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Abstract: We present the detailed growth and characterization of novel GaSb-based semicon-
ductor saturable absorber mirrors (SESAMs) operating in the 2—2.4 um spectral range. These
SESAMs at different wavelengths are bandgap engineered using ternary material compositions
and without strain compensation. We observe that even when the thickness of quantum wells
(QWs) exceeds the critical thickness we obtain strain relaxed SESAMs that do not substantially
increase nonsaturable losses. SESAMs have been fabricated using molecular beam epitaxy with a
AlAs( 08Sbg.92/GaSb distributed Bragg reflector (DBR) and strained type-I InyGa;_xSb or type-II
W-like AlSb/InAs/GaSb QWs in the absorber region. All the type-1 SESAMs show excellent
performance, which is suitable for modelocking of diode-pumped semiconductor, ion-doped
solid-state, and thin-disk lasers. The recovery time of the type-II SESAM is too long which can
be interesting for laser applications. The dependence of the SESAM design, based on its QW
number, barrier material, and operation wavelength are investigated. A detailed characterization
is conducted to draw conclusions from macroscopic nonlinear and transient absorption properties
at different wavelengths in the 2-2.4 pm range for the corresponding devices.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrafast lasers have a high impact on many applications in science. Industrial applications
greatly benefit from progress in passively modelocked diode-pumped solid-state lasers for which
the semiconductor saturable absorber mirror (SESAM) [1] solved the long-lasting Q-switching
instability problem [2]. Most of these lasers operate in the near infrared (near-IR) regime typically
using GaAs and InGaAs quantum well (QW) SESAMs and the performance was pushed in many
key dimensions in terms of shorter pulses [3], more power [4] and higher repetition rates [5,6] in
many cases by orders of magnitude. Until recently there have been only a few results reported for
SESAM modelocked lasers operating in short-wave infrared (SWIR) spectral range even though
there is a strong interest for many applications [7—11]. The performance of many of these lasers
however was limited by the quality of the available SWIR SESAMs. The first SESAMs grown
on GaSb substrates have been reported 17 years ago [12] for type-II and 13 years ago for type-I
QWs [13]. Even though their dependence of recovery dynamics on growth temperature and QW
position has been investigated [14,15], no complete set of saturation parameters have been directly
measured until recently [16]. Also, the maximum absorber wavelength for type-I quantum wells
reported is to the best of our knowledge 2.05 um even when lattice-relaxed quaternary InGaAsSb
QWs are used with negligible strain [17].
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In the near-IR regime, the GaAs-based SESAMs with absorber layers grown at normal
temperatures (580 °C) with high crystalline quality, the recovery time is in the order of hundreds
of picoseconds to nanoseconds. However, for fast saturable absorber-based modelocking
picoseconds and for soliton modelocking with dispersion compensation a few tens of picoseconds
recovery times are typically required [18]. Therefore, additional defects have been introduced into
and around the absorber layers to obtain a SESAM with shorter recovery time via recombination
over nonradiative defect trapping. Such defect engineering for fast SESAMs was obtained with
low-temperature (LT) MBE growth [19,20], ion-implantation [21,22], placing absorber QW's or
quantum dots next to LT grown AlAs barriers [23], or placing absorber layers close to the SESAM
chip surface (with the trade-off of lower damage fluences [24]). The damage threshold can be
increased significantly by placing the semiconductor air interface into the node of the standing
wave [24]. Generally, a more careful balance between fast recovery times and low nonsaturable
losses has to be obtained [20]. For LT-grown fast GaAs-based saturable absorbers it was shown
that As antisite defects are mostly neutral and only about 10% are ionized [25]. However, the
neutral As antisites substantially reduce the modulation depth and increase the nonsaturable
losses [26]. Neutral As antisites and therefore the nonsaturable losses can be reduced with
additional annealing after the MBE growth forming arsenic precipitates [26] and with additional
Be-doping [27]. On the other hand, LT-grown InGaAs/AlAs QW saturable absorbers benefit from
defects in AlAs that are rather fixed at their positions and cannot easily be moved by annealing.
More recently another approach was demonstrated with quantum dot SESAMs operating at a
wavelength around 1 um which resulted in fast recovery without defect engineering using normal
growth temperatures for high crystalline quality [28].

