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ABSTRACT: Materials with electrically tunable optical
properties offer a wide range of opportunities for photonic
applications. The optical properties of the single-walled
carbon nanotubes (SWCNTSs) can be significantly altered in
the near-infrared region by means of electrochemical doping.
The states’ filling, which is responsible for the optical
absorption suppression under doping, also alters the nonlinear
optical response of the material. Here, for the first time we
- : - . ~ . 25 S
report that the electrochemical doping can tailor the nonlinear 00 04 08 1.2 16
optical absorption of SWCNT films and demonstrate its SWCNT-SA Voltage (V)
application to control pulsed fiber laser generation. With a
pump—probe technique, we show that under an applied voltage below 2 V the photobleaching of the material can be gradually
reduced and even turned to photoinduced absorption. Furthermore, we integrated a carbon nanotube electrochemical cell on a
side-polished fiber to tune the absorption saturation and implemented it into the fully polarization-maintaining fiber laser. We
show that the pulse generation regime can be reversibly switched between femtosecond mode-locking and microsecond Q-
switching using different gate voltages. This approach paves the road toward carbon nanotube optical devices with tunable
nonlinearity.
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S ingle-walled carbon nanotubes (SWCNTs) is one of the case, the excess charge is formed on the surface of SWCNTs in

unique materials in which all atoms are located on the an electrolyte when an external electric potential is applied. It

surface. This provides a simple opportunity to manipulate their leads to the formation of an electrical double layer, which can
electronic structure. Unlike bulk materials, to dope SWCNTs it be understood as a capacitor with subnanometer gap formed
is not necessary to substitute carbon atoms in the lattice by a by charge carrlers on the SWCNT side and ions on the
dopant. Instead, the dopant can be accommodated on the electrolyte side.’ This type of doping has great advantages
nanotube surface (adsorption doping), inducing electron when high doping level, controllability, and reversibility are
transfer between the nanotube and the dopant.' An excess required. In fundamental research, electrochemical gating has
charge in the nanotubes results in the shift of the Fermi level, been used to investigate the formation of trions and other
greatly altering their optoelectronic properties. It greatly quasiparticles7_9 and the buildup of the plasmonic re-
increases the conductivity of SWCNTSs,” but also allows sponse.'”~" It is also of potential interest for the development
control of its optical properties’ by suppressing the near- of electrochromic devices like smart windows, notch filters, and
infrared absorption corresponding to interband excitonic
transitions. Received: March 11, 2019

Another alternative for Fermi level tuning is electrochemical Revised:  July 12, 2019
doping, also referred to as electrochemical gating.”® In this Published: July 25, 2019
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Figure 1. Sample fabrication steps. (a) Reference silver electrode is deposited on the cover glass; side-polished fiber is fixed on the cover glass with
deposited silver electrode; SWCNT are dry-transferred on the side polished fiber to form a saturable absorber and electrodes; (b) ionic liquid is
dripped on the sample to cover all three electrodes; (c) sample is covered by another cover glass from the top and sealed from the air.
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Figure 2. Transmittance of the gated SWCNTs for (a) normal incident light through a 40 nm film, and (b) through the fast axis of PM-SPF device

measured with PM ASE source (1530—1570 nm).

13-16 . . ..
modulators. The above-mentioned investigations address

only the linear optical response of electrochemically gated
carbon nanotubes. Carbon nanotubes also show a prominent
nonlinear optical response including optical limiting,' ™"
harmonic generation,”””" four-wave mixing,”*”*> and absorp-
tion saturation.”° >’ The latter one has been a subject of
intense investigation for the past decade due to the successful
integration of carbon nanotube saturable absorbers (SWCNT-
SA) into fiber lasers for noise filtering and ultrashort pulse
generation.”®™** The linear optical absorption modulation by
means of the gating can be utilized in fiber laser for active
driving of pulse generation.”>*® The prominent effect that
electrochemical gating has on the linear optical properties
should also be substantial for nonlinear optical response.””~*’
The filling of states, produced by the Fermi level shift, is
expected to modify the conditions for resonant nonlinearities.
It opens up possibilities for the development of electrically
tunable SWCNT-based nonlinear optical devices.

