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The nature of trions and their interaction with light has remained a puzzle. The composition and dispersion of
polaritons involving trions provide insights into this puzzle. Trions and excitons in doped two-dimensional (2D)
materials are not independent excitations but are strongly coupled as a result of Coulomb interactions. When
excitons in doped 2D materials are also strongly coupled with light inside an optical waveguide, the resulting
polariton states are coherent superpositions of exciton, trion, and photon states. We realize these exciton-trion-
polaritons by coupling an electron-doped monolayer of 2D material MoSe2 to the optical mode in a photonic
crystal waveguide. Our theoretical model, based on a many-body description of these polaritons, reproduces the
measured polariton energy band dispersion and Rabi splittings with excellent accuracy. Our work sheds light on
the structure of trion states in 2D materials and also on the indirect mechanism by which they interact with light.
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I. INTRODUCTION

Ever since the theoretical description of trions [1], and their
subsequent experimental observations [2,3], the nature of the
trion state in doped semiconductors has remained somewhat
of a mystery. The conventional and widely accepted descrip-
tion of a trion as a fermionic bound state of an exciton and a
free-charge carrier, while successful in predicting the binding
energies of trions (at least at small doping densities) [4–8], is
incompatible with the notion of a trion getting created directly
with the absorption of a photon, which is a boson. Perhaps
nowhere else is this problem more acute than in the case of
polaritons involving trions because quantum states involving
a superposition of a fermion and a boson are prohibited by
quantum superselection rules.

Various bosonic trion-hole states (assuming an electron-
doped material) have been proposed in the literature as
alternatives to the fermionic trion states [9–13]. These trion-
hole states, in addition to the trion, consist of a hole in the
Fermi sea. This Fermi hole is created when an electron is
scattered out of the Fermi sea by a photogenerated exciton
to form a trion [9–13]. Although trion-hole states enjoyed
some success in explaining the optical absorption spectra of
two-dimensional (2D) materials, they fail to describe coherent
polaritons involving trions and lead to incorrect results. We
emphasize here that this inability to describe polaritons is not
related to a lack of accuracy but to fundamental errors in the
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description of the trion states and their interaction with light,
and these errors make polaritons involving trions impossible.
A brief technical discussion of various trion states proposed
in the literature and their shortcomings in explaining coherent
polaritons involving trions is included in the Appendixes.

Several recent experimental works have reported signa-
tures of polaritons involving trions in 2D materials [14–17].
These experimental observations beg the question of how
trions are able to form polaritons and whether the existing
descriptions of trions can explain these polaritons.

Recently, the authors have proposed a model in which the
two peaks observed in the optical spectra of doped 2D semi-
conductors (the exciton and the trion, or the charged exciton,
peak) are due to exciton-trion superposition states [18,19].
Exciton and trion states are not independent excitations in
the presence of doping but are strongly coupled as a result
of Coulomb interactions, the strength of which depends on
the doping density. Approximate energy eigenstates can be
constructed using a superposition of exciton and trion states
that are like the exciton-polaron states [20,21]. Despite the
nomenclature, the trion states involved in this superposition
are four-body bosonic states and not three-body fermionic
states. The trion states have a zero optical matrix element with
the material ground state and do not interact directly with
light. The couplings among the exciton, trion, and material
ground states of an electron-doped 2D material MoSe2 are
depicted in Fig. 1(a). When such a material is placed inside
a light-confning optical microstructure, the Coulomb cou-
pling between excitons and trions and the optical coupling
between excitons and photons result in coherent exciton-
trion-polaritons [22]. Exciton-trion-polariton states are thus
superpositions of exciton, trion, and photon states, as depicted
in Fig. 1(b). The four-body trion states involved in this su-
perposition also include the continuum of exciton-electron
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FIG. 1. (a) The nature of couplings involved in exciton-trion-
polaritons in electron-doped two-dimensional (2D) material MoSe2

is depicted. Excitons are optically coupled to the material ground
state. Excitons are also coupled to bound trions and unbound trions
(exciton-electron scattering states) via Coulomb interactions. Trion
states are four-body states consisting of two conduction band (CB)
electrons, one valence band (VB) hole, and one CB hole. The trion
states have a zero optical matrix element with the material ground
state. (b) A coherent exciton-trion-polariton state is pictorially repre-
sented as a superposition of exciton, trion, and photon states.

scattering states (or unbound trion states), and their inclusion
is necessary to get accurate results for the polariton disper-
sion. The four-body bound and unbound trion states are all
orthogonal to the exciton states [18]. Exciton-trion-polaritons
present a platform to explore the many-body physics of the
coupled system of excitons, trions, and photons.

In this paper, we experimentally realize exciton-trion-
polaritons by coupling exciton-trion superposition states in
an electron-doped monolayer (ML) of 2D transition metal
dichalcogenide (TMD) MoSe2 to the optical mode in a pho-
tonic crystal (PC) waveguide [Fig. 2(a)] and measure the
complete energy band dispersion of these polaritons. We show
that our theoretical model for exciton-trion-polaritons [22],
based on the physics depicted in Fig. 1(a), reproduces the
measured polariton energy bands and the Rabi splittings with
quantitative accuracy and with no ftting parameters. The
optical coupling between excitons and waveguide-confned
photons and the Coulomb coupling between excitons and
trions result in three polariton bands: upper (UP), middle
(MP), and lower (LP). Large energy splittings of ∼31 and
∼14 meV are observed between these three polariton bands.
The measured dispersion of exciton-trion-polaritons and the
quantitative agreement between the theory and the experi-
ments show that the theoretical model captures the physics
associated with trion states and also with the mechanisms by
which they interact with light.

