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ABSTRACT: Recent experiments revealed stacking-configuration-independent
and ultrafast charge transfer in transition metal dichalcogenides van der Waals
(vdW) heterostructures, which is surprising given strong exciton binding :)
energies and large momentum mismatch across the heterojunctions. Previous
theories failed to provide a comprehensive physical picture for the charge
transfer mechanisms. To address this challenge, we developed a first-principles
framework which can capture exciton—phonon interaction in extended systems.
We find that excitonic effect does not impede, but actually drives ultrafast charge
transfer in vdW heterostructures. The many-body electron—hole interaction
affords cooperation among the electrons, which relaxes the constraint on
momentum conservation and reduces energy gaps for charge transfer. We

uncover a two-step process in exciton dynamics: ultrafast hole transfer followed
by much longer relaxation of intermediate “hot” excitons. This work establishes that many-body excitonic eftect is crucial to the
ultrafast dynamics and provides a basis to understand relevant phenomena in vdW heterostructures.
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an der Waals (vdW) heterostructures are synthetic
unantum materials composed of two-dimensional (2D)
layers assembled vertically through vdW interactions. Many
fascinating electronic, optical, and magnetic properties have
been reported or envisioned in vdW heterostructures,
including fractal quantum Hall effect,"” topological insulators,”
unconventional s.uperconductivity,4 superﬂuidity,5 etc. As the
most widely studied 2D semiconductors, transition metal
dichalcogenides (TMDs) and their heterostructures feature
prominent excitonic effect with large exciton binding energy in
the range of 0.3 to 1.1 ev,S10 owing to quantum confinement
and reduced dielectric screening.'' ™"

Most TMD heterostructures adopt type II band alignment,
which hosts long-lived interlayer excitons with electron and
hole separated at different layers. The remarkably strong light—
matter interactions in TMDs combined with the type II
alignment give rise to a myriad of novel physical phenom-
ena'*™"® and promising optoelectronic applications,”*" such
as photovoltaics and nanophotonics. Recent pump—probe
spectroscopy experiments have revealed ultrafast charge
transfer in TMD heterostructures.”’ Hong et al. was the first
to report that, in MoS,/WS, heterostructure, holes can transfer
from MoS, to WS, within 50 fs after selective excitation of
MoS,.”* Similar ultrafast charge transfer was also observed in
other TMD heterostructures.””>° The most surprising result
was that the ultrafast charge transfer exhibited no dependence
on interlayer stacking configurations and insensitivity to
temperature.”””>*” These experimental observations have
raised a number of important questions that are yet to be
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answered. Chief among them is the physical origin of ultrafast
charge transfer in spite of large exciton binding energies and
apparent lack of momentum conservation when charge
transfers across an artificially stacked heterojunction with a
large momentum change.”® Both are expected to impede
charge transfer.

