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The optical response of doped monolayer semiconductors is governed by trions, i.e. photoexcited
electron-hole pairs bound to doping charges. While their photoluminescence (PL) signatures have been
identified in experiments, a microscopic model consistently capturing bright and dark trion peaks is still
lacking. In this work, we derive a generalized trion PL formula on a quantum-mechanical footing,
considering direct and phonon-assisted recombination mechanisms. We show the trion energy landscape in
WSe2 by solving the trion Schrödinger equation. We reveal that the mass imbalance between equal charges
results in less stable trions exhibiting a small binding energy and, interestingly, a large energetic offset from
exciton peaks in PL spectra. Furthermore, we compute the temperature-dependent PL spectra for n- and
p-doped monolayers and predict yet unobserved signatures originating from trions with an electron at theΛ
point. Our work presents an important step toward a microscopic understanding of the internal structure of
trions determining their stability and optical fingerprint.

DOI: 10.1103/PhysRevLett.132.036903

Introduction.—Atomically thin semiconductors, such as
monolayer transition metal dichalcogenides (TMDs),
exhibit strong Coulomb interactions, providing a platform
to investigate quantum many-body physics and showing
potential promise for highly tunable optoelectronic devices
[1–3]. The optical response of these materials is dominated
by excitons—tightly bound electron-hole pairs—in the
neutral regime [4–6], and by trions—charged excitons—
in the presence of doping [7,8]. The recombination of these
charge complexes displays clear spectral signatures in
photoluminescence (PL) measurements [9–11]. In particu-
lar, dark excitons and trions undergo phonon-assisted
recombination [12], exhibiting multiple phonon sidebands
in PL spectra [13–17]. Specific recombination mechanisms
have been identified by measuring g factors and comparing
the energetic offset of the sidebands with the energy of the
phonon modes involved. So far, however, no microscopic
model has been put forward to accurately describe PL
signatures of both bright and dark trions in n- and p-doped
TMD monolayers, capturing not only the peak positions
but also their intensity and lineshape on a consistent
microcopic footing. This would enable a direct comparison
between theoretical predictions and experimental measure-
ments, providing new insights into the recombination
channels of different trion species throughout a wide range
of experimentally tunable parameters.

In this Letter, we have developed a microscopic appro-
ach to model trion luminescence with a generalized PL
formula accounting for direct and phonon-assisted recom-
bination mechanisms [cf. Fig. 1]. While our approach
applies to all atomically thin semiconductors, we consider
the exemplary case of tungsten diselenide (WSe2), which is
known to host both bright and dark trions [13–16,18]
[cf. Fig. 1(a)]. We gain access to the trion energy landscape
via a variational solution of the trion Schrödinger equa-
tion, taking into account the multivalley band structure with
an effective mass approximation not only around the Kð0Þ

point but also around the usually disregarded Λð0Þ point
[cf. Fig. 2(c)]. Importantly, we incorporate the mass
imbalance between the two electrons within a trion [see
Fig. 1(b)] in our variational ansatz, leading to less stable
trions with a smaller binding energy but, interestingly, to a
larger energetic offset from exciton peaks in PL spectra
[cf. Figs. 1(b) and 1(c)]. Finally, we compute the PL spectra
of p- and n-doped monolayers for varying temperatures,
obtaining a good agreement with experiments regarding
signatures arising from trions formed by K-point electrons
and holes. Moreover, we predict yet unobserved signatures
of trions with an electron located at the Λ point, which,
intriguingly, possess a higher trion energy than their
K-point counterpart but exhibit a lower recombination
resonance. We expect that these Λ-point trions play an
important role in the relaxation dynamics and they can be
experimentally accessed via strain engineering [19] or in
time-resolved PL spectra [17].
Microscopic model.—We consider the multivalley band

structure of the investigated WSe2 monolayers in an
effective-mass approximation around the high-symmetry
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points K, K0, Λ, and Λ0 [cf. Fig. 2(c)], with masses and
valley offsets from ab initio calculations [20]. The reversed
spin-orbit splitting in this material makes the lowest-energy
trion species dark [13–16,18] [X−

