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In van der Waals (vdW) heterostructures formed by stacking two monolayers of transition metal
dichalcogenides, multiple exciton resonances with highly tunable properties are formed and subject
to both vertical and lateral confinement. We investigate how a unique control knob, the twist
angle between the two monolayers, can be used to control the exciton dynamics. We observe that
the interlayer exciton lifetimes in MoSez/WSes twisted bilayers (TBLs) change by one order of
magnitude when the twist angle is varied from 1° to 3.5°. Using a low-energy continuum model, we
theoretically separate two leading mechanisms that influence interlayer exciton radiative lifetimes.
The shift to indirect transitions in the momentum space with an increasing twist angle and the
energy modulation from the moiré potential both have a significant impact on interlayer exciton
lifetimes. We further predict distinct temperature dependence of interlayer exciton lifetimes in TBLs
with different twist angles, which is partially validated by experiments. While many recent studies
have highlighted how the twist angle in a vdW TBL can be used to engineer the ground states
and quantum phases due to many-body interaction, our studies explore its role in controlling the
dynamics of optically excited states, thus, expanding the conceptual applications of “twistronics”.
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Van der Waals (vdW) heterostructures offer a unique mate-
(ial platform with rich electronic and optical properties highly
I&L}nable via a wide selection of layer composition, strain, elec-
tric gating, and doping [1]. Because the lattice matching re-
(\dtriction is lifted at the interface, the twist angle between two
—monolayers (MLs) has emerged as a unique control knob to
ngineer the moiré superlattice formed by periodic variations
f atomic alignment between the two layers [2, 3]. Following
L(yxciting discoveries in graphene twisted bilayers (TBLs) [4-6],
«—fransition metal dichalcogenide (TMD) TBLs have also been
found to exhibit rich correlated electronic phases [7-10]. In
(> different context, the lateral confinement introduced by the
(Onoiré potential may be used to realize a regular array of quan-
c_\!um emitters, a long-standing goal in the field of solid-state
“sjuantum information technology [11, 12].

A type-II band alignment is typically found in a TMD TBL
éFig. la), leading to the formation of both intralayer and inter-
ayer excitons [13-17]. We focus on interlayer excitons (IXs)
because they are most likely to experience a deep moiré po-
tential confinement. Because of the similar lattice constants
of MoSes and WSey MLs, the size of the moiré supercell is
determined by the twist angle (Fig. 1b). The twist angle in
real space translates into a rotation in the momentum space,
causing the relative rotation of Brillouin zones associated with
each monolayer (Fig. 1c). Consequently, valleys in each layer
are shifted from each other, changing a direct optical transition
near the K-valley to an indirect transition, introducing longer
IX lifetimes [14, 18]. We illustrate the exciton center of mass
wavefunction in its own reference frame (i.e., the I" point) in
the excitation picture of Fig. 1d. In TBLs with small twist

angles (© < 5°), the thermally broadened IX distribution is
sufficient to satisfy the momentum conservation requirement
of an indirect transition, allowing the radiative decay process.
A wide range of IX lifetimes in TMD TBLs have been re-
ported in time-resolved photoluminescence (TRPL) measure-
ments previously [14, 15, 19-24]. However, no prior studies
have explained the origin of such variations.

We perform TRPL measurements on a series of
MoSey/WSes TBLs with accurately controlled twist an-
gles. And we observe that the IX lifetime changes by one
order of magnitude when the twist angle is changed from
1° to 3.5°. Theoretically, we examine two mechanisms that
influence the IX radiative lifetimes. We find that both the
shift to indirect optical transition with an increasing twist
angle and the moiré potential have a significant effect on the
lifetime. Our theory further predicts that IX lifetimes exhibit
different temperature dependence in TBLs with different
twist angles. This prediction is partially validated by the
experimental observations.

The hBN encapsulated TBLs are prepared using a standard
exfoliation and stacking procedure described in the supplemen-
tary materials (SM) [25]. The twist angle is estimated from
high-resolution optical microscopy images, and the stacking
type of the TBLs is determined by second-harmonic generation
(SHG) (see SM for details) [26-29]. All optical experiments are
performed using an averaged excitation power of 1 4W and a
focused laser spot size of ~ 1 um in diameter. Our far-field ex-
periment probes hundreds of moiré supercells simultaneously.
The data represent statistical averages of an ensemble of exci-
tons. We present the low-temperature PL spectrum from the
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FIG. 1. Conceptual description of IXs in a TBL. (a) Schematic of
type-II band alignment with band offsets (A. and A,) and inter-
layer charge transfer lead to the formation of IXs. (b) Real-space
representation of the moiré superlattice for twist angles of 1° and
3° with a moiré supercell marked in white. (c) Schematic of the
Brillouin zone of MoSez; ML (blue) and WSez; ML (orange) twisted
in the momentum space (left panel). Q;x = K. — K, denotes a fi-
nite momentum mismatch between the two layers and corresponds
to the center of mass momentum of IXs. This twist leads to an
indirect transition (right panel). (d) Thermal distribution of IXs
with a near-zero (left) and a finite (right) twist angle plotted in
the exciton’s reference frame. Blue (red) curve illustrates the ther-
mal distribution of IXs at a low (high) temperature. Yellow shaded
region illustrates the light cone.

