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Abstract: Tunable laser sources with a wide wavelength tuning range, mode-hop-free (MHF) oper-
ation, and high spectral purity are essential for applications such as high-resolution spectroscopy,
coherent detection, and intelligent fiber sensing. In this paper, we present a wide-range tunable laser
source that operates without mode hopping, based on external cavity feedback using a semiconductor
gain chip as the laser gain medium. The wavelength, power, and spectral characteristics of the laser
are experimentally measured. A wide MHF continuous wavelength tuning range from 1480 nm to
1620 nm with a side-mode suppression ratio of more than 61.65 dB is achieved. An output optical
power of more than 11.14 dBm with good power stability can also be realized in the full C+L band.
This proposed external-cavity tunable laser source features a narrow intrinsic linewidth and MHF
tunable radiation with a maximum sweep speed of 200 nm/s, enabling practical applications such as
high-resolution vector spectrum analysis.

Keywords: external-cavity; tunable laser source; mode-hop-free; C+L band

1. Introduction

The development of the first laser [1], using a ruby crystal as the gain medium, marked
a milestone in the academic community, sparking extensive research into new laser technolo-
gies [2–9], particularly semiconductor diode lasers that utilize a semiconductor as the gain
medium [10–12]. Semiconductor diode lasers (also known as diode lasers) have opened
avenues for numerous applications, including frequency and timing metrology [13–15],
laser cooling [16], coherent optical communication [17], and optical fiber sensing [18–21].
Additionally, it is worth mentioning that semiconductor lasers now serve as efficient pump
sources for crystal gain media [22–24]. Across these fields, external-cavity tunable laser
sources (EC-TLSs) with flexible and controllable emission characteristics have become the
primary consideration in the above application fields. The demands of the ever-growing
mode-hop-free (MHF) tuning range have resulted in the development of various novel
external-cavity configurations. Up to now, the structure of EC-TLSs has been classified into
the two most common types, namely the Littrow and Littman–Metcalf geometries. An
EC-TLS with a wide tuning range of 173 nm based on the Littrow geometry was reported
by K. Fedorova et al., where the output spectral linewidth and side mode suppression ratio
(SMSR) are less than 400 pm and 50 dB at around 1550 nm, respectively [25]. Wang et al.
demonstrated that the diode laser chip in conjunction with an external optical feedback
provided by a high first-order diffraction efficiency (about 91%) dispersion element can
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significantly improve the characteristics of the EC-TLS based on the Littrow structure and
obtain a 209.9 nm tunable range [26]. Although wide tunable ranges have been obtained,
little attention has been paid to the MHF output characteristics in the work mentioned
above. In addition, the 0th-order lasing output beam steers used as the dispersion element
(usually grating) are rotated in order to change the lasing wavelength. Therefore, the
application range of the Littrow cavity laser is limited.

Compared with the classical Littrow cavity, the Littman–Metcalf configuration incor-
porates an additional mirror. Tuning in the Littman–Metcalf configuration is achieved by
mechanically rotating the mirror angle rather than adjusting the incidence angle of the
dispersion unit. This design allows the output beam direction to remain fixed as the lasing
wavelength is tuned. The Littman–Metcalf cavity can be designed to increase the tuning
range in which continuous MHF tuning is possible. An EC-TLS based on the traditional
Littman–Metcalf design was reported by Gong et al., where the maximum MHF tunable
range of 78 GHz was measured operating at 774.5 nm [27]. The proposed EC-TLS operated
under an unoptimized reflector pivot position. An about 59.13 nm continuous MHF tuning
range EC-TLS with a Littman–Metcalf geometry based on a diffraction grating was reported
by Zhang et al., with an optical signal to noise ratio (OSNR) of around 65 dB and a spectral
linewidth of less than 100 kHz [12]. By corotating a periscope with an etalon and a 0.8 nm
(full width half maximum) narrow bandpass filter inside a modified Littman–Metcalf
configuration, Zhu et al. demonstrated a novel MHF tunable EC-TLS without mechanical
pivot-point tuning with a maximum linewidth of around 1 MHz, where the proposed
Littman–Metcalf cavity had a MHF continuous tuning range of 1.7 THz [28]. At present,
many scholars are inclined to the study of EC-TLSs based on the Littman–Metcalf geometry
with a wider tuning range, but the research of continuous wavelength tuning with MHF is
rarely reported.

