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Abstract: New fabrication methods are strongly demanded for the development of thin-film
saturable absorbers with improved optical properties (absorption band, modulation depth,
nonlinear optical response). In this sense, we investigate the performance of indium nitride (InN)
epitaxial layers with low residual carrier concentration (<10'® cm=3), which results in improved
performance at telecom wavelengths (1560 nm). These materials have demonstrated a huge
modulation depth of 23% and a saturation fluence of 830 uJ/cm?, and a large saturable absorption
around -3 x 10* cm/GW has been observed, attaining an enhanced, nonlinear change in
transmittance. We have studied the use of such InN layers as semiconductor saturable absorber
mirrors (SESAMs) for an erbium (Er)-doped fiber laser to perform mode-locking generation at 1560
nm. We demonstrate highly stable, ultrashort (134 fs) pulses with an energy of up to 5.6 nJ.
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1. Introduction

In recent years, significant progress has been made on the fabrication of ultrafast fiber lasers
(delivering extremely short pulses, in the order of picoseconds or femtoseconds), which have become
the key element for multiple applications, such as optical communications, material processing, laser
micromachining [1-5], etc. These reliable, flexible, and compact sources have found applications not
only in industrial processes but also in the medical (biological photonics [6-8]) or military (radar
systems [9,10]) fields. In order to generate laser pulses, two different techniques are applied, namely
Q-switching or mode-locking operation, both based on the insertion of a variable attenuator, e.g., a
saturable absorber (SA), within the laser resonator cavity [11,12]. For both techniques, we can
distinguish between active or passive operation modes, with passive approaches presenting
advantages in terms of simplicity, low cost, and stability. Several nonlinear elements have been tested
as variable attenuators, such as semiconductor-based SAs [13,14], carbon nanotubes [15], or nonlinear
polarization-rotators [16], among others. Because of their low saturation intensity and extensive
modulation depth, semiconductor SA elements are widely used in commercial lasers [17]. However,
semiconductor SAs have also demonstrated some limitations, such as narrow working bandwidth
and low damage threshold. Therefore, new fabrication methods should be explored to counteract
these effects, since they are critical to implementing high-power, ultrafast pulsed lasers [18,19]. It is
known, for instance, that semiconductor SAs are highly dependent on structural defects, such as
impurities, vacancies, or grain boundaries [20-23]. It is therefore remarkable to improve the crystal
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quality as a way of enhancing its optical performance in terms of the absorption band, modulation
depth, or saturation intensity [24-26].

Among semiconductor SAs, indium nitride (InN) has demonstrated remarkable advantages in
comparison to other semiconductors, due to its low bandgap energy (0.65-0.9 eV) and the possibility
of extending the emission wavelength from infrared to ultraviolet region when using InN and its
alloys with GaN or AIN [27,28]. Furthermore, InN epitaxial layers have demonstrated high thermal
stability and huge nonlinear behavior at telecom wavelengths [29,30]. For this material, the reduction
of the residual carrier concentration is a challenge, since structural defects and incorporation of
common impurities like oxygen or hydrogen results in efficient n-type doping [28]. Recent progress
in molecular beam epitaxy has led to InN epitaxial layers with a residual carrier concentration below
10 cm3, which results in an absorption edge energy below 0.7 eV at room temperature [30]. It is
hence interesting to study this material as a saturable absorber at 1560 nm.

In this work, we report on the application of InN layers as saturable absorbers in a laser cavity
in mode-locked operation at 1560 nm. We show that a reduction of the free carrier concentration leads
to an enhancement of the nonlinear optical response. We demonstrate saturable and non-saturable
absorption coefficients of 4 x 10 cm™ and -3 x 10* cm/GW, respectively, a modulation depth of 23%,
and saturation attained for a power density of 4 GW/cm?2. This material was inserted in a fiber laser
cavity, delivering pulses with an ultrashort pulse duration of 134.4 fs and energies of up to 5.6 nJ.
These results make InN a promising candidate as a saturable absorber for ultrafast laser applications
in the telecom range.

