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Microscopic theory of exciton and trion polaritons in doped
monolayers of transition metal dichalcogenides
Yaroslav Vladimirovich Zhumagulov 1,2✉, Salvatore Chiavazzo3, Dmitry Romanovich Gulevich2, Vasili Perebeinos 4,
Ivan Andreevich Shelykh2,5 and Oleksandr Kyriienko3

We study a doped transition metal dichalcogenide (TMDC) monolayer in an optical microcavity. Using the microscopic theory, we
simulate spectra of quasiparticles emerging due to the interaction of material excitations and a high-finesse optical mode,
providing a comprehensive analysis of optical spectra as a function of Fermi energy and predicting several modes in the strong
light-matter coupling regime. In addition to exciton-polaritons and trion-polaritons, we report polaritonic modes that become
bright due to the interaction of excitons with free carriers. At large doping, we reveal strongly coupled modes corresponding to
excited trions that hybridize with a cavity mode. We also demonstrate that the increase of carrier concentration can change the
nature of the system’s ground state from the dark to the bright one. Our results offer a unified description of polaritonic modes in a
wide range of free electron densities.

npj Computational Materials            (2022) 8:92 ; https://doi.org/10.1038/s41524-022-00775-x

INTRODUCTION
Monolayers of transition metal dichalcogenides (TMDC) represent
a class of two-dimensional (2D) materials with remarkable optical
properties. They are direct bandgap semiconductors with
hexagonal Brillouin zone, with two nonequivalent valleys at the
K and K0 points1–3. Due to large spin-orbit interaction, they
experience spin-valley locking, which opens the way for spin and
valleytronic applications4. Moreover, the direct bandgap type and
relatively large effective masses of electrons and holes lead to the
formation of robust bright excitons5. Due to large exciton binding
energy, they dominate an optical response of TMDC materials
even at room temperature6,7. Also, thanks to peculiar Coulomb
interaction screening in 2D8–10 TMDC excitons have a non-
Rydberg energy spectrum11. Combined with the remarkable
compatibility of these materials with various semiconductor/
dielectric platforms, this makes them promising candidates for the
development of various nanophotonic components12, including
logic circuits13,14, phototransistors15, and light sensors16 as well as
light-producing and harvesting devices 17,18. Studies of defects in
TMDC monolayers and increased confinement also led to efficient
single-photon emitters19,20.
One of the perspective fields of the application of TMDC

monolayers is polaritonics. Exciton-polaritons are hybrid light-
matter quasiparticles formed due to the strong coupling (SC)
between excitons and a tightly-confined optical mode (reviewed
in21). Possible realizations include coupling to photonic crystal
cavities, surface plasmons, nanoparticle resonances, open fiber
cavities, and planar microcavities based on distributed Bragg
reflectors (see the full polariton panorama in22. In this configura-
tion, a plethora of quantum collective phenomena is observed at
surprisingly high temperatures, which include polariton lasing23–25

and emergent polariton fluid behavior26, and nontrivial polariton
lattice dynamics27–31. These phenomena pave the way for ultrafast
polariton-based nonlinear optical integrated devices32–36.

The strong light-matter coupling regime is achieved when the
exciton-photon coupling, characterized by the vacuum Rabi
splitting Ω, overcomes losses, Ω > κ, γ21. The latter stem from the
finite transmittance of the photonic cavity mirrors (κ) and a finite
non-radiative lifetime of the excitons (γ). TMDC monolayers are
very promising in this context. Indeed, as compared to conven-
tional semiconductor materials, TMDC excitons have substantially
higher binding energies. This makes the resulting TMDC polariton
stable even at room temperatures and provides high optical
oscillator strengths37–45.
The interaction of excitons with free electron gas, which can be

present in a TMDC monolayer due to external doping, substantially
modifies its optical response. The position of the excitonic line is
shifted due to the effects of the bandgap renormalization46–50. In
addition, complimentary screening and effects of Pauli blocking
change the structure of excitons, making them less compact and
reducing the corresponding oscillator strength and Rabi splitting51.
Other absorption peaks appear due to the brightening of an
intervalley exciton52. The interaction between excitons and an
electron gas leads to the appearance of Fermi sea based
quasiparticles being trions4,53–57 or exciton polarons58–62. The
presence of such quasiparticles can qualitatively modify the light-
matter coupling and completely reshape the polaritonic spec-
trum63,64. Moreover, various nonlinear effects62,64–73 arise from the
phase-space filling as well as exciton-exciton and exciton-electron
scattering, which offer a route towards polariton condensation74 and
the emergence of spontaneous coherence in monolayers strongly
coupled to light75.
Here, we develop the quantitative microscopic theory for

