 300 K,  = 0.65 nm,  = 0.045 for the monolayer MoS2 to obtain the 𝑇𝑎 𝑡 𝛼

thermal conductivity of 13.3 ± 0.3 W m-1 K-1. The thermal conductivities of MoS2 films with different 

thicknesses can be obtained by using the same methods.
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S7. Absorbance of MoS2 films vs. the number of layers

For the absorption spectral mappings, we prepared the MoS2 films that were transferred onto the quartz 

substrate (Fig. S7(a)) and we measured the film thicknesses to confirm the number of layers by using 

AFM (Fig. S7(b)). First, background transmission spectrum were obtained from transparent area near the 

samples on the quartz substrate. Then, we divided all of the transmission spectra by the corresponding 

background transmission spectrum to obtain absorption spectral mapping. The absorption intensity 

mapping for the MoS2 films with different thicknesses is shown in Fig. S7(c). In Fig. S7(d), the absorption 

intensity increases with the sample thickness. For the conductivity calculation, we chose the absorbance 

values at the wavelength of 473 nm.
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Figure S7. (a) Optical image, (b) AFM image, (c) absorbance spectral mapping image and (d) absorbance 

spectra for the supported MoS2 films (on the quartz substrate) with different thicknesses.

S8. Effects of absorbance and environment

We used the Mathematica software to investigate the effects of absorbance on the thermal conductivity 

of the suspended MoS2 films (Fig. S8a). To determine the effect of measurement environment, Raman 

spectra were obtained under vacuum and ambient conditions. The different slope of  vs. , shown in Δ𝑇 Δ𝑃

Fig. S8b, could be obtained due to convective heat loss1 and de-doping process.2

Figure S8. (a) The calculated thermal conductivity vs. the absorbance. (b) The obtained  vs.  under ∆𝑇 ∆𝑃

vacuum and ambient conditions.
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S9. Electronic thermal conductivity

In solids, the heat transport is mediated by both electrons and phonons. The heat conduction by electrons, 

κe, can be estimated from the Wiedemann-Franz law, ,3 where L is the Lorentz number and σ is the 

𝜅𝑒

𝜎
= 𝐿𝑇

electrical conductivity. L can be further defined by , where  is the Boltzmann constant and e is 
𝐿 =

𝜋2𝑘2
𝐵

3𝑒 𝑘𝐵

the elementary charge. The electrical conductivity of suspended MoS2 films is ~75 S m-1 and ~107 S m-1 

for 1-nm-thick and 7-nm-thick layers, respectively.4 Using the Lorentz number of 1.5  10-8 WΩ K-2 for ×

non-degenerate semiconductors,5 the electronic thermal conductivity values of the studied MoS2 films 

range from ~3.4  10-4 W m-1 K-1 for the monolayer to ~4.8  10-4 W m-1 K-1 for the multilayer (Fig. × ×

S9). Although the electronic thermal conductivity of MoS2, κe, increases owing to the increasing electrical 

conductivity with the increasing number of layers, the contribution of electronic thermal conductivity to 

the total thermal conductivity is weaker by ~105 than the measured thermal conductivity of MoS2.
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Figure S9. Electrical conductivity of the suspended monolayer and multilayer MoS2 (red bar and left 

axis) and the calculated electronic thermal conductivities, , from Wiedemann-Franz law (blue circle e

and right axis). 

S10. Phononic thermal conductivity

The phononic thermal conductivity can be expressed by the Boltzmann transport equation (BTE) as 

,6 where  is the volumetric specific heat capacity,  is the group 
𝜅𝑝ℎ = ∑

𝑖
∫𝐶𝑝ℎ,𝑖(𝜔)𝜐𝑖(𝜔)𝑙𝑖(𝜔)𝑑𝜔

𝐶𝑝ℎ,𝑖(𝜔) 𝜐𝑖(𝜔)

velocity, and  is the mean free path (MFP) for a phonon in the ith phonon branch. The thermal 𝑙𝑖(𝜔)

conductivity is dominated by three acoustic phonon modes (i = LA, TA, ZA) owing to their larger group 

velocities compared with optical phonon modes. The contributions of different physical parameters to the 

phononic thermal conductivity of MoS2 are reviewed in the following paragraphs. 

