
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f S
ou

th
er

n 
C

al
ifo

rn
ia

 o
n 

3/
4/

20
23

 4
:3

4:
13

 A
M

. 

View Article Online
View Journal  | View Issue
The twist angle h
aCollege of Chemistry, Key Laboratory of The

of Ministry of Education, Beijing Normal Uni

of China. E-mail: runlong@bnu.edu.cn
bMax Planck Institute for the Structure an

Germany
cDepartments of Chemistry, Physics and Astr

Los Angeles, CA 90089, USA

† Electronic supplementary information
bilayers, k-point unfolding, additional b
charge density derived from the optB88
charge density differences obtained usin
density of states, phonon-driven evolut
NA-MD results and their tting. See DOI:

Cite this: J. Mater. Chem. A, 2022, 10,
8324

Received 19th December 2021
Accepted 25th February 2022

DOI: 10.1039/d1ta10788g

rsc.li/materials-a

8324 | J. Mater. Chem. A, 2022, 10, 8
as weak influence on charge
separation and strong influence on recombination
in the MoS2/WS2 bilayer: ab initio quantum
dynamics†

Yonghao Zhu,a Wei-Hai Fang, a Angel Rubio,b Run Long *a

and Oleg V. Prezhdo c

Van der Waals heterojunctions of two-dimensional transition-metal dichalcogenides are intensely

investigated for multiple optoelectronics applications. Strong and adjustable interactions between layers

can influence the charge and energy flow that govern material performance. We report ab initio

quantum molecular dynamics investigation of the influence of the bilayer twist angle on charge transfer

and recombination in MoS2/WS2 heterojunctions, including high-symmetry 0� and 60� configurations,

and low symmetry 9.43� and 50.57� structures with Moiré patterns. The twist angle modulates interlayer

coupling, as evidenced by changes in the interlayer distance, electron-vibrational interactions, and

spectral shifts in the out-of-plane vibrational frequencies. Occurring on a femtosecond timescale, the

hole transfer depends weakly on the twist angle and is ultrafast due to high density of acceptor states

and large nonadiabatic coupling. In contrast, the electron–hole recombination takes nanoseconds and

varies by an order of magnitude depending on the twist angle. The recombination is slow because it

occurs across a large energy gap. It depends on the twist angle because the nonadiabatic coupling is

sensitive to the interlayer distance and overlap of electron and hole wavefunctions. The Moiré pattern

systems exhibit weaker interlayer interaction, generating longer-lived charges. Both charge separation

and recombination are driven by out-of-plane vibrational motions. The simulations rationalize the

experimental results on the influence of the bilayer twist angle on the charge separation and

recombination. The atomistic insights provide theoretical guidance for design of high-performance

optoelectronic devices based on 2D van der Waals heterostructures.
Two-dimensional (2D) materials, such as graphene and
transition-metal dichalcogenides (TMDs), have been attracting
extensive interest due to their unique properties in electronics,
optics, and mechanics, including both monolayers and multi-
layers.1–3 As a semiconductor alternative to graphene, TMDs
have been studied widely in optoelectronic devices, such as
photodetectors,4 photovoltaic5 and photocatalytic cells,6 and
light-emitting diodes.7 Stacking of van der Waals
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heterostructures (vdWHs) composed of 2D materials without
direct chemical bonding can show special physical and chem-
ical properties, such as ultrafast transfer of charge carriers,8,9

formation of hot interlayer excitons10 exhibiting prolonged
lifetimes,11 interlayer energy transfer,12 and spin-valley locking
giving rise to valleytronics.13 vdWHs offer a promising platform
for designing new generations of optoelectronic devices, and
studying unique photophysical and photochemical processes.

TMDMaXa
2/M

bX2
b heterojunctions, with Ma/Mb ¼Mo, W and

Xa/Xb ¼ S, Se, form “staggered gap” type-II band align-
ment,8,10,14,15 implying that electrons and holes separate into
different layers. Some other vdWHs based on TMDs or addi-
tional 2D materials also exhibit type-II band alignment and
favor charge separation, such as MoS2/PbI2, WSe2/HfN2, and
C6N6/C2N.16–20 Using rst-principles calculations, Torun et al.15

predicted that the MoS2/WS2 and MoSe2/WSe2 vdWHs exhibit
long-lived excitons following charge separation, as conrmed by
time-domain spectroscopy.11,21 Chen et al.10 reported that
interlayer charge separation is much faster than intralayer
recombination, justifying the assumption that intralayer
This journal is © The Royal Society of Chemistry 2022

http://orcid.org/0000-0002-1668-465X
http://orcid.org/0000-0003-3912-8899
http://orcid.org/0000-0002-5140-7500
https://doi.org/10.1039/d1ta10788g
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010015


