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Abstract: Passive mode-locking of a Tm,Ho:KLu(WO,), laser operating at
2060 nm using different designs of InGaAsSb quantum-well based
semiconductor saturable absorber mirrors (SESAMs) is demonstrated. The
self-starting mode-locked laser delivers pulse durations between 4 and 8 ps
at a repetition rate of 93 MHz with maximum average output power of 155
mW. Mode-locking performance of a Tm,Ho:KLu(WQ,), laser is compared
for usage of a SESAM to a single-walled carbon nanotube saturable
absorber.
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1. Introduction

The development of ultrashort pulse Tm- and Ho-based bulk lasers emitting in the 2 pm
spectral range is presently a subject of intensive study. It is motivated by potential
applications, especially in laser surgery [1] and for the generation of coherent mid-infrared
radiation using optical parametric conversion [2,3]. Since 2009 passive mode-locking of bulk
lasers operating around 2 pum has been obtained using two types of saturable absorbers:
semiconductor saturable absorber mirrors (SESAMs) and carbon-nanostructure-based
saturable absorbers (single-walled carbon nanotubes or graphene). SESAMs have been
successfully used for the full variety of Tm-, Tm,Ho- and Ho-based bulk lasers [4—11]
whereas carbon-nanostructure-based saturable absorbers have been restricted to Tm- and
Tm,Ho-lasers [12—17]. However, despite the recent progress of saturable absorber technology
around 2 pum, saturable absorbers have not reached the maturity level of those utilized in the
spectral range around 1 pm yet. The main challenge for realization of ultrashort pulse bulk
lasers around 2 pm is still the improvement of the saturable absorber properties, in particular,
their absorption recovery time, non-saturable losses, and damage threshold.

Compared to SESAMs [18], saturable absorbers based on single-walled carbon nanotubes
(SWCNT) and graphene possess intrinsically fast recovery times on the order of 1 ps as well
as low saturation fluences and modulation depths [12,15]. However, their power handling
capability in mode-locked oscillators appears limited by the required embedding of the
SWCNTs in a resin, typically in PMMA. The fragile single layer structure of graphene on a
substrate imposes similar limitations. In contrast, GaAs- and InP-based SESAMs are
fabricated by mature technologies and exhibit very low scattering losses, but their absorption
recovery time amounts to tens or hundreds of picoseconds. In turn, the long recovery time of
the absorber degrades the mode-locking performance of the laser. To the end of accelerating
the recovery process, advanced growth and post-growth processing techniques, such as low-
temperature growth, ion irradiation/implantation, or the use of surface quantum wells (QWs),
have been developed. Nevertheless, using these methods, it seems inevitable to accelerate the
recovery without also increasing non-saturable losses of SESAMs.

Compared to other SESAMs, GaSb-based ones (GalnAsSb/AlGaAsSb QWs) possess
relatively low non-saturable losses, and their recovery time is orders of magnitude shorter
than that of GaAs- and InP-based devices [19,20]. The ultrafast absorption recovery time in
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such high quality hetero-structures is attributed to significantly stronger Auger recombination
than in GaAs and InP hetero-structures, and it is independent of growth temperature and
strain in the QWs [21,22]. In recent years, irradiation with As" ions was employed for further
speeding up the recovery of the GaSb-based SESAMs. The latter SESAMs were successfully
implemented in 2 pm mode-locked bulk lasers [5,7,8,11]. As a result of our recent studies,
near-surface placement of the QWs and additional anti-reflection (AR) coating appear to offer
a unique alternative opportunity for tailoring the recovery time of GaSb-based SESAMs [22].

Here we report passive mode-locking of a Tm,Ho:KLu(WOy), (Tm,Ho:KLuW) laser
employing InGaSb-based SESAMs designed as few QW or near-surface QW structures. They
are AR-coated and optimized for fast carrier relaxation without the introduction of additional
losses, which leads to reliable pulse performance of the laser. The SESAM mode-locked
Tm,Ho:KLuW laser results are compared to those obtained with SWCNTs as saturable
absorber in a similar laser configuration [17].

