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High Q Resonances in a Metallically Coated
Wave-Chaotic Microcavity

Jia Qiu , Yajun Liu, Qin Wu, Kaijun Che , and Maowei Xie

Abstract—Optical resonances of a metallically coated wave-
chaotic microcavity are investigated. Mode resonances with a low-
contrast quality factor and distinct field patterns are demonstrated.
Unlike the resonances in the dielectric chaotic-wave cavity where
the refractive escape leads a high optical loss, the resonances in
metallically coated cavity hold high quality factors with a low
loss induced by metal dissipation. As a potential application, the
metallically coated chaotic-wave microcavity could be used for a
semiconductor laser source with dense modes lasing and accord-
ingly a low spatial coherent emission.

Index Terms—Chaotic-wave microcavity, surface plasmonic
mode, low coherent light source.

I. INTRODUCTION

S EMICONDUCTOR microcavity lasers with quasi-two-
dimensional (2D) optical confinements have been exten-

sively investigated in the past decades for on-chip generation of
the high coherent signal source [1], [2]. One of representative
2D microcavities is whispering-gallery-mode (WGM) cavity,
where WGMs are formed via the total and consecutive internal
reflections of light wave on the cavity boundary and hold high
quality (Q) factors Q = ωτ and low mode volume Vm as ω and
τ are resonance angular frequency and photon life time [3]. The
strong enhancement of light-matter interaction with a figure
of merit Q/Vm greatly reduces the pump gain, and ultra-low
threshold microlasers have been widely developed [4]. Owing
to that Q/Vm of WGMs confined in dielectric microcavity are
distributed in a wide range, such as that fundamental WGMs
hold much higher Q/Vm than that of radially higher-order
WGM, added with a large free spectral rang, a fundamental
WGM or a few radially low-order WGMs are excited for lasing
in microcavity laser [5]. But for the applications, such as the
optical generation of high speed physical random number [6],
and full-field imaging and displays [7], a laser source with
low time or spatial coherence is promising. Recently, dielectric
asymmetric microcavities with fully chaotic ray dynamics (also
called wave-chaotic cavity) have been used as resonant cavities
for edge-emitting laser with low spatial coherence [8], where
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Fig. 1. Two dimensional schematic illustration of a wave-chaotic microcavity
with D shape, which is laterally coated by silica (SiO2) and silver (Ag) layers.

dense modes lasings in a spectral band are demonstrated as
the resonant modes hold similar Q factors and distinct field
patterns. In addition, Fabry-Pérot-like (FP-like) cavity with two
carefully designed concave mirrors was further developed for
a laser diode with low-time/spatial coherence [9], [10]. Thus,
the edge-emitting semiconductor lasers with highly dense mode
lasings and low time/spatial coherent emissions, have been
achieved based on a dielectric wave-chaotic cavity or a FP-like
cavity. Nevertheless, the refractive escape of the resonances in
chaotic-wave cavity or FP-like cavity limits the mode Q factors
to a low value. A relatively high pump threshold, which is
inversely proportional to Q/Vm, is required.

Here, a metallically coated chaotic-wave cavity is proposed
for high Q mode resonances. Unlike the resonances in dielectric
cavity with a low Q factor due to the optical loss induced by the
refractive escape, the resonances in the proposed metallically
coated cavity hold a high Q factor with a low loss induced by
metal dissipation. The metallically coated cavity, evanescently
coupled with a wide waveguide on substrate for power output
[11], are expected to find application of a compact laser source
with low spatial coherence.

