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ABSTRACT
The competition between the radiative and nonradiative lifetimes determines the optical quantum yield and plays a crucial role in the potential
optoelectronic applications of transition metal dichalcogenides (TMDCs). Here, we show that, in the presence of free carriers, an additional
nonradiative decay channel opens for excitons in TMDC monolayers. Although the usual Auger decay channel is suppressed at low dop-
ing levels by the simultaneous momentum and energy conservation laws, exciton–phonon coupling relaxes this suppression. By solving a
Bethe–Salpeter equation, we calculate the phonon-assisted Auger decay rates in four typical TMDCs as a function of doping, temperature,
and dielectric environment. We find that even for a relatively low doping of 1012 cm−2, the nonradiative lifetime ranges from 16 to 165 ps in
different TMDCs, offering competition to the radiative decay channel.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0230578

I. INTRODUCTION

The exceptional properties exhibited by two-dimensional (2D)
materials have revolutionized the landscape of materials science and
nanotechnology.1,2 The interplay between radiative and nonradia-
tive recombination processes in transition metal dichalcogenides
(TMDCs) is fundamental to their optoelectronic properties.3–5

These two-dimensional semiconductors exhibit strong light–matter
interactions,6 making them promising candidates for various
photonic and optoelectronic applications.7 The optical quantum
yield,8,9 a critical parameter for such applications, is directly
influenced by the competition between the radiative10–13 and
nonradiative14 exciton lifetimes.15,16

In TMDC monolayers, excitons, or bound electron–hole
pairs, play a crucial role in determining the material’s optical
properties.17–20 The radiative recombination of these excitons
results in photon emission, which contributes to the material’s
luminescence. However, nonradiative recombination pathways
can significantly impact the overall quantum efficiency of these

materials.21 Therefore, understanding these dynamics is crucial
for optimizing TMDC-based devices for various optoelectronic
applications.3,4

In this work, we demonstrate that the nonradiative
exciton–phonon-assisted Auger decay channel can effectively
compete with the radiative decay even at moderately low doping
levels, especially in smaller bandgap TMDCs. The conventional
Auger decay mechanism, a nonradiative process often observed
in semiconductors,22–24 is suppressed in TMDC monolayers at
low doping concentrations. This suppression is attributed to the
simultaneous conservation of momentum and energy in these
2D systems. However, phonon emission or absorption can relax
momentum conservation, enabling phonon-assisted Auger decay of
excitons available even at low doping levels.25 The Auger decay with
phonon assistance has been considered in bulk semiconductors.26
In this work, we extend the phonon-assisted Auger decay
mechanism to strongly bound excitons in 2D van der Waals
materials. Strong exciton–phonon coupling in TMDCs27–29 is
responsible, for example, for the temperature-dependent width of
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photoluminescent spectra30–37 and magneto-optical spectroscopy38
and provides new possibilities for ultrafast intralayer-to-interlayer
exciton transitions and interlayer charge transfer.39

II. METHODS AND MODEL
We use standard notations throughout this paper, where e > 0

stands for the elementary charge, ε0 is the vacuum permittivity, and
kB is the Boltzmann constant.

A. Excitons
To compute the phonon-assisted Auger decay rate for excitons

in TMDCs, we first obtain the single-particle spectrum from
the model tight-binding Hamiltonian derived in Ref. 40. Within
the tight-binding model, a given single-particle state ∣nk⟩ with
wave vector k in band n and energy εnk can be written as the
Bloch sum,

∣nk⟩ =
1
√
N
∑
ν,R

eık⋅Rankν∣ν,R⟩, (1)

where ∣ν,R⟩ is the orbital ν centered at the Bravais lattice point R
and N is the total number of primitive unit cells considered. The
coefficients ankν in Eq. (1) are determined from the tight-binding
Hamiltonian via

∑
ν′

ℋνν′(k)ankν′ = εnkankν, (2)

where the 11-band tight-binding Hamiltonian ℋνν′ and its
corresponding hopping parameters are taken from Ref. 40. For
simplicity, we use the 11-band model without spin–orbit coupling
in the remainder of this work.

