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Self-chaotic dual-mode and tri-mode microcavity lasers have been recently proposed and demonstrated for high-

speed random number generation. Here, we report the characteristics of irregular pulse packages and self-chaos

operation for a dual-mode circular-sided square microcavity laser. In addition to the mode interaction between

the fundamental and first-order transverse modes, we observed irregular pulse packages due to the mode beating

of near-degenerate modes for the first time to our best knowledge. Moreover, a successive route from periodic-one

and periodic-three states to chaos is first experimentally illustrated by increasing injection current. The chaotic
state is observed over a current range of 10 mA, and the maximum chaos effective bandwidth of 22.4 GHz
is realized with a flatness of +4 dB. Chaotic characteristics are also investigated for different longitudinal
modes, which indicates that the self-chaotic microlaser can provide robust parallel chaotic outputs for practical

application.  © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.489371

1. INTRODUCTION

Optical chaos has attracted great attention for significant appli-
cations, such as physical random number generation [1,2], se-
cure communication [3], optical time-domain reflectometry [4],
chaotic radar [5,6], and reservoir computing [7], owing to its
characteristics of randomness, high sensitivity to initial condi-
tions, and broad radio-frequency (RF) spectrum [8]. Semicon-
ductor lasers belonging to Class B lasers, with dynamics governed
by two equations for the field and population inversion, are sta-
ble in nature [9]. In order to destabilize the semiconductor lasers
for chaos generation, external perturbations are usually required,
such as optical injection [10—12], mutual injection [13], optical
or optoelectronic feedback [14-17], and mixed disturbance
[18,19]. However, semiconductor laser chaos systems consisting
of discrete optical components and devices are cumbersome and
susceptible to environmental disturbance.

To meet the demand of miniaturization and stability, various
integrated chaotic semiconductor lasers have been developed for
random number generation. Argyris ¢t al. reported an integrated
chaotic distributed feedback (DFB) laser with a phase section and
long passive waveguide [20]. Tronciu ez al. presented a mono-
lithic high-dimensional chaos source under multiple optical feed-
back loops with an air gap [21]. Harayama ez al. integrated a
DEFB laser with two semiconductor optical amplifiers, a photo-
electric detector, and a linear or ring passive optical waveguide for
strong optical feedback [22,23]. Wu et al. reported a three-section
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integrated chaotic semiconductor laser chip, composed of a DFB
section, a phase section, and an amplification section [24]. Zhang
et al. demonstrated a hybrid integrated short external cavity and
wavelength-tunable monolithically chaotic semiconductor lasers
[25,26]. In addition, optical mutual injection integrated chips
by coupled distributed Bragg reflector (DBR), DFB, and micro-
ring lasers were fabricated for investigating nonlinear dynamics,
including the chaos state [27-29]; however, small parameter
ranges for the chaotic state failed to be resolved.

In addition to the integrated chaotic semiconductor lasers,
new mechanisms were investigated for opening a new pathway
for chaotic semiconductor lasers. A deterministic polarization
chaos without external perturbation was observed in vertical-
cavity surface-emitting lasers (VCSELs), where two polarized
modes experience nonlinear coupling by mode competition
[30]. Recently, circular-sided hexagonal chaotic microlasers
were reported due to the internal mode interaction of
two transverse modes [31]. Further, a chaotic bandwidth en-
hancement was illustrated by photon-photon resonance in a
tri-mode deformed square microcavity laser [32]. Based on a
wide-bandwidth self-chaotic microcavity laser, random bit
generation at 400 Gb/s by retaining multiple least significant
bits was demonstrated [33]. Compared with integrated chaos
chips and self-chaotic VCSELSs, self-chaotic microcavity lasers
require a simple process without repeated epitaxy and are easy
to mass produce with low cost.
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However, the transverse mode field distributions of a hex-
agonal microcavity are narrower than that of square microcav-
ity, and the cross coefficient between the mode field patterns
of the fundamental and first-order transverse modes in a hex-
agonal microcavity is more complicated than that in a square
microcavity. Thus, the space carrier oscillation caused by stimu-
lated emission of beating intensity of the fundamental and first-
order transverse modes in a hexagonal microcavity is much
weaker than that in a square microcavity. We can expect that
a square microcavity laser is easier to realize self-nonlinear
dynamical states due to mode interaction between the funda-
mental and first-order transverse modes. In this paper, we dem-
onstrate the evolution of nonlinear dynamical states due to
dual-mode interaction and the effect of near-degenerate modes
in a circular-sided square semiconductor microcavity laser.
First, mode characteristics are designed for a deformed square
microcavity with a larger inner-diameter hole than that in
Ref. [32], and circular-sided square microcavity semiconductor
lasers are fabricated. Then, an irregular pulse-package phe-
nomenon is first observed in a dual-mode microlaser, which
can be attributed to the effect of near-degenerate mode beat-
ing. Furthermore, the evolution route from period-one and
period-three states to chaos is clearly observed with the increase
of injection current, due to the adjustment of mode interval,
for the microcavity laser. Correspondingly, the chaotic effec-
tive RF bandwidth is 22.4 GHz with the flatness of £4 dB,
and the chaos operation current range is up to 10 mA. In ad-
dition, chaos characteristics for different longitudinal modes
and all modes are comparatively investigated. New findings
have shown stronger superiority and potential for practical
application.