In this study, we present a MHF laser system with a wide continuous wavelength
tuning range based on the traditional Littman–Metcalf geometry, maintaining the narrow
output spectral linewidth and high SMSR advantages of typical EC-TLSs. The output
characteristics of the designed EC-TLS are investigated in detail. Experimentally, a con-
tinuously tunable range of about 140 nm with no mode hopping is achieved, which is
an about 71.4% times enhancement compared with the reference [9], and the SMSR over
the entire wavelength tuning output range is estimated to be better than 61.65 dB. Using
self-heterodyne interferometry, the laser intrinsic linewidth is measured to be less than
5.37 kHz at the emitting wavelength of 1570 nm, and the maximum output power of the
designed EC-TLS is about 15.95 dBm. In addition, a high power stability of ±0.024 dB/1 h
and wavelength stability of ±3.08 pm/1 h are obtained, respectively. The significant ad-
vantage of this proposed EC-TLS is its ability to tune the lasing wavelength finely over a
wide range without mode hopping, thus making it suitable for practical applications such
as ultra-high spectral analysis systems.

2. Configuration of the EC-TLS and Device Characteristics

The configuration of the proposed laser is illustrated in Figure 1. The commercially
available gain chip (Thorlabs, SAF1150S2) employs a multi-quantum well and ridge waveg-
uide structure, achieving an output bandwidth of 133.3 nm centered at a typical wavelength
of 1521.7 nm. The length of the gain chip is about 1 mm, and it is coated with a 0.05%
anti-reflection film on its angled facet and a 10% reflectivity film on the other side. This
gain chip is powered by a custom-built, ultra-low-noise current driver capable of supplying
a maximum output current of 400 mA. Additionally, it is cooled to approximately 25.0 ◦C
using a 7.56 W thermoelectric cooler. The output laser beam from the gain chip is shaped
by a molded aspherical lens (Edmund, #87-155). The plano side and aspherical side of
the collimating lens are coated with anti-reflection film, its numerical aperture is 0.55,
and the focal length is 4.51 mm. The shaped laser beam is incident on the surface of the
optical feedback element. Feedback is provided by a gold-coated blazed diffraction grating
with 900 lines per mm (Newport Richardson, 33025FL01-155R). The average diffraction
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efficiency into the 1st-order is around 75% if the polarization of the gain chip is oriented
perpendicular to the lines of the grating. The blazed diffraction grating, measuring 15 mm
× 6 mm × 6 mm, provides a sufficient tuning range for diffracted wavelengths without
clipping the lasing edges of the optical feedback element. The first-order diffracted beam
is retroreflected by an added mirror back into the active layer, where it is amplified. The
tuning of the selected mode is achieved by adjusting the added mirror, which is driven by
a brushless direct current (DC) motor, relative to the incident beam. The fiber in this setup
transmits the tunable laser signals and connects with other test instruments through port A
to characterize the output characteristics of the proposed EC-TLS. As we have reported in
ref. [29], to expand the wavelength tuning range of the proposed EC-TLS, here we adopt a
new collimation method that requires the distance between the waist position and molded
aspherical lens to be equal to the length of the external cavity.
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Figure 1. Schematic drawing of the proposed EC-TLS. MAL, molded aspherical lens; DCM, direct
current motor; OPM, optical power meter; WM, wavelength meter; OSA, optical spectrum analyzer.

The B port of the optical power meter (Ceyear, 6337D) is connected to output port A to
characterize power-related properties such as the threshold current, peak output power, and
power stability. By connecting the C port of the wavelength meter (Yokogawa, AQ6151B) or
the D port of the optical spectrum analyzer (Ceyear, 6362D) with a set resolution of 10 pm,
wavelength-related characteristics including the tuning range and wavelength stability can
be measured.

