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ABSTRACT: Monolayer transition metal dichalcogenides bear great potential for 1 ‘ ‘ 10° )
photodetection and light harvesting due to high absorption coefficients. However, / ' 1
these applications require dissociation of strongly bound photogenerated excitons. Teok e w® %
The dissociation can be achieved by vertically stacking different monolayers to T=300K

realize band alignment that favors interlayer charge transfer. In such hetero- — o5 1 0 s 100 180 200
structures, the reported recombination times vary strongly, and the charge separation petey (s) petay (o)

and recombination mechanisms remain elusive. We use two color pump—probe Hole transfer Rlecgmbinaiey
microscopy to demonstrate that the charge separation in a MoSe,/WSe, %\% 3 YOI a4
heterostructure is ultrafast (~200 fs) and virtually temperature independent, Nl o)
whereas the recombination accelerates strongly with temperature. Ab initio quantum
dynamics simulations rationalize the experiments, indicating that the charge
separation is temperature-independent because it is barrierless, involves dense
acceptor states, and is promoted by higher-frequency out-of-plane vibrations. The
strong temperature dependence of the recombination, on the other hand, arises from a transient indirect-to-direct bandgap
modulation by low-frequency shear and layer breathing motions.
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S emiconducting transition metal dichalcogenides (TMDs) nation is fast (i, few ps at cryogenic temperatures).”” A
are layered materials in which each layer consists of a common solution to prolong carrier lifetime is to interface two
hexagonal lattice of transition metal atoms (M, typically Mo or different ML-TMDs to form a vertical heterostructure (HS).
W) embedded between two hexagonal lattices of chalcogen Since the two materials are held together by weak van der
atoms (X, usually S or Se), in MX,' proportions. Since the Waals forces, they largely preserve their individual electronic
layers are held together by weak van der Waals interactions, structures. Unlike HS of conventional semiconductors, they do
they can be easily thinned down to a monolayer (ML). The not suffer from lattice mismatch constraints, enabling a very
exceptionally high absorption coefficient in TMDs, combined large number of combinations.

with good chemical stability and a variety of scalable Among the different HS, the most interesting for

fabrication techniques, holds promise for electronic, optoelec-
tronic, photonic and light-harvesting applications.”~” ML-
TMDs feature a direct bandgap, and their optical properties are
dominated by excitons (Coulombically bound electron—hole
pairs) with large binding energies (~0.5 eV), promoted by the
two-dimensional quantum confinement and by the reduced
dielectric screening.

For photodetection and light-harvesting applications, it is
imperative to efficiently dissociate the photogenerated excitons
and to prevent recombination of the charges for a time long
enough to extract them from the device or allow them to Received:  December 16, 2020
catalyze a photochemical reaction. While the electrons and Revised:  February 9, 2021
holes in indirect bandgap semiconductors quickly relax into Published: February 16, 2021
separate band extrema with sufficiently different wave vectors
to slow down recombination (~ns), in direct bandgap
semiconductors, such as ML-TMDs, electron—hole recombi-

applications are those characterized by a type II, or staggered,
band alignment, shown in Figure la, where the valence band
maximum and the conduction band minimum lie in different
layers."”'* This configuration makes it energetically favorable
for the photoexcited electrons to be on one semiconductor
layer and for the holes to be on the other, promoting ultrafast
charge separation.”™>' Type II HS enable efficient photo-
detectors,”> solar cells’** and photocatalysts.”>*® Upon
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Figure 1. Equilibrium optical properties of the MoSe,/WSe, HS. (a) Scheme of the theoretically predicted valence and conduction band alignment
at the K/K’ points. The arrow represents the IL hole transfer process. (b) Optical microscope image of the HS. The scale bar is 10 ym. (c)
Absorption spectra at T = 9 K of ML-MoSe, (red), ML-WSe, (blue), and their HS (black). The gray trace is the spectrum of the pump pulse. (d)
Angle-dependent second harmonic generation for the evaluation of the twist angle between the layers.

photoexcitation, intralayer excitons formed in one layer
efficiently separate via charge transfer on a subpicosecond
time scale, resulting in the formation of interlayer (IL) excitons
for which the electron and hole reside in different layers. IL
excitons are characterized by recombination times several
orders of magnitude longer than the intralayer excitons, that is,
up to hundreds of nanoseconds.””~*’ Because of these long
recombination times, IL excitons can diffuse over micrometer
lengths®>*" and retain spin/valley polarization, giving rise to
pure spin/valley diffusion currents.””*’ The IL twist angle
constitutes an additional tuning knob for IL excitons, as
confirmed by the recent observation of Moiré trapped excitons
in magic-angle twisted TMD-HS.**~**

