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Abstract
High-quality van der Waals heterostructures assembled from hBN-encapsulated monolayer
transition metal dichalcogenides enable observations of subtle optical and spin-valley properties
whose identification was beyond the reach of structures exfoliated directly on standard SiO,/Si
substrates. Here, we describe different van der Waals heterostructures based on uncapped single-
layer MoS, stacked onto hBN layers of different thicknesses and hBN-encapsulated monolayers.
Depending on the doping level, they reveal the fine structure of excitonic complexes, i.e. neutral
and charged excitons. In the emission spectra of a particular MoS,/hBN heterostructure without
an hBN cap we resolve two trion peaks, T; and T,, energetically split by about 10 meV,
resembling the pair of singlet and triplet trion peaks (Ts and T7) in tungsten-based materials. The
existence of these trion features suggests that monolayer MoS, has a dark excitonic ground state,
despite having a ‘bright’ single-particle arrangement of spin-polarized conduction bands. In
addition, we show that the effective excitonic g-factor significantly depends on the electron
concentration and reaches the lowest value of —2.47 for hBN-encapsulated structures, which
reveals a nearly neutral doping regime. In the uncapped MoS, structures, the excitonic g-factor
varies from —1.15 to —1.39 depending on the thickness of the bottom hBN layer and decreases
as a function of rising temperature.

Keywords: transition metal dichalcogenides monolayers, molybdenum disulfide, exciton, trion,
Zeeman g-factor
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1. Introduction

Monolayer transition metal dichalcogenides (TMDs) have
attracted considerable scientific interest due to their unique
physical properties and foreseen applications in novel
optoelectronics devices [1-3]. Unlike their bulk equivalents,
indirect gap semiconductors, they possess direct optical
bandgaps located at + K valleys of the two-dimensional (2D)
hexagonal Brillouin zone [4]. Additionally, the lack of
inversion symmetry and strong spin—orbit coupling in the
monolayer result in a substantial valley-contrasting spin-
splitting of the valence and conduction bands [S5]. The larger
spin-splitting of the valence band (A,) ranges from
~150 meV in MoS, to ~450 meV in WSe, and leads to the
formation of so-called X, and Xy excitons [6]. The conduc-
tion-band spin-splitting (A,), predicted in numerical calcula-
tions [5], is appreciably smaller (up to few tens of meV) and
exhibits a large relative difference, both in the energy and
sign between different materials, and consequently imposes a
splitting between the dark and bright exciton subbands. The
bright excitons are composed of the electron from the con-
duction band and the hole from the valence band with the
same spin, whereas dark excitons are composed of the elec-
tron and hole with the opposite spin. In monolayer WS, and
WSe,, A, is predicted to be negative and the lowest energy
exciton is dark. In monolayer MoSe,, A, is predicted to be
positive and the lowest energy exciton is bright. Regarding
monolayer MoS,, the nature of the exciton is still con-
troversial. Recent reports, including ours [7], have suggested
that contrary to the ‘bright’ arrangement of the band structure,
the strong exchange electron-hole interaction leads to the
lowest energy for dark excitons [7-10].

The 2D character of monolayer TMDs and reduced di-
electric screening allow for the formation of excitons with
binding energies of a few hundreds of meV [8], orders of
magnitude larger than those in typical quasi-2D quantum
wells [11, 12]. In addition to neutral excitons, in the presence
of excess carriers, trions can also be formed [13-18] with
binding energies (Eg) of tens of meV, resulting in their sta-
bility even at room temperature [19-21]. Consequently,
monolayer TMDs constitute a novel platform for optically
probe many-body effects in the presence of strong Coulomb
interactions [15, 22-26], particularly when the Fermi level in
the conduction band for n-doped samples is lower or of the
same order as the trion binding energy [27-29].