II. WAVE DYNAMICS IN A METALLICALLY COATED WGM
CAVITY

The D shape microcavity is a well-studied system with
chaotic-ray dynamics and here is considered as a wave-chaotic
cavity. Part of circular cavity is removed along a straight cut
and a D shape cavity is formed [12], [13]. A two dimensional
(2D) schematic illustration of a metallically coated cavity is
shown in Fig. 1. Here, a semiconductor microcavity, laterally
coated by layers of silica (SiO2) and silver(Ag), is considered
[11], [14]–[16]. The SiO2 layer usually functions as an insulator
for the electrically pumped semiconductor devices, and could
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Fig. 2. (a) Q factors of TE WGMs in metallically coated cavity with v ranging
from 0 to 121 as nsk0rc = ∼130 obtained by both wave solutions (TE_wave)
and ray tracing simulations (TE_ ray). Q factors of modes confined in dielectric
cavity is added for comparison. Insets: the magnetic field patterns |Hz | of modes
with v = 1 and 121 in metallically coated cavity and with v = 35 and 121 in
dielectric cavity, and (b) their field distributions along radial direction near cavity
edge.

reduce optical loss induced by the metal dissipation as a buffer
layer [17]–[19]. The radius of cavity is denoted as rc and the nor-
malized cutting width ε over rc is given by ε = 1−Δr/rc.The
electromagnetic fields in the cavity are described on cylindrical
coordinate and the transverse electric (TE) modes with electric
field in-plane (Er, Eθ) are considered.

Here, for simplification, numerical investigations on 2D cavi-
ties are performed based on an effective refractive index [20]. We
begin our analysis on resonances of a metallically coated WGM
cavity. The mode Q factor is calculated by Q = kr/2ki from
the solution of the complex wave vector k = kr + iki based
on the condition that tangential electric Eθ and magnetic fields
Hz are continuous at the interfaces of the confinement layers
[21]. The effective refractive indices of semiconductor (i.e.,
InGaAsP quantum wells wafer), SiO2 and Ag here are set as
ns = 3.2, nSiO2 = 1.45 and nAg = 0.14+11.35i in the 1550 nm
band [22], respectively. If not stated otherwise, in the following,
the thickness di of SiO2 is fixed as 0.129λ as λ denotes the
wavelength of light wave in vacuum (i.e., di = 0.2 μm for a
λ = 1.55 μm). Fig. 2(a) shows Q factors of WGMs with the
azimuthal number v ranging from 0 to 121 as nsk0rc = ∼130,
while k0 is the wave vector in vacuum. It can be seen that the Q
factor of WGM (denoted by TE_wave) has a minimum value as
v = 61 and there are many modes with Q factor difference less
than one-order of magnitude. For comparison, we also calculate

the mode Q factor from the light ray propagation in the cavity
(denoted by TE_ray). By comparing the angular momentum or
wave vector in θ direction in ray picture (described as nsk0sinχ)
with that in wave picture (described as v/ rc) [23], the sin χ of
WGM with a v is obtained as

sin χ =
v

nsk0rc
(1)

of which χ is the incident angle of light ray on the cavity
boundary (as shown in Fig. 1). And the Q factor of corresponding
mode is calculated by

Q = −2nsk0rc cos χ
lnR

(2)

where R is the reflectivity of incident light on SiO2 and Ag layers.
The results shown in Fig. 2(a) indicate that the Q factor obtained
from the ray picture is consistent with the Q factor obtained from
the wave solution. For comparison, the modes in dielectric cavity
with the same size are also considered and the Q factors are given
in Fig. 2(a) with v ranging from 35 to 58. Owing to the over small
Q factors for modes with v less than 35(whose incident angle is
less than the critical angle) and the ultra-high Q factors for modes
with v greater than 58 (whose incident angle is greater than the
critical angle), the Q factors of these modes are thus not given.
It can be found that the Q factors of modes in dielectric cavity
vary from ∼102 (v = 35) to ∼1010 (v = 58) and show a much
larger contrast than that of modes confined metallically coated
cavity. The highest-order mode with v = 1 in the metallically
coated cavity still holds a Q factor of ∼8×104 while the mode
in dielectric cavity with v = 35 holds a low Q factor of only
∼102 due to the refractive escape of light wave. The magnetic
field patterns |Hz| of modes with v = 1 and 121 in metallically
coated cavity and modes with v= 35 and 121 in dielectric cavity
are displayed by the insets of Fig. 2(a) and the field distributions
along radial direction near cavity edge are plotted in Fig. 2(b).
The low field intensity in metal is observed, which allows low
optical dissipation and accordingly high Q factor resonances
[15], [16]. In circular cavity, the WGMs feature regular field
patterns and hold a large contrast Q factor, the lasing with a single
mode or a dominant mode is usually observed. If the contrast of
mode Q factor further decreases so that the modes have similar
Q factors, and additionally they hold distinct field patterns, as
presented in [8], the gain saturation among the lasing modes
in active cavity could be suppressed and multimode lasings
are expected. In the following, the resonances in a metallically
coated microcavity with D shape are investigated.