2. Material Characterization

InN epitaxial layers were deposited by plasma-assisted molecular beam epitaxy (MBE) on a
commercial GaN-on-sapphire template. The growth temperature was 450 °C, and the growth rate
was 290 nm/h. During the deposition, the In/N flux ratio was 1.2. The indium (In) flux was
interrupted along the growth every 10 min to consume the excess In on the sample surface and
prevent the accumulation of In droplets there as well [22]. Two samples with different InN
thicknesses were investigated: samples S1 and 52, with InN thicknesses of 360 nm and 780 nm,
respectively. The thickness of the GaN-on-sapphire template was 4 um/350 pm in both samples.
Previously reported 1 um-thick InN samples [26] with higher residual doping (samples SO and S0’)
were included in this analysis for comparison purposes. For the reference samples, the growth rate
was 280 nm/h, and growth interruptions under nitrogen performed every 5 min.

An optical transmittance spectrum of the samples under study is shown in the inset of Figure 1.
The linear transmission at the operation wavelength of the laser (1560 nm) was 23%, 9%, 16%, and
3% for samples SO, SO', S1, and S2, respectively. Hence, the linear absorption coefficients were
estimated at @y = 1.4 x 10* cm® for SO, @y =2 x 10* cm™® for SO’, and @,= 4 x 10* cm ! for samples
S1 and S2. Furthermore, we have calculated the semiconductor bandgap energy from Tauc’s plots
[31,32]. The obtained results, shown in Figure 1, evidence a redshift for samples S1 and S2, whose
bandgap energies have been fitted to 0.69 eV and 0.67 eV, respectively, in comparison to 0.8 eV and
0.77 eV in the reference samples SO and SO0, respectively. From the bandgap energies, the carrier
concentration is estimated below 10" cm3 for S1 and 52, 4-5x10'® cm3 for SO’, and higher than
10" cm? for S0 [33]. The smaller bandgap energy in S1 and S2 can be attributed to the reduction of
the Burstein-Moss effect, due to a lower carrier concentration, and therefore to an improvement of
the crystal quality because of a higher control of the growth conditions related to the time intervals
of N deposition [34].
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Figure 1. Tauc’s plot for direct electronic transitions, i.e., representation of (aE)? versus energy (E), for
samples SO (black line), SO’ (green line), S1 (blue line), and S2 (red line). The vertical dashed line
indicates the operation wavelength of the laser. The inset shows the transmission of each sample as a
function of the incident wavelength.

The nonlinear transmission of the SAs was measured by the open-aperture Z-scan technique
[35], depicted in Figure 2a, which allows for determination of the intensity-dependent, nonlinear
absorption properties (a2) for each sample. The SAs are excited by an ultrafast, mode-locked fiber
laser with a pulse width of 250 fs, beam waist (w,) of 8.5 um, and a Rayleigh distance (zz) of 223.2
um (characterized by the knife-edge technique [36,37]), operating at 1560 nm with a repetition rate of
5.6 MHz. The transmitted signal is monitored by a Ge photodiode (Detector B, Thorlabs SMO5PD6A)
as the sample moves gradually along the propagation direction on a motorized translation stage. A
power meter detects the output power of the reference beam in Detector A (Thorlabs PM100USB), in
order to control possible oscillations of the laser. The laser beam has a maximum peak power of 40
kW, which corresponds to an energy fluence of 7 mJ/cm? incident on the sample surface.
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Figure 2. (a) Schematic description of the setup for Z-scan measurements. (b) Normalized nonlinear
transmission change as a function of the focal distance for the case of maximum incident pulse energy
(40 kW). (c) Evolution of the nonlinear transmittance versus the incident pulse fluence at 1560 nm.
Solid lines are fitting curves to Equation (2).
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Figure 2b shows the transmission increase concerning the linear transmission for the maximum
light intensity (40 kW), and as a function of the sample position (relative to the focus z = 0), fitted by
[38,39].

