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ABSTRACT: Vertically stacked transition metal dichalcogenide-graphene heterostructures provide a
platform for novel optoelectronic applications with high photoresponse speeds. Photoinduced
nonequilibrium carrier and lattice dynamics in such heterostructures underlie these applications but
have not been understood. In particular, the dependence of these photoresponses on the twist angle, a key
tuning parameter, remains elusive. Here, using ultrafast electron diffraction, we report the simultaneous
visualization of charge transfer and electron—phonon coupling in MoS,-graphene heterostructures with
different stacking configurations. We find that the charge transfer timescale from MoS, to graphene varies
strongly with twist angle, becoming faster for smaller twist angles, and show that the relaxation timescale is
significantly shorter in a heterostructure as compared to a monolayer. These findings illustrate that twist
angle constitutes an additional tuning knob for interlayer charge transfer in heterobilayers and deepen our
understanding of fundamental photophysical processes in heterostructures, of importance for future
applications in optoelectronics and light harvesting.

KEYWORDS: van der Waals heterostructures, charge transfer, electron—phonon coupling, structural dynamics,
ultrafast electron diffraction

Van der Waals (vdW) heterostructures (HSs),' formed by
vertically stacking different two-dimensional (2D) materials
without lattice-matching constraints, offer a new paradigm for
exploring new phenomena not observable in their component
materials’ and for tailoring device applications with novel
functionalities.”* A representative example is the atomically thin
transition metal dichalcogenide (TMD)-graphene (Gr) vdW
heterostructure, which combines the superior light—matter
interaction of TMDs with the high carrier mobility of graphene,
showing potential for next-generation optoelectronic devices,
such as photodetectors,”™'® photovoltaic devices,"' "> and 2D
electronics.'*"*

Interlayer interactions between the adjacent layers, including
ultrafast photoinduced interfacial char%e transfer (CT)""™*" and
interlayer coupling involving phonons, 228 play a critical role in
determining the emergent properties of these bilayer systems
and their device performances. However, the underlying
microscopic processes in this out-of-equilibrium regime are
still mysterious. Remarkably, how the microscopic interactions
evolve with the twist angle between neighboring layers remains
largely unclear.

Recently, time-resolved optical spectroscopy techni-
ques'*'***2673! have been extensively employed to investigate
the ultrafast carrier transfer dynamics in TMD-Gr HSs. With
different excitation conditions, graphene can act as both the
injector and the collector of hot carriers with high quantum
efficiency.® The interfacial electron transfer time has been

measured to range from a few hundreds of femtoseconds to 1—2

s' 2229728 yith above-bandgap excitation. An ultrafast hot
carrier injection from graphene to TMDs has also been reported
with sub-bandgap excitation.'”'* Moreover, a slow (>100 ps)
acoustic phonon recycling process’’ was found in WS,-Gr HSs,
which coupled photogenerated heat in graphene back into the
carrier distribution in WS,. Furthermore, when excited at
resonance to the A-exciton in WS,, a charge-separated transient
state with a lifetime of ~1 ps was found in an epitaxial WS,-Gr
HS by using time- and angle-resolved photoemission spectros-
copy (tr-ARPES).* In sharp contrast to the ~1 ps lifetime, very
recent research reported a long-lived charge separation beyond 1
ns following ultrafast CT.”" Despite numerous ultrafast studies
on the electronic dynamics of TMD-Gr HSs, the dynamics of
interfacial CT and its twist angle dependence remain elusive, and
only indirect lattice dynamical information can be inferred from
the aforementioned measurements. In addition to the interlayer
CT, interlayer energy transfer in TMD-Gr HSs has been probed
by photoluminescence (PL) and phonon-sensitive Raman
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(1): Charge transfer; (2): Interlayer Auger; (3): Interlayer e-p coupling; (4) Interlayer p-p coupling

