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Supplementary Note 1. Estimation of the carrier density

The carrier density in the charge tunable device is estimated by two methods as in our previous work [1].
The first one uses the simple plate capacitance model. Knowing the applied voltage (V), the hBN
thickness t (210 nm in our device) and using a hBN dielectric constant of &,55~3 [2,3], the change of
electron density An is related to a change of bias voltage AV by An = %AV. Alternatively, we can
use the oscillations in the reflectivity spectrum of the bright exciton as a function of gate voltage in the
p-doped regime observed at +9 T (see Supplementary Figure S1(b)). As demonstrated in Ref [4], these
oscillations are due to the interaction of the exciton with the quantized Landau levels of the hole Fermi
sea (see the sketch of Supplementary Figure S1(a)). The period of the oscillations AV;; is related to the

filling of one Landau level P, = ze—:h =2.18 10 cm™. We can thus calculate the hole density as a
function of the gate voltage by: Ap = AV %. This yields the same estimation of the carrier density as
LL

the one deduced from the capacitance model. The advantage of this method is that it does not require
knowledge of material parameters.
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Supplementary Figure S1: Sketch of the band structure of the K+ valley at positive magnetic field
showing the Landau levels. (b) Reflectivity contrast of the bright exciton with o+ detection as a
function of the gate voltage at +9 T
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Supplementary Note 2. Additional measurements on other spots of the sample

We reproduced the measurements of Figure 2a and 2b of the main text on different spots of the sample.
On each spot we find a very large circular polarization of the triplet trion, a negative circular polarization
of the singlet trion and a PL intensity for the triplet trion more than 4 times larger with circular excitation

than with linear excitation.
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Supplementary Figure S2: Photoluminescence and circular polarization spectra for o+ and o-
detections with o+ excitation and total photoluminescence spectra with circular excitation and linear
excitation on 4 different spots of the sample. The excitation power is 5 pW and the doping density is
4x10™ cm™,
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Supplementary Note 3. PL Intensity as a function of the direction of the linearly polarized

excitation

We checked that the PL intensity of both triplet and singlet trions does not depend on the direction of
the linearly polarized excitation with respect to the sample excluding any possible role of strain or

defects on our interpretation. Results are shown in Supplementary Figure S3.
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Supplementary Figure S3: Integrated intensities of the triplet and singlet trions as a function of the
angle of the linear excitation. Excitation power is 5 uW and the doping density is 4x10™* cm.

Supplementary Note 4. Estimation of the density of photo-generated electron-hole pairs

We can estimate the density of photo-generated bright electron-hole pairs (or excitons) from the
excitation power density, the absorption coefficient and the lifetime of photo-generated electron-hole
pairs. We have:

PsXTXa

X = Fo._
photon

where Ps is the excitation power density (500 W.cm for a power of 5 yW and a spot size of 1 pm?),
Ephoton=1.96 eV for an excitation wavelength of 633 nm. A significant uncertainty comes from the
absorption coefficient. For this non resonant wavelength, a was measured for free standing WSe, ML
in the range 2-3% [2]. Assuming a lifetime 7 of ~1 ps, this gives Ny~4x107 cm, thus much smaller than
the doping density.

Supplementary Note 5. Lifetime and spin relaxation time of trions
The degree of circular polarization of a state in a cw experiment is usually given by:

P
p= G

- T
1+

where P is the degree of circular polarization at the generation, 7 is the lifetime of the state and z; is
the spin (or valley) relaxation time (assuming here a single relaxation mechanism). In the simple model
presented in the main text, we considered that the measured degrees of circular polarization for the triplet
and the singlet directly reflect P;. In other words we disregard the role of T and ;. We give some
experimental justifications below. We performed time-resolved photoluminescence in a second WSe;
charge tunable device and in the same WS, monolayer that is presented in the main text. In WSe, we
measured the lifetime of both triplet and singlet as function of the doping density and in WS; we
measured the decay of the circular polarization. Results are presented in Supplementary Figure S4. At
very low doping regime (~1x10* c¢m?), the triplet and the singlet luminescence decay with a lifetime 7
of the order of 10-20 ps. When the doping increases to a few 10 cm2, the decay is strongly reduced to
~1 ps. We can have an idea of the spin relaxation time of trions 7 by looking at the decay of the circular
polarization of the triplet in WS; (Supplementary Figure S4c). Our results suggest that this time is very
slow (longer than 200 ps), thus much longer than the lifetime. In conclusion, it is reasonable to assume
that P = P;;.
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Supplementary Figure S4: Time-resolved photoluminescence measurements of the (a) singlet and (b)
triplet in a second WSe, charge tunable device showing the shortening of the lifetime when the
electron doping increases. (c) Time-resolved photoluminescence measurements of the triplet in the
WS, monolayer sample of the main text. In this measurement, we excite with o+ polarized light and
detect both o+ and o- decays. In green we plot the circular polarization degree as a function of time.
It shows that the spin/valley relaxation time of trions is much longer than the lifetime.
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Supplementary Note 6. Formation of bright trions through the binding of bright excitons
and resident electrons: simple bimolecular model

In a simple bimolecular formation of trions we can write that the population of a given trion
configuration )‘(’;'T__ is proportional to the population of the photogenerated bright exciton Né('K'times

the population of resident electrons nff"(’. Thus we can write the degree of circular polarization for X7~
and X5~ as:
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we can also define the degree of polarization of the photo-generated bright exciton (hot photo-generated
excitons; or unbound electron-hole pairs; that eventually bind to resident electrons to form trions) as:

_ N - NE (S3)
° T NE+NE

and the degree of polarization of resident electrons as:

!

nk —nk (S4)
e — [
nK +nk

Combining the four equations we can show that:

PO_Pe (85)

P(XT7) = ———
¢ 1—PyP,



Py + P (S6)
1+ PyP,

Using the same model we can write the total PL intensities of triplet and singlet following circularly
polarized excitation as:

PC(XS_) =

Icirc(XT_) X XT— + N - X NO Tle Né(’né" (S7)
Icirc(XS_) X }?SJr— + ;s_— « NO + No Tle (S8)

For linear excitation, the total intensity is:

S9
Lin(X"7) = Ln(X57) o< = (No +NE)(né +nf') 59
Thus the ratio of intensities between circular and linear excitation simply write:

Lire(XT7) (S10)

RXT_=c1rc =1—P.P

*) Lin(XT7) e
L (X5 (S11)

RXSH)=2“_~=1+4+P,P

Lin(X57) o%e

In Supplementary Figure S5, we plot P.(XT™), P.(X57), R(XT")and R(X*5™) as a function of P, and P,.



a) Triplet trion
P.(X") (%)
100 -100.0
I -60.00
-20.00
20.00
60.00

| . 100.0
0

000

0 4000

0 8000

1.200

1.600

2.000

B

Supplementary Figure S5: Bimolecular model: Calculated degrees of PL circular polarization P, for
(a) triplet and (b) singlet trions as function of the polarization of resident electrons (P,) and the
polarization of photogenerated excitons (P,). (c) and (d) show the calculated ratio R for both triplet
and singlet using the same model. The black data point correspond to the regime of Figure 2a of the
main text where P.(X77)=91% and P.(X5~)=-40%. The vertical arrow correspond to the possible
increase of P, when the doping decreases that may explain the results of Figure 2c where P.(X57)
turns positive and P.(X7~) remains very large.
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Supplementary Note 7. Additional data with increased excitation power

We show here the PL circular polarization degree and the ratio R of both triplet and singlet trions as a
function of the doping density for an increased excitation power of 20 pW. As compared to the
measurements of Figure 2c and 2d (taken at 5 puW), the minimum of P.(XS7) is shifted above
4x10* cm?, and the maximum of R(XT ™) is found around 5x10* cm™ as compared to 3-4x10* cm2at
5 uW. The overall shifts toward higher electron density is consistent with our scenario of dynamical

polarization of resident electrons.
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Supplementary Figure S6: (a) Circular polarization degree at the peak of triplet and singlet negative
trions as a function of electron density for an excitation power of 20 uW. (b) Ratio of PL intensities
between circular and linear excitations at the peak for both triplet and singlet as a function of electron
density for an excitation power of 20 pW.