III. RESONANCES IN A METALLICALLY COATED MICROCAVITY

WITH D SHAPE

To investigate the resonances evolution in the metallically
coated D shape cavity with ε in a range of 0 and 1, we resort
to a full–vectorial eigenmode solver based on the finite element
method (FEM) [24]. Fig. 3(a) displays the resonant spectra with
60 modes at nsk0rc =∼130 as ε= 0.0, 0.7 and 1, corresponding
to a cavity with radius of rc = 10 μm for the wave with λ =
1.55 μm. For the WGM cavity (ε = 0), the Q factor ranges
from 104 to 5×106, exhibiting a high contrast, while that of
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Fig. 3. (a) Spectra of TE modes in a metallically coated D shape cavity with
ε = 0, 0.7 and 1 and in a dielectric D shape cavity with ε = 0.7. (b) The Q
factor contrast δ of the considered 60 modes versus ε ranging from 0 to 1. The
insets show the field patterns of three modes with nearly the same Q factor as
ε = 0.7 (c) The intensity decay of chaotic ray (mode) based on the ray tracing
simulations, the inset shows a chaotic ray trajectory of 500 reflections on the
cavity boundary. (d) The Q factor of the chaotic rays(modes) based on the ray
tracing simulations and the mean mode factors 〈Q〉 based on wave simulations
with a ε ranging from 0.1 to 0.9. All the waves are considered with nsk0rc =
∼130.

modes in a cavity with ε= 0.7 ranges from 2.2×104 to 5.6×104,
showing a much lower contrast. From the view of symmetry, the
Q factors of modes confined in the semicircular cavity ( ε =
1) present relatively high-contrast as well. For comparison, the
resonant spectra of a dielectric D shape cavity with ε= 0.7 is also
presented. It can be found that the mode Q factors are less than
that of modes in metallically coated cavity by nearly 2 orders. A
factor δ = σ/〈Q〉 is used to describe Q factor contrast: the ratio
of the standard deviation σ of Q factor to the mean value 〈Q〉 of
the considered modes covering a spectrum band of∼2 of nsk0rc.
Fig. 3(b) plots δ for different cutting width ε. It shows that a slight
modification on cavity geometry (ε = 0.1 for instance) leads a
small δ (∼0.4) and there is a minimum value of δ∼0.17 near ε=
0.7, at which the insets present the distinct field patterns of three
modes with nearly the same Q factor. In addition, 135 modes
covering a spectrum band of 2 around nsk0rc = 195 are also
considered in a larger cavity with rc = 15 μm, we find that δ has
nearly the same relationship with ε. Thus, a minimum value of δ
can be obtained as ε= 0.7 in a cavity with an nsk0rc far greater
than 102. We also compare 〈Q〉 with the Q factor of mode with
chaotic ray trajectory in a D shape cavity as nsk0rc =∼130. The
evolution of ray intensity I(t) with a chaotic trajectory (500 times
reflections are presented by inset) is shown in Fig. 3(c) as the
propagating time t (normalized over rcns/c, c is the light speed
in vacuum) beyond 103 in a cavity with ε= 0.7. The ray tracing
simulations indicate that I(t) decays exponentially (I(t)∼ e−t/τ )
and the Q factor is estimated from power decaying time τ . As
presented in Fig. 3(d), the Q factor of a mode with a chaotic ray
trajectory decreases monotonously as ε increases from 0.1 to 0.9
(integrable cavities with ε = 1 and 0 are not considered here),
and 〈Q〉 of modes based on FEM simulations versus ε is also
given for comparison. The results indicate that the Q factor of

