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Vertical heterostructures of transition metal dichalcogenides (TMDs) host
interlayer excitons with electrons and holes residing in different layers. With
respect to their intralayer counterparts, interlayer excitons feature longer
lifetimes and diffusion lengths, paving the way for room temperature excitonic
optoelectronic devices. The interlayer exciton formation process and its
underlying physical mechanisms are largely unexplored. Here we use ultrafast
transient absorption spectroscopy with a broadband white-light probe to
simultaneously resolve interlayer charge transfer and interlayer exciton for-
mation dynamics in a MoSe,/WSe, heterostructure. We observe an interlayer
exciton formation timescale nearly an order of magnitude (-1 ps) longer than
the interlayer charge transfer time (~100 fs). Microscopic calculations attribute
this relative delay to an interplay of a phonon-assisted interlayer exciton cas-
cade and thermalization, and excitonic wave-function overlap. Our results may
explain the efficient photocurrent generation observed in optoelectronic
devices based on TMD heterostructures, as the interlayer excitons are able to
dissociate during thermalization.

Monolayer (ML) transition metal dichalcogenides (TMDs) exhibit
remarkable physical properties which make them an ideal platform to
study exciton physics and to realize novel optoelectronic devices'. The
dimensional reduction from bulk to 2D results in the formation of
strongly bound excitons due to increased quantum confinement and
reduced Coulomb screening, along with spin-valley locking due to the
inversion symmetry breaking®. The ability to vertically stack multiple
TMDs, forming van der Waals heterostructures (HS) without lattice
matching constraints, has dramatically increased recent interest in
these materials®. Despite the fact that weak out-of-plane interactions

largely preserve the electronic structures of each layer, stacked HS
display novel properties and functionalities not present in constituent
monolayers. HS with Type Il band alignment, where the valence band
maximum and the conduction band minimum are in different layers,
can host interlayer excitons (ILX) (Fig. 1a) which arise following inter-
layer charge transfer (ICT) (Fig. 1b)°>”” and consist of spatially separated
Coulomb-bound electron-hole states with binding energies up to 100s
meV®. The ILX in TMD-HS is commonly detected via its photo-
luminescence (PL) in the near-infrared (NIR), below the energy of the
optical gap of the two layers (Fig. 1c)’ ™. The ILX is characterized by a
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Fig. 1| Interlayer Exciton formation in MoSe,/WSe, HS. a Type Il band alignment
diagram of the MoSe,/WSe, HS. The relevant intralayer and interlayer exciton
transitions are depicted with arrows. b ILX formation in the MoSe,/WSe, HS. An
intralayer exciton is resonantly excited in the MoSe; layer (1). IHT to WSe, causes
the formation an optically bright ILX (2). ¢ Linear absorption (black trace) and PL
(green trace) spectra of the HS at 77 K. The PL spectrum was measured in a confocal

2.1 23

Raman microscope (inVia, Renishaw) using 530 nm continuous wave excitation at
9 x 10’pW/cm?. The four peaks in the linear absorption, marked by vertical dashed
lines, correspond to A/B intralayer excitons. The PL spectrum reveals a spectral
feature below the intralayer exciton absorption edge, which corresponds to ILX
emission peak.

long recombination time (up to hundreds of nanoseconds'") and
reduced oscillator strength (two orders of magnitude lower than that
of intralayer excitons) due to the small spatial overlap of the electron
and hole wave functions and, in some instances, their momentum-
indirect character®'*®, One of the most intriguing properties of
TMD-HS is the lateral confinement of the ILX within moiré potentials,
which are formed at small interlayer twist angles™'**,

ILX dynamics have been explored in different TMD-HS by time-
resolved techniques®. The ILX recombination dynamics measured by
time-resolved PL exhibit multiple decay components which exceed the
recombination lifetimes of intralayer excitons by several orders of
magnitude®?. The ILX relaxation dynamics have also been indirectly
inferred from the photobleaching (PB) dynamics of intralayer excitons
as measured by transient absorption (TA) optical spectroscopy*. On
the other hand, the formation dynamics of the ILX are very difficult to
access directly due to several factors, including the weak oscillator
strength®*° and the rapidity of the ICT process that leads to ILX for-
mation, which typically ranges from tens to hundreds of
femtoseconds®”***?%, Time-resolved PL lacks the temporal resolution
required to observe these processes. Attempts to resolve the transition
from intralayer excitons to ILX have been done by measuring the
formation of a novel Is-2p transition in the mid-IR range”. More
recently, time- and angle-resolved photoemission spectroscopy (tr-
ARPES) experiments have addressed ILX formation dynamics®>* by
probing the energy-momentum dispersion of photoexcited quasi-
particles in real time and distinguishing excitons from single particle
states according to their energy-momentum dispersion® ¢, A recent
tr-ARPES study® was able to track the ILX formation process following
a phonon-assisted interlayer electron transfer as mediated by inter-
mediate scattering to the X valleys, where X has also been referred to as
the Q/A point'**%, Despite the strengths of this technique, the limited
energy resolution and the extremely low intensity of the photoemis-
sion signal above the Fermi level complicates the ability to disentangle
ILX formation from ICT dynamics®.

