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TOPICAL REVIEW — Nanolasers
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Square microcavities, which support whispering-gallery modes with total internal reflections, can be employed as
high-quality laser resonators for fabricating compact, low-threshold semiconductor lasers. In this paper, we review the
recent progress of square microcavity semiconductor lasers. The characteristics of confined optical modes in the square
microcavities are introduced briefly. Based on the mode properties of the square microcavities, dual-mode lasers with
tunable wavelength intervals are realized for generating microwave signals. Furthermore, deformed square microcavity
lasers with the sidewalls replaced by circular sides are proposed and experimentally demonstrated to enhance the mode
confinement and increase the dual-mode interval to the THz range. In order to further reduce the device size, metal-confined
wavelength-scale square cavity lasers are also demonstrated.
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1. Introduction

Whispering-gallery mode (WGM) optical microcavities
with merits of high quality (Q) factors, small mode volumes
(V ), and capability for planar integration have lots of appli-
cations in fundamental physics studies and integrated pho-
tonics devices, e.g. microlasers.[1–4] Besides the advantages
of low threshold and compact size, microcavity lasers with a
large value of Q/V can also promise a narrower linewidth.[5,6]

WGM microcavities with circular shapes are natural choices,
and have aroused great research interest due to their ultralow
optical loss.[7–15] However, one major issue of these circu-
lar microcavities is the isotropic emission due to their ro-
tational symmetry. In order to realize directional emission,
an appropriate design of the microcavity shape was proposed
to break the rotational symmetry and achieve efficient multi-
directional or unidirectional emission while high-Q modes
were preserved.[16–19] Another approach to directional emis-
sion was to add local perturbations, such as scatters, gratings,
or notches, to the microcavities to efficiently modify the far-
field emission patterns.[20–23]

Through optimizing the microcavity shapes or the local
perturbations, directional emissions have been demonstrated
with small in-plane divergence angles. However, waveguide
coupling is still necessary for the practical application of
microcavity lasers in photonics integrations.[24,25] The com-
monly used evanescent field coupling with a narrow gap be-
tween the waveguide and the microcavity may have significant
difficulty in fabrication and alignment; thus, butt-coupling

an output waveguide to the microcavity could be a potential
solution because of the robust structure.[26] Waveguide butt-
coupled microcavity semiconductor lasers were proposed and
demonstrated as a potential light source in optical interconnec-
tions and photonics-integrated circuits.[27] Although high-Q
coupled modes have been obtained in waveguide butt-coupled
circular microcavities,[24] there is no analytical solution for
the coupled modes combined by different radial-order modes,
which makes the control of lasing modes more inefficient and
complicated.

Besides the circular microcavities, equilateral-polygonal
microcavities have also been widely investigated.[28–34] Es-
pecially for the equilateral-triangular and square microcav-
ities, quasi-analytical solutions were obtained for the high-
Q whispering-gallery-like (WG-like) modes (in the follow-
ing they are also called WGMs for short).[35–38] The mode
field distributions are typically very weak at the vertices in
equilateral-triangular and square microcavities. Thus, butt-
coupling an output waveguide to one vertex of the micro-
cavity for unidirectional emission was proposed because the
waveguide did not strongly affect the characteristics of the
WGMs.[39] Here we mainly focus on the square microcavities
because of their better mode confinement, sine the incident an-
gles of the WGMs in the square microcavities are larger than
those in the triangular microcavities. Square microcavities
have been studied intensively over the past decades for appli-
cations in compact, low-power-consumption add-drop filters
and microlasers.[40–49] For application in photonics integra-
tion, waveguide-coupled unidirectional-emission square mi-
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crocavity semiconductor lasers have been proposed and exper-
imentally demonstrated with various functions, such as high-
speed direct modulation, single-mode operation with tunable
lasing wavelength, and dual-transverse-mode lasing.[50,51]

In this paper, we review the recent progress of the square
microcavity semiconductor microlasers. In Section 2, a brief
introduction of the confined optical modes in the square micro-
cavities is presented, including the analytical theories and nu-
merical simulations. In Section 3, the experimental results on
the waveguide-coupled dual-mode lasing non-deformed and
deformed square microcavity lasers are provided. In Section
4, the lasing characteristics of the metal-confined wavelength-
scale square cavity lasers are discussed. Finally, a summary
and outlook are given in Section 5.

