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A B S T R A C T

Narrow-linewidth semiconductor lasers are highly valued in scientific research and industrial
applications owing to their high coherence and low phase noise characteristics, particularly in
high-performance optical communications, sensing, and microwave photonic systems. Accuracy,
a key objective of many application systems, is determined by the noise of the light source. As
system accuracy improves, the requirements for the light source become more stringent, with
linewidth reduction and noise reduction being the top priorities. Currently, extensive attention
and research are focused on suppressing noise generated by narrow-linewidth lasers. This paper
presents noise measurement methods, analyses of the mechanisms for noise suppression, and
recent research progress in low-noise semiconductor lasers, focusing on material optimization,
structural design, and feedback control. The limitations of current technological solutions are
discussed, and future scientific trends are outlined.

1. Introduction

Narrow-linewidth low-noise semiconductor lasers are high-performance light sources with advantages of high spectral purity, high-
frequency stability, and precise wavelength. They play indispensable roles in cutting-edge applications, such as optical communication
systems [1–5], microwave photon systems [6–10], and sensing systems [11–15]. Accuracy is crucial in application systems, and the
noise of light sources significantly determines the accuracy of the optical system. With the rapid advancement of artificial intelligence
technology, there has been a significant increase in the demand for large-scale data processing and implementation analysis. Optical
chips must be able to support higher data transmission rates and larger bandwidth capacity. The noise characteristics will have a
crucial impact and even become a decisive factor.

Generally, the noise of semiconductor lasers includes phase noise, intensity noise, and frequency noise. Phase noise describes the
random fluctuation of the laser output optical signal phase with time. Phase noise mainly comes from spontaneous radiation and
carrier fluctuation, which are embodied as white noise and 1/f noise, respectively, and adversely affect the sensitivity of interferometry
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and coherent optical communication systems. Intensity noise describes the random fluctuation of the intensity of the laser output
optical signal. Intensity noise is mainly caused by spontaneous radiation, carrier fluctuation, temperature fluctuation, and is usually
characterized by relative intensity noise (RIN), which has important impacts on the modulation characteristics, optical power stability,
and optical signal transmission quality. Frequency noise describes the random change of the laser output optical signal frequency with
time and is usually caused by changes in temperature, current, pressure, etc. The existence of frequency noise will lead to frequency
drift of optical signals, affecting the stability and reliability of lasers.

Previously, linewidth characteristics of lasers has been significantly emphasized. With the development of technology, system
performance improvement, and application scenario changes, light source noise has emerged as a significant challenge. In optical
communication, noise affects the signal quality, transmission distance, system bandwidth, and transmission rate of the system [16]. In
microwave photonics, it affects the signal-to-noise ratio, dynamic range, and system stability [17]. Moreover, noise determines the
detection accuracy, detection distance, anti-interference ability, and stability of LiDAR systems [18].

Owing to the increasing application demands, noise measurement and suppression for semiconductor lasers has become a research
hotspot. Technical solutions of noise suppression based on material optimization, structure design, and feedback control are constantly
being proposed. This paper presents a thorough analysis of the noise generation mechanism and comprehensively summarizes the
existing technical solutions to provide a scientific outlook on the development of semiconductor laser noise suppression technology.

2. Noise in semiconductor lasers

Noise in semiconductor lasers can be described as intensity or phase (frequency) noise. In an ideal scenario, the assumptions are
that no spontaneous radiation occurs in the semiconductor laser and that the laser light is generated entirely by the stimulated ra-
diation. This situation results in a stable output frequency and phase for a single-mode laser, and the output light can be expressed as:

E=Ej(ω0t+φ0)
0e , (1)

where E0 denotes the initial amplitude, ω0 denotes the initial angular frequency, and φ0 denotes the initial phase. However, spon-
taneous radiation is inevitable in actual output lasers. A laser generated by spontaneous radiation has a specific intensity and phase.
The photons generated by spontaneous radiation randomly introduce a part of the field component into the coherent field generated by
stimulated radiation because of irregularity and randomness, which can alter the amplitude and phase [19].

Generally, the normalized RIN is used to characterize the intensity noise as follows:

RIN=
1
B

△P(ω)
2

P2
, (2)

where ΔP(ω)2 is the mean-square optical intensity fluctuation at a defined frequency, P is the average output optical intensity, and B is
the equivalent bandwidth. The unit of RIN is dBc/Hz, and this quantity characterizes the fluctuation of signal power [20]. The phase
noise of semiconductor lasers is typically defined using the noise power spectral density (PSD), as follows:

Sϕ(f)=ϕ2(f)
1
BW

, (3)

where BW is the bandwidth of the measurement system, and ϕ (f) is the phase noise deviation. The unit of Sϕ(f) can be expressed as
rad2/Hz or Hz2/Hz, and it characterizes the amount of variation in the Fourier frequency noise at different frequencies.

The relation between phase noise and frequency noise is as follows:

φ(t)=
∫ t

0
2πω(τ)dτ. (4)

Given that frequency is a differential of phase, the relationship between phase noise PSD and frequency noise PSD is as follows:

Sv(f)= f2Sφ(f). (5)

According to Eq. (4), the frequency and phase noises can be transformed into each other and are essentially the same. Therefore, the
noise in a single-mode laser is mainly described as intensity and phase (frequency) noise. The essential causes are the changes in the
photon and carrier densities. The fluctuation in photon density leads to variation in the output power amplitude, whereas a change in
the carrier density leads to variation in the refractive index, which further causes a change in the output wavelength, thus leading to
phase (frequency) variation.

