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We report on a detailed study of low-temperature photoluminescence (PL) and magnetophotolumines-
cence under perpendicular magnetic fields (up to 30 T) and circularly polarized excitation on high-quality
monolayer (ML) WS, on a thick layer (120 nm) of talc dielectric. Remarkably, we obtained high-quality
samples without any evidence of localized exciton emission at low temperature and a PL linewidth com-
parable to that of WS, /A-BN samples. As a consequence, we observe well-resolved emission peaks at low
temperature due to the formation of excitonic complexes, including a dark-trion (DT) state and phonon
replicas of the DT without the application of an in-plane magnetic field. The nature of the emission peaks,
the magnetic field dependence of the degree of polarization, and g factors are discussed in detail and
compared with the corresponding results obtained for 2-BN encapsulated transition-metal dichalcogenide
(TMD) samples. We observe that under o ™-polarized excitation the sign of the circular polarization of
biexcitons is reversed under higher magnetic fields. In addition, the dark-trion polarization increases con-
siderably with increasing perpendicular magnetic field, demonstrating different behavior compared with
previous studies of dark trions on monolayer WSe,. Our results suggest that talc is indeed a promising
layered material for the surface protection of ML TMDs and to explore fundamental physics in view of

applications in optoelectronic devices.
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I. INTRODUCTION

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) are very attractive systems for studying the
physics of strong spin-valley coupling and excitonic effects
[1,2]. The strong Coulomb interaction in monolayer (ML)
TMDs results in the formation of different excitonic com-
plexes involving electrons and holes in the conduction
(CB) and valence (VB) bands of the K and K’ valleys
[1-10]. Several dark- and bright-exciton complexes were
recently unveiled due to the improved optical quality of
ML TMDs, as a result of hexagonal boron nitride (4#-BN)
encapsulation, which reduces considerably the linewidth
of the photoluminescence (PL) emission and increases its
intensity [4,11]. Dark excitonic complexes are not allowed
to undergo radiative recombination due to spin conserva-
tion and/or momentum selection rules [5,7,12—14]. Dark
excitons are of particular interest because of their long
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lifetimes and possibly long valley-coherence times [5,15].
Furthermore, despite intense recent investigations of the
fine structure of bright- and dark-exciton complexes in
ML TMDs, the detailed nature of the lower-energy emis-
sion peaks of monolayer TMDs, such as WS,, is still
unresolved. Most of the magneto-PL studies have been
performed on ML TMDs [16] on SiO; or on MLs encap-
sulated by A-BN, the latter of which shows high-quality
optical properties of significant relevance for future device
applications and for fundamental physics investigations.
However, it is also interesting to develop alternative lay-
ered dielectric and atomically flat substrates, to circumvent
the complex growth requirements for high-quality #-BN.
Moreover, from a fundamental point of view, studies on the
impact of different dielectric materials on doping and the
magneto-optical properties of monolayer TMDs are scarce.

Talc [chemical formula Mg;Si4O;9(OH);] is an abun-
dant van der Waals layered magnesium silicate mineral
[17], the crystalline structure of which contains three octa-
hedral Mg positions per four tetrahedral Si positions. It is
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an insulator with a high band gap (approximately 5.3 eV)
[17] and a high dielectric constant of up to nine, depend-
ing on its doping [18,19]. Talc has a high thermal stability
[18] and is chemically inert [18,20]. In contrast to SiO,,
talc is a genuine two-dimensional (2D) natural silicate
dielectric material, which possesses atomically flat sur-
faces [18,20]. Previous reports have demonstrated the use
of talc within graphene transistors and the obtained results
compare well with those obtained using #-BN substrates
[18]. These properties are promising for possible applica-
tions as an insulating medium compatible with atomically
thin p-n junctions and field-effect transistors for ultra-
compact devices [18,20]. Therefore, talc has excellent
properties, making it a potential candidate as a low-cost
dielectric material. More recently, it was observed that
MoS,-talc samples with a talc thickness of 30 nm pre-
sented an enhancement in the PL intensity and a reduced
PL linewidth (40—45 meV, depending on the laser position)
at 300 K, as compared to MoS,/Si0, (5080 meV) [21].
It is also shown that talc is a promising dielectric for 2D
devices [22]. However, there are no previous detailed stud-
ies of PL and magneto-PL of ML TMD-talc at low temper-
atures. Since the PL linewidths at low temperature usually
reflect homogeneous and/or inhomogeneous contributions
to the PL spectrum, such experiments are essential to probe
the ultimate optical quality of ML TMDs.

