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Mode-locked fiber lasers with wavelength tunability and dual-wavelength mode-locking capability have wide
applications in nonlinear imaging, precision metrology and photonic sensing. Here, for the first time, we propose
and experimentally demonstrate an environmentally stable all-polarization-maintaining (all-PM) fiber mode-
locked laser without any intracavity filter and attenuator, whose mode-locking wavelength is switchable with
the injected pump power. By increasing the pump power, the mode-locking wavelength switches from 1560-nm
band to 1560/1530-nm dual-wavelength mode-locking, and finally to the 1530-nm band. The mechanism behind
the phenomenon is well explained by the reverse saturable absorption induced intracavity loss variation. The
proposed laser has a very concise configuration with only one integrated wavelength-division-multiplexer and a
carbon nanotubes/polydimethylsiloxane (CNT/PDMS) saturable absorber (SA). The compact size, simple

wavelength switching scheme as well as environmental stability makes it promising for practical applications.

1. Introduction

Ultrafast fiber lasers, especially passively mode-locked fiber lasers
delivering picosecond (ps) or femtosecond (fs) optical pulses have been
widely adopted in various applications, from fundamental research to
industry scenarios, with compact size, high energy transferring effi-
ciency, and high stability [1-3]. From a historical perspective, various
mode-locking methods have been developed since the 1990’s. In
passively mode-locked fiber lasers, real saturable absorbers (SAs) based
on nanomaterials or artificial SAs based on nonlinear fiber optics are
employed to filter out the low intensity optical component to form high
peak-power short pulses.

The common artificial SAs used in current mode-locked fiber laser
systems include nonlinear polarization evolution (NPE) [4-6], nonlinear
optical loop mirror (NOLM) [7,8], and nonlinear amplifying loop mirror
(NALM) [9-11]. For NPE lasers, most of them are built with non-
polarization-maintaining (non-PM) optical fibers, because of the
intrinsic polarization dependent pulse picking mechanism. In recent
years, some works have achieved the NPE mode-locking with all-PM
fibers, nevertheless their strict working conditions [12-14]. NOLM
and NALM are all-PM compatible, however, a non-reciprocal phase
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shifter should be added to make the laser self-starting [15,16]. In the
contrast, in recent years, the real SAs are widely used for ultrafast fiber
laser mode-locking owing to their excellent saturable absorption prop-
erties, including semiconductor saturable absorber mirrors (SESAMs)
[17,18], carbon nanotubes (CNTs) [19,20], graphene [21,22], topo-
logical insulators (TIs) [23,24], transition metal dichalcogenides
(TMDs) [25,26], black phosphorus (BP) [27,28], MXene [29-31] and
many others [32-36]. These real SAs are low-cost, easy-fabrication, PM-
fiber compatible, and allow the pulsed laser self-starting. Especially,
CNT-SA has been widely adopted for realizing ultrashort pulse genera-
tion in various kinds of cavities since its first demonstration.
Mode-locked fiber lasers with wavelength tunability/switchability
and multiwavelength mode-locking capability enable promising appli-
cations in biochemical sensing, imaging and precise spectroscopy. For
Er-doped fiber (EDF) lasers, the wavelength tuning range is limited in C-
band, which covers 1530 nm to 1560 nm, owing to the gain emission
profile. Typically, a fiber or free-space wavelength filter is inserted into
the laser cavity to pick up the operating wavelength. Recently, PM-fiber
based Lyot filter shows its potential as a favorable candidate with free
spectral range (FSR) tunability for realizing such function by actively
picking up the desirable wavelengths [37,38]. Another common method
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for realizing dual-wavelength mode-locking in both 1530-nm band and
1560-nm band, is employing two independent laser oscillators in the
same laser configuration by using two wavelength division multiplexers
(WDMs) for both two bands [39,40]. The proposed laser has two main
resonant loops for oscillating two different wavelength components
simultaneously, while the gain fiber and SA are shared in the common
path. Except for above-mentioned two approaches, there is another
possibility to employ an optical attenuator for the realization of dual-
wavelength mode-locking in the 1530- and the 1560-nm band by mak-
ing use of the intrinsic gain curve of the EDF. Following this principle,
researchers have realized switchable single-wavelength and dual-
wavelength mode-locking by tuning an intracavity optical attenuator
[41-43]. In this case, the filter is not a necessity, the wavelength
switching as well as gain equalization is totally dependent on the
intracavity power. However, the realization of wavelength switching is
based on an optical attenuator which is slow and bulky, and the laser is
constructed with non-PM fibers, making it highly susceptible to envi-
ronmental disturbance.