Time-domain spectroscopies (i.e., transient absorption and
time-resolved photoluminescence) have been extensively used
to study charge separation and recombination dynamics in
TMD-HS.” Transient absorption experiments performed on
HS with different stacking sequences show that the ultrafast
separation time 7g does not depend appreciably on the twist
angle A¢ between the crystal axes of the two MLs.'®"” In
contrast, the carrier recombination time 7z for the MoSe,/
WSe, HS shows a strong non-monotonic dependence on
Ag;'® however, a systematic study of both the radiative and
nonradiative recombination processes and their dependence
on Ag, the layer stacking sequence, and possibly the dielectric
environment of the HS is missing.

IL exciton emission has been mainly studied in the MoSe,/
WSe, HS showing a progressive intensity quenching and a
strong decrease of the decay time upon increasing temper-
atures.”” This suggests that the IL recombination process is
mainly driven by temperature-dependent relaxation channels.
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IL carrier dynamics has been simulated by different theoretical
models,""™"" predicting an IL charge separation time ranging
from a few tens of femtoseconds to 1—2 ps for different types
of HS. Several mechanisms have been proposed to explain the
rapid and efficient IL charge transfer in TMD-HS, including
the presence of an excitation-induced interfacial dipole,*’
phonon-mediated scattering processes,””** and a coherent
mixing between donor and acceptor states.*” On the contrary,
a theoretical modeling of the carrier recombination dynamics
and an explanation of its temperature dependence are still
lacking.

Here we use two-color femtosecond transient absorption
microscopy to study the temperature dependence of the charge
transfer and recombination dynamics in a MoSe,/WSe, HS
(see the sketch in Figure la). We time-resolve a nearly
temperature-independent 200 fs charge separation time and a
strongly temperature-dependent recombination time, which
varies by 2 orders of magnitude between room temperature
(RT) and 9 K. Ab initio quantum dynamics simulations
rationalize our findings, demonstrating that the energy lost
during the charge separation and recombination processes is
accommodated by the relatively high-frequency out-of-plane
lattice vibrations, which create a nonadiabatic coupling
between the states localized across the interface and cannot
be thermally activated within the experimental temperature
range. These simulations confirm that the hole transfer is
ultrafast and temperature independent, because it is energeti-
cally favorable and leads to a dense manifold of acceptor states.
On the other hand, the charge recombination process depends
on temperature, since it is promoted by heat-activated low-
frequency shear and layer breathing modes. These phonon
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Figure 2. Charge transfer dynamics in MoSe,/WSe, HS at T = 9 K. (a) AT/T temporal traces measured at the WSe, A exciton resonance on the
MoSe,/WSe, HS (black) and the isolated MoSe, (red), WSe, (blue) layers, upon optical excitation resonant with the optical band gap of MoSe,

(1.69 eV). The incident pump fluence is 70 C’:n—Jz (b) Comparison between the build-up dynamics of the AT/T traces of the HS and MoSe, (both

traces are normalized for a better comparison). The maximum variation of the signal measured on the HS is clearly delayed with respect to the one
of the MoSe, because of the finite hole transfer time. The continuous lines are fits to the data. (c) Comparison between AT/T response of the HS
for layer (black) and non layer-selective (orange) photoexcitation (i.e., pump energy below (1.69 eV) and above (2.07 eV) the optical gap of
MoSe,). In the latter case, the signal exhibits an instantaneous build-up time as for the isolated TMD layers. (d) Long delay dynamics at the energy
of the WSe, A exciton measured on the HS excited with pump photon energy of 1.69 eV compared with the A exciton resonance measured on the
isolated MoSe, and WSe, layers (pump photon energy at 2.07 eV). Continuous lines are fits to the data with a double exponential decay function.
The longer decay constant extracted from the fit is 470 ps (MoSe,) and 180 ps (WSe,), while it becomes >3 ns for the HS.

modes periodically modulate the band structure of the HS,
which bears an indirect gap at equilibrium, and generate a
transient direct gap which greatly enhances both the radiative
and nonradiative recombination rate of the IL exciton. The
unique combination of experiments and ab initio simulations
and their very good agreement clarify the microscopic
mechanisms underlying the charge separation and recombina-
tion processes.

