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We design a hybrid integrated chaotic semiconductor laser with short-cavity optical feedback. It can be assembled in
a commercial butterfly shell with just three micro-lenses. One of them is coated by a transflective film to provide the optical
feedback for chaos generation while insuring regular laser transmission. We prove the feasibility of the chaos generation in
this compact structure and provide critical external parameters for the fabrication by theoretical simulations. Rather than
the usual changeless internal parameters used in previous simulation research, we extract the real parameters of the chip
by experiment. Moreover, the maps of the largest Lyapunov exponent with varying bias current and feedback intensity Kap
demonstrate the dynamic characteristics under different external-cavity conditions. Each laser chip has its own optimal
external cavity length (L) and feedback intensity (K,p) to generate chaos because of the different internal parameters. We
have acquired two ranges of optimal parameters (L =4 mm, 0.12 < Kyp < 0.2 and L = 5 mm, 0.07 < Kyp < 0.12) for two

different chips.

Keywords: chaotic dynamic characteristics, integrated chaotic semiconductor laser, short-cavity optical feed-

back, extraction of internal parameters
PACS: 05.45.—a, 42.82.—m, 42.55.Px

1. Introduction

Chaos has

est because of its many potential applications, such as
[1.2]

attracted considerable research inter-

random number
[9-11]

secure communication,
[3-5]

high-speed
chaotic radar,!5-81 optical fiber detection,
UZ13]  and  distributed

generation,

weak signal detection

S.[14—18]

optical
sensor Semiconductor lasers can easily generate
chaos!!'”! with additional degrees of freedom, such as opti-
cal feedback, optical injection, electro-optical feedback and

g.[20-241 Nowadays, most chaotic lasers are

mutual couplin
fabricated by using discrete optical components in a labora-
tory. However, such chaotic lasers are bulky and easily af-
fected by the external environment, which is not conducive to
their practical application and large-scale production.>-2"! To
solve these problems, many research groups have put forward
the integrated chaotic semiconductor laser.

Recently, some monolithic integrated chaotic semicon-
ductor laser chips have been reported. A laser chip with op-
tical feedback was developed by Satoshi Sunada et al.,*%]
which consists of a distributed feedback laser (DFB), two
semiconductor optical amplifiers, a photodiode and a passive

ring waveguide cavity. The chaos with a flatness of £6.5 dB
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and a bandwidth of 10 GHz was obtained. Wu et al. also

271 which includes a DFB section, a

proposed a laser chip,
phase section, an amplification section and a high-reflection
coating to the face of the amplifier section. The chaotic band-
width increased to more than 26.5 GHz when using this mono-
lithic integrated structure. Yin et al. researched the generation
of wideband chaotic signal and generated a chaotic signal of
36 GHz by using a three-section monolithic integrated semi-
conductor laser under external optical injection.*”! The devel-
opment of monolithic integrated chaotic semiconductor laser
chips has reduced the size of the chaotic lasers and improved
the quality of the chaotic signal. However, the production
of monolithic integrated chaotic semiconductor laser chips re-
quires sophisticated and expensive instruments, and every step
of the growth process must be strictly controlled, which re-
stricts the mass production of monolithic integrated chaotic
semiconductor lasers.

Therefore, it is necessary to design a new simple inte-
grated chaotic laser. The feasibility verification of the structure
through numerical simulation is an indispensable step in the
design process. In the structure that produces chaos, the short
cavity optical feedback structure is easiest to integrate. 3]
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However, it is very sensitive to the external cavity length and
the feedback intensity required for the generation of chaos.3!]
A small change of the external conditions may have a signif-
icant effect on the dynamic characteristics of this structure.
Due to the different internal parameters of different laser chips,
the length of the external cavity and the feedback intensity are
different. This makes previous simulation methods no longer
applicable. And we should utilize real internal parameters in
the numerical simulation to ensure that the designed integrated
chaotic laser can generate chaos.

In this paper, we propose an easy-to-implement hybrid
integrated chaotic semiconductor laser with a short external
feedback cavity. The frequency test method of the network
analyzer is used for acquiring the internal parameters of the
chaotic semiconductor laser chip 1 (CSLC1) and CSLC2, and
the extracted parameters are used for the following simulation.
We obtain the optimal external cavity length and the optimal
feedback intensity for the generation of chaos, corresponding
to the different internal parameters of each chip. In addition,
the results provide a theoretical foundation for the production

of the hybrid integrated chaotic semiconductor lasers.

