
Optics & Laser Technology 170 (2024) 110211

Available online 14 October 2023
0030-3992/© 2023 Elsevier Ltd. All rights reserved.

Full length article 

Linear polarization and narrow-linewidth external-cavity semiconductor 
laser based on birefringent Bragg grating optical feedback 

Jiaqi Chen a,b, Chao Chen a,b,c,*, Qi Guo d, Jingjing Sun a, Jianwei Zhang a, Yinli Zhou a, 
Zhaohui Liu a, Yongsen Yu d, Li Qin a,c, Yongqiang Ning a,c, Lijun Wang a 

a State Key Laboratory of Luminescence and Application, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, 
China 
b University of Chinese Academy of Sciences, Beijing 100049, China 
c Xiongan Innovation Institute, Chinese Academy of Sciences, Xiongan 071800, China 
d State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, Changchun 130012, China   

A R T I C L E  I N F O   

Keywords: 
Semiconductor laser 
Narrow linewidth 
Linear polarization 
Birefringent Bragg grating 

A B S T R A C T   

We demonstrate an external-cavity semiconductor laser (ECSL) with linear polarization and a narrow linewidth. 
A birefringent Bragg grating prepared by a femtosecond laser point-by-point technique in a polarization- 
maintaining fiber (PMF) is used to provide external-cavity feedback, and its polarization-dependent character
istics enable selection of the main polarization mode and linewidth narrowing of the ridge waveguide emission 
gain chip (GC). This compact and robust ECSL achieves an output power of > 60 mW and a polarization 
extinction ratio (PER) of > 30 dB. We simulate and calculate the linewidth and injection current, while a Lorentz 
linewidth of 2.58 kHz is obtained based on delayed self-heterodyne beat frequency measurement. This flexible 
and cost-effective solution allows realization of a compact ECSL with linear polarization and a narrow linewidth.   

1. Introduction 

Quantum precision measurement realizes the characterization of 
time [1], magnetism [2], inertia [3], gravitational waves [4] and other 
physical quantities through atomic polarization, spin, squeezed states 
and coherent states, which are based on the interaction of light, 
magnetism and atoms. These applications require narrow-linewidth la
sers to meet the fine-level transitions for the detection of atoms [5], 
while high polarization of the lasers helps improve the performance of 
the Pound–Drever–Hall frequency stabilization system and the inter
ference system, achieving high-precision and high-resolution precision 
measurements [6]. Therefore, compact lasers with a narrow linewidth 
and linear polarization have received widespread attention from 
researchers. 

The wavelengths of the required lasers are mainly concentrated in 
the near-infrared band [1–6] for quantum precision measurement ap
plications represented by atomic clocks, atomic magnetometers and 
atomic gyroscopes; such as 795 nm and 780 nm correspond to Rb D1 and 
D2 lines, while 894 nm and 852 nm correspond to Cs D1 and D2 lines. 
Narrow-linewidth lasers such as monolithic integration, external-cavity, 

and frequency doubling lasers, have been proposed [7–16] based on the 
classical Schawlow-Townes linewidth theory [7]. Distributed-feedback 
(DFB) and distributed Bragg reflector (DBR) lasers can achieve a line
width of 100 kHz by optimizing the grating coupling coefficient and 
cavity length [8,9]. However, the chip length limits further narrowing of 
the linewidth, while secondary epitaxy and high lithography accuracy 
increase the complexity and cost. A kHz linewidth can be obtained for 
external-cavity semiconductor lasers (ECSLs) by extending the length of 
the resonant cavity, which is based on volume holographic Bragg grat
ings, blazed gratings and filters [10–15]. However, the high complexity 
of adjustment and limited mechanical stability can easily cause wave
length detuning due to vibration. The frequency-doubling laser scheme 
based on the second harmonic effect [16] has a more complex structure 
and is constrained by the frequency conversion efficiency. The above 
schemes can achieve a polarization extinction ratio (PER) of approxi
mately 20 dB, while a higher PER requires the introduction of an 
external passive polarization controller [17]. 

