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Momentum-space indirect interlayer excitons in transition metal

dichalcogenide van der Waals heterostructures

Jens Kunstmann, 't Fabian Mooshammer,?* Philipp Nagler,? Andrey Chaves,**
Frederick Stein,! Nicola Paradiso,? Gerd Plechinger,? Christoph Strunk,?
Christian Schiiller,” Gotthard Seifert,’* David R. Reichman,? Tobias Korn® *

Monolayers of transition metal dichalcogenides (TMDCs) feature exceptional
optical properties that are dominated by excitons, tightly bound electron-hole pairs.
Forming van der Waals heterostructures by deterministically stacking individual
monolayers allows to tune various properties via choice of materials [1] and relative
orientation of the layers [2, 3]. In these structures, a new type of exciton emerges,
where electron and hole are spatially separated. These interlayer excitons [4, 5, 6]
allow exploration of many-body quantum phenomena [7, 8] and are ideally suited
for valleytronic applications [9]. Mostly, a basic model of fully spatially-separated
electron and hole stemming from the K wvalleys of the monolayer Brillouin zones
is applied to describe such excitons. Here, we combine photoluminescence spec-
troscopy and first principle calculations to expand the concept of interlayer exci-
tons. We identify a partially charge-separated electron-hole pair in MoS:/WSes
heterostructures residing at the [ and K wvalleys. We control the emission energy of
this new type of momentum-space indirect, yet strongly-bound exciton by variation
of the relative orientation of the layers. These findings represent a crucial step to-
wards the understanding and control of excitonic effects in TMDC heterostructures
and devices.

An optical micrograph of a representative MoS2/WSes heterobilayer (HB), which was fabri-
cated by deterministic transfer and stacking [10] followed by an annealing procedure, is shown
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in Fig. 1(a). All HB and isolated regions of the constituent monolayers (ML) were thoroughly
studied by micro-photoluminescence (PL) spectroscopy, typical spectra are shown in Fig. 1(b).
The ML regions display the well-known A exciton and trion peaks [11, 12, 13, 14] near 1.65 and
1.9 eV for WSes (green) and MoSa (blue), respectively. In the HB region the same two peaks
are discernible, but slightly shifted in energy due to the modified dielectric environment [15, 16].
However, in addition a new peak near 1.6 €V is observed, which is absent in the ML regions.
We assign this peak to the interlayer exciton (ILE) [4, 17].

MNow, we control the relative orientation of the TMDC layers to reveal the k-space indirect
nature of this ILE in MoSa/WSez HBs. The twist angle is measured with respect to each layer’'s
zigzag direction (green and blue arrows in Fig. 2(a)), varying between 0° (aligned) and 60°
(antialigned). A total of 15 HBs with twist angles covering this range were fabricated, and
the ILE emission was observable as a high-intensity PL peak in all samples. The twist angle
was determined by second harmonic generation measurements and the samples were further
characterized by Raman spectroscopy (for details see Supplementary Information). The presence
of the ILE becomes more obvious in Figure 2(b), which displays PL spectra from the HB region
of two samples with twist angles of 33.0° and 58.7° and their decomposition into three Gaussian
peaks. The comparison of the two panels shows that as the twist angle is varied, the ILE peak
shifts much more in energy than the A /trion peaks. As is clear from Fig. 2(c), the latter do not
exhibit a distinct dependence on the twist angle. Figure 2(d) shows that the ILE energy (red
balls) shifts as a continuous function of the twist angle over a range of 50 meV. The maximum of
the curve is near 30° and it exhibits a slight asymmetry, i.e., the minimum near 0° has a smaller
energy than the minimum near 60° . Similar twist-angle-dependent, slightly asymmetric shifts
of PL peaks have been observed in twisted bilayer MoSs (2, 3, 18].

We are able to explain this effect quantitatively via density functional theory (DFT) calcu-
lations. Details may be found in the Supplementary Information. An analysis of the geometries
revealed that the mean layer separation of a HB changes as a continuous function of the twist
angle over a range of 0.07 A, as shown in Fig. 2(e). This result can be ascribed to steric effects
since the surface of a TMDC ML is not atomically smooth but corrugated due to protrusion of
the chalcogen atoms out of the metal atom plane. For angles near 0° or 60° |, Fig. 2(e) indicates
a reduction of the mean layer separation by 1%. In these systems long-wavelength moiré pat-
terns are formed and the individual layers maximize their adhesion via adopting static spatial
fluctuations. To study the consequences of these observations we now analyze the electronic
structure of the MoS; /WSe; HB (for details see Supplementary Information). A level alignment
diagram is shown in Fig. 3(a). It illustrates the staggered band alignment of the HB, the optical
transitions in the two MLs that give rise to the A excitons (vertical arrows) and the K — K and
I' — K interlayer transitions. Due to the generally weak coupling between the MLs in TMDC
heterostructures the Bloch wave vectors defining the K valleys of the MLs are also approximately
good quantum numbers of the HB. In Fig. 2(d) K —K and I'— K interlayer transition energies of



twisted HB, as obtained from DFT calculations, are plotted as function of twist angle. To allow
a visual comparison of the DFT transition energies with the PL ILE energies, the DFT values
in Fig. 2(d) are rigidly shifted by 0.445 eV, which implies that (relative) energy differences and
not absolute energies are compared. The comparison reveals a remarkable quantitative corre-
spondence with the I' — K transition (red) but not with K — K (yellow). This suggests that the
ILE is related to the I' — K transition. For the ML A transitions the DFT results exhibit no
change with twist angle (see Supplementary Information). The behavior exposed by the DFT
calculations is in full agreement with the PL results of Fig. 2(d), because the change of the
I' — K transition energy is essentially a shift of the I'-point valence band energy (white arrow
in Fig. 3(a)), an effect that should be well captured by DFT (for details see Supplementary
Information Sec. 3.2.4) [18, 19].

To better understand the impact of the layer separation on the electronic structure of the
MoSa/WSes HB, we studied by DFT an artificial model system that is antialigned and lattice-
commensurate by applying strain. We considered 28 different transitions between valence and
conduction band extrema and calculated their energies as function of layer separation (see Sup-
plementary Information). Most transitions exhibit either no dependence on the layer separation
or a linear dependence with a negative slope (including K — K'). There is only a single transition,
I' — K, that lies within a reasonable energy range, has the correct trend and a positive slope
of 0.47 eV/A, in excellent agreement with 0.44 eV /A found for realistic systems in Fig. 2(e).
These results uniquely identify the observed ILE to be related to the I' — K transition and not
to K — K that is usually assumed when studying ILEs. Additional evidence supporting this key
finding of our work is provided by analysing the twist angle and temperature dependencies of
the ILE PL intensity and by an exciton model.

We note that if the ILE was related to a K — K transition, its PL emission should only
be observable for nearly (anti-)aligned structures because the transition probability of k-space
direct transitions is higher [20]. However, the analysis of the PL intensity as a function of twist
angle in the HBs shows no pronounced angle-dependence (see Supplementary Information).

For indirect optical transitions the difference between the wave vectors of the electron and
holes states is compensated by coupling to a phonon and the efficiency of this process can be par-
tially tuned by varying the temperature, which controls the phonon population. Temperature-
dependent PL measurements of a HB and isolated WSe; and MoS; MLs are shown in Fig. 3(c).
We observe a systematic blueshift of all exciton peaks with decreasing temperature. Addition-
ally
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we observe a complex behavior of the relative PL intensities in the heterobilayer region.
The ILE PL, which is the most prominent emission peak at room temperature, decreases relative
to the MoSs intralayer emission as the temperature decreases, in stark contrast to the behavior
for ILE of the K — K type observed in WSes-MoSs heterobilayers, where the ILE PL yield
monotonously increases with decreasing temperature [5, 21], further supporting the k-space in-
direct character of the transition in our heterobilayer system. We also observe that the WSes



intralayer emission is quenched with decreasing temperature, as reported previously for WSes
monolayers [22, 23]. Additional measurements and discussion of the temperature-dependent PL
are presented in the Supplementary Information.

We now analyze the localization of electron and hole wave functions in the WSez /MoS2 HB.
Figures 4(a),(b) show partial charge densities of electron and hole states for the I' — K and
K — K transitions in the model system calculated with DFT. Three unique states are involved,
the K-valley electron state |—), the K-valley hole state | + K) and the I'-valley hole state | +T').
The electron-hole wave function overlap of a ILE can be quantified by projecting the hole state
|+k) (k=T or K) onto the MoSs layer o = |(MoSz|+k)|%. The overlap of the K — K transition
(see Fig. 4(a)) is nearly zero (ox = 0 %) because electrons and holes only involve transition
metal atom d-states and reside 6.6 A apart (see Fig. 2(e)). The PL intensity scales with the
square of the transition matrix element, which suggests that radiative recombination of K — K
ILE is suppressed and is thus not seen in our PL measurements [24]. This is very different
for the I' — K transition (Fig. 4(b)): |+ I') is strongly affected by interlayer hybridization and
therefore extends over both layers with Mo, 5. W, and Se atoms all participating. It has a
large component that resides in the MoSa ML (or = 24%) where |—) is localized. Therefore the
matrix element is much larger for I' — K transitions than it is for K — K ones.

