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ABSTRACT: An emerging class of semiconductor hetero-
structures involves stacking discrete monolayers such as
transition metal dichalcogenides (TMDs) to form van der
Waals heterostructures. In these structures, it is possible to
create interlayer excitons (ILEs), spatially indirect, bound
electron—hole pairs with the electron in one TMD layer and
the hole in an adjacent layer. We are able to clearly resolve
two distinct emission peaks separated by 24 meV from an
ILE in a MoSe,/WSe, heterostructure fabricated using state-
of-the-art preparation techniques. These peaks have nearly
equal intensity, indicating they are of common character, and
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have opposite circular polarizations when excited with circularly polarized light. Ab initio calculations successfully account
for these observations: they show that both emission features originate from excitonic transitions that are indirect in
momentum space and are split by spin—orbit coupling. Also, the electron is strongly hybridized between both the MoSe,
and WSe, layers, with significant weight in both layers, contrary to the commonly assumed model. Thus, the transitions are
not purely interlayer in character. This work represents a significant advance in our understanding of the static and

dynamic properties of TMD heterostructures.
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ailoring semiconductor heterostructures for specific
I functionalities has led to varied optoelectronic devices
including solar cells, photodetectors, light-emitting
diodes, and lasers. An emerging class of heterostructures
involves stacking discrete monolayers such as the transition
metal dichalcogenides (TMDs)"* to form so-called van der
Waals heterostructures (vdWHs).>* vdWHs offer myriad
functionalities, making them promising hosts for future devices.
One intriguing new property is the formation of an interlayer
exciton (ILE), a spatially indirect, bound electron—hole pair
with the electron in one TMD layer and the hole in an adjacent
layer.”™'*

MoSe,/WSe, is a bilayer vdWH composed of isoelectronic
Mo and W diselenide monolayers. It has a type II band
alignment with a spatially indirect minimal excitation gap, with
the top of the valence band formed predominantly by W states
and the bottom of the conduction band by Mo states.">™"* ILE
emission in this heterostructure has recently been observed,*”"”
indicating significant dipole transitions between layers. The
reported photoluminescence (PL) energy of the ILE emission
is in the range of 1.35—14 eV. Due to the type II band
alignment of the heterostructure,>™'% this energy is well
separated from the room-temperature emission energies of the
constituent MoSe, (1.55 eV)'? and WSe, (1.65 eV)>
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monolayers. As in the isolated monolayers, the heterostructure
violates inversion symmetry, resulting in spin—orbit splitting of
the bands. While interlayer excitons have been reported in
systems such as WSe,/MoS,,” MoS,/WS,"” and MoSe,/
MoS,,'"* we confine our discussion and comparison to the
MoSe,/WSe,” "> system because the lattice matching and
ordering of the conduction band splitting in other systems
could produce fundamentally different results.

Two groups have reported a splitting of the ILE in MoSe,/
WSe, at low temperature. Both groups use samples consisting
of bare MoSe,/WSe, heterostructures, and the splitting was not
well resolved.”'” The origin of this splitting and indeed of the
ILE itself has not been clarified. One group reports the splitting
to be on the order of 25 meV and suggests the two peaks
originate from the bright and dark excitons at the K-point, with
both transitions direct in momentum space.” The 25 meV
splitting in emission energy agrees well with the calculated ab
initio spin—orbit (SO) splitting of the MoSe, conduction band
at the K-point.”’ Another group deconvolves their data into two
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Figure 1. Characterization of the interlayer exciton. (a) Schematic depiction of the MoSe,/WSe, heterostructure. (b) Optical micrograph of
two vdWH samples, S1 and S2, before capping with the top hBN layer for ease of visualization. The brighter triangles are the CVD ML-WSe,,
and the larger star-like shaped layer is the CVD ML-MoSe,. The colored dots indicate the position where PL data were acquired. (c) PL of the
interlayer exciton from sample S2 at room temperature (red) and S K (blue). A comparison of the PL from the interlayer exciton, monolayer
MoSe,, and monolayer WSe, regions is shown at (d) 293 K and (e) 5 K. Spectra in (c)—(e) are offset for clarity, and scaling factors are
indicated as necessary. The ground state exciton emission features from the individual MoSe, and WSe, layers are labeled Xy;,s., and Xyys.o,

respectively.

peaks separated by almost 40 meV."? They propose one of the
peaks corresponds to a transition indirect in real space yet
direct in momentum space, while the second feature is indirect
in both real and momentum space. Both scenarios are
inconsistent with the similar intensity observed for the two
ILE peaks.

