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Whispering-gallery-mode (WGM) hexagonal optical micro-/nanocavities can be utilized as high-quality (Q) res-
onators for realizing compact-size low-threshold lasers. In this paper, the progress in WGM hexagonal
micro-/nanocavity lasers is reviewed comprehensively. High-Q WGMs in hexagonal cavities are divided into
two kinds of resonances propagating along hexagonal and triangular periodic orbits, with distinct mode char-
acteristics according to theoretical analyses and numerical simulations; however, WGMs in a wavelength-scale
nanocavity cannot be well described by the ray model. Hexagonal micro-/nanocavity lasers can be constructed by
both bottom-up and top-down processes, leading to a diversity of these lasers. The ZnO- or nitride-based semi-
conductor material generally has a wurtzite crystal structure and typically presents a natural hexagonal cross
section. Bottom-up growth guarantees smooth surface faceting and hence reduces the scattering loss effectively.
Laser emissions have been successfully demonstrated in hexagonal micro-/nanocavities synthesized with various
materials and structures. Furthermore, slight deformation can be easily introduced and precisely controlled
in top-down fabrication, which allows lasing-mode manipulation. WGM lasing with excellent single-
transverse-mode property was realized in waveguide-coupled ideal and deformed hexagonal microcavity
lasers. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000594

1. INTRODUCTION

Optical microcavities, which enhance light–matter interaction
by storing optical energy in small volumes (V ) with low losses,
have attracted considerable interest in both fundamental physics
studies and practical device applications [1]. To achieve a high
quality (Q) factor and a small mode volume simultaneously, the
mode light should be confined inside a microcavity with near-
unity reflectivity; this can be realized by the photonic forbidden
band in vertical-cavity surface-emitting lasers and photonic crys-
tal microcavities, or by total internal reflection (TIR) in whisper-
ing-gallery-mode (WGM) optical microcavities. Since photonic
integration has become an important research topic nowadays,
WGMoptical microcavities with monolithic integration capabil-
ity and low processing complexity have attracted significant at-
tention [2–8]. The idea of WGMs came from the observation of
an acoustical phenomenon in whispering galleries, and was later
extended to electromagnetic waves [9]. By trapping light with
continuous TIR at the cavity boundary, WGM microcavities
can support optical modes with a large value of Q∕V [7]. As
the most representative cavity shapes, WGM microcavities with
circularly rotational symmetries in different geometries have been
widely studied for the demonstration of low-power-consumption

compact photonic devices [10–37], e.g., ultralow-threshold
microlasers.

Although circular WGM microcavities can have extremely
high Q factors, one major shortcoming appears to be the iso-
tropic emission along the cavity rim, which poses significant
difficulty in the efficient collection of the output light from
the circular microlasers. However, by properly designing the
geometrical shape of the WGM microcavities to break the
circularly rotational symmetry, directional output emission
was realized for high-Q WGM asymmetric microcavities
[38–48]. The mechanism of directional emission in these asym-
metric microcavities was well explained by the chaotic ray dy-
namics. Furthermore, unidirectional emission was achieved in
various WGM microcavities by carefully modifying the cavity
geometries [49–59].

Besides circular WGM microcavities, regular polygonal mi-
crocavities supporting high-Q whispering-gallery-like modes
(denoted as WGMs in the following text for short) have also
been studied widely in the past decades for demonstrations of
microlasers and add–drop optical filters [60–72]. Regular
polygonal microcavities show distinct mode properties com-
pared with circular microcavities when the side number is
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not large [73]. For WGMs in equilateral-triangular and
square microcavities with integrable internal dynamics, quasi-
analytical solutions were obtained [68,70]. The dynamics is not
integrable; instead, it is pseudo-integrable in regular polygonal
microcavities with side number larger than 4, resulting in
pseudo-integrable leakage loss for the WGMs [63,74]. The
periodic orbits in general regular polygonal microcavities have
been studied [75], and high-Q WGMs typically exist as super-
scar states along the periodic orbits with weak field distributions
at the corners [76].

Interestingly, ZnO- or nitride-based semiconductor materi-
als for ultraviolet (UV) laser diodes generally have a wurtzite
crystal structure and typically present a natural hexagonal cross
section [77–82]. Bottom-up synthesized structures allow
smooth surface faceting and hence reduce the scattering loss ef-
fectively. WGM lasing has been successfully demonstrated in
synthesized hexagonal micro-/nanocavity lasers [83–87]. On
the other hand, slight deformation can be easily introduced
and controlled in top-down fabrication processes, which allows
lasing-mode manipulation and waveguide-coupled unidirec-
tional emission [72,88–91]. WGM lasing was realized in
organic single-crystalline and semiconductor hexagonal micro-
cavity lasers. In this paper, the progress in WGM hexagonal
micro-/nanocavity lasers is reviewed. This review is organized
as follows. In Section 2, comprehensive studies are presented
on the mode characteristics of hexagonal micro-/nanocavities,
including analyses of ray dynamics and cavity symmetry, and
numerical simulations of WGMs inside hexagonal cavities. In
Section 3, experimental results of bottom-up grown hexagonal
micro-/nanocavity lasers are presented. In Section 4, experimen-
tal results of top-down fabricated hexagonal microlasers are
presented. Finally, the summary and outlook are given in
Section 5.

2. OPTICAL MODES IN HEXAGONAL CAVITIES

A. Periodic Orbits in Hexagonal Microcavities
By assuming a given mode field distribution in the vertical
direction, a practical three-dimensional (3D) hexagonal cavity
can be simplified to a two-dimensional (2D) hexagon with an
effective refractive index. The 2D model can give an accurate
mode structure and predict high-Q WGMs efficiently,
although it may give incorrect Q factors sometimes [70,92,93].
Figure 1(a) shows a simplified 2D hexagonal cavity with a
side length of a in the x-y plane; here Ωi and Ωo are, respec-
tively, the internal and external regions of the hexagon with
refractive indices of ni and no, and the center of the hexagon
is placed at O. Both transverse-magnetic (TM) and transverse-
electric (TE) polarized WGMs are considered in the analyses;
here, TM (TE) WGMs are defined as modes with magnetic
(electric) fields in the x-y plane and electric (magnetic) fields
perpendicular to the plane. In the practical 3D case, the polari-
zation of a mode is defined based on its dominant electromag-
netic field components. Figure 1(b) shows the symmetry
operators of the hexagonal microcavity.