B RESULTS AND DISCUSSION

The MoSe,/WSe, HS, shown in Figure 1b, was prepared using
mechanical exfoliation and transferred onto a fused silica
substrate (see Supporting Information). The technique yields
ML flakes with a typical lateral size of 30 ym and an ~10 X 10
um’® overlap region when deposited one on top of the other.
Figure 1c displays the absorption spectra of the HS and of the
individual MLs, measured by white light microscopy at the
temperature T = 9 K. The MLs show the characteristic A and B
absorption resonances ascribed to electronic transitions at the
K and K’ points, yielding excitons consisting of an electron in
the conduction band (CB) and a hole in the spin—orbit split
valence band (VB), bound together by Coulomb attraction.
MoSe, has a lower bandgap with the A exciton peaking at 1.70
eV as compared to 1.81 eV for the A exciton of WSe, (see
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Figure 1c). The absorption spectrum of the HS shows the A
and B resonances of both MoSe, and WSe,, including their
doping-induced shoulders. All peaks are red-shifted compared
to their position in the ML due to the modified dielectric
environment.” In the HS, the A excitonic resonances of
MoSe, and WSe, redshift by ~35 and ~25 meV, respectively.
Coupling between the two layers leads to a shift of the band
gap and the exciton binding energy via increased dielectric
screening but not to the creation of qualitatively different
electronic states around the K and K’ points, confirming that
the electronic structure of the individual MLs is well retained
in the HS due to the weak van der Waals coupling. The twist
angle A¢ between the two MLs was measured via polarization-
dependent second harmonic generation (SHG) and found to
be A¢p ~ 54° (see Figure 1d and Figure S4 in the Supporting
Information).

To visualize in real time the charge separation and
recombination processes in the HS, we employ two-color
femtosecond transient absorption microscopy. In this
technique, the sample is photoexcited by an ultrashort laser
pulse (the pump) and the differential transmission (AT/T) is
measured by a time-delayed laser pulse (the probe) with a
different photon energy with respect to the pump. Because of
the small size of the HS and the need to spatially resolve its

https://dx.doi.org/10.1021/acs.nanolett.0c04955
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Figure 3. Temperature-dependent exciton dissociation and recombination dynamics. (a) Early delay time AT/T dynamics measured on the HS for
pump at 1.67 eV and probe at 1.78 eV for different sample temperatures (open symbols) and fits of the build-up dynamics (continuous lines). (b)
Relaxation dynamics measured at different temperatures (open symbols) and fits to a double-exponential decay (continuous lines). (c) Charge
separation time extracted from the fit function in (a) at different temperatures. (d) 7 as a function of the temperature. 7y is the longer decay
constant extracted from a double exponential fit of the temporal traces.

AT/T signal and distinguish it from those of the neighboring
MLs, pump and probe pulses have been collinearly combined
into a home-built microscope (see Figure S2 in the Supporting
Information), allowing a spatial resolution of ~$ yum.

Figure 2a shows two-color AT/T time traces, measured at T
= 9 K with the pump pulse tuned at 1.65 eV, slightly below the
MoSe, A exciton of the HS, and the probe pulse tuned at 1.77
eV, in resonance with the A exciton of WSe,. Under these
conditions, only MoSe, is excited, while the pump photon
energy falls below the WSe, bandgap. For the MoSe, ML (red
trace in Figure 2a), we observe a weak negative signal (AT/T
< 0) which rises instantaneously within the 150 fs instrumental
response function (IRF) of the apparatus. Since the 1.77 eV
probe photon energy is slightly below the B exciton peak in
MoSe, (located at 1.87 eV), we assign this signal to a rigid
redshift of the B exciton resonance due to bandgap
renormalization (BGR) induced by the carriers photo-
generated by the pump pulse.’® The observation of an
instantaneous BGR upon photoexcitation is in agreement
with several previous studies on other TMDs.*>*"** Moving to
the WSe, ML (blue trace in Figure 2a), except for a weak
signal around time zero due to nonresonant pump—probe
interactions we observe no AT/T signal at longer delays; this is
expected because the pump photon energy lies well below the
bandgap of WSe, and the fluence is low enough that
multiphoton excitation can be neglected. When moving to
the HS (black trace in Figure 2a) the signal changes
dramatically: we observe an intense positive AT/T signal
which does not rise instantaneously but with a clearly resolved
delay. We interpret this signal as due to Pauli blocking of the A
exciton transition in WSe, from holes in the VB of WSe,,
which have been injected following charge transfer from the
VB of MoSe, and IL exciton formation.