In this work, by using advanced preparation techniques, we
fabricate a vdWH in which we are able to resolve the ILE
splitting clearly, enabling us to elucidate the nature of the ILE
and the origin of these features. The split emission features
exhibit nearly equal intensity and opposite polarizations that
vary in a nonmonotonic fashion with excitation energy. Based
on considerations of their relative intensities, opposite
polarizations, and ab initio calculations, we conclude that
both transitions are indirect in momentum space, in contrast
with previous interpretations. The valence band maxima (hole
states) occur at the K, K’ points in the Brillouin zone, while the
conduction band minima (electron states) occur at the Q, Q’
points. Both bands exhibit splittings due to SO effects.
Furthermore, although the electron in the interlayer exciton
is commonly thought to reside entirely in the Mo layer, we find
instead that it has significant weight in both layers at Q. In
contrast, the electron states reside entirely in the Mo layer at
the K-point.

We find that including interlayer hybridization is essential to
theoretically determine the ILE character. The hybridized
electron eigenstates are superpositions of both spin states, and
both spin—orbit split bands are optically bright, decaying
optically with holes at the K point with opposite polarizations.
The Q—K transition is suppressed in momentum space relative
to the direct transition at K because it is indirect and requires
either a phonon or defect scattering to conserve momentum.
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But since the relevant wave function at Q has comparable
weight in both layers, it has significant overlap in real space.
The lowest-energy direct transition at K is strongly suppressed
because hybridization is forbidden by symmetry at this point
(see Supporting Information). This scenario is qualitatively
different from previous models and accounts for the roughly
equivalent emission intensity of both peaks, and is consistent
with the raw data previously reported for this heterostruc-
ture.*’? Our layer- and spin-resolved band structure
calculations provide insight into the origin of the ILE, and
suggest ways to tailor the indirect/direct momentum space
character of one or both transitions.

RESULTS

MoSe, on WSe, Heterostructures. We prepared a
number of MoSe, on WSe, heterostructures, and a schematic
of the resulting system is shown in Figure la. Typical results are
summarized here, and a more detailed account is presented in
the Supporting Information (SI). The individual monolayer
components were synthesized using chemical vapor deposition
(CVD) and transferred with a transfer technique described in
the Methods section and illustrated in Figure SI-1. Two
samples discussed in the main text are shown in the optical
micrograph of Figure 1b. In this image, there are two
monolayer (ML) WSe, triangles on top of hexagonal boron
nitride (hBN) with a larger ML MoSe, flake draped over them.
The edges of both WSe, triangles in Figure 1b are aligned
within <3° of the edges of the MoSe,. Hereafter, we will refer to
the MoSe,/WSe, overlap regions as S1 and S2, as labeled in the
figure. A third sample (S3) was also fabricated with a
misalignment of ~28°. In each case, the structure is capped
with a second layer of hBN (not shown in Figure 1b for clarity).
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Figure 2. Emission from two ILEs: (a) Interlayer exciton PL at low temperature showing two well-resolved peaks, ILE1 and ILE2. An
excitation energy of 1.710 eV (725 nm) was used, and spectra from both S1 (red) and S2 (green) are shown. (b) Temperature-dependent PL
measurement of S1. The inset shows the peak shift for each emission line and follows a standard semiconductor behavior. (c) PL peak
intensity of ILE1 (red points) and ILE2 (blue points) at different excitation energies from S2. The black line is the differential reflectivity
measurement of S2. (d) PLE heat map of S2 showing splitting of the ILE and intensity maxima at resonant energies.

Atomic force microscopy (AFM) images from all of our
samples are presented in Figures SI-2 and SI-3.