Due to the non-integrable internal dynamics, there is a lack
of analytical solution in a hexagonal microcavity. To give an
intuitive description of WGMs, the semi-classical ray model

is introduced into a hexagonal microcavity with dimension
much larger the optical wavelength.

Light can be confined along the hexagonal periodic orbits at
the same incident angle of π∕3 on the six sides as shown in
Fig. 1(c). For a hexagonal microcavity with a refractive index
ratio of ni∕no > 2∕

ffiffiffi
3

p
, these light rays can be totally reflected

at the cavity sides. The solid line indicates the ray trajectory
connecting the midpoints of adjacent sides, whereas the dashed
line indicates one ray trajectory within the same orbit family
with equal orbit length and incident angle. The WGMs cor-
responding to the hexagonal periodic orbits are the dominant
modes in the hexagonal microcavity with a weak refractive in-
dex contrast, i.e., a small value of ni∕no. However, the triangu-
lar periodic orbits with an incident angle of π∕6, as shown
in Fig. 1(d), should be considered in a hexagonal microcavity
with ni∕no > 2 as these light rays can also be totally reflected
[94–96]. The solid lines in Fig. 1(d) indicate two isolated equi-
lateral-triangular ray trajectories connecting the midpoints of
secondary neighbor sides, with the shapes of an upright triangle
“Δ” and a reversed triangle “∇”. The dashed lines indicate ray
trajectories in the same orbit family with lengths twice those of
the solid lines. The triangular periodic orbits in the hexagonal
microcavity are very similar to the periodic orbits in the equi-
lateral-triangular microcavity [68,97]. The difference is that the
triangular periodic orbits in the hexagonal microcavity are
doubly degenerated.

In addition, the light rays reflected by the opposite sides
with an incident angle of 0 also form triply degenerate periodic
orbits, which are neglected in this paper because these light rays
cannot be totally reflected. Overall, there are three families of
periodic orbits in hexagonal microcavities with degeneracies of
1, 2, and 3. The numbers and degeneracies of periodic orbits in
general polygonal microcavities are given in Ref. [75].

In hexagonal cavities with finite sizes, the incident angles on
the sides are not exactly π∕3 or π∕6, considering the transverse

Fig. 1. (a) Schematic diagram and (b) symmetry operators of a 2D
hexagonal microcavity. (c) The hexagonal periodic orbits and (d) the
triangular periodic orbits in the hexagonal microcavity. The solid lines
and dashed lines indicate, respectively, the ray trajectories connecting
the midpoints of the sides and the other ray trajectories in the same
orbit family with the same incident angles.
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distribution of the periodic orbits. For a light ray with an initial
incident angle (θb) other than 0, π∕6, and π∕3, the subsequent
incident angles θi cannot remain unchanged but take only a few
values. Here, the light rays in the clockwise (CW) and counter-
clockwise (CCW) directions are not distinguished. Then θi is
restricted in the range of 0 to π∕2, and all possible incident
angles, θi, are given by

θi �
8<
:

θb, 2π∕3 − θb, θb − π∕3; π∕3 < θb < π∕2
θb, π∕3 − θb, 2π∕3 − θb; π∕6 < θb < π∕3
θb, π∕3 − θb, π∕3� θb; 0 < θb < π∕6

: (1)

In general, there are three different incident angles θ1, θ2, and
θ3 within the ranges of (0, π∕6), (π∕6, π∕3), and (π∕3, π∕2),
respectively, satisfying θ1 � θ2 � π∕3 and θ2 � θ3 � 2π∕3.
For light rays near the hexagonal periodic orbits with a small
offset angle of Δθ from π∕3, the three incident angles are Δθ
and π∕3� Δθ. This means that the light ray shown by the
solid line in Fig. 1(c) is slowly diverging from the center
and will reach the corner on its other side with an incident
angle of Δθ after finite times of reflection. The small incident
angle of Δθ below the TIR condition results in pseudo-
integrable leakage. For light rays near the triangular periodic
orbits with a small offset angle of Δθ from π∕6, the three
incident angles are π∕2 − Δθ and π∕6� Δθ. All the three
incident angles are above the TIR condition in the hexagonal
microcavity with ni∕no > 2.

Another type of loss is boundary wave leakage [63].
However, for the high-Q superscar modes in regular polygonal
microcavities, boundary wave leakage is relatively weak due to
destructive interference between light waves with different in-
cident angles at the boundaries, similar to that in the equilat-
eral-triangular and square microcavities. For the hexagonal
periodic orbits and triangular periodic orbits, destructive inter-
ference results from light waves with two incident angles of
π∕3� Δθ and π∕6� Δθ, respectively. Although the boundary
wave leakage of light with incident angle near π∕6 should be
larger than that of light with incident angle near π∕3, the de-
structive interference can minimize the boundary wave leakage.

In addition, the width of the rectangle formed by the tri-
angular periodic orbits is larger than that of the rectangle
formed by the hexagonal periodic orbits, leading to a smaller
offset angle Δθ and lower scattering loss at the corners for the
triangular periodic orbits [94]. Taking the pseudo-integrable
leakage into account, WGMs corresponding to the hexagonal
periodic orbits do not necessarily have higher Q than those cor-
responding to the triangular periodic orbits, and, thus, both
kinds of WGMs should be considered in the analyses and
simulations.