2. NUMERICAL SIMULATION

Dual-mode microcavity lasers with a mode interval about
10 GHz or less can result in plenty of nonlinear dynamic phe-
nomena due to strong nonlinear mode interaction accompany-
ing carrier oscillation [31]. The in-phase and antiphase sections
are formed by the different spatial mode field distributions of two
transverse modes. When the mode interval is below the relaxa-
tion oscillation frequency, carrier density can oscillate dramati-
cally with the mode-beating, and an internal optical-injection
perturbation is obtained with side peak of the lasing mode caused
by the oscillation as an injection term for another lasing mode.
Consequently, chaotic dynamics could spontaneously be gener-
ated due to carrier oscillation at beating frequency and the in-
ternal injection between the two lasing modes. To realize a
mode interval near the potential value of the relaxation fre-
quency, a circular-sided square microcavity with a central hole
is numerically investigated by a 2D finite element method
(via commercial software COMSOL Multiphysics), for trans-
verse electric modes. The 3D schematic diagram of the micro-
cavity is shown in Fig. 1(a), with the 2D simulation schematic
diagram in Fig. 1(b), where 4, r, d, b, and Ry, are the flat-
side length of square, the radius of the circular arc, the width
of output waveguide, the shift distance of the waveguide,
and the radius of central hole, respectively. The circular-sided
deformation parameter is defined as 5 = r - \/7* - 4* /4, and a
1 pm wide perfectly matched layer (PML) is utilized to terminate