Our observations strongly imply the picture of an ILE with high PL intensity that does not
represent the thermodynamically lowest-energy states (i.e. the K — K excitonic transition), and
is fully consistent with transitions of the I' — K type. We note that our system is pumped with
a sufficiently high energy to create carriers across a wide range of momenta with a hot, non-
thermal distribution. Thus the observed response will depend intimately on the non-equilibrium
kinetics of exciton formation and recombination, as well as charge transfer [25] and a host of
non-radiative relaxation channels [26, 27]. However, it should be noted that non-equilibrium
effects alone are insufficient to explain why the I' — K ILE appears to be so strongly favored.
One possibility is that the large, real-space overlap of electron and holes in the respective layers
kinetically favors the formation and recombination of partially charge-separated I' — K excitons
despite the fact that such states are not formed from band edge carriers. The large, real-
space overlap of these k-space indirect interlayer excitons suggests a binding energy that is
increased as compared to their K — K counterparts that are fully charge-separated. Therefore,
we calculate the exciton binding energies AFEy of the A excitons as well as K — K and I'— K ILEs
using the Quantum Electrostatic Heterostructure model [28] and a variational wave function
ansatz. Excitonic interlayer interactions are described within a tight-binding approach (see
Supplementary Information for details). Experimentally, the exciton binding energy is defined
as AEy = EE, — Eghy. where EQ, is the quasiparticle band gap and Eghy is the optical gap,
measured as the PL peak energy. The results of these calculations are given in Fig. 4(c), where
AFEY is indicated by arrows. For the A excitons, the theoretical and experimental energies agree
well. AEx values are of the order of 0.5 eV, in good agreement with previous results [29]. For



the K — K ILE AEx = 0.29 eV, which is also in agreement with earlier results [15, 30]. For
I' — K we obtain a much bigger value of 0.55 eV, comparable to those of A excitons. The main
reason for this large number is the delocalization of the hole state over both layers that enhances
the electron-hole Coulomb attraction and gives the I' — K ILE also a strong ML character in
MoSs. We note that the ILE emission energy calculated using this large binding energy is in
good agreement with the experimentally observed value. It should also be noted that charge
separation creates excitons with an interlayer dipole moment of pp, = (1 —or)ed = (1 — o) - 1.4
Debye (e is the elementary charge and d the layer separation). The latter is reduced by interlayer
hybridization. Thus K — K and I' — K excitons can potentially be distinguished by measuring
HIL-

In this work we have shown that MoSs/WSes HBs host optically bright, k-space indirect
excitons composed of holes from the I'-valley and electrons from the K-valley. The I' — K
character of these interlayer excitons was uniquely identified by the twist angle dependence
of the PL emission energy in conjunction with first principles calculations that quantitatively
reproduce the observed energy shifts. Their k-space indirect nature is further supported by
analysis of temperature- and twist-angle-dependent PL intensities, and by a I' — K exciton
model yielding the emission energy observed in experiment. We further showed that strong
interlayer hybridization of the hole state reduces the degree of charge separation and enhances
radiative recombination that gives rise to the high PL intensity of the ILE, while preserving
an exciton binding energy comparable to monolayer excitons. These results extend current
interpretations about the nature of ILE in TMD-based van der Waals heterostructures. with
important implications for both the study of fundamental physics as well as the development of
optoelectronic devices.

Methods

See the Supplementary Information in the on-line version of the paper.
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Figure 1: Interlayer excitons in MoS;/WSes heterobilayers. a, Optical micrograph of a
sample with a twist angle of 58.7°, fabricated by deterministic transfer and stacking. Monolayer
(ML) and heterobilayer (HB) regions are indicated. b, Photoluminescence (PL) spectra of the
HB and the ML regions. The occurrence of an interlayer exciton (ILE) near 1.6 eV is discernible
in the HB.
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Figure 2: Tuning the interlayer exciton energy via interlayer twist. a, Atomic structure
illustration of MoSs /WSez HB. The twist angle is the relative lattice orientation of the two layers.
Inset: side view of the HB; the layer separation d is the distance between Mo and W planes.
b, PL spectra and their decomposition into Gaussian peaks for two HB with twist angles of
33.0° and 58.7° . Besides the A exciton peaks, arising from the WSes (green) and MoSs (blue),
an ILE near 1.6 eV has emerged (red). Dashed vertical lines allow to compare peak positions;
black lines are the sum of the Gaussians. The extracted peak energies are used in c and d. c. A
exciton energies for ML and HB regions for varying twist angles. Dashed horizontal lines indicate
the mean values. We observe no clear dependence on the twist angle but a redshift from the
monolayer to the HB. d, ILE energies and calculated transition energies for HB with different
twist angles. The error bars indicate the standard deviation of the ILE energy determined
from spatial averaging of ILE PL emission (see Supplementary Information). The I' — K and
K — K wvalues are calculated with density functional theory and they are rigidly upshifted by
0.445 eV (see text). Only the trend of I' — K is in quantitative agreement with the experiment.
e, Mean layer separation (indicated graphically in the inset of a) as function of twist angle,
as calculated with dispersion-corrected density functional theory. Steric repulsion of chalcogen
atoms, due to lattice mismatch and incommensurability, creates a twist angle dependence and
leads to bigger layer separations than the mean of the layer spacings of bulk MoS: and WSes
samples (dashed horizontal line). Red dots correspond to 'ILE (experiment)’ in d. A strong
correlation is discernible; the linear proportionality factor is 0.44 e‘u’fﬁ.
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Figure 3: Electronic structure of MoSs/WSes heterobilayers. a, Band alignment dia-
gram. The valence band maximum at the I' valley | + I') is a hybrid state of both layers and
it moves up as hybridization increases. Colored vertical arrows indicate ML transitions. I' — K
and K — K are possible interlayer transitions. b, Two-dimensional band structure of the HB
near the band edges. In twisted HB the Brillouin zones of MoSs (blue) and WSea (green) are
misaligned. Therefore both HB transitions, K — K and I' — K, are k-space indirect (the wave
vectors of the electron and holes states differ). However, for twist angles near 0° (aligned) or 60°
(antialigned) K — K is k-space direct (no wave vector difference). ¢, Temperature-dependent PL
spectra measured on isolated WSey (left panel) and MoSs (right panel) MLs and on a HB region
(center panel). Every spectrum is individually normalized to the peak of highest intensity. In
the HB region, spatial averaging of PL spectra is performed due to the spatially inhomogeneous
ILE emission, see Supplementary Information for details. The dotted lines trace the spectral
evolution of the WSez and MoSs A exciton and trion, as well as the ILE as a function of tem-
perature. As the temperature is decreased, the ILE PL, which is the most prominent emission
at room temperature, is suppressed compared to the intralayer MoSs emission in the HB region.
This finding supports our assertion that the ILE is related to a k-space-indirect, phonon-assisted

transition.
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Figure 4: The nature of interlayer excitons. a, The hole | + K) and electron |—) states
of the K — K ILE are localized in the individual layers (the pink and magenta contours are
partial charge densities). b, Hole and electron states of the I' — K ILE. While the electron
state |—) is only localized in the MoSs layer, the hybrid hole | + I') state is delocalized over
both layers. Values in percent correspond to the fraction of the wave function that is localized

in each layer. ¢, Comparison between experimental (o) and theoretical (x) photoluminescence
peak energies for different monolayer A excitons and ILE. The arrows indicate exciton binding
energies AFEx, as calculated with our model. The theoretical band gaps (*) are GyWj results
from the literature [29]. The theoretical results closely match the experimental data. AEx for
the I' — K ILE is comparable to values in the ML, and the resulting emission energy is in good
agreement with the experimentally observed ILE peak.
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Methods (on-line)
Sample fabrication

Heterobilayer (HB) samples were fabricated by means of a deterministic transfer process [10].
For this, we initially exfoliated MoSs and WSes flakes from bulk crystals (here, we utilized
a natural MoSs crystal and a synthetic WSes crystal bought at HQgraphene.com) onto poly-
dimethylsiloxane (PDMS) substrates. Monolayer (ML) regions of these flakes were identified via
optical microscopy. Then, we first transferred a MoS; flake onto the target substrate, a silicon
wafer piece covered with 5102 layer and pre-defined metal markers. Subsequently, the WSes
flake was transferred on top of the MoS;. For each of the heterobilayers fabricated in this way,
the relative orientation of the individual layers was chosen to optimize the overlap region of the
monolayer parts of the flakes. Subsequent to the transfer, the heterobilayers were annealed. For
this, they were mounted in a furnace, which was initially flushed with an Ha/Argon gas mixture
and then pumped to high vacuum. In vacuum, the samples were annealed at a temperature of
150°C for 5 hours.

