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We present photoluminescence measurements in monolayer WSez, which point to the importance
of the interaction between charged particles and excitonic complexes. The theoretical analysis high-
lights the key role played by exchange scattering, referring to cases wherein the particle composition
of the complex changes after the interaction. For example, exchange scattering renders bright exci-
tonic complexes dark in monolayer WSez on accounts of the unique valley-spin configuration in this
material. In addition to the ultrafast energy relaxation of hot excitonic complexes following their in-
teraction with electrons or holes, our analysis sheds light on several key features that are commonly
seen in the photoluminescence of this monolayer semiconductor. In particular, we can understand
why the photoluminescence intensity of the neutral bright exciton is strongest when the monolayer
is hole-doped rather than charge neutral or electron-doped. Similarly, we can understand the reason
for the dramatic increase of the photoluminescence intensity of negatively-charged excitons (trions)
as soon as electrons are added to the monolayer. To self-consistently explain the findings, we further
study the photoluminescence spectra at different excitation energies and analyze the behavior of the
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elusive indirect exciton.

I. INTRODUCTION

The improvement in fabrication of high-quality mono-
layer transition-metal dichalcogenides (ML-TMDs) de-
vices in recent years have sharpened the understanding of
optical properties in these materials [1, 2]. This progress
led to identification of various species of charged excitons
(trions) [3, 4], dark excitons [5-7], neutral and charged
biexctions [8-11|, indirect excitons and their phonon
replicas [12, 13], as well as dark trions and their phonon
replicas [12-15]. In addition to showing multitude of
excitonic complexes, low-temperature photoluminescence
(PL) experiments in ML-WSe, reveal non-trivial depen-
dence on charge density [8-13]. To understand this de-
pendence, one should know how off-resonance photoexci-
tation generates excitons in the presence of charge carri-
ers, and how these excitons relax in energy and transform
to other few-body complexes. In this work, we will fo-
cus on the relaxation and darkening of bright excitonic
complexes during their relaxation.

For an excitonic complex to be bright, the orbital tran-
sition between one of its electrons and one of its holes has
to be dipole allowed, and the spins of the electron in the
conduction band (CB) and the missing electron in the va-
lence band (VB) have to be parallel [16-18]. Otherwise
the exciton is dark. Figure 1(a) shows an example for
bright and spin-forbidden dark excitons where the spin
of the energy bands is color coded. The bright exciton in
this example has its electron in the top valley of the CB,
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FIG. 1. The exciton-electron scattering process. (a) An ex-
citon, whose electron component belongs to the top valley of
the CB, scatters with an incoming electron from the bottom
CB valley. The electron of the exciton in the final state is
exchanged with the incoming free electron. Note that these
are single-particle energy band diagrams, where the trans-
ferred momentum between the center-of-mass of the exciton
and electron is implied. (b) Feynman diagrams of the scat-
tering process. Double (single) lines denote excitons (free
electrons). The upper diagram corresponds to exchange scat-
tering, such as the one leading to the transition in (a). The
lower diagram corresponds to direct scattering, in which the
same electron-hole pair remains bound before and after scat-
tering. As we will explain, the direct scattering amplitude is
weak.

and this choice will become clear later. When the bright
exciton scatters off an incoming (thermal) electron in the
bottom CB valley, exchange scattering refers to switch-
ing the electron of the exciton in the final state, as shown
in the top Feynman diagram of Fig. 1(b). The result
of this scattering is not only a means for ultrafast en-
ergy relaxation of hot excitons [19, 20], but also for their
darkening. The exchange scattering is relatively strong
despite the neutrality of the exciton [21], whereas the di-



rect scattering component is weak (i.e., when the exciton
retains its original components, as shown in the bottom
Feynman diagram of Fig. 1(b)) [22, 23]. It is noted that if
the charge density is relatively small, the exciton-electron
scattering is more probable than their binding to form a
trion. The reason is that binding requires external agents
to conserve both energy and momentum (e.g., phonons
or other free electrons that can receive the gained energy
from binding).

The goal of this work is to establish connection be-
tween various phenomena seen in the PL of ML-WSes
and the interaction of excitonic complexes with electrons
(or holes). One phenomenon, measured by several groups
and shown in Fig. 2, is the enhanced PL intensity of
bright excitons when the monolayer is electrostatically-
doped with holes [9, 11, 24, 25]: The PL intensity of X°
in Fig. 2 is clearly larger when the gate voltage is neg-
ative (p-doping) compared to positive (n-doping). This
observation is somewhat counterintuitive since the expec-
tation is that the PL of excitons is strongest when the
ML is charge neutral, V~0 (i.e., when excitons cannot
bind to holes and become trions). We will show that the
exciton-hole scattering enhances the exciton’s energy re-
laxation without rendering it dark. As a result, bright
excitons can get to the light cone faster and emit light
before they turn dark by emitting certain types of zone-
edge or zone-center phonons [16].

A second often-seen phenomenon, which will be ex-
plained by the trion-electron interaction, is a dramatic
rather than gradual increase in the PL intensity of
negatively-charged bright trions, X and X, . As shown
in Fig. 2, the dramatic increase in the PL intensity of X ¢
and X is seen as soon as electrons are added to the ML,
followed by decay of the PL intensity when the electron
density continues to increase [8-11, 24, 25]. We will show
that the trion-electron scattering renders the bright neg-
ative trions dark, and therefore, it shortens the lifetime
of bright trions. The interplay between lifetime shorten-
ing and formation time of bright trions will be used to
explain the empirical findings.

In addition, we will elucidate why the PL from the
elusive indirect exciton is stronger when the photoexci-
tation is circularly polarized (I° and its phonon replicas
I9 and IY in Fig. 2). Because the photoexcitation in this
case depletes electrons from one of the bottommost val-
leys through dynamical valley polarization [26], the inter-
action between indirect excitons and electrons from the
depleted valley is suppressed. Consequently, exchange
scattering that relaxes indirect excitons to dark ones is
inhibited, explaining why the total PL intensity of in-
direct excitons is stronger when the photoexcitation is
circularly polarized compared with linearly polarized.

A. Organization of this work

The organization of this paper is as follows. Section IT
is a comprehensive background of the properties of vari-
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FIG. 2. Colormap of the total PL intensity (log scale),
following circularly-polarized photoexcitation of ML-WSes
that is encapsulated by hexagonal boron-nitride (hBN). The
temperature is 4 K, the excitation energy is 1.96 eV, and
the laser power is 3.2 uW. We elaborate on the nature of
the marked spectral features throughout Sec. II. Important
phonon replica of dark and indirect complexes, marked with
D and I, are indicated by the horizontal lines, where the cor-
responding phonon energies are about 26, 21, 18 and 13 meV
for the modes K3, I's, K1, and K>, respectively. Details of
the sample fabrication and experimental setup can be found
in Ref. [26].

ous excitonic species in ML-WSe;. We add a few new in-
sights that will help us understand the contexts of the ex-
perimental and theoretical analyses we present in the two
sections that follow. In Sec. III, we present empirical ob-
servations that are central to this work and then present
the theory for the exciton-electron and trion-electron
interactions in Sec. IV, focusing on exchange scatter-
ing processes through which bright excitonic complexes
turn dark. Section V includes calculated results for the
ultrafast relaxation caused by the exciton-electron and
trion-electron interactions, and a discussion that clari-
fies the experimental observations. Finally, we conclude
our study and provide outlook. The Appendices include
technical details and a compiled list of parameter values
used in the simulations.

II. BACKGROUND

The PL spectrum of ML-WSe; is exceptionally rich at
low temperatures because of a miscellany of bright and
non-bright excitonic complexes, as shown in Fig. 2. The
PL includes strong emission not only from bright com-
plexes, labeled with X marks, but also from dark and
indirect ones (D and I marks). The bright complexes
in this material have higher energy, and hence, most of
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FIG. 3. Energies of optical transitions in Fig. 2 with respect to
the bright exciton. The results are within £2 meV compared
with recent PL reports of hBN-encapsulated ML-WSe; [8-13].
The g-factor of indirect excitons and zone-edge phonon repli-
cas is gr ~12.5 (grey dashed lines), that of the dark exciton,
dark trions, and their zone-center phonon replicas is gp ~9.5
(grey solid lines), and that of bright complexes is gp ~4 (red
solid lines). Following circularly polarized photoexcitation,
the dark exciton and trions (two asterisk symbols) show no
circularly-polarized PL, while the phonon replicas K (one as-
terisk symbol) show opposite circularly-polarized PL to that
of phonon replicas K2, K3 and T's.

them relax to non-bright complexes after their formation.
The signature of dark and indirect species is seen in the
PL because their relatively large population compensates
their weak optical transition. On the other hand, the sig-
nature of bright species is seen in the PL because their
strong optical transition compensates their small popu-
lation.

