
S1 
 

                                                                                                                                                                                    

Supplementary Information 

 

Nonmonotonic Thickness-dependence of In-plane Thermal Conductivity of Few-Layered 

MoS2: 2.4 to 37.8 nm 

 

Pengyu Yuan1,§, Ridong Wang1,§, Tianyu Wang1, Xinwei Wang1,*, Yangsu Xie2,* 

 

1Department of Mechanical Engineering, Iowa State University, Ames, IA 50011, USA 

2College of Chemistry and Environmental Engineering, Shenzhen University, Shenzhen, 

Guangdong, 518055, P. R. China 

* Correspondence: xwang3@iastate.edu (X.W.); ysxie@szu.edu.cn (Y.X.) 

§ These authors contributed equally to this work. 

 



S2 
 

   

S1. Additional physical model details for two picosecond-pulsed laser heating states 

For CW and ps lasers used in this work, choosing the same wavelength for them ensures that the 

samples have the same laser absorption level for all five heating states. Under steady-state, the 

Raman signal gives the temperature profile of the interested material under equilibrium. In the 

transient state by picosecond laser Raman, due to the ultra-short laser pulse (13 ps) and long 

relaxation time (20 ns), we consider the non-equilibrium process. However, like graphene, the 

relaxation between hot carriers and optical phonons is only ~100 fs, and the relaxation of the 

resulting hot optical phonons with acoustic phonons is around 2~3 ps.1-3 All these timescales are 

smaller than our laser pulse which is 13 ps, so the temperature profile obtained from picosecond 

laser Raman gives the acoustic phonon in equilibrium. In the two ps laser heating states, within 

the short heating time (t0=13 ps), the thermal diffusion length (Lt) for MoS2 and glass substrate is 

estimated to be around 38 nm and 6.6 nm, respectively. ( t k 02L t , αk=2.75×10-5 m2/s for MoS2 

and 8.26×10-7 m2/s for glass,4 is the in-plane thermal diffusivity). They are all much smaller than 

the ps laser spot size (diameter is 0.923 μm under 50× and 0.521 μm under 100× objective). On 

the other hand, we also estimate the thermal relaxation time (TRT, the time taken for the sample 

to dissipate about 63% of the incident thermal energy) of the MoS2 nanosheets for our interface 

structure. TRT is estimated to be around 4.5–71.4 ns (=zꞏρcpꞏR. z ranges from 2.4 nm to 37.8 nm 

and is the thickness of MoS2 nanosheets; cp=1.89 MJ/m3ꞏK, is the volumetric heat capacity, R 

takes 10-6 Kꞏm2/W, is a typical interface thermal resistance.). Some of the samples even have a 

TRT that is longer than the laser cooling time (20.8 ns). As a result, the energy absorbed at the 

focal volume from each pulse does not have sufficient time to diffuse out before the next pulse 

comes in, thus forming a point source of heating. The temperature rise measured by Raman 
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spectroscopy in ps laser heating comes from two parts: single pulse heating and steady-state 

accumulation heating. Due to the different heating size from 100× and 50× objectives, the 

temperature rise from a single pulse is different. During first several pulses heating, the 

temperature rises from steady-state accumulation at 100× and 50× objective are also different due 

to the heating size effect. Nevertheless, as time goes on under same power level (1 mW), this 

difference will get smaller and disappear. Within one heating period (20.8 ns), the thermal 

diffusion length (Lt) of MoS2 is 1.513 μm (lateral direction). ( t k2 cL t , tc=20.8 ns). Also, the 

hot carrier diffusion could also extend the heating size (in the order of 300 nm).5 Consequently, 

considering the original laser heating size, thermal diffusion and hot carrier diffusion, the heating 

size (radius) at the end of each heating period is expanded to around 2.073 μm and 2.273 μm for 

100× and 50× objectives, respectively. During the Raman experiment, this small difference will 

be negligible when the thermal equilibrium is reached. Additionally, the heating power from a 

single pulse is around 1600 time larger than its average level (Ppeak×13 ps = Pavg×20.8 ns). And the 

temperature distribution is much more uniform from heat accumulation than from single-pulse 

heating. The measured RSC reflects the space average weighted temperature as expressed in Eq. 

