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Abstract

Hot excitons are usually neglected in optical spectroscopy in two-dimensional semi-
conductors for the sake of momentum conservation, as the majority of hot excitons are
out of light cones. In this letter, we elaborate on the contribution of hot excitons to opti-
cal properties of monolayer Molybdenum diselenide (MoSe,) with photoluminescence
(PL) and PL excitation (PLE) spectroscopy. With the excitation-intensity-dependent PL,
temperature-dependent PL and PLE experiments combined with the simulations, we
experimentally distinguish the influences of the exciton temperature and the lattice
temperature in the PL spectrum. It is concluded that the acoustic phonon-assisted
PL accounts for the non-Lorentzian high energy tail in the PL spectrum, and the hot
exciton effect is significant to linear optical properties of transition metal dichalco-
genides. Besides, the effective exciton temperature is found to be several tens of Kelvin
higher than the lattice temperature at non-resonant optical excitation. It indicates
that the exciton temperature needs to be carefully taken into account when consid-
ering the exciton-related quantum phase phenomena such as exciton condensation. It
is experimentally demonstrated that the effective exciton temperature can be tuned by

excitation energy.

Key points:

* The acoustic phonon-assisted photoluminescence (PL) accounts for the non-
Lorentzian high-energy tail in the PL spectrum.

» “Hot” excitons play a significant role in optical properties of two-dimensional
transition metal dichalcogenides.

* The effective exciton temperature could be tuned by excitation energy.
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INTRODUCTION

Monolayer transition metal dichalcogenides (TMDs) have been rec-
ognized as one of the superior playgrounds for two-dimensional (2D)
physics, particularly 2D exciton study. The weak Coulomb screening
and 2D nature lead to prominent excitons with a giant binding energy
dominating monolayer TMDs’ optical properties.!=® The attributes of
excitons in monolayer TMDs featuring strong oscillator strength, rich-
ness of degrees of freedom, that is, spin and valley, and spin-valley
locking”® have been stimulating intriguing experiments in many-body
physics.”10 Especially, the strong spin-orbit coupling of the transi-
tion metal atoms gives rise to the large spin splitting in the valence
band, resulting in the two families of optical accessible bright excitons,
namely, A excitons (lower energy) and B excitons (higher energy).1112
As yet, not much attention has been paid to the influence of hot
excitons whose kinetic energy is significantly higher than lattice tem-
perature. Unlike hot electrons that affect physics properties in many
aspects,13-1° hot excitons are usually neglected in optical spectroscopy
except in dynamics study?é for the sake of momentum conservation,
as the majority of hot excitons are out of light cone. Figure 1 depicts
the photoluminescence (PL) process in TMDs. The excited electrons
and holes immediately form excitons in a highly non-equilibrium state
once pumped as Figure 1a elaborates. After atime z,,(~sub-100fs),11
a thermalization among excitons themselves is reached, and excitons
follow the Boson/Boltzmann distribution characterized by the exciton
temperature Teyiton (Figure 1b). Note that the exciton temperature is
still much higher than the lattice temperature Tgice at this time. The

excitons further cool down accompanying with an energy transfer to
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lattice via exciton-phonon scattering or some other process until
(a) E
t=0 I N %
\, 4
z \\\ ’,l
; excitation == Q
g(E) « f(E)
(b) E
-~
- ”
t = ‘[th Texction > Tiattice W = — = 7;
:\/l
z S
g(E) « f(E) X
() E
T oxction = Tiattice
t — Tex—ph t latt v
Q
9(E) ~ f(E)

achieving thermal equilibrium ( Teygiton = Tiattice ), Characterized by a
time scale 7,_pp (~tens of picosecond; Figure 1c).16:22725

