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Abstract: This paper introduces a semiconductor optical amplifier (SOA) with high power and narrow
linewidth broadening achieved through active region mode control. By integrating mode control
with broad-spectrum epitaxial material design, the device achieves high gain, high power, and wide
band output. At a wavelength of 1550 nm and an ambient temperature of 20 °C, the output power
reaches 757 mW when the input power is 25 mW, and the gain is 21.92 dB when the input power
is 4 mW. The 3 dB gain bandwidth is 88 nm, and the linewidth expansion of the input laser after
amplification through the SOA is only 1.031 times. The device strikes a balance between high gain
and high power, offering a new amplifier option for long-range light detection and ranging (LiDAR).

Keywords: semiconductor optical amplifier; active region mode control; high power; low-linewidth
broadening; low polarization-dependent gain

1. Introduction

Optical amplifiers, as a type of laser device, are primarily used to amplify optical
signals, enhancing the detection range and accuracy of optical sensors. In coherent LIDAR
applications, high-power optical amplifiers operating in the 1550 nm wavelength band
are commonly employed due to their relatively high eye-safe power thresholds, enabling
long-distance coherent detection. For vehicle-mounted LiDAR systems, which are central
to achieving L4 and L5 autonomous driving technology, high-power optical amplifiers are
necessary to support forward detection distances of up to 200 m. In this context, small,
easy-to-integrate, and cost-effective SOAs present a promising new option for cost-sensitive
vehicle-mounted LiDAR systems [1-4].

However, current commercially available SOAs have a low output power, typically
only in the range of hundreds of milliwatts [5-7]. It is difficult for high-power devices

Sensors 2024, 24, 6083. https://doi.org/10.3390/5s24186083

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s24186083
https://doi.org/10.3390/s24186083
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0009-0001-6174-0577
https://orcid.org/0000-0002-5443-2111
https://orcid.org/0000-0002-6187-2043
https://doi.org/10.3390/s24186083
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s24186083?type=check_update&version=2

Sensors 2024, 24, 6083

2of 16

to achieve a small-signal gain exceeding 20 dB, and similarly, high-gain devices struggle
to surpass 500 mW in power. Based on this, the present paper proposes a high-power,
low-linewidth broadening SOA operating at 1550 nm, utilizing active region mode control.
Through a dual-stage cascaded mode control employing narrow stripes and tapered waveg-
uides, active region optical field confinement factor modulation is achieved, enabling a
high-gain, high-power, and broad bandwidth output.

2. Device Structure Design and Preparation Process
2.1. The Comprehensive Design of the Device’s Structure

The proposed device structure is designed to create a high-power SOA device with
controllable optical field modes (see Figure 1). The device consists of two main parts: the
first part is the high-gain region with a high confinement factor of the active region optical
field, characterized by a length of L; = 1.0 mm and a ridge width of W = 4.0 um, providing
a high gain for the fundamental transverse mode; the second part is the high-power region,
separated from the first part by electrodes isolated by grooves with a width of 40 pum. The
waveguide length is denoted as L, = 1.5 mm with the width gradually expanding from
W to Wy =250 um at an angle of 6 = 10.4° for the tapered structure. The maximum output
power is enhanced through lateral mode expansion.

Figure 1. A schematic of the structure of the SOA device.

The active region is used for epitaxial material growth on an InP substrate using
a metal-organic chemical vapor deposition (MOCVD) system. The active region is a
compressively strained quantum well structure consisting of five 6 nm thick Alg gg96GalnAs
quantum wells and six 10 nm thick Alj 2244GalnAs barriers (see Figure 2). The active region
is positioned between three n-type graded AlGalnAs lower cladding layers and two p-type
graded AlGalnAs upper cladding layers. The detailed structure is shown in Table 1. The
preparation of such complex structures depends on the precise tuning of the MOCVD.
The preparation of this complex epitaxial structure depends on the precise control of the
thickness, composition, and doping concentration of the epitaxial materials achieved by
using a MOCVD system. For material thickness control, the error is usually required to be
less than 5%, and the smaller the percentage, the better. We achieved this goal by using the
in situ monitoring method of epitaxial reflectance anisotropy spectroscopy (Epi-RAS); this
can also be achieved by continuously and accurately calibrating the material growth rate.
In the actual growth process, Epi-RAS monitoring requires real-time artificial intervention
operations such as pauses and jumps during epitaxial growth. Therefore, we used scanning
electron microscopy (SEM) and superlattice X-ray diffraction (XRD) for the joint analysis
and calibration of the material growth rate, thereby achieving high-precision control of the
material growth thickness. In terms of material component control, real-time calibration
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experiments on the components are required by controlling the growth conditions, such
as growth temperature, reaction chamber pressure, V/III ratio, rotation speed, etc., and
then performing X-ray diffraction curve testing to analyze the parameters, such as a lattice
mismatch. After multiple iterations of growth and testing, the target material with an
extremely high lattice matching degree is finally obtained. For the doping concentration
control, with help from the electrical characteristics as a function of the voltage (E-CV)
curve, precise control of material doping concentration growth can be easily achieved.
This quantum well structure exhibits a low optical field confinement factor and allows
the mode field to expand toward the lower cladding layers, thus enhancing the saturated
output power.