S1 and S2. The contribution from heat accumulation is much smaller. As a result, the measured 

temperature rise (Ts) from the steady-state accumulation at 100× and 50× can be treated the same. 

For the thin samples whose TRT is much smaller than the laser cooling time, there is no steady-

state heat accumulation effect and the measured temperature rise difference between at 100× and 

50× is only from the single pulse heating.  

 

In our experiment, the overall Raman wavenumber change induced by laser heating is around 1.5 

cm-1
. The Raman temperature coefficient is estimated from our previous work6 as 0.02 cm-1/K. 
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The absolute temperature rise induced by the highest laser power is around 75 K. Additionally, the 

free carrier density at equilibrium could be given as 0 exp( / 2 )s g Bn N E k T  , where Ns is the 

number per unit volume of effectively available states. It is in the of order 1019 cm-3 at room 

temperature and increases with temperature. kB is the Boltzmann’s constant. At room temperature, 

kBT = 0.026 eV. So (1.38 eV)B gk T E  gives a very small n0 (room temperature) to neglect the 

thermal activation term. 

 

In this technique for different heating states in supported 2D material, we ignore the heat loss 

(radiation or natural convection) to the environment during the Raman measurement.7 Also, the 

measured RSC with CW laser represents the temperature rise which is a Raman/laser intensity 

weighted average over the laser spot size as 

 
0 0

CW 0 0
( ) ( ) / ( )

V V

a aT I T dv I dv  r r r .  (S1) 

For the ps laser heating states, the RSC will include both time and space averaged over the pulse 

width and heating domain as 

 
0 0 0 0

ps 0 0 0 0
( , ) ( , ) / ( , )

t V t V

a aT I t T t dv I t dv    r r r .  (S2) 

 

 

S2. Schematic of Five State ET-Raman experiment setup 

As shown in Figure S1, the Raman experiments are performed by using a confocal Raman system 

that consists of a Raman spectrometer (Voyage™, B&W Tek, Inc.) and a microscope (Olympus 

BX53). The 532 nm CW laser or ps laser is introduced to the Raman system and the laser power 

is adjusted by a motorized neutral-density (ND) filter system (CONEX-NSR1 and NSND-5, 
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Newport Corporation). To search for and identify the MoS2 sample under the microscope, we use 

a 3D piezo-actuated nano-stage (MAX313D, Thorlabs, Inc.) During the experiment, the laser beam 

is focused on a specific area of the samples (as shown in Fig. 1). 

During the experiments, we use the LabVIEW-based program to fully control the Raman 

spectrometer, the motorized ND filter, and 3D nano-stage. The Raman spectrometer could 

automatically acquire and store the spectrum for each energy level by setting the ND filter position 

to get RSC for different heating states. This design could considerably shorten the experiment time 

to reduce the environmental noise and improve the precision of the RSC determination.  

 

Figure. S1 Schematic of ET-Raman experiment setup. A typical MoS2/glass sample is mounted 

on a 3D nano-stage and illuminated by CW or ps 532 nm laser. The same laser source is used to 

excite the Raman signals which are collected by a confocal Raman spectrometer. The laser power 

is adjusted by a motorized ND filter. Three objective lenses are used in CW laser heating, and two 

are used in ps laser heating.   