The tight-binding states determined from Eqs. (1) and (2) are
then used to compute the exciton dispersion via a Bethe–Salpeter
equation (BSE). For an exciton S with momentum q, this BSE can be
conveniently written as41,42

[ΩS(q) − εc(k + q) + εv(k)]𝒜Sq
vck

= ∑
v′c′k′
[𝒦d

vck,v′c′k′(q) +𝒦
x
vck,v′c′k′(q)]𝒜

Sq
v′c′k′ , (3)

where ΩS(q) denotes the exciton energy and 𝒜Sq
vck denote the

coefficients of the linear combination forming the excitonic state,

∣ΨSq⟩ =∑
vck

𝒜Sq
vck ĉ

†
ck+qĉvk∣GS⟩ ≡ X̂

†
Sq∣GS⟩. (4)

Here, ĉ†ck (ĉvk) is the creation (annihilation) operator of an electron
with momentum k in a conduction band c (valence band v) and
∣GS⟩ is the ground state with fully occupied valence bands and
unoccupied conduction bands, while X̂†

Sq is the creation operator of
an exciton in state S with momentum q. Equation (3) contains the
direct and exchange terms

𝒦d
vck,v′c′k′(q) = −∑

νν′
a∗ck+qνac′k′+qνavkν′a

∗
v′k′ν′

× [
1
N∑R

e−ı(k−k
′)⋅RW(∣R∣)] (5)

and

𝒦x
vck,v′c′k′(q) =∑

νν′
a∗ck+qνavkνac′k′+qν′a

∗
v′k′ν′[

1
N∑R

e−ıq⋅RV(∣R∣)],

(6)

respectively. Equations (5) and (6) have been derived assuming
point-like orbitals. The direct and exchange terms are computed in
the real space from the screened interaction and the bare Coulomb
potentialsW(∣R∣) and V(∣R∣), respectively. If we do not account for
doping in the BSE, W(∣R∣) = V(∣R∣). In 2D materials, this potential
can be well modeled by the Keldysh potential,43–45

W(∣R∣) =
e2

8ε0r0
[H0(

κ∣R∣
r0
) − Y0(

κ∣R∣
r0
)], (7)

where H0 is the Struve function, Y0 is the Bessel function of the
second kind, ε0 is the vacuum permittivity, κ is the averaged relative
permittivity of the dielectric background,46 and r0 is the monolayer
polarizability parameter.

B. Phonon-assisted Auger decay rate
Having obtained ΩS(q) and𝒜Sq

vck from Eq. (3), we are now in a
position to compute the phonon-assisted Auger scattering rate.

In the second-order processes we consider (see Fig. 1), the
initial state is given by a zero-momentum exciton and an electron
with momentum k′ in the lowest conduction band c0. By emit-
ting a phonon with momentum −q or absorbing a phonon with
momentum q, the exciton acquires a finite momentum q. This inter-
mediate state, in turn, collapses to the final state by Auger decay
of the exciton to the ground state. The energy conservation then
requires ΩS(0) + εc0k′ = h̵ω−q + εc′k′+q for phonon emission and
ΩS(0) + εc0k′ + h̵ωq = εc′k′+q for phonon absorption, where hω±q is
the phonon dispersion and εck is the electron dispersion in a con-
duction band c. During the transition to the final state, we allow
for excitations to an arbitrary conduction band c′, that is, not only
within the lowest conduction band c0 [Fig. 1(b) shows only one
conduction band for simplicity].

We model the interaction mediating the collapse from the
initial state to the final state by the Hamiltonian Ĥ = Ĥe−ph + Ĥe−e
with the exciton–phonon interaction,

Ĥe−ph =
g
√
N
∑
Skq

X̂†
Sk+qX̂Sk(b̂

†
−q + b̂q), (8)

and the electron–electron interaction,

Ĥe−e =
1
N ∑

cc′vkk′q
Uc′ ,c0 ,c,v

k′+q,k′ ,k+q,k ĉ
†
c′k′+qĉc0k′ ĉck+qĉ

†
vk. (9)