Here, we investigate the optical properties of ML WS,
deposited on a thick talc layer. Our findings demonstrate
that the use of a few layers of talc results in high-
quality doped WS, MLs with a reduced photolumines-
cence linewidth and interesting valley properties. We probe
the optical properties of ML WS, on talc at low temper-
ature and magnetic fields up to 30 T. We observe several
emission peaks due to the formation of different bright- and
dark-exciton complexes with different g factors. In general,
our results show that talc is a promising layered material
to explore fundamental physics and for possible applica-
tion in optoelectronic devices based on high-quality doped
TMDs.

II. SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

Our samples are prepared by conventional all-dry trans-
fer techniques and consist of a ML of WS, (bulk crystals
from HQ Graphene) on a layer of talc (natural crystal
from a mine of Ouro Preto, Minas Gerais, Brazil). The
talc layers are exfoliated with Scotch tape and placed onto
Si0,/Si substrates. The WS, MLs are first exfoliated with
Scotch tape and later exfoliated again on a polydimethyl-
siloxane stamp and placed on a glass slide for inspection
with an optical microscope.

For the experiments, the ML WS, sample is mounted
on Attocube piezoelectric x-y-z translation stages to con-
trol the sample position with submicron precision. The

sample is cooled by helium exchange gas (temperatures
around 4.2 K) within a liquid-helium bath cryostat, placed
in a Florida-Bitter magnet with a maximum magnetic field
strength of B =30 7. The PL measurements are performed
using a continuous-wave green laser with a photon energy
of 2.33 eV, which is focused by an Attocube objective
(40x, numerical aperture NA =0.55) to a spot size of
about 3 um. The resultant PL signal is collected by the
same objective and measured by a Princeton spectrometer
(Acton SpectraPro-300i) equipped with a liquid-nitrogen-
cooled charge coupled device (PyLoN from Princeton
Instruments). Circular polarization is controlled indepen-
dently for the excitation and detection beams by using
appropriate optics, consisting of quarter-wave plates and
linear polarizers. Light propagation is parallel to the direc-
tion of the magnetic field (Faraday configuration).

III. RESULTS AND DISCUSSION

Figure 1 shows schematically the configurations of the
different excitonic states for n-doped monolayer WS,: the
bright neutral exciton (X), dark neutral exciton (DX),
bright intervalley negative trion (Tt), bright intravalley
negative trion (Ts), negative dark trion (DT), biexciton
(XX), and charged biexciton (XX™). Particularly, the DX
at the K valley has an electron in the lowest CB level and
a hole in the highest VB level. A DT can be formed by
an exciton in the K valley and an extra electron in the K’
valley. Furthermore, strong Coulomb coupling gives rise
to strong exciton-exciton interactions, resulting in the for-
mation of XX, formed by bright and dark excitons in the K
and K’ valleys. Similarly, XX~ can be formed with an extra
electron in the K valley [5]. Recently, it was reported that
the DT configuration results in two different recombina-
tion channels [12,23], depending on the electron involved
in the emission process itself. One emission pathway (TD)
involves recombination of an electron-hole pair from the
same K or K’ point via an intravalley spin-forbidden transi-
tion [12]. The other transition (TI) involves recombination
of an electron and a hole from different valleys through
an intervalley momentum-forbidden transition [12]. The
lower-energy transition (TI) was recently observed at zero
magnetic field and the higher-energy transition (TD) was
observed under an applied parallel magnetic field (Voigt
configuration) [12]. The energy separation between these
two dark trion transitions is reported to be on the order of
530 ueV for ML WS, and the reported g-factor values for
the TD and TI transitions are found to be equal to —8.9 and
—13.7, respectively [12].

Figure 2(a) shows an optical microscopy image of
a ML WS;-talc sample, together with an atomic force
microscopy (AFM) image of the talc layer. The AFM
results demonstrate that the talc layer has a thickness
of about 120 nm and provides an atomically flat sur-
face [root-mean-square (rms) roughness, Ry, < 0.35 nm],
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FIG. 1. Schematic configurations of expected bright or dark
excitons and trions, XX, and XX~ at the K and K’ valleys for an
n-doped monolayer WS,. Arrows and colors indicate spin direc-
tions in the VB and CB. X and T emit circularly polarized light in
the out-of-plane direction; DX and DT emit vertically polarized
light in the in-plane direction.