Optical spectroscopy

Photoluminescence (PL) and Raman measurements were performed in a self-built microscope
setup, details are published elsewhere [31]. A continuous-wave laser (wavelength 532 nm) was
coupled to a 100x microscope objective and focussed to a sub-micron spot on the sample surface.
PL and scattered light were collected with the same objective, passed through long-pass filters,
coupled into a grating spectrometer and detected with a Peltier-cooled charge-coupled device
(CCD). For temperature-dependent PL. measurements, the sample was mounted on the cold
finger of a small He-flow cryostat. For PL mapping, the sample was moved beneath the fixed
microscope objective using a motorized xy stage, and PL spectra were collected for sample
positions defined on a square lattice. In order to extract information from these spectra, an
automated fitting routine was employed, which yields the integrated intensity, spectral position
and full width at half maximum (FWHM) for each spectral feature extracted using a Gaussian
fit function. Second harmonic generation (SHG) measurements were performed in a similar, self-
built microscope setup, which was optimized to yield high SHG throughput. Here, a Ti:sapphire
laser oscillator (pulse length 100 fs, central wavelength 815 nm) was used as an excitation
source. The laser light coupled into the microscope objective was linearly polarized, and the
same polarizer was used to analyze the reflected light, so that only the signal polarized parallel
to the excitation was detected. To separate the SHG signal from the reflected fundamental
laser wavelength, a dichroic mirror and short pass filters were employed before the SHG signal
was either coupled into a grating spectrometer to be detected by a CCD, or focussed onto
an avalanche photodiode (APD). In the measurements using the APD, a lock-in scheme was
employed to further increase signal-to-noise ratio. For SHG mapping, the sample was moved
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beneath the fixed microscope objective using a motorized xy stage. For polarization-dependent
measurements, the combined polarizer/ analyzer was rotated using a motorized stage.

Experimental data analysis

For each heterobilayer structure, a PL map was measured at room temperature. To compensate
for the spatial inhomogeneity of the interlayer exciton (ILE) emission, spatial averaging was
employed. For this, the average PL emission energy of the ILE, as well as its standard deviation,
were calculated from the values extracted from an automated fitting routine applied to individual
PL spectra collected in the heterobilayer region where sufficiently intense ILE PL was observed.
The size of these regions varied from sample to sample, but on average, more than 60 spectra

were evaluated for an individual heterobilayer.

Density functional theory calculations

Density functional theory (DFT) calculations were carried out with the PBE functional [32]
and the DFT-TS dispersion-interaction-correction scheme [33] using the PAW method [34] and
a plane wave basis set with a cutoff energy of 250 eV, as implemented in the VASP package
[35, 36]. For the k-point sampling, an in-plane sampling density of 0.1 A% was used. It was
carefully checked that this density leads to converged total energies (energy differences are
smaller than 1 meV /atom). The k-space integration was carried out with a Gaussian smearing
method using an energy width of 0.05 eV for all calculations. All unit cells were built with
at least 10 A separation between replicas in the perpendicular direction to achieve negligible
interaction. All systems were fully structurally optimized until all interatomic forces and stresses
on the unit cell were below 0.01 erﬁ and 10 kbar, respectively. Spin-orbit interactions were
generally not taken into account and the inclusion of these interactions does not alter any of
our conclusions as spin-orbit-dependent interlayer interactions have never been reported before
[2, 18]. The wave function overlap o; = [(MoSy| + k}|? is calculated by integrating the partial
charge density of the state |+ k) (k = I or K) over the half of the volume of the unit cell
that contains the MoSs layer. The cutting plane between the two halves is the minimum of the
plane-averaged line charge density in the van der Waals gap between the layers.
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1 Supporting experimental details

1.1 Ewaluating the effects of annealing

All samples investigated in this study were subjected to an annealing step after fabrication, which
was previously shown to increase interlayer coupling [1]. Here, we demonstrate the effects of the
annealing using photoluminescence measurements and atomic force microscopy. Figure S1(a)
shows an optical microscope image of a specific heterobilayer sample. To evaluate the coupling
between the two constituent monolayers in this sample, we performed scanning photolumines-
cence measurements before and after the annealing step. In Fig. S1(b), false-color maps of the
PL intensities of MoSzs and WSes, measured before the annealing, are shown. We clearly observe



that the PL intensity of both materials is not diminished in the heterobilayer region, indeed it is
even slightly enhanced for MoSs. This indicates that the two monolayers are decoupled, so that
there is neither band structure hybridization nor rapid interlayer charge transfer. By contrast,
after annealing, we find a pronounced quenching of the PL emission from the MoSs and WSes in
the heterobilayer region, while the emission is unchanged in the isolated monolayer regions, as
Fig. 51(c) shows. Additionally, we observe the lower-energy PL emission of the interlayer exciton
in the heterobilayer. This indicates that the annealing procedure enables electronic interlayer
coupling and rapid charge transfer. We note that the interlayer exciton PL intensity is spatially
inhomogeneous, indicating local variations of interlayer coupling.

The effects of annealing are corroborated by AFM measurements taken on the same sample
before and after annealing. As Fig. 52(b) demonstrates, the step heights from the substrate
to the individual monolayers measured before annealing are on the order of a few nanometers,
and the step height between the MoS: and WSes is of a similar magnitude. All of these values
significantly exceed the thickness of a TMDC monolayer, which is less than one nanometer,
indicating that adsorbates, such as hydrocarbons, are trapped beneath and in between the
TMDC flakes and act as spacers, effectively decoupling the layers. After annealing, we find that
all step heights are reduced (Fig. 52(c)), and that the step height between the MoS; and WSeq
monolayers is close to the expected value of less than one nanometer. Additionally, we note the
formation of various bubbles in the heterobilayer region, which indicates a coalescence of the
trapped adsorbates [2].

1.2 Vibronic interlayer coupling

Raman spectroscopy is a powerful tool to identify various two-dimensional crystals, and to study
the effects of external parameters such as strain and doping. While various two-dimensional
materials have specific Raman modes dependent on the crystal structure, there are two modes
that are generic to layered materials, the rigid-layer shear and breathing vibrations, where
adjacent layers oscillate with respect to each other. These rigid-layer oscillations have low
Raman shifts due to the weak interlayer coupling. Figure 53 shows a series of low-energy
Raman spectra measured on WSes (top) and MoS2 (bottom) mono- and naturally 2H-stacked
bilayers, as well as on a heterobilayer. In the 2H-stacked bilayers, the shear (SM) and breathing
(LBM) modes are readily observable. Naturally, both modes are absent in the monolayers.
As expected from its higher mass per unit area, SM and LBM modes in WSes are at lower
frequencies than in MoSs. For both materials, nearly identical spring constants k have been
extracted previously [3]. In the heterobilayer, we also observe the LBM mode, with a frequency
of 31 cm~!, in between the values for WSey (20 ecm~!) and MoS; (41 cm—1) bilayers. A simple
harmonic oscillator estimate assuming an averaged mass per unit area and an identical spring
constant k for the heterobilayer slightly overestimates the mode frequency, yielding a value of
35 cm~!. By contrast, our DFT-TS calculations yield a value of 30 em™!, in excellent agreement
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Figure S1: (a) Optical microscope image of heterobilayer sample. The orange rectangle marks
the area of the PL scans shown in (b) and (c). The outlines of the MoSs and WSes monolayers
and the heterobilayer are marked by the dotted lines. (b) False color maps of the PL intensities
of MoSs and WSes emission, measured at room temperature before annealing of the sample. (c)
False color maps of the PL intensities of interlayer exciton, MoS2s and WSes emission, measured
at room temperature after annealing of the sample.

(a) _ (b) pre annealing
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Figure S2: (a) Optical microscope image of heterobilayer sample. The orange rectangle marks
the area of the AFM scans shown in (b) and (c). (b) AFM scan of sample before annealing. (c)
AFM scan of sample after annealing. The solid lines in (b) and (c¢) indicate line traces extracted
from the AFM data, the corresponding numbers indicate step heights in nanometers.
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Figure S3: Low-energy Raman spectra of (a) WSes monolayers (ML) and bilayers (BL), (b)

heterobilayer (HB) and bare substrate, (¢) MoS; mono- and bilayers. SM and LBM indicate the

shear and layer breathing modes, respectively. The dotted lines mark the LBM positions in the
three hilayers.

with the measured value. For these calculations the layer separation of twisted HB was slightly
increased and decreased around the equilibrium value and the total energy of each geometry
was calculated. The energy vs. separation series was fitted to a harmonic function and the LBEM
frequency was calculated from the harmonic force constant.

