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Abstract Whispering-gallery mode (WGM) microlasers are potential light sources for photonic integrated
circuits and optical information processing. In this paper, an integrated twin circular-side octagon microlaser
(TCOM) composed of two identical circular-side octagon microcavities (COMs) is proposed and demonstrated
for realizing lasing mode control. In a TCOM, we found a global mode with the mode field of an “8” pattern
(labeled “8” mode) in addition to weak coupling modes of traditional four-bounce modes. The “8” mode
belongs to the whole coupled cavity and is insensitive to the refractive index offset of coupled COMs, but
the weak coupling modes are strongly sensitive to the refractive index offset. Lasing mode transformation
from multiple coupled modes to a single “8” mode is demonstrated by adjusting the refractive index offset
through injection currents. Weak coupling modes for directly connected TCOMs and lasing mode control
make the COM a potential unit for large-scale photonic integration and optical information processing.
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1 Introduction

On-chip interconnects and photonic integration technologies for short-distance communications are the
inevitable trend for the development of information technology in the future. Whispering-gallery mode
(WGM) microlasers are ideal potential light sources for single nanoparticle detection, microwave pho-
tonics, large-scale integration, and optical information processing owing to the advantages of the high
quality (Q) factor, small mode volume, low power consumption, and integration potential [1-9]. There
are many laser schemes for large scale photonic integration for information processing. Supersymmet-
ric microring laser arrays have been demonstrated to support super-mode lasing corresponding to two
nearby longitudinal orders by harnessing notions from SUSY quantum mechanics, which paves the way
towards large-scale SUSY laser array design on the same chip [10]. Stable-longitudinal mode operation
has been investigated in a system of coupled microring lasers by harnessing notions from PT symmetry.
The scheme features inherently self-adapting and facilitates mode selectivity over a broad bandwidth
without the need for other additional intricate components [11]. Hybrid-cavity lasers consisting of a
WGM cavity with large free spectral range and Fabry-Perot (FP) cavity have been demonstrated for
mode @ factor control and single-mode operation [12-14]. Recently, coupled-WGM microcavity lasers
have been experimentally studied in many aspects. Broken symmetric coupled microcavity lasers are
predicted and numerically examined for enhancing modulation [15]. For coupled twin-square microcavity
laser, modulation bandwidth enhancement was investigated based on the photon-photon resonance ef-
fect [16]. An integrated twin-microdisk laser, as a seeding source, was used to generate a multi-coherence
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Figure 1 (Color online) Schematic diagram of (a) the simulated twin-circular-side-octagon microlasers composed of two identical
circular-side octagon microcavities by the FEM simulation and (b) two adjacent circular-sides of a COM.

wavelength source [17]. Photonic microwave generation was achieved using an integrated twin-microdisk
laser [18]. Coupled lasers were demonstrated in achieving stable single-mode operation using parity-time
symmetry [11,19]. In addition, different types of coupled cavities based on the Vernier effect, such as
etched or cleaved coupled-cavity lasers [20-22], coupled-ring lasers [23,24], Y-branch lasers [25], as well
as V-coupled lasers [26,27], were applied to realize single-mode lasing.

In this paper, we propose an integrated twin circular-side octagon microlaser (TCOM) consisting of
two connected circular-side octagon microcavities (COMs) and demonstrate lasing mode control. The
introduction of the circular sides enhances the mode @ factor for the four-bounce mode to the order of
108, owing to the light-ray-converging effect of the concave mirrors [28]. The circular sides can converge
the mode light rays along a narrow transmission path and reduce the scattering loss at the vertices.
The strong mode confinement is versatile that can be used for photonic integration with intrinsic weak
coupling even for integrated-WGM microcavity laser. In addition to weakly coupling modes, we find a
global “8” mode belonging to whole coupled cavities, which is insensitive to the refractive index offset
between the two COMs. However, mode characteristics of coupled four-bounce modes are sensitive to
the refractive index offset. Hence, the “8” mode of the whole coupled cavities and the weak coupling
four-bounce modes provide a new mechanism for the implementation of lasing mode control.

This paper is organized as follows. Section 2 introduces the device structure and the simulation results
of TCOMs. Section 3 experimentally analyzes and illustrates the multi-mode lasing with injecting current
to only a COM, as well as lasing mode transformation from multiple modes to single “8” mode operation
for TCOMSs. Section 4 gives a summary and conclusion.

