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ABSTRACT: Two-dimensional (2D) heterostructures composed of
transition-metal dichalcogenide atomic layers are the new frontier for hv
novel optoelectronic and photovoltaic device applications. Some key
properties that make these materials appealing, yet are not well
understood, are ultrafast hole/electron dynamics, interlayer energy
transfer and the formation of interlayer hot excitons. Here, we study
photoexcited electron/hole dynamics in a representative heterostruc-
ture, the MoS,/WSe, interface, which exhibits type II band alignment.
Employing time-dependent density functional theory in the time
domain, we observe ultrafast charge dynamics with lifetimes of tens to
hundreds of femtoseconds. Most importantly, we report the discovery
of an interfacial pathway in 2D heterostructures for the relaxation of
photoexcited hot electrons through interlayer hopping, which is
significantly faster than intralayer relaxation. This finding is of particular importance for understanding many experimentally
observed photoinduced processes, including charge and energy transfer at an ultrafast time scale (<1 ps).
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wo-dimensional (2D) materials, including graphene and required for efficient conversion of light to electricity or

transition-metal dichalcogenides (denoted as MX,, where chemical energy is facilitated by type II band alignments.'*~"*
M = Mo, W and X = S, Se etc.), exhibit intriguing electronic, Experimental investigationslg_26 of optical excitation in
optical, and mechanical properties, which are significantly bilayer MX, heterostructures report ultrafast charge dynamics
different from those of conventional bulk materials.'™ The in these systems. For example, Hong et al."” observed ultrafast
emergence of van der Waals (vdW) heterostructures by hole transfer from the MoS, to the WS, layer within ~50 fs
stacking different 2D layers vertically paves the way for (fs) after photoexcitation. The dependence of interfacial
exploring new interesting physics and device applications.””* charge dynamics on the bilayer stacking geometry, including
Among the heterostructures, those formed by two different translations, rotations and strain, has been studied both
monolayers are of particular interest because their electronic experimentally and theoretically.”” ~*° Kozawa et al. observed
and optical properties are tunable. A variety of MX, fast interlayer energy transfer (on the order of <1 ps) and
heterostructures have been fabricated and investigated in showed that energy transfer is the dominant relaxation process

experiments, including MoS,/WS,, MoS,/MoSe,, and MoS,/ in MoSe,/WS, bilayers when exciting high-energy electron—
WSe,.” " In these 2D heterostructures, the reduced

dimensionality gives rise to weak screening of electron— Received: July 23, 2018
electron interactions resulting in large exciton binding energies. Revised:  August 9, 2018
Spatial separation of photoexcited electron—hole pairs which is Published: August 13, 2018
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hole pairs in such type II heterostructures.”” Interestingly,
ultrafast interlayer electron transfer in randomly stacked
homobilayers such as MoSez/MoSe2 and WSe,/WSe, occurs
also on a subpicosecond time scale.”” A detailed understanding
of the dynamics of photoexcited carriers is crucial to design
and optimize devices as it directly determines the fundamental
response speed and photon-electron conversion efficiency.
Recent theoretical studies have 1nvest1gated the mechanisms of
charge dynamics in the heterostructures’” *° but a compre-
hensive and consistent understanding of the hot electron
relaxation processes in MX, heterostructures is elusive.
Developing further insight requires detailed theoretical
investigation to examine different dynamic processes including
interlayer charge transfer, energy transfer, and formation of
interlayer excitons.

In this work, we investigate the dynamics of photoexcited
electron/hole pairs in 2D heterostructures using time-depend-
ent density functional theory in the time domain. Our study
reveals significant photoexcited electron and hole transfer from
MoS, to WSe, on a time scale of <100 fs. A detailed analysis of
photoinduced electron/hole transfer, energy relaxation and
energy transfer explain the differences in interfacial charge
dynamics observed in experiments. More importantly, we
report the discovery of an interfacial hot-electron relaxation
mechanism involving van der Waals interfacial interactions and
the assistance of A;; phonons. We compare our results
quantitatively to available experimental data. Our results
establish a concrete link between the interlayer interactions
and electron dynamics in MX, heterostructures, providing
important insights for future design and optimization of vdW
multilayers.