p-Electrode

SiO2
AN
/p-AIGaInAs

MQwW
n-AlGalnAs

n-InP
Substrate
n-Electrode

Figure 2. A schematic of the epitaxial structure of the device along the cross-sections AA’ (left) and
BB’ (right).

Table 1. A detailed description of the SOA’s composition.

Layer Material Repeat Thickness (nm) Doping Concentration
16 GalnAs / 200 p-Zinc
15 GalnAsP / 50 p-Zinc
14 InP / 100 p-Zinc
13 InP / 1500 p-Zinc
12 GalnAsP / 20 p-Zinc
11 InP / 50 p-Zinc
10 AlGalnAs / 60 p-Zinc
9 AlGalnAs / 60 Undoped
8 AlGalnAs / 10 Undoped
7 AlGalnAs 5 6 Undoped
6 AlGalnAs 5 10 Undoped
5 AlGalnAs / 60 Undoped
4 AlGalnAs / 60 n-Silicon
3 AlGalnAs / 10 n-Silicon
2 InP / 500 n-Silicon
1 InP / 300 n-Silicon

2.2. The Design of the Epitaxial Structure

To achieve a high-power amplifier, it is essential to balance the saturated output power
and small-signal gain. The small-signal gain Gy represents the gain when the SOA is
operating in the linear region and can be expressed as follows [8]:

Go = exp[(T'gy — B)L]. (1

where gy represents the material gain, 3 represents the internal loss, and L represents the
device cavity length. The saturated output power Ps,; represents the output power when
the linear region gain of the SOA decreases to 1/Ng,, which can be expressed as follows [8]:

(Nge/10) In 10

Psat,N = ONde/lo S+ (2)
0

(1_1(; )



Sensors 2024, 24, 6083

4of 16

The constant Ny, represents the decrease in gain in the linear region of the SOA in
Nge dB. The most commonly used values for Ny, are 3 and 10, indicating a 3 dB and 10 dB
decrease in gain, respectively. Ps is the maximum output power that the epitaxial structure
can withstand, which can be expressed as follows [8]:

wd

P= (5

QT

) 3)

where I' represents the optical field confinement factor, w represents the device waveguide
width, d represents the whole thickness of the active region of the device, and « represents
the differential gain of the material. Taking the ridge waveguide structure as an example,
the simulation relationship curves among these factors are illustrated in Figure 3, where
d =90 nm and w = 6 um. To ensure the accuracy of the simulation results, we assume
that the differential gain o = 1071 cm? and carrier lifetime T = 10~ s do not vary with the
carrier concentration. As shown in the figure, the Psa¢ (3 dB) decreases exponentially with
an increase in I'. To achieve a Pg,¢ greater than 0.6 W, the I' needs to be less than 0.1056. At
this point, regardless of whether the internal loss § is 0.5 cm ™! or 2 cm ™!, the small-signal
gain of the device is less than 10 dB. The Gy increases linearly with the I'. To achieve a
small-signal gain greater than 20 dB, the I' needs to be greater than 0.2306, or the device
cavity length L needs to be further extended.

0.7 28
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— Saturated output power
% 0.6 Gain (‘B = 0.5/cm) 24 _
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0.5 120 <
2 £
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%04 116 gﬁ
o 114 -
é 0.3 12z
5 {10 &
F02f \ 8
16
0.1 L L 1 4
0.10 0.15 0.20 0.25 0.30
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Figure 3. The simulation curves of the relationship between the saturated output power Psa; (3 dB),
small-signal gain Gy, and the optical field confinement factor I'.

