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We have investigated charge tunable devices based on WSes and WS2 monolayers encapsulated
in hexagonal boron nitride. In addition to the well-known radiative recombination of neutral and
charged excitons, stationary photoluminescence measurements highlight a weaker intensity optical
transition that appears when the monolayer is electrostatically doped with electrons. We have
carried out a detailed characterization of this new photoluminescence line based on its doping
dependence, its variation as a function of the optical excitation power, its polarization characteristics
and its g factor measured under longitudinal magnetic field. We interpret this luminescence peak as
an impurity-assisted radiative recombination of the inter-valley negatively charged exciton (triplet
trion). In addition to the standard direct recombination, the triplet trion has a second recombination
channel triggered by elastic scattering off the short-range impurity potential. The energy difference
between the emitted photons from these two possible recombination processes of the same triplet
trion is simply the single-particle conduction band spin-orbit splitting A.. We measure A, =
12 £ 0.5 meV for WSe2 monolayer and A, = 12 £ 1 meV for WS, monolayer. These results
demonstrate the importance of second-order exciton recombination processes in transition-metal

dichalcogenide structures.

I. INTRODUCTION

Atomically thin layers of semiconductor transition
metal dichalcogenides (TMDs) open up new possibilities
for investigation of 2D physics and for potential new ap-
plications [1-5]. The band structure is rather unique as
a consequence of the large spin-orbit coupling and lack of
crystal inversion symmetry of the hexagonal lattice [6].
In addition to the well-known large spin-orbit splitting
of the valence bands (VB), the interplay between inver-
sion asymmetry and spin-orbit interaction also yields a
smaller spin splitting between the two lowest energy con-
duction bands (CB) in the K valley, A, [7]. Though this
CB spin-orbit splitting has a strong impact on optical,
transport and spin-valley properties of TMD monolayers
(MLs) [8, 9], its exact value is still poorly known and
highly debated. It has been calculated by various groups
using ab-initio techniques, yielding scattered results that
range from A, = —4 to 40 meV in WSes monolayers
[10-12].

From an experimental point of view, optical properties
of TMD MLs are dominated by tightly bound excitons
[3]. As a consequence, it is not straightforward to de-
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termine the single-particle CB spin-orbit splitting from
the exciton spectra. Bright and dark neutral excitons
are formed with electrons occupying two different CBs
with opposite spins in a given K valley. Yet, the mea-
surement of the splitting between these optically active
and inactive excitons does not make it possible to deter-
mine A.. The reason is that in addition to this spin-
orbit splitting, the energy difference between bright and
dark excitons depends on the short range electron-hole
exchange interaction and the difference in binding energy
of the two excitons formed with different electron effec-
tive mass [8, 13, 14]. The value of A, in a WSes ML has
been estimated recently with an elegant method based
on the measurement of the Rydberg series of bright and
dark exciton states in a large in-plane magnetic field [15].
Other values of A, have been extracted from transport
and optical magneto spectroscopy measurements [16-20],
showing scattered results that are influenced by many-
body and band-gap renormalization effects in electron or
hole rich MLs. A direct and accurate determination of
A, is thus highly desirable.

In this work, thanks to the identification of a new
line in the photoluminescence (PL) spectra of slightly
electron-doped WSe; and WS, MLs, we have straight-
forwardly measure A, = 12 4+ 0.5 meV in WSe; ML
and A, = 12 £ 1 meV in WSy ML. The new PL line
we evidenced is interpreted as an impurity-assisted re-
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FIG. 1. (a) Sketch of the investigated devices with few layer
graphene (FLG) contacts. (b) Photoluminescence intensity
in a WSez monolayer as a function of gate voltage (left axis)
and corresponding electron density (right axis). The excita-
tion energy is 1.96 eV. A. is the single-particle conduction
band spin-orbit splitting. In addition to the relatively weak
PL intensity of the peak I, the spectrum is dominated by
emissions from bright and dark neutral excitons (X° and D°),
singlet and triplet bright negative trions (Xg and X1 ), and
the dark negative trion along with its brightened component
(D™ and Dg) [8]. (c) The luminescence spectrum at vari-
ous gate voltages. (d) Voltage dependence of the normalized
luminescence intensity for the direct emission from D°, X5,
and I .