To reduce inhomogeneity and increase intimate contact
between layers, we incorporated several advances in sample
preparation. First, we have encapsulated the entire structure
within hBN, which significantly reduces the inhomogeneous
contributions to PL line widths by providing surface protection
as well as substrate flatness.”>>* Even in encapsulated samples,
interlayer imperfections persist.”* Therefore, we also flattened
areas of the sample using an AFM as a squeegee,”” as described
in the Methods section and shown in Figures SI-2 and SI-3. We
are thus able to remove a considerable amount of residual
material between the two TMD monolayers in a select area of
the overlap region, resulting in an intimate and reproducible
contact. The advantage of the AFM squeegee procedure
manifests itself in two ways. First, while the ILE intensity is
higher in hBN-encapsulated samples, splitting of the ILE is only
apparent in AFM flattened regions. Second, in room-temper-
ature Raman spectra from the flattened region the Blzg feature
emerges. This feature is expected from both bilayer MoSe, and
WSe, and therefore is a strong indication of an interaction
between the monolayers. These effects are detailed further in
the Supporting Information.

A summary of the PL from various spots on our sample is
shown in Figure lc—e using an excitation energy of 2.33 eV
(532 nm). The physical location where each spectrum was
collected is indicated by dots on Figure 1b and color coded
with the spectra. As expected, reference PL spectra from the
individual MoSe, and WSe, layers exhibit strong peaks at 1.57
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and 1.65 eV, respectively, at room temperature (Figure 1d) and
1.65 and 1.71 eV at 5 K (Figure le). In the encapsulated and
AFM flattened overlap regions S1 and S2, the WSe, and MoSe,
emission is strongly quenched, as can be clearly seen in these
figures. This is expected and has been attributed to the ultrafast
charge separation enabled by the close proximity of these
monolayers.”® Our PL and reflectivity lines are somewhat
broader than those reported in single layers of encapsulated
TMDs,”**® albeit much narrower than in unencapsulated
heterostructures. Intrinsic broadening of line widths in
heterostructures has been reported elsewhere and attributed
to the fundamental optical processes in heterostructures.”’
Further broadening could be due to the relative quality of our
samples as well as the lengthy procedure in ambient required to
assemble the structure.”® We also note that the dielectric
environment of a heterostructure will be somewhat different
than that of individual layers sandwiched between hBN. Further
characterization of all our samples, including Raman spectros-
copy, is presented in the SI Section SI-2 and corroborates the
interacting nature and reproducibility of the MoSe,/WSe,
vdWHs.

An Interlayer Exciton Emerges. A new emission feature
emerges at 1.35 eV at room temperature in the overlap regions
(Figure 1c). This feature has commonly been associated with
the ILE.*~"® The intensity of the ILE PL is slightly different for
both samples, and the spatial variation of the ILE peak intensity
is mapped in Figure SI-2 for both S1 and S2. In the flattened
region, the ILE emission has areas where it is uniform, although
there is some inhomogeneity related to sample damage
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Figure 3. Opposite circular polarization from each ILE. PL measurements using a circularly polarized excitation at 1.710 eV (725 nm) and
analyzing for the same (blue) and opposite (red) helicity for (a) S1 and (b) S2 at S K. A summary of the polarization of each peak as a
function of excitation energy is shown for (c) S1 and (d) S2. The gray dashed line is a guide for the eye.

introduced during fabrication (Figure SI-2). The ILE is also
observed for a sample that was flattened but not encapsulated,
sample SO. It is not observed in S3, the intentionally misaligned
heterostructure, consistent with recent reports.'' Further
characterizations of S0—S3 are presented in Section SI-2.

When the sample is cooled to 5 K, the ILE peak exhibits a
well-resolved splitting with distinct peaks at 1.396 eV (ILE1)
and 1.420 eV (ILE2), as shown in Figure 2a for samples S1 and
S2. A similar plot for all of the samples is presented in Figure
SI-8. The line widths of these peaks are 20 meV (ILE1) and 13
meV (ILE2), significantly narrower than the widths of 45 and
30 meV reported by Rivera et al.® The high resolution of our
spectra enable us to accurately determine the splitting to be 24
+ 1 meV, similar to the splitting inferred by Rivera et al.® This
splitting is seen over the entire flattened overlap area. The ILE
splitting is unlikely to be caused by a charged exciton because
we observe opposite circular polarizations in our two peaks, as
discussed below. The creation of a trion could lower the overall
polariz;;lztggg, but not produce a peak with opposite polar-

The temperature dependence of the ILE features is shown in
Figure 2b. A full discussion of the temperature dependence and
power dependence of these peaks is provided in Sections SI-4
and SI-S5. In brief, the temperature dependence of the peak
positions follows a standard semiconductor behavior, as shown
by the inset in Figure 2b and in Figure SI-13, providing good
evidence of intrinsic behavior from a uniform, intimate contact
between our layers. The evolution of the relative strength of the
two peaks with both increasing temperature and excitation
power is presented in Figures SI-9 to SI-14.