Going through the classification of the optical transi-
tions in ML-WSes, we will make use of Fig. 3, which is
a summary of the various energy levels of optical tran-
sitions measured in Fig. 2. The energy reference level
in Fig. 3 is the bright exciton (XY). The identification

of the optical transitions is supported by combination of

g-factor, polarization analyses [12], exciton-phonon se-
lection rules [16, 27] and the calculated phonon energies
to be later discussed in Fig. 6.

A. Bright complexes

Starting with the bright species, Fig. 4 shows their
state composition in ML-WSe,, where the optically ac-
tive electron belongs to the top spin-split valley of the
CB. The binding between the electron and hole of a
bright exciton, shown in Fig. 4(a), is of the order of 160-
190 meV in hBN-encapsulated ML-WSes [28-31]. Given
that the bright exciton optical transition is slightly higher
than 1.7 eV in Fig. 2, the optical band gap for free
electron-hole pair transitions in the continuum is ~1.9 eV
[28, 29, 31].

Figures 4(c) and (d) show the negative bright trion
complexes, wherein an electron from one of the bottom-
most valleys binds to the bright exciton. As a result,
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FIG. 4. State composition of bright excitonic complexes in
ML-WSes. (a) Neutral exciton X°, (b) positive trion X, (c)
intravalley (singlet) negative trion Xg, and (d) intervalley
(triplet) negative trion Xr.

we can have two bright species depending on the quan-
tum numbers of the two electrons in the complex: oppo-
site spins but similar valley (intravalley or singlet trion,
Xg), or opposite valleys but similar spin (intervalley or
triplet trion, X+ ) [3]. The energy gained by binding of
the electron to the bright exciton component is ~35 and
~ 28 meV for the singlet and triplet species, as can be
seen from the energies of X;, and Xg in Fig. 3. The dif-
ference in binding energies comes from the dependence
of the short-range Coulomb interaction on the valley and
spin degrees of freedom [4, 32, 33]. Positive bright trion
complexes, X+, are formed when the exciton binds to a
hole from the time-reversed topmost valley of the VB, as
shown in Fig. 4(b). The energy gained by this binding
is ~20 meV, as can be seen from the energy of X+ in
Fig. 3.

The larger binding energy of negative bright trions
is unique to tungsten-based MLs because the two elec-
trons have different masses. The lighter electron comes
from the top spin-split valley of the CB and the heav-
ier electron comes from the bottom one (m.; =0.29mg
and mep =0.4mo in ML-WSes [34]). On the other
hand, the masses of the two holes in a positive trion are
equal, because both holes come from the topmost time-
reversed valleys of the VB (my, =0.36mg [34]). These
differences between negative and positive bright trions
are consequential since the binding energy of a trion
is enhanced/suppressed when the added charge is heav-
ier/lighter than the one with similar charge in the neutral
exciton [35]. This difference explains why the measured
binding energy of negative bright trions is larger than
that of the positive one.
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FIG. 5. State composition of non-bright excitonic complexes
in ML-WSez, including (a) the indirect exciton, Io, (b) dark
exciton, D (c) positive dark trion, DT, and (d) negative
dark trion, D~

B. Non-bright complexes

Turning our attention to non-bright species, Fig. 5
shows their state composition in ML-WSey, wherein elec-
trons come from the bottommost CB spin-split valleys.
We refer to indirect excitons in this work as ones wherein
the electron and hole reside in different valleys, as shown
in Fig. 5 (a). This nomenclature follows the good-old
definition of momentum indirect excitons in multivalley
semiconductors such as Si and Ge [36]. The reader should
not confuse the indirect exciton jargon we use here with
other familiar jargons that refer to indirect excitons in
real-space where the electron and hole reside in different
material layers (known as type-1I excitons), or to momen-
tum dark excitons in which a bright exciton is outside
the light cone. The other three excitonic complexes in
Figs. 5(b)-(d) are the dark exciton, positive and negative
dark trions.

The indirect exciton, I° in Fig. 2, emerges as a weak
signal in the low energy shoulder of the triplet trion (see
also Fig. 8). Its identification can be verified through a
combination of its distinct g-factor and polarization anal-
ysis of its phonon replicas [12, 13]. Comparing the ener-
gies of DY and I in Fig. 3, the indirect exciton emerges
A;qg ~9 meV above the dark one. Given that the elec-
tron mass is the same in both species, the smaller binding
of the indirect excitons comes only from the electron-
hole exchange interaction [37-39]. This short-range in-
teraction is effective when the spin of the electron in the
CB is parallel to that of the missing electron in the VB.
While the interaction is repulsive in nature, it is still
much weaker compared with the direct Coulomb attrac-
tion between the electron and hole. As a result, the bind-
ing energy of the indirect exciton is slightly smaller than
that of the dark one.

The positive dark trion complex, DT, is formed when

the dark exciton binds to a hole from the time-reversed
valley, as shown in Fig. 5(c). Similarly, the negative
dark trion complex, D™, is formed when the dark ex-
citon binds to an electron from the time-reversed valley,
as shown in Figs. 5(d). The gained energy from the bind-
ing is ~13 meV for the positive dark trion and ~14 meV
for the negative one, as seen from the energies of DY, D+
and D~ in Fig. 3. The binding energies are nearly the
same because (i) the masses of the two holes (electrons)
in the positive (negative) dark trion are the same, and
(ii) the electron mass in the bottommost CB valley is
only slightly heavier than the hole mass in the topmost
VB valley.

In addition to two- and three-body complexes, Fig. 2
shows emission from neutral and charged biexcitons, de-
noted by DX? and DX~. We will not analyze these
complexes in this work, and interested readers can refer
to Refs. [8-11].

C. The spin-splitting energy of the CB (A.)

The spin-splitting energy between the top and bot-
tom CB valleys, A., will be shown to be a crucial factor
when one tries to analyze the relaxation dynamics of ex-
citonic complexes. First principle calculations provide
scattered values for this parameter, ranging from 7 meV
up to 40 meV [34, 38, 40]. Unfortunately, this variance is
larger than the resolution needed in order to understand
the dynamics of excitons after photoexcitation. A recent
study by Kapusciniski et al. reported that A, ~ 14 meV,
in which the spectrum of bright and dark exciton states
was probed near the free electron-hole pair continuum
[31]. Larger values were reported in previous experimen-
tal studies [5, 41], in which the spin-splitting energy was
only indirectly extracted. Because this parameter is im-
portant for the analysis we provide below, we elaborate
on this point and estimate the amplitude of A, using two
different considerations; both of which agree well with the
reported result in Ref [31].

One way to estimate the amplitude of A, is to use
the following analysis of neutral excitons. The optical
transition of the bright exciton (X) in Fig. 2 is higher
than that of the dark one (D°) by Apg ~40 meV [7].
Because the band-gap energies of these transitions dif-
fer by A., the dark-exciton binding is larger than that
of the bright one by Apq — A.. Similarly, the indirect-
exciton binding is larger than that of the bright one by
Ap; — A, where Ap; ~ 31 meV is the measured energy
difference between their optical transitions, as shown by
Fig. 8. The values of Apq— A, and Ap; — A, are governed
by two contributions. The first one comes from exciton
mass differences, where bright excitons are lighter due
to the smaller effective mass of electrons in the top CB
valley. To estimate this effect, one can solve the exciton
Schrodinger Equation with effective masses taken from
first-principles, getting that the bright-exciton binding
energy is smaller by ~15-17 meV in hBN-encapsulated



ML-WSes [35]. The second contribution is from the
electron-hole exchange interaction, relevant for bright
and indirect excitons wherein the spin of the CB elec-
tron is parallel to that of the missing electron in the VB.
Because of the short-range nature of this repulsive in-
teraction, the lowering in binding energy should be sim-
ilar for the indirect and bright excitons. Therefore, it
can be estimated from the energy difference between the
dark and indirect exciton optical transitions (~ 9 meV).
These arguments imply that Ayp; — A, is mostly governed
by the mass difference effect, whereas Apq — A, has con-
tributions from both mass and electron-hole exchange
effects. Putting these pieces together with the afore-
mentioned mass-difference contribution, we estimate that
A, ~ 14 — 16 meV.