In contrast, for 2-um GaSb-based type-I QW SESAMs no defect engineering is required to
obtain a fast SESAM because of enhanced Auger recombination [17]. This is clearly a benefit of
this material for saturable absorber applications. Pajaeste et al. [17] also showed that LT growth
of such SESAM:s did not significantly affect the recovery dynamics even though additional defects
were introduced in LT-grown GaSb-based materials. They found that the carriers more likely
recombined via a conduction band Auger process as long as both the electrons and holes are well
localized within the QWs with negligible thermally induced delocalization. This results in a
shorter recovery time for the SESAM due to nonradiative Auger recombination which dominates
in semiconductors with a low bandgap energy, such as GaSb-based materials [29]. The high
excitation levels in fully saturated SESAMs further helps in this case because the probability for
such Auger recombination scales with np if two electrons are involved, where n is the electron
density and p is the hole density. For undoped materials (i.e., n = p) this results in an Auger
recombination rate proportional to n. Further investigations concluded that crystal strain (tensile
and compressive) did not have a significant effect on the recovery dynamics [15]. In this paper, we
show that strain relaxed SESAMs do not significantly increase nonsaturable losses and still work
well for modelocking. In prior work no complete optical characterization of the macroscopic
SESAM parameters was performed. Even though the QW materials have been used in emitting
devices up to 2.8 um [30,31], no bandgap engineering of absorbers has been published over the
wavelength range from 2-2.4 um for type-I QW saturable absorbers so far.

In [16] we explained how we can measure the macroscopic SESAM parameters, such as the
modulation depth AR, nonsaturable losses ARy, saturation fluence Fg,, rollover fluence F, and
recovery dynamics in a wavelength regime from 1.9 to 3 um with a high accuracy (<0.04%) over
a wide fluence range (0.1-1500 pJ/cm?) with very similar performance as demonstrated before
with near-IR SESAMs [32].

Here, we give a comprehensive description and discussion of the molecular beam epitaxy
(MBE) growth and design parameters using both type-I and type-II band alignments in GaSb-
based SESAMs and put them in perspective to their macroscopic SESAM parameters for an
operation wavelength from 2-2.4 pum for the first time to the best of our knowledge. For
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long-wavelength GaSb-based SESAMs we can confirm the expectation that high crystal quality
of undoped MBE growth results in low nonsaturable losses [20]. In this paper we present several
GaSb-based SESAM designs with the operation from 2-2.4 um, ideally suited for passively
modelocked diode-pumped Cr:ZnS lasers at a center wavelength of around 2.4 ym [11,33] and
vertical external-cavity surface-emitting lasers (VECSELs) [34] at a center wavelength of around
2 um [35].

For these lasers we typically require fast SESAMs with a recovery time less than =10 ps and
with up to a few percent modulation depth, low saturation fluences and nonsaturable losses
much lower than the modulation depth. For the SWIR wavelength regime, a highly reflective
distributed Bragg reflector (DBR) has still a reasonable thickness for heat transfer, we therefore
choose monolithic growth to keep nonsaturable losses small and fabrication simple. The designed
SESAMs benefit from good electron and hole localization to achieve a high Auger recombination
rate. Type-I InGaSb SESAMs for an increasing operation wavelength have increased strain due
to a higher In content and an increased thickness of QW layers, which leads to a strain-relaxed
SESAM at 2.35 ym. In comparison we also present a low-strain type-II AISb/InAs/GaSb
W-like multi-QW SESAM at 2.35 um wavelength. We also vary the number of QWs and their
barrier material. The structural quality of SESAMs is determined by x-ray diffraction analysis,
cross-section scanning electron microscope (SEM) and optical microscope images. The operating
wavelengths of SESAMs are determined with linear reflectivity and photoluminescence (PL)
measurements. All the modelocking-relevant macroscopic SESAM parameters are determined
from recovery dynamics and nonlinear reflectance properties which are measured using a newly
installed optical characterization infrastructure for the SWIR and mid-IR wavelength regime at
ETH Zurich.

2. Material and methods

Growth is performed in a Veeco Gen III MBE. An Sb cracker with the bulk at 540 to 570 °C
and the cracking zone at 900 °C is used to crack the Sbs molecules to Sby. The As/Sb ratio is
carefully adjusted to obtain the lattice matched ternary material AlAsg0sSbg.gz. The substrate is
a 2" (001)-oriented, n-type, single-side polished GaSb wafer with a thickness of 500 um from
Wafer Technology Ltd. Growth is performed in normal order (i.e., right-side up) starting with the
highly reflective DBR using 20-24 high- and low-index layer pairs and an absorber region on
top. Prior to growth the wafers are heated with thermocouples temperature-controlled heaters.
The surface temperature is calibrated using the transition of the high-energy electron diffraction
(RHEED) pattern from 2 X 5 to 1 x 3 which happens around 385-390 °C [36,37]. To prevent
surface degradation, Sb counter pressure is started during heat-up around 350 °C. Deoxidation of
the substrate is done at 550 °C for 15 minutes. A clear RHEED signal belonging to the 1 x 3
pattern is obtained after deoxidation. Substrate temperature for the mirror growth is 520 °C,
the absorber region is grown at 480 °C. The higher substrate temperature leads to lower defect
densities, but the temperature decrease is necessary to prevent indium (In) re-evaporation and
diffusion from the QWs.

