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% Check for updates Realizing strong nonlinear optical responses is a long-standing goal of both

fundamental and technological importance. Recently, substantial efforts
have been focused on exploring excitons in solids to achieve nonlinearities
evendown to few-photon levels. However, a crucial tradeoff arises as

strong light-matter interactions require large oscillator strength and

short radiative lifetime of excitons, which limits their nonlinearity. Here we
experimentally demonstrate strong nonlinear optical responses with large
oscillator strength by exploiting the coupling between excitons and carriers
inanatomically thin semiconductor. By controlling the electric field and
electrostatic doping of trilayer WSe,, we observe the hybridization between

intralayer and interlayer excitons and the formation of Fermi polarons.
Substantial optical nonlinearity is observed under continuous-wave and
pulsed laser excitation, where the Fermi polaron resonance blueshifts by as
much as ~10 meV. Intriguingly, we observe a remarkable asymmetry in the
optical nonlinearity between electron and hole doping, whichiis tunable

by the applied electric field. We attribute these features to the optically
induced valley polarization due to the interactions between excitons and
free charges. Our results establish atomically thin heterostructures asa
highly versatile platform for engineering nonlinear optical response with
applications to classical and quantum optoelectronics.

Nonlinear optical phenomenallie at the heart of classical and quantum
optics, withapplications ranging from data communications to quan-
tum control"?. Developing physical systems with stronger optical non-
linearity and reducing their power requirement holds the promise for
more efficient optoelectronics and may unlock new technologies such
assingle-photon switches and transistors®>. Inrecent years, substantial
efforts have been devoted to investigate excitons in semiconductors
as asolid-state medium for realizing strong optical nonlinearity® 5,

Also, van der Waals heterostructures based on atomically thin
transition metal dichalcogenides (TMDs) have emerged as a new
platform for the fundamental studies of excitons and for engineering
optical responses®’. Excitons in such two-dimensional materials are
highly tunable with rich spin-valley physics and possess characteris-
tics promising for optical nonlinearity, such as strong light-matter
interactions and weak screening of Coulomb potential®. However, a
major challenge inachieving high nonlinearity under low excitation
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Fig.1|Dual-gated WSe, homotrilayer van der Waals heterostructure and
their optical characteristics under gatingat T = 4 K. a, Schematic of the
trilayer vdW heterostructure. The homotrilayer WSe, is encapsulated with two
hBN layers ~15-20 nm thick. b, Optical image of the homotrilayer WSe, device.
Scalebar, 5 um. The trilayer and neighbouring bilayer regions are enclosed by
the yellow and green dashed lines, respectively. ¢, PL spectra of the WSe, trilayer
under an electric field. The bright emission exhibiting a Stark shift under an
electric field of1.50-1.58 eV corresponds to the indirect exciton X,. The upper
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weaker emission at1.7 eV corresponds to the momentum-direct K-Kintralayer
exciton X,.d, Reflectance spectra of the WSe, trilayer under an electric field.
The high-energy momentum-direct K-Kinterlayer exciton shows a Stark shift
of <100 meV and begins to hybridize with X, when their energies become
degenerate around the electric field of 0.05 V nm™. e, Doping-dependent
reflectance spectra of the WSe, trilayer. With increasing doping concentration,
theintralayer trion or Fermi polaron (X, /X,") shifts towards lower energy.

power arises from the balance between the strengths of exciton-
photon and exciton-exciton interactions" . For instance, intralayer
excitonsinthese materials exhibit large oscillator strength but expe-
rience weak interactions, dominated by exchange interactions and
limited by their short lifetime'. On the other hand, interlayer exci-
tons in TMD heterostructures have longer lifetimes and experience
interactions due to their finite electric dipole moment, Unfortu-
nately, the spatial separation of electron-hole wavefunctions leads
to weaker absorption of incident photons. Several recent studies
demonstrated enhanced interlayer exciton absorption viaits hybridi-
zation with intralayer excitons in MoS; (refs. 6,17-19), although the
oscillator strength of such hybrid excitons is still an order of magni-
tude weaker than the intralayer ones. So far, strong nonlinearity in
intralayer excitons has not yet beenrealized. In this study, we report
giant nonlinear optical responses of intralayer charged excitons, that
is, Fermi polarons, on the order of several millielectronvolts under
a photon flux of 10 photons per second per square micrometre.
This strong nonlinearity is highly tunable by the doping level and
electric field, based on which we attribute the nonlinearity to an
opticallyinduced valley polarization resulting from exciton-carrier
scattering.