D in Fig. 1(a)]. Dark trions
can still recombine radiatively with the assistance of a
phonon providing the necessary momentum or spin
[12,13,15,16] [cf. Fig. 1(c)]. In the following, we outline
the calculation of the energetic landscape of bright and dark
trions and the derivation of the trion PL formula; see
Supplemental Material [21].
We obtain the trion eigenenergies εν and wave functions

Ψνðr1;r2Þ for each spin-valley configuration ν¼fνh;νe1;νe2g
from a variational solution of the Schrödinger equation
HνΨνðr1; r2Þ ¼ ενΨνðr1; r2Þ. Here, Hν is the Hamiltonian
for an electron-electron-hole complex [26] where the inter-
action between charges is modeled by a thin-film potential
[27–29]. The energy εν is minimized considering the ansatz

Ψνðr1; r2Þ ∝ e−jr1j=a1e−jr2j=a2 þ Ce−jr1j=b1e−jr2j=b2 ; ð1Þ

with r1ð2Þ being the relative electron-hole coordinate for the
electron in the spin-valley state νe1ð2Þ and where the varia-
tional parameters a1ð2Þ, b1ð2Þ, and C implicitly depend on ν.
Similarly to the symmetrized product of hydrogenic wave
functions [26,30,31], this ansatz describes the superposition
of two states with different electron-hole radii a1ð2Þ and b1ð2Þ,
but allows for a mass imbalance between the two equal
charges within a trion by introducing the weight factorC and
by removing the restriction b1 ¼ a2, b2 ¼ a1. This consid-
eration is highly relevant for n-doped WSe2, where the
electrons forming a bright trion have different effective
masses [Fig. 1(a)]. As our focus lies on the qualitative
description of the trion landscape and PL, we disregard the
exchange interaction, which is known to lead to small
additional splittings of degenerate states [32,33]. We note
that despiteΨνðr1; r2Þ being generally asymmetric due to the
mass imbalance, the wave function of the three-body Bloch
state fulfills fermionic antisymmetry [34].
To predict the PL spectra arising from the recombination

of bright and dark trions, we derive a generalized trion PL
formula. We truncate the Fock space [35,36] in the limit of
low trion density, noting that our model could be extended
to higher densities by considering additional many-particle
subspaces or the Fermi-polaron picture [37–41]. We thus
obtain an effective trion Hamiltonian and then exploit
Heisenberg’s equation with the cluster expansion scheme
to obtain a set of coupled equations describing the photon
emission rate [12]. Solving these equations in the stationary
state yields an expression for the PL intensity arising from
the direct and phonon-assisted recombination of trions,

IPLðωÞ¼
2

ℏ

X

ννek

jMννe
k j2

ðEt
νk−Ee

νek
−ℏωÞ2þðγtνkÞ2

×

"
Nνkγ

t-phot
νk þ

X

ν0jq�

Nν0kþqjGν0ν
jq j2η�jqγtν0kþq

ðΔEkqÞ2þðγtν0kþqÞ2
#
; ð2Þ

with ΔEkq ¼ Et
ν0kþq − Ee

νek
− ℏω ∓ ℏΩjq. The first term

in Eq. (2) describes the direct recombination of a trion with
the energy Et

νk and momentum k via the emission of a
photon and the recoil [41,42] of an electron with energies
ℏω and Ee

νek
, respectively. The trion-photon matrix element

Mννe
k contains the selection rules δνh;νe1δνe;νe2 or δνh;νe2δνe;νe1

enforcing that the recombining electron and hole are
located in the same valley. Furthermore, Nνk denotes the
trion occupation, which is well described by a Boltzmann
distribution at low densities, and γtνk accounts for both
radiative and nonradiative dephasing mechanisms.
The second term in Eq. (2) accounts for the recombi-

nation of a trion in ν0 via the scattering with a phonon with
mode j, momentum q, and energy ℏΩjq into a virtual bright
state in ν [cf. Fig. 1(c)]. The trion in the virtual bright state