 

S3. Five-State ET-Raman experiment results summary 
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Few-layered MoS2 nanosheets have thickness dependent bandgap due to quantum confinement.8, 

9 In this work, based on Yim et al.’ work,8 we fit the Eg values against the thickness by an 

exponential function g[ (eV) 0.5836 exp( thickness / 3.525) 1.29] E     and extract the Eg values 

for our samples as shown in Table S1. 
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S4. 3D numerical modeling details 

The 3D numerical modeling is based on the finite volume method. The model calculation size of 

the substrate has a radius and thickness of 50 μm and the MoS2 sample is with the actual size and 

thickness. The smallest mesh size along the thickness direction is 0.1 nm and increases from the 

MoS2 surface to the substrate with an increasing ratio of 1.02. The smallest mesh size is 1 nm in 

the radial direction and also increases with a ratio of 1.02. In our modeling, cross-plane thermal 

conductivity is 2k   W/mK 10 for MoS2. kglass=1.4 W/mK 4. The laser energy is set as P=1 mW 

for both CW laser and ps laser sources and the laser spot size varies for different heating states. As 

summarized in Table S1, we extract the thickness-dependent Eg values in this modeling. The 

reported recombination time spans from ~800 ps to 2.6 ns for SL and FL MoS2.11 Here,  τ is set as 

1 ns at room temperature as we did before.12 And dependence of hot carrier diffusivity D on the 

carrier lifetime τ is discussed on S5. The carrier diffusion equation [Eq (1)] will be first solved and 

then the heat conduction one with the hot carrier concentration (r, )N t  used in the source term. 

As considered in our previous work for the interface structure, multiple reflections happen at the 

interface when a laser beam irradiates the sample surface.13 Based on the Transfer Matrix Method 

(TMM) and the optical properties of these two materials, we could calculate the total absorption 

rate in MoS2 as I0.14 There no laser absorption in the glass substrate. Note that for most of the heat-

carrying phonons, the mean free path (MFP) of FL MoS2 is less than 20 nm which is smaller than 

the laser heating size in this work. 15, 16 Therefore, in this 3D modeling, we only consider the 

diffusive phonon transport because the ballistic effect on thermal conductivity is not influential. 

The accumulative thermal conductivity as a function of the mean phonon mean free path (in-plane) 

will not change with lateral dimension above 1 μm (all our samples lateral size larger than 5 μm). 
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For the cross-plane mean free path, less work has been reported. The sample’s cross-plane thermal 

conductivity will decrease dramatically when the thickness smaller than its cross-plane mean free 

path. Here, 20 nm is the total phonon MFP of MoS2. The thermal conductivity is dominated by 

three acoustic phonon modes (LA, TA, ZA) owing to their large group velocities compared with 

optical phonon modes. For single layered MoS2, different from single layered graphene, the 

contribution of the LA mode to thermal conductivity is more significant than that of the ZA mode. 

This is because the larger group velocity and longer relaxation time of LA phonon mode.15 For 

multi-layer MoS2, ZA mode is expected to have similar contribution (smaller than LA mode). 

To show how the Five-State ET-Raman technique can eliminate the errors from the local laser 

absorption evaluation and temperature coefficient calibration, we do the following treatment. 

Assume that we have obtained the temperature coefficient -1
T (cm /K) for MoS2. For three CW 

laser heating states, the temperature rise (K/mW) of MoS2 is ∆T1. So we express the temperature 

rise by the RSC as 

  (S3) 

Because there is no laser absorption in the substrate, 1 0T I   which takes effect of k, R and D.  

For two ps laser heating states, the temperature rise of the sample is from a single pulse heating 

(laser absorption from the fast thermalization process) and the steady-state accumulation of the 

heat. Similarly, we express the temperature rise (K/mW) of MoS2 under 50× and 100× objectives 

as 

 , (S4) 

2 2CW, MoS 1 T, MoS= .T  

2 2ps1, MoS 2 s T, MoS=( )T T    
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2 2ps2, MoS 3 s T, MoS=( )T T    , (S5) 

where 2 3 0&T T I   . sT  is the temperature rise from the steady-state heat accumulation, and it 

is same for both the 50× and 100× states.  

From the 3D simulation, for the steady-state CW laser heating, we could get 1T  of MoS2. From 

zero-transport state ps laser heating, we could directly get 2T  and 3T  by only considering the 

laser absorption for single pulse heating. Because the temperature rise difference of ps laser heating 

between 50× and 100× objective is just a function of the laser absorption of the sample, so does 

the normalized RSC of MoS2.    