Another way to evaluate A, comes from the brightened
emission of the dark trion, denoted by Dy in Fig. 2. The
brightening is caused by the spin-valley mixing of the two
electrons in the dark trion (Figs. 5(d)), where light is gen-
erated from recombination of the indirect exciton com-
ponent [42, 43]. To conserve momentum, the left behind
electron ends up in the opposite top valley (i.e., interval-
ley spin-conserving transition). Because of the latter, the
g-factor of the optical transition ends up being similar to
that of bright rather than dark trions. Energy conserva-
tion of this physical process means that the spectral line
Dy emerges below D™, and ~A_ should be their energy
difference. The energy difference is 12 meV according
to Figs. 2 and 3, which agrees quite well with the lower
estimate of A..

We strengthen this estimate by addressing the follow-
ing question. Would a dark exciton prefer binding to free
electron from the top valley to form a singlet trion or to a
free electron from the bottommost valley to form a dark
trion? According to Fig. 3, the optical transition of D°
emerges ~5 meV below Xg and ~14 meV above D~.
That is, the gained binding energy by forming a singlet
trion is A, — 5 meV, versus 14 meV by forming a dark
negative trion. One can then conclude that the formation
of a singlet trion would be preferable if A, 219 meV, and
that of a dark negative trion if A, <19 meV. The fact
that dark trions are observed in PL, as shown in Fig. 2,
reinforces the possibility that A. <19 meV. Namely, dark
trions have the lowest energy, and hence their density
can be relatively large enough to offset their weak dipole
transition, resulting in a noticeable signature in PL ex-
periments.

D. Phonon-assisted optical transitions of indirect
and dark excitonic complexes

When indirect and dark excitonic complexes interact
with certain phonon modes, the complex can transfer
to a bright (virtual) intermediate state through which
light is emitted effectively [16]. The horizontal lines in
Fig. 2 connect between the bare optical transitions of the
dark/indirect complex and its phonon-assisted replica.

The equivalent of which in Fig. 3 are the color vertical
arrows.

Figure 6(a) shows the phonon energy dispersion in ML-
WSe,, calculated using Quantum Espresso [44]. Accord-
ing to selection rules [16, 27|, the modes marked by T's,
K, and K3 in Fig. 6(a) are those that induce relatively
strong transitions between different electronic states in
the CB or VB, as shown in Fig. 6(b). The coupling be-
tween opposite spin states in the CB is governed by the
long wavelength (intravalley) phonon mode I's. Its en-
ergy is ~21 meV in ML-WSes and its atomic vibration
is shown in Fig. 6(c), corresponding to out-of-phase and
in-plane motion of the two chalcogen atoms in the unit
cell. In addition, Fig. 6(b) shows that spin-conserving
intervalley selection rules are governed by the zone-edge
phonon mode K3 for electrons and K; for holes. The
energies of these phonons in ML-WSes are ~26 meV
and ~17 meV, respectively, and their atomic vibrations
involve circular motion of the atoms in the unit-cell as
shown in Figs. 6(e) and (f). As shown in Fig. 2, the sig-
nature of K3 is stronger in PL compared with that of K;.
The reason is that the spin-splitting energy in the CB is
much smaller, thereby enabling better energy matching
between the initial dark complex and intermediate (vir-
tual) bright one [12].

E. Phonon-assisted darkening of bright excitonic
complexes

When energy relaxation is governed by electron-
phonon interactions, spin-conserving relaxation is associ-
ated to the gradient of the spin-independent crystal po-
tential, while spin-flip interactions are associated to the
gradient of the spin-orbit interaction [45]. As long as the
electronic states are not strongly spin-mixed, the spin
conserving processes are typically stronger. Recently,
He et al. analyzed the dark trionsaAZ polarization in
ML-WSe; and showed that spin-conserving intervalley
relaxation, mediated by zone-edge phonons (K3), is in-
deed stronger than spin-flip intravalley relaxation that
is mediated by zone-center phonons (I's) [12, 13]. Yet,
the effect of the spin-orbit coupling in these MLs can-
not be ignored due to the heavy tungsten atoms. Below,
we identify the energetically permissible relaxation pro-
cesses through which these phonons are emitted (K3 and
T's), rendering bright excitonic complexes indirect or dark
[16].

The bright neutral exciton relaxes to indirect exciton
when its electron component interacts with the lattice
and a zone-edge phonon is emitted (K3), or it can re-
laxes to dark exciton through emission of a zone-center
phonon (I's). Both relaxation channels are energetically
favorable leading to hot dark or indirect excitons because
Apg > FEs and Ay > E3, where E5 ~ 21 meV and
FE3 ~ 26 meV are the respective phonon energies. As
before, Apq ~ 40 meV (Ap; ~ 31 meV) corresponds to
the energy difference between the optical transitions of
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FIG. 6. (a) The phonon dispersion of ML-WSe, along the axis between the high-symmetry I" and K points. Zone-center and

pertinent zone-edge phonon modes are indicated.

(b) Scheme of low-energy valleys in the CB and VB. Spin-flip intravalley

transitions in the CB are mediated by the phonon-mode I's, while spin-conserving intervalley transitions in the CB (VB) are
mediated by the phonon mode K3 (K1). Phonon-induced intervalley spin-flip scattering is relatively weak (the transition matrix

element between time-reversed states vanishes).

(¢) Atomic displacement of the zone-center phonon mode I's. (d)-(f) Atomic

motions of zone-edge phonon modes that are marked in (a). The curved arrows denote the in-plane circular motion of atoms

around their equilibrium positions.

the bright and dark (indirect) excitons [46].

Switching to permissible trion relaxation processes, the
bright positive trion becomes dark when its lone electron
interacts with the lattice and a phonon is emitted (either
K5 or T's). As can be seen from the spectral lines of
X7T and DT in Fig. 3, the energy difference between the
bright and dark positive trions is ~ 33 meV. F3 and Ej5
are both smaller than this difference, implying that the
phonon-induced relaxation of a positive bright trion to
dark one is effective. Next, the bright triplet trion relaxes
to dark trion when the optically active electron of the
triplet interacts with the lattice and a zone-center phonon
is emitted (T's ). As can be seen from Fig. 3, the energy
difference between the spectral lines of X, and D~ i
~ 26 meV, which is larger than E5. Thus, the relaxation
of bright triplet trions to dark ones is also energetically
favorable.

The one exception comes from the bright singlet nega-
tive trion. According to Fig. 4(c) and the selection rules
in Fig. 6(b), the singlet complex should turn dark when
its optically active electron interacts with the lattice and
a zone-edge phonon K3 is emitted. Yet, unless the bright
trions are hot, this relaxation is not energetically permis-
sible. The energy difference between the spectral lines
of Xg and D~ in Fig. 3 is ~19 meV, which is smaller
than F3. As a result, the phonon-induced relaxation of
singlet negative trions is hampered at low temperatures.

The relaxation can eventually be established by emis-
sion of zone-edge phonon modes with energy smaller than
~19 meV, such as the mode Ks in Figs. 6(a) and (d).
However, this process is relatively slow because it is not
allowed by (lowest-order) selection rules. We will see in
the next section that this unique behavior of the singlet
trion is supported by time-resolved PL experiments.