(a)

(b)

(c)

FIG. 1. (a) Schematic illustration of bright (X−
0 ) and dark (X−

D)
trions in the band structure ofWSe2. The spin-valley configuration
of the trion (exciton in (b)) is denoted in the subscript ofX−

hee (Xhe).
(b) Impact of the mass imbalance on trion stability. Outer panels:
visual representation of the electron Bohr radii for equal (X−

D,
me

K↓ ¼ me
K0↑) and unequal (X−

0 , m
e
K↑ ≠ me

K↓) electron masses.
Central panels: energy of the respective bound trion states and
exciton-electron continua (gray shaded). The bright (dark) trion
binding energy is denoted byEb

0ðDÞ, and the energy difference with
respect to the bright exciton is denoted byΔ0ðDÞ. (c) Illustration of
bright and dark trion recombination mechanisms. Note that the
dark trion does not necessarily have a largermomentumQ than the
bright one. The PL spectrum resulting from the recombination of
excitons and trions is sketched on the left.
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recombines by emitting a photon and leaving an electron
behind. The trion-phonon matrix element Gν0ν

jq is deter-
mined by the overlap between initial and final trion states
[36], together with the carrier-phonon coupling strength
which is treated in a deformation potential approach with
input parameters obtained from ab initio calculations [43].
We have also introduced the factor η�jq ¼ ρq þ ð1� 1Þ=2
with the phonon number ρq.
Trion landscape.—We now solve the trion Schrödinger

equation with the variational ansatz, Eq. (1), for n- and p-
doped WSe2 monolayers encapsulated in hexagonal boron
nitride (hBN). In addition, we compute exciton binding
energies with a hydrogenic variational wave function [26]
in order to consistently establish the energetic offset of
exciton-electron continua. The calculated trion (and exci-
ton) binding energies are shifted by the respective energy
offsets between the single-particle energies of different
valleys, yielding the total trion energies shown in Fig. 2.
The spin-valley configuration of p- and n-type trions as
well as excitons is denoted by the subindices of Xþ

ehh, X
−
hee,

and Xhe, respectively. The trion notation for the most
relevant states is simplified to X�

0=D;K=Λ, where the

subindices denote a bright or dark (0=D) state and the
valley K or Λ of the (additional) electron in pðnÞ-type
trions. In Fig. 2 we have categorized the different trion
states into bright and dark species according to whether
their direct recombination is allowed. Concretely, bright
trions have an electron and a hole located at the same valley,
occupying bands with equal spin. In agreement with
previous studies [10,13–16,44], we find that dark trions
formed by electrons and holes at the Kð0Þ point, X�

D;K,
constitute the most energetically favorable species for p-
and n-type doping (cf. Fig. 2). Dark trions with an electron
at the Λ valley, i.e. X�

D;Λ, lie only about 10 meV above the
lowest state, making them potentially relevant in thermal-
ization, transport, and recombination processes [3].
Interestingly, n-type trions in WSe2 can be formed by

two electrons with a different effective mass due to the vari-
ety of conduction-band valleys with massesme

K↑ ¼ me
K0↓ ¼

0.29m0, me
K↓ ¼me

K0↑ ¼ 0.40m0, and me
Λ↑ ¼me

Λ0↓ ¼ 0.60m0

[20]. The energy gained by binding either of the two
possible excitons to the additional electron can then have
two distinct values. The stability of the trion (i.e. trion
binding energy) is determined by the lowest of these two
[cf. Eb in Fig. 1(b)], i.e. the lowest energy needed to
dissociate the trion into an unbound exciton-electron
complex. In general, we find that trions with mass
imbalance are less stable; cf. the smaller binding energy
Eb for X−