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f S
ou

th
er

n 
C

al
ifo

rn
ia

 o
n 

3/
4/

20
23

 4
:3

4:
13

 A
M

. 
View Article Online
recombination can be ignored.14,22,23 Due to lower energy and
stronger interlayer coupling,24,25 the highly symmetrical stack-
ing is normally most stable in nature. However, articially
stacked junctions can exhibit many interesting phenomena,
such as unconventional superconductivity in graphene super-
lattices,26 twist-angle dependent interlayer coupling,27 and
Moiré potentials that inuence exciton diffusion.28 Choi et al.29

found that interlayer exciton lifetimes increase by an order of
magnitude as the TMD vdWH twist angle is varied slightly from
1� to 3.5�. For a wider range of twist angles, 0�–30�, the inter-
layer electron–hole recombination time changed between 40 ps
and 3 ns.13 On the other hand, rapid charge transfer in the WS2/
WSe2 (ref. 30) and MoS2/WSe2 (ref. 13) vdWHs is insensitive to
the twist angle, as shown by femtosecond pump-probe spec-
troscopy. Density functional theory (DFT) has become an
essential tool for the investigation of vdWHs, employed to
explain the experimental phenomena,11,14 elucidate the mech-
anisms of charge carrier separation and recombination,23 and
predict material properties.31,32 The static electronic structures
of vdWHs have been studied using both the linear-scaling
fragment method33 and the traditional rst-principles DFT.34

First-principles modeling of charge carrier dynamics can be
achieved by nonadiabatic molecular dynamics (NA-MD) based
on time-dependent DFT (TD-DFT). Still rare due to high
computational expense, such studies can provide critical
insights into photoinduced processes, extending beyond the
reach of experiments and phenomenological theories.

Herein, we investigate the twist angle dependent hole
transfer and electron–hole recombination in MoS2/WS2 vdWHs
using real-time TD-DFT combined with NA-MD. Focusing on
symmetric systems with the 0� and 60� twist angles, and
asymmetric structures with the 9.43� and 50.57� angles, we
demonstrate type-II band alignment in all cases, with the
valence band maximum (VBM) and conduction band minimum
(CBM) of WS2 lying above those of MoS2. The superlattices of
the twisted 9.43� and 50.57� structures show clear Moiré
patterns. The interlayer coupling between MoS2 and WS2 is
notably weaker in the Moiré pattern systems, in agreement with
the experimental results27,30,35–37 and previous calculations.31–33,38

The weaker interlayer coupling leads to an increased bilayer
distance and a slight red-shi of the main signal in the electron-
vibrational inuence spectra. The twist angle also causes vari-
ations of the energy gaps for the charge transfer and recombi-
nation. The hole transfer gaps are larger and the electron–hole
recombination gaps are smaller in the Moiré systems. Accord-
ing to the NA-MD simulations, the hole transfer times range
from 235 fs to 253 fs, demonstrating weak angle dependence.
This nding is rationalized by small variations in the NA
coupling (NAC) and energy gaps for the hole transfer, which are
further offset by changes in the hole acceptor density of states
(DOS). The weak sensitivity of the hole transfer process to the
bilayer twist angle agrees well with the experimental data.13,39 In
contrast, the electron–hole recombination exhibits strong twist
angle dependence. The charge recombination time in the
0� system is 2 ns, while it is 9 and 6 times longer in the 9.43� and
50.57� systems, respectively. The signicant increase in the
recombination time is attributed to the reduced NAC due to the
This journal is © The Royal Society of Chemistry 2022
mismatch of electron and hole wavefunctions and weakened
interlayer interaction. Both hole transfer and electron–hole
recombination are promoted by the interlayer A1g vibration,
which accepts the excess electronic energy released during the
transitions. Only a few other modes couple weakly to the elec-
tronic subsystem, and as a result, electronic coherence is
maintained for a long time, compared to analogous processes
in other types of materials.40–51 The calculations are consistent
with the time-resolved13,28,29,52 and Raman8,9,25,53 spectroscopies,
and provide a detailed atomistic understanding of the
experiments.