TBL with © = 1.0 £0.3° twist angle in Fig. 2a, in which both
IXs and intra-layer exciton resonances with large binding en-
ergy of a few hundred meV are observed [14-16, 30-33]. We fit
multiple IX resonances in the PL spectrum by Gaussian func-
tions as shown in Fig. 2b. We present the PL spectra for the
other two samples with different twist angles, and the analysis
of the multiple IX resonances with consistent dielectric envi-
ronments in the SM [34, 35]. Different possible interpretations
for these resonances have been proposed, including phonon-
mediated states, defect-bound states, and spin triplet states
[36-39]. While we cannot rule out these alternative explana-
tions definitively, we find that the interpretation of quantized
exciton resonances confined within the moiré potential cap-
tures the essential features of our data as we further explain
below [12, 15, 40].

The recombination dynamics of IXs in three TBLs are spec-
trally and temporally resolved at low temperatures as shown
in Fig. 3a-c. The TRPL signals are fitted with a biexponential
decay function. Such a biexponential decay indicates that a
simple two-level model is not sufficient to explain the dynamics
of IXs. This biexponential decay may originate from scattering
between a bright and dark exciton [41-43]. Using a rate equa-
tion analysis for a three-level system (see SM for details, which
includes Refs. [44-47]), we attribute the fast (slow) decay com-
ponent to the lifetime of the bright (dark) exciton assuming
the scattering rate between the bright and dark state is slower
than the bright exciton lifetime. In all samples, we observe
shorter IX lifetimes as the energy of the resonance increases as
shown in the inset to each panel in Fig. 3a-c. This systematic
change with energy is consistent with the interpretation that
the higher energy excitons are excited states in the moiré po-
tential with additional relaxation channels [15]. The reduced
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FIG. 2. (a) Low-temperature PL spectrum from a MoSez/WSez

TBL with © = 1.0 + 0.3° twist angle, featuring both intralayer
excitons (neutral exciton: X°) trion: X~) and IXs. Inset shows
the optical image of the hBN-encapsulated TBL. MoSe2 and WSe2
ML regions are indicated inside the blue and orange dashed lines,
respectively. Scale bar: 20 um (b) Gaussian fitting to multiple IXs.
Black solid line is measured data.

exciton lifetimes associated with the excited states are often
found in spatially localized excitons in other materials [48].

Most remarkably, the IX lifetime changes drastically as a
function of the twist angle, as shown in Fig. 3d. Both the fast
and slow components of the IX lifetime increase nearly by one
order of magnitude when the twist angle increases from © =
1° to 3.5°. For example, the fast (slow) decay time measured
over the range of 1345 - 1355 meV increases from 1.3 (6.6) to
16.2 (217.5) ns. We focus on understanding this twist angle
dependence of IX lifetimes in TBLs.

To understand this drastic twist angle dependence, we cal-
culate the radiative recombination rate of IXs in the TBLs
(see the SM for details, which includes Refs. [23, 49-56]). We
note that the lifetime measured is in fact the total lifetime, de-
termined by both radiative and non-radiative processes. It is
impractical to calculate all non-radiative processes, which may
depend on many extrinsic properties. Thus, our calculations
can only be compared to ideal emitters with unity quantum
yield. Nevertheless, these calculations provide important un-
derstanding of IX dynamics controlled by the twist angle in a
TBL and guide the search for more efficient emitters in a moiré
crystal. Our calculations start with Fermi’s golden rule [57]

27
Tix = 7 > [ {f] Hraa li) [*6(ei — £5)N; (1)
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where the optical matrix element describes transitions between
the initial IX state |i) and the final photon state | f) = b, , |0).
Here, bIW creates a photon with wave vector q and polariza-
tion o with respect to the vacuum state |0), and N; is the
occupation of the initial IX states. To describe the moiré ex-
citon states we use a low energy continuum model that we
derive along the lines of Ref. [11, 12, 18, 58]. As the basis of
describing the hybridized IXs later, we have first written the

wave function of IXs in the absence of interlayer coupling as:
1
_ e v
Q) = /A ) Ox (K)ag 1 me Ok, 4u-mrql0)  (2)
k

with eigenenergies F(Q) = h*|Q|?/(2M) + Egap — Ep that
are characterized by the center-of-mass momentum Q. Here,

akiJrq(a}’{vﬂl) creates (annihilates) an electron in the K. (K, )-
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FIG. 3. Twist angle dependent lifetimes of all IX resonances mea-
sured from (a) © = 1.0£0.3°, (b) 2.24+0.3°, and (c) 3.5£0.3° TBLs,
respectively. Inset shows the energy dependence of the fast (71) and
slow (72) decay components of IX lifetimes. Solid and black dotted
lines represent fitting with a biexponential decay and instrumental
response functions, respectively. (d) Twist angle dependence of IX
lifetimes measured near 1345 - 1355 meV in the TBLs. Inset sum-
marizes the extracted fast and slow decay components in the three
TBLs.

valley of the conduction (valence) band, M = m, + my, is the
total exciton mass, and m,. (my,) is the electron (hole) effective
mass. A is the crystal area. The electron-hole relative-motion
wave function in momentum space ¢x (k) is determined by
the Wannier equation. Its solution determines the IX energy
Eqop — Ep, where Ep is the IX binding energy and Eg,, is the
band gap.