2. Structural design
2.1. Integrated structure

The structural design is based on the theory of a stan-
dard single-mode semiconductor laser subject to external opti-
cal feedback. The schematic diagram of the hybrid integrated
semiconductor laser is shown in Fig. 1, which consists of a
semiconductor laser section, a collimating lens, a transflective
mirror and a focusing lens, with lengths of 0.3 mm, 1.0 mm,
1.0 mm and 1.5 mm, respectively. A semiconductor laser chip
is stuck to the sub-mount. The optical fiber is fixed by a Q
hold. All the sections above are fixed on a heat sink. A semi-
reflective film is coated on one side of the transflective mirror.
The parts between the transflective mirror and the front face
of the semiconductor laser chip work as an external feedback
cavity. The length of the external cavity is in the range of 2
mm to 6 mm. The strength of the optical feedback is con-
trolled by the reflectivity of the transflective film. The end of
the optical fiber is coated with an antireflection film to avoid
the additional reflection from the end of the optical fiber.

The semiconductor laser chip emits continuous light,
which is collimated by the collimating lens and is divided into
two parts by the transflective mirror. One part is coupled to the
optical fiber, and the other part is reflected to the laser active
resonator cavity. The chaotic light is generated by the optical

feedback and is finally output by the optical fiber.

integrated
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I laser chip l I optical fiber
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n
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1 1 1 I
= <9 1
I | Lmiu 1 \
I !—» Loy «— antireflection coat
sub-mount transflective film

heat sink J

Fig. 1. (color online) Schematic diagram of the hybrid integrated
chaotic semiconductor laser.

2.2. Rate equation model

In theory, the laser active resonator cavity is called the
internal cavity, and the structure between the front face of
the semiconductor laser chip and the transflective mirror is
defined as the external cavity. The chaotic generation with
optical feedback can be expressed by the Lang—Kobayashi
equations.'*?! The equations for the electric field amplitude
E(1), the carrier density N(¢) and the electric field phase ¢(7)

are, respectively,

dE(r) _ 1[Igo[N(t)—No] 1

dzz[lJrSEz(t)TJE(t)
+%E(t—ft)cose(t), ey

dN(r) _ I(r)  N(1)  go[N(t) —No]

R R s E*1), (2

do(r) _ @ [Fgo[N(f)—Nd_l}

dr 2 1+ €E2(1) T
_’E‘Wme(x). 3)

In Eq. (1), Kap = (1 — R2) X (Rext/R2)"/? represents the
effect of the time-delay optical feedback, which also holds for
the phase equation of Eq. (3). The intensity reflectivity at the
front facet of CSLC is Ry, = 0.3 and Ry represents the in-
tensity reflectivity of the transflective film. In addition, the
second term of Eq. (1) includes 7i,, 6(¢) and 7;. The round-
trip time in the internal cavity is 7y, = 7.1 x 107!2 5. The
round-trip time of feedback light in the external cavity is de-
fined as 7, = (2nexL)/C, where L is the external cavity length,
next 18 the refractive index of the external cavity and C is the
velocity of light. The external cavity consists of two parts,
the collimating lens and the nitrogen part. The refractive in-
dex and the length of the collimating lens are set to 1.6 and
1 mm, respectively. The refractive index of nitrogen is set to
1 and the length is a variable. 0(¢) = 07 + @(t) — @(t — 7)
represents the optical feedback phase, where ® is the angu-

lar frequency of the solitary laser chip and ¢ is the electric
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field phase; the same argument holds for the phase equation
of Eq. (3). The first right-side term of Eq. (2) includes Vi
and g. Voot = 4.8 x 10718 m3 is the active volume of the semi-
conductor laser chip and ¢ = 1.602 x 107! C is the electron
charge.

The internal parameters of the CSLCs that need to be
known in Egs. (1)-(3) are defined as follows: I is the field
confinement factor, gg is the differential gain, Ny is the car-
rier density at transparency, T is the photon lifetime, € is the
gain saturation coefficient, 7. is the carrier lifetime and « is
the line width enhancement factor. It is worth noting that the
internal parameters are associated with parameters such as re-
laxation oscillation frequency, damping factor and threshold
current. Accurate extraction of the internal parameters is cru-
cial to selecting the optimized external cavity length and ex-
ternal reflection intensity.