To provide a quantitative description of electron dynamics
in the 2D heterostructures using time-domain density
functional method, we choose MoS,/WSe, bilayer as a
model because it exhibits negligible interlayer strain and
ideal type II band alignment."””® The calculations were
performed using density functional theory as 1m}3)lemented in
the Vienna ab initio simulation package’ using the
Perdew—Burke Ernzerhof generalized gradient approxima-
tion®* for the exchange-correlation energy and van der Waals
density functional in the opt88 form.”> We choose the
supercells with size of \/13 X \/13 for MoS, and \/12 X

12 for WSe,, relative to their respective primitive unit cells
to minimize the interlayer strain. After geometry optimization
at 0 K, the MoS,/WSe, bilayer is heated to 300 K,
corresponding to the temperature used in the experiments.
After that, 3 ps long adiabatic MD trajectories were generated
in the microcanonical ensemble with a 1 fs time step. To
simulate the nonadiabatic electron/hole dynamics using fewest
switches surface hopping technique,’*™** 300 geometries were
selected randomly from each adiabatic MD trajectory (see
Supporting Information for more details).

In Figure 1, we describe the basic physics of electron
relaxation processes after photon-induced excitation in a
representative system consisting of a MoS,/WSe, bilayer."""?
For the case of monolayer MoS,, optical excitation with high-
energy photons (hv > bandgap) results in a photoexcited
electron (¢7) - hole (h*) pair. The energetic or “hot” electron
transfers energy to the lattice through electron—phonon
interactions and relaxes to the conduction band minimum
(CBM), a process we label R1. In the MoS,/WSe, bilayer, we
find that the hot electron on the MoS, layer can also relax
through a different process labeled R2. In this scenario, the
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Figure 1. Schematic of the photoinduced carrier dynamics at the
MoS,/WSe, interface in real space (a) and energy space (b). RI:
Conventional relaxation process of hot electron after photoexcitation
in MoS, monolayer. R2: Relaxation process involving interlayer
charge transfer. Absorption of a photon by MoS, in the
heterostructure results in hot-electron (process E1) and hole (process
H1) transfer from MoS, to WSe, because of the band offsets. After
that, the hot electron at WSe, transfers back to MoS, (process E2).
The charge distributions (at a contour level of 7 X 107™* e/A%) of the
donor and acceptor states are shown in insets, for the electron (in
pink) and hole (in light blue). The photoexcited hot electron state
(pink) is delocalized between the two layers, indicating a significant
interfacial coupling.

interfacial hot-electron transfer first takes place from MoS, to
WSe, (process E1) and then the hot electron on the WSe,
layer moves back to the MoS, layer because of its lower CBM
(process E2), while the photoexcited hole on the MoS, layer
transfers to the WSe, layer (process H1). Energy is transferred
from MoS, to WSe, if the hot electron and hole move from
MoS, to WSe, simultaneously. Notably, the competition
between the process R1 in the MoS, layer and the alternative
(interlayer) charge transfer process R2 is crucial for designing
applications of 2D heterostructures in optoelectronics.

We next discuss in detail the photoexcited carrier dynamics
at the MoS,/WSe, interface, as captured by the energy transfer
and population decay rates shown in Figure 2. For R1 (the
process of hot-electron relaxation in monolayer MoS,), we
monitor the time evolution of the hot electron state with an
initial energy of about ~1 eV above the CBM of MoS,. The
hot electron loses its excess energy rapidly via electron—
phonon and electron—electron interactions. Relaxation to the
CBM of MoS, takes about 690 fs (via a linear fit to the
calculated energy values). In recent ultrafast experiments on
MoS, monolayers, hot electrons were found to cool down and
transfer energy to phonons on a time scale of ~500 fs after
photoexcitation.'” The agreement between the experimental
observations and our simulations confirms the accuracy of our
approach (see Supporting Information).
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Figure 2. Photoexcitation-induced separate processes at MoS,/WSe, interface. R1: Decay of the excitation energy in photoexcited hot-electron
relaxation process in single layer MoS,. The conduction band minimum is set to zero. E1: Decay of the population of photoexcited hot electron at
MoS, due to transfer to WSe, on an ultrafast time scale (~10 fs). E2: Evolution of population of the hot electron from WSe, back to MoS,. H1:
Evolution of population of the hole state at MoS, being transferred to WSe, in an ultrafast time scale (61 fs). The dots in different colors are from
our simulations while the solid lines are fitted with exponential functions.
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Figure 3. Hot-electron relaxation process at MoS,/WSe, interface. (a) Population at MoS, of excited hot electron with initial photoexcited energies
of 2.80 eV (in pink) and 2.25 eV (in purple) above the Fermi energy as a function of time after optical absorption. (b) The corresponding energy
evolution of excited hot electrons. The hot-electron relaxation pathway, R2, corresponds to an ultrafast time scale (~100 fs), which is much faster
and more effective than conventional hot-electron relaxation in a single layer (R1 with time scale ~690 fs). (c) Autocorrelation functions of the
photoexcited state (2.80 eV). The similar curve for 2.25 eV is not shown here. (d) Spectral density of the phonon modes during dynamics: Ay is
the dominant mode.