which is an important property to obtain high-quality sam-
ples. Figure 2(b) shows typical low-temperature (4.2 K) PL
spectra for two different laser powers (5 and 120 ¢W) for
the position labeled P1. The PL spectra are normalized to
the intensity of the X peak. The PL spectra of the WS,-talc
sample are stable [22], and no photodoping effect [24] is
observed. Figure S1 within the Supplemental Material [25]
shows in more detail the spectra for different laser pow-
ers. Similar results are obtained for different laser positions
on the sample (Fig. S2 within the Supplemental Material
[25]). The PL spectrum is composed of several emission
peaks, associated with the emission of different excitonic
complexes. Specifically, we can identify the X emission
at 2.086 eV and negative-trion recombination around an
energy of 2.056 eV. The full width at half maximum
(FWHM) of the exciton peak is in the order of 10 meV at
4.5 K (approximately equals 2630 meV at 300 K, depend-
ing on the laser position) showing that talc is a promising
dielectric to separate monolayer TMD from the SiO; sub-
strate. Indeed, this value is much lower than the reported
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FIG. 2. (a) Optical microscope and AFM images of the

WS,-tale ML sample. (b) Typical PL spectra for position P1 for
two selected laser powers (5 and 120 uW) at 4.5 K (c) Typical
fitting of the PL spectrum at zero magnetic field. (d) Double-
logarithmic plot of integrated intensities of different excitonic
peaks as a function of laser power.

value of ML WS, on SiO,, which is around 20 meV
(approximately equals 35-50 meV at 300 K) [9,24,26],
and comparable that of to ML WS, on h-BN, which is
around 10 meV [27,28]. Our results also show improved
sample quality using a thicker talc layer (120 nm) com-
pared with previous work on MoS,. However, it is not
easy to compare the results of FWHM for different TMD
materials. In addition, it should be mentioned that the dif-
ferent values of the FWHM at 300 K for samples with
different talc thicknesses could be due to different sample
inhomogeneity introduced into the exfoliation and transfer
method or due to different doping levels. Actually, typi-
cal impurities in our talc crystals are Fe and Al, which are
known to result in p doping of graphene [18]. It is shown
that Fe or Al impurities occupy Si sites in talc and act as
acceptors [18]. Therefore, these impurities remove elec-
trons from the graphene layer, resulting in a p-type doping
effect [18]. A similar result is expected for ML TMD-talc
heterostructures. Actually, we have observed recently that
TMD-talc FET devices with a layer thickness below 40 nm
are slightly more p type than MoS; and MoSe; transis-
tors on #-BN or SiO; dielectrics [22]. We anticipate that
the FWHM of the X emission of WS,-talc can be further
reduced by using an appropriate thermal treatment, such as
the standard procedures used for 2-BN-encapsulated TMD
monolayers [29].
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The trion peak exhibits a clear asymmetry, the appear-
ance of which depends on the laser position on the sample.
This observation strongly suggests that the WS;-talc ML is
n-doped, such that the trion emission is composed of two
different bright negatively charged species, i.e., intralayer
and interlayer trions, as illustrated in Fig. 1. In our case, the
bright-trion PL peak consists of a singlet (Ts) peak, around
2.053 eV and a triplet (Tt) peak around 2.060 eV, split
by the Coulomb exchange interaction [5,26,30] (Fig. 1).
The energy separation between the Tt and Ts peaks is in
the order of 7 meV, similar to the trion splitting observed
for WS, on 4-BN [31,32]. The intensity of the total trion
band for the two laser powers (5 and 120 uW) is approx-
imately equal to the exciton intensity [Fig. 2(b)]. The
laser-power dependencies of both the X and trion PL inten-
sities, obtained by fitting the spectra using Voigt functions
[Fig. 2(c)], shows a linear relationship dependence with
laser power [Fig. 2(d)]. Using / o< P*, where [ is the inte-
grated PL intensity and P is the laser power, we obtain
o = 1.0 for the exciton peak and @ = 1.1 for the trion peak.
In contrast, the peak at around 2.031 eV shows superlinear
behavior as a function of laser power [5,33] (¢ = 1.2). We
attribute this peak to the emission of XX, giving a binding
energy of about 55 meV, which is consistent with previous
reports in the literature [5,24,33—35]. It is shown that the
emission of neutral biexcitons in MoSe,, WSe;, and WS,
MLs is located at an energy in between the exciton and
trion PL peaks, with a typical binding energy of around
20 meV, in agreement with theoretical predictions [5]. The
unambiguous identification of both neutral and charged
XX transitions was recently reported through experiments
using electrostatic gating, ranging from hole to electron
doping [5]. Therefore, the energy position and laser-power
dependence of the 2.031 eV peak confirm its origin to
be that of the emission of XX~ [5,24,33,35-37]. While
a nearly quadratic power law is expected for full thermal
equilibrium between neutral exciton and biexcitons, values
smaller than two, like we observe, were reported recently
in other TMD MLs [5,33-35,37].

