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Fig. S1 Confirmation of the structure of 1L MoS2/Pd. Raman spectra of 1L MoS2/SiO2 (I) 

and 1L MoS2/Pd junction (II) at room temperature confirming monolayer MoS2.
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Fig. S2 a, PSI Characterizations of 1L TMD on the different substrates. a, PSI image of 1L 

MoS2 on SiO2. b, PSI image of 1L MoS2 on Au. c, PSI image of 1L MoS2 on Pd. Scale bar is 3 µm. d, 

PSI image of 1L WSe2 on SiO2. Scale bar is 2 µm. Here, we presented the data of WSe2 on different 

substrates for comparison. e, PSI image of 1L WSe2 on Au. Scale bar is 2 µm.  f, Experimental 

statistics and simulation data representations of the optical path lengths (OPL) from monolayer TMD 

on the SiO2/Si substrates. g, Experimental statistics and simulation data representations of the optical 

path lengths (OPL) from monolayer TMD on the various metal substrates. The values were then used 

to calibrate the thickness of monolayer TMD using at least two sets of measurements on each sample. 

The actual thickness of monolayer TMD was confirmed using AFM1,2. Red ball shows the 

experimental data and black balls show the simulated value. 
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Fig. S3 Confirmation of 1L MoS2/Pd junction. PSI image of the dash lined region in Figure 

1c  (II) showing the optical length of monolayer MoS2. Scal e bar is 2 µm.

Fig. S4 Annealing effects a, Room-temperature PL spectra of 1L MoS2/SiO2 and 1L 

MoS2/Pd junction after annealing showing a quenching factor η of 10.3. b, (I), (II), AFM 

characterizations before annealing (I) and after annealing (II) of monolayer MoS2 onto Pd substrate. 

It shows a thickness change of around 0.25 nm. 
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Fig. S5 Confirmation of 1L MoS2/Au junction. a, PSI image of the dotted rectangular area (I) 

shown in Figure 3a. Inset: Height measurements along the dashed line showing atomic layer 

thickness. Scale bar, 2 µm. b, AFM image of the dotted rectangular area (II) shown in Figure 3a. 

Inset: Height measurements along the dashed line showing atomic layer thickness. Scale bar 2 µm. c, 

Raman spectra of 1L MoS2/SiO2 (top panel) and 1L MoS2/Au (bottom panel) hybrid system at room 

temperature. d, AFM scan of SiO2 substrate showing Root mean square roughness (Rq) of ~0.165 nm. 

b. AFM scan of Pd substrate showing Rq of ~ 0.250 nm. c. AFM scan of Au substrate showing Rq of ~ 

0.280 nm. Metal substrates show small Rq, which is comparable to SiO2 Substrate, critical for the 

stability and repeatability of measurements.
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 Fig. S6 Thickness modulation a, PL spectra from 1L MoS2/SiO2 and 1L MoS2/Au junctions at 

room temperature showing PL quenching factor of ~3.94.b, PL spectra from 2L MoS2/SiO2 and 2L 

MoS2/Au junctions at room temperature showing PL quenching factor of ~3.23.c, PL spectra from 3L 

MoS2/SiO2 and 3L MoS2/Au junctions at room temperature showing PL quenching factor of ~2.58. 

Intriguingly, among them, we observed that the quenching factor ƞ decreases with the increase of 

MoS2 thickness. We ascribed it to the deccrease of the tunneling efficiency with increasing thickness 

of MoS2.3 On the other hand, the increased mobility in MoS2 with thickness may contribute as well.3-5

Fig. S7 Other TMD/metal junctions a, Room-temperature PL spectra of 1L WSe2/SiO2 and 

1L WSe2/Au junction before annealing showing a quenching factor η of 2.43. b, Room-
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temperature PL spectra of 1L WSe2/SiO2 and 1L WSe2/Au junction after annealing showing a 

quenching factor η of 4.57. This demonstrates similar observations with monolayer WSe2 

compared to MoS2 based junctions.

Fig. S8 Exciton and trion of monolayer MoS2. a, PL intensity as a function of back gate voltage 

from 1L MoS2 at room temperature. b, PL intensity as a function of back gate voltage from 1L MoS2 

at 83 K.
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Fig. S9 PL spectra fitting. a, Fitting of PL spectra from 1L MoS2/Pd as a function of temperature. 