For a hexagonal microcavity with dimension much larger
than the optical wavelength, the resonance conditions for
the above two kinds of WGMs can be derived under the
semi-classical approximation. During TIR at the sidewalls, a
polarization-dependent negative phase shift occurs as

δ�θ� � −2 arctan

�
β

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2i sin2 θ − n2o

p
ni cos θ

�
, (2)

where θ is the incident angle, and β equals 1 and n2i ∕n2o for
TM and TE polarized modes, respectively. For WGMs

corresponding to the hexagonal periodic orbits (denoted as
hexagonal WGMs for short), the round-trip length is 3

ffiffiffi
3

p
a

as shown in Fig. 1(c); then the resonance condition can be
written as

Re
�
3

ffiffiffi
3

p
nika

�� 6δ

�
π

3

�
� 2lπ, (3)

where k is the wavenumber in vacuum and l is the longitudinal
mode number. For WGMs corresponding to the triangular
periodic orbits (denoted as triangular WGMs for short), the
ordinary round-trip length is 9a as shown by dashed lines in
Fig. 1(d). The resonance condition for the triangular periodic
orbits is generally written as

Re�9nika� � 6δ

�
π

6

�
� 2lπ: (4)

The transverse mode number and longitudinal mode number
of the triangular WGMs should have the same parity.
Otherwise, it will lead to a trivial solution with the all-zero
fields in the cavities similar to those in the equilateral-triangular
microcavities [68]. Thus, the mode interval of the fundamental
transverse triangular WGMs should be twice that obtained in
Eq. (4) corresponding to an effective round-trip length of 9a∕2,
similar to the solid lines shown in Fig. 1(d).

B. Symmetry Analyses and Mode Coupling
The group theory was used to analyze the symmetry of the
modes in a hexagonal microcavity [73]. The symmetry of a
regular hexagonal microcavity can be described by the point
group C6v as shown in Fig. 1(b). The point group C6v includes
a rotational subgroup C6 � fE ,C1

6,C
2
6,C

3
6,C

4
6,C

5
6g, three

mirror elements relative to the line connecting the midpoints
of opposite sides σo, and three mirror elements relative to the
diagonals σd . The character of the point group C6v is listed in
Table 1. The point group C6v has four 1D and two 2D irre-
ducible representations. The mode field distributions in the
hexagonal microcavity should be classified into the irreducible
representations of the point group.

The degeneracy of the WGMs should strictly fulfill the sym-
metry of the hexagonal microcavity. The WGMs in a hexagonal
microcavity typically have multiple angular components with a
difference of 6. WGMs with the angular components 6m and
6m� 3 are non-degenerate standing-wave modes, which form
A and B representations, respectively, where m is an integer.
WGMs with the angular components 6m� 1 and 6m� 5
(6m� 2 and 6m� 4) are double-degenerate modes, which
form E1 �E2� representation. The E1 �E2� representation
formed by double-degenerate modes can be expressed as two
traveling-wave modes with the angular components 6m� 1

Table 1. Character Table of Point Group C6v

E C 1
6 (C 5

6) C 2
6 (C 4

6) C 3
6 3σo 3σd

A1 1 1 1 1 1 1
A2 1 1 1 1 −1 −1
B1 1 −1 1 −1 1 −1
B2 1 −1 1 −1 −1 1
E1 2 −1 1 −2 0 0
E2 2 1 −1 2 0 0
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or 6m� 5 (6m� 2 or 6m� 4), and can also be expressed as
two standing-wave modes with both the angular components
6m� 1 and 6m� 5 (6m� 2 and 6m� 4).

For WGMs corresponding to the hexagonal periodic orbits,
the modes obviously follow the symmetry analyses above. For
WGMs corresponding to the triangular periodic orbits, the sit-
uation will be slightly complicated, as these modes exhibit
quadruple degeneracy according to the light rays shown in
Fig. 1(d). Part of the degeneracy results from the CW and
CCW propagation directions, similar to the WGMs in the
equilateral-triangular microcavity; the other part of the degen-
eracy results from the double-degenerate “Δ” and “∇” periodic
orbits in the hexagonal microcavity. According to the group
theory analyses, the quadruple-degenerate modes become four
non-degenerate standing-wave modes forming A1,A2,B1, and
B2 representations, or two groups of double-degenerate modes
forming E1 and E2 representations, depending on the angular
components of the modes. The non-degenerate modes will
have different mode Q factors.

The physical mechanism of removal of the degeneracy re-
sulting from the double-degenerate “Δ” and “∇” periodic orbits
can be understood by the mode coupling theory. In the scheme
of ray optics, triangular periodic orbits “Δ” with a small offset
angle, Δθ, slowly diverge from the stable periodic orbits. After
some time, they will cross the corner to the adjacent side, and
then become triangular periodic orbits “∇”. Thus, considering
the offset of the incident angle, the two triangular periodic or-
bits are no longer isolated from each other; this results in cou-
pling between the two kinds of triangular WGMs. In fact,
mode coupling always occurs for modes with leakage unless
it is forbidden by the cavity symmetry. The external coupling
will lead to two modes with enhanced and reduced Q factors,
corresponding to the destructive and constructive interference
of the loss channels [94,98,99].

C. Numerical Simulation of WGMs in Hexagonal
Microcavities
For a 2D hexagonal microcavity with a refractive index
distribution of n�x, y�, the Maxwell equations for the confined
optical field can be replaced with the scalar wave equation

−∇2ψ�x, y� � n2�x, y�ω
2

c2
ψ�x, y�, (5)

where ω is the angular frequency, c is the light speed in vacuum,
and ψ represents the field distribution. The WGMs in hexago-
nal microcavities are simulated by the finite-element method
(commercial software—COMSOL Multiphysics 5.0) for
revealing their mode characteristics. In the 2D microcavities,
the TE and TM modes are simulated separately. A perfect
matching layer is used to absorb the outgoing waves terminat-
ing the simulation window. The eigenvalues (ka) obtained in
the hexagonal microcavities are complex numbers. The real
parts of ka give the mode frequencies, and the Q factors
can be obtained as Q � Re�k�∕2jIm�k�j.