Figure 2b compares the normalized AT/T dynamics for
MoSe, and for the HS, measured at T = 9 K. In order to
visually capture their different build-up times the MoSe,
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dynamics has been flipped in sign. It is evident that the HS
signal has a delayed build-up which is well resolved by our
experiment; fitting the process with an exponential rise,
convoluted with the IRF (i.e, the cross-correlation of the
pump and probe pulse intensity profiles with a full width at
half-maximum of 150 fs) yields a time constant 75 = 200 + 20
fs for the charge separation process. This result is in a good
agreement with previous studies on similar TMD HS, which
found 7y of the same order of magnitude and showed it to be
independent of twist angle."® By tuning the pump photon
energy above the optical gap of WSe,, the AT/T signal
(orange curve in Figure 2c) shows a pulse-width limited build-
up dynamics, comparable to the one measured in the isolated
TMD layers. The change of the rise time is a consequence of
the lack of layer selectivity for the photoexcitation: at
increasing pump photon energy, the pump pulse creates
excitons also in the WSe, layer of the HS. This results in an
instantaneous bleaching signal measured at the A excitonic
transition of WSe,. Creation of intralayer excitons in both of
the TMD layers opens up new scattering channels for the
photoexcited carriers, giving rise to a fast electron transfer from
WSe, to MoSe, resulting in a subpicosecond decay
component.

Figure 2d shows the dynamics of the HS at 9 K on a longer
time scale. The positive AT/ T signal shows an initial decay by
a few percent on a few-picosecond time scale, followed by a
slow exponential decay with a time constant 7 of several
nanoseconds. As a comparison, we show the decay of the A
exciton photobleaching signal in ML-WSe, and ML-MoSe,
when the photoexcitation is tuned above their bandgaps to
2.07 eV (blue line in Figure 2d); in this case, the signal features
a much faster and multiexponential decay. As expected, the IL
excitons in the HS recombine much more slowly than the
intralayer excitons in the ML.'*#*’

Having identified a clear spectral signature of the IL exciton
dynamics in the HS, we set out to investigate the temperature
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Figure 4. Simulated MoSe,/WSe, HS and its electronic properties. (a) Geometric structure of the simulation cell. (b) Projected density of states
(PDOS) of the MoSe,/WSe, HS obtained with PBE+SOC. Thirty k-points from I" to M to K to I are sampled with 10 k-points between each pair.
(c) Projected band structure corresponding to the PDOS in part (b). The arrow indicates the indirect bandgap. (d—f) Charge densities for
conduction band minimum (CBM), and VBM of WSe, and VBM of MoSe,, respectively.

dependence of its formation and decay processes. Figure 3a
compares the IL exciton build-up process measured at 9 K and
at RT; the dynamics appear similar with only a slight speed-up
observed in the RT data. This is confirmed by performing a
temperature dependence of the IL exciton formation process
and extracting a charge separation time constant 7 (Figure 3¢)
which is nearly independent of temperature. We stress that
such temperature-independent g has been previously observed
in a WS,/WSe, HS and found to be shorter than the 60 fs time
resolution of the setup used for that study.’” Figure 3b reports
the temperature dependence of the IL exciton recombination
process, measured up to 200 ps time scale due to experimental
limitations. We stress that for the temperature range explored
in the experiment, a double exponential decay model provides
a better fit to the dynamics than a single exponential one.
While the fast decay component slightly depends on the
temperature, the slower one (7y) displays a stronger depend-
ence with the temperature going from 7z = 5 + 0.4 ns at 9 K to
7g = 80 + 10 ps at RT. Figure 3d shows the time constants
extracted from the fit of the time traces. The strong
temperature dependence of 7y is related to the drastic
reduction of the IL exciton radiative recombination time,
previously observed with time-resolved photoluminescence on
the same type of HS and not understood.”**’

In order to rationalize the observed temperature depend-
ences of the IL exciton formation and recombination
processes, we carried out ab initio quantum dynamics
simulations combining real-time time-dependent density
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functional theory and nonadiabatic molecular dynamics.”*~>°

The simulations are performed on the MoSe,/WSe, HS shown
in Figure 4. The band structure calculations show, in
agreement with previous results,””*® that the MoSe,/WSe,
HS has an indirect bandgap. Because the MoSe, VB maximum
(VBM) is inside the WSe, VB, the MoSe, VBM couples and
mixes with multiple WSe, states (see Figure 4c), such that the
initial state for the hole transfer process can be delocalized
between the two layers, facilitating ultrafast charge transfer
across the weakly coupled van der Waals HS."**” Figure 5a
shows the calculated buildup of the hole population in WSe,,
following selective excitation of MoSe,. The hole transfer is
ultrafast and independent of temperature (see Figure Sb),
because it is energetically favorable and is characterized by a
high density of final states in the dense manifold of WSe, VB
states, and because it is promoted by TMDs out-of-plane
motions®” with frequencies around 240—250 cm™ (see Figure
SSa in the Supporting Information). Phonons at such
frequencies cannot be thermally activated within the
experimental temperature range, since 250 cm™' corresponds
to ~360 K in agreement with the observed temperature
independence of the charge separation process. Rapid
nonadiabatic transition from the MoSe, VBM to WSe, VB
states immediately below in energy localizes the holes within
WSe,, resulting in an ultrafast transfer. Longer time scale ab
initio quantum dynamics simulations, Figure 5c,d, also support
the experimental results for the IL exciton recombination.
Similar to the experiments, the simulations show a strong
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Figure 5. Ab initio nonadiabatic molecular dynamics of charge separation and recombination in the MoSe,/WSe, HS. (a) Evolution of hole
population on the WSe, layer at different temperatures. (b) Hole transfer time versus temperature. Hole transfer is rapid and independent of
temperature because it occurs within a dense manifold of states and is driven by the same high-frequency phonon, Figure S2. (c) Decay of
population of the IL exciton over time due to nonradiative electron—hole recombination at different temperatures. The decay slows down
considerably at lower temperatures due to decreased nonadiabatic electron—phonon coupling and increased band gap, Table S1. (d) Temperature