For R2, we separate the different processes by involving only electron/hole state, that is, we switch off surface hopping for
the relative states with energies in the vicinity of the excited states with energies far away from the excited states (see
6059 DOI: 10.1021/acs.nanolett.8b03005
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Supporting Information). To analyze the charge transfer
dynamics quantitatively, we calculate the probability of finding
the electron on a given layer. For the hot electron, the energy
of the initial state, after absorbing a high-energy photon, is 1.20
eV above CBM (that is 2.80 eV larger than the Fermi level) of
the MoS,/WSe, bilayer and the electron is mostly localized on
the MoS, layer (~90%). As the state evolves in time, the
electron is transferred to the WSe, layer. After fitting the
electron population on MoS, with exponential functions, we
find the interfacial hot-electron transfer (process E1) takes
place on an ultrafast time scale of ~10 fs (the underlying
mechanism will be discussed below). In process E2, hot
electrons are transferred back to the MoS, layer. The
corresponding charge transfer time from WSe, to MoS, is
about 76 fs, consistent with experimental observation (~40
fs).”” Meanwhile, the electron transfer to the WSe, results in
the creation of a hole localized on the MoS, layer and
photoexcited hole transfers from MoS, to WSe, in 61 fs
(process H1), which is attributed to the presence of valence
band maximum (VBM) band offset of the bilayer. Our
observation that photoexcited electrons and holes on the MoS,
layer diffuse to the WSe, layer on an ultrafast time scale (less
than 100 fs) demonstrates that ultrafast energy transfer takes
place in the type-II heterostructures.

These findings also explain the ultrafast energy transfer on
the order of 1 ps from MoSe, to WS, observed in
photoluminescence experiments.25 As mentioned above, the
vertical MoSe,/WS, heterostructure has a similar atomic
structure as MoS,/WSe, and also features a type-II band offset.
Kozawa et al.”® demonstrated that the energy transfer is
Forster-like, that is, photoinduced excitons in the WS, layer
resonantly produce excitons localized on the MoSe, layer
through dipole—dipole interactions. Thus, energy transfer in
vdW heterostructures is highly efficient, despite the type-II
band alignment and competing charge transfer, and our results
provide insights into the hot-exciton dynamics in MX,
heterostructures.

We note the multiplication processes (namely, hot electron
creates additional excited electrons or holes) may be important
in the TMD materials as studies in some recent experi-
ments.”>*® These processes are very hard to be considered
here. This is because our method is based on the hypothesis
that the time evolution of a wave packet through a potential-
energy region can be regarded as an ensemble of independent
semiclassical trajectories. However, the time-domain density
functional method is appropriate to reproduce photoexcited
phenomena including hot-carrier relaxation because it captures
the essential physics, such as detailed balance.”’ ™’

