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The optical properties of atomically thin semiconductors are dominated by excitons, tightly bound
electron-hole pairs, which give rise to particularly rich and remarkable physics. Despite their
importance, the microscopic formation mechanisms of excitons remain very poorly understood due
to the complex interplay of concurrent phenomena occurring on an ultrafast timescale. Here, we
investigate the exciton formation processes in 2D materials based on transition-metal dichalcogenide
(TMD) monolayers using a technique based on the control of excitation light polarization. It allows us to
distinguish between the two competing models of exciton formation: geminate and bimolecular
formation. The geminate process is the direct formation of the exciton from the initially photogenerated
electron-hole pair before the loss of correlation between them, whereas the bimolecular process
corresponds to the random binding of free-electron-hole pairs from the initially photogenerated plasma.
These processes control the exciton formation time. Our findings reveal that the luminescence intensity
is higher by up to 40% for circularly polarized excitation compared to linearly polarized excitation
for laser energy above the free-carrier gap. We show that this spin-dependent exciton emission
is a fingerprint of the bimolecular formation process. Importantly, we observe that exciton linear
polarization (valley coherence) persists even for laser excitation energies exceeding the gap. We
demonstrate that it is the result of a fraction of excitons formed by a geminate process. This shows that
two formation processes coexist for excitation energies above the gap, where both mechanisms operate
concurrently. Similar results obtained on the two most emblematic materials of the TMD semiconductor
family, WSe, and MoS, monolayers, confirm this dual formation mechanism. These findings overturn
the prevailing simplistic view of purely geminate or bimolecular exciton formation and provide crucial
insights into exciton physics and means to preserve spin or valley coherence. Our methodology can
be applied to a broader range of semiconductor for investigating the intricate interplay between
nonresonant excitation conditions, Coulomb interactions, electron-phonon couplings, excitonic
dynamics, and quantum coherence.
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Excitons, correlated electron-hole pairs bound by attrac-
tive Coulomb interaction, govern the optical response of
many semiconductors, and their characteristics have been
extensively investigated over several decades [1-6].
Despite their critical role in defining material properties
and the operation of many optoelectronic devices, the
precise mechanisms of exciton formation following non-
resonant light absorption remain inadequately understood

Published by the American Physical Society
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(a) Schematics of the investigated WSe, monolayer embedded in hexagonal boron nitride. Simplified illustration of the two

exciton formation processes in (b) real space and (c) reciprocal space. Colors in (b) are used to identify electrons and holes created by a
given photon. In (c), the parabolas correspond to the free-carrier continuum (dashed), the bright (X)) and dark (Xp) excitons (black and
gray parabolas, respectively); the blue arrows represent the laser excitation (the shaded region is the radiative cone), and the red arrows
represent the phonons. In the geminate process, the photogenerated electron and hole maintain mutual correlation until their binding into
an exciton. In the bimolecular case, the excitons are created through random binding of electrons and holes placed in the space

independent of each other.

for most semiconductors, including transition-metal
dichalcogenide (TMD) monolayers characterized by very
robust excitons with binding energy of hundreds of meV
[7]. Very few experimental results give direct insight into
the exciton formation process, despite the great progress
in the development of ultrafast spectroscopy. Time-
resolved experiments generally do not allow a clear
identification of the exciton formation mechanism since
there is a complicated interplay of various dynamical
processes occurring at the same time on ultrashort scales
(a picosecond or less): carrier-carrier interactions, emis-
sion of phonons controlling the carrier or exciton cooling,
coupling to light, etc. [3,8].

The current understanding of exciton formation distin-
guishes between two primary mechanisms: geminate and
nongeminate formation, the latter also known as bimo-
lecular formation. These two mechanisms are schemati-
cally represented in Fig. 1 and can be simply described as
follows: After optical excitation, an interband coherent
polarization is initially generated. For the geminate case,
this initial coherent electronic polarization produced by the
incoming photons is converted into a strongly correlated
(momentum and spin) electron and hole pair. These pairs,
or hot excitons, lose excess kinetic energy through multiple
inelastic scattering events and then eventually populate
low-energy excitonic states where recombination and
photon emission can occur. In this geminate process, the
electron and hole of the annihilated exciton can be traced
back to the same exciting photon, thereby preserving some
correlations between the incoming and outgoing photons.
In contrast, the nongeminate formation results from the
random bimolecular binding of independently distributed

electrons and holes: The emitting exciton in this bimo-
lecular process originates from an electron and hole created
by two distinct photons, implying that all correlations
were lost in the chain of events separating absorption
and emission [9,10]. In both cases, the process is usually
accompanied by emission of phonon, ensuring energy and
wave-vector conservation.

The distinction between these two processes is funda-
mentally important, as it determines the dynamics and
coherence of excitons and the capacity to exploit their
properties for both optoelectronic and quantum applica-
tions. For instance, exciton formation rates are linear with
the excitation rate for the case of geminate formation, but
quadratic for the case of bimolecular formation. Photon
emission from the latter suffers from additional latency
and jitter, as it relies on the predominantly random
encounters of two independent carriers. Geminate for-
mation provides a direct and more controllable pathway:
Since the electron-hole pair originates from the same
photon, exciton spin can be engineered through optical
orientation, thereby allowing for the deterministic control
of the exciton states. Geminate formation is required for
the transfer of quantum information carried by exciting
the photon to the exciton (spin or valley coherence),
which is crucial for quantum applications and the coher-
ent control of optical processes and quantum states [11].
Hence, geminate formation is preferred, but the condi-
tions in which this can be realized remain to this day
poorly understood and debated.

Indeed, the literature presents only few experimental
results giving direct insight into the exciton formation
processes, and bimolecular recombination largely

031078-2



EXCITON FORMATION IN TWO-DIMENSIONAL ...

PHYS. REV. X 15, 031078 (2025)

dominates for most traditional  semiconductors.
Bimolecular formation of excitons was demonstrated
early in silicon, which allowed the measurement of the
bimolecular formation coefficient [12]. In GaAs quantum
wells, several experimental investigations also demon-
strated the key role played by the bimolecular formation
process [13-21], and a square-law dependence of the
exciton formation rate on the density of electron-hole pairs
was evidenced. On the theoretical front, calculations
confirmed that the formation of excitons is bimolecular
for electron-hole densities larger than 10° cm™2 [9]. The
same work also revealed that geminate formation could
dominate at very low carrier densities, but this was never
experimentally confirmed in III-V quantum wells to our
knowledge. In high-quality GaAs and CdSe nanowires,
bimolecular formation of excitons from the uncorrelated
electron-hole plasma was also proposed to explain the
exciton dynamics [22-24]. Most interestingly, the gemi-
nate formation was most clearly evidenced in polar bulk
semiconductors like CdS due to the strong electron-
phonon coupling [25]. Photoluminescence excitation
(PLE) and photoconductivity spectra in these materials
show oscillatory behavior with a period equal to the LO
phonon energy, indicating the geminate formation of
excitons and their subsequent relaxation through LO
phonon emission. These results reveal special conditions
favoring geminate formation and the capacity of some
phonons to play a significant role in preserving electron-
hole correlations even for nonresonant excitations.

