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We propose and demonstrate a widely tunable passively Q-switched Ho3�∕Pr3�-codoped ZrF4-BaF2-LaF3-
AlF3-NaF fiber laser operating in the 2.8 μmmid-infrared (MIR) waveband based on a single-walled carbon nano-
tube (SWCNT) saturable absorber (SA). The SWCNTs have diameters ranging from 1.4 to 1.7 nm. Themodulation
depth and saturation intensity of the SWCNT SA measured at 2850 nm are 16.5% and 1.66 MW∕cm2, respec-
tively. Stable Q-switched pulses with the shortest pulse duration of 1.46 μs and the maximum pulse energy of
0.43 μJ are achieved at a launched pump power of 445.6 mW. The combined use of a broadband SWCNT SA
and a plane ruled grating ensures a broad continuously tuning range of 55.0 nm from 2837.6 to 2892.6 nm.
The output powers, emission spectra, repetition rates, and pulse durations at different tuning wavelengths are
also characterized and analyzed. Our results indicate that SWCNTs can be excellent broadband SAs in the 3 μm
MIR region. To the author’s knowledge, this is the first demonstration of a widely tunable carbon-nanotube-
enabled passively Q-switched fiber laser operating in the 2.8 μm MIR waveband. © 2018 Chinese Laser Press
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1. INTRODUCTION

Mid-infrared (MIR) wavelength-tunable pulsed fiber lasers
emitting at around 3 μm are desirable sources in a diverse range
of applications such as atmospheric pollution monitoring,
non-invasive diagnostics, and nonlinear optical systems [1–5].
Currently, the dominant pulse generation approaches in the
∼3 μmMIR fiber lasers are based on different saturable absorb-
ers (SAs) such as semiconductor saturable absorption mirrors
(SESAMs), Fe2�:ZnSe crystals, two-dimensional materials
including graphene, topological insulators (TIs), black phos-
phorus (BP), and transition metal dichalcogenides (TMDs).
SESAM is generally one of the most prevalent commercial
SAs due to its excellent performance, and the well-developed
semiconductor manufacturing techniques allow customizations
of the SA parameters such as modulation depth and non-
saturable loss. We have demonstrated a SESAM-based 34 nm
wavelength-tunable mode-locked fiber laser operating in the
3 μm MIR spectral region [6]. However, a complex fabrication
process with a considerably high cost is required for the bottom
distributed Bragg reflector (DBR) in SESAM to reduce its

response time [7]. Moreover, the operating bandwidth of
SESAM is limited by the bottom DBR section, which makes
it unsuitable for widely tunable pulsed lasers [8]. Fe2�:ZnSe
crystal has been widely used in MIR laser pulse generation
due to its large saturable absorption cross section, small satu-
ration energy, and high damage threshold (∼2 J∕cm2) [9–11].
Recently, we have achieved a high-power, widely tunable
Q-switched MIR fiber laser with 90 nm tuning range based
on a Fe2�:ZnSe crystal [12]. However, the bulk structure of
Fe2�:ZnSe is not desirable in compact and cost-effective all-
fiber lasers. In the family of 2D materials, graphene, character-
ized by having zero bandgap, has been widely used in pulsed
fiber lasers operating from the near-infrared to MIR spectral
region [13–15]. Nevertheless, the low modulation depth result-
ing from its weak absorption restrains its application in fiber
lasers [16]. Another 2D material is TI, which has a narrow
bandgap and a gapless metallic state in its surface. Since
Bernard et al. first demonstrated the feasibility of TI-based
SA in 2012 [17], a few studies on pulsed fiber lasers at
1–3 μm using TI as the SA have been conducted [18–21].
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However, its complex preparation process and indirect bulk
band gap limit its applications. BP also shows a broadband
saturable absorption in the 3 μm MIR region [22,23], but
the challenge is that it is easily oxidized when exposed to
air. Recently, TMDs have been extensively investigated as
SAs [24–26] due to their tunable bandgaps, high third-order
optical nonlinear susceptibility, ultrafast carrier dynamics,
and natural abundance. Nevertheless, the TMDs require com-
plex control of defects when serving as SAs in the MIR spectral
region.

