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Abstract: We demonstrate a dissipative soliton fiber laser with high pulse
energy (>30 nJ) based on a single-walled carbon nanotube saturable
absorber (SWCNT-SA). In-line SA that evanescently interacts with the high
quality SWCNT/polymer composite film was fabricated under optimized
conditions, increasing the damage threshold of the saturation fluence of the
SA to 97 mJ/cm?. An Er-doped mode-locked all-fiber laser operating at net
normal intra-cavity dispersion was built including the fabricated in-line SA.
The laser stably delivers linearly chirped pulses with a pulse duration of
12.7 ps, and exhibits a spectral bandwidth of 12.1 nm at the central
wavelength of 1563 nm. Average power of the laser output is measured as
335 mW at an applied pump power of 1.27 W. The corresponding pulse
energy is estimated to be 34 nJ at the fundamental repetition rate of 9.80
MHz; this is the highest value, to our knowledge, reported in all-fiber Er-
doped mode-locked laser using an SWCNT-SA.
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1. Introduction

Passively mode-locked all-fiber lasers generating ultra-short optical pulses have been
intensively studied with their merits including alignment-free structure, excellent spatial beam
profile, and compactness [1]. These can be potentially applicable for micro-machining, micro-
surgery, and bio-imaging [2-4]. In a passively mode-locked fiber laser, saturable absorbers
(SAs), i.e., optical components exhibiting a nonlinear response of optical absorption to the
incident optical intensity, are necessarily used for initiating and stabilizing the pulsed laser
operation. Although passive mode-locking can be realized through artificial means such as
additive pulse mode-locking or nonlinear polarization evolution (NPE) [5] in the fiber lasers,
saturable absorption elements such as semiconductor saturable absorber mirrors (SESAMs)
[6] are popularly employed for environmentally robust and stable laser mode-locking.
Recently, novel SAs based on low-dimensional materials including single-walled carbon
nanotube (SWCNT), graphene and topological insulators have drawn great attention as an
alternative to the SESAM [7-11] In particular low-dimensional carbon materials exhibit
advantages such as broadband operation range covering the near IR to mid-IR wavelengths,
fast nonlinear response time, and relatively simple fabrication process. In the last decade,
passive mode-locking based on carbon-based SAs has been successfully applied in both bulk
solid-state and fiber laser systems at broad spectral ranges [12-14].

Since carbon nanomaterials are relatively easy to integrate into optical systems compared
to SESAMs, there have been several attempts to make efficient interactions with light in the
SAs for fiber lasers. Whereas direct interaction by coating the SA on the fiber ferrule end is
simple and convenient, its limited nonlinear interaction length and optically induced thermal
damages can be obstacles for scaling up the pulse energy of the fiber lasers. A promising
alternative for solving these issues is through lateral interaction with evanescent waves.
Indeed, SAs employing evanescent wave interaction have been proposed on the basis of
several platforms including tapered fibers [15], side-polished fibers [16, 17], planar lightwave
circuits [18], and hollow optical fibers [19]. Among the suggested platforms, the SA on the
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side-polished fiber (SPF) holds advantages such as robust and large nonlinear interaction
length (~few mm), compatibility with conventional single-mode fibers, and reduced optical
power in the interaction region, which will be beneficial for high-power operation of fiber
lasers. Although there have been previous researches on all-fiber mode-locked lasers with
high pulse energy using an SWCNT- or graphene-SAs on an SPF [17, 20], large absorption
loss with a strong polarization dependence of the SA limits the fiber laser output power (174
mW) and the pulse energy (~10 nJ).

In our present work, we optimized SWCNT-SA fabrication for high-power operation of
the fiber laser. A uniformly dispersed high-quality SWCNT/PMMA film was spin-coated on
the prepared SPF, which exhibited a low insertion loss (- 1.32 dB) with a moderate
polarization-dependent loss (PDL) of 5.56 dB. The optical properties of the fabricated SA
were analyzed through nonlinear transmission measurement. Using our SA, an all-fiber
dissipative soliton fiber laser oscillator was built that operates at net normal cavity dispersion.
The fabricated all-fiber laser stably delivered linearly chirped pulses of 12.7 ps, which were
compressed to 369 fs using an additional fiber delay at the laser output. The laser output
power was measured as 335 mW and the corresponding pulse energy was 34 nJ at the
fundamental repetition rate of 9.80 MHz. In addition, we investigated the optical damage
threshold of the SWCNT-SA on an SPF for the first time. We observed that defects were
developed above a saturation fluence energy of 97 mJ/cm? which is a much higher threshold
than reported value (~100 pJ/cm?) [21] in the SWCNT-SA on fiber ferrules.

