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Abstract: In 2003, carbon nanotubes opened a new field of research on nanomaterial-based
mode-locked fiber lasers. They maintain popularity in the ultrafast laser community due to their
broadband operation, relatively high damage threshold, and tunable optical properties. Here we
show that metallic carbon nanotube-based thin film fabricated by vacuum filtration technique can
be used as a saturable absorber in holmium-doped fiber laser operating in anomalous and normal
dispersion regimes. Scaling the absorbers modulation depth by adjusting the film thickness was
observed. The Fourier transform limited 6.65 nm wide optical solitons in anomalous dispersion
regime were generated. Utilizing stretched-pulse regime greatly improves the laser performance -
212 fs pulses reach the energy of 3.79 nJ.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The first demonstration of an ultrafast fiber laser mode-locked with carbon nanotube saturable
absorber (CNT-SA) which took place in 2003 [1] opened a new area of research on nanomaterial-
based saturable absorbers. Since that time significant effort was invested to explore many forms
of mode-locked lasers utilizing CNT-SAs [2–18]. Among them, ytterbium [6], bismuth [7],
praseodymium [8], erbium [9], thulium [10], and holmium-doped [11] fiber lasers can be
found. Devices capable of wavelength tuning [12–14] and operation in uncommon dispersion
regimes, such as stretched-pulse [15, 16] or all-normal dispersion [17] were presented. The
latter applications demand a relatively high modulation depth of the saturable absorber, which
can be scaled by manipulating the material thickness in a CNT-SA [18], or by utilizing
material anisotropy [19]. The comprehensive portfolio of CNT-SA-based lasers manifests the
versatility and wide operation bandwidth of the nanomaterial. Its other significant advantages
include relatively high damage threshold [20], possibility to use in transmission and reflection
modes [21], fast (< 1 ps) relaxation time [22], and simple fabrication which does not require
clean room environment [23]. Methods of producing free-standing (polymer-free) films were
also presented [24].

Ultrafast holmium-doped fiber lasers, first presented in 2012 [25], are a relatively young family
of rare-earth doped fiber lasers. Specific applications of their emission band including surgical
procedures [26], light detection and ranging (LIDAR) systems [27], or pumping optical parametric
oscillators [28] motivate further exploration of this field. In the last years, several demonstrations
of pulsed sources utilizing both artificial [29–31] and real saturable absorbers were presented.
So far graphene [32], black phosphorus [33], SESAMs [34] and carbon nanotubes [11] were
experimentally confirmed to be capable of operation in the holmium emission band (∼2080 nm).
Additionally, in our recent research, we have shown that reaching operation in the stretched-pulse
dispersion regime is possible [35].

Despite the popularity of CNT-SAs their applicability to holmium-doped fiber lasers was not
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extensively researched in terms of stability, scalability, and operation in different dispersion
regimes. Moreover, CNT-SAs demonstrated so far consisted of either a mixture of metallic and
semiconducting, or exclusively semiconducting CNTs. In such SAs operating in near-infrared
spectral range the absorption mechanism is directly related to the energy band gaps (commonly
labeled as E11, E22 or S11, S22) of semiconducting nanotubes [36, 37]. The metallic CNTs were
responsible for the optical absorption mainly in the visible spectral range (higher energy band
typically labeled as M11) [37]. According to the Kataura plot [38] these band gaps and therefore
the operating optical spectral range is directly dependent on the nanotube diameter. In the case
of thin films composed of many individual bundled nanotubes, the band structure is much more
complicated. Their interactions even lead to opening the band gap in metallic CNTs [39, 40]
which enables optical absorption in the near-infrared spectral range. Furthermore, the optical
absorption process in metallic CNTs at energies lower than those related to van Hove singularity
M11 is possible also due to excitations effects [41] and hot Dirac fermions [42].
To the best of our knowledge, we present for the first time that metallic single-walled CNTs

can serve as a SA in the 2 µm spectral range. The polymer-free metallic CNT films with varying
thicknesses are characterized by SEM, absorbance measurements, and Raman spectra. Their
uniformity is confirmed through optical transmittance measurements. Fully fiberized CNT-SAs
are formed by depositing the films on a fiber connector end facet, and their nonlinear optical
parameters are measured. We experimentally determine the influence of CNT film thickness
on the performance of a holmium-doped fiber laser operating in anomalous dispersion regime.
Optical pulses with duration in the 680-990 fs range are obtained. CNT-SA-based mode-locking
stability is confirmed by 70-hour operation test. Further, to show the versatility of the fabricated
CNT-SAs, a stretched-pulse all-fiber cavity was effectively designed. After performing output
power scaling, the generation of significantly shorter (212 fs) and higher-energy (3.79 nJ) pulses
was achieved.

