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ABSTRACT: Monolayer transition metal dichalcogenide semiconductors are
promising valleytronic materials. Among various quasi-particle excitations hosted
by the system, the valley polarized holes are particularly interesting due to their long
valley lifetime preserved by the large spin—orbit splitting and spin—valley locking in
the valence band. Here we report that in the absence of any magnetic field a
surprising valley splitting of exciton polarons can be induced by such valley polarized
holes in monolayer WSe,. The size of the splitting is comparable to that of the
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Zeeman effect in a magnetic field as high as 7 T and offers a quantitative approach to

extract the hole density imbalance between the two valleys. We find that the density difference can easily achieve more than
10" per cm?, and it is tunable by gate voltage as well as optical excitation power. Our study highlights the response of exciton
polarons to optical pumping and advances understanding of valley dependent phenomena in monolayer transition metal

dichalcogenide.
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T he manipulation of the valley degree of freedom, a
pseudospin, has attracted significant interest in the
field of two-dimensional (2D) materials in recent
years. In monolayer transition metal dichalcogenide (TMD)
semiconductors, such as MoS, and WSe,, energetically
degenerate particles located at the two inequivalent valleys
carry opposite spin, momentum, angular momentum, and
magnetic dipole moment, offering a versatile means to address
the valley pseudospin.' Time-reversal-symmetry breaking
optical and magnetic fields have distinct impacts on quasi-
particles residing in the two valleys and lead to rich valley
phenomena. Well-known are optical generation of exciton
valley polarization® "' and magnetic lifting of the valley
degeneracy.”™'® Further studies reveal that intense subgap
optical fields can also break valley degeneracy via the optical
Stark effect'””” and that circularly polarized photons generate
not only valley polarized excitonic species but also valley
polarized resident charges.” ~>° The valley polarized charges
have orders of magnitude longer valley lifetimes compared to
excitons, promising for future valleytronic devices. In electron
doped TMDs, it was revealed that optical pumping can
produce highly polarized resident electrons that give rise to
opposite valley polarization for singlet and triplet trions.””
Valley polarized holes are potentially even more interesting:
Kerr rotation measurements indicate that these holes have
longer valley lifetimes than the resident electrons, and unlike
resident electrons, the valley polarized holes are highly robust
against in-plane magnetic fields due to large spin—orbit
splitting in the valence band.”'~>* However, other than

© 2023 American Chemical Society

WACS Publications

lifetime measurements,”' ~*° it has been challenging to perform
quantitative assessment of the valley polarized holes, including
basic questions such as the hole density difference between the
two valleys and how it evolves with photon fluence and gate
induced charge doping.

In this work, we excited hole-doped monolayer WSe, with
circularly polarized photons and observed, in the absence of
any magnetic field, a surprising energy splitting between the
attractive exciton polarons residing in the two opposite valleys.
To bring the valley polarons back to the same energy, a
magnetic field as high as 7 T needs to be applied. Our analyses
show that this interesting phenomenon is caused by valley
polarized resident holes that were generated optically. Unlike
pulsed excitations used in pump—probe studies of the transient
optical Stark effect,'””® our experiment uses low-intensity
continuous-wave (cw) optical illumination, which builds up
valley polarized holes that compete with intervalley scattering
and give rise to a persistent splitting. This persistent splitting
provides an avenue to extract quantitatively the hole density
difference between the two valleys, which is found to be a few
times 10'' cm™ depending upon the total hole density in the
device. Our study also provides fresh insight into energy
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Figure 1. (a) False color map of gate voltage dependent 1L-WSe, photoluminescence excited by linearly polarized light. (b) Linear

polarization resolved (left) and circular polarization resolved (right) spectra from V, = 0 V (top) to V,

—1.8 V (bottom). (c) Valley

polarization of X and X* from the circular polarization resolved spectra in (b).
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Figure 2. (a) Excitation-power-dependent photoluminescence spectra at various hole doping concentrations. The incident light has o,
circular polarization. The spectral intensity is normalized to incident power and integration time. (b) Excitation power-dependent energy
splitting (black) and valley polarization (red) of X*. From top to bottom: 1.2 X 10'% 1.8 X 10'%, and 2.4 X 10'> cm™>. The valley polarization
is computed by comparing the integrated spectral area of emissions. (c, d) Schematic of light-induced imbalance of the hole Fermi sea

between K and —K valleys.

splitting of excitonic modes for doped TMDs in an external
magnetic field, a phenomenon widely interpreted only with the
Zeeman effect arising from particles’ magnetic dipole mo-
ments.

