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Analysis of exciton luminescence in GaN meso-cavity.
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We have considered the interaction of an exciton mode with photonic modes in a GaN structure several ym
in size. A technique for obtaining spectra from such structures has been demonstrated. The cavity shape and
dimensions most optimal for efficient light/matter interaction have been selected. The theoretical spectrum for the

selected cavity has been obtained and analyzed
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Investigations in the field of the light/matter interaction
are at present of a great fundamental and applied impor-
tance in physics. Among the elements in which efficient
light/matter interaction can take place there are optical
micro-cavities. Dimensions of such structures are of about
the emission wavelength in the material. Incorporation of
the emitter into the micro-cavity can give rise to various-
type effects connected with the light/matter interaction. An
increase in the density of photonic states in the micro-
cavity in the vicinity of the emitter location with respect
to that in vacuum causes an increase in the rate of
spontaneous emission. The increase or decrease in the
cavity spontaneous emission rate is referred to as the Parcell
effect [1]. In 1992, Weisbuch et al. observed an effect of
strong coupling between quantum dot excitons and photonic
eigenmodes of a planar micro-cavity [2]. Vast investigations
performed in this field during last three decades have
formed a new solid state physics paradigm, namely, quan-
tum electrodynamics of crystals [3-5]. In micro-cavities,
electromagnetic fields are localized in a volume comparable
with the light wavelength. Strong coupling in the micro-
cavity occurs between a quantum dot exciton and only
one cavity mode [2]; in more complex structures (e.g., in
coupled cavities) [6], interaction between a few excitons
and cavity modes is possible. The Rabi splitting will be
smaller than the distance between the cavity modes. To
provide these conditions, it is necessary to fabricate small-
size structures (of about several um ). However, fabrication
of structures of such dimensions is at present a complicated
technological task for semiconductors of many types [7], for
instance, for wide-bandgap semiconductors GaN possessing
such useful properties as bright UV radiation, high strength
of the exciton oscillator, chemical and thermal stability. At
the same time, cavities several wavelengths in size in which
the exciton mode interacts with a few optical modes of the
system at once (meso-cavities) remain poorly studied.

The earliest studies of meso-cavities [8—10] demonstrated
a number of new effects: nonlinear behavior of the system

41

mode population; a specific nonmonotonic character of
bistable behavior of the polariton population depending
on pumping; the possibility of occurring of strong and
weak coupling between the exciton mode and photonic
eigenmodes of the system despite the high density of the
cavity modes.

The Hamiltonian for a system describing the interaction
between the exciton mode with energy hwy and several
photonic modes with energies hwy will be expressed as
follows [11]:

H = hoxX "X+ Y hexdyak + »_ hg (8, X + axt),
k k
(1

where X, & (X, ax) are the exciton and photon creation
(annihilation) operators, respectively. For these operators,
the following commutation relations are valid: [a, 8] = 1,
[X,XT] =1, hgk is the interaction energy of the exciton
mode and k-th photonic mode. In the presence of
dissipation, the system will be modified so as to describe the
system via the Liouvillian for the density matrix containing
terms accounting for the dissipation. Hence, the overall
system state is describable by the density matrix p, while its
evolution is defined as follows: dp = Zp, where Z is the
Liouvillian with Lindblad terms describing the dissipation:

where yx, y« are the dissipation coefficients for the exciton
and photonic mode, respectively.

To find the average number of particles in the exciton
and photonic modes, as well as in their mixed states, it
is necessary to solve a set of differential equations that
can be derived from relation 3 (O) = Tr(0dp) = Tr(0%p),
where O is an arbitrary operator. Then, the set of equations
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Energy fiw and Q factor Q of the high-Q mode versus length L
of the hexagonal cavity side

L, um hw, eV Q
15 3.5099 11501
2.0 3.4969 1791
25 3.4833 50068
3.0 34727 1.13-10°
3.5 34519 4.5.10°

describing the temporal dynamics of the mode populations
gets the following form:

OtNkx = Eigk(nkx - I’lxk) — PxNxx,
K
anyj =1 (@ —@)) N —igjMix+iGin — 3 (% +7))Nij.
i =1 (0x— @1 )i + X 1 Gk — 1 GiMex — 3 (x +71) M,
K

(3)
where Ny = (XTX) is the average number of excitons,
Ny = <X+éi> =n and nj = <éi+éj> (I #+ j) are the re-
spective values in mixed states. The number of photons
in the i-th mode is defined as njj = (3;"a;).

To calculate the meso-cavity emission spectra, the formal-
ism presented in [12] was used. After standardization, the
system emission spectrum (probability density of the fact
that the photon emitted by the system has frequency w)

looks like:
2 si(@)
I

Slw) = ——.
aniidt
0

(4)

The value of function S; () may be obtained using the first-
order correlation function. The procedure for calculating
correlation functions for the sj(w) function is given in
details in paper [12]. Thus, using the above described
technique, it is possible to obtain emission spectra for
systems where interaction between one exciton mode and
several photonic modes takes place.