At lower laser powers [Figs. 2(b) and 2(c)], we observe
clearly an additional emission peak at around 2.016 eV,
which is attributed to DT emission [5]. Figure S1 within
the Supplemental Material [25] shows more details on
the DT emission for different laser powers. As men-
tioned above, transitions of these dark states are opti-
cally forbidden for in-plane polarized light [5], i.e., in the
backscattering-geometry scheme we use. However, it is
shown that an objective with a large numerical aperture,
as used in our experiments, permits the detection of dark-
exciton emission in ML TMDs [5]. In addition, emission of
dark-exciton states can also be caused by disorder or strain
from the talc substrate, which can break the optical selec-
tion rules. Finally, we observe additional lower-intensity
emission peaks at lower energies, labeled L1 and L2 in
Figs. 2(b) and 2(c). We note that, for this position, P1, the

energy separation of these peaks from the DT peak is about
20 meV for L1 and about 38 meV for L2, which are very
close to the phonon energies in ML WS, [12]. Therefore,
a possible cause for the origin of these peaks could be the
occurrence of phonon replicas [38] of dark trions.

Figure 3 presents the polarization-resolved magneto-PL
spectra and corresponding false-color PL-intensity plots,
as a function of magnetic field for position P2 using
circularly polarized excitation. Figure S3 within the Sup-
plemental Material [25] shows similar magneto-PL results
for position P1.

With increasing magnetic field, we observed blue- and
redshifts, respectively, for o ~- and o -circularly polarized
PL, as expected [37,39—45]. We fit the magneto-PL spec-
tra with a set of eight Voigt functions, and Fig. 4(a) shows
the PL peak positions, E, for o~ - and o *-circularly polar-
ized emission, given by E = E £ Y4gugB, where E is the
energy of each species at zero magnetic field, g is the g
factor of each excitonic complex, and ug~ 58 ueV/T is
the Bohr magneton. Figure 4(b) displays the corresponding
magnetic-field-induced valley splittings. To extract the g
factors, we perform linear fittings of the Zeeman splittings,
AE, using

AE =E°" —E°~ = gupB. (1)

The fitting results are indicated by the solid lines
in Fig. 4(b). We obtain gx=~ —3.6 for the exciton,
g1s =21t~ —3.9 for the singlet and triplet trion states,
gxx— ~ —4.3 for the charged biexciton, and gpr &~ —9.3
for the dark trions. The obtained values of the g factors
for the bright excitons, trions, and charged biexciton are
consistent with previous values reported in the literature
[5,12,31,33,45-47]. Furthermore, the g factor of the spin-
forbidden dark-trion peak is very similar to the values
obtained for ML WSe; [5,6] and for the TD peak under
a tilted magnetic field in ML WS, [2,6].

Figure 4(c) shows the magnetic field dependence of the
degree of circular polarization of each species, defined by
P=(,+ —1,-)/(,+ + I,-). It is important to note that,
in our experiments, we use circularly polarized excitation.
Therefore, we observe that the polarization of the X emis-
sion is constant (around 15%) with varying magnetic field.
This constant exciton polarization can be understood as a
result of the valley selection effect under circularly polar-
ized excitation, which is field independent for the W-based
ML [43]. The trion degrees of polarization are also consis-
tent with those reported in previous studies [16,31]. For
the singlet trions, we observe a rather low value of polar-
ization degree with small changes of increasing magnetic
field, with indications of a sign reversal at finite fields, in
agreement with previous results [31]. For the triplet trions,
we observe a field-dependent, yet always positive, polar-
ization degree. However, it is difficult to provide a detailed
discussion of the field dependence of trion polarization, as

064055-4



REVEALING EXCITONIC COMPLEXES IN...