Monolayer MoS; is probably the best-known member of
semiconducting TMDs [30] due to its natural abundance in
almost chemically pure mineral molybdenite [31]. Compared
to other materials from the MX, (M = Mo, W; X =S, Se, Te)
family, MoS, is unique in having a small spin-splitting
(~3meV) of the conduction band [32], in comparison to
typical Fermi energies in n-type exfoliated TMD monolayers
(MLs) transferred onto standard SiO,/Si substrates [3, 33].
Until recently, the optical quality of monolayer MoS, was
inferior in quality to its related materials, such as MoSe,,
WS,,and WSe,. This allowed for observation of only broad
photoluminescence peaks dominated by trions [19]. However,
progress was made by the encapsulation of a MoS,

monolayer with hexagonal boron nitride (hBN) layers,
resulting in narrow neutral exciton lines with a width of about
2 meV at low temperatures (4 K) [34]. The high-quality
MoS,/hBN van der Waals heterostructures hence allowed for
observing subtle optical and spin-valley properties of mono-
layer MoS, [29, 34, 35].

Recent work reported an observation of a trion line
splitting in reflectivity spectra of gated hBN/MoS,/hBN
heterostructures [29], similar to other ‘dark’ TMDs: WSe,
[36] and WS, [37]. Furthermore, numerical calculations of the
trion fine structure in doped monolayer MoS, by ab initio
many-body theory show the splitting of the negative trion into
three excitations: inter-valley singlet, inter-valley triplet and
intra-valley singlet, with a splitting energy of about 1 meV
and 4 meV, respectively [27]. Similarly, inter- and intra-val-
ley singlets with 4 meV splitting were predicted [38], along
with an unbound intra-valley triplet trion state.

Interestingly, substantially different effective exciton g-
factors were determined in hBN-encapsulated MoS, mono-
layers; gx=— 1.7 in magneto-photoluminescence experi-
ments [34] and nearly two times higher gy=—3.0 in
magneto-transmission measurements [35]. Furthermore,
detailed magneto-transmission experiments revealed that the
reduced mass of the exciton in monolayer MoS, is heavier
than predicted by density functional theories [32, 39], sug-
gesting a large electron mass consistent with recent values
determined from transport studies of n-type MoS, monolayers
[40]. The complicated interplay of band structure [32, 41],
electron-electron interactions [15, 28, 42, 43], enhanced spin-
splitting [44], dynamical effects [45] and inter-/intra-valley
phonon [46] and plasmon [24] contributions makes MoS, one
of the most challenging materials to understand.

In this work we elaborate on the optical properties of van
der Waals heterostructures based on the uncapped single-
layer MoS, stacked onto hBN layers of different thicknesses
(MoS,/hBN) and hBN-encapsulated monolayers
(hBN/MoS,/hBN). We probe their optical properties in the
comparative  photoluminescence (PL), excitation-photo-
luminescence and reflectance contrast (RC) measurements. In
the optical spectra we identify both the neutral and charged
excitons, whose observation is dictated mainly by different
two-dimensional electron gas (2DEG) concentrations, also
related to the quality of the studied structure. Additionally, for
MoS,/hBN and hBN/MoS,/hBN structures, which reveal
clearly distinct doping levels estimated qualitatively based on
the shape of the PL and RC and relative energy position of the
exciton and trion resonances, we carry out magneto-PL
measurements up to 10 T. We find that the effective exciton
g-factor significantly depends on the 2DEG concentration and
reaches the lowest value of —2.47 in the hBN-encapsulated
structures, which reveal a nearly neutral doping regime. In the
uncapped MoS, structures the excitonic g-factor varies from
—1.15 to —1.39 depending on the thickness of the bottom
hBN layer and decreases as a function of rising temperature.
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Figure 1. The comparative PL and RC spectra for (a) MoS,/hBN,
(b) MoSe,/hBN, (c) WS,/hBN, (d) WSe,/hBN structures measured
at 7 K.

2. Results

2.1. PL and RC measurements of MoS,, MoSe,, WS, and
WSe, monolayers

First we discuss results of PL. and RC measurements of Mo-
and W-based monolayer TMDs. Figures 1(a)—(d) compare
low-temperature (7 K) PL and RC spectra of molybdenum-
and tungsten-based TMDs monolayers deposited on
hBN/SiO,/Si substrates. The PL spectra are excited non-
resonantly at an energy of 2.33 eV. For all monolayers, the
optical transitions are associated with the nearly free states of
the neutral exciton (X) [20] and different types of trions (T},
Ty, Ts, Ty) [37, 47], while individual optical transitions
positioned at lower energies are not presented. The energy
scale of each spectrum is offset with respect to the neutral
exciton X. In figure 1(a) we show PL and RC spectra for

