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1 Sample preparation 

Large area monolayer graphene and WSe2 were grown by chemical vapor deposition 

(CVD)1, 2, respectively. The typical PMMA-assisted wet transfer method was used to stack the 

Gr/WSe2 and WSe2/Gr heterostructures.3 

Large-area monolayer (ML) graphene grown by CVD on copper foils1 and transferred 

onto a sapphire substrate using a poly (methyl methacrylate) (PMMA)-mediated transfer 

method.3 Large-area ML graphene was grown on copper foils at 1000℃ by a CVD method 

using 200 sccm argon and 20 sccm hydrogen as the growth cleaning gas, 10 sccm methane as 

the carbon source as reported elsewhere.1 

The continuous WSe2 ML was direct growth on a sapphire substrate by the CVD system.2 

High purity WO3 was placed in a ceramic boat at the heating center of the furnace. WO3 was 

heated by heating tape (1000℃), and Se powder was heated by heating tape (250℃) and carried 

by Ar and H2 (Ar=200sccm, H2=20sccm) to the furnace heating center. A sapphire substrate 

was placed on the downstream side 150 mm away from the ceramic boat (about 850 ℃), and 

the growth time was 20 minutes.

WSe2/Gr heterostructure:

To stack the WSe2 ML on graphene, First, Large-area ML graphene was grown on copper 

foils, and then transferred onto a sapphire substrate using a poly (methyl methacrylate) 

(PMMA)-mediated transfer method. 3 After that, a layer of PMMA thin film was coated on the 

WSe2/sapphire as a transfer supporting layer. After the wet etching of sapphire by KOH 

solution, the PMMA-supported WSe2 film was transferred to the top of the graphene/sapphire 

substrate, followed by the removal of PMMA using acetone.

Gr /WSe2 heterostructure:

To stack the graphene ML on WSe2, a layer of PMMA thin film was coated on the 

graphene/Cu foil as a transfer supporting layer. After the wet etching of Cu by an aqueous 

solution containing Fe3+ ions, the PMMA-supported graphene film was transferred to the top 

of the as-grown WSe2 ML film, followed by the removal of PMMA using acetone.

The schematic of the two heterostructures is shown below in Fig.S1(a)-(b).
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Figure. S1(a-(b))  Schematic of the two heterostructutres Gr/WSe2(upper) and WSe2/Gr 

(lower) (c) UV-visible absorption spectra for WSe2 (black) , WSe2/Gr heterostructure(red) and 

Gr/WSe2 heterostructure(blue); (d) PL spectra of pristine ML WSe2 (black), WSe2/Gr 

heterostructure (red) and Gr/WSe2 heterostructure (blue) at the room temperature. (e) The 

normal Raman spectra of the graphene (green), WSe2 (black), WSe2/Gr heterostructure (red), 

and Gr/WSe2 heterostructure (blue) at the room temperature. (f) Zoom in the Raman G band of 

the ML graphene (green), WSe2/Gr heterostructure (red) and Gr/WSe2 heterostructure (blue). 4

2 Time-resolved THz spectroscopy (TRTS)

Time-resolved THz spectroscopy was performed by using 35 fs, 1 kHz Ti: sapphire 

regenerative amplifier system with an 800nm central wavelength. The THz pulses were 

generated and detected with a pair of 1 mm thick, (110) oriented ZnTe crystals.5 The spot size 

on the sample was 0.16 cm2 for the THz beam and 0.25 cm2 for the pump beam. We measured 

the visible to mid-infrared-pump-induced modulation of the THz electric field transmission 

(ΔE) normalized to the THz transmission without photoexcitation (E0) for the same sample as 

a function of the pump-probe delay Δt. All measurements were performed at room temperature.

 

3 Absoprtion 、 Raman and PL spectroscopy

The UV-visible absorption spectra of CVD-grown ML WSe2 and the two stacking order 

vdW heterostructures are shown in Fig. S1 (c). Three prominent absorption peaks are observed 
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in the ML WSe2, which are labeled as A, B, and C in the figure. The A and B peaks come from 

excitonic transitions between the two highest valence bands, which are split by the spin-orbit 

coupling, and the lowest conduction band at K and K’ points of the Brillouin zone.The strong 

absorption in C peak at higher photon energies originates from excitonic transitions near the  Λ

point in the Brillouin zone, which has a high density of states.6 The absorption spectroscopy 

shows that the A-exciton binding energy in Gr/WSe2/sapphire and WSe2/Gr/sapphire are red-

shift in contrast to the ML WSe2. 

