:' frontiers ‘ Frontiers in Physics

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Tonglei Cheng,
Northeastern University, China

REVIEWED BY
Xiaobo Hu,

Zhejiang Sci-Tech University, China
G. Palai,

Sri Sri University, India

Tianli Feng,

Shandong University, China

*CORRESPONDENCE

Lin Huang,
huanglin@ceyear.com

Zhiming Liu,
liuzhiming@ceyear.com

RECEIVED 02 March 2025
ACCEPTED 15 April 2025
PUBLISHED 09 May 2025

CITATION

Sheng L, Liu Z, Wang J, Liu L, Yin B, Zhang Z,
Zhou S and Huang L (2025) Mode-hop-free
wavelength-tunable semiconductor lasers
covering the S+C+L band via external-cavity
optical feedback.

Front. Phys. 13:1586316.

doi: 10.3389/fphy.2025.1586316

COPYRIGHT

© 2025 Sheng, Liu, Wang, Liu, Yin, Zhang,
Zhou and Huang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics

TYPE Brief Research Report
PUBLISHED 09 May 2025
pol 10.3389/fphy.2025.1586316

Mode-hop-free
wavelength-tunable
semiconductor lasers covering

the S+C+L band via
external-cavity optical feedback

Liwen Sheng*??, Zhiming Liu'*, Jianjun Wang?, Lei Liu?,
Bingqi Yin?, Zhihui Zhang?, Shuai Zhou® and Lin Huang®**

!Ceyear Technologies Co., Ltd., Qingdao, China, °Science and Technology on Electronic Test and
Measurement Laboratory, Qingdao, China, *Shandong Electronic Test and Measurement Technology
Innovation Center, Qingdao, China

A wide mode-hop-free and narrow-linewidth tunable laser diode source
employing a Littman-Metcalf configuration with a diffraction grating is
developed. We conducted a series of experiments to evaluate the tuning
characteristics and spectral linewidth of the proposed external-cavity diode
laser. A continuous, mode-hop-free wavelength tuning range of approximately
180 nm within the S+C+L band is achieved, with a spectral linewidth
below 32.95kHz. Moreover, the device maintains an optical signal-to-
noise ratio exceeding 62.60 dB and an output power above 10.11 dBm
over the entire tuning range under long-term free-running conditions.
This tunable laser, offering both mode-hop-free operation and narrow-
linewidth output, holds significant promise for practical applications such as
coherent detection.

KEYWORDS

wavelength-tunable laser, semiconductor laser, mode-hopping free, external-cavity
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1 Introduction

Due to the inherent limitations of laser gain media, which typically exhibit
fixed emission spectra, the versatility of laser systems is fundamentally constrained.
Consequently, broadening the accessible wavelength range and achieving precise
wavelength tuning have emerged as critical areas in laser research [1-4]. Tunable-
wavelength lasers, capable of flexible output adjustment, are critical for applications such as
spectral detection, fiber optic sensing, remote sensing, medical science, and high-resolution
spectroscopy [5-11]. Moreover, attaining fine wavelength tuning alongside narrow spectral
linewidths is essential for optimizing performance in precision-demanding areas such
as coherent optical communications, laser-based metrology, and detailed spectroscopic
analysis [12-15]. Among various light sources, wavelength-tunable semiconductor lasers
(WTSLs) have attracted significant attention due to their broad spectral coverage, precise
wavelength tuning, and stable spectral output. These features make WTSLs ideal for
applications such as gas detection, high-order quadrature amplitude modulation (QAM)
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coherent transmission, optical fiber sensing, and high-resolution
spectroscopy [16-20]. Consequently, extensive research efforts have
been dedicated to developing WTSLs with enhanced performance
[21-24].

