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Abstract

Thin-film saturable absorbers (SAs) are extensively used in mode-locked fiber laser due to the robust and simple appli-
cation methods that arise because SAs are alignment-free and self-standing. Single-walled carbon nanotubes (SWC-
NTs) are the most suitable low dimensional material uesd for SAs because of their high nonlinearity and the wave-
length control of absorption based on tube diameters. The most challenging problem with the use of CNT-based thin
film SAs is thermal damage caused during high power laser operation, which mainly occurs due to aggregation of
CNTs. We have demonstrated improved thermal damage resistance and enhanced durability of a film-type SA based
on functionalization of SWCNTs, which were subjected to a mechanical functionalization procedure to induce cova-
lent structural modifications on the SWCNT surface. Increased intertube distance was shown by X-ray diffraction, and
partial functionalization was shown by Raman spectroscopy. This physical change had a profound effect on integra-
tion with the host polymer and resolved aggregation problems. A free-standing SA was fabricated by the drop casting
method, and improved uniformity was shown by scanning electron microscopy. The SA was analyzed using various
structural and thermal evaluation techniques (Raman spectroscopy, thermogravimetric analysis, etc.). Damage tests at
different optical powers were also performed. To the best of our knowledge, a comprehensive analysis of a film-type
SAis reported here for the first time. The partially functionalized SWCNT (fSWCNT) SA shows significant structural
integrity after intense damage tests and a modulation depth of 25.3%. In passively mode-locked laser operation, a
pulse width of 152 fs is obtained with a repetition rate of 77.8 MHz and a signal-to-noise ratio of 75 dB. Stable opera-
tion of the femtosecond fiber laser over 200 h verifies the enhanced durability of the fSWCNT SA.
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Introduction

Passively mode-locked erbium-doped fiber lasers
(EDFLs) have been popular in generating ultrashort
optical pulses with widespread applications in industrial
and scientific fields. Complex technical areas such as
high-resolution microscopy, biophotonics, optical sig-
nal processing and optical metrology have extensively
employed EDFLs due to their simple, reliable operation
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and consistent ability to operate in the picosecond and
femtosecond regimes [1-5]. The working principle of a
mode-locked fiber laser closely depends on the nonlin-
earity of an optical element called a saturable absorber
(SA) present in the laser cavity whose intensity-depend-
ent response is crucial for ultrashort pulse generation.
Although the mode-locking technology based on semi-
conductor saturable absorber mirrors (SESAMs) is
widely applied, the high cost and complexity in operation
have had adverse effects on their wide-ranging applica-
tion [6, 7].

Low-cost manufacturing combined with attractive
features such as high nonlinearity has enabled the use
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of low-dimensional materials such as carbon nanotubes
(CNTs) or graphene as alternatives to SESAMs. Film-
type SAs with a free-standing capability can be applied
to all fiber lasers in the simplest way. However, low-
dimensional material-based SA films have also suffered
significantly from low thermal stability and a high deg-
radation rate owing to unreliable preparation processes,
rendering them unsuitable for durable laser applications.
Several studies using microfiber (for evanescent wave
interactions) have been performed to overcome these
limitations, but polarization sensitivity and high loss
problems are caused by side-polished fibers [8, 9]. Addi-
tionally, tapered fibers with a few pm waist diameter are
broken by minor impacts and exposure to environmen-
tal changes for a long time [10]. Recently, various studies
have been performed to improve the damage resistance
of SAs with tungsten disulfide, MoS; and InpSes [11-13].
Saturable absorption is a nonlinear phenomenon in
which photonic materials undergo saturation of opti-
cal absorption under high-intensity illumination, which
constitutes the basis of passive mode locking [14, 15].
Although all materials show a certain degree of satura-
ble absorption, it occurs close to their optical damage
threshold. Conversely, in CNTs, this absorption occurs
at modest light intensities, while varying diameters
offers better control over the operational wavelength
[16]. Some of the key requirements of ideal SAs include
superior control over saturable absorption and thermal
durability to ensure stable, uninterrupted laser opera-
tion. CNT-polymer composite SAs with ease of produc-
ing large-area thin films with optical uniformity have the
potential to satisfy some of these conditions [17]. One of
the reasons behind the current capability limitations of
SAs is the lack of uniformity in the distribution of CNTs
in the polymer matrix, which greatly reduces the overall
composite film performance. Conventional dispersion
methods using surfactants such as sodium dodecyl sul-
fate (SDS) have some drawbacks (increased optical loss
due to impurities, etc.). We present a solution to this
problem by using f{CNTs in a polymeric double layer film
framework, which shows remarkable thermal stability
and damage resistivity under stringent laser operation.
Several reported works on high-performing compos-
ite polymers involved surface modification of graphene
through ultrasonication techniques [18]. We hypoth-
esized that mechanical modification or functionalization
will be helpful in the formation of stable dispersions of
CNTs in solvent media, which in turn will lead to per-
fect integration of nanofillers (CNTs) into the polymer
matrix [19, 20]. Composite materials with uniformly dis-
persed nanofillers in the polymer matrix have displayed
improved structural integrity combined with a higher
thermal threshold in previously reported works [21].
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As presented in this paper, SWCNTs were partially
functionalized, resulting in an increase in the intertube
distance. The improved uniformity of the the functional-
ized SWCNT (fSWCNT) SA is shown by scanning elec-
tron microscopy (SEM) images. Structural and chemical
evaluation of SAs was also performed by applying X-ray
diffraction (XRD), Raman and Fourier transform infra-
red (FTIR) techniques. The fSWCNT SA is proven to be
thermally stable at high temperatures exceeding 650 °C
according to thermogravimetric analysis (TGA) and to
exhibit sustained damage resistivity in an EDFL operat-
ing at 1550 nm over a wide range of output powers. After
exposing the SA to high-power continuous waves in the
1550 nm range, it was applied to an EDFL, and stable
mode locking was confirmed. To our knowledge, this is
the first comprehensive analysis of damage resistance
involving one-dimensional material-reinforced polymer
SA films. Our results demonstrate that fSWCNT SAs
exhibit remarkable performance, including high damage
resistance, due to the uniform distribution and femtosec-
ond pulse generation in EDFLs. This new class of dam-
age-resistant SAs is suitable for mass production at a low
cost with good reproducibility, so it has the potential to
usher in more advanced development of low-dimensional
material-based polymeric SAs in the future.