Results

Electrical control of excitons

In our experiments, we encapsulate exfoliated WSe, homotrilayers
inside two layers of hexagonal boron nitride (hBN) in a dual-gate
geometry to independently control the overall doping levels and the
displacement field (Fig.1a,b). Figure 1c shows the photoluminescence
(PL) map of the sample by varying the electric field and keeping the
samples undoped. We observe strong emission from excitons X;, whose
energy linearly shifts with the electric field from1.58 t0 1.50 eV, and PL
peaksat1.71,1.55and 1.52 eV that remain constant with varying electric
fields. We attribute the peak at1.71 eV to intralayer momentum-direct
exciton X, at the K-K transition, based on their strong absorption
(Fig.1d) and zero Stark shift. The lower energy of X, indicates that they
are momentum-indirect excitons at the band edge, corresponding to
transitionacross the indirect gap, located at the valence band T valleys
and conduction band Qvalleys, according to the band structure calcu-
lations?**2. From the linear Stark shift, we estimate the electric dipole
of X, to be around 0.78 nm e (Methods). The corresponding vertical
displacement of the electron-hole pair in X, is approximately half the
distance between the top and bottom tungsten layers, indicating that
the electrons or holes are partially layer delocalized.
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Fig.2|Nonlinearity in hole-doped homotrilayer WSe,at T = 4 K.

a-c, Reflectance contrast R/R, of the trilayer under 0,10 and 30 pW CW (635 nm)
laser excitation with different doping levels, where R, is the reflectance of a
reference region near the trilayer region with bare graphite/hBN/graphite on SiO,
onthesample. Intriguingly, the exciton blueshifts when the sample is hole doped.
d, Relative change in the reflectance induced by 30 pW of CW laser pumping
under different doping levels. The colour map is obtained by normalizing the
reflectance change induced by the CW excitation with respect to the reflectance

without optical pumping, thatis, AR/R = —GOuW) 1 Therefore,a positive
R(no pumping)

value (red colour) at high energy and negative value (blue) at low energy indicate
ablueshift. The apparent discontinuity near O Vis due to the high excitation
power and finite voltage step used, and such a transition becomes smoother at
lower excitation power (Supplementary Fig. 7 shows additional data). e, Blueshift
of X,"as afunction of the pulsed laser excitation (718-720 nm, resonant with X,,")
power, witha hole-doping level of 7 x 10”2 cm ™ The apparent redshift of the peak
energy below 1 uWis due to fluctuations. In fact, X, consistently shifts towards
higher energy with increasing power (Supplementary Fig. 8 shows additional
dataand analysis).

Next, we measure the reflectance of the trilayer under an electric
field (Fig.1d).Inadditionto theintralayer X,, we observe an additional
reflectance contrastat1.78 eV (IX,;,), which exhibits a substantial Stark
effect of almost 100 meV (additional devices are shownin Supplemen-
tary Fig. 1). The finite reflection contrast and linear Stark effect of IX,
suggest thatit correspondstointerlayer exciton at the direct K-K tran-
sition with larger oscillator strength than those momentum-indirect
excitons, X,, observed in PL. From the slope of the Stark effect, we
estimate the electron-hole displacement tobe1.35 nm. Interestingly,
asthe energy of IXp approaches that of the intralayer exciton X, under
ahigherelectricfield, we observe anapparent anti-crossing behaviour
of X, and IX;, near the electric field of 0.05V nm™. We note that the
levels are not fully avoided and there is always finite reflection from
X, at1.71eV for all the electric fields, which will be comprehensively
discussed later. To quantitatively understand the avoided crossing,
we extract the exciton energies by fitting the reflectance spectra and
then model the anti-crossing using asimple coupled oscillator model,
fromwhich we estimate a coupling strength of W =10 + 2 meV between
X, and IX;, (Supplementary Fig. 2).

We further characterize how electrostatic gating modifies intra-
layer excitons X, and their hybridization with interlayer excitons.
Figure 1d shows the doping-dependent reflectance spectra of the
sample under zero electric field. On doping, the reflectance from
neutral X, diminishes as they lose their oscillator strength, and the

charged intralayer excitons emerge and shift to lower energies, with
similar behaviours observed in PL (Supplementary Fig. 3). The redshift
ofthe charged excitons withincreasing doping levels canbe explained
in terms of an attractive Fermi polaron?, or an increase in the exci-
ton-trion energy splitting with increasing Fermi energy®. The similar
dopingdependence of reflectance and PLis due to the absence of Pauli
blockinginboth cases when the free carriers donotresideinthe K val-
ley”. As we focus on the highly doped regime where excitons interact
with alarge number of carriers, we refer to these charged excitons as
Fermi polaronsin later discussions®.

Giant optical nonlinearity

Next, we study the excitons’ nonlinear optical response by measuring
the sample’s reflectance spectra under different laser pumping levels.
Figure 2a-c shows thereflectance spectra of the sample, probed with
ahalogenlamp as we excite the system with a 635 nm continuous-wave
(CW) laser of different power values. When the trilayers are electron
doped or intrinsic, optical pumping does not strongly alter the reflec-
tance spectra. Intriguingly, however, inthe hole-doped regime, optical
pumping leads to adramatic blueshift of the Fermi polaron X!, onthe
order of afew millielectronvolts, and aslight linewidth increase under
excitation of tens of microwatts (Fig. 2b). The oscillator strength of X},
extracted fromthereflection spectra, remains almost constant at low
excitation power and decreases at higher power (Supplementary Fig. 4).
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Fig.3|Electronic band structure of trilayer WSe,. a, Crystal structure of
natural trilayer WSe, dictates alternating K and K’ valleys among the
neighbouring layers. The strong spin-orbit coupling of holes leads to weak
tunnelling among the neighbouring layers but strong tunnelling between the top
and bottom layers. b, Tunnelling of holes between the top and bottom layers
results in the hybridization of intralayer K-K excitons X, and interlayer K-K
excitons IX,. ¢,d, Band structures and carrier populations of hole-doped trilayer
WSe, in the absence of an electric field (£ = 0). ¢, Optical excitation generates
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both momentum-directintralayer XX and momentume-indirect X, of higher
population. Intralayer Fermi polaron X;j caninteract with X,and the free holes in
the system. d, Under strong optical excitation, the interaction between intralayer
excitons and free charges caninduce a population transfer of carriers from the
I'tothe Kvalley. The energy difference between I'and K is small. The additional
free carriersin the K valley lead to phase-space filling and optically induced
blueshift of XK. We note that in this non-equilibrium state, the dashed lines do
not represent the Fermilevel but are indications for the carrier population.