the simulation window. In the simulation, the refractive indices
of InP-based microcavity and surrounding bisbenzocyclobutene
(BCB) material are set to 3.2 and 1.54, respectively.
Tri-mode chaotic operation for random bit generation was
achieved for the circular-sided square cavity with 2 = 20 pm,
=217 pm,d = 1.5 pm, b = 4+/2 pm, and R,, = 5.5 pm
in Ref. [32]. Here, we further increase the radius of circle
hole R, to 6.5 pm with other parameters unaltered for dual-
transverse-mode lasing, for clearly examining the effect of near-
degenerate modes. As shown in Fig. 1(c), the mode Q-factors
of the fundamental (0th) and first-order (1st) transverse modes
are 1.4 x 10° and 2.0 x 10% at the wavelength of 1550.111 and
1550.154 nm, respectively, and the Q-factor of the second-
order transverse mode is only about 3.0 x 10°. The magnetic
field (|H,|) distributions for the Oth and 1st modes with the
high Q-factor are shown in the insets of Fig. 1(c), where the
output waveguide squeezes and partly releases the mode fields
near the connected position, resulting in the titled and broad-
ened mode profiles near the midpoints of adjacent sides. The
mode fields of the transverse modes for the circulated-side
square microcavity with a connecting waveguide can be ex-
plained by expanding the wave function in cylindrical [34].
Further, the parameters |a,,|*> of different angular quantum
numbers 7 for the high Q-factor Oth mode are shown in
Fig. 1(d), where positive and negative values of 2 are corre-
sponding to counterclockwise (CCW) and clockwise (CW)
waves, respectively. The Husimi distribution maps for near-
degenerate modes with the high Q-factor are illustrated in
Figs. 1(e) and 1(f), respectively. The negative and positive val-
ues of sin y correspond to the CW and CCW mode in resonant
cavity, respectively. We can find eight islands in Figs. 1(e) and
1(f), and the calculated eigenvalues of the monodromy matrix
0.0089 -1.4142
0.7070  0.0089
conjugate, i.e., 0.0089 &£ 7, which indicate that these four-
bounce diamond periodic orbit modes are stable in the micro-
cavity [35,36]. The intensity of the down islands is larger than
that of the upper islands, which is consistent with the domi-
nation of the CW mode. The mode interval of 5.1 GHz be-
tween the Oth and Ist mode is suitable for realizing strong
nonlinear dynamics, and the simulated free spectrum range is
about 10.8 nm. A ring p-electrode with a width of w = 4 pm
is designed to achieve nonuniform current injection, which
may modulate the carrier and temperature distributions inside
the resonator, for finely tuning mode interval. To account
for the effect of the ring electrode, a refractive index step
An is simply used between inner and outer of the injected win-
dow [37], which results in the variation of mode frequency
interval with the injection current. The simulated mode
Q-factors and mode intervals Afy; = fon = f10 Af 00 =
fos = for and Afy, = f1g - f versus the refractive in-
dex variation Az are plotted in Figs. 1(g)—1(i), in which the
subscripts S and L stand for the short- and long-wavelength
mode of near-degenerate modes, respectively. In the range
-0.005 < An < 0.01, the mode interval A f, varies linearly
with Az, and the maximum mode interval between near-
degenerate modes Af, and Af,; can reach 280 MHz and
1.3 GHz, respectively.

for the Oth and 1st modes are complex
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Fig. 1. (a) 3D schematic diagram of a microcavity laser with a quarter deleted. (b) 2D simulated diagram of circular-sided square microcavity with
a central hole. (c) Mode Q-factor versus mode wavelength. Insets are magnetic field (|/,|) distributions for the Oth and Ist transverse modes.
(d) |a,,|? of different angular quantum numbers 7 for the high Q-factor Oth mode. Husimi distribution map in a circular-sided square microcavity
with an output waveguide for the (¢) Oth and (f) Ist near-degenerate modes with the high Q-factor. Mode Q-factor and mode frequency interval A f°
versus the change of refractive index Az for (g) high-Q 0th mode and 1st mode, (h) two near-degenerate modes of the Oth mode, and (i) two near-

degenerate modes of the Ist mode.

3. EXPERIMENTAL RESULTS

A. Process and Static Property

The circular-side square microcavity lasers were fabricated us-
ing an AlGalnAs/InP epitaxial wafer consisting of six pairs
of compressively strained multiple-quantum-wells (MQWs).
A SiO, layer as a hard mask for cavity etching was first de-
posited using plasma-enhanced chemical vapor deposition.
Contacting photolithography and inductively coupled plasma
(ICP) were employed to transfer the microcavity patterns onto
the SiO, layer, and the laser wafer is then etched to 4.3 pm by
ICP process again. Then, the BCB layer with low permittivity
was utilized to achieve lateral confinement and surface plana-
rization. After that, a ring Ohmic contact window is opened
on the top of the resonator; further, a patterned Ti/Pt/Au
p-electrode and an Au/Ge/Ni n-type backside electrode were
evaporated.

We have fabricated microlasers with designed param-
eters @ = 20 pm, § = 2.17 pm, 4 = 1.5 pm, R;, = 6.5 pm,
h =42 pm, and w = 4.0 pm. The microscope image of a
microlaser is shown in the inset of Fig. 2(a). The devices are
cleaved over the output waveguide and mounted on a thermo-
electric cooler with a constant temperature at 289 K for testing.
The output power collected by a tapered single-mode fiber
(SMF) as well as the applied voltage versus the continuous-wave
(CW) injection current is plotted in Fig. 2(a). The threshold
current is about 4 mA verified from the lasing spectra, corre-
sponding to the threshold current density of 1.68kA/cm?, and
the maximum of SMF coupled power is 49 pW at 42 mA. The
power-current relation is influenced by lasing mode jumping
and heating effect. The series resistance of the laser is estimated
to be 22.8 Q from V- curve. The power kink point at 26 mA
in Fig. 2(a) is due to chaotic nonlinearity [9,38], which is
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Fig. 2.