2. Experimental set-up

The laser set-up is based on a standard X-shaped cavity with length of 1.6 m (Fig. 1). The
active medium (AM) is a 3 mm long Tm,Ho:KLuW crystal, grown by the Top Seeded
Solution Growth technique with 5 at.% Tm®'- and 0.5 at.% Ho’-doping in the solution [23].
In this class of monoclinic biaxial crystals, the gain bandwidths are very broad, and the
absorption and emission cross-sections are exceptionally high for selected polarizations. The
active medium is mounted in a water cooled copper holder. The crystal is positioned under
Brewster angle. Beam orientation is chosen for propagation along the N, crystallographic axis
and for polarization along the N, axis. The pump source is a continuous-wave Ti:sapphire
laser, generating more than 2 W of output power at 802 nm. The pump beam is focused into
the active medium at a radius of ~30 um. The single pass absorption of the Tm,Ho:KLuW
crystal in the lasing state is 87% and about 95% for double-pass pumping.

O
B M1

-«
~— ’{\P1 SESAM ‘
| - Pump Laser

| 3 N A . J @ 802 nm
M4 M2 M3 L

Fig. 1. Layout of the Tm,Ho:KLuW laser. AM: active medium; L: focusing lens; M1: concave
mirror (radius of curvature RoC = 50 mm); M2, M3 and M4: concave mirrors (RoC = 100
mm); M1, M2, M3: highly reflective at 2060 nm and highly transmitting at 800 nm; M4:
highly reflective at 800 nm; P1 and P2: CaF,-prisms; OC: output coupler.

Two curved folding mirrors (M2 and M3) ensure TEM,, operation with 30-um cavity
waist radius where the active medium is positioned. One of the cavity arms contains an
additional focusing mirror (M1) to increase the intensity on the SESAM which acts as an end
mirror. The cavity waist radius at the position of the SESAM is ~30 pm. The other arm
contains the plane output coupler. In the latter arm, two CaF2-prisms can optionally be
inserted.

The employed SESAMs are based on GaSb hetero-structures with some modifications.
They were grown on a (100) n-GaSb substrate by molecular beam epitaxy. First, a GaSb-
buffer was grown followed by a lattice-matched AIAsSb/GaSb distributed Bragg reflector
consisting of 18.5 pairs. The absorber region is anti-resonant at the operating wavelength of 2
pm and consists of 10-nm thick InGaAsSb QWs embedded in GaSb. The samples contain
three, two, or one QW. Furthermore they exhibit a different thickness of the GaSb cap layer.
All samples are AR-coated by means of a dielectric TiO,/SiO, double layer. The parameters
of the SESAMs are listed in Table 1. The absorption recovery dynamics of the SESAMs were
characterized in a noncollinear cross-polarized pump-probe measurement setup. For this
purpose, a commercial optical parametric oscillator (Spectra Physics) was used delivering
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180-fs pulses at 2040 nm. The resulting pump pulse fluence on the sample amounted to ~50
ul/em®. As revealed by the pump-probe measurements, all SESAMs show a very similar
intraband (fast component) relaxation time 1,;<0.5 ps. The interband relaxation time t, (slow
component) for the SESAMs with the QWs placed 10 nm below the surface is 1,<5 ps and
appears slightly decreased compared to those with at least 10 times thicker cap layers. This
reduction is explained by fast recombination via surface states. In SESAM No.2, employing
two QWs, the reduction of 1, due to surface recombination is not as strong as in SESAMs
No.3 and No.4 since the second QW is already twice the cap layer thickness away from the
surface. We therefore conclude that the variation of 1, is systematic and explained by surface
effects. The samples incorporating one QW and a cap layer thickness <10 nm (No.3 and 4)
exhibit lowest values of 1,.

3. Experimental results

Passive mode-locking is obtained with all the four SESAMs, using output coupler
transmissions (7oc) of 1.5%, 3% and 5%. Table 1 lists the achieved pulse parameters of the
mode-locked Tm;Ho:KLuW laser for all SESAMs.

Best performance in terms of stability and output power is achieved with SESAM No.2.
Using SESAM No.1 the shortest pulse duration of 7, = 4.2 ps is obtained. This is attributed to
its 3-QW structure, corresponding to the highest available modulation depth. For the 1-QW
near-surface structures (No.3 and No.4) exhibiting the lowest modulation depth, the pulse
durations are roughly twice the duration of No.l, and a weak tendency toward multi-pulse
operation is observed.