During the last decade, single-walled carbon nanotube
(SWCNT)-based SAs have been drawing great attention due
to their unique advantages of broad absorption bandwidth,
high optical damage threshold, ultrafast response, chemical sta-
bility, and simple fabrication [27]. Besides, the band gap of a
SWCNT depends on its diameter and chirality, which makes
SWCNT an ideal broadband SA for wavelength-tunable fiber
lasers. Pulsed fiber lasers with wavelength tunability have been
demonstrated in the 1–2 μm near-infrared spectral region
[28–31]. However, to the best of our knowledge, the
SWCNT’s saturable absorption property and potential as a
wideband SA in pulsed fiber lasers operating beyond 2 μm have
not yet been investigated.

In this work, we experimentally demonstrate, for the first
time to our knowledge, a widely tunable, Q-switched
Ho3�∕ Pr3�-codoped ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN)
fiber laser using a SWCNT SA. The wavelength tuning is
achieved by rotating a plane ruled grating in the oscillator.
The broadband absorption of the SWCNT SA allows a con-
tinuous wavelength tuning range of 55 nm from 2837.6 to
2892.6 nm in a stable Q-switching regime. Q-switched pulses
with the maximum pulse energy of 0.43 μJ are obtained with a
corresponding shortest pulse duration of 1.46 μs.

2. PREPARATION AND CHARACTERIZATIONS
OF A SWCNT SA

The SWCNTs were prepared with the catalytic chemical
vapor deposition (CVD) method provided by a commercial
supplier (Nanjing XFNANO Materials Tech Co., Ltd). The
SWCNT powders were first dispersed in ethanol solvent
and then sonicated for 1 h at room temperature. The top
60% of the prepared mixture was collected for experimental
use. Then we dropped the mixture on a gold mirror to form
a SWCNT SA. The transmission electron microscope (TEM)
images of our SWCNT sample at different scales were captured
with a TEM (JEM-2100F) as shown in Figs. 1(a) and 1(b).
The diameters of the SWCNTs vary from 1.4 to 1.7 nm,
corresponding to absorptions in the 3 μm MIR region [32].
The ranged diameter also facilitates broadband operations with
enhanced modulation depth [28]. The measured Raman spec-
trum of the SWCNT sample using an excitation wavelength of
514 nm is depicted in Fig. 1(c). The obtained spectrum clearly
shows typical CNT modes (RBM: radial breathing modes, D:
disorder mode, and G: tangential mode) [29]. The relatively
high ratio of G and D mode peaks confirms that the fabricated
films are clean and contain few structural defects. Figure 2(a)
shows the linear transmission spectrum of our SWCNT SA in
the range from 2835 to 2895 nm characterized by a homemade

tunable MIR fiber laser. It is shown in Fig. 2(a) that the
SWCNT SA exhibits a relatively high absorption in the mea-
sured wavelength range, which is helpful for maintaining good
modulation depth. By using a homemade 2850 nm mode-
locked fiber laser with a repetition rate of 10.2 MHz and pulse
duration of 22 ps as the laser source, we also measured the non-
linear transmission of our SWCNT SA through a typical
power-dependent measurement setup based on a balanced twin
detector system, which has been elaborated in previous works
[21,24]. To obtain the parameters of our SWCNT SA, the
transmission is fitted by a simple model of T �I� � 1 − ΔT ·
exp�−I∕I sat� − T ns, where T �I� is the power-dependent trans-
mission, I is the incident intensity, ΔT is the modulation
depth, T ns is the non-saturable loss, and I sat is the saturation
peak intensity. Figure 2(b) shows the nonlinear absorption
curve of the SWCNT SA for 2850 nm excitation. It can be
seen from Fig. 2(b) that our SWCNT SA shows nonlinear
properties with the saturation peak intensity I sat, modulation
depth ΔT , and non-saturable loss T ns of 1.66 MW∕cm2,
16.5%, and 71.8%, respectively.