RESULTS

The monolayer WSe, devices (D1, D2) are encapsulated by
hBN, and charge doping is achieved via the application of
voltage to a graphene back gate. We examine the gate
dependent photoluminescence of the devices at 4 K excited by
a 633 nm He—Ne laser excitation. (Data presented are taken
with device D1 unless otherwise stated.) As shown in Figure

15642

la, at the charge neutrality around Ve=0V, neutral exciton X
and the four-particle biexciton BX can be identified at 1.731
and 1.714 eV respectively. Adding electrons/holes by electro-
static gating further reveals abundant emission features
associated with charged exciton species whose multiparticle
nature and spin/valley configuration have attracted much
recent interest.”*>> In this work, we focus on the hole doping
regime. As holes are introduced into the device, BX rapidly
diminishes, while the interaction of the exciton with the hole
Fermi Sea results in two repelling branches of exciton
polarons: X" the attractive polaron, and X the repulsive
polaron.”**™7 Figure 1b left panel shows detailed spectral
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Figure 3. Magnetic field dependent circular polarization resolved photoluminescence with (a) linearly and (b) circularly polarized excitation.
The energy of X" from —9 T to 9 T is plotted in (c) for 6,6_ (black squares), 6,6, (red squares), 6,6_ (blue circles), 6,6, (green circles)

polarizations.

evolution under linearly polarized optical excitation and
detection. With the filling of the hole Fermi sea, the spectral
weight of the X polaron is gradually transferred to the X*
polaron. The spectral lineshapes in the two detection channels
are similar, and the small difference in intensity reflects finite
valley coherence induced by the linearly polarized excitation
that populates a coherent superposition of K and —K valley
excitons.

The circular polarization resolved spectra in the Figure 1b
right panel are drastically different. While at low doping where
X and X' polarons can be viewed as excitons and trions,
respectively, the spectral lineshapes in the o, (green) and o_
(blue) channels are similar, at high doping levels the lineshapes
become very different: compared to o_, the o, emission
channel has a much larger spectral weight in the X branch.
From the valley optical selection rule,*® the o, and o_
emissions correspond to radiative recombination of bright
excitonic species in K and —K valleys, respectively. Our data
thus point to very different valley polarization for X and X*
polarons. As quantitatively plotted in Figure 1c, the X polaron
valley polarization becomes very high as holes are introduced
into the atomic layer. The behavior of X" is also very
interesting: its smaller valley polarization (Figure 1c, right axis)
is accompanied by a striking splitting of the attractive polaron
energy in the o, and o_ emission channels.

The time-reversal-symmetry breaking effects for the K and
—K valley exciton polarons in Figure 1b right panel are
induced by valley polarized optical injection with o, optical
excitation. Figure 2 shows the spectral evolution of K and —K
valley exciton polarons as a function of laser illumination
power at several representative hole doping levels. At low laser
intensity the spectra appear “normal”, similar to linearly
polarized data in Figure 1b, with the energy of polarons
degenerate in the two valleys and similar X and X' valley
polarization. As the laser intensity increases, more and more
spectral weight is transferred from X* to X in the o, emission
channel (K valley). This leads to a decrease of valley
polarization for the X' polaron concomitant with the
emergence of a valley splitting for polaron energy, as plotted
in Figure 2b. The valley polarization of the repulsive polaron X
also significantly improves, most obviously seen from data with

a hole density at 1.2 X 10> cm™% Meanwhile the X* polaron
line width becomes wider in 0,0, than in 6,0_ as the laser
power increases. This broadening could be related to the
electron-recoil effect,” exciton-induced scattering dephasing,*’
and screening from potential fluctuations.*®

The size of the X* polaron valley splitting is comparable to
valley splitting induced by an external magnetic field of a few
Tesla. In Figure 3 (device D2, see Supporting Information for
device D1), we tune the valley exciton polarons populated by
linearly or circularly polarized optical excitations with an
external magnetic field. For linear excitation in Figure 3a, the
o, and o_ spectra almost overlap at 0 T, reflecting the same
population of attractive and repulsive polarons in the two
valleys. When the magnetic field is finite, the valley degeneracy
is lifted, and the spectral weight distribution between attractive
and repulsive polarons becomes different for polarons residing
in the two valleys. Since K and —K valleys form a time-reversal
pair, we observe in Figure 3a an “antisymmetric” behavior with
respect to the zero magnetic field: o, spectra in a positive field
behave like the o_ spectra in a negative field. This
antisymmetry is broken for data in Figure 3b where circularly
polarized optical excitation is used, and we observe more
intense X repulsive polaron emission in the ¢, channel in the
entire field range. The energy splitting for X" attractive polaron
is also not antisymmetric with respect to the 0 magnetic field.
Figure 3c shows the energy evolution of attractive exciton
polarons. Under linear excitation the K and —K polaron
energies cross at 0 fleld as expected. For circular excitation,
however, the crossing occurs at about 7 T.