In addition to SESAMs, we are investigating growth conditions for optically pumped VECSELSs
[38]. For increased heat extraction capabilities, these devices are grown in reverse order (i.e.,
upside down) and are then flip-chip bonded before substrate removal. We are therefore in the
process of adapting our mirror growth conditions to lower growth temperatures to maintain the
quality of the QWs during the long annealing time of the DBR growth. This is clearly not ideal
in terms of defect density. However, we hope to achieve superior thermal properties by using
substrate removal techniques on SESAMs and VECSELS in the near future.

After growth, the Sb was switched off around 350 °C while cooling down to have a smooth
surface. For the 2.05-um SESAMs, the flux values during growth are 1.7-1077, 2.7-10~7 and
1.3-1077 torr for In, gallium (Ga), and aluminum (Al), respectively. These fluxes result in growth
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rates in the range of 1100 nm/h for GaSb and 900 nm/h for AlAsg ¢sSbg.g2. The ratio of group V
(As, Sb) to group III (Al, Ga, In) is approximately 2 for InGaSb. For 2.35-um SESAMs, the
growth rates were reduced to 700 nm/h for GaSb and 600 nm/h for AlAsg0gSbg.92. The ratio of
group V flow for the InGaSb QWs of these SESAMs is approximately 3.8. For the type-II QWs
antimony soaking after each arsenic-containing layer is done for 3 seconds to have a smoother
interface after each layer and to control the strain [39]. A smooth interface is essential for good
carrier recombination.

3. Results and discussion

The designed and measured SESAM parameters are summarized in Table 1 and were determined
by the measurements described in more detail in the following. For clarity, only measurements
for SESAM 3 and sometimes additionally for SESAM 1 and 6 are shown indicated in each figure,
however the result of each measurement can be found in the summarizing Table 1.

Table 1. Overview of SESAM parameters. This table summarizes the SESAM parameters from the
design or obtained via different linear and nonlinear measurements from 2.05-2.35 pm. The first
wavelength ) is determined by PL or linear reflection whereas the second Agg,t is the probe
wavelength for the SESAM used during characterization. A is the pump-probe, bi-exponential
weighting of equation (1).”

No. Type QW# dow In A A T () AEsat Fea/tJ AR/ ARpy  Fp/ml
/nm  content/ /pm Ips / ps / um cm™2 %o /% em™2
%o
1 1 3 11.5 26 206 0.7 0.7 32 2.05 2.9 1.8 0.15 51
2 1 3 14.5 33 226 0.6 0.2 1.8 2.25 5.0 1.1 0.1 35
3 I 3 16 33 235 >09 0.1 <1 2.35 12 1.5 0.4 32
4 I 3 16 33 235 08 0.1 9.3 2.35 11 1.5 0.12 50
5 I 1 16 33 235 >09 0.1 <1 2.35 21 0.5 0.14 37
[§ I 20 12.5 - 232 05 026 >5000 2.35 3.1 4.8 0.5 30

In Fig. 1 the two QW configurations (type-I and type-II) compared in this work are illustrated.
The band edges and wave functions are calculated using nextnano++, a commercial software
with an eight-band k.p model [40]. Fig. 1(a) shows a type-I configuration, where a potential well
for holes and electrons exist in same material layer, whereas in Fig. 1(b) a type-II configuration
is shown having spatially separate wells for electrons and holes. In type-I QWs electron and
hole wave functions show maximum overlap in the same layer, whereas a more complex wave
function overlap is observed in type-II QWs. However, we can demonstrate that for the type-II
configuration the wave function overlap is still sufficient for saturable absorption with significant
modulation depth and low nonsaturable loss by simply increasing the number of type-II QWs
(Table 1). However, because the wave function overlap integral and therefore the absorption
strength in type-II QWs is lower compared to a type-I QW we observe a much longer relaxation
time of more than 5 ns (Table 1). This can be explained by the much lower Auger recombination
in type-II QWs which becomes advantageous for example in active devices, such as interband
cascade lasers [41] or VECSELs. However, this makes type-II SWIR SESAMs not fast and
therefore not useful for passive modelocking. Indeed, we have seen limited stability with soliton
modelocked Cr:ZnS lasers at 250 MHz pulse repetition rates [11] and we achieved no stable
modelocking at a pulse repetition rate of 2 GHz [33].