MoS,, while figure 1(b) shows the same spectra for MoSe,.
Interestingly, in the PL spectrum of MoS, we see an exciton
peak X and two, T, and T,, peaks at lower energies. As
indicated in figure 1(a), the energy separation between these
optical trion transitions is A = 10 meV. We attribute them
tentatively to the recombination from trion states. The MoS,
spectra are contrasted with the spectra of MoSe,, see
figure 1(b), which demonstrate an exciton and only a single
trion Ty line. However, the doublet structure of the trion
emission line positioned below the neutral exciton in MoS, is
similar to the trion emission spectra in tungsten-based
monolayers, shown in figures 1(c)-(d). In the PL and RC
spectra of WS, (Figure 1(c)) and WSe, (figure 1(d)), the Tg
and T7 optical transitions are identified at low doping level
(Er < Ep). The energy difference between T and Tr is equal
to ~6meV, and is in good agreement with the recently
reported values [37]. As seen in figures 1(c) and (d), the T
emission line in the PL spectra of WSe, is more prominent
than the corresponding optical transition observed in the PL
spectra of WS,. This feature likely depends on the different
2DEG concentrations in the studied monolayers, which in
sulfides are typically two orders of magnitude higher than in
selenides [33, 48].

2.2. Polarization-resolved PL excitation of trions in monolayer
MoS 2

To characterize the nature of the T; and T, transitions
observed in the PL spectra of the MoS,/hBN structure, we
perform polarization-resolved and excitation energy-depen-
dent PL. measurements at 7 =7 K. Figure 2 shows examples
of polarization-resolved PL spectra excited strictly resonantly
at the neutral exciton energy of 1.9514 eV (figure 2(a)) and
near-resonantly at the energy of 1.9730 eV (figure 2(b)).
Based on the fitting of the trion contributions to the PL
spectrum excited at the neutral exciton energy X (figure 2(a))
with a combination of two Lorentzian curves, we determine
the degree of helicity preservation of the emitted light with
respect to exciting light defined as
P = ;s — ls) /o + Iy,-) for each trion component,
where 070" and oo~ indicate the co-circular and cross-
circular configurations, respectively. The T, line displays the
Py value of almost 66%, while the T, line has a slightly
higher Py, of about 72%. For the excitation energy equal to
1.9730 eV (slightly higher than the X energy) we obtain P
values of 44%, 46% and 49% for T;, T, and X, respectively
(figure 2(b)). We discuss a possible interpretation of those
results below.

Additionally, in figures 2(a)-(b) we observe Raman
features, which shift as a function of the excitation energy.
They are attributed to first- and second-order scattering pro-
cesses, such as A/, E’ modes and b, 2LA (M) or LA (M) bands,
respectively [49, 50]. The presence of the LA(M) band in the
Raman scattering spectrum of the MoS,/hBN heterostructure
indicates a considerable amount of defects or disorder in the
monolayer [51].
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Figure 2. (a) The polarization-resolved PL spectra of MoS, excited strictly resonantly at the neutral exciton energy of 1.9514 eV. (b) The

resonant circularly polarized PL spectra for 1.9730eV excitation. Th
features.

2.3. PL and RC spectra in MoS2hBN and hBN/MoS~hBN
heterostructures

In monolayer MoS,, due to a peculiar arrangement of the
conduction bands at the £ K points, the observation and
identification of the fine trion structure in emission spectra are
challenging in terms of sample preparation. In this section we
discuss the optical properties of MoS,/hBN and
hBN/MoS,/hBN heterostructures and we show that the
relative PL intensity of the T, and T, features significantly
depends on the quality of the sample and doping level.

Figure 3(a) compares low-temperature (7 K) PL (orange,
blue and magenta lines) and RC (black line) spectra in the
energy range corresponding to the ground state of the neutral
and charged excitons for different MoS, monolayers: (i) one
hBN-encapsulated (hBN/MoS,/hBN)-f; with the thick-
nesses of the bottom and top hBN layer of ~120nm and
~10nm, respectively, and (i) two monolayers with only
bottom hBN substrate (MoS,/hBN) with different hBN
thickness: f,—120 nm, f3—250 nm, correspondingly.