To date, demonstrations of WTSLs covering the full C-band, L-
band, and even the combined C + L band have been achieved using
techniques such as sampled-grating distributed Bragg reflectors
(SG DBR), dispersion tuning, and external-cavity feedback [25-27].
Among these, the external-cavity feedback configuration is the
most widely used [28, 29]. Moreover, various mode-selection
filters—including blazed diffraction gratings [25], interference
filters (IF) [30], and acousto-optic tunable filters (AOTF) [31]—have
been integrated into external-cavity structures to further enhance
performance. For instance, Zhang et al. demonstrated a compact
MEMS-based WTSL operating at the C-band with a tuning
range of approximately 40 nm (1528.77-1568.36 nm), achieving
a wavelength accuracy of £1 GHz and a spectral linewidth below
50 kHz [32]. Similarly, Wang etal. reported a WTSL covering
1525-1565 nm using a wavelength-scanning filter based on an
IF and diffraction grating, which yielded a maximum side-mode
suppression ratio (SMSR) of about 57 dB at 1555 nm and a Lorentz
linewidth under 13.6 kHz [33]. The rapid growth of silicon photonic
integrated circuits (PICs) has also spurred novel designs [34].
For example, Chen etal. presented a hybrid integrated Si;N,
WTSL with dual micro-ring external-cavity feedback, achieving
a 55nm tuning range and a linewidth below 8 kHz [35]. In
addition, diffraction-grating configurations—such as the Littrow
and Littman-Metcalf setups—have been effectively applied for
wavelength selection and beam feedback. Guo et al. demonstrated
an enhanced mirror-grating Littrow-type configuration at 805 nm
that maintained constant lateral output beam displacement and
provided a mode-hop-free tuning range of 4.34 nm [36]. Other
notable works include an InGaAs-InP strained multiple quantum
well (MQW) WTSL covering 1,494-1,667 nm with a linewidth
of approximately 0.4nm [37], a traditional Littman-Metcalf
configuration spanning 797.38-807.26 nm [38], and a mode-hop-
free design offering a 100 nm tuning range (1,480-1,580 nm)
with a minimum SMSR of 65.54 dB [24]. Despite these advances,
most studies on external-cavity optical feedback WTSLs have
focused on the C-band, L-band, C+L-band, or S + C-band,
while mode-hop-free operation over the combined S+C+L bands
has received less attention. Addressing this gap is therefore of
significant value.

Here, we propose an external-cavity optical feedback WTSL
that achieves a wide, mode-hop-free tuning range from 1,450 nm
to 1,630 nm—covering the telecommunication windows S
(1,460-1,530 nm), C (1,530-1,565 nm), and L (1,565-1,625 nm),
which is about 77.8% times enhancement compared with [26]. A
commercially available bare chip serves as the gain medium and is
self-packaged as an airtight module. A tuning mirror integrated with
a blazed grating functions as both the mode filter and the source of
optical feedback. Experimental results confirm that the proposed
WTSL operates in a single-longitudinal mode with a spectral
linewidth below 32.95kHz. Additionally, the SMSR measured
throughout the entire S + C + L band reaches a maximum of 71.03 dB
at 1590 nm, and a peak output power of approximately 15.82 dBm
is achieved.
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2 Experimental setup