Materials

CNTs are classified as single-walled CNTs (SWCNTs)
and multiwalled CNTs (MWCNTs) according to the
number of layers constituting them. SWCNTs are cyl-
inders composed of a layer of a graphene strip, and the
structural characteristics can be defined in terms of the
chirality by a chiral vector (Cy). The width of the strip is
equal to the circumference of the SWCNT and can be
expressed as

Ch = nay + may = (n,m) (1)

where a7 and a; are two linearly independent unit vectors
of the hexagonal lattice and #n and m are integers. The
unique electronic properties of SWCNTs depend on the
chiral vector and are divided into metallic (# — m = 3k)
and semiconducting (n — m # 3k), where k is an inte-
ger. Semiconducting SWCNTs are mainly used in opti-
cal applications and are selected according to the applied
wavelength band. We purchased super-purified SWC-
NTs produced in the HiPco’™ (high-pressure carbon
monoxide) process from Nanolntegris. The diameter of
individual SWCNTs was between 0.8 and 1.2 nm (mean
diameter: 1.0 nm), which is suitable for mode locking of
EDFLs operating in the 1550 nm wavelength band.
Polyvinyl alcohol (PVA), poly methyl methacrylate
(PMMA) and sodium carboxymethylcellulose (NaCMC)
are commonly used for the host polymer of SA films but
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have several limitations. The low glass transition tem-
peratures of PVA (85 °C) and PMMA (105 °C) limit the
thermal endurance, and NaCMC is vulnerable to mois-
ture. Polydimethylsiloxane (PDMS) was selected because
of its high thermal stability below 350 °C and moisture
resistace. PDMS was purchased from Dow Corning,
and chloroform (solvent of PDMS) was purchased from
Sigma Aldrich.

Method

CNT-Polymer SA Preparation

Preparation of a uniform and stable dispersion of CNTs
is the first step in the fabrication of any CNT-based com-
posite material due to their strongly aggregated state.
Direct manual mixing of CNTs and a polymer matrix
mostly results in poor distribution of CNTs. Agglomera-
tion of CNTs generally causes severe problems in com-
posite performance because it limits mechanical, thermal
and optical properties by hindering the flow of energy
through the interconnected network of the polymer.
We selected the common solvent chloroform (CHClI3)
to facilitate the integration of CNTs and PDMS. Even
though several solvents are available for PDMS, chloro-
form was chosen because of the relative ease of evapo-
ration at a later stage of the experiment. The limited
chemical reactivity of functionalized CNTs (fCNTs) ena-
bles them to unbundle themselves during reaction and
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establish bonding interactions with the active chemical
groups in the polymer matrix, thereby ensuring a proper
and uniform dispersion of the nanofillers.