Figure 2(a) shows the simulated mode Q factors and nor-
malized frequencies, Re�ka�, of the TE modes in a hexagonal
microcavity with ni∕no � 3.2∕1. The transverse order is de-
fined as the node number of the field distribution envelope
along one sidewall, similar to that in the equilateral-triangular

and square microcavities for high-Q superscar WGMs. The
fundamental transverse (0th) WGMs corresponding to the
hexagonal periodic orbits have Q factors ranging from 1200
to 2300. The magnetic-field amplitude distribution of one
hexagonal WGM [A in Fig. 2(a)] is shown in Fig. 2(b).

There are a lot of modes with Q factors much higher than
those of hexagonal WGMs. Based on the field distribution,
these modes are denoted as triangular WGMs as they propagate
along the triangular periodic orbits. As shown in Fig. 2(a), the
0th triangular WGMs have relatively high Q factors, and the
mode with the highest Q is marked as mode B. Figure 2(c)
shows the magnetic-field amplitude distribution of mode B,
which indicates mixed fields of the “Δ” and “∇” triangular
WGMs due to mode coupling. The mode interval of the 0th
triangular WGMs is about 15% larger than those of the hex-
agonal WGMs, consistent with the interval ratio of 2

ffiffiffi
3

p
∕3,

which is derived from the reciprocal of half of the round-trip
length ratio owing to the absence of odd longitudinal modes for
the 0th triangular WGMs. Two high-Q modes are found at
ka � 39.85 and 41.16, where the degeneracies of the modes
are fully removed, and the WGMs are non-degenerate stand-
ing-wave modes with the angular component 3m. The other
modes appear as two double-degenerate mode pairs with
two different Q factors because of mode coupling between
the “Δ” and “∇” triangular WGMs; this removes the degen-
eracy induced by the double-degenerate periodic orbits [94].
For the triangular WGMs with the angular component 3m,
the degeneracy resulting from the CW and CCW propagation
directions is also removed due to cavity-geometry-induced cou-
pling or scattering between the two directions. The numerical
simulation results are consistent with the symmetry analyses.

In the hexagonal microcavity, the first-order (1st) triangular
WGMs can also have much higher Q factors than the hexago-
nal WGMs as shown in Fig. 2(a). The 1st triangular WGMs
appear at the center between two 0th triangular WGMs, as they
have odd and even longitudinal mode numbers. Three groups

Fig. 2. (a) Simulated TE modes in the hexagonal microcavity with
refractive indices of 3.2/1. (b)–(d) The magnetic-field amplitude
distributions of the modes marked by A, B, and C.

Review Vol. 7, No. 5 / May 2019 / Photonics Research 597



of non-degenerate standing-wave modes with high Q factors
are found at ka � 39.24, 40.55, and 41.86. Figure 2(d) shows
the magnetic-field amplitude distribution of a non-degenerate
1st triangular WGM [C in Fig. 2(a)]. Considering the 1st tri-
angular WGMs, the mode interval of the triangular WGMs is
much smaller than those of the hexagonal WGMs, which agrees
well with Eqs. (3) and (4) with a round-trip length ratio
of 3∕

ffiffiffi
3

p
.

To further demonstrate the mode properties of the WGMs
in hexagonal microcavities, cavities with different refractive
index ratios, ni∕no, are considered. Figure 3(a) shows the
simulated mode Q factors and normalized frequencies,
Re�ka�, of the TE modes in a hexagonal microcavity with
ni∕no � 3.2∕1.54. The 0th hexagonal WGMs have the highest
Q , ranging from 1300 to 2200, which is almost the same as
those of the hexagonal WGMs in the microcavity with
ni∕no � 3.2∕1. The mode Q factors of the triangular WGMs
are lower than 1000 due to high boundary wave leakage as the
incident angle of π∕6 is only slightly higher than the TIR angle
of 0.16π.

Figure 3(b) shows the simulated mode Q factors of mode A
[shown in Figs. 2(a) and 3(a)] and mode B [shown in Fig. 2(a)]
as functions of ni∕no. The Q factor of the hexagonal WGM
(mode A) almost does not vary with refractive index ratio, in-
dicating the dominant loss is pseudo-integrable leakage, which
is insensitive to refractive index. The existence of pseudo-
integrable leakage loss limits the Q factors of the hexagonal
WGMs. On the contrary, the triangular WGMs have much
higher Q factors in a hexagonal microcavity with a high refrac-
tive index ratio due to the absence of pseudo-integrable leakage.
The numerical simulation results are consistent with the analy-
ses of ray optics. The Q factor of the triangular WGM (mode
B) shows an exponential decrease as ni∕no < 2.6. The possible

reason is that, with decrease of ni∕no, boundary wave leakage
increases, and the destructive interference between the two
boundary waves with π∕6� Δθ also worsens as the smaller
incident angle (π∕6 − Δθ) is close to the TIR angle. The results
show that a hexagonal WGM or a triangular WGM dominates
depending on the refractive index ratio of the hexagonal
microcavity.

D. WGMs in Wavelength-Scale Hexagonal
Nanocavities
In wavelength-scale hexagonal nanocavities, WGMs cannot be
described by the ray model, but can be simulated numerically
[100]. The mode wavelengths obtained by Eq. (3) will be sig-
nificantly larger than the actual values, because the propagation
constants corresponding to transverse distributions are not
taken into account. Both TE and TM modes are considered
as they have distinct mode properties in wavelength-scale nano-
cavities. Every WGM in a hexagonal nanocavity has one main
angular component, and, hence, it is denoted as TEv,1 or TMv,1
with the angular mode number v corresponding to the main
component [73].

Figures 4(a) and 4(b) show, respectively, the mode Q factors
of the TEv,1 and TMv,1 modes as functions of angular mode
number v in a wavelength-scale hexagonal nanocavity with
refractive indices of 3.2/1. The symmetries of the modes are
defined based on the symmetries of the electric (magnetic-)
field amplitude distributions relative to one diagonal for the
TM (TE) modes. The Q factors of the WGMs in the wave-
length-scale hexagonal nanocavity show a peak at v � 6.

Fig. 3. (a) Mode Q factors versus normalized frequency for TE
modes in the hexagonal microcavity with refractive indices of 3.2/
1.54. (b) Simulated mode Q factors of modes A and B as functions
of ni∕no.