1.3 SHG microscopy

In order to determine the twist angle of the heterobilayers, we employ polarization-resolved
second-harmonic-generation (SHG) microscopy, which was previously shown to be a powerful
tool to determine the crystallographic orientation of TMDC monolayers [4, 5] and stacking an-
gles of heterobilayers [6]. Figure S4 demonstrates this procedure for one particular sample,
which is depicted in Fig. 54(a). For each of the two constituent monolayers, we determine the
relative angle ¢p between the armchair directions and the horizontal polarization axis of our
SHG setup by measuring the polarization-resolved SHG intensity Isyo on isolated monolayer
regions. For parallel polarization of fundamental and SHG light, the SHG intensity is maximum
if the polarization axis is oriented along an armchair direction, yielding a I .E‘HG o cos?(3¢ — ¢p)
dependence. As Fig. 54(c) and (d) show, polar plots of the SHG intensity can readily be fit to
the expected I .E‘HG dependence. However, the 6-fold symmetry of I E‘HG does not allow us to
determine whether the monolayers in a heterobilayer are, e.g., aligned (a = 0°) or antialigned

(x = 60°). To resolve this ambiguity, we perform scanning measurements of the total SHG in-
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Figure S4: (a) Optical microscope image of heterobilayer sample. The orange rectangle marks
the area of the SHG scan, shown in (b). The outlines of the MoSs and WSes monolayers and
the heterobilayer are marked by the dotted lines. (b) False color map of total SHG intensity as
a function of position. (c) and (d) Polar plots of the parallel component of the SHG intensity
I ,Q'HG as a function of polarization under linearly polarized excitation measured on the WSeq
(c) and MoS2 (d) monolayer regions. The red arrows indicate the orientation of an armchair
direction relative to the horizontal polarization orientation, extracted from fits (solid orange
lines) to the experimental data (dots).

tensity. In the heterobilayer region, SHG from the individual monolayers interfere constructively
for aligned stacking and destructively for antialigned stacking. As shown in Fig. 54(b), we ob-
serve a reduced SHG intensity in the heterobilayer region, relative to the SHG intensities of the
constituent monolayers, indicating destructive interference. We note that the SHG signal is not
fully suppressed within the heterobilayer region due to the fact that the interfering SHG fields
of the constituent monolayers have different amplitudes. In conjunction with the polarization-
dependent SHG measurements shown in Fig. 54(a), the destructive interference observed in the
heterobilayer region allows us to determine a twist angle of 58.7° for this sample.

1.4 Quenching of intralayer PL emission in heterobilayers

In all of our heterobilayers, we observe a pronounced suppression/quenching of the monolayer
A exciton PL emission of the constituent WSes and MoS: monolayers, as shown in the main
manuscript and in Fig. S5(a). Remarkably, we find that the quenching of the WSes PL emission
is far more pronounced than that of the MoSs. This trend is observed for all of the investigated

heterobilayer samples, as Fig. S5(b) demonstrates. While we do not find a clear dependence
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Figure S5: (a) Room-temperature PL spectra measured on isolated WSea and MoSs monolayers
and on a heterobilayer region. All spectra are recorded using identical excitation density and
integration times. (b) Ratio of WSey (green dots) and MoS; (blue dots) A exciton/trion PL
intensities in the heterobilayer relative to isolated monolayers as a function of twist angle. The
dashed lines indicate the ratio averaged over all twist angles. (c) ILE intensity as a function of
twist angle. (d) Ratio of ILE to WSe2 A exciton intensity (measured on isolated monolayer

region) as a function of twist angle.

of this quenching factor as a function of twist angle, we see that on average, the MoSs PL
intensity is reduced to about 8 percent of the monolayer value, while the WSe; PL emission is
reduced to about 2 percent. We note that due to the low intensity of the WSes PL emission
in the heterobilayer, combined with the spectral overlap with the ILE emission, there are larger
fluctuations of the quenching ratio from sample to sample. While a quantitative analysis of
the quenching ratios would require measurements of interlayer tunneling rates from WSes to
MoSs and vice versa, as well as radiative recombination rates for the two materials, the large
difference of the quenching ratios supports our calculations of the heterobilayer which yield a
delocalized hole state that extends over the two constituent monolayers, and an electron state
localized fully in the MoSs layer. In the heterobilayer, PL emission of MoS: A excitons may be
enabled by intralayer hole scattering from the global valence band minimum at I' to the local
minimum at K and subsequent radiative recombination with electrons at the global conduction
band minimum at K. By contrast, PL emission of WSes A excitons from the heterobilayer would
require interlayer tunneling of electrons from the MoSs layer into the WSes layer against a
substantial band offset difference, leading to a more pronounced suppression of this transition
in the heterobilayer.

1.5 Twist angle dependence of interlayer exciton emission intensity

Additional evidence for the I'-K character of the ILE emission in WSes-MoSs heterobilayers
is the (lack of a) dependence of the ILE emission intensity on the twist angle. In a twisted
heterobilayer, both I' — K and K — K transitions are generally indirect in &k space. However,

for twist angles close to 0 and 60 degrees, the K — K transition is almost direct in k space,



so that a larger PL yield could be expected for this transition. Figure 55(c) shows the ILE
emission intensity as a function of twist angle. We note that the intensity fluctuates strongly
from sample to sample and that there is no pronounced increase of PL yield for samples with
twist angles close to 0 or 60 degrees. This observation is in stark contrast to WSes/MoSes
heterobilayers, where a clear dependency of the PL intensity of the ILE with respect to the twist
angle was observed [7]. In order to reduce sample-to-sample variations which might stem from
changes of the setup, such as laser spot size, we also determined the intensity ratio of the ILE
emission and the WSe; A exciton emission on the isolated monolayer regions. As Fig. 55(d)
demonstrates, there is no clear dependence of this ratio on the twist angle either. This lack
of an increased PL yield for near-aligned and antialigned heterobilayers supports our assertion
that the ILE emission stems from the I'-K transition, which is, naturally, always indirect in k
space, irrespective of the twist angle.

1.6 Energy shift of monolayer exciton/trion transitions in heterobilayers

As discernible from Fig.2(c) of the main article, the A exciton/trion PL peaks do not exhibit a
clear dependence on the twist angle. The PL energies from the ML parts are slightly scattered
around well-defined mean values of 1.659 eV (WSez) and 1.890 eV, which are in good agreement
with the literature [8, 9] and justify the identification as exciton/trion peaks. However, we
observe a redshift from the ML to the HB by 18 meV (WSe;) and 24 meV (MoS;). Similar
redshifts in TMD homobilayers have been reported previously [8, 9]. It is likely to be a result
of enhanced screening in the multilayers as compared to ML. The screening reduces both the
quasiparticle band gap (redshift) and the A exciton binding energy (blueshift) and in total the
redshift dominates [10, 11].

1.7 Low-temperature PL measurements

As discussed in the main manuscript, we observe a complex behavior of the ILE emission with
decreasing sample temperature. Here, we present additional temperature-dependent PL mea-
surements in the range from 90 K to 4 K. Figure S56(a) shows a series of PL spectra measured on
a heterobilayer and on isolated WSe; and MoS; monolayers. To suppress the effects of spatial
inhomogeneity of the ILE emission, a PL map was recorded for each sample temperature, and
spatial averaging of about 30 individual spectra measured in the heterobilayer region was per-
formed. The spectra are not normalized, so that the PL intensities for different temperatures
can be directly compared. For both of the isolated monolayers, the systematic blueshift of the
A exciton/trion PL emission with decreasing temperature due to band gap increase continues.
We also observe that the A exciton and trion emission yield in the WSes monolayer decreases
as the temperature is lowered below 90 K. The origin of this decrease will be discussed below.
Additionally, a broad shoulder (marked L) emerges at 60 K, which can be attributed to emission
from localized states [12, 13]. This localized-state emission dominates the PL spectrum of the



WSes monolayer at 30 K and below. In the MoSs monolayer, we find that the exciton/trion PL
vield monotonously increases with decreasing temperature, most likely due to the suppression
of nonradiative decay channels. We also observe the emergence of a broad, low-energy shoulder
(marked 5) as the temperature is reduced below 90 K. This feature was previously attributed
to excitons bound to surface adsorbates [14]. In the heterobilayer region, we observe that, while
the MoSy PL yield increases monotonously with decreasing temperature, the ILE emission is
no longer clearly discernible at temperatures below 90 K. This is due to the emergence of the
pronounced localized-state emission of WSe; in the heterobilayer region, which is at a slightly
lower energy than the ILE, but so broad that it overlaps with the ILE emission region. Thus, we
cannot clearly quantify the ILE yield for temperatures below 90 K. However, an upper boundary
for the remaining ILE emission can be extracted from the PL spectra. For this, we compare
the ILE PL emission obtained at 90 K, blueshifted by the same amount as the MoSs emission
to account for the changing transition energy, with the spectra at 60 K and below. Scaling the
trace by an appropriate amount to match the PL spectra yields a conservative upper boundary
for remaining ILE emission. This approach is indicated for the PL spectrum measured at 4 K
by the red spectrum, which corresponds to the appropriately blueshifted ILE emission spectrum
measured at 90 K, scaled by a factor of 0.7. We note that this upper boundary most likely signif-
icantly exceeds the ILE emission that would be obtained by decomposition of the PL spectrum
into Gaussian peaks for [LE and defect-related emission. We also note that we do not observe
the low-energy emission from MoSsz in the heterobilayer region. This observation indicates that
due to the fact that MoSs is covered by the WSes layer, no pronounced adsorbate-related PL
emission occurs.