2. Optical modes in square microcavities
Figure 1(a) shows a typical three-dimensional (3D)

square semiconductor microcavity with a vertical refractive in-
dex distribution of no/nc/n1/nc/ns. Based on the effective in-
dex approximation method, the practical 3D structure can be
simplified into a two-dimensional (2D) structure by assuming
a slab mode field distribution in the vertical direction. Fig-
ure 1(b) shows a simplified 2D square microcavity with a side
length of a, where Ωi and Ωo are the inner and outer regions
of the square, with refractive indices of ni and no, respectively.
The refractive index used in the 2D microcavity is the effec-
tive index of a multi-layer structure, which is also suitable for
square microcavities with other kinds of materials. The center
of the square is placed at the coordinate origin O, and thus the
x and y axes are also the symmetry axes of the square. The
light ray trajectory of the four-bounced mode is also indicated
in Fig. 1, with the incident angle θ = 45◦.

An exact analytical solution can be easily obtained for
the 2D circular microcavities.[9] However, for the 2D square
microcavities, an analytical field distribution cannot fulfil the
Maxwell’s equations because of the singularity at each of the
vertices. A quasi-analytical solution with sufficient precision
is then required to describe the optical modes in the square
microcavities.

By assuming a perfect electric or magnetic wall at the
diagonals of the square for the transverse magnetic (TM) or
transverse electric (TE) mode, correspondingly, a theoretical
model was presented for the four-bounced high-Q WGMs in
the square microcavity.[52] The analytical results agreed well
with finite-difference time-domain (FDTD) numerical simula-
tion results, and the free spectrum ranges of the high-Q WGMs
in square microcavities were found to be twice those in circu-
lar microcavities of a similar size.[53] All the confined optical
modes were described with a semi-classical model similar to
the Marcatili’s scheme that was used to analyze the rectangular
waveguide, by assuming that the internal field is sinusoidally

or cosinoidally oscillated along the x and y axes while the
external field decays exponentially.[31] Although the external
field obtained by the analytical model is incorrect, the inter-
nal field is expected to be sufficiently precise since it satisfies
Maxwell’s equations inside the microcavity and at the bound-
aries except for four vertices. The far-field emission method
was used to calculate the external field and estimate the modal
loss based on the analytical internal field distribution.[35]

Fig. 1. (color online) (a) 3D and (b) 2D schematic diagrams of a square
optical microcavity.

The TE (TM) confined modes in the square microcav-
ities modes are denoted as TEp,q (TMp,q), where the mode
numbers p and q are used to denote the node numbers of
the Hz (Ez) wave in the x and y directions, respectively. The
high-Q WGMs, which correspond to the superposition of the
doubly degenerate modes, have field distributions with odd
parity relative to the diagonal. The formed high-Q WGM
was first explained as the C4v symmetry of the square with
the group theory,[30] and then the physical mechanism was
explained by the mode coupling theory.[37] The mode cou-
pling between the doubly degenerate modes TEp,q and TEq,p

(TMp,q and TMq,p) results in the high-Q WGM marked by
TEo

p,q (TMo
p,q) since p and q have the same parity, where

“o” indicates the odd parity relative to the diagonal. Fig-
ures 2(a)–2(d) show the magnetic field (|Hz|) distributions of
the high-Q WGMs TEo

20,22, TEo
19,23, TEo

18,24, and TEo
17,25, re-

spectively. The high-Q WGMs exhibit sinusoidally modulated
envelopes along the sidewalls of the square microcavities. The
transversal mode number m of the WGM is then defined as
the node number of the envelope along the sidewalls with
m = |p−q|/2−1, and the longitudinal mode number l is de-
fined as l = p+q. Thus TEo

20,22, TEo
19,23, TEo

18,24, and TEo
17,25

shown in Fig. 2 correspond to the fundamental, first-order,
second-order, and third-order transverse order WGMs with
the same longitudinal mode number. Due to the sinusoidally
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modulated field distribution envelopes, an output waveguide
butt-coupled to the position of the envelope node can be used
to realize waveguide-coupled unidirectional-emission without
degrading the mode Q factor. The mode characteristics of the
optical modes in square microcavities were comprehensively
studied in Ref. [51]. In the square semiconductor microcavity,
the mode coupling can suppress the optical loss greatly, and re-
sult in a high-Q WGM. However, if the refractive index ratio
ni/no is close to

√
2, the loss channels of the modes (p, q) and

(q, p) are much different, and thus the modal loss cannot be
canceled by the mode coupling. Since none of boundary wave
leakage losses from the vertices are sensitive to the cavity size,
we expect that the mode Q is approximately proportional to the
area of the 2D square microcavity.