An interlayer twist in real space generates a relative shift in
momentum space (K. — K,, see Fig. 1c) as well as a spatial
modulation of the exciton energy. In all three TBLs, the moiré
periodicity can be assumed to be large compared to the IX
Bohr radius. Thus, we neglect the variation of the binding
energy in the moiré pattern and use a local approximation of
the IX moiré potential VM(R) according to Ref. [12]. In this
framework, the IX Hamiltonian reads

h2

H=———
oM

AR + VM (R) ) (3)
where —%AR is the exciton center-of-mass kinetic energy
and can be diagonalized using a plane-wave expansion with
eigenenergies €q,\ and eigenstates

Q,\) = ch—GM Q- Gu) - (4)

Gum

The moiré reciprocal lattice vectors Gy are derived as differ-
ences of top and bottom layer reciprocal lattice vectors. There-
fore, the size of the moiré Brillouin zone (MBZ) scales with the
interlayer twist angle. We represent its center and boundary
by v and «, respectively. We use the above plane-wave expan-
sion, and solve the optical matrix element between the initial

moiré exciton state |Q,\) and the final photon state |q, o).
Moiré excitons can only recombine if the momentum conser-
vation law Q — q = K. — K, := Qx is fulfilled where q
represents the in-plane component of the photon wavevector.
We assume that the twist angle is sufficiently large so that
typical photon momenta are still small compared to the MBZ,
which in our case is well-justified for twist angles larger than
0.5°. In this case, we can discard umklapp processes.

In the numerical calculation shown in Fig. 4, we assume
the exciton population is thermalized obeying a Boltzmann
distribution. To clarify the twist angle dependence, we dis-
entangle the influence of the valley shift in reciprocal space
from the energy modulation of moiré potential. First of all, a
drastic change in IX lifetimes with the twist angle is expected
even in the absence of a moiré potential by just considering
the shifted valleys illustrated in Fig. 1c and d. Only excitons
within the light cone can decay radiatively. For a TBL with
a small twist angle, low-temperatures are favorable to ther-
mally keep as many excitons as possible within a narrow re-
gion around the I" point in the excitation picture. On the other
hand, in a TBL with a large twist angle, light-matter coupling
benefits from long tails in the high-temperature exciton dis-
tribution to overcome the large momentum shift Q;x. As a
result, the temperature dependence of IX lifetimes exhibits op-
posite behavior in TBLs with small and large twist angles. We
therefore predict a crossover between these two regimes around
an intermediate twist angle of § = 2° as shown in Fig. 4a.

Figure 4c and d provide detailed insight for the cases of
small and large twist angles at low-temperature, showing that
at small twist angle the light cone overlaps with more occu-
pied exciton states. Due to the absence of a moiré potential,
the parabolic dispersion is simply folded back to the first MBZ
without hybridization of bands. In Fig. 4b, the presence of a
moiré potential does not change the general trends but leads
to a softening of the twist angle dependence. This can be un-
derstood as the moiré potential introducing an interaction be-
tween the IXs with different center-of-mass momenta as repre-
sented by the matrix form of eq. (3). Thereby, the momentum
conservation between the IX and photon in the light-matter
coupling process is relaxed, opening additional channels for ra-
diative recombination, as shown in Fig. 4e-f. Correspondingly,
the IX bands become less dispersive due to the moiré potential.
Nevertheless, the IX lifetimes are predicted to change by sev-
eral orders of magnitude when the twist angle is tuned between
1° and 3.5°. Here, the symbol size quantifies the contribution
of the moiré exciton states to the bright density-of-states as
given by the coefficients ca in eq. (4). Comparing panels e
and f, we see that a small twist angle is particularly beneficial
for light emission at low-temperatures due to the flattening of
IX bands that leads to strong population of k excitons. We fur-
ther compare the moiré exciton distribution at 20 K (Fig. 4f)
and 300 K (SM Fig. S5b), demonstrating how a thermally
broadened IX distribution fosters exciton-photon coupling at
a large twist angle. In all cases, we find that higher excitonic
bands become occupied due to the moiré-induced mixture of
bands represented by the relevant (Gy = 0)-contributions (cg
in eq. (4) as shown in Fig. 4e-f), in contrast to the cases when
the moiré potential is not taken into account in Fig. 4c-d.

To examine the predicted temperature dependence of IX ra-
diative lifetimes, we compare measurements performed on two
TBLs with the caveat that the total lifetime is measured. Fig-
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FIG. 4. Temperature and twist angle dependence of calculated IX
radiative lifetimes in the absence/presence of a moiré potential and
measured temperature dependent IX dynamics. Calculated twist
angle dependence of the IX lifetimes shown for various temperatures
in the (a) absence and (b) presence of a moiré potential. Panels
(c) and (d) show the IX band structure in the absence of a moiré
potential at twist angles of © = 1° and © = 3°, respectively. Moiré
exciton states are classified by momenta from the first MBZ shown
in inset of (f). Light cone (orange shaded area) occupies a larger
fraction of the MBZ for a TBL with a smaller twist angle. Panels
(e)-(f) show the moiré exciton band structure, thermal distribution,
and density-of-states contribution for different twist angles at low-
temperature. Scale of the symbol size is the same for panel (c,d)
and (e,f). Note that at small twist angle the IX bands become flat
due to the moiré potential. (g, h) Measured temperature dependent
fast and slow decay components of lifetimes near 1350 meV in the
TBLs with © = 1.0£0.3° (3.5+0.3°) from 5 to 50 K (13 to 50 K).
Error bars are smaller than the symbols for some data points.