Similarly to our previous studies on WS,/hBN/SiO,
heterostructures [26], an extra hBN layer used between the
flake and SiO,/Si substrate acts as a buffer layer and changes
the doping level in the monolayer system. It can be explained
by the fact that the MoS, is naturally n-doped, whereas
positively charged defects embedded in SiO, strongly influ-
ence the electron charge in monolayer MoS,. Hence, the
electron-binding energy to the charged defect embedded in
SiO; is the largest for MoS,/Si0,/Si structures and should
decrease with increasing thickness of the hBN layer. Our
intuitive explanation is consistent with a recent calculation of
ground-state energies of electrons and negative trions in a
monolayer supported on SiO, as a function of the distance of
a positive point-charge defect from the mid-plane of the
monolayer [52]. However, there are also different factors
which have to be taken into account when the doping is

e E, A/, b and 2LA (M) indicate the energy position of the Raman
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Figure 3. The comparison of low-temperature (7 K) PL and RC
spectra for different MoS, monolayers: hBN-encapsulated—f,, and
two MoS,/hBN structures with different thicknesses of hBN layers:
f,—120 nm, f3-250 nm, respectively. (a) The PL and RC spectra
recorded in the vicinity of the excitons (X 4(15) and trions (T). (b)
The PL and RC spectra in the energy range comprising optical
transitions assigned to the ground exciton states X,(j5 and Xp, and
excited states of the exciton X,y y).

estimated. For instance, created defects in the monolayer
system can act as donors or acceptors [53, 54] and lead to
significant p or n doping. It is also worthwhile to note that the
uncapped monolayers are subjected to the photo-doping
effects caused by the laser excitation, in contrast to the well
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isolated hBN-encapsulated samples. Accordingly, the pre-
sented PL spectra reveal relatively different 2DEG con-
centrations, which are qualitatively estimated by the trion to
exciton emission intensity ratio (7/X) [20, 26] and the full-
width at half-maximum (FWHM) of neutral exciton. At very
low 2DEG concentration, foreseen for the hBN-encapsulated
sample (f;), the X (the FWHM equal to 4meV) line solely
dominates the PL spectrum (figure 3(a), orange line), whereas
both T lines are not detectable. The same character is also
reflected in the complementary RC spectra, dominated by the
neutral exciton resonance. At a relatively higher 2DEG con-
centration (sample f,, blue line) a broad T line shows up in the
PL spectra, which is likewise accompanied by an emerging
trion feature in the RC spectra. For the highest electron
doping, as the trion emission intensity exceeds that of a
neutral exciton in the f3 structure (magenta line), the double
trion structure becomes quite well resolved in the PL spec-
trum. Simultaneously, the T resonance in the RC spectrum is
more prominent than in the f; and f, samples and it corre-
sponds to the broader T, transition in the PL spectrum.
Moreover, in both samples with trion features the FWHM of
the X is about two times larger than in the hBN-encapsulated
structure. Our observations are consistent with recent results
concerning an optical susceptibility measurement of a gated
MoS, device [29], which also shows that the observation of a
well-resolved trion fine structure in optical spectra is a subtle
effect, possible only for a particular range of 2DEG con-
centrations (and also for good sample quality and Ohmic
contact), since the linewidth of the higher in energy trion
component T, significantly increases with increasing electron
concentration.

As seen in figure 1(a) the two trions T, and T, in sample
f3 are redshifted with respect to the neutral exciton X by
37meV and 27 meV, respectively. From the energy differ-
ence between the neutral exciton X and trion T; we can
evaluate the Fermi level wusing a  formula
AE = E(X) — E(T,) = Eg + Er, where Ep corresponds to the
trion binding energy. The T, trion binding energy determined
in a gated hBN-encapsulated MoS, monolayer is equal to
25meV [29]. In our uncapped MoS,/hBN heterostructure,
due to a change of the dielectric environment the higher trion
binding energy is expected. In fact, in the monolayer MoS,
exfoliated on SiO,/Si this energy increases up to 30 meV.
Hence, we assume that for the well-resolved trion T; the
binding energy Ep can be in the range from 25meV to
30meV. Accordingly, the Fermi level determined from the
PL spectrum of the f; structure can range from 7 meV to
12 meV. Both the values exceed the theoretically predicted
conduction-band spin-splitting in monolayer MoS,. Then,
using equation n = m,Ey/mh? and the electron effective mass
m, = 0.44 mq [32, 39], we estimate the intrinsic 2D electron
concentration in the range of 1.29-2.04-10'* cm 2.