Here we use ultrafast optical TA spectroscopy to directly probe
the transient optical response of the ILX in a MoSe,/WSe, HS. These

measurements are enabled by highly stable and broadband white light
probe pulses spanning the visible to the NIR. The resulting high signal-
to-noise measurements are capable of resolving the ILX formation
dynamics through its weak TA signal (two orders of magnitude lower
than the TA of the intralayer exciton) while simultaneously measuring
intralayer exciton and interlayer hole transfer (IHT) dynamics. The ILX
signal shows a delayed growth on a picosecond timescale, which is
significantly longer than the experimentally measured 100-fs IHT
process from MoSe, to WSe,. We simulate the exciton dynamics by
solving the microscopic Heisenberg equations of motion and find that
the difference in formation timescales is due to phonon-assisted hole
tunneling of photo-excited excitons which gives rise to hot ILX
populations that quickly exchange energy and momentum with pho-
nons. The relaxation down to the ILX ground state proceeds through
multiple scattering processes involving higher energy interlayer s
states. Our simulations demonstrate that these hot ILX populations
contribute strongly to the WSe, PB signal but only weakly to the
optically bright ILX transition, resulting in the relative delay of the ILX
signal as the populations cool.

Results

Experimental results

Experiments are performed on a large-area (mm-scale) MoSe,/WSe,
HS fabricated using a gold tape exfoliation method (see details in
Supplementary Note 1.1)*°. The HS is prepared with a 4°, or near
aligned, interlayer twist angle, characterized using polarization-
resolved second harmonic generation (Supplementary Fig. 1a). We
focus on the 4° HS in the main manuscript, though experiments were
also performed on a nearly anti-aligned MoSe,/WSe, HS with twist
angle of 57° (Supplementary Fig. 1b). HS prepared with small twist
angles away from either aligned (0") or anti-aligned (60°) have been
shown to have strong ILX PL signals". A clear signature of the ILX in the
4’ HS is the low-energy peak in the PL spectrum at fiw = 1.35 eV (Fig. 1c)
to the red of the intralayer PL peaks, which are quenched relative to the
PL signals of the individual MLs (Supplementary Fig. 7). Both
momentum-direct (K-K) and momentum-indirect (X-K) electron-

Nature Communications | (2023)14:7273



Article

https://doi.org/10.1038/s41467-023-42915-x

a. b. A A c.
102 ILX
T T T n 2.0 — T T T 25 T T T T
- e Tt E —-0.3 ps
B e e 2.0 ——0.3 ps
2.2 - 4ps 2r
- 11415
15}
410 1
=
= 1F
Hos 1=
<
Ho0 0.5F
1
—1.37 eV (x100)
108 \/ A 0 — 1.59 eV ]
1.4} - —1.70 eV (x2)
ILx 410 . ---Fit
[ 1 1 1 1 ] u 1 1 1 -05 1 1 1 1
-0.5 0 0.5 1 1.5 2 1.8 2.0 2.2 -0.5 0 0.5 1 1.5 2
Delay Time (ps) hw,,, (€V) Delay Time (ps)

Fig. 2 | Transient Optical Response of MoSe,/WSe, HS. a 2D AT/T map as a
function of probe energy and delay time. The map displays positive PB (red) and
negative PIA signatures (blue) of the intralayer excitons. Dashed lines indicate the
probe energy of the three main peaks of interest at Ay, (purple), Ay, (red), and the
ILX (green). b AT/T spectra from (a) at selected early time delays. The region below
the intralayer exciton optical gap is multiplied by a factor of 100 to highlight the

weak ILX peak in the near IR. Solid lines in the near-IR region are a smoothed
representation of the raw data in dots. ¢ Temporal dynamics of the Ay, (red, fiw =
1.59 eV), Ay (purple, iw = 1.7 eV), and ILX (green, fiw = 1.37 eV) in the first 2 ps. The
Ay and ILX peaks are multiplied by factors of 2 and 100, respectively, to emphasize
the delayed rise of these signatures. Dashed lines are the fits to the data.

