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Short pulsed fiber lasers have been widely made using single-walled carbon nanotubes as a saturable absorber
(SA). However, most of the currently used devices can only operate in one determined operation state with an
unchangeable modulation SA depth in the cavity, which significantly limits their application in photonic devices.
In this paper, well-aligned carbon nanotube arrays are synthesized using zeolite AIPO4-5 as a template, which
features anisotropic optical absorption. The linear optical absorption of the as-synthesized carbon nanotube ar-
rays can easily be tuned by adjusting a polarization controller, thus providing a tunable modulation depth for the
carbon nanotube SA. By exploiting this SA in an erbium-doped fiber laser cavity, both Q-switched and mode-
locked pulsed lasers are achieved by simply adjusting a polarization controller under a fixed pump power of
330 mW. In addition, the repetition rate of the Q-switching and pulse duration of the mode-locking can be
tuned according to the variation of modulation depth. Moreover, soliton molecules can be obtained when

the modulation depth of the SA is 4.5%.
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1. INTRODUCTION

Single-walled carbon nanotubes (SWCNTs) have extraordinary
optical and electronic properties that make them attractive for
numerous applications [1-4]. Recently, carbon nanotubes have
been widely used as saturable absorbers (SAs) in pulsed fiber
lasers owing to their large saturable absorption, ultrafast recov-
ery time, and broadband operation [5-10]. To date, SWCNT-
based SAs have been successfully used for mode-locking and
Q-switching in fiber lasers, in which the operating wavelength
ranges from 1.0 to 2.0 pm. Normally, mode-locked fiber lasers
can generate pulses with ultra-short duration, while Q-switched
fiber lasers can generate pulses with high energy. Therefore,
fiber lasers with different laser operation states in a fixed laser
cavity are urgently needed. Generally, carbon nanotubes are
embedded in polymer matrices to form SWCNT-polymer SAs,
leading to the random orientation of the carbon nanotubes
[11-14]. In this condition, the absorption of the carbon nano-
tubes is fixed when they are inserted into a laser cavity, leading
to a fixed modulation depth of the SA. Thus, the fiber laser
is limited to a single laser-operation state, mode-locking or
Q-switching, which significantly restricts its application. To pro-
mote the application of carbon nanotube SAs, it is important to
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develop a facile method to control the modulation depth,
which is the key parameter for the realization of fiber lasers with
several different laser operations [15-17].

The results of previous works have demonstrated that the
modulation depth can be changed by adjusting SA absorption
[15,18,19]. Well-aligned carbon nanotube arrays have an ex-
cellent anisotropic response to optical radiation due to their
constrained electron motion and electron—phonon coupling.
On this basis, polarization-sensitive optical devices based on
well-aligned carbon nanotube arrays have been developed
[20-22]. Thus, well-aligned carbon nanotube array SAs may
provide a method to control the operation state of pulsed lasers
by adjusting the polarization state in the laser cavity based on
their polarized absorption property.

In our previous work, well-aligned carbon nanotube arrays
were fabricated inside the channels of zeolite AIPO4-5 (AFI)
single crystals, which exhibited very specific properties such
as one-dimensional superconductivity and anisotropic optical
absorption [23-25]. In this paper, well-aligned carbon nano-
tube arrays fabricated in AFI channels are used as polarization-
sensitive SAs for the manipulation of the operation state of
pulsed lasers. The as-synthesized well-aligned carbon nanotube
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arrays have polarized optical absorption, which makes them
highly suitable as a polarization-sensitive SA. Q-switching with
different repetition rates, mode-locking with different pulse
durations, and soliton molecules can be easily achieved by con-
trolling modulation depth of the carbon nanotube SAs through
adjustment of a polarization controller under a fixed pump
power of 330 mW.

2. EXPERIMENTAL SECTION

A. Synthesis of AFI Single Crystals and Well-Aligned
Carbon Nanotube Arrays

AFI crystals were used as the template to synthesize well-aligned
catbon nanotube arrays by pyrolyzing tripropylamine (TPA)
precursor in its one-dimensional channels. AFI is a well-known
porous material which has a hexagonal structure with the space
group of P6ec. Its framework consists of one-dimensional
12-ring channels that are packed parallel to the ¢ axis. The
AFI crystals were hydrothermally synthesized using a compos-
ite starting gel: 1.0Al,05:1.0P,05:1.2TPA:800H,0:0.8HF.
During fabrication, aluminum tri-isopropoxide, which was
used as a source of aluminum, was dissolved in water and stirred
for 12 h. Then, orthophosphoric acid, which was used as a
source of phosphorus, was added to the solution and stirred
for 3 h. Similarly, the TPA that was used as an organic template
was also added to the solution and stirred for 3 h. Subsequently,
a diluted HF was added to the solution and stirred for 3 h.
Finally, the solution was sealed in a Teflon-lined stainless-steel
autoclave and heated to 175°C for 24 h. The AFI crystals were
obtained after crystallization. The TPA containing the AFI sin-
gle crystals was dehydrated at 873 K in a vacuum of 10~ mbar
for 4 h to form well-aligned carbon nanotube arrays. The
Raman spectrum of SWCNTs@AFI was obtained using a
Horiba Jobin-Yvon LabRan HR800 with a 514.5 nm laser

excitation source.