An ECSL based on selective polarization mode feedback provides a 
solution for narrow-linewidth and linear polarization lasers, in which 
optical feedback and mode locking are achieved through birefringent 
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Bragg gratings [18]. External-cavity lasers with fiber Bragg gratings 
(FBGs) have advantages in integration and performance. The equivalent 
resonant cavity structure can be optimized to synchronously achieve 
linewidth narrowing and active polarization control by designing gain 
chip (GC) and FBGs, respectively [19]. The GC does not involve the 
fabrication of a nanoscale grating, which can avoid the introduction of 
additional transmission losses into the active waveguide. A mature FBG 
design method allows customization of the Bragg resonance wavelength, 
reflection bandwidth, and reflectivity [20]. These are beneficial for cost 
control and large-scale production of lasers. However, the FBG-ECSL 
puts forward new requirements for the birefringence characteristics of 
Bragg gratings, considering both a narrow linewidth and linear polari
zation. A femtosecond laser induces shape asymmetry and refractive 
index asymmetry of the grating waveguide structure in a transparent 
medium, which can introduce a strong birefringence effect [21]. These 
phenomena provide the potential for the preparation of high- 
birefringence Bragg gratings and their applications in polarization la
sers [22]. 

In this work, we demonstrate an ECSL with a narrow linewidth and 
linear polarization based on an external optical feedback structure. A 
birefringent Bragg grating induced by a femtosecond laser provides 
feedback and selection of the main polarization mode of the GC. Single- 
frequency output and linewidth compression are achieved by expanding 
the length of the laser resonant cavity. The Lorentz linewidth is as small 
as 2.58 kHz under the condition of ensuring an output power of over 60 
mW, while the PER is 30.25 dB. The proposed laser structure is more 
compact and more integrated than the traditional Littrow and Litman 
structures of ECSLs. The laser can be used as a potential alternative to 
the atomic pump light source in quantum precision measurement ap
plications, and it is promising for cold atom quantum experiments in 
space environments. 

2. Laser structure 

A schematic diagram of the ECSL is shown in Fig. 1 (a). It consist of a 
ridge waveguide emission GC and a birefringent Bragg grating, which 

are coupled and integrated through an aspheric lens, and they are all 
installed on a thermoelectric cooler (TEC) for thermal management. 
There are also some other components inside the laser, such as therm
istors and photonic diodes. A resonator is formed between the facet of 
the GC and the equivalent center of the Bragg grating. The GC has a 
compressive strain quantum well to provide stronger transverse electric 
(TE) mode gain and suppress transverse magnetic (TM) mode amplified 
spontaneous emission. The linear polarization output comes from the 
orthogonal polarization eigenmode and effective selection of the 
external-cavity mode of the birefringent FBG [23]. Polarization- 
dependent characteristics of the birefringent Bragg grating are ach
ieved via femtosecond laser-induced refractive index modulation and 
morphology modulation [21]. The polarization- dependent character
istics of the birefringent Bragg grating support selection of the TE mode 
of the GC and linewidth narrowing, as shown in Fig. 1 (b). The feedback 
is returned to the GC to achieve a higher mode gain difference in the 
locked mode. In addition, the input facet of the fiber is cleaved at an 
angle of 8◦ to reduce the reflectivity. The metallized aspheric lens and 
Bragg grating are fixed by laser welding to enhance the stability of the 
device. All components are integrated into a standard 14-pin butterfly- 
shaped package. 