ure 4g and h show the temperature dependent two decay times
extracted by fitting with a bi-exponential function for the two
TBLs with ® = 1° and 3.5°, respectively. Indeed, we ex-
perimentally observed opposite trends in the temperature de-
pendent IX lifetimes in two TBLs. The IX lifetime increased
(decreased) at higher temperature in the small (large) twist
angle sample. This trend is consistent with the calculation
(Fig. 4b) although a much weaker temperature dependence
was observed. The deviation of the fast lifetime component
from the ©® = 1° sample at ~ 50 K may originate from in-
creased phonon-mediated non-radiative processes.

We discuss the scope and limitations of our studies. First,
we focus on MoSes/WSey TBLs with relatively small twist
angles with an more accurate angle control than most previ-
ous experiments that have investigated the change of exciton
resonances over a broader range of twist angle [59-62]. In
TBLs with a small twist angle, the thermal distribution of the
IX may be sufficient to satisfying the momentum conserva-
tion requirements of an indirect optical transition. In practice,
phonon-assisted transitions do exist. Such transitions play an
increasingly important roles in TBLs with larger twist angle
(© > 5°). Second, the biexponential decay dynamics are not
fully explained. We provide a rate equation analysis for a
three-level system involving a dark state in the SM. Such a
dark state may originate from an indirect transition involving
electrons or holes in a different valley. Third, our calcula-
tions only address the radiative decay rate and our experi-
ments measure the total decay rate. The calculation models
an ideal situation where the IX dynamics is determined by
the radiative process with unity quantum yield. It addresses
the question of how radiative dacay can be controlled by the
twist angle with and without the presence of an moiré super-
lattice. The qualitative agreement between the experiments
and calculations is noteworthy. This agreement may suggest
that the non-radiative decay processes either do not depend
on the twist angle strongly or depend on the twist angle in a
similar way as the radiative decay.

In conclusion, our studies represent a first step toward
understanding how the twist angle of a vdW heterostructure
can be used to control exciton dynamics. These results
provide critical guidance to efforts on searching for exciton
condensates where a long IX lifetime is preferred to reach
an equilibrium temperature with the lattice. On the other
hand, light-emitting devices should be built with TMD TBLs
with a small twist angle. A faster radiative lifetime can
compete favorably with other non-radiative processes and
lead to higher quantum efficiency. Our work introduces
new methods, “momentum-space band shift” and “periodic
in-plane energy modulation” for controlling exciton lifetimes.
These methods may be adapted by researchers investigating
different classes of materials and be exploited by a wide
variety of optoelectronic devices.
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S1. Details on sample preparation

MoSes, WSes, and hexagonal boron nitride (hBN) layers
were mechanically exfoliated from bulk crystals onto a poly-
dimethylsiloxane (PDMS) sheet. The crystalline orientations
of the MoSes and WSes monolayers were confirmed by second-
harmonic generation (SHG) and rotationally aligned by high-
resolution optical microscope images during the transfer. Each
layer was transferred from the PDMS sheet to a targeted sub-
strate or layer by ’stamping’ dry-transfer method [1]. After
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8 Department of Electrical and Computer Engineering,
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each layer was transferred, thermal annealing in a high vac-
uum (~ 107% mbar) at 200 °C for 6 hours was performed to
reduce the polymer residue from the surface contacted to the
PDMS sheet.

S2. SHG measurements on monolayers and a twisted
bilayer (TBL)

The crystal orientations of MoSes and WSes monolayers
(MLs) were determined by polarization-resolved SHG mea-
surements. The details have been discussed in the previous
studies [2-4]. Since the SHG measurements on both MoSes
and WSes MLs exhibit a six-fold degeneracy, R- or H-stacking
(© = 0° or 60°) order of TBL region cannot be distinguished
based on these measurements. In order to determine the rel-
ative twist-angle between the two MLs, SHG measurements
on MoSe; ML, WSe; ML, and TBL regions were performed
with a mode-locked ultrafast laser tuned to 800 nm. The SHG
signals from individual MLs are expected to interfere with a
relative phase difference depending on the twist-angle [5]. The
SHG intensity from TBL region with R- (H-) stacking order
is expected be stronger (weaker) than ML regions. As shown
in Fig. S1, the SHG signals on individual MLs show similar
intensities while the SHG signal from the TBL region is en-
hanced compared to those from the ML regions, indicating
the relative twist-angle between the MLs is near 0° stacking
(or R-stacking).