(a) Output power coupled into an SMF and the applied voltage versus the CW injection current. (b) Lasing spectra map and (c) lasing

mode wavelengths and mode intervals versus the CW injection current. Inset in (a): microscope image of a circular-sided square microlaser.

corresponding to a wide lasing peak above 26 mA indicated by
the lasing spectral map versus the current in Fig. 2(b). A broad-
ened lasing peak owing to the presence of several nonresolved
lasing peaks is observed for lasing mode around 1555 nm over a
current range of 10 mA. Figure 2(c) shows the mode wave-
lengths around 1535 nm and corresponding mode intervals
with regarding to the injection current. The mode interval in-
creases with the injection current from 8 to 16 mA, which
is corresponding to the decrease of Az by comparing with
Fig. 1(g). When the injection current ranges from 16 to 23 mA,
the mode interval becomes saturated and slightly decreases,
accompanied with complex nonlinearity.

B. Irregular Pulse Packages

Nonlinear dynamics of the microlaser were measured using
a test system, as shown in Fig. 3(a). The laser output signal
was collected by an SMF and an optical isolator was utilized
to avoid unwanted optical feedback. An optical spectrum
analyzer (Yokogawa, AQ6370D, 0.02 nm resolution), an elec-
trical spectrum analyzer (Rohde & Schwarz FSW50), and
a real-time oscilloscope (Tektronix DPO77002SX, 33 GHz
bandwidth, 100 GSa/s) were used to measure lasing spectra,
RF spectra, and real-time waveform of the laser output. An
erbium-doped fiber amplifier and a tunable optical bandpass
filter (OBPF) were used for optical amplification and selecting
the output of different longitudinal modes. The OBPF was re-
moved from the test system when investigating the output char-
acteristics of all longitudinal modes. A bias-T (SHF BT45R,
20 kHz to 45 GHz) was introduced to extract AC components
of converted electrical signal from a high-speed photodetector
(Finisar XPDV2120R, 50 GHz bandwidth).

First, a temporal irregular pulse-package phenomenon rang-
ing from 15 to 22 mA is recognized and investigated. Optical
spectra of two groups of longitudinal modes are illustrated in
Fig. 3(b) at 18, 20, and 22 mA. For longitudinal mode around
1545 nm, the intensity of the 1st mode (long-wavelength
mode) is higher than that of the 0th mode (short-wavelength
mode); the mode position is assigned based on the simulation
results shown in Fig. 1(c). The relative relationship between
orders and wavelengths is applicable to different longitudinal
modes and different currents. When the current is 22 mA, two
near-degenerate modes at 1545.376 and 1545.436 nm are
clearly distinguished for the 1st mode. The RF spectra for this
group longitudinal mode are shown in Fig. 3(c), and a peak
around 7 GHz owing to mode beating of the near-degenerate
modes is increased with the current from 18 to 22 mA. In order
to distinguish details, the RF spectra at 20 and 22 mA are
moved up 5 and 10 dB in Figs. 3(c)-3(e), respectively. For
the lasing spectra of another longitudinal mode around
1555 nm, the mode intervals for Oth and 1st modes are about
0.204, 0.176, and 0.168 nm at 18, 20, and 22 mA, respec-
tively, corresponding to the strong beating peaks around 25,
22, and 21 GHz in the RF spectra shown in Fig. 3(d). In ad-
dition, low-frequency harmonics are also observed in the
dotted box in Fig. 3(d), as reported in the case of short-cavity
feedback [39,40], and a local enlarged view is displayed in
Fig. 3(e). The fundament harmonic frequency is 0.58, 0.68,
and 0.84 GHz at 18, 20, and 22 mA. These low-frequency
peaks are caused by two near-degenerate modes of 0th mode
(around 1554.884 nm), recognized by wider linewidth in lasing
spectra compared with the 1st mode in Fig. 3(b). Because the
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Fig. 3. (a) Test system for nonlinear dynamics. ISO, isolator; OSA, optical spectrum analyzer; EDFA, erbium-doped fiber amplifier; OBPF,

optical bandpass filter; PD, photodetector; ESA, electrical spectrum analyzer; OSC, real-time oscilloscope. (b) Lasing spectra and RF spectra for
longitudinal mode around (c) 1545 nm and (d) 1555 nm, at currents of 18, 20, and 22 mA. (e) Enlarged view of RF spectra in dotted box in (d).