To confirm the proposed hot-electron dynamics at the
MoS,/WSe, interface, we performed a direct nonadiabatic
analysis including all orbitals with energies higher than the
CBM of MoS,. Here, two hot-electron states are selected to
analyze the dynamics: one with the energy 2.80 eV and the
other with the energy 2.25 eV above the Fermi energy of
MoS,. The results are shown in Figure 3. It is apparent that the
hot electron state with the energy 2.80 eV (initially located
mostly on the MoS, layer) transfers to WSe, in less than 10 fs
(Figure 3a). The probability of finding the electron on the
MoS, layer decreases from 75% to 35% during this stage. After
that, the hot electron diffuses back to MoS, and the population
on MoS, increases to 93% on a time scale of ~150 fs. The
energy of the state decreases continuously from 2.80 to 1.80 eV
after photoexcitation (Figure 3b). Fitting to an exponential
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yields a time scale of 153 fs for this process. Similar dynamics is
observed for the hot-electron state with the energy 2.25 eV
above the Fermi energy. These results reveal that there exists a
robust relaxation process via interlayer hopping on a time scale
of ~100 fs. Therefore, we postulate the pathway R2 is robust
and operates in addition to the conventional decay process R1
at the interfaces, which is consistent with the experimental
observation of ultrafast energy dynamics in MX, hetero-
structures. The novel pathway incudes two major steps: the
immediate hot electron transfer from MoS, to WSe, in <10 fs
and the subsequent diffusion back from WSe, to MoS, in ~100
fs. In contrast, the conventional process R1 operates at a
considerably longer time scale, in our simulations ~700 fs.

It has been revealed that defects can effectively modulate the
electron—hole recombination after photoexcitation in experi-
ments.'” Li et al. have found sulfur adatom and vacancy in
monolayer MoS, can accelerate nonradiative charge carrier
recombination using the same first-principle methods."" To
gain a deep insight in defect effect in hot-carrier relaxation, we
performed additional calculations for MoS, monolayer with
sulfur defects (see Supporting Information). We find sulfur
defects can facilitate hot electron relaxation time from ~600 to
200 fs, which is on the same order of magnitude as the pathway
predicted (~100 fs). In reality, the 2.8% defect level is quite
high, and better control below this defect concentration is
needed.'® Thus, the interfacial hot-electron relaxation should
be carefully considered for the heterostructures with defects
and trap states in future experiments and applications.

To further understand the pathway for photoexcited hot-
electron relaxation, we analyze the effects of phonon vibrations.
Vibrational motions promote charge transfer and they are
responsible for energy losses to heat. This is because electron—
phonon interaction provides crucial channel for hot-electron
relaxation.”™>*> We present the normalized energy gap
autocorrelation function (ACF) and corresponding Fourier
transform (see Supporting Information for details) in Figure 3,
parts ¢ and d, respectively. The ACF of the photoexcited state
exhibits how the energy at a specific time depends on its
previous values. In the heterostructure, the normalized ACF
for the state at 2.80 eV decreases rapidly from 1 to 0 within 20
fs. After that, it oscillates significantly with a dominant period
of ~90 fs. The oscillation amplitude reaches 40% of the initial
value, reflecting that the memory of the energy fluctuation
extends into several hundreds of femtoseconds.

Furthermore, Fourier transformation of the energy differ-
ence (see Supporting Information for methods) along the
molecular dynamics trajectory reveals that the out-of-plane A,
phonon mode (~49.6 meV or ~400 cm™) in MoS,/WSe,
bilayer indeed plays a dominant role in the ultrafast hot-
electron dynamics (Figure 3d). For MoS,, the Raman active
S—Mo Ay, mode* ™" has a frequency of ~404 cm™' and the
vibrational frequency of A}, mode was reported to be 309 cm™
for WSe,. In addition, the small peak at 165 cm™ (20.5 meV)
may be assigned either to the E', mode of WSe, (176 cm™) or
to longitudinal acoustic phonons of MoS, at the M point
(~226 cm™).”7>* The mode at 870 cm™ can be regarded as
an overtone of the lower frequencies.