S3. Low-temperature photoluminescence (PL) mea-
surements in TBLs

For steady state PL measurements, a 660 nm continuous
wave laser was focused to a spot size of ~1 pm in diameter on
the sample. The collected PL signal was guided to a spectrom-
eter and detected by a charge-coupled device. All samples were
held at ~ 13 K and an average power of 100 uW was used to
acquire the PL spectrum. For time-resolved PL (TRPL) mea-
surements, 100 fs pulses at 680 nm with a 76 Mhz repetition
rate generated by a Ti:sapphire-pumped optical parametric os-
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FIG. S1: SHG spectrum measured on MoSes ML (red),
WSez ML (blue), and TBL region (black).

cillator was used as the excitation source for a © = 1.0 £ 0.3°
TBL. For TBLs with ©® = 2.2 + 0.3° and 3.5 £ 0.3°, 100 fs
pulses tuned to 705 nm with a 76 Mhz repetition rate first
pass through a pulse picker to reduce the repetition rate in
order to measure the longer lifetimes. The TRPL signal was
sent through a spectrometer to select the energy of a particu-
lar interlayer exciton resonance. All TRPL measurements were
performed at ~ 13 K unless stated otherwise.

The TBL with © = 1.04+0.3° twist-angle is prepared on sap-
phire substrate after encapsulation by hBN. The TBLs with
2.2 4+0.3° and 3.5 £+ 0.3° twist-angle are prepared on SiOy/Si
substrate, as shown in Fig. S2. Different substrates can influ-
ence exciton resonant energy and radiative lifetime, the com-
mon bottom hBN layers reduce this dependence [6]. The thick-
ness of all hBN layers for encapsulation is from 20 to 50 nm,
providing the similar dielectric environment to all TBLs [7].
In low-temperature PL spectrum, both intra- and inter-layer
exciton (IX) resonances are clearly observed in all TBLs. The
microscope images and PL spectrum for the ® = 1.0 + 0.3°
are shown in the main text while those for the other two TBLs
are shown in Fig. S2. The averaged energy spacings are 21 £
2, 23 + 2, and 28 + 3 meV for © = 1, 2.2, and 3.5° TBLs,
respectively. The observation of larger energy spacing with in-
creasing the twist angle is consistent with a smaller lateral size
of the quantum confinement imposed by the moiré supercell.
We compare the IX PL spectra from two different positions on
the same TBL as shown in Fig. S2c-e, for all three TBLs. We
consistently observe multiple IX resonances and the energies
of IXs shift ~10 meV. The slight energy variation of IX reso-
nances may be resulting from the dielectric disorder due to the
residue. A similar amount of spectral shift has been reported
in other experiments [6].

S4. Twist angle dependent moiré superlattice period-
icity

The lattice constants of MoSe; and WSes (=~ 0.1%) are very
similar because of the common chalcogen (Se) atom. The pe-
riodicity (aps) of moiré pattern in MoSez/WSey TBL with a
small relative twist angle (0) can be estimated by [8],
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FIG. S2: Low-temperature PL spectrum of MoSe,/WSes
TBLs and IX PL spectrum from different positions. (a, b)
Low-temperature PL spectrum from hBN-encapsulated
MoSey/WSes TBLs with © = 2.2 +0.3° and 3.5 £ 0.3° twist
angles over a broad spectral range to include both intra- and
inter-layer excitons. Inset shows the optical image of the
TBL with a scale bar and the TBL region is indicated with
the orange dashed line. (c-e) Gaussian fitting to multiple IX
resonances in the TBLs with three different twist angles and
from two different positions on each sample TBL. Black solid
line is the measured PL spectrum.

where the lattice mismatch (6 = |ap — a(|/ao) is given by the
lattice constants of two MLs (ag and af)). For TBLs with © =
1° - 3.5°, the contribution of § is negligible. In other words,
the moiré superlattice periodicity is primarily controlled by
the twist angle between the two MLs. The moiré periodicity is
changed from 18.9 to 5.4 nm when the twist-angle is changed
from 1° to 3.5°, as shown in Fig. S3.
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FIG. S3: Twist angle dependent moiré periodicity of the
TBLs with ©® = 1° to 3.5°.

S5. Estimation of IX quantum yield at low-
temperature under non-resonant excitation

Under resonant excitation conditions, the quantum yield (n)
of a two-level emitter can be defined in terms of radiative decay
(Vraq) and non-radiative decay (7nrqq) rates according to the
relation, 1 = Vrqd/(Vrad + Ynrad) = Ttotal/Trad Where the total
decay rate is defined as Yiotal = Vrad + VYnrad = 1/ Ttotal-

It is extremely challenging to obtain such measurements for
the IXs because of the small dipole moments and weak ab-
sorption. We measured the relative PL quantum yield (QY)
of IXs under non-resonant excitation conditions, which serves
to provide an empirical guidance of the expected PL signal.
We used a thin film of diluted colloidal CdSe/CdS core/shell
quantum dots (QDs), comprising an ultra-thick CdS shell (~16
monolayers), with near 50% QY as a calibration sample [9, 10].
We used spin coating to prepare multiple films with different
concentrations of diluted QD solution and measured the ab-
sorption and PL under the same experimental conditions. The
area of PL spectrum was integrated to count the total number
of emitted photons. We confirm that there is linear relation
between the PL counts as a function of absorbance, indicating
no re-absorption effect of emitted photons in the calibration
samples, as expected for the thick-shell QDs for which the
predominant absorption onset occurs above 2.4 eV; whereas,
emission is at ~1.9 eV [11]. The TBL with © = 2.2 £ 0.3°
twist-angle was chosen as a representative sample and the QY
at low-temperature was estimated to be ~ 0.1%. This rel-
atively low QY under the non-resonant excitation conditions
can be attributed to different decay channels including the
population of dark states, an efficient radiative decay of the
intralayer excitons, and phonon assisted non-radiative decays.