Spontaneous radiation introduces random jitter in phase and frequency, resulting in phase-frequency noise that causes the laser
linewidth to spread. Therefore, linewidth is an important parameter for characterizing the phase noise of a laser. Combining the
relaxation oscillation frequency and damping factor, the Fourier transform of the set of rate equations for the semiconductor laser
according to the Wiener-Hinchin theorem gives the following relationship between the frequency noise and the linewidth:

Sv(f)=
δvST

π

⎡

⎢
⎢
⎣

1+ α2fr4
(
f2 − fr2

)2
+ f2 γ2

4π2

⎤

⎥
⎥
⎦, (6)
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where fr is the relaxation oscillation frequency, γ is the damping factor, α is the linewidth enhancement factor, and δνST is the
Schawlow–Townes linewidth [21,22] which can be expressed as

δvST =
vg2hυnsp(αm + αi)αm

8πP , (7)

where νg is the group velocity, hυ is the photon energy, nsp is the spontaneous radiation factor, αm is the equivalent mirror loss, αi is the
internal loss, and P is the output power of the laser. The introduction of the linewidth enhancement factor α combined the theoretical
and experimental noise of the laser effectively which is defined as

α=
∂nʹ/∂N
∂nʹ́/∂N , (8)

where N is the carrier density, n’ is the real part of the effective refractive index, and n’’ is the imaginary part of the effective refractive
index.

The interactions and transitions between photons and carriers caused by stimulated radiation enable the transformation of intensity
noise and phase (frequency) noise. Thus, a specific relationship exists between the RIN and the linewidth, which can be expressed as
[23,24].

RRIN(f) =
4
πδvST

f2 + (γ*/2π)2
(
fr2 − f2

)
+ f2(γ/2π)2

, (9)

where fr is the relaxation oscillation frequency, γ is the damping factor, γ* is the damping factor considering nonlinear gain
compression. Therefore, reducing the RIN is similar to obtaining a narrow linewidth, and a narrow linewidth, high power, and low RIN
can usually be obtained simultaneously.

3. Frequency characteristics and measurement methods

3.1. Frequency characteristics of noise in semiconductor lasers

Accurate measurement of the noise of semiconductor lasers establishes a reliable benchmark for studying and analyzing low-noise
semiconductor lasers. Understanding the spectral characteristics of semiconductor laser noise is essential for developing appropriate
measurement methods for different types of noise, because noise generation mechanisms vary across different frequency ranges.

The noise characteristics of semiconductor lasers vary depending on their frequencies. At low frequencies, 1/f noise dominates,
with its PSD adjusting accordingly [25]. In the mid-frequency range, relaxation oscillations can lead to one or more narrow peaks in the
noise power spectrum [26,27]. White noise, primarily comprising thermal noise and shot noise, predominates in the high-frequency
spectrum. Notably, the PSD demonstrates no significant variation with the frequency. A common occurrence in electronic devices, 1/f
noise refers to random fluctuations where the PSD is inversely proportional to frequency. In semiconductor lasers, 1/f noise has two
primary sources. One source is the fluctuation in the number of charge carriers in semiconductor devices due to the random capture
and emission of carriers by trap centers in regions, such as the space charge region and surface oxide layer. The other component arises
from the fluctuation in the mobility of materials or devices caused by the randomness of various scattering processes [28,29]. This
noise component exhibits approximately the same intensity for devices with different materials and structures and cannot be
fundamentally eliminated. Relaxation oscillations result from the interaction between radiation and the gain medium within the
resonant cavity of a laser. Several factors, including the carrier lifetime, injection current ratio, photon lifetime, gain coefficient, and

Fig. 1. (a) Schematic of the direct measurement method. (b) Schematic of cross-spectral measurement.
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threshold carrier density, can influence the frequency of relaxation oscillations. White noise, characterized as a random signal or
stochastic process with a constant PSD, represents intrinsic noise in semiconductor lasers, primarily thermal and shot noise [30,31].
Thermal noise arises from the randommovement of carriers due to thermal excitation, whereas shot noise results from the independent
and random passages of the carriers through potential barriers. In the typical frequency range, the power spectral densities of both
thermal and shot noise are independent of frequency [32–34]. To achieve accurate RIN measurements, minimizing the influence of
interfering noise is necessary. Conductingmeasurements in the high-frequency range effectively reduces the impact of 1/f noise on RIN
measurements.

3.2. RIN measurement methods

Various measurement schemes exist for assessing the RIN of semiconductor lasers; however, the direct measurement method is the
most convenient. The measurement principle diagram is shown in Fig. 1 (a). In this approach, the output light undergoes photoelectric
conversion, transforming it into a current waveform. Subsequently, the frequency spectrum is directly measured using a spectrum
analyzer (SA) after amplification by a low-noise amplifier (LNA). The signal input to the amplifier encompasses both a strong DC signal
and weak noise signal owing to the presence of the RIN. Given that the detection target is a fluctuating noise signal, the amplifier must
effectively filter out interfering DC signals. Moreover, the amplifier must possess high gain to ensure that the noise signal, post-
amplification, is not overshadowed by the inherent noise generated by the SA. Semiconductor lasers typically exhibit weak RIN sig-
nals, usually on the order of several tens of nV/√Hz [35]. Therefore, although measuring RIN through this scheme is relatively
convenient, it necessitates using a high-quality amplifier. This amplifier should effectively filter the DC signal and offer substantial
gain. The noise floor of the amplifier and susceptibility to power-supply interference can significantly impact measurement results. The
minimum effective noise voltage spectrum remains low despite implementing an LNA and shielding measures. In the high-frequency
range, the signal received by the SA comprises the RIN, the shot noise power of the photodetector, and the total measured thermal
noise power of the receiver, which can be expressed as

Pn =Pn(laser) + Pn(shot) + Pn(thermal), (10)

where Pn is the noise power measured by the SA, Pn(laser) is the noise power of the laser, Pn(shot) is the shot noise power of the
photodetector, and Pn(thermal) is the total measured thermal noise power of the receiver. When the laser output is deactivated, the
thermal noise power spectrum is observable on the SA. Calculating the shot noise entails utilizing the input impedance of the oscil-
loscope and the DC of the link, which can be expressed as

Pn(shot) =2qU, (11)

where q is the charge constant andU is the DC voltage. It becomes imperative to eliminate both thermal and shot noise before obtaining
the RIN of the laser under testing, which can be expressed as

RIN(measured) =RIN(laser) +
2q
Idc

+
Pn(thermal)
UIdc

, (12)

where RIN(measured) is the RIN that was measured, RIN(laser) is the RIN of the laser, and Idc is the DC current in the link.
Nevertheless, the direct measurement method places excessively stringent requirements on the noise characteristics of amplifiers. A

more effective approach to overcome these limitations is to adopt the cross-spectral density measurement method as shown in Fig. 1
(b). In this method, the RIN spectrum is measured by connecting two preamplifiers to an SA. Notably, because two separate power
sources independently power the amplifiers, the noise introduced by power-supply interference and the noise generated by the am-
plifiers are independent and uncorrelated. This independence can be exploited through cross-spectral estimation, effectively miti-
gating the impacts of amplifier noise, zero drift, and other related factors. By employing this method, one can effectively address the
effects of amplifier self-noise and power-supply interference on the test results. Consequently, this reduces the requirements placed on
the amplifier and ensures a higher level of measurement accuracy.