The PL spectra were fitted by a Lorenz function (Black scatter lines are the experimental data, 

magenta lines are labelled as Fit Peak 1 representing B exciton peak, red lines are labelled as Fit Peak 

2 representing A exciton peak, blue lines are labelled as Fit Peak 3 representing A- trion peak, grey 

dashed lines are labelled as Fit Peak 4 representing defect peak, and olive line is labelled as 

Cumulative Fit.) b, Fitting of PL spectra from 1L MoS2/Au as a function of temperature. The PL 

spectra were fitted by Lorenz function (Black scatter lines are the experimental data, magenta lines 

are labelled as Fit Peak 1 representing B exciton peak, red lines are labelled as Fit Peak 2 representing 

A exciton peak, blue lines are labelled as Fit Peak 3 representing A trion peak, grey dashed lines are 

labelled as Fit Peak 4 representing defect peaks, and olive line is labelled as Cumulative Fit.) 
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Fig. S10 PL spectra fitting. a, Fitting of the PL spectra at the gate voltage of ranging from -50 V 

to -20 V at 83 K. This shows the neutral excitons could be observed with the large hole (negative 

voltage) doping. b, Fitting of PL spectra from 1L MoS2/SiO2 as a function of temperature. The PL 

spectra were fitted by Lorenz function (Black scatter lines are the experimental data, magenta lines 

are labelled as Fit Peak 1 representing B exciton peak, red lines are labelled as Fit Peak 2 representing 

A exciton peak, blue lines are labelled as Fit Peak 3 representing A trion peak, grey dashed lines are 

labelled as Fit Peak 4 representing defect peak, and olive line is labelled as Cumulative Fit.) 

Fig. S11 Temperature-dependent A peak energy. a, Peak energy of A exciton as a function of 

temperature in 1L MoS2/SiO2 structure. The solid line is the fitting curves. Here, A peak energy was 
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extracted from Figure S10b. b, Peak energy of A exciton as a function of temperature in 1L MoS2/Pd 

structure which was extracted from Figure S9a. The solid line is the fitting curves. c, Peak energy of A 

exciton as a function of temperature in 1L MoS2/Au junction which was extracted from Figure S9b. 

The solid line is the fitting curves.



11

Supplementary note S1: PSI calibration

We employed the phase-shift interferometry (PSI) system to measure the optical path length 

(OPL) of the 2D layers.6 The OPL is determined through the relation: 

 where λ is the wavelength of the light source (i.e., 535 nm),  and 
𝑂𝑃𝐿𝑖 =‒

𝜆
2𝜋

(∅𝑖 ‒ ∅𝑠𝑢𝑏), ∅𝑖

 represent the measured phase-shifts of the reflected light signal from the monolayer ∅𝑠𝑢𝑏

TMD and the substrate, respectively.7  It has been demonstrated that the PSI system with a 

high resolution of ~0.1 nm in the detection of surface profile, is a sensitive and powerful tool 

to characterise atomically thin materials.7 The corresponding measured OPL values of 1L 

MoS2 on SiO2, 1L WSe2 on SiO2 are ~46.3 and 52.4 nm (Figure S2). Furthermore, the OPL 

values of 1L MoS2 on Pd, 1L MoS2 on Au and 1L WSe2 on Au were also measured to be 

~1.9, 4.2 and 4.6 nm, respectively. In addition, the numerical simulation based on the 

Standford stratified Structure Solver (S4)8 was performed to calculate the OPL values for 

mTMD on three different substrates, including SiO2/Si, Gold and Palladium (Figure S2f and 

S2g). The simulation process numerically solves the Maxwell’s equation of the multiple layer 

structure by expanding the field in Fourier-space. In the calculation, the refractive index 

values of SiO2, Si, 1L MoS2, 1LWSe2, Pd and Au is set to 1.46,9 4.15+0.05i,10,11 5.3+1.3i,7 

5.64+1.29i,12 0.48+4.14i,13 0.54+2.21i,14 respectively. The measured and simulated OPL 

value consists well with each other (Figure S2f and S2g). 