To understand the unexpected ultrafast charge transfer in
the TMD heterostructures, several first-principles nonadiabatic
molecular dynamics (NAMD) simulations have been per-
formed.””~** Although these studies shed light into the charge
transfer processes, none of them incorporated many-body
excitonic effect in the simulations. As a result, a complete
picture of charge transfer mechanisms remains elusive. Indeed,
it has been recognized that “the mechanisms developed to date
do not fully account for the Coulombic interactions between
electrons and holes, despite the existence of strongly bound
excitons both in the TMD monolayers and the hetero-
structures”.>' Furthermore, theoretical charge transfer time
scales were often much longer than the experimental values or
exhibited strong dependence on stacking configurations and/or
temperature.
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The conventional first-principles approach that incorporates
excitonic effect in semiconductors is the GW—Bethe—Salpeter
equation (GW—BSE) method based on many-body perturba-
tion theory.”>™* However, the GW—BSE approach is
prohibitively expensive when combined with NAMD simu-
lations. In this paper, we develop and employ a first-principles
framework to predict exciton dynamics in solids, which is
computationally much more expeditious than GW-BSE. First,
ab initio Born—Oppenheimer Molecular Dynamics (BOMD) is
performed for the MoS,/WS, heterostructure. At each BOMD
time step, a linear-response time-dependent density functional
theory (LR-TDDFT)***? calculation is carried out using an
optimally tuned, screened, and range-separated hybrid
exchange-correlation functional (OT-SRSH)**~* imple-
mented in conjunction with planewaves and pseudopoten-
tials."*~** The excitation energies and oscillator strengths are
determined to construct time-dependent many-body wave
functions based on single Slater determinants,*’ following the
assignment ansatz of Casida.”” The time-dependent excitonic
wave functions are then expanded in terms of these many-body
wave functions, with the expansion coefficients computed from
the fewest-switches-surface-hopping (FSSH) NAMD simula-
tions.”' ~>* The exciton is assumed to occupy an initial many-
body state, and each coefficient represents the probability
amplitude for an excitonic transition from the initial state to a
given many-body state. The phonon-assisted excitonic
transitions are captured by the nonadiabatic coupling matrix
which depends on the time-dependent many-body wave
functions and excitation energies of the system.*”***> The
details of the method can be found in the Supporting
Information (section S2). This proposed computational
framework paves the way for probing exciton—phonon
interaction in solids and to the best of our knowledge
represents the first study of exciton dynamics in 2D vdW
heterostructures from first principles. We reveal that the
excitonic effect does not impede, but actually drives ultrafast
charge transfer. The many-body electron—hole interaction
affords cooperation between the electrons, which relaxes the
constraint on momentum conservation of independent
particles and more importantly reduces the energy gaps for
charge transfer. We uncover a two-step dynamic process: an
ultrafast hole transfer followed by a much longer relaxation of
intermediate “hot” excitons, in good agreement with experi-
ments. In the presence of excitonic effect, ultrafast hole transfer
is found to be independent of stacking configurations and
temperature. Interestingly, the opposite is found when the
excitonic effect is neglected. This work thus establishes that the
many-body excitonic effect, previously ignored, is in fact crucial
to ultrafast dynamics in vdW heterostructures.

As shown in Figure S2a, an orthogonal (3 X 3) supercell
with 108 atoms is used to model the MoS,/WS, hetero-
structure. A vacuum slab of 15 A along the z-direction is
adopted to minimize spurious interactions from the periodic
images. After structure relaxations, ab initio Born—Oppen-
heimer molecular dynamic (BOMD) simulation is followed to
bring the temperature of the system to a specific temperature
with a velocity rescaling method. Then, the temperature is kept
for S ps to reach the thermal equilibrium. Finally, a
microcanonical BOMD production run is performed for
5000 fs with a time step of 1 fs. At each MD step, the
excitation energies and the many-body wave functions are
determined based on TDDFT-OT-SRSH calculations. Using
the microcanonical BOMD trajectory, the population of each
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exciton as a function of time is calculated by averaging 4 X 10°
NAMD trajectories, each of which is 1000 fs long. The
structural relaxation and ab initio BOMD simulations are
performed with the Vienna ab initio Simulation Package
(VASP),* using projector-augmented-wave potentials®” with a
cutoff energy of 400 eV and generalized gradient approx-
imations in Perdew—Burke—Ernzerhof (PBE)® form for the
exchange correlation functional. The semiempirical DFT-D2
method” is used to account for the van der Waals (vdW)
interaction between the MoS, and WS, layers. We have also
included spin—orbit coupling (SOC) on the calculations of the
band structures of MoS,/WS, heterostructures using HSE06
functionals (section S6). We find that SOC has little effect on
the orbital hybridization. More importantly, we reveal that
SOC could further reduce the energy gaps for ultrafast charge
transfer, thus supporting the main conclusion of the paper.

We use the MoS,/WS, bilayer as an example of 2D vdW
heterostructures, for which experimental and theoretical data
are available for comparison. As the first validation of the
theoretical framework, we compute the fundamental gap (Eg)
and optical gap (E,,) of each monolayer using time-
independent and time-dependent DFT with the OT-SRSH
functional, respectively. All these gap values agree very well
with the experimental or GW results, as shown in Table S1,
indicating the reliability of the (TD)DFT-OT-SRSH method
for the systems in hand. The exciton binding energy defined as
Ey = E; — E, is estimated as 0.71 and 0.65 eV for monolayer
MoS, and WS,, respectively, confirming the strong excitonic
effect.