Here, in this paper, for the first time, we achieve pump-power-
controlled wavelength switching in a concise all-PM Er-doped mode-
locked fiber. The mode-locking is realized by using a CNT/Poly-
dimethylsiloxane (PDMS) SA. The operating wavelength of this laser can
be switched between 1560-nm band, 1530-nm band, and 1560/1530-
nm dual wavelength bands, without losing its mode-locking. There is
no intracavity filter or attenuator to equalize the gain/loss, the wave-
length switching is totally dependent on the injected pump power. The
mechanism behind the phenomenon is reasonably explained by the
reverse saturable absorption of the SA. By using an all-PM fiber
configuration, the laser’s robustness can be guaranteed. The proposed
laser is promising for biochemical sensing, imaging with extended
wavelength window, and wavelength multiplexed dual comb
spectroscopy.

2. Experiment setup

The experimental setup is shown in Fig. 1. In the laser oscillator, we
use a compact PM tap-isolator-wavelength-division-multiplexer (PM-
TIWDM) hybrid device which functions as a 10 % output coupler, an
isolator and a WDM. PM Er-doped fiber of 80-cm in length (PM-EDF,
Nufern PM-ESF-7/125) with a group velocity dispersion (GVD) of —20
fs2/mm and a core absorption of 55.0 & 5.0 dB/m near 1530 nm is used
as the gain medium, pumped by a 980-nm laser diode (LD, 3SP
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Fig. 1. Experiment setup of the all-PM mode-locked fiber laser. TIWDM: tap-
isolator-wavelength-division-multiplexer; EDF: Er-doped fiber.
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Technologies, 1999CHB). The laser is mode-locked using a SA consisting
of a CNT/PDMS film, sandwiched between two fiber connectors. The
other part of the oscillator is the single-mode PMF with a GVD of -22.9
fs2/mm to complete a 7.2-m laser cavity. Therefore, the total intracavity
dispersion is calculated to be —0.16 psz. The insets (i) and (ii) in Fig. 1
show the photos of the CNT/PDMS-SA from different perspectives. In the
experiment, the optical spectrum is measured using an optical spectrum
analyzer (OSA, YOKOGAWA, AQ6370D). The optoelectronic conversion
is realized using a 1-GHz photodetector (NEWFOCUS 1611). The time-
domain pulse train and radiofrequency (RF) spectrum are recorded by
an oscilloscope (RIGOL DS2202A) and an electrical frequency analyzer
(ESA, RIGOL, RSA3045), respectively. The autocorrelation (AC) trace of
the optical pulse is measured by an autocorrelator (Femtochrome, FR-
103XL).