3. Results and Discussion

After constructing the experimental system, the performance of the laser source with
the added external cavity was initially observed. The typical P-I curves of the laser source,
optimized by external optical feedback, are shown in Figure 2. Figure 2a depicts the
P-I plot when the resonant output wavelength is in the short wavelength region. The
threshold current is approximately 180 mA at 1480 nm, and the maximum output power
reaches 13.01 mW (11.14 dBm). Figure 2b shows the P-I curve at 1550 nm, indicating
a threshold current of about 70 mA and a maximum output power of approximately
39.39 mW (15.95 dBm), a significant increase compared to the gain chip’s output power
of 0.12 mW without external optical feedback (as per the supplier’s test report). The
experimental results demonstrate that the laser system operates under strong optical
feedback conditions and achieves optimal alignment. Figure 2c shows that at 1620 nm,
the threshold current is about 190 mA, and the maximum output power is approximately
22.13 mW (13.45 dBm). The observed variation in the threshold current, decreasing and
then increasing as the lasing wavelength changes from 1480 nm to 1620 nm, is primarily
due to the spectral gain profile of the gain chip. To achieve a wider tuning range and higher
output power, the operating current is set to 400 mA, leveraging the drive capability of the
homemade laser diode driver, which is well above the maximum threshold current.
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Meanwhile, the relationship between the lasing wavelength and the injection current
is studied. As shown in Figure 3, the maximum slope is only 0.313 pm/mV, which implies
that the proposed laser source has strong robustness, that is, mode hopping occurs when the
injection current fluctuates by more than 80 mV instantaneously. In fact, this phenomenon is
different from the experimental results we observed before, and we infer that the probability
of this result is due to the difference in the parameters of the gain chip itself.

Photonics 2024, 11, x FOR PEER REVIEW  4  of  8 
 

 

The observed variation  in  the  threshold current, decreasing and  then  increasing as  the 

lasing wavelength changes from 1480 nm to 1620 nm, is primarily due to the spectral gain 

profile of the gain chip. To achieve a wider tuning range and higher output power, the 

operating current is set to 400 mA, leveraging the drive capability of the homemade laser 

diode driver, which is well above the maximum threshold current. 

 

Figure 2. P-I curves of the laser source: (a) P-I plot of the laser source operating at 1480 nm; (b) P-I 

plot of the laser source operating at 1550 nm; (c) P-I curve of the laser source operating at 1620 nm. 

Meanwhile, the relationship between the lasing wavelength and the injection current 

is studied. As shown in Figure 3, the maximum slope is only 0.313 pm/mV, which implies 

that the proposed laser source has strong robustness, that is, mode hopping occurs when 

the injection current fluctuates by more than 80 mV instantaneously. In fact, this phenom-

enon is different from the experimental results we observed before, and we infer that the 

probability of this result is due to the difference in the parameters of the gain chip itself. 

 

Figure 3. Lasing wavelength as a function of the injection current: (a) wavelength–injection plot of 
the laser source operating at 1480 nm; (b) wavelength–injection plot of the laser source operating at 

1550 nm; (c) wavelength–injection curve of the laser source operating at 1620 nm. 

Figure 4a shows the spectra of the tunable laser source at an injection current of 400 

mA. It can be seen from the figure that at this time, the lasing output wavelength of the 

EC-TLS can be changed from 1480 nm to 1620 nm with an about 20 nm/step; that is, the 
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the laser source operating at 1480 nm; (b) wavelength–injection plot of the laser source operating at
1550 nm; (c) wavelength–injection curve of the laser source operating at 1620 nm.

Figure 4a shows the spectra of the tunable laser source at an injection current of
400 mA. It can be seen from the figure that at this time, the lasing output wavelength of
the EC-TLS can be changed from 1480 nm to 1620 nm with an about 20 nm/step; that is,
the tuning range is about 140 nm, and the spectrogram shows a single longitudinal mode
operation, with a minimum SMSR of about 61.65 dB. The output optical power at different
lasing wavelengths is then tested using a self-developed power meter produced by Ceyear.
As seen in Figure 4b, the output optical power varies with the lasing wavelength. The
maximum and minimum output powers of the EC-TLS are 15.95 dBm and 11.14 dBm,
respectively. Clearly, with an injection current of 400 mA, an output power exceeding
11.14 dBm can be achieved across the entire C+L band.
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Figure 4. (a) Spectrogram of the proposed EC-TLS at different resonant output wavelengths; (b) the
relationship between the output power and the resonant output wavelength.

For our proposed EC-TLS, the maximum axial mode spacing is close to 26.2 pm
operating at 1620 nm, which is due to the designed cavity length of about 50 mm. In
practice, the smaller the axial mode spacing, i.e., the closer to 21.9 pm, the shorter the
resonant output wavelength. Therefore, when the first-order or second-order difference
in the adjacent output wavelength test data is less than the minimum axial mode spacing,
it indicates that the laser system operates in a MHF tunable output throughout the entire
band. As displayed in Figure 5a, according to the test results, the maximum and minimum
wavelength differences are calculated to be 16.12 pm and −1.6 pm, respectively. Meanwhile,
an experiment is carried out to investigate the sweep speed based on the classical optical
frequency domain reflectometer (OFDR) scheme [21]. Figure 5b shows that the tuning
range of 80 nm is 0.401 s, that is, the sweep speed is estimated at 200 nm/s. In addition, the
inset plotted in Figure 4b indicates that the proposed EC-TLS can operate in a MHF state
because no phase mutations are observed.