0;K (mass imbalance) compared to X−
D;K (mass

balance) in Fig. 2(b). This is a consequence of the
preferential binding of the hole with the heavy electron
[cf. Fig. 1(b)]. The light electron thus sees a more neutral
charge cloud of the other two particles, giving rise to a
weak interaction as demonstrated in Fig. 1 in the
Supplemental Material [21]. Importantly, the optical reso-
nance of trions in PL relative to the exciton is determined
by the energy difference between the trion and the bright
exciton-electron state [Δ in Fig. 1(b)]. The smaller reduced
mass and consequent weaker binding of the bright exciton
compared to the dark one results in an exciton–trion peak
separation larger than the actual trion binding energy, i.e.
Δ > Eb. In particular, while we predictΔ−

D;K ¼ 12 meV for
the lowest dark species, this value increases to Δ−

0;K ¼
24 meV for the lowest n-type bright trion due to its mass
imbalance, cf. Fig. 2(b). The calculated binding energies
for the lowest dark trions (12 meV) closely resemble the
experimental measurements (13–14 meV) [16]. The larger
exciton-trion energy difference for the n-type bright trion
(Δ−

0;K ¼ 24meV) compared to the p-type (Δþ
0;K ¼ 11 meV)

has also been identified experimentally [33], confirming the
predictive character of our microscopic theory.
In addition, our calculations predict that the lowest

n-type bright trion, X−
0;K, lies only 10 meV below X−

0;Λ,
with an electron at Λ↑ instead of K↓. The energetic
proximity between these states implies that they can be
similarly populated at relatively large temperatures or

(a) (c)

(b)

FIG. 2. Trion landscape in hBN-encapsulated WSe2 mono-
layers [(a) p- and (b) n-doped]. Trion and exciton energies are
denoted by thick lines. Gray shaded areas illustrate exciton–
electron continua. The spin-valley configuration of p- and n-type
trions is denoted in the subscript of Xþ

ehh and X−
hee, respectively.

The short notation X�
0=D;K=Λ is introduced in the text. Exciton

states that can be formed by an electron-hole pair within a trion
are denoted by Xhe. (c) Illustration of the electronic band structure
with Kð0Þ and Λð0Þ valleys.
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during high-energy continuous-wave excitation. Interes-
tingly, the larger mass of the Λ electron leads to a larger
energy separation from the bright exciton, resulting in an
exciton–trion energy difference in PL of Δ−

0;Λ ¼ 46 meV
for X−

0;Λ compared to Δ−
0;K ¼ 24 meV for X−

0;K. Thus,
although X−

0;Λ has a higher trion energy Et, we predict
its emission resonance to appear below that of X−

0;K.
Trion photoluminescence.—After computing the trion

landscape and understanding the impact of mass imbalance
on the trion binding energy, we now investigate the PL
signatures arising from the recombination of dark and
bright trions. To do so, we evaluate Eq. (2) for varying
temperatures as detailed in the Supplemental Material [21].
The obtained temperature maps of the PL spectra for p- and
n-doped WSe2 are shown in Figs. 3(a) and 3(b), with
disentangled contributions to the PL at 4 and 60 K
displayed in Fig. 3(c). At low temperatures, most of the
trion population resides in the dark state X�

D;K. This trion
species can scatter with a phonon into the virtual bright
state X�

0;K and then recombine, resulting in a group of peaks
(often denoted as phonon sidebands) in PL spectra, each of
them shifted from the dark trion resonance by the respective
phonon energy. The PL resonances of dark trions at the
lowest temperatures are very similar for p- and n-doping
since their binding energy is almost equal. As the temper-
ature is increased, higher-lying trion states are populated
and new PL signatures appear. In particular, at approx-
imately 40 K the occupation of dark trion states with a Λ
electron results in very distinct PL spectra for p- and n-type
doping. On the one hand, Xþ

D;Λ recombines indirectly via

scattering of the Λ↑ electron into K↑, appearing in the
spectra as a new peak at ∼ − 75 meV for p-type doping
[Figs. 3(a) and 3(c)]. On the other hand, for n-type doping
X−
D;Λ can be brightened by scattering of either the K0↑

or Λ↑ electron into K↑, resulting in the low energy tail
at ∼ − 105 meV and the signature at approximately
−70 meV, respectively [Figs. 3(b) and 3(c)].
At sufficiently large temperatures, bright trions start to

dominate the PL spectra, exhibiting resonances marked by
white solid lines in Figs. 3(a) and 3(b). In the case of p-type
doping, the only relevant bright trion is Xþ