In the present work, for the first time we demonstrate
SWCNT devices with nonlinear optical response controlled by
electrochemical doping. We focus on the effect of saturable
absorption and its application in fiber lasers. Ionic liquid gating
allows us to tune the Fermi level position and reduce the
absorption associated with the S;; transition and notably
change its nonlinear optical response. We use a pump—probe
technique to retrieve the main parameters of the gated
SWCNTs such as a relative saturation depth and relaxation
time. Next, we fabricate a gated carbon nanotube saturable
absorber on the polarization-maintaining side-polished fiber
(PM-SPF) for in-line implementation in the fiber laser system.
With this device, we demonstrate a universal pulsed laser,
which is able to operate in mode-locked and Q-switched
regimes controlled by the gate voltage. A laser is built with
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polarization-maintaining (PM) components to avoid the effect
of nonlinear polarization evolution®' and, thus, to ensure the
stable and reproducible operation exclusively driven by the
SWCNT-SA.

The SWCNTs were synthesized by the aerosol (floating
catalyst) chemical vapor deposition method.”” The SWCNTs
were grown on aerosol catalyst particles in the hot reactor zone
in a CO atmosphere. At the outlet of the reactor, the SWCNTs
were collected on a filter and formed a film of randomly
oriented networks of semiconducting and metallic nanotubes.
The mean diameter of the SWCNTs was adjusted to
synthesize the tubes so that the peak of S;; absorbance
matched with the erbium laser’s gain spectra.”” The thickness
of the film was controlled by the collection time.*" The
transmittance and Raman spectra of as-synthesized SWCNTs
can be found in Supporting Information, Figure S2.

The samples were prepared using a dry transfer technique:
the collected film on the filter was pressed against the desired
surface and therefore transferred the tubes to the substrate.”
No purification, sonication, or any other liquid chemistry steps
were involved in the fabrication of the SWCNT films.

The sample for the fiber laser had a three-electrode
configuration with working and counter electrodes made of
the SWCNTs and a silver electrode used as a reference. The
device was made in three steps, depicted in Figure 1. First, a
SWCNT film was dry-transferred from the filter onto the PM-
SPF surface and glass substrate. Another SWCNT film was
transferred in a close proximity for a counter electrode. Then
ionic liquid was cast on the sample to interpenetrate the
SWCNTs and cover all three electrodes. The sample was
enclosed by a coverslip to protect the ionic liquid from
environmental degradation. For the pump—probe spectroscopy
measurements at normal light incidence, the sample was
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Figure 3. Pump—probe spectroscopy of a gated SWCNT-SA thin film at normal incidence at 1540 nm probe and pump under (a) 0V, (b) + 1V,
and (c) + 2 V. The inset in the first panel shows the same graph in log scale.

prepared in a similar scheme but without PM-SPF (see
Materials and Methods).

First, we measured the transmittance spectra of the samples
under gating when the SWCNTs were illuminated with a
normally incident beam. To determine the electrochemical
stability window for our sample we performed cyclic
voltammetry measurements that revealed stable and reprodu-
cible behavior for scanning range between —2 and +2 V (see
Figure SI in Supporting Information). The SWCNT trans-
mittance spectrum corresponding to the S, transition under
gating is shown in Figure 2a. As the voltage was increased
toward +2 V or —2 V, the transmission increased because the
Si1 absorption was lowered by conduction band filling or
valence band depletion. A similar behavior is observed for the
transmittance of light through the PM-SPF. The transmittance
through the fast axis (polarization parallel to the polished
surface) of a PM-SPF as a function of voltage measured with a
PM C-band ASE source (1530—1570 nm) is shown in Figure
2b. The nanotubes are randomly oriented, but mostly in the
plane of the surface of the polished fiber, so this polarization
ensures maximum SWCNT-light interaction. An observed
hysteresis behavior is typical for electrochemical doping and
can be explained by a difference in the potential required for
ions to enter the double layer region or to leave it.'"® Both
samples demonstrate a negative shift of the transmittance
minimum most likely due to the environmental doping.