Fig. 4. Mode Q factors of (a) TE and (b) TM modes in a wave-
length-scale hexagonal nanocavity with refractive indices of 3.2/1 as
functions of angular mode number. The insets show, respectively,
the magnetic- and electric-field amplitude distributions of the TE
and TM modes.
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The non-degenerate antisymmetric TE6,1 or TM6,1 modes
have the highest Q factors. A secondary high-Q mode appears
at v � 5 and 7 for the TE and TM modes, respectively. The
insets show the magnetic- and electric-field amplitude distribu-
tions of the TE and TM modes with v � 5, 6, and 7. TE
modes with v > 7 and TM mode with v > 9 have Q factors
about one order of magnitude lower than the peak value.
The TM modes generally have higher Q factors than the
TE modes, and the TMv�1,1 and TEv,1 modes have close res-
onant frequencies.

To characterize the WGMs in a hexagonal nanocavity fab-
ricated with different material, Figs. 5(a) and 5(b) show, respec-
tively, the mode Q factors of TE and TMmodes with v � 5, 6,
and 7 as functions of ni∕no in the wavelength-scale hexagonal
nanocavity. The analytical Q factors of the TE and TM modes
in a circular microcavity are presented as a comparison. With
decrease of ni∕no, the modes with v � 7 become the modes
with the highest Q among the four modes shown in Fig. 5.
For the TE modes, the Q factors of the TE5,1 and the antisym-
metric TE6,1 modes are, respectively, about 10% and 20%
lower than those in the circular microcavity. For the TM
modes, the Q factor of the antisymmetric TM6,1 mode agrees
very well with that in the circular microcavity. The Q factors of
the WGMs in a hexagonal cavity with a small angular mode
number are comparable to those in perfect circular cavities,
which indicates that the hexagonal cavities are suitable for dem-
onstrating nanocavity lasers with diagonal lengths close to the
wavelength of light.

3. BOTTOM-UP GROWN HEXAGONAL
MICRO-/NANOCAVITY LASERS

ForWGMmicrocavities, a smooth surface is very important for
achieving high-Q modes as it can eliminate the scattering loss
during the TIR process. One interesting feature for hexagonal
micro-/nanocavities is that the ZnO- or nitride-based semicon-
ductor material for UV laser diodes generally has a wurtzite
crystal structure and typically presents a natural hexagonal cross
section with a smooth surface [77–82]. Based on GaAs material
with a cubic zinc-blende structure, a hexagonal microcavity was
also realized by selective area growth on a (111) substrate [101].
In addition, WGM lasing was achieved in zeolitic crystal-dye
[102,103], metal-organic framework [104,105], and lead halide
perovskite [96,106,107] hexagonal micro-/nanocavities. This
paper mainly focuses on the hexagonal micro-/nanocavities
formed by conventional semiconductors, such as ZnO and
III–V compound semiconductor materials.

A. ZnO WGM Micro-/Nanocavity Lasers
Due to its hexagonal wurtzite structure, the grown micro-/
nanostructure ZnO exhibits a hexagonal cross section support-
ing WGMs with TIR at the hexagonal facet. There are different
types of structures in the direction perpendicular to the hexago-
nal plane (here defined as z axis), such as needles with varied
diameters, nods with uniform size, and nails or disks with light
confined in a thin slab due to high refractive index contrast in
the z-direction. In the micro-/nanoneedles or nanonods, the
WGMs are generally continuous states similar to those in
optical fibers or microcylinders with near-zero propagation
constants along z axis [18,19]; the WGMs are excited by
selective area pumping to build an image refractive index
distribution along z axis as gain waveguiding.

ZnO is a direct-bandgap semiconductor with a bandgap of
about 3.4 eV for UV light emission. The bulk ZnO material
commonly shows an additional unstructured luminescence
band with a full width at half-maximum (FWHM) of
∼600 meV and spectra maximum around 2.35 eV (≈530 nm)
within the visible spectral range, due to oxygen or zinc vacan-
cies. In 2004, Nobis et al. reported WGM resonances within
the visible spectral range in hexagonal ZnO nanoneedles with
diameters comparable to the wavelength of light, and sym-
metrically analyzed WGMs with angular mode numbers rang-
ing from 1 to 6 in a single ZnO nanoneedle for the first
time [64].

UV WGM lasing of ZnO hexagonal micro-/nanocavities
was first reported by Wang et al. in 2006 from optically
pumped ZnO nanonails [83]. The nanonail was composed
of a long nanorod and a hexagonal head. The nanonails had
structures similar to that of typical WGMmicrodisks on a post.
The lasing threshold was about 17 MW∕cm2 and the FWHMs
of the peaks were 0.08 nm. Multiple lasing peaks were observed
in the spectra as multiple nanonails were excited by pumping
laser light with a spot 10 μm in diameter. Through an in-depth
discussion of the possible lasing mechanism, the lasing modes
were attributed to WGMs because the other types of modes
should have had much lower Q factors.

In 2010, Gargas et al. reported single-mode lasing in indi-
vidual ZnO hexagonal nanodisks with diameters (measured

Fig. 5. Mode Q factors of (a) TE and (b) TM modes in the
wavelength-scale hexagonal nanocavity as functions of ni∕no.
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edge to edge) from 280 to 900 nm [80]. WGM lasing was
achieved in subwavelength ZnO hexagonal nanodisks, and
the lasing modes can be well explained by a 3D finite-difference
time-domain (FDTD) numerical simulation. These nanodisks
were relatively thick, with heights of several hundreds of nano-
meters, supporting high-order modes in the vertical direction.
Figures 6(a), 6(c), and 6(e) show, respectively, the cross-section
and top-down scanning electron microscope (SEM) images of
ZnO hexagonal nanodisks with diameters of 842, 612, and
491 nm. Figures 6(b), 6(d), and 6(f ) show, respectively, the
lasing spectra collected at increased pump powers for the cor-
responding nanodisks in Figs. 6(a), 6(c), and 6(e). The lasing
spectra indicate single-mode lasing at room temperature.
Figure 6(g) shows the lasing threshold at room temperature
versus nanodisk diameter. The best-fit line (red curve) is ap-
proximately 1∕D2, which suggests the dependence of lasing
threshold on nanodisk diameter. For ZnO nanodisks with
diameters of 375 and 283 nm, WGM lasing was realized at
a low temperature of 8 K.