In Fig. S6(b), we plot the integrated PL intensities for the WSes exciton, the MoSs exi-
ton/trion and the ILE emission measured in the heterobilayer region, normalized to their respec-
tive values at 300 K, as a function of temperature. We find that the PL yield of the MoSs-related
emission monotonously increases with decreasing temperature. By contrast, for the WSe; A
exciton emission, the PL yield decreases with decreasing temperature, and the neutral A exci-
ton emission is no longer observable at temperatures below 120 K. This decrease is due to the
peculiar band structure of WSes, in which the conduction-band spin splitting is such that the
optically bright, spin-allowed A exciton transition is between the upper valence and the upper
conduction band. Hence, there is a lower-energy, optically dark A exciton state in WSe, and the
related WSa. The lower-energy dark A exciton state in the tungsten-based materials was indi-
rectly inferred in temperature-resolved PL measurements, where the PL yield initially increases
with increasing temperature due to increasing thermal population of the optically bright A ex-
citon state [15, 16, 17]. More recently, PL emission from the dark state was directly observed
using applied in-plane magnetic fields [18] and in-plane excitation and detection geometry [19].
Since the ILE is formed from electrons located in the MoSs layer, where the conduction-band
spin splitting is very small [20], and holes that are located predominantly in WSes, we do not
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Figure S6: (a) Temperature-dependent PL spectra measured on isolated WSes (left panel)
and MoS; (right panel) monolayers (ML) and on a heterobilayer region (center panel). The
spectra are not normalized, so that the PL intensities for different temperatures can be directly
compared. The dotted lines trace the spectral evolution of the various emission peaks. In the
WSes monolayer, emission from localized states (L) and trions (T) is observable in addition
to the neutral A exciton. In the MoSs monolayer, a low-energy PL emission attributed to
surface-adsorbate-bound excitons (5) is identified in addition to the trion feature. In the hetero-
bilayer,the interlayer exciton (ILE) emission is suppressed as the temperature is reduced from
00 K to 60 K. As the temperature is reduced further, pronounced emission from the WSes L peak
masks any residual ILE emission. To estimate an upper boundary for residual ILE emission, the
spectrum measured at 90 K is scaled by a factor of 0.7 and superimposed onto the spectrum at
4 K, taking the blueshift in energy due to reduced temperature into account. (b) Integrated PL
intensity of MoS; trion/exciton, WSes; exciton and ILE peaks, normalized to their respective
intensities at 300 K, as a function of temperature. For the ILE emission intensities below 90 K,
the estimated upper boundary is indicated.



expect an energetically favorable, spin-forbidden (dark) ILE ground state, even if we were to
assume a K-K nature of the ILE. Hence, we do not expect a nonmonotonous temperature depen-
dence of the ILE emission based on dark state formation. However, we find that, after an initial
increase of the ILE PL yield with decreasing temperature, most likely due to the suppression of
nonradiative decay channels, we observe a clear suppression of the ILE emission as the temper-
ature is decreased below 60 K. While we can only give an upper boundary for this suppression,
this behavior is in stark contrast to that observed in the MoSes-WSes heterobilayer system.
For that material combination, in which ILE are considered to be k-space-direct, a significant,
monotonous increase of the ILE PL yield is observed with decreasing temperature [21, 22]. This
clear difference in temperature dependence of the ILE PL yield further supports our assertion
that the ILE observed in our MoS2-WSes heterobilayers are k-space-indirect. We note that we
do not expect a complete suppression of the ILE PL emission in our system at low tempera-
tures: while radiative recombination of k-space indirect excitons is partially suppressed at low
temperatures due to the reduced phonon population, PL emission of k-space-indirect excitons
remains possible via phonon emission processes.

The temperature-dependent PL data presented in the main manuscript and supplement were
recorded on a sample with a twist angle of about 33 degrees. A second measurement series on
a sample with near-alignment (twist angle about 59 degrees, not shown) yields a qualitatively
identical behavior of the ILE PL intensity as a function of temperature, further supporting our
assertion that the ILE transition in our heterobilayers is always k-space-indirect, irrespective of

twist angle.
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Figure ST: (a) Top and side view of the strained, crystallographically antialigned and com-
mensurate model system. Black lines show the hexagonal unit cell. (b) Superposition of the
band structures of the HB model system (solid, black) and the individual (strained) layers of
MoSs (dashed, blue) and WSes (dashed, green). Grey circles indicate regions where interlayer
hybridization leads to strong modifications of the band structure. (c) Projected band structure
of the HB model. The width of the bands is proportional to the monolayer character of the
state. Spectroscopically relevant transitions are indicated by arrows; states are labeled as in

Fig. 58(a). Encircled regions again indicate interlayer hybridization.

2 Supporting theoretical details

2.1 Model system
2.1.1 Basic electronic structure of heterobilayers

In order to understand the basic properties of WSez/MoS2 HBs we first analyze an idealized
model system, where the MLs are crystallographically antialigned and commensurate. In this
system the crystallographic antialignment implies a twist angle of 60° as in TMD bulk crystals
of the 2H phase. Lattice commensurability is enforced by an in-plane compression of 1.6% for
the WSez ML and an expansion of 2.1% for MoSs (the in-plane DFT+TS lattice constants
of MoS; and WSep are 3.16 A and 3.28 A, respectively). The model system is illustrated in
Fig. 57(a). Its electronic band structure is shown in Fig. S7(b), where the band structures of
the individual MoSs and WSes layers are superimposed and all energy levels are aligned with
respect to the vacuum level E,,.. The latter was determined from the constant value of the
DFT effective potential (without the exchange-correlation potential) at large distances from the
system. Due to the strong applied strain, band gaps, band extrema and band dispersions are
modified in comparison to strain-free systems [23, 24]. For example, the valence band maximum
of ML MoSs in Fig. 57(b) is at the I'-point. However, in strain-free ML MoSs it is at the K
point and the band gap is also bigger (and that of WSe; is smaller). We will use the model
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Figure 88: The dependence of interlayer transition energies on the layer separation in the model
system. (a) The labeling of band extrema near the valence and conduction band edges. Vertical
arrows indicate the monolayer band gaps. Color code as in Fig. 57(c). (b) DFT transition
energies as function of interlayer separation d for monolayer (ML) and interlayer transitions.

The transitions are defined as .1::;."“'““ — k_‘;““d“’“ﬁ”“.

system to analyze the influence of interlayer interactions on the band structure. As discernible
in Fig. ST7(b) the band structure of the HB is mostly a superposition of the band structures of the
individual MLs. The staggered band alignment is reflected in the valence band maximum being
defined by WSes states and the conduction band minimum by MoSs states. The localization of
the states is indicated in Fig. S7(c) and it is apparent that wherever the band energies agree with
the corresponding ML value in Fig. S7(b) the states are fully localized in the respective layer.
However, electronic interlayer interactions modify certain states of the HB band structure. Their
band energies are shifted and hybrid interlayer states are formed. These states are indicated
by dashed, grey circles in Fig. S7(b) and (c). Most relevant for this study is the interlayer
hybridization at the valence band maximum near the I'-point. Pink arrows indicate the strong
shift of band energies. Important is the upshift of the highest occupied band. The band curvature
increases, which implies a reduction of the hole effective mass. The wave function of this state is
a hybrid of 76% WSes and 24% MoSs. The second-highest occupied band at I' is shifted down

and its band curvature decreases (increase of the hole effective mass).

2.1.2 Identification of the nature of ILE via the dependence of the electronic struc-

ture on the layer separation

With PL spectroscopy we found that the PL peak near 1.6 eV (dubbed ‘ILE’) shifts in energy
as a continuous function of the twist angle. Furthermore a DFT analysis of the HB has shown
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that the separation between the layers changes as function of the twist angle. Most remarkably,
the functional dependence of both effects on the twist angle is very similar with a linear propor-
tionality factor of 0.44 eV /A (see main article). In order to explain these PL results we need to
identify a low-energy band transition that increases in energy as the layer separation increases
(i.e. positive slope). Therefore we study the dependence of the DFT transition energies on the
separation between the ML. The results are given in Fig. S8. Panel (a) is similar to Fig. 57(c)
but additionally the band extrema near the gap are labeled. Transitions between states of the
valence and the conduction band in panel (b) are defined as kYalence — k_";"“d“"‘i‘m. We emphasize
again that the ML of the model system are modified by in-plane strain and therefore band gaps
and absolute transition energies are different from strain-free systems (see above). However to a
first approximation the out-of-plane interlayer interactions can be considered as independent of
the in-plane strain. Therefore, general trends of the effect of layer separation on the electronic
structure can be studied with the model system.