From Eqs (S3)-(S5), we have 

  (S6) 

The term 1T  and 3 2( )T T   are all related to the laser absorption in MoS2. So the normalized 

RSC value is now only a function of three parameters: ( , , )k R D  and is independent of the laser 

absorption evaluation. For each sample, from the 3D numerical simulation and Raman experiment, 

we could calculate the normalized RSC (1, 2, and 3) for MoS2 in the (k, R, D) space. Note the 

temperature rise evaluation from the simulation has considered the temperature distribution in both 

space and time domain as expressed by Eqs (1) and (2). 

S5. The dependence of hot carrier diffusivity D on the carrier lifetime τ 

The carrier lifetime  takes 1 ns in our data processing by solving Eqs. (1) and (2). So the finally 

2

2

2 2

CW, MoS 1
MoS

ps2, MoS ps1, MoS 3 2

= .
T

T T
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determined D is dependent on the  value. As treated in our previous work,12 we define a 

normalized hot carrier concentration  to re-express those equations as: 

 2 0D        , (S7) 

 2( ) 0g gh E E k T         . (S8) 

Therefore, from these two new equations without knowing other hot carrier properties, we can 

firmly determine the term D by which the lifetime diffusion length could be obtained as

DL D . As summarized in Table S1, LD of eight MoS2 samples is in the order of 900 nm. 

Besides, the diffusivity and the mobility (μ) are related by the Einstein relation as / /D k T qB  

in this thermalized system, where kB, T, and q are the Boltzmann constant, temperature, and the 

charge of each carrier. Here, we assume that the carriers have a thermal distribution of 300 K 

during the diffusion process because the energy relaxation time is only several picoseconds.17 For 

the 2.4 nm thick MoS2 sample, the measured D corresponds to mobility of =316.7 cm2/Vs. Lower 

values of 30-60 cm2/Vꞏs for FL MoS2 on SiO2,18 ~70 cm2/Vꞏs for FL MoS2 on Al2O3 
19 were 

reported before. The possible reason is that our MoS2 samples are unprocessed and unconstrained. 

Unlike the electric methods to study the carrier movement, in this work we do not cover the sample 

with a dielectric layer or electrical contacts. Moreover, the theoretical optical-phonon-scattering-

limited mobility was reported up to 400 cm2/Vꞏs achieved by adopting high-κ dielectric materials 

(e.g., HfO2, Al2O3). 20-23 As discussed in our recent work, (ref) compared with c-Si substrate, the 

glass substrate induced dielectric environment could lead to enhanced carrier mobility especially 

for relatively thin MoS2 samples.18, 24 Also, the additional layers of thick MoS2 would create the 

high dielectric environment (dielectric capping effect).18  

/N  
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Table S2. Summary of hot carrier diffusivity (D), converted electron mobility (μ), and the 

diffusion length (LD) for eight FL MoS2 samples in this work. 

 

Sample Number D (cm2/s) μ (cm2/Vꞏs) LD (μm) 

2.4 nm 4 0.82
0.837.92
  32.9

33.0316.7
  0.287

0.2870.890
  

3.6 nm 6 1.23
1.0610.3
  49.3

42.5412.0
  0.35

0.331.02
  

5.0 nm 8 1.32
1.2410.2
  52.8

49.5408.0
  0.36

0.351.01  

9.2 nm 15 1.20
1.078.49
  47.9

42.8339.7
  0.346

0.3270.922
  

15.0 nm 25 1.15
1.0210.2
  45.9

40.9408.0
  0.34

0.331.01  

24.6 nm 41 1.20
1.097.63
  48.0

43.6305.0
  0.346

0.3300.873
  

30.6 nm 51 1.00
0.926.45
  37.2

36.4258.1  0.316
0.3030.803
  

37.8 nm 63 1.03
0.896.22
  41.2

35.6248.9
  0.321

0.2980.789
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