S <1>
Where T is the transmission, I, is the intensity of the incident pulse; L. is the effective length of the
InN layer; z is the position of the sample, with respect to the focal point; and zgthe Rayleigh distance.
The extracted nonlinear absorption coefficients are a, =-3.5x10%, -13.5x103, -3x10*, and
-2.7x10* ¢cm/GW for samples S0, S0’, S1, and S2, respectively.

A study of the nonlinear transmission at the focal point and as a function of the variable
impinging fluence is shown in Figure 2c, together with a fit to the following equation [14]:

ln(1+ Tin/ Ths (eF/Fsatil))
F/Fsat !

T= T, (2)

where Ty, and T,s correspond to the saturable and non-saturable transmittance coefficients
respectively; F is the fluence, estimated from the spatial characteristics of the incident beam (beam
radius and Rayleigh distance); and Fg,; represents the saturated fluence. The parameters extracted
from the fits are listed in Table 1. The modulation depth (MD), calculated as Tns — Tiin, was 23.2% for
S1 and 17.3% for S2, while S0 and S0" have modulation depths of 16.7% and 30.6%, respectively. A
higher saturable absorption response was obtained for samples S1 and S2 compared to reference
samples SO and SO’, as shown in Figure 2b. The maximum nonlinear transmission change AT,
calculated as the ratio between the non-saturable and linear transmission coefficients, was obtained
for S1 (241%) and S2 (715%), which means at least a two-fold improvement for SO and S0'. Note that
the reduced transmission change in S1 with respect to S2 is due to the smaller InN layer thickness,
and thus to a higher Ty, coefficient (16.4% for S1 and 2.8% for S2).

Table 1. Nonlinear optical parameters calculated from the fitting formula (2) to the experimental data
for the different samples.

Sample Fgae (pJ/cm?) Thin (%) Ths (%) AT (%) 1
S0 357.2 27.8 44.5 160
S0’ 383.8 12.7 43.3 340
S1 756.6 16.4 39.6 241
S2 831.5 2.81 20.1 715

1 AT has been calculated as 100 x T,s/ T,

As depicted in Figure 2c, the samples have a saturable absorption behavior at high input
fluences. This difference can be explained by the reduction of the bandgap attained in samples S1 and
S2 compared to previous results. In order to achieve the optical bleaching of samples S1 and S2
(maximum transmission), a higher excitation fluence is required. This implies that the damage
threshold of samples S1 and S2 may be higher than for reference samples SO and S0’, and hence there
is a wider operation energy region.

As it is shown in Figure 2¢, these materials tolerate high-incident fluence. In our experimental
setup, the damage threshold value could not be measured, due to the peak power limitation of the
laser cavity. Our group has recently reported the highest value of incident energy fluence achievable
for this type of passive mode-locked lasers (1 TW/cm?) without performing any apparent damage to
the bulk InN saturable absorber [40], denoting the viability of these materials for high-power,
ultrafast applications. This suggests promising results as saturable absorbers in ultrafast lasers.

3. Pulsed Laser Operation

The above-described InN saturable absorbers were inserted in a home-built, Er-doped, fiber ring
laser cavity for mode-locked operation, as depicted in Figure 3a. The saturable absorber was placed
in a free-space region on a reflection configuration. A 300 nm-thick aluminum layer was deposited
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on the InN film by radio-frequency sputtering at room temperature, to create a semiconductor
saturable absorber mirror (SESAM). A commercial, erbium-doped fiber amplifier (EDFA) acted as
the gain medium (Accelink, TV series), with a maximum output power of 24 dBm and 16 m of
erbium-doped fiber, with a normal group velocity dispersion of 0.016 ps?/m. In this experiment, a
variable optical attenuator is inserted to control the optical losses within the laser cavity. In order to
maximize the optical power onto the sample, a 70/30 optical fiber coupler was included, so that 70%
of the signal was recirculated inside the cavity, whereas the remaining 30% was the laser output. This
configuration has demonstrated the best results for this type of laser cavity [29], in comparison to a
transmitted configuration, as described in previous results [30]. The laser cavity had a total length of
38 m, from which 22 m corresponded to single-mode fiber (SMF) with anomalous dispersion (-0.021
ps¥m). It should be noticed that due to the bulk structure and small thickness, small Fabry—Pérot
oscillations in the transmission measurement were measured for the InN semiconductor (inset of
Figure 1), which yielded a negligible group-velocity dispersion (GVD) coefficient compared to the
ones obtained for SMF and EDF. Thus, the laser cavity behaves as a dispersion-managed cavity
[41,42], with a net dispersion coefficient of —0.21 ps?, operating in the anomalous dispersion regime.