To investigate the nonlinear optical response of the gated
sample, we used degenerate pump—probe spectroscopy and
measured the dynamics of absorption saturation and its
recovery time. Here, we utilized the gated thin-film sample
without the fiber, working at normal incidence in the
transmission geometry. An amplified Ti:sapphire laser
provided 40 fs pulses, which pumped an optical parametric
amplifier to output pulses at 1540 nm with working spectral
width of 50 nm. The pump and probe fluences were 382 and
159 uJ/cm?, respectively. This energy was high enough to
ensure absorption saturation and not to burn the SWCNT
film. Figure 3 shows the pump-induced differential trans-
mission dynamics, AT/T(t), within a 1.3 nm window around
1540 nm, where a positive sign corresponds to the photo-
bleaching of the sample. We did not find significant dynamic
variation across the available spectral window. At zero pump—
probe delay time, a large positive AT/T can be seen. This
photobleaching signal gives the modulation depth of the
absorption saturation. It is always observed around S,; in the
pump—probe studies of carbon nanotubes as a result of the
pump depletin§ the ground state, lowering the absorption of
the probe.””*® For our samples, the observed transient
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transmission change can be fit by the sum of two exponential
decays: AT/T = Ae™/™ + Ae™™. For the undoped sample,
the shorter time constant was 7, = 0.19 + 0.01 ps and the
slower decay had 7, = 1.5 & 0.1 ps. The ratio between the
amplitudes of the fast and slow decays was A;/A; = 1.7 + 0.1,
and thus the faster decay had a larger overall contribution to
the relaxation dynamics. With a small shift in the chemical
potential (Vg = 1V), AT/T was reduced in the amplitude
whereas the dynamics became faster with both time constants
shortening (7; = 0.14 + 0.02 ps, 7, = 1.0 + 0.2 ps) and with a
relatively greater contribution from the faster decay (4,/4, =
2.5 + 0.5). The reduced amplitude cannot be fully described
by the reduced absorption (the transmittance increases) of the
pump beam under gating and attributed to the upper state
partial filling when the chemical potential is higher. A faster
decay can result from the increased Auger recombination rate
in the doped samples.*” With a higher applied bias voltage, the
initial positive peak in AT/T is further reduced (Figure 3c),
and AT/T changes the sign. This behavior can be reproduced
by a fast decay (z; = 0.08 + 0.01 ps) with positive A, and a
slower decay (7, = 7.1 & 0.5 ps) with a negative sign, such that
A;/A, = =3.6 = 0.5. The negative AT/T component may
result from an intraband transition, either associated with
intersubband plasmon absorption'” or with the tail of
intraband absorption from axial plasmons,'® which peaks in
the far-infrared but which extends throughout the infrared
region.

The dynamical response of the SWCNT-SA structure is
therefore below one picosecond, in favor of ultrashort pulse
generation. At all applied voltages, the SWCNT-SA functions
as a saturable absorber with a transient photobleaching
showing subpicosecond dynamics. The maximum modulation
depth is reduced with higher applied voltages: at zero volts
AT/T = 3.2%, whereas AT/T = 2.3% at +1 V and AT/T =
0.7% at +2 V. Therefore, under an applied voltage the saturable
absorption of the SWCNT can be readily tuned.

The modulation depth, relaxation time, and saturation
fluence are the main parameters governing saturable absorber
performance in a fiber laser for a pulse generation either for
passive mode-locking (ML), Q-switching (QS), or Q-switched
mode-locking. It was suggested theoretically"* ™" and shown
experimentally’””" for fiber laser systems that by adjusting
saturable absorber modulation depth one can change the
condition for gain oscillation and switch between different
pulse generation regimes.

To demonstrate the switchable pulse generation with a
tunable gated SWCNT-SA, we integrated it into an erbium-
based fiber laser. First, we tested our samples in a fiber laser
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without polarization maintaining. We observed the pulse
regime switching by the gate voltage, however, the behavior of
the laser system was not quite reproducible. We attribute this
behavior to the contribution of nonlinear polarization
evolution that comes from the polarization dependent loss in
SPF sample®” (see Supporting Information for details). Here
we describe instead a laser that featured an all-polarization-
maintaining ring cavity design (Figure 4). This all-PM cavity

PM-panda

Cross
Splicing

PM-ISO
4% output

SWCNT-SA sample

Cross
Splicing

Figure 4. All-PM Er-fiber laser with the gated SWCNT-SA.

