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Abstract: We report on the improvement of performance of InN-based saturable absorbers
in fiber lasers operating at 1.55 um by reducing the residual doping, due to the lower Burstein-
Moss effect. The improved tuning of the band-to-band transition with respect to the operation
wavelength leads to an enhancement of nonlinear optical effects, resulting in 30 % of modulation
depth. We introduce the development of an ultrafast mode-locked fiber laser using an improved
InN-based saturable absorber that incorporates a buffer layer between the active layer and the
substrate. The laser delivers output pulses with a temporal width of ~ 220 fs, a repetition rate of
5.25 MHz, and high-pulse energy of 5.8 nlJ.

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

1. Introduction

The demand of ultrashort pulsed radiation sources has grown during the last decades due to
their introduction in application fields such as micro-machining [1], terahertz generation and
detection [2], spectroscopy and microscopy [3], or eye laser surgery [4]. The cornerstone of
ultrafast optics is the passive mode-locked laser. In the case of fiber lasers, passive mode-locking
can be implemented using nonlinear optical elements such as nonlinear polarization rotators [5],
nonlinear amplifying loop mirrors [6], or saturable absorbers [7—-16]. Saturable absorption is a
nonlinear effect where the optical transmittance of the material nonlinearly increases when raising
the pumping intensity. Mode-locked fiber lasers incorporating saturable absorbers have been
widely investigated due to their fabrication simplicity, compactness, and capability to achieve
extremely short pulses (in the order of fs) with enormous peak power (up to tens of kW) for
a wide range of operation wavelengths. Among saturable absorbers, semiconductor saturable
absorbers have demonstrated great efficiencies for mode-locking lasers as well as convenient
implementations. In this setting, III-nitride semiconductors have emerged as attractive materials
for saturable absorbers in the telecommunication C-band (1.53 — 1.57 um) since they present high
thermal and mechanical stability and enhanced third-order nonlinearity due to the asymmetry of
their crystalline structure. Particularly, a saturable absorber for operation in the C-band based on
InN has been recently demonstrated [17] The interest of InN stems from the proximity of its
room temperature band gap to 1.55 um (=~ 0.8 eV). However, it must be kept in mind that the
absorption band edge of InN depends on the residual doping, mainly due to the Burstein-Moss
effect [18]. Doping levels higher than 10?° cm™ shift the absorption edge beyond 1 eV, rendering
this material useless as saturable absorber for the C-band.In this letter, we discuss the effect of
the doping on the performance of InN layers used as saturable absorbers for ultrafast fiber lasers
operating at 1.5 pm. The improved tuning of the semiconductor absorption band gap energy by
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reducing the residual doping enables the fabrication of fiber lasers delivering ultrashort pulses
(~ 220 fs) with a peak power of 26.5 kW and pulse energy up to 5.8 nJ.

2. Material characterization

The structure under study consists of a 1-um-thick InN thin film deposited on a 4— um-thick
GaN-on-sapphire template by plasma-assisted molecular beam epitaxy. Growth was performed
at 450 °C, at a nitrogen-limited growth rate of 280 nm/h. To improve the structural quality of
the InN layer, a heterostructure consisting of 11 periods of InN/Ing7GaNg 3 (4.5 nm/7 nm) was
inserted between the substrate and the InN film (sample A). The reduction of the defect density
with this kind of buffer structure was discussed in [19]. The performance of this material as
saturable absorber is discussed in comparison with a similar InN thin film synthesized in similar
conditions but grown directly on the GaN-template substrate (Sample B), which was previously
used for ultrafast fiber laser fabrication [19].

Figs. 1(a) and (b) show 1 um X 2 um atomic force microscopy (AFM) images of samples A
and B, respectively. Sample A presents smooth surface morphology with atomic terraces. In the
case of sample B, pits are visible in the surface with a density around 2x10% cm~2. Such pits
constitute surface terminations of extended defects [20,21,22], mostly threading dislocations [20]
opening up to exhibit inverted pyramids limited by {10-11} facets as depicted in Fig. 1(b). As a
result, the root-mean-square roughness measured in 2 pm X 2 ym images increases from around
0.5 nm for sample A to close to 2 nm for sample B. Dark field transmission electron microscopy
(TEM) images of sample A [see Fig. 1(b)] show that the 11-period MQW placed between InN
and the GaN template help to reduce the threading dislocation density, as introduced in [23].

