nanomaterials

Article

Low-Polarization, Broad-Spectrum Semiconductor
Optical Amplifiers

Meng Zhang 1-2(0, Tianyi Zhang -3, Hui Tang 'Y, Lei Liang 1-2-3*(, Yongyi Chen 1-34*, Li Qin 123,
Yue Song 123, Yuxin Lei 2300, Peng Jia '>3, Yubing Wang 1-2-3, Cheng Qiu >3, Yuntao Cao °, Yongqiang Ning 1>

and Lijun Wang 123

check for
updates

Citation: Zhang, M.; Zhang, T.; Tang,
H.; Liang, L.; Chen, Y.; Qin, L.; Song,
Y.; Lei, Y.; Jia, P.; Wang, Y.; et al.
Low-Polarization, Broad-Spectrum
Semiconductor Optical Amplifiers.
Nanomaterials 2024, 14, 969. https://
doi.org/10.3390/nano14110969

Academic Editors: Sotirios Baskoutas
and Carlo Altucci

Received: 19 March 2024
Revised: 11 May 2024
Accepted: 27 May 2024
Published: 2 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun 130033, China; zhangmeng223@mails.ucas.ac.cn (M.Z.);
18943085572@163.com (T.Z.); tanghui21@mails.ucas.ac.cn (H.T.); ginl@ciomp.ac.cn (L.Q.);
songyue@ciomp.ac.cn (Y.S.); leiyuxin@ciomp.ac.cn (Y.L.); jiapeng@ciomp.ac.cn (P].);
wangyubing@ciomp.ac.cn (Y.W.); qiucheng@ciomp.ac.cn (C.Q.); ningyq@ciomp.ac.cn (Y.N.);
wanglj@ciomp.ac.cn (L.W.)

Daheng College, University of Chinese Academy of Sciences, Beijing 100049, China

Jilin Changguang Jixin Technology Co., Ltd., No. 206, Software Road, Changchun 130022, China

Jlight Semiconductor Technology Co., Ltd., No. 1588, Changde Road, Changchun 130102, China

National Key Laboratory of Advanced Vehicle Integration and Control, China FAW Corporation Limited,
Changchun 130000, China; caoyuntao@faw.com.cn

*  Correspondence: liangl@ciomp.ac.cn (L.L.); chenyy@ciomp.ac.cn (Y.C.)

(S I N

Abstract: Polarization-insensitive semiconductor optical amplifiers (SOAs) in all-optical networks
can improve the signal-light quality and transmission rate. Herein, to reduce the gain sensitivity to
polarization, a multi-quantum-well SOA in the 1550 nm band is designed, simulated, and developed.
The active region mainly comprises the quaternary compound InGaAlAs, as differences in the
potential barriers and wells of the components cause lattice mismatch. Consequently, a strained
quantum well is generated, providing the SOA with gain insensitivity to the polarization state of
light. In simulations, the SOA with ridge widths of 4 um, 5 pm, and 6 pum is investigated. A 3 dB
gain bandwidth of >140 nm is achieved with a 4 um ridge width, whereas a 6 pm ridge width
provides more output power and gain. The saturated output power is 150 mW (21.76 dB gain) at
an input power of 0 dBm but increases to 233 mW (13.67 dB gain) at an input power of 10 dBm.
The polarization sensitivity is <3 dBm at —20 dBm. This design, which achieves low polarization
sensitivity, a wide gain bandwidth, and high gain, will be applicable in a wide range of fields
following further optimization.

Keywords: semiconductor optical amplifier; gain sensitivity; polarization sensitivity; gain bandwidth;
quaternary compound

1. Introduction

In recent years, the demand for network traffic in new applications and businesses,
such as cloud computing, the Internet of Things (IoT), high-definition video, and industrial
interconnection, has surged [1,2]. According to publicly available data from the Ministry
of Industry and Information Technology of China, the cumulative mobile internet traffic
in China reached 3015 billion GB in 2023, a 228-fold increase over the past decade. Future
applications of 6G networks will further focus on 3D immersive experiences, including
augmented reality, smart interactions, holographic communication, digital twins, and other
new applications, which pose significant challenges to the transmission capacity and speed
of optical fiber communication systems, accelerating the upgrade of optical networks [3-5].

The C-band and the O-band are indeed the predominant frequency bands in optical
communication systems. However, selective frequency fading due to chromatic disper-
sion significantly limits the transmission distance of high-speed digital links, driving the
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need for high-performance optical amplifiers [6]. Moreover, coherent light enables linear
frequency conversion of the entire optical signal into a baseband electrical signal, better
fulfilling the bandwidth requirements of optical networks [7]. Thus, coherent optical com-
munication technology, integrating high-order modulation and digital coherent detection,
has emerged as the preferred solution for long-distance, high-capacity, and high-speed
optical communication. Core devices such as optical amplifiers must exhibit polarization-
insensitive characteristics to accommodate more information and expand parallel channel
counts beyond the C+L band. Current developments suggest that their transmission capac-
ity could increase by up to five times [8]. Furthermore, they must evolve towards higher
power levels to meet the demands of long-distance communication effectively [9-12].