Therefore, it is challenging for a single-ridge waveguide device to achieve a watt-level
saturated output power while maintaining a small-signal gain over 20 dB. Hence, the
device in this study adopts a two-stage structure in its design. In the first stage, the ridge
waveguide enhances gain in the fundamental transverse mode through a high optical
confinement factor. In the second stage, the tapered waveguide expands the mode field and
enhances the device’s saturated output power through a low optical confinement factor.

The quantum well width Ly, stands out as one of the pivotal parameters in epitaxial
design (see Figure 4). From the picture, it can be observed that the electron subband
energy decreases with an increase in Ly, while the hole subband energy increases with an
increase in Ly,. This indicates that wider quantum wells can lead to smaller bandgap energy
differences, thereby enhancing the material gain of SOAs, to a certain extent. However,
larger L, can also limit the exciton effect, increase non-radiative recombination, and weaken
the quantum size effect.
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Figure 4. The simulation curves of electron subband energy and (a) heavy-hole subband energy
versus (b) quantum well width Lyy.

Therefore, considering these factors comprehensively, a quantum well width of 6 nm
was adopted. At this width, the primary electron subband in the quantum well is the
C1 subband, and the primary hole subbands are the heavy-hole subband HH1 and the
light-hole subband LH1, with the energy of the heavy-hole subband HH2 being relatively
low. Consequently, only the HH1 and LH1 subbands are primarily involved in photon
coupling, facilitating a single-mode amplification of the waveguide. Furthermore, the
increase in energy of the LH1 subband is beneficial for enhancing the mode gain of the TM
mode, thereby reducing the polarization-dependent gain (PDG) of the device.

Ideally, the gain coefficient g of SOA materials, neglecting carrier losses, can be
mathematically expressed as follows [9]:

mr*ez /OO A 2 ')//7'[
W= —_~ dE; | e *
g(hv) nycegmoZvizL, Jo tlexpeol [E¢ + E; — fiv]2 + 7y

fc(Et) = ,}1

Lrexp|(EgtEot 2 Er—Fo) / (kpT)]

7 X [fe(Et) — fo(Er)]. (4)

R (5)
Ey) = .
fv( 2 1+exp{(E;,7$Et*Fv)/(kBT)}
1 1 1
1,1 ©

me o ome* my*

where 71 represents the reduced Planck’s constant, v is the input signal optical frequency,
e represents the electron charge, 1, represents the refractive index, ¢ represents the speed
of light in a vacuum, gy represents the vacuum capacitance, my represents the electron
mass, L, represents the thickness of the quantum well, | * pcv|2 represents the momentum
matrix element, y represents the refractive index diffusion factor, E; represents the energy
level comp*lex center, Ej represents the band-side jump energy, E, represents the bandgap
energy, m, and my represent the approximate masses of the conduction-band electrons
and valence-band holes, E, and Ej, represent the energy levels of the electrons and holes,
F. and F, represent the quasi-Fermi energy levels of the electrons and holes, kp represents
the Boltzmann constant, and T represents the reference temperature. It is worth noting that
the momentum matrix element |é * pcy \2 is influenced by polarization, leading to variations
in the gain coefficient g across different polarization states.

We simulate the material gain curve of the epitaxial structure (see Figure 5), which
has a carrier injection concentration ranging from 0.5 x 10 m~3 to 0.5 x 10?®> m~3. By
comparing the gain curves at different injection concentrations, it is evident that the peak
of the material gain curve is at 1550 nm, and under a high carrier injection, the gain
curve further broadens. This indicates that the quantum well we designed can meet the
requirements of a SOA for a broad gain spectrum range.
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Figure 5. The material gain simulation curves.

We simulate the material gain of the TE mode and the TM mode at different quantum
well widths (see Figure 6). From the simulation results, it is evident that with an increase
in the quantum well width, the gain difference between the TE mode and the TM mode
gradually decreases. This implies that wider quantum well structures can reduce the PDG
of the device. However, considering the requirement to maintain a single-mode gain, as
mentioned earlier, further widening of the quantum well was not adopted to reduce the
PDG [10-12].

2500
— Lw TE=5
—— Lw_TE=6
2000 —— Lw _TE=7
— Lw_TM=5
~ —— Lw_TM=6
g 1500 ——Lw_TM=7
2
£
< L
Z 1000
500 |
0
1300 1400 1500 1600 1700

Wavelength (nm)

Figure 6. The material gain simulation curve of the TE mode and the TM mode at different quantum
well widths.