We note that PL signals are more than four orders of magnitude weaker
than the reflected light and therefore negligible.

To visualize the doping dependence of nonlinearity, we measure
the relative change in the sample’s reflectance induced by optical
pumping, AR/R=(R,/R,,) -1, where R,and R,, are the sample’s reflec-
tance spectrawith and without laser pumping, respectively. Figure 2d
shows thereflectance spectra AR/R under symmetric gating with zero
electricfield, where we observe striking asymmetry between the elec-
tron and hole sides. We briefly note that our observed nonlinearity of
intralayer excitonsis orders of magnitude stronger than that of dipolar
interlayer excitons in bilayer TMDs"? (Supplementary Table 1 lists a
detailed comparison with other systems). Another critical distinction
is that the nonlinearity in bilayer TMDs occurs for interlayer excitons
in theintrinsic regime®”.

In addition to non-resonant excitation, we also probe the optical
nonlinearity by resonantly exciting X, with a pulsed laser (718-730 nm
wavelength, ~-100 ps pulse duration) and qualitatively observe similar
nonlinear behaviourswithan -10 meVblueshift of X} andanincreaseinits
linewidth, only onthe hole-dopedside (Fig. 2e and Supplementary Fig. 5).
Toinvestigate how excitation photon energiesimpact the nonlinearity, we
tune the pulsedlaser energy across the X} resonance. Resonant excitation
resultsinastronger blueshift than higher-energy excitation, whereas there
is no noticeable shift of X} when the photon energy falls below X7 (Sup-
plementaryFig. 6). Additionally, we observe no strong wavelength depend-
ence when the photon energy exceeds X} (Supplementary Fig. 6). In
particular, the pulsed excitation generates an order of magnitude smaller
blueshiftthanthe CW laser atlower power withits peak power comparable
withthe CW laser’s average power (Supplementary Fig. 8).

Optically induced valley polarization

The observed Stark effect and anti-crossing in WSe, trilayers canbe under-
stood by examining their crystal and band structure. In trilayers, each
monolayerisrotated 180°, resultingin alternating Kand K’ points between
thelayers” (Fig. 3a,b). Here we mainly consider the hole-tunnelling pro-
cess, which is predicted to be much stronger than electron tunnelling
by density functional theory calculations®. The sizeable spin-orbit cou-
plinginthe valence band dictates that the direct tunnellingbetweenthe
neighbouring layers would be much weaker than that between the top
and bottom layers across the middle layer (Fig. 3a,b). Such tunnelling
leadstoafinite oscillator strength of interlayer K-K excitons X, and their
avoided crossing with intralayer X, (ref. 29). Indeed, the experimentally
extracted coupling strength between X, and IX,, is consistent with the
calculated interlayer coupling strength of holes at the K valley?. This
is further corroborated by our measured dipole moment of IX;, being
close to the distance between the top and bottom layers, and explains
our observationthat the level crossing at X, is not fully avoided, since IX,
does not couple to intralayer excitons in the middle layer.

The observed optical nonlinearity and their doping dependence
cannot be simply explained by heating or carrier injection from the
laser since both effects result in a redshift of the intralayer excitons
(Fig. 1e and Supplementary Fig. 9). Therefore, we examine how the
interactionsamongthe elementary excitationsinthe systems, thatis,
intralayer excitons X,, momentum-indirect excitons X,and free carri-
ers, may giveriseto the observed nonlinearity. First, we extractalarge
interaction strength of g =2 meV pm? from the linear fit of energy
blueshift versus X} density at low power** (Supplementary Fig. 8). Itis
apparent that excitonic interactions (that is, X,—X, and X,-X,) alone

Nature Photonics | Volume 18 | August 2024 | 816-822

819


http://www.nature.com/naturephotonics

Article

https://doi.org/10.1038/s41566-024-01434-x

a 1.78
1.74
S
L
>
3
Q
C
wl
1.70
1.66
-0.05 o] 0.05 0.10
Electric field (V nm™)
C 176
d d AR/R
p dope N .
-3 3
=
2
@
{=
wl
] 0
- 0
i i
5 h
i 5
1.68 ‘ T \ :
-0.05 [0] 0.05
Electric field (V nm™)
e E > E, weak excitation

Energy (eV)