Fig. 2. (color online) Magnetic field distributions for the (a) fundamen-
tal, (b) first-order, (c) second-order, and (d) third-order transverse order
TE WGMs in square microcavities.

The WGMs in the circular microcavities are doubly de-
generate modes because of the rotational symmetry. In the
square microcavities, the mode coupling removes the doubly
degenerate properties for part of the confined modes, and re-
sults in nondegenerate high-Q WGMs in the square micro-
cavities, which is essential to achieve real single-mode opera-
tion for the microcavity laser.[30] However, the standing wave
property of the high-Q WGM makes the square microcavity
unsuitable for realizing efficient optical add-drop filters. A de-
formed square microcavity with cut and circular corners was
proposed to realize a traveling wave-like filtering response.[43]

For a 3D square microcavity, theoretical analysis is com-
plicated. Thus, a 2D square microcavity is typically consid-
ered by simplifying the 3D structure into a 2D structure. For
the square microcavity vertically confined by a semiconduc-
tor material with a low contrast of refractive index, the 2D
model will give an incorrect high-Q factor since the vertical
radiation loss is neglected.[54] However, the 2D model is still

a powerful tool because it can predict a high-Q WGM and pro-
vide an accurate mode structure more efficiently than the 3D
model. The vertical radiation loss can be explained as the cou-
pling between the WGM and vertical propagation mode, and
becomes the dominant loss in the square microcavity with a
side length of a few microns for the TE mode.[10] In order to
achieve the high-Q mode in a wavelength-scale square micro-
cavity, a metal layer is usually introduced to enhance the light
confinement in vertical and horizontal directions.

Based on the theoretical analyses and numerical simula-
tions of the mode characteristics, a square microcavity semi-
conductor laser with the waveguide butt-coupled to one vertex
or the midpoint of one side was proposed for unidirectional
emission. A single-mode square microcavity laser with a tun-
able lasing wavelength and the capability for high-speed direct
modulation has been experimentally demonstrated, with the
lasing characteristics in good agreement with those from the
quasi-analysis model and the numerical simulation.[51] The
mode properties of a square microcavity allow stable dual-
mode lasing in a single laser cavity, and the corresponding
recent experimental results are presented below.

3. Dual-mode square microcavity semiconduc-
tor lasers
Dual-wavelength semiconductor lasers have been exten-

sively studied because of their potential applications in mi-
crowave and THz wave generation. If the dual wavelength
emission can be achieved in a single laser cavity, a microwave
or THz wave source with simplified structure and stabilized
operation can then be realized. Based on the spatially sepa-
rated field distribution between nearby high-Q WGMs, dual-
wavelength lasing has been demonstrated in square microcav-
ity lasers.[55] In this section, we review the recent experimental
results on the dual-mode square microcavity lasers.

3.1. Tunable wavelength intervals in dual-transverse-
mode square microcavity lasers

For an AlGaInAs/InP square microcavity with a side
length (a) of 30 µm and a refractive index (n1) of 3.2, which
equals the effective index of the AlGaInAs/InP multiple-
quantum-well (MQW) epitaxial wafer used in the experiment,
surrounded by a thin SiNx layer and divinylsiloxane bisben-
zocyclobutene, an output waveguide with a width (wg) of
2.5 µm was butt-coupled to one vertex of the square micro-
cavity for realizing waveguide-coupled unidirectional emis-
sion. Figures 3(a) and 3(b) show the magnetic field (Hz)

distribution of the fundamental WGM TEo
86,88 and the first-

order WGM TEo
85,89 obtained by the FDTD simulations, re-

spectively. The WGMs TEo
86,88 and TEo

85,89 have mode wave-
lengths of 1553.85 nm and 1553.58 nm with Q factors of
1.46× 105 and 5.52× 104, respectively. The arrowed lines
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in Figs. 3(a) and 3(b), which connect the midpoints and the
quarter points of the adjacent sides of the square microcav-
ity, respectively, indicate the optical light trajectories of the
main mode field for the WGMs TEo

86,88 and TEo
85,89. Dual-

transverse-mode lasing is expected because the modal loss is
very similar to a difference less than 2 cm−1 and the mode
field distributions are spatially separated.