Another approach to reducing the PDG is by employing strained quantum well
structures. By reintroducing strain effects in the material, the energy of the light-hole
subband can be increased, thereby enhancing the mode gain of the TM mode. Although
increasing the TM mode gain can effectively reduce the PDG of the SOA, it also affects
the energy of the heavy-hole subband, leading to a decrease in mode gain and saturated
output power of the TE mode. Hence, achieving a balance between high power and low
PDG is challenging [13-16]. In this paper, some adjustments are made to the thickness and
components of the quantum well to make a difference in the gain saturation for different
modes without affecting the power in order to reduce the polarization sensitivity of the
device, the details of which are further discussed in a later section.
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2.3. The Design of the Active Region Mode Modulation

The optical field confinement factor I' in the active region is an important parameter
of the epitaxial structure. It is defined as the ratio of the power accounted for by the optical
field within the active region to the full power, and can be expressed as follows [9]:

1
= Joctive RE(E X H*) * Zdx

_ 2
r=2Z ) (7)

if“” Re(E x H*) * 2dx

where E x H’ represents the complex slope-printing vector. The optical field confinement
factor I' not only exerts influence on the distribution of the optical field inside the waveg-
uide, but also significantly impacts the saturated output power and small-signal gain of
the amplifier. The TE modes are primarily constrained by the transverse electric field and
are more dependent on the constraints in the high refractive index region, so the optical
field constraint factor is usually larger than in TM modes. The gain in TE modes dominate
in high-power devices, so the main focus is on the mode field variation of TE modes in
subsequent simulations.

From the simulation of the optical field in the waveguide under different I's (see
Figure 7), we can see that when the I' is 0.2315, the optical field energy is mostly confined
within the quantum well layer, indicating a structure that can achieve high small-signal gain.
When the I' is 0.168, it can be observed that the transmitted optical field leaks predominantly
into the lower waveguide layer, expanding the optical field cross-sectional area. This would
accommodate more energy, implying a potential for higher saturated output power. In the
second-stage tapered waveguide region of the device, the low optical field confinement
factor weakly constrains the optical field, allowing the optical field to expand into the lower
waveguide layer. This greatly expands the cross-sectional area of the optical field to form
a transmission optical field similar to that of a plate-coupled waveguide. This effectively
increases the saturated output power of the device.

e 2 @9
[ ST N
S N s

Optical field confinement factor
(=]
oo

0.16
0.14
0.12 |
0.0 0:5 110 1T5 2?0 2.5
Length (mm)

Figure 7. A simulation diagram of the optical field distribution changes in the device.

Compared with the ridge waveguide, the gradually widening waveguide morphology
of the tapered waveguide can expand the gain region in disguise [17-20]. Ideally, when
the input light propagates along the tapered optical waveguide, a larger mode field is
formed as the cross-sectional area of the waveguide expands, achieving a high gain and
high saturated output power. Additionally, the large waveguide area also greatly reduces
the thermal resistance of the waveguide and minimizes the occurrence of catastrophic
optical damage (COD).
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2.4. The Preparation of the Device

The SOA structure to be tested is shown in Figure 8a. Distinct currents control two
regions, and electrode isolation slots are incorporated between the ridged waveguide and
tapered waveguide regions. The cross-section of the SOA along the BB’ in Figure 1 is
depicted in Figure 8b, revealing a flat table etching of the waveguide with a lateral slope of
90.45°, as shown in the scanning electron microscope image.

5.00pm

Figure 8. (a) Device package view; (b) SOA cross-section scanning electron microscope image.

Both cavity surfaces of the SOA are coated with an optical antireflection coating.
This deliberate design not only augments the saturated output power of the SOA, but
also diminishes noise, transmission loss, and the occurrence of COD. This comprehensive
approach contributes to the overall enhancement of the device’s stability and performance.

3. Device Performance Testing and Analysis
3.1. The Configuration of the Test Platform

To maintain precise temperature control throughout the testing process, the heat sink is
attached to the thermoelectric cooler (TEC). The device test platform incorporates separate
drive currents for the ridge waveguide and the tapered waveguide (see Figure 9). Two
distinct currents are applied to control each. The light from the tunable laser is coupled
with the ridge waveguide through a tapered fiber after passing through a polarization
controller. During the test, we calculated the coupling loss of the tapered fiber and the chip
into the core gain as part of the loss, and the input optical power was accurately measured
by means of a 50:50 beam splitter at the input. Subsequently, the light underwent lens
coupling at the opposite end, reaching the optical power meter, optical spectrum analyzer,
and linewidth test system to evaluate device characteristics, including output power, gain,
amplified spectrum, and linewidth spread. In our experiment, we used a tunable laser
light source, EXFO T500S SCL tunable laser (EXFO, Quebec City, QC, Canada); an optical
spectrum analyzer, Yokogawa AQ6370D (Yokogawa, Tokyo, Japan); and an optical power
meter, Thorlabs” PM400 (Thorlabs, Newton, NJ, USA).