II. EXPERIMENTS, RESULTS, AND DISCUSSION

A. Material and device characterization

A one-dimensional (1D) PC waveguide was realized by
etching a second-order grating [23] (with a period � = 510
nm) in a 125-nm-thick Si3N4 core layer deposited on top

FIG. 2. (a) Schematic of the one-dimensional (1D) photonic
crystal (PC) waveguide device used to realize exciton-trion-
polaritons. The device consists of a MoSe2 monolayer (ML)
transferred on top of the waveguiding layer. (b) Band structure
of the bare PC waveguide (without the MoSe2 ML) is plotted as
a function of the in-plane momenta. The transverse-electric (TE)-
polarized waveguide mode used to realize exciton-trion-polaritons is
indicated by the arrow. (c) Calculated electric feld intensity of the
TE-polarized waveguide mode (normalized with respect to its maxi-
mum value) is plotted for zero in-plane momentum. (d) The MoSe2

ML is characterized using surface-normal photoluminescence (PL)
(left plot) and refection (bottom right plot) spectroscopies for light
polarized in the x direction. Zero-momentum energy of the TE-
polarized waveguide mode is indicated by the dashed line in the PL
spectra (left plot). The refection spectra shown are normalized to
the refection spectra obtained from a part of the device which had
the grating but was not covered with the MoSe2 ML. The optical
conductivity (real part) spectrum of the MoSe2 ML, computed using
the measured parameters, is also shown (top right plot).

of a 1.15-μm-thick SiO2 cladding layer, which in turn was
thermally grown on a Si substrate. A ML of TMD MoSe2 was
exfoliated and dry-transferred on top of the Si3N4 PC waveg-
uide. The device structure is shown in Fig 2(a). More details
on sample preparation and device fabrication can be found
in the Appendixes. Similar PC waveguide structures were
used recently to explore exciton-polaritons in TMDs [24].
The grating is most effective for the transverse-electric (TE)-
polarized waveguide mode propagating in the x direction.
Since the grating is second order, waveguide modes near
wave vector (2π/�)x̂ are folded into the frst Brillouin zone
(BZ) near the �-point inside the light cone and can couple
to radiation modes, thereby allowing measurements of the
polaritons using refection and photoluminescence (PL) spec-
troscopies [23]. The calculated photonic band structure of
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FIG. 3. The measured (right) and calculated (left) refection
spectra of the bare photonic crystal (PC) waveguide [without the
MoSe2 monolayer (ML)] is plotted as a function of the in-plane
momentum kz. The dashed lines are the computed energy-momentum
dispersion of the mode. The refection spectra shown are normalized
to the refection spectra obtained from a part of the device which had
no grating and was also not covered with the MoSe2 ML.

the PC waveguide is shown in Fig. 2(b). The TE-polarized
mode indicated by the arrow in Fig. 2(b) was used to realize
the polaritons. The calculated TE-mode intensity inside the
waveguide is shown in Fig. 2(c). Unless stated otherwise, all
measurements were performed between 10 and 20 K temper-
atures.

The MoSe2 ML was characterized using surface-normal
refection and PL spectroscopies for light polarized in the x
direction (which does not couple to the PC waveguide modes
in the wavelength range of interest) to determine the energies
of the two peaks due to exciton-trion superposition states
and their relative oscillator strengths [Fig. 2(d)]. Since the
energy splitting of the two peaks and their spectral weights
are both strong functions of the doping density [18], an elec-
tron density of ∼2.8 × 1012 cm−2 was determined from these
measurements using the theoretical model for the optical con-
ductivity of exciton-trion states developed by the authors [18].
The calculated optical conductivity (real part) for this electron
density [Fig. 2(d)] shows that the higher-energy exciton-trion
spectral line has a peak oscillator strength that is ∼2.2 times
larger than the lower-energy exciton-trion spectral line. The
linewidths of the exciton-trion spectral lines were both found
to be ∼10 meV. The TE-polarized waveguide mode, which
has a calculated energy at zero wave vector equal to ∼1.62 eV
[indicated by the dashed line in Fig. 2(b), left hand side plot],
is nearly resonant with the lower-energy exciton-trion spectral
line. The energy vs in-plane momentum (kz) dispersion of this
TE-polarized mode of the bare PC waveguide (without the
MoSe2 ML on top) was characterized using angle-dependent
refection spectroscopy. Details of the experimental setup
can be found in the Appendixes. The measured momentum-
dependent refection spectrum of the mode is plotted in Fig. 3

and shows excellent agreement with the calculated refection
spectrum (also shown in Fig. 3). The dashed lines in Fig. 3
show the mode dispersion (calculated as described in the
Appendixes). Note that the mode energies are at the interface
between the dark and light regions in the refection spectra
since the refectivity is slightly larger (smaller) at energies
below (above) the mode energies. The linewidth of the guided
mode near kz = kx = 0 was determined from the refectivity
spectra to be ∼12 meV. This measured linewidth corresponds
to a mode quality factor of ∼135.