In TMD monolayers (MLs), both experimental and
theoretical investigations concluded that the formation of
excitons occurs over very short times, of the order of
picoseconds or less [26-32]. However, the exciton for-
mation process remains unclear, and contradictory results
are reported in the literature. Exciton binding energies,
typically on the order of hundreds of meV [7,33], and
strong exciton-phonon interactions may favor a geminate
formation under a wide range of excitation conditions in
these 2D semiconductors. Indeed, Robert et al. pointed out
that the strong exciton-phonon coupling should yield a
geminate exciton formation process even for high excita-
tion energy [34]. On the basis of ultrafast pump-probe
reflectivity experiments performed in an MoS, monolayer
(ML) for above band-gap excitation, Trovatello et al. also
suggested that the geminate mechanism mediated by strong
exciton-phonon interaction should be the dominant process
for the formation of excitons [29]. In contrast, in rather
similar pump-probe experiments performed on MoS,,
MoSe,, WS,, and WSe, monolayers, an exciton formation
from cooled electron-hole carriers was considered; this
corresponds to a nongeminate process [26]. It should be
emphasized that the time-resolved experiments do not
allow for a clear identification of the exciton formation
process and formation time since the dynamics are strongly
influenced by other relaxation processes such as carrier or

exciton thermalization and cooling [9]. Also problematic is
the fact that experiments usually involve rather large optical
excitation power. Dense photogenerated carrier densities
trigger nonlinear processes (Auger recombination, two-
photon absorption, interplay of excitons and electron-hole
plasma, screening of Coulomb interaction, etc.), complicat-
ing the interpretation or simply hiding the exciton formation
mechanism. On the theory side, Brem et al. calculated the
exciton formation and relaxation cascade in MoSe, mono-
layers with a fully quantum-mechanical description, but
the calculation was performed only for excitation energies
below the gap [35]. In another calculation of the exciton
formation assisted by longitudinal optical phonons in TMD
monolayers, an inverse-square-law dependence of the exci-
ton formation time was obtained, a clear signature of
bimolecular exciton formation process [27]. The dark
exciton formation was also investigated experimentally
and theoretically, but only the transfer from a bright photo-
generated exciton population was considered [36,37]. In
summary, the question whether the exciton dynamics in
TMDs are dominated by (i) the direct formation (geminate)
and relaxation of hot excitons or (ii) the relaxation of hot
carriers with subsequent exciton formation (bimolecular)
and relaxation has yet to be clarified. This important
knowledge gap persists despite remarkable advances in
ultrafast spectroscopy, as time-resolved experiments struggle
to isolate the microscopic formation processes from the
complex interplay of concurrent phenomena occurring on an
ultrafast timescale: hot carrier cooling, carrier-carrier inter-
actions, exciton formation, cooling to the emission light
cone, and exciton annihilation through emission. Alternative
experimental strategies must be developed to address this
knowledge gap.

In this work, we present two remarkably simple con-
tinuous-wave techniques which allow for discriminating
between geminate and bimolecular exciton formation
processes and apply them to two exemplary TMDs,
WSe, and MoS, monolayers, for excitation energies both
below and above the free-particle gap.

These techniques are based on an analysis of the
polarization-resolved intensities or the polarization state
of the exciton emission under excitation conditions where
either exciton populations or coherences are created.

For an excitation energy above the gap, we observe that
the total luminescence intensity of the bright excitons is
larger for circularly polarized laser light than linearly
polarized light. We show that this spin-dependent exciton
luminescence results simply from the different photogen-
erated populations of bright and dark excitons as a result of
the random binding of electrons and holes with different
spins; for a linearly polarized excitation, a larger fraction
of dark excitons is initially generated, yielding a weaker
population of bright excitons and hence a smaller lumi-
nescence intensity. This spin-dependent emission is a
fingerprint of the bimolecular formation process. On the
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contrary, the total luminescence intensity for excitation
energies below the gap does not depend on the laser
polarization, as expected for a geminate formation process.
In order to validate the technique and the methodology, we
carried out systematic measurements as a function of the
laser energy in different monolayers by means of PLE.

In a complementary manner, we have developed
another method to probe the geminate exciton formation
process. It is also based on the control of the polarization
of the excitation light, but this time we analyze the
polarization of the exciton luminescence. Remarkably,
for excitation energies above the gap, we observe that the
bright exciton luminescence is linearly polarized follow-
ing linearly polarized excitation. This linearly polarized
exciton emission called optical exciton alignment (or
valley coherence for TMDs) is a consequence of main-
taining the correlation between the initially photogen-
erated electron-hole pair. This can result only from a
geminate formation process because, evidently, any
random binding of free-electron-hole pairs from an
initially photogenerated plasma cannot yield linear
polarization of the emission. In contrast to previous work
where valley coherence was observed only for below-gap
excitation [38-43], we show that the observed exciton
linear polarization occurs on an excitation laser range a
few hundreds of meV above the gap; this corresponds to
the Sommerfeld enhancement region which is much
larger in TMDs compared to other semiconductor struc-
tures, as it was theoretically predicted recently [44].

Our results therefore demonstrate that the exciton
formation process is dual: The two formation mecha-
nisms (geminate and bimolecular) occur in parallel for
the typical excitation powers usually used in the optical
spectroscopy experiments of 2D TMDs. This means that
we must go beyond the simple description used until now
of either a totally geminate or totally bimolecular for-
mation process. We develop an analytical model taking
into account both processes, which is in very good
agreement with the measurements.

The determination of the exciton formation process we
demonstrate here in WSe, and MoS, monolayers should
apply to many other semiconductor nanostructures, in
which spin-valley-locking effects do not occur. This
includes quantum wells, perovskites, various 2D materials,
and moiré heterostructures [45-52].

The organization of this paper is as follows: The results
of spin-dependent luminescence intensity in WSe, mono-
layers as a probe of the bimolecular exciton formation
process are presented in Sec. II. The measurements of
exciton linear polarization as a probe of geminate exciton
formation are detailed in Sec. III. Similar investigations
performed in MoS, monolayers are summarized in Sec. I'V.
Section V presents the exciton formation model which
gives results in very good agreement with the measure-
ments. The conclusion is given in Sec. VI.

I1. SPIN-DEPENDENT EXCITON LUMINESCENCE
INTENSITY AS A PROBE OF BIMOLECULAR
EXCITON FORMATION

A. Basic principle of the technique

We first show that a clear signature of bimolecular
exciton formation can be obtained by simply measuring
the total photoluminescence intensity of optically active
(“bright”) excitons for different polarizations of the laser
excitation. The technique we present here is based on the
control of the spin polarization of photogenerated carriers
using optical orientation.

As the principles of the technique are very general
and can be applied to many semiconductor structures,
we present it first in a simple situation where we consider a
conduction band (CB) with electron spins either 1 or |, and
a valence band (VB) with missing electron (hole) spins 1
or |J. Such a system corresponds to the “simple bands”
model in semiconductor physics.

Let us first consider a bimolecular exciton formation
process. As a result of the optical selection rules, a right
(c1) or left (67) circularly polarized excitation yields the
photogeneration of 11 and | || electron-hole pairs, respec-
tively [53]. So, only 11 excitons are generated following
ot excitation. In contrast, a linearly polarized excitation
(%), which can simply be viewed here as a superposition
of 67 and o~ excitation, generates equal populations of
MU, L, and | ) excitons as a result of the random
binding of electrons and holes; see Fig. 2(a). Excitons with
parallel spins (11} or | {}) can couple to light, whereas
excitons with antiparallel spins (11 or | ) are optically
inactive (“dark™), as the electric dipole operator does not
change the spin.

If we neglect in this first simple presentation, the
relaxation from bright exciton to dark exciton during
the lifetime, then we expect to detect a total luminescence
intensity twice as strong for a circularly polarized excitation
(6") as for a linearly polarized excitation (¢*)

e
Ilin

for the same incident power. In Fig. 2(a), we illustrate this
process considering four excitation photons. As a result of
the bimolecular exciton formation process, the ot (%)
excitation yields the radiative recombination of four (two)
bright excitons.

Let us consider now a geminate formation process. As
schematically shown in Fig. 2(b), the circularly polarized
excitation o yields the formation of 100% bright excitons,
similar to the bimolecular case. The key difference occurs
for linearly polarized excitation which yields the photo-
generation of only bright excitons in the geminate case as
well since the exciton formation occurs via a virtual state in
the radiative window; see Fig. 1(c). In fact, only the bright
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FIG. 2. Schematic illustration of the (a) bimolecular and (b) geminate exciton formation processes for circularly or linearly polarized
excitation light. For the bimolecular process, the right (6) circularly polarized excitation generates at = 0 11} electron-hole pairs
which bind into 11} excitons. In contrast, the linearly polarized excitation photogenerates equal population of 11, 14}, |, and | |
excitons as a result of the random binding of electrons and holes; i.e., half of these excitons (1|} or | f) are optically inactive (dark). Just
after the photogeneration, the total luminescence intensity is expected to be twice as strong for a circularly polarized excitation as for a
linearly polarized excitation: (I /I};,) =2. On the contrary, the same reasoning applied to the geminate formation leads to a
luminescence intensity which does not depend on the polarization of the excitation: (I, /I};,) = 1. (¢),(d) Band structure of a WSe,
monolayer (only the top valence band A is considered) showing (c) the bright exciton X, recombination in the K™ valley and (d) the
intervalley dark exciton /_;, which can relax to the spin-forbidden X, dark exciton through an intervalley K3 phonon emission.

exciton can be initially photogenerated, whatever the
polarization of the excitation light. As a consequence,
the total exciton luminescence intensity should not depend
on the polarization of the excitation light; i.e., we expect

|
Ly

in the case of the geminate formation process. In summary,
the measurement of the exciton total luminescence intensity
for different excitation laser polarization reveals precious
information on the exciton formation process.

