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resident carriers in Molybdenum disulfide
monolayers by optical pumping

Sangjun Park 1 Steve Arscott?, Takashi Taniguchi 3 Kenji Watanabe 4 Fausto Sirotti® ' &
Fabian Cadiz® '™

The roadmap of future innovative device developments foresees the reduction of material
dimensions down to nanometer scale and the incorporation of novel degrees of freedom. For
instance, electrons and holes in 2D semiconductors like MoS, monolayers exhibit a unique
coupling between the spin and the crystal momentum, also referred to as the valley. A crucial
requirement for future applications is therefore the possibility to initialise the spin/valley
degree of freedom in these materials. Here we investigate the optical initialisation of the
valley degree of freedom in charge-tunable MoS, monolayers encapsulated with hexagonal
boron nitride at cryogenic temperatures. We report in photoluminescence a large steady
state valley polarization of the different excitonic complexes following circularly-polarized
laser excitation. We reveal efficient valley initialisation of positively-charged excitons, which
have so far proved to be elusive in non-encapsulated monolayers due to defect and laser-
induced large electron doping. We find that negatively-charged excitons present a polar-
ization of 70% which is unusually large for non-resonant excitation. We attribute this large
valley polarization to the particular band structure of MoS,. In addition, we demonstrate that
circular excitation induces a dynamical polarization of resident electrons and holes--as
recently shown in tungsten-based monolayers.
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ides (TMD) such as MX, (M=Mo, W; X=S, Se, Te) have

emerged as promising, atomically-thin semiconductors for
applications in valley/spintronics!~3. Indeed, the interplay
between inversion symmetry breaking in monolayers (ML) and
the strong spin-orbit interaction induced by the heavy transition
metal atoms yields a unique spin/valley coupling which is
expected to provide additional functionalities in future
devices?4-6. The absence of inversion symmetry in the single
layer limit is also at the origin of chiral optical selection rules
which enables an all-optical manipulation and readout of both
the valley and spin degree of freedom. Due to enhanced Coulomb
interaction in 2D, weak dielectric screening and large effective
masses, the optical excitation couples mostly to exciton and trion
resonances’ . Remarkably, light absorption due to these strongly
bound excitons preserves the coupling between light chirality and
the valley. The very first demonstrations of a valley polarization
controlled by light helicity in TMDs were obtained using
monolayer MoS,!0-14, the first member of the TMD family to be
isolated into a single layer and shown to become a direct bandgap
semiconductor- in contrast with the indirect bandgap character of
bulk MoS,!>16. The important role played by MoS, in early
studies is explained by the high abundance of the naturally
occurring mineral molybdenite!”. However in the following years
after these key experiments, detailed optical studies on the optical
manipulation of the valley degree of freedom focused mainly on
monolayer WSe, and MoSe, due to their apparent superior
optical quality with respect to MoS,. Importantly, in these two
materials the application of gate voltages allowed one to tune the
resident carrier density and therefore to study the valley prop-
erties of neutral, positively and negatively charged excitons. In
contrast, non-encapsulated MoS, suffers from large inhomoge-
neous broadening and strong photo-induced irreversible changes
in the photoluminescence (PL) emission after laser exposure!8:19,
As a result, the PL spectrum of MoS, at low temperatures was
systematically dominated by negatively charged excitons and
electrostatic doping in the hole regime was never achieved. Only
very recently electrostatic p-doping was achieved in MoS,
monolayers encapsulated with hexagonal boron nitride (h-BN)20,
This encapsulation has been shown to dramatically improve the
PL linewidth in TMDs and also prevent unintentional electron
doping in MoS,?!. The high optical quality provided by h-BN
encapsulation had open the door for the observation of dark
excitons?>~2%, phonon-replicas?>?®, donor-bound excitons?’,
neutral and charged bi-excitons?8-30 and, more recently, the well-
resolved fine structure of negatively-charged excitons in tungsten-

Two—dimensional crystals of transition metal dichalcogen-

d
—— Graphite | h-BN
Vo — h-BN
Graphite

based TMD monolayers31-33. This trion fine structure has been
recently used to demonstrate efficient valley polarization of
resident electrons in WSe, and WS, monolayers34.

