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Monolayers of transition-metal dichalcogenides (TMD) are semiconductors with a plethora of
appealing optical properties 1 *. Unlike the bulk compounds, they feature a direct band gap and a strong
light-matter interaction involving optical transitions between the K-valleys electrons and holesy*°.
Angular momentum, implicit in the conduction and valence band K-valleys states that are'dominated
by transition metal d-orbitals, determines a valley-selective coupling to the circularly,polarised-light.
At the same time, spin-orbit coupling in transition-metals sets a tight spin-valley locking for the.wvalence

band holes, leading to the spin-selectivity of the optical transitions in each valley?.

In van der Waals heterostructures of TMDs 8, these properties are additionally_eariched by the layer-
indirect optical transitions® across the type-Il interface. These excitations are much more sensitive to
twist angle than the intralayer excitons. Changing between parallel{(6=0°) and anti-parallel layer (6=60°)
alignment changes the energy of bright interlayer excitons by the spin-orbit splitting of carrier in the
‘rotated’ layer (see Fig 1). Also, for twist angles nears(anti)parallel alignment, a twist-dependent
momentum mismatch between K-valleys means that optically actR/e interlayer excitons (IX) have a
finite centre of mass momentum and substantial Kinetic energy creating the conditions for valley

memory®, tunability of the lifetime, aceumulation of high densities of X, and even Bose-Einstein

condensation'® at low temperatures.

Interlayer tunnelling of electrons and'holesalso leads to the hybridisation of the intralayer and interlayer
excitons (see Fig 1). This can lead tg strong hybridisation when energies of the two states are resonant
8, Such resonant conditions naturally occur in homobilayers and few-layer films of TMDs **°. For some
heterostructures, such as highly aligned MoSe2/WS; bilayers, strong hybridisation has been observed™*
between the nearly degenerate lowest-energy X and the MoSe; A exciton, due to the nearly degenerate
conduction band edges in-the two layers and similar binding energies for the two exciton species.
Evidence for theesonance anti-crossing due to the interlayer hybridisation of excitons has also been
found in reflectivity spectra of both WS,/MoS; and MoSe»/WSe; bilayers'?, which involved the B
exciton in WXz and a layer-indirect exciton X with electron on the tungsten and hole on the
molybdenum layer. Here, we employ resonance Raman scattering (complemented by reflectivity and

photoluminescence spectroscopy, all at 4 K) both to identify the anti-crossing features related to the 1X”
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and B excitons hybridization in WSe,/MoSe; heterobilayers and to determine the layer composition of

the superposition states of these excitons, together with the value of the interlayer coupling.

Raman scattering has a unique ability to determine the nature of the phonons responsible for seattering
specific optically active electronic excitations, e.g. excitons. In addition, resonant enhancement of the
Raman scattering when the incoming or outgoing photon energies coincide with specific.exciton states
means that resonance Raman scattering studies (rRs) permit us to access the same information on the
exciton energies and linewidths as optical absorption and photoluminescence measurements. By
observing the resonance behaviour of phonons due to both the WSe, and MoSezmmonolayers*>** at
hybridised excitons® in heterostructures one can directly quantify the. exciton’s layer composition.
Below, we report the results of such studies performed on severalPMoSe,/\WSe, heterobilayers. These
include sample HS1, where anti-parallel alignment of the 2D crystals (at 6=57°) promotes the inter-
intralayer exciton hybridization, and a reference sample HS2,(6=20°), where no interlayer hybridisation
is expected due to a large momentum mismatch of the band'edges iI: the two layers (additional samples
with 6=6° and 6=60° are discussed in the supplementary information (SI)). The rRs data in this paper
focuses on excitation photon energies from,2.05 eV 10,2.27 eV and is part of a larger dataset containing
data for energies from 1.6 to 2.27 eV. This allows us to probe the excitonic resonances Als, A2s, Bls
and B2s in MoSe; and Als, A2s and Bls and WSe; (Als and B1s are the ground-state excitons in the
two spin-orbit-split bands, and A2s.and B2s are their first optically active excited states). To remove
unwanted, luminescence from the rR?spectra the sample was excited with a linearly polarised excitation

and Raman scattered light measured:for both parallel and crossed polarisations, allowing unpolarised

luminescence to be removed, (see methods for more detail).