Within the considered range all transition energies shift as a nearly linear function of the
layer separation and the extracted slopes are given in Table 51. ML transitions (left and central
panel in Fig. S8(b)) that involve hybridized states (I'1, Q4, R4) exhibit a pronounced dependence
on the layer separation, while transitions between non-hybridized states (K;, Q;, Qa, Qa, Qs,
R, Ra, Rs, Rs) do not. This is plausible since the interlayer hybridization is tuned by the layer
separation. MoSs ML transitions involve mostly non-hybridized states and therefore they are
almost insensitive to the layer separation (the slopes are nearly zero). WSes ML transitions that
involve I'y, QQ4, R4 exhibit a separation dependence. But only I'i-related ones (I'1-Ks and I'1-Qy4)
have a positive slope (0.561 and 0.319 eV/A, respectively). However the transition energy is
larger than that of the K;-K2 ML transition (also in unstrained systems), which is related to
the A exciton. Therefore these transitions cannot be measured with PL and we exclude the
possibility that the PL peak near 1.6 eV is related to transitions within ML of MoSs or WSes.
As a result of the staggered band alignment, all interlayer transitions (right panel in Fig. 58(b))
are at smaller energies than ML transitions. The PL peak near 1.6 eV is therefore likely to be
related to an interlayer transition. Transitions with positive slopes (last line in Tab. 51) are
only those that involve I'y. The slopes of I'1-K1, I'1-Qa, ['1-Ri. I'1-Rs are all very close to 0.44
EVJH'J?\.. But I'1-K is the lowest-energy transition and the only one of them that is relevant for PL
measurements. We emphasize that also in the unstrained system K, forms the conduction band
edge and (Qz2, R1 and Rs are at higher energies. Thus, we are able to identify a single transition
—I'y-K; — that lies within a reasonable energy range, has the right trend and the correct positive
slope of 0.47 EV{'A, in excellent agreement with the value of 0.44 eV,H'A, found for realistic HB.

It is interesting to note the negative slope of the K1 — K interlayer transition in Tab. S1.
This means that the K; — K1 gap of isolated ML is smaller than the one in the HB. A similar
K1 — K gap reduction between WSez /MoS2 HBs and their isolated ML was reported by Latini
et al. [10]. They ascribe this effect to charge transfer between the ML.

13



WSez ML | Ki-Ko  Ki-Qu Ki-Qs Ki-Qs Ki-Ry Ki-Rz Ki-Rg T'i-Ko T'1-Qq
(Evfﬁj -0.025 -0.267 0.013 -0.112  -0.223  0.000 0097 0561 0.319

MoS: ML | Ko-K;  K2-Q1 KsQ2 Ks-Q3 Ka-Ry Ks-Rs Ks-Ra Tz-Ky T'2-Q
{EV{J&.) -0.019 0.071 0.002 0.023 -0.037 -0.017 -0.076 -0.081 0.010

interlayer | Ki-K; K;-Qi Ki-Q: Ki-Ry Ki-Re Ii-Ky T'1i-Qi I'i-Qe T'i-Ry T'i-Re
{EV{;&.) -0.116 -0.025 -0.094 -0.133 -0.113 0.471 0.561 0.492 0453 0474

Table S1: The slopes extracted from the transition energy vs. layer separation plots in Fig. S8(b).

Twist angle 8=5.1°

Figure 59: Unit cells (green) and atomic decoration (Mo is black, S is yellow, W is blue and Se
is orange) of the heterobilayers studied with DFT. MoSs is the bottom layer and WSs is the top

layer. The wavelength of the discernible moiré patterns increases from the right column (twist
angles close to 30° ) to the left column (twist angles close to 0° or 60° ).

2.2 Twisted heterobilayers
2.2.1 Construction of twisted heterobilayers

In order to generate the atomic structure of twisted HBs, commensurate, periodic supercells for
special twist angles were constructed. The unit cells of the considered systems are shown in
Fig. 59. The supercell lattice vectors for the top and bottom layers are given by

T=ﬂtfl+mtf:2
§=ﬂb51+m552?

where t; and f3 are the primitive lattice vectors for the top layer, 51 and Eg are the primitive
lattice vectors for the bottom layer (hexagonal lattice vectors) and mng, my, np my are integers.
The commensurability condition then simply is |f| = |§| As the DFT-TS lattice constants
of MoSs and WSes (3.16 and 3.28 A [25, 26]) differ by about 4%, the systems are actually

incommensurate. However various supercells of one layer can be constructed such that they are
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WSes MoSa
twist angle (° ) | (ne, m¢) | strain (%) | (ny, ms) | strain (%) | atoms | |T| = | B| (A)
5.1, 54.9 (9,2) 0.029 | (10, 1) -0.020 | 642 33.277
14.5, 45.5 (2,9) 0.029 | (10, 1) -0.020 | 642 33.277
21.1, 38.9 (7,4) -0.027 | (10, 0) 0.027 | 579 31.602

Tahble 52: The parameters defining the commensurate supercells of the HB for each twist angle.
The primitive-to-supercell scaling factors ng, mg, ny and mg, the strain in each layer, the number
of atoms per HB supercell and the length of the supercell basis vector are given.

nearly commensurate to supercells of the other layer. Commensurahbility is then enforced by
applying a small amount of strain to the individual layers. In our study the strain is always
less than 0.03% (see Table 52). DFT calculations of positive biaxial strain in MoSg show that
the band gap changes by -0.240 eV /% strain. The strain in the commensurate HB supercells
therefore alters the MoS2 band gap by less than 10 meV. This is much smaller than the band
structure effects we are considering in this work. All relevant structural parameters are given
in Table 52. Each set of parameters describes a small and a large angle HB. The differences is
generated by a similar or opposite relative orientation of the transition and chalcogen atoms in

the primitive unit cells of each layer.

2.2.2 Layer separation and static waviness

The twisted HB were structurally optimized with dispersion-corrected DFT-TS calculations.
Figure S10(a) shows the mean layer separation d of the considered HB. The latter changes as
a continuous function of the twist angle over a range of 0.07 A. Incommensurability and steric
effects lead to an 4% increase of d as compared to a hypothetical commensurate HB system
(dashed line in Fig. $10(a) at d = 6.33 A, taken as half of the mean lattice constants of 2H MoSs
and WSey). The reduction of d for angles near 0° or 60° by 1% is a result of static waviness.
This effect is illustrated in Fig. S10(b). The upper panel shows a HB with a twist angle of
21.1° and the upper right panel displays the vertical components of 5-Se distances and how they
vary within the unit cell. One finds variations in a range between 3.32 and 3.35 A, which is
insignificant. This is very different for the HB with twist angles near 0° or 60° . In the 5.1° HB
in the lower panel a long-wavelength moiré pattern is discernible in the structure illustration
on the left. The local layer separation is maximal if two chalcogen atoms are vertically aligned
(arrow 'Se on 5’) and minimal if chalcogen and metal atoms are vertically aligned (arrow "W
over 5). This is the essence of steric effects in TMDC homobilayers and HB. The 5-Se distances
in the lower right panel show a large variation, ranging from 3.10 A to 3.55 A. Similar elastic
deformations in van der Waals HS have been reported by some of the authors [27] and Kumar
et al. [28]. Due to the long-wavelength of the moiré pattern and a flexibility of the ML to bend,
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Figure 510: (a) Mean layer separation of MoSs-WSes heterobilayers vs. twist angle. The ‘error
bars’ indicate the minimum and maximum local variation of the separation that becomes very
strong for angles near 0° and 60° . (b) left: structure illustration (color code as in Fig. 59);
right: color map of 5-Se distances (vertical components). Distances in the color bar are in A.

these two extrema are realized within a single unit cell and create a static waviness. For 21.1°
the wavelength of the moiré pattern of the HB is too small and the two ML are too stiff to
conform it and therefore the HB is not wavy and the S-Se distances are close to 3.34 A. For 5.1°
the S-Se distances are smaller than 3.34 A in large parts of the unit cell. This is the reason why
the mean layer separation is reduced for small twist angles.

2.2.3 Determination of DFT transition energies

The band structures of two twisted HB are shown in Fig. S11. Due to the large number of
atoms per cell (ca. 600) the number of bands is also very large and the complexity does not
allow an easy analysis as done with the HB model system (compare Fig. ST). In twisted HB the
Brillouin zones of the individual ML are twisted with respect to each other (see main article)
and their bands are folded into the Brillouin zone of the commensurate supercell. This folding
also implies that states from the K-points of the ML are folded to general k-points in the HB
supercell. By tracing the mapping of the ML K points, we find for the two examples, i.e. 5.1°
HB: Kmos, —+ ', Kwse, — Kugn; 21.1° HB: Kuos, =+ Kup, Kwse, — I'up. Note that the
I-point always maps to I': T'yp — I'ygp. It is straightforward to extract the energy of the

K1 — K, transition from the valence band maximum (VBM) and conduction band minimum
(CBM) in Fig. 511(a). To find the energy of the VBM K5,T';,I's and the CBM K3 we expanded

the wave functions of the band states in LCAO-like basis functions. We obtain the projected
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Figure S11: (a) DFT band structures of HBs with twist angles of 5.1° (left) and 21.1° (right).
The color indicates the localization of the band states in the WSes layer (green) and the MoSs
layer (blue); each band structure is doubled for clarity. Relevant optical transitions are indicated
by colored arrows. States are labeled as in Fig. S8(a). (b) Important DFT transition energies
for HB with varying twist angles. Dashed lines in the upper panel indicate values obtained from

isolated monolayers.

band structures as shown in Fig. S11(a) by summing up the squares of the expansion coefficients
from all atoms of one layer. The color clearly indicates the localization of the states and allows
one to find the energies of the VBM of MoS: and the CBM of WSes. The four most relevant
transition energies of HB with different twist angles are given in Fig. 511(b). The results show
that the ML transitions are insensitive to twisting or interlayer interactions, as their energies
are equal to the ML value (dashed lines). The small variations that are discernible are likely to
come from differences in the residual strain of the commensurate HB supercells (see Tah. 52).
The two interlayer transitions however are sensitive to twisting but only the trend of T'y — K

agrees with the PL results, as discussed above and in the main article.