2. Carbon nanotube film fabrication and characterisation

Themetallic single-walled carbon nanotube (m-SWCNT) filmswere fabricated using the following
formula. 1 mg of pure dry m-SWCNTs from NanoIntegris (purity 99%, mean length ∼0.5 µm,
mean diameter 1.4 nm) was dispersed in water with 1% weight per volume (w/v) sodium dodecyl
sulfate (≥99% Carl Roth) using bath sonication for 5h (in cool water to prevent heating). To
separate the homogeneous suspension from bundles of nanotubes, the dispersion was twice
centrifuged at 8000 rpm for 10 min. Next, the supernatant was decanted and diluted in two parts
of deionized water. The prepared suspension was used to produce the m-SWCNT thin films by a
vacuum filtration method [23]. In short, an appropriate amount of carbon nanotubes suspension
was filtered onto the mixed cellulose ester membrane (MCE, 0.025 µm pore-size, 25 diameter,
from Millipore) to achieve a specified thickness of the m-SWCNT films. After film forming, the
residual surfactant was subsequently washed away with a large amount of deionized water. A
dry filtration membrane with the attached nanotube film was cut to approximately 5 x 5 mm2

pieces and immersed directly into an acetone bath to quick dissolution of MCE membrane.
The acetone was refreshed several times to ensure effectively complete removal of MCE. Then
acetone was replaced by the isopropanol/water solution with the ratio of 1:1 and each m-SWCNT
film was picked up on a fiber connector or flat substrate (SiO2/Si or glass) and allowed to dry.
The thickness of all fabricated films was measured with AFM Veeco Icon system.

As a first step, initial structural and optical characterization of the m-SWCNT films properties
was performed. For simplicity, films were transferred on flat substrates . Figure 1(a) shows
a typical scanning electron microscope (SEM) image of the carbon nanotube network (here
for 50 nm film thickness obtained with Raith eLine PLUS microscope). Clearly, our vacuum
filtered film is continuous, homogenous and pure, without residual contaminations. Nanotubes
in the whole film are randomly and tightly arranged, which is typical of all films thicknesses
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used in this work (SEM images for thicker films look very similar [43]). The m-SWCNT films
were transferred on the Si/SiO2 substrate and on a soda-lime glass for Raman and absorbance
measurements, respectively. The absorbance spectrum for a 100 nm and 200 nm thick m-SWCNT
film in the 300-3000 nm range obtained with a Cary 5000 UV-Vis-NIR spectrometer is presented
in Fig. 1(b). For the wavelength from 500 to 800 nm a characteristic M11 band is observed, which
confirms that nanotubes used for film preparation are only metallic. Raman spectrum in Fig. 1(c)
shows typical carbon nanotube modes G and G’, including the RBM band, which appears only
for single-walled carbon nanotubes. Presence of a relatively low D peak confirms that analyzed
films are pure and contain rather few defects (probably connected to nanotube close packing
inside film). The Raman spectra were detected using the inVia Qontor Renishaw spectrometer
with a 532 nm (2.33 eV) laser excitation line in a backscattering configuration.

Fig. 1. SEM image of the m-SWCNT film with thickness 50 nm; scale bar represents 800
nm (a). VIS-IR absorbance spectrum of a 100 nm and 200 nm thick m-SWCNT film (b).
Raman spectrum of the film shown on SEM image (c).

To investigate the uniformity of the fabricated samples, their optical transmittance wasmeasured
in 25 positions of the sample in a 5 x 5 mm2 area. The chosen measurement wavelength was
2080 nm, which corresponds to the Ho-fiber emission maximum. For 100 nm and 200 nm thick
samples (Figs. 2(a) and 2(b), respectively), the differences in transmission did not exceed 1%.
The measurements were conducted with a Fourier-transform spectrometer (Thermo Scientific
Nicolet iS50).
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Fig. 2. Spatial linear transmission measured across the 100 nm (a) and 200 nm (b) thick
m-SWCNT samples (measured with a 1 mm spatial step at the wavelength of 2080 nm).