Traditional methods involve the use of erbium-doped fiber amplifiers (EDFAs) for
relay amplification. While EDFAs offer high gains and low noise figures, they have a
narrow gain bandwidth of typically only about 60 nm and are bulky with high power
consumption. Semiconductor optical amplifiers (SOAs) have significant advantages in
miniaturization, energy efficiency, increased output power, reduced noise figure, and
photonic integration [13-17]. Unlike polarization-sensitive SOAs, polarization-insensitive
SOAs can amplify both TE- and TM-mode optical signals simultaneously, thereby enhanc-
ing the flexibility and scalability of networks. Therefore, polarization-insensitive SOAs
are poised to become the core devices for future long-distance, ultra-high-speed coherent
optical communication [18-20].

Several methods have been used to achieve polarization-state-insensitive SOAs. For
example, two SOAs can be connected in series or in parallel using a combined gain com-
pensation structure. The signal light is split into transverse electric (TE) and transverse
magnetic (TM) polarized light using a polarizing beam splitter. The first SOA amplifies the
TE polarized light, which is then transformed into TM polarized light by passing through a
half-wavelength slice. Subsequently, the TM polarized light is converted to TE polarized
light by passing through a half-wavelength slice. Finally, the amplified TM polarized light
is combined with another amplified beam using a polarizing beam splitter (combined
output) [21-23]. However, this method has several disadvantages, including coupling
difficulties, a large size, high costs, and unstable external combinations. Alternatively, a
polarization-insensitive SOA can be achieved using polarization-dependent loss. In this
method, optical signals from the SOA output are coupled into a polarization-dependent
loss unit, where the signal light undergoes a polarization-dependent gain, thus providing
the SOA with polarization insensitivity [24]. However, the polarization-dependent loss unit
has a predetermined optical fiber length, which incurs additional losses and complicates
integration with other devices. Polarization-insensitive SOAs can also be fabricated by
designing appropriate SOA waveguide structures and tuning the optical-field-limiting
factors of the TE and TM modes. However, this approach requires submicron-dimensional
accuracy in the active region, places high demands on the etching process, and is difficult
to integrate with passive waveguides [25].

Notably, polarization-insensitive SOAs can be obtained by introducing varying de-
grees of strain within quantum wells or barrier layers through energy band engineering.
Advantageously, this method offers high stability and easy integration [19,26-28]. Cur-
rently, the primary strain structures for achieving polarization-insensitive SOAs in multiple
quantum wells (MQWs) are strain-compensated, trap-compressed, and barrier-stretched
MQW structures [19]. The stretch—strain MQW system based on InGaAsP/InP has been
reported to have a bandwidth of up to 30 nm at a wavelength of 1300 nm, a chip gain of
approximately 15 dB, and a polarization sensitivity of less than 1.5 dB [29]. In WDM-PONss,
an SOA with a greater ability to expand the bandwidth will increase the signal transmission
capacity. Furthermore, asymmetric MQW (AMQW) structures have demonstrated greater
spectral broadening capabilities than symmetric MQW structures [30]. At input powers of
—10 dBm and —20 dBm, an SOA with an AMQW structure achieved a maximum gain of
20 dB at 1360 nm with a polarization sensitivity of less than 3 dB [31].
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The SOA serves not only as a device sensitive to polarization but also imposes stringent
requirements on high-performance parameters, including output power, bandwidth, and
noise figure [32]. Although previous endeavors have made strides in partially refining
the polarization characteristics of the SOA, the metrics related to output power and gain
bandwidth have not witnessed substantial improvement or enhancement.

Therefore, this paper introduces a novel SOA device with high power, low polarization
sensitivity, and a wide gain spectrum. Through meticulous optimization of the strain
characteristics within the active region to minimize material mode gain discrepancies and
enhance gain bandwidth, coupled with the optimization of the relationship between the
optical confinement factor of the active region and the ridge width to achieve an asymmetric
large cavity, the device’s saturated output power is significantly elevated. Additionally,
the incorporation of tilted waveguides and wideband ultra-low reflectivity cavity facet
coatings facilitates low-noise output. Consequently, the SOA attains notable performance
benchmarks, including a maximum output power of 233 mW, a maximum gain of 32.89 dB,
and a 3 dB gain bandwidth exceeding 140 nm.

In this investigation, a polarization-insensitive SOA featuring an InGaAlAs active
region was proposed. The designed structure was subjected to simulation and fabrica-
tion, with a comprehensive analysis conducted on the impact of ridge width on device
performance. Compared to previous methodologies, this design maintains relatively low
polarization sensitivity even under small signal inputs, while also exhibiting a broader gain
bandwidth, a higher gain, and saturated output power. These attributes have promising
implications across a wide spectrum of applications.

2. Results and Discussion
2.1. Simulation and Design of the SOA Structure

Figure 1 shows the epitaxial structure of a polarization-insensitive SOA with high
saturation output power. The active region comprises five strained quantum wells with
thicknesses of 10 nm and six barrier layers with thicknesses of 12 nm, all of which consist
of the quaternary compound InGaAlAs. A gradual waveguide structure is formed using
two waveguide layers with different components and thicknesses on each side of the
active region.

p-Electrode

Si0,

p-GalnAs
p-InP—p-Cladding layer
p-GalnAsP 2
p-GalnAsP 1
Active region (including MQW)
n-GalnAsP 4
n-GalnAsP_3
n-GalnAsP 2
n-GalnAsP 1
n-InP —n-Cladding layer
Substrate

n-Electrode

} p-Waveguide

n-Waveguide

Figure 1. Epitaxial structure of the designed semiconductor optical amplifier (SOA).