In Fig 2a we present Raman‘spectra for monolayers of WSe; and MoSe, when resonant with their
respective Als excitons/along with Raman spectra for HS1 and HS2 measured in resonance with the
WSe; intralayer Als exciton. As expected, the Raman spectra for HS1 and HS2 are almost identical to
the WWSe, manolayer spectra with only minor variations in the relative intensity of different peaks. In
Fig 2bwe present Raman spectra for both monolayers and heterostructures taken with an excitation

photon.energy of 2.161 eV, which is near resonance with the WSe, B1s exciton. At this excitation
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energy, in sample HS1, we observe three new peaks at 291, 309 and 354 cm™ which do not appear in
the other samples or at other resonances of HS1. In addition, in HS1 there is a peak at 241 cm™, which
is anomalously strong (~ 3 times greater than in monolayer WSe, and HS2). The resonance Raman
data in Fig 3 also demonstrates the unique behaviour of these new Raman peaks. For monolayer WSe;
(Fig 3a) all of the Raman peaks appear to have a broad resonance centred at ~ 2.180 eV. Likewisesin
HS2 (Fig 3c) all the peaks demonstrate a broad resonance centred at ~2.170 eV. In.contrast in HS1 (
Fig 3b) the WSe; peaks at 257, 261 and 396 cm™ have a resonance centred at ~2.18, whereas the new
peaks at 241, 291, 309 and 354 cm™ have a resonance which peaks at a lowerenergy ~2.15 eV and is
~
narrower. As a result in HS1 it is clear that the four new peaks have a common resonance behaviour
which is different from the other peaks observed in HS1 or the other samples: Based upon Raman
spectra reported for few layer WSe, and MoSe, *>*°, along with'spectra foreterobilayers containing
either MoSe; or WSe; layers'’2° we assign the peaks at 309-and 354 cm™ to the WSe, and MoSe:
A,"(T") phonons. Based upon the assignment of a MoS¢éz phanon we'also assign the peak at 291 cm™
to the MoSe; E'(I") phonon and the peak at 241 emi to the MeSe; A:'(T'). Both of which are observed
at the same shift in the monolayer and heterostructure samples when resonantly exciting the MoSe,

Als and B1s excitons.

Whilst the observation of three MoSez.phonons at energies far from MoSe;, resonances and near a
predominantly WSe, B1s resonance is quite unexpected, it can be explained if the rRs probes an exciton
which is a superposition of two thons which involves electron/hole states in both the WSe, and
MoSe; layers. We can also discarchthe possibility that these new peaks are hybridised phonon modes®’
as they are not obseryved at any of the other resonances. While the observed Raman scattering at MoSe;
Als and Bls and WSe, Als resonances are only weakly perturbed by the other layer in the
heterostructures, the WSe, Bls,state is significantly hybridised with an exciton involving electrons in
the MoSg; layer which excites MoSe, phonons, leading to the observation of peaks in the Raman spectra
due to'three of the four zone-centre MoSe; phonons. The fourth zone-centre phonon, the E"(I"), is not

observed in any spectra as it is forbidden by an in-plane symmetry which is likely inherited by the

heterostructure'®?..
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With clear evidence for exciton hybridisation, we now determine the composition of the hybrid states.
Without any MoSe; intralayer exciton near the WSe, B1s energy (see Sl), the only other option is its
hybridisation with an interlayer exciton. The energy of the fundamental interlayer exciton (1X), inwhich
the electron is in MoSe; and the hole in WSe, is known**? to have an energy of ~ 1.33 eV, and so we
can discount it as the hybridised interlayer exciton. However, a higher-energy interlayer exciton(bX"),
which involves an electron in the WSe; layer and a hole in MoSe; layer (see Fig 1a).may have sufficient
energy to hybridise resonantly with the B1s in WSe; via spin-conserving interlayer tunnelling of a hole.
Using a combination of measured transition energies for HS1, experimental“lattice and band structure
~
parameters 22’ and theoretical predictions for monolayer dielectricuconstants, interlayer band
alignment and exciton binding energies 1%-}(see Methods), we conclude that the energy difference

Egqs — E;x between the WSe, B1s exciton and 1X" is in theange from<17 to 233 meV for a twist

angle of 57°, suggesting that hybridisation of these two states is possible.