Discussion. How do we understand the peculiar behaviors
of exciton polarons under circular excitation? Did the circularly
polarized light act as an effective magnetic field of =7 T in our
device? Circularly polarized optical excitation is known to be
capable of generating a pseudomagnetic field in TMD
semiconductors via the optical Stark effect, where intense
subgap optical pulses hybridize with the excitonic mode in one
valley but not the other, shifting the exciton energy and lifting
the valley degeneracy.'””” In our study here, the experimental
conditions are quite different from those in refs 19 and 20. Our
optical excitation is a continuous wave at sub-mW power,
which is orders of magnitude less intense. Further, our
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Figure 4. (a) Top: gate voltage dependent energy shift of X* with linearly polarized excitation (open symbols) and circularly polarized o,
excitation (filled symbols). Bottom: the extracted hole concentrations in the K valley (blue), —K valley (green), and average (black) under o,
excitation. The gray line shows the expected average carrier density with the geometric capacitance model. (b) The polarization of X* at low
(0.7 pW, gray) and high (230 gW, red) excitation power under circularly polarized excitations at different gate voltages. (c) Top: the
estimated difference of hole density between the two valleys by using energy splitting (red) and valley polarization (black) of X*. Bottom:

the corresponding valley polarization of resident holes.

excitation is above the optical bandgap, and tuning the incident
photon energy over a wide range does not have much impact
on the size of the polaron valley splitting (see Supporting
Information). This is in contrast to the optical Stark effect
where the energy splitting between the two valleys is highly
sensitive to how much the photon energy is detuned from the
optical bandgap.'”*° We thus rule out the optical stark effect
playing a role in our observations. In the following, we explain
our experimental observations as due to an imbalanced valley
population of mobile holes produced by circularly polarized
optical excitation. As illustrated in Figure 2c, the optically
excited electrons in the K valley can make a spin-conserved
transition to the —K valley. This process is presumably more
efficient than intervalley scattering of holes, which requires a
spin-flip due to the large spin—orbital splitting (~0.5 eV) in
the valence band. An excess of mobile holes is thus expected in
the K valley as illustrated in Figure 2d due to valley injection of
excitons. We note that this physics picture of more efficient
spin-preserved intervalley scatterings over spin-flipped inter-
valley processes during relaxation of energetic carriers is
compatible with previous investigations of resident charges
generated by pulsed or cw laser excitations.”' ~*’

To understand the impact of valley imbalanced holes on the
exciton polaron spectra, we first revisit the magnetic field
dependence data in Figure 3a for the hole doped device under
linear optical excitation, where such an imbalance is caused by
the Zeeman shift of the valence bands. For the red o, emission
from radiative recombination of electrons and holes in the K
valley, we observe that the X* polaron loses intensity as the
magnetic field increases from 0 to positive values, while the
broader X emission gains intensity. Considering the energies of
the Zeeman split polarons, it appears a bit strange that at 9 T
the —K valley X* polaron (o_ black spectrum) is more intense
than the red +K valley X' polaron since the latter is
energetically more favorable to populate. In fact, at 9 T both
X and X" polarons in the +K valley should have lower
energy,lz_15 and yet X" is less intense while X is more intense

than their corresponding species in the —K valley. We thus
conclude that the emission intensities are not determined by
the thermal distribution of the excitonic species. Instead, the
more important factor to consider here is the density of holes
in the two valleys, which are imbalanced by the magnetic field.

In the low-density limit of hole doping, the repulsive and
attractive polarons reduce to excitons and positive trions,
respectively. It has been established that in a positive trion, the
two holes do not reside in the same valley which would
otherwise result in an excessively large exchange energy.”***!
As we dope the device with more holes that form a Fermi sea,
excitons in one valley are dominantly dressed by the Fermi sea
in the opposite valley, where the resident holes have opposite
spin. This dressing has a prominent impact on the spectral
weight distribution between attractive and repulsive polarons.’
For our experiment in Figure 3a under positive magnetic fields,
the K (—K) valley valence band shifts up (down). Thus, hole
density increases in the K valley and decreases in the —K
valley. As a result, the —K valley polarons distribute more
spectral weight to the X' attractive branch than K valley
polarons do. This explains why in Figure 3a the X and X'
polaron emissions exhibit opposite valley polarization trends as
the magnetic field is tuned.