2 Device structure and simulation

A TCOM consisting of two identical COM integrated is considered by connecting one side of the COMs
as shown in Figure 1(a). The geometry of a COM is determined by the flat-side of a and the deformation
degree M. Figure 1(b) illustrates the schematic diagram of two adjacent sides of a COM, where D, R, 0,
and f are the distance between the midpoints of adjacent sides, the radius of the circular side, the
incident angle of the light ray propagating along the line connecting the midpoints of adjacent sides, and
the focal length along the line connecting the midpoints of adjacent sides, respectively [28]. The focal
length f is therefore described as f = Rcosf/2, and the deformation degree M is defined as M = D/ f.
A two-dimensional (2D) finite element method (FEM) (COMSOL Multiphysics) is used to investigate
the mode characteristics of the TCOM. The practical devices are InP-based and laterally surrounded by
bisbenzocyclobutene (BCB), and the effective refractive indices of the cavities and the BCB medium are
taken to 3.2 and 1.54, respectively. A perfect matched layer (PML) absorbing boundary with a width
of 1.5 um is used to terminate the simulation window, and the maximum grid size with one-sixth of the
mode wavelength is set to ensure the accuracy of the computation. The structure parameters are taken
to be a = 15 pm and M = 1.5.

We first simulate mode characteristics for cavity B as a nearly isolated cavity by setting cavity A
as a loss cavity with the imaginary part of the refractive index Alm(na) of 2 x 1073. The obtained Q
factors versus the mode wavelengths ranging from 1550 to 1560 nm for transverse electric (TE) modes are
shown in Figure 2(a). There are five high-Q TE modes with Q factors larger than 10%, owing to the light
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Figure 2 (Color online) Mode Q factors versus the variation of mode wavelengths for a TCOM with a = 15 um and M = 1.5
for (a) Alm(na)= 2 x 1072 and Alm(ng) = 0, (b) Alm(na)= Alm(ng) = 0, respectively. (c) Magnetic field (|Hz|) of the modes
Fo, Fy, Fa, F3, Fs, and “8” mode at Alm(na)= Alm(ng) = 0, respectively.

confinement effect of the concave mirrors, which are marked as Fy, Fi, Fo, F3, and Fy, representing the
four-bounce modes of the fundamental transverse mode, the first-order mode, the second-order mode, the
third-order mode, and the fourth-order mode, respectively. The wavelengths of Fjy mode are 1550.33 and
1557.50 nm, with corresponding @ factors of 4.9 x 108 and 2.8 x 10%. Mode @ factors are 2.2 x 107, 3.6 x
10%,3.5 x 10°, and 3.3 x 10 for Iy, Fy, F3, and F; at the wavelengths of 1551.57, 1552.78, 1554.00, and
1555.23 nm, respectively. The mode wavelength intervals of the adjacent four-bounce modes Fy, Fy, Fs, F3,
and Fy are 1.24, 1.21, 1.22, and 1.23 nm, respectively.

For both microcavities in the same condition with Alm(na) = Alm(ng) = 0, we can calculate mode
field patterns and mode @ factors for the symmetric TCOM. The mode @ factors versus mode wavelengths
are presented in Figure 2(b) with the corresponding magnetic field distribution |[Hz| in Figure 2(c). The
mode Q factors of Fy, Fy, Fy, F3, and F} are in order of 10%,107,10°,10%, and 10%, respectively, which are
in the same magnitude as those in Figure 2(a). For the fundamental and the first-order transverse modes
Fy and F, we still can obtain mode field patterns as an isolated COM, i.e., without mode coupling owing
to near zero overlap between the modes confined in the cavities A and B. Four nondegeneracy coupled
modes exist for Fs, F3, and Fy, with symmetric and anti-symmetric concerning the z-axis and the coupled
side, respectively. Remarkably, we find another set of high-Q modes marked by “8” in Figure 2(b), with
the mode field pattern of “8” in Figure 2(c). The mode wavelengths of the “8” modes are 1552.5 and
1556.1 nm, with corresponding @ factors of 8.7 x 10* and 8.4 x 10*. The optical path of the “8” mode
is twice that of the four-bounce mode with a longitudinal-mode wavelength interval of 3.6 nm, which is
half of that (7.2 nm) of the four-bounce mode.