The external cavity frequency is defined as foxy = 1/7,. A
system can be classified as either short-cavity (when external
cavity frequency fex is larger than relaxation oscillation fre-
quency f;) or long-cavity (when fuy is less than f;[33). The
long-cavity structure is longer than the commercial butterfly
shell, unable to be integrated into the shell. Thereupon we
design a short-cavity structure.

The aim of the simulation is to obtain accurate external
cavity length L and feedback intensity Ky, and ensure that
the fabricated chaotic laser can produce chaos. However, the
short-cavity structure is very sensitive to the external cavity
length and the feedback intensity. Due to the different inter-
nal parameters of different laser chips, the length of the exter-
nal cavity and the feedback intensity are different. We should
utilize real internal parameters in the numerical simulation to
ensure that the designed integrated chaotic laser can generate
chaos. Therefore, we must extract the internal parameters of
the chips.

3. Extraction of the internal parameters

By measuring the P—I curve and the small signal fre-
quency response curve of the CSLC, we can obtain the thresh-
old current, relaxation oscillation frequency and damping fac-
tor. These three parameters will be used in the subsequent
internal parameter calculation.

The steady-state laser output power versus bias current
relationship has been established as

I—Iy—Is+/(I — I —Is)* +4Is]
= °F - )

By fitting, we can obtain the Iy, and the leaky current Is. The

P

I is equal to (gvactNim)/ T, and the Is is equal to [I't,(I —
In)]/(qvact)-

The experimental setup of the small signal intensity mod-
ulated frequency response curve is shown in Fig. 2, the low-
cost laser diode driver (ILX Lightwave, LDX3412) and the
vector network analyzer (ROHDE & SCHWARZ, ZVA24,
10 MHz-24 GHz bandwidth) provide direct current and radio
frequency signals, respectively. The two signals mixed by a
bias-T which is fixed on the vector network analyzer. The two
signals are supplied to the CSLC by a high-frequency probe
(Cascade Microtech, ACP40-GS-200, DC to 40 GHz).

high frequency probe EDFA

optical fiber

CSLC
m photodetector
vector network e B

analyzer

current
source

Fig. 2. (color online) Experimental device diagram for measuring fre-
quency responses. The optical fiber and EDFA are used only to measure
the fiber frequency response.

CSLCI1 emits continuous light which is converted into an
electrical signal by a photodetector (Finisar, XPDV2120RA,
50 GHz bandwidth). Then, the electrical signal is measured
by the vector network analyzer. The measured result is the
laser frequency response curve, as shown in Fig. 3(a).

The relative frequency response curves can be obtained
by subtracting the frequency response at a lower biased cur-
rent from the ones biased at higher biased current, as shown
in Fig. 3(b). The method of the frequency response subtrac-
tion can eliminate all the adverse effects that are caused by
the equipment and do not vary with the bias current during the
experiment. The relative frequency response curves satisfy

B3+ ()’
s ()

where f1, fi2 and v{, v, are the relaxation oscillation frequen-

P == 2010g10 (5)

cies and the damping factors at the lower bias level and some
higher level, respectively. By fitting, the relaxation oscillation
frequencies and damping factors for different bias currents can
be obtained. The (27 f;)? is equal to (I"go)/(gvact) and the v is
equal to (1/7. +Kf2).
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Fig. 3. (color online) (a) The laser frequency responses of CSLC1 for different bias currents. (b) Fitted results when the laser
frequency response of 13 mA is subtracted from the laser frequency response for other higher bias currents. (c) Damping factor versus
the relaxation oscillation frequency squared (the slope gives a value of 0.3 ns for K-factor).

Figure 3(a) shows the results of the laser frequency re-
sponse curves when the bias current is 13 mA, 16 mA, 22 mA
and 28 mA. Figure 3(b) depicts the fitted results of CSLC1 rel-
ative to the response of 13 mA biased current. The blue curves
represent the measured results and the red curves are the fitted
results.

The relaxation oscillation frequency squared versus the
damping factor is linear, as shown in Fig. 3(c). The slope of
the line is the K-factor!®*! of 0.3 ns. The K-factor is equal to
[472 (T + 7).