4
Additional information, supporting the hybridisation of the B1s and X" excitons to form our hybridised

upper (hX.) and lower (hX.) excitons, comes from the fine structure of the rRs profiles of the Raman
peaks measured in HS1, HS2 and the WSez. monolayer (see Fig 4 and SI). Analysis of these profiles
using standard third order perturbation theory. allows the energies of the excitonic states to be
determined. The resonance behaviours of the monolayer and HS2 peaks are dominated by a single (Fig
4a) at 2.156 £ 0.003 eV and 2.161'+£.0.006 eV respectively; the energies and errors were obtained from
fitting (see SlI). However, HS1 has cEar evidence for two hybridised excitonic states in the same energy
range, at 2.102 £+ 0.001 eV and 2:168 + 0.001 eV (Fig 4a). In HS1 the peaks also observed in WSe,
monolayer show two'peaksiin the'rRs profiles, one centred on the energy of each hybridised states (Fig
4a). However, the hybridisation specific peaks at 291, 309 and 354 cm™ show a single narrower

resonance between the'two energies (Fig 4b). This behaviour occurs because for these phonons

scattering between the two hybridised excitons is stronger than scattering within each exciton band .

As/observed in both the resonance Raman and reflectivity spectra (see Fig 5), the lower energy
hybridised state has a significantly lower oscillator strength I_ than the upper’s I, by a factor of

I /IZ2=,11 (see Sl for more info). As the oscillator strength of the non-hybridised interlayer exciton is
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negligible compared to the intralayer exciton, the oscillator strength ratio is a direct measurement of the
intralayer exciton component of the two hybridised states (for details, see Methods and the Sl). Let €5,
and &;x+ be the energies of the non-hybridised B and interlayer excitons, respectively. The hybridised

exciton energies are given by

£ + &7+ £ — Erpn 2
giz(msz IX)i\]T2+(B152 IX).

Here, T is the mixing energy between the two excitons, related to the interlayer valence-band tunnelling

8 ~
energy t, as

3
43 t, (aBls + a1x*) [(aBls + aIX*)Z + mgAKz]_E

ap1sQrx+ \ Ap1s Arx* api1s Ax* Mpis

where ag,; and a;x+ are the corresponding exciton Bohr radii, 7, is the mass of the electron shared by
&
both excitons, mp, the total mass of the WSe, B1s exciton, and AK = 0.066 A1 is the mismatch in

wavevector between the MoSe; K' and WSe; K valleys for a 57° twist angle.

The ratio between the intralayer exciton components of the hybridised states takes the simple form
I /1= = epasles)?/(episle )= (e — X /(e + 27X which depends indirectly on T
Then, fixing e to their corresponding experimental values, 2.102 eV and 2.168 eV, and requiring an
oscillator strength ratio of I, /IZ"= ¥l we.obtain T = 15 meV and the energies of the non-hybridised
B and interlayer excitons as 2.156 eV (in agreement with the monolayer B1s exciton) and 2.110 eV,

2627 and Bohr radii obtained from

respectively. This, togetherwith experimental values for the masses
our own solutions to the excitons’ Wannier equations (see SI) give the valence-band tunnel coupling as

t, ~ 11 meV./The above process is shown in Fig. 6a and b.