When measuring the RIN of a laser, the measurement setup often introduces additional noise sources [36]. Among these, 1/f noise
predominantly manifests in the low-frequency range, significantly impacting RIN measurements within this frequency band. To
enhance the accuracy, the phase noise estimation method shifts the measurement to the high-frequency range. The measurement
principle involves modulating the output light of the laser under testing with a single-frequency microwave signal. Due to the inherent
noise in the link, the phase noise of the modulated light increases. The phase noise in the measurement link is characterized by the
phase noise of the single-frequency point source, total noise power in the link, and output power of the link. The total noise power
includes shot noise, thermal noise, and RIN. Intensity noise measurements can be converted into a phase noise measurement. The
specific steps in this approach are as follows. First, the single-frequency point microwave signal is connected to the phase noise
analyzer to measure the phase noise. Subsequently, the detection link is connected to the modulator, adjusting the modulator bias
voltage to operate at the quadrature bias point. The input optical power of the detector and the output optical power of the laser are
then measured using an optical power meter, followed by calculating the gain of the link and determining the output photocurrent
from the detector response. Finally, the output optical power and phase noise are recorded. The outlined measurement steps show that
the phase noise estimation method involves a relatively complex measurement process. Additionally, owing to the susceptibility of the
supply voltage of the modulator to environmental disturbances causing drift [37,38], an additional control circuit is necessary to
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maintain stability.
The crux of the RIN measurement system lies in the careful selection of low-noise photodetectors and SAs, thoughtful design of

signal amplifier circuits, optimization of backend signal acquisition and processing circuits, and refinement of algorithms [39–42].
Among these approaches, the direct measurement method is more practical, whereas the cross-spectrum method requires additional
devices and entails computational complexity. Furthermore, currently available commercial amplifiers predominantly operate at high
frequencies. Although this choice reduces the power requirements of the amplifier, it does not effectively suppress 1/f noise in the
low-frequency range. By contrast, the phase noise estimation method involves excessively complex measurement steps. Consequently,
direct measurements are the most widely employed method for practical measurements.

3.3. Measurement methods of phase noise

Although the linewidth can characterize the phase noise of a semiconductor laser, it does not reflect the phase noise characteristics
of the laser as a whole. Therefore, the application of lasers is also inseparable from understanding and measuring the phase noise
characteristics of lasers. At present, the measurement methods of laser phase noise mainly include direct measurement method, phase
discrimination method, frequency discrimination method, coherence method and so on.

The simplest method of measuring phase noise is to directly use an SA. The signal to be measured contains both amplitude noise and
phase noise interspersed with the carrier frequency. Therefore, a suitable SA can be used to test the spectral information of the un-
modulated signal to be measured. The spectral information appearing on the SA can then be converted into single-sideband phase
noise. Although the measurement method is straightforward, the accuracy of the test results may be compromised because of the noise
floor of the SA not being sufficiently low. To ensure high-precision measurements, using an SA with a low-noise floor is crucial.
Additionally, the measurement results of the SA include both amplitude noise and phase noise in the frequency domain, meaning that
the amplitude noise level of the measured signal cannot exceed the phase noise.

Phase discrimination is currently the most widely used measurement method. Most major phase noise test instrument manufac-
turers use this method in their phase noise test systems. The phase discrimination method aims to convert the phase jitter of the laser
being measured into intensity changes using a highly stabilized reference laser as illustrated in Fig. 2 (a) [43]. The phase noise of the
laser being measured is then obtained by directly measuring the intensity changes. The process of phase discrimination involves
converting the measured signal and reference signal through a phase discriminator and phase-locked loop into a random fluctuation in
the phase of the two linear output voltage changes. The output of the phase identification is further processed through a low-pass filter
(LPF) and an LNA to facilitate subsequent processing within a certain range of signal frequency and amplitude. The final output signal

Fig. 2. (a) Principle of phase discrimination measurement. (b) Principle of frequency discrimination measurement.
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is then analyzed directly by the spectrometer. By selecting a suitable reference signal, phase noise measurements based on phase
discrimination can achieve very low noise floors, resulting in a robust measurement dynamic range.

To address the limitations of the phase identification method, which requires a high reference source, the frequency discrimination
method can be used to measure phase noise. This method uses a discriminator to detect the frequency change of the measured signal,
converts the frequency jitter of the laser into phase jitter, and characterizes the phase jitter in the form of intensity change without
needing a reference source as shown in Fig. 2 (b) [44,45]. The frequency discrimination method through the power divider involves
measuring a frequency signal split into two signals with the same amplitude. One signal passes through a time-delay optical fiber,
whereas the other signal travels through a phase shifter. The phase shifter is adjusted until the two signals maintain a phase difference
of 90◦. Finally, use the phase discriminator on the two orthogonal signals to convert the phase noise into an amplitude and noise
proportional to the voltage signal. Before entering the SA, this voltage signal passes through a low-pass filter and a low-noise amplifier,
and Fourier transform analysis can then be used to obtain the phase noise power spectrum. This method is easy to implement and does
not require a high-precision reference signal. The phase discriminator effectively suppresses amplitude noise, reducing interference
with phase noise measurement and enabling high-accuracy measurement of small signals. However, the slope of the discriminator
response curve can seriously affect the measurement accuracy. Additionally, the frequency range of the measurement is limited
because of the narrow phase discrimination bandwidth of the discriminator.

