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Observation of biexcitons in monolayer WSe,

Yumeng You'?', Xiao-Xiao Zhang?', Timothy C. Berkelbach3, Mark S. Hybertsen?# David R. Reichman?

and Tony F. Heinz?*#

Transition metal dichalcogenide (TMDC) crystals exhibit new
emergent properties at monolayer thickness'?, notably strong
many-body effects mediated by Coulomb interactions®*. A
manifestation of these many-body interactions is the formation
of excitons, bound electron-hole pairs, but higher-order
excitonic states are also possible. Here we demonstrate the
existence of four-body, biexciton states in monolayer WSe,.
The biexciton is identified as a sharply defined state in
photoluminescence at high exciton density. Its binding energy
of 52 meV is more than an order of magnitude greater than that
found in conventional quantum-well structures’. A variational
calculation of the biexciton state reveals that the high binding
energy arises not only from strong carrier confinement, but also
from reduced and non-local dielectric screening. These results
open the way for the creation of new correlated excitonic states
linking the degenerate valleys in TMDC crystals, as well as
more complex many-body states such as exciton condensates
or the recently reported dropletons®.

TMDC crystals, including MoS,, MoSe,, WS, and WSe,, are
semiconductors that form layered structures with a plane of hexag-
onal metal atoms surrounded by two planes of chalcogen atoms in
trigonal prismatic coordination. At monolayer thickness, these crys-
tals exhibit direct band gaps at the K and K’ points in the Brillouin
zone'?, and recent studies have revealed the possibility of selectively
accessing the K or K’ valley through the use of circularly polarized
light®'2, as well as the existence of an associated valley Hall effect".
Importantly, many-body Coulomb interactions in these monolayer
TMDC crystals have been found to be particularly strong. This leads
to excitonic optical transitions in the materials, with exciton binding
energies of several hundred meV (refs 3-6). In the presence of free
charges, stable charged excitons (trions) have also been identified
and exhibit binding energies of tens of meV (refs 12,14-16).

In view of the prominence of these two- and three-body
excitonic states, it is natural to ask whether two-dimensional
(2D) TMDC materials, just as for the much-studied zero- and
one-dimensional nanostructures”” ', also support the formation
of stable biexcitons””. Here we demonstrate the presence of
biexcitons in monolayer WSe, through the discovery of a sharp
new emission peak under pulsed laser excitation. We further probe
the properties of the biexciton state through measurements of its
ultrafast dynamics, valley polarization and thermal stability. We
establish a biexciton binding energy of 52 meV. This unusually high
binding energy is compatible with results of a variational analysis of
biexcitonic states performed using a non-locally screened Coulomb
potential to describe the interactions of charges in the atomically
thin 2D material.

To identify the biexciton states, we have studied the
photoluminescence (PL) under ultrafast pump radiation at
different fluences, producing different exciton densities. We
compare the PL spectra for a WSe, monolayer at a temperature
of 50K for two excitation fluences (Fig. 1a). The higher applied
fluence of 12 uJ cm™ yields an exciton density up to 5 x 10" cm™
(see Methods). Several distinct emission features are observed in
the PL spectra, most of which have been identified in previous
investigations at low excitation density'?. In particular, the peak at
1.74 eV arises from emission from neutral excitons (X) and the peak
at 1.71eV from negative trions (X~). At lower photon energies,
we see additional emission features, which we label as P, to P;.
Features P, to P; grow more slowly than exciton emission with
increasing pump fluence, exhibiting sublinear fluence dependence.
We assign P, to P; to emission from bound excitons at defect sites™,
in agreement with previous PL studies'>*.

The behaviour of peak P, at 1.68eV is, however, different
from that of the other lower-energy features. This feature grows
superlinearly with fluence. To probe the properties of emission
feature P, in more detail, we have measured PL spectra at 10K
over a wide range of excitation fluence (Fig. 1b). At high excitation
densities, feature P, emerges as the strongest emission channel.

For a quantitative analysis of the different emission states, we
fit the emission spectra to a form with one symmetrical feature for
each of the Py-P;, Xand X~ peaks (see Supplementary Information).
We obtain (Fig. 1b) a good representation of the observed spectra
at different excitation fluences solely by varying the intensity of
the emission peaks; the energies and linewidths of the features are
unchanged with fluence.

Our primary interest lies in understanding the superlinear
behaviour of the P, feature. To minimize the influence of defect
states, we analyse emission from the P, feature in terms of the
strength of the neutral exciton emission. As the emission times of
X, X~ and P, show no significant variation with fluence (see below),
we associate the strengths of the PL features with the population of
the corresponding emitting species. Figure 1c shows the emission
strength Iy, of the P, species as a function of the emission intensity
I of the neutral exciton. The P, data can be described adequately
by a power-law relation of the form Iy, ocIx*, with a =1.39. (See
Supplementary Information for further discussion of the fluence
dependence of the different species.)