In Fig. 2 the SESAM designs investigated in this work are compared. The absorption properties
of SESAMs can be tuned by changing the QW number and their position against the standing-wave
pattern of the reflected laser beam inside the SESAM device (see red lines in Fig. 2). The
close to 100% reflectivity with small nonsaturable losses results in a standing wave pattern with
well-defined nodes (i.e., intensity close to zero) and antinodes with a relative intensity of about
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Fig. 1. Band alignments and the corresponding absolute squared quantum mechanical wave
functions used for SESAMs in this work. Panel a) shows a ternary strained InGaSb QW
embedded in GaSb which has a type-I configuration used in SESAM 1-5. In b) a type-II
W-type QW configuration is shown which is used for SESAM 6. CB: conduction band, VB:
valance band.

0.27 in comparison to the normalized peak intensity of 4 for a 100% reflector. The relative
intensity is also referred to as the field intensity enhancement E(z)c|E(z)|? [1,4142], where z
is the distance from the SESAM substrate perpendicular to the QW layers and along the MBE
growth direction, E(z) is the standing wave electric field due to the reflected laser beam. For all
cases we choose an antiresonant design with a node in the standing wave at the air interface to
obtain high damage threshold. Within this study we want to obtain low saturation fluence with
negligible and flat group delay dispersion (GDD) which is achieved for such an antiresonant
design with the QW absorbers placed at the antinodes [42]. To study the effect of QW number
and crystal strain relaxation on absorption properties, we have designed a set of SESAMs for
wavelengths of 2.05-2.35 um (Fig. 2(a)-(e)). In addition, as a reference we have also designed a
type-11 QW SESAM at the longest wavelength of 2.35 um (Fig. 2(f)).

All antiresonant SESAMs have the QWs arranged around an antinode of the electric field
which corresponds to the traditional antiresonant low-finesse design introduced in the near
infrared regime [1,42]. From SESAM 1 to SESAM 3 the design wavelength is increased from
2.06 pm, to 2.26 pm and finally 2.35 pm, resulting in an increasing thickness of the 20-pair
GaSb/AlAsg03Sbg.gp DBR from 5.8 pum to finally 6.7 um. In the absorber section, both the
In content and the thickness of the QW layers are increased accordingly (Table 1). For the
2.35-um SESAM 4 the barrier material has been changed from GaSb to AlAsg 0gSbg.g2 in order
to investigate its influence on the SESAM parameters. The In flux was adjusted to keep the
design wavelength constant. For the 2.35-um SESAM 5 the QW number is reduced from 3 to 1
to experimentally verify the predicted saturation parameter scaling and confirm the reliability of
our design recipe. The 2.3-um SESAM 6 uses the type-II configurations of Fig. 1(b) having 20
W-type QWs arranged around an antinode of the standing wave. For this investigation we keep
the maximum field enhancement constant because no topcoatings have been applied which can
give an additional design parameter for lower inverse saturable absorption and higher damage
threshold [24].

Fig. 3 demonstrates the growth quality achieved for the investigated 2.35-um SESAM 3 in a-d)
and compares it to 2.06-um SESAM 1 (Fig. 3(e)) and 2.3-um type-II SESAM 6 (Fig. 3(f)). In
Fig. 3(a) we observe an optically smooth surface in the Nomarski microscope image. This should
give close to zero scattering losses which is indispensable when used as an intracavity element.
Fig. 3(b) shows the dark field microscopy image. Here we can see few defects lighting up as white
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Fig. 2. SESAM designs: a)-f) show the design of SESAM 1-6, respectively. GaSb is
marked in light blue whereas AlAsg gSbg 9 is shown in dark blue. InyGa;_Sb QWs are
shown in pink. The normalized electric field intensity is shown in red. All SESAM are
designed antiresonant with a node of the electric field at the semiconductor air interface. The
QWs are always placed around the antinode of the electric field to increase the interaction.
SESAM 1-3 gradually shift the wavelength from 2.05 to 2.35 um. SESAM 4 changes the
barrier material from GaSb to AlAs( ogSbg.9p and SESAM 5 reduces the QW number to 1.
SESAM 6 uses a type-II configuration and 20 QWs.