design ensured environmentally stable SWCNT-SA-driven
pulse generation not affected by nonlinear polarization
evolution. A polarization-maintaining erbium-doped fiber
(PM-EDF) served as the gain medium of the laser. We used
0.6 m of heavily doped PM-EDF (Nufern PM-ESF-7/125)
with anomalous dispersion at the lasing wavelength. The active
fiber was pumped by a laser diode (LD) at 980 nm through a
polarization-maintaining wavelength division multiplexer (PM-
WDM). To keep unidirectional lasing, we also placed a
polarization-maintaining optical isolator (PM-ISO) into the
cavity. This PM-ISO had an integrated 4% fiber-coupled tap
output that allowed extraction of the laser radiation from the

cavity. The lasing and pumping waves were counter-
propagating in the cavity. The sample of gated SWCNT-SA
for the pulsed lasing was prepared with the use of PM-SPF
where the polished side was perpendicular to the slow axis
plane of the original PM fiber. Therefore, PM fiber pigtails of
the sample were connected with the corresponding PM fibers
of the laser cavity in the cross-splicing manner (slow axes of
the connected fibers were mutually perpendicular). Such a
fiber arrangement ensured that the polarization plane of the
laser radiation was parallel to the polished side in the sample
which maximizes the absorption and thus provides maximum
modulation depth. The full length of the fiber resonator was
about 4.1 m and the net dispersion was approximately —0.09
ps®. The all-anomalous dispersion of the laser cavity fulfills the
key condition for soliton pulse shaping in mode-locked
generation regimes.53

First of all, the laser was examined under zero gate voltage.
Continuous wave (CW) generation started at 20 mW of the
pump power. Mode locking self-starting occurred when the
pump power was increased up to 40 mW. Stable ML lasing at
the fundamental pulse repetition rate of SO MHz could be
maintained continuously unless the pump power exceeded 95
mW. At a higher pump level, the laser switched over to
multipulse lasing that could be attributed to harmonic mode
locking (HML). We measured the basic laser characteristics in
the single-pulse ML regime sustained at a pump power of 90
mW. The acquired optical spectrum, intensity autocorrelation
function, oscillogram, and radiofrequency spectrum of the
pulse train are shown in Figure Sa—c and Figure S3a. The
spectrum width at half-maximum is 7.6 nm which corresponds
to 0.34 ps pulse width assuming the transform-limited sech
pulse envelope. The measured autocorrelation function
corresponds to the 0.6 ps pulse width which is almost twice
as long compared to the transform-limited one because the
pulse has propagated through the amplifier prior to
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Figure S. Top panel shows measured characteristics of ML lasing under zero gate voltage: (a) optical spectrum, (b) measured pulse autocorrelation
function (black) and its theoretical fitting for the sech’ shape (red) with pulse train oscillogram in the inset, and (c) RF spectrum centered at the
fundamental pulse repetition frequency (RBW, resolution bandwidth). Bottom panel illustrates QS regime characteristics: (d) optical spectrum, (e)
pulse train oscillogram, and (f) dependence of the pulse repetition rate on the gate voltage.
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Figure 6. Maps of the gate voltage-induced switching of the laser operation between ML and QS regimes. (a) SWCNT-SA linear transmittance
versus gate voltage, (b) SWCNT-SA nonlinear transmittance at different gate voltages, and (c) average output laser power versus gate voltage. The
shaded regions represent the uncertainty range for the threshold voltage.

autocorrelator (see S.6 in Supporting Information for more
details). Evaluation of the pulse energy from the measured
average output power yields 3 pJ. The high quality of mode-
locking was confirmed by the radio frequency spectrum, which
teatured relatively high contrast exceeding 60 dB even at high
harmonics of the pulse repetition frequency (see Figure Sc and
Figure S3a).