The data in Figure 2ab were taken with an excitation
wavelength of 1.710 eV (725 nm). The reason for this choice is
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clear from Figure 2c,d. Figure 2c shows the PL peak intensity
for ILE1 (red points) and ILE2 (blue points) at 5§ K as a
function of excitation energy. The differential reflectivity
(Figure 2c, solid black line) shows a strong correlation of
optical absorption with the maxima in the ILE PL intensity at
1.71 eV. A heat map of these data is shown in Figure 2d,
confirming this correlation. We did not observe any signature of
a charged exciton transition in differential reflectivity. This
indicates a small oscillator strength and suggests both
monolayers have a low level of doping.™

Circular Polarization. A very striking behavior is observed
upon excitation with circularly polarized light. We find that
ILE1 and ILE2 both exhibit significant polarization, as reported
previously.”'? But contrary to these reports, we find the
polarizations are of opposite sign and exhibit a nonmonotonic
dependence upon excitation energy, as shown in Figure 3. Most
single-layer TMDs are semiconductors with a direct gap®' at
the K-points and are well-known for their potential as
valleytronic materials because they have two inequivalent, but
related K-points in the Brillouin zone, K and K'.**~** By
symmetry, the valence band maxima at K and K’ have opposite
spin states, giving these materials distinct optical selection
rules.>™% Using circularly polarized light, it is possible to
selectively populate and interrogate the different valleys, K or
K’, and valuable information on the nature of the bands can be
derived from studies of polarization-resolved emission.

The spectra in Figure 3 were obtained with a circularly
polarized excitation source of energy 1.710 €V (725 nm). The
excitation has positive helicity (6+), and we analyze the PL for
positive and negative helicity (6—). Polarization is defined as
P = [I(c+) — I(6—)]/[I(c+) + I(6—)], where I(c=+) is the
emission intensity analyzed for positive (negative) helicity. It is
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clear from the raw spectra shown in Figure 3ab for vdWH
samples S1 and S2 that the ILE1 and ILE2 emission peaks have
opposite circular polarizations. These spectra can be well fit
with two Lorentzians, as illustrated in Figure SI-6, to
quantitatively determine the polarization of each feature. The
polarization of ILE1 and ILE2 as a function of excitation energy
is shown in Figure 3¢, d for vdWH samples S1 and S2,
respectively. Significantly, the peaks have opposite polarizations
for all excitation energies, and the magnitude of the polarization
for each feature exhibits a pronounced nonmonotonic behavior
with a strong peak at 1.71 eV, corresponding to the absorption
feature in the WSe, (Figure 2c). This behavior persists to 120
K, as shown in Figure SI-11. Prior studies on the MoSe,/WSe,
heterostructure have shown only a positive polarization for the
ILE;”"* because separate peaks were never clearly resolved, the
behavior shown in Figure 3 was not visible. Polarizations of
opposite sign were noted in a system where monolayer WSe,
was subjected to a large magnetic field,*® but the reason or
mechanism for the opposite handedness was not determined.
The fact that the magnitude of polarization is nearly twice as
large for ILE2 suggests that the opposite signs are not
symmetry-defined but have a quantitative nature.

DISCUSSION

In order to understand this polarization behavior and the
detailed nature of the ILE excitons, we have computed the band
structure of the MoSe,/WSe, vdWH using density functional
theory (DFT). The results are shown in Figure 4a, where the
color coding indicates the layer from which the states are
derived and the arrows indicate the spin orientation. Details of
the calculations are given in the Methods section. The valence
band maximum (VBM) lies at K and K’ and is localized entirely
within the WSe, layer; the corresponding W-derived states have
quantum numbers L, = 2, S, = 1/2, so the spin at the VBM,
indicated by arrows in Figure 4a, is parallel to z, the direction
perpendicular to the layers. The lowest conduction band at K is
a pure Mo-derived state, with L, = —1, S, = 1/2. However, the
minimal gap is indirect and occurs at a point labeled Q between
I and K. Isoenergetic surfaces (Figure 4b) indicate that the
absolute conduction band minimum (CBM) is located at the
Q-point.