Fig. 4. (a) Number of resonances, (b) mean Q factor 〈Q〉, and Q factor contrast
δ versus nsk0rc as ε = 0.7.

mode with a chaotic ray trajectory is consistent with 〈Q〉. Thus,
as cavity size, such as the radius of cavity rc, is further increased,
〈Q〉 can be predicted from the ray tracing simulation since that
it is quite computationally expensive for wave simulations on a
cavity with a nsk0rc beyond 103.

The number of modes N in a spectra band in a chaotic-wave
cavity, associated with the number of lasing modes [8], is one of
the important parameters taking effect on the spatial coherence
of a semiconductor microlaser, especially for a cavity with
nsk0rc far greater than the wavelength of resonant wave. In
Fig. 4(a), the number N of modes covering a spectrum band
of 10 nm at λ = 1.55 μm versus nsk0rc ranging from ∼64 to
∼208 is shown. The fitted solid line presents 0.175Sd as Sd
denotes the surface area of D shape cavity and is calculated
by Sd = r2c (π − cos−1(1− ε) + (1− ε)

√
ε(2− ε)). Thus, we

can simply find N from Sd. Take a cavity with nsk0rc = 1297
(rc = ∼100 μm) and ε = 0.7 as an example, N is estimated to
be 3783. In addition, the relations between 〈Q〉, δ and nsk0rc
are also studied and the results are displayed in Fig. 4(b). It
shows 〈Q〉 is highly linear to nsk0rc and the relationship is
extracted as 〈Q〉 = 566 + 261nsk0rc and 〈Q〉 is estimated to
be 3.39×105 when nsk0rc equals 1297. Moreover, as presented,
δ decreases from 0.27 to 0.12 as nsk0rc increases from 64 to
208 and will tend to 0 if nsk0rc further increases. For the D
shape cavity with different arc circumferences, such as cavity
with ε = 0.3 or 0.9, N has the same relationship with Sd, but
the 〈Q〉 will not be simply linear with nsk0rc due to the large
δ.

It is should be emphasized that there is no edge emission for
the microlaser with a metallically coated cavity. Two ways are
proposed for emission collection. One is collecting the lasing
emission directly from the substrate of semiconductor chip
[25]. Another is to introduce a waveguide on the substrate for
the directional emission coupling via evanescently wave [11].
Both power coupling routes inevitably degrade the resonances.
Thus, the total Q factor of resonances Qtotal is not only as-
sociated with the optical loss induced by the metal dissipation
(Qdissipation), buth also associated with the power collection
Qcoupling (1/Qtotal

= 1/Qdissipation
+ 1/Qcoupling

). A trade-off
between the laser threshold determined by Qtotal and the output
lasing power determined by Qcoupling should be considered
while designing a coupling waveguide, such as the gap between
the active layer and the waveguide, and the waveguide width and
height etc.
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IV. CONCLUSION

In conclusion, we have performed the theoretical investiga-
tions on the resonance characteristics of a metallically coated
wave-chaotic microcavity. For a D shape cavity with a cutting
width, a low-contrast (0.17 for resonances with nsk0rc =∼130)
and high Q resonances with distinct field patterns is demon-
strated. The number of modes in a spectral band and the mean Q
factor are linearly proportional to the surface area of cavity and
nsk0rc, respectively. The semiconductor lasers, with resonances
of a metallically coated wave-chaotic microcavity, are expected
for the applications of compact light sources with dense mode
lasing and accordingly a low spatial-coherence.
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