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ABSTRACT: We report the observation of QI intervalley exciton in bilayer WSe, Q
devices encapsulated by boron nitride. The QI exciton resides at ~18 meV below the c c c c \I—E‘\ 4
QK exciton. The QI' and QK excitons exhibit different Stark shifts under an out-of- \ S

- o oE . . . \ N
plane electric field due to their different interlayer dipole moments. By controlling the W N
electric field, we can switch their energy ordering and control which exciton W Se N
dominates the luminescence of bilayer WSe,. Remarkably, both QI" and QK excitons ' b \
exhibit unusually strong two-phonon replicas, which are comparable to or even /’ ‘\ 7( s —’\
stronger than the one-phonon replicas. By detailed theoretical simulation, we reveal = r K

the existence of numerous (>14) two-phonon scattering paths involving (nearly)

resonant exciton—phonon scattering in bilayer WSe,. To our knowledge, such electric-field-switchable intervalley excitons with
strong two-phonon replicas have not been found in any other two-dimensional semiconductors. These make bilayer WSe, a
distinctive valleytronic material with potential novel applications.

KEYWORDS: bilayer WSe,, QK intervalley exciton, QI intervalley exciton, Stark shift, phonon replicas, two-phonon scattering

hen a system hosts multiple competing states, intriguing significantly tuned by electric field. As the QK and QI excitons

and complex physics can emerge. Prominent examples possess different interlayer electric dipole, by applying an out-
include the competing optical modes in a laser," bistable of-plane electric field, we can adjust their energy separation
modes in electronics and optics,” and competing spin orders in through the Stark effect®'#107%* (Figure 1le). Such field-
magnetic materials;’ the properties of these systems can be tunability of excitons can hardly be realized in monolayer
switched sensitively by the external conditions. For semi- semiconductors. Third, WSe, is known to exhibit strong
conductors, if a material hosts two tunable and competing low- exciton—phonon interactions, signified by the pronounced
lying states, then their interplay can produce intricate optical phonon replicas in the optical spectra.'>**™*" The above three
spectra and enable versatile material engineering. For instance, distinctive characteristics constitute bilayer WSe, as a
one may tune the luminescent spectrum of the material by distinctive tunable exci§gr;;%1onon system with potential
switching the energy ordering of the states.” Also, resonant valleytronic applications. ™" ™

Experimental research of bilayer WSe, has, however, been

phonon scattering may occur between two nearly degenerate
much hindered by poor sample quality and its broad and weak

states, leading to strong electron—phonon coupling.” As a ¢ ! .
result, the material can exhibit a highly tunable spectrum with optical spectra. For Instance, alth(?ugh prior research has
possibly strong phonon-assisted emission. shown some theoretical and e?(p-erlmelrzltaAl evidence of Qr

2H-stacked bilayer WSe, (Figure lab) is a distinctive exciton (e.g.,.m qu.antun'l-(.lot en.nssmn), direct observation of
the QI' exciton in pristine bilayer TMDs has never been
reported. Prior research also studied the Stark effect of QK
excitons,”' 7 but the related studies of the QI Stark effect
and the QK and QI" phonon replicas are still lacking.

In this Article, by using ultraclean bilayer WSe, devices
encapsulated by boron nitride (BN), we directly resolve the

material to realize such a novel tunable electron—phonon
system. First, it hosts two competing low-lying excitons,
namely, the QK and QI" intervalley excitons (Xqx, Xqr), which
are associated with one I" valence valley at the zone center, two
K valence valleys (K, K') at the zone corners, and six Q
conduction valleys (Q, Q') in the Brillouin zone (Figure
l1c,d).o™" Although the electronic structure suggests the QK
exciton as the lowest-lying exciton, recent theoretical research Received:  April 22, 2021
shows that the QI exciton may have similar energy due to the Revised:  January 19, 2022
large effective mass of the T’ valley.'” Such competing Published: February 24, 2022
intervalley excitons can hardly be found in other transition

metal dichalcogenides (TMDs), such as MoS,, MoSe,, and

WS,. Second, the QK and QI exciton energies can be
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Figure 1. Electronic band structure of bilayer WSe,. (a) Top view and
(b) side view of the crystal structure of 2H-stacked bilayer WSe,. (c)
First Brillouin zone of bilayer WSe,. (d, e) Calculated electronic band
structure along the K—T" line at zero (d) and 0.2 V/nm (e) vertical
electric field. Each band is doubly degenerate at zero field, but split at
finite field (except at the I" point). We denote the Xqr and Xqx
emission and the dominant spin-up (spin-down) polarization by red
(blue) color. The Q and Q' states are energy-degenerate with
opposite spins due to the time-reversal symmetry.