B. Spin-dependent exciton luminescence
in WSe, monolayers

To test the validity and generality of this technique, we
applied it to the two most studied two-dimensional materi-
als in the TMD family. We first present the results on WSe,
monolayers, and we demonstrate in Sec. IV that the same
technique also provides information on the exciton for-
mation process in MoS, monolayers.

Figure 3(a) presents the photoluminescence spectrum
following a laser excitation energy E.. = 1.848 eV of a

hexagonal-boron-nitride- (hA-BN) encapsulated WSe,
monolayer [see Fig. 1(a) and Appendix A for sample
details]. In agreement with previous reports, the lumines-
cence is dominated by two clearly identified lines corre-
sponding to the recombination of the bright exciton Xés
(1.708 eV) and the spin-forbidden dark exciton Xp
(1.669 eV) [54-56]; their linewidths are 2.1 and 1.6 meV
(full width at half maximum), attesting to the high quality
of the sample. The bright (dark) exciton results from the
recombination of an electron from the top (bottom) con-
duction band and a hole in the valence band [see Fig. 2(c)].
For the sake of simplicity, we consider here only the top
valence band corresponding to A-exciton formation. We
recall that the optical selection rules dictate that the Xp,
exciton is optically forbidden for in-plane polarized light;
however, it can couple to z-polarized light. In the experi-
ments presented here, the light propagates mainly along z
(perpendicular to the WSe, ML plane), but we use a
microscope objective with high numerical aperture
(NA = 0.82) yielding the detection of a fraction of this
z-polarized dark exciton luminescence [57,58]. As the spin
forbidden dark exciton energy is lower than the energy of
the bright exciton, its PL intensity is significant despite a
weak oscillator strength [59]. Interestingly, we observe very
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FIG. 3. WSe, monolayer. (a) Photoluminescence spectrum (blue curve) showing the bright exciton X(l)‘ and the spin-forbidden dark
exciton Xp; the excitation energy is E.. = 1.848 eV, and the laser is linearly polarized. (b) PLE spectrum: variation of the
luminescence intensity of the bright exciton X* [shaded area in Fig. 3(a)] as a function of the exciton laser energy for a fixed excitation
power of 1 uW. (c) Differential reflectivity spectrum (DR/R) showing the different exciton excited states; E, is the free-carrier gap (see

text for details).

weak PL components associated with the recombination of
charged excitons (which should lie between X(‘)“‘ and Xp)
[55,60,61]. This demonstrates a vanishingly small doping
of the sample and allows us to neglect possible additional
exciton formation channels assisted by resident carriers
[45,62]. Figure 3(b) displays the variation of the X}*
luminescence intensity as a function of the energy of the
laser; this PLE spectrum, which probes the optical absorp-
tion, reveals well-identified exciton excited-state peaks X?°,
X3¢, and Xg*, which also appear clearly in the differential

reflectivity spectrum shown in Fig. 3(c) [33]. The energy
gap E, (shown by the green vertical arrow) has been
determined in a very similar sample by performing
magnetoabsorption experiments in high magnetic fields
which yield a binding energy of the X}* exciton of
E, =167 meV [63,64].

Figure 4(a) presents the total intensity of the bright
exciton X}* luminescence spectrum following a circularly
polarized or linearly polarized excitation laser; the energy
of the laser is below the gap (Eq = 1.867 eV < E).
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FIG. 4. WSe, monolayer. Polarization-dependent luminescence intensity. Total luminescence spectrum of bright exciton X(I)S
following linear or circular excitation for (a) excitation energy below the free-carrier gap E; (Eqi. = 1.867 €V), and (b) above E,
(Eexe = 1.919 eV). The ratio 1./ I;;, corresponds to the spectrally integrated total luminescence intensity ratio. (c) and (d) correspond to
the same type of measurement for the dark exciton Xp. Note the opposite behavior in terms of relative intensity for bright and dark
excitons [compare (b) and (d)]. PLE spectra of (e) bright, (f) dark excitons for excitation energies above the gap for both circular and
linear excitation; the corresponding intensity ratio is also plotted as a function of the excitation energy.
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The total intensity corresponds to the sum of right and left
circularly polarized luminescence components. We observe
that the two spectra are superimposed yielding a ratio of
I/Ii, = 1 +£0.02. We have confirmed that this ratio is
always equal to 1 when the energy of the excitation laser is
below the gap (X} < E¢pe < E,). Moreover, this ratio does
not change when the orientation of the linear polarization in
the monolayer plane is varied (not shown). Following the
discussion in Sec. II A (see also Fig. 2), this demonstrates
that the exciton formation process is geminate. This result
is expected when the excitation laser is below the gap since
no free-electron-hole pairs are initially photogenerated in
these conditions. The oversimplified presentation of Fig. 2
considers an instant just after exciton formation. Over time,
arelaxation of the bright to dark states will occur, but it will
affect the bright and dark populations in the same way for
circular or linear excitation [65]. This explains why the
ratio remains equal to 1 even for a stationary detection of
the photoluminescence intensity.

Figure 4(b) shows that the same experiments performed
for a laser excitation energy above the gap yield very
different results. Remarkably, the total luminescence inten-
sity is larger for circular excitation compared to linear
excitation (though the excitation power is strictly the same);
for E.. = 1.919 eV, we measure I /I, = 1.25 +0.02.
This behavior was never evidenced before in TMDs to our
knowledge. As shown in Fig. 2(a), a luminescence ratio
larger than 1 is a fingerprint of bimolecular formation
process, as a consequence of the population of dark
excitons following linear excitation. The simplified picture
presented in Fig. 2 with a calculated ratio of I /I, = 2
corresponds to the emission characteristics just after the
laser excitation, neglecting any spin and valley relaxation.
In contrast, the measured ratio in Fig. 4(b) corresponds to a
stationary result. The model presented in Sec. V allows us
to calculate the stationary luminescence ratio taking into
account the relevant relaxation channels. In the reasoning
carried out so far, we assumed that 100% of the excitons
were formed by a bimolecular mechanism for an excitation
above the gap. As we will show in the next section, this is
not the case, and if a fraction of the excitons follows a
geminate formation process, this will also automatically
lead to a value smaller than 2. Figure 4(e) shows the
variation of the ratio /. /I};, of the bright excitons as a
function of the excitation laser energy E.. > E,. It is
typically in the range of 1.5-1.1 up to E,,. ~2.08 eV; for
higher excitation energies, it drops down to 1 due to the
geminate formation of B excitons, which was neglected so
far (note that B excitons are responsible for the broad PLE
peak at E. . = 2.13 eV involving the second spin-orbit-
split valence band of WSe, ML).

We also measured the spin-dependent luminescence of
dark excitons Xp. As shown in Fig. 2(a), linearly polarized
excitation yields the generation of 50% dark excitons with
antiparallel electron-hole spin in the case of strictly

bimolecular formation process, whereas no dark excitons
are initially photogenerated after a circularly polarized
excitation. Because of the specific band structure of
TMD monolayers with the two nonequivalent valleys
Kt and K~, the dark exciton initially created as a
consequence of the random binding of electron-hole pairs
is an indirect exciton with the electron with spin 1 lying in
the top CB valley in K™ and a hole with spin |} in the K
valley. This exciton cannot couple to light in a single-
photon process: It is both momentum and spin forbidden.
However it was shown that the electron in the top CB can
experience an efficient intervalley spin-conserving relaxa-
tion process (through emission of a K3 phonon) and ends
up in the bottom CB in valley K—; see Fig. 2(d) [55,66].
This process leads to the formation of the dark exciton Xp,,
which can couple to z-polarized light and is clearly visible
in the luminescence spectrum in Fig. 3(a). As a conse-
quence, the Xp luminescence intensity should be a good
probe of the initially formed indirect dark excitons 1 ).

