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Supporting Information Note 1: Sample preparation

Monolayer WS, and hexagonal boron nitride (h-BN) were mechanically exfoliated from bulk
crystals using blue tape (Nitto) and scotch tape, respectively. The mechanically exfoliated mono-
layer WS, was identified by optical microscopy and characterized by Raman and PL spectroscopy.
h-BN/WS,/h-BN heterostructures were stacked on a fused quartz substrate using polyvinyl alco-
hol (PVA)-assisted transfer method. The samples were annealed after the transfer process under a
vacuum (around 10~° hPa) at 180°C for three hours and were placed in a liquid-helium cryostat

for temperature-dependent experiments.

Figure S1: Optical microscope images of the samples 1 (a) and 2 (b). The black (white) dashed
lines indicate the contours of the WS, layer of sample 1 (2). Scale bar, 20 ¢z m.



Supporting Information Note 2: Helicity-resolved ultrafast tran-
sient transmission spectroscopy and Dual-chopper methods

Helicity-resolved ultrafast transient transmission spectroscopy

The pump-probe experiments were performed in a transient absorption/transmission spectrom-
eter (Helios fire from Ultrafast system). The infrared pulses (800 nm, 35 fs) were provided by a Ti:
Sapphire amplifier (Coherent Inc.) working at 1 kHz repetition rate and split into two beams. One
beam was sent into an optical parametric amplifier (OPA) to generate pump pulses with tunable
photon energies, allowing resonant/near-resonant excitation of the samples. A set of long- and
short-pass filters were used to cut the pump spectra with a full width at half maximum (FWHM)
of about 40 meV. The probe pulses were white light continuum generated by focusing the other
800 nm laser beam into a sapphire plate and were delayed by a motorized delay line. The pump
and probe beams were focused and overlapped on the sample surface, with 200 and 6 um spot
sizes in diameter, respectively. A spectrometer equipped with a back-thinned CCD linear detec-
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tor was used to detect the transmitted probe pulses. The pump-induced change
measured, where 7, and T, represent the probe signals with the pump pulses on and off, re-
spectively. We used two choppers to modulate the pump and probe lights separately to subtract
scattered pump pulses, producing high data quality when the trion and exciton were resonantly
excited. Besides, the polarization of each beam was independently controlled using broadband
quarter-waveplates and linear polarizers.

Dual-chopper method

We use a dual-chopper on the path of the pump and probe beams to minimize the affection
of the scattered pump light. As shown in Figure S1, pump and probe beams are triggered and
choppered at half (500 Hz) and quarter frequency (250 Hz) of the laser repetition rate (1 kHz),
respectively. In this configuration, the detection frequency is running at 1 kHz as well, acquiring

four kinds of signals: 15, ony To¢f.0ns Lon,off> and T, s o¢r. The first on(off) represents the state of

the pump and the second one is the state of the probe light. Therefore, one obtains pure pump-on



signal T,,,, = 15y, on—Ton,or s by substracting the scattered pump (75, o7 ), and pure pump-off signal
Torr = Torfon — Toffors, in which T,¢r ¢ r is the ambient light. Then the differential transmission

signals can be expressed by the following:

AT T,, —Toy

T Tors

Thus, the scattered light of the pump light and the ambient light are effectively removed, allowing

data collection under resonant conditions.
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Figure S2: Schematic diagram of the dual-chopper modulation technique.



Supporting Information Note 3: Linear-response regime analy-

sis for sample 1 and sample 2
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Figure S3: Pump fluence dependent of peak signals of trions for sample 1 and sample 2 at 290,
180, 78, and 12 K, respectively. The dashed lines are a guide to the eye to highlight the linear
regime (F < 60 pJ/cm?) below saturation. Sample 1 and 2 were excited with a fluence at F' = 12
and 30 ;1J/cm?, respectively, as marked by black arrows. Thus, we can conclude that the pump
fluence below 30 pJ/cm? is in the linear-response regime for sample 1. The signals deviate from
each other due to sample quality, optimizing conditions, etc.



Supporting Information Note 4: Time traces of % extracted at

the exciton resonance induced by different energy excitation
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Figure S4: Dynamics integrated within a [-10, 10 meV] window around A-exciton, under different
pump energies with the same pump fluence. Ep — £y = —0.06 and 0 eV correspond to resonant
excitations of trion and A-exciton, respectively. Obviously, the resonant excitation of A-exciton
is most efficient to generate A-exciton bleaching signal (red curve), which reaches its maximum
around time-zero (marked by the dashed line) right after the pump excitation.