The preparation process of the CNT/PDMS-SA is modified based on
the reported method in Ref. [44]. First, high-pressure carbon monoxide
(HiPco)-synthesized single-wall CNT powder (Nanolntegris) with
diameter of 0.8-1.2 nm is added into isopropyl alcohol (IPA) of 100 mL,
and the mixture is fully dispersed by an ultrasonic processer. After a 30-
minute ultrasonication, the solution appears black and semi-
transparent. A small amount of methyl group-terminated PDMS
(MEP), which is low in viscosity (50 mmz/s), is then added and
dispersed within the CNT/IPA solution using ultrasonication. This step
enhances the bonding between CNT and PDMS. Subsequently, PDMS-A,
the silicone elastomer base, is mixed into the CNT/IPA/MEP solution in
the same manner. The next step involves removing the IPA from the
solution by heating the CNT/IPA/MEP mixture to 80 °C under magnetic
stirring. After 6 h, once the IPA is fully evaporated, PDMS-B, the curing
agent, is added to the beaker at room temperature with a weight ratio of
10:1 (PDMS-A: PDMS-B), and the mixture is stirred magnetically.
Finally, the thoroughly mixed CNT/PDMS solution is poured into a cell,
and a thin film is formed using a spin coater. The CNT/PDMS film is then
placed in a thermostat for solidification, under 50 °C circumstance. After
48 h, small pieces of the fully solidified CNT/PDMS film with
micrometer-level thickness are applied to the fiber connector to serve as
SAs.

3. Experimental results and discussions
3.1. Single-wavelength mode-locking

Different from previous works [42,43], the wavelength switching in
our proposed mode-locked laser does not rely on an external optical
filter, attenuator or birefringent filtering effect. The operating wave-
length switching and dual-wavelength mode-locking operations can be
realized solely by tuning the pump power, since the gain spectral profile
of the EDF is different when under different pump power, induced by the
intracavity loss variation, which we will explain in the discussion part.
Specifically, when under lower pump power, the peak emission wave-
length at 1560 nm will be dominant, while higher pump power will shift
the emission peak to near 1530 nm.

In the experimental demonstration, we inject different pump power
to our laser oscillator, and record the laser output. When the pump
power is increased to 40 mW, self-started mode-locking is easily ach-
ieved, benefiting from the high performance of the CNT/PDMS-SA. The
pump power is slightly reduced to 35 mW, close to the mode-locking
threshold to keep a stable single-pulse state. The measured output
power is about 0.25 mW. The output optical spectrum is shown in Fig. 2
(a). With a relatively low pump power injection, the central wavelength
of mode-locking is located at 1558.9 nm and the full-width-at-half-
maximum (FWHM) is measured as 2.7 nm. Weak Kelly sidebands
locating at both sides of the laser center wavelength can be observed.
The oscilloscope trace of the output pulse train is shown in a 500-ns
temporal window as shown in Fig. 2(b), where a clear and even pulse
train with an interval of ~ 35 ns is observed, confirming the single-pulse
operation. The RF spectrum is shown in Fig. 2(c). The frequency spectra
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Fig. 2. Measured results of the mode-locked fiber lasers when operating at the center wavelength of 1558.9 nm with pump power of 35 mW. (a) Optical spectrum, (b)

pulse trains, (c) RF spectra in 1-GHz span and in 20-kHz span, and (d) AC trace.

in a 1-GHz span with a resolution bandwidth (RBW) of 10 kHz and in a
20-kHz span with a RBW of 10 Hz are shown in the graph and its inset,
respectively. The first-order frequency is located at 28.647 MHz,
denoting that the laser owns a fundamental repetition rate of this value,
which is well consistent with the abovementioned pulse interval and the
cavity length of 7.2 m. The high signal-to-noise ratio (SNR) of > 75 dB
proves the robustness of laser mode-locking. The AC trace recorded is
shown in Fig. 2(d). The pulse duration is measured as 1.1 ps, with a time-
bandwidth product (TBP) of 0.366, which is slightly higher than that of
the transform limited pulse. The picosecond pulse width may result from
many factors, such as intracavity dispersion, modulation depth of SA,
and low pump power we injected. Shorter pulse width can be obtained
by increasing the pump power to enhance the nonlinear pulse
compression or using a SA with higher modulation depth [45,46]. For
The AC trace is well fitted by the sech? fitting, proving that the optical
pulse is a conventional soliton, as expected from an all-anomalous-
dispersion laser cavity.