On the basis of the superlinear strength of emission from the
P, species with respect to X emission, we identify this feature
as arising from a biexciton (XX) state. Under conditions of full
thermal equilibrium (neglecting any possible rise in temperature
with increased excitation fluences), we would expect a quadratic
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Figure 1| Photoluminescence spectra and intensities of monolayer WSe; for different pump fluences. a, PL spectra at 50 K for pulsed excitation under
applied fluences of 0.8 wJ cm=2 and 12 wJ cm~2. The spectra are normalized to yield the same emission strength for the neutral exciton. b, PL spectra and
spectral fitting at 10 K for the indicated applied fluences. The major emission features are the same as those in a. The vertical grey lines show that there is
no peak shift of the features with fluence. The black dots are experimental data, and the solid blue lines are based on a fit with one feature for each peak,
where only the peak amplitudes are changed for the different spectra. The component of the Pg peak is shown separately in red. ¢, Logarithmic plot of the
Po emission strength, Ip,, as a function of the exciton emission strength Ix. The red line is a power-law fit: Ip, o Ix, with @ =1.39. For comparison, a linear

relation is shown as a dashed black line.
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Figure 2 | Dynamics and thermal stability of excited states. a, Time-resolved PL traces for X, X~, XX, P; and P, species (dots, with solid lines as guides to
the eye) and the instrument response function (IRF). The two defect-related peaks, P and P;, have decay times >100 ps, whereas the X, X~ and XX
features decay rapidly. Based on a single exponential fit, the emission lifetimes are tx =14 ps, Ty~ =25 ps and txx =31ps, with uncertainties of £5 ps.

b, Experimental TR-PL for the biexciton species compared with the expected behaviour based on the measured exciton dynamics. The green line is a fit
based on an equilibrium model with a quadratic relation between the biexciton and exciton populations. The blue line is based on the rate equation
described in the text. ¢, The squares show the relative PL emission measured from the biexciton state as a function of sample temperature for an applied
laser fluence of 0.8 ) cm~2. The solid curves are predicted emission strengths based on the thermal dissociation model described in the text for the

indicated activation energies E, and pre-factors kg.

relation between the density of biexcitons and excitons’ —that
is, Ixx o< Ix* with o = 2. However, in quantum-well systems, for
which biexcitons have been extensively studied’, exponents of
a=1.2-1.9 are typically observed, and attributed to the lack of
equilibrium between the states'®*. The strong biexciton emission
compared to exciton emission that we observe has previously been
reported in quantum-well systems at low temperatures and elevated
excitation densities” .

To further examine the biexciton state, we have investigated its
dynamics using time-resolved PL (TR-PL). In Fig. 2a, we compare
TR-PL traces for XX emission with those from the excitonic states
(X, X7) and from the strongest defect species (P,, P,). All of
the time traces can be fitted to a rapid rise, comparable to the
instrumental response, but the decay times differ strongly. The
lifetimes of the exciton, trion and biexciton states are tens of
picoseconds, whereas the emission lifetime for P, and P, defect
features exceeds 100 ps. This result provides further evidence for
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the validity of the assignment of the P, emission as arising from
biexcitons, rather than from any type of defect state. The short
emission times of X, X~ and XX features are compatible with
the lack of full thermal equilibrium between the exciton and
biexciton, as mentioned above. The emission times of the exciton
and biexciton states were investigated as a function of the pump
fluence. No appreciable variation in the emission time with fluence
was observed. The result indicates that depletion of excitons by an
exciton-exciton annihilation process®®?* is not significant under our
experimental conditions.

We can use the inferred single exciton dynamics to predict the
biexciton dynamics and compare with the observed biexciton TR-
PL. Under the assumption of full thermal equilibrium, the biexciton
density Nxx will vary quadratically with the exciton density Nx at all
times'”. From the measured dynamics for Nx, we then predict the
TR-PL for biexciton emission (Fig. 2b), which clearly does not match
experimental results. On the other hand, the measured biexciton
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Figure 3 | Analysis of circularly polarized emission components for
excitation by near-resonant circularly polarized radiation. a,b, PL spectra
for the same (blue) and opposite (red) circularly polarized states for the
WSe, monolayer at 15 K. The emission energies for neutral (X) and charged
(X7) excitons and the biexciton (XX) state are indicated by dashed lines.
a, Results for low exciton density with CW excitation at a photon energy of
1.92 eV. Defining the degree of circular polarization as
p=[(cT)—1(c7)1/[I(c)+I(c )], where o * denotes the polarization
state detected for o excitation, we obtain p(X)=0.20 and p(X~)=0.38,
whereas |p| < 0.05 for the defect states. b, Results for high exciton density
with pulsed excitation at a photon energy of 1.82 eV. The biexciton feature
is now present in the PL spectra and exhibits significant circular
polarization, with p(XX)=0.16. The other features show similar behaviour
as for the case of low excitation density, with p(X)=0.30 and
p(X7)=0.50, whereas |p| < 0.05 for the defect states.