Supporting Information Note 5: Population recombination dy-
namics for sample 1 when resonantly pumping the A-exciton at

room temperature
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Figure S5: The decay dynamics of A-exciton(f4 = 2.00 eV) exhibit a bi-exponential response.
we attribute the fast decay 71 (2.7 ps) to the intrinsic radiative lifetime of A-exciton, while the
slow decay 7, (49.3 ps) to the non-radiative lifetime, resulting from exciton-exciton scattering and
exciton-phonon intra-valley scattering. '



Supporting Information Note 6: Spectroscopic characterization

of monolayer WS;,(sample 2)
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Figure S6: Raman and PL spectra of monolayer WS, (Sample 2). (a) Raman spectrum of h-
BN/WS,/h-BN sample 2 at room temperature, with an excitation laser wavelength of 514 nm and
a power of 3 mW. In Raman spectroscopy, the Aj, and E; modes locate at 419 cm™! (52 meV)
and 359 cm~!(44 meV), respectively (indicated by the dashed lines). The monolayer WS, can be
determined from the Raman shift difference between the A, and Ey, lines. The strongest Raman
peak at 352 cm™! is ascribed to the second-order Raman mode 2 LA. (b) Polarization resolved
Raman spectra with an excitation laser wavelength of 532 nm, the first order A;, mode is only
visible in the SCP configuration, while the Ey, mode is only observed in the OCP configuration.
(c) Temperature evolution of PL spectra at a constant excitation power of 10 4W. At 290 and
180 K, the A-exciton (X)) and trion (7') are well observed. As temperature decreases, the exciton
and trion lines shift to higher energies (blue shift), and the relative peak strength of A-exciton
decreases. At 78 and 12 K, the localized excitons (L) emerge, while the A-exciton disappears.
These spectral features are consistent with previous results.>?



Supporting Information Note 7: Pump spectra turned at trion

resonance for each temperature in our measurements (sample 2)
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Figure S7: Pump spectra (red curves), together with differential transmission spectra of the h-
BN/WS,/h-BN sample?2 for At = 1 ps at (a) 290 (b) 180 (c) 78 and (d) 12 K.
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Supporting Information Note 8: Transient differential transmis-
sion spectra

Figure S7 shows the transient transmission spectra of monolayer WS, at the time delay of 1 ps
in the SCP and OCP configurations. At 290 K, two significant ground state bleaching (GSB) fea-
tures corresponding to trions and excitons dominate. The additional red-side negative differential
transmission signal is attributed to the weak pump-induced absorption (PIA) features (AT'/T < 0),
which stem from the formation of biexcitons.* In addition, with the temperature decreasing, the
negative signals appearing between the trion and A-exciton in both SCP and OCP spectra at 78 K
and 12 K may come from the energy blueshift of the trion, which is attributed to the inter-trion
repulsive interaction.>® It should be noted that trion triplets and singlets in our sample are pumped
together due to their slight energy difference (about 15 meV illustrated in the PL spectrum in Fig-
ure S5 (¢)), and they cannot be spectrally resolved in the transmission spectra. Nevertheless, our
focus lies on the dynamics of trions and two types of trions resonantly created by pump light are

natural in our sample.
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Figure S8: Transient transmission spectra of monolayer WS, at a time delay of 1 ps. PIA and GSB
peaks are marked by black arrows in SCP (red lines) and OCP (black lines) spectra.
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Supporting Information Note 9: Normalized decay curves of tri-
ons as a function of pump-probe delay time at different temper-
atures

We decompose the trion and exciton signals from the raw differential transmission spectra at
different delay times. The spectral weight (i.e., the integrated area, I), which represents the popu-
lation of excitons/trions, can be extracted by multiplying the peak amplitude (A) by the peak width
(W). The populations of trions in the SCP configuration were normalized at the maximum value
(Figure S6). Thus, the corresponding temporal evolutions of the trions and excitons populations

are depicted in Figure 3e-h.
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Figure S9: The temporal evolutions of trion population are normalized to the maximum value.
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Supporting Information Note 10: Time traces of A-excitons and
trions in the SCP and OCP configurations