III. PL SPECTRA AS A FUNCTION OF
ELECTROSTATIC DOPING

The previous discussion highlighted the exceptionally
rich PL spectrum of high-quality ML-WSe, at low tem-
peratures. Hereafter, we will be focusing on a series of
measurements through which the interaction between ex-
citonic complexes and electrons or holes is unraveled. We
present polarization dependent micro-PL experiments at
4 K, and unless otherwise stated, the excitation source
is the 632.8 nm line of a HeNe laser (1.96 €V; i.e. exci-
tation above the free-carrier band gap energy), focused
to a spot size smaller than 1 ym diameter. The neutral-
ity point of the device is reached when the gate voltage
is ~0.5 V, measured with complementary differential re-
flectivity experiments (not shown). A change of 1 Volt
in the devices we work with corresponds to a change of
10" ecm~2 in charge density. Results of time-resolved PL
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(d)-(f) The integrated PL intensities of various peaks, calculated from the respective PL

spectra in (a)-(c). Results are shown for the bright exciton (open circles), bright trions (asterisks for X ™ and filled squares for
the sum of X5 and X ), dark exciton, its I's phonon replica (triangles), and the K3 phonon replica of the indirect exciton

(flipped triangles).
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FIG. 8. PL intensity of ML-WSes at zero gate voltage. The
temperature is 4 K and the excitation energy is 1.96 eV.
Solid (dotted) lines correspond to the PL when the laser is
circularly- (linearly-) polarized. The bare optical transition
of the indirect exciton (I°) is best resolved from the trion
triplet peak (X7) at relatively low powers (0.2 W in this
case).

experiments are carried using a ps-pulsed laser (TiSa) at
a wavelength of 695 nm (1.78 eV) whose full-width at half
maximum is ~2 ps, the repetition rate is 80 MHz, and
average power is 5 uW. The PL signal is detected by a
Hamamatsu streak camera with a time resolution of 2-3
ps. Further details can be found in Ref. [26].

The first observation we wish to focus on is that the PL
intensity of the neutral bright exciton, X°, is strongest
when the ML is hole-doped rather than charge neutral, as
shown in Fig. 2. A similar behavior is observed when
the ML is excited at other laser energies, as shown in
Fig. 7. In all shown cases, the PL intensity of X° is much
stronger when the ML is hole doped compared with the
neutral and electron-doped regimes (the PL colormaps
are in log scale). This behavior is further evidenced from
the integrated PL of the neutral exciton, as shown by
the solid lines with empty circle markers in Figs. 7(d)-
(f). Note that the stronger PL intensity in the hole-doped
regime was observed by other groups but not commented
[8-11, 24, 25]. Contrary to the non-trivial dependence of
the PL intensity of X" on charge density, Figs. 7(d)-(f)
show that the PL intensities of dark and indirect excitons
behave as one would expect in the sense that they are
strongest when the ML is charge neutral.



Another unique behavior, which is readily visible in
Figs. 2 and 7, is a fast rather than gradual increase in the
PL intensity of bright negative trions, Xg and X . Fur-
thermore, Fig. 7(d) shows that the integrated PL shoots
up dramatically as soon as electrons are added to the ML
when electron-hole free pairs are excited in the continuum
(i.e., excitation with HeNe laser at fiw =1.96 e¢V). The
shoot-up is governed by emission from bright negative tri-
ons, and it decays when the charge density is a few times
10" cm~2. Contrary to this nontrivial behavior, the PL
intensity of positive trions increases gradually without a
visible decay even at relatively large hole densities. This
behavior is independent of the laser excitation energy, as
shown in Figs. 7(d)-(f).

The last observation we make is more subtle and deals
with the polarization dependence of the PL intensity of
indirect excitons. Figure 8 shows the total PL inten-
sity emitted by the ML following either circular excita-
tion (solid line) or linear excitation (dotted line). As
expected, the PL intensity of the bright exciton, X°, is
similar for linear and circular excitation. On the other
hand, the emission of the triplet trion, X, is twice more
intense following circular excitation as a consequence of
dynamical valley polarization [26]. Interestingly, we ob-
serve a similar behavior for the PL intensity of the in-
direct exciton I°, as shown Fig. 8. Namely, the peaks
I° and its dominant phonon replica IS are more salient
under circularly polarized excitation.

IV. THEORY

We will show that all of the observations discussed so
far can be understood with an overarching argument:
exchange scattering between excitonic complexes and
free charge particles. This section sets forth the theory
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for scattering between electrons and exciton complexes,
largely following the work of Ramon et al. for semicon-
ductor quantum wells [22], and of Shahnazaryan et al.
for ML-TMDs [23|. The important addition we empha-
size in this work deals with the character change of ex-
citons following exchange scattering with electrons (e.g.,
bright exciton relaxation to dark or indirect exciton fol-
lowing scattering with a free electron). Later, we will
analyze the trion-electron exchange scattering to better
understand how bright negative trions in tungsten based
ML-TMDs turn dark following interaction with free elec-
trons.

The reader should not confuse between the two ex-
change terms we use in this work. The short-range and
repulsive electron-hole exchange interaction we have dis-
cussed before has to do with the slight mixing of CB
and VB states. It gives rise to slightly smaller exciton
binding energy. The exchange scattering we will study
below has to do with Coulomb scattering between exci-
tonic complexes and free electrons (or holes), after which
the particle composition of the complex changes.

A. Exciton-electron scattering

A convenient way to describe the scattering process
is by writing the combined exciton and electron states
as |, ky; j, ko). Here, a = {X°, D% I°} is the exciton
species and k, is its center-of-mass wavevector. The in-
dex j = {t,b} indicates whether the free electron belongs
to the top or bottom valleys of the CB, and k. is its
wavevector. The scattering matrix element has contri-
butions from Coulomb interactions of the free electron
with the hole and electron components of the exciton.
Using Fermi’s golden rule, the rate at which an exciton
of species a with center-of-mass wavevector k, relaxes to
species [ reads,

be,ke(l = fixe—a)

1) (Eﬁ,karq + (1 — 5j,b)Ac + €jke—q — Aaﬁ —€aky — 5b,kﬁ); (1)

where A, is the difference between the optical transition
energies of the two exciton species. The free electron in
the initial state is assumed to be thermal, hence residing
in the bottom spin-split valley of the CB, where its Fermi
distribution and energy are fy 1k, and €k, , respectively.
fike—q and (1 —0;4)Ac + €k, —q are the respective pa-
rameters of the free electron in the final state. The energy
of the electron in the final state takes into account the
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possibility that a bright exciton can turn dark or indirect
(e.g., « = X% and 3 = D° or I%), thereby leaving a free
electron in the top valley after scattering (j = ¢).

The derivation of the matrix element in Eq. (1) is car-
ried by using second quantization and invoking transla-
tion symmetry to integrate out the plane waves in the
initial and final electron states and center-of-mass mo-
tion of the excitons [22]. We then get that
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The monolayer area is denoted by A. The breakup to
exchange and direct parts in the first and second lines
follows from the two configurations in Fig. 1(b). Vg is
the statically screened Coulomb potential [Eq. (Al) in
Appendix A]. ¢ = F [¢,(r)] is the Fourier transform
of the exciton wavefunction for the relative motion of the
electron and hole, where r = r.—ry. 7, = m./(me.+mp)
is a mass ratio, where my, is the hole effective mass in the
top valley edge of the VB, and m, denotes the electron
mass. The latter is the effective mass at the edge of the
top (bottom) spin-split CB valley if the exciton is bright
(non-bright). In the simplest approximation, one can use
bk = V8ma,/[1 + k%a2]?/? and treat the exciton Bohr
radius, a,, as a fitting parameter. The exciton species
can be identified from the mass ratio in the wavevector
argument (1, or ng).

To compare the direct and exchange terms in Eq. (2),
we first note that the direct scattering is only applicable
when the exciton does not change its character (64,3 =0
in the second line when « # ). This property is clear
given that direct scattering refers to cases in which the
complex does not change its particle composition. There-
fore, we consider first the case that o = S in order to
compare the exchange and direct terms on equal grounds.
This case is relevant in several scenarios when dealing
with ML-WSes. For example, when an exciton scatters
with free holes, wherein the hole of the exciton and the
free ones are all from the same topmost valley of the
VB. The exciton species remains the same after scatter-
ing (bright, indirect or dark), regardless of whether the
holes are switched or not. Another example is when a
dark (indirect) exciton scatters with free electrons from
the same bottommost valley of its own electron, thereby
leaving the exciton dark (indirect) after scattering.