Besides providing direct experimental evidence for the hybridisation of layer-direct and -indirect
excitons, resonant Raman scattering analysis of intra-layer phonons provides a method for a non-
invasive measurement of the interlayer tunnelling for the spin and valley matching states in the

crystallographically aligned layers. Obtaining quantitative information on the interlayer hybridisation

Page 6 of 16
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1  constants for the states in heterostructures of two-dimensional semiconductors opens new opportunities

for the intelligent design of heterostructures for optoelectronics applications in the areas of quantum

oNOYTULT D WN =
N

3 technologies. The hybridised layer-direct and -indirect excitons represent a two-level system, which.is
10 4 tunable by an externally applied vertical displacement field 8, and where the superposition ofitwo modes
12 5  can be operated as an optical qubit. Placing such bilayers inside an optical cavity with a localised photon
14 6  mode close to the hybridised exciton pair 1°*** may additionally open ways towards makinga three-

16 7  level quantum-optical bit for ultra-fast information processing.
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Figure 1 - Energy level diagrams for some of the key single-particle and excitonic states ‘in twisted MoSe2/WSe2
heterobilayers. a) The level diagrams for the spin-orbit split conduction and valence bands at the WSe2 K'point and the MoSe2
valleys with which they couple in the 57 ° and 2 ° twist heterobilayers. The K points of the layers are defined as the valley in
which the highest energy valence band is spin down. The spins, represented by arrows, are the electron spins for both
conduction and valence bands in line with the single particle band structure. The spin ordering of .the MoSe> layer changes
depending on twist angle due to alignment of either the K’ (57 °) or K (2 °) valleys of the MoSe: layerwith the WSe: K valley.
The single-particle states which form the WSez B1s intralayer exciton and the interlayer exciton by hole tunnelling, IX* and
IXT, are joined by wiggly arrows. Single particle tunnelling can couple states for the same carrier (electron or hole), with the
same spin and in-plane wavevector in different layers. b) Energy level diagram showing the WSez'B1s intralayer exciton and
the interlayer excitons with which it can couple via single particle tunnelling. For each exciton, the first arrow in each pair
represents the electron state (spin and band) and the second arrow indicates the hale state (opposite spin to the empty electron
state). The colour of the arrows represents the material in which the carrier resides (\WSez orange and MoSe2 blue). The arrow
labelled T represents a tunnel coupling between the excitons. As the binding energies of different excitons can differ, the
excitonic energies cannot be calculated solely from the single-particle states shown in‘a). Note that the energy scale for excitons
is zoomed in relative to the single particle energy scale.
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Figure 2 - Resonant Raman scattering spectra of monolayer WSe2, MoSez, and their heterostructures (HS). a) Raman
spectra for monolayer WSez,"HS1 (57°) and HS2 (20°) when resonant with the WSe2 Als exciton and a spectra for a
monolayer MoSe2 when resonant.with the MoSez Als exciton. b) Raman spectra for an excitation energy 2.161 eV near
resonance with the WSez B1s exciton. To allow for ease of visual comparison each spectra has been normalised to the
maximum intensity and offset. The scaling factors shown in each panel are relative to the absolute scattering probability of
the WSe2 A1’ peak.dn'panel b).thearrows highlight the new peaks at 241, 291, 309 and 354 cmt. Unwanted luminescence
was removed by subtraction of parallel and perpendicularly polarised Raman spectra (see methods for details).
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Figure 3 - Comparison of Raman intensity plots between monolayer and heterostructures. Resonance Raman spectra