As Figure S9 shows, the evolution behavior of X 4 in the OCP configuration is similar to that
of X 4 at the pumped valley in the SCP configuration. Once Xy is initially pumped in one valley
by CPL, two relaxation channels play the role of the emergency of X 4 in the opposite unpumped
valley. One is combined by the scattering processes (I) and (2) with a scattering time 7; (see Figure
1b in the main text), the pumped X transit to X4 at the same valley first, then relax to X4 at
the opposite valley. This channel is much more efficient because the large population for X 4 at
the pumped valley has been observed in the SCP configuration (see Figure 2 and 3 in the main
text). The other relaxation channel is combined by the scattering processes 3) and @) with the
scattering time 7, as shown in Figure 1b. The depolarization process for X, between K and —K
valleys occurs firstly, then the upconversion process changes the X at the unpumped valley to be
X 4 within the same valley. These two scattering channels are in parallel, thus the build-up time 7
for the X 4 observed in the OCP configuration should be 7=7y72 /(71 + 72), which is shorter than

both 77 and 7 and is close to the build-up time of X 4 at the pumped valley observed in the SCP

configuration.
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Figure S10: Due to off-resonance excitation for A-excitons, the exciton valley depolarization oc-
curs rapidly compared to the trions.
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Figure S11: The population of trions in the SCP reaches equivalent at approximately 1 ps, and

prolongs to longer time with the temperature decreasing, owing to the phonon-assisted intervalley
scattering mechanism.

14



Supporting Information Note 11: Theoretical calculation

We present a Boltzmann equation model that comprehensively incorporates trion-exciton scat-
tering?’ and intervalley depolarization processes, primarily driven by Coulomb exchange interac-

1011 ag illustrated in the main text.

tions®® and dark-exciton mediated exciton-phonon scattering,
This model aims to accurately replicate the fundamental characteristics observed in OCP and SCP
configurations in the pump-probe experiments conducted at different temperatures.

The investigation of the temporal evolution of trions and excitons employed semiconductor
Bloch equations (SBEs).!'? SBEs are widely recognized for their applicability in describing both
coherent and non-coherent quantum kinetics. The simulation results presented in the main text pre-
dominantly focus on non-coherent processes and were computed through the Boltzmann equations
derived from SBE:s.

The phonon-induced interplay between trions and excitons, crucial within the framework of the
Boltzmann equations, can be formally expressed as <Tt7~|]:16_ph|X ) according to Fermi’s golden
rule. Here, the el-ph Hamiltonian, as well as the trion and exciton wavefunctions, are required. To
calculate the exciton and trion wavefunctions, we utilize electron and hole wavefunctions obtained

from the k - p model for transition metal dichalcogenides (TMDs) '*14

as the basis. The parameters
for the model were fitted from first-principle calculations of the monolayer WS, band structure,
carried out using the Vienna Ab initio Simulation Package (VASP).!>~!” While sophisticated tech-
niques such as diffusion Monte Carlo (DMC)!” and the Stochastic Variational Method '® have been
developed to determine the ground state binding energy and wavefunctions for trions and excitons,
this study employs effective mass approximations and a variational method with the variational
form proposed in prior research.!'®*! We calculated the phonon dispersion and electron-phonon
coupling strength using the Quantum Espresso package??* and EPW.?* These results provide the
electron-phonon interaction Hamiltonian and justify considering only the A;, phonon in the trion-
exciton scattering channel.

In addition to the intravalley trion-exciton channel, we also consider the intervalley channel.

However, the scattering rates for the intervalley depolarization of excitons and trions are introduced

15



as phenomenological parameters in the model, and these can be compared with experiments and
previous theoretical work. 2430
Comprehensive details are presented following for reference, providing nuanced insights into

our numerical methodology.