The CNT-SAs were fabricated by placing the m-SWCNT film on a fiber connector end facet
and joining it with a clean fiber connector. CNT-SAs with film thicknesses of 100, 200, 300
and 400 nm were measured in a fiberized equivalent of a Z-scan setup [44]. The samples were
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illuminated with 1.2 ps pulses centered at 1950 nm with varying average power - therefore their
nonlinear transmittance could be recorded. The acquired data were fitted with a fast saturable
absorber model [45], and the fitted modulation depths and non-saturable losses are indicated
on corresponding graphs shown in Fig. 3. The measured sample transmission for low-intensity
excitation is in good agreement with the values acquired during linear transmission measurement.

Fig. 3. Power-dependent transmittance of a 100 nm (a), 200 nm (b), 300 nm (c) and 400 nm
(d) CNT-SA. Squares - experimental data, red curve - theoretical fit.

3. Mode-locked soliton laser

The schematic of an all-fiber ring laser cavity is presented in Fig. 4(a). A thulium-doped
fiber laser is used as a pumping source. The 1950/2080 nm wavelength division multiplexer
(WDM) introduces the pump to the laser cavity. As a gain medium, 180 cm of commercially
available holmium-doped fiber (HDF, Nufern SM-HDF-10/130) is used. In the later parts of the
experiment, an additional dispersion compensating fiber (DCF, Nufern UHNA4) is added to the
cavity in order to reach stretched-pulse and net-normal dispersion regimes. Various coupling
ratios of the output coupler (between 10%-70%) were utilized to analyze its influence on the
laser operation. As a saturable absorber, CNT-SAs described in previous sections with 100 and
200 nm thicknesses were used. In order to increase the optical absorption, two fiber connectors
with deposited m-SWCNT films were connected to each other.

Figures 4(b)-4(d) show the performance of a solitonic laser with a 400 nm thick CNT-SA and
output coupling ratio of 30%. The achieved optical bandwidth of 6.6 nm (Fig. 4(b)) is comparable
to our previous experiments where graphene-based SA was used [32]. Repetition frequency of
54.98 MHz corresponding to the cavity length of 3.71 m is presented in Fig. 4(c) along with the
radio frequency spectrum measured in a 0-3 GHz span. The measured autocorrelation trace of
solitons with 683 fs pulse duration is presented in Fig. 4(d) with a theoretical sech2 fitting.
The performance of the solitonic laser utilizing saturable absorbers of various thicknesses

is presented in Table 1. The best performance in terms of average output power, pulse energy,
pulse duration, and optical bandwidth is reached for a 400 nm thick CNT-SA. On the other hand,
non-saturable losses that increase with film thickness cause the central wavelength blue shift.
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Fig. 4. Setup of the ring laser cavity (a). Performance of the laser operating in the solitonic
regime with 400 nm thick CNT-SA and output coupling ratio of 30%: optical spectrum (b),
radio frequency spectrum (c), and pulse autocorrelation (d).

Table 1. Influence of the m-SWCNT film thickness on laser performance. CNT - film
thickness, λc - central wavelength, FWHM - optical bandwidth, Frep - pulse repetition
frequency, τ - pulse duration, Pp - pumping power, Pavg - average output power, E - pulse
energy, TBP - time-bandwidth product. Output coupling ratio was fixed at 30%.

CNT λc FWHM Frep τ Pp Pavg E TBP

[nm] [nm] [nm] [MHz] [fs] [W] [mW] [pJ]