Trajectory surface hopping54,55 is a mixed quantum-classical
method,56–61 in which the electronic subsystem is treated
quantum mechanically, while atomic motions are described
(semi-)classically.62–64 It is a general methodology for studying
far-from-equilibrium quantum dynamics of complex systems.
Prezhdo and co-workers combined59,60,65 the methodology with
time-dependent Kohn–Sham theory and applied the classical
path approximation,66 initiating studies of a variety of processes
in condensed matter systems, including ultrafast charge
transfer in heterojunctions,14,22,23,31,32 and charge recombination
inmetal oxides,67–69 TMDs,70–72 other 2Dmaterials,73,74 andmetal
halide perovskites,40–45,47,48 showing good agreement with the
corresponding experiments. The details of the methodology
and implementation are described in the earlier
publications.57,58,75,76

The Vienna ab initio Simulation Package77 (VASP) was used to
perform the simulations, including electronic structure calcu-
lations, geometry optimization, adiabatic MD, and calculation
of NACs.78,79 The Perdew–Burke–Ernzerhof (PBE) DFT func-
tional80 and the projector-augmented wave method81 were
employed to treat the electron-exchange correlation energy and
to describe interactions between electrons and ion cores,
respectively. The energy cutoff of the planewave basis was set to
500 eV. A G-centered 4 � 4 � 1 Monkhorst–Pack k-point mesh81

was applied to optimize the geometry, and 20 points were
inserted into each highly symmetrical path of the Brillouin zone
for the band structure calculations. The vdW interactions were
described by Grimme's DFT-D3 method82 because it is generally
used with TMD heterojunctions83–86 due to its good accuracy
and low cost. The energy convergence criterion of the electronic
self-consistent eld was 10�5 eV for all calculations, and the
structures were fully optimized until the ionic forces were less
than 0.005 eV Å�1. Aer the geometries were optimized, the
structures were heated to 300 K by repeated velocity rescaling.
Then, 4 ps adiabatic MD trajectories were obtained in the
microcanonical ensemble with a 1 fs time step. The subsequent
NA-MD simulations were performed using the decoherence-
induced surface hopping method.58,62

In order to study the angle-resolved photoinduced carrier
dynamics, the MoS2/WS2 heterojunctions with the twist angles
of 0�, 9.43�, 50.57�, and 60� were built (Fig. 1) using themethods
discussed in the previous studies.87,88 Calculations of possible
angles are described in the ESI.† Generally, smaller twist angles
require larger superlattices, as shown in Table S1.† The 0� and
60� angles correspond to 3R and 2H stacking with almost no
mismatch between two single layers because the lattice
J. Mater. Chem. A, 2022, 10, 8324–8333 | 8325
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Fig. 1 Atomic structures of the MoS2/WS2 vdWHs. The top and side views for (a) 0� (3R), (b) 9.43�, (c) 50.57�, and (d) 60� (2H). Panels (b) and (c)
show unit cells. Panels (a) and (d) show supercells with the same number of atoms as in (b) and (c). Yellow, gray, and blue balls represent the S, W,
and Mo elements, respectively. The images of the atomic structures were created with VESTA.96

Table 1 Average Mo–W distance at 0 K and 300 K

Twist angle 0 K (Å) 300 K (Å)

0� 6.04 6.07
9.43� 6.31 6.32
50.57� 6.31 6.33
60� 6.07 6.12
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constants of the MoS2 (3.16 Å) and WS2 (3.18 Å) single layers are
almost identical and lattice angles are the same in both mate-
rials,89,90 respectively. It is benecial for a more consistent
comparison of the different systems to keep the size of the
supercells similar for all structures. Therefore, the highly
symmetrical systems, 0� and 60�, are constructed as O37 � O37
supercells containing 222 atoms, with a superlattice constant
close to 2 nm. Following the nomenclature proposed by Yu
et al.,91 the high-symmetry stacking congurations 0� (Fig. 1a)
and 60� (Fig. 1d) are named RM

h and Hh
h, where M, X, h, R and H

represent the transition-metal site, chalcogen site, hexagon
center, and rhombohedral and hexagonal bulk polytypes,
respectively. Thus, the RM

h nomenclature for the 0� system
indicates that the transition metal of the top layer, Mo, sits
above the hexagonal center of the bottom layer, WS2. A three-
stage high-symmetry stacking motif plays a signicant role in
determining the properties of the 9.43� (Fig. 1b) and 50.57�

