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Figure S1 Confirmation of the structures of individual 1L MoSe,, 1L. MoSe,/Au
and 1L MoSe,/graphene. a-c Raman spectra of 1L MoSe,/SiO; (a) and 1L MoSe,/Au
(b) and 1L MoSe,/graphene structures (c) at room temperature. The inset in (c) shows

the Zoom in Raman spectrum of the selected region. The Raman active modes consist

Raman shift (cm™)

well with the reported monolayer MoSe, and 2D graphene crystals.!?
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Figure S2 PSI characterizations of different structures a, Optical image of 1L
MoSe,/Si0, and 1L MoSe,/Au structures. Scale bar is 10 um. b, PSI images of 1L
MoSe,/Si0, corresponding to the dashed line region in (a). Scale bar is 5 um. ¢, PSI
images of 1L MoSe,/Au structures corresponding to the dashed line region in (b). Scale
bar is 2 pum. d, Optical image of 1L MoSe,/SiO, and 1L MoSe,/graphene structures.
Scale bar is 10 um. e, PSI images of 1L MoSe,/graphene structures corresponding to
the dashed line regions in (d), where the thickness of graphene is around 10 nm. Scale
bar is 2 um. f, Experimental statistics and simulation data representations of the optical
path lengths (OPL) from monolayer MoSe, on the various substrates. The values were
then used to calibrate the thickness of monolayer MoSe, using at least two sets of
measurements on each sample.>* Red spheres show the experimental data and black

spheres show the simulated results.
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Figure S3 Error analyses of quenching factors for both junctions. Experimental
statistics of the quenching factor from 1L MoSe,/graphene and 1L MoSe,/Au junctions

at room temperature.
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Figure S4 The electrical band alignment of 1L MoSe;/Au junctions before contact.
The electrical band alignment of monolayer MoSe, and gold electrode before contact,

showing that it is n-type material with a higher Fermi level than the gold.
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Figure S5 PL spectra fitting. a, The PL spectra fittings for 1L MoSe,/Au at the
temperature from 298 K to 83 K. b, The PL spectra fittings for 1L MoSe,/graphene as
a function of temperature. The PL spectra were fitted by Lorenz functions (Black lines
were the experimental data, Red lines were labeled as Fit Peak 1 representing A exciton
peak, blue lines were labeled as Fit Peak 2 representing T trion peak, and olive lines

were labeled as Cumulative Fit.)
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Figure S6 PL spectra fittings. a, The PL spectra fittings for 1L MoSe,/Au at the back
gate voltages from -50 V to 50 V. b, The PL spectra fittings for 1L MoSe; as a function
of temperature. The PL spectra were fitted by Lorenz functions (Black lines were the
experimental data, Red lines were labeled as Fit Peak 1 representing A exciton peak,
blue lines were labeled as Fit Peak 2 representing T trion peak, and olive lines were

labeled as Cumulative Fit.)
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Figure S7 Evaluation of the tunnel barrier change with lattice strains. a, Plot of

minimum effective potential (Vﬁ) versus z position for Au-MoSe, top contact. b, The
€

barrier changes of Au-MoSe, model with ~ 5% lateral shrink of MoSe;, lattice. The

barriers increase from 5.93 eV to 6.66 eV. ¢, Plot of Veﬁr versus z position for bilayer

graphene-MoSe, top contact. d, The barrier changes of the graphene-MoSe, model with
~17% lateral shrink of MoSe, lattice and ~ 10% lateral expansion of graphene lattice.
The barriers increase from 11.10 eV to 15.05 eV. e,f Simulated interlayer spacing

change under the reverse strain during cooling process.
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Figure S8 Exciton and trion dynamics in monolayer MoSe,. a, PL intensity of 1L
MoSe; as a function of back gate voltage at room temperature. b, T/A PL intensity of
1L MoSe; as a function of back gate voltages at 83 K, confirming the temperature-

induced doping effects.
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Figure S9 Exciton and trion dynamics in monolayer MoSe,. PL intensity of A and
T (left) and the drain-source current (right) as a function of back gate voltages from 1L

MoSe, showing that the charge neutral point is at ~-60 V.

10



Supplementary Note S1: Thickness characterizations by using PSI
It was accepted that the phase-shift interferometry (PSI) system could measure

the optical path length (OPL) of 2D materials.> The OPL is determined through the

A
OPLi =" %(Ql - qub)'

equation: where A is the wavelength of the light source (i.e.,

535 nm), ?; and Dsub represent the measured phase shifts of the reflected light signal

from the monolayer TMD and the substrate respectively.® The corresponding measured
OPL values of 1L MoSe; on SiO,, 1LMoSe, on Au and 1LMoSe, on graphene and SiO,
substrates are 40.2, 3.8, 129.0 nm, respectively (Figure S2). Moreover, we performed
the numerical simulation based on the Stanford stratified Structure Solver (S4)” to
calculate the OPL values for monolayer MoSe, on the aforementioned substrates
(Figure S2e). In the calculations the refractive index values of SiO,, Si, 1L MoSe,,
graphene and Au are set to 1.468, 4.15+0.05i%10, 5.6+1.8i,!! 2.6-1.3i,° 0.54+2.21i,'2
respectively. The measured and simulated OPL values consist well with each other

(Figure S2).

