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Abstract: The interaction of an exciton and cavity modes is considered in planar meso-cavities,
which have lateral sizes corresponding to few wavelengths. In meso-cavities, the frequency
interval between the optical modes is comparable or smaller than the value of the Rabi splitting
between the exciton and the optical modes. The Hamiltonian of the interaction between the
exciton and the cavity modes is constructed, and it is shown that such an interaction between the
cavity modes and the exciton can occur both in weak and in strong coupling regimes. The latter
case can be accompanied by a pronounced splitting of the emission peaks as shown for modelled
meso-cavities of triangular, square and hexagonal shapes, where it is demonstrated that Q-factors
for the adjacent cavity modes as well as the strength of interaction with excitons can differ by few
orders of magnitude.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The study of semiconductor microcavities began with the pioneering work of Weisbuch et al., in
1992 [1], where splitting was observed in the absorption and reflection spectra of excitons in
the quantum wells placed in the centre of a resonant epitaxially grown planar microcavity. This
splitting was interpreted as the vacuum Rabi splitting of the exciton resonance. Over the past
three decades, these findings have led to extensive research in the field of strong light-matter
coupling in semiconductor microcavities [2—14], which has resulted in the observation of a
number of fascinating effects, including the demonstration of a polariton laser [14—15]. Strong
coupling regime between exciton and cavity modes can occur in cylindrical [7,16] and spherical
microcavities [17,18], two-dimensional lattices and other types of resonators. For all cases, it
is essential that the characteristic size of the cavity corresponds to a fraction of the wavelength
in order to ensure a large energy interval between the cavity modes. In such situation, only
one or two cavity modes will interact with the exciton and the Rabi splitting will be smaller
than the separation between the cavity modes, which makes it possible to observe the strong
coupling regime. Achieving these conditions becomes more challenging for microcavities based
on wide-band semiconductors, such as III-nitrides or ZnO, where the Rabi splitting is relatively
large, while the Bohr radius and exciton emission wavelength are reduced in comparison with,
for example, GaAs. However, the fabrication of smaller cavities suitable for UV nanophotonic
applications is a technological bottleneck. Therefore, it is crucial to study larger resonators, the
so-called meso-cavities, with a characteristic size corresponding to dozens of wavelengths.

We note that there is a certain parallelism between meso-cavities, which we consider in this
work, and mesoscopic systems with corresponding effects for electrons. For an electronic system,
when the coherence length of electrons becomes comparable with the characteristic scale of
the system, a number of fascinating effects can arise, for example, weak localization, quantum
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corrections to conductivity, quantum chaos, Aharonov—Bohm effect [19-22]. In meso-cavities
with a size that provides an interval between energy levels and is comparable with the strength of
the interaction between the photon and exciton modes (Rabi splitting), interesting effects of a
similar origin can also be expected.

Thus, the purpose of this work is to consider theoretically the interaction of the exciton and the
cavity modes in meso-resonators of various geometrical shapes for the two-dimensional (2D)
case. In this situation, although the energy interval between the cavity modes is smaller than
the Rabi splitting, the quality (Q) factors of the neighbouring modes and the strength of the
interaction between the cavity mode and the exciton can differ substantially, which, as shown,
can lead to peculiar effects related to the interaction of resonator modes and excitons. We will
analyse the spectrum of modes for the 2D triangular, square, hexagonal, and circular cavities.

The choice of the specific shapes considered here is justified by technological achievements
in the fabrication of planar microstructures based on different semiconductors. For example,
triangular microcavities were obtained by etching InGaAsP semiconductor alloys [23]; circular,
hexagonal and various rectangular microstructures based on GaN and ZnO were produced either
by etching [24-26] or by the bottom-up growth approach using selective area epitaxy [27-29].
The Hamiltonian of the interaction between exciton and resonator modes will be constructed for
aforementioned 2D meso-cavities, and the Hopfield coefficients characterizing the contribution
of the exciton and cavity to polaritonic modes will be calculated.

2. Theory

We have analysed the polaritonic mode structure applying the following approach: the Hamiltonian
for a system consisting of exciton and photon modes can be simplified by using the rotating
wave approximation, i.e. under the assumption that energy conservation is preserved during the
interaction.

In the case of the exciton Hamiltonian, we will exploit the second quantized form and field
operators in order to work in a consistent mathematical framework.