S6. Measured energy resolved TRPL

Emission energy resolved TRPL measured from three dif-
ferent twist angles are presented in Fig. S4. We include all
interlayer exciton resonances here. For all IX resonances, we
observe the consistent trend that a longer IX lifetime is found
in a TBL with a larger twist angle than that in a TBL with a
smaller twist angle .
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FIG. S4: Emission energy resolved TRPL in TBLs with (a)
0 =1.0£0.3° (c) 2.2+0.3°, and (e) 3.5 £0.3°. (b, d, f)
Fast (71) and slow (72) component of IX lifetime extracted by
fitting with biexponential function for TBL with these three
different twist angles.

S7. Calculated moiré exciton band structure at 300
K and measured temperature dependent TRPL spec-
trum

Figure S5 shows the IX band structure in the presence of
moiré potential at 300 K and temperature dependent TRPL
spectrum from TBLs with two different twist angles. We ob-
serve that the thermally broadened IX distribution leads to
a significantly stronger exciton-photon coupling at large twist
angles compared to the low-temperature results shown in Fig.
4 in the main text.

S8. Rate equations for a three-level system including
a dark exciton state

To describe the biexponential decay observed, we model the
decay dynamics of a three-level system consisting of the bright
exciton, dark exciton, and crystal ground state, often used
in modeling semiconductor nanostructures [12]. The relevant
dynamic parameters include the bright excition radiative decay
rate (yp,), non-radiative decay rates (ypn, and ypn.), and
conversion rates between the bright and dark exciton states
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FIG. S5: Moiré exciton band structure at 300 K in TBLs
with twist angles of (a) © = 1° and (b) © = 3°, respectively.
Inset in panel (b) illustrates the first moiré Brillouin zone
(MBZ). The scale of the symbol size and color scale are the
same as Fig. 4 in the main text. Panels (¢) and (d) show
temperature dependent TRPL spectrum from TBLs with
© =1.0£0.3° and 3.5 £0.3°.

(vBp and vpg), as shown in Fig. S6. The rate equations are

dnB
- = —np(YBr + VYBnr +YBD) + NDVDB
2
dnn (2)
e —np(Ypnr +YDB) + NBYBD »
where np and np are occupations in the bright and dark state,
respectively. The solution of the rate equations is a biexpo-
nential decay function, ng(t) = aje™ "t + age 2!, with the
fast and slow decay components

1
T,2 = 5(737" + YBnr + YDnr +¥BD + YDB)

1
+ 5\/(737" + YBnr + YDnr + YBD + ’VDB)2 (3>

_4’77(7Dn7 + ’YDB) - 4(’}/Bn7'7Dn7' + YBDYDnr + YDBYBnr -

In the case of v, > vBp, DB, the fast and slow decay rates
can be approximated as

Y1 = VYBr + YBnr + YBD ,
Y2 =~ VYDnr + VDB -

(4)

Using 71 (= 1/71) and 72 (= 1/72) to represent the fast and
slow decay component, this model may be used to explain
the biexponential decay observed in our TRPL experiments
by attributing the fast (slow) decay component to the bright
(dark) exciton lifetime.

Dark

Yonr

VBD YpB

\ 4

‘l’anr Bright

VYBr

Crystal ground

FIG. S6: Schematic of three level systems: dark exciton,
bright exciton, and crystal ground state. The bright exciton
can radiatively decay (vp,) and both bright and dark
excitons can non-radiatively decay (Ypn, and ypn.). The
bright and dark exciton states can be converted (ygp and
vpp) to the other state via thermal or valley scattering
processes.

S9. Moiré exciton lifetime calculations

The radiative moiré exciton recombination rate is calculated
using the Fermi’s golden rule [13]

2w
Tﬁf’::‘%fji:|<f|fﬂad|®|25(5i—'5f)ﬁﬁ (5)
if

where the optical matrix element describes transitions be-
tween the initial exciton state |¢) and the final photon state
|f) = bl 5 0). Here, b}, , creates a photon with wave vector q
and polarization o with respect to the vacuum state |0). N; is
the occupation of the initial exciton states.

Under weak excitation conditions and using the Coulomb-
gauge the light-matter interaction can be written as

1 R+R"\ ;.
Hrad = E Z A (2 ) ag agrs X
RR/vv’

X / d*ru’(r —R)ju, (r—R'),

(6)

where aR” creates an electron at lattice site R in band v. To
obtain eq. (6), we have assumed that the Wannier functions
uyo(r—R) are localized at the lattice sites and that the vector
potential A(R) is slowly varying over the unit cell.