The threshold current I, of CSLC1 is 11.3 mA. The ac-
tive volume V¢ of the laser chip is provided. The two values,
together with the measured values (f;, v and K-factor), can be

used to calculate the carrier lifetime 7. and the threshold car-
rier density Ny, of CSLCI according to the reported calculation
methods. 33371

The light-wave signal generated by CSLC is coupled into
the dispersive optical fiber and amplified by an erbium doped
optical fiber amplifier (EDFA, KEOPSYS, CEFA-C-HG). The
amplified signal is converted into an electrical signal by a pho-
todetector. Finally, the electrical signal is tested by the vector
network analyzer. The electrical signal is the fiber frequency
response.

The fiber frequency responses use the absolute value on
the logarithmic domain with subtraction of the laser frequency
response at the same bias current. The obtained curves fit to

2
P =20log,, cos? [(277:x)2FD] — asin [2 (27rx)2FD] + a? (fcz + 1> sin’ [(27rx)2FD} ,
X

6)

where & and f, are the line width enhancement factor and the chirp frequency, respectively. The f. is equal to (277, f2). The Fp
is a parameter that indicates the attenuation characteristics of the optical fiber.

0

| subtracted fiber frequency
| response at 16 mA _ s
—20

(@

@ measured result
L fitted result
_ L 1 L 1 L 1 L 1 L 1
60 6 8 10

Modulation frequency/GHz
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12

—30F (b)

@ measured result
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Power/dB
I
S

|
S
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_ 1 s 1 s 1
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Fig. 4. (color online) (a) Fiber frequency response subtracts the laser frequency response at 16 mA. (b) Result of simulated laser
frequency response (red star) at 13 mA and the measured laser frequency response (blue ball) at the same bias current.

The fitted results of the fiber frequency responses of
CSLC1 are shown in Fig. 4(a). The blue and red curves rep-
resent the measured and the fitted results at 16 mA, respec-
tively. The values of o and f, together with the measured
values above can be used to calculate the internal parameters
(No, Tp, g0, I" and €) of CSLC1. Then all the internal parame-
ters of CSLCI can be extracted by the experiment, which are
listed in Table 1.

To verify the accuracy of the parameters, we compare the
laser frequency response of calculation and experiment at the
same bias current, as shown in Fig. 4(b). At the bias current of
13 mA, we use the extracted parameters to simulate the laser
frequency response which is represented by the red star. The
experimental results deviate slightly from the simulation re-
sults due to the systematic errors in the experimental system.
The systematic errors are mainly caused by the frequency re-
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sponse nonuniformity of the electric adapter and cable. How-
ever, the internal parameters used in the simulation are ob-
tained after eliminating the systematic errors, so the simula-
tion result is accurate. Then, we utilize the extracted internal
parameters for the following design.

Table 1. Internal parameters of CSLC].

Parameter Value
Threshold current fj/mA 11.3
Wavelength A/nm 1550
Linewidth enhancement factor o 3.04
Threshold carrier density Ng,/m 3 2.943x10%*
Carrier density at transparency No/m > 0.905x10%*
Photon lifetime Tp/s 52x10712
Carrier lifetime Tc/s 0.2x107°
Field confinement factor I 0.01
Differential gain go/m>-s~! 9.434x10712
Gain saturation coefficient £/m> 2.271x1073
Round-trip time in internal cavity Ti,/s 7.1x10712
Active volume Vjei/m? 4.8x10718

Furthermore, we extract the internal parameters of
CSLC2 by experiment, which are listed in Table 2. We also
utilize the internal parameters of CSLC2 for the rate equations,
and investigate its dynamic characteristics.

Table 2. Internal parameters of CSLC2.

Parameter Value
Threshold current //mA 11.4
Wavelength A/nm 1550
Linewidth enhancement factor o 3.85
Threshold carrier density N,/m 3 3.8x10%
Carrier density at transparency No/m > 0.16x10%
Photon lifetime ,/s 52x10712
Carrier lifetime 7./s 0.256x 1077
Field confinement factor I" 0.01
Differential gain go/m3-s~! 5.28x10712
Gain saturation coefficient &/m? 3.938x10723
Round-trip time in internal cavity Tj,/s 7.1x10712
Active volume Vje/m3 4.8x10718

4. Results and discussion

To obtain an insight into the route to chaos of the system,
we present the bifurcation diagram of CSLCI1 for I = 2.2[y
and L = 4 mm in Fig. 5. The feedback strength Ky, is taken as
the variable. It is shown that the system experiences steady
state (A), one-period oscillation (B), two-period oscillation
(C), four-period oscillation (D), eight-period oscillation (E),
and finally into the chaotic state.