combination of the inter-valley negatively charged exci-
ton (triplet trion), whose radiative recombination energy
differs by A, from that of the trion’s direct optically ac-
tive recombination. The organization of this paper is as
follows. The samples preparation, PL. and magneto-PL
measurements are described in Sec. II. Interpretation of
the results based on the impurity-assisted recombination
mechanism is presented in Sec. III, where we explain the
radiative process and detail how to extract A.. Conclu-
sions are given in Sec. IV and the Supplemental Material
includes complementary measurement results.

II. EXPERIMENTS

We have fabricated high quality WSe, and WS, charge
adjustable devices as sketched in Fig. 1(a). Details of
sample fabrication can be found in Refs. [21, 22]. Elec-
trostatic doping of the ML is controlled by the voltage
bias between the back gate and the ML. In the regime of
slight to moderate electron density in the ML, the elec-
trons only populate the lowest CBs in both K+ and K~
valleys (see Fig. 2). A voltage bias change of 1 V in Fig. 1
corresponds typically to an electron density change of
10" em~2 [21]. As shown in Figure S1 of the Supplemen-
tal Material [23], the measurements were also performed
in another WSey device described in Ref. [26]. Note that
in the small doping regime we consider here, the three-
particle picture (i.e., trion) and the Fermi-polaron de-
scription are equivalent [27, 28]. Continuous wave polar-
ization dependent micro-PL experiments are performed
in close cycle cryostats (T' = 4 K). For WSes and WS,
devices, the excitation laser wavelengths are 632.8 and
532 nm, respectively. The PL signal is dispersed by a
monochromator and detected by a charged-coupled de-
vice camera. Magneto-PL experiments in magnetic fields
up to 9 T have been carried out in an ultra-stable home-
made confocal microscope [29]. Unless otherwise stated,
the excitation power is ~5 uW focused to a spot size of
~1 pm diameter.

Three charge tunable WSey; devices were fabricated
and investigated. As shown in the Supplemental Mate-
rial, similar results were obtained and here we present the
results of one of them. Figure 1(b) presents the PL inten-
sity color plot as a function of applied voltage. In agree-
ment with previous reports, the PL spectra are domi-
nated by the recombination of bright (X°) and dark (D°)
excitons in the charge-neutral regime, see Figure S2 of the
Supplemental Material [23] (the smaller intensity peaks
at lower energy correspond to phonon replica [26, 30]).
When electrons are added to the ML (negative voltage
in our notation) we observe the well identified intraval-
ley (singlet) X and intervalley (triplet) X, negatively-
charged excitons (trions), composed of two electrons and
one hole [31]. As shown in Fig. 2(a), the triplet trion is
comprised of a photo-generated electron-hole pair, made
of an electron in the top CB and a missing electron in the
topmost VB of the same valley, and the pair is bound to
a resident electron in the bottom CB of the time-reversed
valley. The dark trion (D7) can also be detected in
Fig. 1(b) at lower energy [32-35]. The full width at half
maximum of X at the charge neutrality point is only
2.5 meV, indicating the high quality of the sample.