EDFA
Attenuator
1SO 178 5 ns
— o |
Vs o
0,
0% 70% SMF
i |l ! * et
z ! '
GaN e
J 100 ns/div
InN
Al P> Sample
SESAM
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Figure 3. (a) Schematic set-up of the erbium (Er)-doped, mode-locked fiber laser, using InN as a
saturable absorber. (b) Oscilloscope trace for fundamental mode-locking operations at 5.6 MHz.

Due to the wurtzite structure of the saturable absorber, no polarization controller was added to
the laser cavity, as the material is polarized independently for light impinging along its z-axis [43].

Therefore, a highly stable, mode-locked, pulsed laser was obtained inside the laser cavity,
delivering Gaussian stretched pulses with a repetition rate of 5.6 MHz, as expected for strong
dispersion-managed cavities [42]. Figure 3b shows the corresponding oscilloscope trace of the mode-
locked pulse train, with a time interval between consecutive pulses of 178.5 ns, which coincides with
the optical round trip of the fiber laser cavity working at the fundamental state, i.e., no harmonic
generation was observed. The laser cavity length was increased in up to 1.05 km, obtaining Gaussian
pulses at the fundamental mode without generating amplified spontaneous emission (ASE) noise
from the EDFA. Higher harmonic generation has been detected for longer cavities, modifying the
pulse profile at the output, as described in [40]. The corresponding signal-to-noise ratio (SNR) was
characterized by a radio frequency (RF) spectrum analyzer, obtaining a value of >45 dB [29]. No side-
peaks were observed in the RF spectrum between consecutive pulses, which proves the stability of
the laser cavity in the mode-locking regime.

An analysis of the laser properties was performed for each sample, as a function of the output
power of the laser cavity. For that purpose, the gain power of the EDFA remained constant while
varying the linear losses inside the cavity through the variable optical attenuator, and thus, the energy
applied to the saturable absorber. In this experiment, a second fiber coupler with a 99/1 ratio, inserted
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at the output of the laser cavity, monitored the average power and the autocorrelation and spectrum
figures for each value of optical power inside the cavity. More details related to the measurement
method can be found in [30]. In order to better understand the saturable absorber properties of the
proposed InN materials, those properties have been compared to the best performance in our
previous work (sample S0%) [29].

Inserting sample S1, an ultrafast, mode-locking generation was obtained for an intracavity pump
power higher than 35 mW. The maximum output power of the laser cavity (minimum attenuation)
was 31.6 mW, which corresponded to a peak power and pulse energy of 25.5 kW and 5.6 n],
respectively, at an intracavity pump power of 73.7 mW. Figure 4a,b shows the autocorrelation trace
and the optical spectrum, which yields a pulse duration of 156.3 fs in the autocorrelation trace (fitted
to a Gaussian pulse shape and measured as the full width at half-maximum (FWHM) of the optical
pulse, i.e., Tpyse= Tac X 0.648 = 156.3fs, where 1ac=221 fs is the pulse duration of the autocorrelation
function), and there is a 3 dB spectral bandwidth of 26.4 nm at 1564 nm. A 0.648 constant has been
applied to transform the autocorrelation (AC) temporal width to the pulse profile, as in reference
[44].
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Figure 4. (a) Mode-locked autocorrelation trace for reference sample (S0') and modified saturable
absorbers (SAs) (S1 and S2) with a Gaussian fitting function, i.e., the pulse duration of the
autocorrelation function (tac) = 235 fs for S0', Tac =221 fs for S1, and tac = 190 fs for S2. (b) Optical
spectrum of each sample centered in 1560 nm and fitted to a Gaussian function (22.6 nm for reference
sample S0', 25.4 nm for S1, and 40 nm for S2), with a pump power of 70 mW within the laser cavity.