S10-1. Specific heat capacity of MoS2

The volumetric specific heat capacity of each phonon branch is given as

,6 where  is the reduced Planck constant,  is the phonon angular 
𝐶𝑝ℎ,𝑖(𝜔) =

𝜔𝐷

∫
0

𝑘𝐵( ℏ𝜔
𝑘𝐵𝑇)2 𝑒

ℏ𝜔/𝑘𝐵𝑇

(𝑒
ℏ𝜔/𝑘𝐵𝑇

‒ 1)2
𝑔(𝜔)𝑑𝜔

ℏ 𝜔

frequency,  is the phonon density of states (DOSs), and  is the material’s Debye frequency. 𝑔(𝜔)
D

Therefore, the specific heat capacity is directly related to  that depends on the dimensionality. As ( )g 

the number of layers increases, the acoustic phonon DOSs increases. This is due to an increase in the 

number of degrees of freedom associated with lattice vibrations with increasing number of dimensions. 

Therefore, the specific heat capacity C below the Debye temperature (which is ~600 K for MoS2)7 is 

, where d is the dimensionality. Within the Debye approximation, , where  is the sound 𝐶~𝑇𝑑 𝜔 = 𝜐 ∙ 𝑘 𝜐
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velocity and  is the wave vector. Consequently, the specific heat capacity of MoS2 near room temperature 𝑘

should increase with the increasing number of layers. For instance, both the experimental and the 

theoretical results show that the monolayer specific heat capacity is higher than that of bulk MoS2 at room 

temperature.8,9

S10-2. Group velocity of acoustic phonon modes

When acoustic phonons below 200  are considered, the group velocities of the three acoustic 𝑐𝑚 ‒ 1

phonon branches of the monolayer MoS2 are estimated to be 5.68  103 m s-1, 4.39  103 m s-1, and 3.75 × ×

 103 m s-1 for the LA, TA, and ZA modes, respectively.8,10,11 The ab initio calculation of the phonon ×

dispersion relation suggests that the group velocity of the ZA phonon for the monolayer MoS2 is 

comparable or slightly lower than that of the LA and TA modes inside a Brillouin zone. In contrast to the 

monolayer MoS2, while the group velocities of the LA and TA modes are not significantly changed, the 

group velocity of the ZA phonon drops to nearly zero at the zone center in a bulk.12

S10-3. Mean free path of acoustic phonon modes

The phonon MFP is related to the group velocity and relaxation time through the expression, 

, where  is the phonon relaxation time.6 In the relaxation time approximation (RTA), 𝑙𝑖(𝜔) = 𝜐𝑖(𝜔)𝜏𝑖(𝜔) 𝜏𝑖

various scattering mechanisms limiting the MFP are usually related through τi
-1 = Σj τj,i

-1 ( j denotes 

different scattering mechanisms related to defects, electrons, phonons, and the surface).6 By considering 

phonon-phonon scattering due to the crystal lattice anharmonicity and phonon-boundary scattering due to 

the surface boundary, the overall phonon relaxation rate τi
-1 is the sum of the contributions from phonon 

scattering (τp,i
-1) and boundary scattering (τb,i

-1):6

(11)

1
𝜏𝑖

=
1

𝜏𝑝,𝑖
+

1
𝜏𝑏,𝑖

An analytical expression for the relaxation time due to the dominant anharmonic three-phonon 

mechanism can be written as:10
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(12)

1
𝜏𝑝,𝑖

= 2𝛾 2
𝑞,𝑖

𝑘𝐵𝑇

𝑀𝜐2

𝜔2

𝜔𝐷

In the above equation, M is the atomic mass,  is the group velocity,  is the Debye frequency, and 𝜐 𝜔𝐷

 is the Grüneisen parameter of each phonon mode at the point q, given by:10𝛾𝑞,𝑖

(13)
𝛾𝑞,𝑖 =‒

𝑎
2𝜔𝑖(𝑞)

𝑑𝜔𝑖(𝑞)

𝑑𝑎

In the case of the monolayer MoS2, the Grüneisen parameters, measuring anharmonic crystal vibrations 

at the  point for the different acoustic phonon modes (ZA, TA, and LA) are 159.7, 58.6, and 25.3, Γ

respectively.10 In particular, the ZA mode exhibits a large Grüneisen parameter.10 Therefore, among the 

three acoustic phonon modes, the ZA mode scatters more than the other two phonon modes. For this 

reason, although the three acoustic phonon modes have similar group velocities, the phonon MFP for the 