Photonics 2024, 11, x FOR PEER REVIEW  6  of  8 
 

 

 
 

(a)  (b) 

Figure 5. (a) MHF performance of the proposed EC-TLS; (b) sweep speed performance of the pro-

posed tunable laser source. 

The corresponding output wavelength and power stability curves of the tunable laser 

source  in the case of one hour of continuous output (sample rate: 1 Hz) at an  injection 

current of 400 mA and a controlled ambient temperature of 22 ± 1 °C are shown in Figure 

6a and Figure 6b, respectively. According to the results, the peak-to-valley or root-mean-

square (RMS) values of the wavelength stability and output power of the laser configura-

tion can be calculated as ±3.08 pm/1 h or ±0.961 pm/1 h and ±0.024 dB/1 h or ±0.0095 dB/1 

h, respectively, indicating that the tunable laser source has good wavelength and output 

power long-term stability. 

   

(a)  (b) 

Figure 6. (a) Output wavelength stability curve of the tunable laser source; (b) output optical 

power stability curve of the tunable laser source. 

The  intrinsic  linewidth of the EC-TLS  is measured using an optical noise analyzer 

fabricated by SYCATUS. Figure 7  illustrates  the  relationship between  the  intrinsic  lin-

ewidth and the resonant output wavelength. As shown in Figure 7, the intrinsic linewidth 

of the output laser beam remains below 10.13 kHz within the 140 nm tuning range. Nota-

bly, when the resonant output wavelength approaches 1570 nm, the intrinsic linewidth is 

further reduced to 5.37 kHz. This performance is attributed to the design and manufacture 

of the low-noise current driver and the long-term stability of the external cavity. 
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proposed tunable laser source.

The corresponding output wavelength and power stability curves of the tunable laser
source in the case of one hour of continuous output (sample rate: 1 Hz) at an injection
current of 400 mA and a controlled ambient temperature of 22 ± 1 ◦C are shown in
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Figures 6a and 6b, respectively. According to the results, the peak-to-valley or root-mean-
square (RMS) values of the wavelength stability and output power of the laser configuration
can be calculated as ±3.08 pm/1 h or ±0.961 pm/1 h and ±0.024 dB/1 h or ±0.0095 dB/1 h,
respectively, indicating that the tunable laser source has good wavelength and output power
long-term stability.
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Figure 6. (a) Output wavelength stability curve of the tunable laser source; (b) output optical power
stability curve of the tunable laser source.

The intrinsic linewidth of the EC-TLS is measured using an optical noise analyzer
fabricated by SYCATUS. Figure 7 illustrates the relationship between the intrinsic linewidth
and the resonant output wavelength. As shown in Figure 7, the intrinsic linewidth of the
output laser beam remains below 10.13 kHz within the 140 nm tuning range. Notably, when
the resonant output wavelength approaches 1570 nm, the intrinsic linewidth is further
reduced to 5.37 kHz. This performance is attributed to the design and manufacture of the
low-noise current driver and the long-term stability of the external cavity.
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4. Conclusions

In this paper, we have successfully constructed a wide-range, MHF tunable laser
source based on external cavity feedback using a semiconductor gain chip and performed
an analysis of its output characteristics. Our wavelength analysis revealed a tuning range
of 140 nm without mode hopping, an RMS wavelength stability of ±0.961 pm over 1 h,
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and a maximum sweep speed of 200 nm/s. The optical power analysis demonstrated that
the tunable laser source achieves an output power exceeding 11.14 dBm across the full
C+L band, with an RMS power stability of ±0.0095 dB for over one hour at a continuous
injection current of 400 mA. The spectral analysis showed that the intrinsic linewidth of
the laser system is less than 10.13 kHz, and that the minimum side-mode suppression
ratio is 61.65 dB. This externally coupled tunable laser source shows potential for applica-
tion in high-resolution vector spectrum analysis for the discovery and understanding of
various materials.
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