QI" exciton emission and conduct comparative electric-field-
dependent studies between the QI' and QK excitons and
phonon replicas. Contrary to the suggestion of the free-particle
band structure (Figure 1d), we observe that the QI' exciton
lies at ~18 meV below the QK exciton; this reveals
considerably stronger binding of the QI' exciton than the
QK exciton. We also observe strong Stark effect in both
excitons under an out-of-plane electric field, but the QI" Stark
shift is considerably weaker than the QK shift. By tuning the
electric field strength between 0 and 0.11 V/nm, we can switch
the energy order of the QI" and QK excitons and control which
exciton dominates the optical emission. Notably, both excitons
exhibit strong two-phonon replicas, which are comparable to
or even brighter than the one-phonon replicas and outshine
the primary emission. We can simulate the replica spectra by
comprehensive theoretical calculation. Our results reveal the
existence of numerous two-phonon scattering processes with
(nearly) resonant exciton—phonon scattering, which lead to
unusually strong two-phonon replicas in bilayer WSe,. Overall,
our research demonstrates bilayer WSe, as a unique
valleytronics material with switchable intervalley excitons and
strong two-phonon scattering, which can hardly be found in
other atomically thin semiconductors.

In our experiment, we fabricate dual-gate bilayer WSe,
devices encapsulated by hexagonal boron nitride on Si/SiO,
substrates (Figure 2a). The BN encapsulation significantly
improves the sample quality and allows for the observation of
QI" exciton. Thin graphite flakes are used as the contact and
gate electrodes to further enhance the device performance. By
applying voltages of opposite signs and appropriate ratio on the
top gate (Vi) and bottom gate (V,,), we can generate a
vertical electric field across bilayer WSe, while keeping the
sample charge neutral. The V:V}, ratio depends on the gating-
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Figure 2. Electric-field-dependent photoluminescence (PL) of a
bilayer WSe, device. (a) Schematic of our dual-gate BN-encapsulated
bilayer WSe, devices. (b) PL map of a bilayer WSe, device at varying
voltage difference AV = V,, — V,,, between the top and bottom gates
while keeping the sample charge neutral. The measurements were
conducted at temperature T ~ 15 K under 730 nm continuous-wave
laser excitation with incident power ~1S uW. (c) Second-order
energy derivative of panel b. (d) Extracted energies of emission
features in panel c. The primary QI' and QK exciton emission (Xqr,
Xqx) and phonon replicas (XQFI_S, XQKI_G) are denoted. The dashed
lines are the calculated Stark shifts of the QI" (red), QK (orange), and
Q'K (black) spin-allowed optical transitions.

efficiency ratio of the top and bottom gates, which is affected
by their different BN thickness, interfacial and dielectric
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environment. (See the Supporting Information for details of
device fabrication and experiment.)

Figure 2b displays the photoluminescence (PL) map at
varying voltage difference (AV = V,; — V,,,) between the top
and bottom gates at temperature T ~ 15 K. At low AV, we
observe multiple X-shape emission features; such field-
dependent X-shape features have never been reported in
bilayer WSe,. At large AV, several red-shifting lines appear;
they should be associated with the QK exciton according to
prior research.'> We further worked out the second-order
energy derivative on the PL map to resolve the fine features
(Figure 2c). From the map of the second-order derivative, we
extract the energies of different emission features and plot
them as a function of electric field in Figure 2d.