An ECSL can be equivalent to the combination of an active gain re
gion and a passive external cavity. The free spectral range (FSR) of the 
equivalent resonant cavity is 18.6 pm, and its effective reflectivity Reff 
mainly depends on the FBG reflectivity and transit time τe, where τe =

2nextLext/c. The linewidth characteristics of the laser often involve fac
tors such as the photon lifetime and feedback delay, so the resonator 
cavity is regarded as an isolated laser with fixed mode spacing [24]: 

Δv =
Rsp(1 + α2)

P

(
nGCLGC

nGCLGC + nextLext

)2

(1)  

where Rsp is the spontaneous emission rate, α is the linewidth 
enhancement coefficient, and next(Lext) is the effective refractive index 
(cavity length) of the external cavity. The relationship between the 
output power and the current can be expressed as [25]: 

P =
I − Ith

qΓavg(N − N0)
(2)  

where q is the amount of charge, Γ is the constraint factor, a is the 
differential gain, vg is the group velocity, and Ith is the threshold current. 

A longer resonant cavity length prolongs the photon lifetime, which 
is beneficial for narrowing the linewidth. The linewidth of the laser 
decreases with increasing current when the other parameters are con
stant, and spontaneous emission tends to stabilize after laser lasing and 
gradually approaches the minimum value. This is confirmed in the 
subsequent discussion on the linewidth testing results. 

The InGaAs quantum well GC adopts a bent ridge waveguide struc
ture, with a chip length (LGC) of 1.50 mm [26,27], and the narrow ridge 
waveguide can meet the single-mode cutoff condition and ensure a 
single-transverse-mode output, while the double groove can reduce the 
lateral diffusion of the driving current. The waveguide near the output 
face has an inclination angle of 7◦ to reduce the influence of chip cavity 
modes on resonant cavity frequency selection. The power
–current–voltage (P-I-V) characteristics in continuous operation of the 
GC are shown in Fig. 2 (a), and an output power of 30 mW and a slope 
efficiency of 0.14 W/A are achieved for the antireflection (AR)/high- 
reflectivity (HR)-coated facet chip. The amplified spontaneous emission 
(ASE) spectra of different currents were tested, and the chip could 
achieve a wide gain range of approximately 850 nm, as shown in Fig. 2 
(b). 

The polarization characteristics of the GC were analyzed to clarify its 
impact on the polarization output of the laser. We tested the polarization 
characteristics of the GC by using a linear polarization controller 
(Thorlabs, FBR-LPNIR), a tunable fiber-to-fiber coupler (Thorlabs, FBP- 
C-FC), and a power meter (Thorlabs, PM400) [28,29]. The relationship 

Fig. 1. (a) Schematic diagram of the ECSL. (b) Principle of the frequency se
lection for the equivalent resonant cavity. 
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between the normalized output power of the GC and the rotation angle 
can be obtained, as shown in Fig. 2 (c). The output light of the GC 
achieves a PER of 11.68 dB after passing through the polarization 
controller. Fig. 2 (d) shows the ASE spectra of the GC at different po
larization rotation angles. These results indicate that the quantum well 
chip itself has certain polarization characteristics, and the shift in the 
ASE peak caused by the polarization change from the TM mode to the TE 
mode is due to the compressive strain effect of the quantum wells [30]. 
The compressive strain makes the heavy-hole band higher than the light- 
hole band in the valence band based on the relationship between the 
lattice mismatch and strain of semiconductor materials. Carrier recom
bination between the first conduction band and the first heavy-hole 
valence band dominates, which produces the TE mode, and its gain 
dominates. This is more conducive to the selection of the TE mode by the 
birefringent Bragg grating, which achieve a larger mode gain difference 
and improve the overall PER of the laser. 

The birefringent Bragg grating was prepared in a polarization- 
maintaining fiber (PMF) (Corning PM780) using femtosecond laser 
point-by-point lithography technology [31,32], as shown in Fig. 3 (a). 
Femtosecond laser lithography along the fast axis direction can enhance 
the birefringence effect. In addition, lithography along the fast axis di
rection can also avoid the stress zone in the PMF, as the stress zone might 
change the focusing optical path and reduce the processing quality [33]. 
All components are coaxial, which allows the FBG to achieve fixed and 
polarization rotation alignment. The FBG has a length (LFBG) of 6.00 mm 
and a period (Λ) of 880 nm. The blue curve in Fig. 3 (b) is the reflection 
spectrum, and the black curve is the transmission spectrum. Two peaks 
occur in the reflection spectrum at 852.56 nm and 852.85 nm, corre
sponding to a 3 dB bandwidth of 50 pm, respectively. The wavelength 
difference between the two modes is 0.29 nm, and the birefringence is 
1.65x10-4 (ΔnTM− TE

