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Photoluminescence experiments from monolayer transition-metal dichalcogenides often show that
the binding energy of trions is conspicuously similar to the energy of optical phonons. This enigmatic
coincidence calls into question whether phonons are involved in the radiative recombination process.
We address this problem, unraveling an intriguing optical transition mechanism. Its initial state
is a localized charge (electron or hole) and delocalized exciton. The final state is the localized
charge, phonon and photon. In between, the intermediate state of the system is a virtual trion
formed when the localized charge captures the exciton through emission of the phonon. We analyze
the difference between radiative recombinations that involve real and virtual trions (i.e., with and
without a phonon), providing useful ways to distinguish between the two in experiment.

PACS numbers:

The coupling between phonons and charged particles in
monolayer transition-metal dichalcogenides (ML-TMDs)
exhibits unique behavior due to their atomically thin na-
ture. In addition to a strong Fröhlich interaction [1–
4], thickness fluctuations of the ML due to homopolar
optical phonons decrease charge mobility [5], while soft
undulations of the ML due to acoustic flexural phonons
enhance spin relaxation [6, 7]. In the context of opti-
cal properties, phonons induce decoherence, energy re-
laxation, and mass change of exciton complexes [7–19].
A noticeable property is that the Raman-active phonon
energies nearly resonate with the energy difference be-
tween the exciton and trion spectral lines (binding energy
of the trion) [20, 21]. This energy proximity has often
led to widespread confusion in the assignment of optical
transitions in photoluminescence (PL) experiments.

We explain the confusion by inspecting the experimen-
tal data in Fig. 1. The top panels show the normalized
PL from MoSe2, WSe2, WS2, and MoS2 (left to right),
where all the MLs are unintentionally n-type and all are
supported on Si/SiO2 substrates. For details on the ex-
periment, see Ref. [22]. In each case, the emission spectra
have two peaks where the higher energy one is attributed
to neutral excitons (X0). Typically, it is tempting to at-
tribute the low-energy peak to negative trions because
some of these peaks also appear in the absorption spec-
tra when electrons are added to the ML through a gate
voltage [23–25]. However, when performing Raman spec-
troscopy on the same samples (lower panels of Fig. 1),
we find that the energy of the dominant Raman-active
phonon mode matches the energy difference between X0

and the low-energy peak in the PL. This systematic be-
havior raises the question: Does the low energy peak in
the PL stem from recombination of real trions or is it

phonon-assisted recombination of excitons? This impor-
tant question is addressed in this Letter.

Phonon-assisted optical transitions of neutral excitons,
governed by the Fröhlich interaction [26–29], are weak
in ML-TMDs. It is a result of the charge neutrality
and small size of the exciton as well as the similar ef-
fective masses of electrons and holes. Combined to-
gether, the interactions of the electron and hole with
the phonon-induced macroscopic electric field cancel out
[18]. We offer an alternative phonon-assisted recombi-
nation scenario facilitated by virtual trion states. Here,
the strong Fröhlich coupling between a localized electron
(or hole) and the lattice is used to capture a nearby ex-
citon by emission of a phonon. The capture mechanism
is considered virtual during radiative recombination if
∆E = ET +Eλ−EX −E` 6= 0, where the energies are of
the localized trion (ET ), exciton (EX), localized charge
(E`), and phonon (Eλ). Energy conservation dictates
that the exciton is converted to a phonon plus photon.
Furthermore, if ∆E is close to zero, the emission spec-
trum includes a single dominant phonon-assisted optical
transition instead of a series of phonon-replicas that de-
cay according to the standard Huang-Rhys analysis [30].

We begin the analysis by solving the Schrödinger Equa-
tion of an N -particle system with the Hamiltonian

HN =

N∑
i

VE(ri, z)−
~2

2mi
∇2
i +

N∑
i<j

VI(rij) . (1)

The particles are influenced by a point-charge defect in
the substrate whose distance from the mid-plane of the
ML is z, as shown by Fig. 2(b). VE(ri, z) is the Coulomb
interaction between this extrinsic defect and the ith par-
ticle in the ML. The effective mass of the latter is mi.
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FIG. 1: (a)-(d) Normalized PL (top) and Raman spectra (bottom) of common ML-TMDs supported on Si/SiO2 substrates.
The normalized PL includes the neutral exciton peak (X0) and a peak that is commonly associated with the negatively-charged
trion in n-type samples. The energy difference between these peaks matches the energy of the dominant Raman active phonon
mode in each of the MLs, as is readily seen in the top and bottom panels. The active Raman phonons are the homopolar and

longitudinal-optical modes, denoted by A
′
1 and E

′
2, respectively. Their atomic displacements are indicated in the insets of (a)

and (d). The Raman spectra also show the active optical phonon mode of the Si substrate around 520 cm−1.

