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ABSTRACT
The transfer of charge carriers across the optically excited hetero-interface of graphene and semiconducting transition metal dichalcogenides
(TMDCs) is the key to convert light to electricity, although the intermediate steps from the creation of excitons in TMDC to the collection of
free carriers in the graphene layer are not fully understood. Here, we investigate photo-induced charge transport across graphene–MoS2 and
graphene–WSe2 hetero-interfaces using time-dependent photoresistance relaxation with varying temperature, wavelength, and gate voltage.
In both types of heterostructures, we observe an unprecedented resonance in the inter-layer charge transfer rate as the Fermi energy (EF) of
the graphene layer is tuned externally with a global back gate. We attribute this to a resonant quantum tunneling from the excitonic state of
the TMDC to EF of the graphene layer and outline a new method to estimate the excitonic binding energies (Eb) in the TMDCs, which are
found to be 400 meV and 460 meV in MoS2 and WSe2 layers, respectively. The gate tunability of the inter-layer charge transfer timescales
may allow precise engineering and readout of the optically excited electronic states at graphene–TMDC interfaces.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0020396., s

The van der Waals (vdW) heterostructures of graphene and
transition metal dichalcogenides (TMDCs) are not only outstanding
optoelectronic elements1–22 but also represent atomic scale proto-
types of donor–acceptor (DA) complexes,23–25 where the conver-
sion of photons to free charge carriers can be manipulated with
excellent control. In optically excited bulk DA complexes, the exci-
tons dissociate quasi-adiabatically via the transfer of either the elec-
tron (e) or the hole (h) across the interface and form a transient
charge transfer state, which directly impacts the quantum efficiency.
In the type-II TMDC–TMDC heterostructures, the charge trans-
fer states manifest as inter-layer excitons, resulting in quenching of
the intra-layer photoluminescence spectrum.26–28 In the graphene–
TMDC heterostructures, the formation of such inter-layer bound
states could not be observed,19–21 possibly due to strong screen-
ing by the graphene layer.29 The ultra-fast cross-interface selective

transfer of the photo-excited delocalized charge carriers has been
demonstrated in graphene–TMDC19–22 heterostructures, occurring
with picosecond timescales. However, significant debate persists
regarding the directionality of the charge transfer,22 as well as the
role of Förster type energy transfer20 across the hetero-interface
when the excitons are excited in the TMDC layer. An insight
into the exciton dissociation process in the graphene–TMDC het-
erostructures can be obtained by tuning the Fermi energy (EF)
of graphene, which is also expected to affect the rate of charge
transfer. However, most ultra-fast pump–probe experiments prob-
ing the charge transfer kinetics are limited in the tunability of
EF , especially those without field-effect transistor (FET) geometry.
Here, we have explored the e–h separation process at graphene–
TMDC hetero-interfaces in the FET geometry using time (t)-
dependent photoresistance relaxation. We quantitatively link the
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photoresistance relaxation to an inter-layer electron transfer pro-
cess in which the photo-excited electron undergoes a phonon-
assisted transfer from the excitonic state (EX) of the TMDC to the
Fermi surface of the graphene layer. The rate (τ−1

i ) of this TMDC
→ graphene electron transfer process is observed to be sharply
peaked around a characteristic value of EF (measured with respect to
the Dirac point of graphene) in both graphene–MoS2 and graphene–
WSe2 heterostructures. We attribute this to a resonance-like phe-
nomenon when EF in graphene aligns with the EX state in the
TMDC layer. We also obtain estimations of excitonic binding ener-
gies (Eb) ≈400 meV and 460 meV for the monolayers of MoS2 and
WSe2, respectively, which closely match with the previous stud-
ies.30–33 Our time-dependent photoresistance measurements may
not only be relevant to ultra-fast photodetection and thermaliza-
tion34 in graphene–TMDC vdW heterostructures but also form a
new and unique spectroscopic tool to probe the optical states in
TMDCs.