dependence of the calculated recombination time.

temperature dependence of the charge recombination with the
time scale ranging from over 1 ns at 50 K to under 100 ps at
300 K (see Table S1 in the Supporting Information). Just as
for the hole transfer, the electronic energy lost during the
recombination is deposited into the out-of-plane TMD
motions in the 240—250 cm™" frequency range (Figure SSb
in the Supporting Information). These modes cannot be
thermally activated within the considered temperature range,
and therefore the temperature dependence arises from another
source. In particular, the MoSe,/WSe, HS has an indirect
bandgap (see Figure 4c), but the energy difference to the direct
bandgap is small, around 10 meV. The atomistic simulations
show that low frequency motions of the MoSe,/WSe, HS,
such as the shear (18 cm™) and layer breathing (29 cm™)
modes,”’ perturb the bilayer geometry, frequently turning it
into a direct bandgap material and allowing charge
recombination without a variation of crystal momentum.
These slow vibrations with frequencies corresponding to 25—
40 K are activated thermally within the studied temperature
range, rationalizing the observed behavior. Contrary to its
strong temperature dependence, 7y is largely independent of
the excitation fluence (see Figure S3 in the Supporting
Information) and hence of the exciton or charge density. This
suggests that the electron—hole pair after separation remain
paired in an IL exciton and eventually recombine with each
other (geminate recombination), resulting in dynamic behavior
that is independent of the excitation density. If, on the other
hand, the separated charges diffused inside the MLs until a
nongeminate recombination occurs, one would instead observe
a higher recombination rate for higher excitation fluences. This
fluence independence confirms our assignment of 7y to the IL
exciton recombination and rules out the most important
alternative assignments. Our data show that a significant
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fraction of all initially excited carriers recombines via this
process, which dominates the dynamics in the temporal
window between 30 and 200 ps. This does not, however,
exclude the presence of other recombination pathways, which
may even be dominant on a slower time scale. Both the
Shockley—Read—Hall mechanism and Auger recombina-
tion**" would display only a weak temperature dependence
and a decreasing recombination rate at higher fluences.
Similarly, we can exclude the dominant role of dark excitons
in the recombination dynamics because they would give rise to
a recombination rate decreasing with temperature, as observed
in Se-based TMDs, where dark excitons are energetically lower
lying with respect to the bright ones.””

B CONCLUSIONS

In conclusion, we have employed ultrafast transient absorption
microscopy to study the temperature-dependent IL charge
separation and recombination process in a MoSe,/WSe, HS.
We have resolved the charge separation dynamics with a time
constant 7g = 200 =+ 20 fs and found that this time constant is
virtually independent of temperature. On the other hand, the
recombination time constant 7 displays a strong temperature
dependence, becoming progressively shorter at higher temper-
atures. Ab initio quantum dynamics simulations reproduce the
experimental data very well and shed light on the underlying
physical processes. They demonstrate that the energy lost by
the charges during the photoinduced charge separation and
recombination is accommodated by the relatively high-
frequency out-of-plane TMD vibrations that create a non-
adiabatic coupling between the states localized across the
interface. Since the activation temperature of these phonon
modes is higher than the experimental temperature range, the
hole transfer process is temperature independent. The charge
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recombination, on the other hand, depends on temperature,
because thermally activated low-frequency phonon modes
transiently modulate the system geometry and bring the
heterojunction from an indirect bandgap to a direct bandgap,
allowing recombination without variation of crystal momen-
tum. The good agreement between theory and experiment
allows us to generalize our approach to other materials and
indicates that the time-domain simulations can be used to
design novel HS with higher charge separation efficiency and
improved performances.
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