To further study the mode characteristics of the four-bounce modes and “8” mode, we calculate
the mode wavelengths of the Fya mode and the “8” mode versus ARe(ny), the variation of the real
refractive index of cavity A. Control of the refractive index can be realized dynamically, e.g., via pump
power control [29,30], changes of the environmental gas [31], or temperature control [32]. As shown in
Figure 3(a), the redshift rate of Fya 5.5 nm/0.01 is about twice that of the “8” mode 2.4 nm/0.01. The
refractive index offset induces each four-bounce mode divided into two groups. One group is distributed
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Figure 3 (Color online) (a) Mode wavelengths versus ARe(na) for Fya mode distributed in cavity A and “8” mode. (b) Mode Q
factors versus mode wavelengths for the coupled cavity at ARe(na)= 0.01. Fya and Fyg modes belong to two sets of longitudinal
modes, and corresponding magnetic fields (|Hz|) are distributed in cavities A and B, respectively.
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Figure 4 (Color online) (a) SEM image of a twin-circular-side-octagon coupled-cavity after the ICP etching process. (b) Micro-
scopic image of the fabricated TCOM with patterned p-electrodes for current injection into two cavities separately.
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in cavity A and redshifts with ARe(na), while the other group is distributed in cavity B with near
unchanged wavelengths. Therefore, the refractive index offset induces two sets of free spectrum ranges
for four-bounce modes. But the magnetic field (|Hz|) of the “8” mode is robust to the refractive index
offset and distributes near uniform between the two coupled cavities, in fact as a whole cavity as shown
in Figure 2(c). The “8” mode at 1552.5 nm with ARe(na) = 0 redshifts to 1554.9 nm with ARe(na) =
0.01. Consequently, the coupled four-bounce modes are destroyed with the increase of refractive index
offset and become modes of an isolated cavity, while the “8” mode can exist more stably. Figure 3(b)
shows @ factors of the coupled cavity versus the mode wavelengths ranging from 1550 to 1560 nm for all
modes at ARe(na) = 0.01. Fyp mode at 1550.3 nm and Fya mode at 1555.8 nm belong to two different
groups of longitudinal modes, and their corresponding mode field patterns distribute in cavities B and
A, respectively.

3 Experimental results

The TCOMs are fabricated using an AlGalnAs/InP laser wafer with the active region of compressively
strained multiple quantum wells (MQWsSs), grown on n-doped In-P substrate by metal-organic chemical
vapor deposition. A SiOs layer is deposited using plasma-enhanced chemical vapor deposition (PECVD),
and then standard contacting photolithography and inductively coupled plasma (ICP) etching techniques
are employed to form the coupled cavity with a deep etching depth of about 4 um. The scanning electron
microscope (SEM) image is shown in Figure 4(a) for the coupled cavities after ICP etching process, which
shows smooth circular sides. The coupled-cavity is laterally confined by a BCB layer for planarization.
Afterward, an isolation trench with a width of 4 um is carved by ICP etching the p-InGaAs ohmic contact
layer off between both microcavities for guaranteeing mutual electrical isolation [12,14]. A p-electrode
pad is deposited by e-beam evaporation and lift-off process, and an n-electrode pad is completed after
mechanically lapping down to a thickness of about 120-pum. The microscope image of a fabricated TCOM
is shown in Figure 4(b) after the deposition of the P-type and N-type electrodes. The TCOM laser with
a = 15 pm and M = 1.5, the same as that used in the numerical simulation, is mounted on an AIN
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Figure 5 (Color online) (a) Lasing spectra of cavity A in a separate operating state with the multi-mode fiber located near cavity
A. (b) The detailed lasing spectra of cavity A at an injection current of I, = 55 mA. (¢) Output power coupled into a multi-mode
fiber versus injection current of cavities A and B at 291 K, respectively.

sub-mount for testing.

We first studied the static characteristics of cavity A of the TCOM by measuring lasing spectra using
an optical spectrum analyzer (OSA) with a resolution of 0.02 nm, with a continuous-wave (CW) injection
current I, applied to cavity A. As shown in Figure 5(a), the lasing spectra of the free-running cavity A
show multi-mode lasing, owing to the high @ factors of the lasing modes. Similarly, the phenomena of
multi-longitudinal-transverse mode lasing were observed in cavity B by only applying current to cavity
B with the multi-mode fiber located near cavity B. Figure 5(b) illustrates the detailed lasing spectra of
cavity A at I, of 55 mA. There are six groups of longitudinal modes with the wavelength ranging from
1500 to 1540 nm. Five specific lasing modes in each group of longitudinal modes with wavelengths around
1520 nm are marked with Fy, Fy, Fo, F3, and Fy, respectively. The wavelengths of modes Fy, Fy, F», F3,
and Fy around 1520 nm are 1519.32, 1520.47, 1521.65, 1522.84, and 1524.02 nm, respectively. The mode
wavelength intervals of the adjacent four-bounce modes Fy, Fy, Fo, F3, and Fy are 1.15, 1.18, 1.19, and
1.18 nm, respectively, with the experimental-simulation difference of 7.25%, 2.48%, 2.46%, and 4.07%,
respectively. The longitudinal-mode interval of 6.3 nm is a little smaller than the simulation results with
the same size because a constant effective refractive index of 3.2 is adopted in the simulation, and the
effect of dispersion is not taken into account. The relative positions of different modes and the mode
wavelength intervals are consistent with the simulation results in Figure 2(a). The output powers of
cavities A and B at their free-running state collected by a multi-mode fiber are presented in Figure 5(c),
respectively, at the thermoelectric cooler (TEC) temperature of 291 K with CW injection currents applied
to cavities A and B separately. The threshold currents of cavities A and B are 22 and 24 mA, respectively,
and the corresponding maximum output powers are 137 and 116 uW with the injection currents of 84
and 75 mA.