It is widely assumed that excitons and lattices share the same tem-
perature in optical spectroscopy. Given that the excitons’ radiative
lifetime of sub-picosecond?® is much shorter than Tex—ph» the exci-
tons could radiate before thermalizing with the lattice. Meanwhile,
only the excitons inside the light cone can realize direct radiative
recombination for the requirement of in-plane momentum conserva-
tion (Figure 1d). Intuitively, the temperature of excitons seems not as
important as that of electrons since these radiation-active excitons are
much less influenced by the exciton temperature. The homogeneous
linewidth broadening (~several meV) can also relax to some extent
the energy-momentum conservation requirement in the exciton’s light
emission.?” We calculate the PL spectra at various exciton tempera-
tures (Teygiton) @and conclude this homogeneous linewidth broadening
effect is considerably minor and has a negligible contribution to the
PL linewidth (more specifically in the Supporting Information). The
other mechanism accounting for the linewidth broadening is the acous-
tic phonon-assisted exciton PL.28-39 The hot excitons (green circle
in Figure 1d) could be scattered into the light cone by absorbing or
emitting acoustic phonons.

In this letter, we elaborate the contribution of hot excitons to optical
properties of monolayer MoSe,. With the intensity- and temperature-
dependent PL and PL excitation (PLE) experiments combined with the
simulations, we experimentally distinguish the influences of the exci-
ton temperature and the lattice temperature in the PL spectrum. It is
concluded that the acoustic phonon assisted PL (APAPL) accounts for
the non-Lorentzian high-energy tail in the PL spectrum, and the hot
exciton effect is significant to optical properties of TMDs. Besides, the

- YW

Light emission

FIGURE 1  Schematic of the exciton distribution dynamics. (a) att = 0, excitons are in a highly non-equilibrium state after a pulse excitation.
(b)att = 7y, , the excitons reach thermalization of themselves at Teyciton > Tiattice- (C) at = Tex—ph , the exciton temperature cools down and achieves
athermal equilibrium with lattice. g(E) and f(E) represent the density of states and Boltzmann distribution respectively. Q is the center of mass
momentum of excitons. The line-thickness of the exciton dispersion (in red) represents the effective occupation. (d) Zoom-in of the dashed area in

(b) sketches acoustic phonon-assisted exciton photoluminescence (PL)
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(a) PL excitation (PLE) spectral map of MoSe, with the excitation energy ranging from 2.3 to 2.75 eV. Lorentz fitting results: PL

intensity (c), PL peak energy and PL linewidth (d) are summarized as a function of excitation energy. (c) and (d) are further divided into two regions
based on the PL intensity. (b) The PL linewidth and PL energy peak (determined by Lorentz fitting) as a function of excitation intensity. The inset
shows the two-dimensional map of excitation-intensity-dependent PL spectra. The excitation-intensity-dependent PL is measured under an

excitation of 2.33eVat 15K

contrasting linewidth broadening behaviors owing to exciton tem-
perature increase or lattice temperature increase are discussed. It is
experimentally demonstrated that the effective exciton temperature
can be tuned by excitation energy.

RESULTS

Figure 2 summarizes our PLE and excitation-intensity-dependent PL
data. The excitation energy ranging from 2.3to 2.75 eV is set far beyond
the A and B exciton energies to avoid resonant absorption. The exci-
tation intensity is kept below 100 —W to minimize the local heating.
The PL intensity across the excitation range primarily results from
the corresponding excitation intensity profile (blue ball in Figure 2c)
and the absorption coefficient (details in the Supporting Informa-
tion). At region |, the PL intensity decreases as the excitation energy
increases primarily owing to the reduction of laser intensity (blue balls
in Figure 2c). Atregion I, the PL intensity remains unchanged relatively
and even slightly increases though the excitation intensity reduces with