According to the absorption spectroscopy, the bandgap can be calculated by the relation 

between absorption coefficient () and incident photon energy (h) as:  , 𝛼ℎ𝜗 = 𝐴(ℎ𝜗 ‒ 𝐸𝑔)𝑛

where A is an energy independent constant;  is optical energy band gap of the material and 𝐸𝑔

the exponent n depends on the type of transition. For semiconductors, n =1/2 values 

corresponding to the direct transition. Generally, the monolayer WSe2 is direct bandgap system 

and hence the plot of ( )2 versus the photon energy (h) (Tauc plot) is expected to show 𝛼ℎ𝜗

linear behavior in the higher energy region, which corresponds to a strong absorption near the 

absorption edge. Extrapolating the linear portion to zero absorption coefficient () results 

the optical bandgap energy of the film. 7 Here, the excitonic effects in WSe2 are neglected. As 

shown in Figure S2, the bandgap of WSe2/Gr/sapphire and Gr/WSe2/sapphire are calculated to 

be 1.59eV and 1.60eV, which is smaller than the WSe2/sapphire (1.61eV).
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Figure. S2 the energy band calculation of the heterostructures and ML WSe2 

The photoluminescence (PL) spectra of ML WSe2 and the two vdW heterostructures are 

shown in Fig. S1 (d). The PL quenching was found in the two heterostructures compared to ML 

WSe2 for the interlayer coupling between the graphene and WSe2. 8 9-11 The typical Raman 

spectra were taken from the two heterostructures and the individual monolayer graphene are 

shown in Fig. S1 (e). The featured Raman mode A1g of ML WSe2 is observed at ~252 cm-1, 

which is consistent with the previous report.12 Also, the absence of the B2g
1 mode peaking at ~ 

304 cm-1 suggested that the flakes are MLs. The peaks centered at 1588 cm-1 and 2687 cm-1 are 

the characteristics of G and 2D bands for ML graphene.13 Fig.S1 (f) presents the amplified G 

band spectra in Fig. S1 (c). In contrast to the G band of ML graphene (peak at 1588 cm-1), the 

G band of WSe2/ Gr heterostructure was blue-shifted by ~1 cm-1 , but was red-shifted by ~2 

cm-1 in Gr/WSe2 heterostructure, indicating that the charge-transfer between WSe2 and 

graphene was different in the two heterostructures.

4. The contrast dynamics of photoinduced THz conductivities (∆σ) of the two stacks 

heterostructures between the photo energy of 1.55eV and 3.1 eV
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Figure. S3(a)-(d) The contrast of photoinduced terahertz conductivity ( ) between the pump ∆𝜎

energy 3.1 eV (400nm pump)and 1.55 eV (800nm pump) in graphene (a) , monolayer WSe2 

(b), the WSe2/Gr heterostructure(c) and Gr/WSe2 heterostructure(d) , with the pump fluence 30

.𝜇𝐽/𝑐𝑚2

Fig. S3(a)-(d) show the normalized photoinduced THz conductivities ( ) of the two stacks ∆𝜎

heterostructures and its constituent monolayers as a function of optical pump-THz probe delay, 

with the photon energy of 1.55 eV and an optical pump fluence fixed at 30 .The THz 𝜇𝐽/𝑐𝑚2

signal of the two heterostructures both display the THz signal of graphene with the pump energy 

of 1.55 eV(as shown in the blue lines ). For monolayer graphene, the THz signal of both the 

400nm pump and 800 nm pump is the same. Fig.S3 (b) shows that the 800nm pump can not 

excite the electron-hole pairs in the WSe2 monolayer. For the heterostructures, the WSe2 is used 

as light absorption material. For WSe2/Gr/sapphire, when the sample is excited by 400 nm, the 

photoexcited electron-hole pairs in WSe2 can be transferred through the two layers according 

to the built-in electric field. However, when the sample is excited by 800nm, the carriers 

transferred are less, so that it displays the THz signal of graphene. The same explanation for 

the Gr/WSe2/sapphire.