A few properties can help us understand why exciton-
electron exchange scattering is an effective mechanism,
whereas the direct scattering is weaker. On the one hand,
the charge neutrality of the exciton is manifested by an
offset between electron-electron and electron-hole inter-
actions at long-wavelengths. In exchange scattering, this
effect can be seen from the limit k — q — k. in the first
line of Eq. (2). While the Coulomb potential is strongest
in this limit, the terms in square-brackets cancel each
other. The same holds for direct scattering in the second
line of Eq. (2) when q — 0. However, a key difference
between exchange and direct scattering is that the charge
neutrality of the exciton plays a larger role in direct scat-
tering, resulting in an overall strong cancellation between
the electron-electron and electron-hole interactions. In
other words, the scattering is weaker if the exciton keeps
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the same electron-hole pair before and after scattering.
To see how exchange scattering is dominant, we ex-
amine the matrix element in the first line of Eq. (2),
noticing that the first term inside the square brackets,
noke+aq—k.» can be moved outside of the sum. This
term comes from the electron-hole interaction following
exchange of the electrons, yielding k. instead of k in
the wavevector argument. Consider first the case that
;k]Bkm +q-k, isrelatively large, applicable in the limit that

ngks + 9 — ke < az'. After summation over k, the
integrated contribution from the second term in square-
brackets (electron-electron) cannot offset the contribu-
tion from this term (electron-hole). Conversely, the inte-
grated contribution from the second term is larger when

;Bkm +q-k, isrelatively small, applicable in the limit that
ngks+q—ke > a;; L. The offset between the electron-hole
and electron-electron interactions is ineffective in these
two limits.

Turning to the direct term in the second line of Eq. (2),
we notice that both terms inside the square brackets
include k in their wavevector arguments. The offset
between their integrated contributions after summation
over k is far more effective. If we focus on cold ex-
citons with similar electron and hole masses (k, — 0
and n ~ 1/2), the direct scattering suppression is nearly
complete due to very effective cancellation between the
electron-hole and electron-electron interactions (e.g., the
contributions from +k exactly cancel each when n = 1/2
and k, = 0). More on the comparison between direct
and exchange scattering can be found in Ref. [22]. All
in all, whereas the effective offset between electron-hole
and electron-electron interactions gives rise to small con-
tribution from direct scattering, the exchange scattering
is effective because the hole can bind to either of the two
electrons post scattering.

Finally, we mention that the exchange-scattering rate
R(k,;a— ) for a #  and a = § is comparable as long
as the binding energies of the excitons before and after
scattering are comparable (i.e., when A,g is small com-
pared with the binding energies). We will analyze these
cases more carefully in the next section. Before doing so,
we turn our attention to trion-electron scattering.

B. Trion-electron scattering

When the electron density continues to increase, ex-
citons bind to free electrons effectively, and trions take
the place of neutral excitons (see Figs. 2 and 7). The
trion-electron scattering includes contributions from the



interaction of the free electron with the hole, V.5, and
with both electrons of the trion, Vee = Vee, + Vee,. As
such, there is no effective cancelation between V,; and
Vee, and the direct scattering term is no longer negligible
when the trion species is kept after scattering. Yet, we
will mostly focus on exchange scattering through which
we will be able to understand the experimental results.
The valley and spin degrees of freedom in tungsten-
based ML-TMDs are such that a bright trion (singlet or
triplet) can become dark when it interacts with a free
electron. The darkening happens if the free electron is
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from a (bottommost) valley that is not occupied by the
electrons of the bright trion. The final state includes the
dark trion and a free electron in the top valley. Focus-
ing first on the transition from singlet to dark trions, the
exchange scattering rate R(kp; Xg — D™) can be writ-
ten in a similar fashion to that of the exciton-electron
rate in Eq. (1). The needed changes are to replace the
translational wavevector of the exciton with that of the
trion (k, with k), and to assign « = Xg, 8= D", and
j = t. The matrix element of this exchange scattering
case reads

_ 1 .
<D_7kT+q st ke—q [ Ven + Vee | Xg, ks b7ke> = ZZV e—P {¢s(0¢tkT +p, akr +k)¢p(ar +k, p—ap)
p,k

+ ¢§(auksr +qe, akr + k) [Uplar+k+aq.—p, p—ap) — ¥plar +k, p—ap)] } (3)

where Vee = Vee, + Vee,, de = 4 — ke, ar = ap(q+kr),
and qp = q — qr. The mass ratio parameters are
ar = my /Mg, ap = my/Mg, and ap = my/Mp, where
Ms = my+my+myp and Mp = 2my +my, are the masses
of the singlet and dark trions, respectively. ¥5/p(p, k) is
Fourier transform of the singlet/dark trion wavefunction
with respect to the relative motion of the three parti-
cles in the complex. In the simplest approximation, one
can use v;(p, k) = 8razby /{[1 +p2a?|¥2 - [1 + K222},
and treat a; and b; as fitting parameters to denote the
trion radii (effective distances of the hole from the two
electrons). The matrix element for exchange scattering
from triplet to dark trions is similar but with ¢¢(k,p) —
Yr(k,p) and with switched arguments in the dark trion
wavefunction: ¢p(p, k) — ¥p(k, p).

V. RESULTS, DISCUSSION AND
COMPARISON WITH EXPERIMENT

Putting the pieces together, we can see that electron-
doped ML-WSe, is unique in that its CB spin-valley
configuration enables relaxation of bright excitonic com-
plexes to dark ones through exchange scattering. The
relaxation rate depends on the density of free electrons,
which one can control through electrostatic doping. Im-
portantly, one should not confuse exchange scattering
with regular spin relaxation, caused when an electron or
hole of an excitonic complexes experiences a spin flip. In
exchange scattering, the spin configuration changes when
the electron is replaced by a new electron with opposite
spin. Another important consequence of the CB spin-
valley configuration in ML-WSes is that the exchange-
driven darkening effect is absent in hole-doped MLs. The
reason is that the lone electron of positive trions or ex-
citons is kept in the top valley when free holes exchange
with the hole(s) of the exciton (trion). The only way

(

for positive or neutral bright complexes in hole-doped
MLs to relax to the lowest-energy dark states is through
interaction of their electron with the lattice (I's or K3),
after which the electron is transferred to the bottommost
valley of the CB.

A. Excitons

We first present calculations of transition rates be-
tween various neutral exciton species in ML-WSes. Fig-
ure 9 shows the results when the charge density in the ML
is 5x10'° cm~2. Transitions from indirect or dark exci-
tons to bright ones (not shown) are ineffective in electron-
doped MLs if the density of hot electrons in the top CB
valleys is small compared with the density of thermal
electrons in the bottommost valleys.

A few immediate conclusions can be drawn from in-
spection of the results in Fig. 9. The first one is that
excitons have exceptionally fast relaxation, possibly ren-
dering exchange scattering more efficient in the initial
cooling of hot excitons compared with phonon emission
processes [47]. The second remark is that the scattering
is suppressed for thermal dark excitons when the charge
density increases, as can be seen from the line with open
square symbols in Fig. 9(c). The reason is that Pauli-
blocking of electrons (or holes) near the Fermi surface
impedes efficient energy and momentum exchange with
cold excitons in their ground state. In cases where the
exciton can relax to a different species, the phase-space
restriction is alleviated and the excitons cool down very
effectively by giving their excess energy to the electrons
(or holes). Lastly, whereas Ajq ~ 9 meV, the transition
D — I is nonzero when the kinetic energy of the dark
exciton is larger than ~20 meV. The excitons have to be
that hot to facilitate this transition since thermal elec-
trons with which they scatter have negligible energy and
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FIG. 9. Calculated transition rates between various exciton species in ML-WSez at 4 K when the free-charge density is
5x10'° cm™2. (a)/(b) The rates as a function of the exciton kinetic energy in the initial state for hole/electron doped MLs.
Transition rates between indirect excitons (I — I) are not shown in these plots but they are similar to the those between dark
excitons (D — D). (c) The rates as a function of electron density for thermal excitons. (d) and (e) Log-scale colormaps of
the kernel functions for the transitions B — B and B — D in hole-doped and electron-doped MLs, respectively. The units of
the kernel function are (J - s)~!. Yellow/blue colors mean exponentially larger/smaller scattering probability between certain

initial (z-axis) and final (y-axis) kinetic energies.

momentum at low densities. The only way to conserve
both energy and momentum in this scattering is if the
exciton has large enough center-of-mass wavevector, as
one can verify from the second line of Eq. (1).

1.  Bright excitons

Figure 9 shows that bright excitons in ML-WSe, have
exceptionally fast energy relaxation. Figure 9(d) and (e)
show the kernel functions of the energy relaxation profile
for the transitions B — B in hole-doped ML and B — D
in electron-doped ML, respectively. Integration of the
Kernel function over all possible final-state kinetic ener-
gies yields the respective rates in Figs. 9(a) and (b). The
salient yellowish bands in the lower parts of Figs. 9(d)
and (e) imply that a bright exciton is likely to lose most
of its initial kinetic energy in one exchange scattering
event. As a result, bright excitons in electron-doped MLs
are more likely to become dark prior to reaching the light
cone. In hole-doped MLs, on the other hand, exchange
scattering improves the probability of bright excitons to
reach the light cone before they turn indirect or dark
by emitting K3 or I's phonons. This behavior explains
the experimental results showing that the PL intensity of

bright excitons is strongest when the ML is hole-doped.

