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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.!-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 (#y=13 ps), the thermal diffusion length (L) for MoS, and glass substrate is

estimated to be around 38 nm and 6.6 nm, respectively. (L, = 2\/e, ?, , =2.75%107 m?/s for MoS,

and 8.26x1077 m?/s for glass,* is the in-plane thermal diffusivity). They are all much smaller than
the ps laser spot size (diameter is 0.923 um under 50% and 0.521 pum under 100x 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 MoS, nanosheets for our interface
structure. TRT is estimated to be around 4.5-71.4 ns (=z'pc,'R. z ranges from 2.4 nm to 37.8 nm
and is the thickness of MoS, nanosheets; pc,=1.89 MJ/m*-K, is the volumetric heat capacity, R
takes 10 K-m?/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 100x and 50x objectives, the
temperature rise from a single pulse is different. During first several pulses heating, the
temperature rises from steady-state accumulation at 100x and 50x 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 (L) of MoS; is 1.513 um (lateral direction). (L, =2/, ¢, , t.=20.8 ns). Also, the

hot carrier diffusion could also extend the heating size (in the order of 300 nm).> 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 um and 2.273 pum for
100x and 50x 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 (Ppea<13 ps = Pyy%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 (75) from the steady-state accumulation at 100x and 50x 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 100x and

50x is only from the single pulse heating.

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

cm! The Raman temperature coefficient is estimated from our previous work® as 0.02 cm™/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 n, = N exp(-E, / 2k,T), where N; is the

number per unit volume of effectively available states. It is in the of order 10" cm™ at room
temperature and increases with temperature. kg is the Boltzmann’s constant. At room temperature,

kpT =0.026 eV. So k,T'= E (1.38 ¢V) gives a very small ny (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.” 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
Tow =, 1T()dv! [ '1,(r)dv.  \* MERGEFORMAT (S1)

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

width and heating domain as

— to Vo o ("
L,=| [ L..0T@0dv/["] " 1,(r,t)dv. \* MERGEFORMAT (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 MoS, 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.
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i rogram
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Figure. S1 Schematic of ET-Raman experiment setup. A typical MoS,/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 MoS, nanosheets have thickness dependent bandgap due to quantum confinement.®
? In this work, based on Yim ez al.” work,® we fit the E, values against the thickness by an

exponential function [E,(eV) = 0.5836 x exp(—thickness /3.525) +1.29] and extract the £, values

for our samples as shown in Table S1.
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Table S1. Summary of Raman experiment results of eight MoS, samples. The steady-state Raman shift power coefficient (RSC) values

under 20%, 50x and 100x objective with CW laser ( ycw; > Xows and Zews; ) for Elzg mode of MoS,. The zero-transport state RSC values

under 50% and 100x objective with ps laser ( sl and Xos2 ). Also the normalized RSC (Ocyp 1, Ocxp 2 and Ocyy, 3).

Band
Sample \ Zewn Xew Xews Xpst Aps2 1 o, o, ,
thickness  —— em'mW)  (em'mW)  (em’mW)  (em'/mW)  (em/mW) " " .
(eV)
2.4nm 1.59  -(0.431+0.008)  -(0.965+£0.020)  -(1.253+0.031)  ~(1.596+0.038)  -(3.542+0.078)  0.222+0.011  0.496+0.024  0.644+0.033

3.6 nm 150 -(0.325£0.013)  -(0.649+40.028)  -(0.928+0.017)  (1.491£0.029)  -(3.245+0.051)  0.185£0.010  0.396£0.021  0.5290.020

5.0 nm 143 <(0.388+0.011)  -(0.85140.017)  -(1.138+0.020)  (1.817+0.048)  -(3.35040.081)  0.25320.017  0.555£0.036  0.743+0.048

9.2 nm 133 <(0.375£0.008)  -(0.770£0.018)  -(1.008+0.033)  ~(1.831£0.010)  -(2.93740.077)  0.339+0.025  0.696£0.052  0.911+0.071

150nm 130  -(0.467+0.011)  -(0.832£0.009)  -(1.014+0.014)  -(1.203£0.022)  -(2.257+0.032)  0.443%0.020  0.790+0.030  0.962+0.038

246nm 129  -(0.273£0.005)  -(0.453+0.004)  -(0.531%0.007)  -(0.521£0.014)  -(0.899+0.016)  0.722+0.044  1.200£0.070  1.405+0.083

30.6nm 129 -(0.359+0.004)  -(0.572+0.011)  -(0.662£0.005)  -(0.624+0.014)  -(1.119+0.021)  0.724+0.038  1.156£0.063  1.336+0.068