Exciton and trion wavefunctions
The effective k - p model for WXy (W = Mo, W andX = S, Se) near the K and -K points,

accounting for the effects of spin-orbit coupling (SOC),!*!* can be formulated as:

o,—1

2

. E
H = ho(h,6, + ky6,) + %@ — Ayt 5 (1)

where v is the Fermi velocity, [, stands for the band gap between the conduction and valence
bands at the K and -K points, 7 represents the valley degree of freedom, and ¢ and 5, correspond
to the Pauli matrices linked with the orbital and spin degrees of freedom, respectively. The spin
splitting in the valence band, represented by Ay g, is a result of spin-orbit coupling (SOC). These
parameters in the model Hamiltonian are typically determined through fitting with results from the
first-principles calculations. As an example, 2Ay 5 = 0.43 eV and hv = 4.38 eV-A are obtained
for WS,. 1>-17

Then, we calculate the electronic band structure based on the effective k - p model to get
eigenstates for conduction band (CB) edge and valence band (VB) edge €, ¢(v) (k) and their Bloch
wavefunctions near different valleys (7 = £K), which can serve as the basis to construct wave-
functions for excitons and trions. Furthermore, given the parabolic band dispersion near the band
edge, we get the effective masses for electrons (m.) in CB and for holes (m;) in VB, and the
masses for the exciton and negatively charged trion, denoted as My and My respectively, are the
sum of the electron and hole effective masses, expressed as m. + my; and 2m, + my,.

To accurately describe bound states like excitons and trions and obtain their binding energy,

the Coulomb interactions between electron-hole (e-h) are taken into account in the Bethe-Salpeter

16



equation (BSE)3!"* which typically encompasses both the Hartree and exchange terms. However,
for simplicity, we will consider only the Hartree term initially, which primarily contributes to the
binding of electrons and holes. We first express the creation operators for excitons in valley 7 with
momentum Q x in the basis of Bloch wavefunctions of the electron and hole at the band edges,34

then we have:

~

X! 7.Qx \/— Z Q/}T QX ¢ k+)\EQX s(f)bT,k*Ath,S(‘r) (2)

Herein ¢, q (k) is the exciton wavefunction which will be used for the calculation of the scattering

strength discussed in the following. ¢,y and IA)T,k represents electron annihilation operators with

wave vector k in CB and VB near 7 valley. A is the quantized area and A,y = mMe—(;) = n:’fT‘fn’h

After a basis transformation of the exciton wavefunctions for the electron Bloch wavefunctions

near K(-K) points ¢, q, (k) = ¢-.qy (K) exp(i(T¢xir.Qx + T¥k—1,Qx)/2) (Where @y is the phase
of wave vector k), we could further simplify the form factor (U ktq|tck) (Upk/—q|Usk) Within the

BSE and obtain the Wannier equations.>*3

[ere(k 4+ AeQx) — €r0(k — MQx)] 7.0y (k) — —va )érax(k —q)
3)

= ET,X (QX)ng,QX (k)

Herein, ¢, .(k) and ¢, , (k) in the left-hand represent eigen-energy for CB and VB edges obtained

from k - p model. Vop(q) = %

o +qr is the Rytova-Keldysh potential which is widely used

in 2D materials considering the Coulomb screening.*¢-8 In this equation, ¢ denotes the average

permittivity of the environment, and 7 is the screening length. Its real space form can be obtained

through Fourier transformation as Vp (r) = Z [, 0(;-) = Yo ()], with Hy representing the Struve

erg

function and Y} as the second kind Bessel function. 36383

Accordingly, we do the Fourier transformation for the exciton wavefunctions to real space

! e 1 et oikT
Uxrax(R,r) = ﬁe PR qu(r) = ﬁ Qx: R ik-
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and obtain the hydrogen-like Schrédinger equations within the effective mass approximation

BV WPV
2MX 2[&

h*Q%
2Mx

- V2D(1‘) ‘IIX,T,Qx(Ra I') = ( - Eb,X) ‘I’X,T,QX(R, T) “4)

where the Ej, x represents the exciton binding energy, and it is related to £, x(Qx) in Eq. 3 by
E, x(Qx) = Eyy— Eprx + };A?;(

Similarly, the trion operator in valley 7 with momentum Q7 can also be written in an electronic

basis. Taking the triplet trion defined in the main text as an example and defining 7¢;) = mM(j'? =
Me(h) .