Then we turn up the pump power to around 100 mW, the mode-
locking with a 3-dB bandwidth of 2.3 nm and a center wavelength of
1532.6 nm is obtained, whose optical spectrum is shown in Fig. 3(a). The
measured output power is 1.9 mW. There exists some amplified spon-
taneous emission (ASE) noise in 1560-nm band. In Fig. 3(b), the pulse
train has an interval of 35 ns, almost the same as that of 1560-nm band
mode-locking. The RF spectra in Fig. 3(c) shows the laser’s repetition
rate is around 28.649 MHz, which is ~ 2 kHz higher than when oper-
ating at 1560-nm band due to the group velocity dispersion in the cavity.
The AC trace shown in Fig. 3(d) represents the laser pulse in the cavity,
which shows laser pulse owns a duration of 1.4 ps. The duration is wider
than when mode-locked at 1560-nm band, the main reason is that the
EDF has a narrow emission spectral width in 1530-nm band. This result

is also consistent with other previous works [43]. The calculated TBP is
about 0.41, which shows the optical pulse has a slight chirp. The 2-m
single mode fiber outside the cavity when measuring the AC trace also
contributes to broadening the pulse width.

3.2. Dual-wavelength mode-locking and wavelength switching

As the gain profile transfer is a gradual process, under a certain pump
power range, the gain levels in the two bands are close, making it
possible for a dual-wavelength mode-locking. When the pump power is
in the range of 80-100 mW, dual-wavelength mode-locking is man-
ifested. The measured optical spectrum and RF spectrum with 10-Hz
RBW when pumped at 90-mW power are shown in Fig. 4(a) and (b),
respectively. The center wavelengths of the dual-wavelength mode-
locked pulses are 1532.6 nm and 1554.9 nm, with the 3-dB bandwidths
of 2.4 nm and 4.6 nm, respectively. The optical spectrum is much
broader than that of the single-wavelength mode-locking at the 1560-
nm band owing to the wide emission spectral gain bandwidth under a
high pump power. The strong Kelly sidebands are explicitly observed in
both sides of the 1554.9-nm output peak, caused by the high intracavity
power. It is noted that, when the dual-wavelength mode-locking is built
up, the mode-locking of longer wavelength is in multi-pulse state due to
the soliton area theorem. However, owing to the instrument limitations,
we don’t have tunable bandpass filters with low insertion loss to mea-
sure the individual AC trace for two mode-locked wavelengths.

The RF spectrum clearly shows the repetition rate difference between
the two pulse trains, which is 2.4 kHz. Given the dispersion of ~ 16 ps/
nm/km for PM Er-doped fiber [47] and ~ 18 ps/nm/km for passive PM
fiber [48], the average chromatic dispersion Dgy, is calculated as 17.8
ps/nm/km. The repetition rate difference Af; is calculated as Af, =
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Fig. 3. Measured results of the mode-locked fiber lasers when operating at the center wavelength of 1532.6 nm with pump power of 100 mW. (a) Optical spectrum,
(b) pulse trains, (c) RF spectra in 1-GHz span and in 20-kHz span, and (d) AC trace.
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Fig. 4. Measured results of dual-wavelength mode-locking at 1532.6 nm and 1554.9 nm, when pump power is 90 mW. (a) Optical spectrum, (b) RF spectrum.

ffDaveLAl [49], where f, is the repetition rate of the laser cavity, L is the
cavity length, A1 is the wavelength difference between two mode-locked
components. The measured data (2.4 kHz) is well consistent with the
calculated value (2.35 kHz), the small deviation may result from the
parameter error of the optical fibers. The SNRs are measured as 60 dB
and 55 dB for long-wavelength and short-wavelength optical pulses,
respectively, showing the robustness of the dual-wavelength mode-
locking operation.

