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Cavity exciton polaritons in two-dimensional semiconductors from first principles
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A two-dimensional (2D) semiconducting microcavity, where exciton polaritons can be formed, constitutes a
promising setup for exploring and manipulating various regimes of light-matter interaction. Here, the coupling
between 2D excitons and metallic cavity photons is studied by using a first-principles propagator technique.
The strength of exciton-photon coupling is characterised by its Rabi splitting to two exciton polaritons, which
can be tuned by cavity thickness. Maximum splitting of 128 meV is achieved in the phosporene cavity,
while a remarkable value of about 440 meV is predicted in a monolayer hexagonal boron nitride device. The
obtained Rabi splittings in a WS2 microcavity are in excellent agreement with recent experiments. The present
methodology can aid in predicting and proposing potential setups for trapping robust 2D exciton-polariton
condensates.
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The interplay between cavity photons and matter can re-
sult in the formation of hybrid polarization-photon modes,
commonly called polaritons [1]. Due to their dual light-matter
nature, these bosonic quasiparticles are enriched with excep-
tional physical properties, such as small effective mass and
nonlinearity, absent in the matter outside the optical cavity. As
such, polaritons are expected to show exotic physical phenom-
ena like light-induced superconductivity [2,3], Bose-Einstein
condensation [4–6], polariton superfluditiy [7], and quantized
vortices [8]. Ideal platforms for studying strong light-matter
interactions are gapped systems, such as semincondutors [6,9]
or molecules [10], placed in microcavity devices, where exci-
ton polaritons are formed. Cavity exciton polaritons, showing
a plethora of quantum effects, are routinely observed in
bulk [11–14] and quantum well systems [9,15], e.g., devised
from GaAs [9].

Two-dimensional (2D) materials, such as semiconducting
monolayers, thin heterostructures and films, are even more
attractive than their bulk counterparts, due to the reduced
Coulomb screening and the corresponding large exciton bind-
ing energies [16–23] that enable formation of well-defined
exciton polaritons even at room temperature [24]. The first
2D exciton polaritons were realized in a monolayer of transi-
tion metal dichalcogenide (TMD) MoS2, where Rabi splitting
between the exciton and a cavity photon of ∼50 meV was ob-
served [25]. Further photoluminescence studies showed clear
anticrossing behavior and splitting of the exciton polariton in
other 2D TMD cavity devices, e.g., in MoSe2 [26], WS2 [27],
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WSe2 [28,29], and in a MoSe2-WSe2 heterostructure [30]. In
addition, real-space imaging of exciton polaritons was done
by means of near-field scanning optical microscopy for WSe2

thin films [31]. These TMD semincondutor microcavities are
especially appealing due to their charge tunability, coupled
spin and valley degrees of freedom, as well as the ability
to form heterostructures, and are thus able to display valley-
polarized exciton polaritons [32], polaron polaritons [33], and
interlayer exciton polaritons [30].

Despite this enormous interest in exciton polaritons
and seminconductor microcavity devices, a complementary
microscopic theory that is able to scrutinize the cavity photon-
exciton coupling on the quantitative and predictive level is
still rare. In addition, the majority of the microscopic descrip-
tions are based on a simple model Hamiltonians describing
exciton-photon interactions in microcavity [34–39]. Recently,
a more rigorous ab initio theoretical description of exci-
ton polaritons in a TMD microcavity was provided in the
framework of the quantum-electrodynamical Bethe-Salpeter
equation [40], where the excitons are calculated from a first-
principles Bethe-Salpeter equation, and the electromagnetic
field is described by quantized photons. However, the cou-
pling between excitons and photons is left to be arbitrary. This
study showed how excitonic optical activity and energetic or-
dering can be controlled via cavity size, light-matter coupling
strength, and dielectric environment.