Supplementary Note S2: Photoexcited current

After contact, the position of Fermi level (Egy) shifts towards the middle of the
MoSe, band gap (E;) and then reaches the equilibrium state with the same Fermi level
with gold due to contact dopings.!>!4 As shown in Figure 1d, the shifted Fermi level
(EFs) indicates that monolayer MoSe, on gold is still n-type after the contact, which is

consistent with the subsequent gate-dependent PL measurements and theoretical



predictions.!>!1516 During the PL measurements, photo-excited carriers would further
shift the Fermi level of 1L MoSe, towards E;, reaching a new quasi-fermi level (Eg).
The Fermi level difference (AEF), equivalent to an applied voltage in the electrostatic
doping process, would continually cause the charge transfer from the TMD side to the
interface. Meanwhile, photo-excited holes would be annihilated in the interface by the
electrons from gold. The fast interfacial charge transfer between gold and MoSe, would

form a current and lead to PL quenchings.>!7-?!

Supplementary Note S3: Thermal expansion coefficients (TEC) mismatch-
induced interlayer spacing changes

To understand why the quenching factor # in 1L MoSe,/graphene decreases
abruptly, the temperature-induced lattice changes were simulated by DFT. Because the
graphene has a negative TEC and the MoSe, has a positive TEC,?>?3 the 2D lattice
would experience a large structural change. For the clear demonstrations, we assumed
the 10% expansion of graphene and 17% shrink of MoSe, and this leads to an increase
in separation distance (i.e., interlayer spacing) of ~ 12%. These changes trigger an
increase in @, (Figure S7), which is beneficial to the decrease of quenching factor
with temperatures. In addition, the quenching factor and interlayer spacing of
MoSe,/Au junction present a similar temperature-dependent tendency with that of
MoSe,/graphene junction (Figure S7 and 4b) although they are relatively weaker. These
are possibly ascribed to the intrinsic effective potential difference (@;,,,,-) in the former

and temperature-induced doping effects.



Supplementary Note S4: Confirmation of charge neutrality for monolayer MoSe,.

According to the I-V curves (Figure S9), we measured the charge neutrality point
at -80 V corresponding to £/~0 V, which consists well with the reported. Moreover,
these results are quite consistent with gate-dependent PL measurements at room
temperature and 83 K. At room temperature, while sweeping the back gate voltage from
-50 V to 50 V, PL intensity decreases dramatically, exhibiting MoSe, is an n-type
material. In contrast, PL spectra shape and intensity change considerably while
sweeping the back gate voltage from -50 V to 50 V (Figure 5a and S8a). The
corresponding Lorentz fittings demonstrate that the PL intensity ratio of trions to
excitons firstly decreases abruptly from 50 V to 20 V and then remains constant from
~-20 V to -50 V. This indirectly proves the voltage for the charge neutrality point

(Figure S8b).

Supplementary Note S5: Estimation of temperature-induced dopings.

To analyze the effect of temperature on the doping level, we calculated the
dopings of monolayer MoSe; at temperatures varying from 298 K to 83 K. Based on
the equation: An=2m.q’ AEr/7#m > using the same electron effective mass of 1L MoSe,
as in the main text, it could be calculated that the Fermi level shift of 15.5 meV induced
by temperature in Figure 5 lead to a doping density of 6.4 x10'2cm-2. For comparisons,
the photodoping density was calculated as well. In the experiments, we measured PL

spectra of all structures under the excitation power of 43.8 uW (532 nm CW laser, laser
13



beam size of 1 um?). The used fast decay lifetime of 1L MoSe; is 36.0 ps, which was
extracted from a previously reported value.! According to the reported absorption (4)

value of ~153%,! the absorbed photon number 1is calculated as

~43.8 ulW * 36.0 ps
N = H P * A

photon energy .5 For simplification, each of the absorbed photons is

assumed to create one hole-electron pair. Therefore, the photoexcited doping # in the
1L MoSe, was measured to be 6.47x10'° cm2. Since the temperature-induced dopings
are two orders of magnitude higher than photo-doping densities, they can not be

neglected in the analysis of contact resistance changes.

Consequently, the PL intensity of monolayer MoSe, will decrease as the
temperature decreases. In contrast, the PL intensity of two junctions remains the same

due to the contact with graphene or gold substrates. According to the equation:

n= I MoSe / I
, the n will decrease with the decreasing temperature, which matches well

with the observations in Figure 4b(I).

Supplementary Note S6: The effect of orbital overlaps on contact resistances

By DFT calculations, the band structures of 1L MoSe,/Au and 1L
MoSe,/graphene junctions were compared (Figure 5e,f). The original band structure of
the individual 1L MoSe, was presented for references (red curves). It can be clearly
observed that a strong orbital hybridization occurs between MoSe, and gold. These
state overlaps of Mo and Se and gold in the original band gap of MoSe, indicate the
appearance of the covalent bands (Figure 5e). In contrast, in 1L MoSe,/graphene

junctions the band structure of MoSe, bands remains the same as that of the isolated
14



MoSe,, indicating the lack of orbital overlaps (Figure 5d-f). On the other hand, after
annealing process the d would experience a tiny change as the temperature decreases.
This would significantly influence the Rc of 1L MoSe,/Au instead of 1L
MoSe,/graphene junctions, owing to the absence of orbital overlaps in the latter. Hence,
it confirms the explanation that a larger evolution of R- in 1L MoSe)/Au with

temperature is attributed to orbital overlap modulations.!314
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