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Broken mirror symmetry in excitonic response of
reconstructed domains in twisted MoSe,/MoSe,

bilayers
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Van der Waals heterostructures obtained via stacking and
twisting have been used to create moiré superlattices’,
enabling new optical and electronic properties in solid-state
systems. Moiré lattices in twisted bilayers of transition
metal dichalcogenides (TMDs) result in exciton trapping®5,
host Mott insulating and superconducting states® and act as
unique Hubbard systems’° whose correlated electronic states
can be detected and manipulated optically. Structurally, these
twisted heterostructures feature atomic reconstruction and
domain formation'>"'“, However, due to the nanoscale size
of moiré domains, the effects of atomic reconstruction on
the electronic and excitonic properties have not been sys-
tematically investigated. Here we use near-0°-twist-angle
MoSe,/MoSe, bilayers with large rhombohedral AB/BA
domains™ to directly probe the excitonic properties of individ-
ual domains with far-field optics. We show that this system
features broken mirror/inversion symmetry, with the AB and
BA domains supporting interlayer excitons with out-of-plane
electric dipole moments in opposite directions. The dipole
orientation of ground-state I'-K interlayer excitons can be
flipped with electric fields, while higher-energy K-K interlayer
excitons undergo field-asymmetric hybridization with intra-
layer K-K excitons. Our study reveals the impact of crystal
symmetry on TMD excitons and points to new avenues for
realizing topologically non-trivial systems's”, exotic meta-
surfaces™, collective excitonic phases' and quantum emitter
arrays®°?' via domain-pattern engineering.

To date, most studies of twisted transition metal dichalcogen-
ide (TMD) bilayers have assumed a rigid rotation of layers without
atomic-scale rearrangement’~. However, recent theoretical’® and
experimental''"'* studies have amply demonstrated that, even in
these van der Waals heterostructures, the interlayer interactions can
cause substantial lattice reconstruction and the resultant domain
formation. Understanding how these local atomic rearrangements
impact the electronic and excitonic properties of TMD hetero-
structures is crucial to harnessing the full potential of the so-called
moiré engineering.
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Here we study the spatially resolved spectroscopic properties
of distinct TMD bilayer domains using twisted MoSe, homobi-
layers (t-MoSe,/MoSe,) as a model system. We fabricate devices
incorporating t-MoSe,/MoSe, encapsulated by hexagonal boron
nitride (hBN) using the ‘tear and stack’ technique’. Figure 1a shows
a dark-field transmission electron microscopy (TEM) image of a
near-0°-twist-angle t-MoSe,/MoSe, device (D1), showing black and
grey regions that correspond to alternating domains with rhom-
bohedral stacking symmetry" (structures schematically shown in
Fig. 1b). This domain formation is caused by the rearrangement
of atoms within each TMD layer to preserve interlayer commen-
surability, similar to observations in twisted bilayer graphene®
and graphene on hBN”. Interestingly, for near-0° target twist
angle, the regime we call a ‘marginal twist, we observe irregular,
micrometre-sized AB (Moy,,S€,om) and BA (Se,,,M0y,,) domains
that are large enough to be imaged optically. The irregularity of these
domains probably reflects locally varying twist angles caused by
strain inhomogeneity.

For t-MoSe,/MoSe, devices used for optoelectronic characteriza-
tions, we include top and bottom graphene gates to independently
control the out-of-plane electric field (E,) and electrostatic doping
(Fig. 1c)***. Figure 1d shows an integrated photoluminescence (PL)
intensity map from device D2 under 1.88 eV (660 nm) excitation at
4K. Compared with the bright, momentum-direct intralayer exci-
ton emission from monolayer regions*”, the PL intensity of the
twisted bilayer is reduced by three orders of magnitude, suggest-
ing a direct-to-indirect bandgap transition from a monolayer to a
bilayer. We note that the PL linewidth of the twisted bilayer is broad
compared with that of a monolayer. This broadening is probably
due to the additional relaxation pathway to the low-energy inter-
layer excitons arising from the indirect bandgap****. The PL spectra
of the twisted bilayer exhibit high-energy peaks near 1.6 eV, which
we label as X, and low-energy peaks around 1.4eV, denoted as X |
(Fig. le, and Supplementary Figs. 1 and 2 for the discussion of the
multiple peaks). Similar to the case of other TMD bilayers****!, we
assign the X, peaks to momentum-direct intralayer excitons com-
posed of an electron and a hole residing in the same layer and the
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Fig. 1| AB/BA domains in t-MoSe,/MoSe, devices. a, Dark-field TEM image of D1 on a silicon nitride membrane obtained by filtering out all but