2. Fabrication and characteristic analysis of the SWCNT-SA
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Fig. 1. (a) Schematic image of the SWCNT-SA on the SPF (inset: cross-sectional view of
SWCNT-SA structure), (b) experimental set-up for nonlinear transmission measurement of the
SA, (c)-(e) nonlinear transmission results of (c) TE-mode, (d) intermediate, and (¢) TM-mode
polarization states.

A commercial SWCNT synthesized through the high-pressure CO conversion (HiPCO)
method was dispersed via ultrasonic agitation and mixed with poly(methyl methacrylate)
(PMMA) solution where detailed description of fabrication process can be found in Ref. 13
and Ref. 19. The SWCNT/PMMA composite exhibits broadband absorption around 1550 nm
[13], which corresponds to the Ey; transition of semiconducting SWCNTSs. The composite
was then spin-coated on side-polished fiber (SPF). Figure 1(a) shows a schematic image of a
fabricated SWCNT-SA on an SPF. In the fabrication process of the SPF, we optimally set the
index-oil drop loss to — 25 dB where the closest distance between fiber core boundary and
polished surface, and the interaction length of the SPF were estimated to be about 1.5 um and
2 mm, respectively. The SPF initially exhibits a fiber-to-fiber insertion loss of — 0.1 dB with a
negligible PDL. The performance of the SPFs was quite reliable during repeated fabrications.
As increasing the number of spin-coating processes of the SWCNT, the insertion loss and
PDL of the devices varies with oscillating behavior [17]. The modulation depth of the SA can
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be increased at high PDL of the devices, but it causes large absorption leading to optical
damage of the SA at high power. After five times controlled spin-coating processes, we
obtained the SWCNT-SA possessing a relatively small insertion loss of — 1.32 dB with a
moderate PDL of — 5.56 dB, which can be compared to those of — 4.6 dB and — 15.3 dB
reported in Ref. 17. A thickness of the SWCNT/PMMA composite film is estimated to be
about 3.8 um. We then performed a nonlinear transmission measurement using the system
depicted in Fig. 1(b). A lab-built mode-locked fiber laser was used for the nonlinear
measurement along with a motor driven variable attenuator and a photo-detector. The pulse
width (400 fs) of the laser was measured after propagating the same length of the fiber with
that of our in-line SA to precisely estimate the pulse peak power at the SA. The state of
polarization of the incident light was managed by a polarization controller (PC). Figures 1(c)-
1(e) show the results of the nonlinear transmission measurement for several input polarization
states. In the transverse electric (TE) mode, in which the polarization direction is parallel to
the polished surface of the SPF, the initial linear transmission of 20.5% increases up to 29%,
as shown in Fig. 1(c). The nonlinear transmission of the intermediate polarization state shows
an initial linear loss of 48.6%, which increases to 51.6% at maximum power output of the
laser (Fig. 1(d)). For the transverse magnetic (TM) input polarization, the nonlinear
transmission of 73.7% at low power increases to 75.1% at maximum power output (Fig. 1(e)).
Although the fully saturated value was not achieved in the nonlinear transmission
measurement because of the limited power of the current system, we expect that the SA
properties, including the modulation depth and the non-saturable loss, can be controlled by
adjusting the intra-cavity polarization state of the laser [22].

3. Fiber laser experiment using an SWCNT-SA

980 nm LD

Fig. 2. Configuration of the constructed all-fiber ring laser using an SWCNT-SA.

Figure 2 depicts the schematic of the fabricated all-fiber fiber laser oscillator with our
SWCNT-SA. A heavily Er-doped fiber (Er80-8/125, Liekki™, B, ~ 22.3 ps?/km) with a
length of 1.4 m was pumped by core-pumped laser diodes (LDs) via a wavelength division
multiplexing (WDM) coupler. Here, we employed a polarization beam combiner (PBC) to
increase pump power up to 1.4 W. A dispersion compensating fiber (DCF) with a length of
3.4 m and a dispersion of 162 ps¥/km and extra SMF-28e fiber were used for managing the
cavity dispersion of the laser. A polarization controller (PC) was added for intra-cavity
polarization control and an isolator was inserted to ensure unidirectional operation of the
laser. The fabricated SA was then applied to the laser cavity. Stable passive mode-locking of
a dissipative soliton laser was obtained at a net cavity dispersion of around 0.141 ps®, where
total length of the laser cavity including an SMF-28e (15.6 m) and an HI1060 (0.7 m) is
estimated to be approximately 21.1 m.