Figure 3(c) shows a 2D schematic diagram of the
waveguide-coupled square microcavity laser with a square-
ring-shaped injection window, where a square-ring-shaped
contact window connecting the midpoints has been designed
to inject the current nonuniformly. The width of the injec-

tion window (W ) is 4 µm. The nonuniform current injection

can modulate the carrier and temperature distributions inside

the laser cavity and build up a refractive index step around

the injection window. Because the main mode field distribu-

tions of the fundamental and first-order modes are matched

and mismatched with the injection window, respectively, and

the wavelength variation of the fundamental mode will be

larger than that of the first-order mode when a refractive index

change is built up within the injection window, the wavelength

interval between the two lasing modes can be tuned by varying

the injection current.[55]

Fig. 3. (color online) Magnetic field distributions of the (a) fundamental and (b) first-order transverse TE WGMs. (c) Schematic
diagram of waveguide-coupled square microcavity laser with square-ring-shaped injection window. (d) Wavelength interval and
intensity ratio between two lasing modes versus injection current, with inset showing the lasing spectrum at an injection current of
90 mA. (e) Wavelength interval versus side length of square microlaser.

A square microcavity laser with parameters similar to
those used in the FDTD simulations was fabricated on an Al-
GaInAs/InP MQW epitaxial wafer by using the fabrication
process similar to that in Ref. [51]. A tapered single-mode
fiber (SMF) butt-coupled to the cleaved end of the output
waveguide was used to collect the laser output light. Lasing
spectra were measured by an optical spectrum analyzer with
a resolution of 0.02 nm at room temperature under different
continuous injection currents. The wavelength interval and the
intensity ratio between the fundamental (0th) and first-order
(1st) transverse modes can be extracted from the lasing spec-
tra. The inset in Fig. 3(d) shows the measured lasing spectrum
at an injection current of 90 mA. Figure 3(d) shows the ob-
tained wavelength interval and the intensity ratio versus injec-
tion current. When the injection current increases from 89 mA
to 110 mA, the intensity ratio is always less than 3 dB and the
wavelength interval ∆λ increases from 0.25 nm to 0.39 nm.

The corresponding frequency difference between the two las-
ing modes is in a range from 30 GHz to 48 GHz.

The transverse mode wavelength interval ∆λt between
the fundamental and first-order modes can be obtained from
a quasi-analytical modal to be ∆λt = 3λ 3/(4n2

ga2).[51] The
transverse mode wavelength interval is inversely proportional
to the cavity area a2, while the longitudinal mode wavelength
interval is inversely proportional to the side length a. Thus, the
decrease in cavity size can greatly enhance the wavelength in-
terval of dual-transverse-mode square microcavity lasers. Fig-
ure 3(e) shows a plot of the wavelength interval versus side
length of the square microcavity laser with a uniform current
injection, where the dotted line indicates the analytical wave-
length interval with the group refractive index ng = 3.6 around
1550 nm. However, the first-order transverse mode stops las-
ing when a < 16 µm because of the excessive lowering of the
Q factor by the butt-coupled waveguide.

114212-4
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3.2. Lasing spectrum control for deformed square micro-
cavity laser

In order to further enhance the wavelength interval of the
dual-transverse-mode square microcavity laser, we proposed
and demonstrated deformed square microcavities with their
flat sides replaced by circular sides.[56] Figure 4(a) shows a
schematic diagram of a deformed square microcavity laser
with the flat sides replaced by circular sides, where a is the side
length of the square, δ is the deformation parameter, and r is
the radius of the circular side. Considering the mode field dis-
tributions of the fundamental and first-order transverse modes
as shown in Figs. 3(a) and 3(b), the effective round-trip length
of the fundamental mode will be longer than that of the first-
order mode in the circular-sided square microcavity. Thus,
with the increase in deformation parameter δ , the wavelength
of the fundamental mode should increase much faster than that
of the first-order mode, and the wavelength interval should be
enhanced greatly.

(a)

(b)

(c)

δ/mm

δ/mm

λ
/
n
m

Q

Fig. 4. (color online) (a) Schematic diagram of waveguide-coupled
circular-sided square microcavity laser. (b) Mode wavelengths and (c)
corresponding mode Q factors for the WGMs around 1550 nm versus
deformation amplitude δ .