A careful reading of Figs. 1(b) and (c) shows that a
new line with a rather weak PL intensity appears at
1.666 eV for small negative voltages. This line, labelled
I in the following, is spectrally resolved from the nearby
dark exciton (D?), whose intensity dominates the spec-
trum when the ML is charge neutral. This PL component
(I7) has not been identified so far, though it is present in
the PL spectra measured independently by other groups
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FIG. 2. (a) State composition of the triplet trion in k-space. The initial trion energy is converted to emitted photon, hw, -,
T

and electron in the bottom valley of K. (b) The impurity-assisted recombination process for a triplet trion with spin-up
electrons. The hole is transferred to the opposite valley following short-range interaction with the impurity, leading to radiative
recombination of the hole with the ‘wrong’ electron of the trion (i.e., the electron from the opposite valley). The ‘horizontal’
intervalley transition of the hole represents the elastic nature of the impurity scattering. Using the language of second-order
perturbation theory, upon spin-conserving scattering off the impurity, the hole is virtually transferred to the bottom valley of
the VB in K~ from which there is strong in-plane dipole transition with the CB bottom valley at K~ . The initial trion energy
is converted to the emitted photon energy, ﬁwl;, and the left behind electron in the top valley of K. (c) Schematics of the

radiative process in real space. A delocalized triplet trion with two spin-up electrons scatters off an impurity with spin-down
localized electron, during which the hole recombines with one of the electrons in the trion. The antiparallel spin configuration
of the electrons in the trion and impurity allows the trion to ‘touch’ the impurity, whereas parallel configuration is forbidden
by Pauli exclusion.
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populations dominate). The increase in PL intensity of
I, when the electron density increases is very similar to
the increase in emission intensity from the triplet trion
(X7 ). With this simple measurement, we already can
infer that this line is linked to the recombination of a
charged exciton species.
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The PL intensity of this new line depends linearly on
the excitation power in the typical range between 0.05
and 5 uW (see Figs. S3 and S5 of the Supplemental Ma-
terial [23]). An interpretation based on multiple exciton
complexes, such as charged or neutral biexciton, or lo-
calized quantum-dot like states can be ruled out as emis-
sion from such states exhibit strongly non-linear behav- spectively. (c) and (d) Schematics of the I7. transitions that
iors [37-40]. In addition, it turns out that the emission correspond to emission with o polarization. The dotted and

of this line is in-plane polarized. Following the approach full lines correspond to energy bands at zero and positive mag-
detailed in Ref. [41], we selectively filtered the emitted  netic fields, respectively.

light in angle by imaging the Fourier plane of the micro-

scope objective and by placing a pinhole on this image

(Fig. S4 of the Supplemental Material [23]). We find that I, is given by magneto-PL measurements presented in

the emission from I, is not z-polarized, as opposed to the Figs. 3(a) and (b). We have recorded the right (o) and

recombination of dark excitons or trions [34, 41]. left (o0~) circularly-polarized luminescence spectra for a
A decisive argument to identify the new PL line magnetic field varying between B = —9 and +9 T, ap-

FIG. 3. Magnetic-field dependence of the luminescence in
WSez monolayer. The gate voltage is —2 V and the mono-
layer is excited by a linearly-polarized laser. (a) and (b) show
the emitted light detected with o+ and o~ polarizations, re-



plied perpendicularly to the ML plane. The excitation
laser is linearly polarized and the gate voltage is —2 V.
Absorption or emission of & light occurs in the inequiv-
alent valleys at K+ of the 2D hexagonal Brillouin zone,
as a consequence of the interplay between spin-orbit in-
teraction and lack of inversion symmetry [6, 42-45]. The
g factor of a given optical transition with in-plane dipole
writes simply, E,+ — E,- = gupB, where g is the Bohr
magneton. As already measured by different groups, we
find very similar g factors for both neutral and negatively
charged exciton: gxo = —4.1+0.1, Ix; = —4.4£0.1 and

Ix; = —4.240.1 [22, 46-50] . This can be explained by

the fact that the optical recombination of these trions in-
volves the same charge carriers in the same valley as for
the recombination of the bright neutral exciton, while the
spin/valley state of the third carrier in the bottom CB
valley is not changed (see for instance Fig. 2(a) for the
X triplet trion recombination).