In this work, we have fabricated a charge-tunable device with
encapsulated MoS,; and we present an investigation of the steady-
state valley polarization following circularly-polarized excitation
of neutral and charged excitons in all doping regimes. In parti-
cular, we find an unusually large valley polarization of negatively-
charged trions which we attribute to the unique bandstructure of
monolayer MoS,. In addition, we demonstrate the existence of a
dynamical valley polarization of resident electrons and holes,
which can be detected as changes in the photoluminescence’s
intensity of trions when switching from a linearly-polarized to a
circularly-polarized laser excitation. This work broadens our
understanding on the rich valley physics of excitons and resident
carriers in TMD MLs, which is an important step for the devel-
opment of future valleytronic devices.

Results and discussion

Sample characterization. A charge tunable device such as the one
shown in Fig. 1a was fabricated by mechanical exfoliation of bulk
MoS, crystals from 2D semiconductors. Exfoliation was done
inside a glovebox where oxygen and water levels are kept below 1
ppm. 100 nm Au/5nm Ti lines were pre-patterned onto an SiO,
(90 nm)/Si substrate using lithographic techniques and physical
vapor deposition onto which the heterostructure was then
deposited by using a transparent viscoelastic stamp?>. Two gra-
phite flakes were used to contact the MoS, monolayer to one of
the gold electrodes which permits for an electrostatic doping by
the application of a gate bias voltage V.

A hyperspectral confocal micro-PL (4PL) set-up is used to
excite and detect the polarized exciton emission at cryogenic
temperatures3®37. The samples are kept inside a closed cycle He
cryostat and excited with a continuous wave solid-state laser at
633 nm (~1.96 V). The polarization of both the laser and the
detected PL is controlled with liquid crystal retarders and linear
polarizers. The sample temperature is maintained at 20 K. The
laser beam is focused onto a diffraction-limited spot (of Gaussian
radius = 0.4 ym) in the sample plane thanks to a vacuum (and
cryogenic) compatible, apochromatic objective mounted inside
the cryostat (numerical aperture NA = 0.82). The resulting PL
spot is imaged onto the entrance slit of a 320 mm focal length
spectrometer equipped with a 600 grooves/mm diffraction
grating. For micro-reflectivity measurements, an image of a
pinhole (diameter 50 um) illuminated by a quartz-tungsten

Fig. 1 Charge tunable device based on a MoS, monolayer. a Schematic side-view of the sample. The MoS, monolayer is encapsulated between two thin
h-BN flakes to provide high optical quality and to prevent photodoping effects. Thin graphite flakes were used to provide an electrical control, via the gate
bias voltage V, of the resident carrier concentration in the monolayer. The whole heterostructure is deposited onto a silicon substrate with a 90 nm-thick
silicon dioxide layer on top of which gold lines were deposited lithographically prior to the mechanical exfoliation. b Optical microscope image of the
sample under white light illumination. ¢ Dark-field image of the sample, revealing clean interfaces with no visible bubbles after the formation of the

heterostructure. The scale is the same as in panel (b).
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halogen lamp is formed by the objective into the sample plane,
thus probing the reflectivity of the monolayer over a typical
diameter of ~1 yum.

Fig. 1 (a) shows a schematic drawing of the charge tunable Van
der Waals heterostructure deposited onto a SiO,/Si substrate
containing lithographically-defined gold connections. A micro-
scope image of the sample under white light illumination is
shown in Fig. 1b, whereas the dark field image of the same region
is shown in Fig. 1c. The absence of visible bubbles and wrinkles
in the latter image is a signature of the clean interfaces
achieved during the transfer process3®3°. This is confirmed by
the well-resolved features observed in the PL spectrum at low
temperatures.

As shown previously, encapsulation by h-BN provides line-
widths close to the homogeneous limit at low
temperatures?!40:41  allowing for a clear spectral separation of
the different excitonic complexes and the study of their valley
polarization under circularly-polarized excitation. Moreover,
encapsulation allows one to achieve both n and p-doping by
the application of a gate voltage, so far inaccessible in non-
encapsulated MoS,. Recent scanning tunneling spectroscopy
(STS) measurements have shown that h-BN encapsulation moves
the Fermi level of monolayer MoS, closer to the middle of the
electronic bandgap, significantly reducing the electron doping
when compared to monolayers exfoliated onto SiO,*2. This is
probably due to the fact that h-BN encapsulation inhibits charge
transfer between the monolayer and the SiO,, as well as with
atoms and molecules that may act as molecular gates when
interacting with native defects. Successful p- and n-type doping in
our device is demonstrated in Fig. 2a, where the PL spectrum is
plotted against the gate voltage under a 10 yW cw excitation.
Both positive (XT) and negatively (X~) charged trions emerge at
positive and negative values of V, respectively. Fig. 2b-d shows
the PL spectrum at selected voltages together with the differential
reflectivity spectrum, defined as (Ry;. — Ry)/Rg, where Ry is the
reflected spectrum obtained when illuminating the monolayer
with a white light source and Ry is the reflected spectrum when
illuminating all the layers except for the MoS,. The neutral
exciton (X%) PL linewidth in the neutral regime is 4.3 meV.
Taking into account the acoustic-phonon broadening of the
linewidth?!, this would correspond to ~ 3.2 meV at T = 4K which
approaches state-of-the art values and confirms the high optical
quality of the sample*3. In both PL and reflectivity we observe