PHYS. REV. APPLIED 16, 064055 (2021)

(a) (b)

—_
(2]
N

L1 DT XX-Ts\Tt X

Norm. PL Intensity
Norm. PL Intensity

16T

30

20

1

Magnetic Field (T)
o

Norm. PL Intensity

&
&

M =
8 o

N
()

10

Magnetic Field
Norm. PL Intensity

2.0 2.1 2.0

Energy (eV)

FIG. 3.

Energy (eV)

1.95 200 205 210
Energy (eV)

PL spectra of the WS,-talc ML sample at 4.2 K for o™ (a) and o~ (b) detection, measured at position P2 and at different

magnetic fields, using a laser power of 61 W and circularly polarized excitation (o). For clarity, spectra are vertically shifted. (c),(d)
False color maps of the corresponding PL intensity as a function of magnetic field for, respectively, o+ and o~ detection.

it is usually affected by different nonequilibrium phenom-
ena, such as intervalley relaxation of carriers and spin-flip
processes [16,31]. Therefore, further studies, including
time-resolved PL and magneto-PL, are necessary to under-
stand, in more detail, the magnetic field dependence of the
trion’s polarization degrees.

The polarization of the charged biexciton peak shows
nonmonotonous behavior, increasing up to 10 T and sub-
sequently decreasing until it reverses sign at the highest
magnetic field. To further illustrate this behavior, Fig. S4
within Supplemental Material [25] shows the 6 ~- and o -
polarized PL spectra for both the P1 and P2 positions
for selected magnetic fields. At high fields (30 T), the
o ~-polarized high-energy XX~ peak is brighter than its
low-energy o "-polarized counterpart, even for the o -
laser excitation used here, which leads to an overall higher
ot PL intensity due to the induced valley polarization.
This peculiar behavior was previously observed [5,33] and
is related to the fact that the energy difference between the
two Zeeman states of the biexciton is determined by the
total g factor (g;), including the contributions from all four
constituent particles of the biexciton [34]. In contrast, the
spectral difference between the o~ and o™ PL peaks in an

applied magnetic field is determined by the Zeeman states
of the emitting bright exciton, given by the spectral g fac-
tor (g;). The different values, and signs, of the total g-factor
(g: =~ +4) and the spectral g factor (g; = —4.3), therefore,
explain why the spectrally lower-energy emission peak
corresponds to a higher-energy biexciton state that has a
lower intensity than its higher-energy counterpart [5,34].
This effect is particularly evident when comparing the 30-
T PL spectra obtained using parallel circular polarizations
for excitation-detection (Fig. S5 within the Supplemental
Material [25]), removing the effect of the induced valley
polarization present when comparing the intensities of o~
and o PL under ot excitation (Fig. S4 within the Supple-
mental Material [25]). The biexciton peak at 2.038 eV for
o ~,0~ polarization has higher intensity than the biexciton
peak at 2.030 eV for o t,0 T polarization, in contrast to the
regular behavior observed for the neutral-exciton emission.

Finally, we observe a clear increase, with increasing
magnetic field, of the PL intensity of the dark trions in
ot detection, resulting in a positive polarization degree.
These results are obtained using systematic fitting of the
spectra for both detected polarizations (results in Fig. S6
within the Supplemental Material [25]) at position P2. We
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note that at position P1 (Fig. S2 in Supplemental Mate-
rial [26]) the DT emission is more visible than that for
position P2, but for this position the DT emission peak
can hardly be seen in o~ detection due to the superposi-
tion of this peak with the XX~ emission peak. Previously,
dark excitons and trions in monolayer WS, were observed
in parallel or tilted magnetic fields [6,48], where the in-
plane magnetic field brightens the dark-exciton and -trion
emission due to the mixing of the spin components of
the conduction bands [48]. We attribute the observation of
the dark-trion emission in our experiments to the use of the
high-numerical-aperture objective. The positive degree of
circular polarization of the DT emission is related to the
occurrence of intervalley scattering mechanisms, where
the possibility to emit a photon is determined by the opti-
cally excited minority carrier (holes for » doping and
electrons for hole doping) under weak optical excitation
conditions [5]. Therefore, the PL of the negatively charged
dark exciton is expected to exhibit the same valley polar-
ization as that from X, whereas the positively charged dark
exciton is expected to have opposite valley polarization
relative to X [5]. For our sample, we observe the same

polarization signs for the X and DT emissions, which indi-
cates that monolayer WS, on talc is naturally n-doped,
and its doping is not affected by the talc layer, which is
consistent with our interpretation of the PL spectrum at
zero magnetic field described above. This result is differ-
ent from a previous study on graphene-talc [18], which has
demonstrated a substrate-induced p doping of graphene-
talc. The PL decay time of the DT emission is much longer
than that of bright excitons and trions. Therefore, ther-
malization of the DT states occurs within their lifetime,
resulting in an increasing DT polarization with increas-
ing magnetic field, in contrast to the constant circular
polarization of X and to previous studies of DTs in ML
WSe, [47].

