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We demonstrate an increase of optical transmittance and
saturable absorption of laser-treated free-standing single-
walled carbon nanotube (SWNT) films. The combined acid
and low-power non-destructive laser treatment ensures
an enhancement of linear transmittance across the visible
range and double-digit increase of the saturable absorption
of femtosecond laser radiation at 795 nm. The saturable
absorption coefficient and the ratio of saturable to non-
saturable losses increase by 26% and 35%, correspondingly,
while the saturation intensity decreases by 20% because
of the treatment. Our analysis indicates that with the
performed treatment one can significantly improve the
nonlinear optical properties of free-standing SWNT-based
ultrafast saturable absorbers. © 2020 Optical Society of
America
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An impressive performance of saturable absorbers (SA) based on
single-walled carbon nanotubes (SWNTs) has been numerously
demonstrated in solid-state [1,2], fiber [3—6], semiconductor
[7,8], and waveguide [9,10] lasers operating in the telecom and
near-IR range. The low saturation intensity, the sub-picosecond
relaxation time of the nonlinear absorption, and the low cost of
the nanomaterial make the SWNT SAs competitive with the
semiconductor SA mirrors (SESAM) [11-13]. However, practi-
cal application of SWNT SAs remains questionable because the
limited mechanical robustness of the SWNT films [3,4,14] usu-
ally requires incorporating them into a polymer matrix, which
in turn may influence the SA performance [15,16]. Achieving
mode-locking without the polymer matrix, the free-standing
SWNT films will enable to suppress the non-saturable and
enhance the saturable absorption at a lower saturation intensity
[16,17].

The floating catalyst (aerosol) chemical vapor deposition
(CVD) synthesis [18] is one of the most promising methods
for obtaining pure free-standing films (FSFs) of SWNTs with
defined thicknesses. In contrast to SWNTs synthesized by arc
discharge [19,20] or by laser ablation [21,22], which require
laborious processes of purification and dispersion in liquids
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before they can be transferred [23], the aerosol synthesized
nanotubes can be transferred to almost any material by an easy
dry transfer technique [24,25].

The advantageous electro-optical properties of SWNT FSFs
fabricated by the aerosol synthesis method have been numer-
ously demonstrated in transparent capacitive touch sensors,
thin-film transistors, electrochemical sensors, bright organic
light-emitting diodes, incident light polarization analyzers
[24-26], and in mode-locking fiber lasers at wavelengths of
1.05, 1.32, 1.56, and 1.99 um [15,25,27,28]. Moreover, it
has been recently found (but not demonstrated) that the non-
saturable absorption of SWNT FSFs may be suppressed if one
removes the iron catalyst particles, which are conventionally
used for the SWNT synthesis, by the low-power laser treatment
in acid solution [29]. Such treatment results in the transforma-
tion of this catalyst residue into iron oxide compounds having
much lower absorption cross sections [30].

In this work, we demonstrate that combining the acid and
laser treatment can significantly improve the nonlinear optical
properties of SWNT FESFs. Using femtosecond z-scan mea-
surements, we reveal that with adjustment of the treatment
parameters we achieve 7% suppression of the non-saturable
absorption together with 26% increase of the saturable absorp-
tion of the film. To the best of our knowledge, the proposed
treatment allows us to create the free-standing SWNT SAs with
the best performance at the wavelength of 795 nm.

In the experiments, the aerosol synthesized SWNTs were
collected at room temperature downstream of the reactor on
membrane filters. By adjusting the collection time, we fabri-
cated SWNT FSFs having a thickness of about 77 nm. The
film was adjusted to have a thickness (~80 nm) [27] and trans-
mittance (~80% at 1.5 pwm) [15] similar to those of SWNTs
FSFs-based SAs used in fiber lasers at 1.05, 1.56, and 1.99 pm.
Moreover, we have recently demonstrated that at the required
thickness the films have the optimal—in terms of the transmit-
tance/sheet resistance ratio—optoelectronic performance [30].
The films were transferred onto a glass substrate with a 3 mm
opening in the central part [see inset to Fig. 1(a)] to create FSFs.
One of the films was kept pristine, while the others were exposed
to acid and laser treatment in the argon atmosphere.


https://orcid.org/0000-0001-7967-3301
https://orcid.org/0000-0002-2927-6233
mailto:viatcheslav.vanyukov@uef.fi
https://doi.org/10.1364/OL.399852
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.399852&amp;domain=pdf&amp;date_stamp=2020-09-21
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.399852&amp;domain=pdf&amp;date_stamp=2020-09-22

5378 Vol. 45, No. 19/ 1 October 2020 / Optics Letters

75
(a) — Treated SWNT fil (b) treated
e Pristine SWNT filmy

7 Ao an

pristine

\

Transmittance, %
o o
o Ul

55
400 500 600 700 800

Wavelength, nm

.

SRBIE
OBt

Fig. 1.