B. Polariton dispersion

The electron density in the sample and the exciton-
trion linewidths, as determined from measurements described
above, are the only quantities needed in our theoretical model
to obtain the exciton-trion-polariton energy band dispersion,
and the polariton refection spectra, without using any other
ftting parameters [22]. The computational details can be
found in the Appendixes. The polariton dispersion can be
obtained from the poles of the photon Green’s function [22]:

Gph(�k, ω) = 1

h̄ω − h̄ω(�k) + iγph − �ph(�k, ω)
. (1)

Here, �k is the in-plane momentum, ω(�k) is the optical
mode frequency, γph describes the mode quality factor, and
�ph(�k, ω) is the photon self-energy that describes its interac-
tion with the 2D ML, and equals [22]

�ph(�k, ω) =
∑

s

∣∣h̄�
ex−ph
s (�k)/2

∣∣2

h̄ω − E ex
s (�k) + iγex − �ex

s (�k, ω)
, (2)

where E ex
s (�k) is the exciton energy, �

ex−ph
s describes exciton-

photon coupling [22], γex is the exciton decoherence rate
(from all processes other than exciton-electron scattering), the
subscript s stands for the spin/valley index, and �

ph
s (�k, ω) is

the exciton self-energy that describes its interaction with the
trions, and equals

�ex
s (�k, ω) =

∑
m,s′

(1 + δs,s′ )
∣∣Mex−tr

m,s,s′ (�k)
∣∣2

h̄ω − E tr
m,s′ (�k) + iγtr

. (3)

Here, E tr
m,s′ is the trion energy, Mex−tr

m,s,s′ describes the exciton-
trion coupling via Coulomb interaction and is an increasing
function of the doping density [18], and γex is the trion de-
coherence rate. The summation over the index m includes
all bound and the continuum of unbound trion states of
spin/valley index s′ [18].

The exciton-trion-polariton energy vs in-plane momentum
(kz) dispersion was also obtained using refection spec-
troscopy. The measured refection spectrum is plotted in
Fig. 4. The computed refection spectrum is also plotted in
Fig. 4, and the dashed lines show the computed polariton
energy band dispersion (see the Appendixes for compu-
tational details). The measured data clearly shows three
polariton bands: UP, MP, and LP, in agreement with the the-
ory [22]. The measured energy splitting between the upper
two bands is ∼31 meV and between the lower two bands is
∼14 meV. These large energy splittings compared with the
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FIG. 4. The measured (right) and calculated (left) refection
spectra of the polariton device shown in Fig. 2(a) is plotted as a
function of the in-plane momentum kz. The dashed lines are the com-
puted energy-momentum dispersion of the exciton-trion-polaritons.
In the calculations, no parameter values were adjusted to ft the data.
The refection spectra show three polariton bands: upper (UP), lower
(LP), and middle (MP). The refection spectra shown are normalized
to the refection spectra obtained from a part of the device which had
no grating and was also not covered with the MoSe2 ML. T = 10 K.

mode linewidth (∼12 meV) and the exciton-trion linewidths
(∼10 meV) indicate that the polariton modes are realized in
the strong coupling regime. The ratio between these two split-
tings is roughly equal to the ratio of the oscillator strengths of
the two exciton-trion peaks in the optical conductivity spectra
of the MoSe2 ML shown earlier in Fig. 2(d). The agreement
between the theory and the experimental data in Fig. 4 is
remarkable and indicates that the theoretical model captures
the essential physics associated with trions and exciton-trion-
polaritons.

The refection spectra in Fig. 4 can be expressed in terms
of the photon Green’s function Gph(�k, ω) in the PC waveg-
uide [25], and the imaginary part of Gph(�k, ω) is related
to the spectral weight of the photon in the polariton [22].
More specifcally, the coeffcient α in Fig. 1(b) is |α|2 =
− ∫

(dh̄ω/π )Im[Gph(�k, ω)]. Consequently, the structure vis-
ible in the refection spectra in Fig. 4 is more pronounced
where the photon contribution to the polariton is also larger.
This feature is also visible in the PL spectra shown in Fig. 5,
which plots the measured PL as a function of the in-plane
momentum kz. The strong coupling between the MoSe2 ML
and the waveguide optical mode results in most of the emitted
PL going frst into the polariton mode and then scattering out
of the waveguide. The PL spectra therefore also resembles the
spectral weight of the photon in the polariton. The latter is also
plotted in Fig. 5. As expected from thermal relaxation, most
of the PL emerges from the lower two polariton bands (LP
and MP), and hardly any PL is obtained from the UP polari-
ton band despite pumping at intensity level ∼80 μW/μm2

(with a 532 nm pump laser). At much higher pumping

FIG. 5. The measured photoluminescence (PL) spectra from the
polariton device (right) and the computed photon spectral weight
of the polariton state (left) are plotted as a function of the in-plane
momentum kz. Both spectra are normalized with respect to their peak
values. As expected from thermal relaxation, most of the PL emerges
from the lower two polariton bands [lower (LP) and middle (MP)],
and hardly any PL is obtained from the upper (UP) polariton band.
T = 10 K.

powers, charge-coupled device (CCD) saturation effects com-
bined with more PL collection directly from the MoSe2 ML
(i.e., PL which did not get coupled into the waveguide mode)
result in blurring of the polariton spectral features, and much
lower pumping powers result in PL coming only from the
lowest-energy LP band. Sample heating from the pump laser
was unavoidable during PL measurements. The resulting ther-
mal band gap reduction of ∼5 meV was incorporated into the
calculations shown in Fig. 5. This thermal band gap reduction
is also visible in Fig. 2(d). Whereas all the features in the
measured PL spectra of the polaritons agree well with the
measured refection spectra, the latter also provides access to
the higher-energy polariton bands.