B. Experimental Setup of the Erbium-Doped

Fiber Laser

The laser setup of the erbium-doped fiber laser (EDFL) is
shown in Fig. 1. A 1.0 m heavily erbium-doped fiber was used
as the gain medium and pumped using a 980 nm diode
through a fused wavelength division multiplexer. An optical
isolator was used to ensure unidirectional operation. A polari-
zation controller composed of a half-wave plate and two
quarter-wave plates was used to tune the polarization state
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Fig. 1. Schematic diagram of the erbium-doped fiber laser.

) “ - Q Vol. 6, No. 11 / November 2018 / Photonics Research 997
| —

in the laser cavity. The total cavity length is about 8.6 m,
and a 10% port extracted the pulses from the cavity. An optical
spectrum  analyzer (OSA) with a resolution of 0.05 nm, a
1 GHz high-speed oscilloscope, and an autocorrelator
(Pulsecheck SM1200) were used to measure the optical pulse.

3. EXPERIMENTAL RESULTS

First, AFI crystals were synthesized using a hydrothermal
method. Then, the SWCNTs were obtained by pyrolyzing
the TPA precursor. Figure 2(a) shows a scanning electron
microscope image of the AFI single crystals. AFI is a type of
porous material which contains one-dimensional channels
packed in a hexagonal array, with an inner diameter of 0.73 nm
[25], as seen in Fig. 2(b). The well-aligned SWCNTs are
sketched inside of the AFI nanochannels, as shown in Fig. 2(c).
Figure 2(d) shows the Raman spectrum of the SWCNTs fab-
ricated in the channels of the AFI single crystal. In the low-
frequency region (400600 cm™'), the Raman lines at 510
and 542 cm™" are attributed to the A;, radial breaking mode
of the chiral (4,2) nanotube and the zigzag (5,0) nanotube,
respectively [26-28]. The D bands in the central region (1000
1500 cm™!) are characteristic of the disorder. The tangential G
bands in the high-frequency region (1500-1620 cm™) are
characteristic of carbon bond vibrations.

Based on the polarized optical absorption of well-aligned
SWCNTs that were fabricated in the nanochannels of the
AFI [27], the polarization-dependent saturable absorption of
SWCNTs@AFI was measured using a homemade fs mode-
locked EDFL (center wavelength of 1563 nm, pulse duration
of 260 fs, repetition rate of 25 MHz). Figure 3(a) shows the
schematic setup used for the measurement. The polarization
controller (PC) was used to adjust the polarization state of the
pulsed laser. For a fixed optical pump power, the PC was
adjusted to change the values between power meters A and B.
The maximum difference value between power meters A and
B indicates the orthogonality between the laser polarization
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Fig. 2. (a) Scanning electron microscopy image of pristine AFI sin-
gle crystals. (b) Framework structure of an AFI single crystal viewed
along the [001] direction. (c) SWCNTs are sketched inside the chan-
nels of AFI. (d) Raman spectrum of the SWCNTs@AFI single crystal.
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direction and the carbon nanotube axis (£|| C), while the mini-
mum difference value indicates the parallel relationship be-
tween the laser polarization direction and the carbon nanotube
axis (ELC) for polarized optical absorption of well-aligned
SWCNTs. Thus, the modulation depth of the SWCNTs@AFI
can be obtained in the cases of E||C and £LC. The nonlinear
fitting of the experimental results shows that the modulation
depth is 14% for E||C and 4.5% for ELC, as shown in
Figs. 3(b) and 3(c), respectively. This finding clearly illustrates
that these well-aligned carbon nanotubes are SAs with a tunable
modulation depth, which is an ideal SA for a switchable pulsed
laser. Moreover, the polarized absorption of well-aligned carbon
nanotube arrays is shown in Fig. 3(d) using a polarized optical
source. It is observed that the intensity of the optical absorption
gradually increases with decreasing polarization angle 6 from
90° to 0° (where € is the polarization angle from the light
polarized axis to the tube axis). The polarization-dependent
absorption property of the carbon nanotube SAs is attributed
to their constrained electron motion and electron—phonon cou-
pling. Since the carbon nanotubes are well-aligned and well-
separated from each other, only the electric field perpendicular
to the nanotube axis is perfectly screened, and thus any light
component polarized along the tube axis will experience the
largest absorption.