The total Hamiltonian reads [15]:

H = hwok* & + Zk hwié ex + Zk Wg&ikt + 8121 ), (1

where %, 6; are the operators of creation of exciton and photons, respectively, ¥, ¢ are the
operators of annihilation of exciton and photons, respectively, wy is the exciton frequency, wy, are
the frequencies of cavity modes, g, are constants describing the strength of the interaction of the
exciton with the optical modes. The Hamiltonian of the interaction (Eq. (1)) in the matrix form
reads as:

Wwo &1 & - &N x
g’f w1 0 T 0 61
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where C* is a row, which is made up of operators of creation, C is a column, which is made up of
operators of annihilation, W is a square matrix, which consists of energies of the system and
constants gi.
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The square matrix W is Hermitian; therefore, its diagonalization is possible with the help of a
unitary transformation [30]:

A™'WA = 2, 3)

where A is a unitary matrix whose columns contain the eigenvectors of the matrix W, A is the
diagonal matrix whose elements are the eigenvalues of the matrix W. Inserting this result in
Eq. (2) leads to:

H=h -CA-2-A"'C. @)

~+
The expression C A gives a new form of the operators of creation in the mixed system
«exciton + modes». A~ C is a new form of operators of annihilation. Consider this expression:
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where p=%"ao + Zjl\i | éj*ajk is a new form of operator of creation. P* is a row made up of the
new operators of creation. Similar transformations can be carried out with another expression
A~'C = P, where P is a column made up of operators of annihilation.

Eigenvalues A; of the matrix in Eq. (3) correspond to the energies of the N+1 exciton-polariton
modes |i), which are eigenstates of the Hamiltonian expressed by Eq. (4). Thus, we can write:

Hliy = Y, hupipeli) = haili), ©)

Coeflicients aoy (a1x, ax,--. ang) are the weight coefficients of the exciton (cavity modes) in
the polaritonic modes. The squares of the coefficients standing next to the exciton creation
operator in the polariton state creation operator, i.e. |ag|?, are the excitonic contribution to the
polaritonic state. The energy distribution of the excitonic contribution to the polaritonic state is
correlated with luminescence peaks.

3. Modelling of cavity modes

Eigenmodes for 2D meso-cavities have been studied using simulations in the “Electromagnetic
Waves, Frequency Domain” module of COMSOL multiphysics software. The full size of the
model is 10.2 um x 10.2 pm. The geometry of the 2D meso-cavities chosen for the simulations
was following: (i) the ideal square with a side of 4 um, (ii) the ideal hexagon with a side of
2 um, (iii) the ideal triangular with a side of 4.9 um, and (iv) the ideal round resonator with
aradius of 2.0 um. We have chosen a resonator material with a refractive index of n.ayiry = 3
and we have assumed that there is no absorption. The ambient media has a refractive index
of nmeqia = 1. The boundaries of the model consist of an artificial absorption layer called the
“Perfectly Matched Layer” (PML) to simulate open boundaries for wave equations. Perfect
magnetic conductor (PMC) boundary conditions have been applied on the perimeter of the model.
The mesa-cavities geometry is depicted in Fig. 1. In the model, we have used a free triangular
mesh with the maximum cell size of 24 nm and 72 nm for the mesa-cavity and for the ambient
media, respectively. Multifrontal massively parallel sparse direct solver (MUMPS) was used as
an eigenvalue solver. The energy range for searching eigenmodes of the mesa-cavities was from
3eVto4deV.



Vol. 28, No. 9/27 April 2020/ Optics Express 12691

Optics EXPRESS

(@) (b)
PML PML
(&) T O )
= =
z 3z 3
PML PML
(c) (d)
PML PML
(&) T 0 R}
=
g 52 3
PML PML

Fig. 1. Model geometry used in the simulations. (a) the model for ideal square mesa-cavity,
(b) the model for ideal hexagonal mesa-cavity, (c) the model for ideal triangular mesa-cavity,
(d) the model for ideal circular mesa-cavity.

4. Results and discussion

We demonstrate the theory of coupling between an exciton and several optical modes for ideal
square, hexagonal, triangular and round mesa-cavities. At first, we calculated cavity mode
energies, their Q-factors, and spatial distribution of the cavity modes field by solving Maxwell’s
equations using numerical calculations [31]. We note that the size of these cavities was chosen to
be equal to several wavelengths. The modes have a different spatial distribution of the intensity
of the light wave and different Q-factors. The results of simulation are shown in Figs. 2, 3, 4 and
5 for mesa-cavities of different shapes.

Examples of electromagnetic field distribution for strong localized modes calculated for the
square, for the hexagonal, for the triangular, and for the round mesa-cavities are shown in
Figs. 2(a), 3(a), 4(a) and 5(a), respectively. Strongly localized modes experience almost complete
internal reflection at the edges of the mesa-cavity. It is clearly seen from these figures that there
are areas where the maximum intensity of the standing electromagnetic wave is localized to local
spots. On the contrary, weakly localized modes have a more uniform distribution of the intensity
of electromagnetic field inside the mesa-cavities as illustrated in Figs. 2(b), 3(b), 4(b) and 5(b) for
models with different geometries. The energies of shown modes are indicated in figure captions.