-0.10 -0.05 0 0.05
Electric field (Vv nm™)
d»
—&— 0ovnm™
0.03V nm™

| —&— 0.07Vnm™
s —
2
5 1717
5}
c
w

1.70 T T T T
[0] 4 8 12 16
Power (UW)

f E > E_, strong excitation

K Q r

Fig. 4 |Electric-field-dependent exciton energy and nonlinearity in
homotrilayer WSe,at T = 4 K. a,b, Electric-field dependence of the intralayer
Fermi polaron reflectance contrast R/R, in a trilayer with a hole (a) and electron
(b) doping density of 4.9 x 102 cm™. ¢, Reflectance change induced by a pulsed
laser excitation of 12 pW power. The colour map is obtained in the same way as
thatinFig. 2d. Under a small electric field, X, shows a blueshift, but it begins to
redshift under excitation at higher electric field. d, Line plots of the X,,*-power-
dependent peak shift under different electric fields. X,* shows a blueshift of
~10 meV under zero applied electric field and a redshift of a similar magnitude

K Q r

under large electric field. The corresponding electric fields for these linecuts are
indicated by the dashed linesin c. The error bars represent the uncertainty in
determining the peak energy when fitting the reflection data. e,f, An electric field
induces ashift of the valence band edge from the I to K valley. Under strong
optical pumping, a net valley polarization isinduced by exciton-carrier
scattering with increased carriers at the I point, which leads to the optically
induced redshift of XK athigher electric field. In the non-equilibrium states,

the dashed lines are used as indications for the carrier populations, and do not
represent the Fermilevel.

cannot produce the observed nonlinearity. On one hand, X,—X, interac-
tions among intralayer excitons are repulsive but weak, which scale
linearly with density having coefficientg,, = aE;R* ~ 1.9 peV um? where
ais a constant (~6), ;=100 meV is the exciton binding energy and R
(-1.78 nm) denotes the exciton Bohrradiusin trilayers®. Given the short
lifetime of X, (almost picoseconds)*** and thus the small density
(-10° cm™%; Methods), the amount of blueshift is expected to be orders
of magnitude smaller than the experimental values (and comparable

with monolayers and bilayers***'). On the other hand, although X, can
acquireadipole momentviaits hybridization with X, and experience
X,—X, dipolar interaction with X,, such interactions should have per-
sisted in the intrinsic and electron-doped regimes. Furthermore, we
estimate anupperlimitof dipolarinteractionstrengthg, = 1.8 peV pm?—
orders of magnitude smaller than the experimental interaction
strengthg(Methods). This conclusionis supported by the experimental
observation of the much weaker nonlinearity of X, than X}, even when
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X,is fully polarized by an external electric field (Methods and Supple-
mentary Fig. 10 provide additional discussion).

Therefore, we attribute the observed nonlinearity to the valley polari-
zation created from the interactions between X, and free carriers. In par-
ticular, excitons created by optical pumping may induce anon-equilibrium
valley population imbalance in the resident carriers between the Kand I
valleys, viamechanismssuchas exciton-carrier scattering’**. Importantly,
underzeroelectricfield, the energy difference betweenthe KandT valleys
israthersmallintrilayers?, onthe order of tens of millielectronvolts, based
on first-principle calculations and transport studies (Fig. 3c). As aresult,
electrostatically doped holes at the I' point could be efficiently scattered
intotheK valley by excitonssuchas X, and X,, viaCoulombicand exchange
interactions*** (Fig. 3d). This net accumulation of the valley population
atK (and K’) induces phase-space filling and consequently the observed
blueshiftof X}.Suchascattering process would also introduce additional
dephasing, which explains the increase in XK linewidth. Meanwhile, the
oscillator strength remains unchanged at low excitation power, since it
depends on the total doping level, but decreases at higher power due to
saturation. In addition to the exciton—-carrier scattering, the net valley
polarization may also be created by the electric field induced by optical
pumping. For instance, in bilayer TMDs, it has been suggested that the
generation of dipolar X, excitons may create anon-zero displacement field
due to spontaneous symmetry breaking®. Such a displacement field can
introduce a relative energy shift between the K and I valleys?, thereby
creating a valley polarization. To further investigate such possible valley
polarization, we probe the population of the resident carriersinthe Kand
K’valleys under circularly polarized resonant excitation. Asshownin Sup-
plementary Fig. 11, we observe a stronger blueshift of X} in the K than K’
valley when exciting excitons in the K valley, consistent with our optically
induced valley polarization picture.

The proposed valley polarization mechanism also explains the
strong electron-hole asymmetry of optical nonlinearity. Intrinsic
trilayer WSe, exhibits weak nonlinearity, since no valley polarization
canbe created without resident carriers. In the electron-doped case,
the valley polarization of resident carriers is prevented by the much
larger energy splitting, onthe order of hundreds of millielectronvolts,
between the Q (band minimum) and K (where X, reside) valleysinthe
conductionband?. We also briefly note thatin TMD monolayers, opti-
cal pumping with circularly polarized light can polarize carriers in K
versusK’ valleys®* . The generation of valley imbalance in monolayers
hasbeen attributed to mechanisms such as different intervalley versus
intravalley carrier relaxationrates, as well as differentindirect excitons
and spin-forbidden dark exciton relaxation rates®*°. Unlike in the
monolayer case, where aspin flip of carriersis required for scattering
between the Kand K’ valleys, the I point is spin-degenerate such that
theintervalley scattering betweenK andTl intrilayers canhappenviaa
spin-conserving process, such as direct Coulomb and exchange inter-
actions between holes and excitons. We note that X, probably plays a
crucialrolein exciton-electronscattering owing toits larger popula-
tion than X, (Supplementary Fig. 10 shows the estimated X, density).
Since the relaxation processes of X, to X; and X, to the ground state
bothinvolve finite momentum transfer, they can facilitate the valley
polarization process viaexciton-carrier scattering. This suggests that
the dynamics of valley polarization could occur at a timescale similar
tothe X, lifetime, onthe order of nanoseconds, which may explain our
observation of weaker nonlinearity created by the pulsed laser than
CW withthe same peak power (Supplementary Fig. 8).