Finally, an AFI single crystal that hosted the SWCNT's was
used as the SA, which was placed between two fiber connectors
and then integrated into the EDFL cavity. Figure 1 shows a
schematic diagram of the erbium-doped ring-cavity fiber laser.
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Fig. 3. (a) Experimental setup for the measurement of saturable
absorption of SWCNTs@AFI. Dots are the measured data and the
red line is the data fitting. Pulse excitation wavelength at 1.5 pm with
different polarization directions (b) £||C and (c) £LC. (d) Polarized
absorption spectra of the well-aligned carbon nanotube arrays under
different polarization angles.

The insertion loss and polarization-dependent loss of the
well-aligned carbon nanotube array SA were measured to be
~3 and ~21 dB, respectively. Such a high polarization-
dependent loss further illustrates that the well-aligned carbon
nanotube arrays can be used as polarization-sensitive SAs for
the manipulation of the operation state of pulsed lasers.
First, a continuous-wave laser was obtained using a pump
power of 310 mW. Then, the PC was adjusted to maintain
a minimum output power. Under this condition, the light with
linear polarization parallel to the axis of the carbon nanotubes
can be confirmed for the maximum optical absorption of the
carbon nanotubes. Thereafter, only the half-wave plate was ad-
justed in the following experiment to ensure the light that
passed through the carbon nanotubes is linearly polarized,
which can be clearly verified by the following phenomenon.
The output power reaches a maximum value after rotation
of the half-wave plate by 45°, which indicates orthogonality
between the optical polarization direction and the axis of
the carbon nanotubes. Thus, it is possible to control the polari-
zation angle 6 (0 is the polarization angle measured from the
light-polarized axis to the tube axis) by rotating the half-wave
plate. Initially, the PC was adjusted to ensure that £]|C was
achieved. A Q-switched pulsed laser was thus obtained at the
pump power of 330 mW. Figure 4(a) shows the Q-switched
pulse train where the repetition rate is 23.0 kHz. At a fixed
pump power of 330 mW, through gradual adjustment of the
PC, the repetition rate can be changed from 23 to 39.7 kHz,
as shown in Fig. 4. It is observed that during this evolution
process, the Q-switching operation remains highly stable at
its uniform pulse peak intensity.

Figure 5 shows the pulse duration and average output power
as functions of the polarization angle. By increasing this angle,
the pulse duration becomes progressively shorter and the aver-
age output power increases. Figure 6(a) shows the internal fine
structure of the optical pulse with more sampling points when
the repetition rate of the Q-switching is 39.7 kHz. In this case,
the pulse duration is about 4.2 ps. Figure 6(b) represents the
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Fig. 4. Typical oscilloscope traces of the Q-switching pulse trains

under different polarization angles of (a) 0°, (b) 8°, (c) 14°, and (d) 20°.
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Fig. 5. Pulse duration and average output power as functions of
polarization angle.

corresponding spectrum measured by the OSA with a resolu-
tion of 0.02 nm. The central wavelength is about 1565.8 nm,
and the 3 dB spectral width is about 0.67 nm.

The modulation depth of the SWCNTSs changed from 14%
t0 9.5% after rotation of the half-wave plate by 10° [Figs. 3(b)
and 7(a)]. Normally, a Q-switching laser has a tunable repeti-
tion that is dependent on the cavity gain and loss [17]. The
relationship between the optical polarization direction and
the axis of the carbon nanotubes is deviated from E||C by ad-
justing the PC. Thus, both the cavity loss and modulation
depth of the SWCNTs decrease, leading to the increase of
the repetition rate. With further adjustment of the PC after
rotating the half-wave plate by 15°, the Q-switching state be-
came unstable and eventually disappeared. Interestingly, stable
mode-locked pulses were obtained by adjusting the PC via ro-
tation of the half-wave plate by 20°. The corresponding polari-
zation angle is 40°. The modulation depth of the SA was
measured at about 8.2% under this condition [Fig. 7(b)].

Figure 8(a) shows the output pulse trains of the mode-
locked EDFL. The repetition rate is 23.2 MHz (period
7 = 43 ns), as determined by the cavity length. Figure 8(b)
shows the corresponding emission spectrum of the laser, which
is soliton mode-locked for its Kell bands in the spectrum [29].
The operating central wavelength is about 1563.1 nm and the
corresponding 3 dB spectral width is about 5.51 nm. The pulse
width is about 386 fs, assuming a sech? pulse profile, as
shown in Fig. 8(c). Figure 8(d) shows the radiofrequency (RF)
spectrum of the laser output. The signal to noise ratio is about
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Fig. 7. Saturable absorption properties of the SWCNTs@AFI SA

under different polarization angles of (a) 20°, (b) 40°, and (c) 70°.

67 dB at a resolution of 1 kHz, which indicates good stability of
the mode-locked laser.