This corresponds to a time-bandwidth product (TBP; measured as At-Av, where 1 is the pulse
duration and v the optical frequency) of 0.49. This implies that the pulse is not in the transform-
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limited situation, i.e., the optical pulses are slightly chirped. No Kelly sidebands have been observed
in the optical spectrum, which denotes the weak intracavity nonlinearity and dispersion of the fiber
laser [42].

By using S2, a readily highly stable pulsed laser was obtained when the intracavity pump power
was higher than 38.5 mW. In the case of maximum pump power (70 mW), the output pulse had an
optical power of 30 mW, developing a peak power of 28.2 kW and a 5.4 nJ pulse energy. Concerning
the pulse duration of the autocorrelation function, it was estimated at 134.4 fs with a Gaussian fit
(Tpuise= Tac X 0.648 = 134.4 fs where Tac =190 fs), and the optical bandwidth at 3 dB decay was 40
nm, centered at a wavelength of 1569 nm. In this case, a more chirped pulse was obtained with TBP
=0.62.

Therefore, a reduction of the temporal duration was obtained for samples S1 and S2 concerning
reference sample SO’ (166.2 fs), while the optical bandwidth increased from 22.6 nm (S0’) to 40 nm
(52). Also, Figure 4b shows a redshift of the central wavelength in S1 (1564 nm) and S2 (1569 nm) for
the reference sample S0’ (1560 nm), which can be explained by the enhancement of the saturable
absorption coefficient, and thus to the reduction of the carrier concentration by means of the higher
control of the growth conditions during the fabrication process.

4. Discussion

The above-described results show that the reduced carrier concentration in the InN layers leads
to an improvement of their performance as saturable absorbers. An enhancement of the output peak
power and the energy per optical pulse (28.2 kW and 5.4 nJ) has been observed compared to the
reference sample S0’ (22.3 kW and 5.2 nJ). Also, the pulse duration is shorter (134.4 fs) than that
obtained for SO’ (166.2 fs) [29].

The reduction of the pulse duration, and thus the widening in the optical frequency domain,
may be associated with a higher saturable absorption coefficient in 51 and S2. The enhanced nonlinear
response can induce high-order nonlinear effects in the optical pulse, generating chirped pulses,
which could also explain the spectral redshift in S1 and S2 observed in Figure 4b. The difference
between samples S1 and S2 in terms of pulse duration and optical bandwidth is related to the
variation in the active layer thickness [25]. On the other hand, a higher optical fluence has to be
employed to achieve the optical bleaching of samples S1 and S2, expanding the energy operation
range and thus denoting the viability of these materials for high-power applications in the telecom
range.

None of these samples has displayed any sign of optical damage, even for the maximum
intracavity intensity (31.6 mW of average output power implicates 73.7 mW in the resonator and a
fluence of 10.5 mJ/cm? on the saturable absorber).

In this work, a pulse duration of 134.4 fs (obtained directly from the autocorrelation trace) and
an optical bandwidth of 40 nm was obtained for the best performance (S2), which is among the
shortest values compared to similar fiber laser saturable absorbers. The large nonlinear effects and
the high damage threshold level of the optimized, InN-based semiconductors presented above make
InN SAs a promising candidate for ultrafast laser applications, such as biophotonic imaging [45] or
surface micromachining [46], among others.