To further corroborate our hypothesis, we control the relative
energies of theand K valleys by applying an external electric field***,
and study the resulting changes inboth energies and optical nonlinear-
ity of Fermipolarons. First, we measure thereflectance of X} and X, as
we change the electric field under fixed doping levels (Fig. 4a,b). With
anincreasing field, the energy of the X blueshifts atasmaller electric
field and then switches to redshift above an electric field of ~0.05 V nm™*
(Fig.4a). The electric field shifts the valence band maximum fromT to

Kduetothe distinct orbit characters of the eigenstates™. Although the
eigenstate at K becomes layer polarized at higher energies with the
field, the wavefunctionatthel pointfeaturesalargeinterlayer coupling
with small energy change under the field?. This shift from I toK leads
to more phase-space filling in K and a blueshift in X}, consistent with
our proposed mechanism for optical nonlinearity (Supplementary
Fig.13). Above an electric field of -0.05V nm™, X begins to redshift.
Thiselectricfieldis comparable with the critical field under which the
band edge shifts fromT toK, as determined from the transport studies?
(note thatthefield reportedintheliterature differs from our definition
by a factor of the relative dielectric constant). In stark contrast, the
energy shift of X3 is much smaller in the electron-doped region
(Fig.4b), where the band edge remains at the Q point. The small energy
variation of X3 canbe explained by the avoided crossing similar to the
undoped case (Supplementary Fig. 1).

Intriguingly, the electric field also dramatically changes the non-
linear responses of X}. As shown in Fig. 4c, the reflectance change
induced by optical pumping, thatis, AR/R,shows a clear flipinthe colour
contract at ~-0.05V nm™, which coincides with the crossover field
between the blueshift and redshift of X} (Fig. 4a). The magnitude of
blueshift and redshift is similar under the same excitation condition,
around 10 meV (Fig. 4d).Suchelectric-field control of optical nonlinear-
ity provides additional supporting evidence for our proposed mecha-
nism involving valley polarization (Fig. 4e,f). Figure 4e shows the
modified band structure above the critical field?2. Under optical excita-
tion, the same exciton-hole scattering process caninduce a population
transfer of holes fromK toT, as well as reduce the X} energies (Fig. 4f).
This also explains the similar critical electric fields where both nonlin-
earity and electric-field susceptibility turn from blue- to redshift.

Conclusion

Our results demonstrating highly nonlinear excitons with large oscil-
lator strengths open avenues for engineering exciton—carrier interac-
tionsinatomically thin heterostructures to explore strongly interacting
many-body physics and develop novel optoelectronics. By designing
the atomic and electronic structures of the heterostructures, one may
engineer the strong interactions between bright and dark excitons and
free charges®. The excitonicand free-charge populationsare highly tun-
able, and elucidating the complex interactions between intralayer and
interlayer excitonsand charges willbe of great future interest for studying
many-body physicsinahybrid Fermi-Bose system**, from both theo-
reticaland experiment perspectives. These strongly interacting optical
excitations can be used to realize active nonlinear metasurfaces based
on the spatial confinement of excitons by moiré superlattice and local
electrostatic gate***. Combining strong nonlinearity with spatial con-
finement could also further boost nonlinearity and allow exploring quan-
tumoptical effects, including non-classical light sources and few-photon
nonlinearity™*. Although current experiments require10>-10* photons
to shift the resonance by a linewidth, improving materials quality and
engineering photonic environment could substantially lower the required
photon count by reducing the Fermipolaronlinewidth. Finally, the dem-
onstrated optical control of exciton resonances could enable novel non-
linear optoelectronic devices such as all-optical switching, nonlinear
optomechanical resonators*®*’ and optical limiting devices"*°.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-024-01434-X.
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Methods

Device fabrication

Graphite and hBN flakes are mechanically exfoliated from the bulk crys-
talsontothesilicon chip with aSiO, layer. Some of the exfoliated homo-
trilayer WSe, flakes were provided by the Quantum Material Press facility
in the Center for Functional Nanomaterials at Brookhaven National
Laboratory. The thickness of the hBN flakes and WSe, layer numbers are
estimated on the basis of the colour contrast under optical microscopy.
Theheterostructureis assembledinatransfer station built by Everbeing
Int’l Corp., which uses polydimethylsiloxane and polycarbonate as the
stamp and all the flakes are transferred in a dry transfer method onto a
silicon chip with a 285 nm SiO, layer. Then, the electrical contacts are
patterned by electron-beam lithography and a liftoff process where we
deposited 5 nm Crand 80 nm Au by thermal evaporation.