Driving Temperature
Source Controller

Optical Power
Meter

Optical Spectrum

Tunable _ Polarization _ 50:50 beam Analyzer
Laser Controller splitter Braviee wmdler (ast Linewidth Test
System

Optical Power
Meter

Figure 9. The testing platform.
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Recognizing that the primary gain region of the device is situated in the second-stage
conical waveguide area, the drive current (I;) for the ridge waveguide was held constant at
0.3 A throughout the testing process. The primary variable was the drive current (I;) for
the conical waveguide, enabling an evaluation of the device’s amplification performance.

3.2. Testing for the Spectra of Amplified Spontaneous Emission

In the experiment, the TEC temperature was controlled at 20 °C, and the amplified
spontaneous emission spectrum (ASE) of the device under testing was measured using
the spectrometer (see Figure 10). Subsequently, the I, was adjusted to 1.0 A, 1.4 A, 1.8 A,
22 A,2.6 A, and 3.0 A, respectively, to observe the variation of the ASE performance of the
device. The ASE spectra provide insights into the amplification performance of the SOA
in the absence of input light. According to the traveling wave amplifier, ideal conditions
dictate a reflectivity of 0 for the SOA cavity surface. However, due to an actual process
mistake, some reflectivity was inevitably present at the end surface of the SOA, leading to
Fabry-Pérot (F-P) oscillations manifested as gain perturbations on the ASE spectra. As the
driving current increased, the perturbation of the F-P resonance, induced by the residual
reflectivity at the end facet, gradually intensified. The ripple increased from 0.094 dB
at 1.0 A to 1.4 dB at 1.4 A. As the gain approached saturation, the perturbation further
amplified, resulting in a ripple exceeding 2 dB.

-10 —;
P2 s L — 1.0A
220 |5 e —14A
2 ] ——1.8A
-30 |2 -
% I 70 1536 1538 1540 1542 1544 P ;‘22
~ _40 - Wa\'ele;lg[h n;n ) :
2 | " 3.0A
wn - 12
S -50 F -~
o | -
8 ,
= 60 -
Q? L~
_70 L
_80 o

1480 1500 1520 1540 1560 1580 1600
Wavelength (nm)

Figure 10. The amplified spontaneous emission spectra of the device under testing at different driving
currents (I5).

To mitigate the impact of perturbations caused by the F-P resonance on SOA perfor-
mance, enhancing the transmittance of the permeation-enhancing film or optimizing the
waveguide structure—such as employing a slant-tapered waveguide—can be considered.
These measures aimed to improve waveguide transmittance and minimize the observed
perturbations.

3.3. Testing for Single Wavelength Output Power and Gain

In the experiment, the wavelength of the seed source laser was set to 1550 nm and
the TEC temperature was controlled at 20 °C. The I, varied between 1.0 A, 1.4 A, 1.8 A,
22 A,2.6 A, and 3.0 A to test the output power and gain performance of the amplifier (see
Figure 11a,b). The experimental results show that the output power grows rapidly with an
increase in input power at I, of 3.0 A, but gradually approaches saturation when the input
power exceeds 4 mW. As I, increased, the output power of the device to be tested also
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increased significantly, and finally, the output power of the device to be tested was 757 mW
when the input power was 25 mW. It can be seen that the second tapered waveguide section
effectively increased the output power of the device. The relationship curve between gain
and input power showed that the gain of the device to be tested was 27.32 dB when the
I, was 3.0 A and the input power was 0 dBm, but the gain gradually decreased with an
increase in the input power, and dropped to 18.75 dB when the input power was 10 dBm.
The temperature stability of the device was tested by adjusting the TEC temperature at
different drive currents (see Figure 11c). At 10 °C, 20 °C, 30 °C, and 40° C, the output
powers are 190.32 mW, 185.78 mW, 163.24 mW, and 120.94 mW, respectively. From the
figure, it can be seen that the power of the device is more stable at a room temperature
below 20 degrees Celsius and has a significant attenuation as the temperature rises. At a
drive current of 1.5 A, the power of the device at 40 degrees Celsius is reduced to about
63% of the room’s temperature. The performance stability of the device was poor at high
temperatures, for which further adjustments to the quantum well components were needed
to improve the high-temperature operating characteristics of the device.