exciton-polariton states in TMDC monolayers with different
doping levels. We consider a TMDC monolayer placed in an
optical microcavity (Fig. 1). We solve the three-body problem by
exact diagonalization of the Hamiltonian in a three-particle basis
set52,76–80, where an eigenmode solution is available at small and
high free electron concentrations. We observe that an additional
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dressed-exciton mode appears at small doping, apart from the
dominant exciton and trion polariton contributions. Qualitatively,
its formation can be explained as a result of the brightening of an
intervalley exciton in the presence of a Fermi sea, where free
electrons contribute an additional momentum necessary for the
optical recombination of the intervalley exciton hole with the
doping electron. This couples strongly to the cavity mode and
leads to a spectrum with multi-mode hybridization. We also
observe a strongly modified optical response at large doping at
high frequencies, attributing it to the exotic excited-trion state.
Our work lays the solid background for understanding the
spectrum of TMDC monolayer excitations at the strong light-
matter coupling.

RESULTS
Single-particle states
We start by describing the microscopic theory for polaritons in the
electron-doped transition metal dichalcogenide monolayers. We
consider a generic description valid for different TMDC materials.
In our calculations, we use MoS2 as an example. First, we calculate
the single-particle states of a single TMDC monolayer. For this, we
use the massive Dirac model81 that is well suited to describe the
single-particle band structure in the vicinity of K and K 0 ¼ �K
points of the Brillouin zone. The massive Dirac Hamiltonian reads
as (ℏ= 1)

Ĥ0 ¼ vF ŝ0 � τkx σ̂x þ ky σ̂y þ Δ

2
σ̂z

� �
þ τŝz � λcσ̂þ þ λv σ̂�ð Þ; (1)

where Δ is the bandgap, vF is the Fermi velocity, kx,y are the
electron crystal momentum component, τ takes into account for
the valley degrees of freedom and λc,v are the SOC (spin-orbit
coupling) constants. In addition, σ̂x;y;z are pseudospin Pauli
matrices acting in the band subspace, σ̂ ± ¼ ðσ̂x ± iσ̂yÞ=2 are
raising and lowering operators, while ŝ0; ŝz are identity and spin
Pauli Z matrix in the electron spin subspace, respectively. The role
played by the SOC is included in the last term of Eq. (1).
We note that the Hamiltonian (1) matches the density

functional theory calculations at low energies2,82. Specifically,
trions are formed by the states near the K and K 0 points and the
contribution from states away from the corners of the Brillouin
zone are negligible52. Despite the relative simplicity, the model
captures all relevant phenomena, including the interplay between
the spin and the valley degrees of freedom.
To account for the effects of the dielectric environment, we

introduce the bandgap dependence on the substrate and
monolayer properties. The bandgap renormalization enters as
the scissor shift δ for the bandgap Δ= Δ0+ δ that modifies the
bare monolayer bandgap Δ0. The Fermi velocity is then adjusted
as vF ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Δ=2m

p
to preserve the effective mass amplitude83. For

the case of MoS2 we consider the effective masses of electrons
and holes to be 0.52 m0 (m0 is the free electron mass), bandgap Δ0

of 2.087 eV, λc of 1.41 meV, λv of 74.6 meV, the bulk dielectric
constant ε0 of 14, the dielectric thickness of 6 Å, and scissor
operator δ equal to 0.64 eV.

Many-particle states
We introduce the interaction between electrons and holes and
diagonalize the many-body three-particle Hamiltonian. In TMDC
monolayers, the intravalley interaction is described by the
screened potential in the Rytova–Keldysh form8,84,85. The Fourier
transform of the screened Coulomb between particles in the same
valley reads W(q)= V(q)/[ε+(1+ r0q)], where V(q)= 2πe2/q is the
bare Coulomb potential in 2D, and q is the magnitude of
exchanged wavevector. We use the average substrate permittivity
ε+= (ε2+ ε1)/2 and the screening length r0= ε0d/286,87. The
screened Coulomb potential for the intervalley processes reads
W(q)= V(q)/(ε++ ε0)88. We neglect the wetting layer, vacuum
spacing between the monolayer and substrate, which otherwise
will modify the potential88,89.
We define the vacuum state �j i as a the Fermi sea at