The graphene–TMDC vdW heterostructures were created
using the layer-by-layer transfer of individual mechanically exfoli-
ated graphene and TMDC flakes to form the vertical heterostruc-
tures35,36 [Fig. 1(a)], which were then transferred onto SiO2/p++-Si
substrates, where the heavily doped Si acts as the global backgate.
We have performed experiments on one graphene–WSe2 and two
graphene–MoS2 heterostructures (devices 1 and 2), where single
molecular layers of both graphene and TMDC were used. Figure 1(b)
shows an optical micrograph of a graphene–MoS2 heterostructure
(device 1) turned FET. The Raman spectra of individual flakes,
device fabrication and details, and optical source calibration are
shown in Figs. S1–S3 of the supplementary material, respectively.
Thermally evaporated Cr/Au contacts on the top surface are used
to measure the electrical resistance of the graphene layer. For wave-
length dependent optical illumination, we used a tungsten–halogen
lamp (Horiba, LSH-T250), which acts as a continuous optical source
over the wavelength (λ) of interest (≈550 nm–800 nm).

The band alignment at the graphene–TMDC interface, which
is similar for both graphene–MoS2

9 and graphene–WSe2
37 het-

erostructures, suggests energy offset of ≈0.30 eV and ≈0.50 eV,
respectively, between the Dirac point of graphene and the min-
imum (EC) of the quasi-particle conduction band of the TMDC
layer [in Fig. 1(c)]. The photoluminescence (PL) spectra from our
devices were obtained using a HORIBA LabRam HR tool under
high vacuum condition (pressure ∼ 10−5 mbar). The PL from the
TMDC layer underneath graphene is quenched compared to that
from the bare TMDC region [Fig. 1(d) for the graphene–WSe2 het-
erostructure], confirming the significant decay of TMDC’s excitons
in nonradiative pathways such as TMDC→ graphene electron trans-
fer.2,5,8,12,20,22 While the stronger quenching at room temperature
than at 40 K can indicate a competition between TMDC→ graphene
electron transfer timescale (τi) and radiative lifetimes (τr),38,39 the
PL quenching may also be due to the Förster-type energy trans-
fer across the vdW interface in the graphene–TMDC heterostruc-
tures20 (see Fig. S4 of the supplementary material for PL quenching
in the graphene–MoS2 heterostructure). The direct evidence of the
charge transfer was established earlier when such heterostructures
were implemented in the FET architecture.1,4,18

The transfer of charge following the dissociation of the exci-
tons changes the resistance (R) of the graphene layer. Figure 2(a)
illustrates the R vs back gate voltage (VG) characteristic of a
graphene–WSe2 heterostructure, which is close to that of the pris-
tine graphene because the WSe2 layer itself is highly resistive (>MΩ)
[see Fig. S5(a) of the supplementary material for the graphene–
MoS2 heterostructure]. When the optical illumination is turned on,
R decreases (increases) from Roff to Ron in the electron (hole)-doped
regime, indicating the transfer of electrons from the TMDC layer
to graphene [Fig. 2(b) and Fig. S5(b) of the supplementary material
for the graphene–MoS2 heterostructure]. Here, Roff and Ron are the
steady state resistances of the graphene layer without and with the
optical illumination, respectively. This observation is consistent with