Supplementary Note 8. Possible interpretation of the positive circular polarization of the
singlet trion at low doping

In Figure 2c of the main text, we show that when the doping density decreases from 4x10*! cm, the
negative circular polarization of the singlet trion X5 drops and even turns positive below 2x10* cm™.
According to our scenario of dynamical building of polarization of resident electrons through cw circular
excitation, there is no reason for the resident electrons to be less polarized at smaller doping densities.
On the opposite, we showed that the polarization of resident electrons is favored when the density of
photogenerated electrons is sufficient as compared to the doping density (see the power dependence of
Figure 2e in the main text). Thus if we assume that the polarization of resident electrons P, remains at
least —76% at low doping (the value we determined at 4x10' cm? in the main text), our simple
bimolecular model dictates that the polarization of X% can turn positive and the polarization of X™
remains very large if P, > —P, (i.e. P, >76%) (see equation (2) of the main text and Supplementary
Figure S5). In other words, our results can be explained if the polarization of photo-generated excitons
P, increases when the doping density decreases.

Note that P, does not directly correspond to the polarization of bright excitons X° measured in PL
(P.(X°)~15% in Figure2a). Indeed, P.(X°) corresponds to cold bright excitons (i.e. radiatively
recombining in the light cone) while P, corresponds to hot photo-generated excitons (or even unbound
electron-hole pairs) that bind to resident electrons to form trions. In a simple approach we can write:

Po
X0
1+ 50

Ts

PC(XO) =

where X° and T;f" are the bright exciton lifetime and spin relaxation time. When the doping decreases,

we can assume that 7% remains constant or increases and that r§° remains constant or decreases (the
long range exchange interaction may be less efficient at higher doping because of the screening by the
Fermi sea). In Supplementary Figure S7, we show that P.(X°) increases up to 35% when the electron
doping decreases. Thus it is consistent with an increase of P, when the doping decreases.
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Supplementary Figure S7: (a) Zoom on the PL intensity of the bright exciton X° as a function of

electron density. (b) Corresponding circular polarization degree showing an increase of P.(X°) when
the doping decreases.

Supplementary Note 9. Alternative formation mechanisms of trions

In the main text we considered that bright trions are formed through a simple bimolecular mechanism
involving a bright exciton and bottommost conduction band electrons. We briefly detail in this section
alternative formation mechanisms.

- triplet trions can be formed through the binding of indirect excitons and topmost conduction band
electrons.

- singlet trions can be formed through the binding of dark excitons and topmost conduction band
electrons.

- triplet trions can convert to singlet trions through a second-order exchange process. The triplet has
higher energy than the singlet by Ars ~6 meV, and therefore, an electron-hole exchange of the bright
exciton component in the trion cannot alone switch between triplet and singlet trion states. However,
the conversion from the higher energy trion (triplet) to the lower-energy one (singlet) can proceed if the
electron-hole exchange is accompanied by Coulomb scattering of the trion with a cold resident electron.
Here, the excess of Ats ~6 meV are mostly gained by the resident electron after scattering. The singlet-
to-triplet conversion is suppressed because this would require the resident electron to give away 6 meV,
which is not possible if the electron is cold (resides in the bottom of the valley).

- triplet trions can become dark trions following emission of a zone-center phonon T's.
- singlet trions can become dark trions following emission of a zone-edge phonon Ko.

- bright trions can turn to dark through trion-electron Coulomb scattering. Here, an incoming free
electron kicks the top-valley electron from the incoming bright trion complex, and binds to the left-
behind exciton component. The end products are a top-valley electron and a bound dark trion with two
electrons in time-reversed bottom valleys. The energy conservation of this process mandates that the
top-valley free electron after the scattering gains kinetic energy compared to the kinetic energy of the
incoming electron. Importantly, this bright-to-dark trion conversion is suppressed when the free resident
electrons are strongly polarized (e.g., resident electrons reside mostly in K’ and the bottom-valley
electron of the triplet or singlet is also in K”). This mechanism is thus consistent with the positive
polarization of the triplet and the negative polarization of the singlet.