We next focus on the MoS,/WS, heterostructure in C7
stacking, which is energetically the most stable structure.” Its
band structure calculated with the PBE functional®® is
presented in Figure la, where the conduction band minimum
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Figure 1. (a) Band structure of MoS,/WS, heterostructure in C7
stacking (left and right). The projection of each band onto WS, (deep
red) and MoS,(deep blue) is color-coded according to the side bar.
(b) The charge density distribution of each exciton with red and
green color representing quasi-electron and hole, respectively. The
iso-surface value is set at 3.5 X 107 A=,

(CBM) and valence band maximum (VBM) at K valley resides
on MoS, and WS,, respectively, confirming the type II band
alignment. Moreover, the interlayer hybridization varies
considerabley across the Brillouin zone. In particular, the
interlayer coupling at the K valley is weaker than that at the I
valley, revealed by the color scheme. If the single-particle
picture were valid, one would conclude that charge transfer at
the K valley should be slower than that at the I" valley.*"**
Similarly, across a twisted or displaced heterostructure, there is
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a momentum shift to the single-particle state and variation of
interlayer coupling, thus charge transfer rate. Hence, one
would expect a strong dependence of charge transfer on
stacking configurations based on the single-particle picture,
which unfortunately contradicts with the experimental
observations. Both erroneous expectations are actually what
the previous first-principles studies have found by ignoring the
excitonic effect.

We first perform LR-TDDFT calculations with OT-SRSH to
examine the static properties of the excitons. The MoS,/WS,
heterostructure is modeled by a 3 X 3 supercell with 108
atoms. Although only the I" point is sampled in the Brillouin
zone, several irreducible k-points in the primitive unit cell can
be included by unfolding the energy bands of the 3 X 3
supercell,” and the details of the energy band assignment can
be found in the Supporting Information (section S4). We focus
on five low-energy excitons whose charge densities are shown
in Figure 1: (i) S; is an intralayer exciton whose electron and
hole occupy the K valley of MoS,. §; is the initial excitation
that is generated by laser pumps in the pump—probe
experiments. 2261 The energy of S; is computed as 1.83 eV,
in excellent agreement with the energy (1.86 eV) of the A
exciton in MoS,.°" (ii) S, is an interlayer exciton whose
electron is primarily composed of CBM at the K valley of
MoS, (MoS,@K) and hole of VBM at the I valley of WS,,
respectively. S, is the lowest-energy exciton in the hetero-
structure (1.48 eV). (ili—v) Sy, Sy and Sy are three
intermediate interlayer excitons whose energy is 1.85, 1.74, and
1.80 eV, respectively. As elucidated below, exciton—phonon
interaction is reponsible for the ultrafast charge transfer in
MoS,/WS, heterostructure driven by an energetic relaxation
from the initial state (S;) to the final state (S,) via the
intermediate states (Sy;, Sy, and Sys)-

We subsequently performed NAMD simulations at 100 and
300 K to determine the population of each exciton as a
function of time, shown in Figure 2a and b. At both
temperatures, the population of the initial intralayer exciton
(Sy) decays drastically and simultaneously the populations of
the intermediate interlayer excitons (Sy;;, Syp,Sys) rise rapidly.
The transition from the intralayer exciton to the interlayer
excitons is accompanied by the hole transfer from MoS, to
WS,. The decaying and rising (Sy;;) curves cross at 42 and 48
fs for 100 and 300 K, respectively, demonstratrng ultrafast hole
transfer, as observed experimentally.”” At both temperatures,
the hole transfer takes place within 50 fs, displaying weak
temperature dependence of charge transfer, consistent with the
experiments.”””” Over a much longer time scale, the lowest-
energy interlayer exciton S overtakes the intermediate excitons
in population. The two-step process, i.e., the ultrafast hole
transfer followed by the relaxation of the intermediate “hot”
excitons to the lowest- -energy interlayer exciton has also been
observed experimentally.’’ In particular, the relaxation time
scale measured experimentally was ~800 fs at room temper-
ature, which agrees well with our NAMD results that the
lowest-energy interlayer exciton S, overtakes the other excitons
after 600 fs at 300 K. The formation of the Sy exciton is
interesting for two reasons: (1) it represents ultrafast but
transient energy transfer, as electron and hole transfer
simultaneously across the layers. The competition between
charge and energy transfer in vdW heterostructures is of
significant current interest,”’ and the proposed theoretical
framework lays the foundation for future work in this area. (2)
The transition of S; — Sy3 —S; is accompanied by electron
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Figure 2. Population of each exciton as a function of time at (a) 100
K and (b) 300 K. (c) The energy of the excitons as a function of time
at 100 K. The projection of the hole density onto WS, (deep red) and
MoS, (deep blue) for each exciton is color-coded according to the top
bar. The upper panel is a blown-up view of the dashed box in the
lower panel.

transfer from MoS, to WS, and back to MoS,. This recoil of
the excited electron across the layers has recently been
suggested as_a new pathway for hot electron relaxation in
MoS,/WSe,.”> The competition/cooperation between elec-
tron—phonon and electron—hole interaction is responsible for
the intriguing dynamics of the excited electrons.