The striking feature in Fig. 3 is that the slope of the
magnetic-field dependent I line is opposite to the one
of the neutral exciton X° and the two trion lines X and
Xg . The opposite slope means that the g factor of I is
positive. We measure 9= = +15.44+0.1, and find a sim-
ilar value in the other measured device, shown in Fig. S1
of the Supplemental Material [23]. Note that the line I
does not arise from the recombination of the intervalley
dark trion recently identified in WSy, monolayer. As a
matter of fact, it is also characterized by a negative g
factor of about —14, opposite to the positive g factor we
measured in Fig. 3 [51]. The relatively large amplitude
of the measured g factor indicates that the I transi-
tion is governed by indirect recombination of an electron
in the bottom CB valley and a hole in the opposite top
VB valley [22, 26]. The positive sign of the g factor sug-
gests that the hole experiences intervalley transition, as
sketched in Fig. 2(b). The microscopic mechanism which
allows the surprising observation of this normally forbid-
den transition will be detailed in the next section.

Finally, we present the circularly polarized lumines-
cence following circularly polarized laser excitation at
zero magnetic field. Figure 4(a) displays the lumines-
cence polarization for singlet and triplet trions, as well
as the new line I;.. As a consequence of very efficient
spin pumping of resident electrons in WSeos ML [21], the
polarization of the triplet trion reaches very large values
up to 80%. In addition, we observe that the polarization
of the I . component is also very large, typically 40% and
co-polarized with the laser.

III. DISCUSSION

A. Impurity-assisted recombination of the triplet
trion

We interpret the I, transition as an impurity-assisted
radiative recombination of the triplet trion. As we will
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FIG. 4. Polarization analysis of the luminescence in WSe2
monolayer. The gate voltage is —2 V and the monolayer is
excited by a om polarized laser. (a) PL intensity detected
with o7 and o~ polarizations. The green curve displays the
corresponding circular polarization degree. (b) schematics of
the spin pumping process yielding a spin polarization of res-
ident electrons in the CB valley at K~ and a simultaneous
polarization of the impurity electron spin with the same orien-
tation. (c¢) Due to Pauli exclusion, the short-range scattering
of the trion off the impurity occurs only if the two electrons in
the trion have opposite spin to that of the impurity electron.
(d) The process is inefficient in the other case where the elec-
trons of the trion and impurity have parallel spins. Here, the
trion cannot approach the impurity close enough to facilitate
intervalley transition of the hole.

>

show, this mechanism is consistent with the different ex-
perimental signatures we described in the previous sec-
tion. Despite the rather low number of studies on the in-
fluence of defects on the properties of TMDs, it is known
that WSes or WS monolayers are characterized by a
very large density of defects, typically ~ 1012 cm=2 [52-
56]. It has also been shown that chalcogen vacancies in-
duce a significant density of in-gap localized states close
to the conduction band [57-59]. These defects induce a
strong reduction of the luminescence yield at room tem-
perature but have also some impacts on the recombina-
tion channels of certain exciton species. For instance, the
zero-phonon indirect exciton transition has been clearly
evidenced in WSe; monolayer as a consequence of the
recombination of an electron and a hole in opposite val-
leys [26]. In a similar way to the recombination of zero-
phonon indirect transitions observed in semiconductors
with impurities [60, 61], the respective exciton transition
in WSes ML is possible via impurity-assisted recombina-
tion, where the large wave-vector mismatch is accommo-
dated by scattering off the short-range part of the impu-
rity potential [30]. An impurity-assisted recombination
of intervalley dark trion has also been observed in WS,
ML [51].