New types of saturable absorbers with high efficiency, compactness, and easy fabrication are
currently being investigated for pulsed laser generation [47—49]. These saturable absorbers, also
denoted as two-dimensional (2D) materials, are constituted by a few layers of atoms grown in one
direction while keeping the crystal quality. In this regard, 2D materials have exhibited great results
in nonlinear optics [50,51], biomedicine [52], and optoelectronics [53], due to their dimensionality and
optical properties. In this sense, graphene [54,55], topological insulators (TIs) [56,57], transition metal
dichalcogenides (TMDs) [58-60], and black phosphorus [61,62], are the most studied 2D materials for
ultrafast fiber laser generation. Recently, some 2D materials, such as MXene [63], bismuthene [64], or
antimonene [65] have emerged due to its attractive physical properties, allowing ultrafast recoveries,
broad bandwidths, or low saturation fluences. However, the development of novel 2D materials with
promising nonlinear optical properties is still a challenge, i.e., presenting damage thresholds below
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the 2 mJ/cm? which yields some limitations in the ultrafast laser energy per pulse. Fabrication
methods that monitor material deposition and the controllable optical properties of 2D materials are
still an outstanding goal. Table 2 summarizes the optical properties of the modified, InN-based
saturable absorbers compared to some 2D materials in erbium-doped, mode-locked fiber lasers.

Table 2. Optical properties of mode-locked, erbium-doped fiber lasers, using two-dimensional (2D)
materials as saturable absorbers (SA) at telecom wavelengths.

SA A(m) AA(m) Tpuse (fs) MD (%) La(MW/cm??2 P, (kW)*  Ref.
Graphene 1545 48 88 11 2x10° 0.57 [565]
TI-Bi:Ses  1557.5 43 660 39 12 0.22 [57]

TMD-WSe:  1557.4 25.8 163.5 21.9 15.4 1.79 [59]
TMD-MoS: 1560 244 154 19.12 1.361 1.12 [60]
BP 1555 40 102 10 15 0.49 [62]
MXene 1555 22 159 24 39.1 x 10° 26 [63]
Bismuthene 1561 144 193 5.6 48.2 3.28 [64]

InN 1562 226 166.2 30.6 1.6 x 10° 23 [29]

InN 1569 40 134.4 17.3 4.4 %109 282 This

work

1 MD corresponds to the modulation depth coefficient. ? Isat represents the saturated intensity. 3 Pp
represents the peak power of the optical pulse.

The results obtained in this work are comparable to those obtained for black phosphorus [61],
bismuthene [64], or graphene [55], which have reported the narrowest pulse in a dispersion
compensation fiber-ring cavity. Nevertheless, due to the limitations in the modulation depth
coefficient, some new materials are being investigated, such as topological insulators, transition metal
dichalcogenides (TMDs), and MXenes. The observed modulation depth and saturation intensities of
the InN-based saturable absorbers are comparable to those reported for graphene or MXene in the
high-power regime. Furthermore, compared to 2D materials, InN obtained the highest value of
output power, and hence, the energy per optical pulse with a value of 28.2 kW and a 5.4 n]. Compared
with previous work [29], the pulse duration of the modified SA has decreased considerably, while
the nonlinear saturable absorption increased two times. Therefore, these materials have
demonstrated huge advantages in the high-power, ultrafast regime in comparison to other saturable
absorbers.

5. Conclusions

In summary, reducing the residual carrier concentration in InN below 10" cm results in an
enhancement of the nonlinear absorption at 1560 nm. Thus, we have demonstrated an InN epitaxial
layer, with a thickness of 780 nm, that displays a saturable intensity of 4.4 GW/cm?, a modulation
depth of 17.3%, and a nonlinear absorption coefficient in up to -3 x 10* cm/GW, and which has been
observed attaining an enhanced nonlinear change in transmittance (715% of transmission change).
This suggests promising results as saturable absorbers in ultrafast lasers. Based on this saturable
absorber, an ultrafast fiber laser was developed with a pulse duration of 134.4 fs and peak power up
to 28.2 kW. The InN-based SESAM has demonstrated not only some advantages in terms of ease of
fabrication, robustness, and crystalline quality, but also a higher achievable peak power in
comparison with other materials. These results make InN a promising candidate for the production
of commercial saturable absorbers in the telecom spectral range.
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