The electron density of the conduction and valence bands at
the band edges is shown in Figure 4c. From this figure it is clear
the CBM at Q is strongly hybridized, with significant
contributions from both the MoSe, and WSe, layers: note
the common isosurfaces on both the Mo and W atoms. In
contrast, both the conduction band and valence band edge
states at K exhibit negligible hybridization. There are two
reasons for this: first, the point symmetry at the K-point
suppresses hybridization, while Q has a lower symmetry;
second, the bare W and Mo bands come closer to each other at
Q than at K. Previous work has shown that the band edge states
at K have negligible hybridization in DFT.”

Optical transitions involving recombining electrons and holes
residing predominantly on different lattice sites are only
possible because of the overlap of the corresponding orbitals.
In a vdWH structure, by definition, this overlap is very small
(otherwise the bonding would be covalent). As discussed, since
the hybridization between the two layers at the K-point is
suppressed by symmetry, the states at K are either pure W or
pure Mo in character. The dipole matrix elements between
unlike states, even when spin-allowed, are strongly suppressed
(although not entirely forbidden) by the small interlayer orbital
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Figure 4. Results of density functional calculations. (a) Band
structure of the MoSe,/WSe, heterostructure. The conduction
band minimum lies at the Q-point. The color indicates the layer
from which the states are derived: red is pure MoSe,; purple is pure
WSe,. The spin direction (integrated over the entire cell) is in the
y—z plane (x is defined by I'-K). The two lowest energy
transitions, ILE1 and ILE2, are indicated with dashed lines. The
SO splitting of the valence band is large, while that in the
conduction band is much smaller. (b) Isoenergetic surfaces in the
conduction band for the irreducible wedge of the Brillouin zone.
The lowest two states occur at the Q-point (SO split), while the
third lowest state appears at K. (c) Graphical representation of the
electron density isosurfaces at the three points of the band
structure indicated. The Mo are red, W are blue, Se are black, and
the electron density isosurfaces are yellow. Higher resolution
figures are shown in the Supporting Information.

overlap. As shown in Section SI-6, numerical calculations of the
direct optical transition find that both SO-split transitions have
a vanishing optical weight in the vicinity of K and cannot be
associated with either of our observed excitons, contrary to
some earlier proposals.”"?

At the Q-point, however, hybridization is allowed; it is small
because the physical overlap is small, but since the bare W and
bare Mo bands at the Q-point coincidentally lie close to each
other, even a small hybridization amplitude causes sizable
mixing. The CBM, therefore, has a considerable contribution
from the WSe, layer (Figure 4a), and an optical transition from
the Q-point to the K-point will always proceed on just the W
site; that is, the electron and hole are in the same layer. In this
sense, the transition is not purely interlayer in character and the
dipole matrix elements for this transition are not suppressed by
the small interlayer overlap. Furthermore, the hybridization
between layers mixes bands with opposite spins, resulting in the
tilting of the spins in regions of the CB away from the K-point.
While mixing at Q is evidence of interlayer overlap at this point
in the Brillouin zone, one can prove that intralayer localization
at K is dictated by symmetry and does not indicate a total
absence of overlap. This is addressed in the Supporting
Information, Section SI-6.
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As stated earlier, the CBM at the Q-point has considerable
weight on W; the challenge is to calculate the dipole matrix
elements for circularly polarized photons inside the W atomic
sphere because the polarization is not dictated by crystal
symmetry as it is for the direct, K—K transition. On the basis of
the wave function character in density functional calculations
(see Supporting Information, Section SI-6) we determine that
the two indirect Q—K transitions are both allowed and have
similar weight. Note that, while the heterostructure Q—K
transition is bright compared to the direct K—K transition, it is
of course not comparable to an intralayer (single-layer) direct
exciton (see Figure 1d,e). Numerically, we then calculate the
recombination between the CBM at Q and VBM at K and find
the emission is predominantly positive helicity light, as
observed for ILE1, while recombination between the higher
SO split CB state at Q and the VBM at K emits mostly negative
helicity photons, as observed for ILE2. Thus, we conclude that
(1) the observed ILE occurs between the upper valence state at
K and the two lowest, SO-split conduction states at Q and (2)
the character of the states at Q_is such that the ILE splits into
predominantly positive and predominantly negative helicity
peaks, a feature that should be investigated for potential
applications. In our calculation, the SO splitting of the VBM at
K is large, while that in the conduction band at Q is much
smaller, which accounts for the relatively narrow observed
splitting. Exciton binding, not included in our computations,
will renormalize the optical matrix elements but will not
significantly change their relative weights, as shown explicitly
elsewhere.”” Therefore, our ab initio calculations successfully
account for the magnitude of the splitting, the similarity in
intensity, and the opposite polarizations observed in the ILE
peaks.