The vector potential is expanded into a plane-wave basis

2mhe

mqu <bq’a‘equR + b1q7a€7iq“R> s (7)

AR)=)

where € is the normalization volume of the photon eigenmodes,
eqo are the unit vectors of the two transversal photon polar-
izations and n is the average refractive index of the dielectric
environment of the heterobilayer. For the optical matrix ele-
ment in eq. (6) we use the two-center approximation [14]. As
a result the matrix element

[ e - R)jus - R) g R-R)(8)

depends only on the difference between the electron and hole



position and can be expressed in terms of its Fourier transform
Z e j@). ()

where N is the number of unit cells in each layer.

juw(R-R) =

To describe the moiré exciton states we use a low energy
continuum model that we derive along the lines of Ref. [8, 15—
17]. For each monolayer the band edge electrons and holes
at the K point are predominantly described by Wannier func-
tions of the metal d-orbitals [18]. In the absence of interlayer
hybridization, the IX is described by the wave function

|Q \/>Z¢X aKC+k+m‘3Q Kv+k th|0> (].0)

with eigenenergies E(Q) = h2|Q|2/(2M) + Egop — Ep that
are characterized by the center-of-mass momentum Q, M =
me+my, is the total exciton mass, and m. (my,) is the electron
(hole) effective mass. A is the crystal area. The operator
al{c +q(@k, +q) creates (annihilates) an electron in the K. (K,)-
valley of the conduction (valence) band and can be expanded

in terms of their Wannier counterparts

aq \F Z el R and ag = \F Z e 1Ry (11)

The electron-hole relative-motion wave function in momentum
space ¢x (k) is determined by the Wannier equation

h2q2 1 1
Z {wdqq« - AV|q_q/|} ¢x(d) = —Epdx(a) (12)

q/

where = memyp/(me + my) is the reduced mass. The solu-
tion of eq.(12) determines the exciton energy Fga, — Ep, where
Ep is the exciton binding energy and Eg,, the band gap. For
the effective masses we use m, = 0.57mg and my = 0.36my,
where my is the free electron mass. [19] Details about the di-
electrically screened Coulomb potential are given in (S7). We
find that the IX binding energy FEp for the hBN-encapsulated
MoSey/WSes heterobilayer is about 110 meV. The exciton
Bohr radius ap can be approximated by the root mean square
of the electron hole separation and we obtain a value of 1.15
nm.

An interlayer twist in real space generates a relative shift in
momentum space (K. — K,) as well as a spatial modulation
of the exciton energy. For small twist angle, the moiré peri-
odicity can be assumed to be large compared to the exciton
Bohr radius. Thus, we neglect the variation of the binding
energy in the moiré pattern and use a local approximation of
the exciton moiré potential VM(R) according to Ref. [8]. In
this framework, the exciton Hamiltonian reads

H——LQARH/M( R) (13)

and can be diagonalized using a plane-wave expansion

h2
|:2M (Q GM> — EQ))\ Cg—GM(sGM,G{W +

3 Vs, = 1
Gy

with eigenenergies eq, and eigenstates

QN =) cd cylQ-Gu) . (15)

GuMm

The moiré reciprocal lattice vectors Gy are derived as differ-
ences of top and bottom layer reciprocal lattice vectors. There-
fore, the size of the MBZ scales with the interlayer twist angle.
Following Ref. [8] the moiré potential can be parameterized ac-
cording to

6
Z zGM 4R (16)

where the Fourier series is restricted to the first shell of re-
ciprocal Moire lattice vectors Gy ;. Due to Cs symmetry
Vi =V = Vs, as well as Vo = V; = V5. Because VM(R)
is real, Vi = V} = Veexp(—it). For the parameter (V,v) we
use (11.8,79.5°) as obtained from DFT calculations for AA
stacked MoSez/WSes heterobilayer [8].

Using the above plane-wave expansion, the optical matrix
element between the initial moiré exciton state |Q, A) and the
final photon state |q,o) can be expressed as:

21h
(q, 0 Heaa |Q, \) = m¢x(r =0) Z CkQHM x
a GM,G.,Gy
. m q
X Jve ((K'u + Gv) - Mh(Q - GM) + 7H> *€qo X
X 0Q-Gar,(Ke+Go)— (Ky+Gy)+ay - (17)

Here, the interlayer current matrix element jy.(Q) is expected
to rapidly decline on the scale of the monolayer lattice vec-
tor [8]. We assume that the twist angle is sufficiently large so
that typical photon momenta are still small compared to the
MBZ, which in our case is well-justified for twist angles larger
than 0.5°. In this case, umklapp processes can be discarded.
As a result, moiré excitons can only recombine if the momen-
tum conservation law Q —q = K. — K, := « is fulfilled where
q represents the in-plane component of the photon wave vec-
tor. Under these assumptions the optical matrix element reads

2mh N
(q, 0] Hraa |Q, \) =~ m(ﬁx(r:O)ch
X jve * €qo 0QK.~K,+q;9Gu.0 » (18)

where j,. = (VK|j|cK) is the interlayer current matrix ele-
ment of the untwisted heterobilayer. Optical transitions at
the K point satisfy circular polarization selection rules with
matrix elements |jyc - €% [/D = 0.22 and |j,. - €* |/D = 0.06,
where ey = (1,+i)/v/2 and hi/eD = 4.43 eV A. [8]. We ne-
glect the significantly weaker transition with e_ polarization
direction.