Figure 1. Fundamental photophysical processes in TMD-graphene heterostructures. (a) Ilustration of the coupling between the two different
electronic and lattices systems. (b) Schematic representation of experimental method. (c) Top view of the heterostructure with a twist angle of 6. Mo,
S, and C atoms are presented as purple, yellow, and green spheres, respectively. (d) Simulated diffraction pattern of the 15° MoS,-graphene
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Figure 2. Ultrafast dynamics of MoS, and graphene. (a) Typical UED diffraction pattern of MoS,-graphene heterostructures. (b) Time-resolved
diffracted intensity changes of {110} Bragg peaks for MoS, in heterostructure and pure monolayer MoS,. The solid purple line for the heterostructure
is a fit from the charge transfer model described below, whereas the solid blue line for the monolayer is a fit to a single exponential decay function. (c)
Twist-angle-dependent relaxation time and amplitude of MoS, in heterostructures, fitted from a single-exponential decay function. (d) Ultrafast
response of graphene in the heterostructure. The solid line is a fit from a biexponential decay function. The shaded area is the error bar showing the

standard deviation of the measurements.

scattering spectroscopy.33_36

Most recently, the energy transfer

In this work, we utilize mega-electronvolt (MeV) ultrafast

from TMD to graphene with a characteristic time of ~3 ps was
observed by transient Raman spectroscopy’® with a temporal
resolution >1.4 ps.

electron diffraction (UED)*"~* to directly probe the ultrafast
coupled electronic and structural dynamics in prototypical
MoS,-Gr HSs and further reveal the crucial role of twist angle.


https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02356?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

MoS,-Gr HSs samples with different rotation angles were
prepared by stacking chemical vapor deposition (CVD)-grown
monolayer MoS, on mechanically exfoliated graphene layers and
then transferring onto grids with amorphous support films (see
Supporting Information S1). We pumped MoS,-Gr HSs with
photon energy (3.1 eV) higher than the MoS, bandgap. Hot
carriers are therefore generated in both MoS, and graphene,
followed by various intralayer interactions including electron—
electron (e-e) scattering, electron—phonon (e-p), and phonon—
phonon (p-p) coupling, and interlayer processes such as CT,
interlayer Auger, e-p, and p-p coupling in different layers (Figure
la). MeV electron pulses with ~100 fs pulse duration are
normally incident to the samples, and thus in-plane structural
dynamics of the HSs are probed in diffraction (Figure 1b). The
top view of a MoS,-Gr HS with a twist angle of € is schematically
depicted in Figure 1c and the corresponding simulated electron
diffraction pattern is shown in Figure 1d. Since the diffracted
spots from different component layers are observed and well-
separated in the same diffraction pattern, the UED technique
enables us to simultaneously trace the ultrafast dynamics of both
layers by analyzing the time evolution of selected Bragg peak
intensities.

Figure 2a shows a representative UED diffraction pattern of
MoS,-Gr HSs at 5° twist angle, which consists of two sets of 6-
fold symmetric diffraction spots corresponding to MoS, and
graphene, respectively. The twist angles of HSs can be readily
determined from the relative rotation of the electron diffraction
patterns. No electron beam induced damage was observed
during the experiment (Figure S1). We first performed pump—
probe measurements on 5° MoS,-Gr HS and a monolayer MoS,
sample for comparison. The time-dependent intensities of the
MoS, diffraction peaks at a fluence of 4 mJ/cm?* are shown in
Figure 2b. Because the six Bragg reflections associated with the
same diffraction order show the same behavior, the transients
have been obtained by averaging over these six diffraction spots
to improve the signal-to-noise ratio (SNR).