- When the electrostatic doping is relatively large, a singlet (triplet) trion may be formed through a
trimolecular binding process wherein a photoexcited hole, photoexcited electron (top-valley), and a
resident electron (bottom valley) bind to form a bright trion. This process requires a relatively large
density of resident electrons in the bottom valleys, so that trions are formed before the top-valley
electrons relax to the bottom valleys. This mechanism is detailed in the next section.

Supplementary Note 10. Trimolecular model

We show here that the results of Figure 2a and 2b of the main text can be interpreted using a model
taking into account a trimolecular formation of bright (singlet and triplet) and dark negative trions. We
detail the model below. We use the notations of Supplementary Figure S8 to describe the populations
of electrons, holes and trions in each valley.
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Supplementary Figure S8: Notations of the different electron, hole and trion populations used in the
rate equation model. The arrows represent the electron conduction or valence spin states in each
valley.

For the sake of simplicity, we consider in our model only the formation and recombination mechanisms
of trions (no spin relaxation). This can be easily justified by the very short lifetime of the trions as
compared to the spin relaxation times (see Supplementary Figure S4). We also consider that the dynamic
polarization of resident electrons takes place at a much slower timescale than the formation and
recombination of the trions so that n2 and nZ, are fixed (they are considered as parameters of the model).

b_pb,
We have n? + "113' = n, where n, is the doping density and P, = :’,f+:’,§ is the polarization of the
K 1d

resident electrons.

Within these assumptions, the different electron and hole populations satisfy the following system of
rate equations:

dnt nt
K _ o t.,b t.b K
- GI( - CtripletnKnK’hK - Csingletnl(nl(hl( -
dt 7o
dTlIt{/ Tlltd

_ 0 t b t b
dt = GK’ - Ctripletnx’nl{hl{’ - Csingletnx’nx’hl(’ - T
0



dhy h
— 0 t b t.b b,b K
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0
dhgr %
K _ -0 t b t b b b K
dt Ggr — Ctripletnx’nKhK’ - CsingletnK’nK’hK’ - Cdarknx’nKhK’ T

and the different populations of trions read as:
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dNX,_ NE,_
X — Cdaran’nlb(hK’ - X
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where Cyripret: Csingtet» and Caqry are the trimolecular formation rates of X”~, XS~and X°~. 1, 75, 1)

and 7, are the lifetimes of X™~, X5~, XP~ and X°. G2, Glg, are the generation rates of the photogenerated
electron-hole pairs in each valley.

We fix ty=1ps, 17=15=10ps and 7,=500 ps as measured in time-resolved photoluminescence
experiments (see Supplementary Figure S4 and Supplementary Figure S9). Note that except for
74, these parameters do not change the values of P.(XT™), P.(X57), R(XT™) and R(X57).

G2 and Gg, are defined through the total generation rate of electron-hole pairs G° = LX2 and

Ephoton
_ 6§’
 GE+ck
We fiX Ciripier = Csingler = Cp @S We expect the formation coefficient of triplet and singlet to
be similar given that they have very similar oscillator strength (see reflectivity spectra in Figure
1b of the main text and [3]).

o where «a is the absorption coefficient and Ps is the excitation power density.
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Supplementary Figure S9: Time-resolved photoluminescence measurements of the (a) bright exciton
and (b) dark trion in a second WSe; charge tunable device. The bright exciton lifetime is close to the
temporal resolution. We chose to fix z,, in agreement with the values found in the literature [ref].