Themethods of discriminating frequency and phase have significant advantages in terms of measurement accuracy compared to the
direct measurement method of the SA. However, instantaneous phase change of the laser is still impossible to measure directly. Among
the methods for characterizing phase noise, the delayed autocorrelation method only measures a 3 dB line width, which is insufficient
for comprehensive characterization. In recent years, researchers have combined the delayed autocorrelation method with phase
modulation detection, which is used to determine the differential phase coherently, enabling more complete characterization of the
phase noise of the laser [46,47]. The self-external coherent detection method based on phase modulation and the self-zero-difference
photocoherent reception method are commonly used. This method recovers an isotropic component I and an orthogonal component Q
with phase noise information at the carrier or first harmonic. The FM noise power spectrum and linewidth of the laser are then ob-
tained from the I/Q components in a digital signal processing system. The basic principle of the self-zero-difference optical coherent
reception method is to split the laser to be measured into two paths, one as the signal light through the time-delay fiber, and the other
directly as the principal oscillator light of the coherent receiver. The role of the coherent receiver is to signal light and local oscillation
light for coherent demodulation. It recovers the I/Q component with the laser differential phase noise and obtains the FM noise power
spectrum and line width in the digital signal processing system. The coherent detection method employs polarization multiplexing
technology in its coherent receiver, significantly increasing the communication capacity. However, self-zero difference coherent
detection uses the same frequency for the signal light and the center frequency of the local oscillation light, and the coherent receiver
has multiple Mach–Zehnder interferometer (MZI) structures that are highly sensitive to phase changes, making the entire system
sensitive to external ambient temperature and vibration, and resulting in poor stability of signal transmission.

Various methods exist for measuring phase noise, each with its advantages, disadvantages, and applications. The direct mea-
surement method using an SA has a larger noise floor but is convenient for engineering tests that do not require high measurement
accuracy. The frequency discrimination method is less expensive and can work without a reference source. The phase discrimination
method has been continuously improved in recent years, resulting in increased measurement accuracy and decreased constraints. This
method is currently one of the most commonly used. The coherent detection method is the most commonly used for phase testing of
narrow linewidth lasers owing to its highmeasurement accuracy, capability for direct measurement of the instantaneous phase change,
and low cost of digital signal processing systems.

4. Methods of suppressing noise

As the signal-to-noise ratios of systems continue to improve, the noise characteristics of the light source increasingly limit the
performance of lasers. Researchers have attempted to suppress the noise in semiconductor lasers considering various perspectives.
Chip structures, selection of materials, external cavity feedback, fabrication processes, and external control circuits can all lead to
variations in the noise of semiconductor lasers [48]. This paper focuses on noise reduction from the perspectives of material opti-
mization, structural design, and feedback control.

4.1. Chip structure design

Linewidth and noise reduction in semiconductor lasers can be approached from various angles. From the perspective of epitaxial
growth, the linewidth enhancement factor can be reduced and spatial hole burning can be suppressed by increasing the differential
gain of quantum wells. These objectives can be achieved by using strained quantum wells and an appropriate increase in their number
to reduce the threshold current and enhance the slope efficiency [49–59]. From the perspective of the resonant cavity, increasing the
cavity length appropriately can produce a high-quality factor Q, resulting in a narrow linewidth [60–67]. Additionally, applying
anti-reflective (AR) coatings on one end of the laser and highly reflective (HR) coatings on the other can improve the stability of the
output optical modes and effectively suppress noise [45,46]. For the design of Bragg gratings, high differential gain is obtained by
controlling the grating morphology and type, designing suitable grating coupling coefficients, and wavelength blueshift biasing to
narrow the linewidth [68–91]. Furthermore, the RIN and phase noise of semiconductor lasers are caused by photon and carrier density
fluctuations. Therefore, the waveguide structure of the chip plays a crucial role in determining the distribution of carriers and optical
modes. Well-designed waveguide structures, such as buried heterostructures (BHs) and separate confinement heterostructures (SCHs),

H. Wang et al. Heliyon 10 (2024) e38586 

6 



can significantly reduce the fluctuations of carrier and photon densities, resulting in effective noise suppression.
The BH structure is a commonly employed solution for high-power, low-noise lasers. The carrier extension in the BH and ridge

waveguide (RWG) structures is illustrated in Fig. 3 (a) and 1 (b). The RWG structure exhibits limited restrictions on the injected carriers
along the direction parallel to the PN junction. The carrier densities undergo temporal variations with the diffusion and recombination
of carriers over time. In contrast, the BH structure introduces a lateral barrier layer in the active region, forming a reverse-biased PN
junction. This enhancement improves the blocking capabilities of carriers and photons, limiting the optical field horizontally and
vertically. Additionally, the smaller active region area in the BH structure facilitates the acquisition of an active region with minimal or
no defects, effectively reducing carrier recombination effects [92–95]. Hence, BH structures have been extensively employed in the
research on high-power, low-noise semiconductor lasers. The silicon-based waveguide has the characteristics of small size, high-speed
transmission, low loss, and strong compatibility, which is the expected direction of optical chip development. On the one hand,
silicon-based external cavity structure is the optimal solution to realize low-noise laser. On the other hand, with the development of
heterogeneous integration technology, new structures, such as SI-InP BH, have become the focus of research in recent years [96–98].