FIG. 1. (a) Schematic of the graphene–TMDC heterostructure along with the circuit diagram for opto-electronic measurement. (b) Optical micrograph of a typical graphene–
TMDC heterostructure device. (c) Relative band alignment showing the relevant energy scales for generic graphene–TMDC heterostructures. Here, W, χ, ED, EF , EX , Eg,
and Eb are the work function of undoped graphene, electron affinity of the TMDC layer, energy at the Dirac point, Fermi energy of graphene, excitonic energy level inside
the TMDC layer, optical band gap of TMDC, and the binding energy of the excitons, respectively. τi and τb are the timescales of photogenerated electron transfer in the
TMDC→ graphene and graphene→ TMDC directions, respectively. (d) Photoluminescence (PL) spectra of graphene–WSe2 heterostructures showing the quenching of the
PL signal in the heterostructure region in comparison to bare WSe2. A, B, and A−1 indicate the excitonic and negatively charged trionic transitions, respectively.
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FIG. 2. (a) Resistance (R)–gate voltage (VG) characteristics of a graphene–WSe2 heterostructure shown in Fig. 1(b). (b) Change in R for a 120 s optical pulse at illumination
power P = 0.56 fW μm−2 and wavelength λ = 600 nm. The increase and decrease in R are observed for the hole-doped (VG = −7 V) and electron-doped (VG = −2 V)
regimes, respectively. (c) ΔRsat as a function of λ showing the suppression of photoresponse for photon energy Eλ > Eg (for monolayer WSe2, Eg ≈ 1.74 eV). (d) Exponential
relaxation of R for the different power level (P) of optical excitation (at λ = 600 nm). The black lines are fits to the data. (e) Dependence of the relaxation rate (τ−1) on the
excitation power (P) for both graphene–MoS2 and graphene–WSe2 heterostructures. (f) Comparison of the PL of bare WSe2 and τ−1 as a function of λ. All experiments are
performed in vacuum at T = 85 K, except for PL in (c) and (f) performed at T = 40 K.

the earlier reports on the photoresistance in the graphene–TMDC
heterostructures1,4 and can also be viewed as a photogating effect,
where the net photoresistanceΔRsat = dR/dVG × eNg/Cox is the result
of an effective change in VG. Here, Ng is the total change in the car-
rier density in the graphene channel by virtue of TMDC→ graphene
electron transfer once the system reaches the steady state, Cox is the
capacitance of the 290 nm SiO2 per unit area, and e is the electronic
charge. This is further confirmed by the observed proportionality
of ΔRsat and dR/dVG (see Fig. S6 of the supplementary material).
Here, ΔRsat is persistent, and the transferred electron (in graphene)
and hole (in TMDC) do not recombine even after the illumination is
turned off, unless a positive pulse of ≳20 V in VG is applied to reset
the device.1 The persistence indicates a strongly suppressed electron
backflow to the TMDC layer due to the paucity of available states
in TMDC at the Fermi level of graphene. Importantly, ΔRsat [see
Fig. 2(c)] is nonzero only for the photon energies (Eλ = hc/λ, where
h and c are the Planck constant and velocity of light, respectively)
at which the optical density-of-states (DoS) in the TMDC layer is
nonzero, as confirmed from the comparison of the PL and ΔRsat
[Fig. 2(c), also shown in Fig. S5(c) of the supplementary material for
data from the graphene–MoS2 device]. The wavelength dependent
photoresistance measurements were performed at T = 85 K, with an

illumination power density (P) of 0.56 fW μm−2. The absence of the
photoresponse at Eλ < optical bandgap (Eg) of the WSe2 allows us to
ignore the photo-thermionic charge transfer in our devices.13,22

Figure 2(d) presents the time-dependent photoresistance relax-
ation data at different power densities (P) of the incident illumina-
tion with λ = 600 nm from the graphene–WSe2 device at VG = −7 V
and T = 85 K (see Fig. S5 of the supplementary material for the
data from the graphene–MoS2 device). In this case, the power cali-
brated LED was used as the source of optical illumination. R(t) = Roff
+ ΔRsat × (1 − exp(−t/τ)) [solid lines in Fig. 2(d)] behavior is
observed at all values of P, where τ is the timescale of the pho-
toresponse. τ is observed to be inversely proportional to P over the
experimental range of P. τ−1 ∝ P behavior from both graphene–
MoS2 and graphene–WSe2 devices is presented in Fig. 2(e). The
dashed lines indicate linear fits to the data.