III. CONCLUSIONS

In this paper, we presented experimental results from
exciton-trion-polaritons realized in a PC waveguide coupled
to a 2D TMD MoSe2 ML. The excellent agreement between
the theory and the experiments provides insights into not
just the structure of these polaritons but also into the nature
and behavior of excitons and trions in doped semiconductors.
This paper supports the argument that, given the nature of
the couplings [depicted in Fig. 1(a)], trion states by them-
selves cannot form polaritons (as has been assumed in many
previous works [14–17]) and need exciton states to mediate
their interaction with light and thereby contribute to polariton
states. This paper also shows that, given the bosonic nature of
the exciton and photon states and the experimental fact that
trion states can form a coherent superposition with exciton

033064-4



STRUCTURE AND DISPERSION OF … PHYSICAL REVIEW RESEARCH 3, 033064 (2021)

and photon states, the trion states must themselves be bosonic.
This conclusion supports the argument that the trion state in an
electron-doped semiconductor is a bound state of an exciton
and an electron-hole pair and is, therefore, a four-body bound
state and not a three-body bound state, as is commonly as-
sumed. This paper shows that polaritons can provide windows
into the physics associated with highly correlated many-body
states of matter. The large binding energies of excitons and
trions in 2D semiconductors, the ease with which these mate-
rials can be incorporated into optical microstructures to realize
polaritons, and the charged nature of the trion states provide
fascinating opportunities to realize devices to exercise electri-
cal control over electromagnetic wave propagation.
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APPENDIX A: SAMPLE FABRICATION DETAILS

The device structure shown in Fig. 2(a) of the paper was
fabricated as follows. A 1145-nm-thick layer of SiO2 was
grown on a single-side polished, cleaned Si wafer via wet-
chlorinated thermal oxide growth in a furnace at 1000 ◦C. A
125-nm-thick stochiometric Si3N4 layer was then deposited
in a low-pressure chemical vapor deposition furnace. Layer
thicknesses and indices were measured using an ellipsometer.
Extracted refractive indices of the SiO2 and Si3N4 layers
at 632 nm were 1.46 and 2.00, respectively. Polymethyl
methacrylate photoresist was used with electron-beam lithog-
raphy to defne and etch the second-order grating structure
in the nitride layer. The grating period � was chosen to
equal λ/neff, where λ is the wavelength corresponding to the
exciton-trion resonances, and neff is the effective index of the
guided mode in the nitride layer. The grating trench had a
width of 80 nm and a depth of 90 nm. To improve the con-
trast in refection-based polariton dispersion measurements
discussed below, care was taken to ensure that the incident
light did not directly couple to the MoSe2 ML. To do so,
thickness of the SiO2 cladding layer was chosen such that
interference between the incident and refected light (from the
Si-SiO2 interface) results in a feld intensity minimum near the
location of the MoSe2 ML, while maintaining the coupling
effciency of incident light into the waveguide mode high
enough to allow measurements of polariton dispersion. The
low contrast in the refection spectrum shown in Fig. 2(d) is
due to the minimum in the light intensity at the location of the
ML, as discussed above. Bulk MoSe2 crystals, obtained from
2D Semiconductors Inc., were exfoliated and transferred onto
a polydimethylsiloxane (PDMS) flm bonded to a glass slide.
MLs on the PDMS flm were identifed by optical microscopy,
and a custom-built transfer setup was used to place the MLs
onto the grating devices.

APPENDIX B: OPTICAL MEASUREMENT SETUP

Energy and momentum-resolved refection and PL spec-
troscopies were performed using a Fourier microscopy setup.
The microscopy setup included a 0.6 numerical aperture (NA)
objective, followed by a spatial flter that collected light from a
sample area of 12 μm diameter and a spectrometer. The input
slit of the spectrometer served as a k-space aperture flter that
selected light with nearly zero momentum in the x direction
(i.e., light with kx ≈ 0). The resulting energy and momentum
(kz)-dispersed spectrum inside the spectrometer was focused
onto the image plane of a cooled 1024 × 256 pixel CCD
detector. In refection spectroscopy, broadband light from a
quartz-tungsten lamp was used to illuminate the sample. In
PL spectroscopy, a 532 nm pump laser was used to excite the
sample. The maximum pump intensity used on the sample was
∼100 μW/μm2. The sample was kept at cryogenic tempera-
tures using a liquid helium exchange cryostat.

APPENDIX C: COMPUTATION OF THE POLARITON
DISPERSION AND REFLECTION SPECTRA

Electromagnetic computations in this paper were per-
formed using the fnite-difference frequency-domain (FDFD)
technique [26]. Refractive index values of 1.46, 2.00, and 3.7
were used for SiO2, Si3N4, and Si, respectively. The energy
band dispersion of the bare PC waveguide (without the MoSe2

ML on top) was calculated using the FDFD technique in
COMSOL. The results are shown in Fig. 2(b).