Specifically, the introduction of different degrees of doping improves the carrier
injection efficiency and enhances carrier confinement. The core layer is flanked by n- and p-
type doped cladding layers, which both consist of InP. The cladding layers are thicker than
the core layer to improve the stability of the structure and enhance the light transmission
efficiency in the active layer [33]. By varying the Ga and Al components in InGaAlAs, the
refractive index of the material can be gradually decreased from the active layer toward
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each side, thereby confining the optical field to the active region and waveguide layer. High
residual reflectivity at the end face can lead to an unstable optical output power [34] and
increased noise. Therefore, an ideal SOA should have an end-face residual reflectivity of
0, but this is difficult to achieve in practice. Typically, a transmittance-enhancement film
is applied to both ends of the SOA chip to reduce the end-face residual reflectance to less
than 0.01%. Transparent windows and tilted waveguides can also be used to decrease the
residual reflectance. In this study, we designed a waveguide structure with a tilt angle of 7°,
as illustrated in Figure 1. To study the effect of ridge width on device performance, three
chip structures with different ridge widths (4 pm, 5 um, and 6 um) were designed. The
chip cavity had a length of 2500 pm and a width of 20 yum.

Figure 2 shows the optical field and refractive index distributions for various ridge
widths. Notably, the optical field is confined to the active region. As the ridge width
increases, the number of light beam reflections during transmission decreases, resulting in
reduced energy loss and a gradual increase in the optical field intensity.
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Figure 2. Optical field intensity and refractive index distributions at ridge widths of 4 um, 5 um, and
6 um.

The optical confinement factor (I') is defined as the ratio of the light intensity in the
active region to the light intensity produced by the entire device. A high optical confinement
factor indicates strong optical confinement, which allows more photons to be confined in
the active region, thereby enhancing the efficiency and stability of energy transfer [35]. A
lower optical confinement factor can effectively decrease the heat generated in the quantum
well region and reduce susceptibility to catastrophic optical mirror damage at a given
power level, thereby enhancing the reliability of the device and allowing for higher output
power. However, there exists a trade-off between achieving high gain and saturated output
power. If the optical confinement factor is too small, the interaction between the optical
signal and the active region may be insufficient to provide adequate gain, leading to a
decrease in output power. Conversely, if the optical confinement factor is too large, it may
lead to gain saturation and nonlinear effects, impacting both output power and signal
quality. Thus, we investigated the effect of the ridge width (4 um, 5 pm, and 6 pm) on the
optical confinement factor. The refractive index of the ridge waveguide is correlated to
the optical field intensity, as shown in Figure 2. Increasing the waveguide width reduces
the optical confinement factor. According to the simulations, as the width of the ridge
waveguide decreases, the optical confinement factor initially increases slightly from 0.27507
to 0.27527 and then increases to 0.27566 (Figure 3). Decreasing the ridge width results in
more optical field energy being concentrated in the active region and thus increases the
optical confinement factor.
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Figure 3. Relationship between active region optical confinement factor and ridge width.

To further analyze the light-field distribution in the waveguide structure, we employed
finite element method (FEM) software to simulate the optical field within the active region.
As shown in Figure 4, with the increase in ridge width, the optical field confinement factor
of the active region decreases, leading to the broadening of the optical field mode towards
the n-type waveguide layer. The distribution of the optical field mode significantly expands,
which is beneficial for enhancing the saturated output power of the SOA device.
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Figure 4. Cont.
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Figure 4. Optical field distributions for ridge widths of (a) 4 um, (b) 5 um, and (c) 6 pm.

As SOAs are used as optical signal amplifiers, the ability of these components to
amplify optical signals is an important index for evaluating SOA performance. The gain of
the SOA increases with increasing injection current and concentration of injected carriers.
At a given bias current, the output power of the SOA increases linearly with the input
power; this linear relationship corresponds to the small-signal gain (Gg), which is expressed
as follows [36]:

Go = expl(T'gy — ;) L] (1)

where gy is the material gain coefficient, gy is the internal loss coefficient, T is the carrier
lifetime, and L is the cavity length. In practice, a key parameter is the saturated output
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power (Psat), which is typically defined as the output power corresponding to a 3 dB
decrease in gain, as expressed by [37]:

In2 wd hv
Psat = m <F) (a*t) (2)

The relationship between the saturated output power, the optical confinement factor,
and the small-signal gain was simulated using Equation (2), where w is the ridge width
of the device waveguide, d is the thickness of the active region, and a is the material
differential gain. As shown in Figure 5, the saturated output power and small-signal gain
exhibit opposite trends as the optical confinement factor increases. Therefore, SOA devices
cannot simultaneously achieve a high saturated output power and a large small-signal gain.
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Figure 5. Saturated output power (Ps,t) and small-signal gain (Gp) as functions of I'.

The quantum size effect increases the energy difference between the heavy-hole (HH)
and light-hole (LH) bands at k = 0, causing the HH band to be positioned above the
LH band. Consequently, electron transfer from the HH band to the conduction band is
enhanced, whereas electron transfer from the LH band to the conduction band is suppressed.
According to the Boltzmann equation, electron transfer from the HH band to the conduction
band generates polarized photons in the TE mode. Thus, the material gain of the TE mode
in the strain-free quantum well is greater than that of the TM mode (Figure 6). The
introduction of tensor strain in the quantum well shifts the LH band to the top of the
valence band and enhances electron jumping between the LH and conduction bands. This
phenomenon increases the material gain of the TM mode.