To assess the operation stability of dual-wavelength mode-locking,
we record the evolution of laser’s optical spectrum and output power for
2 h. The optical spectrum is measured every minute with a resolution of
0.1 nm using the OSA, and the output power of the laser is measured
every 100 ms using an optical power meter (Thorlabs, PM-400). It is

noted that no active or passive protection on the laser is used during the
stability test. The results are shown in Fig. 5(a) and Fig. 5(b), respec-
tively. In the testing period, the optical spectrum has no noticeable
changes in its spectral shape and intensity, showing the robustness
operation of the mode-locking. The average output power is measured as
1.5 mW, with a fluctuation of 0.04 mW and standard deviation of 0.0087
mW. The variance coefficient is calculated as 0.58 %, indicating a good
stability of the laser output.

Fig. 6(a) shows the mode-locking transition process. When we
continuously tune the pump power from low to high. The single-
wavelength mode-locking at 1560 nm band, dual-wavelength mode-
locking at both 1560 nm and 1530 nm, and single-wavelength mode-
locking at 1530 nm band are achieved subsequently, corresponding to
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area (i), (ii), and (iii), respectively. It is clear that, with the increase of
pump power, the Kelly sidebands enhances obviously, because of the
enhanced constructive interference of the dispersive waves [50]. In
Fig. 6(b), the blue dots are the measured data of output power with the
increased pump power. The regions A to G, represent non-mode-locking
(<30 mW), 1560-nm mode-locking (30—50 mW), multi-pulse state (50
- 85 mW), dual-wavelength mode-locking (85 — 100 mW), multi-pulse
state (100 — 105 mW), 1530-nm mode-locking (105 - 115 mW), multi-
pulse state (>115 mW), respectively. The red dashed line shown in
Fig. 6(b) is the linear fitting curve of the data in low pump power region
(30 — 70 mW). Obviously, the real output power deviates from the
expectant curve, which has an efficiency slope of 2.7 %. This is caused by
optical limiting effect, which can arise from the reverse saturable ab-
sorption, nonlinear refraction, nonlinear scattering and mismatched
indices [51]. In the next section, we demonstrate the optical limiting in
our work is attributed to reverse saturable absorption, which is also the
reason for pump-driven mode-locking switching.
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Fig. 6. Tuning of the mode-locking states from 1558.9 nm to 1532.6 nm, including dual-wavelength mode-locking when gradually increase the pump power. (a)
Optical spectrum evolution map, and (b) different operation regimes and output power versus pump power.
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Fig. 7. Schematic diagram of the experiment setup for measuring the nonlinear saturable absorption of the CNT/PDMS. (b) Measured result and fitting curve.
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3.3. Reasons for pump-driven mode-locking switching

To explain the intrinsic mechanism behind the phenomenon of
pump-driven mode-locking switching and optical limiting in such a
concise all-PM laser cavity, the transmission characteristics of CNT/
PDMS-SA are measured. The schematic diagram of experiment setup is
shown in Fig. 7(a). A commercialized femtosecond laser (AlnairLabs,
PFL-200) with a center wavelength of 1558 nm, pulse width of 820 fs
and repetition rate of 40 MHz is used as the light source, an optical
variable attenuator (Hewlett Packard, 8156A) is used for controlling the
optical power launching into the CNT/PDMS-SA, and finally a power
meter (EXFO, FPM-300) is used for measuring the transmitted optical
power. It is noted that, to avoid any possible Kerr effect induced by the
optical coupler and different responses by two power meters, here,
balanced twin-detector method is not used. Instead, a highly repeatable
electrically tunable optical variable attenuator and only one power
meter is used. Before testing the transmission curve, the transmission
curve without CNT/PDMS-SA is measured as the background. The
measured experimental result is shown in Fig. 7(b). As the injected op-
tical power increases from O to 0.5 mW, the transmission of the CNT/
PDMS-SA gradually increases and reaches a platform finally. The
calculated modulation depth of the SA is about 1 %. The modulation
depth plays an important role for laser mode-locking, and the modula-
tion depth of CNT/PDMS-SA is small owing to the low concentration of
CNT in the host polymer. Typically, small modulation depth will cause
unstable mode-locking, however, the stable mode-locking can be real-
ized if the laser’s configuration is reasonable, including net cavity
dispersion, gain/loss, and recovery time of SAs [52-54]. For the trans-
mission curve, after a short platform, when the injected power further
increases, the transmission of the CNT/PDMS-SA is slowly decreased.
This result indicates there exists both saturable absorption and reverse
saturable absorption in the CNT/PDMS we use [55,56]. The measured
data of transmission can be well fitted by the equation [57]