temperature T= 0 K and zero doping, which corresponds to
empty conduction bands and filed valence bands76. Within the
�j i configuration, we denote an electron creation operator as ayc a
hole creation operator b̂

y
v ¼ âv , with c being a conduction band

index and v being a valence band index. Finally, we define
operators T̂

y
ν (T̂ ν) that create (annihilate) trion states νj i with two

electrons in the conduction band (labeled as c1,2) and a hole in the
valence band (labeled as v). The corresponding basis is spanned
by linear superpositions

νj i ¼ T̂
y
ν �j i ¼

X
c1;c2;v

Aν;c1c2vâ
y
c1 â

y
c2 b̂

y
v �j i; (2)

with c1,2 referring to the conduction band and Aν;c1c2v being
amplitudes determined by matrix diagonalization (see Methods).
At this point, we stress that the introduced three-body operator
can describe both a tightly bound state of two electrons and
holes, as well as an electron-hole pair (exciton) in the presence of
another electron. We note that the described basis can also be
seen as introducing exciton-polarons, where repulsive polarons
correspond to excitons dressed by the electron gas, and attractive
polaronic modes correspond to trions90. The trion and polaron
pictures can be used interchangeably, and we use the former to
stress that the binding between particles leads to localized dipole
moment and enhancement of strong light-matter coupling.
Using the generalization of the Tamm–Dancoff approach52,76–80,

we decompose the full many-body Hamiltonian Ĥ in the three-
particle state basis and solve the corresponding eigenvalue
problem (see Methods for the details).
We obtain the set of low-energy eigenstates and corresponding

energies to high precision, which allows describing the optical
properties of the system. To classify the states in a trionic basis, we
look at the product τsz, with τ ¼ τc1 þ τc2 � τv being the total
valley index and sz ¼ sc1z þ sc2z � svz being the total spin index. The
total spin sz, in general, can have magnitudes 1/2 and 3/2. We
restrict our analysis to sz= ± 1/2 spin projections as states that
participate in optical recombination processes and neglect spin-3/
2 states. The case ∣szτ∣= 1/2 is a necessary condition for the trion
state to be bright. In the numerical procedure, we also account for
the symmetries stemming from the conservation of total spin sz
and total momentum k ¼ kc1 þ kc2 � kv .
We model the presence of doping by introducing Pauli blocking

by an excessive electron charge through k-space discretization.
The k-space grid is arranged as a mesh of N × N points, with the
area of the primitive cell being Ω0 ¼ a2

ffiffiffi
3

p
=2. The doping density

can be introduced as n= gvgs/(Ω0N2), where gs and gv are the spin
and valley degeneracies, respectively. The corresponding Fermi

Fig. 1 Sketch of the system. Transition metal dichalcogenide
monolayer in an open microcavity with adjustable cavity frequency.
The hexagonal TMDC lattice hosts bound excitonic states (circles)
and a gas of electrons (blue bearded dots). Yellow and orange dots
are chalcogen and metal atoms, respectively.
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energy is equal to EF= ℏ2δk2/2m, where δk ¼ 4π=ð ffiffiffi
3

p
aNÞ is the

interval between k-points, and a is a lattice constant for the
hexagonal lattice. As a result, we can write the relationship
between the Fermi energy and the real-space doping level as
EF ¼ 4π2_2n=ð ffiffiffi

3
p

gvgsmÞ. Note that the relationship between EF
and n is different from the canonical one EF= 2πℏ2n/(gvgsm)
corresponding to a circular Fermi surface. The described approach
allows obtaining both trion and exciton states in the presence of
doping from the three-particle Hamiltonian, and in the zero
doping limit (N→∞) recovers the results from the Bethe-Salpeter
equation for the excitonic states52. Therefore, we treat trionic and
dressed excitonic states on equal footing and study polaritonic
modes in the broad range of doping levels. Note, in the presence
of doping the Fermi sea changes, with filling the conduction band
up to the Fermi energy. In the following we refer to the Fermi sea
as the generic electronic distribution of the sample. However, the
definition of vacuum �j i does not change, and we continue
referring to that as the Fermi sea at zero doping.
Together with eigenenergies of quasiparticles in the TMDC

monolayer, we obtain the eigenstates and access various system
observables. Specifically, we calculate dipole matrix elements
Dν=〈ν∣d∣c〉 for optical transitions from the three-body state ν
to the single electron state c assuming a zero momentum
electron-hole pair optical recombination76. Dipole moments are
labeled by the corresponding band and read