eff = ΔλTM− TE
B /2Λ), which is an order of magnitude 

larger than that of the ultraviolet-written grating [34]. A larger 

wavelength difference (birefringence) is beneficial for increasing the 
gain difference of the polarization modes and obtaining a higher PER of 
the laser. The side mode suppression ratio (SMSR) is an important in
dicator for measuring the single-frequency performance of narrow- 
linewidth lasers. The SMSRs of the two modes are 18.46 dB and 

Fig. 2. (a) P-I-V characteristics and (b) ASE spectra of the GC; normalized (c) power versus angle and (d) shift of the ASE peak due to varying the polarization from 
the TE to TM modes. 

Fig. 3. (a) Schematic diagram of the device for fabricating FBGs. (b) Reflection 
and transmission spectra of the Bragg gratings. 
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18.04 dB, with reflectivities of 17.05 % and 18.68 %. A lower reflectivity 
ensures a high output power. 

3. Results and discussion 

The device was butterfly packaged, while precise current and tem
perature control of the laser was achieved using an ultralow noise cur
rent source (LDX-3620B, ILX Lightwave Corporation) and a TEC (LDT- 
5910C, ILX Lightwave Corporation). A low-pass filter (LNF-320, ILX 
Lightwave Corporation) was applied to further suppress ripple noise. 
The lasing spectra were measured with a spectral analyser (AQ6370B, 
Yokogawa), the resolution was set to 20 pm, and the TEC was set to 
25 ◦C. 

3.1. Spectra and power–current–voltage characteristics 

Fig. 4 (a) shows the lasing spectra of the laser under different in
jection currents, and a color map of the spectra as a function of the in
jection currents is shown in Fig. 4 (b). The injection current is changed 
from 50 mA to 300 mA, with the spectra at 50 mA (black curve) and 54 
mA (red curve) showing the lasing process around the threshold point. 
The laser clearly always maintains a single longitudinal mode and a 
single transverse mode according to the spectral characteristics in Fig. 4. 
In addition, the beat frequency spectrum obtained in the linewidth 
characterization based on the delayed self-heterodyne beat frequency 
measurement discussed in the following text also only displays the fre
quency components of a single frequency. The laser achieves an SMSR of 
55.42 dB at 852.5247 nm when the injection current reaches 300 mA. A 
higher SMSR can reduce mode hopping and improve the single- 

longitudinal-mode tuning range, and it can also reduce the bandwidth 
of the laser spectrum. The AR coating of the GC can effectively suppress 
its cavity mode and increase the SMSR. 

The P-I-V characteristics in Fig. 5 (a) show a threshold current of 54 
mA and a maximum output power of 61.22 mW, with a corresponding 
slope efficiency of 0.24 W/A. Fig. 5 (b) shows the changes in the SMSR 
and wavelength corresponding to Fig. 4. The variation in the laser 
wavelength with the injection current is caused by temperature-induced 
refractive index changes, and the wavelength sensitivity coefficient 
continuously increases from 0.44 nm/A at 50 mA to 0.56 nm/A at 300 
mA. The continuous wavelength tuning range of the laser is approxi
mately 18 pm, which is basically consistent with the FSR of the equiv
alent resonant cavity. Meanwhile, the SMSR in Fig. 5 (b) also shows 
periodic changes with increasing injection current, with a decrease in 
the SMSR within a continuous tuning range, which means a lower 
adjacent mode gain differences and a higher output power. An inflection 
point in the curve corresponds to a mode jump, which is due to the 
mismatch between the equivalent cavity mode and the Bragg resonant 
mode. 