Charge dynamics is more efficient in the presence of
electron—phonon coupling. Note that the A;; mode is one of
the most prominent Raman modes in TMDs, indicating strong
electron—phonon coupling. The strong coupling of Aj,
phonon modes, involving out-of-plane vibrations of S and Se
atoms, is due to the large associated modification of the
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distance between van der Waals layers. It follows that these
modes present a large response to a transverse electric field
associated with charge transfer as evidenced by the substantial
peaks of the Aj, mode in MoS, and WSe,. The out-of-plane
displacements of Mo, W, S, and Se have a strong effect on the
electron, hole, and energy relaxation dynamics, because these
motions modulate the energies of MoS, and WSe, electronic
states and change the donor—acceptor coupling. This can also
be attributed to the collective motions modulating the energies
of MoS, and WSe, electronic states and change the donor—
acceptor coupling. The E;, mode at around 176 cm™'
represents the interlayer sliding mode between MoS, and
WSe, layers, which is relatively less important in the charge
dynamics. It is quite intuitive that both MoS, and WSe, modes
participate in electron and hole transfer, because the initially
photoexcited states for both processes are delocalized
significantly in the heterostructure. Thus, we deduce that the
broad peaks (especially the A;, mode) in Figure 3d are
attributed to interfacial interactions between MoS, and WSe,
layers. It is not surprising that phonon modes of both MoS,
and WSe, are involved to assist the hot-electron relaxation.
This observation, together with strong coupling between MoS,
and WSe, layers, elucidates the mechanism of the novel hot—
electron decay channel.

We note that similar processes of hot carrier relaxation have
been reported in some recent studies involving chemically
bound quantum dots and molecule-semiconductor interfa-
ces.'*™'% Tisdale et al. have found a similar pathway existed in
a semiconductor nanocrystal PbSe nanocrystal on bulk TiO,."*
Chu et al. have studied the forward and reverse hole transfer
between TiO, and CH3;OH as well as the hole energy
relaxation to the valence band maximum.'® In addition,
experimental works by Chen et al. confirmed ultrafast reverse
hole transfer at the interface of the photoexcited methanol/
graphitic carbon nitride system. The reverse hole transfer
process was found to occur on a time scale of a few hundreds
of femtoseconds.'®

In addition, one may ask whether this hot-electron relaxation
process is unique to 2D type II heterostructures. To answer
this question, we study the relaxation process in type II core—
shell quantum dots (e.g, CdSe/PbSe), which are also widely
studied.” ™" We observed (see Supporting Information for
details) that the photoexcited hot electron in CdSe transfers to
PbSe in about 10 fs first. Then the hot electron diffuses back to
CdSe in about 80 fs, resulting in a similar interfacial hot-
electron relaxation pathway. The fundamental distinction of
2D materials lies at the relatively week van der Waals
interactions in the component monolayers. In the core—shell
quantum dots, the two parts are strongly bonded, resulting in
crucial interfacial strains and hybridization of electronic states.

The above findings provide a new view of MX,
heterostructures for designing potential applications: the
novel hot-electron relaxation process facilitated by interfacial
interactions should be considered more carefully in promising
solar cells or optical detectors. In this regard, one can predict
that in vdW-coupled multilayers consisting of different 2D
materials, photoexcited hot electrons in one layer will diffuse
vertically to other adjacent layers rather than decay thermally
within the same layer, as indicated schematically in Figure 4.
This leads to a relatively long vertical diffusion channel for hot
electrons and minimizes carrier annihilation. The efficient and
interlayer-interaction-assisted relaxation channel may also be
extended to other types of heterostructures for light-to-
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Figure 4. Device concept based on the intriguing relaxation pathway.
In the heterostructure with MX, layers (different colors represent
distinct types of layers), the photoinduced hot electron (¢7) in one
layer will diffuse to the adjacent layers (red arrows) vertically
following the R2 relaxation pathway. Here, we suppose the hole state
(h*) is excited to the valence band maximum of the first layer.

electricity conversion, for example, in semiconductor-metal
contacts or semiconductor-molecule coupled systems.

In conclusion, ab initio time-domain density functional
theory simulations reveal a clear and detailed understanding of
photoexcited carrier dynamics in the heterostructures compris-
ing MX, layers. Our results not only explain well the
experimentally observed ultrafast electron/hole dynamics, but
also provide insight into the ultrafast energy transfer observed
experimentally in heterostructures with type II band align-
ments. Most importantly, we report that heterostructures
bound by vdW interactions can mediate the charge dynamics
effectively, leading to a novel pathway for hot electron
relaxation through interlayer hopping. The competition
between in-plane relaxation processes and interface-assisted
interlayer relaxation pathway deserves to be taken carefully
into consideration in designing devices based on these
heterostructures. Specifically, by manipulating interfacial
interactions and fine-tuning the band alignment, it may be
possible to control the localization of carriers and the ultrafast
dynamics in quantum layered materials.
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