A carefully calibrated ultrasonication-assisted proce-
dure induces partial surface modification (or function-
alization) of the CN'Ts by transforming the sp? hybridized
atoms in the network into the sp® configuration. The
electron-rich sites of the sp? network enable efficient
unbundling, disruption of the m — 7 attachment and,
finally, uniform attachment to the polymer matrix. This
phenomenon eliminates the possibility of agglomera-
tion by nanofillers, which is the most common problem
observed in composite materials [22]. Figure 1 shows
a schematic diagram of the preparation procedure. We
ultrasonicated 5 mg of CNTs in chloroform to prepare
a uniform and stable dispersion. We used 350 W probe
ultrasonication (ULSSO HITECH, ULH700S) for approx-
imately 3 h to introduce surface defects and minimize the
degree of agglomeration of the CNTs. After the prepara-
tion of the CNT dispersion, we added it to 1 g of PDMS
with constant stirring for another 60 min and then ultra-
sonicated the mixture for 30 min. We added a hardener
to the CNT-PDMS mixture at an amout equaling 1/5th
of that of the polymer and stirred again for 10 min. We
dropped the mixture into a glass petri dish in a con-
trolled manner and left it to settle for 30 min at 90 °C.
Then, another layer of polymer mixture was added using

PDMS polymer
in solvent

Dispersed CNTs

in solvent

<
A

77
/7. !

Pristine
CNTs

Addition

Y
N

Uniform
dispersion

Drop-> 1

Functionalized
CNTs

Pristine
CNT surface

Intense
ultrasonication

Defects due to

functionalization

Structural change in the surface of CNT

Fig. 1 Schematic representation of partial functionalization of SWCNTs and overall film-type SA preparation process
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a similar procedure, and the double-layered film was left
to cure for 90 min at 90 °C.

Fiber Laser Setup

We set up a femtosecond fiber laser to test the mode
locking capability of the fSWCNT-PDMS SAs. In soliton
mode locking, when the soliton pulse goes through the
fiber cavity, no temporal or spectral changes in the pulses
occur as a result of the combined effects of chromatic
dispersion and nonlinearity (self-phase modulation).
Even though soliton lasers have some limitations in prac-
tical applications due to spectral sideband generation,
among others issues, they are relatively stable and easy to
control.

The laser setup is shown in Fig. 2a. The optical fiber
cavity is composed of a 980/1550 wavelength-division
multiplexer (WDM), an isolator, a 50:50 coupler and an
erbium-doped fiber (EDF). It was designed in a ring con-
figuration, and all single-mode (SM) fibers were fusion
spliced. To operate the fiber laser in the soliton mode-
locked regime, negative net dispersion is required. There-
fore, the lengths of the positively dispersive EDF and
negatively dispersive SMF-28 and HI1060 were adjusted.
The length of the EDF (0.033 ps?/m at 1550 nm) was 93
cm, SMEF-28 (—0.023 ps?/m at 1550 nm) was 159 cm and
HI1060 (—0.007 ps?/m at 1550 nm) was 16 cm. The total
intracavity group velocity dispersion (GVD) was —0.007
ps?/m, and the total length of the cavity was 268 cm.

Erbium (Er) belongs to the group of rare earth materi-
als and was used in the form of the trivalent ion Er®* as
the laser-active dopant of the gain medium. The EDF was
used for the lasing medium, and it was laser pumped by
an external energy source. The WDM connects the pump
laser diode (LD) to the laser cavity with the HI1060,
which delivers both a 980 nm pump source and a 1550
nm pulsed laser. The SA film was inserted between the
FC/APC connectors located between the WDM and
coupler.

To evaluate the performance of SAs, two kinds of rep-
resentative indicators, the modulation depth and non-
saturable loss, should be determined. The modulation
depth is the maximum change in absorption (or reflec-
tion) of SAs that emerges due to incident light. This is
the most important parameter: the laser cannot be mode
locked in the case of a modulation depth lower than a
sufficient value. In the soliton regime, a moderate modu-
lation depth can be used, but in the case of other regimes
(stretched pulse, etc.), a very high value is required for
mode locking because of the high instability. The non-
saturable loss is typically an unwanted factor of an SA,
and its value is the absorption rate when the SA is satu-
rated at high intensity. In the case of a thin film SA, an
excessively high concentration of nanomaterial and a
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high thickness of the film lead to a high value of the non-
saturable loss.