PL Intensity (a.u.)

efficient transfer of oscillator strength from neutral to charged
excitons when changing the gate voltage. In the n-type doping
regime, the fine structure of the negatively-charged trion manifests
itself as the appearance of a double peak?446, which we resolve
despite the significant broadening of the emission. The solid red
line in Fig. 2d is a fit with two Lorentzians, the dashed lines
represent each of the two peaks separately. Their energies are
found to be 22.4 and 33.3 meV below the X0 energy in the neutral
regime, respectively, whereas the binding energy of the XT varies
between 24.6 meV (at V, = +10V) and 25.5 meV (at V, =+ 30V).
The bias-dependence of the energies of the different exitonic
resonances is the result of bandgap renormalization and screening
of Coulomb interactions when charges are added to the
system*”48, The n-type regime is also accompanied by a 10-fold
reduction of the PL vyield. This reduction of the PL yield is
consistent with recent observations, although performed at
room temperature. This is not observed in the p-type doping
regime, where a moderate broadening is observed but the PL yield
is not significantly reduced.

A possible explanation for this asymmetry in the PL yield is the
following: in as-exfoliated MoS, monolayer, it has been observed
by scanning tunneling spectroscopy and transport measurements
that sulfur vacancies create localized in-gap states that act as hole
traps®?°L. In the n-type doping regime, these localized states can
contribute to a fast non-radiative decay channel for the
negatively-charged trions. In contrast, in the p-type doping
regime these traps are neutralized by capturing holes. This can
also explain the emission observed at ~1.8 eV and denoted as X'+,
which probably stems from positive trions in which the
recombining hole is bound to one of these traps. Finally, this
hole trapping can also explain why in the p-type regime the
neutral exciton emission never disapears completely, even at the
largest voltages applied. Trapping of holes can indeed limit the
maximum density of positive trions that we can achieve in our
device. In order to have an estimate of the density of injected
electrons and holes, we have performed gate-dependent Raman
spectroscopy on the same sample. Figure 2e shows a Raman
spectrum in the neutral regime, where the optically active modes
E’" and A] are clearly visible. Note that the absence of the LA(M)
mode in the Raman spectrum (see Supplementary Note 1) allows
us to exclude a density of vacancies larger than 10!2cm—2%2,
which is the typical density of vacancies found in pristine
monolayers exfoliated from natural MoS,. Electron (hole) doping
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Fig. 2 Optical characterization of a charge tunable MoS, monolayer. a Photoluminescence (PL) intensity on a logarithmic scale under continuous wave
(cw) laser excitation at 10 uW as a function of photon emission energy and gate bias V,. b PL spectrum at a gate voltage corresponding to the p-type
regime. ¢ PL spectrum at a gate voltage corresponding to the neutral regime. d PL spectrum at a gate voltage corresponding to the n-type doping regime.
Also shown is the differential reflectivity spectrum (filled dots) for each case. e Raman spectrum in the neutral regime, exhibiting the well-known E' and A
vibrational modes. f Peak position for both modes of panel (e) as a function of gate bias. The error bars correspond to the uncertainty given by the fitting of

the Raman spectrum with a double Lorentzian.