Figure 1 highlights the schematic diagram of our proposed
WTSL. It can be divided into two major parts, namely, the internal-
cavity part for optical gain and the external-cavity part for mode
selection. The internal-cavity generally contains a single angled
facet gain chip (GC) with a 3 dB bandwidth more than 100 nm,
which is used to provide a large gain bandwidth with low ripple.
One edge (or called normal facet, L1) is 10% reflection-coated
(corresponding loss: 0.2 dB), and the other facet of the GC (R1)
is 0.005% AR-coated. The external-cavity includes a commercially
available molded aspherical lens (F1) with a focusing length
of 451 mm, a diffractive grating (G1) with 900 lines per mm
and about 75% average diffraction efficiency (1%-order), a gold-
coated tuning mirror (M1), and a brushless direct current motor
(DC1) with maximum rotating speed of 24,000 revolutions per
minute (RPM). All the fiber components used in our scheme
are panda-style polarization-maintaining (PM) fiber pigtails. A
stable continuous wave (CW) output from the R1 edge of the GC
(Thorlabs, SAF1150S2) is shaped by the F1 (Edmund, #87-155), the
collimated laser beam is diffracted on the surface of the G1 (Newport
Richardson, 33025FL01-155R), and then feedbacked into the GC
along the original optical path to generate a high spectral purity
laser beam. Finally, the emission wavelength-tunable is output from
the normal facet of the GC, which is controlled by rotating the gold
mirror driven by the DCI located outside the external-cavity, and
coupled into a PM-fiber collimator. The output fiber is connected to
a PM-fiber isolator followed by a 1 x 2 (50:50) optical coupler (OC)
feeding into an optical power meter (OPM) and a wavelength meter
(Yokogawa, AQ6151B) with a wavelength accuracy of +0.2 ppm.
For subsequent wavelength-related characteristics measurements,
the OPM (Thorlabs, PM100D) is replaced by an optical spectrum
analyzer (OSA, 6362DA) with 10 p.m. resolution fabricated by
Ceyear. For intrinsic linewidth measurements of the proposed
WTSL, the output going to the 3 dB OC is instead connected to
a commercially available linewidth measurement tool (SYCATUS,
A0040A). The main cavity length is about 0.5 cm, the external air
cavity length from the R1 to the GI is about 0.3 cm, and from the
Gl to the M1 is about 0.2 cm, so the total length of the WTSL
is about 0.5 cm. Therefore, the corresponding longitudinal mode
spacing is about 3 GHz@1550 nm. Meanwhile, all the cavity parts
are packaged in a metal housing, where the temperature is controlled
by a 7.56 W thermoelectric cooler (TEC). With this geometry, a
stable single-longitudinal-mode wavelength-tunable lasing output
can be obtained.

3 Experimental results and discussion

After adding the optimized external-cavity part to the internal-
cavity part, the output power of the proposed WTSL versus the
drive current is firstly measured at different resonant wavelengths
and shown in Figure 2A. Optimum alignment is accomplished when
the waist position of the airtight module is adjusted to equal the
length of the external-cavity [27]. It can be seen from Figure 2A
that the threshold current at 1,450 nm, 1,540 nm, and 1,630 nm
resonant wavelengths are 260 mA, 70 mA and 270 mA, respectively.
As shown in Figure 2A, the measured results are halved due to
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FIGURE 1

Schematic diagram of our proposed WTSL. F1, molded aspherical lens; OC, optical coupler; ISO, isolator; G1, diffractive grating; DC1, direct current
motor; OPM, optical power meter; WM, wavelength meter; OSA, optical spectrum analyzer; M1, gold-coated tuning mirror.

the use of the 3 dB optical coupler. Therefore, the corresponding
output power Pg ., Peeper and P g are 10.26 mW (10.11 dBm),
38.22 mW (15.82 dBm) and 10.44 mW (10.19 dBm) at the drive
current of 400 mA, respectively. Obviously, the output power over
the entire tuning range exceeds 10.11 dBm, and a peak output
power of about 15.82 dBm is obtained at 1,540 nm. Meanwhile,
it is worth noting that there is a mode-hopping point (or called
mode-hopping region) from 430 mA to 440 mA. This phenomenon
may result from current-induced adjacent mode jump. In addition,
when the drive current exceeds about 450 mA, the output power
of the tunable laser source tends to be saturated. Therefore, we
set the operating current of the proposed WTSL to 400 mA to
realize the optimal output characteristics. Figures 2B-D show the
resonant wavelength of the WTSL as a function of the drive current,
respectively, which indicates the threshold current are consistent
with the results in Figure 2A, and the spectral coverage can be
obtained from 1449.917 nm to 1630.0986 nm. Figures 2E-G plot
the relationship between the output wavelength characteristics of
the presented WTSL and the drive current when the injection
current is in the range of 270 mA-500 mA with 10 mA per step,
which indicates the slope efficiency are approximately 3.1 p.m./mA,
2.8 pm./mA and 3.4 p.m./mA, respectively. From Figure 2E, it
can be observed that the proposed laser source has a mode-
hopping region, which corresponds exactly to the abrupt of the
output power in Figure 2A.