Figure 4(c) displays the total intensity of the dark exciton
Xp luminescence spectrum following a circularly or lin-
early polarized excitation laser; the energy of the laser
is below the gap (Eq, < E,). The two spectra are super-
imposed yielding a ratio I /I, ~ 1, as expected for a
geminate formation process. In Fig. 4(d), the result of the
same experiment performed for a laser energy above the
gap is presented. Remarkably and as expected, the Xp
luminescence intensity is larger for the linearly polarized
excitation, as more dark excitons are initially created. Note
the reversal of the ratio compared to the bright exciton
luminescence displayed in Fig. 4(b). For the dark exciton,
the ratio is smaller than 1, as expected for a bimolecular
formation process; we find I /I, = 0.81 +0.02.
Figure 4(f) shows the variation of the ratio I./Ij, of
the dark excitons as a function of the excitation laser energy
E. > E,. It is typically in the range 0.75-0.9 up to the
energy of the B excitons.

III. EXCITON LINEAR POLARIZATION AS A
PROBE OF GEMINATE FORMATION

We will now show that a complementary technique,
also based on the control of the spin polarization of the
carriers, can provide additional information on the for-
mation of excitons. Let us recall that, for resonant excita-
tion, circularly polarized light generates excitons in the
basic (Bloch) states | + 1) (“circular excitons”) and linearly
X- or Y-polarized light creates excitons in the coherent
superposition states |X) = (| + 1) + | —1))/v2and |¥) =
(| + 1) — | = 1))/iv/2 (“linear excitons™). If the coherence
between the |+ 1) and | — 1) components is preserved
during the lifetime, the exciton luminescence remains
linearly polarized. This effect is known as optical align-
ment of excitons [25,53]. In the context of TMD mono-
layers with nonequivalent K valleys, the observation of
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linear polarization is also known as exciton valley
coherence [38,39,67].

To obtain linearly polarized exciton emission, a corre-
lation must be maintained within the initially photogen-
erated electron-hole pair. This can result only from a
geminate formation process, as the random binding of
free-electron-hole pairs from an initially photogenerated
plasma cannot yield linearly polarized emission because
electron and hole wave functions have random phases. As a
consequence, linear polarization of exciton luminescence is
usually observed only for strictly resonant excitation of the
exciton or for excitation laser energies smaller than the free-
carrier gap—the conditions where the formation process of
the exciton is geminate [68,69]. We now demonstrate that
in the TMD monolayers, a significant linear polarization of
luminescence is observed, even for an excitation energy
above the free-carrier gap. This reveals that a fraction of the
excitons is formed by a geminate process in which a
correlation between the electron and the hole is maintained
during the formation process. This effect, which has never
been reported in III-V bulk or quantum well structures,
results from the exceptionally strong Coulomb interactions
in TMDs.

Figure 5(a) presents the variation of the linear polariza-
tion Py, = [(IX — 1Y) /(IX + IV)] of the neutral exciton X}*
luminescence as a function of the excitation laser energy.
Here, IX(I") is the luminescence intensity copolarized
(cross polarized) with the linearly polarized excitation
laser; the PLE intensity /X copolarized with the laser is
also plotted. For excitation energies below the gap, very
large linear polarization (>60%) is observed in agreement
with previous reports [38,39]. In particular, we measure
Py, ~65% when the laser energy is strictly resonant
with the 2s exciton excited state X(Z)S, indicating that
energy relaxation from X%“' down to X}° preserves the
linear polarization (valley coherence) of the exciton.
Remarkably we also observe a significant linear polariza-
tion of the exciton luminescence for excitation energies
larger than the free-carrier gap E,. Luminescence linear
polarizations as large as 30% are measured with an
oscillatory behavior that will be discussed in Sec. V. We
have carefully verified that this exciton linear polarization
is not a consequence of a symmetry-lowering perturbation,
such as local strain or localization. Figure 5(c) displays the
variation of the exciton linear polarization as a function of
the laser linear polarization rotating in the ML plane:
Within the experimental uncertainties, the exciton linear
polarization follows the measured laser linear polarization.
Moreover, a detailed analysis of the data allows us to rule
out Raman processes as the origin of this observed
polarization (see Appendix C).

The observed exciton linear polarization persists over an
excitation laser range of a few hundreds of meV above the
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FIG.5. WSe, monolayer: valley coherence. (a) Luminescence
linear polarization of the bright exciton X}* as a function of
the energy of the linearly polarized excitation laser. The blue
line displays the variation of the copolarized luminescence
intensity (PLE). (b) Variation of the PL linear polarization of
the bright excitons X}* as a function of the excitation power
(Eexe = 1.92). The inset in (b) shows the PL linear polarization
as a function of the excitation energy for two different
excitation powers. (c) Normalized angle-dependent polar plot
of the laser and the bright exciton X} luminescence linear
polarization.
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gap before vanishing. This corresponds to region where the
residual effect of the Coulomb mutual attraction between
an electron and a hole gives rise to a correlation of their
relative position in space and an enhanced wave-function
overlap, yielding a larger absorption compared to free
carriers, the so-called Sommerfeld enhancement factor.
Recent theoretical work predicts that this enhancement
factor is particularly large in 2D materials and influences
the absorption spectrum over an energy range up to
approximately 400 meV above the gap for WSe, ML, a
much larger value compared to other semiconductors due to
stronger Coulomb effects [44]. The observation of the
exciton linear polarization in the region corresponding to
the Sommerfeld enhancement is perfectly consistent since
linear polarization can exist only for a geminate formation
process which requires a correlation between the electron
and the hole to be maintained.

We tested the reproducibility of the results by performing
the same experiments on a very high-quality WSe, charge-
adjustable structure tuned at the neutrality point. The mea-
surements of both the spin-dependent luminescence intensity
and the luminescence linear polarization confirm the results
already presented for the first sample (see Appendix B).

In summary, we have demonstrated that for an excitation
energy above the gap in WSe, MLs, a fraction of the
excitons is formed through a bimolecular process (see
Sec. II B). while simultaneously, another fraction follows a
geminate process, as evidenced by the measurement of
linearly polarized luminescence. Interestingly, the mea-
sured exciton linear polarization decreases with increasing
excitation laser power, as shown in Fig. 5(b) for
E.. =192 ¢eV. In the investigated power range, the PL
intensity depends linearly on the excitation power, and
Auger-like nonlinear effects play a negligible role [70,71].
This power dependence will be discussed in more detail
in Sec. V. However, the effect can be interpreted simply at
this stage as being the result of a decrease in the fraction of
excitons formed with a geminate process since the prob-
ability of bimolecular formation increases with an increase
in the excitation power, unlike geminate formation, which
must follow a linear dependence.

IV. EXCITON FORMATION IN MoS,
MONOLAYERS

In order to demonstrate the generality of the proposed
techniques and results of the exciton formation process in
TMDs, we performed the same type of experiments in
MoS, monolayers. Figure 6 presents the total luminescence
intensity of the bright exciton X}* following circular or
linear excitation. Similar to the WSe, monolayers,
we measure [ /I;,, =140.02 for excitation energies
below the free-carrier gap [Fig. 6(a), E.. = 2.0 eV],
confirming the geminate formation of excitons. In contrast,
for laser excitation energies above the gap [Fig. 6(b),
E.. = 2.194 eV], the luminescence intensity depends on

the polarization of the laser and we find I /[, =
1.1 £ 0.02, as a consequence of a bimolecular formation
process for a fraction of the photogenerated excitons. In
contrast to WSe, ML, we cannot confirm the bimolecular
binding of electron-hole pairs by measuring the lumines-
cence intensity ratio of dark excitons. In MoS, MLs, the
observation of the dark excitons Xp, which lies 14 meV
below X[¥, requires the application of a large transverse
external magnetic field [72].