(a) Optical transmittance spectra of pristine and treated
(by acid and low-power laser) films. Inset shows a photo of a SWNT
film transferred on the glass substrate with a hole. The substrate-free
central part of the sample represents a FSF of SWNTs. (b), (c) Optical
microscopy images of lines (the contrast was increased) and areas
(without contrast increase) treated and pristine. SEM micrographs of

(d) pristine and (e) laser-treated FSFs of SWNTs.

For the acid treatment, we covered the film with a thin layer of
an aqueous solution of hydrochloric acid (HCI) (35 wt. %). The
laser treatment was carried out by scanning the film surface by
the He—Ne laser beam at 632.8 nm. Laser treatment was carried
out through the 10x objective at an intensity of 3 kW /cm®.
The diameter of the laser spot (measured by a laser profiler scan-
ning along the axis of a focused laser beam) was about 21 um
(atalevel of 1/¢%). The transmittance spectra, optical and SEM
images of pristine and treated SWNT films are shown in Fig. 1.

One can observe from Fig. 1(a) that treatment resulted in the
2% increase in the film transmittance at 795 nm. The optical
microscopy images shown in Figs. 1(b) and 1(c) confirm that
the treated area is more transparent than non-treated. The
observed transmittance increase originates from the oxidation of
iron nanoparticles encapsulated in SWNT into ferric chloride
(FeCl3) having lower absorption losses [31]. The laser-induced
decomposition arises from the reactions between encapsulated
iron nanoparticles with a thin layer of HCI that we used for the
treatment. The observed effect is similar to what we observed
in Refs. [29,30], where acids were released from the polymer
substrate due to the heat transfer from SWNTs, but without
using the polymer host.

At the same time, the comparison of scanning electron
microscope (SEM) images in Figs. 1(d) and 1(e) show that the
treatment results in denser SWNT bundles (similar to [30]).
In order to further evaluate the effect of the treatment on the
SWNT structure, we compared the Raman spectra of treated
and pristine films obtained at an excitation wavelength of
632.8 nm, but with much lower power density (<0.1 kW /cm?)
to avoid any possible changes introduced by Raman mea-
surements. Both spectra presented in Fig. 2 exhibit an almost
identical shape and are characterized by a typical SWNT profile,
which is represented by the G-, D-, G’-peaks and the “radial
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Fig.2. Normalized Raman spectra of pristine and treated (acid and
low-power laser) free-standing SWNT film. The inset shows a slight
shift (~1.3 cm™") in the G-peak as a result of the treatment.

breathing” modes (RBMs). A small (~1.3 cm™") shift of the
G-peak from 1590.7 to 1592 cm™! is observed (see inset in
Fig. 2), which could be a sign of slight p-doping of SWNTs
[32]. The G/D ratio of peak intensities remains unchanged
(G/D = 120), which indicates that no amorphous carbon is
formed during the treatment. A slight variance in RBM profiles
with prevalence in both the Raman shifts of around 120 and
138 cm™! indicates that the performed treatment caused no
damage and/or significant change to nanotubes composing
the FSE

The nonlinear optical properties of the pristine and treated
films were investigated under femtosecond pulse excitation. In
the experiments, we employed a Ti:sapphire laser operating at
the wavelength of A = 795 nm with the repetition rate of 1 kHz
and the pulse duration of 150 fs. Measurements were performed
using the open-aperture z-scan setup, described elsewhere [33].
The transmittance 7' = E,y/ E;n, where Ej, and E, are the
energies of the incident and transmitted laser pulses, was mea-
sured as a function of the distance z between the SWNT FSF
and the focal point. The beam waist radius measured at 1/¢? of
the maximal intensity was wo = 18.5 pm, which corresponds to
the Rayleigh length z) = 7 w§ /A = 1.35 mm.

Figure 3 presents the normalized nonlinear transmittance
T, = T/ 1y, where Tj is linear transmittance of the pristine and
treated SWNT FSFs measured at the incident pulse energy
of Ej, =20n], which corresponds to the beam intensity at
the focal point of 12.4 GW/cm?. It is worth noting that no
laser-induced damage to the films was observed at intensities
below 27.9 GW/cm? (E;, = 45 n)). Figure 3 shows that 7, isan
even function of z, 7,,(z/z¢) = 1,(—z/zo). This indicates that
the light-induced bleaching [34] and/or heat-induced trans-
mittance change [35] does not occur and that transmittance
of SWNT FSFs increases due to absorption saturation [11].
At z=0, 7, increases by 5.05% for the pristine and 7.25% for
the treated film, respectively. That is, the combined laser/acid
treatment results in an enormous 43.5% enhancement of the
transmittance relative to the pristine film.