The integrated diffraction signals of different order of Bragg
peaks exhibit an order-dependent decrease as a function of delay
time (Figure S2a). This can be attributed to a laser-induced
increase in the random atomic thermal vibrations, capturing the
transfer from excited carriers to phonons. These enhanced
atomic vibrations, expressed by the atomic mean-square-
displacement ({#*), denoted MSD), cause a reduction of
Bragg peaks’ intensities according to the standard Debye—
37 Iw(AD) _ oA (AN

Ty
unpumped diffraction signal, scattering vector Q = 4sin 9/
(0 is the scattering angle and A is the electron de Broglie
wavelength) and A(u?) is the transient change of the MSD upon
excitation. According to the previous equation,
ln[W] = —A(u*)(At)Q* has a linear dependence on Q

hkl

with coefficient —A(u?)(At), as shown in Figure S2b. This
observed linear dependence thus shows that the intensity of the
Bragg peaks can be used as a proxy for the time-dependent
MSDs and thus the time-dependent lattice temperature.

Because of the much higher SNR compared to the high-order
spots, we analyzed the dynamics of the more intense {110}
family. Within the short timescale window of interest, the
transients of bare MoS, can be well described by a simple single-

exponential decay function38’39A1_—](t) = A1 — /7). The
0

Waller theory: , where IJ; is the

diffraction intensity signals decreased with a time constant of

0.78 + 0.11 ps for the {110} family of MoS,. This timescale is
consistent with previous UED measurements on similar TMD
crystals®®*** and recent theoretical calculations,** where e-p
coupling timescales of the order of 1 ps have been reported.
Under the same pump/probe conditions, we measured the 5°
MoS,-Gr HS sample, as also shown in Figure 2b. Surprisingly,
the structural response of MoS, in the HS shows a much faster
response than pure monolayer MoS,. Additionally, there is a
noticeable suppression of the magnitude of the effect in the HS
compared to monolayer Mo$, alone (Figure 2b and Figure S3),
indicating that energy is being transferred to the graphene layer.
Thus, the presence of graphene strongly affects the ultrafast
relaxation processes within MoS,.

To further explore such unusual behaviors, we performed
UED measurements on MoS,-Gr HSs with different twist
angles. By fitting the single exponential decay function to the HS
data, the timescale and amplitude of ultrafast photoresponse of
MoS, in heterostructures (MoS, ™) are extracted, as shown in
Figure 2c. Remarkably, all time constants of MoS, ) are much
smaller than that from a pure monolayer MoS,. Moreover, the
relaxation timescale of MoS, ™% decreases with decreasing twist
angle under the same excitation conditions. The strong
interlayer interaction between MoS, and graphene is further
evidenced by a monotonic reduction of the amplitude of the
diffraction change in MoS,™) as a function of twist, as
compared to the monolayer alone (Figure 2c). Separately, the
ultrafast photoresponse of graphene within the HS can be
obtained by selectively probing the graphene diffraction peaks
and fit to a biexponential decay function (Figure 2d). The
diffraction intensities decrease with a fast time constant of ~0.73
ps and a slower one of ~61 ps, which show a slowing down of the
dynamics of graphene in HSs by comparing it with pure
monolayer graphene at the same pump conditions (see a more
detailed discussion in Supporting Information S4 and Figure
$4).

To quantitatively understand how interlayer CT impacts the
observed dynamics in MoS,-Gr HSs, we propose a simple
mathematical model to describe the population dynamics of
photoexcited carriers and phonons in MoS, (see a more detailed
discussion in Supporting Information SS), which quantitatively
allows one to understand the timescale and amplitude changes
discussed above as a function of twist. Because our observations
of the photoresponse of MoS, ™ are focused on the short time
response, for simplicity, we assume that hot electrons in MoS,
decay by producing phonons in MoS, or transferring to the
electronic system, ignoring interlayer e-p and p-p coupling,
which typically occur on slower timescales.” The following
coupled rate equations describe the time-dependent electron
and phonon densities in MoS,:

d”p,TMD
dt

= Tep, TMDMe, TMD

d”e, TMD

dt

= ~Tep,TMDM%, TMD T CTMe, TMD

(1)

where n, ryp and £, yp represent the phonon and carrier
densities in MoS,, 7., Typ is the rate of the e-p process in MoS,,
and rcr is the rate of interlayer CT from MoS, to graphene. This
approximation assumes that only a single e-p coupling rate plays
arole and neglects possible carrier-energy-dependent scattering
rates, both of which represent corrections to this model.