(Fig. 1c) twist superlattices, owing to the inherent differences
between the congurations.34 The 9.43� system contains
Rh
h, R

M
h , and RX

h, black dotted lines in Fig. 1b. These are different
for the 50.57� system, Hh

h, H
M
h , and HX

h, black dotted lines in
Fig. 1c. A distinct Moiré pattern can be seen in the larger
supercells of the 9.43� and 50.57� systems, as shown in Fig. S1.†
8326 | J. Mater. Chem. A, 2022, 10, 8324–8333
The interlayer carrier dynamics, such as carrier transfer and
electron–hole recombination across bilayers, are highly
susceptible to the interlayer coupling.9,92,93 The Raman spectra
and DFT analyses have conrmed an angle-dependent inter-
layer interaction in TMD vdWHs.22,27,38,94,95 The high-symmetry
stacking structures, 0� (3R) and 60� (2H), have the shortest
interlayer spacing, meaning stronger interlayer coupling.25,36,95

Fractional twist angles increase the distance between bilayers,
weakening the interaction between them. The distance between
the two layers, dened as the distance between Mo andW in the
MoS2/WS2 vdWHs, ranges from 6.04 Å to 6.31 Å at 0 K, as Moiré
superlattices emerge, as shown in Table 1, which is consistent
with the previous studies.24,27,37,94,95 Even though the average
This journal is © The Royal Society of Chemistry 2022
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interlayer distances increase slightly at 300 K, the 9.43� and
50.57� twisted structures still have larger distances than the 3R
and 2H structures. Therefore, the interlayer couplings for 9.43�

and 50.57� are smaller than those for 0� and 60�. At both 0 K and
300 K, the distance between Mo and W is larger in the 60�

system than in the 0� system, indicating a weaker interaction.
Generally, the weaker the interlayer interaction, the smaller the
NAC that determines the timescales of the interlayer charge
separation and recombination.

Fig. 2 shows the band structures and the charge density
distributions of the band edge states for the four MoS2/WS2
vdWHs at 0 K. Fig. S6† shows the layer-projected DOS. Our
results agree with the previous computations for the high-
symmetry stacking systems, 0� (Fig. 2a), and 60� (Fig. 2d).97–99
Fig. 2 Band structures and VBM and CBM charge densities of the (a) 0�, (b
performed with VASPKIT.107

This journal is © The Royal Society of Chemistry 2022
These band structures and DOS exhibit type-II alignments
(Fig. S3),† indicating that the photoexcited electrons and holes
are localized on different layers. In order to test the robustness
of band alignment of 0� and 60� systems derived from the DFT-
D3 method, we repeated the calculations of band structure and
charge density of the MoS2/WS2 vdWHs constructed on the
primitive cell using DFT-D3 and the more accurate and expen-
sive optB88-vdW functional100,101 (Fig. S4).† First, the band
structure obtained by DFT-D3 is very similar to that calculated
by optB88-vdW, showing type-II band alignment at the K points.
Second, the shapes and distributions of the charge densities
calculated by the two methods are also very similar. Third, the
60� structure has a larger bandgap than the 0� structure in both
DFT-D3 (Fig. S4a and c†) and optB88-vdW (Fig. S4b and d†)
) 9.43�, (c) 50.57�, and (d) 60� systems. Post-processing of raw data was

J. Mater. Chem. A, 2022, 10, 8324–8333 | 8327
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calculations. The current work emphasizes relative differences
between the various twisted systems, and the DFT-D3 method
correctly reproduces these differences, as benchmarked against
the more accurate optB88-vdW method. We prefer to use the
cheap DFT-D3 method in the current work. Furthermore, the
interlayer electric eld induced by charge transfer can be
ignored because of the very small potential difference and
marginal amount of charge transfer between two layers, evi-
denced by the calculated work functions and planar-averaged
charge difference of the two systems (Fig. S5†). By control-
ling the pump wavelength to excite the electrons in the MoS2
layer,8,39,102,103 one can initiate hole transfer from the MoS2
layer into the WS2 layer on a sub-picosecond timescale.8,103,104