Fig. 1. AFM images of (a) sample A and (b) sample B. (c) Dark field TEM image showing
the InN/InGaN MQW, between the InN layer and GaN template. Dark areas in the image
correspond to the barriers, and brighter areas to the InN layers.

Optical transmittance spectra, shown in the inset of Fig. 2, have been measured using a white
lamp as radiation source and an optical spectrum analyzer (OSA). Figure 2 depicts the Tauc plot
[24] for each sample (thick line for sample A; thin line for sample B), plotting («’E)? as a function
of the incident radiation energy, E, where « is the linear absorption coefficient, which has been
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calculated using the following expression, @ = —In[T(12)]//, where T(Q) is the transmittance
spectrum and [ is the layer thickness. The band gap energies estimated from the Tauc plots
are ~ 0.77eV and ~ 0.8 eV for samples A and B, respectively. The shift is explained by the
different residual doping density, estimated to 4 — 5x10'8cm™> for sample A, and over 10'° cm™3
for sample B. These values have been calculated from band gap energies and using the curve
presented by J. Wu et al. [18]. The linear absorption at 1.55 um is g = 2 x10*cm™! for sample
A and ag = 1.4 x10*cm™! for sample B, i.e. lowering the residual doping red shifts the band
gap approaching it to the 1.55 um operation wavelength, which results in an enhancement of the
linear absorption.
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Fig. 2. Illustration of («E)? versus E for sample A (black thick line) and sample B (blue
thin line). Red dashed line represents the Tauc’s approximation. Inset: Linear transmittance
measurements of each sample.

Nonlinear transmission measurements of the samples have been performed by applying the
Z-scan technique, using an ultrafast fiber laser delivering pulses with a time width of 250 fs and
maximum peak power of ~ 40 kW. A fiber collimator sends the optical pulse through the material
under study, which is placed on a translation stage. At the output it is measured the transmission
of the sample as a function of its position. In order to collect the maximum optical power onto
the sample, a 3-cm lens is used in the experimental scheme. Thus, a knife-edge technique has
been applied to characterize the incident beam employed for the nonlinear measurements [25,26],
extracting a beam radius wo = 8.5 um and a Rayleigh distance zr = 223.2 pm.

Figure 3 presents the maximum transmission at the focal point obtained from the Z-scan
transmission measurements [27] when varying the optical fluence of the laser pulse. In order to
extract the nonlinear parameters of the layers, the experimental data are fitted to [17]:

In(1 + Ty | Tyu(e"! P = 1))
4

F/ Foa @
where Ty, and Ty are the linear and non-saturable transmittance, respectively, F is the fluence,
calculated taking into account the beam radius estimated previously, and Fg, the saturation
fluence. For sample A, we find Fy, = 1015 + 45;1J/cm2, Tiin = 13 = 1% and T,s = 40 + 4%.
These results imply a maximum modulation depth (estimated as AT =Tps — Ty;n) around 27%.
Sample B, on the other hand, presents Fge = 990 + 30/1J/cm2, Tiin = 28 £3% and Ty = 45 + 5%,
which implies a maximum modulation depth around AT = 17%. Furthermore, both samples
have proved to support fluence above 12 mJ/cm? without apparent optical damage.

T =Ty
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Fig. 3. Optical transmittance as a function of the impinging fluence of samples A and B.
Solid lines are fits to Eq. (4).

In relation to the results obtained in previous works [17], due to the introduction of the
heterostructure between the InN film and the substrate, and considering a similar saturation
fluence between the samples, it has been achieved a higher modulation depth of sample A in
comparison to sample B. This change in the modulation depth is attributed to the considerable
reduction of the linear transmission of the sample, which implies an increment in the material
efficiency. As a consequence, a higher nonlinear response in the material is obtained and therefore
a larger optical power at the output. Considering these features, sample A can be considered an
adequate candidate for the implementation as a saturable absorber for the generation of ultrafast
laser sources.