The contribution to the photon self-energy �ph(�k, ω) from
excitons/trions can be expressed in terms of the 2D optical
conductivity σ (�k, ω) of the MoSe2 ML:

�ph(�k, ω) = −ih̄
|χ (z∗)|2

2〈ε〉 σ (�k, ω). (C1)

Here, χ (z∗) is the waveguide mode amplitude at the loca-
tion z∗ of the ML, and 〈ε〉 is the average dielectric constant
experienced by the waveguide mode. Therefore, the MoSe2

ML in FDFD simulations was modeled as a layer of thickness
d = 0.7 nm [27] with a three-dimensional optical conductiv-
ity σtotal(�k, ω) given by σtotal(�k, ω) = σ (�k, ω)/d − iεω. Here,
ε = 20εo is the high-frequency dielectric constant of MoSe2

resulting from optical transitions at energies higher than the
exciton-trion energies [28]. The expression for the 2D optical
conductivity σ (�k, ω) of the MoSe2 ML is given by Rana
et al. [18]. Here, σ (�k, ω) was computed using the experimen-
tally determined values of the sample electron density and the
exciton-trion linewidths, as only these quantities are needed to
compute σ (�k, ω) [18]. The real part of the computed optical
conductivity is shown in Fig. 2(d) (top right plot). The optical
conductivity thus obtained was used to compute the polariton
energy band dispersion using FDFD, and the results are shown
as dashed lines in Fig. 4. The bare PC waveguide refection
spectrum (shown in Fig. 3) and the polariton refection spec-
trum (shown in Fig. 4) were calculated as follows. For each
pair (�k, ω), an incident plane wave was excited at a planar port
located above the device, and the refection coeffcient was ex-
tracted as the scattering matrix element evaluated at the same
port. The refection spectra thus obtained were normalized
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to the refection spectrum obtained from a similar device but
which had no MoSe2 ML and also no grating etched into the
nitride layer.

APPENDIX D: THE NATURE OF TRIONS AND
EXCITON-TRION-POLARITONS: A COMPARISON

OF DIFFERENT MODELS

In this section, we consider various descriptions of trion
states and related polariton states that have been presented
in the literature and describe their shortcomings. We then

explain how the model used in this paper overcomes these
shortcomings and provides a consistent picture of excitons,
trions, and exciton-trion-polaritons in doped 2D semiconduc-
tors. The theoretical details regarding the model used in this
paper can be found in several recent publications [18,19,22].

The models used in this paper will be discussed in light of
the following Hamiltonian that describes electrons and holes
in an electron-doped ML of a TMD, such as MoSe2, near the
K and K ′ points in the BZ, interacting with each other and
with an in-plane polarized optical mode of the rotating wave
approximation:

H = He + Hph + He−ph,

He =
∑
�k,s

Ec,s(�k)c†
s (�k)cs(�k) +

∑
�k,s

Ev,s(�k)b†
s (�k)bs(�k) + 1

A

∑

�q,�k,�k′,s,s′

U (q)c†
s (�k + �q)b†

s′ (�k′ − �q)bs′ (�k′)cs(�k)

+ 1

2A

∑

�q,�k,�k′,s,s′

V (q)c†
s (�k + �q)c†

s′ (�k′ − �q)cs′ (�k′)cs(�k),

Hph =
∑

�Q
h̄ω( �Q)a†( �Q)a( �Q),

He−ph = 1√
A

∑
�Q,�k,s

[gsc
†
s (�k + �Q)bs(�k)a( �Q) + H.c.]. (D1)

Here, Ec,s(�k) and Ev,s(�k) are the conduction band (CB) and
valence band (VB) energies; cs(�k), bs(�k), and a( �Q) are the
destruction operators for an electron in the CB, electrons in
the VB, and photons in the waveguide mode; s, s′ represent
the spin/valley degrees of freedom in the 2D material; and
s = {σ, τ }, where σ = ±1 and τ = ±1 represent spin and
valley degrees of freedom, respectively. We assume for sim-
plicity that the electron and hole effective masses me and
mh, respectively, are independent of s. Here, U (�q) represents
the Coulomb interaction between electrons in the CB and
VB, and V (�q) represents the Coulomb interaction among the
electrons in the CB; h̄ω( �Q) is the energy of a photon with
in-plane momentum �Q, and gs is the electron-photon coupling
constant; gs is assumed to be nonzero only for the case of the
optical coupling between the top-most VB and the CB of the
same spin (for s = {+1,+1} or s = {−1,−1}).

In what follows, we will need to refer to exciton states. A
standard exciton state with momentum �Q can be written as

|ψex( �Q)〉 = 1√
A

∑
k

φex∗
�Q (�k)

Nex
c†

s (�k + λe �Q)bs(�k − λh �Q)|GS〉,

(D2)

where A is the sample area. The normalization factor

Nex equals
√

1 − fc,s(�k + λe �Q), and λe = 1 − λh = me/(me +
mh). Here, |GS〉 is the ground state of the electron-doped
TMD ML consisting of a full VB and a partially flled CB.
Electron occupation probability of states in the CB is given
by the function fc,s(�k).

Various trion states have been considered in the literature.
We discuss them below and point out why they fail to describe
coherent polaritons involving trions.