By applying a positive gate voltage to the SWCNT-SA
sample we attempted to change the above ML generation
regime. We continuously increased the voltage from 0 to 1.9 V.
As discussed above with reference to Figures 2 and 3, the linear
transmittance increases and the modulation depth of nonlinear
absorption decreases under gate voltage. An increase of the
gate voltage from 0 to 0.7 V resulted in a slight growth of the
average output power and consequently of the pulse energy
while the laser kept on single-pulse ML lasing. Above the
threshold voltage of 0.7 V, the laser operation regime switched
to the Q-switching. In the QS regime the laser generated
microsecond pulses with a kilohertz repetition rate. Sustained
QS was observed with further increase in the gate voltage up to
1.9 V. The average output power increased by a factor of 2
when the voltage was changed from 0.7 to 1.9 V. The basic
laser characteristics measured in the QS regime are shown in
Figure Sd—f and Figure S3b. It should be noted that by
changing the gate voltage (from 0.8 to 1.9 V) the pulse
repetition rate could be tuned from 23.6 to 28.8 kHz. The
highest pulse energy in the QS regime reached 12.5 nJ. When
the gate voltage was decreased back toward zero voltage the
laser recovered the ML regime and reduced the output power
in a slightly hysteretic manner (upon decreasing the threshold
voltage was 0.5 V). This hysteretic behavior arises from the
ionic liquid, which creates hysteresis in the voltage-induced
alteration of the SWCNT-SA’s optical properties. Figure 6a
illustrates the measured voltage-induced variation of linear
transmittance through the SWCNT-SA and the existence
ranges of different pulse generation regimes. Note that the
regimes get switched at the same transmittance level (and thus
at the same modulation depth), irrespectively of the voltage
variation direction. Fiber lasers with nearly zero anomalous
dispersion require relatively high modulation depth of the
saturable absorber to sustain a stable generation of ultrashort
pulses.”™>* This correlates with the observed behavior of our
laser, that sustains stable mode-locking only at low gate
voltages that enable high modulation depth of the SWCNT-
SA.

We performed nonlinear transmittance measurements for
the SWCNT-SA sample at 0, 0.5, 0.7, and 1 V, which is around
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the threshold voltage of pulsed regime switching. The available
peak power (up to S kW) from the laser source used for these
measurements did not allow us to fully saturate the SWCNT-
SA. Fitting of the measurement data with the standard function
applicable for fast saturable absorbers (solid lines in Figure 6b)
allows us to retrieve the main parameters of the SA under the
assumption of pure saturable absorption unaffected by other
optical nonlinearities. Details on the nonlinear transmittance
measurements can be found in Supporting Information
(Section 7). We found that the full modulation depth reduces
from 20% at 0 V to 10% at 1 V. Nevertheless, at all the
indicated voltages the nonsaturable losses converge to similar
values within the range of 55.5 + 0.6% with the saturation
power of 1.62 + 0.12 kW (see Table S1). This observation
supports the findings of the pump—probe section where
modulation depth reduction under 1 V was attributed to
excited-state filling. Figure 6c represents the variation of the
laser output power measured with increasing and decreasing
gate voltage. The shaded regions in Figure 6a,c represent the
uncertainty range for the threshold voltage which we attribute
to the inert behavior of electrochemical system under small
voltage variations. The switching between the ML and QS
regimes by means of the electrically gated SWCNT-SA
featured a high degree of reproducibility when we swept the
gate voltage across the shaded region. The speed of switching
between regimes is limited by ionic diffusion in the ionic
liquid. In our case, the switching time was close to a second,
however, optimization of the electrochemical cell design can
bring it to the millisecond time-scale.'

Our study expands the possibilities of the SWCNT
applications in fiber lasers. Reliable lasers which allow
controllable on-the-run switching of pulsed regimes can be of
great benefit for material processing and medical applications,
LIDAR, and 3D scanning. We note that evanescent field
interaction with SWCNT-SA on the side-polished fiber
demonstrates excellent thermal stability allowing pulse
generation with average power exceeding hundreds of
milliwatts.***” It opens up possibilities for future development
of high-power lasers with switchable pulsed regimes driven by
the gated SWCNT-SAs. Also, the ability to tune modulation
characteristics of the saturable absorber provides a useful
instrument for the investigations of the pulsed laser dynamics.
Moreover, this approach can be expanded on the other types of
optical nonlinearities of SWCNTs including second and third
harmonic generation and four wave mixing.