for a) monolayer WSez, b) HS1 (57°), and c), HS2 (20°) are presented for excitation energies from 2:05 to 2.25 eV. The data
is plotted using a logarithmic scale for the intensity in order to highlight weak features. Arrows included along the top of
panels b) & c) indicate the position of the new peaks in HS1 (241, 291, 309 and 354 cmt), two defect activated peaks in HS2
106 and 124 cm!, along with the Si Raman peak at 520 cm™. The peak at 37 cm™ in HS1is attributed to a moire zone-folded
acoustic phonon like those reported in homobilayers %637, In each colour map thé white lines indicate the incoming (solid)
and outgoing (dashed) resonance conditions for each excitonic state. For monolayer WSe2 and HS2 the resonance behaviour
is explained in terms of a single resonance with the WSez B1s intralayer exciton. Whereas in HS1 two resonances are
required to explain the resonance Raman data. These are attributed to the hybridised excitons formed from the WSe: B1s
intralayer exciton and interlayer exciton IX* and are labelled as hX+ and hXx
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Figure 4 - Resonance Raman profilesfor key/ Raman peaks. a) Resonance profiles for the 257 cm™ peak in the WSe»
monolayer (blue), HS1 (6=57°) (red) and'HS2(6=20°) (green). The 257cm™* peak has potential assignments to the WSe:
A1'(K) or E'(K) phonons *338and demonstrates a resonance behaviour which is representative of the other WSe2 monolayer
peaks in HS1. In HS1 the presence of the-hybridised interlayer exciton IX* leads to an additional peak in the resonance
profile at ~2.1 eV, in addition to the broader resonance associated with the WSe2 B1s exciton centred at ~ 2.180 eV. b)
Comparison of the resanance profiles of the 257 cm peak, as a representative of the monolayer observed peaks, and 354
cm, as a representative of the hybridisation allowed peaks, of HS1. Both the 257 and 354 cm* resonance profiles can be
explained by resonances with both of the hybridised excitons, however, the 354 cm™* profile is centred at a lower energy and
appears narrower due to‘the dominant scattering channel occuring between the two hybridised states. The B exciton/upper
hybridised state and the lower hybridised state IX* regions are marked.
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Figure 5 - Reflectivity spectra for both heterobilayer and monolayer regions. The reflectivity spectra measured relative to
the SiO2/Si substrate are presented for a) both HS1 and monolayer WSez and b) HS2 alongside reference spectra obtained on
comparable regions without the TMD layers. In panel a) the reflectivity spectra for monolayer WSe2 and HS1 have been offset
from the reference spectra by 30% and 60% respectively to allow for easier visual. comparison. In each case the red lines
indicate fits to the reflectivity spectra performed using T-Matrix calculations;thesmodelused to fit the TMD structures differs
only from that used for the reference due to the contributions of the TMD [layers. The two hybridised states hX+ and hX. are
clearly visible in the reflectivity for HS1. The oscillator strengths, widths,and energies associated with the reflectivity fits are
presented in the supplementary information. A complete set of fit parameters is given in the Sl and the energies of key
transitions are discussed in the main body of the paper.
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Figure 6 - Twist angle dependent hybrid\isation of the WSe2 Bls and IX* excitons. a) Calculated optical absorption
spectrum of hybridized excitons (normalized) fora 57° heterostructure, as a function of the hole tunnelling energy t,,. The bare
WSe2 Bls and I1X* energies corresponding to each value of t,, are shown with solid lines. b) Absorption intensity ratio between
the higher and lower energy absorption-lines. The experimentally measured value is shown in purple and the range of t,,
consistent with this measurement is,highlighted in yellow. This places the detuning between WSe. Bls and IX* at 46.9 +
0.4 meV. See Methods for calculation details.