TR-PL is compatible with predictions (Fig. 2b) of a non-thermalized
model based on a simple rate-equation:

dNxx
dt

=.BN)§_VNXX (1)

Here f=1.1cm*s™! represents the biexciton formation rate from
collisions of excitons, where we have assumed in the analysis that
each absorbed photon initially produces an exciton. Using kinetic
theory for thermalized excitons, we infer from g (Methods) a cross-
section for biexciton formation of ~4 nm, comparable to the exciton
Bohr radius®. Our fitting procedure yields a biexciton relaxation
time of y ' =27 ps, which is attributed primarily to non-radiative
decay channels. The biexciton dissociation process is suppressed
at low temperatures, as discussed below. This effectively decouples
the exciton and biexciton dynamics, permitting a longer lifetime
for biexcitons than for excitons. A similar experimental finding of
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Figure 4 | Real-space representation of biexcitons. a, Schematic
representation of biexcitons as four-body quasiparticles. With increasing
exciton density biexcitons are formed from excitons. b, Real-space
representation of the biexciton projected onto the WSe; plane as
determined by the variational calculation described in the text. The red
regions indicate distribution of the total charge of the two electrons in the
biexciton when the two holes (blue peaks) are fixed at a typical separation
of 3.3 nm. The scale bar is Tnm.

longer biexciton than exciton lifetimes has been previously reported
in the literature for (Zn, Cd)Se/ZnSe quantum wells”.

The nature of biexcitonic states and the valley occupancy of
these states can be probed through investigation of the polarization
characteristics of the photoluminescence. To this end, we used
near-resonant circularly polarized excitation (Methods) to produce
excitons preferentially in one valley (K or K’; refs 9-12). For low
exciton density under continuous wave (CW) laser excitation, the
X, X~ and defect-related emission peaks are observed (Fig. 3a); at
high exciton density produced by pulsed laser excitation, we also
observe XX emission (Fig. 3b). The peaks for X, X~ and XX (under
pulsed excitation) all exhibit significant circular polarization. The
two major defect-related emission peaks, on the other hand, show
no measurable circular polarization character. This result provides
additional evidence that defects do not play a role in the peak
identified as the biexciton.

The polarization of the biexciton emission also reflects the
valley character of this many-body state. Exchange and correlation
effects could induce differences in the stability of biexcitons formed
from two excitons in the same valley or in opposite valleys. For
near-resonant excitation with circularly polarized light, we observe
biexciton emission with both the same and opposite circularly
polarized state (Fig. 3b). We expect the former to arise more strongly
from intravalley excitons than the latter. The biexciton emission
spectra for these two cases, as well as for linearly polarized excitation
and excitation with higher photon energy, are indistinguishable.
The measurements thus suggest that both intra- and intervalley
biexcitons can be formed and that they exhibit the same emission
energies (within 1 meV).

Taken together, the observed fluence dependence, temporal
dynamics and circular polarization properties of the P, feature
provide strong evidence for its assignment as a biexciton feature.
We now consider experimental observations related to the biexciton
binding energy and thermal stability.

The biexciton binding energy is defined as the difference
in energy between two free excitons and the biexciton state:
Axx =2Ex —Exx. We determine Eyy through observation of the
biexciton photoluminescence at energy hwyxyx and information
about the remaining excitation in the material. If we assume
that radiative decay of the biexciton produces an exciton, then
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Exx =hwxx + Ex =hwxx + Awyx, where hwyx denotes the exciton
emission energy. Thus, the biexciton binding energy is given by the
spectral shift: Axx = howx — Aiwxx =52 meV. We note that in this
system there are other types of excitons—namely, trions and dark
excitons®'. We discuss the possible influence of these species in the
Supplementary Information. We also present experimental data on
the change in emission energies and intensities induced by different
dielectric environments and charge densities of the sample.

We investigated the stability of the biexciton using temperature-
dependent PL measurements. Under the same excitation condition,
the biexciton emission intensity shows a plateau at low temperature,
but decreases significantly for temperature T > 70 K (Fig. 2c). This
trend can be explained by a model in which biexcitons have a
roughly constant rate of formation as a function of T, but exhibit a
thermally activated dissociation channel, corresponding to a decay
rate in equation (1) of the form y (T) =txx ' + ko exp(—E,/ks T).
The observed temperature dependence is compatible with
activation energies E, from 30 to 50meV (see Fig. 2c¢ and
Supplementary Section 7).

It is instructive to compare the biexciton binding energy in WSe,
monolayers with those of conventional quasi-2D structures. The
value of Axx =52meV for the former exceeds that found in III-V
quantum wells by almost two orders of magnitude’. This remarkably
large Axx must, however, be considered in light of the overall
strength of the Coulomb interactions. If we normalize Axy in WSe,
to the exciton binding energy in the same system, recently reported
as 370 meV (ref. 5), we obtain a ratio, the so-called Haynes factor, of
0.14. This ratio is similar to that found in quantum-well systems. The
large Axx in monolayer WSe, thus scales with the overall strength
of the Coulomb interaction.