The exponential relaxation can be understood in terms of
charge in-flow and out-flow rates to/from graphene. Following the
generation of the exciton with the radiative lifetime τr in TMDC, the
electron makes transition to graphene with the inter-layer charge
transfer timescale τi. This leads to a negative (positive) ΔR in
graphene in the electron (hole) doped regime. The P independent
ΔRsat [Fig. 2(d)] indicates a P independent number density (Ng)
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of electron transfer. Considering the electron transfer rate (Ng
− ng)/(Ngτi) from the EX state (having energy EX) to graphene,
the electron transfer dynamics under the optical illumination can
be expressed as18

dng
dt
= ne(Ng − ng)

Ngτi
− ng
τb

. (1)

Here, ng is the transferred electron density at time t and ne
= ϕaτr is the photo-excited electron density in the TMDC. The ϕa
= αλP/Eλ is the absorbed photon flux, where αλ is the absorption
coefficient of the monolayer TMDC. Considering electron’s back
transfer (graphene → TMDC) timescale τb ≫ τi at EF ≪ EX , we
obtain the solution of Eq. (1) as ng(t) = Ng × (1 − exp(−t/τ)).
This leads to a time-dependent photoresistance relaxation, where τ
= (τi/τr)(Ng/ϕa) is the timescale of photoresistance relaxation (see
Fig. S7 of the supplementary material for the τ calculation details).
This agrees well with the observed τ−1 ∝ P (τ−1 ∝ ϕa) behav-
ior. Intriguingly, τ−1 (∝αλ) follows closely the optical DoS of the
TMDC underlayer [Fig. 2(f) (WSe2) and Fig. S5e of the supplemen-
tary material (MoS2)]. The αλ demonstrates maxima at the exci-
tonic and trionic (A, A−, and B) energies in TMDCs, leading to the

maxima in τ−1 at those energies. The wavelength dependent τ−1

measurements were performed at T = 85 K, with an illumination
power density (P) of 0.56 fW μm−2. Considering a typical value of τr
= 1 ps38,40 at low T, Ng ∼ 1011 cm−2 (see Fig. S8 of the supplementary
material), and αλ = 10% in the monolayer TMDC,41 and using the
observed τ−1 ∝ P relation [Fig. 2(e)], we estimate τi ≈ 4 ps in the
graphene–WSe2 heterostructure at 80 K. This matches well with the
charge transfer timescales observed using the pump–probe experi-
ments.12,20,22 Although charge trapping can play an important role
in the photoresponse of bare TMDC phototransistors42 (see Fig. S10
of the supplementary material), ultrafast TMDC→ graphene charge
transfer, facilitated by τi ≈ 4 ps, constitutes the primary source of
photoresponse in our graphene–TMDC devices.

The quantitative relation between the photoresistance relax-
ation rate τ−1 and the charge transfer rate τ−1

i allows us to mon-
itor the charge transfer process as a function of energy difference
between graphene’s EF and the EX state of the TMDC layer. We
have performed the VG dependent photoresistance relaxation exper-
iments in both graphene–WSe2 and graphene–MoS2 devices. Con-
verting the instantaneous photoresistance [ΔR(t)] to ng using ng
= ΔRCox/(edR/dVG), we plot the normalized ng(t) in Fig. 3(a) at

FIG. 3. (a) ng/Ng vs time data from the graphene–WSe2 heterostructure during the light off–on cycle with P = 0.56 fW μm−2. The data at different EF values are shifted vertically
for clarity. The solid lines present exponential fits. [(b) and (c)] τ−1 (at P = 0.56 fW μm−2 using λ = 600 nm) from graphene–WSe2 and graphene–MoS2 heterostructures,
respectively, are plotted as a function of the EF . (d) Extracted τ−1

i vs EF data (in units of τ−1
r ) from the graphene–WSe2 (right panel) and graphene–MoS2 (left panel)

heterostructures. The solid lines in Figs. 3(b)–3(d) are guides to the eye. (e) The resonance in τ−1
i is schematically presented. The energy band diagrams of graphene and