3. Laser properties

To assess the performance of sample A as saturable absorber, the sample was placed inside a fiber
ring laser cavity. The components of the laser resonator were as in [17], namely a commercial
Er-doped fiber amplifier (EDFA) with up to 24 dBm output power as gain medium (Accelink,
TV Series), a variable optical attenuator, to control the losses in the cavity, and an optical fiber
coupler, resulting in a total ~40m cavity. The saturable absorber was placed in a free space
region in a transmission configuration (Fig. 4), between two 3-cm-focal achromatic lenses, to
increase the fluence that impinges the material, and a collimator and microscope objective were
used to launch and collect the light respectively between the optical fiber and free space. In this
work, we used a 70/30 fiber coupler, i.e. 70 % of the light is recirculated in the ring resonator,
while the remaining 30 % is launched as laser output. Additionally, two 99/1 fiber couplers
were set in cascade at the laser output, in order to monitor simultaneously the average power,
using an InGaAs-based power meter (Thorlabs, PM100USB), the optical spectrum using the
above-described OSA, and the autocorrelation trace (APE-Mini autocorrelator).

The laser cavity behaves as a dispersion-managed cavity, whose net dispersion coefficient
is estimated at —0.26 ps®. Therefore, the laser operates in the anomalous dispersion regime.
The mode-locking operation of the laser is self-starting, being triggered when a certain average
power threshold is reached. Further details and discussion about the cavity design and dispersion
properties can be found in [17]. The laser exhibits a repetition rate of 5.25 MHz, which
was measured using an electrical spectrum analyzer (Agilent Technologies, model N9010A).
According to this value of repetition rate, which coincides with the one expected from the cavity
length of the experimental laser set-up, no higher-order harmonics have been visualized.
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When operating in mode-locking regime, the peak-to-noise ratio from the ESA measurement
(Fig. 5) is estimated over 45 dB, limited by the maximum dynamic range of the balanced detector
(PDB410CAC, Thorlabs).

Using sample A as saturable absorber, an analysis of the variation of the laser properties as a
function of the power inside the cavity (i.e., the energy applied to the saturable absorber) was
performed. For these measurements, the average power was varied using the variable attenuator
while keeping the EDFA delivering the maximum possible output power. The laser enters the
mode-locking regime of operation when the output average power is higher than 21 mW. The
maximum average output power obtained is 30.6 mW when the variable attenuator is fully
opened. Figures 6(a) and (b) show the autocorrelation function (measured from a commercial
autocorrelator APE Mini) and spectrum (measured using an optical spectrum analyzer, Yokogawa
AQ-6315B) of the laser output, respectively, in the particular case of minimum attenuation
(average output power = 30.6 mW). The pulse width is A7 = 220 fs and the spectral width is
AA = 21.8 nm (extracted from the full-width at half maximum of the Sech? fits presented in the
figures). Note that the spectra do not display Kelly sidebands, which is a common feature in strong
dispersion managed cavities [28]. In the range of mode-locking operation, the pulse duration
increases up to At = 235 fs (spectral width decreasing to A1 = 17.6 nm when decreasing the
average output power to 21 mW (onset of mode-locking regime). From these values, the peak
power has been found to scale from 18 kW to 26.5 kW as a function of the average output power,
as shown in the left axis of Fig. 6(c), corresponding to the pulse energy varying from 4.3 nJ to
5.8 nJ. Moreover, the right axis of Fig. 6(c) depicts the estimated time-bandwidth product (TBP),
which oscillates from 0.354 to 0.407 (TBP limit for Sech? pulses is 0.315), indicating that the

pulses are slightly chirped.
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Fig. 4. Laser set-up: the laser cavity consists on a EDFA amplifier that after interacting with
the semiconductor saturable absorber in a free-space transmission configuration, delivers a
220fs pulse. The output optical power and temporal duration are monitorized by a power
meter (PM) and an autocorrelator (AC).