the increase energy, which may result from the boosted absorptionin C

band (more details in the Supporting Information). The energy shift of
A-1s exciton shows a consistent trend with PL intensity or exciton den-
sity, which also agrees well with our excitation-intensity-dependent
PL result (Figure 2b). In Figure 2b, the A-1s peak energy undergoes
a slight redshift with the increase of exciton density under the exci-
tation of 2.33 eV accompanying the linewidth broadening, which is
consistent with the previous results.3! The redshift is attributed to the
bandgap renormalization and Coulomb screening effect. Usually, as the
excitation intensity increases, the electronic bandgap decreases owing
to the bandgap renormalization from photocarriers,32-3% whereas the
Coulomb screening effect is enhanced owing to the increased exci-
ton density, leading to the decrease of the exciton binding energy, and
consequently results in the PL peak energy blueshift.3> In monolayer
MoSe,, the bandgap renormalization effect is larger than the Coulomb
screening effect, and therefore the PL peak undergoes a redshift as
a function of excitation intensity. Figure 2d indicates that the excita-
tion energy plays a more prominent role at low exciton density. Usually,
a low-intensity excitation leads to narrower exciton PL linewidth on
account of the less Auger-like exciton-exciton interaction?6-3¢ as elab-

orated in Figure 2b. In region I, although the PL intensity or exciton
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(a) Representative PL spectra under different excitation energies at 15 K base temperature. The PL spectra are renormalized and

shifted with respect to the spectral peak for comparison. The upper halves of the PL lineshape (normalized PL > 0.5) are nearly the same, and the
lower parts of PL lineshape expand at the higher excitation energy. The expansion weighs heavily at the higher energy tails as magnified in the
inset. (b) Representative PL spectra at various cryostat temperature. The linewidth broadening owing to the lattice temperature displays different
patterns against that of exciton temperature. The inset shows the linewidth from Lorentz fitting as a function of the lattice temperature (c)
Simulated PL spectra with the mechanism of acoustic phonon-assisted exciton emission, where the lattice temperature is kept constant

(Tiattice = 15K) and the exciton temperature is the sole variable. The high-energy side tail expands obviously accompanying with the linewidth
broadening. The inset shows the linewidth broadening as a function of the exciton temperature. Simulation result of PL spectra with excitation
energy of 2.31eV (d) and 2.75 eV (e), the exciton temperature is estimated to be 39 and 55 K (~24 and 40 K higher than the lattice temperature)

under the excitation energies of 2.31 eV and 2.75 eV, respectively

density monotonically decreases with the increasing excitation energy,
the PL linewidth almost linearly increases. It seems contradictory to
our excitation-intensity-dependent PL results (Figure 2b) if only the
exciton density-induced linewidth variation is taken into account. We
attribute this linewidth broadening to the APAPL, which we elaborate
in the following section. In region I, the PL intensity remains flat, which
implies the exciton density is nearly constant in region Il and the exciton
density-induced linewidth broadening could be excluded. Therefore,
the APAPL plays a sole role in broadening the linewidth. Hence, the
PL linewidth in region Il increases faster than in region | (the two red
lines in Figure 2d). Meanwhile, the Raman scattering is exploited to
monitor the lattice temperature under the excitation (below 100 —W),

showing that the local heating is negligible and the local lattice

temperature remains a constant in the excitation range (details in the
Supporting Information). The anomalous linewidth broadening in both
regions | and Il and the non-Lorentzian line shape of PL spectra are then
attributed to the effective exciton temperature rise, which activates
the APAPL process as demonstrated in Figure 3.

Figure 3a shows the representative PL spectra under different exci-
tation energies. These PL spectra are renormalized and shifted with
respect to the PL energy peak for better comparison. Note that the
top halves of the PL spectra where the normalized intensity > 0.5
are nearly the same across the excitation energy range. Contrarily,
the tail at the high energy side expands with the elevating excita-
tion energy as illustrated in the inset. This linewidth broadening has

a contrasting manner to the lattice temperature-induced line shape
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(a) Sketch of the relation between the effective exciton temperature and the excitation energy. The exciton excited by higher

energy photon has a higher initial kinetic energy. After a time scale (~7,,4), the excitons reach different effective exciton temperatures. (b) The