2me+my ”

TTT,QT [FS) =

1 - )

At i R
Z Z ¢T7QT <k1’ kZ)C—T,k1+neQT,s(T) CT,k2+neQT,s(T) b77k1+k2*nhQTvs(T)C*TvQT,S(T) |FS>
k1,k2

Where the ¢, o, (ki, k2) is the trion wavefunctions in the reciprocal space, and |F'S) represents the

ground state with the VB fully occupied and the lowest CB partially occupied.** The corresponding

equations of trion wavefunctions in the real space in the effective mass approximation have been

derived as

B R*VE B V2, B V2, B h*V., - Vi,
2Mrp 20 21 2my,

Van(Irs — ra)] s (R, 1, 1) = (

[

- VQD(I'1) - V2D(I'2)

h*Q}
2Mp

(6)

- Eb,T) ‘I’T,T,QT (R, Iy, 1'2)

202
In this equation, the Ej, 7 is the trion binding energy with Fp = FEy, — Eypp + % and we have

used the relations

1 .
Vrrqr(R,r1,12) = ﬁeﬂQT'R@,QT (r1,r2)
1 . 1 | |
= —\/Ze_lQT'R (27r)4 /dkldkquT,QT(kl,kz)GZkl'rl—sz'rz (7)

wT,QT (k17 k2) = ¢T,QT (klv k2) eXp(i(_TsDkl'H?eQT + TPko+n.Qr + 790k1+k2—m,,QT)/2)
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We solve these equations mentioned above (Eqgs. 3 and 6) numerically to obtain the binding
energies and wavefunctions of neutral and charged excitons. For trions, we utilize variational
methods to bypass the direct solution of these equations and separate wavefunctions into com-
ponents about center-of-mass motion and relative motion. Variational expressions, as previously
suggested in the literature [see details in Refs.!%2!40], are utilized to describe the relative motion

part of wavefunctions, where a, b, ¢ are the variational parameters of the unit of length.

brqy (r;a) xexp(—r/a)

br.qr(r1,12; {b, c}) x(exp(—rl/b—r2/c) + exp(—rl/c —r2/b)

®)

4142 the variational

Using the following parameters: m, = my = 0.32m,, 7o = 38 Aand e = €0,
parameters that minimize the exciton and trion energy functional are found to be a = 12.9 A,
b=12.8 A, and ¢ = 32.1 A. The corresponding binding energies are Eyx =0.5eVand B, =

25 meV. These results are in quantitative agreement with experimental data and prior theoretical

predictions. !

The first-principle calculations of electron-phonon coupling

To investigate the phonon-assisted upconversion rate from intravalley trions to excitons, we
need to consider the electron-phonon (el-ph) coupling strength for the lowest CB near the K and
-K valleys assisted by the phonon mode with the energy of fw, q, denoted as |g....(K, Q)|. In
this study, we employed the Quantum Espresso coupled with EPW code to compute the phonon
dispersion and el-ph coupling matrix.?>?**3 Based on the calculated phonon dispersion as shown
in Fig. S13(a), we find that the energies of A/, (ZO,), A1z (HP) and E’ (LO2, TO,) phonon modes
are similar to trion binding energy. Consequently, we focus on these phonon modes and reveal that
the el-ph coupling strength associated with the A;, (HP) mode near the band edge is significantly

larger compared to the other modes [see Fig. S13(b)].

19



Figure S12: Electronic band structure calculations for WS, were performed using first-principles
methods. The parameters for the k - p model can be derived from this band structure.

We calculate the el-ph coupling matrix linked to the A;, mode systemically as shown in
Fig. S13(c) and observe its maximum absolute value (approximately 350 meV-A) at the T point
within the phonon Brillouin zone (BZ), consistent with previous findings.** This absolute value
exhibits isotropic decay as the momentum increases. For simplicity, we approximate this isotropic

decay behavior fitted with a Gaussian function and use it in the following simulations.

The phonon-assisted upconversion rate

The el-ph interaction allows the coupling between excitons and negatively charged trions in the

K valley. The Hamiltonian considering el-ph interaction is shown in Eq. 9 near the -K valley, which

relates with the K valley by time-reversal symmetry. The operators e K x+ and aq are electron and

phonon operators respectively. We represent the el-ph coupling strength as gq which is a simplified
form of g a,, (—K, Q) shown above.
e L