The 3 dB spectral width of the laser output is continuously
tunable from 5.51 to 3.75 nm by further adjustment of the PC
via rotation of the half-wave plate from 20° to 35° at the fixed
pump power of 330 mW [Figs. 8(b) and 9], while the corre-
sponding pulse duration varied from 386 to 863 fs [Figs. 8(c)
and 9]. In addition, the modulation depth of the SWCNTs
changed from 8.2% to 6.6% [Figs. 7(b) and 7(c)] during
the pulse width expanding via rotation of the half-wave plate
from 20° to 35°. A similar phenomenon has been reported
in Ref. [18], which illustrates that the spectral bandwidth of
the mode-locked pulse will be decreased by decreasing the
modulation depth. Interestingly, a soliton molecular pair could
be obtained after rotating the half-wave plate by 45°. In this
case, the modulation depth was measured at about 4.5%
[Fig. 2(c)], indicating the £LC condition. The optical spec-
trum of Fig. 10(a) combined with the optical autocorrelation
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Fig. 6. Output characteristic of the EDFL operated in the
Q-switching state. (a) Single pulse profile. (b) Emission spectrum.
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trace of Fig. 10(b) demonstrates phase locking of the two
bound solitons. The spectrum exhibits a central dip at the
wavelength of 1562 nm, with a clear modulation period of
3 nm. The corresponding autocorrelation trace has the same
width as the three peaks with an intensity ratio of 1:2:1, which
indicates that the two bound solitons have the same intensity,
pulse duration, and a constant separation. The single-pulse
width is about 0.9 ps, fitted by the sech? profile. The pulse-
to-pulse separation of the solitons is about 2.63 ps, which cor-
responds to the period of the spectral modulation. Figure 10(c)
is the oscilloscope trace of the bound solitons. The interval
between the two peaks is about 43 ns, which corresponds to
a fundamental repetition rate of 23.2 MHz. Figure 10(d) shows
the RF spectrum of the bound-state solitons. The signal-to-
noise ratio is about 60 dB, which indicates the relatively high
stability of the soliton molecule. The results of previous works
have demonstrated that the traditional soliton can be switched
to a bound soliton by simply increasing the pump power in the
same fiber laser system [30-34]. In our laser system, the shift in
the operation state from the traditional soliton to the bound
soliton could be due to the decrease of loss. The bound-soliton
operation can be obtained when the polarization of light is
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Fig. 10. (a) Emission spectrum, (b) autocorrelation trace, (c) pulse
train, and (d) radiofrequency spectrum of two bound soliton EDFL.

perpendicular to the nanotube axis. Under this condition
(ELC), the minimum optical absorption of the carbon nano-
tubes has the lowest loss in the cavity, while the pump power is
kept unchanged. Thus, the mode-locked pulse laser would be
over-driven by sudden decreases in the intra-cavity loss while
maintaining the intra-cavity gain, leading to the switching of
the laser operation state from traditional to bound soliton.
Nonlinear polarization evolution (NPE) is another technol-
ogy that can be used to produce a mode-locked laser operation
state, which normally requires two sets of polarization control-
lers or a polarization-dependent isolator in the fiber laser cavity
[35-38]. Thus, the proposed setup with one PC and a
polarization-independent isolator that was used in our fiber
laser cavity may not be readily amenable to the mode-locked
laser operation state based on an NPE mechanism. In addition,
the NPE mode-locked fiber laser is sensitive to environmental
perturbations and can be easily destroyed, whereas our mode-
locked laser can maintain several days. Moreover, in order to
completely exclude the effect of NPE that may contribute to
the mode-locked laser operation in our fiber laser, the SA was
purposely removed from the cavity to verify whether the pulsed
operation was caused by the well-aligned carbon nanotube
array SA. In this condition, only continuous-wave (CW) oper-
ation was obtained even if the pump power and the PC were
changed over a large range (Fig. 11). Thus, based on our ex-
perimental results, the effect of NPE is negligible in comparison
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to the effect of the well-aligned carbon nanotube array SA in
our fiber laser cavity.

4. CONCLUSION

Well-aligned single-walled carbon nanotube arrays were syn-
thesized in the nanochannels of zeolite AFI, which can be used
as a polarization-sensitive SA to manipulate a pulsed EDFL
based on the polarized optical absorption property. The modu-
lation depth of the SA can be changed from 14% to 4.5% by
adjusting the polarization state from E||C to £LC. Using such
a tunable modulation depth SA, both Q-switching and mode-
locking optical pulses can be generated by simply adjusting the
PC for a fixed 330 mW pump power. The repetition rate of the
Q-switching and the pulse width of the mode-locking pulses
can be manipulated by adjustment of the PC. Moreover, soliton
molecules can also be observed under the same pump power of
330 mW. Our research demonstrates the efficacy of a modu-
lation-depth tunable photonics material for manipulating
pulsed laser operation.
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