effective exciton temperature as a function of the excitation energy

broadening (Figure 3b), which displays a whole line shape broadening
other than just an expansion in the tail. To simulate the phonon-
assisted PL, we set the exciton temperature as the single variable
and keep the lattice temperature as a constant (~15K). Figure 3c
shows the simulated PL spectrum of A-1s exciton under the APAPL
mechanism with all defined parameters from Glazov and Urbaszek’s
work?8 (detailed in the Supporting Information). The expansion at
the higher energy edge leads to the effective linewidth broaden-
ing (inset of Figure 3c), remarkably reproducing the experimental
features in Figure 2d. The simulation perfectly describes our experi-
mental results, and it clearly indicates that the APAPL process makes
significant contribution to the whole PL spectrum in high-quality
samples. Comparing our experimental (Figure 3a) with simulation
results (Figure 3c), we conclude that the higher excitation energy
leads to the higher exciton temperature and finally raises non-Lorentz
high-energy tail. As demonstrated in Figure 3d,e, the effective exci-
ton temperature (Tgygiton) is 24K higher than the lattice temperature
(Tiattice) When the excitation is at 2.31 eV and 40 K higher at 2.75 eV,
respectively.

Under higher energy excitation, excitons will have higher initial
kinetic energy.’” Within a typical exciton radiative lifetime 7,44, the
exciton reaches an effective exciton temperature (Teygiton), Which is
significantly different from the lattice temperature as sketched in
Figure 4a. In Figure 4b, the effective exciton temperature is retrieved
from the fitting of our PL spectra based on our model, which incor-
porates two components: one is the Lorentz function that describes
the PL from the exciton inside the light cone; the other is the high-
energy tail as elaborated in the Supporting Information, Note 6, which
describes the APAPL (T,,iton as a fitting parameter) from excitons out-
side the light cone. The latter contributes more weight as the Tyjton
increases. Our PLE experiments indicate that the effective exciton tem-
perature can be tuned continuously by the excitation energy as shown
in Figure 4b.

In summary, our PL and PLE spectroscopic experiments reveal that
the effect of hot excitons and the effective exciton temperature can be

remarkably extracted from the PL spectrum of monolayer TMDs. We

elaborate the roles of effective exciton temperature and lattice tem-
perature in PL spectra and the linewidth broadening mechanism. The
thermal equilibrium between the excitons and the lattice is not neces-
sarily achieved in linear optical properties of 2D TMDs. The effective

exciton temperature could be tuned by excitation energy.

METHODS
Crystal growth

Bulk MoSe, crystals are grown by the chemical vapor transport
method. Mo powder (99.9%), slightly excessive Se ingot (99.999%), and
a bit of iodine as transport agents are loaded in silica tubes, which
are evacuated and sealed. Then, the silicon tubes are put in the reac-
tion zone of 950°C and the growth zone of 900°C. After 15 days, bulk
MoSe, with large sizes are obtained in the cold zone. The monolayer
MoSe, is mechanically exfoliated onto Si substrate with 285 nm SiO,
film.

Sample preparation

Monolayer MoSe, and thin hexagonal boron nitride (hBN) were first
exfoliated from bulk MoSe, crystal onto the different Si/SiO, (300 nm)
substrates. Afterward, dry-transfer technique was used to stack them
together. Figure S1 shows the optical image of our hBN-encapsulated
MoSe, under bright and dark fields.

PLE measurement

In our PLE measurement, the light source (SuperK EXTREME EXB-3,
NKT photonics) is a picosecond laser (80 MHz, 5 ps) pumped supercon-
tinuum photonic crystal fiber going through a motorized continuous

band-pass filter. The PL is collected through a long working distance
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objective (Olympus, 50x) with a spectrometer (Shamrock 193i) and an
electron-multiplying charge-couple-device (EMCCD, Andor).
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