Ha-m == 3" 90 kirqrt-riarliq +ilg) )
k?Q
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Figure S13: (a) The phonon dispersion of monolayer WS,. In the figure, each phonon mode
has been systematically labeled, wherein the nearly dispersionless ZO, mode is the out-of-plane
vibration mode, also referred to as the homopolar (HP) or A, mode.* (b) The electron-phonon
coupling matrix for the lowest conduction band is obtained from first-principles calculations, con-
sidering each phonon mode with wave vectors Q = 0. The diagram is plotted in logarithmic
coordinates. (c) The electron-phonon coupling matrix for HP mode near the I' point. Specific
details can be found in Supplementary Material (SM) Section 11.2.
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Specifically, excitons can capture an additional free electron from the conduction band to create
a trion while emitting a phonon to conserve energy and momentum. Conversely, lower-energy
trions can be scattered into excitons by absorbing a phonon, resulting in the excitation of a free
electron in the conduction band. Therefore, the coupling between trions |Tq,,1) = T(ST |FS) ®
1), (herein |n),y, is the Fock state with phonon number n and see the notion of | F'S) in Eq. 5) and
excitons with additional electrons in CB edge ¢l rarCit|XQx, 0)pn = & it X (SX |[F'S) & (0),p,

can be calculated as follows:

N N - ]' *
(X, 01e) yécra i HepnlTq,, 1) = 2 > (ke + 1Qr — AeQx)garax
“ (10)

Y(ke, (1= 1)Qr — Qx) > (FS|e 161crartlyqiqy 10k, —qx 1Qrl FS)
ko

Herein, (k) and v(ky, ko) are exciton and trion wavefunctions defined in the previous section,
with the subscript of valley index and center-of-mass being disregarded. In this work, we mainly
focus on the case with Qx = Qg = 0, the scattering rate of the phonon-assisted upconversion

process is approximated as follows:

PR 1 )
Gk,q = <X7 O|CLTCk+q7THe*ph|Ta 1> = 13 Zw (kl)nga{l’ 0>fk(1 - fk+q) (1)
ki

T A2
where fi represents the Fermi-Dirac distribution of the electron state in the lowest conduction band

with wave vector k.

Boltzmann equation

We apply the Boltzmann equations to simulate the dynamic evolution of pumped trions and
compare it with the experimental results. Some approximations are used here, including the fac-

14,46

torization of N-electron density matrices'**® and the Markov approximation. !4’ Once we have

determined the trion-exciton coupling strength discussed above, the related Hamiltonian in a sin-
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gle valley has the form as follows:

Hy =FE;T'T + ExXTX + Z €k5Lék + Z Modgdq
k

4 (12)

Hio =Y {GoX'Tel,  txiq+ GhafeltnqTTX}
k,q
Herein, T and X are trion and exciton operators with zero wave vectors and the F/r and Ry are
corresponding quasiparticle energies (we drop the momentum subscript index for brevity). The
third and fourth terms in the first line represent the electron and phonon Hamiltonian introduced
above. The second line H ro 1s the trion-exciton scattering Hamiltonian and G4 ~ Gy is the
approximated trion-exciton coupling matrix (see Eq. 11). The evolution of the particle number of

trions and excitons can be described by semiconductor Bloch equations '#

Lod Ld oo P ~
zr%(TTT) = —ih (XTX) = ([T"T', Hy + H10))
Sk TP (13)
= Z{—GQ<XTTck+qckaq> + Gilal éeniqTTX)}
k,q
oL ostiel e Citel e [
zh%<X Tck+qckaq)]0 =([X Tck+qckaq,Ho]>
(14)
=— (Ex — Er + €i1q — & — hwo)/(XTTel,  éxaq)
Y ctral aa )
zha(X Ty, oCxlq)| Lo =([XTe, 4Cxaq, Hiol)
=G {Nx(1— Nr)(1 + Ng) furq(l — fi) (15)

- (1 + NX)NTquk(1 - fk+q)}

The formal integration of (XTTéL+qékdq> = <XTT6L+qék&q) lo + (XTTéLJrqék&q) |Lo, SO we
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have

- iy [t ,
(X1Té qbuia) = == [ diferlPxPriacamac o)

—00

X {Nx(1 = Np)(1 4+ Ng) furq(l = fx) = (1 + Nx)NpNgfi(1 = furq)}
1G, 1 1
—_ ay 5(=
h OP%(EX — Ep + €xrq — €x — Iy +7T (h

X {Nx(1 = Nr)(1 + Ng) firq(l = fic) = (1 + Nx)NrNg fi(1 = firq)}

(16)

(Ex — Ep + €xyq — €k — hwy))

At last, we derive the Boltzmann equations that encompass phonon-assisted trion-exciton scat-

tering processes.