one MoSe, diffraction peak (g = 1010) with the device tilted off the zone axis. The twisted bilayer region (enclosed by the dashed white line) shows
alternating, micrometre-sized AB and BA domains. b, Top and side views of atomic structures in twinned rhombohedral AB (Mo,,,Seqom) @and BA
(Sey,Moyoom) stacking configurations. €, Schematic of a t-MoSe,/MoSe, device used for optoelectronic characterization. The out-of-plane electric field
(E,) and the doping concentration can be independently controlled by dual graphene gates. The black arrow defines the positive direction of E,. d, A PL map
of D2 at 4K with 1.88 eV (660 nm) laser excitation. The monolayer region is enclosed by the yellow and white dashed lines, and the overlapped region is
t-MoSe,/MoSe,. The solid red lines show the outline of a Pt contact to the top and bottom MoSe, monolayers. The original MoSe, monolayer was torn
along the dashed line indicated in the inset to generate t-MoSe,/MoSe,. Inset scale bar, 10 pm. e, Normalized PL spectra from the t-MoSe,/MoSe, (red)

and monolayer MoSe, (blue) at £,=0.
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Fig. 2| Electric-field-dependent PL spectra of the X|; peaks obtained from D2 at 4 K. a-c, PL spectra of the X|; peaks as a function of the electric field

at spot 1(a), 2 (b), and 3 (). Inset: schematic of t-MoSe,/MoSe,, showing interlayer excitons with the preferred dipole moment (u) orientation. White
dotted lines, E,=0V nm™. d, A map of 5, defined as ((PL+) — (PL=))/((PL+) + (PL-)). PL+ is the PL intensity at E,=+0.15V nm™, integrated over the
energy range below 1.36 eV (white solid line in b). Red, preferred dipole orientation up; blue, preferred dipole orientation down. The t-MoSe,/MoSe, region
is indicated by the dashed black line. Black solid circles represent spots 1, 2 and 3 where the spectra are taken.

X, peaks to momentum-indirect interlayer excitons in which an
electron and a hole are in separate layers (see below).

Figure 2a shows PL spectra of the X;, peaks as a function of
E, collected from spot 1 in device D2. The X;, peaks shift linearly
with E, by as much as 50 meV, indicating that the interlayer exci-
tons responsible for them possess a finite electric dipole moment in
the out-of-plane direction. From the slope of the field-dependent
energy shift, we can obtain the electron-hole distance in the
X, ,-interlayer exciton using the formula AE=—edE,. Here E is the
energy of emission, e is the elementary charge, and d is the distance
between the electron and the hole. The value of d extracted from
the data in Fig. 2a is 0.26 nm, which is smaller than the interlayer

distance of ~0.6nm (ref. *°) (Supplementary Fig. 1). Interestingly,
when E, falls below -0.09 V nm™, the slope of the linear Stark effect
abruptly changes sign, indicating that the dipole moment direction
changes at that field.

Importantly, at E,=0, the sign (but not the magnitude) of the
Stark shift varies from spot to spot: for instance, the X;, peaks at
spot 2 in D2 exhibit Stark shifts with an opposite slope from those at
spot 1 (Fig. 2a,b). Spot 3, on the other hand, exhibits Stark shifts with
both positive and negative slopes (Fig. 2¢). These observations indi-
cate that, while the dipole-moment magnitude of the X, -interlayer
exciton is constant everywhere, its direction flips from spot to spot
across the device, with the negative (positive) Stark slope signifying
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Fig. 3 | Electric-field-dependent reflectance spectra of the X, peaks obtained from D2 at 4 K. a-c, Reflectance spectra as a function of the electric field at
spot 1(a), 2 (b) and 3 (¢) indicated in Fig. 2d. White dotted lines, £,=0V nm™. The X, excitons exhibit avoided crossings with X, excitons (indicated by
the black arrows) at positive (a), negative (b) and both (¢) polarities of E,. We normalize the reflected intensity using the measured reflection in the same

spot in the highly electron-doped regime.

the dipole moment pointing up (down). Such behaviour is unique
to near-0° t-MoSe,/MoSe, devices: for instance, in MoSe, devices
that incorporate a natural (untwisted) 2H bilayer (Supplementary
Fig. 2), we observe the same Stark shifts at all locations.