0;K, which appears
in PL 11 meV [Δþ

0;K in Fig. 3(a)] below the bright exciton
resonance. In contrast, n-type samples can host bright
trions where the additional electron is at the K (X−

0;K) or Λ
(X−

0;Λ) valley. As X−
0;K has a lower three-body energy Et

[cf. Fig. 2(b)], it is populated first and appears in PL at
lower temperatures (∼50 K), with a resonance energy
Δ−

0;K ¼ 24 meV below the bright exciton. Interestingly,
X−
0;Λ appears at higher temperatures (∼60 K), but with a

lower resonance energy (Δ−
0;Λ ¼ 46 meV) due to the larger

mass of the Λ electron. Despite the large exciton–trion
offset in PL (Δ−

0;K=Λ), both n-type bright trions are actually
weakly bound [cf. Eb

0 Fig. 2(b)]. We note here that all
degenerate states are considered, e.g. X−

0;K accounts for
both intra- (X−

K↑K↑K↓) and intervalley (X−
K↑K↑K0↑) trions,

which are degenerate due to the absence of exchange
interaction in our model and therefore these states contrib-
ute equally to the PL. We emphasize that the neglected
exchange-induced splitting of about 6 meV [33] does not
change the main message of this work.

(a) (c)

(b)

FIG. 3. (a),(b) Temperature-dependent PL spectra in p- and n-type WSe2, exhibiting bright (X�
0;K=Λ, solid white lines) and dark

(X�
D;K=Λ, dashed white lines) trion resonances. The origin is offset to the bright exciton X0 ¼ XK↑K↑ resonance, while the gray line (at

approx. −55 meV) denotes the dark exciton XD ¼ XK↑K0↑ resonance. The separation between trion and exciton resonances is denoted
by Δ. The phonon energy Eph determines the position of the phonon sidebands associated with dark trions. The spectra have been
normalized to the integrated PL for each temperature. (c) Disentangled contributions to the PL spectra at 4 and 60 K for p- and n-type
doping. Each contribution is labeled with the respective trion state.
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The predicted signatures of dark and bright trions
composed of charges at the Kð0Þ point are in good
qualitative agreement with experimental measurements
[13,15,16,45]. In particular, our calculations reproduce
the binding energy of p- and n-type dark trions and the
similar position of their sidebands, as well as the higher
energy of the p-type bright trion peak compared to the
n-type one. The small singlet-triplet splitting of X−

0;K [33] is
not captured due to the absence of exchange interaction in
our model. The predicted PL signatures arising from trions
with an electron at the Λ valley have not been observed
in experiments so far, although some peaks still remain
unidentified in the literature [13,15]. The uncertainty in the
offset between conduction-band minima at K and Λ [46]
and the presence of nonequilibrium distributions in
experiments might explain why the predicted signatures
could not be observed in experimental measurements yet.
Nevertheless, we expect that these trion states, similar to Λ
excitons [47,48], play an important role in the thermal-
ization process and could therefore be observed in time-
resolved PL experiments [17].
Conclusion.—In summary, we have introduced a micro-

scopic approach to describe trion photoluminescence in
monolayer semiconductors, accounting for both direct and
phonon-assisted recombination processes. We have con-
sidered the exemplary case of WSe2 and computed the trion
energy landscape and the corresponding PL spectra. The
qualitative agreement of the PL signatures arising from K-
point trions with experiments demonstrates the predictive
character of our model, which provides microscopic access
into the recombination mechanisms of charge complexes.
We have revealed the crucial impact of the electron mass
imbalance on the trion stability and trion PL. Furthermore,
we have predicted yet unobserved PL signatures of Λ-point
trions, which we expect to be visible in time-resolved PL
experiments. The gained microscopic insights will trigger
further experimental and theoretical studies addressing the
impact of the Λ valley on the physics of charge complexes
in atomically thin semiconductors.
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