Figure 6 describes the dynamic characteristics of CSLC1
in the time domain and frequency domain, the columns from
(D to (IIT) plot the time series, the optical spectra and the fre-
quency spectra operated at different state, respectively. The
bias current and the external cavity are set at I = 2.2[y, and
L =4 mm for all cases. The values of / and L are opti-
mized by the simulation. The external cavity frequency is

fext = 1/7, = 32.6 GHz, and the relaxation oscillation fre-
quency is f; = 6.2 GHz, corresponding to a short cavity with

fext/fr >5.2.

32
CSLC1
,é L=4mm, =221,
7 oot
=
5 B
5 ~
£ 161
et
£ A
N
8Lt WT L ‘ N 1 N Il
0 0.04 0.08 0.12

Feedback strength K.,

Fig. 5. (color online) Bifurcation diagrams of CSLC1: steady state (A),
one-period oscillation (B), two-period oscillation (C), four-period oscil-
lation (D), eight-period oscillation (E).

Figure 6(a) (the first row) is the case with feedback inten-
sity Kap = 0.015. It can be seen from Fig. 6(a-I) that the output
power is constant. The optical spectrum (Fig. 6(a-II)) shows a
typical single mode shape without deviation. The power of the
frequency spectrum reflected in Fig. 6(a-III) is very low. These
indicate that the laser oscillation is damped and the dynamics
of the system is steady state.

As K, increases from 0.015 to 0.07, the laser appears
non-damped oscillations and the system enters the one-period
oscillation. As shown in Fig. 6(b-I), the laser shows an uni-
form pulsation with period of 1/ f;,, it has only one peak. The
optical spectrum (Fig. 6(b-1I)) shows peaks at f,, = 7.68 GHz
and 2 fj,o. The frequency spectrum (Fig. 6(b-III)) shows peaks
at fpo» 2fpo> 3fpo and 4fpo, Where 2fp0, 3fpo and 4f,, are
higher harmonics of the laser. The sharp peak f}, is not nec-
essarily equal to the relaxation oscillation frequency f;, only
close to it.

Figure 6(c) (the third row) shows different dynamics
when K, increases to 0.11. As can be seen from Fig. 6(c-I),
the laser output shows two peaks of different heights with pe-
riod of 1/v.. The optical spectrum (Fig. 6(c-1I)) and frequency
spectrum (Fig. 6(c-1I1)) are characterized by two sharp peaks
at fpo = 7.38 GHz and v, (v¢ is its half-harmonic fy,/2).1383]
These correspond to the double-period state.

The dynamics of CSLC1 at K, = 0.16 are shown in
Fig. 6(d) (the fourth row), which is more complicated and
can be called the chaotic state. The chaotic state is charac-
terized by irregular time variations and larger amplitudes, as
shown in Fig. 6(d-I). The optical spectrum (Fig. 6(d-1I)) and
frequency spectrum (Fig. 6(d-III)) are continuous. It is visible
that the frequency spectrum covers a broad frequency range
with a sharp peak f,, at 6.97 GHz.

Figure 6 plots the typical examples of the period-doubling
route to chaos. Moreover, the peak frequency f,, decreases

with the increase of Kyp. [39]
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Fig. 6. (color online) Calculated time series (I), optical spectra (II), and frequency spectra (III) of the chaotic semiconductor laser chip 1: (a)
the steady state, Ky, = 0.015; (b) the one-period oscillation, Ky, = 0.07; (c) two-period oscillation, Ky, = 0.11; (d) chaotic state, Kap = 0.16.
The bias current is / = 2.2[, and the short external cavity length is L = 4 mm.