Figure 3A is the superimposed output optical spectra of the
proposed WTSL at an injection current of 400 mA. The single-
longitudinal-mode laser beam for different resonance wavelengths
are tuned by adjusting the physical lengths of the external-cavity
rotated around the pivot point, and the peaks in the superimposed
output optical spectra correspond to different DCI1 (tuning mirror)
positions. As highlighted in Figure 3A, the corresponding result
shows a wide spectral coverage of about 180 nm, namely, it can be
adjusted from 1,450 nm to 1,630 nm with about 10 nm per step.
Additionally, as can be observed from Figure 3B, the presented
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tunable semiconductor laser source keeps excellent SMSR output
performance during the entire scanning range when the drive
current remains about 400 mA. The maximum and minimum SMSR
(Spax and S,.;,,) of the proposed WTSL are measured to be 71.03 dB

and 62.60 dB, respectively. In the case of the drive current of about

min

400 mA, the SMSR over the whole tuning range of more than
62.60 dB can be achieved.

In our designed external-cavity configuration, the minimum
axial mode spacing is close to 20.3 p.m., as depicted in Figure 2E,
which is due to the physical length of the WTSL cavity of about
67 mm at 1650 nm. In particular, the larger the axial mode spacing,
the smaller the physical length of the external-cavity, and the
corresponding resonant output wavelength will be in the short-
wavelength region. It can be seen from Figure 4 that the maximum
and minimum deviation of the adjacent output wavelength (D
and D
Because the maximum absolute value of the wavelength differential
(D
this indicates that our proposed laser structure can realize mode-

max

nin) are estimated to be 4.1 p.m. and —5.7 p.m., respectively.

min) 18 much smaller than the minimum axial mode spacing,
hopping free output throughout the full band [39].

Finally, the relationship between the intrinsic linewidth of the
proposed tunable laser source and the lasing wavelength is measured
using a commercial optical noise analyzer which is fabricated
by the SYCATUS. The measured spectra will be Lorentz line-
type. Owing to the assembly capacity of the external-cavity, the
temperature control capability, and low-noise driving capability, as
plotted in Figure 4B, the intrinsic linewidth of the output resonant
wavelength is no more than 32.95 kHz in the entire mode-hopping-
free tunable region, and when the lasing output wavelength is about
1,570 nm, an ultra-narrow intrinsic linewidth of about 1.63 kHz can
be obtained. Significantly, the blazed grating plays a major role in
the compression of the linewidth. Therefore, in the next step, we
will carry out the study of blazed grating parameters on the output
characteristics of WTSL.
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FIGURE 2
(A) P-1 plot of the proposed WTSL operating at 1,480 nm, 1,540 nm, and 1,630 nm, respectively. (B—D). The resonant wavelength of the WTSL as a
function of the drive current. (E-G) The relationship between the output wavelength characteristics of the proposed WTSL and the drive current.
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FIGURE 3
(A) The superimposed output optical spectra of the proposed WTSL at different resonance wavelengths. (B) The SMSR versus the resonant output
wavelength at a drive current of about 400 mA.
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source and the lasing wavelength.

4 Conclusion

In conclusion, we designed and experimentally demonstrated a
mode-hop-free, wavelength-tunable semiconductor laser operating
over the S+C+L band with external-cavity optical feedback. The
external cavity, based on a Littman configuration and comprised
of a ruled grating and a tuning mirror, serves as the mode
selector. Our experimental results show that the output wavelength
of the proposed laser can be continuously tuned from 1,450 nm
to 1,630 nm, achieving a side-mode suppression ratio (SMSR) of
71.03dB at 1590 nm and an intrinsic linewidth of 1.63 kHz at
1,570 nm. Notably, the laser maintains mode-hop-free operation
across the entire tuning range. These outstanding performance
metrics indicate that the proposed laser configuration holds
significant potential for high-capacity coherent communication
systems, including those operating at 1.6 Tbit/s or even 3.2 Tbit/s.
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