ZA phonon mode is under 1 nm, whereas those for the LA and TA modes are 18.1 nm and 5.0 nm, 

respectively.10 The total phonon MFP for MoS2 is ~20 nm, which is almost two orders of magnitude 

smaller than that for suspended graphene. In the monolayer MoS2, owing to a larger group velocity and a 

longer relaxation time of the LA phonon mode, the MFP for the LA phonon mode is larger than that for 

the ZA phonon mode, over the whole range of acoustic phonon frequencies, up to 240 cm-1. Therefore, 

the contribution of the LA mode to the thermal conductivity of monolayer MoS2 is more significant than 

that of the ZA mode.10,13

From the viewpoint of specific heat capacity, the increase in specific heat capacity is not sufficient for 

explaining the increase in thermal conductivity observed in our study. In addition, as the number of layers 

increases, the group velocity of the major heat transporter (the LA phonon) is not significantly affected. 

In addition, because the dependence of phonon-phonon scattering on the interlayer interaction does not 

change, we do not expect to observe significant reduction in MoS2 thermal conductivity with increasing 

number of layers. 

S10-4. Layer-dependent thermal conductivity of graphene
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The thermal property of MoS2 is qualitatively different from that of graphene. In the case of monolayer 

graphene, ZA phonons carry more heat energy than LA and TA phonons.14 The group velocity of the ZA 

phonon is comparable to the LA phonon at the zone boundary15,16 and the DOSs of the ZA phonon is 

much larger than both of the LA and TA phonon modes.14 Furthermore, owing to the selection rule for 

ZA-related phonon-phonon scattering, the scattering of the ZA mode is suppressed, stemming from the 

low Grüneisen parameter.17 However, the selection rule is invalidated as the graphene starts interacting 

with a substrate and neighboring layers, which causes an increase in the lattice inharmonicity. Hence, the 

thermal conductivity of monolayer graphene, dominated by the ZA phonon mode, sharply decreases as 

the number of layers increases. 

S10-5. Intrinsic phonon mean free path of monolayer and bulk MoS2

Intrinsic phonon MFP depends on the group velocity  from phonon dispersion and the phonon 𝜐𝑖

relaxation rate τi
-1 which is related to scattering process. As the number of layers increases, the group 

velocity of phonons is not significantly affected as described in S10-3. Among the several scattering 

process, the boundary scattering at the surface is a result of surface phenomenon, not an intrinsic scattering 

process. Therefore, thickness-dependent intrinsic phonon MFP of MoS2 is affected by only phonon-

phonon scattering. 

Recently, the ZA mode has been shown to significantly contribute to the thermal conductivity of 

layered materials, such as graphene and h-BN.14,18,19 In the case of graphene, the symmetry selection rule 

plays a key role in the ZA phonon-phonon scattering.18 Interaction between graphene layers in multilayer 

graphene (MLG) and graphite breaks the a selection rule on phonon-phonon scattering and causes the 

phase space for the three-phonon scattering to become very large and increase rapidly with the number of 

layers.14 Unlike graphene, monolayer MoS2 is a non-centrosymmetric material;20,21 thus, the selection rule 

theory of phonon-phonon scattering cannot be adapted for MoS2. 

 Moreover, MoS2 has a phononic bandgap between the acoustic and optical phonon branches.22 As a 

result, the number of the phonon-phonon scattering channels between the acoustic and optical branches 
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hardly changes with the increasing number of MoS2 layers. This behavior is contrasted to that of graphene, 

in which the number of the phonon-phonon scattering channels increases due to the crossover of the 

acoustic and optical phonon branches in the phonon dispersion.22,23 Hence, a change in the phonon-

phonon scattering for few-layer and bulk MoS2 could be minute. As a result, because the group velocity 

and the phonon-phonon scattering, which is hardly changed, we do not expect a significant change in 

intrinsic phonon MFP with the increasing number of layers in MoS2. It is thus expected that similar value 

in the phonon MFP of monolayer and bulk MoS2. Recently, it has been reported that monolayer MoS2 

exhibited a calculated phonon MFP of 5.2 nm (molecular dynamics simulations),24 14.6 nm (first-

principles calculations),13 and ~ 20 nm (density functional perturbation theory)10 at room temperature. 

Our predicted value of phonon MFP of bulk MoS2, 5~20 nm is similar to the our best-fit values of  = Λ𝑏𝑢𝑙𝑘

17 nm in Fig. 7.
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