(c) 200

180 +

45
—a—T=1.0A (b)

—o—[=14A 40 F
—A—T[=1.8A
—v—1=22A 35F
—o—[=2.6A
—4—T1=3.0A

Pout (mW)
S B B o
(=} (=) (=} o

3
(=}
T

w
=N
(=1

50}

%
3

Input power (mW) Input power (mW) Temperature (°C)

Figure 11. At the 1550 nm band: (a) the output power versus input power curve of the device under
testing at different driving currents (I); (b) the gain versus input power curve of the device under
testing at different driving currents (I); (c) the output power versus temperature curves of the device
under testing at different drive currents (Iy).

3.4. Testing for the Amplified Spectrum and Gain Curve

In the experiment, the I, varied between 1.0 A, 1.5 A and 2.0 A, respectively. The TEC
temperature was controlled at 20 °C, and the output power of the seed source laser was set
to 6 dBm. The accuracy of the Yokogawa AQ6370D optical spectrum analyzer was set to
HIGH2 mode, 0.1 nm. The wavelength of the seed source laser was tuned, and the tuned
amplified spectra of the amplifier were tested (see Figure 12).

1520 1540
Wavelength (nm)

1480 1500

(b) -10 () -10
20k -20
E-30} E 30
g g
S0t .40
£ .50t £ .50
=l =l
° 2
S0t g .60
S &
70} 70
. . = . . . . . -80 2
1560 1580 1480 1500 1520 1540 1560 1580 1450 1500 1520 1540 1560 1330

Wavelength (nm) Wavelength (nm)

Figure 12. The amplified spectra of the device at (a) [, =1.0 A, (b) I =1.5 A, and (c) [ =2.0 A.

The experimental results demonstrate that the device under testing exhibits a signifi-
cant gain in the 1480-1580 nm band range. Throughout the tuning band, the side-mode
rejection ratio of the device under testing remained consistently higher than 50 dB. Upon
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comparing the ASE spectra above, it was evident that the background noise was effectively
suppressed when the SOA was powered by the seed source laser. However, at higher input
power levels, the background noise was not further suppressed, due to SOA saturation. To
further mitigate the background noise in the spectra, techniques such as adjusting the SOA
temperature can be employed [21].

In the experiment, the TEC temperature was maintained at 20 °C. The power of the
seed source laser was set to 0 dBm and 6 dBm, while the I, was varied at 1.2 A, 1.6 A,
2.0A,24 A, and 2.8 A. Subsequently, we tuned the wavelength of the seed source laser to
investigate the amplifier’s gain bandwidth (see Figure 13).

(a) 28 : (b) 1499.04697 — 1586.92202
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Figure 13. The gain curves of the device under testing between 1480 and 1600 nm with differ-
ent driving currents (I). (a) Seed source laser power Pin = 0 dBm; (b) seed source laser power
Pin = 6 dBm.

The experimental findings reveal that the device under testing operated in an unsatu-
rated state at an input power of 0 dBm. The device attained a maximum gain of 27.25 dB
when the I, was set to 2.8 A. When the input power was increased to 6 dBm, the gain curve
became smoother, and the maximum gain was 21.92 dB, with a 3 dB gain bandwidth of
88 nm observed when the I, was 2.8 A. Although the gain in the near-saturated state was
reduced compared to the unsaturated state, the gain bandwidth was further broadened.
Optimization of the drive current and temperature control can enhance this bandwidth.

3.5. Testing for Line-Width Broadening Characteristics

This paper utilizes a delayed self-heterodyne linewidth test system to assess the
linewidth broadening of the device under testing (see Figure 14). Following Lorenz fitting
on the beat frequency peak, half of the 3 dB bandwidth of the Lorenz curve represents the
linewidth of the device under testing.

Acousto-optic

Modulator — Photodetector

Device under = 1x2 1x2
testing coupler coupler l
Polarization Spectrum
Delay Fiber Controller Analyzer

Figure 14. Structural schematic of delayed self-heterodyne linewidth test system.

In the experiment, the power of the seed source laser was set to 6 dBm and the TEC
temperature-controlled at 20 °C. The I, varied between 1.5 A, 2.0 A, and 2.5 A, respectively,
and the linewidth of the SOA output was measured (see Figure 15) using a delayed
self-heterodyne linewidth test system. Although a high level of noise is present in the
spectrometer waveform, a more accurate linewidth result can be obtained by Lorentz-
fitting the curve with Origin. The Lorentzian fitting results revealed linewidths of 77.8 kHz,
78.65 kHz, and 80.25 kHz for currents of 1.5 A, 2.0 A, and 2.5 A, respectively. Since the input
signal linewidth of the SOA was tested at 75.45 kHz, it can be observed that the amplified
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signal linewidths widened by factors of 1.031, 1.042, and 1.064, respectively, indicating that
the linewidth broadened with an increase in current.