In general, SAs tend to exhibit increasd transmittance
under high-intensity light. Therefore, to determine the
saturation absorption characteristics, the power incident
on the SA must be changed and how the absorption rate
changes accordingly measured. A schematic diagram of
the nonlinear absorbance measuring system is presented
in Fig. 2b. This system was designed to measure optical
properties by the power-scan (p-scan) method, which
measures the transmittance of the SA according to the
incident optical intensity. There are three different parts
in the system: an oscillator, an amplifier, and an absorb-
ance measuring device in the system. All the three parts
are connected by SMF-28 and isolator is located between
each to maintaining forward direction delivery. The entire
system was developed in the form of an all-fiber system.
The configuration of the fiber oscillator is the same as in
Fig. 2a except for the length of each optical fiber. It gener-
ates femtosecond pulses in the wavelength band in which
the SA will be operated. In the fiber amplifier, the EDF is
forward pumped by an additional laser diode. The erbium
ions are excited into metastable states and amplify the
seed laser via stimulated emission. The low-power seed
laser emitted from the oscillator passes thorough the
fiber amplifier, and very high-intensity pulses enter the
absorbance measuring device. The intensity of light inci-
dent on the SA is controlled through a variable attenuator
(Thorlabs, VOA50), and light is divided in a ratio of 9:1 by
an optical fiber coupler. Ninety percent of the light passes
through the SA, and the power ofthe transmitted light is
measured. The power of the remaining 10% of the light
is measured directly by another power meter. Since the
optical power emitted from the 90% terminal of the cou-
pler can be inferred through the optical power measured
at the 10% terminal, the light incident on the SA can be
identified. The transmittance of the SA can be calculated
using this value and the optical power of light transmit-
ted through the SA. The two power meters are connected
to a computer that enables real-time monitoring.

Results and Discussion
Structural Analysis of the CNTs and fCNTs
Structural analysis of the CNT and fCNT samples was
carried out by applying XRD and Raman spectroscopy
techniques. XRD was helpful in ascertaining the degree
of the difference in the crystallinity of the samples. We
analyzed the extent of damage or reorganization of struc-
tural bonding in the CNT walls as a result of intensive
ultrasonication via Raman spectroscopy.

The typical crystalline nature of the CNT structure
results in a strong peak at ~26° in the XRD spectrum
corresponding to the (002) plane, which generally



Kang et al. Nanoscale Research Letters (2022) 17:11

Page 5 of 15

(a) Pump LD

980/1550

WDM
Er-doped
fiber
J/
Isolator }
fCNT-SA 50:50
Coupler
/ —/
Y i Output
b aESERaSoSESEEEREoTEERSEETEsETSsEeEssREEEeE s nDe ~

( ) ’ 980/1550 Oscillator »

WDM

HI1060

Output

5:5
Coupler

[ U -

- -

Isolator

9:1

- —— - ————

. Absorbance measuring device

- e e e - e - = - == -

Fig. 2 Schematics of the a passively mode-locked EDFL setup and b nonlinear absorbance measuring system

Coupler

Power
meter #1

Power
meter #2

N amaamam-m”

indicates interlayer distance of approximately 0.34 nm
(by applying Bragg’s law) [23]. The (100) peak for CNTs
reflect the hexagonal graphite structure [24]. The XRD
result of CNTs is shown at the bottom of Fig. 3a. In

the case of SWCNTs, the (002) peak is slightly shifted
toward the larger interlayer distance than in the case of
MWCNTs, and is broad and asymmetric. These results
demonstrate that the (002) peak reflecting the intertube
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distance (outer-wall contacts) and the broadening is
caused by curvature effects due to the cylindrical shape
[25]. The (100) peak is shown in the inset to appear at
~ 43°, which corresponds to a spacing of ~0.2 nm [26].
When the crystallinity is disturbed in graphitic materi-
als, this results in the collapse of the C=C bonding inte-
gral to sp? hybridization and creates sp® bonding [27].

These structural disturbances can be initiated either
by disturbing the bonds with outside passive forces or
by inserting foreign functional groups [28]. In this case
strong ultrasonication in the solvent resulted of struc-
tural modification in the CNT walls, which caused dis-
appearance of the (002) peak [29]. The change of (002)
peak according to the time of ultrasonication can be
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confirmed in Additional file 1. In the XRD pattern of
1-hour sonicated sample, (002) peak becomes broad
and moves toward the direction of low angle. And in
the XRD pattern of 2-hour sonicated sample, (002)
peak becomes even more broader and moves further
toward the direction of increasing intertube distance.
Lastly, we confirmed that (002) peak eventually disap-
peared in the XRD pattern of 3-hour sonicated sample
(Additional file 1: Figure S1).