3. EXPERIMENTAL SETUP

The schematic of the tunable Q-switched Ho3�∕ Pr3�-
codoped ZBLAN fiber laser based on a SWCNT SA is depicted
in Fig. 3. We used a 9 m long Ho3�∕ Pr3�-codoped (3 mol.%
Ho3�, 0.25 mol.% Pr3�) ZBLAN fiber (FiberLabs Inc.) as
the gain fiber with a core diameter of 10 μm and a numerical

Fig. 1. TEM images of SWCNTs on the scale of (a) 100 nm
and (b) 10 nm. (c) Raman spectrum.
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aperture (NA) of 0.2. The fiber was pumped through a CaF2
plano-convex lens (focal length: 20 mm) by a commercial laser
diode (Eagleyard Photonics) operating at 1150 nm. The front
fiber end was cleaved perpendicularly to the axis of the fiber to
provide ∼4% feedback, while the other end of the fiber was
angle-cleaved at 10° to suppress parasitic feedback. A dichroic
mirror placed at a 45° angle of incidence was used as the output
coupler. Two AR-coated ZnSe objective lenses (focal length:
6 mm) were used to collimate and focus the light from the
angle-cleaved fiber end onto the SWCNT-coated gold mirror
with a beam spot diameter of ∼60 μm, which functioned as
a SA and also terminated cavity feedback. As shown in Fig. 3,
the SWCNTs on the gold mirror formed an approximately cir-
cular spot with a diameter of around 6 cm, corresponding to an
area of 28 cm2. The wavelength tunability was provided by ro-
tating a plane ruled grating (450 lines/mm, blazed at 3.1 μm,
88%–91.5% reflectivity at 2.8–2.9 μm) placed between two
AR-coated ZnSe objective lenses. The average power of the out-
put laser beam was measured with a power meter (Laserpoint)
along with an IR bandpass filter (Thorlabs, FB2750-500). The
pulse train was captured by an InAs detector with a response
time of ∼2 ns connected to a 500 MHz bandwidth digital

oscilloscope. The radio frequency (RF) spectrum was measured
by a RF spectrum analyzer (YIAI, AV4033A). The optical spec-
trum was analyzed by a monochromator with a scanning res-
olution of 0.1 nm (Princeton Instrument Acton SP2300).

4. RESULTS

First, we tuned the grating at a fixed angle to maximize the
output power. A stable passively Q-switched pulse train was
observed as the launched pump power increased to 186.1 mW.
This stable Q-switched pulse train could be maintained with
the launched pump power increased to 445.6 mW. A stable
pulse train with a duration of 1.46 μs and repetition rate of
131.6 kHz at the maximum launched pump power of
445.6 mW is shown in Fig. 4. The left inset of Fig. 4 shows
the corresponding optical spectrum. The central wavelength is
2853.0 nm, and the 3 dB bandwidth is 1.4 nm. The right inset
is the measured RF spectrum at a resolution bandwidth of
100 Hz in a 45 kHz scanning span. The peak is located at
131.6 kHz, and the signal-to-noise ratio is over 40 dB, indicat-
ing a stable Q-switching regime. With the increasing launched
pump power at this fixed wavelength of 2853.0 nm, we also
recorded the evolutions of the pulse properties. Figure 5(a) dis-
plays the repetition rate and pulse duration versus the launched
pump power. As the launched pump power grows from 186.1
to 445.6 mW, the repetition rate is increased from 83.3 to
131.6 kHz, and the pulse duration is narrowed from 2.40
to 1.46 μs. As shown in Fig. 5(b), we also measured the output
power and calculated the single pulse energy at the varied
launched pump powers. It is observed that both output power
and single pulse energy are linearly increased with the increas-
ing of the launched pump power. At the launched pump power
of 445.6 mW, we achieved the maximum output power and
pulse energy of 55.8 mW and 0.43 μJ, respectively.