To strengthen our interpretation associated with the dif-
ferent 2DEG concentrations in the presented MoS, van der
Waals structures, in figure 3(b) we compare PL and RC
spectra of all the monolayers at higher energies up to
220 meV above the neutral exciton position. As clearly seen,
only in the optical spectra of the hBN-encapsulated sample
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Figure 4. The circularly polarized PL spectra at B =10 T for
different MoS, monolayers: (a) hBN-encapsulated—f;, (b) MoS,/
hBN—f, and (c) MoS,/hBN—f,,. (d) Exciton Zeeman splitting.

(f;) we can resolve transitions associated with the ground state
of the neutral exciton X and first excited state of the neutral
exciton X, which indeed is possible only in the neutral
regime doping [55]. The ~150meV energy separation
between the X, and X exciton is in line with previous
measurements [35, 55] and reflects mostly the spin—orbit
splitting of the valence band at the K points of the hexagonal
Brillouin zone [6]. For the uncapped MoS,/hBN
heterostructure—f, with the same thickness of the bottom hBN
layer as in sample f;, we observe that the oscillator strength of
the neutral Xp exciton is transferred to the negatively charged
exciton X, which confirms a higher electron concentration
[55] (note that the energy distance between X4 and X and the
one between T and Xj is the same). Moreover, the high-
energy PL spectra of the f, and f; heterostructures are
dominated by the broad Xz emission. The above analysis of
the PL and RC shows that the energy separation between the
X4 and Xjp exciton is similar for all the monolayers and
independent of the dielectric environment.

2.4. Zeeman g-factor in monolayer MoS,

Having estimated the doping levels in the individual MoS,
monolayers, being (i) very low (or nearly neutral) in the hBN-
encapsulated structure, and (ii) relatively higher in the
uncapped monolayers, we discuss the magneto-optical
response observed in the PL spectra. Figures 4(a)—(c) show
the low-temperature (5 K), polarization-resolved PL spectra at
B=10 T recorded for one hBN-encapsulated
(hBN/MoS,/hBN)—f; and two MoS,/hBN heterostructures
with different hBN thicknesses: f,,~100nm, f,—120 nm,
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Figure 5. (a) Typical PL spectra of the MoS,/hBN structure (f>)
recorded at 5 K, 20 K, 40 and 60 K. (b) Temperature dependence of
exciton Zeeman splitting. (c) Temperature evolution of the effective
exciton g-factor.

correspondingly. The f, structure has a slightly higher elec-
tron concentration than f,,, which is reflected by a broad T
shoulder. Using non-resonant (2.331 eV) and linearly polar-
ized laser excitation we find that, for the applied magnetic
fields, the trion features in samples f, and f,, are not suffi-
ciently resolved in the PL spectra to estimate their effective g-
factors. Accordingly, we focus only on the 2DEG dependence
of the exciton g-factors.

For figure 4(d), we extracted the Zeeman splitting A, of
the neutral exciton X for all the samples; it is defined as the
shift between the 0" and o~ polarized components of the PL:
Az = E# — E,~ = gyupB. This quantity depends linearly
on the magnetic field and our measurements suggest exciton
g-factors of gy=-—1.15+0.01, gxy=—139+£0.01, and
gx=—2.45=%0.01 for samples f,,, f, and f;, respectively.
Interestingly, for the MoS,/hBN structures without a cap
layer, the exciton g-factor decreases with rising thickness of
the hBN layer (with rising 2DEG): f,,—~100 nm, f,—120 nm,
respectively. However, for the hBN-encapsulated monolayer
MoS, (f;) reflecting a nearly neutral doping regime, the
exciton g-factor is distinct and the lowest.