We obtained further confirmation of this structural
modification in the CNT samples by the Raman spec-
troscopic results in Fig. 3b. The Raman spectra of CNT
and fCNT samples consist of two main peaks called the
defect peak (D peak) and graphitic peak (G peak). While
the G peak represents sp? hybridized C=C bonding for-
mation, the D peak typically denotes disordered gra-
phitic structures or sp> hybridized carbon atoms [30].
The CNTs showed D and G peaks at 1336 cm™! and 1588
cm™!, respectively, while the peaks were at 1323 cm™!
and 1590 cm™! for f{CNTs in the same order. The ratio
of the peak intensites (Ig/Ip) reveals the extent of the
structural integrity of the samples [31]. Applying passive
external forces such as rigorous ultrasonication causes
stress on the C=C bonds that induces them to open up,
creating electron-rich carbon centers and bringing con-
siderable damage to the CNT wall [32]. We calculated the
relative Ig/Ip ratios of the CNT and f{CNT samples after
ultrasonication, which showed increased relative D peak
intensity in the latter sample. The overall Ig/Ip ratios
were 1.23 and 1.06 for the CNTs and fCNTs, respectively,
indicating structural modification because of mechani-
cally induced functionalization. Since we wanted to
largely preserve the innate characteristics of the CNT
structure, we call this process a partial functionaliza-
tion in which structural damage was initiated with the
sole purpose of including a uniform bonding interaction
between the nano-filler and the polymer matrix.

FTIR spectrosocpy was carried out to confirm that
functional groups were attached to SWCNTs during
ultrasonication in chloroform. The results measured
through the KBr sample pellet are shown in Fig. 3c. Chlo-
roform is mainly physiabsorbed into SWCNTs, but there
is also the possibility of partially forming the SWCNT-
CCly complex [33]. In previous research, SWCNT-CCl,
showed a peak around 2800 cm™1, but in this result, it can
be confirmed that there is no related functional group
because the corresponding peak is absent. The character-
istic absorption band for the C=C bond stretching vibra-
tions appearing at about 1600 cm™, In general, SWCNTs
show a weak IR spectrum because the difference in
charge state between carbon atoms is small. In function-
alized SWCNTs, generation of induced electric dipoles is
enhanced and the size of the absorption peak increases as
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the symmetry of the nanotube is broken. It can be seen
in Fig. 3c that the surface modification caused by a par-
tial defect increased the peak located at 1633 cm™!. The
broad absorption band around 3400 cm™! can be caused
by oxidation in the process of purification by the manu-
facturer, and is also greatly affected by moisture. The rea-
son that fSWNCT shows increased absortpion at 3432
cm™!is considered to be because the defect site absorbed
moisture during drying for FTIR measurement. It is con-
sidered that the increase in the absorption band centered
at 3432 cm is due to the absorption of moisture by the
defective site during the drying process.

Analysis of SA Thin Films

Structural and Chemical Analysis

Generally, CNTs are supplied in powder form and most
of them are bundled as shown in Fig. 4c. Without func-
tionalization, CNTs remains aggregated, and the degree
of dispersion is inferior, as shown in Fig. 4a. Figure 4b
shows uniformly distributed CNTs without severe aggre-
gation in the fSWCNT-PDMS composite film. EDS
(energy dispersive spectroscopy) analysis shows 6.8 wt%
of residual iron (Fe) catalyst in powdered CNTs. Peaks
for the elements of PDMS, i.e., oxygen (O), silicon (Si)
and carbon (c), are shown in the data for SWCNT-PDMS
composites which is in good agreement with previously
reported PDMS matrix data [34].

We performed XRD studies to analyze the structural
features of the polymeric SA films, and Fig. 4d shows the
results. Pure PDMS shows a characteristic halo at 11.51°.
The SWCNT-PDMS and fSWCNT-PDMS samples show
sharp peaks at 11.98° and 11.49°. When mixed with
fSWCNTs, the intensity of the halo peak from PDMS
and SWCNT-PDMS decreases, but the peak remains at
a similar position, possibly due to uniform mixing and
superimposition with the fSWCNT peak [35].

We performed Raman spectroscopy on the samples
consisting of pure PDMS SA films and composite SAs
to ascertain the structural changes, if any, as a result of
nanofiller addition. In Fig. 5a, the SA films show peaks
typical of PDMS, but in the composite SA films, there
are extra peaks due to the fSWCNT addition. The sep-
arate and distinct peaks at 491 cm™!, 708 cm™!, and
785 cm™! indicate the presence of Si-O-Si symmetric
stretching, Si—-C symmetric stretching and Si—C asym-
metric stretching, respectively. We identified CHs sym-
metric rocking and asymmetric bending vibrations with
clear peaks at 860 cm~! and 1413 cm™, respectively. The
peaks at 2904 cm~! and 2963 cm ™! represents CH3 sym-
metric stretching and CHs asymmetric stretching vibra-
tions, respectively [36]. The changes in the intensities
and the broadening of some characteristic peaks along
with the emergence of prominent D, G and G’ peaks at
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approximately 1317 cm~!, 1589 cm~! and 2610 cm™!
confirm the presence of and attachment between the pol-
ymer and nanofiller.