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02356/suppl_file/nl1c02356_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

a b c
A
0.09 V:: —4x-Experimental 0.98 Tep,TMD 1.3 1
e —%=-CT model 0.78 === === ST oo o
2 .0.095 { iy
5 “3 0.47 .
g m Z o g
2 .01 N 2
s 044 S E g
(O] . g 0. .
T -0.105 4 = , .
= 5 S 041 v o8 - .
= -
g0 ™ 0.38 0.7 I
-0.115 o’ 06197
¥ I 05
-0.12
6 8 10 12 14 2 4 8 10 12 14 5 4 6 8 10 12 14

Figure 3. Twist-angle-dependent ultrafast photoresponses. (a) Twist-angle-dependent amplitude change of MoS, in HSs. (b) Time constants of MoS,
in heterostructures as a function of twist angles. The dotted line represents the e-p coupling time of pure monolayer MoS,, which is much slower than
the MoS, of HSs. (c) Time constant for CT from MoS, to graphene as a function of twist angle. The square data points are pumped with a fluence of 4
mJ/cm?® and the circle data point are excited with 6 mJ/cm?”. Shaded area: experimental standard deviation.

Nevertheless, we show below that this simple model
quantitatively captures the experimental observations.

The solution to eq 1 can be described in two different cases.
First, rcr = 0 corresponds to the case of bare MoS,. Its phonon
population is then described by

nprmp(t) = Mgy (0)(1 — e~ "eominf) (2)

where 1, 1\p(0) is the initial carrier population created by the

pump laser at time zero. Thus, we can fit
% = A, (1 — e/ ™) to the bare monolayer MoS, data to
extract the amplitude A, (= 0.19) and the relaxation time of
intralayer e-p coupling 7, tvp (= 0.78 ps) (Figure 2b).

When considering MoS,-Gr HSs, additional relaxation
channels need to be included. When interlayer CT (rcp # 0)
from MoS, to graphene occurs, the phonon population of

MoS,™ s changed to

’
"p,TMD(t) = <p VD ne,TMD(O)[l - e—('e,,,mpﬂu)t]

Tep,TMD T TCT
(3)

Since the e-p coupling of MoS, with 7., ryp and amplitude A,

will not significantly change in the HSs, we can modify eq 3 and

Al T —t/

= — TTMD AO(I —e ‘:TMD))
ep, TMD

where 7y is the overall relaxation time of MoS, in HSs,

1

write it as a function of Tpyp:

1 1 . .
expressed as = + — where ¢y is the relaxation
TT™MD Tep, TMD Tcr

time of interlayer CT. One can clearly see that the amplitude in

the HSs will reduce to :TMD A, as compared to monolayer (A,)
ep, TMD

in agreement with the experimental results.

By fitting the mathematical CT model to the experimental
data, we obtain 71y = 0.36 ps and amplitude of 0.089 for 5°
MoS,-Gr HS. We thus extract the interlayer CT time finding 7cp
= 0.67 ps. As shown in the solid line for the HS in Figure 2b, the
CT model fits the experimental data reasonably well. In
principle, the generated hot carriers may transfer in both
directions between the two layers. However, because the
absorption of MoS, (~15%) is significantly higher than that of
graphene at 3.1 eV*****® and the graphene Fermi level lies
between the MoS, valence band and conduction band, more hot
carriers are expected to flow into graphene. As indicated by the
modified eq 3, the interlayer CT from MoS, to graphene

provides a new relaxation channel for MoS, and leads to a faster
relaxation and lower amplitude of the phonon response of the
MoS,™ than that of MoS, alone, as experimentally observed.