hole transitions are expected to contribute to the PL of the ILX*'21%38
which can help to account for the width of the peak in Fig. 1c. We apply
ultrafast TA spectroscopy with a broadband white-light continuum
(WLC) probe to study the ILX formation dynamics. We selectively
photoexcite the MoSe, layer by tuning a narrow-band (10 nm) 70-fs
pump pulse on resonance with the A exciton peak of MoSe; (fiw = 1.58
eV) with a fluence of 3 w/cm? (Supplementary Fig. 2a). For simplicity,
when discussing the experimental results, we adopt a notation for the
intralayer A and B excitons of each layer using a subscript corre-
sponding to the layer’s transition metal (Ay and By where X=Mo or W).
The WLC probe beam is generated in an yttrium aluminum garnet
(YAG) crystal pumped by a 1 eV pulse and spans a broad spectral
window (1.2-2.3 eV) that includes both intralayer excitons and the ILX
of the HS (Supplementary Fig. 2a). The pump and probe are focused to
spot diameters on the order of 100 um, such that sample hetero-
geneity contributes to inhomogeneous broadening of the TA peaks.
Unless otherwise stated, the pump and probe pulses are co-circularly
polarized such that they access the (K - K) optical transitions.

Figure 2a reports a 2D map of the differential transmission
(AT/T) signal at 77 K as a function of pump-probe delay and probe
photon energy. The spectrum is dominated by positive PB signals
(red contours) at the energies of the intralayer excitons of both
layers (i.e. Ay, Aw, Byo, By) with signal strengths on the order of AT/
T ~1072 The transient signal at the energy of A, exciton displays an
instantaneous (i.e. pulsewidth-limited) build-up and is the result of
the interplay of multiple processes, including quenching of the
exciton oscillator strength due to phase-space filling, energy
renormalization, and lineshape broadening of the exciton resonance
due to Coulomb many-body effects*. The same formation dynamics
are observed for the By, resonance as a consequence of the
exchange-driven mixing of the excitons in the (K -K) valley** and
light-induced reduction of the Coulomb screening, leading to an
instantaneous renormalization of the exciton resonances®. Follow-
ing excitation of the A, exciton, the A,, resonance shows a delayed
PB due to IHT from MoSe, to WSe,. The finite build-up time of the A,/
PB signal (0.20 + 0.06 ps, Fig. 2c) provides a direct estimate of the
timescale of the hole scattering process, which is in good agreement
with previous observations®*. The By, excitonic resonance shows the
same delayed signal formation owing to coupling with the Ay
exciton.

Focusing on the ILX energy region of the 2D AT/T map below the
optical gap of the intralayer excitons, the TA spectrum at 4 ps pump-
probe delay shows a broad peak with a signal strength AT/T-10™*
(Fig. 2b). We confirm that this peak is unique to the HS through control
measurements on isolated MoSe, and WSe, MLs (see Supplementary
Note 2.5) and attribute it to PB of the ILX following IHT. The relative
strengths of the TA signals of the intralayer excitons and of the ILX are
in good agreement with the two orders of magnitude difference in the
static transition dipole moments predicted by theory** and measured
experimentally*>?°. Moreover, ILX exhibits valley circular dichroism as
reported in Supplementary Note 2.6. We note that the ILX signature is
peaked at slightly higher energy in the TA measurements compared to
the ILX emission peak in Fig. 1. We attribute this energy mismatch to
the fact that the optically bright ILX signal measured via TA is domi-
nated by momentum-direct (K - K) transitions®® compared to the ILX
PL signal which includes contributions from momentum-direct and
momentum-indirect transitions*”. Figure 2c reports the formation
dynamics of the ILX. Compared with the dynamics of Ay, and Ay
excitons (red and purple, respectively in Fig. 2c), the ILX TA signal
(green) shows a remarkably slower formation timescale (0.8 + 0.3 ps),
significantly longer than the timescale of IHT. This behavior suggests
that the optically bright ILX does not form immediately upon IHT and
that inferring ILX formation timescales from ICT signatures may be
inadequate. The instantaneous peak in the ILX TA signal is due to the
weak coherent artifact of the substrate during the pulse overlap, as
confirmed by a control measurement on a blank substrate (see Sup-
plementary Note 2.4). This weak coherent signal is not observed at A,/
due to its much higher signal strength.