FTIR spectroscopy was carried out to analyze the pres-
ence of different functional groups in the pure PDMS and
fSWCNT-PDMS SA films, and the results are shown in
Fig. 5b. The different functional groups present in the
PDMS and fSWCNTs are mainly instrumental for the
bonding interactions between the nano-filler and the
polymer matrix, thereby affecting the overall properties
of the final SA films. The absence of any major or minor
peaks at 3300 cm~! and 1700 cm ™!, which typically indi-
cate the presence of hydroxyl and carboxylic groups, con-
firms the total evaporation of acetic acid residues from
the composite films due to the curing process. The peaks
at 2905 cm™! and 2965 cm ™! are indicative of symmetric

and asymmetric —CHj3 stretching in = Si — CH3 from
PDMS. The major peak at 843 cm™! denotes the rocking
peak of stretching bands originating from Si—C bonds.
The sharp peak at approximately 790 cm™! corresponds
to the rocking vibration of the Si—(CHz)y group, and the
peak at 690 cm ! is related to Si—C stretching. The peaks
at approximatley 1414 cm~! and 1260 cm™! are related
to asymmetric and symmetric stretching of C-H bond
from Si—(CH3);. Multiple peaks at approximately 1011
cm™! and 1055 cm™! identify the stretching of Si—-O-Si
from the long chain structure of PDMS [37]. The peak
intensity of the films containing fSWCNTs appears to
slightly decrease with better dispersion of the SWCNTs
in the films, possibly due to the formation of Si-C bonds
between the PDMS structure and fSWCNTs. We did not
find any significant difference between the pure PDMS
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film and the fSWCNT-PDMS film apart from some dif-
ference in intensity at approximately 912 cm ™!, which is
related to Si—H bending [38].

Thermal Stability

Figure 6 shows the TGA results of the SA samples. Since
ultrashort pulse laser operation generates considerable
electric power in the laser cavity, the SAs inevitably suf-
fer thermal damage over time. Before placing the SAs
inside the laser cavity, we tried to determine their ther-
mal threshold by TGA. In this experiment, small samples
of SA thin films were placed in nitrogen (N3) environ-
ment and heated. The rate of temperature increase was
fixed at 10 °C/min, and the temperature was recorded
from 100 to 700 °C. This experiment helped identify the
thermal degradation threshold by measuring the total
mass of the samples with respect to the increasing tem-
perature as well as their end mass after the experiment
was completed. The thermal stability is directly propor-
tional to the extent of uniform attachment between the
polymer and the nanofiller. PDMS starts to decompose
into its organic and inorganic parts at approximately its
boiling temperature of 420 °C. During this pyrolytic pro-
cess, it gives SiOx (x = 1,2) compounds and carbon ash
while losing mass weight at a significant rate [39]. In this
case, the CNT-PDMS and f{CNT-PDMS thin films exhibit
similar onset temperatures for the initiation of struc-
tural damage. While the f{CNT-PDMS SA films retained
almost 60% of the initial mass, the PDMS SA and CNT-
PDMS films retained only 27% and 45% of the starting
mass, indicating significant structural cohesion [40]. The
covalent bonds between the f{CNTs and PDMS matrix
due to both the unique nano filler properties and the
double layer fabrication process prevented total dissolu-
tion of the composite structure [41].

Damage Test
We put the composite SA samples through rigorous
damage testing experiments. Since a continuous wave
laser is more likely to cause severe thermal damage in
thin film SAs, we employed it for this purpose. The dam-
age testing conditions featured high-powered fiber laser
operation at a significantly elevated capacity compared
to that required in ordinary conditions for an extended
amount of time. The rationale behind running the fiber
laser under these stringent conditions was to ensure sig-
nificant damage to the SA film samples. The experiment
lasted continuously for 12 h. The samples showed sus-
tained damage resistivity over a wide range from 4 to 13
mW before the degradation accelerated.