In 2011, Chen et al. reported room-temperature WGM las-
ing in ZnO hexagonal microdisks with diameters from ∼2 μm
up to ∼14 μm [86]. Due to the relatively large size, multiple
lasing peaks appeared in the spectra. The intervals agree well
with the theoretical values of the longitudinal-mode intervals

of the WGMs, which indicates that the observed peaks
corresponded to the WGMs.

Compared with micro-/nanonails or nanodisks, wire- or
rod-like ZnO can be easily grown by the vapor-phase transport
method. Czekalla et al. observed WGM lasing in 2008 from an
individual ZnO microrod under optical pumping at a temper-
ature of 10 K with a lasing threshold of 170 kW∕cm2 [79].
The lasing peaks observed agreed well with the WGM positions
predicted by a plane wave model for microrods with diameters
ranging from 3 to 12 μm.

In 2009, Xu’s group demonstrated WGM lasing from
an individual ZnO microrod at room temperature under
two-photon excitation by a femtosecond pulse laser with a
wavelength of 800 nm [85], and subsequently pumped by a
nanosecond Nd:YAG laser operating at 355 nm [84].
Figure 7(a) shows the emission spectra of the ZnO microrod
with a diagonal of 6.67 μm excited by a Nd:YAG laser at differ-
ent excitation power densities. Two evident peaks appear in
the emission spectrum at an excitation power density of
255 kW∕cm2. More peaks appear with FWHMs of about
0.3 nm, and peak intensities increase dramatically as the exci-
tation power is further increased to 320 kW∕cm2, indicating a
transition from spontaneous emission to stimulated emission.
Figure 7(b) shows output power as a function of the excitation
power density. Output power increases slowly and dramatically
as the excitation power density is lower and higher than
255 kW∕cm2, respectively, which is also an evidence of lasing.

Electrically pumped lasing is always an interesting topic for
practical applications of these semiconductor lasers. In 2011,
Dai et al. fabricated an n-ZnO microrod/p-GaN hetero-
junction for current injection and demonstrated electrically
pumped WGM lasers [108]. Recently, subsequent in-depth re-
searches were conducted on ZnOWGMmicrorod lasers—e.g.,
an electrically pumped ZnOWGMmicrolaser array [109,110],
single-mode lasing in coupled microrods with the Vernier effect
[111], and plasmon-enhanced WGM lasing in ZnO microrods
[112,113] were demonstrated.

Fig. 6. Cross-section and top-down SEM images of ZnO nanodisks
with diameters of (a) 842 nm, (c) 612 nm, and (e) 491 nm. (b), (d),
and (f ) Corresponding lasing spectra collected at increasing pump
powers. Inset: PL intensity versus pump power. (g) Room temperature
lasing threshold versus disk diameter. Reproduced from Ref. [80].

Fig. 7. (a) Emission spectra of a ZnO microrod with a diagonal of
6.67 μm when excited with a Nd:YAG laser at different excitation
power densities. Inset: far-field emission image of the lasing ZnO
microrod taken with a digital camera. (b) Output lasing intensity
versus excitation power density. Reproduced from Ref. [84].
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The lasing mechanism in the ZnO hexagonal micro-/
nanocavities above can be explained as exciton lasing. The
electron–hole binding energy is about 60 meV for ZnO, and
the excitons are thus stable at room temperature. In a high-
quality cavity, if the cavity modes are strongly coupled with the
excitons, a new kind of bosonic quasi-particle, the exciton–
polariton, will be generated. Ultralow-threshold lasing is expected
in the exciton–polariton system [114–117]. Van Vugt et al.
reported strong exciton–photon coupling in ZnO nanonods at
room temperature in 2006 [118]. Two groups of polariton modes
with Rabi splitting of more than 100 meV were observed.

In 2008, Sun et al. reported exciton–polariton WGMs from
a tapered ZnO hexagonal nanocavity [119]. Figures 8(a) and
8(b) show, respectively, the photoluminescence (PL) spectra
of the TE and TM modes in a tapered ZnOWGM nanocavity
with hexagonal side length (R) ranging from 320 to 220 nm.
With decrease of the size of the hexagonal cross section, the
modes blue-shift. When the modes approach the exciton en-
ergy, the coupling between the excitons and the WGM photons
becomes intensive, resulting in an exciton–polariton. The solid
lines denote the theoretical lower branches of the WGM mode
polaritons according to exciton–polariton dispersion. In the
ZnO microrods, the WGMs are continuous states and exhibit
a parabolic-like dispersion relative to the propagation constant
in z axis (kz , or called momentum) [120]. Thus, strong
coupling between an exciton and a photon can be realized
in such cavities using an angle-resolved PL spectroscopy tech-
nique. The lasing of an exciton–polariton can be confirmed
by the condensation of the polaritons in the angle-resolved
PL spectra. Polariton condensation and WGM mode polariton
lasing in microrods were demonstrated at up to 450 K in
Refs. [115,121,122].

B. III–V WGM Micro-/Nanocavity Lasers
GaN is another attractive direct-bandgap semiconductor
material for realizing a UV light emitter with a hexagonal wurt-
zite structure. In 1997, Akasaka et al. grew a GaN hexagonal
microstructure on a sapphire substrate using metal-organic
chemical vapor deposition with a patterned GaN epitaxial layer
[93]. The GaN grown micro-/nanostructures can maintain
high crystal quality owing to strain relaxation due to their small
sizes during the epi-growth process [81,123]. Apart from the
improved material qualities, the smooth GaN facets would
act as TIR mirrors for confining WGMs. Thus, Tessarek et al.
observed WGMs and corresponding stimulated emission with

the threshold above 1.1 MW∕cm2 from GaN hexagonal
microrods [82,124–126].