To elucidate the origin of ultrafast hole transfer, we examine
exciton energy as a function of time in Figure 2c. The upper
panel is a blown-up view of the dashed box in the lower panel.
Thermal fluctuations at 100 K break the symmetries and
energy degeneracy at 0 K. In the energy range of 1.75—1.85 eV,
the initial exciton S; splits into four different excitonic states,
represented by the blue curves. Similarly, the lowest energy
exciton S, breaks into two different states around 1.45 eV,
indicated by the green curves. Inside the dashed box, the red
curves represent the intermediate exciton Sy, and the two light
green curves represent Sy;. Below the dashed box, four
additional deep red curves correspond to Sy,. Clearly, there
are strong energy overlaps among S;, Sy, and Sz at 100 K,
which enable adiabatic and ultrafast charge transfer as shown in
Figure 2a. On the other hand, there is no energy crossing
between the intermediate excitons and S leading to a
nonadiabatic and much slower (“hot” exciton) relaxation
process.

The vibrational modes that contribute to the adiabatic
excitonic transitions can be obtained by Fourier transform
(FT) of the time-dependent exciton energy evolution. As
shown in Figure 3, the initial exciton S; and the intermediate
state Sy;/Sy/Sms are strongly coupled to phonons around
~400 cm™’, which correspond to primarily the out-of-plane A,
optical modes of MoS, (404 cm™) and WS, (420 cm™).
Thus, the vibrations of S atoms perpendicular to the interface
give rise to the ultrafast exciton transition. In other words, the
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Figure 3. Fourier transform (FT) of the time-dependent energy
evolution for each exciton. The schematic of A, vibrational mode for
MoS, and WS, monolayer is shown in the right panel.

dynamics of the intermediate excitons, with electrons and holes
at different valleys, results from intervalley scattering assisted
by the optical phonons with high frequencies. The exciton—
phonon interaction is also manifest by the fact that the
population of momentum-conserving exciton (Sy;) dominates
that of momentum nonconserving excitons (Sy; andSy;),
especially at 100 K, as shown in Figure 2a.

To accentuate the excitonic effect on charge transfer, we also
performed similar calculations as in previous work without
considering the excitonic effect. To this end, ground state
DEFT, as opposed to LR-TDDFT, calculations with the same
OT-SRSH functional are carried out at each BOMD time step.
The single-particle KS orbitals and energies are obtained, and
time-dependent single-particle wave functions of the “excited”
electron (or hole) are expanded in terms of the KS orbitals.
These time-dependent expansion coefficients are determined
from the FSSH-NAMD simulations, and each coeflicient
represents the probability amplitude of the electron (or hole)
that occupies one of the KS orbitals. The photoexcited hole
starts out at the K valley of MoS,, and it then transfers to WS,
(K valley) and finally relaxes to the I valley of WS,. Using the
standard exponential fitting shown in Figure 4a, we estimate
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Figure 4. (a) Time evolution of the hole population on WS, with and
without considering excitonic effect. (b) Time evolution of the KS
energy levels near VBM. The hole localization of each KS state on
WS, or MoS, is color-coded according to the side bar.

the hole transfer time as 677 fs at 300 K. This charge transfer
time (and mechanism) is similar to that (350 fs) found in the
previous work™® based on the single-particle picture, but much
longer than the experimental value (<S50 fs) as well as our
result (48 fs) with the excitonic effect included. The time
evolution of the KS energies near VBM is shown in Figure 4b,
and owing to large separations between the single-particle
energy levels, there is no energy overlap between the hole
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states at the MoS, K valley (MoS,@K) and WS, K valley
(WS,@K), nor is there one between WS,@K and WS,@I"
during the BOMD simulations. The energy separation between
MoS,@K and WS,@K, AEy, is 0.18 eV based on DFT-OT-
SRSH calculations at 0 K, which is much larger than the energy
separation between the many-body excitonic states S; and Sy
(AS = 0.02 eV) from LR-TDDFT-OT-SRSH calculations.
Therefore, in the single-particle picture, the interlayer hole
transfer is dominated by nonadiabatic transitions. In contrast,
the many-body excitonic effect enables the ultrafast hole
transfer mediated by adiabatic transitions. The comparisons
here explain why the previous efforts failed to reproduce the
experimental results even when hybrid functionals were
included in the ground state DFT calculations.