E
E E A
1 C 1 C £

TE ™ TE ™

/\SO [\ / M\

Compressive-strained Strain-free Tensile-strained

Figure 6. Energy band structures of strained quantum wells.
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To obtain polarization-insensitive SOAs, the optical gains of the two polarization
modes are balanced by selecting an appropriate combination of strained quantum wells
and potential barriers [38]. The optical gain can be accounted for using the following
expression [39]:

2|r P
g(hw) = Co ) |15, 2le - Pey| 8(Efm, — Ee— haw) ( — £7) 3)
nm kt
2
e
Co= ———5— )
nrcepmMyw

where fiw is the energy of the incident photon; ¥, o [T, ‘2 is the wave function crossover
integral; n and m refer to the conduction band sub-bands and valence band sub-bands,
2 2

N
is a leptonic momentum matrix element; |e-p_,| is the interband

N
respectively; |e-p_,

leptonic energy; and Et represents the partial energies of kx and ky. Using the Fermi-Dirac
function [39], the following can be obtained:

1
o= — ©)
1+ exp| (E o + Eg + 2 Et — Fe ) /KT
1
fm = _ ©
1+ exp| (Epn — 2B~ Fy ) /kgT|
111
=t )

mi omg oy

The energies of the nth conduction band sub-band and the mth valence band sub-
band are represented by Een and Eyyy,, respectively; Eg is the band gap energy; my is the
effective mass approximation; m; and m;; are the effective masses of an electron and a hole,
respectively; F; and F, represent the quasi-Fermi energy levels of an electron and a hole,
respectively; kg is Boltzmann’s constant; and T is room temperature. The quantum barrier
has a thickness of 12 nm, whereas the quantum well has a thickness of 10 nm. Figure 7
shows the material-gain simulation results for the TE and TM modes of five repeating
quantum wells. These results indicate that the material gains of the TE and TM modes are
nearly identical at 1550 nm, confirming the theoretical possibility of realizing polarization-
insensitive SOAs. Additionally, the material gain of the TM mode exhibits a maximum
value near 1550 nm. In contrast, the maximum material gain of the TE mode is greater and
extends over a wider wavelength range, as determined by the material properties.
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_
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S O
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Figure 7. Material gain spectra.
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2.2. Device Preparation and Testing

The quality of an SOA device is closely related to the manufacturing process. To
fabricate an SOA device, we first selected a substrate with a bright, flat, scratch-free surface.
Epitaxial material growth was then performed via metal-organic chemical vapor deposition.
Subsequent processes included photolithography, developing, etching, thinning, polishing,
and coating. After plating with the transmittance-enhancing film, the residual reflectivity
of the SOA was less than 0.005. Once growth was complete, the chip was dissociated into a
bar and a single tube using high-precision scribing and lobbing machines. The single tube,
with the n-side facing downwards, was then soldered to the heat sink to create an ohmic
contact between the n-side and the heat sink. The p-side was connected to the heat sink via
a gold wire to form another ohmic contact, as illustrated in Figure 8.

Figure 8. Image of the chip package.

The obtained chip was mounted on a pedestal and connected to a thermoelectric
cooler to regulate the operating temperature precisely. A high-power, continuously tunable
laser (EXFO T500S) was used as the seed source, and the laser light was fed into the SOA
waveguide through a fiber optic lens. Owing to the 7° tile angle in the waveguide, the
fiber optic lens must be incident to the waveguide end face at an angle of approximately
21° (Figure 9). For SOAs with different ridge widths, the dependence of the output power
on the current was measured by varying the chip bias current (Figure 10). As the ridge
width increases, the region where current injection occurs becomes larger. Consequently,
the carrier concentration in the active region increases, ultimately resulting in a higher gain
and output power. Slight differences occurred in the power range of 3 mW owing to minor
variations in the coupling efficiency. However, upon increasing the current, the 4 um device
reached saturation quickly, with a maximum output power of 144.24 mW. The 5 um device
reached saturation at an output power of 166.16 mW, whereas no saturation was observed
for the 6 um device within the tested current range. This is in excellent agreement with the
simulated predictions in Figures 3 and 4. Additionally, the saturation power of the 6 um
device is 1.63 times higher than that of the 4 um device.

Fiber optic lens

=
— o o .
“  Active region wavegui

Figure 9. Experimental test setup.
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Figure 10. Power (P)—current (I)-voltage (V) plots for SOAs with various ridge widths.

Despite attempts to eliminate any remaining reflectivity, interference still affected the
spontaneous radiation spectrum, as measured by coupling the light generated by the SOA
to a spectrum analyzer without an external seed source. The spontaneous radiation spectra
of chips with different ridge widths were obtained at three different currents (Figure 11).
The bias currents for the SOAs with ridge widths of 5 pm and 6 pm were 0.8 A, 1 A,
and 1.2 A. However, as the SOA with a ridge width of 4 um could only withstand a
maximum bias current of 1 A, bias currents of 0.6 A, 0.8 A, and 1 A were used. Increasing
the bias current excites more carriers into the active region. As carriers with high energy
levels produce spontaneous radiation, the intensity of spontaneous radiation increases.
The residual reflectivity at the end face of the SOA causes some photons to return to the
active region. This process excites carriers with high energy levels, inducing radiation and
generating more photons, thereby enhancing the spontaneous radiation intensity.