COMMUNICATIONS PHYSICS | (2022)5:73 | https://doi.org/10.1038/s42005-022-00850-1| www.nature.com/commsphys 3


www.nature.com/commsphys
www.nature.com/commsphys

ARTICLE

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00850-1

causes a redshift (blueshift) of the A} mode due to change of
electron-phonon interactions, whereas E’ is almost unaffected>.
This is confirmed in Fig. 2f which shows the position of both
peaks as a function of the gate voltage. In the n-doping regime,
the A} mode redshifts by 0.5cm~! at V,=—20 V, which
corresponds to a maximum areal electron density of
n~1.5x1012cm~2%4, consistent with the absence of the low
energy feature observed in** which only appears above a density
of 4x10'2cm™2. Note that the A} peak shifts with a much
reduced slope in the p-doped regime, due to a strong electron-
hole asymmetry in the softening of the out-of-plane vibrational
modes®. Assuming that the monotonic increase of the X+
binding energy with gate bias (see Supplementary Note 3) reflects
the position of the Fermi level E. inside the valence band, we can
estimate the hole density achieved at positive V,=+30 V to be
p~3.6x10"1 cm~2. Importantly, no significant hysteresis is
observed in the behavior of the PL when varying the gate voltage.
The neutrality point, defined as the value of V, for which the X°
intensity is maximized always occurs at voltages between 2 and 3
V. No change in the PL spectrum is observed after laser exposure,
excluding the presence of laser-induced photodoping effects!8.

Valley polarization of neutral and charged excitons. In Fig. 3 we
show the polarization-resolved PL intensity in the different
regimes (neutral in Fig. 3a, p-type in Fig. 3b and n-type in Fig. 3¢)
following circularly polarized excitation or linearly polarized
excitation at 10 yW. Also shown is the degree of polarization
at each emitted photon energy, defined as P = (I —
Icross)/(co + Icross) With Iy (Iross) the PL itensity co-linearly
(crossed) polarized with respect to the laser. Under circular
excitation, all the excitonic complexes exhibit high circular
polarization, co-linearly polarized with respect to the laser indi-
cating an efficient pumping of the valley degree of freedom in all
cases. The degree of circular polarization is similar for X%, X* and
X'*, close to 50% with no strong bias dependence. Surprisingly,
the circular polarization of the negatively charged trion complex
is significantly higher, around 70%, consistent with some of the
very first optical pumping experiments performed in non-
encapsulated MoS, where a very high steady-state circular
polarization of the PL was observed with a He-Ne laser excitation.
In early work this high polarization was attributed to the neutral
exciton emission, but it has been shown since that photodoping
effects lead to heavily electron doped MoS, and total quenching
of the neutral exciton on silicon substrates. So, those high values
of valley polarization agree with what we observe for the negative
trion, and the red He-Ne lasers used at the time were in fact

practically unintentionally resonant with the X0. In the neutral
regime, in addition to the neutral exciton peak (X), two peaks are
clearly visible at lower energies, as shown in Fig. 3a and labelled
X° and X'0. They lie at ~51.3 meV and ~69.5 meV below the
neutral exciton, respectively, regardless of the laser excitation
energy. Since their intensities follow the same trend as the X°
when varying V, (as can be seen in Fig. 1a), and due to their
polarization properties and linear dependence on excitation
power up to hundreds of yW, we tentatively ascribe them to
phonon-assisted recombination of indirect excitons, although
more experiments will be required to determine the exact nature
of these transitions. These peaks have been observed in several
samples and persist up to at least 70 K, more details can be found
in the Supplementary Note 2.

When exciting with a linearly polarized laser, a coherent
superposition of excitons in the K™ and K~ valley is generated.
Due to the very short exciton lifetime, in the 107125 range>6-60,
this valley coherence is partially preserved before radiative
recombination, and so the neutral exciton emission is co-
linearly polarized with respect to the laser, with a degree of
linear polarization as high as 60%. For all the other peaks, no
significant linear polarization is detected. This includes the two
additional peaks X° and X'0 observed in the neutral regime. If
they were simply phonon replicas of the X?, they should exhibit
linear polarization as well. We have varied the excitation power
by several orders of magnitude between 0.1 and 100 yW. Figure 4a
shows that in this power range all the excitonic species are in the
linear regime, the continuous line representing a linear relation-
ship between the integrated intensity and the excitation power. In
this same power range, the degree of circular polarization is
rather stable for all the complexes, but the valley coherence shows
a significant drop above several tens of yW, as shown in Fig. 4b.