length of output waveguide is about 10-20 pm, corresponding
to a delayed frequency of ~THz, these low-frequency harmon-
ics are not caused by parasitic feedback at the cleaved output
of the waveguide. Mode beating of different near-degenerate
modes of the fundamental and 1st order transverse modes
also accounts for the complex multipeak structure around
21-25 GHz, as shown in Fig. 3(d). Figure 4 presents the tem-
poral behavior of the AC component of laser output at 20 mA.
The signal intensity increases abruptly and then decreases
gradually to the lowest value marked by blue lines. The re-
peated process forms a pulse intensity envelope modulated
by the low-frequency component related to the mode beating
of the near-degenerate modes of the Oth mode in Figs. 3(d)
and 3(e). The time interval of two adjacent envelope peaks in
Fig. 4 is 1.5 ns or so, which is coincident with the 0.68 GHz
frequency peak at 20 mA in Fig. 3(e). Moreover, we can find
the low-frequency envelope is separated by a shorter time in-
terval, which corresponds to the high-frequency oscillations
around 22-24 GHz, as shown in Fig. 3(d). Consequently, the
whole pulse packages are not regular owing to these irregular
high-frequency oscillations.

C. Chaos Dynamics

More complex nonlinear phenomena originating from dual-
transverse-mode interaction are achieved by further increasing
current for the deformed square microlaser. The detailed evolv-
ing route into chaotic state is illustrated by the optical spectra
and RF spectra, as shown in Figs. 5(a)-5(d), at the injection
currents of 23, 24, 25, and 26 mA, respectively. The RF spectra
were measured by filtering the main longitudinal mode around

1555 nm, with the black line of the noise floor of electrical
spectrum analyzer.

At 23 mA, two main modes at 1555.380 and 1555.552 nm
with two side peaks at 1555.208 and 1555.724 nm are ob-
served in Fig. 5(al). The adjacent mode interval is 0.172 nm,
in agreement with the sharp peaks at 21.37 GHz in Fig. 5(a2),
which indicates the microlaser in the periodic-one (P1) state.
At 24 mA, a narrower beating peak at 21.60 GHz and its
harmonic at 43.16 GHz (enlarged view in dotted box) are ob-
served in Fig. 5(b2). Moreover, two weak peaks with compa-
rable intensity at 7.19 and 14.38 GHz occur, corresponding to
one-third and two-thirds resonance frequency of the peak fre-
quency of 21.60 GHz. The frequency of 7.19 GHz originates

40

S 20t
)
(0]
g o
I
> ‘

-20

1 2 3 4 5 6 7
Time (ns)

Fig.4. Temporal dynamics for irregular pulse packages of the longi-
tudinal mode around 1555 nm for the microlaser at 20 mA.



o —
A102  Vol. 11, No. 11 / November 2023 / Photonics Research _ ™ Research Article

-60
30 F ——23 mA 1555.380~ (al) (a2) —23mA
noise floor
@_40 i 1555.552 ) -70
% 50 g 30
B 2
wn wv
501 8 90
= £
= 70 |
-100
-80 1 1 1 / / 1 I I 1 . L L
1545.0 1545.5 1546.0 1555.0 1555.5 1556.0 1556.5 0 10 20 30 40 50
Wavelength (nm) Frequency (GHz)
-60
-30 F ——24 mA (b1) (b2) ——24mA
s noise floor
S a0l 1545564 1545620 1555532 | 70
o ' &
2 50 2 80
2700 1555.420 -
Z 6ol g
g § -90
c -
= 0t =
-100
i 1545.0 1545.5 1546.0 1555.0 1555.5 1556.0 1556.5
Wavelength (nm) Frequency (GHz)
-60
30 F——25 mA (c1) (c2) —25mA
oy - noise floor
£ .40 e "
% 50 % 80
2z 2
2 60 - &
2 390
A= 20 k=
-100
_80 fl 1 Il /// 1 Il 1 | N | N
1545.0 1545.5 1546.0 1555.0 1555.5 1556.0 1556.5 0 10 20 30 40 50
Wavelength (nm) Frequency (GHz)
-60
-30 -_26 l’IlA (dl) (dZ) —26 mA
R noise floor
g -40 g -70
Z 50 % 80
z2 2
2] v
5oof B -90
c k=
=70+
-100
i 1545.0 1545.5 1546.0 " 1555.0 1555.5 1556.0 1556.5 0 10 20 30 40 50
Wavelength (nm) Frequency (GHz)