3.2. Polarization characteristics 

The polarization characteristics of the laser were tested using the 
same devices and method as those used for the GC [28,29]. The polar 
coordinates of the output power and the polarization rotation angle are 
shown in Fig. 6 (a). The maximum power (Pmax) and the minimum 
power (Pmin) at 300 mA are 46.24 mW and 43.65 µW, respectively, and 
the corresponding PER is 30.25 dB (PER = 10log10(Pmax/Pmin)). Fig. 6 
(b) shows the spectra at different rotation angles, and the fluctuation of 
the curves may be due to the interference effect when the light passes 
through the polarization controller. The PERs under different currents 

Fig. 4. Lasing spectra versus injection current: (a) spectra obtained using 
different currents and (b) jet map of the optical spectra as a function of the 
injection currents. 

Fig. 5. (a) P-I-V curve of the laser. (b) SMSR and wavelength versus injec
tion current. 
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are shown in Fig. 6 (c). An increase in the injection current leads to a 
larger gain in the GC, resulting in a higher mode gain difference. The 
power conversion efficiency of the TE mode is higher than that of the TM 
mode, and the corresponding PER also increases with increasing injec
tion current. The laser achieves a PER of > 30 dB, exhibiting great TE 
mode linear polarization, and the TM mode is fully suppressed. In 
addition to the polarization-dependent Bragg grating for the main po
larization mode selection of the GC, the high PER is also related to the 
birefringence characteristics introduced by the PMF itself and the 
femtosecond laser-induced Bragg gratings. 

3.3. Linewidth characteristics 

The linewidth characteristics of the laser were characterized using 
the delayed self-heterodyne technique [35,36], and the experimental 
setup is shown in Fig. 7. The light of the ECSL is divided into probe light 
and reference light after passing through an optical isolator (ISO), and a 
90/10 beam coupler (C1) is used to allow more light to enter the delay 
fiber. One beam of light passes through an acoustic optical modulator 
(AOM) (AA OPTO, MT80), which produces a frequency shift of 80 MHz, 
while the other beam of light is delayed by a 20 km delay fiber and a 
Faraday rotating mirror (FRM) and then injected into the combiner (C2) 
through a circulator. A delay path of 40 km achieves a delay of 0.20 ms, 
while the frequency shift of the signal induced by the AOM reduces the 
impact of technical noise caused by electrons, vibrations, and other 
environmental factors near the zero frequency on the beat frequency. 
The FRM can reflect incident light in an orthogonal polarization direc
tion of 90◦, which makes the polarization states of the two combined 
beams perpendicular to each other, minimizing the influence of thermal 
and mechanical disturbances in the fiber on the polarization state [37]. 
The photoelectric conversion is carried out by a photodetector (PD) 
(Menlo Systems, FPD310) after mixing the two beams of light, and then, 
the data are processed by an electrical spectrum analyser (ESA) (GW 
INSTEK, GPS9300) to obtain beat frequency results. 

The beat spectra at different currents from the delayed self- 
heterodyne beat measurement are shown in Fig. 8 (a), and the thin 
red lines are fitted using Lorentz fitting. The full width at half maximum 
(FHWM) of the fitted curve is selected as the test result for the linewidth. 
The red circles in Fig. 8 (b) show the Lorentz linewidth measured under 
different currents, with a minimum value of 2.58 kHz, and the black line 
is the fitting curve of the measurement results. The blue line is the 
calculated result of the linewidth as a function of the injection current. It 
is considered to correspond to a combination of the active region and the 
passive external cavity and is obtained through the equivalent F-P 
resonant cavity model constructed in the previous laser structure sec
tion. The resonant cavity is considered to be an isolated laser with a fixed 
mode spacing based on the modified Schawlow-Townes equation, with 
which the numerical relationships between linewidth and injection 
current is calculated. The linewidth decreases with increasing injection 
current, and the slight deviation between the measured value and the 
fitting curve may come from the influence of the environmental acoustic 
oscillations on the linewidth measurement accuracy and the error 
introduced during the test or curve fitting. An increase in the output 
power helps narrow the linewidth. In addition, expansion of the cavity 
length improves the Q factor and photon lifetime of the resonant cavity, 
and it can also achieve effective linewidth narrowing. 