(b) -64 ~ (C) -60
64}  -1sA —=15A ol
sl 66 — 2
o —1=25A 641
68 ~7°T —~-66 F
% % 66
70 5—70 3 %-;—68
T2 F ,_% 72 g -70
o 272
74 £ g g
<74 < .74}
760 76 [ 76
b
-78
78 78
| | | | | | 1 | | 1 _80 | | 1 | |
79,600 79,800 80,000 80,200 80,400 79,600 79,800 80,000 80,200 80,400 79,600 79,800 80,000 80,200 80,400
Frequency (kHz) Frequency (kHz) Frequency (KHz)

Figure 15. The beat frequencies of Lorentz fitting curves for linewidth at (a) different currents.
(b) Rafter-fitting the data in (a). The resulting linewidths are 77.8 kHz, 78.65 kHz, and 80.25 kHz at

I»=15A,2.0A,and 2.5 A. (c) The linewidths at different temperatures are 77.8 kHz, 78.65 kHz, and
80.25 kHz at 15 °C, 20 °C, 25 °C, 30 °C, and 35 °C.

The variation of SOA linewidth at different temperatures showed output linewidths
of 78.35 kHz, 78.95 kHz, 80.12 kHz, 82.65 kHz, and 83.95 kHz at 15 °C, 20 °C, 25 °C, 30 °C,
and 35 °C, respectively (see Figure 15). The data suggests that the SOA output linewidth
broadens as the temperature rises, consistent with the theoretical derivation mentioned
earlier. Notably, the linewidth at 2.5 A is only 1.031 times the linewidth at 1.5 A, which is

much smaller than the reported linewidth broadening of about 2 times reported by Shawki,
Heba A’s research group [22].

3.6. Testing for Polarization Characteristics

In the experiment, the seed source laser power was set to 0 dBm, and the wavelength
was set to 1550 nm. The different polarization states of the seed source laser input were
controlled by manipulating the three-ring polarization control. By selecting the polarization
state with the maximum and minimum gains, we obtained the curve of the TE and TM
mode gain of the device and the PDG at different I5s (see Figure 16).
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Figure 16. (a) The curve of the TE and TM mode gain of the device and the PDG at different driving

currents (I). (b) The relationship curve between the PDG of the device under testing and the seed
source power.

The experiments revealed that at low driving currents when the output power was
not saturated, a substantial gap existed between the TE mode gain and the TM mode
gain of the device, resulting in a PDG of 7.058 dB. As the driving current increased, the
TE mode approached saturation first, leading to a slowdown in TE mode gain growth,
and consequently, a gradual decrease in PDG. When the I, was 2.5 A, the PDG was
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reduced to approximately 1.8 dB, indicating a low polarization sensitivity under saturated
operating conditions.

The overall PDG trend under different driving currents increased with the power of
the seed source laser (see Figure 16b). Beyond a seed source laser power of 0 dBm, both
the TE mode and the TM mode tend to saturate, and the PDG stabilizes. At a low driving
current, where the gains of the TE mode and the TM mode have not reached saturation,
the gap widens rapidly, leading to a rapid increase in PDG. However, when the driving
current exceeds 2.0 A, the TE mode tends to saturate. Despite additional increments in the
seed source laser power, the PDG stabilized at approximately 2.8 dB.

In the experiment, the wavelength of the seed source laser was 1550 nm with a power
of 6 dBm. I, varied between 1.0 A, 1.5 A, and 2.0 A. The different polarization states of the
ASE of the SOA exhibit a high polarization—extinction ratio (see Figure 17). The components
are almost all TE modes, and there is almost background noise only in the TM modes. The
polarization—extinction ratio of the ASE is 13 dB at a driving current I, of 2 A.

(a) -60 (b) -80
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Figure 17. (a) TE mode ASE; (b) TM mode ASE.

The amplifier output spectra of the TE mode and TM mode showed that in the TE mode
spectrum, the wavelength of the seed source laser completely dominated (see Figure 18).
Compared to the ASE above, the amplified spectrum of the TE mode effectively suppressed
the background noise, with the spectral side-mode suppression ratio exceeding 53 dB at
different currents.
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Figure 18. (a) TE mode amplified spectrum; (b) TM mode amplified spectrum.