We will now focus in the very high circular polarization of the
negatively charged trion, which is unusual for non-resonance
excitation. To explain this, we emphasize that MoS, has a unique
band structure with respect to other members of the TMD family.
Indeed, the small spin-orbit splitting of the conduction band is
such that the spin ordering of the conduction subbands in each
valley is reversed by interactions in the exciton picture. The upper
conduction band having a heavier effective mass, together with
the repulsive electron-hole coulomb exchange interaction leads to
a “dark" configuration of the lowest energy exciton in monolayer
MoS,, despite the “bright" arrangement of the spin-polarized
conduction bands in the single particle picture®-02. This dark
character of the lowest energy exciton has been confirmed
recently in magneto-optic experiments®3. This, together with the
small spin-orbit splitting of the conduction band, makes the
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Fig. 3 Polarization behaviour of the photoluminescence. Polarization-resolved photoluminescence (PL) emission under circularly polarized excitation and
linearly polarized excitation for different gate voltages, 43V (a), +30 V (b) and —20 V (¢). Here the PL components co-polarized and cross-polarized with
respect to the laser are denoted by co-pol and cross-pol, respectively. Also shown is the energy-resolved degree of PL polarization (blue dots).
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Fig. 4 Bandstructure of MoS, monolayer and valley relaxation of negatively-charged trions. a Integrated intensity as a function of excitation power. The
error bars are two small to be visible and obtained through the fitting procedure of the photoluminescence (PL) intensity of each excitonic peak, which is
the limitting factor here due to the high power-stability of the excitation laser. b Degree of polarization as a function of excitation power. The error bars are
not visible since the error in the polarization is smaller than 1 percent thanks to the laser power stability and callibration of the waveplates. ¢ Schematics of
a negatively charged trion in the K+ valley corresponding to a spin singlet state in which both electrons reside at opposite valleys. Here T stands for trion
and o represents a circularly-polarized photon state. d Negatively charged trion in the KT valley corresponding to a spin singlet state in which both
electrons reside in the same valley K. e State obtained after moving the exciton from the K* to the K~ valley for the trion depicted in (¢). This state is
forbidden by the Pauli principle. f State obtained after moving the exciton from the Kt to the K~ valley for the trion depicted in (d). The continuous
(dashed) lines represent the ordering of the conduction bands in the excitonic (single-particle) picture.

formation of two spin-singlet and one spin-triplet negatively-
charged trions possible-at least in principle. In a previous work it
has been argued that the triplet configuration is unbound and
therefore contributes to the high energy tail of the X904, This is
consistent with the doublet structure observed for the X~ in
Fig. 2d, where no third peak is clearly visible. The two peaks
observed in our experiments would therefore correspond to the
two spin singlets T} and T, whose configurations in the K valley
(coupled to ot light) are represented in Fig. 4c and Fig. 4d,
respectively. Here, the continuous (dashed) lines represent the
ordering of the conduction bands in the excitonic (single-particle)
picture. Since the lowest conduction subband is more likely to be
populated at moderate doping densities, the formation of the T is
more likely than that of T; under light excitation, and so we
tentatively ascribe the T, to the line that dominates the X~
emission in our experiments. Assuming that what limits the X~
valley lifetime is the exciton scattering between valleys as shown
in WSe,%, we now have the following simple picture that
explains the unusually high circular polarization of the X~ in
MoS,. For the T, in KT, a change of the exciton valley would
correspond to the formation of the complex shown in Fig. 4e,
which is forbidden due to the Pauli principle. For the T; in K, a
change in the exciton valley would lead to the formation of a
triplet trion shown in Fig. 4f, which is likely to be unbound®* and,
in any case, would recombine at a different energy than that of T}
and T,. To obtain emission coming from T; and T, in the K~
valley after o excitation would then require, in addition to the
exciton intervalley transfer, a simultaneous spin (and momen-
tum) flip of the extra electron. This simultaneous transfer of three
carriers can explain the robustness of the valley degree of freedom
of the negatively-charged trion in MoS,; making it a very

promising quantum state to store and manipulate information.
More detailed experiments with time-resolution and tunable
excitation energy could give in the future more insights into the
role of excess energy and whether any significant valley relaxation
occurs during the trion lifetime.