We explored laser output characteristics of the dissipative soliton fiber laser for several
different output couplers. Figure 3 compares the mode-locking (ML) threshold and average
output power of the laser for a given pump power. The stable ML started from a pump power
of 105 mW when we used a 5:5 output coupler. The ML threshold increased to 181 mW and
304 mW for 8:2 and 9:1 output couplers respectively. The laser output power also increased
when we used directional couplers with a higher output coupling ratio, as shown in Fig. 3.
The mode-locked operation became unstable when the 95:5 output coupler was employed.
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Thus, we obtained the maximum laser output power with the 9:1 output coupler, where the
maximum average output power of 335 mW was measured at the applied pump power of 1.27
W. We experimentally confirm that the laser operation is stably maintained for 24 hours. As
we further increased the pump power up to maximum value of 1.4W, stable but multi-pulsing

operation per round trip of the laser cavity was observed where the measured average output
power was 380 m\W.
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Fig. 3. Comparison of average output power and ML threshold of the mode-locked fiber laser
using an SWCNT-SA with various output couplers.
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Fig. 4. Laser output characteristics of the fabricated dissipative soliton fiber laser with 9:1
output coupler: (a) optical spectrum, (b) pulse train, (c) RF-spectrum (inset: RF spectrum with
large span range), and (d) auto-correlation trace (inset: auto-correlation trace after
compression).

Figure 4 shows the laser output characteristics of the dissipative soliton fiber laser using a
9:1 output coupler. The spectral bandwidth of the laser was measured to be 12.1 nm at the
central wavelength of 1563 nm, as shown in Fig. 4(a). The repetition rate of the laser output
pulse train was 9.80 MHz (Fig. 4(b)), which corresponds to a laser cavity length of 21.1 m.
From the measured average output power of 335 mW, the pulse energy was estimated as 34
nJ, which is the largest value, to our knowledge, reported for an all-fiber dissipative soliton
fiber laser using an SWCNT-SA. Figure 4(c) displays the RF spectrum of the laser pulse
train. The signal-to-noise ratio of 73 dB from the fundamental repetition rate and its
harmonics (inset) over a broad range indicates stable mode-locked operation of the fiber laser.
The measured auto-correlation trace of laser output pulses is shown in Fig. 4(d). Assuming a
Gaussian pulse, the full-width half-maximum (FWHM) was estimated at 12.7 ps. In order to
exam pulse quality, we compressed the pulse after taping 15% of laser output power. The
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laser output pulse was compressed by using an additional delay (60 m) of the conventional
SMF-28e fiber, achieving minimum pulse duration of 369 fs, as shown in the inset of the Fig.
4(d).

We also studied the device performance of the fabricated SWCNT-SA at a higher power
level. Figure 5(a) shows a microscopic image of the SWCNT-SA surface, demonstrating that
the SWCNT/PMMA film is uniformly coated on the side-polished surface of the fiber without
significant defects or cracks. To investigate the performance of the SA at higher power, a
fiber pulse laser with a double-clad gain fiber was fabricated, including the SWCNT-SA. We
observed that degradation of the laser performance, such as unstable pulsating or decrease of
laser output power, started at an average power of about 1 W in the SA. This corresponds to a
saturation fluence of 97 mJ/cm? per pulse where the saturation fluence was calculated for the
mode-field area of core-mode in an optical fiber. It should be noted that this is a much larger
value than those in previous results (~100 pJ/cm?) for fiber-ferrule-type SWCNTSs [21]. This
enhanced damage threshold in our device is mainly due to the lateral interaction scheme that
evanescently interacts with the well-dispersed SWCNT/PMMA composite. After exposing
the SA to high powers, we observed visible surface damage along the fiber core on the
surface of the SWCNT/PMMA film, as shown in Fig. 5(b). The insertion loss of the SA
drastically increases to — 30 dB, which might be due to optical scattering losses and coupling
to leakage modes in the side-polished section.

SWCNT
Interaction region

------

et _.—‘ ~
. \

Fig. 5. Microscope image of (a) SWCNT/PMMA composite uniformly coated on the SPF, and
(b) visible defects in the SWCNT/PMMA film along the fiber core after exposure to high
power.

4. Conclusions

In summary, we fabricated an SPF-based SWCNT-SA for high-power operation of mode-
locked fiber lasers. The fabricated SWCNT-SA exhibits reduced insertion loss and
polarization-dependent loss compared to previous work. An all-fiber dissipative soliton laser
oscillator including the fabricated SWCNT-SA was demonstrated, which delivers a linearly
chirped pulse with a pulse energy of 34 nJ at the fundamental repetition rate of 9.80 MHz.
The spectral bandwidth and the pulse duration at laser output were measured as 12.1 nm and
12.7 ps, respectively. We also studied the damage threshold of the fabricated SWCNT-SA on
an SPF for the first time. We found that visible surface damage developed above the
saturation fluence of 97 mJ/cm?, which is much higher than that of fiber-ferrule-type SA. We
expect that our fiber laser can be applied to simplify chirped pulse amplification (CPA)
systems for realizing compact ultrafast fiber laser systems with high pulse energy.
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