Purcell coefficient F, describing the strength of interaction of the cavity modes with an emitter
reads as:

Fy (N

_ 3 (M)
4r2\n | V°
where Oy is the quality factor for mode k, A; is the wavelength of light corresponding to the

frequency of the mode, n is refractive index and V is the volume of the mode [32]. For 2D case
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Fig. 2. (a-b): The distribution of the electromagnetic field intensity of the modes inside
the ideal square resonator with a side of 4 um and refractive index of n=3, calculated
using COMSOL. (1a) Example of a strong localized mode with energy of 3.21 eV, and
0=46- 107, (b) Example of a weakly localized mode (3.69¢eV, Q = 2.1 - 10%). Surface:
Electric field (V/m). (c) Energy distribution of quantities F for the modes localized in the
square, (d) Histograms illustrating distribution of cavity modes depending on the quantity
F. (e-f): Dependence of the excitonic contribution to the polaritonic state |agg|> as a
function of the energy of the polariton mode for a square mesa-cavity. (e) Exciton energy
(wg = 3.5 V) is located at the distance from the mode energy with a high F. (f) Exciton
energy (wg = 3.173 V) is located nearby to the modes energy with a high F.
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Fig. 3. (a-b): The distribution of the electromagnetic field intensity of the modes inside the
ideal hexagonal resonator with a side of 2 um and refractive index of n = 3, calculated using
COMSOL. (a) Example of a strong localized mode (3.2eV, Q = 5.2 - 10%), (b) Example
of a weakly localized mode (3.21eV, Q = 2.3 - 103). Surface: Electric field (V/m). (c)
Energy distribution of quantities F for the modes localized in the hexagon, (d) Histograms
illustrating distribution of cavity modes depending on the quantity F. (e-f): Dependence
of the excitonic contribution to the polaritonic state |ag|> as a function of the energy of
the polariton mode for hexagonal mesa-cavity. (e) Exciton energy (wg = 3.5 €V) is located
at the distance from the mode energy with a high F. (f) Exciton energy (wg = 3.74 V) is
located nearby to the mode energy with a high F.
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Fig. 4. (a-b): The distribution of the electromagnetic field intensity of the modes inside
the ideal triangular resonator with a side of 4.9 ym and refractive index of n = 3, calculated
using COMSOL. (a) Example of a strong localized mode (3.73eV, Q = 4 - 103), (b) Example
of a weakly localized mode (3.731eV, O = 6 - 102). Surface: Electric field (V/m). (c¢)
Energy distribution of quantities F for the modes localized in the triangular mesa-cavity,
(d) Histograms illustrating distribution of cavity modes depending on the quantity F. (e-f):
Dependence of the excitonic contribution to the polaritonic state |ag|2 as a function of the
energy of the polariton mode for triangular mesa-cavity. (e) Exciton energy (wg = 3.5 V) is
located at the distance from the mode energy with a high F'. (f) Exciton energy (wg = 3.73 V)
is located nearby to the modes energy with a high F.



Vol. 28, No. 9/27 April 2020/ Optics Express 12695

Optics EXPRESS

ax10" (d)
T
. € 500
w . L. . -
2x10" L L )
=,:.' r-.:..::
suatdunedeéiog 0
36 38 4.0 0 10 20 30 40
Energy (eV) F
06 (e) 0.6 (f)
< 03] £ 03
0.0 . ; . , 0.0 T v r T
“30 32 34 36 38 40 30 32 34 36 38 40
Energy (eV) Energy (eV)

Fig. 5. (a-b): The distribution of the electromagnetic field intensity of the modes inside the
ideal circular resonator with a radius of 2.0 um and refractive index of n = 3, calculated using
COMSOL. (a) Example of a strong localized mode (3.81eV,Q =5- 101, (b) Example of a
weakly localized mode (3.812 eV, O = 4.6 - 103). Surface: Electric field (v/m). (c) Energy
distribution of quantities F for the modes localized in the circle, (d) Histograms illustrating
distribution of cavity modes depending on the quantity F. (e-f): Dependence of the excitonic
contribution to the polaritonic state |a0k|2 as a function of the energy of the polariton mode
for circular mesa-cavity. (e) Exciton energy (wg = 3.5 €V) is located at the distance from the

mode energy with a high F. (f) Exciton energy (wg = 3.1 €V) is located nearby to the mode
energy with a high F.
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we have calculated the quantity F, defined as

2
Fy = (ﬂ) & (®)

n S

Figures 2(c), 3(c), 4(c) and 5(c) shows the energies and quantities F; obtained for eigenmodes
localized in the ideal square, hexagonal, triangular and round mesa-cavities, respectively. For
the considered square structure, almost all modes are characterized by a very high value of
Fy. (about 40000). The highest Fj values have been found for the modes with energy ~3.2 eV.
For the hexagonal structure, the quantities F are much lower (about 600). There is one highly
localized mode at about 3.7 eV. For the triangular structure, almost all modes are characterized
by the value of Fj not exceeding 6200. Highest F; value was obtained for the mode at ~3.73
eV. For the round structure, almost all modes are characterized by the very high values of Fy
(about 10'). Figures 2(d), 3(d), 4(d) and 5(d) show the histograms illustrating distribution of
cavity modes depending on the quantity Fy. Histograms show that there is a small probability of
the appearance of modes with a high value of F} for all types of resonators. Most modes are
characterized by a small Purcell coefficient F, while a limited number of isolated cavity modes
have large F values and can efficiently interact with the bulk exciton in these meso-cavities.