To obtain deeper physical insight into the biexciton state, we have
performed quantum-mechanical calculations of these correlated
four-particle states, represented schematically in Fig. 4a. Although
biexciton states have been previously investigated for quasi-2D
systems**, the results cannot be directly applied to the TMDC
monolayers because of the distinctive character of the electron-
hole (e-h) interaction in these atomically thin materials. As has
been discussed in the recent theoretical literature®®** and revealed
in the spectrum of the excited exciton states®, the strongly
inhomogeneous dielectric environment gives rise to a non-local
screening effect for the e-h interaction potential: the screening is
strong at short range, but weak at long range. Using a biexciton
Hamiltonian with such an e-h interaction potential, we have carried
out a variational calculation that yields a biexciton binding energy
of 37meV for WSe, (see Methods and Supplementary Section 8).
On the basis of a comparison with existing numerically exact results
for a conventional screened Coulomb potential®®, we expect that the
true biexciton binding energy should exceed our variational bound
by an additional 40-50%. This yields a predicted Axx ~50-60 meV,
in good agreement with experiment.

The nature of the biexciton states in WSe, monolayers is
elucidated by examining the real-space structure of the biexciton
complex predicted by our variational calculation. The biexciton
consists of two distinct excitons, each with a Bohr radius equal to
that of a single exciton (1 nm), separated by a distance three to four
times larger (Fig. 4b). Given the large separation between charges,
the screening of the Coulomb interaction will be strongly influenced
by that of the external media, rather than the intrinsic screening
of the WSe, monolayer. We thus expect the biexciton states to be
particularly sensitive to the nature of the surrounding media.

The results presented here demonstrate that under appropriate
conditions the strongest channel for light emission can occur
through a biexciton channel. The prominence of such four-body
correlated states in the material reflects the unusual strength of
many-body interactions in atomically thin TMDC semiconductors.
Monolayer TMDC materials are thus very favourable candidates for
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other many-body processes, such as multiple-exciton generation”,
and for the creation of new higher-order correlated states, such as
exciton condensates or the recently introduced dropletons®. The
existence of the degenerate K and K’ valleys also offers the possibility
of creating optically bright biexciton states with pairs of carriers
in distinct valleys. This not only induces new types of quantum
coherent excitation within the solid, but also offers the possibility of
the creation, through cascaded emission, of correlated photon pairs
with a novel mechanism for the control of polarization states®.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Experimental. Monolayer WSe, crystals were prepared by mechanical exfoliation
on a Si substrate covered by an oxide layer and exhibited unintentional n-doping'
(see Supplementary Information for further information on sample preparation
and other experimental details). The samples were studied in an optical cryostat
using an inverted microscope. The excitation source for the photoluminescence
measurements consisted of femtosecond laser pulses with a photon energy of

3.06 eV for the fluence-dependence study and time-resolved PL. These pulses, of
100 fs duration, were produced by the frequency-doubled output of a mode-locked
Ti:sapphire laser operating at 80 MHz. For circular polarization measurements,
femtosecond excitation pulses with a photon energy centred at 1.82 eV and a

1 MHz repetition rate were used. We obtained these pulses by filtering the
supercontinuum radiation produced by focusing an amplified mode-locked fibre
laser (Impulse, Clarke-MXR) in an undoped YAG crystal. Continuous

radiation at 1.92 eV for the comparison study was provided by a

solid-state laser.

For the 3.06 eV excitation, we computed the applied laser fluence on the sample
using the measured spot diameter of 1.4 um produced by a x40 microscope
objective. Taking into account the influence of the substrate and the dielectric
function of the WSe, monolayer®, we find that the absorbed fluence is 2.2% of the
applied fluence. An upper bound for the exciton density is obtained by assuming
full conversion of the absorbed photons into excitons. This is probably an
overestimate of the true exciton density, as recent reports indicate incomplete
relaxation of carriers produced at higher photon energies to band-edge excitons®.
The pump laser radiation, in addition to producing excitons, can potentially change
the nature of the sample by altering the charge density (through photodoping) or
the temperature (through heating effects). Although some photodoping was
observed, the degree of photodoping was essentially independent of laser fluence
(Supplementary Information). Hence, this process does not influence the measured
fluence-dependent properties. Similarly, equilibrium heating was shown to be
negligible based on the lack of spectral shifts (see Supplementary Information).

We measured the emitted PL in a back-scattering configuration with a grating
spectrometer and a liquid-nitrogen cooled CCD for spectroscopic analysis. As an
alternative, we detected the PL with a fast avalanche photodiode (PicoQuant PDM)
and analysed the temporal profile of the emission by time-resolved single photon
counting (PicoQuant PicoHarp 300). We determined the instrument response
function (IRF) of the TR-PL set-up using 1.53 eV fs pulses from the Ti:sapphire

laser. In comparing models with the experimental time traces, we convolved the
predicted form with the measured IRE

Theoretical. Within the rate-equation model of the dynamics, the cross-section o
for biexciton formation is estimated from the parameter § in equation (1) using the
kinetic theory relation B =o0v,y, where v, is the relative exciton velocity. Assuming
a 2D Maxwellian velocity distribution at 10 K for excitons of mass 0.68,

(refs 3,30), we infer a biexciton formation cross-section of o ~4 nm. As the actual
exciton velocity distribution may exceed that implied by the base temperature of
the sample (because of hot carrier effects), this analysis may overestimate the
formation cross-section. Still, the inferred value is comparable to the exciton Bohr
radius of ~1 nm (ref. 30).