We decompose the photon wave vector into the in- and out-
of-plane components as q = {qy, ¢- } such that the summation
over ¢, in Eq. (5) yields the one-dimensional density-of-states
and gives rise to radiative decay of excitons with wave vectors
inside the light cone || —g¢\ < |Q| < |x|+¢x. The boundary of
the light cone is determined by the photon dispersion hc gy =
neg . Combining egs. (5) and (17) we finally obtain for the



moiré exciton lifetime

2m
7_le _ > 2gradw)x

|Z/d‘1u

JV"CN‘WM ‘ N‘Hlln

1 1 2
qu il 1- (QH/‘D\) G(QA*QH)- (19)
1= (g1/a)
Here, g*2d is the degeneracy of optically active exciton states

and accounts for time-reversal symmetry. The moiré exciton
distribution N(;\2 is assumed to be thermalized obeying a Boltz-
mann distribution. We consider the low density limit such that
the exciton distribution is normalized to unit total density,
gx Z N = 1, where gx denotes the degeneracy of occu-
pied (brlght and dark) exciton states. In particular, in the
limit of zero twist-angle eq. (19) recovers the result of Esser
et al. [13] that has been previously derived for quantum well
excitons.

S10. Calculation of the
Coulomb potential

dielectrically screened

We start by introducing the static nonlocal charge-density
susceptibility x(r,r’) = x(r,r’,w = 0) that connects the ma-
terial polarization P(r) to the electric field E(r) via

P(r) = 60/d3r’x(r,r’)E(r'). (20)

The polarization is also related to the induced charge density
Pina(r) via
Ve P(r) = —pina(r) . (21)

The total charge density can be expressed as a sum of free and
induced charges:

p(r) = piree(r) + pina(r) - (22)
Using Gauss’s law
v. B = -4 (23)

we find

g0 Prrec(r) = £5 (p(r) = pina(r))
=V, -E(r)+¢;'V,- P(r)

=V,- <E(r) —l—/d?’rlx(r,r’)E(r’)) (24)
=V,- /d?’r’ar(nr')E(r'),
where we introduced the dielectric function

er(r, ') =d(r — 1) + x(r,1). (25)

With the effective electrostatic potential ¢(r) given by

E(I‘) = —Vr¢>(1‘) ) (26)
a generalized form of Poisson’s equation is derived:
v, - /d?’r’&T(r, r’)Vrrq’)(r’) _ Pfrza(r) ) (27)
0

It yields the electrostatic potential ¢ for a given charge den-
Sity pree in the presence of a dielectric function e, describing
nonlocal screening effects.

—m—
-~ )
| { h
. R | -
—

FIG. S7: Dielectric structure model for the interlayer
Coulomb interaction.

We consider a dielectric heterostructure as schematically
shown in Fig. S7, where the hetero-bilayer extends in the x-y
plane. Making use of the in-plane homogeneity of the con-
tinuum medium, Fourier transform with respect to in-plane
coordinates yields a differential equation in the z coordinate
only:

[ (eta22) 000 ) - ela )00 2)

_ Pfree (Qa Z)
30 '

(28)

In the given geometry, where free charges can be located in dif-
ferent layers, nonlocality of the dielectric response, i.e. depen-
dence of € on two different spatial coordinates, has to be con-
sidered. We simplify the spatial dependence of ¢ by assuming
that the hetero-bilayer can be approximated as an effective sin-
gle layer with thickness L = L1+ Lo+h and an averaged dielec-
tric constant epr, = (EMoSe, L1 + EWse, L2 + h) /L. We further
assume that the dielectric function of each layer is constant and
local in z direction, i.e. €,(q, 2z, 2") = €,(¢)d(z—2"). Then Pois-
son’s equation can be solved analytically as shown in Ref. [20]
to obtain the macroscopic dielectric function e, = e,(¢). An
alternative approach to construct a dielectric function that is
local in z-direction has been shown in Refs. [21, 22].

3 4 5 6 7
g (nm"’)
FIG. S8: Calculated macroscopic dielectric function of the

dielectric heterostructure shown in Fig. S7.

The Coulomb interaction between carriers located in dif-



ferent TMD layers is weaker than the intralayer Coulomb in-
teraction due to the spatial separation of carriers in growth
(z-)direction. To account for this effect the Coulomb matrix
elements V, are modeled by using a formfactor Fj, in addition
to the macroscopic dielectric function e, according to

e
e, Fy. (29)

7= 260(]

The dielectric constants of the TMD materials are computed
as geometric mean of the values given in [23], where also layer
widths are provided. The dielectric constant of hBN is taken
from [24]. The interlayer distance h = 0.3 nm has been found
to be an appropriate value in [20]. The calculated dielectric
function for dielectric heterostructure is shown in Fig. S8. In
the limit of small ¢ the dielectric function &, resembles the
Rytova-Keldysh limit [25, 26]. Small deviations from the linear
behavior arise from the interlayer distance of several A between
TMD and the hBN layers [20]. The form factor accounts for
the confinement of carriers inside the atomically thin layers via
the confinement functions £(z)

£y = [ 4 [are@eene = eee) . @0

For the confinement functions, we assume eigenfunctions of the
infinitely deep potential well with two nodes due to the mostly
d-like character of electronic orbitals, which explicitly reads

4 324n e*(h+L1+L2)<I(eL1q _ 1)(6L2q —-1)

=
T LiLy  q?[36m2 + (L1)2¢?][3672 + (L2)2q?]

. (31)
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