Here, we present a fully quantiative theory of 2D exci-
ton polaritons embedded in a plasmonic microcavity that is
able to analyze and predict light-matter coupling strengths for
various cavity settings. We study cavity exciton polaritons in
three prototypical two-dimensional single-layer semiconduc-
tors, i.e., single-layer black phosphorus or phosphorene (P4),
WS2, and hexagonal boron nitride (hBN). The results show
a clear Rabi splitting between 2D exciton and cavity photon
modes as well as a high degree of tunability of Rabi (light-
matter) coupling � as a function of microcavity thickness. In
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FIG. 1. (a) The schematic of a microcavity device. The 2D
crystal described by optical conductivity σμ(ω) is inserted in the mi-
crocavity which consists of the substrate, the dielectric media and the
tip described by the macroscopic dielectric functions ε−(ω), ε0(ω)
and ε+(ω), respectively. (b) The intercation between 2D exciton and
cavity mode results in creation of exciton polaritons. The coupling
strength measure is the Rabi splitting �.

the case of WS2, for the usual experimental setup where cavity
size is around d ∼ 1 μm we obtain splittings of � ∼ 42 meV
and � ∼ 64 meV for principal and second cavity modes, in
line with the experiments [25,27]. Also, in all of the consid-
ered cases larger coupling strengths � are found for larger
photon confinements when d < 1 μm as well as for higher
cavity modes n. Interestingly, the ultraviolet (UV) exciton
in hBN shows a very strong exciton-cavity photon coupling
of about ∼440 meV and the possiblity of Bose-Einstein
condensation.

In this work both excitons and photons are described by the
bosonic propagators σ and �, respectively, which are derived
from first principles. The 2D crystal optical conductivity σ

is calculated using the ab initio RPA+ladder method [41],
and the propagator of cavity photons � is derived by solving
the Maxwell’s equations for planar cavity decribed by local
dielectric function ε (see Supplemental Material [42]). The
exciton-photon coupling is achieved by dressing the cavity-
photon propagator � with excitons at the RPA level. Thus
the obtained results are therefore directly comparable with the
experiments. As illustrated in Fig. 1(a) the microcavity device
consists of substrate, tip, and dielectric media in between,
described by local dielectric functions ε+, ε−, and ε0, re-
spectively. The 2D semiconducting crystal defined by optical
conductivity σμ(ω) is immersed in a dielectric media at a
height z0 relative to the substrate. The substrate occupy region
z < 0, tip occupy region z > d , and dielectric media occupy
region 0 < z < d . In such a semiconducting microcavity
setup the coupling between the exciton and cavity photon is
expected to result in the splitting of exciton polariton to the
lower and upper polariton branches, which we shall refer to as
ω−

n and ω+
n , respectively [see Fig. 1(b)].

The quantity from which we extract the information about
the electromagnatic modes in microcavity setup is electrical
field propagator Eμν which, by definition [43], propagates the
electrical field produced by point oscillating dipole p0e−iωt ,
i.e., E(ω) = E (ω)p0. Assuming that the 2D crystal, sub-
strate and tip satisfy planar symmetry (in x − y plane) the
propagator E in the z = z0 plane satisfies the matrix equation

E (Q, ω) = �(Q, ω) + �(Q, ω)σ (ω)E (Q, ω),

as illustrated by Feynmans diagrams in Fig. 2(a) (see also
Sec. S1.A in Ref. [42]). Here � = �0 + �sc represents the
propagator of electrical field, in the absence of a 2D crystal,
i.e., when σ = 0. The propagator �0 represents the “free”
electrical field and the propagator of the scattered electrical
field �sc results in multiple reflections at the microcavity
interfaces, as ilustrated in Fig. 2(b). In order to simplify the
interpretation of the results we suppose that the dielectric
media is a vacuum (ε0 = 1), and we suppose that the tip and
the substrate are made of the same material (ε− = ε+ = ε).
In order to support well-defined cavity modes, these ma-
terials should be highly reflective in the exciton frequency
region ω ≈ ωex, which is satisfied if ωex < ωp, where ωp

is the bulk plasmon frequency. For the P4 and WS2 mono-
layers where exciton energies are h̄ωex < 3.0 eV, we chose
that the substrate and tip are made of silver (ωp ≈ 3.6 eV).
On the other hand, for the single-layer hBN where exci-
ton energy is h̄ωex = 5.67 eV we chose aluminium (ωp ≈
15 eV). Both silver and aluminium macroscopic dielectric
functions ε(ω) are determined as well from first principles
(see Ref. [42]). As an example, the intensity of electromag-
natic modes (−Im�x) in a silver microcavity is shown in
Fig. S2 in Ref. [42]. Figure 2(c) shows the perturbative expan-
sion of optical conductivity σμ(ω) = σ RPA

