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Van der Waals-coupled two-dimensional (2D) heter-
ostructures have attracted great attention recently due to their high 08l
potential in the next-generation photodetectors and solar cells. The e S
understanding of charge-transfer process between adjacent atomic T, Tpmbe 5 04
layers is the key to design optimal devices as it directly determines pumpT % 04)
the fundamental response speed and photon-electron conversion charge _, /50N
efficiency. However, general belief and theoretical studies have ©9\transfer 0.0
shown that the charge transfer behavior depends sensitively on /\ -300 0 300 600 900
MoS, WS, Time delay (fs)

interlayer configurations, which is difficult to control accurately,

bringing great uncertainties in device designing. Here we investigate

the ultrafast dynamics of interlayer charge transfer in a prototype heterostructure, the MoS,/WS, bilayer with various
stacking configurations, by optical two-color ultrafast pump—probe spectroscopy. Surprisingly, we found that the charge
transfer is robust against varying interlayer twist angles and interlayer coupling strength, in time scale of ~90 fs. Our
observation, together with atomic-resolved transmission electron characterization and time-dependent density functional
theory simulations, reveals that the robust ultrafast charge transfer is attributed to the heterogeneous interlayer stretching/
sliding, which provides additional channels for efficient charge transfer previously unknown. Our results elucidate the
origin of transfer rate robustness against interlayer stacking configurations in optical devices based on 2D heterostructures,
facilitating their applications in ultrafast and high-efficient optoelectronic and photovoltaic devices in the near future.

2D heterostructures, stacking configuration, van der Waals coupling, robust ultrafast charge transfer,

time-dependent density functional theory

he family of two-dimensional (2D) materials, ranging

from semimetallic graphene and infrared-gapped black

phosphorus to semiconducting molybdenum disulfide
(MoS,) and insulating hexagonal boron nitride (h-BN), have
demonstrated distinct electronic, optical and mechanical
properties from conventional bulk materials. Stacking different
2D materials vertically leads to van der Waals heterostructures,
which have emerged as a new class of materials and opened up
significant opportunities for exploring novel physics and device
applications.' > Among various van der Waals heterostructures,
those formed by two different transition-metal dichalcogenides
(MX,) monolayers are especially intriguing because of their
giant tunability of bandgap size from infrared to visible range
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and enhanced light-matter interaction.”” Moreover, many MX,
heterostructures form type II band alignment, indicating the
photoexcited electrons and holes naturally separate into the two
different layers through charge transfer process.”~"" Despite the
large interlayer momentum mismatch and the weak interlayer
coupling between layers, which usually hinders the charge
transfer process, both experiments'* '
17720 elucidate that this process is ultrafast, and
happens in a time scale of 100 fs. Several mechanisms for the

and theoretical
calculations
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charge transfer, such as exciton localization,"” interlayer hot
excitons formation,"*"” and coherent charge transfer,">'® have
been proposed, while a comprehensive understanding is still
lacking so far.

Interfacial stacking configuration is demonstrated to be an
efficient degree of freedom to engineer the physical properties
of van der Waals-coupled materials, e.g., interfacial states and
wave function coupling.zL22 Therefore, how the charge-transfer
time evolves with the interfacial stacking configuration is both
fundamental and important for understanding the interlayer
charge transfer and optimizing applications of 2D hetero-
structures. Several groups have reported the charge transfer
time is ultrafast in tens femtosecond time scale regardless of
different interlayer twist angle and thus different interlayer
momentum mismatch.'>'*'® Their experiments are all based
on transferred MX, heterostructures with random twisted angle
(0° < @ < 60°), which have relatively weak and constant
coupling strengths. Theoretical calculations indicate the charge
transfer time could be different by 1 order of magnitude when
lattice aligns into highly symmetric interfacial stacking
configuration (eg, perfectly 0° and 60° stacking),'”*’ while
how it evolves experimentally still remains elusive due to the
complex environment (e.g, strain, lattice mismatch) in realistic
heterostructure interfaces.