2.2.4 Comparison with photoluminescence energies

Absolute DFT transition energies cannot directly be compared with absolute PL energies due
to the inability of the single-particle Kohn-Sham description to properly account for both the
quasi-particle band gap and the two-particle states such as excitons, that are very important in
TMDC materials. To match the energy scales of PL and DFT in Fig. 2(d) of the main article
we therefore rigidly shift the DFT transition energies by +0.445 eV. This implies that we do

not compare absolute but relative energy scales. For the variation of the energies with twist
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Figure S12: Energy gaps and band offsets in the MoS;/WSe; heterobilayer for (left) I' — K
and (right) K — K transitions. States are labeled as in Fig. S8(a).

angle we obtained quantitative agreement that allows us to ascribe the ILE PL peak to the
I' — K transition. The change of the I' — K transition energy is essentially a shift of the I'-
point valence band energy (white arrow in Fig. 3(a) of the main article). It has been previously
shown that relative shifts of valence band energies of TMDCs and other systems with respect
to structural changes can be calculated reliably with DFT [29, 30]. The outstanding agreement
between experiment and DFT in Fig. 2(d) of the main article indicates that neither the dielectric
screening nor the exciton binding energies (see Sec. 2.3) are significantly affected by twisting
and therefore the observed twist-angle-dependent PL shifts are mainly a band structure effect.

2.2.5 Band alignment diagram: estimation of band gaps and band offsets

The basic optical and electronic properties of a HB are defined by the band edge states. Their
relative energies are given in the band alignment diagram in Fig.3(a) of the main article and in
Fig. 512. These diagrams contain the band gaps and the band offsets in the MoS;/WSe; HB.
DFT calculations allow one to calculate ground state properties with high accuracy but band
gaps and the band offsets in heterostructures are only qualitatively correct. For a more reliable
determination we use converged GgWp results from Rassmussen et al., who tabulated absolute
energies! of band edge states (K1 and K3) in MoSz and WSea ML (and various other TMDCs)
[31). The analysis above shows that interlayer interactions have a weak impact on the band
energy of K1 and K. Therefore we use these ML values to estimate the band offsets VhK and
V., in the HB as given in the right-hand part of Fig. S12.

!relative to the vacuum level
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The band energies of the states [y and I's are strongly influenced by interlayer interactions
(see pink arrows in Fig. S7(b)). As GoWj calculations for twisted HB (ca. 600 atoms per
unit cell} are not at all feasible, we estimate the band energy of these state as: =p, = E'E';""r
EAEE,VC{“TSEQ} EKl +E1-x1 where EK is the GpWp band energy, ﬂSDC{WSEQ} is the splitting
of the Ky state due to spin-orbit interactions from Ref. [31] and EKl and .El--l are the DFT
band energies in a twisted HB with a twist angle of 21.1° (see labels in Fig. 511(a)). As the
GpWy calculations include spin-orbit interactions and the DFT calculations do not, we use half
of &%[WS@Z} to correct that difference. We argue that it is reasonable to calculate the energy
difference between K; and I'y in DFT because the two states are mostly localized in the WSes
layer and DFT band energy differences between valence states in TMDC MLs were shown to be
in good agreement with experiment [32, 29]. Similarly, the band energy of I's is estimated as:
Ery = EK2 E"}‘ c(MoS2) —¢ KET +£DFT The left-hand side of Fig. 512 is obtained using this
approach. The band offset of the I'-point hole states I—L = g1y — £y in separated ML is 0.16 eV
and 0.44 eV in HB (21.1° ).

2.3 Exciton binding energies

The electron and hole probability density distributions in the MoSs and WSes layers that com-
pose the heterostructure play a fundamental role in the exciton binding energy and oscillator
strength. Such distributions can be retrieved from DFT calculations of the band structure of
the MoS2/WSes heterostructure, as shown in Fig. S7(c), where one observes that at the K-
point, the valence and conduction band states are fully separated in different layers. In fact,
this is what one would expect bringing together these two layers: for a type-1I band alignment
electrons (holes) should be fully confined in the MoSs (WSez) layer. This is however not true
for the valence band states at the I'-point, where a mixing of ML states is ohserved, with 24%
of the valence orbital localized in the MoSs layer. Whenever we speak of electron-hole overlap
o in the figure and discussion below, we refer to the projection® of the hole wave function |+ k)
(k=T or K) onto the MoSs layer o = |{MoSa| + k)|>.

As a consequence of this mixture, holes at I" and electrons at K points form partially charge-
separated excitons in real space that exhibit finite oscillator strength, in contrast to the fully
charge-separated exciton, with both electrons and holes at K, where these charges are completely
spatially separated in different layers and, therefore, have very small oscillator strengths.

In order to estimate the binding energy of such partially charge-separated ILE, one could use
the 24%-76% distribution for the hole, along with a completely localized electron in MoSa, to
construct the exciton wave function distribution along the direction perpendicular to the layers,
whereas the in-plane motion would be described, e.g., by a variational function. However,
electron-hole interactions in 2D materials are known to be very strong, due to the lack of

dielectric screening by the environment surrounding the layers (assumed to be vacuum here),

2 With the resolution of identity 1 = [WSe) (WSez| + [MoSz) (MoS,|.
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which suggests that this distribution, obtained ab initio without accounting for electron-hole
interactions, may change if this interaction is taken into account. Therefore, it is important
to develop a model that matches the DFT interlayer orbital distributions in the limit of non-
interacting charges, but also allows for corrections due to electron-hole interactions. This is done
in what follows, within the tight-binding model framework.

First, we use the DFT results to parametrize the interlayer hoppings. By comparing the
conduction and valence bands at the K-point in Fig. S7(b) for isolated monolayers (dashed lines)
and their heterostructure (solid line), one observes that the latter is basically just a superposition
of the results in the former. Moreover, as previously mentioned, electrons and holes are fully
confined to their layers, with no interlayer mixing. This means that within the simplest tight-
binding model for electrons and holes at K, interlayer hopping parameters must be zero and
a basis with electron and hole wave functions given by single-layer states, |i}, representing an
electron or hole confined in the i-th layer, with i = 1 (for MoSa) or 2 (for WS5es), diagonalizes the
system. For such a charge-separated exciton, therefore, no further refinement is needed: tight-
binding 22 matrices for the conduction or valence band Hamiltonian are diagonal, eigenvalues
are simply 0 and ﬂi{fh] for conduction (valence) bands, where Veﬁ) is the conduction (valence)
band offset at K, and eigenvectors are (1 0) and (0 1). Lowest-energy electron and hole states
are (1 0) and (0 1), thus representing an electron localized in MoS2 and a hole in WSes, and the
binding energy can be readily calculated just by solving the in-plane Schridinger equation for
an electron-hole pair using the interaction potential for separate carriers, which will be discussed
in greater detail further on.

For valence band states at I' in Fig. 57(c), however, there is a clear mixture of ML states
and the heterostructure valence band is not just a superposition of the monolayer ones. This
suggests that the 2 x 2 tight-binding Hamiltonian matrix in this case is no longer diagonal, but,
in the simplest tight-binding model, can be rather written as

vIot
H£‘=( hoR ) (1)
th 0

where Vhp is the valence band offset between separate ML and t is the interlayer hopping
parameter. The band structure in Fig. ST(b) shows that the band offset (pink arrows) increases
as the ML are put together in a HB. In the previous section I'f was determined to be 0.16 eV
and 0.44 eV for separated ML and the HB, respectively. We thus adjust ¢; as to reproduce
this increase of the band offset in the heterostructure valence bands, obtaining ¢, = 0.2341 V.
Finally, diagonalizing H! for these parameters, one obtains also a hole wave function that is
distributed between both layers, with 32%(68%) probability to be found in the MoS; (WSes) -
very close to the ratio 24%-76% obtained with DFT, which adds support to our model.

We now consider a hybrid trial wave-function for the exciton |¥) = H,(r)|ij): its radial part
is given by a variational hydrogenic function H,(r) = (2/av/2m)e"/®, where a is a variational
parameter, whereas its longitudinal part |ij} consists of the tight-binding basis discussed above,
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with an electron in the i-th layer and a hole in the j-th layer. In this way, we are assuming that
the wave function spreads over the planes of each layer (with an effective Bohr radius a), but it
is infinitely thin around each layer in the direction perpendicular to them. This approach allows
us to "lock” the eigenstates in the ground state for the radial direction, while we investigate the
electron-hole distribution along the layers for different states in the perpendicular direction.