The different populations for both circular and linear excitations are calculated by solving the equations
system in stationary conditions (%zO). We fit simultaneously P.(XT™), P.(X57), R(XT™) and R(X5™)
to the experimental values of Figure 2 of the main text (P.(X7~)=91%, P.(X5~)=—40%, R(XT~)=4.4
and R(X57)=0.88) by adjusting 5 parameters: Py, P,, a, Cg and C),

We obtain P.(XT7)=98%, P.(X57)=—40%, R(XT™)=4.4 and R(X57)=0.9 for P,=57%,
P,=—88%, a=2.95%, Cz=4.65x10""" cm*ps?, Cp=4.8x102° cm*ps™.
P, and P, are in the same range than the values obtained with the simple bimolecular model (Py=51%

and P,=—76%). We show in Supplementary Figure S10, the influence of these two parameters on the
results of the trimolecular model.
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Supplementary Figure S10: Trimolecular model: Influence of P, and P, on the calculated degrees
of circular polarization for (a) triplet and (b) singlet trions and on the ratio R (c) and (d). The white
data point correspond to the result of the fit (P,=57%, P,=-88%). The white solid lines are the
contour plot of the experimental data (P.(XT7)=91%, P.(X57)=-40%, R(XT")=4.4 and
R(X57)=0.88) and the dashed lines are the contour plots of the experimental data with a tolerance
of £10%. All other parameters are fixed to the values written in the text.

The absorption coefficient « is also perfectly consistent with the literature [2] and the value of 3% that
we used in section S4 to estimate the exciton density. We show in Supplementary Figure S11, the
influence of both a and 7, on the results of the trimolecular model. It shows that « and , are linked (a
larger a requires a smaller t, to give the same results).
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Supplementary Figure S11: Trimolecular model: Influence of the absorption coefficient @ and the
bright exciton lifetime 7, on the calculated degrees of circular polarization for (a) triplet and (b)
singlet trions and on the ratio R (c) and (d). The black data point correspond to the result of the fit .
The black solid lines are the contour plot of the experimental data (P.(X7~)=91%, P.(X5~)=-40%,
R(XT)=4.4 and R(X57)=0.88) and the dashed lines are the contour plots of the experimental data
with a tolerance of +10%. All other parameters are fixed to the values written in the text.

Finally, we discuss about the trimolecular formation coefficients. We show in Figure S12, the influence
of Cz and Cp, on P.(XT7), P.(X57), R(XT™) and R(X>™). We clearly see that for C,>10?' cm™.ps?,
the results are only sensitive to the ratio Cz /Cj, which in our fit is close to 1000. Interestingly, this ratio
also fix the ratio between the PL intensity of bright and dark trions. In Figure 2b of the main text we
observed that XT~, X5~ and XP~ have a similar intensity for linear excitation. With our model, we find
that X~ is 10 times larger than X7 ~and XS~ which is not so far from our experimental observations
(given that the light emitted by XP~ is not well collected due to its in-plane direction). We would also
like to mention that with our model, the total PL intensity (bright trions + dark trions) is the same for
circular and linear excitation.

In conclusion, despite its simplicity, our model describes rather well our experimental observations with
only a few set of parameters with values perfectly consistent with their scientific meaning.
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Figure S12: Trimolecular model: Influence of the trimolecular formation coefficients of the bright
and dark trions Cz and Cp on the calculated degrees of circular polarization for (a) triplet and (b)
singlet trions and on the ratio R (c) and (d). The black data point correspond to the result of the fit .
The black solid lines are the contour plot of the experimental data (P.(X7~)=91%, P.(X5~)=-40%,
R(XT™)=4.4 and R(X5~)=0.88) and the dashed lines are the contour plots of the experimental data
with a tolerance of +10%. All other parameters are fixed to the values written in the text.



Supplementary Note 11. Power dependence in WSz

We present the circular polarization degree P. and the ratio R for both triplet and singlet trions in WS;
ML as function of laser power. The results are very similar to WSe, (Figure 2e and f of the main text):
when the excitation power decreases, P.(X7~)and P.(X5~) converge to the same value (around 30% for
WS;) and R(XT™) and R(X5™) converge to 1.
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Supplementary Figure S13: (a) Circular polarization degree at the peak of triplet and singlet as a
function of excitation power. (b) Ratio of PL intensities between circular and linear excitations at the
peak for both triplet and singlet as a function of excitation power.
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