Given the above physics picture, our circular polarization
resolved data in Figure 1b are consistent with the scenario
where o, polarized light injects holes into the +K valley
(Figure 2c). Note that the total density of charges in the device
is determined by the gate voltage; an increase of hole density in
the K valley leads to a corresponding decrease in the —K valley
(Figure 2d): an imbalance that indeed mimics the impact of an
external magnetic field, except that here there is no valence
band energy shift and that the chemical potential difference in
the two valleys is maintained by a steady source of valley
polarized holes supplied by circularly polarized optical
excitation. In this scenario, under o, excitation, a more rapid
decrease of X intensity in the —K valley (6,0_ spectra in Figure
1b), compared to data under linear excitation, is compatible
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with a larger Fermi sea in the K valley due to the intervalley
nature of the exciton-charge dressing effects. Similarly, the
decrease of X spectral weight in the K valley (0,0, spectra in
Figure 1b) is more gradual compared to linear excitation since
a portion of the holes are depleted from the —K valley. This
opposite trend in the two valleys leads to a very large valley
polarization for the X mode at relatively high hole doping
(Figure 1c). It also explains why the valley polarization of X* is
much smaller compared to that of X polarons.

Dressing of excitons with charges leads to a red-shift of the
X" polaron mode. The imbalanced population of holes in the
two valleys provides a natural explanation for the energy
splitting of the X" exciton-polarons under o, illumination in
the Figure 1b right panel. In the upper panel of Figure 4a we
quantitatively plot the polaron energies as a function of gate
voltage. The open symbols are extracted from data in Figure 1b
under linear excitation, where K and —K valleys have the same
hole density. Data (filled symbols) extracted from circularly
polarized spectra lie above (0,0,) and below (6,0_) the open
symbols, respectively, reflecting a smaller Fermi sea in the —K
valley than in K. The average charge density in the device can
be obtained by considering the gate geometry. With an hBN
thickness of 18 nm between the graphene gate and WSe,, 1.2 X
102 cm™? holes are injected per volt of gate tuning (Figure 2a
lower panel gray line). The open symbols in the upper panel of
Figure 4a provide a calibration for the attractive polaron energy
shift with respect to hole density. This allows us to extract the
hole density in K and —K valleys separately under circular
optical excitation. In Figure 4a lower panel, we plot the hole
density in the two valleys (blue filled: K, green filled: —K), as
well as their average n,,, (open symbols), which agrees well
with the geometric capacitance model (line). The hole density
difference for the two valleys varies between 2 and S X 10"
cm ™2 from low to high gate voltages, which we plot as red dots
in the Figure 4c upper panel. Defining the valley polarization of

WK e find P, varies between 13% and 25%

ng +n_g
in our device depending on the gate voltage (red symbols in
Figure 4c lower panel). Assuming a hole mass of 0.5m,, the
hole density difference can also be expressed as the Fermi
energy difference in the two valleys. As shown in Figure 4c
upper panel right axis, the Fermi level difference between the
two valleys gets as high as 5 meV. As a comparison, to induce
such a Fermi energy valley contrast with the Zeeman effect, a
magnetic field as high as ~7 T needs to be applied. We note
that in WSe,/MoSe, heterojunctions interlayer excitons in the
two valleys can also acquire an energy splitting when excited by
circularly polarized cw laser excitations. Interestingly, two
works**** found opposite shifts for the copolarized emission,
and they were interpreted with different mechanisms, one with
Coulomb repulsion between holes and the other with exchange
interaction between excitons. For the former, the copolarized
emission acquires a red-shift, opposite to our exciton polaron,
although the generation of valley imbalanced holes resembles
our process in Figure 2c. For the latter, the copolarized
emission acquires a blue-shift, similar to our exciton polaron,
but the mechanism is completely different. We also note that in
the latter case the magnetic field required to bring the excitons
back to degeneracy is comparable to ours.

The value of the X" attractive polaron valley polarization
plotted in Figure 4b provides additional insight into the hole
density imbalance between the two valleys. At low levels of
optical excitation (0.7 yW), the valley polarization of X* is

holes as P, =

~0.3, similar to X. The diminished valley polarization of X"
observed in Figure 2 as the laser intensity increases can be
viewed as a competition between initial optical population of
valley polarized excitons and the eventual valley imbalanced

injection of resident holes. Following ref 27, we model the X"
polarization as Py+ = %, where P, is the initial valley
polarization in the low illumination limit. Using the valley
polarization data in Figure 4b at high optical illumination (230
UW), we extract Py plotted as black symbols in the Figure 4c
lower panel. The two methods give similar valley polarization
for holes. We also plotted as black symbols in Figure 4c top
panel the hole density difference between the two valleys to
compare it with red dots extracted from exciton polaron energy
splitting.