We argue that a similar impurity-assisted recombina-
tion process explains the origin of the emission from the
peak I.. The initial state is the triplet trion, schemat-
ically shown in Fig. 2(a). It is composed of an electron
and hole in the top CB and VB valleys at KT, respec-
tively, which are bound to additional electron in the bot-
tom CB valley at K~. The photon emission associated
to I is triggered by scattering of the triplet trion off the
short-range impurity potential, during which the hole is
virtually transitioned to the opposite valley at K—, as
shown schematically in Fig. 2(b). The transferred hole
recombines with the resident electron in the opposite val-
ley, emitting a photon with energy fw I and with oppo-
site circular polarization to that of the direct recombina-
tion (X ). This recombination process can be described
as a second-order transition, in which scattering of the
triplet trion off the impurity induces spin-conserving vir-
tual intervalley transition of the hole from the top VB
valley at K to the bottom VB valley at K~ (preserving
its spin), followed by a virtual type-B optical transition.
The transitions are virtual in the sense that the energy
of the emitted photon is governed by the initial energy
of the triplet and not by the energy gap of the type-B
transition. Here, the role of elastic scattering off impuri-
ties during recombination is equivalent to the role of the
exciton-phonon interaction when dealing with phonon-
assisted recombination processes [26, 62, 63].

This interpretation is fully consistent with the
magneto-PL results presented in Fig. 3 for linearly-
polarized laser excitation. We consider here the lowest
energy transitions involving only the top VB, character-
ized by a g factor g,. The bottom and top CB g fac-
tors are labeled g.; and g.2, respectively. The neutral
exciton and trion g factors simply write gxo ~ Ix- ~

Ix; = —2(gy — ge2)- The exciton g factor measured in
Fig. 3 are in good agreement with the recently deter-
mined single-particle g factors of the top CB and VB
valleys, g.o = 3.84 and g, = 6.1 (the g factor of the
lowest CB is g.1 = 0.86) [22].

The impurity-assisted recombination I}, of the triplet
trion yields a large positive g factor as a consequence of
the hole transfer to the opposite valley. Figures 3(c) and
(d) show schematics of the CB and VB shifts considering
a magnetic field B > 0 for 0™ and o~ polarized recom-
bination of I;.. One can readily check that the energies
of these optical transitions simply write:

E,+ = Eo =+ (9o + ga1)unB, (1)
yielding a Zeeman splitting energy,
AFE = Ea+ - Eo* = +2(91} + gcl),uBB- (2)

Using measured single-particle g factors of the VB and

CB [22], the g factor of I} transition is g,- ~ +13.7,
T

which is only ~ 10% smaller than the measured value

(+15.4). The impurity-assisted recombination of the

triplet trion also explains very well the similar voltage

dependence of the luminescence intensity of I, and X,
in Fig. 1(d). The two lines correspond to two different
recombination channels of the same triplet trion.

The Pauli exclusion principle plays a double role in
this impurity-assisted recombination process. First, the
electrons of the triplet trion cannot go through a spin-
conserving intervalley transition because a trion cannot
have two electrons with the same spin and valley. Second,
because the radiative process involves short-range scat-
tering off the impurity, the electrons of the trion have
to have opposite spin to that of the localized electron
in the impurity, as shown in Fig. 2(c). This second fea-
ture can explain why the luminescence of the I line is
co-polarized with the laser if we now consider circularly-
polarized excitation, as in the experiment presented in
Fig. 4. We explain this behavior as follows. As demon-
strated in Ref. [21], the 0T polarized excitation polarizes
the resident electrons in the bottom CB valley at K.
That is, it results in an imbalance between population
of resident electrons in the bottom CB valley at KT and
K, denoted by the shaded areas in Fig. 4(b). The spin
pumping process is followed by polarization of the impu-
rity level with similar spin to that of the polarized CB
electrons. This kind of impurity spin pumping has been
evidenced in various semiconductors [64-67]. The result
is that the ot polarized laser yields a spin-up polariza-
tion of the impurities, as shown in Figs. 4(c) and (d).
Assuming a bimolecular formation of trion from the neu-
tral exciton, we have to consider the two configurations
displayed in Figs. 4(c) and (d). These two configurations
result from the fact that the neutral exciton polariza-
tion is modest (typically 20%, not shown), as a result of
the very efficient exciton spin relaxation induced by the
long-range electron-hole exchange interaction [68]. Due
to Pauli exclusion, short-range scattering off the impurity
occurs only in the configuration displayed in Fig. 4(c),
where the two electrons spins of the trion are opposite to
the impurity’s electron spin. Put differently, the spin-up
polarized impurity interacts effectively only with triplet
trions that have spin-down electrons. The result is o+
polarized luminescence (i.e. co-polarized with the laser),
in agreement with the experimental results in Fig. 4(a).
The scattering of the trion off the impurity with the other
configuration, as shown in Fig. 4(d), is inefficient since
the two electrons of the trion have parallel spins to that
of the impurity.