VI(rij) is the Coulomb interaction between the ith and
jth particles where rij = |ri − rj |. It is relevant when
N ≥ 2. The supplemental information includes details
on the Coulomb interactions and parameter values we
use in the simulations. Equation (1) is solved for local-
ized electrons (N=1), excitons (N=2), and trions (N=3)
by the Stochastic Variational Method (SVM)[18, 31–35].
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FIG. 2: (a) Ground-state energies of electrons (E`), exci-
tons (EX , inset), and negative trions (ET ) in ML-WSe2 sup-
ported on SiO2 substrate as a function of the distance of a
positive point-charge defect from the mid-plane of the ML.
ET ′ denotes the energy of delocalized trions (z → ∞). (b)
A cartoon of the ML, substrate and extrinsic defect. (c)
∆E = (ET + Eλ) − (EX + E`), where Eλ = 32 meV is the
phonon energy.

Figure 2(a) shows the calculated energies in ML-WSe2
when a +1e charged defect is embedded in SiO2. The
electron binding energy is largest when the defect is
at the surface, E`(z = 0.3 nm)∼ 200 meV. A similar
localization-induced enhancement is seen in the energy
of the trion (ET ). On the other hand, excitons are es-
sentially unaffected by the defect, as shown by the inset.
The weak dependence stems from the confluence of exci-
ton neutrality and lack of contact between extrinsic de-
fects and electrons or holes in the mid-plane of the ML.
Similarly, ET−E` is also largely independent of z because
the defect interacts weakly with the added electron-hole
pair in the trion complex. Figure 2(c) shows the value of
∆E = (ET +Eλ)− (EX +E`), where Eλ = 32 meV is the
energy of the phonon [24].

Next, we analyze interactions that facilitate the cap-
ture process. When the magnitude of their matrix ele-
ments is comparable or larger than |∆E|, the phonon-
assisted optical transitions display a strong resonance in
the emission spectra. The matrix element reads

Mλ(K,q) = 〈ΨT |ΣjβjDj,λ(q)eiqrj |ΨX(K)Ψ`〉 , (2)

where λ = {A′1, E′2} is the phonon mode (Fig. 1). q
and K are the phonon and exciton wavevectors, respec-
tively. The localized electron (trion) state is denoted
by Ψ` (ΨT ). The exciton in the initial state is delocal-
ized, ΨX(K) = ϕX(r)eiK·R/

√
A, where r = |re − rh|

and R = (mere + mhrh)/(me + mh) are the relative
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and center-of-mass coordinates, respectively. A is the
area of ML. The sum over j takes into account the
long-range Fröhlich interaction between the jth parti-
cle and longitudinal-optical phonons, Dj,E′

2
(q), or the

short-range interaction of the particle with homopolar
phonons, Dj,A′

1
(q). βj = 1 (βj =−1) when the jth parti-

cle is an electron (hole). The supplemental information
file includes technical details of these interactions, along
with a compiled list of all the parameters we use.

The rate of the phonon-assisted recombination of neu-
tral excitons mediated by localized electrons reads [36]

1

τλ(K)
=

 1
2 (1± p`)ndA ·

∑
q

∣∣Mλ(K,q)
∣∣2

(∆E − EK)2+Γ2

 1

τ`
, (3)

where nd is the density of localized electrons due to ex-
trinsic defects, Γ is the broadening parameter, and EK =
~2K2/2M is the exciton kinetic energy (M = me +mh).
τ` is the radiative decay time of a localized trion. The
term (1± p`)/2 denotes the change in the recombination
rate when the localized electron system becomes spin-
polarized (p` 6= 0) because of a strong magnetic field
or magnetic proximity effects [37]. In more detail, a
delocalized exciton can be captured only if the spin of
its electron component is opposite to that of the local-
ized electron (the valley degree of freedom is not a good
quantum number for localized electrons, and therefore
localized trions can only appear in a singlet-spin con-
figuration [36]). When the localized electrons are spin-
polarized, the phonon-assisted recombination rate is en-
hanced for one exciton branch, (1 + p`)/2, while it is
suppressed for the other, (1− p`)/2. Below, we focus on
the non-magnetic case (p` = 0). The supplemental mate-
rial includes a discussion of the magnetic case along with
interpretation of recent related experiments.