-30 -30 -30
35k C (8)38 mi 35 — 800 mA 35
40k — m 40 —— 1000 mA 40
sk 1000 mA 45 —— 1200 mA 45
2-50¢ 50 g 50
g-55¢ Q -55 2 -55
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1450 147515001525155015751600 1625 1650
Wavelength (nm) (C)

Figure 11. Spontaneous radiation spectra for SOAs with ridge widths of (a) 4 um, (b) 5 um, and
(c) 6 um.

2.2.1. Saturated Output Power

After the addition of an external seed source, carriers with high energy levels are
excited by photons, which induces the production of photons of the same wavelength
as the seed source, resulting in signal-light amplification. The saturated output power
and gain of SOAs with different ridge widths were measured by varying the input power
and bias current of the signal light. As shown in Figure 12, the output power increases
gradually with increasing bias current. For the SOA with a ridge width of 4 um, the output
power reaches 133.57 mW, 168.86 mW, and 193.76 mW at bias currents of 600 mA, 800 mA,
and 1000 mA, respectively. For the SOA with a ridge width of 5 um, the output power
reaches 169.51 mW, 202.03 mW, and 224.96 mW at bias currents of 800 mA, 1000 mA, and
1200 mA, respectively. In the case of the SOA with a ridge width of 6 pm, the output power
reaches 132.52 mW, 198.26 mW, and 233.41 mW at bias currents of 800 mA, 1000 mA, and
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1200 mA, respectively. An increased bias current results in a corresponding increase in the
carrier concentration within the SOA. Consequently, more carriers are located at higher
energy levels and contribute to the excited radiation of the signal light, thereby enhancing
the amplification ability and saturated output power of the SOA.

275 275
—=— 600 mA —=— 800 mA —=— 800 mA
[ —e— 800 mA 2501 1000 mA 250F—o— 1000 mA
[—— 1000 mA 225 ——1200 mA 225 F—4— 1200 mA
> 200 = 200
% 175 E 175F
5 150 5 150F
2 2 [
5 125 2 125
o {="
gloo- z 100F
£ 75t g 75r
© sof O sof
25 25+
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Input power (mW) (b) Input power (mW) (¢) Input power (mW)

Figure 12. Output power curves at various input powers for SOAs with ridge widths of (a) 4 um,
(b) 5 um, and (c) 6 um.

When the input power is sufficiently low, the output power increases gradually. The
carriers in the gain region can support the number of carriers consumed by the excited radi-
ation, resulting in the generation of more photons and a linear increase in the output power.
When the input power is increased, more carriers in the SOA gain region are required
to contribute to the excited radiation. However, the carriers in the gain region cannot be
replenished over time, leading to slow growth of the output power and eventual saturation.

The maximum saturated output powers for ridge widths of 4 and 5 pm were
193.76 and 224.96 mW, respectively, whereas that for a ridge width of 6 pm was
233.41 mW—significantly higher. As the ridge width increases, more photons are propa-
gated in the waveguide, thereby contributing to the excited radiation. However, a wider
ridge weakens the interactions between the light wave and the waveguide, reducing loss of
the light wave and increasing the saturated output power.

The relationship between the gain and the input power is opposite to that observed for
the output power (Figure 13). The input power of the seed source was gradually increased
by keeping the TEC temperature constant, and the output power Py (unit dBm) was
measured. The peak gain of the device was obtained by the following formula: gain = Poy¢
— Pjn. The maximum gain was obtained at an input power of 0.01 mW. Increasing the
ridge width allows more photons to contribute to the excited radiation in the waveguide,
resulting in stronger output light and higher gain. The maximum gains of the SOA with
ridge widths of 4 pm, 5 um, and 6 pm were 30.62 dB, 30.63 dB, and 32.89 dB, respectively.
The SOA achieves higher gain at high currents because of the increase in the optical power
of the signal, which requires more carriers for the excited radiation. Fewer carriers are
supplied at low currents than at high currents. At a ridge width of 4 um, the maximum
gains were 29.99 dB, 30.52 dB, and 30.62 dB for bias currents of 600 mA, 800 mA, and
1000 mA, respectively. At a ridge width of 5 um, the maximum gains were 29.41 dB,
29.65 dB, and 30.63 dB for bias currents of 800 mA, 1000 mA, and 1200 mA, respectively. At
a ridge width of 6 pm, the maximum gains were 29.69 dB, 31.3 dB, and 32.89 dB for bias
currents of 800 mA, 1000 mA, and 1200 mA, respectively. When the input power reaches a
certain level, many carriers within the SOA are consumed, which decreases the number of
carriers that can interact with the optical signal. Consequently, the gain gradually decreases,
which causes a saturation effect that reduces the number of longitudinal beam modes and
improves the optical transmission quality [40].