2. Indirect excitons

We now try to unravel the PL properties of indirect
excitons. Their elusive nature is rendered through com-
bination of weak optical transition and ultrafast relax-
ation to dark species in the presence of free electrons,
as shown from the transition I — D in Figs. 9(b) and
(c). The only way to see the signature of indirect exci-
tons in the PL is when the ML is nearly charge neutral.
Their lifetime can then become dramatically longer since
time-reversal symmetry suppresses their phonon-induced
transition to dark excitons following spin-flip intervalley
scattering of the electron or hole components [27]. Be-
cause photoexcitation inevitably introduces electrons in
the CB (especially for excitation energies above the band
gap), there is the possibility of having a residual density
of free electrons through which indirect excitons become
dark. The only requirement for driving the transition
I — D is that free electrons populate the opposite val-
ley to that of the electron in the indirect exciton. De-
pletion of electrons from this valley can be achieved by
pumping the ML with a circularly polarized light that ex-



cites bright excitons in the K valley. These excitons can
then relax to indirect and dark excitons either through
phonon emission or exchange scattering with the resid-
ual free electrons in the bottommost valleys (B — I and
B — D). The exchange scattering leaves behind free
electrons in the top valley of K, which preferably relax
to the bottommost valley in — K through spin-conserving
intervalley scattering. This continuous process mostly
depletes electrons from the bottommost K valley, thereby
weakening the exchange-scattering transition I — D for
excitons whose electron resides in —K. As a result, the
population of indirect excitons is enhanced. This behav-
ior is consistent with the experimental findings of Fig. 8,
in which indirect excitons are seen best when the ML is
photoexcited by a circularly polarized light.

In the absence of free electrons, we should consider
exciton-exciton scattering as additional contributor to
the observed behavior. The exchange interaction be-
tween two cold indirect excitons turns them to two hot
dark excitons, 1% + I° ;- — D% + D° .., where the sub-
script denotes the valley of the hole in the exciton. For
a given total density of indirect excitons, the scattering
rate is optimal when the densities of I% and I° , are
equal, which is the case when the photoexcitation in lin-
early polarized. At low powers and charge-neutral MLs,
the exciton-exciton scattering time can still affect the life-
time of indirect excitons, and hence their density, as long
as it is faster than their recombination.

B. Trions

Similar to the darkening of excitons in electron-doped
ML-WSes, singlet and triplet bright trions become dark
if the free electron with which they scatter is from a bot-
tommost valley that is not occupied by the electrons of
the bright trion. The final state includes a dark trion
with lower energy than the bright trion and free electron
in the top valley of the CB (these electrons will even-
tually thermalize and relax to the bottommost valleys).
The solid lines in Fig. 10 indicate that the lifetime of
bright negative trions is limited by exchange scattering
with free electrons. The rates are calculated when the
free-charge density is 3x10'! ¢cm™2. The dashed lines in
Fig. 10 correspond to energy relaxation in which bright
trions retain their character, here shown for the positive
trion and negative singlet trion (the triplet case is sim-
ilar). The formalism used to calculate the transitions
S — S and Xt — X is discussed in Appendix C.

The inset of Fig. 10 shows the charge-density depen-
dence of the relaxation rates of thermal trions (kinetic
energy is KgT). The non-trivial dependence on charge
density is caused by a confluence of two effects. The first
one is the restricted phase space for scattering when the
kinetic energy of the trion is small. The second effect is
due to screening, which becomes less effective when the
wavevector of the free charge is changed by more than
2k after scattering (see Appendix A). The combination
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FIG. 10. Calculated transition rates between various trion
species as a function of the trion initial kinetic energy in ML-
WSez at 4 K. The free-charge density is 3%x10'" ecm™2. The
transitions ' — T (not shown) and S — S are similar. In-
set: The respective rates as a function of charge density for
thermal trions (¢ = kgT).

of both effects can explain why the transitions S — S
and Xt — X7 slightly decrease for thermal trions when
the charge density increases: the scattering phase space
is restricted to scattering with free-charge near the Fermi
surface where the change in wavevector after scattering is
small (stronger screening effect). In addition, the two ef-
fects explain why the transitions S — D~ and T' — D~
eventually increase when the charge density increases:
the energy difference between these trion species requires
a relatively large change in wavevector, such that more
free particles can take part in the scattering. Finally, the
inset shows that the rates have a dip when the charge
density is slightly below 10'' cm~2. The reason is that
the two aforementioned effects result in optimal suppres-
sion of the scattering when the kinetic energy of the trions
is similar to the Fermi energy. The transition X+ — X T
shows a second dip at higher density, which is attributed
to the offset between the direct and exchange scattering
terms (see Appendix C).

To make a direct connection with experiment, we
present time-resolved PL measurements from which we
extract the trion lifetimes at various charge densities.
Figure 11 shows time-resolved PL measurements of (a)
the positive trion, (b) singlet negative trion, and (c)
triplet negative trion. The measured decay time of the
positive trion shows no dependence on the gate voltage
(hole density), and it is limited by the instrumentation
response function (i.e., shorter than 3 ps). The decay
time of the singlet (triplet) trion is ~20 ps (~8 ps) when
the gate voltage is 1 V. These timescales are shortened
when the gate voltage (electron density) increases, and



become instrumentation-limited when the gate voltage is
25 V. As we explain below, these results correspond well
with the discussion we had in Sec. ITE and the results of
Fig. 10.

Starting with positive bright trions, we have explained
in Sec. ITE that their lifetime is governed by the in-
teraction of their electron with zone-edge phonons K3
and zone-center phonons I's. Thus, we can write that
7'_:1 ~ Ty ! +75 ! where 75 and 75 are the respective scat-
tering times. Since the phonon-induced scattering times
are independent of charge density, we can better under-
stand the time-resolved PL data in Fig. 11(a), wherein
the lifetime of positive bright trions is independent of
hole density. Furthermore, we can use the time-resolved
PL results to set an upper limit to the lifetime of positive
bright trions, 7 < 3 ps.

The lifetime of bright-negative triplet trions is gov-
erned both by exchange scattering, as shown in Fig. 10,
and the electron-phonon interaction with zone-center
phonons, as we have discussed in Sec. IIE. Thus, we can
write that 7' =~ 7! +75 . The exchange rate (1, ) de-
pends on the density of free electrons in the bottommost
CB valley that is not occupied by the triplet’s electrons.
Figure 11(c) shows that the lifetime of the triplet trion
starts from ~8 ps at 1 V and it becomes shorter than the
instrumentation response time (3 ps) when the gate volt-
age is 25 V. Thus, we assume that 75 ~ 8 ps. Recalling
the previous result that 7' ~ 757! + 5t <3 psT!, we
can further conclude that 73 is about three times or more
shorter than 75. This conclusion agrees with the findings
of He et al. who have shown that spin-conserving inter-
valley relaxation, mediated by zone-edge phonons (K3),
is stronger than spin-flip intravalley relaxation that is
mediated by zone-center phonons (I's) [12].

Turning to bright-negative singlet trions, we have seen
from energy considerations in Sec. ITE that there should
be a phonon bottleneck that limits their relaxation to
dark trions (i.e., the phonon energy of K3 is too large
to facilitate the transition of a cold singlet to dark one).
Thus, we can write that 75" ~ 7, !, where the rate de-
pends on the density of free electrons in the bottommost
CB valley that is not occupied by the singlet’s electrons.
According to Fig. 11(b), the lifetime of the singlet trion
starts from ~20 ps at 1 V and it becomes shorter than
the instrumentation response time (3 ps) when the gate
voltage is 25 V. As we have mentioned in Sec. II E, the
lifetime of the singlet trion may also have some contribu-
tion from zone-edge phonon modes whose energy is small
enough to allow the transition to dark trions (such as
K5). Because selection rules indicate a much weaker in-
teraction with these modes compared with K3 (and hence
slower), we can better understand why the lifetime of the
singlet trion we observed at 1 V is the longest.
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Relative PL intensities of trions

In experiments with continuous-wave photoexcitation,
the PL intensity of a certain excitonic complex is com-
mensurate with its steady-state population, which in turn
is commensurate with the lifetime of the complex. Trying
to understand the relative PL intensities of bright trions,
we need not only consider how quickly they become dark
(i.e., what is their lifetime), but also how effective is their
formation. Exchange scattering alone cannot explain the
interplay between the formation and lifetime of the tri-
ons. For example, the PL intensity of bright negative tri-
ons is strongest when the laser excites free electron-hole
pairs in the continuum, as can be seen by comparing the
PL intensities of Xg . in Fig. 7(a) and (d) versus the

ones in Figs. 7(b)-(c) and (e)-(f). The reason for this
behavior is not clear, and at this point we can only con-
jecture that it has to do with efficient trimolecular trion
formation in which free electron-hole pairs bind to free
electrons [48]. In all other cases, the binding is between
bright excitons and free electrons. The study of trion for-
mation following off-resonance photoexcitation is beyond
the scope of this paper, and below we attempt to clarify
the shoot-up in the PL intensity of bright negative trions
by focusing on the change in their lifetime.