Furthermore, we probed the temperature dependence of
the exciton effective g-factor in the MoS,/hBN structure
(f2.), whose emission spectra are dominated by a relatively
narrow X line. Figure 5(a) compares typical PL spectra of the
f,, structure, measured at different temperatures (5 K, 20 K,
40 K, 60 K) and a magnetic field of B=10 T. The exciton
Zeeman splitting at four different temperatures is shown in
figure 5(b). As seen in figure 5(c), the effective exciton g-
factor decreases from —1.15 to —1.74 for increasing temp-
erature from 5 K to 60 K. This decrease of the exciton
g-factor by about 34% is related to the temperature

broadening of the X emission line (see figure 5(a)). However,
it may also result from different thermal distributions of
electrons in the spin-split subbands. In the hBN-encapsulated
monolayer MoS, (f;) the temperature effect on the exciton g-
factor is not observed.

Interestingly, the value of the exciton g-factor obtained in
our hBN-encapsulated structure (gx = — 2.45) lies between
values of the g-factors determined in recent studies of similar
hBN-encapsulated MoS, monolayers with very narrow exci-
ton linewidths (2—4 meV), suggesting the exciton g-factor of
gx = — 1.7 [34] in magneto-PL or gxy= —2.9 [35] in mag-
neto-transmission experiments. It is worthwhile to mention
that the Zeeman splitting, and hence g-factors, seem to
depend on the doping level and overall optical quality of the
sample, which in turn can be mirrored in the linewidth of the
PL or RC transitions. However, in comparison to other
monolayer TMDs [35, 56], the small exciton Zeeman splitting
in the monolayer MoS, may arise from the interaction with
close in energy, spin- and valley-forbidden, dark excitons. It
is noteworthy that semi-dark and dark excitons have been
recently identified at 14 meV below the bright states in the PL
spectra of hBN-encapsulated MoS, placed in transverse and
tilted magnetic fields [57]. This bright—-dark exciton splitting
depends on the spin—orbit splitting of the conduction band,
the exciton binding energies and electron—hole exchange
interaction. Assuming that an effective exciton g-factor
reflects the bright—dark exciton interaction, and it can be
tuned by the 2DEG concentration and dielectric environment,
we tentatively suppose that for different MoS,/hBN hetero-
structures the magnitude of this bright—dark splitting can be
changed. However, it needs further theoretical calculations.

3. Discussion

Our interpretation of the two emission lines resolved in the
spectra of MoS,, shown in figure 1(a), as originating from
two trion states, T and T,, is summarized in figures 6(a)—(b).
Figure 6(a) shows schematically an electronic configuration
for either the inter-valley singlet trion T, with one spin-up
electron in the + K valley, a second electron with spin-down
and a missing spin-down valence band electron (valence hole)
in the — K valley or inter-valley triplet, with spin-down
electrons in the conduction band. Inter-valley singlet and
inter-valley triplet configurations for electrons are denoted by
black and red ellipses, respectively. Both columns show
single-particle states in +/— K valleys on spin—orbit split
conduction band states. What is important to understand is
that, even though the spin—orbit splitting of the conduction
band is ‘bright’, the actual ground excitonic state is ‘dark’, as
we have calculated in a recent work by some of the authors
[7]. We now explain this bright—dark ground excitonic state
inversion. The first mechanism is related to different masses
of spin-up and spin-down electrons in the conduction band.
The higher energy spin-up conduction band in the — K valley
is heavier; hence, the higher electron mass combined with
electron—hole attraction results in a more strongly bound dark
state, pushing the electron-hole bright configuration up in
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Figure 6. Summary of optically bright trion possibilities in MX, on
top of single-particle levels in +K and -K valleys (left and right
panels, respectively), with only one spin-split valence band shown
for clarity. (a) Two possibilities of inter-valley singlet (electron
configuration in the conduction band (CB) inside the black dotted
ellipsis) and triplet (red ellipsis) and (b) intra-valley singlet trions in
material with small CB spin-splitting and dark exciton ground state.
(c) Inter-valley triplet and (d) intra-valley singlet trions in material
with dark single-particle bands and dark exciton ground state. (e)
Inter-valley singlet trion in compounds with bright single-particle
bands arrangement and bright exciton ground state. (f) Schematic
arrangement of dark (dotted dark lines) and bright (solid green lines)
excitonic levels corresponding to (a)—(b), (c)—(d) and (e) single-
particle arrangements of carriers.