In this article, we experimentally investigate the interlayer
charge transfer process in as-grown MoS,/WS, bilayers with
multiple interlayer twist configurations. We find that while the
interlayer mechanical coupling varies with interlayer twist
angles, the interlayer charger transfer is surprisingly fast (~100
fs) and remains nearly constant for all configurations studied.
Further atomic resolved characterization and ab initio
calculations reveal that local stacking inhomogeneity (stretch-
ing/sliding) exist in our as-grown materials, and the
inhomogeneity provides multichannels for the charge transfer.
The fastest channel dominates the measurable charge transfer
time and leads to the robust ultrafast behavior against varying
stacking configurations.

RESULTS AND DISCUSSION

Geometric Configuration of Twisted MoS,/WS,
Bilayers. In our experiment, high quality MoS,/WS, bilayers
were grown on 90 nm SiO,/Si substrates by chemical vapor
deposition (CVD) method.”>™*> Using core—shell WO,_,/
MoO;_, nanowires as a precursor to ensure the sequential
growth of MoS, and WS,, pristine MoS,/WS, bilayers were
successfully grown with different interlayer twist angle.”* Figure
la—c show, respectively, optical reflection images of MoS,/WS,
bilayers with twist angle of 8 = 0°, 60°, and 38°. The smaller
top layer is WS, monolayer and the larger bottom one is MoS,
monolayer. Raman spectra confirm that the overlapping area
are vertical heterostructures constituted of MoS, and WS,
monolayers (Supplementary Figure Sla). The twist angle
between layers can be directly obtained according to their
relative geometry, because the orientation of each triangle is
directly correlated with its microscopic crystal orientation.”*’
To further built the relationship between twist angle and
staking order, second-harmonic generation (SHG) was applied
on the bilayers (Supplementary Figure S1b): similar to
homogeneous bilayers, # = 0° (60°) bilayers correspond to
AA (AB) stacking.”'

Interlayer Electronic and Mechanical Coupling in
MoS,/WS, Bilayers. Excited by 532 nm laser at room
temperature, MoS,/WS, bilayers show two pronounced peaks
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Figure 1. Twist-dependent interlayer coupling in MoS,/WS,
bilayers. (a—c) Optical images of CVD grown MoS,/WS, bilayers
with different twist angle. The small top triangle layer corresponds
to a WS, monolayer, while the bottom large triangle layer
corresponds to a MoS, monolayer. Scale bar is 10 pm. (d)
Photoluminescence of MoS, monolayer and MoS,/WS, bilayers.
The two obvious peaks in heterostructures corresponds to direct A-
exciton transitions from MoS, (peak I) and WS, (peak II),
respectively. Intensity of Peak I in heterostructures are about 1/5 of
that in MoS, monolayer, indicating strong interlayer electronic
coupling and efficient electron—hole separation. (e) Low-frequency
Raman spectra of MoS, monolayer and heterostructures with
different twist angles corresponding to a—c. Higher LBM frequency
indicates stronger mechanical coupling strength.

around 686 and 637 nm in the photoluminescence (PL)
spectra (Figure 1d), which correspond to A-excitons of MoS,
and WS,, respectively. PL is strongly quenched (by ~$ times)
in MoS,/WS, bilayers compared to MoS, monolayers. This
reduced PL signals in bilayer indicate strong electronic coupling
between MoS, and WS, monolayers and hint at the efficient
interlayer charge transfer.'””"

Interlayer coupling can also significantly modify the phonon
vibrations in atomic-layered materials, especially the low-energy
interlayer vibration modes.”*** We utilized Raman spectros-
copy to study the interlayer coupling strength. Figure 1e shows
the low-frequency Raman spectra of MoS,/WS, bilayers with
twist angle of 6 = 0°, 60°, and 38°. Two pronounced peaks in
the range of 20—40 cm™, corresponding to the in-plane shear
(C) mode and the out-of-plane layer breathing mode (LBM),
are observed.”® Linearly polarized Raman measurement with
parallel and cross-polarization configurations was also measured
to further clarify the shear and breathing modes of MoS,/WS,
bilayers (Supplementary Figure $2).”*' LBM can reflect
interlayer mechanical coupling strength: the higher the LBM
frequency, the stronger the interlayer mechanical coupling
strength. From our experimental results, AB and AA stacking
bilayers have stronger mechanical coupling than the randomly
twisted one.