We examined the biexciton states in WSe, monolayers theoretically using a
variational calculation within an effective mass approximation to describe carriers at
the K/K’ band edge (see Supplementary Information). Although the general scheme
is similar to that applied in previous studies of quantum wells, a critical difference is
the form of the Coulomb interaction between charges. Because of the atomic-level
thickness of the material, the dielectric screening is non-local in character. We model
the interaction using the electrostatic interaction for charges in a 2D dielectric sheet.
The e-h potential in reciprocal space is then given by’** V(q) =—2me?/q(1+1,q),
where 7, is a screening length, which is proportional to the 2D polarizability
of the sheet. For the WSe, monolayer, we use r, =45 A and electron and hole
mass parameters of m, = my, =0.34m,, where m, denotes the free electron
mass®. The variational wavefunction, which includes six variational parameters,
allows interpolation of the biexciton configuration from equal sharing of
charges to two completely separated excitons, as well as inclusion of the correlation
between like charges. Both pairs of electrons and holes are assumed to be in
singlet states. (See Supplementary Section 8, for details concerning the calculation.)
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Efficient generation of neutral and charged
biexcitons in encapsulated WSe, monolayers
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Higher-order correlated excitonic states arise from the mutual interactions of excitons, which
generally requires a significant exciton density and therefore high excitation levels. Here, we
report the emergence of two biexcitons species, one neutral and one charged, in monolayer
tungsten diselenide under moderate continuous-wave excitation. The efficient formation of
biexcitons is facilitated by the long lifetime of the dark exciton state associated with a spin-
forbidden transition, as well as improved sample quality from encapsulation between hex-
agonal boron nitride layers. From studies of the polarization and magnetic field dependence of
the neutral biexciton, we conclude that this species is composed of a bright and a dark
excitons residing in opposite valleys in momentum space. Our observations demonstrate that
the distinctive features associated with biexciton states can be accessed at low light inten-
sities and excitation densities.
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he strong Coulomb interaction in two-dimensional tran-

sition metal dichalcogenide (TMDCs) crystals, arising from
reduced dielectric screening in the atomically thin limit,
significantly modifies the optical properties of these materials and
gives rise to pronounced excitonic effects!. The Coulomb
attraction between electrons and holes in these systems leads to
the formation of tightly bound excitons, which causes a reduction
in the optical band gap by a large fraction of an electron volt and
yields very short intrinsic radiative lifetimes>=. Both trion
(charged exciton) and biexciton (exciton molecule) states have
been observed in TMDCs®8. Here we report on the character-
ization of a second biexciton species in monolayer WSe,, in
addition to the previously observed species’, which we identify as
the neutral and negatively charged biexciton (four-particle and
five-particle) states, respectively. In our high-quality samples
produced using encapsulation in hexagonal boron nitride (hBN),
local inhomogeneities and nonradiative decay channels in the
monolayer semiconductor are strongly reduced. As a con-
sequence, the emission of the neutral and charged biexciton is
observed at an excitation density three orders of magnitude lower
than in previous reports. By comparing the emission of the dif-
ferent exciton species under strong magnetic fields and as a
function of doping level, we deduce that the neutral biexciton is
formed predominantly from the combination of a dark (spin-
forbidden) and bright (spin-allowed) exciton residing in opposite
valleys in momentum space. Our observations provide new
understanding of many-body excited states in 2D semiconductors
and open a path for utilizing the features of biexcition states for
quantum and optoelectronic applications at low light intensities.
The lowest lying interband transition in monolayer tungsten
compounds of the TMDC family has been identified as spin-
forbidden®. The exciton associated with the lower conduction
band therefore, to first order, does not emit light; it is referred
to as a dark exciton. The existence of dark excitons strongly
influences the optical properties of the material, including the
photoluminescence (PL) quantum efficiency at low tempera-
tures!?, the ultranarrow linewidth of the PL emission along the
in-plane direction!!, the efficient coupling to surface plasmon
polaritons!?, and the large tip-induced enhancement of the
PL!3. Because the dark exciton has a lifetime that is orders of
magnitude longer than the bright exciton at low temperature!4,
the steady-state density of dark excitons can be much higher
than that of bright excitons for continuous-wave excitation.
Correspondingly, the diffusion length of the dark exciton is also
enhanced. When a dark exciton approaches another exciton,
the two excitons can interact to form a biexciton (Fig. la).
Therefore, the formation of biexcitons via the long-lived dark
exciton states is much more likely than through two short-lived
bright excitons. Here we report the observation of a neutral and
charged biexciton composed of both bright and dark excitons.