High-Q WGMs in circular-sided square microcavities are
numerically simulated by a 2D finite element method (FEM).
TE WGMs with magnetic field (Hz) distributions symmetric
with respect to the middle line of the output waveguide are
considered here. For the circular-sided square microcavity
with a= 16 µm and output waveguide width w= 1.5 µm, plots
of mode wavelength and Q factor versus δ obtained by the
FEM are shown in Figs. 4(b) and 4(c) for the fundamental (0th)
and first-order (1st) transverse modes. The mode wavelength
of the fundamental transverse mode redshifts about 17 nm as δ

increases by 0.1 µm due to the increase in the effective cavity
size (or the effective round-trip length), which is close to the
longitudinal-mode wavelength interval ∆λl. The wavelengths
of the fundamental, first-order, and transverse modes shown
in Fig. 4(b) are kept around 1550 nm by choosing different
longitudinal modes. Because the WGMs have the same longi-
tudinal mode number, the transverse mode intervals increase
gradually as deformation parameter δ increases; this is due
to the increase in the effective round-trip length difference.
However, if ∆λt > ∆λl/2, the wavelength interval between the
near fundamental and first-order transverse modes becomes
∆λ = ∆λl∆λt. Then, the wavelength interval will decrease
with increasing δ when δ > 0.6 µm, as shown in Fig. 4(b).
The mode Q factors of the fundamental and first-order order
transverse modes are 8.7× 109 and 2.1× 108 at δ = 0.4 µm,
and are 1.9×1011 and 2.7×1010 at δ = 1.4 µm, respectively,
which are much larger than those in a square microcavity. The
mode Q factors are low around δ = 0.95 µm because there are
no long-life light rays according to the light ray simulation.[56]

Like the AlGaInAs/InP square microcavity laser, the
circular-sided square microcavity laser was fabricated on the
AlGaInAs/InP MQW epitaxial wafer with parameters similar
to those used in the simulation (a = 16 µm and w = 1.5 µm).
The inset in Fig. 5(a) shows a top-view optical microscope
image of a fabricated circular-sided square microcavity laser.
Figure 5(a) shows the lasing spectrum for a circular-sided
square microcavity laser with δ = 1.1 µm. Dual-mode las-
ing with a wavelength interval of 3.43 nm is obtained to have
a side-mode-suppression ratio (SMSR) of 26 dB and an in-
tensity ratio of about 0.4 dB. The fundamental and first-order
transverse modes are marked by circles and triangles, respec-
tively. Unlike the nondeformed square microcavity laser, the
fundamental lasing mode is on the short wavelength side be-
cause the two lasing modes have different longitudinal mode
numbers. Figure 5(b) shows the wavelength intervals of the
circular-sided square microcavity lasers with different values
of δ . Since the fundamental mode is on the long-wavelength
side when δ < 0.7 µm, as shown in Fig. 4(b), ∆λ first in-
creases with δ , and a wavelength interval of 7.6 nm is achieved
at δ = 0.7 µm. The wavelength interval can be larger than
half of the longitudinal mode interval by varying the injection
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current to control the gain spectrum. As δ increases beyond
1.1 µm, ∆λ decreases because the fundamental mode is on the
short-wavelength side and moves towards the first-order mode.

λ/nm

D
λ
/
n
m

In
te
n
si
ty
/
d
B
m

δ/mm

(a)

(b)

Fig. 5. (color online) (a) Lasing spectrum for the circular-sided square
microcavity laser with δ = 1.1, with inset showing an optical micro-
scope image of the circular-sided square microlaser. (b) Plot of wave-
length interval versus δ of circular-sided square microcavity laser.

The experimental results indicate that dual-mode lasing
can be easily realized in the circular-sided square microcavity
with the ultrahigh-Q mode, and the transverse mode interval
can be adjusted by varying the deformation parameter δ . The
wavelength interval between the lasing modes is also limited

by the longitudinal mode interval due to the lasing mode com-
petition.

Nonlinear gain analyses of a density matrix formalism
are performed to describe the stability of dual-mode lasing for
the nondeformed and deformed square microcavity lasers, re-
spectively. In the nondeformed square microcavity, the mode
field patterns are determined by two mode numbers p and q
along the directions of the square sides according to the quasi-
analytical model. The p and q are different for the near high-Q
WGMs, and therefore stable dual-mode lasing can be expected
for the square microcavity laser. In the deformed square mi-
crocavity with circular-sides[56] or variable curvature,[57] the
overlap of mode field intensities between even the near high-
Q WGMs is less than that of the non-deformed square micro-
cavities according to the numerical simulations. Thus, stable
dual-mode lasing can also be achieved for the deformed square
microcavity laser with an enhanced wavelength interval.