dNr dNx d  apa 1 e .
2 Tty = (T Hy+ H

27| G |?
:Z Gl O(Ex — Er + €x1q — e — hwy) (17)
k,q

h

X {Nx (1 = Np)(1 4+ Ng) ficra(1 = fic) = (1 + Nx)NoNgfie(l = ficra)}

By defining the trion-exciton upconversion (I'7x) and downconversion (I' x7) rates which take

into consideration the energy conservation and the Fermi-Dirac distribution of the particles

27 |G ol?
Try :Z ﬁé(EX — BEr+ €kt+q — €k — hu.)o)quk(l - fk+q)

k,q h
271Gy (18)
Txr =) = =0(Ex = Er + g — e — i) (14 No) fiera (1 = fid)
k,q

the Boltzmann equations, delineating the dynamics of trion and exciton populations at the same

valley due to phonon scattering within a single valley, can be expressed as:

dN
I—— I'rx Ny +T'xrNyx

dNx
e =—IxrNx +T'rxNr

35,48,49

Furthermore, incorporating the decay processes and intervalley depolarization processes
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between different valleys® 1305 for excitons and trions, we can express the comprehensive Boltz-
mann equations used for simulating the experimental data discussed in the main text, herein +

stands for the index of different valleys.

dN.
d?T =—Trx +Trr +0or)Ner + Uxr Ny x + D Ner

dN. (20)
d:lt:,X = — (FXT +xx + FT,X)N:I;X + FTXN:I:,T + FXXN:;:,X

In these equations above, ['rx and I'xp are calculated directly from Eqgs. 11 and 18, based on
results of trion and exciton binding energy and wavefunctions and the first-principles calculation
results for el-ph couplings. I'; x(7) represents the decay rate of excitons (trions), I'x x(rr) denotes
the intervalley depolarization rate of excitons (trions). The parameters used in the simulation are
fitted from the experimental results and are listed in the table below. These values are consistent

with results in previous studies as shown in Table 2. !1:24:26:55-61

Table S1: Parameters used in the Boltzmann equation

T (K) Prx (ps™) | Txp (ps7!) | Trep (ps™) | Txx (ps7h) | Do (ps7™') | Thx (ps™!)
290 3.54 0.45 0.30 15.0 0.05 0.05
180 1.41 0.23 0.30 10.0 0.05 0.05
78 0.09 0.08 0.10 5.0 0.05 0.05
12 0.00 0.01 0.10 1.0 0.05 0.05

The influence of trion complexes to the dynamic process

The trion complexes include the singlet and triplet trions, strictly speaking, it is more accurate
to consider their scattering channels separately. When we focus on the scattering dynamics of the
singlet and triplet trions (see [+, T%) and |+, T}) as shown in Fig. S14) respectively, we observe
that, for instance, when singlet trions in the K valley (see |+, 7s) in Fig. S14) are excited, they

are mainly scattered to excitons in the same valley (K valley, see |+, X) in Fig. S14) by absorbing
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Table S2: Parameters from references.

Crp (ps) Pxx (ps™!) Lo (ps7) Lx (ps!)
\MoS, 5.0 (77 K)¥ 0.02 (300 K)*7
0.06 (7 K)>8 0
MoSe, | 0.3 (20 K)™ 0.21 (20 K) 8'8(3) 4(‘: 113)K)63
0.08 (4 K)® :
WS, 4.76 (77 K)%6 0.01 (10 K)% 0.26(5 K)®
1.0 (4.5 K)* 0.008 (5 K)% 0.01 (300 K)%
15.15 (300 K) ! 0.05 (~300 K)2
0.25 (13 K)2*
WSey | oo E 4K A 0.17 (4 K)¥ 0.05 (4 K)¥ 0.06 (10 K)®!
' 0.67 (125 K)*

phonons (relaxation process @ as shown in Fig. 1b of the main text) that satisfy the conservation
of energy and momentum, or to triplet trions in the other valley (-K valley, see |—, T},) in Fig. S14)
mainly due to the electron-hole exchange interaction (relaxation process @ as shown in Fig. 1b
of main text). Subsequently, the generated K valley excitons and -K valley triplet trions can expe-
rience intervalley depolarization and intravalley upconversion to evolve to the excitons in the -K
valley (relaxation process @ and @ as shown in Fig. 1b of the main text). Similar to the singlet
trions in the K valley, when the triplet trions in the K valley are excited by pumping laser, they are
mainly scattered to excitons in the same valley (K valley) or the singlet trions in the other valley
(-K valley), followed by the scattering dynamics to the -K valley excitons. These two types of
trion complexes will undergo similar dynamical processes that strongly depend on the chirality of
related trions and excitons, allowing us to treat them as a unified entity.