Figure 7a shows the variation in the optical power
of the light transmitted through the SA samples for 12
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h. There was almost no change in the absorption of the
fSWCNT-PDMS SA for incident light power of 8 mW or
less. When the SA is exposed to a power of 10 mW, the
absorption is very slightly increased. This occurs due to
graphitization of SWCNTs and increases the tempera-
ture of the SA. As a result, SWCNTs are burned out, and
the absorption of the SA is decreased due to the lowered
SWCNT concentration. At 12 mW incident power, gra-
phitization and burning out occur simultaneously, and
the change in absorbance is balanced. The amount of
change is very small and stability is maintained under 12

mW power. The absorbance of the SA decreases notice-
ably at 13 mW incident power. This is caused by burning
out of SWNTs in limited areas where dispersion is not
perfectly achieved. The f{CNT-PDMS SA shows signifi-
cantly improved stability compared to previous research
[42], in which the burning out stages started at 5 mW and
the damage threshold was 8 mW.

We analyzed the damage-tested samples by Raman
spectroscopy and compared their extent of structural
integrity with the Raman result. The results are presented
in Fig. 7b, c. We identified 13 mW as the threshold for
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the samples and measured the ratio of the intensities
of the graphitic peak and the defect peak in the Raman
spectrum at this point to establish the overall structural
integrity of the sample. We tested a different sample pre-
pared following exactly the same process consisting of
SWCNTs without functionalization at 13 mW compared
its results with those of our original test samples. After
analysis, the extent of structural damage in the fSWCNT-
based SA sample became clear by comparing the Raman
spectra [43]. As shown in Fig. 7b, the Ig/Ip ratio of the
fSWCNT-PDMS SA film was 20.6 before commencing
the damage test and remained at 16.5 after the damage
test, retaining over 80% of the initial structural composi-
tion. In contrast, without functionalization, the SWCNT-
based PDMS SA retained only approximately 51% of the
initial structural composition after the 12 h damage test,
as shown in Fig. 7c.

Laser Performance

A performance test of fSWCNT-PDMS SA films was
conducted on the sample that had been subjected to the
12 h damage test at 12 mW incident power. An SA is an
optical component whose absorption rate decreases as
the intensity of light passing through it increases. The
saturation of the absorption rate of the SA can be phe-
nomenologically explained based on a two-level elec-
tronic model. The absorption rate is commonly modeled
as

7\ 1
a() =Ot()<1—‘r) (2)
I
where «([) is the intensity-dependent absorption coeffi-
cient of the SA, «g is the linear absorption coefficient at
low intensity, I is the light intensity and I is the satura-
tion intensity of the SA [44]. The saturation absorption
model in Eq. (2) is a model that calculates the absorption
rate for an ideal SA, and when the incident light intensity
is infinite, the absorption rate converges to zero. How-
ever, in reality, an intrinsic loss inevitably occurs due to
elastic scattering, etc., which is related to the nonsatura-
ble absorption coefficient («,;). Therefore, the absorption
model of an actual SA can be expressed as

7\ 1
a(I):a()(l—i—I) + s (3)
S
The saturation absorption characteristics of the SA sam-
ples were measured with a nonlinear absorbance meas-
urement system that delivered ~300 fs pulses at a central
wavelength of 1550 nm. The nonlinear transmittance
increases from 11.6% to 22.0%. By fitting the measured
data to Eq. (3), the saturation intensity (I;) is 43 MW /cm?
(0.37 mW in average power) and the modulation depth
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(Aw) is 25.3%, as shown in Fig. 8a. In the measured data,
some spikes occurred when the measuring range of the
optical power meter was changed.

Figure 8b shows the long-term stability of the
fSWCNT-PDMS SA, and it ensures durable operation of
mode-locked fiber lasers. The inset shows the enlarged
figure for 1 h. The small perturbations and periodic
changes are thought to be caused by other factors, such
as the temperature control of the laser diode.

The soliton fiber laser demonstrated self-starting sin-
gle-pulse mode locking between 90 and 140 mW pump
power. Figure 9 shows the optical spectrum, autocor-
relation trace, pulse train and radio frequency (RF) sig-
nal spectrum from the EDFL setup. The average output
power is 2.9 mW when it operates at a pump power of
140 mW. The existence of Kelly sidebands, a characteris-
tic of soliton pulses, is shown in Fig. 9a. The optical spec-
trum exhibits a typical soliton spectrum shape (sech?)
with a central wavelength of 1576 nm. The full-width
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at half-maximum (FWHM) bandwidth is 19.8 nm. Fig-
ure 9b shows the autocorrleation trace. The FWHM
pulse duration is 238 fs, and assuming a sech? pulse
shape, the inferred pulse duration is 152 fs. The time-
bandwidth product is 0.373 which means that pulses
are close to transform-limited. The pulse train is shown
in Fig. 9¢, and the repetition rate is 77.82 MHz. Multi-
ple pulses are obtained with equidistant spacing at high
pump powers and quintuple pulsing is maintained up to
340 mw. The RF signal spectrum around the fundamen-
tal repetition rate is shown in Fig. 9d. From the signal-
to-noise ratio (SNR) of ~75 dB, we can verify the stability
of pulsed laser operation with low amplitude fluctuation
and timing jitter. Compared with the mode-locked fiber
laser using the CNT-PDMS composite of the previous
research, it can be confirmed that the spectral band-
width, pulse duration, and SNR are improved based on
the superior SA performance [45].