Optically-induced dynamical valley polarization of resident
carriers. We finally discuss the possibility of optically detecting a
resident carrier polarization in monolayer MoS,. As shown
recently?4, efficient optical valley pumping of resident carriers
was demonstrated in n-doped WSe, and WS, monolayers with a
continuous wave, circularly-polarized excitation. This manifests
itself by a laser polarization-dependent PL intensity. Fig. 5a shows
the total PL intensity under circular (black) and linear (red) laser
excitation in the p-type regime at 10 uW. Also shown is the
difference between the two spectra (blue dots). We detect a small
but measurable difference, with an excess of intensity for X? and
X'* under circular excitation and a decrease in intensity for the X
T. Note that no difference is detected on the reflected laser
intensity, excluding polarization-dependent absorption effects or
laser power fluctuations. We have also checked that at low exci-
tation power, no difference is observed in the PL emission
between circular and linear excitation, as shown in Fig. 5b. We
attribute this behaviour to the manifestation of a dynamical
polarization of resident holes induced by the circularly polarized
cw excitation. Without light excitation and external magnetic
fields, both Kt and K~ valleys are equally populated by holes.
Upon ot photoexcitation, excitons are photogenerated in the KT
valley, where the electron in the exciton occupies the top con-
duction band in K*. This electron can scatter to the K~ valley,
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Fig. 5 Optically-induced dynamical polarization of resident carriers in monolayer MoS.,. a Total photoluminescence (PL) intensity under circular (black)
and linear (red) excitation in the p-type regime (gate bias voltage V, =+ 30 V) at an excitation power of 100 4W. Also shown in blue dots the difference
between these two curves. b Same as in (a) at a small excitation power of 2 yW. (c) Formation of a positively-charged trion in the K+ valley following right-
handed circular polarization. d A trion in the Kt can either recombine radiatively or scatter to the opposite valley before recombination. e In steady state,
the process (¢, d) will lead to a spin and valley-polarization of the valence band. f Polarized PL emission under circular excitation and degree of circular
polarization (blue dots). Co-pol and cross-pol denote the co-polarized and cross-polarized compontents of the PL with respect to the laser, respectively.
g Total PL intensity under circular (black) and linear (red) excitation in the n-type regime (gate bias voltage V, = —20 V) for an excitation power of 2 yW.

h Same as (g) for an excitation power of 90 yW.

eventually recombining with a hole in K—, resulting in a dyna-
mical buildup of (hole)valley polarization. Another possible
mechanism that can contribute to this build-up of valley polar-
ization is illustrated in Fig. 5c—e. Here, an exciton in the KT valley
binds to a hole in K~ to form the positively-charged trion X*
(Fig. 5¢). This trion can either recombine radiatively in the KT
valley, in which case no imbalance is created between the valleys,
or it can scatter to the opposite valley before recombining. This is
represented by the dashed arrows in Fig. 5d. In the latter case,
photoexcitation has added a hole to the Kt valley while sub-
stracting a hole in K. If the rate of photogeneration is large
enough, and if the previously mentioned intervalley scattering
mechanisms happens faster than the hole valley relaxation (which
can be a very low process due to the significant spin-orbit splitting of
the valence bands), this will lead to a larger hole population in K+
valley, as shown in Fig. 5e. This valley-polarization of the valence
bands can qualitatively explain the observations of Fig. 5a: if the X+
formation is a bimolecular process (exciton binding followed by the
capture of an additional hole of the opposite valley), then it is clear
that upon circular excitation the X+ formation is suppressed with
respect to the case of linear excitation, resulting in a reduction in the
X+ PL. In contrast, an excess of the X? emission is expected since
the trion formation rate, a process responsible for exciton dis-
sapearance, will be smaller. The X * intensity being larger under
circular excitation is consistent with its assignation to a trion in
which the additional hole is trapped by an in-gap state. The for-
mation of this trion is in competition with the formation of the Xt,
and so the reduction in X* formation rate can favour the formation
of X7

In order to estimate the resident hole valley polarization, we
use the fact that the X+ emission energy depends on the position
of the quasi Fermi-level of the opposite valley in the degenerate
regime. This should produce a splitting of the X* emission in o
and o~ polarization, and therefore an oscillation of the circular
polarization inside the X line. This is indeed observed in Fig. 5f,
where the polarized PL emission under a circularly-polarized,
100 yW excitation is shown, together with the degree of circular
polarization at each photon energy. The solid lines correspond to

a fit with a double, asymmetrical peak which takes into account
the hole recoil effect®-68, To fit the o+ and ¢~ components of the
PL, we have kept all the parameters fixed except from the
amplitudes and energy positions of each peak. We extract a
splitting of the X* of AE = AE,, — AE,- = 35050 peV. The
positive sign is consistent with our picture: the emission energy of
the ot component should be blueshifted since the quasi-fermi
level penetrate less into the K~ valence band. We can roughly
estimate the degree of valley polarization by using the previously
estimated resident hole density of p~3.6x 1011 cm~2, which
gives, for a temperature T=20 K and a hole effective mass of
m" =~ 0.5mq, a Fermi level of E% ~ 1 meV below the top of the
valence band in the absence of light excitation. Since in each
valence band the hole density is given by