The majority of studies devoted to growing planar
structures from GaN showed that the grown cavities have
hexagonal shape due to specific features of the crystal
lattice [13,14]. Using the technique of selective gas-phase
epitaxy from metal-organic compounds, one can succeed
in experimentally obtaining hexagonal strips of different
lengths. However, the loss of the cavity shape symmetry
results in a sharp decrease in the eigenmode Q factors. In
this work, we have studied hexagonal symmetric structures
obtained from GaN, which are, as shown experimentally,
much easier to be grown than structures of other geometries.
In addition, formation of a single high-Q mode able to
efficiently interact with an exciton is much more probable
in hexagonal structures [8].

Let us first determine the size of the hexagonal structure
in which such a mode structure occurs where the high-
Q mode energy is close to the exciton energy. The

Figure 1. Distribution of the electromagnetic field intensity within
the ideal GaN hexagonal cavity with the side of 3 ym and refraction
index n = 2.6267 calculated by using the COMSOL code. Energy
is 3.4727eV, Q = 1.13 - 10°.

eigenmodes and their Q factors were calculated for a two-
dimensional hexagonal meso-cavity by using the COMSOL
Multiphysics code. The meso-cavity refraction index was
Ncavity = 2.6267, absorption was absent. Refraction index
of the environment was Nmegia = 1. The table lists the
calculations of energy hw and Q-factor Q of the high-Q
cavity mode for several lengths of the hexagonal meso-
cavity side L. As the table shows, the high-Q mode
energy hw = 3.4727 eV for side length L = 3 um is closest
to the GaN exciton mode energy hwx = 3.47¢V [13].
Fig. 1 presents the distribution of the electromagnetic field
intensity within the cavity for the specified high-Q mode
with Q = 1.13 - 10°. The table also shows that the mode Q
factor essentially increases with the cavity size. However, in
this case the energy interval between the modes (including
high-Q ones) will decrease. Thus the distributions of
optical eigenmodes for the most optimal meso-cavity length
L = 3um were calculated over energies and Q factors (see
Fig. 2). As Fig. 2 shows, only one high-Q mode exists in the
exciton mode energy range. Nevertheless, there are a few
eigenmodes with Q factors only twice lower than Q factor
of the main mode.

To calculate the selected meso-cavity spectrum, the
following parameter values were taken: exciton mode
energy hwx = 3.47eV, exciton dissipation coefficient
yx = 0.075meV [11], coupling constant hgx ~ 50 meV [15].
The photonic mode dissipation coefficients were yx = %

(at the zero temperature). Initial number of excitons in
the system was n2, = 10, that of photons was nd = 0.
Thus, we consider a system into which a certain number of
excitons were initially injected. Since we consider a linear
model, the number of initial excitons does not affect the
dynamics of the photonic and exciton mode populations.
Fig. 3 presents the calculated emission spectrum of the
selected meso-cavity. To find out the way by which the

energy was split between the high-Q photonic mode and

Technical Physics Letters, 2022, Vol. 48, No. 1



Analysis of exciton luminescence in GaN meso-cavity.

43

I
12 |- |
| o)
I
10 |- :
B I
st |
‘S T I
— 1
6)6__ ° : ® )
4+ ! °
i ° ®
]
2+ . ,e
L e 1 %9
%g © o8 19 .0 003 o
om-lﬂ-nh
3.3 34 3.5 3.6
ho, eV

Figure 2. Energy and Q-factor distributions of the hexagonal
meso-cavity eigenmodes. The dashed line represents the exciton
mode energy hwx = 3.47 eV.
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Figure 3. Theoretically calculated emission spectrum of the
selected hexagonal meso-cavity.

exciton mode, manipulations with the coupling constant
value were carried out. Finally, one can see that energies
hewpr = 3.49 eV and hwp; = 3.53 eV relate to the polariton
modes. The increase in the emission intensity of the hwp
mode relative to emission intensity of mode hwp,, as well as
energy shifts of the modes, is connected with the presence
in the structure of other modes with lower Q factors. The
results of the two-dimensional simulation are applicable to
planar cavities in which the configuration of system modes
is affected mainly by only the 2D shape of the cavity [16].
Hence, in this study the optimal GaN meso-cavity
shape was selected taking into account specific features of
procedures for obtaining these structures in experiments.
The size of a GaN meso-cavity with the most suitable
structure of the system eigenmodes was determined. The
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calculated structure of the photonic eigenmodes exhibited
the existence in the exciton mode energy range of a single
high-Q optical mode able to efficiently interact with the
exciton. In the obtained spectrum, an enhancement of the
emission intensity was observed for the polariton mode with
energy hwp; = 3.49¢eV.
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