Regarding sample B, Fig. 6(b) shows in green dashed line the spectrum obtained using this
material with the 70/30 fiber coupler. With this sample, it was not possible to achieve stable
mode-locking, being only possible to reach a transition range where continuous wave and
mode-locking regimes coexist. This behavior can be explained in terms of the larger linear
absorption of sample A, with respect to sample B, taking into account that the InN layer has the
same length for both cases. The larger absorption hinders the propagation of the continuous
wave and forces the saturable absorber to work under nonlinear regime, thus maintaining the
mode-locked operation. On the other hand, for sample B it was only possible to achieve stable
mode-locking operation using a 90/10 fiber coupler, delivering pulses as short as ~ 250 fs with
maximum peak power achieved of 7.95 kW and pulse energy of 2 nJ. Note that the shorter pulses
obtained for sample A can be explained in terms of the higher modulation depth shown by sample
A, as explained by H. A. Haus [29]. Considering the operation wavelength and the maximum
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Fig. 5. Electrical spectrum of the detected pulse train with a repetition rate of 5.25 MHz,
which corresponds to 190 ns separation between consecutive pulses.

intensity on the samples, it is expected that both samples are acting as slow saturable absorbers
with a time response in the range of ps [19, 30].
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Fig. 6. Typical laser output using sample A at 30.6 mW output average power, showing: (a)
autocorrelation function of the pulse, and (b) linear optical spectrum. Green dashed line
corresponds to the spectrum for sample B using a 70/30 fiber coupler. Both traces have been
fitted to a sech? pulse profile (red line) (c) Laser analysis in the mode-locking range of the
laser as a function of the average output power, presenting the estimated peak power and the
time-bandwidth product.

When comparing the two samples, there is a 3-fold improvement in terms of peak power and
pulse energy by using sample A instead of sample B. This can be explained by the reduction of
the residual doping effect generated between the two layers of InN and GaN during its growth
process. As a consequence, the optical losses of sample A has been reduced in comparison to
previous data, leading to pulses with higher optical powers.

At the maximum average output power (30.6 mW, when the variable attenuator is fully open)
the optical power inside the cavity is higher than 70 mW, which implies that a fluence above
9 mJ/cm? impinges the InN layer, considering the knife-edge results. Even under these very high
fluences, InN does not exhibit any sign of optical damage. This implies that InN is more suitable
for high-energy applications than commonly used materials operating at 1.5 um, as for example
semiconductor-based saturable absorbers of InGaAs with a limited bandwidth operation [9],
graphene, which has an ultra-broadband absorption property but has a low modulation depth
[10,11], carbon nanotubes, whose bandwidth depends on the diameter of the nanotube and has
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high non-saturable losses [12], topological insulators, characterized by their broadband saturable
absorption but still with a low modulation depth [13], transition metal dichalcogenides, whose
optical properties depend on the established layers and are limited in the 1-2 eV energy bandgap
[14] or black phosphorus, a very recent saturable absorber with a controllable direct bandgap,
but still with some limitations such as its low modulation depth and its polarization dependence
[15,16] among others. In general, these materials present damage thresholds lower than 2 mJ/cm?,
therefore limiting the output optical power. Furthermore, the lasers developed using InN-based
saturable absorbers have proved to be polarization independent, since they do not require any
element to control the polarization within the resonator. This feature is a clear advantage over
fiber lasers using nonlinear polarization-rotators [5], nonlinear amplifying mirrors [6], or even
many semiconductor-based saturable absorbers.

4. Conclusions

In conclusion, we report the variation of the performance of InN saturable absorbers as a function
of the residual doping. Reduced residual doping results in larger nonlinear change in transmittance
at 1.55 ym, attaining a modulation depth larger than 30 %. Inserting such InN layers in a laser
resonator for mode-locked operation, we demonstrate ultrashort pulses of ~ 220 fs, with 26.5 kW
peak power, and high-pulse energy of 5.8 nJ. This implies a 3-fold improvement in terms of peak
power and pulse energy with respect to the latest reports [17].
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