We have not considered moiré effects in our calculations,
although twist angles could have an impact on the behavior of
the ILE and should be explored. In the case of small angle
mismatches, hybridization between the layers and thus the
energy of the interlayer excitons (of any origin) will vary from
point to point, and lateral momentum conservation will be fully
relaxed. As a result, multiple peaks of reduced intensity are
expected in moiré regions.”>” Reference 39 predicts such
peaks and describes a dispersion in energy with the twist angle
of ILE features derived from direct K—valley transitions. The
predicted energy shift for a rotation angle of ~1° is a significant
fraction of the line width. We have not explored this
systematically, but note that although samples S1 and S2
certainly exhibit small but different misalignments, we observe
identical ILE peak energies and very similar overall behavior.
This may be due to the indirect character of the transitions (Q
to K), to the strong conduction band hybridization discussed
earlier, or to experimental factors we have not adequately
controlled. Thus, we conclude that our observed signal
originates from the coherent (not moiré) parts of the sample.

In summary, we have fabricated high-quality MoSe,/WSe,
heterostructures and observe a well-resolved splitting of the
interlayer exciton photoluminescence arising from the SO
splitting of the conduction band. The two split features exhibit
significant (20—35%) and opposite circular polarizations when
excited with circularly polarized light, with maximum polar-
ization occurring when excited resonantly at the WSe,
absorption peak. By analyzing the individual properties of the
two peaks, comparing with first-principles theory, and using
general symmetry considerations, we are able to exclude the
proposal that one or both of the two excitons are due to direct
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transitions at the K points. Instead, we find the two interlayer
excitons are fully indirect in momentum space and partially
indirect in real space. Contrary to the accepted model, the
electrons in the ILEs have significant weight in both layers due
to interlayer hybridization. The hybridization of the electrons
between the layers tilts the electrons’ spins, and both ILEs are
optically bright with opposite polarizations. Our results have
important implications on the utility of these systems for future
electronic and valleytronic applications.

METHODS

Sample Preparation. CVD Growth. Monolayer MoSe, and WSe,
are synthesized via atmospheric pressure CVD using solid precursors
in a 2 in. quartz tube furnace. Silicon wafers with 275 nm thermally
grown oxide (Silicon Valley Microelectronics, Inc.) and single-side
polished c-plane sapphire (University Wafer) are used as the target
substrates for MoSe, and WSe,, respectively. Prior to growth, the
substrates are cleaned by ultrasonication, piranha etching, and oxygen
plasma exposure. Both TMD syntheses use a water-soluble seeding
promoter, perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt
(PTAS), that is drop-cast onto a clean SiO, substrate immediately
before growth. A clean SiO, substrate or sapphire substrate is
downstream from the PTAS substrate for MoSe, or WSe,,
respectively. The substrates are loaded face down on a quartz boat
directly above the solid precursor (S0 mg of MoO, (Sigma-Aldrich,
99%) or 1000 mg of WO, (Alfa Aesar, 99.998%)). The precursor and
substrates are then moved to the center of the tube furnace. An
additional quartz boat containing Se (Alfa Aesar, 99.999%) is placed
upstream near the edge of the furnace. The tube is repeatedly
evacuated to ~100 mTorr and filled with UHP Ar and H,. For MoSe,,
monolayer synthesis occurs at 750 °C, whereas WSe, requires a higher
temperature of 950 °C.