Equation (8) contains the exciton creation (annihilation) operator
X̂†
Sk (X̂Sk) defined in Eq. (4). In our model, the exciton–phonon
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FIG. 1. Phonon-assisted Auger decay mechanism. (a) Exciton dispersion of MoSe2
as a function of the center-of-mass momentum evaluated on a 60 × 60k-mesh of
the Brillouin zone. Only the first 100 exciton bands are shown. The onset of the
single-particle continuum at q = 0 takes place at an energy of 1.89 eV. The colored
oval demonstrates the transition of the zero-momentum exciton to a finite q-exciton
by emission of a phonon with momentum −q in the intermediate state. (b) Electron
states in the phonon-assisted Auger decay process: An initial state comprising a
zero-momentum exciton and a conduction band electron with momentum k′ is
excited by emission (absorption) of a phonon with momentum −q (q) into an
intermediate state comprising an exciton with finite momentum q and the con-
duction band electron k′. In the final state, the q-exciton decays into the ground
state by an Auger process and transfers its momentum to the conduction band
electron.

coupling strength in Eq. (8) is given by a constant g, while the Auger
Coulomb matrix element in Eq. (9) is given by

Uc′ ,c0 ,c,v
k′+q,k′ ,k+q,k =∑

νν′
a∗c′k′+qνack+qνac0k′ν′a

∗
vkν′[

1
N∑R

e−ı(k
′−k)⋅RV(∣R∣)].

(10)

Here, Eq. (10) has been calculated employing the same approxima-
tions as those used to arrive at Eqs. (5) and (6).

Using second order perturbation theory and Fermi’s golden
rule, we can determine the Auger scattering rate as

h̵
τ
=
2πg2

N3 ∑
c′ ,k′ ,S,q

∣∑cvk𝒜
Sq
vckU

c′ ,c0 ,c,v
k′+q,k′ ,k+q,k∣

2

[ΩS(q) −ΩS(0) + h̵ω−q]2

× f (εc0k′)[1 − f (εc′k′+q)][1 + n−q]

× δ[εc′k′+q − εc0k′ + h̵ω−q −ΩS(0)]

+
2πg2

N3 ∑
c′ ,k′ ,S,q

∣∑cvk𝒜
Sq
vckU

c′ ,c0 ,c,v
k′+q,k′ ,k+q,k∣

2

[ΩS(q) −ΩS(0) − h̵ωq]
2

× f (εc0k′)[1 − f (εc′k′+q)]nq

× δ[εc′k′+q − εc0k′ − h̵ωq −ΩS(0)], (11)

where the first and second terms are the contributions due to
phonon emission and absorption, respectively. The integral over
1/x2 in Eq. (11) should be evaluated as a principal part, that is,
1/x2 → [1 − exp(−x2/σ2)]/x2, where the value of σ depends on
the k-mesh. Here, we use σ = 50 meV and a 60 × 60 k-mesh. The
functions

f (ε) =
1

exp [(ε − μ)/kBT] + 1
,nq =

1
exp (h̵ωq/kBT) − 1

(12)

denote the Fermi–Dirac and Bose–Einstein distribution functions
with temperature T and chemical potential μ. In order to obtain
Eq. (11), we have assumed that only the lowest conduction band c0
is occupied by excess electrons47 and that phonon-assisted transi-
tions can occur only between this band and any other conduction
band.

C. Exciton–phonon coupling strength
To estimate the strength of the exciton–phonon coupling, we

use the experimentally measured full-width at half-maximum γ
from temperature-dependent photoluminescence spectra (shown in
Fig. 2) according to Fermi’s golden rule,

γ(T) = γ0 + 2πg2DOSexcnph, (13)

where γ0 is a temperature-independent broadening due to defects
and sample inhomogeneities and the temperature dependence arises
from the phonon population nph according to Eq. (12). The exciton
density of states is evaluated according to DOSexc = mexcA/(2πh2),
where A is the area of the primitive unit cell, and the exciton mass
mexc = mc +mv is given by the sum of conduction and valence band
effective masses from Table I. The values of g from the best fits
are given in Table I. Note that we only consider phonon absorp-
tion in Eq. (13), since there are no states to scatter to as a result of
the phonon emission for the lowest-energy excitons and we do not
differentiate between acoustic and optical phonon contributions to
the full-width at half maximum by using a fixed value of the phonon
energy of hωph = 20 meV for all TMDCs considered in Eqs. (11) and
(13). Note that we use amomentum- and band-independent approx-
imation for the strength of the exciton–phonon coupling, which is in
the spirit of the commonly used deformation potential approxima-
tion in the context of electrical transport. The deformation potential
approximation is justifiable because of the weak dependence of the
coupling between electrons and optical non-polar phonons. We
also employ the Einstein model for the optical phonons, that is, a
momentum-independent phonon energy. Since the parameters of
our model are obtained by refitting the existing experimental data
on phonon-induced broadening of photoluminescence spectra, we
expect that those are quantitative results, which are comparable with
future experiments.