3.3. Microwave and sub-THz wave generation based on
square microcavity laser

Microwave signal generation has been demonstrated di-
rectly from the square microcavity laser subjected to exter-
nal optical injection,[58] and also by the optoelectronic oscil-
lator with a directly modulated square microcavity laser.[59]

However, the frequency of the generated microwave signal is
limited by the modulation bandwidth of the directly modu-
lated square microcavity laser. Based on the dual-mode lasing
nondeformed and deformed square microcavity lasers, the sig-
nal frequency can be extended from tens of GHz to the THz
through mode beating.[55,56] We have demonstrated sub-THz
wave generation based on the dual-mode square microcavity
laser and the uni-travelling-carrier photodiode (UTC-PD), and
the obtained signal frequency is mainly limited by the response
bandwidth of the UTC-PD.[60]

Fig. 6. (color online) (a) Experimental setup for THz wave generation using dual wavelength square microlaser. (b) Lasing spectrum at an
injection current of 32 mA. (c) Original mixed frequency signal. (d) Detailed electrical spectra around 103.2 GHz.
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An 18 µm-side-length square microcavity laser with a
1.5 µm-wide output waveguide was used in the experiment
of sub-THz signal generation. Figure 6(a) shows a schematic
diagram of the experimental setup with a dual-mode square
microcavity laser. The output light from the square microcav-
ity laser was coupled by a tapered SMF and amplified by an
erbium-doped fiber amplifier with a gain of 32 dB, and was
then applied to the UTC-PD mixer. The output electrical sig-
nal from the mixer was fed into an electric spectrum analyzer
with a harmonic mixer. Figure 6(b) shows the optical spectrum
of the square microcavity laser under an injection current of
32 mA. The two main lasing peaks have a wavelength interval
of 0.82 nm and an intensity ratio of about 0.5 dB. The lasing
spectrum indicates the simultaneous lasing of the fundamen-
tal and first-order transverse modes with an SMSR of about
41.2 dB. Figure 6(c) shows the generated sub-THz signal at the
UTC-PD mixer with the dual-mode square microcavity laser
under the same injection current, which indicates a center fre-
quency of 103.2 GHz for the beating signal. The other peaks
are induced by the local oscillator in the frequency mixer. Fig-
ure 6(d) shows the detailed electrical spectra for the generated
sub-THz wave signal around 103.2 GHz, fitted with different
methods. A linewidth of about 110 MHz is obtained according
to a Lorentz fitting. The linewidth is defined as the full-width
at half-maximum. However, the signal linewidth is broadened
due to the system’s instability and/or signal drifting. Using
Lorentz fitting with a smaller range for the middlemost peak,
the linewidth is obtained to be about 50 MHz, as shown in
Fig. 6(d), which is supposed to be the actual linewidth.

3.4. Spectra linewidth analysis for a dual-mode square mi-
crocavity laser

A dual-mode microcavity laser can not only simplify the
structure but also stabilize the operation since two modes lase
in a single cavity. The two lasing modes may have a relation in
the phase, which is beneficial to the microwave or THz wave
signal generation and to the optical frequency comb generation
through four-wave mixing. We have demonstrated a strong
correlation between the two lasing modes in the dual-mode
square microcavity laser.[61]

A dual-mode square microcavity laser with a side length
of 20 µm and a 1.5 µm-wide output waveguide was used in
the experiment for spectrum linewidth analysis. Figure 7(a)
shows the dual-mode lasing spectrum at an injection cur-
rent of 50 mA. The left inset in Fig. 7(a) shows the de-
tailed spectrum around the main peaks after a pre-amplifier
and a band-pass filter. The lasing peaks at 1560.03 nm and
1559.74 nm are the fundamental (0th) and first-order (1st)
transverse modes, respectively, and the corresponding wave-
length interval is 0.29 nm. Combining the amplified laser
light of the square microcavity laser with that from a narrow

linewidth (∼ 100 kHz) TLS, the detailed spectrum is shown in
the right inset in Fig. 7(a). The combined laser light is detected
by a 30 GHz high-speed photodiode. Figure 7(b) shows the
measured electrical spectrum. Three main microwave peaks at
11.16 GHz, 24.76 GHz, 35.91 GHz are obtained, correspond-
ing to the beating signals between the TLS and the first-order
mode (ST1), between the TLS and the fundamental mode (ST0),
and between the two lasing WGMs (S01), respectively. Two
other small peaks at 13.51 GHz and 22.27 GHz are also ob-
served, which result from the microwave mixing effect.