Optical spectroscopy

The optical measurements were performed in our home-built con-
focal microscope with an attoDRY 4K cryostat. The apochromatic
objective equipped in the chamber has a numerical aperture of
0.82. The PL measurement is performed under 635 nm diode laser
excitation. The reflectance measurement is performed using
either a halogen lamp (Thorlabs) or a supercontinuum white laser
(YSL Photonics) as the excitation source. The diode laser has a
diffraction-limited spot size, whereas the beam diameter of the
white laser is slightly larger—around 1 um. The white laser has a
pulse duration of ~60 ps with a variable repetition rate of up to
40 MHz. Our power-dependent reflectance is measured under both
CW and pulsed excitation. In CW measurements, we illuminate the
sample with a halogen lamp as the probe and use the CW (635 nm)
diode laser as excitation, with power ranging from 0.02t0 30.00 pW.
In the pulsed resonant excitation case, we excite the system with a
supercontinuum white laser filtered in the 718-730 nm wavelength
range. We vary theincident power and directly measure the reflected
white laser signal from the sample. In both cases, our reflectance
spectra are normalized by dividing the reflected light intensity
from the sample trilayer area by the reflected light intensity from
the nearby bare hBN on the SiO, area. The spectra are measured by
aHoribaiHR320 spectrometer using a 300 mm line grating and a
Synapse+ BIDD charge-coupled device camera.

Doping density and electric field

The doping density and electric field are determined by considering
the heterostructure as aparallel capacitor®. The applied electric field
is calculated as E = , whereas the displacement field D is deter-

€08 WSeZ

minedasD = l(CTop X AVrg — Cgotom X AVpg)- Thetopand bottom capaci-

tances are given by Cropgorcomy = -2, where ¢ is the thickness of the
B

top and bottom hBN layer. AV; and AV; are the applied top-gate and
bottom-gate voltages relative to the offset voltage to the band edge,
respectively. The total doping density in the system can be determined
asn = 1 X (Crop X AV + Cottom X AVig). We Use &yse, = 7 (refs. 33,41) and
Enpn = 3 (ref. 41) in our case. The thicknesses of the hBN layers are
extracted by atomic force microscopy measurements.

Extractdipole distance d
The energy shift as a function of the electric field of X, and X, obeys
the law of Stark shift, which can be described as follows:

Vi
€nBN « JBG I o

=lexdxE|l=
wse2  fBG

lexdx

Thus, the dipole moment of excitons can be calculated as

g t
AE  Ewsez  fog | 2

d=|
e " egmn Vi

Estimate of exciton density
In the steady state, the exciton densities of both intra- and interlayer
excitons canbe estimated by ny = lat/Ahw, where /is the pump power, A
isthe pump-beamsize, iwis the photon energy, ais the sample’sabsorb-
anceatthe pump wavelength and ris the lifetime of respective excitons.
Thelifetime of interlayer excitons X, is estimated from time-dependent
PL measurements, whereas we take the lifetime of X, fromthe literature.
The density of X, can be estimated from an independent method
by measuring their PL and considering dipolar interactions using a
simple capacitor modelin which the exciton density is proportional to
theblueshiftinduced by the repulsionbetween excitons®: n, = M
where AE is the blueshift of the emission energy and d is the dlpole
moment of X, estimated to be ~0.78 nm from the Stark effect.

Estimate of exchange and dipolar interaction strengths

The exchange interaction strength can be estimated from g, =~ aE,R?,
where a is a constant, £; is the exciton binding energy and R denotes
the exciton Bohr radius intrilayers. For our calculation, we adopta =6,
E;0f-100 meV and R of 1.78 nm, which are values from the literature®,
to estimate the interaction strength.

Meanwhile, X, could acquire finite electrical dipoles viaits hybridi-
zation with IX,. We note that to the first order, there should be zero net
dipoles and weak dipolar interactions under symmetric gating. How-
ever, theemergence of local net dipolesis plausible due to spontaneous
symmetry breaking. Inlight of this, we calculate an upper limit for the
dipolar interactions, assuming all the dipoles are aligned. Using a
parallel-plate model, the dipolar interaction strength is given by

g4 = sf:" , .This dipole moment,
0€TMD

ed, acquired from the hybridization with IX;,, can be estimated from
the composition percentage of each exciton species in the coupled
oscillator model (Supplementary Fig. 2). The value peaks when
X, becomes degenerate with IX;, reaching ~0.7 nm e, thereby leading
toan estimated dipolar interaction strength of g, = 1.7 peV pum>.

Estimate of photon numbers required to shift the resonance
by alinewidth

The photon numbers are calculated from n = P—E‘ where Pisthe power
of the laser, 7 is the Fermi polaron lifetime and £ = lS the photon
energy. For pulsed laser excitation, we convert the average pumping
power (P,,) into peak power P = o "“g wherefkls therepetitionrateand
t,isthe pulse duration.