We first consider the two sets of highest-energy features,
which consist of one X-shape feature and two red-shifting lines
in 1.60—1.63 eV (Figure 2b—d). They are significantly weaker
than the replica features at lower energy. We tentatively assign
them as the primary Xqr and Xy emission assisted by defect
scattering (here “Q” includes all six Q and Q' valleys). Defect
scattering is considered because direct optical recombination
of intervalley excitons is forbidden by the momentum
conservation.”””*® To confirm our assignment, we conducted
first-principles calculations on the band structure of bilayer
WSe, under different vertical electric fields (Figure 1d,e). At
zero field, each band is doubly degenerate due to the inversion
and time-reversal symmetry of 2H-stacked bilayer WSe,*”’
(Figure 1d). At the finite electric field, the inversion symmetry
is broken, and each band is split into two bands with opposite
spins and layer polarizations (except at the I point due to the
time-reversal symmetry) (Figure le). Consequently, the Xqr
and Xqx emission lines are split and exhibit Stark shifts. We
have calculated the energies of spin-allowed QI', QK, and Q'K
optical transitions at different electric fields via density
functional theory (DFT) (see the Supporting Information).
The spin-allowed QK and Q'K transitions involve the upper
and lower split conduction bands, respectively, because the Q
and Q' states have opposite spins from each other; hence they
have somewhat different Stark shifts. We neglect the influence
of excitonic effect on the Stark shift, offset each theoretical
transition energy to match the corresponding experimental
energy, and focus our comparison only on the Stark shifts. The
theoretical Stark shifts (dashed lines in Figure 2d) agree
decently with our data and hence support the assignment of
QI" and QK excitons.

The QI exciton exhibits two remarkable characteristics.
First, Xqr is ~18 meV lower than Xqx and is significantly
brighter than Xqi. This result is surprising because the I'
valence valley is ~140 meV lower than the K valence valley in
the electronic band structure (Figure 1d);'"**~*° one would
naturally expect that the QI transition has higher energy than
the QK transition. However, further examination of the band
structure reveals that the I' valley has a much larger hole
effective mass (~1.48my; m, is the free electron mass) than the
K valence valley (~0.43m)*" (Table S1). The QI exciton also
has stronger intervalley mixing effect than the QK exciton. Th
larger effective mass and stronger intervalley mixing effect
make the QI exciton bind more strongly than the QK exciton
(see Supporting Information, Section 7.2). The larger exciton
binding energy causes Xqr to have lower energy than Xqy. This
result is significant because the lowest excitonic state plays a
paramount role in the excitonic dynamics and luminescence.
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Second, the Xqr Stark shift (~135 meV per 1 V/nm field) is
1.9 ~ 2.7 times weaker than the Xqy Stark shift (265 ~ 360
meV per 1 V/nm field). This can be qualitatively understood
from their different charge density distribution. Figure 3 shows
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Figure 3. Calculated spin-dependent in-plane-averaged charge density
along the out-of-plane direction. (a, b) Density for the electron states
at the Q point of the conduction bands c; and c,. The time-reversal
states at the Q' point have the same density distribution but opposite
spin. (c—f) Density for the states at the K and I points of the valence
bands v, and v,. An infinitesimal vertical electric field is considered to
separate the states. The states at ¢, (v;) and c, (v,) have opposite spin
and layer polarization. The vertical dashed lines denote the central
position of the atoms. We note that the density maxima of the I'-point
electrons are not at the center of the atoms due to their specific
orbitals.

our calculated spin-dependent charge density along the vertical
direction for electron states at the Q, K, and I points (the Q’
states have the same density distribution as the Q_states but
opposite spin). We consider an infinitesimal electric field to
break the inversion symmetry. The separated states show
strong spin polarization; the electric field essentially splits them
into spin-up and spin-down states. The K, Q, and I' states
show different layer polarization. The Q conduction states
show medium layer polarization with an electric dipole
moment pg = 0.107 e-nm, where e = 1.6 X 107" C is the
elementary electric charge (Figure 3a, b). In contrast, the K
valence states are strongly localized in opposite layers, giving
rise to a large dipole moment py = 0.307 e-nm (Figure 3c, d).
At the other extreme, the two I valence states show symmetric
distribution on the two layers, which produces no layer
polarization and zero electric dipole moment (pr = 0) (Figure
3e,f). By combining these dipole moments, we estimate that a
QI electron—hole pair has a dipole moment of pqr = pq — pr
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= 0.107 e-nm, and an optically active QK (Q’K) electron—hole
pair has a dipole moment of pox = px — pq = 0.200 enm (pqx
= px + pq = 0.417 enm). The average of poy and pqy (~0.3 e
nm) is about three times of por. This roughly accounts for the
difference between the Xqr and Xq Stark shift.