In 2011, Kouno et al. grew GaN microdisks supported by
small posts using RF-plasma-assisted molecular beam epitaxy
[87]. Compared with microrods, the microdisks have high
refractive index contrast in the direction perpendicular to
the hexagonal plane, which can enhance the confinement of
WGMs for realizing high Q factors. Due to the fast lateral
growth, free-standing GaN hexagonal microdisks were formed
on the small posts. Figures 9(a) and 9(b) show, respectively,
the bird’s-eye-view and top-view SEM images of a GaN hex-
agonal microdisk, and Fig. 9(c) shows a cross-sectional-view
SEM image of a GaN hexagonal microdisk cut with a focused
ion beam (FIB), exhibiting a thickness of ∼200 nm. UV lasing
at a wavelength of 372 nm was demonstrated with aQ factor of
700 at a lasing threshold of 250 kW∕cm2. The lasing modes
were found to be triangular WGMs (as the quasi-WGM shown
in Fig. 9) based on numerical simulations [87,95].

Hexagonal micro-/nanostructures can also be grown using
GaAs material with cubic zinc-blende structure on a (111) sub-
strate [101]. Nowadays, integrating III–V materials on silicon
substrate has become an important research area for realizing
active optoelectronic devices integrated with Si electronics.
In 2009, Moewe et al. grew core–shell InGaAs/GaAs quantum
well nanoneedles on silicon [127].

Based on the core–shell InGaAs/GaAs hexagonal structures,
Chen et al. reported WGM nanopillar lasers grown on silicon
in 2011 [128]. These lasers offered tiny footprints and scalabil-
ity, and, thus, were suited to high-density photonic integration.
Figure 10(a) shows the ray path in an on-chip nanopillar.
The incident angle on the substrate can be smaller than the
TIR angle, supporting light confinement in the vertical

Fig. 8. PL mapping along the ZnO tapered arm for (a) TE and
(b) TM polarized modes. Reproduced from Ref. [119].

Fig. 9. SEM images of (a) the bird’s-eye view and (b) the top view of
a GaN hexagonal microdisk. (c) Bird’s-eye-view SEM image of the
GaN hexagonal microdisk cut with an FIB. (d) Schematic diagram
of hexagonal and triangular periodic orbits (called WGM and
quasi-WGM here). Reproduced from Ref. [87].
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direction as the light mainly propagates in the horizontal plane.
Figure 10(b) shows the FDTD-simulated field profile of a
WGM with an angular mode number of 6 in the hexagonal
horizontal plane. Figures 10(c) and 10(d) show, respectively,
the field distributions of the first-order and higher-order trans-
verse modes in the vertical direction (along the nanopillar).
Figure 10(e) shows the SEM image of a subwavelength device.
Figures 10(f )–10(h) show, respectively, the SEM images and
experimental emission patterns of nanopillar lasers, which in-
dicate a standing-wave pattern along the nanopillars, agreeing
well with the numerical simulations.

4. TOP-DOWN FABRICATED HEXAGONAL
MICROCAVITY LASERS

With the top-down fabrication technology, hexagonal micro-
cavities of controllable sizes and geometries can be formed.
For instance, GaN [129] and molecular single-crystalline [90]
hexagonal microcavity arrays were fabricated using top-down
processes. Waveguide-coupled unidirectional emission is neces-
sary for practical application of WGM hexagonal microcavity
lasers [130,131].

AlGaInAs/InP hexagonal microcavity lasers with an output
waveguide butt-coupled to one vertex of the hexagon were
fabricated on a multiple-quantum-well epitaxial laser wafer
using the standard planar fabrication technology [89]. The
waveguide-coupled hexagonal microcavity semiconductor
lasers were suitable for photonic integrated circuits and optical
interconnects. The inset in Fig. 11(a) shows a microscope
image of a fabricated hexagonal microcavity laser with a side
length of 10 μm and an output waveguide width of 1.5 μm.
The hexagonal microcavity lasers were mounted on a thermo-
electric cooler (TEC) to control the substrate temperature.
Figure 11(a) shows the multimode-fiber-coupled light power
and applied voltage versus continuous-wave injection measured
at a TEC temperature of 288 K. The threshold current is about
6 mA, corresponding to a current density of 2.3 kA∕cm2.
Figure 11(b) shows the lasing spectra at injection currents
of 6, 30, and 55 mA, where single-mode operation was

achieved with a side mode suppression ratio (SMSR) of
42.8 dB at the injection current of 30 mA.

Although the hexagonal microcavity lasers exhibit excellent
single-transverse-mode property as shown in Fig. 11(b), the Q
factors of the WGMs in a hexagonal microcavity are much
lower than those of the WGMs in a circular microcavity of
similar size. Especially for a hexagonal microcavity with weak
refractive index contrast, the Q factors of the WGMs are very
low as shown in Fig. 3(a). Center holes and round corners
were introduced for improving the mode Q factors [72,88].
Recently, the mode Q factors of WGMs in square microcavities
were enhanced by replacing the flat sides with circular arcs, and
the lasing spectra were engineered by tuning the deformation
parameters [71,132,133].

To enhance the Q factors of WGMs, AlGaInAs/InP de-
formed hexagonal microcavity lasers were proposed with the
flat sides replaced with circular arcs [91]. Low-threshold lasing
was demonstrated while the single-transverse-mode property
was maintained. Figure 12(a) shows an SEM image of a wave-
guide-coupled deformed hexagonal microcavity laser after dry
etching of the laser cavity. Figure 12(b) shows a microscope
image of a fabricated deformed hexagonal microcavity laser.
The devices were cleaved over the output waveguide leaving

Fig. 10. (a) Schematic diagram of ray path in on-chip nanopillars. (b) FDTD-simulated field profile of a WGM with an angular mode number of
6 in the hexagonal plane. (c) First-order and (d) higher-order transverse modes in the vertical direction. (e) SEM image of a subwavelength device.
[(f )–(h)] SEM images and experimental emission patterns of nanopillars. Reproduced from [128].