In contrast, the subsequent interlayer recombination of elec-
trons and holes takes place on a nanosecond time-
scale.29,53,105,106 Since the K–K recombination is faster than K–G
and Q–G recombinations because the latter two channels are
momentum forbidden,53 the current study focuses on the
dominant K–K hole transfer and recombination, detailed in
Section S3 of the ESI.† K–K exciton properties have been widely
studied in TMD vdWHs.53,83,91,106 As described in Section 2 of
the ESI,† the K-point of the unit cell is folded into the K-point
of the superlattice (Fig. S2).† Even though the Brillouin zones
of the two layers twist in the k-space relative to each other,
following the twist in the real space (Fig. S2d),† the K-points of
the two layers in the superlattice are also folded to the K-point
(Fig. 2c and d), which is consistent with the previous
studies.15,99,104 Therefore, the charge densities of the lower
symmetry 9.43� and 50.57� twist systems are close to those of
the higher symmetry 0� and 60� systems at the K-point. The
differences in the stacking congurations lead to differences
in the energy gaps for the charge separation and recombina-
tion. The gap for the hole transfer is the same in the 9.43� and
50.57� twist models (0.20 eV); however, it is larger than the gap
for the 0� structure (0.11 eV) and smaller than the gap for the
60� structure (0.22 eV), as shown in Table 2. All gaps are small,
favoring fast hole transfer. The energy gap for the interlayer
recombination is also the same for the Moiré pattern 9.43� and
50.57� models (1.57 eV). The gap for the 60� system is slightly
bigger (1.58 eV), and the interlayer recombination gap for the
0� system is the largest (1.65 eV), as shown in Table 3. The DOS
indicates that WS2 has a larger contribution to the VBM for the
60� angle than for the 0� angle (Fig. S6).† The same is true of
the 9.43� and 50.57� systems. In general, our calculations
agree with the pervious ndings about the electronic structure
properties at 0 K.24
Table 2 Energy gap, average absolute NAC, and the time of hole
transfer for the different twist angles

Twist angle Gap (eV) NAC (meV) Hole transfer time (fs)

0� 0.11 1.82 235
9.43� 0.20 1.52 246
50.57� 0.20 1.57 250
60� 0.22 1.77 253

8328 | J. Mater. Chem. A, 2022, 10, 8324–8333
Hole transfer from MoS2 to WS2 takes places once MoS2 is
excited. Fig. 3a shows the hole transfer dynamics in the MoS2/
WS2 junctions with different twisted angles. Exponential t, P(t)
¼ 1 � exp(�t/s), is used to obtain the time constants, and the
results are listed in Table 2. Hole transfer takes place on a 250 fs
timescale in all systems, with a variation of less than 20 fs. The
ultrafast hole transfer is weakly dependent on the twist angle, in
agreement with the ultrafast time-resolved spectroscopy
data.13,39 The experimental times range between 50 fs and 100
fs,8,39 which is faster than our results. We can attribute the
difference to neglect of explicit Coulomb interactions104 in our
calculations. An electron–electron correlation effect is included
implicitly in the DFT functional. Explicit treatment of electron–
hole interactions requires expensive GW plus Bethe–Salpeter
methods. Nevertheless, the dependence of the carrier dynamics
on the twist angle is correctly captured by the inexpensive and
widely available PBE functional with large superlattices. The
hole transfer in the current calculations is determined by the
magnitude of the NAC, �iħhFjjVRjFkidR/dt, which depends on
the sensitivity of the initial and nal wavefunctions to atomic
motions. The NACs of the 0� and 60� systems are larger than the
NACs of the 9.43� and 50.57� systems, because of the shorter
interlayer distance and stronger interlayer coupling (Table 1).
However, the DOS at the VBM@WS2 is larger in the 9.43�,
50.57�, and 60� systems than in the 0� system, as shown in
Fig. S6,† implying faster transfer. Overall, the hole transfer time
is independent of the relative rotation of the two layers.