Data availability
All other data are available from the corresponding author upon rea-
sonable request. Source data are provided with this paper.
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Section 1. Analysis of Anti-Crossing between IXp and Xa
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Figure S1 Anti-crossing between IXp and Xa for various doping concentrations in device D2.
a, Reflectance spectra (R/Ro) as a function of the electric field in the intrinsic regime. b,
Differential reflectance spectrum (d(R/Ro)/dE) as a function of the electric field. The anti-crossing
takes place at ~0.05 V/nm, consistent with device DI1. ¢, d, Zoom-in view of the differential
reflectance under electron (¢) and hole(d) doped with an applied electric field. The white dashed
lines represent the energies fitted with a two-level model. The fitted coupling strength W for
electron and hole-doped side is around ~10 meV and comparable with that in intrinsic trilayer.
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Figure S2 Analysis of anti-crossing between IXp and Xa in device D1. a, Reflectance spectra
(R/Ro) as a function of the electric field near the anti-crossing region. b, Voltage derivative of
reflectance spectra, d(R/Ro)/dV. The white dashed lines in (a) and (b) represent the energies fitted
with a two-level model. ¢, d, We study the anti-crossing between the IXp and X4 based on a two-
level system with a Hamiltonian:

E1l W

=0y g
where E1 and E: are the unperturbed energies of the IXp and Xa, respectively, and W is the coupling
strength. The new eigenvalues can be expressed as:

1 1
Ey = S(BEy+Ep) 25V (B — E)* +4W|?

where E correspond to the energies of the two branches. In (¢), we extract the peak positions E
by fitting the reflectance spectra with the Lorentzian function. The error bars represent the variance
of fitting peak energy. We then set £ to be 1.715eV, which is the mean energy of Xa, and keep it
as a constant. £ is calculated based on the IXp energy at zero electric fields and the stark shift.
The stark shift slope k is estimated to be -1.436 eV/V in this particular device. The fitted anti-
crossing is shown in (d) with a fitting parameter of W = 10 + 2 meV.




Section 2. Doping-dependent photoluminescence map of trilayer WSe:
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Figure S3 a, Doping-dependent photoluminescence of the trilayer WSe; at E,= ( taken from
D2 at 4 K. b, Degree of circular polarization (DOCP) of the Xa* and Xa~. The bright emission
in the range of 1.5~ 1.6 eV corresponds to the momentum indirect trion/Fermi polaron. In contrast,
the higher energy emission around 1.7eV corresponds to the momentum direct (K-K) intralayer
trion/Fermi polaron. Both charged excitons X; and Xa exhibit a redshift with increasing doping

density.

Section 3. Effect of optical pumping on the oscillator strength of X*
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Figure S4 The oscillator strength of X", extracted from the reflectance spectra of sample D3,
remains almost unchanged under low pump power and begins to decrease with increasing
excitation power, when the blueshift becomes obvious.



Section 4. Optical nonlinearity under resonant excitation
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Figure S5. a, Relative change in the reflectance induced by 1 uW of resonant at resonant (718 to
730 nm) pulsed laser excitation under different doping. The color map is obtained by normalizing
the reflectance change induced by the resonant excitation with respect to the reflectance without

optical pumping, AR/R = RauW) _ 1 The pulse has ~100 ps duration with a 40 MHz repetition

(0.1 uW)
rate. b, ¢, Reflectance change induced by a pulsed laser excitation power of 1 uW(b) and 3 uW(e),
as a function of electric field, under hole doping. Under a small electric field, Xa" shows a
blueshift, but it begins to redshift under excitation at a higher electric field. With increasing power,
this transition point shifts to a lower electric field.



Section 5. Effect of pumping photon energy on nonlinearity
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Figure S6 (a, b) Blueshift of Xa" under laser excitation at different center wavelengths (~10 nm
spectral width) with a fixed pumping power at (a) 16 uW and (b) 66 uW. (¢, d) The corresponding
reflectance changes induced by optical pumping at different wavelengths show no significant
wavelength dependence. (e, f) When exciting the system with photon energies below Xa", we did
not observe significant blueshift (e), in contrast to higher energy excitation at 640nm (f). All data
is acquired from device D3. We also note that the resonant excitation results in a much more
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Section 6. Optical nonlinearity under different powers in various devices
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Figure S7 Relative change in the reflectance induced by optical pumping as a function of
doping for various devices under different excitation conditions. We notice that the reflectance
change is smooth near OV, particularly at low excitation power. (a) 10 uW and high excitation
power (b) 30 uW with 635 nm CW laser pumping for Device D1. (¢) 2.5 uW and (d) 20 uW
645nm pulsed laser excitation for device D1. (e) 10 uW and (f) 20 uW CW 635 nm laser pumping

for Device D3.
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Section 7. Effect of CW vs. pulsed excitation
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Figure S8 Analysis of power-dependent blueshift of X" under CW laser (a, ¢) and white laser
excitation (b, d). a,b, Extraction of interaction strength g from (a) CW laser and (b) pulsed laser
pumping induced Xa™ blueshift vs. exciton density for D1. The exciton density is calculated from
pump flux based on ny = Pat/hw, where P is the pump power, « is the absorption coefficient, T
is the lifetime of the Fermi polaron, Aw is the photon energy. The Fermi polaron lifetime is a few
picoseconds, as measured in similar systems, and we use a value of 2 ps. The interaction strength
is extracted from the linear fit of the AE — ny curve in the low exciton density regime. The larger
g values under CW excitation could be related to the complex relaxation dynamics of the exciton
populations and an overestimation of exciton density under pulsed excitation. We also fit the blue
shift amount as AE = a - ny®) over the entire data range. The fitting for CW laser and pulsed
laser yields a coefficient of b as 0.52 with an R-square of 0.9516 for the CW laser and b of 0.32
with an R-square of 0.9317 for the pulsed laser, which shows a sublinear response for Xa" as
polaron density. The hole doping density is kept at 8 x 10'> cm™. The error bars represent the
variance of fitting peak energy. ¢, d, The same data as shown in a, b, plotted on a semilog scale,



to emphasize on the low power regime, with power as the x-axis. e, f, Power-dependent blueshift
of XA under CW laser for e, device D1 and f, device D3. The error bars represent the variance of
fitting peak energy.