To generate a map of the X;, dipole orientation across D2, we mea-
sure the integrated PL intensity below 1.36eV at E,=+0.15V nm™
(designated as PL+ and PL—, respectively) and calculate the

(PL+)—(PL—),

ratio n= PL)T(PL-)

a positive (negative) n value indicates that

the preferred dipole orientation is up (down). The # map in Fig. 2d
clearly shows spatial domains of up (red) and down (blue) X,
dipole orientations. In locations noted as white, Stark shifts of both
positive and negative slopes appear, probably because the domain
sizes are smaller than the probe beam size (~500nm) and we are
collecting PL spectra from both AB/BA domains.

Figure 3a-c shows reflectance spectra of the X, peaks (~1.6eV)
as a function of E, at spots 1-3 in D2 indicated in Fig. 2d. The ener-
gies of the two main resonances at 1.594 eV and 1.610 eV do not vary
for small E,, indicating that the X, peaks originate from intralayer
excitons with essentially zero out-of-plane electric dipole moment?.
At large |E,|, however, the X, exciton peaks exhibit avoided cross-
ings with a new spectral feature X;,, which exhibits a large Stark
shift (black arrows in Fig. 3a)’. The observed slope from the avoided
crossing indicates an electric dipole moment value that corresponds
to an electron-hole separation of 0.63 nm (Fig. 3a—c).

Similar to the behaviour of the X;, peaks observed in Fig. 2a-c,
the field-dependent avoided crossings between the X, and X, peaks
also exhibit spatial variation across the device. As shown in Fig. 3,
the avoided crossing for the lower X, peak occurs at E,=0.07 V nm™!
at spot 1 (Fig. 3a), at E,=—0.07V nm at spot 2 (Fig. 3b) and for
both polarities at spot 3 (Fig. 3¢c). We note that the PL spectra pre-
sented in Supplementary Fig. 3 also exhibit avoided crossing behav-
iour, similar to those seen in Fig. 3. Specifically, the lower X, peak
and the X, peak show a field-dependent avoided crossing near
|E.|=0.07V nm™ (Supplementary Fig. 3). Importantly, the spatial
map of the avoided crossing features (Supplementary Fig. 4) agrees
well with the dipole orientation map in Fig. 2d, strongly suggesting
a common physical origin.

The spatially dependent optical properties in Figs. 2 and 3
can be understood from the electronic band structure of AB/BA
(Mo,,S€0ttom!/ S€10pMOotiom) domains in  t-MoSe,/MoSe,. Unlike
natural 2H MoSe, bilayers, the crystal structures of the AB (BA)
domains are not mirror/inversion symmetric: in particular, because
the top and bottom layers are clearly distinguished by the crys-
tal structure, electrons and holes can preferentially reside in the
top or bottom layers, leading to interlayer excitons with preferred
dipole orientation.
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The broken mirror symmetry of the AB (Moy,,Seyom) domain
is reflected in the properties of the states at its band edges.
Density functional theory (DFT) calculations of the AB-stacked
MoSe,/MoSe, bilayer show that the valence band maximum (VBM)
is at the I" point, and the conduction band minimum (CBM) can
be at the Q or K point depending on the calculation parameters
(Fig. 4a and Supplementary Fig. 5). While the hole wavefunction
at the I' point is equally distributed over both layers, the electron
wavefunction is more localized in the top layer (as compared with
the bottom) regardless of whether the CBM is at the Q or K point
(Fig. 4b and Table 2). We note that this asymmetry is much stron-
ger for the K-point band extremum (100%) than for the Q point
(~60%). These results indicate that electrons prefer to reside in
the top layer in AB-stacked MoSe,/MoSe,, and consequently the
momentum-indirect interlayer excitons responsible for the X, peaks
should have a downward dipole orientation. Because BA stacking is
just a mirror image of AB stacking with respect to the horizontal
plane, the preferred dipole orientation of the X -interlayer exciton
is upwards in BA domains.

Quantitative comparisons between experimental data and
DFT calculations provide further insight into the nature of the
X,,-interlayer excitons. The DFT calculations show that the
electron-hole separations for I'-K and I'-Q interlayer excitons
are 0.34nm and 0.07 nm, respectively (Table 1). Experimentally, the
electron-hole separation deduced from the X;,-peak Stark shifts
(Fig. 2a—c) is 0.26 nm. Comparison of the dipole-moment values
suggests that the X -interlayer excitons are probably from the
I'-K transition in AB/BA domains of t-MoSe,/MoSe, (ref. *'). The
field-dependent flip of the dipole orientation observed in Fig. 2a,b
provides further support for this assignment: by extrapolating the
line with a negative slope at spot 2 to E,=0, we find a zero-field
splitting of 43 meV between the two dipole orientations, which
agrees well with DFT calculations for the two I'-K transitions (the
energy separations between two I'-Q transitions should be orders
of magnitude larger; Supplementary Fig. 6).