Conclusion

Partially functionalized SWCNTs were uniformly
incorporated within a PDMS polymer matrix, and
fSWCNT SAs showed high damage resistance with
enhanced durability. The mechanical functionalization
process solved the problem of CNT aggregation with-
out using any surfactant or effecting chemical func-
tional groups, both of which compromise the inherent
nonlinear characteristics in conventional methods.
The SAs demonstrate superior thermal stability and
damage resistance during TGA and rigorous damage
tests, so they ensure high-power ultrashort laser opera-
tion by virtue of their superior material characteristics
and preparation procedure. Stable mode locking was
acheived by placing the fSWCNTs into an EDFL. The
ultrashort pulse trains exhibited a 77.82 MHz repeti-
tion rate, a 152 fs pulse duration and an SNR of 75 dB
in single pulse generation. Stable femtosecond laser
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operation was also demonstrated for over 200 h, so
the proposed fSWCNT SA provides a promising solu-
tion for laser applications that require ultrashort pulsed
lasers with long-term durability. We demonstrated new
approaches for developing damage-resistant polymer
SA films and comprehensive analyses for self-standing
SA films. Various related studies on SAs that use other
low dimensional materials and photonic devices for
pulsed fiber lasers with high output energy are expected
based on this work.

Experimental Section

Fiber Components

A fiber Bragg grating-stabilized 980 nm pump laser diode
(JDSU, S30) connected to a tabletop laser and a Peltier
controller (OsTecch, ds11-t85) was used as the laser
source. Three kinds of SM optical fibers, SMF-28, HI1060
(high-index) and ER80-4/125 (erbium-doped fiber for
980 nm pumping with emission at 1550 nm), were pur-
chased from Thorlabs. All SMF-28 (transmission from
1260 to 1650 nm), HI-1060 (transmission from 980 to
1650 nm) and ER80-4/125 (8048 dB/m core absorption
peak at 1530 nm) fibers had a diameter of 125 pm. The
WDM combines two wavelengths (980 and 1550 nm)
into a single fiber output, the isolator (1550 nm center
wavelength) prevents reverse transmission of light, and
the 1 x 2 coupler splits the light at a 50:50 ratio. Three
fiber optic components, the WDM (WD9850BA), iso-
lator (I0-H-1550) and coupler (TW1550R5A1), were
purchased from Thorlabs. We used a cleaver (NorthLab
Photonics, ProCleave SD/SFC) and a fusion splicer (UCL
SWIFT, S3) for fiber processing.

Laser Characterization

The fiber laser characterization consisted of measuring
the spectral bandwidth, pulse duration, repetition rate
and SNR of the output pulses. An indium gallium arse-
nide (InGaAs) photodetector (EOT, ET-3010) was used
for optical signal acquisition. The spectral bandwidth was
measured with an optical spectrum analyzer (Anritsu,
MS9710C), and the pulse duration was measured with
an autocorrelator (APE, Mini TPA/PD). The repetition
rate was measured through a pulse train from an oscil-
loscope (InfiniiVision, DS07104A), and the SNR was
measured through an RF signal from a spectrum analyzer
(Advantest, R3477). The optical power was measured
with two kinds of power meters: an integrating sphere
photodiode power sensor (PM100D) and a compact fiber
photodiode power sensor (S155C), which were both
manufactured by Thorlabs.
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Polymer Composite Characterization

We analyzed the structural aspects of the CNT, f{CNT
and SA samples using XRD. Both high-resolution pow-
der XRD (RIGAKU, SmartLab) and high-resolution
thin film XRD (PANalytical, X’Pert-PRO MRD) were
operated between 5° and 50° (20). High-resolution
Raman spectroscopic analysis (HORIBA, LabRAM
HR Evolution Visible-NIR) was carried out with a 633
nm laser source. Chemical characterization typically
involved FTIR spectroscopy using a Nicolet iS50 from
Thermo Fisher Scientific Instrument. Thermal stabil-
ity studies involved TGA experiments on a TG209 F1
Libra from Netzsch.
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