Dν ¼
X
c1;c2;v

Aν;c1c2vðdvc1δc;c2 � dvc2δc;c1Þ; (3)

where dvc is the single-particle dipole matrix element for bands v
and c, and δc;c1 is a Kronecker delta. It should be noted that from
the above expression, it follows that trions with a finite moment
also have a coupling with optical cavity mode. However, in our
work, based on the assumption of zero temperature, we have
calculated trions only with a moment equivalent to the moment
of the centers of the K and K 0 ¼ �K valleys80.
We present the results for a TMDC monolayer (MoS2) in the case

of far-detuned optical mode (Fig. 2). The three-particle states are
obtained by solving Eq. (9) at different levels of doping, i.e., Fermi
energy EF. In Fig. 2a, we plot the first 64 eigenenergies as a function
of EF. We observe two dominant sets of modes at low energies for
both spin-valley indices τsz=+ 1/2 and τsz=− 1/2. The lowest set
is attributed to trion-bound states. Trion energies, at around 2.15 eV
at small free electron concentrations (EF= 2.93meV), decrease
sublinearly with increasing EF to 2.1 eV at large concentrations. With
the increasing doping level, the redshift of the trion line can be
attributed to the increase of the excitonic polarizability, which is
necessary for the binding of an additional electron. The size of the
markers denotes the magnitude of dipole moments and shows the
gradual growth of the trion oscillator strength. We also estimated
the expected sizes for trions at ~2.1 eV from their charge
distributions, which range from 3.0 to 3.5 nm, depending on the
doping. As expected, the excitonic modes, which are located
~25meV above trions, reveal opposite behavior with respect to
trions, as they have the largest optical dipole moment at low
concentrations. At the same time, with increasing EF we observe
gradual redistribution of the oscillator strength between different
excitonic modes as well as their blueshifts (Fig. 2a), which can be
attributed to the effects of screening and Pauli blocking51,59. We
also note the appearance of a higher-lying band of states that gain
significant optical dipole moments.
To plot the photoluminescence (PL) in the weak coupling regime,

we assign the finite lifetime for each quasiparticle and plot the PL
spectrum as a set of Lorentzians (Fig. 2b). Choosing a large doping
limit, we observe the strong trion mode, the shifted exciton peak,
and an additional brightened quasiparticle at 2.155 eV80. Additionally,
we note that together with a radiative process for trions, one can
account for non-radiative effects coming from Auger recombination.
While in general these are difficult to calculate as they rely on

multiparticle scattering, guided by results in GaAs and accounting for
increased binding, we estimate the associated linewidth to be
~1meV at 1011 cm−2 electron concentrations91.

Quasiparticle properties
To understand the nature of quasiparticles, we plot the charge
distribution for different states (Fig. 3). This plot shows the
contributions of single-particle states with different k into the full
three-particle wavefunction for four many-body states. All states in
Fig. 3 are bright because all four quasiparticles have direct electron-
hole pairs with equal spins. The first state in Fig. 3a represents the
trion state, which can be seen from the symmetrical conduction
bands occupation. The latter manifests the equivalence between two
electrons in the three-particle state.
The second state in Fig. 3b represents the momentum-indirect

exciton state. Indeed, we observe a fully localized exciton-state for
electron and hole being in K0 and K valleys, respectively, while the
quasi-free electron is located in the K-valley (described by small
charge density spreading in the reciprocal space). We also note a
signature of Pauli-blocking in the valence band occupation at K
point. The Pauli blocking effect is present in the conduction band,
however, this cannot be observed in the diagrams of the trion charge
density distribution as there is a doping charge that occupies the
self-blocked space. The third state, shown in Fig. 3c, is the direct
exciton with the Pauli-blocking signature in the valence band
occupation, plus quasi-free electron in the same valley. Finally, the
fourth state in Fig. 3d energetically is located above three previous
states but does not exhibit Pauli blocking signature in the valence
band occupation and has an s orbital-like occupation. It features the
charge distribution that corresponds to trion modes. We thus
conclude that it is an optically active 2s trion state, which was
experimentally observed92. We have shown only a few states, which
correspond only to the τsz=+ 1/2 states. However, there are much
more optically active three-particle states. For example, there are at
least three optically active fully symmetrical trion states93. We
anticipate similar behavior for the indirect/direct excitons and the
excited trion states.