energy. The second contribution adding to the blue shift of
the energy of the bright configuration is the repulsive elec-
tron-hole exchange interaction. The two effects result in a
splitting of the bright-dark Is excitons up to 20 meV.
Because the starting point is a dark excitonic ground state, we
conclude that, for theoptically active trion, two inter-valley
configurations are in principle possible, one in singlet and the
other with a triplet electron configuration. Those states are
predicted to be very close in energy [27], around 1 meV;
however, experimental results [29] on a similar structure
suggest the inter-valley singlet state interpretation. Addition-
ally, we note that the ordering of the trion states (inter-valley
singlet lower than inter-valley triplet) may be reversed due to
the interaction of additional carriers in the + K valley with
holes in the K valley and small spin—orbit splitting in the
conduction band; however, a precise estimation of this effect
requires a full many-body calculation of trion states in the
presence of a finite carrier concentration in the conduction
band, which is still beyond the reach of modern computers
due to very strict convergence requirements (as discussed in
our recent work [7]). Figure 6(b) shows the configuration of
the intra-valley trion where two electrons in the conduction
band are in the same — K valley and hence necessarily in the
singlet state. An additional possible intra-valley trion state
would be an intra-valley triplet trion; however, this state has
been shown to be unbound [38]. The assignment of the T,
line to an inter-valley singlet state and the T, line to an intra-
valley singlet state is consistent with theoretical calculations
[27] and experimental identification of charged complexes
[29]. Nevertheless, due to the broad emission feature of the T,
and T, lines, we are not able to exclude the existence of an
additional line. The T; line may as well be interpreted as an

inter-valley triplet trion, as discussed in [27]; however, gate-
tunable device experiments speak against this scenario [29].

The unusual arrangement of the trion states in a material
with a positive and small spin—orbit-induced splitting of the
conduction band is contrary to trion states in materials with a
negative and large spin—orbit-induced splitting of the con-
duction band such as WS, and WSe,, see figures 6(c), (d).
The single-particle arrangement of levels in the +K valley,
left panel in figures 6(c), (d) is opposite to the level
arrangement in figures 6(a), (b). There is no inversion of
electronic levels for the electron in the presence of valence
hole in the —K valley. Hence, the T trion is an inter-valley
triplet and the lowest energy inter-valley singlet trion is dark,
as experimentally confirmed in [58]. The T trion is an intra-
valley singlet trion. The observation of the doublet structure
of bright high-energy trions (Ts, T7) in WSe, and WS,
monolayers results from the fact that in tungsten-based
monolayers the optically active exciton (X) is associated with
the top spin-split valence subband (VB) and the upper spin-
split conduction subband. Hence, for a low 2DEG con-
centration, as the electron Fermi level is positioned between
the spin-split conduction bands, the triplet trion (figure 6(c))
comprises two electrons from different valleys [59], whereas
the singlet trion must involve two electrons from the same
valley (figure 6(d)). Additionally, in the simplest case of only
one charged complex, the Ty inter-valley trion in MoSe,
(figure 1(b)) is formed from the optically active exciton
associated with the top spin-split valence subband and the
lower spin-split conduction subband, see figure 6(e).
Accordingly, for the low 2DEG concentration and Fermi level
positioned close to the lower spin-split conduction band, the
singlet trion should involve two electrons from the different
valleys forming the inter-valley spin singlet trion (Ts) with
two electrons located in the lower conduction bands. For
completeness, in figure 6(f) we summarize the arrangement of
bright and dark excitonic levels, underlining that MoS,,
despite having a ‘bright’ single-particle band arrangement (as
for MoSe,), has a dark excitonic ground state (black dotted
lines), as for tungsten-based TMDs.

Now we turn to the discussion of the circular polarization
degree results, presented in figure 2. In monolayer TMDs, an
exciton circular polarization degree P depends on the specific
ratio between the valley depolarization time, controlled
mainly by inter-valley electron-hole exchange interaction
[60] and the exciton population relaxation time [3]. Precise
values of P are however difficult to predict theoretically in
realistic devices due to their dependence on defects, substrate
and phonon-assisted processes, as well as non-radiative
recombination channels [61]. From experimental point of
view, it is known that, for MoS,, the polarization degree is
controlled mainly by the energy of the exciting laser detuned
from the exciton resonance [62] and laser power density [63].
Interestingly, both time-resolved and continuous measure-
ments yield similar polarization degrees [63]. For our slightly
detuned Ex=1.9730 eV excitation, we obtain 49% polar-
ization degree of the exciton emission, consistent with values
reported for time-resolved experiments in [63] and slightly
larger than those reported in [34] for a heterostructure similar
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to ours. We note that those comments apply to MoS,, WS,,
WSe, TMDs, but for MoSe, and MoTe, the leading mech-
anism has been shown to be different [64].