In the framework of the conventional two-level model of
the absorption saturation [11,17], the evolution of the light
intensity inside the medium is described by the following

equation:
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Fig. 3. Normalized transmittance of the treated and pristine FSFs
of SWNTs measured in the course of z-scanning under femtosecond
pulse excitation for the incident pulse energy of 20 nJ. Solid lines
represent the result of the fitting with Eq. (3).

where 7' is the propagation coordinate, 7 is the light intensity;
Oy and ag are the non-saturable and saturable absorption coef-
ficients, respectively; I, is the saturation intensity. The solution
of Eq. (1) yields [36]
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where f;, and 7, are the input and output intensities, respec-
tively. The former depends on the SWNT FSF position z with
respect to the beam waist, i.e., [, = E;/(T X Tw?(2)),
where 7T is the incident pulse duration, and w(z) =
wo(1 + (2/20))Y? is the beam radius. Considering that
Towe & Ty X Iy, we arrive at the following equation describing
the dependence of the normalized transmittance on the sample
position:
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Solid lines in Fig. 3 show the fitting of experimental
data with Eq. (3) with L, and ag/ans shown in Table 1.
By using the obtained values of ag/e,s and relation
In7Ty = —(atps +9) X L, where L is the film thickness,
we obtain &g and a,,, which are also shown in Table 1. The
film thickness L =77 nm was calculated according to an
empiric equation L(nm) =417 X Asspnm, where Assgnm is
the absorbance at the wavelength of 550 nm [37]. One can
see from the table that proposed treatment enhances the satu-
rable absorption coefficient oy by 26% (from 0.97 x 104 to
1.22 x 104 cm ™), suppresses non-saturable absorption o, by
7% (from 3.58 x 10 to 3.33 x 10% cm™!), and decreases the
saturation intensity . by 20% (from 7.63 to 6.34 GW/ cm?).
These double-digit improvements of the nonlinear parameters
confirm that the performance of the SWNT FSF-based SA can
be significantly improved by the acid/laser treatment.

Li=|1-
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Table 1. Parameters Characterizing the Performance
of Saturable Absorbers Based on Pristine and Treated
SWNT FSFs

Ly, o, Opss
GW/em? o/, x10*cm™! x10*cm™ R
Pristine 7.63 0.269 0.97 3.58 0.23
SWNT FSFs
Treated 6.34 0.366 1.22 3.33 0.31
SWNT ESFs

To the best of our knowledge, there are only a few reports on
mode-locking at the wavelength of 800 nm, and those are with
high-pressure carbon monoxide (HiPco) SWNTs deposited
on the polymer films [2,38]. At this wavelength, the saturable
absorption for HiPco and acrosol synthesized SWNTs is mainly
attributed to £, electronic transition at ~900 nm [2,13,38],
while at the telecom wavelengths it is associated with the Fy4
transition. It has been found that the saturation intensity for
the £, transition is higher [39] than that for Eyy, which is
around 10 MW /cm? (as long as the £}, peak matches with the
wavelength) [3,17,40,41]. In our case, it is also higher com-
pared to saturation intensity associated with the £ transition.
Compared to the aerosol synthesized FSFs performance at
1050 nm [27], our value is slightly lower.

Another significant parameter characterizing SAs is the
saturable/non-saturable loss ratio, which can be presented in the
following form [17]:

1 — exp (—ap L
P A )exp (—anL). (4)
1 —exp (—anl)

The higher the loss ratio the better the SA performance.
Typically, in the SWNT-based SA, R < 1 [17] due to scattering
on the non-resonant SWINTs [40]. The saturable/non-saturable
loss ratio is a crucial parameter for application in ultrafast solid-
state lasers, but not in fiber lasers, where high non-saturable
losses can be tolerated due to high gain fibers [17]. The per-
formed treatment results in an increase of the R by 35%, from
0.23 to 0.31 (see Table 1). Such a considerable increase can
be explained by suppression of the non-saturable losses in the
treated SWNT FSF due to removal of the catalyst residue.

Pristine aerosol synthesized SWNT FSFs have already shown
their applicability as a SA for broadband mode-locking in fiber
lasers [15,27,28]. The mode-locked generations were achieved
using SWNT FSFs with almost the same thickness [27] and/or
with similar transmittances in the IR spectral range [15] as in
our study. The combined acid and low-power laser treatment
makes it possible to achieve a significant improvement of the
mode-locking performance of SWNT FSFs in the IR region.
Moreover, the flexibility of the aerosol synthesized method
provides full control of the film thickness for SA fabrication.
In addition, SWNT ESFs do not contain a polymer matrix.
The acid and laser treatments keep the SWNT structure intact
and improve their nonlinear optical properties, paving the way
towards longer-lasting SAs compatible with all-fiber laser con-
figurations. It should be noted that a recent paper [42] reported
an observation of saturable absorption enhancement by light
treatment in plasmonic two-dimensional (2D) molybdenum
oxide nanosheets.
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In conclusion, we have demonstrated that combined acid
and laser treatment of the free-standing SWNTs synthesized
by the floating catalyst (aerosol) method enables the increase
of the film optical transmittance by 2% across the visible range
and double-digit increase of the SA characteristics at the IR
region calculated by theoretical approximation of z-scan results
using accurate equations. Specifically, at the wavelength of
795 nm, we demonstrate the increase of the saturable absorption
coefficient by 26%, the decrease in the saturation intensity by
20%, and the increase in the saturable/non-saturable loss ratio
by 35% compared to pristine film. Our findings open a route
towards significant improvement of the mode lockers based on
the free-standing aerosol SWNT films.
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