Light-matter coupling
Next, we consider a planar photonic microcavity system with a
doped monolayer of TMDC placed in the antinode (Fig. 1). Confined
cavity photons tuned in resonance with TMDC modes will couple
strongly to excitonic and trionic optical transitions, resulting in a
polaritonic spectrum with substantial modifications. To describe
TMDC polaritons at increasing doping, we use the diagrammatic
approach that allows treating light-matter coupling in a general form.
We note that recently the question of non-perturbative ab initio
simulations of exciton-polariton in TMDCs was addressed in94, where
the authors concentrated on two-body complexes. Green’s function
approach was also used to study trions and exciton-trion-polaritons
in TMDC monolayers, emphasizing low-energy excitations57,95–97.
Finally, diagrammatic techniques were also used in69 focused on
describing the qualitative effects of enhancing polariton-electron
scattering and building a corresponding analytical theory. Distinctly
from other works, in our considerations, we study the full spectrum
of quasiparticles emerging at non-zero doping and analyze
polaritonic spectra at varying cavity detuning.
Let us consider bare cavity photons and their coupling to TMDC

excitations enabled by a non-zero dipole moment. The approach is
applicable to both exciton-like and trion-like modes as long as their
dipole moments have a projection on the electric field of the cavity
mode. We note that in the low density regime, the strong coupling is
mostly coming from the excitonic modes, while trions become
increasingly relevant at high doping. While in general, one can
consider the bare Green’s function of cavity photons G0(ω,q) with
wavevector q, in practice, we are interested in 0D open cavities39,63

and fiber cavities58, where only q→ 0 mode is considered (and thus
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assume small photon momenta in the following discussion). We
obtain the polaritonic Green’s function by dressing the photonic
Green’s function with relevant excitation in the system. Specifically,
we assume a cavity photon with momentum q ≈ 0 is converted into
an electron-hole pair with zero center-of-mass momentum while
coupling to an electron with some wavevector k > kF. This process is
shown diagrammatically in Fig. 4, where multiple absorption and re-
emission of a cavity photon lead to the mode hybridization98,99.
Notably, this is a non-perturbative approach where the dressed
propagator can be found exactly by solving the corresponding
Dyson equation. In the algebraic form, the solution reads

GðωÞ ¼ G0ðωÞ
1� ΣðωÞG0ðωÞ ; (4)

where

G0ðωÞ ¼ 2ωcav

ω2 � ω2
cav þ 2iγcavωcav

; (5)

with ωcav being the resonant frequency of a cavity at normal
incidence, γcav the broadening of the photonic linewidth due to a
finite transmission coefficient of the cavity mirrors. The self-energy
Σ(ω) describes material excitations and accounts for the interac-
tion vertices defined by the strength of light-matter interaction. It
reads

ΣðωÞ ¼
Xd
ν¼1

jΩνj2
ω� ϵν þ iγν

; (6)

where Ων are Rabi frequencies of transitions, ϵν are their resonant
frequencies, and γν are non-radiative broadenings, depending on
the quality of a sample. In total, we account for d= 64 transitions
coming from the exact diagonalization and presented in Fig. 2a.
The broadenings are chosen based on typical experimentally
achievable parameters.
The light-matter interaction is defined by the optical dipole

moments of transitions and the amplitude of the electric field (or
vector potential) for the cavity mode. The associated Rabi
frequencies are

Ων ¼ �2iDν

ffiffiffiffiffiffiffiffiffiffiffi
ωcav

2εε0A

r
; (7)

where A is the cavity area, and Dν are dipole matrix elements of
the transitions given by Eq. (3).
We note that in the single-particle picture, the oscillator

strength of an individual electron-hole excitation is independent
of the number of atoms, while the free electron-hole band-to-
band excitations scales with the number of atoms in the sample.
However, a bound exciton captures a macroscopic fraction of the
free particle excitation spectral weight100,101. As a result, the
optical transition dipole matrix element of the bound exciton
becomes proportional to the square root of the number of atoms
or area of the sample. In reality, the photon wavelength or the
exciton coherence determine the relevant length scale and hence
the dipole matrix element. We implicitly assumed that the sample
size is smaller than both the photon wavelength and trion