The C mode is clearly observed in AA and AB stacking but
disappears in the twist configurations. This is because AA and
AB staking are energetically favorable staking configurations, so
that lateral displacement can provide a tangent restoring force,
while the force is unattainable in the twist configuration.’”**
The clear C mode signal also reflects that crystallographic
structures of MoS, and WS, monolayers are nicely aligned in
our AA/AB stacking bilayers. For comparison, MoS,

monolayers have no significant Raman peaks around 30 cm™".
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Ultrafast Charge Transfer Dynamics in MoS,/WS,
Bilayers. Typically, MoS,/WS, bilayers form the type II
heterojunctions: the conduction band minimum (CBM) and
valence band maximum (VBM) reside at MoS, and WS, layers,
respectively (Figure 2b).*” After photoexcitation of MoS,,
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Figure 2. Ultrafast charge transfer dynamics in MoS,/WS, bilayers.
(a) Schematics of the optical two-color pump—probe setup. (b)
Band alignment of MoS,/WS, bilayers. After optically pumping
MoS, A-exciton, the hole will transfer to a lower energy at WS,
while the electron remains in MoS,, leading to an eflicient
electron—hole separation and interlayer exciton formation. By
selectively probing with a higher energy light at WS, A-exciton
resonance, we get the transient absorption spectra of MoS,/WS,
bilayers reflecting the charge transfer dynamics, as shown in (c).

holes will transfer to a lower energy state at the VBM of WS,
while the electrons still stay in MoS,. To capture this charge
transfer dynamics in MoS,/WS, bilayers, we performed
femtosecond pump—probe experiments at room temperature.
Figure 2a shows schematically the optical ultrafast two-color
pump—probe setup. Femtosecond pulses (~100 fs, 80 MHz) at
820 nm were guided into an optical parametric oscillator

(OPO) to generate pump laser. The residue of 820 nm pulses
were coupled into a section of photonic crystal fiber (PCF),
then using optical filters and spectrometer to realize wave-
length-tunable probing.

Using a pump fluence of 12 uJ/cm? we selectively excite
MoS, by choosing the excitation energy at 1.73 eV. The pump
energy is at the tail of MoS, A-exciton peak and far below the
resonance absorption energy of WS, to avoid exciting WS,.
After the initial pump, higher photon energy pulses center at
1.95 eV (at the same energy as the WS, A-exciton and close to
the MoS, B-exciton) are used as the probe.'” The transient
absorption spectra of MoS, monolayer and MoS,/WS, bilayers
with different twist angles are shown in Figure 2c. For
monolayer MoS,, the transient absorption signal is from MoS,
B-exciton probing. Its curve rises instantaneously since the
formation of B-exciton right after the pump pulse excitation.'”
While for MoS,/WS, bilayers, the signals are about 4 times
stronger than that for MoS, monolayers, indicating the signals
are mostly from WS,. In addition, the signals from MoS,/WS,
bilayers rise slightly slower than MoS, monolayer around time-
zero since the signals of WS, probing arise after pump pulse
excitation and interlayer charge transfer process. Since the
pump energy is well below the B-exciton energy of MoS, (150
meV above A-exciton), the charge/energy transfer process
between MoS, B-exciton states and WS, states can be excluded.
Also, low energy pumping of MoS, A-exciton without excitin
WS, avoid energy transfer between MoS, and ws,*
Therefore, only hole transfer process from MoS, A-exciton
states to WS, A-exciton states are allowed in the interlayer
charge transfer process of our experiments. Interestingly, for
MoS,/WS, bilayers with different interlayer twist angles the rise
times are only slightly varied, suggesting that the charge transfer
time is robust and stacking independent, in striking contrast to
the mechanical coupling. After deconvolution,'* we confirm the
charge transfer time in MoS,/WS, bilayers is around 90 fs in all
cases (as shown in Table 1). The instrument response function
is shown as the gray dashed curve in Figure 2c. At room
temperature, we characterized 10 CVD-grown samples and 2
transferred samples with different twist angles, their charge
transfer times are all in time scale around 90 fs (Supplementary
Figure S3). Experiments at temperature of 77 K show similar
trends as well (Supplementary Figure S4). This robust ultrafast