Results

Observation of biexcitons in the charge-neutral regime. We
observe the evidence of a biexciton in our high-quality encap-
sulated WSe, samples (see Methods). In these samples, the
defect density of the TMDC is reduced by about two orders of
magnitude (5 x 1019 cm™2) by exfoliating flux-grown crystals.
The observed bright exciton linewidth (FWHM 4.5 meV at
20K) is approaching the radiative limit!>. In the low-
temperature PL spectrum, the spin-allowed bright exciton
emission appears at 1.723 eV (Fig. 1c). Emission from the spin-
forbidden dark exciton with a linewidth of only 0.8 meV and an
out-of-plane dipole radiation pattern (Supplementary Fig. 1) is
observed at 1.681 eV, in agreement with previous reports!>12,
As the excitation power is increased, a new peak emerges at

1.703 eV, lying 20 meV below the bright exciton peak. Com-
pared to the emission of the bright and dark exciton species,
which rise nearly linearly with laser intensity, the new peak
increases approximately quadratically. A power-law fit of the
emission yields an exponent of 1.96+0.03 (Fig. 1d). The
quadratic intensity dependence suggests that the peak arises
from a few-body state formed from two excitons, each exhi-
biting a concentration growing linearly with intensity (Sup-
plementary Note 2). The new biexciton peak, we should note, is
observed for rather weak continuous wave (cw) excitation, with
an irradiance of 1.4 x 103 W/cm?2, more than three orders of
magnitude lower than in typical experiments employing pulsed
laser excitation’. The asymmetric peak Xi, lying 32 meV below
X9, and the series of peaks around 1.665eV have been attrib-
uted to indirect (momentum-dark) excitons!®. The lower-lying
emission peaks also originate from the WSe, sample, but have
an unknown origin and are beyond the scope of this work.

Spin and valley configuration of the biexciton. In the following,
we focus on identifying the composition of the newly observed
biexciton state. Regarding the spin degree of freedom, biexcitons
can be classified as composed of dark-dark, dark-bright, and
bright-bright exciton components. (Here we assume the electron
and hole of the constituent excitons remain in the same band
when forming a biexciton.) The emission energy of the biexciton
precludes it from being composed of two dark excitons, as this
would require a negative binding energy. The bright-bright
configuration is unlikely to occur given our experimental condi-
tions: At the greatest applied laser intensity, we estimate an upper
limit of 52 um~2 of bright excitons in the steady state, for a 2-ps
lifetime of the bright exciton® and assuming a 100% conversion
efficiency from absorbed photons to bright excitons. This density
is smaller than the dark exciton density at our lowest excitation
level, as the dark exciton has a lifetime more than 50 times longer
than the bright species, as reported by Robert et al.'# and con-
firmed in our sample. The low density of bright excitons renders
the bright-bright biexciton much less likely to form. (A simple
kinetic model is presented in Supplementary Note 3 to describe
the biexciton formation process.) We therefore conclude that the
observed biexciton is a combination of one bright and one dark
exciton (Fig. 1b). This assignment is further supported by the
magnetic field and doping dependences of the biexciton emission,
as discussed below.

To investigate the biexciton valley configuration further, we
apply a strong out-of-plane magnetic field, which acts to break
the valley degeneracy. As a magnetic field along the normal
direction of the sample shifts the conduction and valence bands
in the different valleys in opposite directions, the exciton peaks
are split into pairs!”~1? associated with their valley index. Since
the dark exciton has a total spin angular momentum of 1, its
Zeeman splitting is larger than that of the bright exciton!# with
its vanishing total spin. As the emission of the biexciton results
from its bright component, leaving behind a dark exciton in the
final state, the biexciton emission energy is given by the bright
exciton emission energy reduced by the biexciton binding
energy Axx (see Methods). Neglecting any difference in
magnetic field dependence of the (small) biexciton binding
energy Axx, we predict within our picture that the XX peak
should exhibit the same g-factor as the bright exciton. This
agrees with our experimental observations: X? and XX have g-
factors of 4.4 + 0.5 and 4.6 + 0.5, respectively, while XP has a g-
factor of 9.6 £ 0.5 (Fig. 2a).

The distribution of the exciton population between the
different branches of the Zeeman-split pairs will, in thermal
equilibrium, follow a Boltzmann distribution. This suggests that
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Fig. 1 Observation of a biexciton composed of a bright (spin-allowed) and a dark (spin-forbidden) exciton. a Schematic of biexciton formation in real space.
Because the dark exciton (XP, dark blue) has a total spin of 1, it has a much longer radiative lifetime and therefore a much higher density than the bright
exciton (X9, light blue), which has a total spin of zero. A biexciton (XX, green circle) can form as a bright and a dark exciton approach one another.