In 2003, Takaki et al. developed a 1550 nm DFB laser with an InGaAsP-InP BH structure grown through metal–organic chemical
vapor deposition (MOCVD). It exhibited an output power of more than 175 mW, an RIN close to − 160 dBc/Hz and a narrow linewidth
below 0.8 MHz [99]. The active region of the laser comprised six quantumwells with two end facets coated with AR and HR layers. The
resonant cavity was configured as an elongated cavity to attain a higher power. By reducing the carrier densities and optimizing the
grating coupling coefficient κ within the resonant cavity, the uniformity of the photon densities was improved, resulting in lower noise.
Subsequently, Huang et al. employed a BH structure to achieve a DFB laser with an output power of up to 180 mW, a narrow linewidth
below 100 kHz, and an RIN below − 170 dBc/Hz [100]. The active region of this laser was composed of multiple quantum wells
(MQWs) and separate confinement layers (SCHs), forming a mesa structure via wet etching in the active region. The two end facets
were coated with AR and HR layers to maintain the excellent single-mode characteristics of the DFB laser, and a grating layer was
grown using holographic techniques. In 2011, Zhao et al. employed a BH structure to develop a 1550 nm DFB laser [101], achieving an
output power exceeding 200mWwith an RIN below − 165 dBc/Hz. The active region of this laser comprised six compressively strained
(1%) quantumwells with a thickness of 6 nm. The quantumwells were sandwiched between the upper and lower SCH layers to confine
the carriers horizontally. Additionally, grooves were etched on both sides of the mesa to further enhance the carrier confinement. The
cavity length of the laser was set between 1.5 mm and 2.0 mm to achieve high output power. The optimal κ value was determined to
satisfy the condition κL = 1.25 [102], effectively suppressing spatial hole burning. In 2014, Feng et al. reported a DFB laser with a BH
structure, featuring a central wavelength of 1310 nm, an output power of up to 207 mW, and an RIN below − 160 dBc/Hz within the
1–30 GHz range [103]. This DFB laser utilized six pairs of undoped InGaAsP quantum wells, with both the upper and lower SCH layers
employing four different bandgap structures. The cavity length was set between 1.3 and 2.0 mm, with a selected cavity length of 1.4
mm to achieve high output power, and κL was designed to be 1.05. In 2021, Wu et al. achieved a 1550 nm DFB laser with a BH
structure, demonstrating an output power exceeding 102 mW at room temperature and an RIN lower than − 160 dBc/Hz [92]. The
laser output power was enhanced throughmutual matching of the cavity length and quantumwells, along with the optimized design of
the optical waveguide. A partial grating structure was implemented to suppress the spatial hole-burning effect. In 2024, Guo et al.
reported a single-mode InGaAsP/InP BH lasers based on high-order slotted surface grating, featuring a central wavelength of 1563 nm,
an output power of 10.2 mW, and a narrow linewidth of 550 kHz [104]. Addition, the structures of SI-InP BH have also been widely
used in recent years. In 2018, Shinji et al. fabricated membrane BH lasers on SiO2∕Si substrates through the combination of direct
bonding and epitaxial growth [96]. In 2020, Takuro et al. reported the direct modulation of membrane BH lasers on silicon. The MQW
layer, sandwiched between InP layers, is directly bonded to a Si substrate with thermal oxide (SiO2/Si substrate) [97]. In the same year,
Takuma et al. reported bonding an InP substrate containing the MQWs to a Si substrate containing the Si waveguide circuits. The cores

Fig. 3. (a) Carrier extension in RWG. (b) Carrier extension in BH structure. (c) Energy map of the conduction band of the asymmetric SCH structure.
(d) Dilute waveguide epitaxial distribution. (e) Schematic of the structure of a double-trench ridge waveguide.
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of the MQW layer and bulk layer are etched, after which the InP is regrown to create BHs [98].
Although the BH configuration offers numerous advantages for enhancing laser output performance, its fabrication process is

intricate. Several research institutions have recently explored asymmetric cladding structures to mitigate the noise. These include
configurations with asymmetric SCH, diluted waveguide structures, and dual-groove ridge waveguide structures. Unlike symmetric
SCH, asymmetric SCH integrates high-bandgap materials in a p-type confinement layer to mitigate carrier leakage. The conduction
band energy distribution of the asymmetric SCH structure is shown in Fig. 3 (c). The asymmetric distribution of the refractive index
causes the optical field to deviate from the p-type material side with a high absorption loss, directing more light into the n-type
material. This reduces the optical absorption loss of carriers and effectively suppresses the noise. The diluted waveguide was con-
structed from multiple periodically arranged non-doped InP/InGaAsP composite layers, as shown in Fig. 3 (d). The refractive-index
distribution is controlled by designing the period and thickness, guiding the optical field to low-loss layers, and effectively sup-
pressing the noise. Compared with the ridge waveguide, the double-trench ridge waveguide provides enhanced confinement for
carriers and photons. The schematic diagram of the structure of a double-trench ridge waveguide is shown in Fig. 3 (e). In a ridge-type
waveguide, isotropic confinement along the p-n junction plane leads to ineffective carrier confinement and carrier spreading. Intro-
ducing a double-trench structure increases the refractive-index difference in the external structure, effectively confining carriers and
photons within the emitting region [105]. Additionally, the introduced passive lower waveguide weakens the lateral light confinement
of the ridge waveguide, reducing the photon absorption caused by the p-doping layer and further lowering the noise [106].