The PLE spectrum detecting the X} luminescence is
displayed in Fig. 6(c); the vertical arrow indicates the
energy of the free-carrier gap E, (the binding energy of
the 1s exciton in A-BN-encapsulated MoS, monolayers is
E, =220 meV) [64]. As for WSe, MLs, we clearly
observe the peaks associated with the exciton excited states
X3¢ and X;°. For an excitation energy slightly below X2°,
we also note the presence of another peak corresponding to
the photogeneration of B excitons (X5) involving the
second valence band (the valence-band spin-orbit splitting
in MoS, is much smaller than that in WSe,) [73,74]. We
have also measured the variation of the X)* PL linear
polarization as a function of the linearly polarized excita-
tion laser energy. Unlike most semiconductors, a clear
linear polarization of the emission is observed for excitation
energies above the gap as a consequence of geminate
formation; this is the same observation as for WSe, seen
in Fig. 5(a). We also measure a decrease of the linear
polarization when the excitation power increases [Fig. 6(d)].
A significant linear polarization is also observed for exci-
tation energies below the gap, as expected. Interestingly,
when the laser energy is resonant with the X} exciton
(approximately 2.08 eV), the linear polarization drops
almost down to zero. This shows that the hole scattering
from the B to A valence band induces a loss of the spin and
valley coherence.

In summary, the measurements in MoS, monolayers
confirm the results obtained with WSe, monolayers. For
excitation energies above the gap, two exciton formation
processes exist in parallel: A fraction of excitons is formed
by random bimolecular binding of electron-hole pairs,
whereas a geminate formation occurs for the other fraction.

V. MODEL AND DISCUSSION

To further interpret the experimental results, we have
developed an analytical model considering both geminate
and bimolecular formation processes. In order to simplify
the notations in this section and in Fig. 7, the bright (X/*)
and dark (Xp) excitons write simply B and D, respectively.
Figure 7 presents the schematics of the band structure and
the main relaxation channels we considered in order to
model the electron-hole dynamics (the relevant relaxation
times are also listed in Table I). The role of phonons in the
exciton formation process is described theoretically in
Appendix D.
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Let g be the generation rate (the density of electron-
hole pairs injected by the laser per unit time), and we
introduce the parameter x as the fraction of photogenerated

K-
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FIG. 7. Schematic illustration of the WSe, monolayer band
structure showing the bright excitons (B, and B_), the dark
excitons (D and D_), and the intervalley exciton /_4 considered
in the model. The relaxation processes described by the time
constants 7, (the intravalley spin relaxation) and 7, (the spin-
conserving intervalley relaxation time) are also shown.

electron-hole pairs which participate in a bimolecular
formation process; hence (1 — x) of the carrier pairs bind
to form excitons via the geminate process. The density of
electrons in the top (bottom) CB in valley K" is denoted
as n.4 (n. ), and the symmetric notations (n_,,n_,) are
used for the populations of the CB in the K~ valley; p, and
p_ are the densities of holes in the K™ and K~ valleys,
respectively. For the valence band, we consider only
the topmost spin subbands due to significant spin-orbit
splitting.

TABLE 1. The different relaxation times considered in the

model.

7, Radiative time of bright excitons

7, Radiative time of dark excitons

7, Intervalley electron relaxation time (spin conserving)

7,  Electron spin-relaxation time (top to bottom CB)

7,p EXciton spin-relaxation time (long-range exchange
interaction)

7,  Exciton nonradiative recombination time

7z  Effective decay rate of bright exciton [Eq. (6)]
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For the sake of simplicity, we make the following

approximations:

(i) We neglect any nonradiative recombination channels
for free-electron-hole pairs (on defects or impu-
rities). This could be easily included in the calcu-
lation, but it does not change the conclusions on the
polarization-dependent luminescence intensity.

(ii) We also disregard electron or hole intervalley spin-
relaxation time (which requires simultaneous spin
and valley flips). These processes occur on typical
timescales of the order of microseconds, much
longer than all the other characteristic times involved
here (radiative recombination, intravalley relaxation
time, etc.) [75,76].

(ii1) As the dark excitons lie a few tens of meV below the
bright ones (approximately 40 meV for WSe, ML),
we consider only relaxation mechanisms from
bright to dark species; the reversed processes at
low temperatures are negligible.

We next analyze the two relevant cases of (i) circularly
polarized and (ii) linearly polarized excitation.

A. Circularly polarized excitation

Let us consider first a circularly polarized excitation
(6+). The generation rates are written as g, =g, g_ =0,
and we have p_ = 0. Considering the bimolecular for-
mation process, the free-electron-hole-pair dynamics is
governed by the following equation (the free-electron-hole
pairs quickly bind, forming bright excitons):

dn+T

1 1
g [VPJr +T_u+_] Nyt = XG4, (1)

Ts

where y (cm?/s) is the bimolecular exciton formation rate.
The intravalley electron spin-flip from top to bottom
conduction band is due to chiral I's phonons and charac-
terized by the time constant z, [65,77,78]. In Eq. (1) 7,
denotes the spin-conserving intervalley electron relaxation
time (from top CB in the K™ valley to bottom CB in the K~
valley, for instance) [55]. We assume that this relaxation
time also controls the lifetime of the momentum-indirect
exciton X,T; see below.

Under the reasonable assumption that the electron-hole
dynamics is mainly governed by the binding to excitons,
we obtain in the steady state from Eq. (1):

NPy =7 'xg,. (2)

Equation (2) is obtained in the so-called strong-binding

regime where
1L /1 1)\2
g>>—<——|——> . (3)

On the other hand, the pumping should be sufficiently
low to neglect exciton-exciton interaction and nonlinear
processes. We expect that this criterion is fulfilled in the
experimental conditions. Thus, the bright exciton popula-
tion B, in the K™ valley is governed by (see Fig. 7)

dB, [1 1 1 1 B, —B_
it S [ R R - =
dt - |:TU * Tr * Ty * TS:| " - ZTSB
=1 =x)gs +xyni1ps. (4)

An analogous equation with + <> — holds for the B_
exciton population in the K~ valley. The exciton spin and
valley relaxation time 7,z of the bright excitons is due to
long-range exchange interaction [79-81]. 7, is the bright
exciton radiative recombination time, and 7, is the non-
radiative recombination time [34,82]. The first (second)
term on the right-hand side corresponds to the geminate
(bimolecular) formation process. Under condition (3)
and using Eq. (2), we obtain for the right-hand side
(1=x)gy +yniypy =g, because, in the absence of
nonradiative and spin and valley processes for free-
electron-hole pairs, all the absorbed photons convert to
the excitons either directly (via the geminate process) or
through the free-electron-hole pairs (bimolecular process).

Bright excitons, in turn, feed the dark excitons charac-
terized by populations D, and D_ in the corresponding
valleys due to the intravalley electron spin relaxation with
the time constant z,. Their dynamics is given by

dD. D, B,
dt * T, T, )
where, as discussed previously, we assumed that the main
decay channel of the intravalley dark excitons was their
nonradiative recombination given by the time z,. It plays a
negligible role for bright excitons [83—-85]. However, it
governs the lifetime of dark excitons since their radiative
lifetime is at least 3 orders of magnitude longer than the one
for bright excitons [57,59,86].

By introducing the effective decay rate of bright excitons

1 I 1 1 1
—=—t—+—+—, (6)
TB Ty Tr Ts Tx
we get the populations of bright and dark excitons in the
following simple form:

B=B,+ B_ =139,
D=D,+D =B=. (7)

Ts

Note that the bright exciton spin flip controlled by the z,p
constant leads to a redistribution of exciton populations
between the valleys but does not affect the total population
of excitonic states.
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B. Linearly polarized excitation

The generation rates are now written as g, = g_ = g/2.
The bimolecular process allows for formation of both intra-
and intervalley excitons owing to, e.g., the binding of the
spin-up electron in the K valley with the hole in the same
valley or in the opposite valley K. Instead of Eq. (2), we
have the following relations [under the conditions (3)]:

Y
np(pytpo)=n_y(p-+p)=r"'=, pi=p_, (8)

>
where we assumed that the intra- and intervalley exciton
binding rates are equal.

Dark excitons are generated via two paths: from the
bright excitons, as a consequence of the intravalley electron
spin relaxation (z,) and form the intervalley excitations I |,
or I_, via the intervalley electron spin relaxation (z,) (see
Fig. 7). As explained in Sec. II, intervalley excitons with
opposite electron and hole spin (I or I_;) can be
generated following linearly polarized laser excitation
via the bimolecular binding process. As a result, we have

BEB++B_:13g<1—§>,

T
D=D,+D =BZ+7xY, (9)

T4 2
where we assumed that the main decay process of the
intervalley excitons was governed by the intervalley elec-
tron relaxation time 7, (we checked that the consideration

of the additional intravalley spin relaxation channel does
not change the results significantly).