To investigate the characteristics of the mode coupling for the TCOMs, the injection currents are
applied to the two microcavities simultaneously. The lasing spectra with different injection currents I
and fixed I, = 50 mA are shown in Figure 6(a), as the multi-mode fiber is placed near cavity A. Both
single-mode and multi-mode lasing are observed from the lasing spectra, and the insets show the relative
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Figure 6 (Color online) Lasing characteristics with the variations of I, for TCOMs with a = 15 pm and M = 1.5. Lasing spectra
versus I, with the multi-mode fiber located near (a) cavity A and (b) cavity B at fixed I, = 50 mA. Insets show the placement of
the multi-mode fiber. The lasing modes above the white horizontal dashed line are “8” modes, conversely, the lasing modes are F
(four-bounce) modes.

position of multi-mode fiber to the actual TCOM. The four-bounce modes lase as I, increases from 0 to
11 mA. The “8” mode starts to lase and four-bounce modes are suppressed almost at the same time as I,
increases to above 12 mA, marked by the white horizontal dashed line. Although the four-bounce modes
have high @ factors, they have weak coupling characteristics and are extremely sensitive to the refractive
index offset between two cavities. Therefore, the “8” mode distributed in the whole cavity consumes a
large number of injected carriers and suppresses the lasing of four-bounce modes. The “8” mode lasing
mode redshifts from 1544 to 1545.3 nm as [, increases from 12 to 32 mA, and hops to 1548.4 nm at I, =
33 mA with about one longitudinal mode interval for the “8” mode of around 3 nm. The dominant mode
hops from 1548.8 to 1564.2 nm at [, = 42 mA with about five times as much as the longitudinal mode
interval for the “8” mode. The trajectories and longitudinal mode interval for “8” modes are indicated
by white dashed lines with the same slope of 0.07 nm/mA and green solid lines with a width of 3 nm,
respectively. Moving the fiber near cavity B and keeping other conditions unchanged, we measure the
lasing spectra versus I, at fixed I, = 50 mA, as shown in Figure 6(b). The intensities of the four-bounce
modes are very weak owing to the scattered light from cavity A as I, < 12 mA, i.e., they are mainly
located in cavity A as shown in Figures 6(a) and (b). However, the intensities of the lasing modes are
obviously close to that of cavity A as I, > 12 mA, which further verifies that the lasing mode is “8”
mode.

The dominant lasing mode wavelengths and corresponding side mode suppression ratios (SMSRs) are
illustrated in Figure 7(a) for the TCOM versus I, at I, = 55 mA. The “8” mode redshifts from 1566.6
to 1570.0 nm as [, increases from 58 to 105 mA. The lasing mode redshifts with the increase of I, owing
to the change of the refractive index caused by the thermal effect [14]. The lasing mode hops at I, =
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Figure 7 (Color online) (a) Dominant lasing mode wavelengths and corresponding SMSRs versus I, with the multi-mode fiber
located near cavity A at fixed I, = 55 mA. The detailed lasing spectra with (b) I, = 15 mA and (c) I;, = 76 mA.

58 mA, owing to the redshift of gain spectra. Stable single-mode operation with SMSRs over 28 dB is
observed with I, increased from 70 to 105 mA. When cavity B is at a low injection current, multi-mode
lasing of four-bounce modes is observed. In order to describe the lasing process more specifically, the
lasing spectra are illustrated in Figure 7(b) at I, = 15 mA. The wavelengths of modes Fy, Fy, F», F3, and
F4 in the same group of longitudinal modes are 1519.72, 1520.88, 1522.08, 1523.28, and 1524.45 nm with
mode wavelengths of adjacent transverse modes of 1.16, 1.20, 1.20, and 1.17 nm, respectively, and the
wavelength of the lasing “8” mode is at 1543.1 nm. At I, = 76 mA, single mode operation of an “8”
mode is realized at 1567.8 nm with the SMSR of 31 dB as shown in Figure 7(c).

4 Conclusion

In conclusion, we have proposed and demonstrated TCOMs for realizing lasing mode control. The
numerical simulation results indicate that the refractive index offset induces two sets of free spectrum
ranges for four-bounce modes, while the “8” mode is insensitive to the refractive index offset. Multi-mode
lasing is presented with independently running for both COMs, which agrees well with the numerical
analysis. Detailed experimental results prove that lasing mode transformation from multiple-mode to
single “8” mode with an SMSR up to 31 dB by adjusting injection currents for TCOM. Moreover, the
“8” mode belonging to the whole coupled-cavity can achieve stable lasing over a wide injection current
range. The “8” mode and the weak coupling four-bounce modes provide a new mechanism for the
implementation of lasing mode control. We believe that the COMs have broad prospects as a potential
light source for large-scale integration and optical information processing.
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