b Representation of the biexciton in momentum space. ¢ Photoluminescence (PL) spectra of an encapsulated WSe, monolayer sample for different
excitation intensities. All spectra are normalized to the XO peak. A new peak (green shading) emerges at high excitation levels and is attributed to biexciton
emission. The XX peak is located at 1.703 eV, 20 meV below the X0 peak. The XP peak at 1.681eV is identified by examining its distinct radiation pattern.
Other peaks are discussed in the main text. d Power dependence of the emission of different excitonic species. Datapoints and errorbars are results of
pseudoVoigt fits to the raw spectra. The XX peak grows superlinearly with incident intensity with an exponent of 1.96. In contrast, the X° and XP peaks

have exponents of 1.22 and 1.03, respectively

even for a partially thermalized system, which starts from equal
populations when degenerate, the low-energy branch (LEB) of
the pair should have a larger population, and thus emit more
light, than the high-energy branch (HEB). This relation is
satisfied for the pairs of dark excitons and most of the features
seen in the PL. However, for the bright exciton pair, the
emission intensity is comparable, and in some conditions
inverted. Such an unusual distribution might arise from the
efficient intervalley scattering between two conduction bands of
same spin (see Supplementary Note 4 for a detailed discussion).
More importantly, the emission intensity from the biexciton
pair is also observed to be inverted, with an inversion even
more pronounced than for the bright exciton. This observation
suggests the biexciton to be composed of a bright and a dark
exciton residing in opposite valleys. In the intervalley config-
uration (Fig. 2c), the dark component in the HEB (LEB) of the
biexciton is associated with the LEB (HEB) of the dark
exciton!”. We expect that the rate of biexciton formation
should scale as the product of the constituent exciton densities,
that is & pyo 1 1y - Pxo 1)~ If the density of biexcitons pxx nq,) is
much smaller than that of bright excitons, after being normal-
ized to their lifetimes, the biexciton density will scale in the
same fashion (see Supplementary Note 2). With the experi-
mentally observed larger population of the dark exciton in the
LEB, an intervalley configuration of the biexciton leads
naturally to an inverted distribution for the biexciton emission.
More quantitatively, the LEB/HEB ratio of the biexciton pair
should be close to the quotient of the ratios observed in the
bright and dark exciton pairs, a result consistent with our
experimental findings at different magnetic fields (Fig. 2b).
The fact that the intervalley configuration of the biexciton is
favored over other configurations can be understood in terms of
energetics. The intravalley configuration—bright and dark
excitons residing in the same valley—needs to involve two
holes sharing the same valence band, which costs extra energy
as Pauli blocking forces the second hole to occupy a higher
momentum/energy state (the footprint of an exciton in

momentum space can be approximated by the inverse of the
exciton Bohr radius of about 1 nm). Another possible config-
uration would be that of a biexciton composed of a direct and
an indirect exciton—two electrons are located in different
bands of the same valley, but with the two holes in opposite
valleys. This configuration costs extra exchange energy, which
should be about 10 meV as inferred from the peak separation
between the two negatively charged trions?®2!. Within our
experiment, we cannot, however, exclude potential contribu-

tions from Q point indirect excitons?2.

Distinguishing neutral and negatively charged biexcitons.
Finally, we are able to elucidate the relationship between the newly
observed and the previously reported biexciton’ by tuning the static
carrier density in the material (Fig. 3a). In the low excitation regime,
the emission spectra agree well with those reported in the literature:
the bright and dark excitons are observed in the intrinsic regime
while different types of trions emerge in the n-doped and p-doped
regimes?®2!. Unlike the bright exciton state, which extends to finite
doping levels with an asymmetric gate dependence, the dark exciton
is strictly limited to the intrinsic regime. Under stronger excitation
conditions (~4 x 103 W cm™2), the biexciton peak at 1.703 eV
appears, and its emission is also restricted to the intrinsic regime.
The doping dependence therefore confirms that this newly observed
XX peak results from a neutral biexciton formed by a bright and a
dark exciton, as it appears only in the doping regime where both
types of excitons coexist (Fig. 3b).

Under strong excitation conditions, the emission of another
biexciton is observed in our spectra, which exhibits a superlinear
power dependence with an emission strength scaling with the pump
laser intensity as I'>® (Supplementary Fig. 2). This peak lies 52 meV
below the bright exciton and has been reported in the literature’.
However, this biexciton only appears at the crossover from the
intrinsic to the n-doped regime (Fig. 3b), suggesting that it is a
negatively charged biexciton XX, formed from a trion and a
neutral exciton, as opposed to its earlier assignment as a neutral
biexciton”. In contrast to the negatively charged trions, no fine
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Fig. 2 Zeeman splitting and non-equilibrium distribution of biexciton emission. a A strong out-of-plane magnetic field splits most emission peaks into pairs.
The splitting of XX is similar to that of the X0 feature (g-factor 4.4 £ 0.5), whereas the splitting of the XP feature is larger because of its non-zero spin.
b The ratios of amplitudes of the fitted low-energy branch (LEB) and high-energy branch (HEB) of the emission spectra. Unlike the XP pair, the XX emission
pair exhibits inverted populations between the HEB and LEB. The LEB/HEB ratio of the XX pair is similar to that of XC/XP. The error bars for X0, XP, and XX
are conservative estimates. ¢ A diagram of the biexciton intervalley configuration as probed through the PL measurements in a magnetic field. The B-field
splits the bright (light blue) and dark (dark blue) exciton into pairs according to their valley index (K, K’). Analysis of the PL intensities shows that the
biexciton is composed of excitons from different valleys
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Fig. 3 Doping dependence of the PL emission of neutral and charged biexcitons. a Gate dependence map of the PL intensity above the onset for observing
both biexciton species (lo = 4 x 103 W cm~2). The intrinsic regime is characterized by the strong emission from XP. In the n-doped and p-doped regimes,
trions and other species emerge. The XX peak at 1.703 eV is only observed in the intrinsic regime, indicating a neutral biexciton composed of a neutral X0
and XP. Another peak with superlinear power dependence is observed at 1.671eV, 52 meV below X°. It is assigned to a charged biexciton state, as it
appears only in the low n-doped regime. b Normalized PL intensity of the exciton species relevant for the formation of biexcitons as a function of doping
level. The neutral biexciton (green) emission is limited to the intrinsic regime, in which XP (dark blue) is observed, showing the important role of XP in the
formation of XX. The XX~ emission (dark red) is strongest in the low n-doped regime, where X0 (light blue), XP and the two X~ species coexist (light red,
only lower X~ shown for clarity)