Table 1. Parameters of the SESAMs under investigation and obtained experimental
results with mode-locking of Tm,Ho:KLuW laser (Toc = 3%, 12: SESAM relaxation time,
T,: mode-locked pulse duration).

SESAM Number of QWs GaSb-cap thickness (nm) T2 (ps) T, (pS) Pout (mW)
4.2

No.1 3 300 9.7 110
No.2 2 5 4.1 7.0 150
No.3 1 10 1.7 7.2 140
No.4 1 5 1.6 7.8 150
(a) I — (b) I ‘ 1vUIA?»=1,5 nm
~~ 3 4
= 1504 \(ﬂ/ 1.0 05
£ > ,=7.2 ps
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Fig. 2. SESAM mode-locked Tm,Ho:KLuW laser (7, = 3%, SESAM No.2): (a) output vs.
input characteristics (dots) and linear fit in the mode-locked (CW-ML) regime (red line); (b)
autocorrelation curve (black dots), fit assuming sech® pulse shape (red line) and optical
spectrum (inset).

The output vs. pump power characteristics of the Tm,Ho:KLuW laser using SESAM No.2
and Toc = 3% are shown in Fig. 2. The laser starts running in continuous-wave (CW)
operation at a threshold pump power of 150 mW. The threshold for mode-locked operation
(CW-ML) corresponds to an absorbed pump power of 450 mW, Fig. 2(a). Below this
threshold, mode-locking is disturbed by some Q-switching instabilities (QML). The mode-
locked laser operates at a repetition rate of 93 MHz, and the maximum output power amounts
to 155 mW at an absorbed pump power of 860 mW, resulting in a slope efficiency cew.m =
20%. At an absorbed pump power higher than 900 mW, multi-pulse operation is observed. To
characterize the pulse duration, we used a commercial autocorrelator (APE pulseCheck SM,
extended IR). The measurement principle is based on second harmonic generation at 2 um to
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retrieve the autocorrelation trace. The derived pulse duration at maximum output power is 7.2
ps, under assumption of a sech’-pulse shape, see Fig. 2(b). The measured optical spectrum is
centered at 2058 nm with a FWHM of 1.5 nm, inset Fig. 2(b). The calculated time-bandwidth
product t,Av = 0.76, corresponds to =2 times the Fourier limit and indicates slightly chirped
pulses. However, no significant pulse shortening is observed when the two CaF,-prisms are
introduced into the cavity for dispersion management.

0

o
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Fig. 3. Radio frequency spectra of the SESAM mode-locked Tm,Ho:KLuW laser (Toc = 3%,
SESAM No.2): (a) fundamental beat note, (b) 1 GHz wide-span; RBW: resolution bandwidth.

The measured radio-frequency spectra of the SESAM mode-locked laser show the
fundamental beat note at 93.4 MHz, Fig. 3(a), measured with a resolution bandwidth of 1
kHz, and the 1 GHz wide-span measurement, Fig. 3(b). The high extinction ratio of 75 dBc
and the absence of spurious modulation indicate stable mode-locking operation.