A recent ultrafast TA experiment performed with excitation den-
sities above the exciton Mott transition reported the generation of an
interlayer electron-hole plasma whose optical signature consisted of a
broad photoinduced absorption (PIA) plateau extending below the
optical gap of the HS". The peak we observe at 1.37 eV is not related to
this effect because (i) our excitation density (=3.6x10"cm>, see
Methods for details) is well below the Mott threshold and (ii) the ILX
signal shows a positive signal consistent with a PB signature. At higher
excitation densities, we find that the ILX PB signal persists while a
negative PIA signal, related to pump-induced modification of the Ay,
excitonic resonance®, increases in strength with fluence until it
obscures the weak ILX signature (Supplementary Fig. 9).
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Fig. 3 | Sketch of inter- and intra- layer scattering processes and

calculated DTS. a-d Cartoon diagram of interlayer charge transfer and interlayer
exciton formation dynamics. MoSe, (WSe,) layer and cartoon bands shown in red
(purple). The excitons are represented by full ellipses. a The A, exciton is optically
pumped initially generating a coherent polarization, P*, and finally the incoherent
K - K exciton, N, b Subsequent intervalley electron scattering by phonons leads
to the formation of intervalley excitonic populations, N /*/* ¢ Phonon-assisted
hole tunneling to the WSe, leads to the formation of momentum direct and

Delay Time (ps) Delay Time (ps)

indirect ILX populations, N and N'“X'/*/* _Note that the K’ /X/' valleys are not
equivalent. d The DTS are calculated for the three probed excitonic transitions
(dashed ellipses) highlighted in Fig. 2. e Calculated DTS for the Ay, Ay and ILX
excitons shown in red, purple, and green, respectively, along with the normalized
pump pulse in shaded yellow. All the traces are normalized to their maximum.
f-h Individual intralayer and interlayer excitonic bleaching contributions to the
DTS in (e).

Theoretical model
To understand the observed delayed rise in the ILX signal compared to
the IHT process, we developed a microscopic model*“¢ for the exciton
dynamics in a perfectly aligned (i.e. 0" twist angle) MoSe,/WSe, HS. A
complete picture of the momentum-resolved formation and decay
dynamics of excitons is achieved by solving the excitonic Bloch equa-
tions for the coherent excitonic polarizations, P, and the incoherent
excitonic populations, N*’. In our model, we include one optically exci-
ted excitonic polarization, P*°, which decays into incoherent exciton
populations, N, by exciton-phonon scattering processes*. The inco-
herent intralayer population contributions considered in our model,
NMo/WEe  are denoted by a superscript &, corresponding to the valley
location of the electron where §,=K/K’'/X/¥’ (holes are always located
at the K valley of the MoSe, layer). The considered ILX population is
similarly denoted as N'"* (hole always at the K valley of the WSe, layer).
In Fig. 3a-d we sketch the sequence of excitation and scattering
processes leading to the formation of the incoherent excitonic popu-
lations included in our model. After the optical excitation (Fig. 3a),
intraband phonon scattering leads to a decay of exciton polarization,
P*, in expense of the nearly instantaneous formation of an intravalley
incoherent exciton population at the K valley of MoSe, layer, N"°X,
Subsequent intervalley phonon-assisted electron scattering depletes
the population N**X, leading to the formation of intervalley excitons
within the MoSe,, NMoK'/2/X (Fig, 3b). In the model, we include elec-
tron scattering to the X/X’ valleys which, in this particular HS, are
energetically close to the K/K’ valleys because of the strong interlayer
hybridization (see Supplementary Note 1.4). Finally, interlayer phonon-
assisted hole tunneling to the K valley of WSe, results in the formation
of momentum direct ILX populations, N¥, and momentum indirect
ILX populations, N'“X'/*/¥ | with electrons located at the K or K'/%/¥’
valleys in the MoSe; layer and holes located at the K valley in the WSe,
layer (Fig. 3c).