Fig. 7. (color online) (a) Dual-mode lasing spectrum at 50 mA for a
dual-mode square microcavity laser with a side length of 20 µm. Left
inset: spectrum after amplifier and filter. Right inset: combined spec-
trum of the dual-mode and a TLS. (b) Measured beating signal of the
combined optical spectrum. RBW: resolution bandwidth. (c) Zoomed-
in electrical spectra. Reproduced from Ref. [61].

Figure 7(c) shows the zoomed-in electrical spectra of the
three main peaks, where S01 has a much narrower linewidth
than ST0 and ST1. The linewidths of S01, ST1, and ST0 are
12 MHz, 88 MHz, and 102 MHz, respectively, according to the
Lorentzian fitting. Because the linewidth of the TLS is about
three orders smaller than that of ST1 and ST0, the linewidths
of ST1 and ST0 are approximately those of the lasing WGMs.
The linewidth of S01 is much narrower than that of ST1 and ST0

because the phase noise caused by the carrier fluctuation may
be synchronized for the two lasing modes in the dual-mode
square microcavity laser. In addition, the nonlinear process
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between the two WGMs will also make the two modes more
correlated. Thus, the experimental results prove that a strong
correlation exists between the two lasing modes.

4. Wavelength and subwavelength scale metallic
square cavity semiconductor lasers

Besides the dual-mode laser used in the microwave or
THz wave generation, wavelength or subwavelength scale
semiconductor lasers with ultralow power consumption are
greatly demanded for applications in on-chip optical intercon-
nects. We have demonstrated room-temperature lasing for an
aluminum/silica coated AlGaInAs/InP square cavity under op-
tical pumping.[62]

Figure 8(a) shows a schematic diagram of the

wavelength-scale square cavity semiconductor laser, which
consists of a square cross-section semiconductor core with an
AlGaInAs MQW gain layer coated by aluminum/silica on the
bottom and sidewalls. The AlGaInAs/InP epitaxial laser wafer
was first etched to a depth of about 1.2 µm by the inductively
coupled plasma dry etching technique, with a patterned SiO2

layer used as a hard mask. The etched square microcavity was
coated by the silica and aluminum layers with the same thick-
ness of 200 nm, and then bonded on a silicon wafer by using
BCB adhesive bonding technology. Finally, the InP substrate
was removed by a wet etching process, with a 200 nm thick
InGaAsP used as the etching stop layer. Figure 8(b) shows the
top-view SEM image of a fabricated wavelength-scale square
cavity laser with a side length of about 2.2 µm, where the inset
shows a tilted view SEM image of the square cavity.
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Fig. 8. (color online) (a) Schematic diagram of aluminum/silica wavelength-scale square cavity laser. (b) SEM image of fabricated square
cavity laser with a side length of about 2.2 µm, with the inset showing a tilted view of the cavity. (c) Room temperature lasing spectra for the
square cavity laser. (d) Output peak power and linewidth of the lasing mode versus incident peak pump power for the square cavity laser, with
the inset showing the detailed lasing spectrum. (b) Theoretical curves and the experimental results of laser mode power against input pump
power. Reproduced from Ref. [62].

The AlGaInAs/InP square laser with a side length of
2.2 µm was tested at room temperature (293 K) by a micro-
photoluminescence setup with a 976 nm pulsed laser source.
The pulse width was 60 ps with a repetition rate of 20 MHz.
A 40× objective lens was used to focus the pumping laser
beam on the AlGaInAs/InP square laser with a spot diameter
of 4 µm and simultaneously collect the emitting light. Fig-
ure 8(c) shows the measured output spectra at the pumping
peak powers of 12 mW and 24 mW, which correspond to the
states below and above the lasing threshold, respectively. The
laser spectrum indicates single mode lasing at the wavelength
of 1556.5 nm with an SMSR of 21 dB at the peak pumping

power Pin = 24 mW.
Figure 8(d) shows the output peak power and the

linewidth of the lasing mode as a function of incident peak
pumping power, which indicates a threshold peak pump
power of 15 mW. Assuming that the absorption coefficient is
104 cm−1 in the InAlGaAs layer, the absorbed peak threshold
power is estimated as 1–2 mW. The corresponding effective
threshold pumping intensity is 20–40 kW cm−2. The linewidth
of 0.65 nm above the threshold is limited by the resolution of
the monochromator with a slit width of 200 µm, which is used
to enhance the signal-to-noise ratio below threshold. The in-
set of Fig. 8(d) shows the lasing spectrum measured with a 50

114212-8



Chin. Phys. B Vol. 27, No. 11 (2018) 114212

µm wide slit and Pin = 24 mW, which indicates a linewidth of
0.27 nm. The measured linewidth is mainly limited by the slit
width because of the low output power.