TMDC are schematically shown. The DoS of the EX (ρx ) state is marked in orange trace. EF values at different VG values are shown using dashed lines. (f) τ−1
i vs T−1 data

are presented.
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different values of EF [= ±h̵vF
√
Cox∣(VG − VD)∣/e, where h̵, VD,

and vF are the reduced Planck constant, gate voltage at the charge
neutrality point, and the Fermi velocity in graphene, respectively;
the “+” and “−” signs are for VG > VD and VG < VD, respectively]
from the graphene–WSe2 heterostructure at P = 0.56 fW μm−2 and λ
= 600 nm (shifted vertically for clarity). The characteristic τ is clearly
dependent on EF . To confirm this, we calculated τ−1 from the expo-
nential fit and plotted it as a function of EF in Figs. 3(b) and 3(c)
for graphene–WSe2 and graphene–MoS2 devices, respectively. The
solid traces are guides to the eye. Using the experimentally observed
τ and Ng (see Fig. S8 of the supplementary material for Ng vs EF
data from both devices), we then calculate the TMDC → graphene
electron transfer rate τ−1

i = τ−1
r τ−1Ng/ϕa, which exhibits a sharply

peaked [Figure 3(d), the solid traces are guides to the eye] varia-
tion with EF , with the peak positions around EF ≈ −100 meV (EM)
and EF ≈ 70 meV (EW) in graphene–MoS2 and graphene–WSe2
devices, respectively. Notably, the FWHM (full width at half max-
ima) ∼100 meV to 50 meV of the peaks closely corresponds to the
excitonic linewidth of TMDC observed in the PL spectra [Fig. 1(d)
and Fig. S5 of the supplementary material]. This suggests a pos-
sible resonance of EF with the EX state in WSe2 (MoS2) at EF
= EW (M ). To verify this, we calculate the excitonic binding energy in
WSe2 (MoS2), Eb = W − EW (M ) − χW (M ), considering the undoped
graphene’s work function W ≈ 4.56 eV43 and the electron affin-
ity of WSe2 (MoS2), χW (M ) ≈ 4.06 eV37 (4.27 eV44). In the litera-
ture, the reported values of W and χW (M ) show approximately few
tens of meV variations [see Fig. S9(a) of the supplementary mate-
rial for a detailed review], resulting in up to ∼50 meV difference
between the actual Eb and its calculated value. The Eb of mono-
layer WSe2 and MoS2 were previously studied both experimentally
and theoretically. The reported values show significant variations
falling within the range of ≈300 meV–700 meV (see Fig. S9 of the
supplementary material for a detailed review). Our estimated Eb
≈ 460 meV and 400 meV for WSe2 and MoS2, respectively, match
closely with the experimentally reported Eb using PL,30,31 transient
absorbtion,32 and photoresistance spectroscopy33 and also with the
theoretical results using various approaches of the effective mass
model.45–49

Resonant electron transfer is commonly observed in the tunnel-
ing diodes and the tunneling spectroscopy studies,50 which generally
occurs via the phonon or the defect-assisted pathways.51 Here, the
electron transfer mechanism is schematically described in Fig. 3(e).
The EF of graphene is indicated at and away from the resonance
(EF (1) and EF (1), respectively). The DoS of the EX state is indicated
as ρx. Mi(EX , EF) is the TMDC → graphene transmission matrix
element containing the wavefunction overlap integral. The charge
transfer rate τ−1

i is proportional to |Mi|2. At EX = EF , the resonance
causes large |Mi|2, which gives rise to the peaked behavior in τ−1

i .
Figure 3(f) presents the τ−1

i vs T−1 data from the graphene–WSe2
heterostructure at VG = −7 V. τ−1

i increases with an increase in
T, with an activation energy ≈7 meV, indicating a phonon-assisted
electron transfer process, which is previously reported to occur
across TMDC interfaces.52–55 In our heterostructures, τ−1

i < τ−1
r

behavior is observed, which can be related to the inter-layer coupling
between graphene and TMDC layers. τ−1

i ≫ τ−1
r behavior is previ-

ously reported in graphene–TMDC heterostructures, which requires
an exceptionally coupled interface, where the separation (d) between
the monolayers of graphene and TMDC is ≈3 Å–6 Å,20,22 leading

to a large PL quenching (by factor of ∼250) in the overlap region.20

With an increase in d, |Mi|2 reduces and τi increases, which degrades
the PL quenching effect,20,22,56 which is consistent with the weaker
PL quenching in our heterostructures {up to factor of 5 and 1.5 in
the graphene–WSe2 [Fig. 1(d)] and graphene–MoS2 (Fig. S4 of the
supplementary material) heterostructure, respectively}.