In 2011, Faugeron et al. utilized gas-source molecular beam epitaxy (GS-MBE) to grow an MQW DFB structure on an N-InP sub-
strate. The double-trench ridge waveguide was fabricated through ion beam etching, wet chemical etching, and proton isolation,
yielding a 1550 nm DFB laser with an output power of up to 140 mW and RIN below − 157 dBc/Hz in the range of 0.1–20 GHz [107].
This structure reduces the optical overlap between the optical intrinsic mode and the p-doping layer, thereby decreasing the optical
confinement factors associated with quantum wells. To counteract this effect, the number of quantum wells in the active region was
increased to prevent an increase in the detrimental threshold current. In 2012, Faugeron et al. reported a 1550 nm DFB laser based on a
diluted waveguide [108]. The chip achieved an output power of approximately 180 mW at temperatures ranging from 15 to 85 ◦C.
Within the frequency range of 0.08–40 GHz, the optical linewidth was less than 300 kHz and the RIN remained below − 160 dBc/Hz.
The diluted waveguide consisted of 15 InGaAsP/InP layers and was positioned below the MQW. Subsequently, Wang et al. reported a
semiconductor laser with a central wavelength of 1550 nm, capable of achieving an output power exceeding 140 mW, a narrowest
linewidth of 520 kHz, and an RIN below − 145 dBc/Hz [109]. They utilized an AlGaInAs material system with favorable temperature
characteristics and high differential gain as the quantumwells and waveguide layers, respectively, to achieve a high output power. The
growth technique utilized was MOCVD on an N-InP substrate with three pairs of alternately grown diluted waveguides designed to
minimize internal losses within the active region. Implementing a graded-index separate confinement heterostructure was crucial for
reducing carrier leakage and enhancing the internal quantum efficiency. Furthermore, a suspended grating structure was strategically
employed, enabling precise control over the physical characteristics of the grating. In 2022, Liu et al. introduced a high-power con-
tinuous-wave (CW) DFB laser based on an AlGaInAs MQW operating at a central wavelength of approximately 1310 nm [110]. This
laser achieved a remarkable room-temperature output power exceeding 173 mW, accompanied by an RIN below − 155 dBc/Hz and a
Lorentz linewidth less than 600 kHz. The laser featured a double-trench ridge waveguide structure incorporating a strategically placed
InGaAsP far-field reduction layer below the MQW in the active region. This design optimization aims to shift the optical mode field
towards the n-type cladding layer, effectively reducing the far-field divergence angle and simultaneously lowering the optical
confinement factor of the quantum-well region and overall optical absorption losses. In the same year, Xiang et al. developed a 1550
nm DFB laser with an output power exceeding 170 mW, a narrow linewidth of 250 kHz and a low RIN below − 157 dBc/Hz [111]. This
laser employed a double-waveguide structure by introducing a low-optical-confinement-factor InP layer below the active region and a
300-nm-thick lightly doped N-type InGaAsP passive waveguide layer. This innovative design aimed to reduce the overlap between the
optical mode and the p-type doping layer. In addition, a quarter-wavelength phase shift was introduced into the grating to achieve a
single-longitudinal mode output. The coupling coefficient κL was designed to be approximately 1 to mitigate the spatial hole-burning
effects.

Both the BH structure and asymmetric cladding structures are successful in suppressing noise, but the BH structure provides a more
stable mode output. Table 1 shows that Emcore Corporation utilized BH structure to reduce RIN to − 170 dBc/Hz and narrow the

Table 1
Comparison of schemes and indices of different semiconductor lasers.

Year Research institution Scheme RIN Linewidth Output power

2003 Furukawa Electric BH − 160 dBc/Hz 0.8 MHz 175 mW
2010 Emcore Corporation BH − 170 dBc/Hz 100 kHz 180 mW
2011 Apic Corporation BH − 165 dBc/Hz / 200 mW
2011 Thales Air Systems Double-trench ridge waveguide − 157 dBc/Hz / 140 mW
2012 Thales Air Systems Diluted waveguide − 160 dBc/Hz 300 kHz 180 mW
2014 COE BH, SCH − 160 dBc/Hz / 207 mW
2019 CAS Diluted waveguides − 145 dBc/Hz 520 kHz 140 mW
2021 CETC BH − 160 dBc/Hz / 102 mW
2022 CAS Double-trench ridge waveguide − 155 dBc/Hz 600 kHz 173 mW
2022 HUST Double-trench ridge waveguide − 157 dBc/Hz 250 kHz 170 mW
2024 CAS BH / 550 kHz 10.2 mW
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linewidth to 100 kHz, which is the best level achieved thus far using internal cavity technology. However, the BH structure involves
selective regional growth, complicating material growth and manufacturing process. The precise control of doping concentration is
crucial, as its optimization can enhance the differential quantum efficiency. However, excessively high doping concentration may
introduce defects and stresses, thereby increasing noise levels. Therefore, the design of epitaxial layers and optical waveguide
structures must consider both the output characteristics of the laser and the manufacturing processes.

4.2. External cavity structure

High-power, low-noise semiconductor lasers with intracavity feedback typically integrate Bragg gratings or specific waveguide
structures within the active cavity. However, a long cavity causes significant optical losses, which limit the laser power, making it
challenging to achieve high output power and low noise simultaneously. In 1980, Lang and Kobayashi proposed external cavity
feedback semiconductor lasers [112]. External cavity feedback technology has quickly become a research focus, and external cavity
structures have gradually become the primary structures for obtaining high-power, low-noise semiconductor lasers. The most
commonly used method is injection locking.

The injection locking technique has been widely applied in research on narrow-linewidth semiconductor lasers [113,114]. After
Adler derived basic equations to describe oscillator injection locking in 1946 [115], Paciorek provided differential equations to
describe injection locking with a strong signal based on Adler’s theory [116]. Subsequently, Kurokawa conducted analyses of injection
locking, including the locking bandwidth, locking stability, frequency of the locking process, and amplitude noise [117]. Depending on
the source of the injected light, injection locking can be classified into master–slave locking and self-injection locking. The funda-
mental principle of master–slave injection locking involves injecting an optical signal from an external master laser into a slave laser.
When the injected wavelength falls within the locking range of the injected laser, the output frequency is locked to the frequency of the
externally injected laser, and consequently, the free oscillation mode is suppressed. External light injection reduces the concentration
of free carriers in the active region of the laser. As the injection power gradually increases, the carriers within the cavity are depleted,
and their concentrations falls below the threshold. This prompts the injection-locked laser to reach single-mode oscillation, with
carriers being consumed steadily, suppressing the noise. Master–slave injection locking requires the frequencies of the master and slave
lasers to be appropriately closed, including the two lasers in the system. This increases complexity during the setup, as well as its scale
and expense. Currently, external cavity feedback self-injection locking is often used to suppress the noise in high-power, low-noise
semiconductor lasers. The theoretical model for this system was proposed by Lang and Kobayashi [118], and its structural diagram is
shown in Fig. 4. External cavity feedback self-injection locking typically involves the use of optical feedback components, such as fiber
Bragg gratings (FBGs), whispering-gallery-mode resonators (WGMRs), and planar waveguides added externally to the laser to achieve
specific wavelength selection. This procedure is achieved by filtering the frequency of the optical signal through the external cavity
before injecting the feedback light back into the laser, inducing further stimulated emission. Consequently, priority is given to the
longitudinal mode that undergoes this process, resulting in earlier saturation of mode competition and suppression of other modes. The
gain in the feedback mode is increased. This mechanism stabilizes the consumption of carriers during competition between modes.