5.  The photoconductivity of WSe2 monolayer with the photon energy of 1.65 eV
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Figure. S4 TRTS carrier dynamics for WSe2 with the photon energy above A-exciton.

6. The relationship between the photoinduced terahertz conductivity in the 

heterostructures and the variation of photoinduced terahertz electric field 

a) The photoinduced terahertz conductivity(CT) which reflected the numbers of charge 

transfer electrons between the individual layers in the heterostructure, can be calculated as :

CTS1

 S2
 
𝑛 + 1

𝑍0
 
∆𝐸
𝐸0

CT S3)
 
𝑛 + 1

𝑍0
 
∆𝐸
𝐸0

Where  is the photoinduced terahertz conductivity of monolayer graphene, CTis the 

variation of photoinduced terahertz conductivity induced by the charge transfer process.is 

photoinduced terahertz conductivity of the heterostructure. Eh is the variation of photoinduced 

terahertz electric field for heterostructure.

 when is a fixed constant, from the equation (S3), we noted that CT 
∝

∆𝐸
𝐸0

 when is not a fixed constant, from the equation (S3),

 CT      E/E0S4
 
𝑛 + 1

𝑍0
 
∆𝐸
𝐸0 =  ‒

𝑛 + 1
𝑍0

∆𝐸𝑔

𝐸0
‒

∆𝐸
𝐸0 ‒

𝑛 + 1
𝑍0

Where  is a variation of photoinduced terahertz electric field for monolayer ∆𝐸𝑔

graphene, thus we noted that E/E0|∆𝜎𝐶𝑇| ∝

he superlinear-to-sublinear pump-fluence dependence of CT dynamics 

We attributed this superlinear-to-sublinear pump fluence dependence of CT dynamics to a 

transition between two distinct CT regimes: hot-electron transfer via photo-thermionic emission 

for sub-A-exciton excitation and direct electron (or hole)transfer for above-A-exciton 

excitation.

The superlinear feature is considered to be that: with increasing fluence, the electron 
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temperature increases, which can result in an increased CT efficiency at high fluence.

The sublinear feature can be understood as follows: with increasing fluence, many-body 

effects, for instance, exciton-exciton annihilation in TMDCs14, or Auger recombination in 

graphene, can play a critical role in the carrier dynamics on the subpicosecond to picosecond 

time scale. These many-body effects can result in a decrease in the electron density or hole 

density, which reduces the CT efficiency at high fluence.15

8.  The relative CT efficiency in Gr/WSe2 and WSe2/Gr heterostructure

       (S5)𝛼𝑎𝑏𝑠 = 1 ‒ 10 ‒ 𝐴

         (S6)
𝑁𝑎𝑏𝑠 =

𝐸
𝐴

𝛼
ℎ𝑣

 (E/E)max] (S7)𝑁𝐶𝑇(ℎ𝑣) ∝

Where  is the absorption coefficient. The relative CT efficiency is calculated through the 𝛼𝑎𝑏𝑠

Formulars above.

9. The connection between the semiconductor band-gap/band-edges estimation/A-exciton 

binding energy estimation and the CT efficiency contrast

The bandgap and the exciton properties can be influenced by the layer thickness, dielectric 

environment and the coulomb engineering.16-18Hence, the connection between the 

semiconductor band-gap/band-edges estimation/A-exciton binding energy estimation and the 

CT efficiency contrast should be discussed.

As the bandgap of the encapsulated WSe2 has been calculated: the bandgap of 

WSe2/Gr/sapphire and Gr/WSe2/sapphire are calculated to be 1.59eV and 1.60eV, which is 

smaller than the WSe2/sapphire (1.61eV). The CT rate should increase with the greater bandgap 

variation in the heterostructure. The bandgap variation of WSe2/Gr/sapphire is greater than that 

of Gr/WSe2/sapphire, Hence, WSe2/Gr/sapphire should display the greater CT rate. However, 

this is not consistent with our results: For sub-A-exciton excitation, Gr/WSe2/sapphire exhibit 

a higher CT efficiency than WSe2/Gr heterostructure.
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Therefore, we concluded that the semiconductor band-gap/band-edges estimation/A-exciton 

binding energy estimation was not the dominant parameter to influence the charge transfer 

process.
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