. _ kyTm* ln(l 4 oBE )/kBT)
2mh?

with Ef = E% + AE/2 =1£0.175 meV, we estimate a hole
valley polarization of ~6.3%. This is significantly smaller than the
resident carrier valley polarization of 80% achieved in n-doped
WSe, monolayers, and consistent with the much smaller
variations of PL intensity under circular and linear excitation
observed here in monolayer MoS,. The smaller spin-orbit
splitting of the valence band in Mo-based TMDs may be at the
origin of this smaller steady-state hole valley polarization.

We note that also a small splitting of the X0 is responsible for a
rapid oscillation of the circular polarization inside the exciton line,
which is absent in the neutral regime (Fig. 2a). Indeed the valley
polarization of the valence band should give rise to a valley-
dependent X0 binding energy. We have found that the asymmetry
in the high-energy side of the X? line is different for the 6+ and o~
components, making a reliable determination of the splitting
difficult. Finally, we show in Fig. 5g—e that an optical signature of
the valley polarization of resident electrons is also observed in the
n-type regime for a sufficiently large excitation power. Here, an
easy estimation of the valley polarization is not possible due to the
broad emission of the negatively-charged trions. Importantly,
these results demonstrate that the dynamical valley polarization
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and spin-dependent PL emission is not restricted to tungsten-
based TMD monolayers.

Conclusions

In summary, this work broadens our understanding on the dif-
ferent mechanics that may influence the robustness of the valley
polarization of quasiparticles in TMD monolayers and the
dynamical valley polarization of resident carriers. We have
demonstrated p and n-type electrostatic doping in MoS, mono-
layers and study the valley polarization of several excitonic
complexes. Several of these complexes have never been reported
before. We find large steady-state circular polarization upon
circular excitation for all these excitonic complexes. The inverted
band ordering between the single particle and the exciton picture
is a particular feature of MoS, and makes negatively-charged
trions in this material very promising candidates for future val-
leytronic applications, exhibiting high circular polarization in PL
emission. We have also demonstrated the signatures of an
optically-induced dynamical valley polarization of resident elec-
trons and holes,which can be achieved with continous wave
circularly-polarized excitation.This work is thus an important
step towards the development of valleytronic devices based on
TMD MLs. Indeed, both highly-polarized trions and valley
polarized resident carriers influence the transport and the optical
properties of TMDs and may be detected and manipulated in
experiments such as the valley Hall effect®.

Methods

Substrate fabrication. Silicon dioxide layers were thermally grown on a 3-inch
diameter silicon wafer (100, p-type 5-10 ohm cm) in a tube furnace (dry oxidation
conditions). The thickness of the oxide was measured to be 90.1 + 1.2 nm using
ellipsometry (AutoSE spectroscopic ellipsometry, Horiba). Next an ebeam-based
lithographic/lift-off microfabrication process was performed involving two thermal
evaporation metallization steps to obtain large (500 um x 500 um) contact/bonding
pads having a Cr/Au thickness of 5/300 nm and long, thin (1 um or 3 um) con-
ducting lines having a thickness of 5/50 nm which lead up to the target area for the
ML deposition. The thickness of the metallizations was verified using surface
profiling (DektakXT - Bruker, USA). The wafers were diced to obtain individual
chips measuring 8 mm by 8 mm.

Device fabrication and charge tunable measurements. Prior to the fabrication
of the Wan der Waals heterostructure, the substrate was cleaned with acetone and
isopropanol (IPA) in an ultrasonic bath for 15 minutes each time to remove the
photoresist that was deposited after evaporation of the metal pads for protection.
After the transfer of each layer, an annealing was done at 220-230 °C for 30 min in
a vacuum chamber to remove residues between the layers. For the annealing, the
temperature was increased at a rate of 10°C/min and the pressure was kept below
107 Torr during the whole process. For the gate-dependent PL measurements, a
Keithley 2400 sourcemeter was used with the ground connected to the bottom
graphite flake.

Data availability
The datasets generated and/or analysed during the current study are available from the
corresponding author on reasonable request.
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