The different Stark shifts between Xqr and Xgx have an
interesting consequence—they allow us to use the electric field
to switch the energy order and dominant luminescence
between Xqr and Xy (Figures 2b and S6). When the electric
field is weak (e.g, E < 0.02 V/nm), Xqr lies well below Xqx
and dominates the emission due to its higher population. As
the field increases, X gradually redshifts to become lower in
energy than Xqr, and the exciton population transfers from
Xqr to Xqy; this brightens Xy and suppresses Xqr. At strong
electric field (e.g, E > 0.08 V/nm), Xqx dominates the
luminescence. Such electric-field-switchable excitons are not
found in monolayer TMDs and may find novel applications for
bilayer WSe,.

After we address the primary Xqr and Xy emission, we turn
to their replica emission at lower energy. Figure 2 shows five
Xqr replicas (Xor'—Xor”) with respective redshift energies
13.0, 27.6, 41.7, 45.7, and 57.7 meV from Xqr and six Xqx
replicas (XQKI—XQKG) with respective redshift energies 28.8,
32.4,41.9, 46.2, 49.1, and 58.3 meV from Xk (the uncertainty
of these energies is from +1 to +2 meV; Table S6). The
replicas exhibit identical Stark shifts to the primary emission
lines. We tentatively attribute them to excitonic luminescence
assisted by phonon emission, as phonon replicas have been
reported in monolayer WSe,”> ™ and bilayer WSe,."> In our
results, the replicas are considerably brighter than the primary
emission, indicating that phonon-assisted emission is more
efficient than defect-assisted emission in our system.

To identify the phonon replicas, we have calculated the
phonon band structure of bilayer WSe, with a rigid-ion model
(Figure S11). Afterward, we calculate the one-phonon replicas
for Xor and Xqx by the perturbation theory. All of these
calculations are done with zero external electric field. In our
theory, the initial excitonic state is scattered to a second
excitonic state by emitting a phonon, and the second state
decays to emit a photon. The second state is not necessarily a
bound exciton, but it must be a momentum-direct exciton in
order to emit the photon. Momentum conservation restricts
the one-phonon scattering processes to occur only through two
paths. For X, the electron may be scattered from Q to I' by
emitting a phonon (Xqr — Xpr), or the hole may be scattered
from I to Q by emitting a phonon (Xqr = Xqq)- Similarly, for
Xqu the electron can be scattered from Q to K (Xqx — Xiw),
or the hole can be scattered from K to Q (Xqx = Xqq)- As the
initial Xqr and Xy excitons can be associated with any of the
six Q valleys and two K valleys, the momentum of the emitted
phonons will be near one of the six Q points for Xor and near
one of the Q or M points for Xqx. The emitted phonon can
come from any phonon branch, so the one-phonon replica
spectra can exhibit multiple peaks (see Table S3 and Figure
S12). These one-phonon scattering processes are all non-
resonant, so the one-phonon replicas are generally weak.

Figure 4 compares our calculated one-phonon spectra for
Xqr and Xqk with the experimental spectra. We phenomeno-
logically broaden the theoretical spectra by 2 meV to match
the experimental peak width. The theoretical one-phonon
spectra can account for the Xqr' peak, which is contributed
dominantly by the LA and TA acoustic phonons near the Q
points. It can also partially explain Xor” and Xox"*. But other
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Figure 4. Theoretical simulation of the phonon-replica spectra. (a)
Experimental QI emission spectrum at AV = 0 in Figure 2b, offset by
the X energy. (b) Experimental QK emission spectrum at AV =
—10 V in Figure 2b, offset by the Xk energy. (¢, d) Simulated spectra
of one- and two-phonon replicas for Xqr (c) and X (d). Both
theoretical spectra are broadened for 2 meV to match the
experimental peak widths.

replicas (Xqr°™® and Xq’™®) exceed the range of single-
phonon energy (~37 meV) in WSe,. We would need to
consider higher-order scattering processes to explain these
replicas.