100 2086.5 4.72 54.43 991 0.81 8.2 151 0.322

200 2083.8 4.84 54.47 957 0.91 9.4 173 0.320

300 2082.4 6.35 54.36 717 1.10 19.8 364 0.315

400 2079.0 6.65 54.52 683 1.12 20.5 376 0.315

To confirm operation stability of the laser, optical spectra were recorded every 15 minutes
over the course of 70 hours. The laser with 30% output coupling ratio and a 400 nm thick
CNT-SA operated without any failure over the whole experiment period. The heatmap presented
in Fig. 5 shows very little fluctuations in central wavelength and the optical bandwidth of the
emitted pulses. We consider the result to be very satisfying, especially in terms of a non-PM,
non-thermally-stabilized laser.
The output coupling ratio (OC) was increased in order to determine the maximum output

power supported by the 400 nm CNT-SA in the solitonic regime. With the OC of 70%, the
operation of the laser was stable and no degradation of the absorber was observed. A maximum
of 74 mW output power corresponding to 1.35 nJ of pulse energy (at 54.9 MHz of repetition
frequency) was achieved for a 400 nm thick CNT-SA.
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Fig. 5. Output optical laser spectra measured over the course of 70 hours.

4. Dispersion management

In order to determine whether the CNT-SAs support the operation in a stretched-pulse dispersion
regime, a balanced-dispersion ring laser cavity was built by adding dispersion compensating fiber
(DCF) to the all-anomalous dispersion laser. The dispersion tuning was realized by changing the
length of the DCFwhile maintaining all other fibers and components of the laser cavity unchanged.
The theoretical calculations conducted in order to choose appropriate fiber lengths were based on
our dispersion measurements described previously [35]. In order to provide suitable modulation
depth, a 700 nm thick CNT-SA was used. It was realized as a serial connection of a 300 nm and
400 nm thick CNT-SAs. The evolution of the output spectra affected by the net dispersion cavity
is shown in Fig. 6(a) for a cavity with a 30% output coupling ratio. The broadest, 37 nm wide
spectrum was generated by a laser with a net cavity dispersion of -0.007 ps2. The average output
power was in the range of 8-12 mW, and the repetition frequency varied between 20-28 MHz.

We have also performed output power scaling in a near-zero dispersion regime. At the highest
OC value of 70% generated optical spectra was 31.4 nm wide (Fig. 6(b)), which corresponds to
a theoretical, bandwidth-limited pulse duration of 198 fs. After canceling the pulses positive
chirp by choosing the appropriate length of the output patchcord, 212 fs autocorrelation trace
was recorded, as shown in Fig. 6(c). Further compression of the pulse duration would require
higher-order dispersion compensation methods. The repetition frequency of the laser was
22.13 MHz, which is presented in Fig. 6(d) with a radio frequency spectrum. A very high
average output power of 84 mW (pulse energy of 3.79 nJ) was reached. The obtained average
output power is significantly higher than in a similar, graphene-based stretched-pulse laser [35],
where only 54 mW of output power was generated for the same 70% output coupling ratio. The
smaller optical bandwidth (than in the graphene-based setup) can be most likely explained by
lower modulation depth of the CNT-SA.

Laser performance was characterized with the following equipment: optical spectrum analyzer
(Yokogawa AQ6375), radio frequency spectrum analyzer (Keysight EXAN9010A) with a 16 GHz
photodiode (Discovery Semiconductors DSC2-50S), Thorlabs PM100D power meter, and an
autocorrelator (Femtochrome FR-103XL).
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Fig. 6. Output optical spectrum evolution as a function of the net cavity dispersion (a).
Optical spectrum (b), autocorrelation trace (c), repetition frequency and a radio frequency
spectrum (d) of the laser with 70% output coupling ratio and -0.006 ps2 of the net cavity
dispersion measured at the highest average output power of 84 mW.

5. Conclusions

We have presented metallic CNT-SAs capable of stable and efficient operation in an ultrafast
holmium-doped fiber laser. Thin films fabricated by vacuum filtration method were directly
placed onto fiber connectors, forming fully fiberized saturable absorbers. In the solitonic regime,
modifying the m-SWCNT film thickness in a CNT-SA can be used to tune central wavelength,
pulse duration, and average output power in order to match the laser performance to desired
parameters. The durability of the manufactured CNT-SAs was proven by providing stable
mode-locking laser operation over the course of 70 hours. High average output powers (up to
74 mW) in soliton mode-locking are supported, which is a significant improvement over a similar,
graphene-based laser [32]. By optimizing average output power in stretched-pulse dispersion
regime 212 fs, 3.79 nJ pulses were generated directly from the oscillator.

To conclude, we believe that our results show that metallic carbon nanotube films can be used
as a versatile and highly stable nanomaterial for nonlinear optical applications in the ∼2080 nm
wavelength range.
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