C. Total luminescence intensity ratio for circular
and linear excitation

The total luminescence intensity of bright (/%) and
dark (IP) excitons under steady-state conditions can be
written simply:

B
IP=— and [P=—, (10)
T

D
r Td
where 7, and 7, are the radiative recombination time of the
bright and dark excitons, respectively.

From Eqgs. (6) and (8), we can calculate the ratio between
the total luminescence intensity following circular or linear
excitation. For bright excitons and dark excitons, respec-
tively, we obtain

(11a)

(11b)

Naturally, if 100% of the excitons are formed by the
geminate process (x =0), we find as expected that
both ratios are equal to 1. This is in agreement with
experimental results obtained for WSe, and MoS, mono-
layers when the excitation laser energy is below the gap
(Figs. 4 and 6).

Considering now that 100% of the excitons result from
bimolecular random binding of electron-hole pairs (x = 1),
Eq. (11a) predicts that the luminescence intensity of bright
excitons will be larger for circular excitation compared to
linear excitation; this is consistent with the experimental
results obtained for laser energies above the gap where a
fraction of excitons is generated via the bimolecular
process. For a purely bimolecular process, we find strik-
ingly aratio 12 /If = 2, a value identical to the one which
can be very easily estimated just after the photogeneration;
see Fig. 2(a).

Indeed, for x = 1, half of the photogenerated electron-
hole pairs form bright excitons through binding within
the same valley and the other half of electron-hole pairs
form intervalley excitons, which, under our assumptions,
cannot be converted to the bright ones due to the long
intervalley spin-flip time. At the same time, the ratio of
the dark exciton emission under the circularly and
linearly polarized emission is sensitive to the ratio of
the bright exciton lifetime 7z and the intravalley electron
spin relaxation time 7, because this ratio determines the
relative efficiency of the two channels of the dark exciton
formation: from the bright states via electron spin flip or
from the intervalley excitons via the spin-conserving
electron valley flip.

The decay rate of bright excitons 7y is controlled by the
very short radiative lifetime [Eq. (5)]: 73 ~7,~2 ps
[34,59]. The intravalley spin-relaxation time was estimated
as 7, =~ 10 ps [65]. This yields a calculated ratio for dark
excitons (x = 1): 12 /IP = 0.3. This ratio smaller (larger)
than 1 for dark (bright) excitons is perfectly consistent with
the measurements shown in Fig. 4. However, we have
assumed so far that 100% of excitons are formed by the
bimolecular process. The observation of linear polarization
of photoluminescence for both WSe, and MoS, mono-
layers for excitations above the gap clearly demonstrates
that a fraction of the exciton is formed following a geminate
process. This means that 0 < x < 1.

By comparing the measured and calculated values,
we can make a crude estimate of the fraction x of excitons
formed by the bimolecular process. For WSe, ML, we
measured I, /I;,, = 1.25 (see Fig. 4). Using Eq. (11a), this
ratio would correspond to x = 0.4. As the excitons formed
by a bimolecular process yield no linear polarization,
a fraction of x = 0.4 would yield a linear polarization of
Pj;, ~ 60%. This value is larger than the one we measure in
Fig. 5(a), Pj;, ~ 30%. This is related to the fact that we have
not taken into account the relaxation of linear polarization
between the excitation and detection.
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Although the approach is simplified, our analytical
model accounts very well for the experimental results
and confirms that the exciton formation for excitation
energies above the gap has both a geminate and a
bimolecular contribution.

Let us now discuss the PL linear polarization oscillations
observed in Fig. 5(a) in WSe, ML. The photoluminescence
and photoconductivity exciton spectra of various semi-
conductors are known to display oscillatory behaviors
[25,87-91]. These oscillations originate either from the
relaxation of hot carriers or hot excitons governed by
phonon resonances. In contrast to prior work in other
semiconductor structures, the oscillations measured in
Fig. 5(a) are observed mainly on the linear polarization
of the 1s exciton and much less on the total luminescence
intensity. We have performed a detailed analysis of these
oscillation periods (see Appendix C). We measure a
period of about 19 meV for the first set of oscillations
below gap and approximately 74 meV for the second
set of oscillations appearing exclusively above gap.
Remarkably, these energies correspond to the energy of
one K| phonon and two ZO phonons (I" valley), respec-
tively [55,92]. In MoS, MLs, PL linear polarization
oscillations appear much less clearly in Fig. 6(c).
However we observe a modulation of the polarization
with a period close to E' ~47 meV, which could corre-
spond to the energy of the LO-TO phonon [93-95].

The competition between the two formation processes
could explain the decrease of the measured linear polari-
zation observed in both WSe, and MoS, MLs when the
excitation density increases [Figs. 5(b) and 6(d)]. Although
exciton-exciton collisions can also induce a decrease in
spin and valley coherence [96], it is likely that the decrease
in linear polarization with excitation power reflects a
decrease in the probability of geminate formation due to
the increase in the bimolecular formation rate: Note that the
geminate formation rate varies linearly with the excitation
power, unlike bimolecular formation which follows a
quadratic dependence.

The results of our work allow us to better understand the
measurements on the formation time of excitons in different
TMD monolayers. Trovatello et al. measured an ultrafast
exciton formation time (approximately 10 fs) when the
laser energy was close to the free-carrier gap of WSe, ML,
whereas they observed longer formation times for larger
excitation energies [29]. In light of our results, this can be
understood by a geminate formation of excitons leading to
an ultrafast formation time for an excitation close to the
gap. For larger energies, we have shown that the higher the
excitation energy, the higher the probability of bimolecular
formation, leading to longer effective formation times.
Interestingly, field-sensitive midinfrared femtosecond
experiments performed in MoS, ML (laser energy above
the gap) demonstrated that approximately 60% of the
electron-hole pairs are bound into excitons already on a

subpicosecond timescale, and the remaining part evolves
on the scale of several ps [28]. Though an Auger-like
annihilation effect might play a role in these experiments
due to the large excitation density, we believe that this
result is in excellent agreement with our conclusions that a
fraction of excitons are formed by fast geminate process
and the other one follows a bimolecular mechanism which
occurs on slightly longer times.

We have considered in this work the two main formation
mechanisms which dominate for most of the experimental
conditions. We also verified that comparable results are
obtained in TMD samples characterized by larger dielectric
disorder and/or small residual doping. Finally, let us
mention that for very large densities where a highly
nonlinear regime takes place, more complicated Auger-
like processes, including trimolecular ones, could play a
role in the exciton formation [97].

VI. CONCLUSION

In conclusion, our study elucidates the dual nature of
exciton formation processes in two-dimensional materials,
particularly, WSe, and MoS, monolayers. Through the
implementation of two complementary techniques based
on the control of the excitation light polarization, we have
successfully differentiated between geminate and bimo-
lecular exciton formation mechanisms. Our findings reveal
that for excitation energies above the gap, a portion of
excitons forms through a bimolecular mechanism charac-
terized by spin-dependent luminescence intensity, while
another portion is formed through a geminate process, as
shown by the measurement of a significant exciton linear
polarization or valley coherence.

By analyzing spin-dependent luminescence intensities,
we established a clear correlation between the exciton
formation mechanism and the resulting exciton populations
in these 2D semiconductor systems. Furthermore, we
demonstrated that the degree of valley coherence (exciton
alignment) remains significant even for excitation energies
several hundreds of meV above the free-carrier gap. This
implies that the strong Coulomb interactions inherent in
TMDs facilitate the maintenance of electron-hole correla-
tions during the formation process.