Sample Transfer. The hBN-encapsulated heterostructure is
prepared via a water-assisted pick up, dry transfer method and is
fully detailed in the Supporting Information, Section SI-1, which
includes a schematic of the transfer process. The full structure from
top to bottom is 5 nm hBN/ML-MoSe,/ML-WSe,/20 nm-hBN/275
nm SiO,/Si substrate for S1 and S2. In brief, the stack was picked up
in reverse order with freshly prepared PDMS then transferred to the
substrate.

PDMS Preparation. Polydimethylsiloxane (PDMS) is made from a
commercially available SYLGARD 184 silicone elastomer kit. To make
the PDMS mixture, we mix the two components thoroughly (Silicone
Elastomer and curing agent) with a weight ratio of 10:1 followed by a
debubbling process under rough vacuum. This mixture is spin coated
on a silicon wafer with a spin rate of 350 rpm for 30 s, then cured at 80
°C for 30 min on a hot plate. The resultant PDMS is easily peeled off
the silicon wafer for use.

AFM Flattening. This technique® more thoroughly removes
residual material from between layers than the commonly used
technique of annealing'"** and has a significantly smaller thermal
budget since no heating is required. AFM flattening was performed on
a Park Systems NX-10 AFM. The AFM cantilever used for flattening
was an NCHR (Nanosensors) with a nominal spring constant of 42
N/m. The scan size for AFM flattening varied from 6 to 15 pum,
depending on the desired size of the flattened region. The scan rate
was typically 1 Hz, corresponding to a scan speed as high as 30 pm/s.
The scan line density was typically 10 nm/line or less in order to
maintain sufficient overlap between lines, which caused contaminants
to be squeezed out of the flattened area rather than accumulating
between scan lines. The required normal force to achieve good
flattening depended on sample/tip-specific parameters, including the
tip radius and hBN thickness. Generally, thicker hBN required larger
normal force. To determine the appropriate normal force, the tip was
first engaged with the minimum possible force, and then the force was
increased while observing the topography. The force was increased
until bubbles and wrinkles disappeared from the topography.
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Sample Characterization. Temperature-dependent PL, Raman,
and differential reflectivity spectra are acquired under vacuum
conditions (pressure ~1 X 10~ Torr) in a Janis ST-500 microscopy
cryostat using a commercial Horiba LabRam HR Evolution confocal
spectrometer. Beam steering mirrors control the laser position in the
x—y sample plane and enable both single spot and scanned area
acquisition. Excitation sources include a tunable continuous-wave
(CW) Ti:sapphire laser (Spectra-Physics) as well as various single-
wavelength CW lasers for PL and Raman and a white light source
(Energetiq—LDLS) for differential reflectivity. To enable comparison
between the various lasers, we have used only CW sources.”’ A 50X
objective (NA = 0.35) is used to focus the laser to a spot of ~2 ym
diameter. A quarter-wave plate (Thorlabs superachromatic) is used to
circularly polarize the laser excitations. The resulting photolumines-
cence is collected and directed through the same quarter-wave plate
and a subsequent rotatable linear polarizer to analyze the circularly
polarized emission components. We obtain the same polarization
when the sample is excited with negative helicity light, and the emitted
circular polarization is 0% when the sample is excited with linearly
polarized light.

Theory. Most of the calculations presented here were performed
using the generalized-gradient approximation*” with the DFT-D3(BJ)
van der Waals correction**** and projector augmented wave functions
as implemented in the Vienna ab initio simulation package
(VASP).*™* A plane wave cutoff of 450 eV and a 4 X 4 T'-centered
k-point mesh were used. Atomic positions were relaxed until residual
forces were less than 0.5 meV/A. The lattice parameter was set to be
the same for both layers, and the optimal lattice constant of the bilayer
was found to be 3.28 A. The lowest energy stacking configuration at a
relative orientation of 60° was determined to be AB stacking, and this
orientation was used for all the presented calculations. Twenty
angstroms of vacuum was used between periodic images normal to the
layers. The potentials included the following orbitals in the valence:
Mo (4d*5s*), W (5d*6s?), and Se (4s*4p*). The all-electron WIEN2K
package was used to confirm the accuracy of the band structure
computed with VASP and to compute optical matrix elements.*®
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