The expression inside square brackets in Eq. (3), here-
after denoted by Cλ(K), is unit-less and it represents the
amplitude of the virtual capture process. Figure 3(a)
shows its value when nd = 4×1011 cm−2 for the Fröhlich
interaction, λ = E′2, in three different regimes with
∆E > 0, ∆E ' 0, and ∆E < 0. As shown in Fig. 2(c),
∆E is positive for surface defects (z .1.5 nm). Follow-
ing Eq. (3), the capture amplitude in this case is optimal
when EK = ∆E. For farther impurities, on the other
hand, the capture amplitude decreases monotonically be-
cause ∆E ≤ 0. The general trends in Fig. 3(a) are that
faster excitons are less prone to the capture process, and
that the capture is weaker when the defect is remote.
The latter reassures the important role of localization. It
is so because Mλ(K,q) is sizable when q`e . 1, where `e
is the characteristic electron localization length. That is,
tighter localization enables more phonons to be involved
in the capture process and contribute effectively to the
sum in Eq. (3). In addition, the overlap between the
initial and final states in Eq. (2) is optimal for nearby
defects because `e becomes comparable to both the exci-

ton Bohr radius and the characteristic distances between
the particles of the trion complex.

We compare the recombination rates of delocalized ex-
citons with and without phonons. The effective rate of
the phonon-assisted process mediated by localized elec-
trons follows from the average〈

1

τλ(K)

〉
=

∑
K fX(K)/τλ(K)∑

K fX(K)
, (4)

where fX(k) is the distribution function of delocalized
excitons. The effective rate of the direct recombination
reads [38]

1

τ0
=

[
(~ω0)2

2kBTMc2

]
1

τX
. (5)

~ω0 = Eg − |EX | is the resonance photon energy where
Eg is the band-gap energy. c is the speed of light in
vacuum and kBT is the thermal energy. τX is the radia-
tive decay time of delocalized excitons in the light cone.
It is typically the fastest decay process [39, 40]. The
term in square brackets denotes the strong attenuation
after averaging over the distribution of excitons. It is
about 0.01 already at T = 5 K, reflecting the fact that
only a negligible fraction of delocalized excitons reside
in the light cone (excitons whose kinetic energy is of the
order of a few µeV). We do not consider the acoustic-
phonon-assisted recombination of delocalized excitons in
our analysis (‘pushing’ the excitons into the light cone
by emission of low-energy phonons). The main effect of
acoustic phonons is to broaden the high-energy tail of X0

and not to strongly amplify the emission [19].
Figure 3(b) shows the calculated normalized PL for a

Boltzmann distribution of excitons at T = 5 K. We notice
that while the amplitude of the capture process depends
on how far the extrinsic defect is from the ML, as shown
in Fig. 3(a), the energy of the emitted photon does not, as
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FIG. 3: (a) The capture parameter, CE′
2
(K), as a function

of the exciton kinetic energy when nd = 4 × 1011 cm−2. (b)
The PL spectrum for the corresponding cases in panel (a) at
T = 5 K and τ` = 10τX . To account for disorder, an inho-
mogeneous broadening of Γ = 5 meV has been used. The
simulations use the parameters of ML-WSe2 supported on
SiO2 substrate.
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shown in Fig. 3(b). Namely, the spectral line always ap-
pears at Eλ below X0. Consequently, the resonance pho-
ton energies are similar in devices in which the defects are
concentrated at a certain distance from the ML, and oth-
ers in which the defects are uniformly distributed in the
substrate. Figure 3(b) shows that the emission from de-
localized excitons in the light cone is comparable with the
phonon-assisted recombination. The intensity ratio be-
tween the phonon-related peak (Xp) and the delocalized
exciton peak (X0) is commensurate with τx/τ` and with
the capture efficiency which is governed by the defects’
density and distance from the ML. We have considered
the Fröhlich interaction (λ = E′2) and assumed that the
density of localized electrons is nd = 4× 1011 cm−2, and
that τ` = 10τX following time-resolved PL experiments
[39, 40]. Importantly, the intensity ratio between Xp and
X0 should not change qualitatively when one invokes ad-
vanced techniques to calculate the PL compared with the
simple approach we have been using in Fig. 3(b).

Before we discuss the implications of the results, it is
emphasized that optical transitions next to localization
centers do not play a significant role in absorption-type
experiments such as differential reflectance spectroscopy.
In these measurements, one probes the oscillator strength
of delocalized exciton and trion states. The signature of
defects in the absorption spectrum is manifested through
broadening effects. On the other hand, radiative recom-
bination next to localized electrons is significant in the
emission process because thermalized excitons can be
captured before entering the minuscule light cone region.