In summary, the interpretation of the I, transition
as an impurity-assisted radiative process of the triplet
trion during which the hole recombines with the ‘wrong’
electron, is consistent with all the experimental charac-
teristics detailed in Sec. II.

1. The emission appears when electrons are added to
the ML and its intensity increases in a similar way
to the direct-gap emission from the triplet trion,
Xr.

2. As expected from the second-order recombination
process sketched in Fig. 2, the dipole transition is



in-plane polarized and not z-polarized because it
involves optical transition between matching spin
energy bands.

3. The emission is characterized by a large positive
g factor. The large value indicates that the re-
combination is across the indirect energy gap [26].
The positive value means that the hole experiences
intervalley transition, because the Pauli exclusion
principle prevents the electrons of a triplet trion
from going through an intervalley transition.

4. Following circularly-polarized excitation, the PL
circular polarization is co-polarized with the laser
one due to spin/valley pumping [21].

We can now understand why triplet and not singlet
trions experience impurity-assisted recombination. Any
valley switch in the singlet trion case ends up with hole
and electron in opposite valleys, which consequently can-
not yield emission of any photon. Finally, the screening
of the impurity by a large density of free electrons can
explain why the emission of I, vanishes when the elec-
tron densities are larger than ~3x 10! em™2, in contrast
to the direct transition of the triplet X, as shown in
Fig. 1(b).

Alternative interpretations do not make it possible to
explain all these experimental facts. For instance, of all
phonon-assisted processes, only the K zone-edge phonon
replica (18 meV) supports a valley change of the hole to
provide a positive g-factor, as measured previously for
the neutral indirect exciton or the dark trion [26, 30].
However, this process can be ruled out since no tran-
sition exists 18 meV above I, and furthermore, there
should not be a decay of such phonon-assisted emission
at larger electron densities. We could also think about a
process based on the direct Coulomb interaction between
the neutral indirect exciton and resident electrons; this
would yield a hole valley change simultaneously with an
electron valley change from bottom to top CB valleys.
This interpretation could explain the energy position of
the I line and its positive g factor, and yet it is unlikely
for two reasons. First, the indirect exciton population is
significant only in the neutral region, and it vanishes be-
fore the peak I, emerges (in a similar way to the behavior
of the dark neutral exciton D in Fig. 1(d)). Second, it
was shown theoretically that in these TMD monolayers
the exchange scattering is relatively strong despite the
neutrality of the exciton, whereas the direct Coulomb
scattering component is weak [8]. Finally, we believe
that an inelastic scattering process where the trion loses
some of its kinetic energy to the screening electron cloud
around the impurity can also be ruled out since the exper-
iments are performed at very small charge densities (i.e.,
no electron screening cloud). Moreover we show that the
impurity-assisted recombination effect decays when the
screening becomes relevant.
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FIG. 5. (a) Photoluminescence intensity as a function of gate
voltage in WSy monolayer. (b) Magnetic-field dependence of
the luminescence for o~ detection, when the gate voltage is
-3 V. The excitation laser energy is 2.33 eV and it is linearly
polarized.