As known from previous studies, a quasi-resonant exci-
tation of the exciton can yield high values of the valley
polarization of the trion in MoS, [63, 65, 66]. It is generally
understood, however, that the effective lifetime of the trion is
considerably longer than that of the exciton [3], reaching 70
ps in MoS, [67]. Both a high degree of valley polarization as
well as a long trion lifetime suggest a very long valley
depolarization lifetime, which might be connected to ~100
nanosecond valley coherence of free carriers necessary for the
trion formation [68]. However, as for the exciton depolar-
ization problem, theoretical calculations are formidable due to
the involvement of a large number of mechanisms [69-71].
Interestingly, the situation gets more complicated when the
trion fine structure is involved [72, 73]. For WS, and WSe,
(dark arrangement of bands), different degrees of polarization
for intra-valley singlet and inter-valley triplet trions have been
reported [73], e.g. 19% and 34% in WS,, respectively. More
recent studies on hBN-encapsulated samples confirmed this
difference and showed the dependences of the trion polar-
ization degrees on the laser power [37]. In our experiments
(MoS, on hBN) which reveal a trion fine structure, we do not
observe large differences between the A-exciton resonantly
excited (66%, 72%) and quasi-resonantly excited (44% and
46%) polarization degrees of trions, see figure 2. This may
suggest that the nature of trion lines is different to that in
tungsten-based dark materials. However, the definite conclu-
sion that similar polarization degrees of two lines point
towards their identification as inter- and intra-valley singlet
trions needs further elaboration.

3.1. Trion splitting as a measure of correlations

Under the assumption of the singlet nature of the T, and T,
trions, we comment on the processes determining their energy
splitting. The difference in the total energy of the T, and T,
configurations Ej; — E7, = Agoc + V*, can be written as a
sum of conduction band spin-splitting Agoc and electron—
electron interactions, V*. V* reflects a subtle imbalance
between electron-hole and electron—electron interactions
inside and between valleys. A simple analysis leads to the
expression:

V¥=[VP(e), +K; ez, +K) — VP (1, +K; ez, +K)]
+ [VD(eh +K; €, _K) - VD(hl, +K; €, _K]s
(D

where e, (h;) describe electrons (holes) forming trions (see
figure 6(a)) and V” is the total direct interaction energy
between particles. We see that V* is the sum of two con-
tributions, a difference between the electron—electron repul-
sion and electron—hole attraction in the same valley and
between valleys. Interestingly, a similar analysis of the
singlet-triplet trion splitting in tungsten-based materials leads
to Ex, — Er, = VX(ey, +K; e, —K) + V*. It suggests that
the energy of the singlet—singlet splitting is a new measure for

electronic correlations in 2D crystals with small spin—orbit
splitting in conduction bands.

4. Conclusions

In summary, we present results of comparative optical
experiments on MoS,/hBN and hBN/MoS,/hBN van der
Waals heterostructures which reveal a fine structure of the
excitonic complexes, whose observation is related to different
2DEG concentrations. In the low-temperature emission
spectra of a particular, uncapped MoS,/hBN heterostructure
with the bottom hBN layer thickness of ~250 nm we resolve
two trion peaks, T and T,, resembling the pair of singlet and
triplet trion peaks (Ts and T7) in tungsten-based materials.
The existence of these trion features suggests that monolayer
MoS, has a dark excitonic ground state, despite having
a‘bright’ single-particle arrangement of spin-polarized con-
duction bands. In addition to that, we show that the effective
excitonic g-factor significantly depends on the doping level
and reaches the lowest value of —2.47 in the hBN-encapsu-
lated structures indicating a nearly neutral doping regime. In
the uncapped MoS, structures the excitonic g-factor varies
from —1.15 to —1.39 depending on the thickness of the
bottom hBN layer and decreases as a function of rising
temperature.
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