Specifically, we made the approximation that triplet and singlet trions share a similar relaxation
rate to exciton with assistance of phonons, I'ry, x ~ I'rs x ~ I'rx where I'ry, x and 'y x are
the relaxation rate from to triplet and singlet trions to the exciton in the same valley respectively.
Correspondingly, the down conversion rates are also assumed to be the same for triplet (I'x 7+,) and
singlet trions (I'x 7s), I'x 74r ~ I'x 7s ~ I'x7. These approximations shown above are reasonable

to some extent since the trion wavefunction (Egs. 7) of triplet and singlet trion only differs by
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spin forbidden
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a phase term originating from the form factor and in the long-wave limit the form factor can be
estimated to be close to 1. Consequently, in such approximations, the wavefunctions of singlet and
triplet states of trions become similar. These results in some observable quantities being close in
magnitude.

Furthermore, in the experiment, the difference of binding energies for these two trions is quite
small (~ 7 meV),%® which is comparable to the band widening of pumping laser (see Fig. S7).
Thus, triplet and singlet trions are excited together in our pump-probe experiments. Additionally,
due to the limitation of energy resolution, we cannot distinguish the difference of scattering chan-
nels for triplet and singlet trions at higher temperatures. For the simplification of the discussion,

we combined them together.

The influence of dark excitons to the dynamic process

Numerous other potential scattering channels affect the population dynamics of excitons and
trions, such as those through spin-forbidden dark excitons and trions. Previous studies have in-
vestigated the temperature-dependent photoluminescence and absorption in excitons and trions in
tungsten- and molybdenum-based transition metal dichalcogenides (TMDs). %70 These studies re-
veal that, due to different spin configurations, the ordering of bright and dark states differs in the
two types of TMDs, leading to varying temperature-dependent population ratios of bright and dark
states. These lower-energy dark states in tungsten-based transition metal dichalcogenides will play
a role in the steady-state photoluminescence. However, in time-resolved photoluminescence (TR-
PL) experiments, some of the scattering processes involving the dark states may occur with much
slower timescales than those considered in the Boltzmann equations or can be considered to pose
the modification on the parameters used in the equations. We can analyze these dark states and the

effects the dark states pose on the scattering dynamics one by one.

1. The intravalley spin-forbidden dark excitons consist of an electron and a hole in the same
valley (Dx; in Fig. S15) but cannot be optically excited because this is a spin-flip transition.

Consequently, they can couple to bright excitons and trions with a spin-flipping scattering
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event, whose scattering rate is very small corresponding to a long scattering time. This

process can be ignored in our simulations.

2. The dark trions with low energy (Dt in Fig. S15), however, consist of the two electrons
from the lowest energy conduction band with opposite valley index and a hole, can couple

to the singlet trions without flipping the spin.

3. The momentum-forbidden lowest energy dark excitons (Dx2 in Fig. S15) can couple to
bright excitons due to their identical spin alignment. Such scattering may be of the same

order of the relaxation channels we considered.
(VAVIRIVEV:

A ar
V VI MV Y

r/ﬂ\ /\l T/\ /\l YAWAY

Figure S15: From left to right at the bottom are the lowest energy spin-forbidden dark exciton,
momentum-forbidden dark exciton and the dark trion. The momentum-forbidden dark exciton and
dark trion can couple to optical bright exciton and singlet trion without flipping the spin.

As shown above, the scattering channels involving dark trions and excitons can be considered
as additional decay pathways for bright trions and excitons, having a similar influence to recom-
bination processes for the sake of simplicity. Therefore, the contributions of these dark states are
partly considered, which have been included in I', 7 and I, x. Herein, I', 7 and I, x stand for de-
cay rate of trions and excitons. Especially at the low temperature, we can see that these processes

that involves absorbing phonons are suppressed. The excited trions can only depolarize to the other
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valley or decay through emission, or to the low-energy dark states. The existence of the dark states

at the low temperature merely enhances the decay rate of bright trions.
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