Fig. 2 Trionic and excitonic spectra. a Doping dependence of the transition energy for three-body states shown by blue circle-shaped
markers spin-valley index τsz=−1/2 and (b) by τsz=+1/2. The size of each marker is proportional to its optical oscillator strength. We label
the emergent modes as excitons, trions, and excited trions. c The absorption spectrum of an MoS2 monolayer. The purple curve shows the
absorption spectrum in the limit of zero doping level, where a single peak corresponds to 1s exciton. The blue curve corresponds to the
absorption spectrum of three-particle states with τsz=−1/2 at the level of doping equal to EF= 10.56 meV. The red curve shows the same
dependence for τsz=+1/2 three-particle states.
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coherence length. Similarly, our calculations of the transition
dipole of strongly bound trions gives the superradiant factor

ffiffiffi
A

p
in the dipole matrix element Dν in Eq. (7). Thus, the final result for
the Rabi frequency does not depend on the sample area A. At the
same time, we find that trion transition dipole scales with the
carrier density n as

ffiffiffi
n

p
, which is consistent with the measure-

ments of trions in two-dimensional quantum wells102.
An important consequence of cavity photon dressing by TMDC

excitations corresponds to hybridization of exciton and trion-
dominant modes, as can be seen from the modification of poles of

G(ω) for couplings ∣Ων∣ that dominate broadenings γν. The
imaginary part of G(ω) then represents the absorption spectrum
of the polaritonic system (up to scaling constant)99. In the next
section, we proceed to calculate the polaritonic spectrum at
different cavity mode frequencies and discuss the results.

Cavity polariton setup
We consider a cavity polariton setup (see the sketch in Fig. 1)
where excitons and trions couple to a single cavity mode with a
tunable frequency. The system can be conveniently realized in
open or fiber cavities39,63, where 0D cavity resonance can be
shifted by cavity length change with a piezodrive, which allows
coupling to excitations at energies ~2 eV and resulting antic-
rossing of various modes. Using the developed theory and
extensive numerical calculations, we present polaritonic spectra
for varying TMDC doping. We concentrate on the gated MoS2
monolayer case and cover a broad range of densities. It is
convenient to present the doping level using the Fermi energy EF
for the free electron gas. We start with an intrinsic value of EF=
2.92meV and move up to larger doping levels up to EF=
29.3 meV. We plot the absorption spectra of the polaritonic system
in Fig. 5, showing its modification at increasing EF. Here we
assume mode broadening of γ= 1meV being characteristic to
modern setups63. Due to light-matter coupling with several modes
simultaneously, we observe several distinct polaritonic modes
with separate anticrossings.
At low doping in (Fig. 5a), we observe two clear anticrossings

between the cavity mode and three-body excitations, correspond-
ing to bound trions and 1s exciton states renormalized by the

Fig. 3 Charge density distributions. We show the distribution of various τsz=+1/2 trionic states at EF= 10.56 meV: a -- trion state (attractive
polaron), b -- indirect exciton state, c -- direct exciton state (repulsive polaron) and d -- potential excited trion state. The radii of the circles are
proportional to the distribution of the charge density of the three-particle state. Energies of each state are indicated in the title of panels. All
four states are bright. Both excitons states exhibit Pauli blocking effect, which is observable at the top of the valence band.

Fig. 4 Diagrammatic Dyson equation. The bare cavity photon
propagator (thin wavy curve) is dressed via multiple absorption and
re-emission processes by TMDC excitations (Σ). The dressed cavity
photon Green’s function is depicted by a thick wavy curve. The
solution of this diagrammatic equation is written in Eq (4) in the
algebraic form.
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interaction with free electrons69,95. While the excitonic response
dominates at higher energies, we note the significant oscillator
strength for the low-energy trion modes and a clear sign of anti-
crossing. Taking the lowest bright trion (attractive polaron) as an
example, we check that the effective Rabi energy for this mode
(Eq. (7)) is equal to 4.2 meV at EF= 3.26meV, being larger than
1meV broadening. At the same time, we note that due to our
system’s multi-mode structure, the splitting between modes has
to be estimated directly from the spectrum, as we show later in
Fig. 6.
At intermediate doping in (Fig. 5b, c), the most pronounced