378nm 129  -(0.421£0.011)  -(0.646+0.012)  -(0.737£0.017)  -(0.952+0.012)  -(1.557+0.027)  0.696+0.038  1.068+0.056  1.219+0.066
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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 um and the MoS, sample is with the actual size and
thickness. The smallest mesh size along the thickness direction is 0.1 nm and increases from the
MoS, 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 k£, =2 W/mK 1° for MoS,. kgiass=1.4 W/mK #. 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 E, values in this modeling. The
reported recombination time spans from ~800 ps to 2.6 ns for SL and FL MoS,.!! Here, 7is set as
1 ns at room temperature as we did before.!?> And dependence of hot carrier diffusivity D on the
carrier lifetime 7 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 AN(r,?) 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.!? Based on the Transfer Matrix Method
(TMM) and the optical properties of these two materials, we could calculate the total absorption
rate in MoS; as I,.'* There no laser absorption in the glass substrate. Note that for most of the heat-
carrying phonons, the mean free path (MFP) of FL MoS; is less than 20 nm which is smaller than
the laser heating size in this work. !> 1¢ 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 um (all our samples lateral size larger than 5 pm).
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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 MoS,. 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 MoS,, 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.!> For

multi-layer MoS,, 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 y,(cm™/K) for MoS,. For three CW

laser heating states, the temperature rise (K/mW) of MoS, is AT;. So we express the temperature

rise by the RSC as

Xcw, Mos, =AT, % %+, Mo, * (S3)

Because there is no laser absorption in the substrate, A7, oc /; 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 MoS, under 50% and 100% objectives

as

Xpst, Mos, =(AT, +ATS)XZT, Mos, (S4)
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X wios, ~(AL + AT) X 21 vies, » (S5)

where AT, & AT, o« I,. AT, is the temperature rise from the steady-state heat accumulation, and it

1s same for both the 50x and 100x states.

From the 3D simulation, for the steady-state CW laser heating, we could get A7, of MoS,. From
zero-transport state ps laser heating, we could directly get AT, and AT, by only considering the

laser absorption for single pulse heating. Because the temperature rise difference of ps laser heating
between 50x and 100% objective is just a function of the laser absorption of the sample, so does

the normalized RSC of MoS,.

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

@ _ ICW, MoS, — AI—; (S6)
oS, — .
" ZpSZ, MoS, _/}//psl,MoS2 AT’: _A]12

The term A7, and (A7, —AT,) are all related to the laser absorption in MoS,. 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 (0,, ®,, and ®3) for MoS; 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 Egs (1) and (2).

SS. The dependence of hot carrier diffusivity D on the carrier lifetime

The carrier lifetime 7 takes 1 ns in our data processing by solving Egs. (1) and (2). So the finally
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determined D is dependent on the 7 value. As treated in our previous work,'> we define a

normalized hot carrier concentration £ =AN /7 to re-express those equations as:
Oa+DVE-E=0, (S7)
2
(hv—E,)Pa+E,+kVAT =0. (S8)

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

firmly determine the term D7 by which the lifetime diffusion length could be obtained as
L,=~7D . As summarized in Table S1, Ly, of eight MoS, samples is in the order of 900 nm.
Besides, the diffusivity and the mobility () are related by the Einstein relation as D/ k,T =/ q

in this thermalized system, where kg, 7, and ¢ 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.!” For
the 2.4 nm thick MoS, sample, the measured D corresponds to mobility of £=316.7 cm?/Vs. Lower
values of 30-60 ¢cm?/V:'s for FL MoS, on Si0,,'8 ~70 ¢cm?/V's for FL MoS, on Al,O; 1 were
reported before. The possible reason is that our MoS, 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 cm?/V-s achieved by adopting high-« dielectric materials
(e.g., HO,, Al,03). 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 MoS, samples.'® 2* Also, the additional layers of thick MoS, would create the

high dielectric environment (dielectric capping effect).!®
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Table S2. Summary of hot carrier diffusivity (D), converted electron mobility («), and the

diffusion length (Lp) for eight FL. MoS, samples in this work.

Sample Number D (cm?/s) u (cm?/V-s) Lp (pm)
2.4 nm 4 7.920%8 316.7°20 0.890702%
3.6 nm 6 10372 412.0°073 1.02°03
5.0 nm 8 10202 408.0°3.% 1.01°3¢
9.2 nm 15 8.49°120 339.7747 0.922°0%%¢
15.0 nm 25 10250 408.074> 101903
24.6 nm 41 7.63712 305.074% 0.873%3%
30.6 nm 51 6450 25817372 0.803"030
37.8 nm 63 6.224% 248.9112 0.789 020
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