Our results underscore the need to move beyond simplistic
models that classify exciton formation as purely geminate or
bimolecular. Instead, the coexistence of these two processes
in typical experimental conditions necessitates a nuanced
description of exciton dynamics, providing crucial insights
for the design of quantum devices and advancing our
knowledge of light-matter interactions in low-dimensional
systems. Our analytical model considers both formation
mechanisms and provides a framework for analyzing their
relative contributions. We anticipate that our findings and
methodology will pave the way for further investigations
of the exciton formation dynamics in a wide range of
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semiconductor nanostructures, including quantum wells,
perovskites, and emerging van der Waals heterostructures.
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APPENDIX A: SAMPLES AND EXPERIMENTAL
SETUPS

We fabricated a high-quality van der Waals heterostructure
made of exfoliated WSe, or MoS, monolayers embedded in
hexagonal-boron-nitride crystals using a dry-stamping tech-
nique [98]. The WSe, or MoS, ML flakes were prepared by
micromechanical cleavage of a bulk crystal (from 2D semi-
conductors or HQ graphene) and transferred on the bottom
layer of hexagonal boron nitride on SiO, /Si substrates. Then,
a thin 4-BN layer was deposited on top of the TMD ML.
The bottom /4-BN layer thickness measured by atomic force
microscopy was 113 and 121 nm for the WSe, and MoSe,
samples, respectively. The top #-BN layers was 15 and 17 nm
thick, respectively. We also investigated the properties of the
charge-tunable WSe, ML device (tuned at the neutrality
point) previously described in Ref. [66].

Continuous-wave microphotoluminescence and PLE
experiments were performed with a tunable supercontin-
uum laser (linewidth approximately 2 nm); similar results
were obtained with a narrow-line single-frequency-tunable
MixTrain laser (SpectraPhysics). The laser spot diameter
on the sample was typically approximately 1 pm. Unless
stated, all the experiments were performed with a low
excitation power P = 1 pW (linear regime of excitation)
corresponding to a typical photogenerated carrier density in
the range 10°~10'! cm~2. Polarization measurements were

performed using a combination of polarizers, quarter wave
plate, and half wave plate for both the excitation laser
and the luminescence. The PL signal was dispersed by a
spectrometer and detected by a charged-coupled-device
camera. For reflectivity measurements, a halogen lamp with
a stabilized power supply served as the white-light source.

All the experiments were performed at 7T =4 K in a
closed-cycle vibration-free cryostat.

APPENDIX B: ADDITIONAL RESULTS

We applied the same experimental techniques to inves-
tigate the exciton formation on another WSe, ML sample.

(a) ' E I<Eg
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FIG. 8. WSe, monolayer: polarization-dependent luminescence
in a charge-adjustable WSe, monolayer. Total luminescence
spectra of the bright exciton X(lf following linear or circular
excitation for excitation energy (a) below the free-carrier gap £,
(Eexe = 1.879 €V), and (b) above the free-carrier gap E,
(Eoye = 1.893 eV). The ratio I./I};, corresponds to the spec-
trally integrated total luminescence intensity ratio.
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FIG. 9. WSe, monolayer: valley coherence in a charge-
adjustable WSe, monolayer. Luminescence linear polarization
of the bright exciton X(l)s as a function of the energy of the linearly
polarized excitation laser. The blue line displays the variation of
the copolarized luminescence intensity (PLE). The inset shows
the linear co- (/) and cross- (Iy) polarized components of the
bright exciton photoluminescence intensities following a linearly
polarized above gap excitation (E,,. = 1.93 eV).

We measured the luminescence properties of a charge-
adjustable WSe, monolayer tuned at the neutrality point
(the applied voltage was adjusted so that the resident carrier
population was vanishingly small as attested by a very
weak trion luminescence intensity) [66]. Figure 8 presents
the total luminescence spectra of bright (X, (1)“') and dark (Xp)
excitons following linear or circular excitation for excita-
tion energy below or above the free-carrier gap E,. Similar
to the measurements shown in Fig. 4 on the first sample, the
intensity ratio I /I, is close to 1 for excitation energies
below the gap, as a result of the geminate formation
process. In contrast, the ratio is larger (smaller) than 1
for bright (dark) excitons when the excitation energy is
above the gap; this confirms that a fraction of an exciton is
formed by a random bimolecular binding of electron-hole
pairs in these conditions.

Figure 9 displays the variation of the luminescence linear
polarization as a function of the energy of the linearly
polarized excitation laser obtained in the same sample.
These PLE data clearly evidence the linear polarization
measured for excitation energies above the gap and the
oscillatory behavior, already observed in the first sample
(Fig. 5).

APPENDIX C: ANALYSIS OF THE
PHOTOLUMINESCENCE LINEAR
POLARIZATION

We discuss here the photoluminescence excitation of
WSe, ML, where the linear polarization Py, of the X/
exciton is measured as function of the excitation

205k Linear slope (18.8 £ 0.3) meV
r Linear slope (75.5 + 5.5) meV E

2.00

1.95

1.90

1.85

1.80

Excitation energy (eV)

1.75

1.70

Index

FIG. 10. WSe, monolayer: analysis of linear polarization
oscillations. Energy of the linear polarization peaks extracted
from the measurements presented in Fig. 5 in the WSe, mono-
layer (the abscissa corresponds to the peak number starting from
the low-energy region, below the free-carrier gap). For hv < E,
(small disks), PL linear polarization peaks are observed every
approximately 18 meV, whereas for hv > E (large disks), the
oscillation period is approximately 76 meV (the full lines are
linear fits). The dashed horizontal lines correspond to the energy
of the free-carrier gap E, and the bright exciton ground (X{*) and
first excited (X3°) state.

energy E.,.. Several pronounced oscillations Py, (Ee.)
are observed for a linearly polarized excitation; see
Figs. 5(b) and 9. At the same time, the emission intensity
does not demonstrate any pronounced oscillations as a
function of E.

We performed a detailed analysis of the data to rule out
an interpretation of the oscillations originating from pos-
sible Raman lines in the PLE spectra. Figure 10 displays the
peaks of linear polarization extracted from the measure-
ments presented in Fig. 5 (the abscissa corresponds to the
peak number starting from the low-energy region, below
the gap). We observe two very different slopes for below-
and above-gap excitation. For E.,. < E, (small disks), PL
linear polarization peaks are observed every approximately
19 meV, whereas for E.,. < E, (large disks), the oscillation
period is approximately 76 meV. Remarkably, this corre-
sponds, in the former case, to the energy of the K; phonon
(hQg, ~ 18 meV) and, in the latter case, to twice the
energy of ZO phonons (7Q;q ~ 38 meV) [55,92]. It is
interesting to note that Z-polarized single-phonon inter-
action with charge carriers and excitons is symmetry
forbidden, while a two- ZO phonon scattering is, in general,
possible. Figure 11(a) presents a color plot of the PL
intensity (logarithmic scale on 5 orders of magnitude) as a
function of the excitation and detection energy. The
corresponding PL linear polarization is displayed in
Fig. 11(b). Focusing on resonance no. 13 at 1.988 eV,
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FIG. 11. 'WSe, monolayer: two-dimensional photoluminescence
analysis. (a) Color plot of the PL intensity (logarithmic scale) as a
function of the excitation and detection energies for resonance
no. 13. The dotted white horizontal line indicates the emission
energy of the bright exciton X*, and the diagonal dashed white
line corresponds to the energy of resonance no. 13 (see Appen-
dix C). (b) Color plot of the corresponding PL linear polarization.

no variation of intensity can be observed in the PL intensity
[see Fig. 11(a)], while a slight increase in the PL linear
polarization is detected [see the crossing between the
diagonal dashed white line and the horizontal dotted line
corresponding to the X(l)s energy in Fig. 11(b)]. To
demonstrate that this weak Raman resonance cannot
explain the linear polarization peak, we performed a fit
of the emission line, taking into account a Lorentzian
contribution due to the luminescence of the X(l)s exciton and
a Raman contribution (well fitted by a Gaussian line whose
width is that of the supercontinuum laser) for the different
laser energies; the Raman contribution follows the variation
of the laser energy unlike the PL emission. Three examples
of the fit results of the copolarized emission spectra are
displayed for resonance no. 13 in Fig. 12(a). We see that
excellent fits are obtained with a very small contribution of
the Raman effect. Figure 12(b) summarizes the results of
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FIG. 12. WSe, monolayer: distinguishing photoluminescence
from Raman signals. (a) PL spectrum of the bright exciton for
three different excitation energies E.,. = 1.9909, 1.9893, and
1.9877 eV close to resonance no. 13. The blue dots are the
experimental data, while the orange and green area correspond to
the PL and Raman contributions of the fit. The vertical black
arrow indicates the peak of the small Raman contribution, which
follows the variation of the laser energy unlike the PL emission.
(b) Corresponding integrated intensities of the different contri-
butions for co-and cross-polarized emission.