We have conducted comprehensive calculations on the two-
phonon replicas of Xqr and Xqx with zero external electric
field (see the Supporting Information for details). In our
theory, the initial exciton is scattered to a second excitonic
state by emitting a phonon and afterward scattered to a third
excitonic state by emitting another phonon, and the third state
decays to emit a photon. The second and third states are not
necessarily bound excitons, but the third state may be a
momentum-direct exciton in order to emit the photon. In
contrast to the one-phonon processes with only two scattering
paths, the two-phonon processes have numerous scattering
paths. In our calculation, we only consider those scattering
paths involving a resonant or nearly resonant exciton—phonon
scattering process. In bilayer WSe,, the six Q conduction
valleys are energy-degenerate, and Xqr and Xqx are close in
energy (~18 meV). Thus, carrier-phonon scattering between
different Q valleys, between the I" and K valence valleys, or
within the same valley, is resonant or nearly resonant. Two-
phonon processes involving such (nearly) resonant scattering
are expected to contribute dominantly to the replica spectra.

In our survey, there are totally 16 two-phonon scattering
paths with a (nearly) resonant component for QI' exciton.
They can be separated into four groups: Xor =Xqr — Xqq;
Xor— Xqr = X Xqr— Xqx = Xk and Xor = Xox —
Xaqq (here Q’ denotes any of the six Q valleys). Similarly, there
are 14 dominant paths for the QK exciton, separated into four
groups: Xox = Xqk = Xk X Xqk = Xqqi Xqk= Xqr
- Xqq and Xox — Xor — X+ (see the Supporting
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Information for the explanation of these paths). Momentum
conservation restricts the emitted phonons to be near the I', K,
Q, and M points. As the emitted phonons can come from any
phonon branch, the two-phonon replica spectra are rather
complicated (see Tables S3 and S5 and Figure S13).

Figure 4c,d displays our calculated and broadened two-
phonon replica spectra, which include contributions from all
the above-mentioned scattering paths and all phonon branches.
By summing the one-phonon and two-phonon spectra, our
total theoretical spectra decently match the experimental
spectra, including the energy and relative intensity of different
replica peaks. From the theoretical results, we can attribute
Xqr' to the one-phonon replica of Q-point acoustic phonons,
Xqr® to a superposition of one-phonon and two-phonon
replicas, and XQFZ_S and XQKl_6 to two-phonon replicas (see
Table S6 for detailed assignments of each replica peak). In
particular, Xox' ™ are dominantly contributed by two-phonon
paths involving the Xqx — Xqr transition with acoustic
phonon emission, because this transition is strongly resonant
when the emitted phonon energy is close to the 18-meV
difference between Xqx and Xqr (Table S5).

We remark that the two-phonon replicas are considerably
stronger than the one-phonon replicas. This characteristic is
counterintuitive because second-order processes are usually
much weaker than first-order processes. There are two reasons
for this unusual phenomenon. First, one of the scattering
components in the two-phonon processes is (nearly) resonant.
This makes each considered two-phonon process as strong as a
nonresonant one-phonon process. Second, the number of
(nearly) resonant two-phonon scattering paths (>14)
significantly exceeds the number of one-phonon scattering
paths (only 2). After summing the contributions of these two-
phonon paths, the total two-phonon spectra become
considerably stronger than the one-phonon spectra.

We also note that the numerous resonant scattering channels
are related to the existence of six degenerate Q valleys and two
degenerate K valleys in bilayer WSe, and are hence rare in
condensed matter systems. They are not found in monolayer
WSe, or other TMDs due to the large energy separation
between the QK and QI excitons in these systems. Therefore,
bilayer WSe, is a quite distinctive system to study novel
exciton—phonon phenomena.

In sum, we have observed electric-field-switchable QI" and
QK intervalley excitons with unusually strong two-phonon
replicas in bilayer WSe,. In the Supporting Information, we
also show the Zeeman splitting effect of X under magnetic
field, from which we deduce a g-factor of 9.1 & 0.4 for the QI
exciton'”> (Figure S3). The interesting interplay between
excitons, phonons, and electric and magnetic fields, as
demonstrated in our research, makes bilayer WSe, a distinctive
exciton—phonon system with potential applications in
excitonics and valleytronics.

After we submitted our manuscript, we became aware of a
related work by another research team.*'
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