By performing the Fourier transforms (FT) of the unnor-
malized autocorrelation functions (ACFs) of energy gap uctu-
ations at 300 K, shown in Fig. S7,†we obtain the spectral density
for hole transfer, Fig. 3b. The spectral density identies the
vibrational modes that couple to the electronic subsystem and
accommodate the excess energy released during the hole
transfer.66 The height of the peak at a given frequency indicates
the strength of electron-phonon coupling to the corresponding
vibrational mode. According to the Raman spectra, out-of-plane
vibrations for WS2 and MoS2 are located at 416 cm�1 and
404 cm�1, respectively.108 As illustrated in Fig. 3b, the dominant
vibration peaks are at about 400 cm�1 in all four systems, cor-
responding to the out-of-plane A1g mode.9,25,103 Weaker peaks
appear around the main mode in the 60� structure. In partic-
ular, the lower frequency 342 cm�1 signal corresponds to the E2g
mode. The 50.57� Moiré pattern system contains a peak at
34 cm�1 corresponding to the layer breathing B2g mode, which
modulates the interlayer distance and coupling. The spectral
density analysis is surprisingly consistent with the experimental
Raman spectra,30,39,109,110 even though the electron-vibrational
coupling selection rules are different for the Raman spectrum
and the hole transfer.

Following the hole transfer, the photoexcited electron
localized inside MoS2 recombines slowly with the hole in WS2.
Fig. 4 demonstrates the nonradiative electron–hole interlayer
recombination dynamics for all twisted MoS2/WS2 vdWHs. The
decay rates and time constants, s, are listed in Table 3. They are
obtained by the short-time linear approximation to the expo-
nential decay, P(t) ¼ exp(�t/s) z 1 � t/s, of the NA-MD pop-
ulation decay data shown in Fig. S8.† All correlation tting
This journal is © The Royal Society of Chemistry 2022
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Table 3 Energy gap, average absolute NAC, the pure-dephasing time, nonradiative electron–hole recombination rate and carrier lifetime for the
different twist angles

Twist angle Gap (eV) NAC (meV) Dephasing (fs) Rate (ns�1) Lifetime (ns)

0� 1.65 0.43 37 0.5171 1.93
9.43� 1.57 0.20 51 0.05838 17.13
50.57� 1.57 0.22 58 0.08077 12.38
60� 1.58 0.38 43 0.1296 7.72

Fig. 3 (a) Dynamics and (b) spectral densities for hole transfer in the 0�, 9.43�, 50.57�, and 60� structures. The insets in (b) depict the key phonon
modes. The spectral densities are obtained by Fourier transforms of ACFs of energy gap fluctuations.
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coefficients are greater than 0.99. The nonradiative electron–
hole recombination in the MoS2/WS2 junction with the 0� twist
angle takes places within 1.93 ns, in agreement with the
experimental data.29,53,105,106 The recombination slows down to
17.1 ns, 12.8 ns, and 7.72 ns for the 9.43�, 50.57�, and 60� twist
angles, respectively. The differences in the electron–hole
recombination times can be attributed to changes in the NAC
between the CBM@MoS2 and the VBM@WS2 (Table 3). The NAC
strength correlates with the interlayer distance (Table 3).
Weaker electron-vibrational NAC is caused by decoupling
Fig. 4 Nonradiative electron–hole recombination dynamics in the
structures with the 0�, 9.43�, 50.57�, and 60� twist angles. Further data
for the recombination dynamics are provided in Fig. 5.

This journal is © The Royal Society of Chemistry 2022
between the layers.13,28,29,52 The interlayer carrier recombination
times are four orders of magnitude longer than the hole transfer
times because the energy gap is 8 times larger and the NAC is 5–
8 times smaller for the hole transfer than the charge
recombination.

Similar to the hole transfer, the spectral densities can be
obtained by performing FTs of the uctuations of the energy
gaps for the electron–hole recombination process. The spectra
densities identify the phonon modes that promote the non-
radiative relaxation and accept the energy released during the
charge recombination. The spectra, shown in Fig. 5a, contain
two kinds of peaks located at 342 cm�1 and 404–440 cm�1,
corresponding to the E1g and A1g Raman active in-plane and
out-of-plane vibrations,25,53 as shown schematically in the
insets. The strongest signal seen for the out-of-plane A1g mode
indicates that the electron energy is dissipated initially to
interlayer motions, and only later the energy ows into intra-
layer vibrations. Because bilayer twisting reduces the strength of
the interlayer coupling, the out-of-plane vibrations become
slightly red-shied in the twisted structures, agreeing with the
experimental data.37,109,111 Further, the contributions of the E1g
mode and the satellite peak just above the A1g mode weaken and
disappear upon twisting (Fig. 5a). Notably, the 9.43� and 50.57�

asymmetric systems with Moiré patterns contain a signal at
34 cm�1 corresponding to the layer breathing B2g mode. The
mode is activated due to reduced symmetry that relaxes
electron-phonon coupling selection rules.