The numerical result of the largest Lyapunov exponent of
CSLCl is shown in Fig. 7, the length of the feedback cavity
L is 4 mm and the current [ is 2.21y,. If the largest Lyapunov

exponent is positive, ")

it indicates that the system is in the
chaotic state. The largest Lyapunov exponent is negative or
close to zero for the regions of the steady-state and periodic
oscillations. It can be seen from Fig. 7, when the feedback
strength is less than 0.04, the largest Lyapunov exponent is
less than O, the system is in the steady state; 0.04 < K, < 0.12,
the largest Lyapunov exponent is around 0 and the system is in
the periodic state; when the feedback strength is greater than
0.125, the largest Lyapunov exponent is larger than 0, and thus

the system is in the chaotic state.

10
CSLC1
| L=4mm [=22I

ot
T

Lyapunov exponent/ns
|
o =
T

| steady:

N - N 4 1 N
0 0.05 0.10 0.15 0.20

|
—
S

Feedback strength K,

Fig. 7. (color online) Largest Lyapunov exponent as a function of the
feedback strength K, of CSLC1. Feedback cavity L is 4 mm and bias
current [ is 2.21,.

To investigate the comprehensive effects of bias current
(15-41 mA) and K, (0-0.2) on CSLCI, we apply the maps of

the largest Lyapunov exponent to estimate the dynamics of this
system under different external cavities,!*°! as shown in Fig. 8.
Different colors in the dynamic maps represent different val-
ues of the largest Lyapunov exponent. When the Lyapunov
exponent is far less than zero, it is expressed in blue; near zero
in green; and greater than zero with red and yellow. As shown
in Figs. 8(a) and 8(b), when the external cavity L =2 mm and
L = 3 mm, the largest Lyapunov exponent is far less than 0,
which corresponds to the steady state of CSLCI.

When the external cavity length is equal to 4 mm, the re-
sult is shown in Fig. 8(c). Figure 8(c) indicates that the largest
Lyapunov exponent remains negative when optical feedback
Kap < 0.12. Among them, Ky is < 0.04 and the bias current
ranges from 15 mA to 41 mA, the system is in a steady state,
which is represented in blue; 0.04 < K,p < 0.12 and the bias
current increases from 15 mA to 41 mA, the system is in the
period-doubling state, which is marked by green. Only when
0.12 < K, < 0.2 and the bias current increases from 22 mA to
41 mA, CSLCI can generate chaos which is marked by yellow
and red.

When the external-cavity length increases to 5 mm, the
chaotic state disappears and the region of steady state in-
creases, which is reflected in Fig. 8(d). When K, is < 0.04
and the bias current ranges from 15 mA to 41 mA, the sys-
tem is in a steady state, which is represented in blue; 0.04 <
K.p < 0.2 and the bias current increases from 25 mA to 41 mA,
the system is in the period-doubling state, which is marked
by green. When the length of the external cavity increases
to 6 mm, the region of steady state increases and the period-
doubling state reduces, which are reflected in Fig. 8(e).
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Fig. 8. (color online) Dynamic maps of the chaotic semiconductor laser chip 1 calculated by the largest Lyapunov exponent: (a)
L=2mm, (b) L=3mm, (c) L=4 mm, (d) L=5mm, (¢) L =6 mm and (f) L =4 cm. The blue represents that the largest Lyapunov
exponent is far less than zero; green is near zero; red and yellow are greater than zero.

When L = 4 cm, the external cavity frequency fex is
about 3.7 GHz, corresponding to f; of CSLCI at 12 mA. As
the current increases, fexi/f; is < 1, which is in the long-cavity
regime. It can be seen from the output of CSLC1 in Fig. 8(f),
the long cavity is more likely to produce chaos. However, the
4-cm cavity is larger than the butterfly shell and unable to be
integrated in a commercial butterfly shell.

Figure 9 shows the numerical result of the largest Lya-
punov exponent of CSLC2, where the length of the feedback
cavity L is 5 mm and the current / = 3.33/3. As shown in
Fig. 9, when Ky, is less than 0.03, the largest Lyapunov expo-
nent is less than 0, and thus the region is in the steady state;
when 0.03 < Ky, < 0.08 and 0.12 < K, < 0.2, the largest Lya-
punov exponent is around 0, which corresponds to the periodic
state; 0.08 < Kyp < 0.12, the largest Lyapunov exponent is
greater than 0, and the system is in the chaotic state.

Figure 10 plots the dynamic characteristics of CSLC2.
As shown in Figs. 10(a) and 10(b), when the external cavity
L =2 mm and 3 mm, the largest Lyapunov exponent remains

negative, which is the same phenomenon as CSLC1. However,
when the external cavity length increases to 4 mm, the system
has no chaotic state, but steady state and periodic state. This
is completely different from the dynamic characteristics of the
CSLC1, as shown in Fig. 10(c).