In the model basis |11}, |12}, |21}, |22), the hybrid continuum /tight-binding model Hamil-

tonian is represented by the matrix

Hii th te 0
t H 0 t
H— h 12,12 e ’ 2)
te 0 Hay o th
0 te iy Ha9 .99

with diagonal elements Hyq 11 = K11+Vi1+V)], Hig 19 = K194+Vig, Hyy 91 = Koy + Vo +VE 4V,
and Has 29 = Koo + Vaa + VX where the kinetic energy contribution is
R 1

Ky = 255 a?’

(3)

with reduced effective masss p;; = (1/mi + 1 fmi}‘ﬂ while the effective inter- and intralayer
electron-hole interaction potentials Vj; are the expectation values of the interaction potential
K?EH (r), calculated within the Quantum Electrostatic Heterostructure model [33], assuming an
electron in the i-th layer and a hole in the j-th layer, i.e. Vj; = 27 [© Hg{rjﬂ?EH (r)rdr. Inter-

layer hopping parameters for electrons and holes are ¢. and ty, respectively. The Hamiltonian
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Figure 513: Ground state K-I' ILE binding energy as a function of the hole band offset,

for different hole effective masses: m;rl‘wsg"’ = 2.1 mg and mi’M”S"’ = 3.3 my (black solid),
mi’wsﬂ = 2.1 mg and m}:‘MDS“ = 10.0 (blue dotted), mi’wsﬂ = 3.7 mg and m}:‘MDS? =3.3myg

(red dashed), and m; " **2 = 3.7 mj and m; ™°? = 10.0 (green dashed-dotted). Electron-hole
overlaps are shown in the inset for the black solid and blue dotted cases. The abscissa of the

inset agrees with the main plot.
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matrix Eq. (2) is then numerically diagonalized for different values of a, until a minimum ground
state energy is reached.

As verified in Fig. S12, the conduction band offset at K is 0.31 eV, (MoS2 being the layer
with lowest energy) and due to the lack of interlayer mixing of the conduction band orbitals,
we assume t, = 0, which makes the HB conduction bands the same as a superposition of ML
bands, as previously discussed. This is equivalent to having a very high electron effective mass

MoSs

in z-direction for the TMDC layers. The in-plane electron masses are my = (.55 mg and

m¥ 52 = 0.48 my [31]. For the valence band we take Vi = 0.16 €V, t;, = 0.2341 €V and the
effective masses mi’MnSz = 3.3 mgp and mi’wsﬂ = 2.1 myp [23], unless otherwise explicitly stated.

Let us first investigate the A exciton binding energies in isolated ML and in the HB within
our model. In this case, the variational part of the model is sufficient and the tight-binding
matrix construction is discarded, since electrons and holes are both localized in a single layer
and involve K-point states only. The A exciton binding energies are thus obtained simply
by minimization of E;JDS?(WS&J = Kyy(22) + Viigez) with respect to a. For isolated ML we
obtain Ef o592 — _0.607 €V and E;i'r‘g“ = —0.553 V. These values are in good agreement with
those in the literature [34, 13]. For the MLs in the HB we obtain E}*%? = _0.432 eV and
EEFS“ = —0.396 eV | in excellent agreement with results of Latini et al. who obtained 0.42 eV
and 0.39 eV, respectively [10]. These values are lower than those obtained for isolated ML. This
is due to the fact that in the HB, even when dealing with ML excitons, V}; is calculated taking
into account the existence of an adjacent layer, which provides extra screening of the Coulomb
interaction thus reducing ML binding energies.

The K — K ILE does not require the use of the tight-binding matrix described here since
the conduction and valence band states in K are contained in each single layer. Equivalently,
the tight-binding model developed here would have hopping parameters ¢, = t;, = 0. The hole
effective masses at K are mf‘MaS’ = 0.56 mp and mf’wsﬁ = 0.44 my [31]. Our model leads to
a full K — K charge-separated exciton with binding energy Eff K — _0.285 eV. This result is
in good agreement with 0.28 eV found in Ref. [10], where only the K — K ILE is discussed.

Conversely, for the partially charge-separated K —I" ILE, diagonalization of the Hamiltonian
in Eq. 2 is required, which leads to a binding energy E;f T = _0547eV ., with an electron-hole
overlap of 0.59. As the interlayer gap for the K —I transition is 2.21 eV (see Fig. 512), the ILE
peak for this transition is expected to be at Eﬂ‘; - Ef —TI' = 1.663 eV. Notice the interlayer
electron-hole attraction is so strong it changes the hole distribution between layers from the
previous 32%-68Y%, for the non-interacting case, to 59%-41% when the interaction is turned on.
Such a hole distribution, strongly shared between both layers, explains the high values found
for binding energy and electron-hole overlap in this case.

It is worth investigating how these results depend on the effective mass and band offsets
chosen in the model. For example, as discussed in Sec. 2.2.5, the Vhr = 0.16 eV band offset

used here is inferred from the one found with GoWp calculations for the K — K transition by



subtracting the difference between the top of the valence bands for each material at I' and K
points as obtained from DFT. There may thus be a possible inaccuracy in the definition of this
parameter which requires further investigation of the ILE dependence on this parameter. For
the effective masses previously mentioned, the dependence of the ILE binding energy Ef_r on
Vhr is shown as a solid black curve in Fig. S13. One verifies that even doubling the band offset
to Vhr = 0.32 eV, the binding energy still decreases only by 0.04 eV, less than 10% of its original
value at Vi = 0.16 eV. Notice the value mg‘wgg"’ = 2.1 my is obtained from the heterostructure
band structure, whereas mE‘M”S“ = 3.3 my is the monolayer effective mass for MoS; (at I'). In
fact in the heterostructure, the valence band whose wave function is predominantly localized
in the MoSs ML is almost flat [see Figs. S7(b) and S11(a)], i.e. it exhibits an extremely high
effective mass. Nevertheless, in the definition of the reduced mass p;;, this mass appears in the
denominator, so that high values just shift the reduced mass closer to the electron mass and the
binding energy would not be significantly affected. This is verified by the blue dotted curve in
Fig. 513, which shows results assuming mE‘M”S“ = 10.0 myg. Such an enhancement of the hole
effective mass for the I'; band only leads to a < 0.010 eV difference in the ILE binding energy,
for any value of Vhr . The hole effective mass for the I'; band, on the other hand, is reduced in
the heterostructure. Using the ML value -r:-::‘,l:‘ll'i'r'Er""2 = 3.7 my while keeping mi’MﬂS? = 3.3 my,
one obtains the red dashed curve in Fig. 513, which is < 0.007 €V below the black solid curve.
Finally, using extreme values of effective masses, i.e. m;rl‘wse"’ = 3.7 myp and mi’MﬂS‘z = 10.0, still
leads to binding energies only = 0.010 eV below the black solid curve, as shown by the green
dashed-dotted curve in Fig. 513. Intermediate values of effective mass would lead to curves
within the shaded region of this figure. It is thus safe to say that the ILE binding energy is only
weakly dependent on the effective masses, which is in agreement with discussions in previous
theoretical works [35]. Although the dependence on V) is stronger, changing this parameter
still does not lead to values of ILE binding energy far from the = 0.5 eV found here and the
conclusion that the ILE has high binding energy is robust.

The influence of I'f on the electron-hole overlap o is shown in the inset of Fig. S13 for the
cases where m; """ °°2 = 2.1 mg and my"*% = 3.3 mg (black solid) or m;"***? = 10.0 mg (blue
dotted). This overlap is closely related to the interlayer dipole moment (pn, = ed(1 —o0), e and d
are the elementary charge and the layer separation, respectively), which could be experimentally
verified by measuring the ILE Stark shift due to a perpendicularly applied electric field, where
a linear contribution should appear along with the usual quadratic shift. This measurement
would thus give also an estimate of the hole band offset based on the model proposed here.

Let us now compare the theoretically obtained results with the actual peaks observed in the
PL experiment. The mean values of the A exciton peaks of MoSs and WSez ML are 1.920 eV
(here, we assume an exciton-trion splitting of 30 meV) and 1.659 eV, respectively. Using the
energy gap at K-point for MoSs and WSes in Fig. 512 and the previously calculated exciton

binding energies for isolated ML, these peaks are theoretically predicted to be around 1.873 and
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1.527 eV, respectively. Thus we obtain excellent agreement for MoSs and a small underestimation
of the PL energy for WSes. The ILE peak in the HB is measured at ~ 1.61 eV (twist angle
near 30 degrees). Our theoretical value for the I' — K ILE is 1.663 eV. This value lies within
the same order of magnitude as the ML WSes peak. This explains why the lower energy peaks
in the experimental PL spectrum are practically merged. Moreover, using the interlayer K — K
gap EX—K from Fig. 812, combined with the binding energy for the K — K ILE, Eff % leads
to a peak around 1.485 eV, which is already far from the experimentally observed merged peaks
around == 1.60 — 1.65. This provides further support that not a K — K ILE but I' — K ILE is
experimentally ohserved.
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