By finely rotating the kinematic mount holding the grating,
we investigated the wavelength tunability of this Q-switched
laser at a fixed moderate pump power of 401.5 mW. As shown
in Fig. 6, a tuning range of 55 nm, covering the central wave-
length from 2837.6 to 2892.6 nm, is obtained with the cur-
rent laser setup, and the stable Q-switching operation can be

Fig. 2. (a) Linear and (b) nonlinear transmission of the SWCNT
sample.

Fig. 3. Schematic setup of the tunable carbon nanotubeQ-switched
Ho3�∕ Pr3�-codoped ZBLAN fiber laser.

Fig. 4. Q-switched pulse train at the launched pump power of
445.6 mW. Inset: corresponding optical and RF spectra.
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maintained within the entire tuning range. The tunable range is
mainly limited by the high intracavity loss and the gain spec-
trum of the Ho3�∕ Pr3�-codoped ZBLAN fiber rather than
the SWCNT SA. For example, when we set the launched pump
power to 326.7 mW, the tuning range narrowed to 43.2 nm
(from 2839.2 to 2882.4 nm). This is because the reduced intra-
cavity energy in wavelength regions beyond the 43.2 nm tuning
range became insufficient to maintain the Q-switched opera-
tion. Thus, we believe that the tuning range could be further
broadened with an optimized cavity and higher pump power
using our current SWCNT SA. The average output power
as a function of the tuning wavelength is also given in
Fig. 6. The output power increases initially and then decreases
with the extension of the lasing wavelength, which matches well
with the gain profile of Ho3�∕ Pr3�-codoped ZBLAN fiber
[33]. The power difference is measured to be less than 10%.
We also recorded the repetition rate and pulse duration during
the tuning of the output wavelength. The repetition rate and

pulse duration as functions of the output wavelength are illus-
trated in Fig. 7. The repetition rate decreases from 120.9 to
85.2 kHz, while the pulse duration increases from 1.56 to
2.24 μs with the output wavelength varying from 2837.6 to
2892.6 nm, as shown in Fig. 7. Combined with the output
powers at different wavelengths, as shown in Fig. 6, we find
that the single pulse energy varies from 0.38 to 0.54 μJ in
this tuning range. We assume that this variation originates
from the combination of different cavity losses, fiber gains,
and varied bleaching rates of the SWCNT SA under different
population depletion rates caused by different intracavity laser
intensities.

5. CONCLUSION

In summary, we have demonstrated, to the best of our
knowledge, the first widely tunable, passively Q-switched
Ho3�∕ Pr3�-codoped ZBLAN fiber laser at 2.8 μm by using
SWCNTs as the SA. The central wavelength of the Q-switched
pulses could be continuously tuned across 55 nm (from 2837.6
to 2892.6 nm). Our results have verified that the SWCNT SA
possessing broadband nonlinear absorption shows great poten-
tial for wavelength-tunable Q-switched fiber lasers in the 3 μm
MIR region. The broadband and strong nonlinear absorption
provided by the SWCNT SA combined with the inherent
simplicity in wavelength selection by the plane ruled diffrac-
tion grating leads to robust and repeatable operation. Such
SWCNT-based Q-switched fiber lasers with a wide MIR wave-
length-tuning range can provide a reliable, simple, robust, and
cost-effective solution to a wide range of both scientific and
industrial applications.
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Fig. 6. Normalized spectra and the corresponding average output
power from the tunable Q-switched laser.

Fig. 7. Repetition rate and pulse duration as functions of the tuning
wavelength.

Fig. 5. (a) Repetition rate and pulse duration, (b) output power and
single pulse energy as functions of the launched pump power.
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