Page 10 of 16



Page 11 of 16 AUTHOR SUBMITTED MANUSCRIPT - 2DM-106286.R1

1

2

" 1 Methods

5

6 i

7 2 Experimental Methods

8

9 . . . . . -

10 3 MoSe,/WSe; heterobilayers and constituent monolayers were fabricated via mechanical exfoliation
11

12 4 and encapsulated in hexagonal boron nitride, using dry stamp transfer * on oxide coated silicon

13

14 5  substrates. For heterobilayer samples twist angles were determined using optical microscope images
15

16 6  and have an uncertainty of + 1° with the crystal axes of the monolayers determined through second
17

18 7 harmonic generation prior to stacking “°. For all measurements, the samples'were.held at 4 K in a

19 ~

20 8 liquid helium flow cryostat. For the Resonance Raman measurements tworlaser sources were used a
21

;g 9  Coherent Mira 900 (1.6 to 1.76 eV) and Coherent CR 599 dye laser (1.74 t0:2.27 eV), utilising DCM,
;;' 10  Rhodamine 6G and Rhodamine 110 laser dyes. The Raman scattered light:-was coupled into a

;? 11 Princeton Instruments Tri-vista triple spectrometer equipped with a liquid nitrogen cooled CCD. The
28 . . . . .

29 12 samples were excited using a horizontally polarised laser, and the:Raman scattered light measured for
30 4 .

31 13 both parallel and perpendicular linear polarisations: Unwantedduminescence, from the sample, was
32

33 14  eliminated by subtraction of the parallel and perpendicularpolarised spectra. This allows for removal
34

35 15  of unwanted luminescence with negligible effect onthe measured Raman intensity due to the strong
36

37 16 linear polarisation of the Raman and unpolarised nature of the luminescence signal. Frequency

38

39 17  calibration of the Raman spectra was accomplished using the silicon peak at 520 cm™ as an internal
40

41 18  reference. Comparison of the Ramahntensity across multiple different samples was achieved via an
42

ji 19  absolute calibration. This involvéd normalisation to the Silicon Raman intensity, correction for thin
jg 20 film interference effects,and use of;the absolute Raman cross-section for the silicon peak. Reflectivity
47 . . . . .

48 21 spectra were obtained using a Fianium super continuum source and Ocean Optics HR 4000 USB

49 ) - .

50 22 spectrometer, and measuredrelative to the Silicon substrate. For both Raman and reflectivity

51

52 23 measurements the incident power was kept below 100 uW to ensure minimal photo-doping or laser
53

54 24 heating of the sample. All optical measurements were performed using a back-scattering geometry
55

56 25  with a x50 @lympus objective resulting in a laser spot diameter of ~3 um on the sample.

57

58 . . . . N .

59 26 For more information on experimental methods and data analysis see supporting information.
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Theoretical Model

Estimation of the WSe, Bls and interlayer exciton I1X* detuning in anti-parallel stacked
WSe2/MoSe;. To approximate the X energy we solved the Wannier equation for a MoSe, hole and a
WSe; electron with effective masses extracted from the earlier publications **’ andtusing the long-
range interlayer electron-hole interaction derived in Ref *'. The layer-indirect gap between'MoSe,
valence-band and WSe; conduction-band edges (see Fig. 3a), was estimated from the ab initio DFT data
reported in Refs. *'*? and experimental and DFT spin-orbit splitting engfgies for.the' MoSe; valence
band and WSe; conduction band, respectively 7. Combining this with(the excitonbinding energy gives
a total energy of 2.039 4 0.111 eV for the momentum-indirect 1X state, and We estimate an additional
kinetic energy of ~ 17 meV for the bright (momentum-direct) IX due to momentum mismatch
determined by the interlayer twist angle. Contrasting thisywith, the measured WSe, Bls energy of

2.164 £ 0.001 eV we conclude that the detuning between'the two excitons is between -17 meV and

233 meV.

Estimation of the interlayer valence-band hopping energy from the resonance Raman spectrum.
Hybridization between the intralayer WSe, B1s and interlayer IX" excitons can be modelled by a 4 x 4
Hamiltonian with one basis state corresponding to WSe, Bls, and three representing the valley-
mismatched interlayer excitons form?d by holes at the three equivalent K valleys of MoSe», each bound
to an electron at the nearest K valley of WSe;. The intralayer-interlayer exciton hybridization term is
related to the interlayer valénce-band hopping energy t, as described in the main text, following Ref. .
Diagonalizing the.Hamiltonian gives two bright states 1)_ and ¥, at energies €_ and &, with oscillator
strengths deriving from their WSe, Bls exciton components, and two dark states formed solely by
interlayer excitons, which we shall ignore henceforth. We computed the oscillator strength ratio of the
two bright statesas the modulus squared of the ratio of their WSe, B1s components for a range of values

of t,yfixing the energies €_ and ¢, at the experimental values for the hybridised exciton resonances, as

determined by the RS data in Fig. 3b. Comparing the theoretical oscillator strength ratios to that
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measured by resonance Raman gives a hopping strength t, ~ 11 meV. The available data on the
interlayer tunnel coupling for electrons are between 26 and 43 meV 2, comparable with our obtained

value.

Data Availability

The data presented in this paper is openly available from the University of Southampton Repository at

DOI: 10.5258/SOTON.D1314.
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