In 2010, Liang et al. started systematically exploring external cavity feedback self-injection locking, focusing on a WGMR with an
ultrahigh quality factor. In the initial stages, GaF2 microresonators were employed, accomplishing a linewidth reduction in the DFB
semiconductor laser to 200 Hz while maintaining high-frequency stability with phase noise as low as − 125 dBc/Hz [119]. In 2015,
they used aWGMR composed of MgF2 as an external cavity for feedback [120]. The experimental setup is shown in Fig. 5 (a). The laser
frequency noise achieved is on the order of 0.3 Hz/Hz1/2 above 10 kHz, featuring 30 Hz integral linewidth as well as sub-hertz
instantaneous linewidth. The experimental findings indicated that the laser had an ultralow-frequency noise and an extremely nar-
row instantaneous linewidth. In 2018, Liang et al. employed a high-Q WGMR as an external feedback cavity to fabricate the semi-
conductor laser module shown in Fig. 5 (b). The module operated at high power and low noise, with a central wavelength of 1550 nm,
an output power exceeding 110 mW, an RIN lower than − 160 dBc/Hz, a linewidth less than 100 Hz, and a frequency noise of 1

Fig. 4. Schematic of self-injection locking.
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Hz/Hz1/2 at 100 kHz frequency offset [121]. The DFB laser emitted light in this module, focusing on the WGMR using an evanescent
field coupling mirror. The light emitted from the prismwas directed toward a booster semiconductor optical amplifier (SOA) operating
in a saturated state. An optical isolator was positioned between the amplifier and the WGMR to prevent any light from the amplifier
from feeding back into the WGMR. The external cavity optical feedback method, grounded in WGMR, can produce a laser output
characterized by ultralow noise and a narrow linewidth. However, this method requires resonators with exceedingly high Q values and
the coordination of intricate coupling devices, irrespective of whether optical fiber or nonfiber components are used. This intricacy
presents challenges for system adjustment. In 2021, Jin et al. reported an ultra-narrow linewidth semiconductor laser using an
ultra-high-Q Si3N4 microresonator. The schematic of the laser design is shown in Fig. 5 (c). The team reduced the noise by
self-injection-locking a conventional DFB laser to ultra-high-Q microresonators yielding a frequency noise of 0.2Hz2Hz− 1, with a
corresponding short-term linewidth of 1.2 Hz and an output power up to 30 mW [122]. In 2022, Takuma et al. presented a tunable
laser composed of a Si lattice filter serving as the cascaded-delay interferometer, a Si ring resonator, and a III-V gain region. They
employed epitaxial growth to create an InP layer, which was then directly bonded onto a Si photonics wafer to form a BH for the III-V
gain region. Photolithographic markers were utilized on a Si layer to precisely define the position of the BH. The laser on a silicon
photonics platform demonstrates a Lorentzian linewidth of less than 40 kHz [123]. In 2023, Chen et al. designed and fabricated a
hybrid integrated laser with narrow linewidth and high-power output [124]. The external cavity laser is composed of a gain chip and a
dual micro-ring narrowband filter integrated into the silicon nitride photonic chip achieving an output power of 220mW and linewidth
narrower than 8 kHz over the full C-band. In 2023, Xiang et al. presented an ultralow-noise isolator-free laser by using
three-dimensional laser integration with ultralow-loss (ULL) technologies. By employing multiple monolithic and heterogeneous
processing sequences, they have successfully demonstrated the direct on-chip integration of III–V gain medium and ULL silicon nitride
waveguides. The white noise floor for the drop port is 1.7 Hz2 Hz− 1, indicating a fundamental linewidth of about 5 Hz [125].

When employing an FBG as the feedback external cavity, fusion splicing is utilized between the gain chip and the FBG with a lensed
fiber, eliminating the need for intricate optical path adjustments. This approach has several benefits, including low cost, compact
structure, excellent stability, and high coupling efficiency. It is common practice to incorporate an optical isolator after the fiber Bragg
grating to reduce backward reflections within the cavity. Furthermore, with the continuous development of semiconductor gain chip
technology and FBGwriting processes, the performance of semiconductor gain chips and design flexibility of the grating spectrum have
significantly improved. In recent years, fiber Bragg-grating-based external cavity semiconductor lasers have attracted the attention of
research institutions worldwide. Juodawlkis et al. developed a slab-coupled optical waveguide external cavity laser [126]. As shown in
Fig. 5 (d), this laser comprised a double-bend channel InGaAlAs quantum-well slab-coupled optical waveguide amplifier (SCOWA) and
an external cavity with a narrow bandwidth (2.5 GHz) FBG at a central wavelength of 1550 nm connected through a lensed optical
fiber fusion splice. Optical isolators were incorporated downstream from the fiber Bragg grating to minimize backward reflections.
Tests were conducted using FBGs with reflectivity I values of 10 % and 20 %, and the RIN values were measured to be as low as − 155