The avoided crossing behaviour between the X, and X, peaks
in Fig. 3a-c can also be understood from DFT calculations of
AB-stacked MoSe,/MoSe,. In AB-stacked MoSe,/MoSe,, the two
monolayers exhibit staggered band alignment at the K (or K’)
point, and the K-K intralayer excitons (X,) in the bottom layer have
a lower energy than those in the top layer (Fig. 4c): this explains
the origin of the two X, peaks observed in Figs. le and 3a-c.
Meanwhile, the electron and the hole from different layers can form
momentum-direct, K-K interlayer excitons as shown in Fig. 4¢%*2%
(see the time-resolved PL data in Supplementary Fig. 7, which show
that the lifetime of the X,-X, exciton (0.03ns) is much shorter
than that of the momentum-indirect X -interlayer exciton™).
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Fig. 4 | Electronic band structure of AB-stacked MoSe,/MoSe.. a, Electronic band structure of an AB-stacked MoSe,/MoSe, bilayer with the VBM at the
I" point and the CBM at either the K or Q points. The data in Fig. 2 suggest that momentum-indirect interlayer excitons, X, are from the I'-K transition
(orange arrow). b, Contour plots of the electron wavefunctions at the conduction-band K and Q points and the hole wavefunctions at the valence-band K
and I" points. Atomic decomposition of wavefunctions at the K and Q points in the conduction band and that at the K and T points in the valence band is
shown in Table 2. The calculated dipole moment of each state is shown in the last row of Table 2. ¢, The electronic band structure of AB-stacked
MoSe,/MoSe, at the K valley. Electronic states localized in the top (bottom) are drawn in cyan (magenta) colour, while the solid and dashed line represent
spin up and down states. The optical transitions (1) and (2) correspond to momentum-direct intralayer transitions (X,), while (3) and (4) represent the
momentum-direct (K-K) interlayer transitions (X,,). The value of the energy splitting between the top and bottom layer K valley conduction band (4.)
obtained from the DFT calculations is 50 meV, and that of the valence band (4,) is 62 meV at £,=0. The black arrow at the bottom represents the negative
direction of an out-of-plane electric field. The energy of the interlayer transition from the bottom layer VBM to the top layer CBM (3 and 4) is reduced
under negative E,. d, The energy of X, (1and 2 in ¢) and X, (3 and 4 in ¢) transitions as a function of E,. Due to the reduced binding energy of X, the

energy of X, at £,=0 is higher than X,.

Table 1| The calculated dipole moment of interlayer excitons
from momentum-indirect I'-K and I'-Q and momentum-direct
K-K transitions

Interlayer excitons d, (e nm)
I" hole-K electron 0.34
T hole-Q electron 0.07
K hole-K electron 0.64

These K-K interlayer excitons responsible for the X;, peaks do not
show any reflection contrast at E,=0 but acquire oscillator strength
and cause avoided crossings when they become resonant with the
X, intralayer excitons, as shown in Fig. 4d°. The avoided crossing
occurs at opposite E, in the AB and BA domains (Fig. 3a—c) because
the preferred dipole orientation of the X, , excitons is flipped in the
two domains (see Table 1 for quantitative comparison). Moreover,
because the electrons and holes of the X, excitons are largely local-
ized in separate MoSe, layers (Fig. 4b and Table 2), the electron—
hole separation should be equal to the interlayer distance (~0.6 nm),
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Table 2 | Sublattice decomposition of wavefunctions at the K and
Q points in the conduction band and that at the K and I" points
in the valence band

lwl? (%) K CB QCB K VB I' VB
Top

Se 3.8 6.5 0.0 1.0
Mo 922 426 07 319
Se 3.8 10 0.2 14.3
Bottom

Se 0.0 6.8 75 14.9
Mo 01 29.7 84.0 36.6
Se 0.0 43 75 1.2
d, (e nm) 0.322 0.058 —-0.317 -0.017

consistent with the separation extracted from the data in Fig. 3a—c.
While further studies will be necessary to account for the cou-
pling strengths between inter- and intralayer excitons***, the band

753


http://www.nature.com/naturenanotechnology

LETTERS

structure presented in Fig. 4 provides a qualitative understanding of
the main features in Figs. 2 and 3.