T =100 — ao/(1 +1/1,) =t — . €Y}

where T is the transmission (unit in percentage), ap is the saturable
absorption coefficient, I is the injected optical intensity, I is the satu-
ration power, as is non-saturable absorption coefficient and g is the
reverse saturable absorption coefficient. In the fitting curve, the ay is
2.21, I; is 7.22 W of peak power, ans is 58.5 %, and f is 0.032. The R-
square value of the fitting curve is 0.988. The reverse saturable ab-
sorption of CNT/PDMS may result from the nonlinear scattering [51]
and nonlinear refraction caused by thermal effect [51,58] under the
pulse laser radiation and will increase the cavity loss when increasing
the pump power. However, the laser still supports ultrashort pulses
generation owing to the different time scales of saturable absorption and
reverse saturable absorption [58]. Additionally, we calculated the peak
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power and transmission when the laser is operating at single-wavelength
mode-locking at both 1558.9 nm and 1532.6 nm. When operating at
1558.9 nm (pump power of 35 mW, average output power of 0.25 mW),
the laser pulse owns a peak power of 7.2 W, and the corresponding
transmission of the CNT/PDMS-SA is calculated as 40.1 %; when the
wavelength is switched to 1532.6 nm (pump power of 100 mW, average
output power of 1.9 mW), the peak power is calculated as 42.7 W, and
the corresponding transmission is calculated as 39.8 %.

Therefore, the phenomenon of such a pump-driven mode-locking
switching can be well explained as follows: First, with the injected pump
increases at low power regime, the dominant saturable absorption helps
the laser to mode-lock with self-starting. When the optical power is over
the saturated power, the reverse saturable absorption is dominant,
therefore increasing the intracavity loss. When intracavity loss
increased, the population inversion condition of Er-doped fiber is
changed accordingly, resulting in the change of gain profile of [59]. As a
result, the gain emission peak around 1560 nm is shifted to around 1530
nm, the mode-locking switching is achieved [43].

Finally, to demonstrate there is no spectral filtering effect caused by
the CNT/PDMS, the transmitted optical spectra under both ASE and
mode-locked laser (MLL) light source are measured, seen as Fig. 8(a) and
(b). The black and red curves show the transmission with and without
CNT/PDMS, and the black is the normalized transmission. Under both
cases, the CNT/PDMS-SA doesn’t show any obvious spectral filtering,
the transmission in 1500-1600 nm is almost wavelength independent.
Therefore, the mode-locking switching is solely caused by the gain
profile of Er-doped fiber change induced by increased intracavity loss,
which is brought by the reverse saturable absorption of the CNT/PDMS-
SA.

4. Conclusions

In conclusion, we have proposed and demonstrated an all-PM CNT/
PDMS mode-locked fiber laser without any filter or attenuator, with
pump-power-controlled wavelength switchability. The realization of
wavelength switching and dual-wavelength mode-locking in such a
concise laser cavity is dependent solely on the injected pump power. The
mechanism behind the phenomenon is well explained by the intracavity
loss variation induced by the reverse saturable absorption of CNT/
PDMS. The proposed laser is an ideal source in biochemical sensing,
imaging and wavelength multiplexed dual comb spectroscopy, for its
compact size, simple wavelength switching scheme, environmentally
stable all-PM-fiber configuration.
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