The differential transmission signals (DTS) (Eq. (2) in the Methods
section) calculated from these dynamics (Fig. 3a-c) are depicted in
Fig. 3d. Different probe energies of Ay, (Eq. (6)), Ay (Eq. (7)), and the
momentum-direct ILX (Eq. (8)) are considered. The DTS temporal
signatures emerge due to Pauli-blocking processes: Electrons and/or
holes forming coherent excitonic polarizations and incoherent exci-
tonic populations (P"°, NM%%e and N'-%¢) reduce the absorption of the
corresponding optical transition and lead to a positive DTS signal.
Excitonic effects are manifest in the Pauli-blocking weights (Egs. (2), (3)
in the “Methods” section). These weights are momentum-dependent
such that excitonic populations can still contribute to the DTS even if
they lie outside the light cone. In this way, excitons encode information
on the Pauli blocking of the electron and hole momentum distribution
and define the DTS. The calculated DTS timetraces are reported in
Fig. 3e together with the bleaching contributions of the individual
excitonic populations, Fig. 3f-h. The DTS calculations qualitatively
reproduce the experimental dynamics of intralayer excitons and the
ILX (Fig. 2c¢), in particular their different formation timescales. We
discuss now the signals at Ay, (i), Ay (ii) and ILX (iii).

(i) The DTS of Ay, exhibits a sharp rise followed by a fast decay
and a second delayed rise component (Fig. 3f). The sharp initial peak is
mainly due to Pauli-blocking by the instantaneous coherent exciton
polarization photoexcited at the K valley (pink line, Fig. 3f) and by the
Pauli-blocking weighted incoherent excitonic populations formed in
the MoSe, layer following phonon-mediated dephasing (blue lines,
Fig. 3). The second delayed rise component originates from the Pauli-
blocking contribution of ILX populations (black line, Fig. 3f) following
the decay of intralayer exciton populations via phonon-assisted hole
tunneling. This behavior of MoSe; is also present in the experimental
transient optical response of the HS (Fig. 2). A comparison of the DTS
signals, both measured and calculated, for the A, exciton of an iso-
lated ML and the HS (Supplementary Fig. S16) confirms that the
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Fig. 4 | Hot ILX Relaxation. a Sketch of optically bright ILX formation process
following thermal relaxation of hot, momentum dark ILX. The formation process
occurs in three steps: (1) After resonant excitation of the Ay, transition, the MoSe,
layer is populated by incoherent populations, N’gf{'s’( , (left red parabola) and sub-
sequent phonon-assisted IL hole tunneling leads to the formation of ILX incoherent
populations, N¢'y , with finite momentum Q and also high quantum number  (right
green parabolas) (see Eq. (1) and Eq. (4)). (2) and (3) The distribution of hot ILX lose
energy and momentum by scattering on ultrafast timescales with high energy
optical phonons and with low energy acoustic phonons on longer timescales.

b Snapshots of the normalized momentum-dependent excitonic populations of ILX
at different delays overlaid on the Pauli-blocking weights Dg/ of the Ay (solid
purple), with i=W,K, i =IL,K, (see Eq. (3)) and Dﬁ of the ILX (solid green), with
i=IL K, i =ILK (see Eq. (3)). The distribution in momentum space reflects the
different localization of the excitonic wave functions and, thus, the different
binding energies of the Ay, (215 meV) and of the ILX (91 meV). The binding energy of
ILX is the offset between the lowest Is state and the onset of the continuum at Q=0.
Following IHT, the population distribution of K — K valley ILX, Ngjﬁ, (lines) is peaked
around finite Q values between 2 - 2.5 nm™, overlapping strongly with A, Pauli-
blocking weight. The overlap of the Nﬁ:]’; with the ILX Pauli-blocking weight
increases as they shift to lower energy and momentum via scattering processes
described in (a). Below the energy threshold of 30 meV (gray line) the scattering is
mediated only by acoustic phonons as scattering by optical phonons is energeti-
cally forbidden.

presence of ILX populations strongly affects the DTS dynamics of the
intralayer Ay, transition.

(ii) The DTS of A, displays a longer formation time than for A, as
the signal is not influenced by the excitonic intralayer populations in
MoSe, (Fig. 3g). Here, only the ILX populations arising from IHT con-
tribute to the Pauli-blocking of the A,y signal.