15
L CSLC2
£ 1oL L=5mmI=333Iy
~
S
=
=
2 of
3]
>
2 o \—
3
z : :
3 -5 . period | chaos ! period
- steady .
~10 R N L
0 0.05 0.10 0.15 0.20

Feedback strength K,

Fig. 9. (color online) Largest Lyapunov exponent as a function of the
feedback strength Ky, of CSLC2. Feedback cavity L =5 mm and the
bias current 7 is 3.331,.
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Fig. 10. (color online) Dynamic maps of the chaotic semiconductor laser chip 2 calculated by the largest Lyapunov exponent: (a)
L=2mm, (b) L=3mm, (¢) L=4mm, (d) L=35 mm, (¢) L =6 mm, and (f) L =4 cm. The blue represents that the largest Lyapunov
exponent is far less than zero; green is near zero; red and yellow are greater than zero.

When the external cavity length is equal to 5 mm
(Fig. 10(d)), the dynamic characteristics of CSLC2 are quite
different from those of CSLC1. When 0.07 < K,y < 0.12 and
the bias current is greater than 25 mA, CSLC2 is prone to gen-
erate chaos.

When the length of the external cavity increases to 6 mm,
the region of steady state increases and the period-doubling
state reduces, which are reflected in Fig. 10(e). As the exter-
nal cavity increases to 4 cm, we also investigate the dynamic
characteristics of CSLC2, and the wide regions of chaos can
be observed in Fig. 10(f).

The results of this section are obtained by theoretical sim-
ulation. We prove the feasibility of this structure by a great
mass of theoretical simulations. For a long cavity, we can find
that the external-cavity length and the feedback strength have
little effect on different chips to generate chaos by comparing
the dynamic maps in Figs. 8(f) and 10(f). However, for the
regime of short cavity, the optimal external cavity length and

feedback intensity are completely different for each chip. We
find that the optimal external cavity length and optimal feed-
back intensity of CSLCI are L =4 mm and 0.12 < K,, < 0.2,
respectively. The optimal external cavity length and feedback
intensity of CSLC2 are L =5 mm and 0.07 < K, < 0.12, re-
spectively. Based on this, we must extract the internal param-
eters of the chips and use them for simulation to obtain the
precise production parameters.

The route to chaos of this structure is systematically in-
vestigated. The results show that when fex¢/f; is > 5.2, the
hybrid integrated chaotic semiconductor laser has a period-
doubling route to chaos. We use the maps of the largest Lya-
punov exponent to estimate the dynamics of two CSLCs of
different external-cavity lengths. The results indicate that the
optimal external cavity length and the feedback intensity of
CSLCI are 4 mm and 0.12 < Ky < 0.2; for CSLC2, the opti-
mal external cavity length and feedback intensity are 5 mm and
0.07 < Kyp < 0.12, respectively. These results indicate that for
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the short-cavity structure, the optimal external cavity length
and feedback intensity required for each chip to produce chaos
are completely different. Therefore, we should extract the in-
ternal parameters of the chips and use them for simulation to
ensure that the fabricated chaotic laser can generate chaos.

5. Conclusion

We propose a hybrid integrated chaotic semiconductor
laser with short-cavity optical feedback. This is a new struc-
ture to achieve integration through a simple, low-cost manu-
facturing process, and it is more conducive to mass production
of integrated chaotic semiconductor lasers. To make the simu-
lation results more accurate, we extract the internal parameters
of the chaotic semiconductor laser chips (CSLCs) and utilize
them for numerical simulation. Based on this method, we can
provide accurate external cavity length and feedback intensity
for the fabrication of the hybrid integrated chaotic laser and
ensure that it can generate chaos. Practically, we have fab-
ricated a hybrid integrated chaotic laser in collaboration with
the Institute of Semiconductors of the Chinese Academy of
Science.[*!" And the experimental phenomena agree well with
the theoretical prediction.

We propose the method of combining extraction param-
eters with numerical simulation for the first time. This study
lays a theoretical foundation for the fabrication of hybrid inte-
grated chaotic semiconductor lasers with short-cavity optical
feedback.
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