Table 1. Mechanical Coupling and Charge Transfer (CT) in MoS,/WS, Bilayers”

configuration shear mode (cm™) breathing mode (cm™) CT-exp. (fs)
6 =0° 214 37.5 84
6 = 38° - 36.0 93
0 = 60° 21.6 40.0 89

interlayer sliding (nm) interlayer distance (nm) CT-theory (fs)

0.00 (AA,) 0.63 1500%°
0.02 (AA') 0.63 102
0.03 (AA') 0.63 4%
0.05 (AA') 0.63 5110
0.06 (AA') 0.63 847
0.00 (AA;) 0.68 180*°
0 0.65 280
0.00 (AB,) 0.63 150*°
0.02 (AB',) 0.63 725
0.03 (AB',) 0.63 226
0.06 (AB,’) 0.63 245
0.08 (AB',) 0.63 800
0.00 (AB,) 0.63 1050°°

“AA’| and AB'| corresponding to AA, and AB, stacking with an interlayer sliding.
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charge transfer behavior in MoS,/WS, bilayers is also
consistent with their almost identical PL yields (Figure 1d),
since the PL quenching originates from the interlayer charge
transfer. This observation is quite strange and disobeys the
common sense that different twist angles give different
interlayer momentum space rotations of valleys, and therefore
led to different charge-transfer times (the charge transfer is
highly dependent on specific interlayer states). In fact, previous
theoretical calculations point out that AA, AB and twist
configuration should have very different charge transfer time
ranging from 100 fs to 1 ps scale.'”*’

Atomic-Resolved Characterization on MoS,/WS, Bi-
layers. To explore the underlying mechanism of the twist-
angle independent charge transfer in MoS,/WS, bilayers, we
apply scanning transmission electron microscopic (STEM)
characterization on our samples with atomic resolution. Figure
3a displays the typical STEM image of an AA-stacking MoS,/
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Figure 3. Atomic-resolved characterized of MoS,/WS, bilayers by
STEM. (a) STEM image of an AA-stacking MoS,/WS, bilayers. At
the left side of the image, MoS,/WS, bilayer shows AA;-stacking, a
high-energy stacking pattern. While going over to the right side, an
interlayer tensile shift appears and serves as transition region
between two high-symmetric stacking configurations. The dia-
grammatic sketch is shown in (b).

WS, bilayer transferred on a holey carbon TEM grid. In
principle, MX, bilayer and MX, heterostructures have six high-
symmetry stacking configurations (Supplementary Figure
S$5).*' STEM image indicates that, in addition to the energy-
favorable AA, stacking, there exists high-energy state of AA;
stacking, due to interlayer stretching and shifting (Figure 3b).
This shifted interlayer stretching/shifting and coexistent
multidomains are w1de1y observed in 2D bilayer systems,
such as MoS,/WSe,,** graphene/graphene®*® and graphene/
BN.*” Its formation should be attrlbuted to the local tensile
strain during the CVD cooling process.”® MoS,/WS, bilayers
are grown at 800 °C and then cooled down to room
temperature. During high temperature growth, the slight lattice
constant difference between MoS, and WS, will introduce local
strain for two layer match together.”” Then in the following
cooling process, the local strain will be further amplified and
bring 1nter1ayer shift due to their different thermal expansion
coefficients."” We propose that the local structural inhomoge-
neity at atomics scale is the origin for the robustness of the
ultrafast interlayer charge transfer.