μ (ω) + σ ladd
μ (ω),

where σ RPA is the RPA optical conductivity [44,45], while
the ladder optical conductivity is σ ladd = i

ωS jK j∗, where S
is a normalization surface and j are the current vertices. The
4-points polarizability K satisfies the Dyson equation [41,42]
in which the Bethe-Salpeter-Fock kernel �F enters [46–50].
The electron energies are corrected using the GW method so
that the present approach is equivalent to the time-dependent
screened Hartree-Fock approximation [46–51]. For more de-
tails see Secs. S1.B and S2.B in Ref. [42]. Without cavity
photons, the total optical absorption Re σx(ω) in P4 and
hBN is characterized with the strong excitons appearing at
h̄ωex = 1.45 eV and h̄ωex = 5.67 eV, respectively. In addition,
the absorption spectrum Re σx(ω) in WS2 shows the two
spin-orbit splitted A and B excitons at h̄ωA

ex = 2.1 eV and
h̄ωB

ex = 2.46 eV [42].
Figures 3(a), 3(b), and 3(c) show the modifications of

the n = 1 cavity mode intensity after the single-layer P4 is
inserted in the middle z0 = d/2 (n = 1 antinodal plane) of
the silver cavity, where the cavity sizes are d = 375 nm, d =
400 nm and d = 425 nm, respectively. White and turquoise
dotted lines denote the P4 exciton and unperturbed cavity
mode n = 1, respectively. For d = 375 nm, just before the
n = 1 cavity mode crosses the exciton, a significant part
of the n = 1 mode spectral weight is transferred below the
exciton energy. By increasing the cavity size, i.e., for d =
400 nm and d = 425 nm, the exciton crosses the n = 1 mode,
which results in the intensity weakening and band-gap open-
ing in the intersection area. This behavior enables creation
of an exciton-polariton condensate, as experimentally veri-
fied in Refs. [6,13–15,29]. By changing the cavity thickness,
the exciton can interact also with the higher cavity modes.
Figure 3(d) shows the modifications of n = 2 mode intensity,
where the cavity thickness is d = 850 nm and P4 is chosen
to be located at z0 = d/4nm (n = 2 antinodal plane). The
exciton significantly weakens the intensity of n = 2 mode
in the intersection area, however, here the avoided crossing
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FIG. 2. (a) Dyson’s equation for the propagator of the electrical field E in a microcavity device. (b) Propagator of the electrical field
� = �0 + �sc, in the absence of a 2D crystal (i.e., when σμ = 0). (c) Perturbative expansion of optical conductivity σμ(ω). Blue dots represent
the current vertices jμ, green dots represent the charge vertices ρ, and red wavy lines represent the screened Coulomb interaction W T .

behavior is not clearly noticeable in comparison with the
exciton coupled to the first cavity mode.

The dispersion relation of exciton polaritons ω−
n and ω+

n
(hybridized cavity photon-exciton modes), as the one shown
in Fig. 4(a), can be precisely determined by following the
splitted maxima in induced current jμ = σ scr

μ Eμ driven by
external (bare) field Eμe−iωt , where the screened optical
conductivity is σ scr

μ = [1 − �σ ]−1
μ σμ. The inset of Fig. 4(b)

shows the Re σ scr
x before (brown dashed) and after (solid

magenta) P4 is inserted in the middle of the cavity of thickness
d = 400 nm. The spliting of exciton h̄ωex to exciton polaritons
ω−

1 and ω+
1 can be clearly seen. The exciton-photon binding

strength can be determined from the Rabi splitting defined as
difference �n = ω+

n − ω−
n for wave vector Q and for which

the bare cavity modes n = 1, 2, 3, ... crosses the exciton h̄ωex.
Figure 4(a) shows the dispersion relations of plasmon polari-
tons ω−

1 and ω+
1 obtained by following the splitted maxima

in Re σ scr
x for different wave vectors Qx, d = 400 nm and

z0 = d/2. The clear anticrossing behavior and Rabi splitting

of �1 = 123 meV indicates a strong interaction between the
exciton and n = 1 cavity photon. Red circles, yellow squares,
and green triangles in Fig. 4(b) show the Rabi splittings
�n for n = 1, n = 2 and n = 3, respectively, versus cavity
thickness d . The maximum Rabi splittings of nth mode �max

n
are achieved when z0 = d/2 and for d chosen so that nth
mode just starts to cross the exciton energy h̄ωex. All three
modes show strong coupling with the exciton that results in
the maximum splitings of �max