Figure 8(e) shows the intensity of the lasing mode versus
peak power of the pulsed pumping laser, which is denoted by
the solid circles. The input power Pin and the output power are
proportional to the integration of P(t) and the mode photon
density over a period, respectively. Taking a mode Q factor
of 1300 as a lasing mode, which is obtained by the 3D FDTD
simulation, the laser mode power against input pump power
normalized by the threshold pump power can be obtained by
the rate equation model. The obtained results with different
values of spontaneous emission factor β are shown in Fig. 8(e)
as dashed, solid, and dotted lines, respectively. It can be found
that the lasing output curve of the lasing mode at 1556.5 nm
can be fitted very well with the simulation results at β = 1.5
×10−2. The spontaneous emission factor can be enhanced by
further reducing the cavity size with metal confinement.

By further reducing the cavity size from the wavelength
scale to subwavelength scale, the mode Q factor decreases
from 103 to a few hundred. The bulk material active layer
is then required to provide sufficient saturation gain to bal-
ance the high modal loss, which may result in high injection
current density and hence large heat generation. An electri-
cal injection Ag/SiN-coated rectangular cavity semiconduc-
tor laser with a modal volume of 0.67λ 3 was demonstrated
at room temperature.[63,64] The mode Q factor obtained by
the FDTD simulation was 428 for the rectangular cavity, and
the linewidth was 0.5 nm for the laser above threshold. The
threshold current was 1.1 mA, corresponding to a current den-
sity of 60 kA/cm2. The spontaneous emission factor β was
0.05 based on the light output curve. The processing tech-
niques and device designs need further optimization to reduce
the threshold current density for practical application.

In order to break the diffraction limit, plasmon lasers
have been proposed and demonstrated as a new class of coher-
ent compact light sources.[65,66] Subdiffraction-limited square
plasmon laser was realized at room temperature under optical
pumping.[46] A 45 nm thick and 1 µm long CdS square was
located on the silver surface with a 5 nm MgF2 gap, thereby
forming a square plasmon laser. The TM modes confined at
the metal–dielectric interface resulted in strong light confine-
ment in the gap region with relatively low loss, while the TE
modes exhibited large radiation losses. With the help of sur-
face plasmon polaritons, the diffraction limit in the vertical
direction was broken. The light in the horizontal direction was
still confined by the total reflection at the boundaries, with the
field distribution similar to that of the WGMs in a dielectric
square microcavity.

5. Summary and outlook
In summary, we have reviewed the recent progress of

square microcavity semiconductor lasers. High-Q WGMs
in square optical microcavities are introduced briefly for re-
alizing unidirectional emission and achieving mode control.
Based on the unique mode properties of the square microcav-
ities, dual-mode microlasers with a tunable wavelength inter-
val are demonstrated experimentally using a spatially selective
current injection. Deformed square microcavities with the flat
sidewalls replaced by circular arcs are proposed and demon-
strated for enhancing the mode confinement and increasing the
dual-mode interval from tens of GHz to the THz range. In or-
der to further reduce the laser size, wavelength-scale square
cavity lasers are also demonstrated with aluminum/silica lay-
ers to confine the mode field close to the diffraction limit.

In the circular-shaped optical microcavities, WGMs dis-
tribute uniformly along the cavity rim within a very narrow
region. In contrast, high-Q WGMs in square microcavities
typically distribute over the whole cavity with a sinusoidal en-
velope along the sidewall. Due to the large offset of the field
distributions between different transverse modes, the modula-
tion and control of the lasing mode can be achieved by design-
ing the output waveguide and spatially selective injection. The
widely distributed mode field can also promise high injection
efficiency and avoid burning-induced diffusion in high-speed
direct modulation. According to these novel properties of the
square optical microcavity, we have already demonstrated dif-
ferent functional square semiconductor microlasers. Besides
the semiconductor laser with a single square cavity, the twin-
square coupled microcavity laser was demonstrated for the
enhancement of modulation bandwidth due to the photon–
photon resonance effect,[67] and the square-rectangular cou-
pled cavity laser was demonstrated for single-mode lasing
with tunable wavelength[68] and high-speed flip-flop.[69] We
believe that the performance of square microcavity semicon-
ductor lasers can be further improved, and then practical ap-
plication can be realized.
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