First-Principle Calculations on Charge Transfer in
MoS,/WS, Bilayers. To quantitatively understand the robust-
ness of the ultrafast charge transfer behavior, we performed
time-dependent density function theory (TDDFT) calculations
on different stackings of MoS,/WS, bilayers.*"** Previous
calculations only dealt with the perfectly stacked hetero-
structures with high-symmetry stacking configurations.'”*’
Here we calculate the charge transfer dynamics in the AA/AB
stacking bilayer with interlayer tensile shift. Interlayer tensile
shift between MoS, layer and WS, layer is described by an
interlayer sliding (Figure 4ab for AA and AB stackings,
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Figure 4. Theoretical understanding of robust ultrafast charge
transfer in MoS,/WS, bilayers. (a, b) Schematic atomic structures
of the transition region in AA-/AB-stacking MoS,/WS, bilayers,
defined as AA’- /AB'—stacking. Interlayer tensile shift between MoS,
layer and WS, layer is described by an interlayer sliding. Schematics
of MoS,/WS, bilayers with twist angle of 38° is shown in (c). (d—f)
Evolutions of the hole transfer in the three stacking configurations
corresponding to a—c. After the first photoexcitation at t = 0 fs,
holes in MoS, will transfer to WS, in the following ~100 fs. The
calculated integrals of excited hole density on WS, orbitals are
fitted by an exponential curve to get the charge transfer time in
different stacking configuration. (g) Schematic of charge transfer
process across the heterogeneous interface of AA-stacking MoS,/
WS, bilayers. The apparent transfer time is mainly determined by
the fastest channel.

respectively). By artificially moving MoS, layer along the
tangent direction from its most stable configuration with a
random distance, we find the charge transfer time is much
different from the perfectly aligned ones (Supplementary
Figure S6). For each twist angle, charge transfer dynamics
under four arbitrary interlayer shifts are calculated, summed
then exponentially fitted to achieve the equivalent charge
transfer time.

Figure 4d—f show TDDFT-calculated integral of excited
holes density on WS, orbitals, which describe the charge
transfer dynamics quantitatively. At t = 0, an electron is
promoted from MoS, VBM to its CBM to simulate the first
photoexcited state. Then in the following ~100 fs, the hole
transfer process leads to hole localized on WS, layer. We found
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the equivalent charge transfer times is around 250 fs across
different twist angle (Figure 4d,e), in consistent with robustness
we observed experimentally.

Charge transfer is determined by the specific electronic
states, and various stacking modes provide multiple parallel
channels in the charge transfer between the adjacent layers. The
transfer time can be 1 order of magnitude different across
different stacking configurations, but the measured apparent
charge transfer time (Figure 4g) are mainly determined by the
fastest channel, as the excited holes living near the slower
channels could migrate and use faster channels. Take the AA
stacking as an example, shown in Table 1, the hole transfer time
is 1500 fs for AA; and 180 fs for AA;, while the tensile one gives
out 230 fs. Therefore, the charge transfer mainly happens at the
AA; region. The situation is quite different for mechanical
coupling measured by the Raman spectroscopy, which is
determined by the second derivative of the potential energy of
the system with respect to certain modes. As a result, the
frequency of these modes can hardly be influenced by the local
high-energy stacking regions. The interlayer force constant is
mainly determined by the interlayer distance and registration
due to steric effect, and therefore the LBM Raman frequencies
of AA and AB stacked bilayers are always larger than randomly
twisted ones.”"*’

CONCLUSIONS

In conclusion, we have investigated the interlayer charge
transfer in MoS,/WS, bilayers with different stacking
configurations. Although previous theoretical calculations
predict that charge transfer is very sensitive to the interfacial
configuration, in the as-grown materials the ultrafast charge
transfer time is very robust. In addition to the hot excitons
effect, we think the coexistence of various local stacking
configurations and the associated parallel multichannels in the
inhomogeneity interface is also one very important factor for
twist angle independent ultrafast charge transfer. In the future
device designing on 2D heterostructures for fast and high-
efficiency optoelectronic and photovoltaic applications, our
discovery of the multiple charge transfer channels eliminates
the concerns on stacking-dependent effects, and allows for
simple integration of one layer on the other. The formed
heterostructures will have fast response speed and high charge
transfer efficiency determined by the fastest channel.