Figure 14 shows the dependence of the gain on wavelength and temperature. Main-
taining constant TEC temperature, set the input power to 10 dBm and adjust the drive
current to the operational level. Then, vary the wavelength of the tuned laser from 1440 nm
to 1640 nm with a step interval of 5 nm. Record the gain value at each wavelength and
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plot the gain curve corresponding to the wavelength change. Identify the wavelength
range where the maximum recorded gain experiences a 3 dB drop; this range represents
the 3 dB gain bandwidth (Figure 15). The center wavelength of the gain underwent a
significant redshift upon increasing the operating temperature, which was caused by the
nature of the material. Temperature changes can affect the refractive index of a material,
leading to the emission of longer-wavelength photons. Light absorption and amplification
by semiconductors are enhanced at low temperatures owing to the electronic structures
and optical properties of these materials. Additionally, low temperatures promote carrier
binding in quantum wells, resulting in higher gains. As the device temperature increases,
the energy of the carriers also increases, which decreases the binding force of the quantum
well. Consequently, carriers can escape more easily from the quantum well, which reduces
the gain. Moreover, high temperatures intensify lattice vibrations, resulting in stronger
carrier—-phonon interactions and thus fewer carrier—photon interactions, which further re-
duces the gain. Furthermore, increased lattice vibrations accelerate the carrier complexation
rate, resulting in a shorter carrier lifetime within the quantum well. This behavior results
in a shorter time for carrier—photon interactions and ultimately decreases the gain. The
device with a ridge width of 4 pm exhibited maximum gains of 11.79 dB, 11.47 dB, 11.54 dB,
and 11.35 dB at 20 °C, 25 °C, 30 °C, and 35 °C, respectively. The device with a ridge width
of 5 um exhibited maximum gains of 11.85 dB, 11.7 dB, 11.39 dB, and 11.35 dB at 20 °C,
25 °C, 30 °C, and 35 °C, respectively. The device with a ridge width of 6 pm exhibited
maximum gains of 11.5 dB, 11.372 dB, 10.854 dB, and 10.695 dB at 20 °C, 25 °C, 30 °C, and
35 °C, respectively. At higher temperatures, carriers move more vigorously and have a
wider energy distribution. Thus, fewer carriers contribute to the excited radiation in the
presence of the signal light, which narrows the width of the gain spectrum. Furthermore,
the operational temperature affects the dynamic characteristics of the quantum-well SOAs.
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Figure 13. Dependence of gain on input power for SOAs with ridge widths of (a) 4 pm, (b) 5 um, and

(c) 6 um.
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Figure 15. Schematic of experimental test setup.

2.2.2. Small-Signal Gain

Figure 16 shows the gain spectra obtained at various bias currents and input powers.
Maintaining constant TEC temperature, adjust the input power to the appropriate values
(Pin = 10 dBm, 0 dBm, —10 dBm, and —20 dBm), and set the drive current to the working
levels (600 mA, 800 mA, and 1000 mA for a ridge width of 4 pm, and 800 mA, 1000 mA,
and 1200 mA for ridge widths of 5 um and 6 pm). Then, vary the wavelength of the tuned
laser from 1440 nm to 1640 nm with a step interval of 5 nm. Record the gain value at each
wavelength and plot the gain curve corresponding to the wavelength change. A flatter gain
spectrum was obtained over a wavelength range of 60 nm at an input power of 10 dBm and
a bias current of 600 mA (Figure 16a). Similarly, at bias currents of 800 mA and 1000 mA,
the gain spectra were flatter over wavelength ranges of 85 nm and 100 nm, respectively. For
ridge widths of 5 um and 6 um, the wavelength range over which the gain is flat becomes
wider at a higher bias current (Figure 16b,c). A larger bias current provides more carriers
that can participate in excited emission, resulting in the gain being more uniform over a
wider range of wavelengths.

The effect of varying the input power (10 dBm, 0 dBm, —10 dBm, and —20 dBm) was
also investigated. At an input power of 10 dBm, the SOAs with ridge widths of 4 pm,
5 um, and 6 pm exhibited flatter gain spectra. However, as the input power decreased,
the gains of the SOAs increased and exhibited greater fluctuations. The gain of an SOA is
closely related to the carrier concentration. At low input powers, the carrier concentration
within an SOA is more susceptible to external factors, which can induce fluctuations in
the carrier concentration and, consequently, the gain. The CH effect (carrier heating effect)
of an SOA demonstrates the interaction between photons and carriers at the edges of the
energy bands in the presence of a signal light. However, the temperature of the carriers
at the edge of the energy band is lower than the average temperature. Consequently, the
remaining carriers have a higher temperature, which affects the gain characteristics of the
SOA. This effect becomes more significant at low input powers. The nonlinear effects of
the SOA may also lead to instability. The nonlinear effects may vary depending on the
wavelength of the optical signal. Therefore, changing the wavelength of the seed source
may also influence the nonlinear effects, leading to increased gain fluctuations. As the
ridge width of the SOAs increases, the heat generated by current injection may be more
evenly distributed throughout the SOA structures, which can reduce the impact of thermal
effects on the gain fluctuations.
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At high input powers, increasing the bias current causes more carriers in the SOA gain
region to contribute to stimulated emission and emit photons. Therefore, when the power
of the input signal is constant, the gain of the SOA increases with increasing bias currents.
As the input power decreases, the number of incident photons also decreases. Even if
the bias current and number of carriers are increased, the amount of photons available to
interact with the carriers is insufficient, resulting in no further increase in gain. Additionally,
the CH effect causes an increase in the carrier temperature, leading to decreases in the
complexation rate and carrier mobility, which ultimately reduces the SOA gain.

Using the same methodology as described earlier, the TEC temperature was held
constant while adjusting both the bias current of the SOA and the output wavelength of the
seed source within the wavelength tuning range of 1440 nm to 1640 nm. The stimulated
radiation spectrum of the SOA was then measured, as illustrated in Figure 17. The different
coloured curves represent spectral curves at different wavelengths. It was observed that
a smaller ridge width in the SOA led to a stronger confinement effect on the optical field.
Consequently, an SOA with a ridge width of 4 pm exhibited a flatter gain spectrum over a
wider wavelength range. As the ridge width increased, the spectral flatness weakened, yet
the gain flatness of the SOA under various bias currents showed no significant alteration.