Fig. 5b shows pure-dephasing functions, obtained from the
energy gap ACFs using the second-order cumulant approxima-
tion in the optical response theory.66,112 The pure-dephasing
J. Mater. Chem. A, 2022, 10, 8324–8333 | 8329
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Fig. 5 Electron–hole recombination. (a) Spectral densities calculated by Fourier transforms of ACFs of energy gap fluctuations. The insets show
phonon modes corresponding to the defected frequencies. (b) Pure-dephasing functions. The inset shows unnormalized ACFs.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f S
ou

th
er

n 
C

al
ifo

rn
ia

 o
n 

3/
4/

20
23

 4
:3

4:
13

 A
M

. 
View Article Online
functions characterize elastic electron-phonon scattering that
causes loss of the phase relation between the initial and nal
electronic states. The pure-dephasing functions are tted with
Gaussian, exp[�0.5(t/s)2], and the pure-dephasing times are
listed in Table 3. Smaller pure-dephasing times indicate
stronger electron-vibrational interactions. The highly symmet-
rical structures, 0� and 60�, show faster pure-dephasing than
the 9.43� and 50.57� structures, indicating stronger interaction.
Overall, the pure-dephasing times are quite long compared to
other systems, such as semiconductor quantum dots49–51 and
metal halide perovskites,40–48 because few phonon modes
couple to the electronic subsystem (Fig. 5a). Typically, the pure-
dephasing time is determined by the amplitude of the phonon-
induced oscillation of the corresponding electronic energy
gap.66 The oscillation amplitude gives the initial value of the
unnormalized ACF, shown in the inset of Fig. 5b. Indeed, faster
decay of the pure-dephasing functions correlates with the larger
initial ACF value. The ACFs exhibit a prominent oscillation,
corresponding to the A1g mode frequency, and decay slowly
because other modes couple to the electronic transition only
weakly (Fig. 5a).

In summary, we have employed real time TD-DFT and NA-
MD to study photoinduced ultrafast hole transfer and non-
radiative electron–hole recombination between bilayers in
MoS2/WS2 vdWHs with several twist angles, 0�, 9.43�, 50.57�,
and 60�. The 9.43� and 50.57� twisted structures exhibit distinct
Moiré patterns. The 3R and 2H stacking structures, produced by
the 0� and 60� angles, have been modeled using O37 � O37
supercells that contain the same number of atoms as the 9.43�

and 50.57� Moiré pattern models. The calculations indicate that
the four vdWHs create type-II band alignment, in which the
VBM and CBM of WS2 have higher energies than the corre-
sponding MoS2 band edges. The interlayer coupling is signi-
cantly weakened in the asymmetric 9.43� and 50.57� stacking
congurations, as reected in the increased distance between
the two layers and a slight red-shi of the out-of-plane vibration
signals in the spectral densities. The hole transfer energy gaps
are larger in the 9.43� and 50.57� systems than in the 0� and 60�

systems, while the recombination gaps are smaller. The elec-
tronic structure and adiabatic MD results agree with experi-
ments and previous calculations.
8330 | J. Mater. Chem. A, 2022, 10, 8324–8333
The ab initio quantum dynamics calculations demonstrate
ultrafast hole transfer across the interface with 235 fs to 253 fs
time constants. The transfer is ultrafast because the energy gaps
between the initial and nal states are small, the acceptor DOSs
are large, and the NAC is strong. The hole transfer time is
weakly dependent on the twist angle because these properties
change little with the angle, and the decreased NAC and
increased gap in the non-0� structures are offset by the larger
acceptor DOS. In contrast, the nonradiative electron–hole
recombination is strongly sensitive to the twist angle. The
recombination is faster in the symmetric 0� and 60� systems
and slower in the asymmetric 9.43� and 50.57� structures, with
the timescales spanning an order of magnitude. The difference
arises due to variation in the NAC that is sensitive to the
interlayer distance and overlap of the initial and nal wave-
functions. Our results rationalize experimental observations
and demonstrate how the twist angle can be used to control
charge recombination without affecting charge separation. This
is the rst ab initio quantum dynamics study of the inuence of
the twist angle on non-equilibrium electronic processes in 2D
materials. Adjusting interactions between 2D layers provides an
important handle for tuning the performance of optoelectronic
devices, such as photodetectors and solar cells.
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