Apart from the charge transfer rate, the magnitude of the
charge transfer is also affected when EF is dynamically tuned with
respect to the EX state. Here, we observe that Ng decreases rapidly
when EF approaches increasingly closer to the EX state. Ng vs EF
− EX data [Fig. 4(a)] from the graphene–WSe2(MoS2) heterostruc-
ture at T = 85 K (180 K) show Ng ∝ exp(− EF−EX

kBT
) behavior (solid

lines), confirming that the loss of Ng occurs via a thermally acti-
vated process. Such thermally activated graphene → MoS2 transfer
of electrons has been discussed previously22 and represented by the
−ng/τb term in Eq. (1), that cannot be ruled out in the |EX − EF |
∼ kBT regime. At equilibrium (after Ron is reached), EX and EF can
act as a two state system, where ne/τi = Ng/τb or Ng ∝ τb condi-
tion should be satisfied (ne is the number density of electrons in
EX). The rate of the thermal activation of the electrons from the EF
to the EX state is τ−1

b ∝ exp(− ΔB
kBT
), where ΔB ≈ EX − EF , which

FIG. 4. (a) Ng (recorded at P ≈ 0.56 fW μm−2), from the graphene–WSe2 (at
T = 85 K) and graphene–MoS2 (at T = 180 K) heterostructures, is plotted as a
function of EF − EX . The solid lines present the Ng ∝ exp(− EF−EX

kBT
) fit. (b)

Temperature-dependence of Ng. The black solid and dashed lines correspond to
activation energies ≈88 meV and 8 meV, respectively.
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gives rise to the activated behavior of Ng observed in Fig. 4(a). This
is further verified by the T dependence of Ng [Fig. 4(b)] at EF − EX
≈ −100 meV (VG = −7 V). In a sufficiently high T range (T > 100 K),
Ng decreases with an activation energy ΔB ≈ 88 meV (solid black
line) that closely matches with the corresponding EX − EF and vali-
dates a thermally activated scenario of electron’s back transfer from
EF to the EX state. At T ≤ 100 K, a much lower activation energy
of ≈8 meV is observed, which closely matches with the phonon
energies in monolayer WSe2, indicating a phonon-assisted pathway
of electron transfer from EF to the EX state. Figures 3(f) and 4(b)
suggest that the phonons52–55 can play a crucial role in graphene
↔ TMDC inter-layer charge exchange in our heterostructures in the
low temperature range (T ≤ 100 K).

In summary, using the time-dependent relaxation of photore-
sistance in the field-effect architecture, we have identified a new res-
onant electron transfer from the excitonic (EX) state of TMDC to the
Fermi energy (EF) of graphene and a thermally activated back trans-
fer electron from EF to the EX state in optically excited graphene–
MoS2 and graphene–WSe2 heterostructures. Our experiments yield
a reasonable estimation of the excitonic binding energies (Eb) in
both MoS2 and WSe2. We have demonstrated precise controllabil-
ity on timescales and magnitudes of charge transfer by tuning the
temperature and gate voltage.

See the supplementary material for Raman spectroscopy on
individual flakes, device fabrication and details, optical source cal-
ibration, photoluminescence (PL) spectra of the graphene–MoS2
heterostructure, photocurrent measurement of the graphene–MoS2
(device 1) hybrid device, photogating effect in graphene–WSe2
hybrid devices, procedure of transfer rate (τ−1) calculation, Ng vs EF
in graphene–TMDC devices, estimation of exciton binding energy
(Eb), and comparison of photoresponse in the graphene–MoS2
hybrid and the bare MoS2 underlayer.
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