features can be resolved in the XX~ peak at this stage. If no more
than one electron/hole resides in any band, there should be two
spin-valley configurations for XX ™. Due to the conduction band
splitting, we expect the energetically favored configuration to be two
holes in opposite valence band valleys, two electrons in opposite
lower conduction band valleys and one electron in the higher
conduction band. Because the valence band splitting is much larger
—about 400 meV—no positively charged biexciton (XX*) emission
would be observed. Since the XX~ peak appears most prominently
at relatively low doping levels, we can rule out the possibility of it
being related to a plasmon coupled exciton?3, With respect to the
two negatively charged trions, the XX~ has a binding energy of 14

or 21 meV, in agreement with theoretical calculations??.

Discussion

The identification of neutral and charged biexcitons resolves the
discrepancy of the biexciton binding energy found between pre-
vious experiments and theories: as calculated, the biexciton
binding energy is indeed smaller than the trion binding energy
due to the form of the screened Coulomb potential in two-
dimensional TMDCs?428. The 20-meV binding energy also
matches that of the neutral biexciton in MoSe, monolayers
observed by Hao et al. using two-dimensional coherent spectro-
scopy® and of WSe, in pump-probe spectroscopy?’, even though
both works describe bright-bright excitons, which would suggest
the biexciton binding energy is only weakly sensitive to the spin
configuration of the two constituent excitons.
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In conclusion, we have observed neutral and charged biex-
citon species in monolayer WSe, crystals encapsulated in hBN
through their clear emission signatures. We have established
that the neutral biexciton is composed of pairs of excitons
located in opposite valleys, one of which is a long-lived dark
species. Our observations deepen the understanding of the
intrinsic optical properties of two-dimensional TMDCs and
provides a new route to access the optical response associated
with biexciton species under conditions of modest excitation.

Methods

Samples. Single crystals were grown by sealing W powder, 99.999% purity, and
Se shot, 99.999% purity, in an evacuated quartz ampoule with excess Se as the
flux. Subsequently, the ampoule was heated to 1000 °C for 2 days and cooled to
450 °C at a rate of 0.85°Ch~L. The crystals were removed, centrifuged, and
annealed at 250 °C for 2 days to remove excess Se. Encapsulated monolayers
of WSe, were then prepared from these single crystals by a dry stamping
technique3”, with all materials exfoliated on Si/SiO, substrates. In order to
contact the WSe, film, two few-layer graphene strips were picked up by an hBN
flake, followed by the monolayer WSe,. Finally, a bottom (Ar/O, cleaned) hBN
crystal and a thin layer of graphite were picked up to act as the backgate for
controlling doping and screening the effects of the SiO,. Contact was made to
the graphite leads and backgate by etching with CHF; and making edge contact
using Cr/Pd/Au film deposition (2/25/50 nm).

Measurements. In all but the magnetic field experiments, the samples were
mounted in a continuous flow optical cryostat and cooled with liquid helium to
temperatures of ~15 K. PL spectra were taken with an imaging spectrometer after
640 nm cw laser excitation. We note that for laser excitation at shorter wavelengths
(e.g., 532 nm), we observed photodoping of the sample starting at moderate power
levels. Spectra on bare hBN were taken to verify that all features in Fig. 1b originate
from the WSe, sample. Magnetic field measurements were conducted at the
National High Magnetic Field Laboratory, at sample temperatures of 10 K and cw
laser excitation at 660 nm. The PL spectra were fitted with a series of psedudoVoigt
lineshapes to obtain the emission intensity (area) as a function of the relevant
experimental parameters.

Biexciton binding energy. The binding energy A of the neutral biexciton is
obtained from the relation for energy conservation in the formation and radiative
decay of the biexciton species: Exo + Exp — A = hwyy + Exo. Here we consider a
biexciton formed from a pair of bright and dark excitons and assume that the final
state after radiative decay is a dark exciton in its ground state. It follows that the
biexciton binding energy is directly related to experimentally observable emission
energies through A = Eyo — hwyy.

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