Fig. 5. (a) Schematic of the experimental setup. (b) Schematic of the module. (c) Schematic of the slab-coupled optical waveguide external cavity
laser. (d) Structure diagram of the hybrid integrated semiconductor laser.
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dBc/Hz and − 165 dBc/Hz, with Lorentz linewidths of 15 kHz and 6 kHz, respectively, for output powers exceeding 400 mW. In 2011,
Loh et al. developed a high-power, low-noise external cavity laser based on an InGaAlAs/InP quantum-well structure [127]. This laser
integrated a double-bend channel SCOWAwith a narrow-bandwidth FBG external cavity through a lensed optical fiber coupling. At an
injection current of 4 A, the laser achieved an output power exceeding 370mW, with an RIN below − 160 dBc/Hz and a narrow Lorentz
linewidth of 1.75 kHz. In 2018, Morton and Morton achieved a remarkably low noise by employing an FBG as an external feedback
cavity [128]. The gain chip featured an AR coating on the output facet and an HR coating on the opposite side. The output was coupled
to an external fiber cavity using a lensed optical fiber. The external fiber cavity included an FBG that provided external feedback for
self-injection. The FBG was designed to have a relatively short length while minimizing the sizes of the side modes, enhancing the
single-mode operation range and stability of the laser, and ultimately reducing the noise. The laser had an RIN as low as − 165 dBc/Hz,
a Lorentz of 15 Hz, and a frequency noise as low as 4.5 Hz/Hz1/2. In 2019, Sun et al. presented a high-power, low-noise hybrid in-
tegrated external cavity semiconductor laser operating in the 1550 nm wavelength range [129]. They combined a single-angle facet
gain chip and a polarization-maintaining single-mode fiber Bragg grating in the external cavity. The laser polarization output was
achieved through coupling with a lensed optical fiber and a polarization-maintaining single-mode fiber Bragg grating. Leveraging the
prominent group delay characteristics at the inclined side of the fiber Bragg grating effectively suppressed the noise in the semi-
conductor laser, yielding an output power exceeding 30 mW, an RIN below − 155 dBc/Hz, and a narrow Lorentz linewidth of 1.75 kHz.
In 2022, Chen et al. presented a single polarization narrow linewidth hybrid laser with an InP-based gain chip and an external
silica-on-silicon (SoS) waveguide Bragg grating (WBG). The laser achieved an output power of 6.53 mW, with an RIN below − 158
dBc/Hz and a narrow Lorentz linewidth of 4.35 kHz [130].

Table 2 demonstrates that external cavity feedback is effective for both reducing both the linewidth and RIN. Compared to the
internal feedback technique, external feedback is more effective in reducing the linewidth and obtaining higher output power. The
design and manufacturing of high-Q external cavities are critical to achieving low noise levels. However, the size constraints of the
external cavity make it unfavorable for integration. In the external feedback configurations mentioned earlier, the FBG structure is
bulky and poses a challenge in achieving high Q. In contrast, micro-loops are more conducive to achieving high Q [131], thus
providing excellent noise rejection. The smaller size also facilitates the achievement of compact and small modules. Nevertheless,
challenges arise because of the complexities of coupling and the sensitivity to temperature variations [132].

5. Summary and prospect

In response to increasing demands for accuracy in various applications, particularly in fields, such as optical communication and
microwave photonics, where stringent signal-to-noise ratio requirements prevail, the significance of low-noise semiconductor lasers
has increased. These lasers play a pivotal role in determining whether a system can meet the practical application requirements of
precision-demanding technologies, such as fiber-optic hydrophones and gyroscopes [133–135]. This paper investigates noise mea-
surement and suppression methods for semiconductor lasers, comparing methods of measuring the RIN and phase noise of semi-
conductor lasers and examining specific suppression strategies employed by research institutions in the development of high-power,
low-noise semiconductor lasers. Among the RIN measurement methods, the direct measurement method is widely preferred in
practical applications because of its ability to avoid the complex calculations associated with cross-spectrum measurements as well as
the intricate measurement steps in the phase noise estimation method. Among the phase noise measurement methods, the phase
discrimination method and the coherent detection method have a wide range of measurement bandwidths and are widely used in
research and applications. In chip structure design, emphasis is placed on epitaxial layer distributions and waveguide structures,
including the BH structure and the asymmetric cladding structure. The BH structure and asymmetric cladding prove effective in noise
suppression, although with certain limitations. The BH structure faces challenges in fabrication and necessitates an improved yield,
whereas the design of asymmetric claddings encounters difficulties in controlling thickness and doping accuracy, limiting its efficacy in
noise suppression. For external cavity structure design, several commonly used external cavity structures are introduced and analyzed,

Table 2
Comparison of schemes and indices of different external cavity diode lasers.

Year Research institution Scheme RIN Linewidth Output power

2010 Oewaves WGMR / 200 Hz /
2010 MIT Laboratory FBG, SCOWA − 165 dBc/Hz 6 kHz 400 mW
2011 MIT Laboratory FBG, SCOWA − 160 dBc/Hz 1.75 kHz 370 mW
2015 Oewaves WGMR / 30 Hz 10 mW
2018 Oewaves WGMR, SOA − 160 dBc/Hz 100 Hz 110 mW
2018 Morton Photonics FBG − 165 dBc/Hz 15 Hz 100 mW
2019 SIOM FBG − 155 dBc/Hz 1.75 kHz 30 mW
2021 UCSB WGMR, Si3N4 / 1.2 Hz 30 mW
2022 CIOMP SoS,

WBG
− 158 dBc/Hz 4.35 kHz 6.53 mW

2022 NTTDTL WGMR,
Si

/ 40 kHz /

2023 SIOM WGMR, Si3N4 / 8 kHz 220 mW
2023 UCSB SiN ring,

ULL
/ 5 Hz /
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among which micro-rings are more conducive to achieving high Q values than other structures, offering superior RIN suppression
effects. However, micro-rings present challenges related to coupling difficulties and sensitivity to temperature variations.

Advanced fabrication processes are prerequisites for the production of high-power, low-noise semiconductor lasers [136–143], and
the structural design of lasers must take into account the current level of fabrication. In chip structure design, active region materials
can be further optimized and new epitaxial and waveguide structures can be designed to achieve low noise [144,145]. In the field of
external cavity feedback technology, continuous innovations in optical feedback elements and external cavity design are crucial for
further noise suppression. Intracavity feedback requires a simpler structure and is easier to integrate compared to external cavity
feedback. However, the optical loss in the cavity limits the output power of the laser, and high output power and low noise can be
simultaneously achieved via a combination of inner- and outer-cavity feedback. Simultaneously, lower noise levels place more
stringent requirements on the measurement system. With the development of components and equipment, future noise measurement
methods will aim towards simpler test steps and higher measurement accuracy. By contrast, with the rapid development of high-speed
optical interconnects and photonic integration chips, the light source is also expected to have smaller sizes to facilitate on-chip
integration. Overall, the process of developing low-noise, narrow-linewidth semiconductor lasers include design, characterization,
and application, and it is essential that comprehensive development meets the future needs of scientific, technological, and industrial
research.
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