Fig. 11. (a) Applied voltage and fiber-coupled output power versus
continuous-wave injection current, and (b) lasing spectra at different
injection currents for a hexagonal microcavity laser with a side length
of 10 μm and a 1.5-μm-wide output waveguide. The inset in (a) shows
a microscopic image of the hexagonal microcavity laser.
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a length of ∼10 μm, and bonded on an AlN submount with a
thin-film resistance of 30 Ω in series to match the impedance to
∼50 Ω. For the waveguide-coupled deformed hexagonal
microcavity laser with a side length a � 7.5 μm, circular arc
radius of R � 14 μm, and output waveguide width of
d � 2 μm, the multimode-fiber-coupled output power and ap-
plied voltage versus continuous-wave injection current are mea-
sured at a temperature of 288 K and are plotted in Fig. 12(c).
The threshold current is about 2.5 mAwith a current density of
1.5 kA∕cm2, and the maximum coupled output power is
63 μW at 21 mA. Compared with the non-deformed hexagonal
microcavity laser, the lasing threshold current density is much
lower owing to the enhanced mode Q factors. Figure 12(d)
shows the lasing spectra at injection currents of 2.5, 14, and
23 mA, where three fundamental transverse modes are found
around 1535.54, 1550.95, and 1566.67 nm, and a very wide
first-order transverse mode is found around 1560 nm at 14 mA.
Single-mode operation is demonstrated with an SMSR of
43 dB at 14 mA. Figure 12(e) shows the small-signal modula-
tion responses of the waveguide-coupled deformed hexagonal
microcavity laser at different bias currents. The 3 dB bandwidth
increases from 8.2 to 13.0 GHz as the bias current is increased
from 6 to 21 mA, and the resonance peak height decreases from
3.0 to below 0.2 dB showing a very flat response curve as the
bias current exceeds 14 mA.

Apart from single-mode lasing, the deformation provides
another parameter to control WGMs inside microcavities.
The transverse mode intervals can be controlled by the defor-
mation parameters as different transverse modes have different
round-trip lengths [71,132]. In addition, the wavelength inter-
val can be tuned by adjusting the injection current, as different
modes have different field distributions, similar to that in a
square microcavity [134]. Nonlinear dynamics, including

chaos, four-wave mixing, and high-order oscillations states, are
observed based on the deformed hexagonal microlaser. Random
bits are generated based on the same laser under chaos state
without external optical injection or feedback [135].

5. SUMMARY AND OUTLOOK

In summary, progress in WGM hexagonal micro-/nanocavity
lasers has been reviewed, particularly for hexagonal semicon-
ductor lasers. The semi-classical ray model is introduced to
analyze WGMs in hexagonal microcavities of relatively large
sizes. Accordingly, the WGMs are divided into hexagonal
and triangular WGMs. The symmetry properties of the hexago-
nal cavities are described by the point group C6v, which reveal
the degeneracy of the confined modes. Mode coupling occurs
between degenerate triangular WGMs belonging to different
triangular periodic orbits, and results in the removal of mode
degeneracy. The mode Q factors of the hexagonal and triangu-
lar WGMs show distinct dependences on the refractive index
contrast of the hexagonal microcavities, and this can be well
explained by the ray model. WGMs cannot be simply explained
by the ray model in wavelength-scale hexagonal nanocavities
because the transverse distributions of the light rays cannot
be neglected. The field distributions of the WGMs in wave-
length-scale hexagonal nanocavities are quite similar to those
in circular microcavities, and the corresponding modeQ factors
are not necessarily positively related to the angular mode num-
ber. Semiconductor materials with a wurtzite crystal structure,
such as ZnO or III–V semiconductors, can present a natural
hexagonal cross section in bottom-up grown processes, where
the smooth boundaries can reduce the scattering loss effectively
and ensure high Q factors of the WGMs. Hexagonal micro-/
nanocavity lasers synthesized using various materials, cavity
structures, and lasing mechanisms have been demonstrated suc-
cessfully. Furthermore, controllable deformation can be intro-
duced in top-down fabrication processes, which allows lasing-
mode manipulation and waveguide-coupled unidirectional emis-
sion. By replacing the flat sides with circular arcs, theQ factors of
the WGMs can be greatly enhanced for low-threshold lasing.
Deformed hexagonal microcavity semiconductor lasers were also
demonstrated for high-speed direct modulation, dual-transverse
mode lasing, and random bit generation.

Compared with circular cavities, hexagonal micro-/nanocav-
ities exhibit relatively lowerQ factors but distinct mode proper-
ties for the WGMs. The unique properties of the WGMs in
the hexagonal micro-/nanocavities, such as field distributions,
mode structures, symmetries, and degeneracies, allow further
regulation of the WGMs through cavity deformation, spatially
selective current injection, and output waveguide coupling, for
practical application of the hexagonal lasers. Moreover, natu-
rally synthesized hexagonal micro-/nanocavities with smooth
surface faceting and high Q factors can be used for realizing
compact-size low-threshold UV laser diodes, and the enhanced
light–matter interaction in these cavities also opens a way to
study the physical properties of the corresponding materials.
Therefore, corresponding research works on hexagonal
micro-/nanocavity lasers play a significant role in both funda-
mental physics studies and potential device applications.
Multiple functional laser devices based on WGM hexagonal

Fig. 12. (a) SEM image of a deformed hexagonal microlaser after
inductively coupled plasma etching. (b) Microscopic image of a de-
formed hexagonal microcavity laser. (c) Applied voltage and fiber-
coupled output power versus continuous-wave injection current.
(d) Lasing spectra at injection currents of 2.5, 14, and 23 mA.
(e) Small-signal responses for the circular-side hexagonal resonator
at bias currents of 6, 8, 14, and 21 mA. Reproduced from Ref. [91].
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micro-/nanocavities have already been demonstrated. The
performance of these lasers can be improved and practical
application can be realized through further research.
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