(iii) The DTS of ILX shows similar behavior as the Ay, but with a
significantly longer risetime (Fig. 3h). We attribute this longer forma-
tion time to the relaxation dynamics of hot ILX populations, repre-
sented schematically in Fig. 4a. The difference of the risetimes of the
DTS at Ay and at the ILX occurs because hot ILX populations unequally

contribute to the Pauli-blocking of A, and ILX: Since the binding
energies of the ILX (=100 meV) are lower than the difference between
the transition energies of A, and ILX (=300 meV), phonon-mediated
hole transfer creates hot ILX populations, N (Fig. 4a). Figure 4 shows
how these populations scatter to lower-energy momenta and bound
states via optical and acoustic phonons until most of the interlayer
populations are in the 1s state. In the following time period, the hot ILX
slowly thermalize into a Boltzmann distribution. Figure 4b shows the
calculated momentum-dependent ILX populations of the 1s state at
different times. Following IHT, the ILX population is initially peaked at
higher momenta, after which phonon-assisted scattering processes
gradually confine the ILX populations to lower momenta.

This behavior along with the Pauli-blocking weights of the ILX and
Ay transitions (green and purple shaded areas, respectively, in Fig. 4b)
translates into the DTS and determines the different DTS dynamics.
Therefore, the physical origin of the relative delay in the DTS of A}, and
ILX can be explained as the following. The larger binding energy of the
Ay exciton compared to the ILX leads to a Pauli-blocking weight dis-
playing a broad momentum distribution compared to the ILX Pauli-
blocking weight, as shown in Fig. 4b (see Supplementary Note 1.6). This
results in the increased sensitivity of the intralayer Ay, transition to the
overall excitonic population, whereas the probed ILX transition is
mainly sensitive to the low-momenta states. Consequently, only the
cold and lowest-energy bound ILX populations populated at later delay
times significantly contribute to the DTS signal of the ILX transition in
Fig. 3h, while the delayed risetime of the ILX compared to the A, is
related to the longer timescale of thermalization of the hot ILX
populations. By directly comparing the DTS signals of the probed A,/
and ILX transitions, we are able to trace the microscopic mechanisms
of the ILX formation and relaxation processes.

All the theoretical results shown so far hold for a HS characterized
by a O twist angle. Small and finite twist angle effects are not taken into
account in our model because we do not expect small twist angles to
greatly influence the ILX dynamics. Because of the fermionic character
of electron and hole forming the exciton as a quasi-boson, finite
center-of-mass (COM) excitons lead to bleaching of the bright exci-
tonic transitions via Pauli blocking and result in DTS dynamics that are
only weakly dependent on the twist angle at the relatively small angles
deviating from perfectly aligned and anti-aligned stacking". This
assumption is supported by transient optical experiments which have
shown the timescale of ICT processes (and consequently hot ILX for-
mation) to be weakly dependent on the angular alignment and thus the
momentum mismatch between the two layers***°,

Discussion
We have used TA spectroscopy with a combination of high sensitivity
and broad spectral coverage to directly track the formation dynamics
of ILX in a TMD HS. We find that ILX PB signal rises on a picosecond
timescale, significantly slower than the build-up dynamics of intralayer
exciton PB signals in general and of IHT specifically. Microscopic cal-
culations reproduce the experimental transient signals and explain the
formation timescale in terms of different contributions. The hundreds
of femtoseconds build-up time of the WSe, PB signal is mainly related
to interlayer scattering of hot holes and therefore represents a rather
direct estimation of the hot carrier injection process between the TMD
layers of the HS. The slower rise time of the ILX signal is the result of
the combination of two scattering processes: (1) phonon-mediated
exciton cascade process from unbound and/or higher energy excitonic
s states to the ground state and (2) intra-exciton energy and momen-
tum relaxation of hot ILX populations. Our simulations also demon-
strate that the dynamics of optically bright intra- and inter- layer
excitons are influenced by optically dark momentum-indirect excitons.
Besides its fundamental interest, the delayed ILX formation
observed and discussed here could explain a long-standing puzzle in
optoelectronic devices based on TMD HS, namely the observation of
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efficient generation of photocurrent despite the large binding energy
of the ILX*", During their several-hundred femtosecond thermaliza-
tion process, in fact, the hot ILX have an opportunity to dissociate and
form free charge carriers. We foresee that our combined theoretical-
experimental approach can be extended to study in real-time exciton
formation process in other systems, such as hybrid organic/TMD HS*
and mixed dimensional van der Waals HS”".