(1) Suppose one considers the following fermionic three-
body trion state:

|χ tr( �Q)〉 = 1

A

∑
�k1,�k2

φtr∗
�Q (�k1, s; �k2, s′)

Ntr

×c†
s (�k1)c†

s′ (�k2)bs(�k1 + �k2 − �Q)|GS〉. (D3)

The normalization factor Ntr =
√

[1 − fc,s(�k1)][1 − fc,s′ (�k2)],

and �k (underlined) stands for �k + ξ �Q, where ξ = me/(2me +
mh). The above three-body trion state has no optical matrix el-
ement with the state |GS〉 ⊗ |n �Q = 1〉 (material in the ground

state and one photon with momentum �Q in the waveguide
mode), i.e.,

〈GS| ⊗ 〈n �Q = 1|He−ph|χ tr( �Q)〉 = 0. (D4)

Therefore, this state cannot describe trions, nor can it be a part
of coherent polaritons.

(2) Now suppose one considers the following four-body
trion state [9–12,29]:

|κ tr( �Q, �p)〉 = 1

A

∑
�k1,�k2

φtr∗
�Q (�k1, s; �k2, s′)

Ntr
c†

s (�k1)c†
s′ (�k2)bs

× [�k1 + �k2 − ( �Q + �p)]cs′ ( �p)|GS〉. (D5)

The above state includes a hole left behind in the
Fermi sea when an electron with momentum �p was
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scattered out of the Fermi sea by the photo-generated
exciton to form a trion [9–12,29]. Here, Ntr =√

[1 + δs,s′ ][1 − fc,s(�k1)][1 − fc,s′ (�k2)] fc,s′ ( �p), and �k
(underlined) stands for �k + ξ ( �Q + �p). The above state
has a nonzero optical matrix element with the state
|GS〉 ⊗ |n �Q = 1〉, but this matrix element scales as

∼1/
√

A and is rather small (A is the sample area). In
addition, the above trion state also has equally small
optical matrix elements with all other states of the form
c†

s′ ( �Q − �Q′ + �p)cs′ ( �p)|GS〉 ⊗ |n �Q′ = 1〉, consisting of a

photon with momentum �Q′ �= �Q in the waveguide mode, the
material in the excited state with one electron outside the
Fermi sea with momentum �Q − �Q′ + �p, and one hole inside
the Fermi sea with momentum −�p. What this means is that
the state created by absorbing a photon of momentum �Q can
decay by emitting a photon of a different momentum �Q′.
Consequently, the above state is also not a suitable state for
coherent polaritons involving trions.

(3) The smallness of the optical matrix elements found in
the case considered above can be fxed by making the Fermi
hole surround the trion. This leads to the following bosonic
four-body trion state [13,15,30]:

|β tr( �Q)〉 = 1√
A3

∑
�k1,�k2, �p

φtr∗
�Q (�k1, s; �k2, s′; �p, s′)

Ntr

×c†
s (�k1)c†

s′ (�k2)bs[�k1 + �k2 − ( �Q + �p)]cs′ ( �p)|GS〉,
(D6)

where Ntris the same value as in case (2) considered above, and
�k (underlined) stands for �k + ξ ( �Q + �p). The above four-body
trion state has a large nonzero optical matrix element with
the state |GS〉 ⊗ |n �Q = 1〉, and this matrix element can be
shown to be proportional to

√
ns′ , where the electron den-

sity ns′ = ∑
�p fc,s′ ( �p)/A. Similar four-body states have been

proposed by Emmanuele et al. [15], Kyriienko et al. [13],
and Glazov [30]. It is then tempting to set up the following
3 × 3 matrix for exciton-trion-polaritons using as a basis the
photon state |GS〉 ⊗ |n �Q = 1〉, the exciton state |ψex( �Q)〉, and

the four-body trion state |β tr( �Q)〉 [13,15–17]:
⎡
⎢⎣

h̄ω( �Q) − iγph
1
2 h̄�ex 1

2 h̄�tr

1
2 h̄�ex E ex( �Q) − iγex 0
1
2 h̄�tr 0 E tr( �Q) − iγ

⎤
⎥⎦. (D7)

Here, h̄�ex/2 and h̄�tr/2 are the optical matrix elements
of the exciton and trion states with the state |GS〉 ⊗ |n �Q =
1〉, respectively. Similar 3 × 3 matrices have been used by
several authors, including Emmanuele et al. [15], Kyriienko
et al. [13], Dufferwiel et al. [17], Cuadra et al. [16], and
Rapaport et al. [31], to describe polaritons. The problem with
the above matrix is that the four-body trion state used in
this model is not orthogonal to the exciton state used in the
model, and their inner product is proportional to

√
ns′ . This

may not seem like a big problem, and one may include this
nonzero overlap in the variational scheme or, equivalently, use
the standard linear algebra technique of Gram-Schmidt and
orthogonalize the four-body trion state |β tr( �Q)〉 with respect

to the exciton state (in carrying out this orthogonalization
procedure, one has to orthogonalize the trion state |β tr( �Q)〉
with respect to all the exciton states.) However, the largest
overlap of the lowest-energy bound trion state |β tr( �Q)〉 is with
the lowest-energy exciton state, but when this process is car-
ried out, the resulting four-body trion state turns out to have a
zero optical matrix element with the state |GS〉 ⊗ |n �Q = 1〉. In
other words, the new 3 × 3 matrix after this orthogonalization
procedure becomes