1 = 128 meV, �max
2 = 92 meV

and �max
3 = 77 meV for d = 390 nm, d = 820 nm and d =

1250 nm, respectively. For larger d the cavity modes cross
the exciton at a greater angle and the splitting decreases.
A decrease of �max

n as n increases confirms a confinement
hypothesis; as n increases the cavity photon modes crosses
the exciton for larger d , and photon becomes less confined
while the coupling is reduced. The confinement hypothesis is
in accordance with the predictions of the two boson Hamil-
tonian model, where the Rabi splitting is proportional to the
square root of the exciton oscillator strength multiplied by the

FIG. 3. The intensities of electromagnatic modes (-ImExx) showing the hybiridization between silver cavity mode n = 1 (turquoise dotted)
and P4 exciton (white dotted) for various cavity sizes: (a) d = 375 nm, (b) d = 400 nm, and (c) d = 425 nm, where z0 = d/2. (d) The
hybridization between cavity mode n = 2 and P4 exciton in cavity of thickness d = 850 nm and z0 = d/4.
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FIG. 4. (a) The dispersion relations of exciton polaritons ω−
1 and

ω+
1 (dots) for P4 in silver microcavity of thickness d = 400 nm

and z0 = d/2. Dashed lines show unperturbed modes. (b) The Rabi
splittings �n = ω+

n − ω−
n versus cavity thickness d for n = 1 (red

circles), n = 2 (orange squares) and n = 3 (green triangles) cavity
modes, where z0 = d/2, z0 = d/4 and z0 = d/6, respectively. The
inset shows Re σ scr

x before (brown dashed) and after (solid magenta)
the P4 is inserted in the cavity, where d = 400 nm, z0 = d/2 and
Qx = 0.00217 nm−1 (momentum for which exciton crosses the n = 1
mode).

overlap between exciton and cavity-photon wave func-
tions [52]. Moreover, due to this fact the Rabi splitting is
proportional to the square root of the microcavity mode
frequency �1 ∼

√
ω0

1(Q = 0). Considering that in the per-
fect reflectivity limit (rs,p ≈ ∓1) the cavity modes disperses
as [42]

ω0
n(Q) = c

√
n2π2

d2
+ Q2, n = 1, 2, 3, ... (1)

we can estimate the Rabi splitting as �1 ∼ 1/d . The overlap
between the exciton and the cavity-photon wave functions
is enhanced if the 2D crystal is put in the middle of the
cavity (z0 = d/2), where the cavity-photon wave function has
a maximum. The mentioned effect on the Rabi splitting is a
pure geometric effect. However, it is important to note that the

Rabi splitting is also defined by the quantum effects, which
are stored in exciton-photon coupling functions (Eq. (S19) in
Ref. [42]). These are the exciton intensity (exciton oscillatory
strength) and a measure of the symmetry overlap between the
cavity photon and exciton, e.g., defined by the dipole selection
rule for the principal mode ω0

1. Thus, the coupling will be
stronger as the thickness d at which the crossing between
nth mode and exciton occurs is getting smaller, and, equally
important, when the exciton oscillatory strength is larger. The
importance of both the geometric and quantum effects is
demonstrated later when comparing the WS2 and P4 results.

The above criterion is met by excitons with higher exci-
tation energy, such as, for instance, the UV exciton in the
hBN single layer. Since in the same UV frequency region the
cavity should be highly reflective (i.e., ωp > ωex), the appro-
praite cavity for hBN layer can be made of aluminium with
ωp ≈ 15 eV. Figure 5(a) shows the modification of aluminium
n = 1 cavity mode intensity after the hBN monolayer is in-
serted in the middle of cavity of thicknesses d = 90 nm. The
dotted lines show the unperturbed cavity mode n = 1 and the
hBN exciton. The strong exciton-photon intercation results in
strong modification of the n = 1 cavity mode, band-gap open-
ing and Rabi splitting of �1 = 400 meV. The maximum Rabi
splitting of �max

1 = 440 meV is achieved for d = 85 nm. This
large exciton-polariton band gap and Rabi splitting suggests
a possibility of experimental realization of robust exciton-
polariton condensate in the cavity setup. It should be noted
that the hBN Rabi splitting is here relatively large (relative to
the other 2D crystals), however, the absolute splitting, relative
to the cavity-photon energy ω0

1(Q = 0) ∼ 1/d , does not seem
so extraordinary. Despite that, the strong hBN exciton oscilla-
tory strength makes the absolute splitting large. In fact, even
for very small d below 100 nm, such a large splitting would
not be possible in the two other 2D materials considered here,
due to the energy of the corresponding exciton peaks and
weaker oscillatory strengths.