Fig.5. Dynamic routes into the chaotic state around 1555 nm for dual-transverse-mode self-chaotic microlaser: (a) P1 state at 23 mA, (b) P3 state

at 24 mA, (c) P3 plus chaos at 25 mA, and (d) chaos at 26 mA. (al)-(d1) Lasing spectra and (a2)—(d2) corresponding RF spectra.

from the mode-beating modulation of the 1st near-degenerate
modes at 1545.564 and 1545.620 nm, owing to different
longitudinal modes sharing carriers in the same microcavity.
Due to oscillation coupling for the mode beatings between

near-degenerate modes around 1545 nm and the Oth and
Ist transverse modes around 1555 nm, the microlaser pro-
vides obvious proof of the periodic-three (P3) oscillation.
Meanwhile, we also find side-peaks at the wavelength of



“Rosearch arucie —_SIRSE SO

1555.420 and 1555.532 nm around the short-wavelength
mode at 1555.476 nm in Fig. 5(b1). At 25 mA, the RF peaks
at 7.25 and 14.63 GHz become obvious, and the beating RF
peak at 21.84 GHz reduces greatly, as shown in Fig. 5(c2); fur-
ther, the RF energy is gradually transferred to the low-frequency
region. In Fig. 5(c1), wide lasing spectra are observed for the
longitudinal modes around 1545.5 and 1555.5 nm with strong
side peaks around the main peak of 1555.5 nm. The wide and
smooth lasing spectra are similar to those observed for cha-
otic states in Refs. [31,32]. The microlaser also operates at
chaotic state with smooth and broadened lasing spectra, as
shown in Fig. 5(d1), at 26 mA. The RF spectrum becomes flat,
and the energy is distributed over a broad frequency range.
As shown in Fig. 5(d2), the original sharp beating peak around
21 GHz disappears, and only a small peak at 7.35 GHz re-
mains. The route of P1-P3-chaos is different from the route
of Pl-chaos illustrated in Refs. [31,32], and near-degenerate
modes play a crucial role in chaos generation.

Further, the chaotic optical spectra from 27 to 35 mA are
illustrated in Fig. 6(a). The chaotic operation range is about
10 mA, much larger than that about 3 mA in Ref. [31], which
means stronger environment tolerance and a more robust chaos
laser source. Specifically, we provide the RF spectra and time
characteristics of AC component of the laser output at 29 mA,
as shown in Figs. 6(b) and 6(c). Based on the definition in
Ref. [41], the effective bandwidth is calculated as the sum
of large discrete spectral segments of the chaotic power spec-
trum accounting for 80% of the total power, and the flatness

Vol. 11, No. 11 / November 2023 / Photonics Research A103

is defined as the intensity difference of the maximum to the
minimum within the effective bandwidth. We obtained the
effective bandwidth of 22.4 GHz and flatness of &4 dB at
29 mA. Multimode chaos can effectively avoid the power drop
of the RF spectrum ranging from DC to the relaxation oscil-
lation frequency [42]. In terms of the bandwidth and flatness,
to the best of our knowledge, the performance of this self-
chaotic laser is superior to that reported in other solitary chaos
lasers in Refs. [20-26]. The time-series presents an irregular
oscillation and the autocorrelation function (ACF) in Fig. 6(d)
decays rapidly like the delta function, with the half width at half
maximum of 0.012 ns, without delayed peaks caused by optical
feedback in Refs. [43—45]. A weak peak at 0.13 ns with ACF
coefficient of 0.12 is corresponding to the reciprocal of the
beating envelope peaks in Fig. 6(b). Due to the better RF spec-
trum flatness, the ACF curve does not have higher frequency
oscillation below 0.13 ns, as shown in Ref. [32], which is ben-
eficial for chaos detection and random bit generation. The cal-
culated Wiener entropy from the time series is -1.1 dB, near
0 dB corresponding to the characteristic of the white noise,
which indicates a great uniform of energy distribution [46].
For the self-chaotic microlaser, we also show the result of
relative intensity noise (RIN) at 29 mA in Fig. 7 with the
measurement technique in Ref. [47]. When the laser is operat-
ing chaotically, the RIN spectrum shares similar shape to RF
spectrum in Fig. 6(b) with intensity value around -105 dB/Hz
below 20 GHz. The higher RIN value at chaotic state is owing
to complex nonlinear interaction of many mode components.
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Fig. 6.