In addition, we also extract the g factors of the lower-
energy emission peaks at 2.000 eV (labeled L1) and
1.982 eV (labeled L2). Figure S8 within the Supplemen-
tal Material [25] shows the magnetic field dependence
of the PL peak positions for o and o~ detection and
the valley Zeeman splitting of these peaks. These lower-
emission peaks follow selection rules similar to the bright-
exciton emission, i.e., they show conservation of excitation
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helicity in emission (circularly polarized emission). We
obtain g factors of about —12.3 and —12.6 for the L1
and L2 emission peaks, respectively (Fig. S9 within the
Supplemental Material [25]). We note that the energy
separation of these peaks from the DT peak is about
17.8 meV for L1 and about 35.8 meV for L2. The nature of
these peaks is not well established. Similar lower-emission
peaks having similar g factors were recently reported for
high-quality ML WS, and associated with a momentum-
forbidden dark trion with the emission of optical (E”) or
acoustic (ZA, LA) phonons, i.e., phonon replicas of dark
trions [5]. The positions of the phonon replicas of the
dark-trion emission are expected to be redshifted from
the DT peak by the phonon energies of ML WS,. Com-
paring the measured redshift (approximately 35.8 meV)
and the theoretical phonon energy (36.4 meV) [12], the
peak at about 1.982 eV (L2 peak) can be identified as a
phonon-replica TD E” (I"). The shift of the L1 peak around
2.000 eV (approximately 17.8 meV) is close to the theoret-
ical energy values of the 74A(K) and ZA(K) phonons (18.2
and 17.7 meV) [12]. Furthermore, other phonon replicas,
which could involve a momentum flip, can be induced by
phonons from the K point. It would be possible to trans-
fer an electron (hole) between K valleys with an emission
of E” (K) [LA(K)] phonons [12]. Their theoretical energies
(43.0 and 22.6 meV) [12] are also close to the measured
PL energy redshifts (35.8 and 17.8 meV) from the dark-
trion peaks in our samples. Therefore, the observed L1
and L2 peaks can be associated with dark-trion replicas
due to momentum-forbidden dark transitions. Particularly,
the obtained g factors of L1 and L2 are consistent with
previously reported values [2,6] for phonon replicas of
dark-trion TD ZA(K) and TD E”(K), respectively.

IV. CONCLUSION

We investigate the low-temperature photoluminescence
and magnetophotoluminescence of monolayer WS; on
talc. We obtain high-quality samples showing the emis-
sion of different excitonic complexes in the PL spectra
at low temperatures. At low temperature, we observe that
the FWHM of the exciton peak is comparable to that of
WS, /h-BN, showing that talc is a promising dielectric
to separate monolayer TMD from the SiO, substrate. We
investigate the properties of all excitonic complexes under
perpendicular magnetic fields up to 30 T and extract the
g factor of all emission peaks. The obtained g factors are
in agreement with theoretical values reported in the liter-
ature [12]. In contrast to previous studies of graphene and
talc [18], which demonstrate spontaneous p doping, our
magneto-PL results indicate that ML WS,-talc is naturally
n-doped, as revealed by the observation of the same valley
polarization for the X and charged DT emissions. One pos-
sible explanation for this result is that p doping from talc
could result in a reduction of the n doping of ML WS,, but

it is not enough to affect the type of doping. In addition,
we observe that, under o *-polarized excitation, the sign of
circularly polarization biexcitons is reversed under higher
magnetic fields, which shows that under very high fields
the effect of thermalization is the dominant mechanism,
compared with valley selectivity. We also observe that the
polarization of the dark-trion emission increases consider-
ably with increasing magnetic field, in contrast to previous
studies on ML WSe;. In general, the improvement of the
optical quality of TMD on talc dielectric also contributes
to uncovering further information on the valley physics
of ML WS,, particularly for the properties of biexcitons
and dark trions under high perpendicular magnetic fields.
Finally, our results suggest that talc is a promising low-
cost layered material to explore fundamental physics and
for possible application in optoelectronic devices based on
high-quality doped TMD heterostructures.
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