4. Discussion

We employed a similar laser configuration for mode-locking the Tm,Ho:KLuW laser at 2060
nm, now using SWCNTs as saturable absorber [17]. At nearly the same repetition rate the
achieved pulse duration (slightly shorter: 1, = 2.8 ps) and the average output power (slightly
lower: Py, = 97 mW) were comparable to the SESAM mode-locked laser. The main
difference is related to the time-bandwidth product t,Av. Emitting the same spectral
bandwidth of ~1.5 nm (FWHM), the SWCNT-SA mode-locked laser generates almost
transform-limited pulses (t,Av = 0.32) whereas the resulting value t,Av is 0.76 with use of the
SESAM. The latter value is a clear indication that clean soliton mode-locking could not be
obtained here, and that pulse generation completely relies on the action of the SESAM here.
In such a situation, one expects to obtain a pulse duration near the slow relaxation time
constant of the SESAM. In fact, all pulse durations and absorber time constants lie in the
range from 1 to 10 ps. Nevertheless, there is also a clear anti-correlation between pulse
duration and absorber time constant in the data compiled in Table 1. Considering that the
fastest SESAMs 3 and 4 exhibit equally fast relaxation as the previously employed SWCNT
[17], we conclude that there must exist an additional limiting mechanism. Inspecting the
group delay dispersion (GDD), the overall round-trip cavity GDD was negative for both
lasers with the main contribution from the gain medium, GDD ~-1040 fs*. The transmission-
tyPe SWCNT-SA in [17] was deposited on a silica substrate, contributing a GDD of ~-115
fs®. The total GDD of ~-1155 fs® therefore appears to support nearly ideal transform-limited
pulses, whereas the SESAM structure seem to have less favorable dispersion values. To
verify this hypothesis, we computed the GDD of the layer structures. As a basis for these
computations, we used the measured and designed reflectivity of SESAM No.3 shown in Fig.
4, revealing differences between the original design and the measurement. First, one can see
that the Bragg reflector appears narrower and slightly shifted relative to the design. This
difference is indicative of a deviation of the refractive index data in the actually grown
structure relative to design data. Moreover, these uncertainties in the semiconductor index
data also appear to have degraded the antireflection performance, the design of which relies
on exact knowledge of index data. Figure 4 also shows the designed GDD of the SESAM
structure. Here we deduce ~-700 fs* for the SESAM GDD, resulting in an overall GDD of ~-
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1740 fs%, which is larger compared to the cavity containing the SWCNT-SA. Gires-Tournois
effects [24] may further contribute to this value.

In any case, for operating the laser in the soliton-like regime, the net negative GDD seems
to be too high. This may be one reason for the inferior pulse quality with SESAM. A second
problem may arise from the relatively large third-order dispersion (TOD) of the slightly
decentered Bragg reflector. Neither of these potential problems can be reduced by insertion of
the prism sequence into the cavity. The prism compressor can only deliver negative GDD and
TOD of the same sign as the Bragg stack near 2 pm wavelength, which probably explains the

unsuccessful experiments in this direction.
—— Simulated reflectivity
——Measured reflectivity

—— Simulated GDD
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Fig. 4. InGaSb-based SESAM (No.3); measured and calculated reflectivity and calculated
group delay dispersion. The reflectivity measurement has an error margin of 2%. Dispersion
calculation is based on assumption of a near-ideal two-layer dielectric coating that is perfectly
matched to the index of the top layer semiconductor.

Additionally, our experiments indicate the important role of the modulation depth. We
observe pulse shortening with increased modulation depth for the employed GaSb-based
SESAM, Table 1. One strategy to generate shorter pulses in the femtosecond range using
Tm,Ho:KLuW could therefore be employing a higher modulation depth of GaSb-based
SESAMs with suitable correction of the dispersion, either by adapted design of AR coating
and Bragg stack or by insertion of corrective GTI mirrors. Unfortunately, measured data of
the SESAM modulation depths are not available yet. However, the evaluated insertion loss at
the lasing wavelength of 2060 nm ranged between 3% and 6% depending on the number of
QWs in the samples. This estimation takes into account the error margin of the reflectivity
measurement of 2% and the deduced peak absorption of ~1.5% per QW.

For the case of SWCNT-SA mode-locking of the Tm,Ho:KLuW laser, it seems to us that
further optimization may barely be possible as the modulation depth is difficult to increase,
which would inevitably require thicker SWCNT layers with higher scattering loss.

5. Conclusion

SESAM mode-locking of a Tm,Ho:KLuW laser is reported for the first time to our
knowledge. Different designs of GaSb-based QW SESAMs including near-surface structures
are compared with respect to their mode-locking performance. The obtained mode-locking
stability and the pulse duration between 4 ps and 8 ps can be ascribed to specific SESAM
design parameters, in particular the modulation depth. Compared to the previously reported
performance of mode-locked Tm,Ho-codoped lasers, the presented results appear quite
encouraging. Applying such SESAMs designed with slightly higher modulation depth and an
improved dispersion management, we expect further pulse shortening into the sub-ps range
with the Tm,Ho:KLuW laser, which is intended as a next step.
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