III. RESULTS
Equations (2)–(13) can then be used to compute the phonon-

assisted Auger decay rate. Here, we present the results for four
different TMDCs, namely MoS2, MoSe2, WS2, and WSe2. As shown
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FIG. 2. Full-width at half maximum data analysis of (a) MoS2,30 (b) MoSe2,31 (c) WS2,32 and (d) WSe2
33,36 to extract the corresponding strengths of the exciton–phonon

coupling according to fits to Eq. (13).

in Fig. 3, for all four TMDCs, the scattering rates for the process
considered in this work increase with doping densities and
correspond to lifetimes in the sub-nanosecond regime at densities
up to 1013 cm−2.

In systems with strong dielectric screening, on the other hand,
the phonon-assisted Auger scattering rate is suppressed, as illus-
trated in Fig. 4: The stronger the dielectric screening, the smaller
the Auger scattering rate. In the limit of an infinitely large dielectric
constant, the phonon-assisted exciton Auger decay rate vanishes as
shown in Fig. 4 containing data computed from Eq. (11) along with
an empirical fit.

TABLE I. Effective masses of the lowest conduction band and the uppermost valence
band in units of the free electron mass m0 (taken from Ref. 40). The primitive unit cell
area is given by A = a2

√
3/2, where a is the lattice constant. The best-fit values of

the exciton–phonon coupling g to Eq. (13) are also given in the last column.

Material mc/m0 mv/m0 a (Å) g (eV)

MoS2 0.47 0.57 3.18 0.211
MoSe2 0.54 0.65 3.32 0.176
WS2 0.31 0.41 3.18 0.168
WSe2 0.34 0.44 3.32 0.216

The temperature dependence follows from the probabilities
of phonon emission and absorption, that is, 1 + 2nph. The overall
rate depends sensitively on the bandgap of the TMDCs, that is,
the smaller the bandgap, the stronger the phonon-assisted exciton
Auger decay rate. To probe the proposed phonon-assisted exciton

FIG. 3. Phonon-assisted Auger decay rate of excitons in four most common TMDC
monolayers as a function of doping, evaluated at T = 300 K and in a dielectric
environment κ = 3.
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FIG. 4. Phonon-assisted Auger decay rate of excitons in MoS2 as a function dielec-
tric constant of the environment, evaluated at the doping level of 1012 cm−2 and at
T = 300 K. The “to guide the eye” curve, ∝ 1/(1 + κ), demonstrates vanishing
scattering rate in the limit of κ→∞.

Auger decaymechanism, we want the experimental sample to be free
of defects to limit other nonradiative defect-assisted decay channels.
The gate can supply the free carrier in a TMDC in a controllable
way such that the measured phonon-assisted exciton Auger decay
rate could be analyzed according to the following empirical
formula:

1
τ
=
1 + 2nph

τ0
ρ
ρ0

κ0 + 1
κ + 1

, (14)

where τ0 is the phonon-assisted exciton Auger decay lifetime
measured at typical experimentally relevant conditions, that is,
ρ0 = 10

12 cm−2, κ0 = 3, and T = 4 K. The value of τ0 falls in the
range of 16–165 ps depending on the bandgap of the TMDC
material.

IV. CONCLUSIONS
We have demonstrated that the phonon-assisted exciton Auger

decay mechanism can effectively compete with the radiative decay
channel in defect-free samples, even at moderately low doping
levels. The predicted values of the phonon-assisted Auger lifetime
for excitons under typical experimental conditions are predicted
to be in the range of 16–165 ps depending on the bandgap of the
TMDC material. We believe that our work will stimulate further
experimental work.
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