effects are: (1) the increase of trion-polariton splitting; (2)
qualitative change of exciton-polariton coupling. For point (1),
we track the energy splitting at resonant detuning and plot it as a
function of the square root of the Fermi energy (and electron
concentration),

ffiffiffiffiffi
EF

p
. There is a known linear scaling of the trion-

polariton splitting64,91,102,103, and we confirm the expected scaling
at small and intermediate doping levels (see details in Fig. 6a).
Specifically, we show how the trion energy splitting grows,
comparing numerical results (red circles and blue curve in Fig. 6a)
with the linear scaling (Fig. 6a, yellow line). For point (2), we note
the qualitative SC change due to the brightening of the intervalley
exciton mode, which becomes possible at the finite doping as
optical recombination of an exciton hole with a doping electron
becomes allowed with increased EF52. As this mode is located at
the middle of the polariton gap, the anticrossing takes shape
characteristic to dipolaritons — hybrid three-mode quasiparticles
that arise from strong coupling of direct excitons to photons and

tunneling coupling between indirect and direct excitons104–106.
This anticrossing features flat dependence on the cavity mode
energy (Fig. 5c, d). This feature enriches the polaritonic spectrum,
which was overlooked in the previous theoretical analysis62,95.
As doping level grows to the point when Fermi energy becomes

of the order of trion binding energy, i.e., EF ~ 20 meV, additional
polaritonic modes emerge from excitonic modes dressed by the
Fermi sea. We observe several modes that gain the oscillator
strength at EF= 10.56 meV (in Fig. 5e, see spectral features at
around 2.18 eV. These are attributed to the excited trion states, as
follows from the charge distribution analysis presented below and
in Fig. 3. Results obtained from our microscopic theory in the large
doping limit have several remarkable features (Fig. 5f). The trion
splitting is large in absolute values and reaches 18 meV value at EF
= 29.34 meV (see spectrum cross-section in Fig. 6b). At resonance
with the trion mode, the cross-section shows two dominant peaks
and weakly coupled excitonic modes at higher energies. The
splitting shows a sublinear dependence with

ffiffiffiffiffi
EF

p
, which can be

attributed to the increase of the role of the effects of the Pauli
blocking and redistribution of the oscillator strength. However, we
stress that strong coupling to trions remains at all doping levels.
An essential consequence of strong coupling in MoS2 mono-

layers is the qualitative change of the ground state properties. The
three-body quasiparticles of a bare monolayer include four trionic
modes, with the optically spin-forbidden dark mode being
energetically favorable (see Fig. 7a), which is composed of a
spin-triplet electron-hole pair and a spin-singlet electron-electron
pair93. Qualitatively, this ground state corresponds to the

Fig. 5 Polaritonic spectra. Absorption is shown as a function of detuning for increasing Fermi energy (left-to-right). We consider σ+
polarization for the cavity mode. Color bars define the intensity in arbitrary units. In all the spectra, from low (3.26 meV) to high (29.34 meV)
Fermi energy, we see the emergence of trion modes at ~2.1 eV with considerable Rabi splitting (~10meV), being significantly larger than the
broadening γ= 1meV. The exciton-polariton features the appearance of the additional mode inside the polaritonic gap. The additional
splitting at high free electron concentration is attributed to the higher-order trion state.
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suppressed photoluminescence from an uncoupled system.
Similar physics is observed in carbon nanotubes, where tightly
bound excitons have zero optical dipole moments107. The
situation changes dramatically when the TMDC monolayer is
placed in the optical cavity, where strong coupling modifies
energies and redistributed dipole moments (Fig. 7b). In this case, a
pair of polariton modes formed from the bright trion, and the
lower one can go beyond the energy of a dark trion uncoupled to
light, as shown in Fig. 1. This situation resembles the ground state
brightening that can happen for carbon nanotubes embedded in
a microcavity108. As a consequence, the ground state of the
system now becomes optically active.

DISCUSSION
We have developed a microscopic theory that describes strong
light-matter coupling in doped TMDC monolayers in a wide range
of free electron concentrations. The theory involves a numerical
calculation of a set of three-body excitations, which are then
coupled non-perturbatively to the cavity mode. We have
calculated polariton spectra using this approach, revealing the
rich structure of the emerging composite light-matter quasipar-
ticles. Our results confirm the robust nature of trion polaritons that
holds in a large range of electron concentrations. At intermediate
doping levels, we observe the three-mode structure of exciton-
polaritons, where the presence of the additional mode in the
middle of the polariton gap changes the anticrossing behavior
qualitatively. Also, we predict that in polaritonic samples with
large doping, the oscillator strength of the excited trion state
becomes significant and may drive the system into a strong

coupling regime with exotic charge distribution. Finally, we have
demonstrated that increasing the electron concentration changes
the nature of the system’s ground state from dark to bright. Our
results are crucial for building electrically tunable nonlinear
polaritonic devices based on 2D materials.