⎡
⎢⎣

h̄ω( �Q) − iγph
1
2 h̄�ex 0

1
2 h̄�ex E ex( �Q) − iγex 0

0 0 E tr
new( �Q) − iγtr

⎤
⎥⎦. (D8)

Consequently, coherent exciton-trion-polaritons are not pos-
sible in this model; only exciton-polaritons are possible. This
fact has been overlooked in many published works [13,15–
17]. The failure of the state |β tr( �Q)〉 in capturing the trion and
polariton physics can also be demonstrated in several other
ways. For example, the optical conductivity of the material is
supposed to satisfy the Thomas-Reiche-Kuhn sum rule [18].
The optical conductivity that comes out from the matrix model
in Eq. (D7) violates this sum rule. This violation happens in
the following way. As the electron density increases, and the
trion state optical matrix element h̄�tr/2 increases as

√
ns′ , the

exciton state optical matrix element h̄�ex/2 does not decrease
but remains constant, and the sum rule gets violated. The
violation of the sum rule points to the fact that the exciton
and trion states are not good approximate eigenstates of the
Hamiltonian He in Eq. (D1).

We now present our model for exciton-trion-polaritons in
its simplest form. Theoretical details can be found in recent
publications [18,19,22]. An important piece of physics miss-
ing from the model considered above in case (3) is that, in
doped materials, exciton and trion states are not eigenstates of
the Hamiltonian He in Eq. (D1). Exciton and trion states are
strongly coupled as a result of electron-electron and electron-
hole Coulomb interactions. The many-body density matrix
technique we used resulted in a description of exciton-trion-
polaritons in the form of a coupled system of a two-body
exciton state, four-body bound and unbound trion states, and
a photon state [18,22]. The four-body bound trion state that
results from the many-body density matrix technique is [18]

|ψ tr( �Q)〉 = 1√
A3

�k1,�k2 �= �p∑
�k1,�k2, �p

φtr∗
�Q (�k1, s; �k2, s′; �p, s′)

Ntr

×c†
s (�k1)c†

s′ (�k2)bs[�k1 + �k2 − ( �Q + �p)]cs′ ( �p)|GS〉.
(D9)

Here, Ntr again has the same value as in case (2) considered
above, and �k (underlined) stands for �k + ξ ( �Q + �p). The above
trion state is orthogonal to all the exciton states and has a zero
optical matrix element with the state |GS〉 ⊗ |n �Q = 1〉. It is an
eigenstate of a four-body Schrödinger equation [18], but it is
not an eigenstate of the Hamiltonian He. One needs to include
Coulomb interactions between this trion state and the exciton
state. When these Coulomb interactions as well as interaction
with light are included, the resulting 3 × 3 matrix for exciton-
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trion-polaritons is found to be

⎡
⎢⎣

h̄ω( �Q) − iγph
1
2 h̄�ex 0

1
2 h̄�ex E ex( �Q) − iγex Mb

0 Mb E tr
b ( �Q) − iγtr

⎤
⎥⎦. (D10)

Here, Mb is a Coulomb matrix element between the exciton
and the four-body bound trion states, and its expression is
given by Rana et al. [18]. Also, Mb is an increasing function
of the electron density. There is still an important ingredient
missing from the above matrix model, and we discuss this
missing piece next. In the absence of light, exciton and bound
trion superposition states can be constructed, and these states
can diagonalize the lower 2 × 2 matrix of the above 3 × 3
matrix. However, these exciton and bound trion superposition
states are still not good eigenstates of the Hamiltonian He.
Thus, for example, the energy splitting obtained between the

two energy eigenvalues of the lower 2 × 2 matrix turns out
to be much larger than the experimentally observed splitting
between the two peaks in the optical absorption spectra of
2D materials [18]. What has been ignored in the above 3 × 3
matrix is the continuum of unbound trion states (or exciton-
electron scattering states) whose energies lie just above the
exciton energy. These unbound trion states are also eigenstates
of the four-body Schrödinger equation [18] and are orthog-
onal to the exciton states. This continuum, when included
in the analysis, prevents the upper energy eigenvalue of the
lower 2 × 2 matrix from varying too much as the electron
density increases, and the resulting energy splitting then goes
almost linearly with the Fermi energy, in agreement with the
experiments [18]. This continuum of unbound trion states
represents the screening of the exciton by the electrons in
the electron-doped material. Once the continuum of unbound
trion states is included in the analysis, the matrix for exciton-
trion-polaritons becomes

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

h̄ω( �Q) − iγph
1
2 h̄�ex 0 0 0 0 · · ·

1
2 h̄�ex E ex( �Q) − iγex Mb M1,ub M2,ub M3,ub · · ·

0 Mb E tr
b ( �Q) − iγtr 0 0 0 · · ·

0 M1,ub 0 E tr
1,ub( �Q) − iγtr 0 0 · · ·

0 M2,ub 0 0 E tr
2,ub( �Q) − iγtr 0 · · ·

0 M3,ub 0 0 0 E tr
3,ub( �Q) − iγtr · · ·

...
...

...
...

...
...

. . .