Methods

Sample preparation

Large-area MoSe,/WSe, HS are prepared using a modified gold tape
exfoliation method*® resulting in mm-scale ML flakes deposited onto
200 pum thick transparent SiO, substrates. TMD HS with varying twist
angles are prepared and characterized using polarization-resolved
second harmonic generation (Supplementary Fig. 1). We have mainly
reported the static and time-domain measurements on a near aligned
HS with a 4 twist angle. Similar measurements were performed on a
near anti-aligned HS characterized by 57° twist angle (Supplementary
Fig. 18). The HS are prepared with unoverlapped regions where the
individual ML can be accessed for control measurements.

Transient absorption spectroscopy

Time-resolved and static optical measurements are performed at 77 K.
TA spectroscopy measurements are performed in a transmission geo-
metry (Supplementary Fig. 2b) with pump and probe beam diameters of
200 pm and 100 pum at the sample surface, respectively. The relatively
large sample region accessed in these TA experiments represents a sort
of ensemble measurement where sample heterogeneity contributes to
the inhomogeneous broadening, as seen previously on similar samples®.
The delay dependent AT/T map and spectra in Fig. 2a, b are measured by
dispersing the transmitted broadband probe and acquiring it with a fast
silicon spectrometer (Entwicklungsbuero EB Stresing) working at 1 kHz
laser repetition rate. The probe pulse is a WLC generated by focusing the
output of a homemade NIR Optical Parametric Amplifier (OPA) centered
at 1 eV into a YAG plate; the WLC spectrum extends from 1.2 to 2.3 eV,
covering A/B intralayer and ILX of the HS (Supplementary Fig. 2a). The
NIR OPA is seeded with a regeneratively amplified Ti-sapphire laser
(Coherent, Libra) emitting 100-fs pulses at 1.55 eV at a repetition rate of 1
kHz. The pump pulse is generated by a narrowband OPA tuned to the
Anp excitonic resonance (Aw = 1.59 eV) and modulated at half the
repetition rate of the laser. The exciton density of=3.6 x10"cm™ is
calculated using the pump fluence of 2.8 pj cm™, the pump spectrum
and the linear absorption spectrum of the TMD HS at 77 K (Supple-
mentary Fig. 2). The temporal dynamics of the excitonic resonances
(Fig. 2c) are measured by a second TA optical setup based on a Yb:KGW
regenerative amplifier (Pharos, Light Conversion) providing 200-fs
pulses at 1.2 eV and at a higher repetition rate of 100 kHz. The pump
pulse is generated by the second harmonic of a near-IR OPA* tuned to
the same energy and fluence conditions as experiments performed on
the lower repetition rate TA setup. The WLC is generated by focusing the
fundamental of the laser into a YAG crystal. The transmitted probe beam
is then sent to a monochromator and a photodiode for lock-in detection.
The pump is modulated by a Pockels cell to 50 kHz allowing to reach
higher signal-to-noise ratio with respect to the 1 kHz system. The rise
times of the TA signals are estimated by fitting the time traces with a
rising exponential convoluted with a Gaussian function with full width at
half maximum of the instrument response function (FWHM-IRF) of the
respective TA setup. The estimated FWHM-IRF is 140 fs for both TA
instruments.

Theoretical calculations
To obtain the DTS theoretically, we solve the Bloch equations for
the excitonic polarizations P”Q <PIIQ> up to third order in the

momentum Q and compound layer and valley index i = {l,, {p, L, &}
with electron/hole layer [, = M/W for MoSe, and WSe,, electron
valley index £, =K /K’ /X/¥" and hole valley index &, = K. Performing a
linearization in the weak probe pulse limit*, we are able to separate
the pump induced coherent polarizations PL,Q and incoherent
populations

Nug= <Pu[QP;1 Q). @
from the probe-induced dynamics. The coupled equations of motion*’
are then solved in the time domain. The hole tunneling process is
implemented as in ref. 60. The subscript ¢ in Eq. (1) accounts for the
purely correlated (or incoherent) part of the expectation value in the
spirit of ref. 47,61. By assuming a Dirac delta-shaped probe pulse, we
find an expression for the probe- and pump-induced macroscopic
polarization P! = %ZudLPL,Q:O which couples to Maxwell’s equations
giving the total electric field and therefore the transmission at the HS
as in ref. 62,63. Here, dL is the excitonic dipole moment and A is the
illuminated area of the sample. The DTS is then given by subtracting
the transmission T° of the probe pulse without pump pulse from the
transmission 7*7 of the probe pulse with pump pulse: AT(w, 7)=T*
P(w, T) — T(w)**. In our case, since we are only interested in timetraces,
we neglect Coulomb renormalization and nonlinear broadening® and
focus solely on the Pauli-blocking induced PB dynamics, so that the
DTS signal dependent on the time delay r between pump and probe
pulses can be expressed as