METHODS

CVD Growth of MoS,/WS, Vertical Heterostructures. The
MoS,/WS, vertical heterostructures with different twist angle were
synthesized by CVD method.”® The carbon fabric strip with WO,_,/
MoO;_, core—shelled nanowires was directly placed on the top of 90
nm-thick SiO,/Si substrate in the center of the furnace, and a ceramic
boat with sulfur powder was placed upstream. After purging the system
with Ar for 15 min, the furnace was heated up to 800 °C at a rate of 20
°C min~". When the temperature of furnace reached 800 °C, sulfur
was heated by a heating belt with an individual temperature controller
at ~180 °C and then the furnace was cooled down naturally after
staying at 800 °C for another 30 min. The heating belt for sulfur was
removed when the furnace was cooled down to 400 °C.

Two-Color Pump—Probe Spectroscopy. Femtosecond pulses
(~100 fs) at 820 nm are generated by a Ti:sapphire 80 MHz oscillator
then split into two path. One path of the light is used to pump an
optical parametric oscillator (OPO) to generate wavelength tunable
pump pulses, and the other path light is focused into a photonic crystal
fiber (PCF) to generate a supercontinuum white light then pass
through a filter (620—90X band-pass) to be used as probe pulses.
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Those two pulses are separated in the time-domain by a controllable
delay-time At and focused onto the sample. After collection of the
reflected pulses and wavelength selection through a spectrometer (slit
width corresponds to 10 nm), the intensity of probe pulse is recorded
by photomultiplier (PMT) and lock-in amplifier. The objective we use
in our experiments is 100X with NA = 0.90. Probe and pump pulse are
focused at the sample with diameters of about 1 and 2 ym, respectively
(we did not use full N.A. to avoid damage on the samples).

Deconvolution Process. The transient absorption signal of MoS,
monolayer is from MoS, B-exciton probing and its curve rises
instantaneously after the pump pulse excitation. Therefore, we can
reproduce the dynamics curve of MoS, monolayer by a rapid rise curve
(intrinsic MoS, transient absorption) and the instrument response
function. From our fitting, the time scale of our instrument response is
about 150 fs. Then, with the same instrument response function for
time convolution, we reproduce the experimentally observed transient
absorption signal in the heterostructure with a rise time around 90 fs,
corresponding to the charge transfer time.

STEM Characterization. Annular dark-field (ADF) imaging was
conducted by a probe-corrected scanning transmission electron
microscope (FEI Titan G2 80—200 ChemiSTEM) operated at an
acceleration voltage of 200 kV. In addition, the beam convergence
angle was set to be 21.4 mrad with a probe current of 100—150 pA.
Energy-dispersive X-ray spectroscopy (Bruker Super-X) integrated in
STEM was utilized for the X-ray collection.

DFT Calculations. The excited state real-time TDDFT simulations
were carried out with our developed time-dependent ab initio package
TDAP based on SIESTA.** We used pseudopotentials of the Troullier-
Martins type, the PBE exchange-correlation functional,”® and a local
basis set of double-{ polarized (DZP) orbitals. Supercells in rectangle
shape containing 108 atoms in the supercells for AA and AB stackings
were used to model MoS,/WS, heterostructures while a rhombus
supercell with 126 atoms was used for the twist heterostructure with a
relative angle of 38°. We have shown these models are enough to
simulate the MoS,/WS, heterostructures.”® Electron—hole interaction
and electron—phonon effects were naturally included in our methods.
Although PBE functional usually underestimates the bandgaps, it is
accurate enough to describe the spatial distribution of electronic states
and the state couplings, which are crucial in our dynamic simulations.
In addition, very similar band structures based on PBE functional and
HSEO06 functional are obtained (Supplementary Figure S7). Supercells
in rectangle shape containing 108 atoms in the supercells were used to
model bilayers with a single k-point for integration in the Brillouin
zone and the states relative to the photoexcited states especially at K
point in the first Brillouin zone are approximately folded to the
supercells. The time step of all simulations was set to be 0.05 fs.
Electron—hole (exciton effect) interaction and electron—phonon
effects were naturally included in our methods.** The initial velocities
of ions were assigned according to the equilibrium Boltzmann—
Maxwell distribution at a given temperature of 77 and 350 K. We
obtain no difference in the conclusion for the two temperatures. It
should be noted that some energy levels in the supercells we used may
be degenerate, so states with similar energy and spatial distributions
have been checked in the following dynamic simulations to ensure the
reliability of our results.
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