Figures 11(b) and (c) show that the singlet and triplet
trions lifetimes are relatively long when the electron den-
sity is small. This observation corresponds well with
the weaker exchange scattering that darken the trions
at small electron densities, as shown in Fig. 10. In addi-
tion to the dependence on electron density, the relative
PL intensities of the triplet and singlet trions, X, and
X4, depend on the laser polarization. Figure 7(a) shows
that the dominant peak is X5 when the ML is photoex-
cited by a linearly polarized light. This dominance is
understood from the longest lifetime of the singlet trion
when the electron density is small (Fig. 11). Figure 2
shows that the dominant peak is X, when the photoex-
citation is circularly polarized. This behavior is driven
by the dynamical valley polarization effect, wherein pho-
toexcitation of bright excitons in the K valley leads to
accumulation (depletion) of free electrons in the bottom-
most CB of the —K (K) valley [26, 49]. As a result, the
triplet formation is more effective because there are more
free electrons from —K that bright excitons in K can
bind with. Equally important, the PL intensity of triplet
trions is enhanced when their lifetime is enhanced. The
latter is caused by the depletion of electrons from the K
valley, which in turn suppresses the triplet-to-dark tran-
sition due to exchange scattering. A similar lifetime en-
hancement effect was discussed in the context of indirect
excitons in Sec. VA 2.

Turning to the PL intensity of positive trions, Figs. 2
and 7 show a gradual increase in the intensity of X+
when the hole density increases. This behavior can be
explained through the interplay between the formation
efficiency and lifetime of positive trions. The formation
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FIG. 11. Time-resolved PL measurements of bright trions in ML-WSez. The normalized PL of the positive trion is shown in
(a), singlet in (b), and triplet in (c¢). The PL bumps marked by the vertical arrows are artifacts due to laser reflections.

process requires that free holes bind to bright excitons be-
fore they turn dark. In the presence of holes, the darken-
ing of bright excitons through exchange scattering is inef-
fective, and they can only become dark through phonon
emission (K3 or I's). As was shown in Fig. 11(a), the
lifetime of positive trions does not depend on the density
of free holes. On the other hand, the trion formation
time is by definition faster when the density of free holes
increases. The outcome is a gradual increase in the PL
intensity of X+ when the density of free holes increases.
The PL intensity eventually ceases to grow when the for-
mation time of positive trions is much faster than the
darkening time of bright electron-hole pairs (i.e., when
all excited electron-hole pairs become positive trions).

C. Epilogue

Before we conclude this work, three points regarding
the previous analyses merit discussion. The first one
deals with the relation between charge density and gate
voltage. We have mentioned that a change of 1 V in our
devices amounts to a change of 10'" cm~2 in the density
of electrons (or holes). This correspondence is based on
a simple capacitance model [26, 50]. Yet, it is only true
when the ML is not photoexcited. Otherwise, the charge
density includes a contribution from charged complexes
(mostly dark trions). In other words, the density of free
electrons or holes in the photoexcited ML is smaller than
the one we would have sans photoexcitation. Thus, care
should be taken when one wishes to compare the calcu-
lated results at a given density of free electrons with the
experimental results at a given voltage level.

The second point deals with our assumption that the
phonon-induced scattering times are similar for all exci-
tonic complexes. Namely, we have assumed similar scat-
tering times when excitons, positive trions or negative tri-
ons interact with zone-edge phonons K3 and zone-center
phonons I's. The justification for this approximation is
twofold. Firstly, selection rules are such that only elec-
trons in the CB can interact with these phonon modes.
Secondly, the short-range nature of the electron-phonon

interaction with K3 and I's means that holes are specta-
tors and the scattering amplitudes are similar regardless
of whether we deal with free electrons, excitons, or trions.

The third and last point is that our calculations reveal
exchange scattering rates that are too fast compared with
the observed behavior in experiment. For example, the
measured singlet lifetime is 20 ps at 1 V, whereas the cal-
culated exchange-scattering lifetime is an order of mag-
nitude shorter when the charge density is ~10'! cm™2.
As mentioned in the first point, the electron density may
be evidently smaller than ~10'" cm™2 at 1 V when the
laser pulse introduces enough electron-hole pairs to con-
vert many of the free electrons to trions. We also empha-
size that the Coulomb potential we are using in this work
is the statically screened one (Appendix A). Therefore,
the discrepancy cannot be attributed to an overestimated
scattering potential.

With all these caveats taken into account, exchange
scattering still provides a compelling overarching argu-
ment to explain many of the observed phenomena we
see in experiment. And when augmenting the exchange
scattering mechanism with exciton-phonon interactions
(K3 and T'5), we get a self-consistent description of the
physics.

VI. CONCLUSION

We have studied the key role played by exciton-electron
and trion-electron exchange scattering. Whereas the sig-
nature of phonons can be readily recognized from phonon
replicas of dark and indirect excitonic complexes in the
emission spectrum, the signature of exchange scattering
is subtle. The latter effect can be recognized from the in-
tensity dependence of various optical transitions on the
charge density in the monolayer.

We have shown that exchange scattering in monolayer
WSe,; manifests through darkening of bright excitons
when the monolayer is lightly doped with electrons and
through darkening of bright trions when the monolayer
is moderately doped with electrons. On the other hand,
the exchange scattering does not darken the bright ex-



citon when the monolayer is doped with holes. Instead
of darkening, the scattering with free holes enhances the
energy relaxation of bright excitons, pushing them closer
to the light cone before they can become dark or indirect
by phonon emission. In addition, the exchange scatter-
ing mechanism helps us to better understand the fast
rise of the photoluminescence intensity of bright trions
as soon as electrons are added to the monolayer. The
trions’ darkening is suppressed at small electron densi-
ties, and therefore, their lifetime is enhanced. The effect
is lost when the density of free electrons continues to in-
crease and the bright trions turn dark through exchange
scattering.

The findings and conclusions of this work are not model
dependent. Namely, one would reach at similar conclu-
sions either by using a simple 2D hydrogen wavefunctions
and potential or accurate numerical techniques. The im-
portant two factors to keep in mind are the relatively
small dielectric screening, which leads to stronger scatter-
ing potential compared with conventional quantum well
systems. And most importantly, the reversed order of
the conduction-band valleys in tungsten-based monolay-
ers. The result of which is that dark excitonic complexes
comprise thermal electrons (i.e., from the bottommost
valleys in the conduction band). Together with the fact
that dark and indirect excitonic complexes lie lower in
energy than bright ones, we end up with the exchange-
driven darkening effect. In this view, the results we got
in this work for ML-WSes should be similar in ML-WSs,
wherein the spin-valley configuration of the conduction
band is the same.