(a) Chaotic optical spectra with currents ranging from 27 to 35 mA. (b) RF spectrum, (c) temporal waveform, and (d) autocorrelation

function of chaos signal at 29 mA by filtering the main longitudinal mode around 1556 nm. Inset in (d) is an ACF curve for 1000 ns.



e T
A104  Vol. 11, No. 11 / November 2023 / Photonics Research , - Research Article

-80

RIN (dB/Hz)
=

-120
-130
-140 : s - .
0 10 20 30 40 50
Frequency (GHz)

Fig. 7. Relative intensity noise of the self-chaotic microlaser at

29 mA.

D. Measurement without OBPF

The previous RF spectra are based on the specific longitudinal
mode around 1555 nm via the optical bandpass filter. In this
section, we investigate chaotic characteristics for the outputs of
different longitudinal modes and all the modes. The full lasing
spectra at the current of 35 mA are provided in Fig. 8(a). For
longitudinal mode around 1557 nm, two main peaks can be
identified at the wavelengths of 1556.700 and 1556.796 nm
from the wide chaotic lasing spectrum. The mode interval is
around 0.096 nm, corresponding to 12 GHz frequency. When
this mode is filtered and detected by the high-speed PD, a
peak at 12 GHz is observed in the RF spectrum, as shown
in Fig. 8(b). For longitudinal mode around 1567 nm, three
strongest peaks at 1566.880, 1566.980, and 1567.100 nm
are distinguished in Fig. 8(a). After optical filtering, the corre-
sponding RF spectrum is illustrated in Fig. 8(c). A sharp

peak at 27.5 GHz occurs, resulting from the beating between
the mode of 1566.880 and 1567.100 nm. Meanwhile, a flat
envelope ranging from 10 to 20 GHz is also found. When
the output of all the modes is detected by the PD, a superpo-
sition power spectrum, including 12.5 and 27.5 GHz peaks,
can be obtained, as shown in Fig. 8(d). In short, the nonlinear
phenomena could be complex without optical filtering, because
of the contribution of mode beating from all longitudinal and
transverse modes, including near-degenerate modes.

4. CONCLUSION

In summary, we have proposed and systematically investigated
irregular pulse packages and self-chaos route characteristics for a
dual-mode circular-sided square microcavity laser, including
the effect of near-degenerate modes. By designing the deformed
square microcavity with suitable mode Q-factors and mode
interval, we clearly verify the internal mode interactions for the
generation of nonlinear dynamics through finely adjusting the
mode interval with injection current. Irregular pulse packages
caused by the mode beating of near-degenerate modes are ob-
served, and successive route from periodic-one to periodic-three
states to chaos is experimentally illustrated by increasing cur-
rent. Chaos operation over a current range of 10 mA due to
internal mode interaction is achieved, with the highest on-chip
chaotic effective bandwidth of 22.4 GHz and the flatness of
chaos power spectrum of £4 dB. In addition, chaotic output
behaviors are studied for different longitudinal modes, which
are expected as parallel chaos sources. The precise boundary
control via mode engineering serves as an enriched control
knob for exploring nonlinear dynamics of the deformed micro-
cavity lasers. We envision that the solitary chaotic microlasers
will greatly improve the resolution of chaos detection and the
rate of a portable random bit generator and potentially open up
the ability of optical reservoir computing and secure commu-
nication with a simplified system.
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Fig. 8. (a) Full optical spectrum, and (b)—(d) RF spectrum at the current of 35 mA. RF spectra for (b) longitudinal mode around 1557 nm,
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