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (D11)

The inclusion of unbound trion states not only modifes the
energies of the two peaks observed in the optical spectra of 2D
materials but also modifes their respective peak optical oscil-
lator strengths [18]. The (infnite) matrix shown above cannot
be reduced to a 3 × 3 matrix in any meaningful way. The
structure of exciton-trion-polaritons described by the matrix
above is essentially the same as that expressed in the language
of many-body Green’s functions (and optical conductivity)
in this paper. It should also be noted here that the coupled
Schrödinger equation model of Rana et al. [18], which is
represented by the infnite matrix model above, is not expected
to be accurate at very large doping densities (>2 × 1013 cm−2

for most 2D TMDs), at which trion-electron interactions
cannot be ignored [18]. At very large electron densities, mul-
tiple (and not just single) electron-hole excitations across
the Fermi sea by the excitons need to be included in the
analysis [18].

For the sake of clarity, spin and valley indices, relevant
to a MoSe2 ML, have been suppressed in writing the above
matrix. It should be noted that the exciton and trion states
represented in the matrix are the transverse exciton and trion
states. Transverse exciton states in TMD MLs are a superpo-
sition of exciton states from K and K ′ valleys that couple only
to TE-polarized (in-plane polarized) light and do not couple
to transverse-magnetic-polarized light. We have also assumed

only one transverse exciton state, the one with the lowest
energy, and this is a good approximation, given the large
energy separation between the lowest- and the higher-energy
exciton states in 2D TMD MLs. Finally, the above analysis
can be easily extended to 2D TMDs such as WS2 and WSe2,
in which the lowest CB has the opposite spin as that of the
highest VB in the same valley, provided both intravalley (spin
singlet) and intervalley (spin triplet) trions and their exchange
splittings are included in the analysis [32].

APPENDIX E: A WORD ON EXCITON-POLARONS

The behavior of excitons in doped semiconductors was
recently described in terms of polaron physics by Sidler
et al. [20]. Polaron physics associated with impurity atoms
in cold Fermi gases has been extensively explored in the
last two decades [33]. The screening of an impurity atom
by the host Fermi atoms results in two eigenstates: the
attractive and the repulsive polarons. A third solution, con-
sisting of bound molecular state of the impurity atom and a
host atom, can also exist [33]. The attractive and the repul-
sive polaron solutions are like the eigenstates expressed in
terms of exciton-trion superposition states described by Rana
et al. [18]. The exciton-trion superposition states are good
approximate eigenstates of the Hamiltonian He and can be
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written as [18]

|ψn,s( �Q)〉 = α√
A

∑
k

φex∗
n, �Q(�k)

Nex
c†

s (�k + λe �Q)bs(�k − λh �Q)|GS〉

+
∑
m,s′

βm,s′√
A3

�k1,�k2 �= �p∑
�k1,�k2, �p

φtr∗
m, �Q(�k1, s; �k2, s′; �p, s′)

Ntr

×c†
s (�k1)c†

s′ (�k2)bs[�k1 + �k2 − ( �Q + �p)]cs′ ( �p)|GS〉.
(E1)

The exciton state is labeled by the subscript n. The solution
involves a summation over all bound and unbound trion states
labeled by the subscript m, consistent with the values of s
and s′. The above state is very similar to Chevy’s ansatz
for attractive and repulsive Fermi polaron states [20,34]. A
difference is that, in Chevy’s ansatz, the trion state is not
taken to be orthogonal to the exciton state, leading to incorrect
optical matrix elements. The bound molecular state, on the
other hand, is essentially the same as the three-body fermionic
trion state considered above in case (1):

|χ tr( �Q)〉 = 1

A

∑
�k1,�k2

φtr∗
�Q (�k1, s; �k2, s′)

Ntr

×c†
s (�k1)c†

s′ (�k2)bs(�k1 + �k2 − �Q)|GS〉. (E2)

Sidler et al. [20] had considered the trion state to be the same
as the bound molecular state given above. In addition, Sidler

et al. [20] had claimed to see separate experimental signatures
of both the bound molecular state and the attractive and repul-
sive polaron states in the measured optical spectra. While a
three-body fermionic state can in principle exist in the limit of
very small electron densities and can exhibit signatures in PL
spectrum (but not in the optical absorption spectrum), it is not
a good eigenstate at the large (>1012 cm−2) electron densities
considered in the work of Sidler et al. [20]. It is likely that the
PL attributed to molecular trion states in the work of Sidler
et al. [20] was due to localized states. Some care is needed
when transporting results from the Fermi polaron literature
involving atomic gases to excitons in doped semiconductors.
In contrast to the short-range interactions in neutral Fermi
atomic gases, the Coulomb interactions in 2D materials are
long range. A charged three-body bound fermionic state can-
not exist as such in a doped 2D material with a large electron
density. It will immediately get surrounded by a screening
hole and form an attractive polaron (or an exciton-trion su-
perposition state). For the same reason, the trion plus hole
continuum [states described in case (2) above], also found
by Sidler et al. [20] in their computations, are not possible
in the presence of long-range interactions. Efmkin et al. [21]
identifed the two peaks that are observed in the optical spectra
of doped 2D materials as the attractive and repulsive polaron
states. Their identifcation agrees with our identifcation of
these peaks as the lower- and higher-energy exciton-trion
superposition states. However, Efmkin et al. [21] also used
short-range potentials in their analysis and found the trion plus
hole continuum [case (2) above], which are not physical states
when long-range Coulomb potentials are used and when the
interactions involving the Fermi hole are not ignored.
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