We now turn to discussion of the results, focusing first
on the distinction between radiative recombinations that
involve real and virtual trions. The latter requires emis-
sion of an optical phonon during the radiative process,
rendering the distinction straightforward if the energy
difference between EX − Eλ and ET − E` is notice-
able. This scenario is somewhat applicable in sulfur-
based MLs. For example, recombination with virtual
trions in ML-WS2 has a spectral line at Eλ∼ 44 meV
(356 cm−1) below X0, whereas the spectral line from real
trions has a fine-structure doublet at ∼30 and ∼37 meV
below X0 [41]. The distinction is more subtle in ML-
WSe2 where the phonon-related spectral line nearly res-
onates with one of the doublet features (∼ 30 meV below
X0) [20, 24]. In this case, the gate-voltage dependence
of the PL can be used to identify the recombination pro-
cess. The phonon-related peak is often observed at small
gate voltages whereas the trion doublet emerges at large
gate voltages [24, 42, 43]. The reason is that increasing
the electron density by the gate eventually screens the
charged defects and electrons become delocalized. The
capture process is then suppressed. In this limit, the
doublet feature in the PL comes from delocalized trions.

The distinction between radiative recombinations with
real and virtual trions is more subtle in MoSe2 where the
emission from trions has a single feature. However, we

can still recognize the effect of localization by comparing
the absorption and emission spectra of a gated device. If
the suspected peak appears in both spectra at the same
voltage level, then it should be associated with delocal-
ized trion states. On the other hand, it should be as-
sociated with localized trion states if it is absent in the
absorption spectrum. Clearly, removing extrinsic defects
from the substrate suppresses the recombination next to
localization centers. This behavior was indeed observed
by Ajayi et al., who showed that passivation treatment of
the SiO2 substrate led to substantial suppression of the
low-energy peak in the emission spectrum [44].

Other than the dependencies on sample quality and
gate voltage, localization effects can be inferred from the
temperature dependence of the PL. The phonon-assisted
recombination decays with temperature because (i) ex-
citons gain kinetic energy making them less susceptible
to the capture process, as shown in Fig. 3(a), and (ii)
localized electrons that mediate the recombination pro-
cess escape the localization center. The decay of delo-
calized trions with temperature, on the other hand, is
governed by thermal dissociation of the complex into de-
localized electron and exciton. PL experiments in ML-
TMDs often show that the decay already occurs when
kBT � (EX − ET ′), where ET ′ is the energy of a delo-
calized trion. This behavior implies a dominant contribu-
tion from recombination next to localization centers, as
was recently suggested by Godde el al. [45]. In addition,
it is supported by the fact that µ-PL experiments show
that the emission of the low-energy peak is localized in
nature compared to the spatially homogeneous emission
of neutral excitons [46, 47].

Finally, we believe that the phonon-assisted recom-
bination process supports the findings of recent experi-
ments that probed biexcitons and five-particle complexes
in ML-WSe2 [48–51]. The energy difference between
the biexciton and five-particle peaks is 32 meV in all
of these reports, in which the ML was encapsulated in
thin hexagonal boron-nitride layers and the whole het-
erostructure was supported on SiO2 substrate. The same
energy difference is measured between the exciton and
phonon-assisted peaks in similar devices [24]. Our claim
is that the five-particle complex observed in these PL
experiments is phonon-assisted recombination of biexci-
tons mediated by localized electrons. It starts when a
localized electron virtually captures a delocalized biexci-
ton by emitting a phonon, where the biexciton comprises
dark and bright exciton components (electrons with the
same spin but different valleys). Next, a photon is emit-
ted from the intermediate virtual five-particle state. The
final state is the localized electron, delocalized dark ex-
citon, phonon and a photon. We will present a detailed
study of this subject in the near future.

In conclusion, we have unravelled an intriguing
phonon-assisted radiative process in the photolumines-
cence of monolayer transition-metal dichalcogenides. It
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starts when a localized electron virtually captures the ex-
citon by emitting a phonon, followed by photon emission
from the intermediate virtual trion state. Overall, it is
a strong process because ET − E` nearly resonates with
EX − Eλ where ET (`) is the energy of a localized trion
(electron) and EX(λ) is the energy of an exciton (opti-
cal phonon). It is this resonance condition that led to
widespread confusion, where the radiative recombination
was often attributed to real trions instead of virtual ones;
participation of optical phonons in the radiative process
was largely ignored. We have discussed ways to distin-
guish between radiative recombinations with real and vir-
tual trions based on the energy of the emitted photons.
Furthermore, ways to probe localization effects were ana-
lyzed by comparing the absorption and emission spectra,
as well as by using device quality, gate voltage, temper-
ature, and magnetic field as knobs in photoluminescence
experiments.
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