Linewidth is a relatively important metric for SOAs. The spontaneous radiation phe-
nomenon of SOAs results in the generation of mutually independent photons, which causes
linewidth broadening. Coherent light generated by excited radiation can attenuate the
propagation process, which also causes linewidth broadening. These issues can be effec-
tively mitigated by optimizing various conditions, such as the SOA operating temperature
and pump power.
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Figure 17. Output power spectra at different currents for SOAs with ridge widths of (a) 4 pm,
(b) 5 um, and (c) 6 pm.

First, the linewidth of the seed-source laser was investigated. For these measurements,
the power of the seed source entering the linewidth test system was reduced to less than
2 mW, the resolution bandwidth of the spectrometer was 300 Hz, and the sweep width was
1 MHz. Twenty scans were collected, and the average was calculated to obtain linewidth
maps of the seed source at different wavelengths. A Lorentzian fit was applied to the
measured linewidth maps to determine the linewidth values, as shown in Figure 18.

After the seed source was amplified by the SOAs, the power was attenuated to less
than 2 mW to access the linewidth test system, and measurements were performed using
the above-described settings. The linewidths at different operating temperatures and
currents were obtained by Lorentzian fitting, and the linewidth magnification is shown in
Figure 19. Although the chip was affected by external factors and the linewidths fluctuated
considerably, significant linewidth broadening did not occur. Notably, the linewidths after
SOA amplification were less than 1.4 times those of the seed-source laser.
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Figure 18. The variation in seed source linewidth with wavelength.

The noise figure is an important measure of the noise performance of an SOA. This
parameter, which indicates the degradation degree of the signal-to-noise ratio caused by
the signal passing through the SOA, is defined in [41] as follows:

(S/N)in

NE= 18 /N out

®)

where (S/N )i, and (S/N )out are the signal-to-noise ratios of the SOA input and output,
respectively. For the SOA, the noise mainly consisted of scattered grain and beat noise.
Scattered grain noise is a random wave of energy caused by the collision of charge carriers
and lattices or the thermal vibration of charge carriers and photons at a given temperature,
which is unavoidable. Beat noise can be divided into beat noise between spontaneously
emitted photons and beat noise between the signal light and spontaneously emitted photons.
To reduce the noise and improve the quality of the output light, the residual reflectivity of
the end face of the SOA should be minimized.
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Figure 19. Linewidth magnification at different temperatures and input currents for SOAs with ridge
widths of (a) 4 um, (b) 5 um, and (c) 6 pm.

Noise figure measurements were performed using a spectral analyzer, where the signal
light and the light amplified by the SOA were fed into the spectral analyzer for EDFA-NF
analysis. The input/output power was compensated according to the analysis results, and
the final results were obtained by performing the EDFA-NF analysis again. We measured
the noise figure of the SOA device under different operating conditions by varying the
operating temperature, the bias current, and the input power (Figure 20). As the chip was
not encapsulated and thus affected by external factors, the noise figure was unstable and
sometimes high.

The TEC temperature was held constant while varying the SOA bias current and the
power of the seed source. The maximum output power of the TE polarization state (in
dBm form) and the minimum output power of the TM polarization state (also in dBm
form) were measured by adjusting the polarization controller. The TE polarization gain
(Gain po11E) and the TM polarization gain (Gain pe).1yv) Were obtained. The polarization-
dependent gain (PDG) of the device could then be obtained using the following formula:
PDG = Gain pop.tg — Gain po.rv- Polarization insensitivity is a fundamental requirement
for SOAs in optical amplification, signal processing, and optical switching [42]. Hence, the
polarization characteristics of the 4 um, 5 pm, and 6 um SOA devices were systematically
tested in this study, as shown in Figure 21. With the increase in driving current, the PDG
exhibits an overall increasing trend followed by a gradual decrease. Under the same
driving current, the PDG increases with increasing input power. At a small signal input
of —20 dBm, the overall PDG remains below 3 dB, indicating low polarization sensitivity.
Moreover, with increasing ridge width, the PDG shows a slow increase. For instance, at a
—20 dBm input, the lowest PDG for the 4 pum width is only 1.21 dB, as shown in Figure 21a.
However, when the input power reaches 10 dBm, all three ridge widths exhibit significantly
higher PDGs, with the 6 um width reaching a maximum of 15.74 dB. Combining the
simulations conducted earlier, it is evident that strain adjustment in the LH band effectively
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reduces the mode gain difference between TE and TM modes. Nonetheless, increased strain
significantly raises the difficulty of epitaxial growth. Thus, as seen in Figure 7, the TE mode
still exhibits slightly higher gain in the design proposed in this study. Furthermore, testing
also reveals that the PDG is not only related to the epitaxial structure but also to the active
waveguide morphology. As the ridge width increases, the optical field mode changes, with
the mode gain of the TE mode increasing faster than that of the TM mode. Therefore, based
on the epitaxial structure design discussed above, small signal inputs and narrow ridge
waveguide structures can effectively reduce the PDG of the SOA.
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Figure 20. Noise figure at different temperatures for SOAs with ridge widths of (a) 4 um, (b) 5 um,
and (c) 6 um.
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Figure 21. Gain polarizability at different input powers for SOAs with ridge widths of (a) 4 um,
(b) 5 um, and (c) 6 um.