Section 8. Temperature dependence of Xa™
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Figure S9 Temperature-dependent reflectance spectra of the trilayer under a constant
doping density under zero electric field. In all cases, which include (a) intrinsic, (b) hole-doping,
and (c¢) electron-doping, we observe strong redshift with increasing temperatures. Therefore, the
observed nonlinearity, which corresponds to exciton blueshift, cannot be described as simple laser
heating effects.



Section 9. Estimation of X density
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Figure S10 Estimation of X; density as a function of pump power. a-c, Electric field-
dependent PL map under different pump power (a) 3 uw, (b) 50 uw, (¢)100 uw at the trilayer
region. At an electric field of 0.12 V/nm, a maximum blue shift in a value of 3.3 meV of the X is

observed. (f) Xi exciton density inferred from the above Xj blueshift under an applied electric
field of 0.12 V/nm.



Section 10. Effect of circular polarization on Nonlinearity
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Figure S11 Valley-polarized holes under resonant circularly polarized excitation. (a, b)
Power-dependent blueshift of Xa* under resonant pumping with (a) 6+ /o™ (pumping and probing
K valley) and (b) ¥ /o~ configuration (pumping K, while probing K’ valley) when the sample is
hole-doped. We observe a stronger blueshift of Xa*in (a). We observe a stronger blueshift of XA+
in (a). In particular, we observe a ~1.3 nm blueshift under 3 uW pump when the pump and probe
are co-polarized and no obvious shift in the cross-polarized case. Further increasing the pumping
power to 10 pW leads to a blueshift in the cross-polarized setup, albeit still being smaller than the
co-polarized case, which suggests the holes are partially polarized in K vs. K’. The data is acquired
from device D3. (¢) Nonequilibrium hole accumulation in K and K’ valleys induced by selective
valley pumping with a circularly polarized excitation. The resulting population imbalance between
K and K’ causes different amounts of blueshift in Xa* nonlinearity between the two valleys.
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Figure S12 Non-resonant excitation with circular polarized polarization. Different from the
resonant excitation case (Fig. S12), under non-resonant circularly polarized pump (635 nm), we

observe similar magnitude of blueshift Xo" under (a) 6* /o *and (b) 6* /o~ configuration. This is



likely due to the breakdown of valley-selective optical selection rules far from the band edge as
well as fast depolarization of excitons and electrons during the relaxation process.

Section 10. Electric-field tuning of Fermi polarons.
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Figure S13 (a) Energy shift of Xa~ and Xa™ with applied electric field with constant doping. The
electron and hole doping densities are both kept at 4.9x 1012¢m™~2.The peak position is obtained
by fitting the reflectance spectral with a Lorentzian model. The error bars represent the variance
of fitting peak energy. b,c, Doping dependence of the intralayer Fermi polaron reflectance contrast
R/Ro in trilayer with applied (a) 0.03 V/nm, (b) 0.05 V/nm electric field. The negative doping
density represents hole hole-doped side. An obvious blueshift and broadening of Xa* is observed
on the hole side with an increasing electric field, corresponding to the additional phase space filling
due to the population transfer from I" to K valleys. Such a shift is much weaker on the electron
side.



Section 11. Comparison of nonlinearity with previous work

Table S1

Here, we compare the amount of blueshift per pump power, which has important implications for
low-power devices. Indeed, in our current work, much smaller pump power is needed to shift the
absorption of excitons by a similar amount, in comparison with previous reports. This is related to
the fact that the measured interaction strength g is much larger than previous reports and theoretical
exchange/dipolar interactions. We also note that while one can observe a significant shift of
interlayer excitons at relatively low power (Ref. [4, 5]), these species have negligible absorption
because of long lifetime, as we discussed in the introduction of the paper.

This work* Ref. [1] Ref. [2] Ref. [3] Ref. [4] Ref. [5]
. Fermi Hybridized Interlayer 2s Exciton Interlayer  Interlayer
Species Interlayer . i . .
Polaron . Exciton Polariton Exciton Exciton
Exciton
nyx (cm?) 10° ~4%10" ~2%10'° ~6*%10° 1.2%10" ~10"
AE (meV) 6 ~7 ~2.2 1-2 ~2 ~22
Power
37 3.25%10° 1300 *10* 60 ~300
(uW/um?) 3710
Svstem Trilayer Bilayer Bilayer Monolayer Bilayer hﬁ%?\]e/z/
y WSe; MoS, MoS: WSe; WSe;
WSe,
Probe Absorption ~ Absorption  Absorption  Absorption PL PL
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