Finally, we address charge transfer dependence on stacking
configurations. We have examined exciton dynamics in three
different stacking configurations (C7-t, T, and T-t), which have
slightly higher energies than C7 stacking. Compared with C7
stacking, T stacking involves an interlayer rotation. C7-t (T-t)
stacking can be obtained by interlayer translation from C7 (T)
stacking. The atomic and band structures of the stackings are
shown in the Supporting Information. The energies of the
excitons (So, Sy, Syr1, Saay and Sy3) are summarized in Table 1,

Table 1. Energy (eV) of S;, Sy, Sma Smzs and S in Different
Stacking Configurations”

single

with excitonic effect particle

stacking So St Sm1 Sma Sz CT AS AEg
Cc7 1.48 1.83 1.85 1.74 1.80 42 0.02 0.18
C7-t 1.45 1.80 1.86 173 1.77 43 0.03 0.15
T 1.41 1.81 1.82 1.69 1.79 31 0.01 0.30
T-t 148 1.80 1.89 1.80 173 42 0.0 0.10

“AS is the minimal energy difference between S; and Sy;/Syn/ Sy
AEy represents the energy difference between the hole states at
MoS,@K and WS,@K at 0 K. CT is the calculated charge transfer
time (fs) at 100 K.

showing weak dependence on the stacking configurations. An
exciton state is a superposition of many single-particle
excitations between different k-valleys. Although each single-
particle excitation may depend sensitively on the stacking
configurations, their superpositions are more robust against the
variation of interlayer stackings. The energy differences
between the three intermediate excitons (Sy;, Sy, and Sy;s)
are very small in each stacking configuration. More
importantly, the minimal energy difference (AS) between the
initial intralayer exciton Sy and the three intermediate interlayer
excitons is less than 0.03 eV for all stacking configurations,
suggesting that thermal fluctuation at 300 K could easily
surmount AS for charge transfer. In sharp contrast, the energy
difference between the hole states at MoS,@K and WS,@K
(AEy) is 1 order of magnitude larger than AS for all stacking
configurations.

The NAMD results for the three different stacking
configurations at 100 K are shown in Figure Sa—c. Similar to
C7 stacking, the initial intralayer exciton S; transfers into the
intermediate excitons within 50 fs and then relaxes to the
lowest interlayer exciton S, with a much slower rate. Again,
strong energy overlaps between the excitonic states are found
in all three stacking configurations, as shown in Figure 5d—f.
Thus, we confirm the experimental observations of robust and
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Figure 5. Population of each exciton as a function of time at 100 K in (a) C7-t, (b) T, and (c) T-t stacking configuration. The corresponding
energy of the excitons as a function of time at 100 K is in (d) C7-t, (e) T, and (f) T-t stacking configuration. The projection of the hole density
onto WS, (deep red) and MoS, (deep blue) for each exciton is color-coded according to the top bar.

ultrafast charge transfer, independent of stacking configura-
tions.

To conclude, we develop a first-principles framework which
captures exciton—phonon interaction responsible for exciton
dynamics in the vdW heterostructures. By taking the MoS,/
WS, heterostructure as the prototype system, we reveal that
the many-body excitonic effect drives ultrafast and stacking-
configuration-independent charge transfer. On the one hand,
many-body interaction enables cooperation among the
electrons, which reduces the energy separations between the
excitonic states. In contrast, lacking this cooperation, the
energy separations between the corresponding single-particle
states are significantly larger, yielding much slower charge
transfer rates and strong dependence on stacking config-
urations and temperature. On the other hand, the cooperation
between electron and hole relaxes the requirement of
momentum conservation. In the single-particle picture, the
momentum conservation must be satisfied on an individual
electron and hole. In the many-body picture, it is on
excitons—the electron and hole could change its momentum
independently if their sum is conserved. Therefore, momentum
conservation can be satisfied more easily. Given the strong
exciton binding energy in 2D materials, this electron—hole
cooperated dynamic would be general in vdW heterostruc-
tures. This work not only provides a coherent and
comprehensive physical picture for ultrafast dynamics in vdW
heterostructures but also lays the foundation to understand
other relevant phenomena in this fascinating family of
materials.
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