Supplementary note S2: Quenching factor fitting

The interlayer interaction is exponentially on the interlayer spacing while the variation of the 

interlayer spacing (i.e., tunnel barrier width d) with temperature is virtually non-linear.15,16 

Therefore, tunnel barrier width d could be defined as:  d=at2+bt+c, in unit of Å, where a, b 

and c are fitting parameters. Therefore the quenching factor (ƞ), reflecting the coupling 

strength, could be described as:
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                                                                                               (S1)ƞ ∝ 𝑒𝑥𝑝( ‒ (𝑎𝑡2 + 𝑏𝑡 + 𝑐))

In Figure 2b and 3b, the fitting and experiment data of ƞ from 1L MoS2 on metal (e.g., Pd and 

Au) junction have been plotted and match very well. 

Supplementary note S3: FWHM analysis 

As shown in Figure 3c, the FWHM of the three structures shows a similar increasing trend as 

the temperature increases. In contrast, the 1L MoS2/Pd junction always keeps the smallest 

FWHM than the other two structures. It is accepted that the total linewidth obtained could be 

explained in the following equation:1,17

                                                                     (S2)
Ѓ(𝑇) = Ѓ0 + + 𝜎𝑇 + Ѓ𝐿𝑂(𝑒𝑥𝑝( 𝐸𝐿𝑂

𝐾𝐵𝑇) ‒ 1) ‒ 1

Here,  is the dominantly electron-electron scattering representing term, which is Ѓ0 +

independent on the temperature. is the electron-acoustic/thermal phonon coupling 𝜎 

coefficient.  represents the exciton-LO phonon coupling strength.  is the LO phonon Ѓ𝐿𝑂 𝐸𝐿𝑂

energy. Given the second and third term of the expression S2, we could explain that FWHM 

would increases with the increasing temperature. This could be qualitatively explained that 

exciton scattering by acoustic and optical phonons enhanced when the temperature 

increased.1,17,18

Supplementary note S4: Doping level estimation

Firstly, we employed the three-level model to analyze the PL intensity of excitons (A) and 

trions (A-) among the three junctions.  The rate equations for the population of exciton NA and 

 could be expressed as 
𝑁

𝐴 ‒

                                                                                                (S3)

𝑑𝑁𝐴

𝑑𝑡
= 𝐺 ‒ {Г '

𝐴 + 𝑘
𝐴 ‒ }𝑁𝐴
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                                                                                                 (S4)

𝑑𝑁
𝐴 ‒

𝑑𝑡
= 𝑘

𝐴 ‒ 𝑁𝐴 ‒ Г
𝐴 ‒ 𝑁

𝐴 ‒

where  denotes the formation rate of the trion from the exciton, and G represents the 
𝑘

𝐴 ‒

optical generation rate of excitons. The population of excitons and trions in the steady-state 

solutions of the Eqs. (S3) and (S4) could be expressed as

                                                                                                                      (S5)

𝑁𝐴 =
𝐺

Г '
𝐴 + 𝑘

𝐴 ‒

                                                                                                             (S6)

𝑁
𝐴 ‒ =

𝑘
𝐴 ‒

Г
𝐴 ‒

𝐺

Г '
𝐴 + 𝑘

𝐴 ‒

where  and  represents the decay rates of the exciton and trion, respectively. The PL Г '
𝐴

Г
𝐴 ‒

intensity of the exciton (IA) and trion (IA
-) could be expressed according to the relationship 

where PL intensity is proportional to the exciton (trion) populations as follows:

                                                                                                                      (S7)

𝐼𝐴 =
𝛼𝐺𝛾𝐴

Г '
𝐴 + 𝑘

𝐴 ‒

                                                                                                              (S8)

𝐼
𝐴 ‒ =

𝑘
𝐴 ‒

Г
𝐴 ‒

𝛼𝐺𝛾
𝐴 ‒

Г '
𝐴 + 𝑘

𝐴 ‒

where  and  is the radiative decay rate of the exciton and trion, respectively. For 𝛾𝐴
𝛾