To gain further understanding of optical properties in
monolayer semiconductors, future experiments and the-
oretical studies should provide better understanding of
the formation of bright excitonic complexes as a function
of laser power, excitation wavelength, and electrostatic
doping. Such understanding will shed light on the in-
terplay between the formation efficiency of bright com-
plexes and their lifetime, from which we can quantita-
tively model the photoluminescence intensity. To com-
plete the picture, we additionally need to better under-
stand the intrinsic types of non-radiative recombination
processes that govern the lifetime of dark excitons and
trions.
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Appendix A: Technical Details of the calculations

The exciton-electron and trion-electron matrix ele-
ments are calculated using the statically screened poten-
tial due to the presence of free electrons. We have used
the following statically screened potential to calculate the
exciton wavefunctions and matrix elements [18],

V.o 2me? 1
9 Aea(q) q+r(g)

A is the monolayer area and e4(q) is the dielectric screen-
ing function, where its g-dependence stems from non-
local effects [51-53]. In this work we have followed the
model in Ref. [35] for the dielectric function, but this
choice is not critical and the results should be qualita-
tively similar when choosing other models [54-56]. Using
the random-phase approximation (RPA), the screening
wavenumber is [57]

(A1)

2
1)1 (QSF) O(q — 2ks)

(A2)
gs = 1 and g, = 2 are the spin and valley degeneracies,
respectively. my, is the effective mass of an electron in the
bottommost CB valley. In hole-doped systems, this mass
is replaced with that of the topmost VB valley. kg is the
Fermi wavenumber related to the charge density through
2mn = k%. Omitting the term in square brackets on
the right-hand side of Eq. (A2) amounts to the Thomas-
Fermi approximation of an ideal 2D system. However,
this approximation overestimates the screening, leading
to unphysical results where the screening length is inde-
pendent of the charge density. The static RPA model
resolves this problem, where the screening is suppressed
when the wavenumber is larger than 2kp.

K(q) — gsgvezmb
h?ea(q)

Appendix B: Wavefunctions

We have used the stochastic variational method (SVM)
to express excitonic wavefunctions in terms of correlated
Gaussians [58-63]. We have followed the procedure in
Refs. [35, 47], where the wavefunctions of neutral excitons
have the form

o (o) = SO0y my

r, and r, are the position vectors of the electron and hole,
k. is the center-of-mass wavevector, and R, = (m.r. +
mpry)/(me+my,) is its position. The wavefunction of the
relative position component r = |rj, — r.| has the form

o(r) = ch exp (f%aﬂj) .
j=1

The number of correlated Gaussians needed to accurately
describe the ground state is n, and r is the distance be-
tween the electron and hole. Using this wavefunction

(B2)



form, we can perform the integration over r analytically.
That is, the matrix elements become a discrete sum over
elements that are expressed in terms of the (real) varia-
tional parameters, C; and «;. Given that it is sufficient
to use a few tens of correlated Gaussians to accurately
describe the exciton states, the calculation is efficient and
fast. Wavefunctions of trions have the form

exp(ikTRT) (I' I‘)
\/Z pry,r2),

lI}kT (rh7 r€,17 r6,2) =

N
p(ry,ra) = Z Cjexp (—air% — 51‘7’3 — Yy ~r2> . (B3)
i=1

where C; «;, §; and ~; are real variational parameters.
r1 = [rp—Te 1| and 1y = |rp—r. 2| are the distances of the
first and second electrons from the hole for negative trions
(and vice versa for positive trions). kp is the center-
of-mass wavevector, and Rp = (Me1Te,1 + Meole2 +
mpry)/(Me,1 + Me o +my,) is its position.

<X§akT+q7 bake*q |‘/eh+vee| X§7kT; bvke>

Ys(k —auq, p+apq) + ¥s(k + arq, p — apq) — Ys(k + aiq, p+abq)}-

The symbols are defined after Eq. (3) and we added that
&; = 1 —a;. The matrix element for the transition X+ —
X7 is different because both direct and exchange terms
leaves the trion at the same state (i.e., X remains X+
after scattering with a free hole). Repeating the analysis
for this case, the exchange matrix element is similar to
Eq. (3) and the direct one is similar to Eq. (C1). The
needed changes are ¥g/p — V¥x+, a; = ap = mp/Mx+
for ¢ = {b,t,D}, Vee = Vi = thl + th2, and the
free holes are from the topmost VB valley (j = ¢, and
k. — ky). The exchange and direct matrix elements of
dark trion transitions, D* — D are similar and require
the appropriate parameter changes.

Appendix D: Compiled list of parameters

The following parameters are used for ML-WSes.

1. The effective masses are m; = 0.29mg (top valley
of the CB), my, = 0.4my (bottom valley of the CB),
and my, = 0.36my (top valley of the VB) [34]. Using
these values, the translational exciton masses are
MXO = 065m0 and MDO = MIO = 076m0 Sim-
ilarly, the translational trion masses are Mx+ =
LO0lmo, My = My = 1.05mo, Mp+ = 1.12mg
and Mp- = 1.16mg. The kinetic energies of elec-
trons, holes, excitons and trions are evaluated by
parabolic energy dispersion.
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Appendix C: Matrix elements

The derivation of the matrix elements in Egs. (2) and
(3) follows the work of Ramon, Mann and Cohen [22].
The changes in this work are the consideration of various
excitonic species before and after scattering, inclusion of
static screening in the scattering Coulomb potential, and
the use of exciton and trion wavefunctions from SVM
instead of using hydrogen-type wavefunctions.

Figure 10 includes calculations of the intra-species
scattering rates between singlet trions (S — 5) as well
as between positive trions XT — XT. The former is
calculated assuming that the singlet trion scatters with
an electron from the bottommost CB valley that is not
occupied by the singlet electrons. This way, we can com-
pare the direct and exchange terms on equal footings (i.e.,
S — S vs S — D7). The matrix element for the transi-
tion S — D~ is provided in Eq. (3). The direct matrix
element for the transition S — S follows,

=T33 i p)f
k,p

(C1)

(

2. The non-local dielectric function, €4(q), and its pa-
rameters for hBN encapsulated ML-WSe, are the
same as in Ref. [35].

3. The energy values used in the calculations follow
empirical results. The spin splitting energy of the
CB is A, = 14 meV [31]. The difference in en-
ergy resonances of the exciton species are Apg =
40 meV and Ayp; = 31 meV. The resonance energy
of the negative singlet (triplet) trion is 19 (26) meV
above that of the dark trion. The resonance energy
of the positive trion is 33 meV above that of the
dark one.

One of the most important parameters in the anal-
ysis is A.. As we discuss in Sec. IIC, this parameter
has to be less than 19 meV. Otherwise, the bright sin-
glet negative trion would become more bound than the
dark trion. For example, if A, > 20 meV, the PL in-
tensity from singlet trions would not decay when elec-
trons are added to the ML, and the PL intensity from
dark negative trions would become much weaker. To
further explain this point, Figure 12 shows calculated
results of the transition rate from singlet to dark trion
with A, = 14, 18, 22, 26, and 32 meV. The free-charge
density is 3x10' cm~2 and the temperature is 4 K. We
see that the singlet-to-dark trion transition rate vanishes
at small kinetic energies when A, increases. This re-
sult means that if A, 2 20 meV, then the population of
singlet trions should become large because they cannot



become dark through exchange or through emission of
zone edge phonons K3 (see Sec. IIC). That we measure
a decay in the PL intensity of the singlet trion when elec-
trons are added to the ML is a strong indication that A,
is less than 20 meV.

Finally, it is emphasized that the effective mass param-
eters we use hardly affect the results. Figure 13 shows
results for the exciton transition rates with different ef-
fective masses. The left panel is taken from Fig. 9(b).
The middle and right panels refer to cases where all the
masses are 0.25mg and 0.5mg, respectively. While the
rates change by less than a factor of 2 or so, none of
the conclusions drawn in this work are changed. For
example, it is still the case that bright excitons turn
to indirect or dark excitons because of the exchange.
And it still seems to be a faster rate than the bright-
to-dark relaxation through phonon mode I's (<0.2 ps~1),
or bright-to-indirect relaxation through phonon mode K3
(0.5 ps~!). An important point to keep in mind when it
comes to the effective masses is that electrons in the bot-
tom CB valleys of ML-WSe, are heavier than in the top
valleys. This fact affects the way we evaluate A. based
on the energy splitting between the various energies of
the optical transitions (in addition to consideration of
the electron-hole exchange).
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FIG. 12. Calculated transition rates from the bright singlet
negative trion to the dark negative trion as a function of the
initial kinetic energy of the singlet trion. Results are shown
for five values of the spin-splitting energy in the CB. The
free-charge density is 3x10" ¢cm™2 and the temperature is
4K.
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FIG. 13. Calculated transition rates as a function of the exciton kinetic energy in the initial state for electron doped MLs.
The left, middle, and right panels show results with different effective masses. The free-charge density is 5x10'° cm ™2 and the

temperature is 4 K. Transition rates between indirect excitons (I — I) are not shown in these plots but they are similar to the
those between dark excitons (D — D).
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