the fit for resonance no. 13 showing that the Raman
contributions is more than 15 times weaker than the PL
ones. We performed the same analysis on all the other
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peaks of Fig. 10 (not shown), which demonstrate that the
PL linear polarization oscillations cannot be explained by
Raman-like resonances. Therefore, we interpret the oscil-
lations of the PL linear polarization as resulting from
phonon-cascade-like processes of hot geminate excitons.
For particular excitation energies E.,. = E|; + NAQ, i.e.,
where the difference between the detection and excitation
energy equals the N =1, 2, ... phonon energies (), the
formation or relaxation rate becomes strongly enhanced. As
a result, the polarization can be enhanced as well since the
polarization degree is controlled by the ratio of the energy-
relaxation time 7z, and the depolarization time z; as [53]

( / ¢ de T€>
P ~exp| — —— .
0 €74

A similar effect of spin-polarization oscillation was
observed in GaSb as a consequence of a short energy-
relaxation time 7z, compared to the nonradiative recombi-
nation time [99]. In TMD MLs, we believe that this
condition is also fulfilled due to strong exciton-phonon
coupling [55]. Thus, there is basically no loss of excitons in
the course of their energy relaxation. This explains the very
weak oscillations observed for the luminescence intensity.

(C1)

APPENDIX D: ROLE OF THE PHONONS
IN EXCITON FORMATION

It is instructive to analyze the processes of the exciton
formation from the theoretical standpoint considering a
crystal excited by an optical pulse. Let E(f)e™"®! be the
positive frequency component of the complex amplitude of
incident field with . being the carrier frequency and E()
being the pulse envelope. We neglect the wave vector of
radiation for simplicity.

1. Excitation below the band gap: Geminate process

We first consider the situation where E.. < E, and
focus on the case where the ls exciton is virtually

formed as a result of driving the TMD ML by the
electromagnetic field. Because of the mismatch of the
exciton and photon dispersions for a nonresonant exci-
tation, the coupling with the crystalline lattice vibrations
or defects is needed to fulfill both the energy- and
momentum-conservation laws. We consider the case of
exciton-phonon interaction for specificity. Hence, as a
result of the exciton-phonon interaction, the phonon is
emitted and the exciton scatters to the real state on its
dispersion curve. In this scenario, the wave function of
the TMD can be represented as [100]

W (1) = |0) + Bo(1)|15,0) + > Cy(1)[15,k) ® [ph, k).
k
(D1)

Here, |0) is the wave function of the crystal in the
ground state, ,k) is the wave function of the crystal
where the 1s exciton in the state with the wave vector k
is excited (for k =0, we denote this wave function
as |1s,0)), the wave function of the phonon with the
momentum ¢ is written as |ph, g), and we consider only
one phonon mode for simplicity. The coefficients B ()
and Ci(t) satisfy the set of coupled equations (see
Refs. [35,100] for a more advanced modeling)

iBy (1) = (wo — iyo)Bo(t) — dE(t)e™ " + Z M;Cy (1),
%
(D2a)
iCi(1) = (g + U — iy)Ce(1) + MyBy (1), (D2b)

where wy, is the exciton dispersion (reckoned from the
ground state; i.e., wy = wy_y 1S the exciton transition
frequency), € is the phonon dispersion, y; is the
damping of the corresponding state, and d=d,, is
the dipole matrix element of the 1s exciton. The set
of Egs. (D2) is readily solved by means of the Fourier
transform with the result

e*lwl

|
) o dw
_deftu)ct —_E
-

o dw

Sy E (D3a)
k =5, —Q+iye

e*lwl

Ck(l) — _deeiw(.t/

Here, E

@

—F, .
—o0 27 (a) — 00— D ki 5‘M§zlk+,yk) (0 — & + iyx)

is the Fourier transform of the pulse envelope function, and 6; = wy

(D3b)

— @, 1s the detuning between the exciton and

the excitation pulse carrier frequency. Note that any correlations between excitons and phonons are quickly lost because of
the phonon decay and scattering; thus, the coefficient |Cy|? basically represents the “incoherent” exciton population. Under
reasonable condition of sufficiently narrow incident pulse with the frequency spread

Ao < ®, — @y,

w, —ay >0,

ho. < E,, (D4)
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which means that the “resonant” excitation of the 1s state is
suppressed, the denominator writes

|M|*

w— 0y — — R W, — .
;a)—ék—Qk‘l-lj/k ¢

As a result, the By(t) = —E(t)e " *'d/(w, — wy) fol-
lows the incident radiation waveform, while Cj
e ! [ dwE,e ™ [w — & + iy;]”" rises during the inci-
dent pulse duration Aw™". It corresponds to almost instan-
taneous exciton formation via the geminate process.

2. Excitation above the band gap: Interplay of the
bimolecular and geminate processes

In the case of the above-gap excitation where fiw. > E,
in addition to the processes described above (which may
now involve all the bound exciton states ns, n = 1,2, ... as
intermediate virtual states) and leading to the geminate
exciton formation, a resonant excitation of continuum
states of electron-hole pairs is possible. The fate of the
photocreated electron-hole pair is controlled by the exciton-
phonon interaction: The geminate electron and hole photo-
created after a given photon absorption can be scattered
independently by the phonons and, hence, lose their
coherence sufficiently fast to bind (emitting phonons) with
other carriers originating formed from other photons. It is
the most likely scenario since there is a continuum of
electron-hole relative motion states available for the scat-
tering. In this scenario, the exciton formation occurs with a
delay related to the scattering between the real intermediate
states, energy relaxation, and binding.

The initial process of the coherent photoexcitation of the
TMD and formation of electron-hole pairs in the continuum
states can be described along the same lines as above
considering the generalized form of the wave function

W(1) = 10) + Y Buo(1)

+> " Cyat)lV. k) ® [ph, —k),
k.

v,0)

(Ds)

where the subscripts v,/ enumerate the relative motion
states of the excitons (generally including both the discrete
states and the continuum; correspondingly, the sums over
v,v should be understood as the sums over the discrete
states and integrals over the continua), B, (), C, (1) are
the coefficients, and k is the center-of-mass wave vector of
the exciton. As before, the phonon momentum is neglected.
Note that Eq. (D5) describes the state of the crystal with one
electron-hole pair excited. Note that in this limit of a single
electron-hole pair excited in the undoped crystal, the
exciton formation is geminate regardless of the energy
of the absorbed photon since there are no other charge
carriers to bind with. Bimolecular formation of excitons,

naturally, requires formation of more than one electron-hole
pair which requires absorption of more than one photon.
These effects, as we see below, can be naturally accounted
for using the kinetic equation approach.

The coefficient B, () can be readily found in the form

© dw e—iwt

—E,——. (D6
00277: ww_ﬁy,0+i}/y,0 ( )

Bv,O(t) = _dve_iw[t/

Here, d, is the dipole matrix element which includes
the Sommerfeld enhancement, 6,) = w,(— @, is the
detuning between the electron-hole-pair excitation fre-
quency and the pump-pulse carrier frequency, and y, , =
x>y Myp,ol?8(w — 8,0 — ) is the damping of the
electron-hole pair related to its scattering to other states.
Unlike the results for the below-gap excitation, the resonant
absorption takes place at  + @, = w, . After the pump
pulse is over, the occupancies of the continuum states are
evaluated as

 dw
Y00 g |dvEru|25(w - 61/.0)’ (D7)

which corresponds to the Fermi golden rule result.
Moreover, after a single electron-hole-pair scattering by
a phonon or defect the Coulomb correlations are lost, and
the populations of the k = O states are distributed over the
range of the center-of-mass wave vectors. Hence, to
determine further the dynamics of the system, it is sufficient
to apply the kinetic equation formalism. In the most
simplistic approach, we represent the population of con-
tinuum states as populations of uncorrelated electron-hole
pairs with the electron and hole densities being

n(t=0)=p(t=0=8> N, (D8)
vk

Here, S is the normalization area. The temporal dynamics
of n(¢) and p(¢) is described by the equations presented in
the main text. The excitons in this regime appear with a
delay related to the formation of a bound state from
unbound pair.
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