𝐴 ‒

simplicity, the change of these values with the metal contact doping is assumed to be small 

and negligible in the analysis.18,19 Hence, we assume that the radiative decay rate of the 

exciton is independent on the carrier density. The coefficient  expresses the collection 𝛼

efficiency of the luminescence. The parameters  ps-1, ps-1, and Г '
𝐴 = 0.002 Г

𝐴 ‒ = 0.002 

=0.5 ps-1 values were extracted from transient absorption measurements in previous 
𝑘

𝐴 ‒

studies.19,20 Moreover, and  was extracted to be 10 and 1.5, respectively, which 𝛼𝐺𝛾𝐴𝑒 𝛼𝐺𝛾
𝐴 ‒
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is consistent with earlier reports for monolayer MoS2.19 Herein, ，the PL intensity of 
𝑘

𝐴 ‒ Г '
𝐴

the exciton (IA) and trion (IA-) could be approximately described as

                                                                                                                         (S9)
𝐼𝐴 =

𝛼𝐺𝛾𝐴

𝑘
𝐴 ‒

                                                                                                                     (S10)
𝐼

𝐴 ‒ =
𝛼𝐺𝛾

𝐴 ‒

Г
𝐴 ‒

In addition, the mass action model correlated to the trions, was applied to evaluate the doped 

density in monolayer MoS2 from the three junctions. According to the above scheme, the 

relationship between the density and trion binding energy Eb was obtained:19

                                                                                  (S11)

𝑁𝐴𝑛𝑒𝑙

𝑁
𝐴 ‒

= (
4𝑚𝐴𝑚𝑒

𝜋ℏ2𝑚
𝐴 ‒

)𝐾𝐵𝑇𝑒𝑥𝑝( ‒
𝐸𝑏

𝐾𝐵𝑇
)

where T is temperature, KB denotes Boltzmann constant, Eb is the trion binding energy (~20 

meV), which was measured in our experiments, consisting well with the earlier studies.18,19 

me (0.35m0) and mh (0.45m0) represents the effective mass of electrons and holes, respectively, 

in which mo denotes the free electron mass. The effective masses of an exciton mA and the 

trion  coud be calculated as 0.8m0 and 1.15m0, respectively. Using these parameters and 
𝑚

𝐴 ‒

combining Eqs. (S5)–(S7) with Eq. (S8), the trion PL intensity weight is described as:

                                                                                     

𝐼
𝐴 ‒

𝐼𝑡𝑜𝑡𝑎𝑙
=

𝛾
𝐴 ‒

𝛾𝐴

𝑁
𝐴 ‒

𝑁𝐴

1 +
𝛾

𝐴 ‒

𝛾𝐴

𝑁
𝐴 ‒

𝑁𝐴

≈
4 × 10 ‒ 14𝑛𝑒𝑙

1 + 4 × 10 ‒ 14𝑛𝑒𝑙

(S12)

The correlated doping level from various heterojunctions was presented in Figure 3f via Rq. 

(S4).
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Supplementary note S5: Estimation of exciton-phonon coupling

The peak energy of an A exciton would experience a blueshift with a decrease of the 

temperature (Figure S9 and S10b).21 This is due to the renormalization of band energy by 

electron-phonon interaction induced by the change of the temperature, while thermal 

expansion could be negligible.21 By employing the modified Varshi relation, the temperature 

dependence of the A exciton peak energy is fitted using1,17,21:

                                                                      (S13)
𝐸(𝑇) = 𝐸0 ‒ 𝑆 < ℏ𝜔 > [𝑐𝑜𝑡ℎ

< ℏ𝜔 >
2𝐾𝐵𝑇

‒ 1]
where all used parameters are consistent with the main text. Table S1 lists the used 

parameters in the fitting of the three structures. Here, the 1L MoS2/Pd has the largest S value 

of 1.96 which is larger than that of 1L MoS2/Au (1.90) and 1L MoS2/SiO2 (1.85) and this 

implies the strongest coupling of 1L MoS2/Pd.21

Table S1 Used parameters of exciton-phonon coupling

Name Eg(0) (eV) <ℏω> (meV) S 

1L MoS2/SiO2 1.96             15.50 1.85

1L MoS2/Pd 1.96 24.10 1.96

1L  MoS2/Au 1.96 18.60 1.90
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