The probability that the system will emit a photon with energy hw; and undergo transition
from the state |1, n;) to |0, ng + 1) per unit time is determined by the Fermi golden rule:

s At

2w A R
Wisox = El(lynklh(gkckfr +g1er )10, n + 1) |2 p(wi) )

where |1, ng) is the excited state and the field has n; photons in mode k, |0, ng + 1) is the ground
state and the field has n; + 1 photons in mode k. p(wy) is the energy density of the number of
final states of the system. The interaction force of an exciton with a certain mode gy, is determined

from Eq. (9) as:
“IO Fk
1—0.k
= . , 10
8 \/27rh(nk + 1) p(we) (10)

where W?—O,k is the probability of excitonic emission in the uniform media.

Now, using the known values of the energies and coupling constants, we can find the excitonic
contribution to the polaritonic state. Figures 2(e)-2(f), 3(e)-3(f), 4(e)—-4(f) and 5(e)-5(f) illustrate
spectral dependence of the excitonic contribution to the polaritonic state for the square, hexagonal,
triangular and round mesa-cavities, respectively. The exciton emission spectrum of the cavity
observed in the experiments is defined by the spectral dependence of the Hopfield coefficients
and the occupancy of polariton states determined by the pumping of the cavity and the relaxation
of polaritons [33]. Here we focus on the mode spectrum of exciton-polaritons in microcavities,
although a more precise description of the emission spectrum of the system can be developed
within the framework of the approach based on a density matrix with Lindblad terms, where the
pumping and damping rates are also taken into account [34].

In Figs. 2(e), 3(e), 4(e) and 5(e), the exciton energy is located at the distance from the mode
energy with a high F. The exciton energy for the square, the hexagon, the triangular and the circle
is equal to 3.5 V. In all cases, the shape of the distribution of the exciton contribution looks like
a single peak, which is slightly shifted from the original exciton energy. In Figs. 2(f), 3(f), 4(f)
and 5(f), the exciton energy is located nearby to the mode energy with a high F, and is equal to
3.173eV, 3.74 eV, 3.73 eV and 3.1 eV for the square, the hexagon, the triangular and the circle,
respectively. These energies correspond to regions where the eigenmodes of the structures have
the highest value of the Purcell factor.

For the hexagonal cavity, two pronounced peaks are visible in graph in Fig. 3(f). The distance
between the peaks is 100 meV. For a square cavity, in Fig. 2(f), three weakly pronounced peaks
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are visible. The distance between the peaks is approximately 30 meV. For a triangular and
round cavity, in Figs. 4(f) and 5(f), respectively, only one pronounced peak is visible, with
small inhomogeneities. This behaviour of the exciton contributions is obviously characterized by
the presence of isolated eigenmodes with a high Purcell factor in the structure. Thus, for the
hexagonal structure, where there is only one mode with a relatively high value of the Purcell
factor, a typical Rabi splitting is observed. For a square structure, where there are already two
pronounced modes with a relatively high value of the Purcell factor, the splitting is much weaker.

Since the mode distribution depends on the shape of the structure, it can be observed that for
shapes with a large number of angles, the probability of the appearance of one isolated mode
with a high value of the Purcell factor and correspondingly pronounced splitting of the peaks in
the spectrum increases.

5. Summary

The spectrum of the optical modes has been calculated in meso-cavities (i.e. the cavities whose
size corresponds to few dozens of wavelengths) with triangular, square, hexagonal and cylindrical
shapes. We have shown that in such types of the structures neighbouring modes could have
Q-factors, which differ by orders in magnitudes. There is a small probability of the appearance
of modes with a high value of Q-factor for all types of resonators and such modes interacts with
excitons more efficiently than the modes with small Q-factors.

The Hamiltonian describing the interaction of cavity and exciton modes in such structures has
been obtained, the spectrum of the Hopfield coefficients of polaritonic modes was constructed
and a set of polariton modes was obtained. Analysis of the spectrum of the Hopfield coefficients
demonstrates that in meso-cavities, the interaction of exciton and photon modes can occur in
both weak and strong coupling regime despite a high density of cavity modes caused by the large
size of the systems.
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