The 2D exciton-polaritons are experimentally studied
mostly in various TMDs where the mesured Rabi splittings
of � = 46 meV, � = 26 meV, and � = 20 meV are found
in MoS2 [25], WSe2 [28], and MoSe2 [26]. For WS2 the
experimentally measured splittings are around 20 − 70 meV
for d > 1 μm, depending on the precise cavity size [27].
In Fig. 5(b) we show the modification of the silver n = 1
cavity mode intensity when the WS2 monolayer is inserted

FIG. 5. The intensity of electromagnatic modes (-ImExx) showing the hybridization between cavity mode n = 1 (turquoise dotted) and
(a) hBN exciton (white dotted) in aluminium cavity of thickness d = 90 nm, (b) the WS2 A and B excitons in silver cavity of thickness
d = 260 nm, and (c) the P4 exciton in silver cavity of thickness d = 415 nm. The z0 = d/2 in all cases. (d) Summary of the obtained Rabi
splittings in studied systems. The experimental value for WS2 microcavity is from Ref. [27].
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in the middle of the microcavity of thickness d = 260 nm.
The unperturbed n = 1 mode as well as the A and B
excitons of bare WS2 are also denoted by dotted lines. Both
excitons significantly perturb the n = 1 mode providing the
Rabi splitings of �A

1 = 117 meV and �B
1 = 103 meV. For

comparison, Fig. 5(c) shows the modification of n = 1 mode
intensity when P4 is inserted in silver microcavity for the
same conditions as in WS2 microcavity presented in Fig. 5(b);
n = 1 minimum is 100 meV below the exciton. The cavity
thickness is d = 415 nm and z0 = d/2. Interestingly, the
achieved Rabi splitting is here also �1 = 117 meV, even
though, according to the confinement hypothesis, the A
exciton, which is confined in a smaller cavity, is expected
to split more. However, the A exciton in WS2 has smaller
oscillatory strength than P4 exciton [cf. Figs. S4(a) and S5(b)
in Ref. [42]] so that the binding is weaker and the two effects,
i.e., geometric and quantum, compete.

Finally, in Fig. 5(d) we compare the maximum split-
tings of exciton-polaritons �max for the three semiconducting
microcavities, summarizing the different regimes of exciton-
cavity photon coupling strengths in these materials. For WS2

microcavity we additionally present the results for the experi-
mentally measured value of cavity size, i.e., d = 930 nm [27],
when the exciton interacts with n = 2 cavity mode. The
corresponding value of �A

2 = 64 meV shows an excellent
agreement with the experiment [27]. For the same cavity
thickness, splitting of the n = 1 cavity mode and the WS2 A
exciton is �A

1 = 42 meV.
In summary, we have studied the interaction strengths

between cavity photons and excitons in representative and

relevant 2D semiconducting crystals by means of rigorous ab
initio methodology. It is shown that insertion of 2D crystals
into a metallic microcavity significantly modifies the photon
dispersion. For instance, the band gap opening and Rabi
splitting as high as � = 440 meV was obtained for hBN
cavity device. This opens the possibility of experimental
realization of the robust 2D exciton-polariton condensate.
Moreover, the exciton-photon interaction strongly depends on
photon confinement, which was shown to be adjustable by the
cavity thickness d . The results of exciton-polariton splitting
in the WS2 cavity device show a good agreement with
recent experiments and suggests higher photon confinements
with decreasing cavity size at which stronger photon-matter
coupling should be achieved. In order to reach this stronger
binding we suggest an experimental setup consisting of
tunable submicrometer cavity (such as Atomic-Force-
Microscope tip and substrate) tuned so that the principal
photon cavity mode coincide with the exciton energy, e.g., as
in Fig. 4(b).
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