The developed SOA achieved polarization insensitivity while providing a high sat-
uration output power and gain. The performance characteristics of various previously
reported SOAs are summarized in Table 1. In 1994, NTT Opto-electronics Laboratories in
Japan reported the use of tension—strain quantum wells as polarimetric insensitive SOAs
in the active region, with a saturated output power of 14 dBm, a gain of 27.5 dB, and a
polarization sensitivity of less than 0.5 dB at a 1560 nm wavelength [43]. In 2011, Japan’s
Fujitsu used a cylindrical quantum dot structure to achieve a saturated output power of
18.5 dBm and a gain of 8 dB, and its polarization can reach a minimum of 0.4 dB [44]. In
2014, the Centre for Research in Photonics proposed an asymmetric MQW SOA operating
at the 1.35 pm wavelength band. When the input power was —20 dBm, the PDG was
less than 0.5 dB, with a peak gain of 20 dB. The saturated output power for the TE mode
and the TM mode were 18 dBm and 22 dBm, respectively, with a 3 dB gain bandwidth
of 100 nm [31]. In 2016, Huazhong University of Science and Technology proposed an
integrated InGaAsP-InP/SOI polarization-insensitive SOA operating at the 1.55 um wave-
length band. When the input power was —20 dBm, the polarization-dependent gain (PDG)
was less than 0.5 dB, but the gain was only 10.6 dB, with an output power tested to be
—0.6 dBm, and a 3 dB gain bandwidth of 60 nm [45]. In 2018, the Technion-Israel Institute
of Technology reported a high-gain quantum dot SOA that realized maximum gains of
22 dB at 50 °C and 15 dB at 100 °C, with a saturation output power of 9.62 dBm [46]. In
2020, Eindhoven University of Technology reported an MQW SOA with maximum gains
of 7 dB and 16 dB at 1500 nm for bias currents of 50 mA and 80 mA, respectively, and a
polarization sensitivity of less than 3 dB. At 1540 nm, for bias currents of 50 and 80 mA, the
maximum gains were 12 dB and 20 dB, respectively, and the polarization sensitivity was
less than 5 dB [19]. In 2020, Kobe University in Japan proposed a polarization-insensitive
SOA operating at the 1.1 pum wavelength band, using closely stacked InAs/GaAs quantum
dots. When the input power was -33 dBm, the PDG was less than 1 dB, with a maximum
gain of approximately 30 dB, an output power of —3 dBm, and a 3 dB gain bandwidth
exceeding 100 nm [47]. In 2021, Eindhoven University of Technology in the Netherlands
proposed a polarization-insensitive bulk SOA operating at the 1.31 um wavelength band
for active—passive photonic circuits. When the input power was —20 dBm, the PDG was
less than 1.5 dB, with an average gain greater than 20 dB, a saturated output power of
11 dBm, and a 3 dB gain bandwidth of approximately 40 nm [48].

Although previous research reports have shown that achieving a low PDG with small
signal inputs is possible, it has been challenging to achieve gains exceeding 30 dB and
saturated output powers beyond 18.5 dBm, with a 3 dB gain bandwidth surpassing 100 nm.
However, in this study, while ensuring a device with a 3 dB gain bandwidth of 140 nm,
a maximum gain of 32.89 dB, and a saturated output power of 23.38 dBm, we have still
managed to maintain a PDG below 3 dB. This lays a solid foundation for ultra-high-speed,
wideband coherent optical communication applications.
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Table 1. Performance comparison with previously reported SOAs.
. . . Saturation Polarization- Gain
Publication Year Research Unit Gain Output Power Dependent Gain Bandwidth

1994 [43] NTT Opto-electronics 27.5dB 14 dBm <0.5 dB@13.5 dBm /
Laboratories

2011 [44] Fujitsu Laboratories Ltd. 8 dB 18.5 dBm 0.4 dB@10 dBm ~30 nm

Photonics Technology
2014 [31] Laboratory, Centre for 20 dB 22 dBm <0.5 dB@-20 dBm 100 nm
Research in Photonics
2016 [45] Huazhong University of 10.6 dB Only —06dBm 5 8@ 20 dBm 60 nm
Science and Technology was tested

2018 [46] Technion-Israel Institute 22 dB 9.62 dBm / ~30 nm
of Technology

2020 [19] Eindhoven University 20 dB 7.4 dBm <3dB ~35nm
of Technology

2020 [47] Kobe University ~30dB ~3 dBm <1 dB@-33 dBm >100 nm

2021 [48] Bindhoven University of 20 dB 11 dBm 1.5 dB@-20 dBm ~40 nm

Technology
2024 This work 32.89 dB 23.38 dBm <3 dB@-20 dBm >140 nm

3. Conclusions

In summary, this paper proposed a novel SOA device tailored to the requirements
of next-generation ultra-high-speed coherent optical communications, characterized by
high power, low polarization sensitivity, and a wide gain spectrum. Through meticulous
optimization of the strain characteristics within the active region to minimize material
mode gain discrepancies and enhance gain bandwidth, coupled with the optimization of
the relationship between the optical confinement factor of the active region and the ridge
width to achieve an asymmetric large cavity, the device’s saturated output power was
significantly elevated. A maximum saturated output power of 233 mW was achieved with
a ridge width of 6 pm. When the ridge width was 4 pm, the maximum gain was 32.89 dB
at an input power of —20 dBm, with the gain being flattest within the wavelength range
of 1475 nm to 1615 nm. Overall, this study provided new insights and approaches for
the further development of core optical amplifiers in the field of optical communications,
demonstrating significant practical and scientific significance.
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