It was observed that in the spectrum of the TE mode, the wavelength of the seed
laser completely dominated, and the noise was effectively suppressed, with a sidelobe
suppression ratio exceeding 53 dB at different currents. In contrast, in the spectrum
of the TM mode, the wavelength of the seed laser did not fully dominate, resulting in
significantly higher noise compared to the TE mode spectrum, with a sidelobe suppression
ratio of only around 40 dB. This indicates that the gain of the device for the TM mode is
noticeably lower than that for the TE mode in an unsaturated state. Additionally, the noise
waveform exhibited resonant characteristics, suggesting that insufficient transmittance
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from the device’s end facet for the TM mode may have caused some of the TM mode light
to resonate within the amplifier cavity, resulting in relatively strong noise.

4. Discussion

The performance parameters of the SOA designed for this study are compared with
those of previously reported SOAs in the literature, focusing, in particular, on the modula-
tion section and the tapered section of the three-stage master oscillator power amplifier. The
comparison results are summarized in Table 2 [23-31]. Comparatively, the SOA designed
for this study demonstrates notable advantages in both output power and gain. Under a
driving current of I = 0.3 A and I; = 3.0 A, the SOA achieves an output power of 757 mW.
The device achieves a balance between high gain and high output power, with a gain
bandwidth greater than that of current commercial devices on the market. The device
showed a stable performance at about 100 h of operation, however, longer aging tests need
to be conducted in subsequent experiments.

Table 2. A comparison of the SOA performance parameters.

References Research Unit I1/1; (A) Output Power (mW) Gain (dB) Linewidth Expansion
Ref. [23] Rose Hulman Inst Technol 0.3/4.0 400 ~16.4 No test
Ref. [24] IV Lab 0.3/3.0 380 ~22.8 No test
Ref. [25] Univ Politecn Madrid 0.5/3.5 300 ~15.0 No test
Ref. [26] Univ Politecn Madrid 0.5/3.5 250 No test No test
Ref. [27] Rose Hulman Inst Technol 0.3/3.0 375 ~15.7 No test
Ref. [28] Univ Politecn Madrid 0.3/4.0 380 No test No test
Ref. [29] IIIV Lab 0.3/3.0 630 No test No test
Ref. [30] Univ Glasgow 0.3/0.8 210 ~9.6 No test

Earlier work [31] CIOMP 0.3/2.5 419 26.23 1.15

This paper CIOMP 0.3/3.0 757 27.32 1.031

The device under testing exhibits noticeable noise transmission in the TM mode,
possibly due to two reasons. First, the gain of the TM mode is still significantly lower
than expected, failing to completely suppress the background noise of the SOA. Second,
the higher reflectivity of the device’s end facet to the TM mode may lead to resonant
formation in some TM modes, resulting in increased noise levels. To further reduce noise
and enhance the SOA’s output power, adjustments will be made from both the end facet
and waveguide structure perspective. Fine-tuning the anti-reflective coating design on the
end facet can further improve the transmittance of the TM mode, aiming to boost the output
power and reduce the PDG. Additionally, refining the tapered waveguide structure and
adopting a 7° tilted taper design can further enhance the device’s transmittance, which is
beneficial for increasing the output power and reducing transmission losses. However, the
impact of the tilted taper on the polarization needs further verification through simulation
and experimentation.

5. Conclusions

This paper presents the design and fabrication of a 1550 nm high-power, low-linewidth
broadening SOA based on active region mode control, with a detailed characterization
of its performance parameters. The experimental results demonstrate that under a drive
current of Iy = 0.3 A, I, = 3.0 A, and a temperature of 20 °C, the SOA exhibits a 3 dB
gain bandwidth of 88 nm. At a wavelength of 1550 nm and an ambient temperature of
20 °C, the output power reaches 757 mW when the input power is 25 mW, and the gain is
21.92 dB when the input power is 4 mW. With the laser power at 0 dBm, the output power is
540 mW, achieving a gain of 27.32 dB. The linewidth broadening is only 1.064 times, and the
polarization-dependent gain is less than 3 dB near saturation, indicating low polarization
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sensitivity. Future work will focus on further optimizing the noise, saturated output power,
and polarization-dependent gain of the device to meet the demand for high-power, high-
gain, wide-gain spectrum, and narrow-linewidth SOAs for LiDAR applications, especially
in frequency-modulated continuous-wave LiDAR.
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