We finally comment that the spectroscopic splitting due to
circularly polarized optical injection of resident charges offers
an interesting perspective into the exciton polaron energy shift
under the impact of an external magnetic field. This energy
shift, such as those in Figure 3a, is usually interpreted as the
Zeeman effect on the magnetic dipole moment of excitons.
However, for a doped device, the magnetic field also creates
imbalanced charge density in the two valleys,"* which would
lead to another field-dependent energy shift contribution due
to intervalley exciton polaron dressing. In Figure Sa, we show
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Figure 5. (a) Gate voltage dependent photoluminescence of 1L-
WSe, at 9 T from K (6,6,) and —K (6,6_) valleys. Spectra
intensities are normalized to highlight the energy separation
between 6, and 6_ emission channels. (b) The energy splitting of
X* at various doping levels, with the black dashed line showing
splitting of neutral exciton X and the green dashed line indicating
the expected energy splitting taking into account both the Zeeman
shift of valence band and exciton polaron dressing for X".

at 9 T the circular polarization resolved polaron spectra
evolution at several hole doping levels. The energy splitting for
X" between the two valleys, AE = Ex —E_g, normalized by
4B, diminishes when more holes are introduced and
eventually saturates at around —0.8 at high doping levels, as
shown in Figure 5b. The valence band g factor has a measured
value of 6.1.*° Thus, at 9 T and large hole doping, the Fermi
energy difference of the two valleys is about 6 meV. Making
use of exciton polaron energy shift vs Fermi energy in Figure
4a, we assess a reduced splitting of —1.1 upB. This is
represented as the dashed green line in Figure 5b, which is in
reasonable agreement with our experimental data.
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CONCLUSIONS

In conclusion, we demonstrate light-induced energy splitting
and valley polarization of exciton-polarons in monolayer WSe,
as a result of the imbalanced buildup of holes residing in two
opposite valleys. The splitting in energy and the valley
polarization provide an estimation of density of light-induced
valley polarized holes approaching several 10'"' cm™ with an
equivalent Fermi level difference reaching around 5 meV
among valleys. This quantitative understanding is essential for
optical valleytronic applications using monolayer TMDs and
provides insight for understanding spin-valley properties of
TMD structures.

METHODS

Crystal Growth. The bulk WSe, crystals are grown by the
chemical vapor transport (CVT) method. High purity W 99.99%, Se
99.999%, and I, 99.99% (Sigma-Aldrich) are placed in a fused silica
tubing that is 300 mm long with an internal diameter of 18 mm. W
and Se are kept in a 1:2 stoichiometric ratio with a total mass of 2 g.
Sufficient I, is added to achieve a density of 10 mg cm™. The tube is
pump-purged with argon gas (99.999%) at least five times and sealed
at low pressure prior to growth. Using a three-zone furnace, the
reaction and growth zones are set to 1055 and 955 °C, respectively.
The growth time was approximately 2 weeks.

Sample Fabrication. The atomic flakes of WSe,, hexagonal boron
nitride (hBN), and graphene are first exfoliated on Si wafers with 300
nm of SiO, and inspected under an optical microscope. To make high
quality 1L-WSe, heterostructures, we annealed hBN in an O,/Ar
atmosphere (50 sccm/200 sccm) at S00 °C for 2—3 h before stacking.
The flakes are then stacked with a few-layer graphene flake as the back
gate and transferred to substrates with premade electrodes using a dry
transfer technique with a polypropylene carbonate (PPC) stamp. All
the exfoliation, inspection, and stacking processes are completed in a
glovebox with controlled humidity and oxygen both <0.01 ppm to
minimize sample degradation. The stacked samples are thermally
annealed at 350 °C for 1 h in an argon environment to improve the
quality.

Photoluminescence Spectroscopy. The sample is transferred
to a closed loop cryostat with optical access. A He—Ne 633 nm (1.959
eV) laser is used for optical excitation. All measurements in this work
are performed at 3.4 K. The incident laser is reflected by a
nonpolarizing cube beam splitter and then focused on the sample by a
50X objective lens (NA: 0.35) with a spot size of ~2 um. The
polarization of the incident beam is controlled by a linear polarizer
and a quarter-waveplate on the incident optical path, while the
polarization resolved collection is achieved with a polarization
analyzer set in the collection path. The sample emission is guided
into a Horiba T64000 spectrometer equipped with a liquid nitrogen
cooled CCD.
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