B. Measurement of the CB spin-orbit splitting in
WSe; ML

Compared with the much stronger direct-gap optical
transition energy (hwy-), after which the left-behind
T

electron is the one in the bottom CB valley at K~
(Fig. 2(a)), the left-behind electron in the impurity-
assisted recombination process (fiw 1;) is the top CB val-

ley electron at KT (Fig. 2(b)). Thus, the energy differ-
ence between the emitted photons from the two possible
recombination processes of the triplet trion is simply the
CB spin-orbit splitting (see Figs. 1(b) and (c)). We mea-
sure A, = 12+ 0.5 meV. Note that the energy difference
between the peaks of the triplet trion following regular
and impurity-assisted recombination is consistent with
the energy difference between the emission of dark trions
and their brightened component (labelled D~ and Dg-
in Fig. 1(b)). The brightening process of D~ resulting
in Dp- has been described in Refs. [8, 9]. In both cases,
the energy difference is the CB spin-orbit splitting A..

The value of A, we determine here is much smaller
than the estimated value from measurements of Landau
levels in WSe; monolayers (~29 meV) [16]. However, our
measured value is consistent with the one estimated from
measurement of the Rydberg series of bright and dark
excitons in WSes MLs in a large in-plane magnetic field:
A, ~ 14 meV [15]. We emphasize that our measurement
corresponds to the single-particle CB spin-orbit splitting;
it is not influenced by band-gap renormalization effects
due to exchnage interactions, as our measurements are
performed in relatively small electron densities, of the
order of 10* cm™2.

C. Impurity-assisted recombination of the triplet
trion and CB spin-orbit splitting in WS, ML

All the results presented so far were obtained on WSes
ML. We have also investigated a charge adjustable de-
vice with WSy ML following the exact same approach.
As the results are very similar, we will not show all the
data and comment only on the main experimental fea-



tures. Figure 5(a) displays the PL intensity color plot
as a function of applied voltage in the charge tunable
WS, device (Fig. S5 of the Supplemental Material shows
the power dependence of the PL intensity [23]). Sim-
ilarly to WSey, we recognize the PL peaks associated
to the recombination of the bright (X°) exciton, and
when electrons are added to the ML, we recognize the
emission from the singlet (Xg) and triplet (X ) trions
[51, 69, 70]. Remarkably, we also observe the I line,
which has the same characteristics as the one evidenced
in WSey ML. Following circularly polarized light excita-
tion, it is co-polarized with the laser and it has a large
g factor, 9 = +14.6 + 0.9, with opposite sign com-
pared to the g factor of the trions, Ix; = -3.5+0.5
and gx- = —3.7+ 0.3, as shown in Fig. 5(b) [71-73].
Using the same reasoning as for WSes, the measured dif-
ference between the lines X.. and I} yields the CB spin-
orbit splitting in WSy ML. We find A, = 12+ 1 meV .
The similar values of A, in both WSey and WSy, MLs,
is corroborated by the similarity of other excitonic fea-
tures (the slightly higher uncertainty for WSy is related
to broader PL lines). For example, the neutral exciton
bright-dark energy splitting is 40 meV in both hBN en-
capsulated WSey and WS, MLs [41, 74].

IV. SUMMARY

We have evidenced a new line in the photoluminescence
spectra of WSey and WSy monolayers when a relatively
small electron density is introduced. The detailed char-
acterizations allowed us to interpret this emission peak

as the result of an impurity-assisted recombination of
the triplet trion. This identification yields a straight-
forward measurement of the single-particle conduction
band spin-orbit splitting, A., which is simply the energy
difference between the emission peaks of the triplet trion
following regular and impurity-assisted recombinations.
We find A, = 12 &+ 0.5 meV for WSe, monolayer and
A, =12+ 1 meV for WS, monolayer. Besides the mea-
surement of conduction band spin-orbit splitting, which
is key to understand the properties of 2D materials based
on transition-metal dichalcogenides, this work shows the
importance of second-order recombination processes in
WSe,; or WSy monolayers. Phonon or impurity-assisted
recombinations could also explain some transitions ob-
served by photoluminescence spectroscopy in hetero- or
homo-bilayers.
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