In summary, we have investigated the effect of electro-
chemical gating on the absorption saturation in SWCNT films.
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With a pump—probe technique, we showed that nonlinear
absorption modulation depth can be controlled by the gate
voltage below 2 V. On this basis, we designed a tunable fiber-
coupled saturable absorber using the gated SWCNTs
deposited on a side-polished PM fiber. We implemented this
device into the all-polarization-maintaining fiber laser and
studied the feasibility of electrical control of the pulsed lasing
regime by adjusting the gate voltage. The reproducible
electrically controlled switching of the pulse generation regime
between pure mode-locking (ultrashort pulses) and Q-
switching (high-energy microsecond pulses) was demonstra-
ted. Adjusting the gate voltage in the QS regime led to the fine-
tuning of the output power and repetition rate. This approach
opens a new avenue for carbon nanotube optical devices with
tunable and scalable nonlinearity.

Materials and Methods. Sample Fabrication. The side-
polished fibers used in the work are produced by Phoenix
photonics with a panda-type polarization-maintaining fiber
with polished side normal to the slow axis plane (one stress
member removed). The reference silver electrode was
deposited on the cover glass by thermal evaporation. The
SWCNT film on the PM-SPF had a thickness of 20 nm and
was 2 mm by 15 mm in size. Counter electrode of SWCNT
film of the same thickness and 2 mm by 10 mm in size was
offset from the working electrode by 2 mm. For ionic liquid,
we used 30 uL of DEME BF, (N,N-diethyl-N-methyl-N-2-
methoxyethylammonium tetrafluoroborate). At all the fab-
rication steps, we measured the transmittance through the
sample with a nonpolarized Er-fiber amplified spontaneous
emission (ASE) source. The transmittance of the PM-SPF
dropped from 91% to 63% after SWCNTs transfer and
decreases further to 45% after ionic liquid dripping. To prevent
ionic liquid degradation in the presence of water vapor the
sample was prepared in an argon atmosphere glovebox and
sealed before removal to the air.

The sample for pump—probe measurements was made with
a 40 nm thick SWCNT film and ijonic gel (I1-butyl-3-
methylimidazolium hexafluorophosphate).

Pump—Probe Setup. A commercially available laser system
(Spitfire ACE PA, Newport Spectra Physics) with 40 fs, 800
nm pulse at 1 kHz repetition rate was used to pump two OPA
systems (TOPAS, Light Conversion). Each TOPAS was tuned
to 1540 nm resulting in a degenerate pump—probe scheme. To
avoid interference, the pump and probe beams were cross-
polarized. The probe pulse was focused into the sample with
the pump pulse being focused in a near collinear arrangement
with some distance behind the sample to ensure the pump
beam is always at least three times the size of the probe beam.
Prior to this, the probe beam is split 50:50 to produce a probe
and a reference beam. The pump and probe fluences were 382
and 159 uJ cm™? respectively, each controlled by a variable
reflective neutral density filter. The working spectral width was
S0 nm (full width at 10% of spectral amplitude) around the
1540 nm central wavelength. The probe light was analyzed
after the sample using an imaging spectrometer (iHR320,
Horiba) and measured using a liquid N, cooled mercury
cadmium telluride detector with two arrays of 64 pixels,
allowing a spectral window of 50 nm to be measured with each
pixel corresponding to a 1.3 nm wavelength range. Data in the
main text are presented for the pixel at 1540 nm. The scattered
pump light on the detector was minimized using an iris
aperture to block the transmitted pump beam and pass the
probe. The probe and reference beams are each focused onto
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one of the two arrays. This allows the signal to be normalized
for shot-to-shot variations in power.

Pulsed Laser Measurements. Measurements of the fiber
laser pulse generation were performed with a Newport 818-BB-
3SF photodetector having 12 GHz bandwidth and 25 ps rise
time, a Tektronix DPO 7254 oscilloscope with 2.5 GHz
bandwidth, a Tektronix RSA 3308B radio frequency spectrum
analyzer, a Yokogawa AQ 6375 optical spectrum analyzer with
0.02 nm resolution, an APE pulseCheck autocorrelator with a
scanning range from 120 fs up to 150 ps, and a Thorlabs
PM100D power meter with S132C photodiode power sensor
heads.
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