3.4. Long-term output power characteristics 

In addition, the long-term output power of the ECSL was also char
acterizated. Long-term monitoring of the power stability of the laser 
could be carried out using a power meter (Thorlabs, PM400). The 
monitoring time was 1800 s, and the sampling interval was 1 s. The laser 
stays away from the mode hopping point at an injection current of 225 
mA and maintains a stable output state. The measured average power of 

Fig. 6. (a) Output power versus rotation angle of the laser. (b) Spectra at 
different polarization angles. (c) PER value at different currents. 

Fig. 7. Schematic of the laser linewidth measurement.  
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the laser is 30.45 mW, as shown in Fig. 9, while the standard deviation of 
the power fluctuation is 0.019. Therefore, the laser can be considered to 
maintain a stable long-term output power. 

4. Discussion 

The statistics of some lasers and their corresponding characteristics 
for quantum precision measurement applications are shown in Table 1 
[8–15]. DBR [9] and DFB [8] lasers typically have a PER of about 18 ± 2 
dB; the external cavity structures can achieve a higher PER, but it is only 
23 dB [13]; while our ECSL achieved a PER of over 30 dB, based on the 
orthogonal polarization eigenmode and effective selection of the 
external-cavity mode for the birefringent FBG, which is 5 times higher 
than the VHG-ECSL [13]. Besides, our ECSL also has significant advan
tages in linewidth characteristics. Although it does not reach the 80 Hz 
ultra-narrow linewidth of the WGM-ECSL [15]; our ECSL has excellent 
overall performance, especially with an output power of 60 mW, which 
is 30 times higher than that of the WGM-ECSL [15]. In terms of output 
power and SMSR, they are not as excellent as linewidth and PER. This 
will also become the focus of our next work. 

5. Conclusions 

In conclusion, we demonstrate an ECSL based on a birefringent Bragg 
grating and a ridge waveguide emission GC. The narrow-linewidth and 
linear polarization laser output achieved is due to the main polarization 
mode selection and external-cavity feedback provided by the birefrin
gent grating induced by a femtosecond laser for the GC. This compact 
laser achieves an output power of > 60 mW and a PER of > 30 dB. The 
Lorentz linewidth measured by the delayed self-heterodyne beat fre
quency is 2.58 kHz. We present a narrow-linewidth and linear polari
zation ECSL for quantum precision measurement applications such as 
atomic clocks and atomic gyroscopes with a flexible and low-cost pro
cess, which provides a candidate scheme for batch preparation of 
compact light sources in other wavebands. 
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Table 1 
Statistics of some laser structures.  

Setup Linewidth PER Output 
power 

SMSR Wavelength 

DFB [8] 500 kHz — 48 mW 50 dB 894 nm 
DBR [9] 500 kHz 16 

dB 
20 mW 30 dB 852 nm 

Littrow-ECSL [10] 87 kHz — 50 mW — 780 nm 
IF-ECSL [11] 28.3 kHz — 30 mW — 852 nm 
Cateye ECSL [12] 100 kHz 20 

dB 
200 mW — 780 nm 

VHG-ECSL [13] 100 kHz 23 
dB 

50 mW 50 dB 780 nm 

VHG-ECSL[14] 19 kHz — 30 mW — 780 nm 
WGM ECSL [15] 80 Hz 20 

dB 
2 mW 50 dB 780 nm 

PM-FBG-ECSL (This 
work) 

2.58 kHz 30 
dB 

61 mW 55 dB 852 nm 

*The full names of abbreviations of optical components in Table 1. IF: inter
ference filter, WGM: whispering gallery mode, VHG: volume holographic 
grating. 
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