METHODS
Excitons Wannier Equation
To calculate the energy spectrum and wavefunctions of many-body state
we use the generalization of the Tamm–Dancoff approach52,76–80. We start
by decomposing the full many-body Hamiltonian Ĥ in the three-particle
state basis (Eq. (2)). Next, we solve the corresponding eigenvalue problem.
In the trion basis, the full many-body Hamiltonian consists of several parts,
Ĥ ¼ Ĥ0 þ Ĥc;c þ Ĥc;v , with Ĥ0 being the free-electron Hamiltonian, Ĥc;c the
Coulomb coupling between electrons, and Ĥc;v the Coulomb coupling
between electrons and holes. Explicitly, these terms read

H ¼ H0 þ Hcc þ Hcv ;

H0 ¼ ðεc1 þ εc2 � εvÞδc1c01δc2c02δvv0 ;
Hcc ¼ ðWc01c

0
2

c1c2 �W
c02c

0
1

c1c2 Þδvv0 ;
Hcv ¼ �ðWvc01

v0c1 � V
c01v
v0c1 Þδc2c02 � ðWvc02

v0c2 � V
c02v
v0c2 Þδc1c01

þðWvc02
v0c1 � V

c02v
v0c1 Þδc2c01 þ ðWvc01

v0c2 � V
c01v
v0c2 Þδc1c02 ;

(8)

where Wab
a0b0 ¼ Wðka � ka0 Þha0jaihbjb0i and Vab

a0b0 ¼ Vðka � ka0 Þha0jaihbjb0i
are screened and bare Coulomb matrix elements, respectively. εc,v are free
particle energy terms for the conduction (c) and the valence (v) band.

Fig. 6 Trion-polariton properties. a Trion polariton energy splitting
as a function of the square root of electron density (red circles and
blue curve). We confirm the linear increase of splitting at low
densities EF ≤ 16.5 meV (cf. orange line). However, at large free
electron densities, we see the growth becomes sublinear in

ffiffiffiffiffi
ne

p
.

b Intensity profile for polaritonic spectrum at large doping (EF=
29.34 meV). The cavity mode energy is tuned to 2.11 eV, being in
resonance with the trion mode. The first two consecutive peaks
correspond to trion-polaritons, with the Rabi splitting of 18 meV.

Fig. 7 Ground state brightening. We observe the qualitative
change of the ground state due to strong light-matter coupling.
a Doping dependence of trion energies (y axis) and their dipole
moment (circle size). The lowest trion mode is dark (orange dashed
line) for the uncoupled case, which leads to suppression of the
photoluminescence. b Doping dependence of trion polaritons in
MoS2 monolayer, where cavity mode is tuned close in energy to
trion modes. The cavity-modified ground state is bright, thus
enabling efficient photoluminescence from the system. The cavity
mode is at E0= 2.14 eV and we consider linear polarization.
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Being eigenstates of the full many-body Hamiltonian, one can find the
elements of A by solving the eigenvalue problemX
c01c

0
2v

0
H
c01c

0
2v

0
c1c2v Aν;c01c

0
2v

0 ¼ ϵνAν;c1c2v ; (9)

where matrix elements H
c01c

0
2v

0
c1c2v are described in52.

A direct solution of Eq. (9) is an extremely challenging task due to the
high dimensionality of the trion Hamiltonian, which is proportional to
NvN2

cN
2
k , where Nv is a number of valence bands, Nc is a number of

conduction bands, and Nk is a number of k-points. For the converged
calculations, the linear dimensions of the Hamiltonian matrix are more
than ~106 states. In the case of two-body exciton Hamiltonian, the
dimensionality scales significantly slow as NvNcNk. However, the trion
Hamiltonian matrix is sparse, with about 1% of the nonzero matrix
elements. Therefore, we use the Arnoldi algorithm109, which is implemen-
ted in ARPACK110, for obtaining low-energy eigenstates.
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