The domain-resolved spectroscopy of rhombohedral AB/BA
domainsint-MoSe,/MoSe, bilayers presented here demonstrates that
local atomic registry and crystal symmetry have profound impacts
on the excitonic properties of these heterostructures. Specifically,
our observations indicate that the interlayer excitons in AB and BA
domains exhibit opposite electric dipole orientations dictated by
crystal symmetry, as manifested by the spatial dependence of the
X, Stark shift and the X;-X;, avoided crossing. Our observations
indicate that the domain-specific, electrically tunable, optical prop-
erties of twisted TMD bilayers can be used to realize a wide variety
of exciting potential applications. These include proposed excitonic
topological insulators'®"’, quantum metasurfaces'® and strongly cor-
related exciton lattices for Hubbard model physics'*~'. Importantly,
a tessellation of AB/BA domains in twisted TMD homobilayers'®-*
can be used to generate alternating dipolar exciton arrays whose
relative energy and coupling strengths can be engineered by chang-
ing the twist angle and out-of-plane electric field. In such systems,
it should also be possible to change the exciton-exciton interactions
from attractive to repulsive’ via field-dependent dipole flipping.
We also note that there have been extensive research efforts towards
controlling the domain size and moiré length scales’ as well as
visualizing domains in a non-destructive way'>'*. These techniques,
together with future research, could enable the realization of spa-
tially homogeneous arrays of excitons, thus opening the door for the
realization of many exotic exciton states, such as antiferroelectric
exciton droplets®, exciton liquids® and exciton condensates™.
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Methods

Sample preparation and optical spectroscopy. Monolayer MoSe,, few-layer
graphene and hBN flakes were exfoliated onto silicon substrates with a 285

nm silicon oxide layer. Monolayers of MoSe, were identified under an optical
microscope and verified via PL measurements. The thickness of hBN flakes was
determined with atomic force microscopy. The pre-patterned platinum contact
for a MoSe, monolayer was first defined with electron-beam lithography and
electron-beam evaporation (1 nm chromium + 10nm platinum) on top of the
hBN/graphene heterostructure. The graphene/hBN/MoSe,/MoSe, heterostructure
was prepared using a dry transfer method, using the tear-and-stack technique

to form twisted bilayer MoSe,. This heterostructure was then transferred onto

the pre-patterned platinum contacts and hBN/graphene heterostructure to

form graphene/hBN/MoSe,/MoSe,/hBN/graphene. Next, electrical contacts to
the platinum and few-layer graphene gates were defined with electron-beam
lithography and deposited via thermal evaporation (10 nm chromium + 90 nm
gold). Optical measurements were carried out in a home-built confocal microscope
using an objective with a numerical aperture of 0.75 in a 4K cryostat from
Montana Instruments. For PL measurements, a 660-nm-wavelength diode laser
was used for excitation. To obtain the reflectance spectra, we used a halogen lamp
with a broad spectral range as the light source. The spatial image of the avoided
crossing features was obtained using a Ti:sapphire laser from M Squared.

TEM experiment. The TEM sample was prepared by transferring D1 onto a
50-nm-thick silicon nitride membrane. Dark-field imaging was performed in an
80kV field-emission TEM (JEOL 2010F) equipped with a Gatan OneView camera.
Off-zone axis ¢ = 1010 DF imaging exhibits AB/BA domain contrast associated
with the antisymmetric shift of the lattice period in AB and BA regions"'.

DFT calculations. We used the local density approximation with spin—orbit
coupling taken into account to compute the band structure of the t-MoSe,/MoSe,
bilayers, utilizing the VASP code*’. We used the basis composed of plane waves
with a cutoff energy of 600 eV and projector augmented wave pseudopotentials.
The in-plane Brillouin zone was sampled by a 12X 12 grid. The 2D systems were
modelled in a periodic three-dimensional box with a vertical distance of 20
between repeated images of the bilayers. The equilibrium structural parameters
were taken from experiments in the literature®.

Time-resolved PL experiment. A SuperK supercontinuum laser with SuperK
VARIA centred at 660 nm with a repetition rate of 80 MHz and an average power
of 2uW was employed, and the collected PL was detected by the time-correlated
single-photon counting method with a Picoharp 300.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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