To further validate the CT model proposed and understand
the role of twist angles, we fitted the CT model to the
experimental data with different twist angles (Figure SS). As
shown in Figure 3a, the extracted magnitude of the change in
HSs using the CT model is in good agreement with the
experimental amplitude, indicating that the proposed model fits
all measured twist angles. The smaller magnitude changes in HSs
compared to that in pure MoS, shows energy is conserved and
indicates the role of interlayer CT. Figure 3b shows the extracted
time constants of the second-order Bragg reflections with
varying twist angles 0. It shows a similar trend to Figure 2c with
the simple single exponential fitting. For all twist angles, the
relaxation timescales of MoS, in HSs are much smaller than that
from a pure monolayer MoS,. More importantly, it exhibits a
strong dependence on twist angles such that the time constants
decrease from 0.48 to 0.35 ps with decreasing twist angle (from
14° to 2°). The extracted ultrafast CT of 7oy shows a similar
dependence varying from 0.68 to 1.25 ps (Figure 3c). We
confirmed that the twist-angle dependence was reproducible in
all heterobilayers measured. To rule out the influence of the
substrate on the dynamics, we further performed UED
measurements on the pure amorphous holey carbon substrate
and a 12° MoS,-Gr HS sample with silicon nitride (SiN)
substrate for comparison. By applying the same region of interest
to the diffraction pattern of the substrate, no obvious intensity
change was observed (Figure SS), indicating no contribution
from amorphous carbon (AC) substrate. On the other hand, the
ultrafast dynamics of the 12° MoS2-Gr HS sample are consistent
with the HS data with AC substrate (Figure S4).

These observations strongly suggest that the interlayer CT
can be modulated with a twist. Previous theoretical calculations
and experiments have shown that the electronic structure
affiliated with the TMD layer is strongly affected by the presence
of graphene and found to be twist-angle dependent.’”*’~>°
Because the charge transfer occurs mainly through the
overlapping between interlayer electronic states, the charge
transfer process is believed to be hi§hly dependent on the
interlayer stackings and interactions.””>"**

In addition to the interlayer CT, the interlayer Auger process
from MoS, to graphene could also lead to similar dynamics
because the resulting energy from electron—hole pair
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annihilation in MoS, of HSs is transferred to the graphene
electronic system. Because the Auger processes involve
scattering between two or more charge carriers, the rate of
Auger trapping should grow as the pump fluence increases since
more charge carriers are produced at higher fluences. Thus, the
existence of nonlinear effects can be readily inferred from
changes of time constants of MoS, ™) as a function of pump
fluence. To better distinguish the contribution of the interlayer
CT and Auger process, we further carried out fluence-dependent
measurements from 4 to 6 mJ/cm?* (Figure S7). We first fitted
the fluence-dependent data with the CT model by using the
same 7,,, ryp and 7¢r at 4 mJ/ cm? and found that the CT model
exhibits excellent agreement with the experimental data (Figure
S7). This also indicates that e-p coupling and the transfer rate are
insensitive to the pump fluence. We then fitted the data with the
CT and Auger model and found a slight variation in the
matching of the amplitude (see a more detailed discussion in the
Supporting Information and Figure S8). No clear changes of
time constants of MoS, in MoS,-Gr HSs as a function of pump
fluence indicate the nonexistence of nonlinear effects such as
Auger processes.”” These analyses again indicate that ultrafast
CT instead of interlayer Auger processes dominate the dynamics
in MoS,-Gr HSs.

In conclusion, the ultrafast carrier and structural dynamics of
TMD-graphene heterostructures, and their dependence on
interlayer twist angle have been experimentally investigated
using MeV UED. The relaxation time of MoS, in hetero-
structures increases monotonically with increasing twist angle
and the heterostructures show faster photoresponses than the
monolayer MoS, alone. The strong interlayer interaction is
further supported by changes in the scattering amplitude of
MoS, and a slowing down of the dynamics of graphene in
heterostructures. CT dominates over interlayer Auger processes
in all observations. These findings suggest graphene plays a
significant role in manipulating the properties of MoS,. It not
only changes the recombination pathway but also provides a
knob to tune the photoresponse via twist angle.
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