AT, (1)~ _%: (szlﬁ vt Dg'ulu) ( L (D)6q0+ N, Q(T)) 2
iQu

where the matrix elements are given by

De/hu _

[ Cl)l
Qv Zd -dy ‘qu‘/’,,q+ /(+/3>Q§"»q+<a)/(+ﬂ1>06fhe!he5£hefhe

3
Here, d quoﬂ a qc'” are the excitonic and dfl”'i the electronic dipole
moments ¢,,q are the excitonic wave functions obtained by solving
the Wannier equation for the respective excitonic configuration i with
radial quantum number u and relative momentum q. &; and §3; are the
ratios of the effective masses®. In Eq. (3), the indices u and i refer to the
optically bright probed transition, whereas v and i reflect the bright as
well as dark excitonic populations responsible for the Pauli blocking.
These matrix elements can be viewed as convolutions in momentum
space of the excitonic wave functlons goy q Of the probed transitions i
with the excitonic wave functions (p,,q of the pumped populations i
and constitute the crucial part of the explanation regarding the dif-
ferent DTS risetimes of the Ay, and ILX transition as described in the
Results section. The Wannier equation is solved for a HS using a
Coulomb potential for two dielectric slabs in three dielectric envir-
onments, € = 3.9 (SiO, substrate on the MoSe; side), €;=1 (assuming a
vacuum environment between the layers) and €, =1 (vacuum on the
WSe, side), as in ref. 66. Our calculation includes both high energy
bound exciton interlayer s states and unbound states above the
band edge.
In the following, and to be in line with the notation used in the
main part of the manuscript, we denote the excitonic populations
under consideration as:

NMO£e = NMKME NILE - AW KMEe (4)

and the excitonic coherent polarizations as:

electric field as in ref. 45. Here, P, o are the excitonic operators* Mo — piKMK. )
carrying excitonic radial quantum number u, center of mass
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Therefore, the DTS signal for the probed A, transition reads expli-
citly:

ATAwo (T) ~ Z (Df{l’sz i\;lo K ,Mo,K ( PMo(T)|26Q ot N’(‘{?;K(T))
Q

(6)
i Z Di(;llwsoli(MofeNMofe(T)_i_ ZDaAilso;flL KNILK )>
&K
for the probed A, transition we obtain:
ATM(@)~ 3~ Dl Nyg' @, ™
Qus,
and for the probed ILX transition it reads:
AT"‘X(r) - Z (DalfslisMo K ( PM"(T)|26Q 0 NMo K(.[)>
¢ ®)

Qlsu
wéK

+ ZDe+h/LK/L KNILK(T)+ Z pRALKILEe gL, fe(r)>
Equation (6) displays the contribution of the probed Ay, transi-
tion (red ellipse in Fig. 3d) with Pauli blocking due to electron and hole
of the pumped momentum-direct excitonic polarizations P* and
populations N*°¥ (first two terms) as well as due to the blocking of the
hole of momentum-indirect excitonic populations NMoK'/X/X" (third
term) and blocking of the electron of momentum-direct interlayer
populations M* (last term). Equation (7) describes the probed Ay
transition (purple ellipse in Fig. 3d) with Pauli blocking contributions
due to holes of all four possible interlayer populations N'-%¢. Equation
(8) shows the probed ILX transition (green ellipse in Fig. 3d), where the
first two terms account for Pauli blocking due to the electron of the
pumped momentum-direct excitonic polarizations P and popula-
tions N"°X, the third term accounts for the blocking of electron and
hole of the momentum-direct interlayer population N*X, whereas the
last term shows the contribution of the PB by the hole of the other
momentum-indirect interlayer populations N'-X/*/¥ _ All Pauli block-
ing terms feature distinctive momentum- and excitonic quantum
number-dependent Pauli-blocking weights DeQ/,Z"’;/’ , which are given in
Eq. (3).

Data availability

The processed spectroscopic data of the manuscript are available at
https://doi.org/10.6084/m9.figshare.24428992. Supplementary infor-
mation data will be made available by request to the corresponding
authors.

Code availability
Code pertaining to the theoretical model in this work will be made
available by request to the corresponding authors.
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