dots. The defect density is low even though the growth has been done at LT (480 °C). Fig. 3(c)
shows a cross-section SEM image. This allows for investigation of actual layer thicknesses, which
in our case matches the design. The interfaces are clearly visible and the layers are separated by
straight lines in the DBR. Even the QWs could be resolved as shown in the zoomed in version in
Fig. 3(c). As the QW layers are strained due to lattice mismatch with % = 2.1% their interfaces
do not have the same quality. However, as their interface roughness is below the optically relevant
length scales, it does not introduce any significant scattering losses. Fig. 3(d) shows the XRD
measurement of the 2.35-um SESAM 3. These measurements are used to determine the In
concentration via fit and also give an insight in the layer thicknesses and their periodicity. The
lattice mismatch for InAs/AlSb is % = —0.62%/0.65% respectively. Next to the highest substrate
peak a broad side peak is observed which comes from the compressively strained QWs. However,
the absence of any distinct features like they are visible in Fig. 3(e) or Fig. 3(f) suggests that the
structure is strain relaxed. This is not surprising since the total thickness of the QWs at this high
In concentration exceeds the critical thickness as shown previously [43]. Even though Fig. 3(e)
shows a strained QW they do not relax since the In concentration and QW thickness for the
2.06-um SESAM 1 are substantially lower and do not cross the critical limit. The narrow peaks
in Fig. 3(f) for the type-II SESAM 6 indicate a high crystalline and growth quality.

From the XRD fit, we have estimated the type-II QW layer thicknesses as 4 nm, 1.45 nm, and
1.55 nm for AlSb, InAs, and GaSb, respectively. In addition, the fact that the 0 satellite peak
(second highest peak in Fig. 3(f)) is shifted to the left of the GaSb substrate peak (highest peak in
Fig. 3(f)), indicates that there is a small compressive strain in the structure.

Even though monolithically grown ternary material-based type-I SESAMs seem to strain
relax after a certain wavelength, it still maintains the good SESAM parameters (Table 1) with
good surface quality and negligible scattering losses. In fact, we successfully demonstrated
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Fig. 3. Growth quality analysis. In a)/b) the Nomarski/dark field microscope images of
2.35-um SESAM 3 are shown. The surface is optically smooth with very few defects which
appear as white dots in the dark field image. In c) a cross section SEM of the 2.35-um
SESAM 3 shows an overview of the structure and zoomed in images of the DBR (black)
and the absorber region (red). Clear interfaces are visible in both the cases. In d) the XRD
analysis of SESAM 3 is shown. Compared to the XRD analysis of 2.06-um SESAM 1 (e))
and 2.3-um type-II SESAM 6 (f)) much less distinct features are visible which indicates
strain relaxation in SESAM 3.

a high-power and femtosecond Cr:ZnS solid-state laser modelocked with the strain relaxed
SESAMs using 3-5% output couplers [11,33].

Figure 4 summarizes the optical characterization performed on the SESAMs illustrating linear
and nonlinear reflectance as well as the transient time response. A detailed description of
the measurement setups and the methods to derive the SESAM parameters are given in [16].
Fig. 4(a) shows the linear spectral reflectance measurements for the 2.06-um SESAM 1 (S1)
and the 2.35-um SESAM 3 (S3). The measurements are obtained by a Bruker Vertex 80v FTIR
with an additional PL. module. One can see that the high reflecting region of the DBR (i.e.,
stopband) is shifted as intended in the design. To locate the intrinsic wavelength of a QW, PL
measurement is a standard method [12], however, it is not necessary for a SESAM device since
the nonradiative recombination channels are sufficient for an absorber. The PL peak for SESAM
1 is detected at 2.06 um, which is 300 times lower than the PL originating from GaSb substrate at
1.7 pm (not shown here) due to dominant nonradiative recombination of carriers in the QWs.
While SESAM 1 still exhibits a PL signal, SESAM 3 does not show any PL as the strength
of nonradiative recombination mechanisms are increased and apparently dominated by Auger
enhanced trap state trap state recombination [29]. In the absence of PL, we use the absorption
edge visible in the stopband to find the absorber’s operation wavelength.

Figure 4(b) reveals the saturation properties of the 2.35-um SESAM 3 at a fixed test wavelength.
Measurements are carried out around the absorber’s wavelength previously determined from
PL and/or reflectance. In this case the reflectance is measured as a function of incident fluence
(i.e., pulse energy per area) at a fixed wavelength and has been performed for all the investigated
SESAMs. The SESAM parameters, extracted by the fit as described in [16], are given in
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Fig. 4. Optical characterization. a) shows the spectral reflectance measurements and the
corresponding PL of the 2.06-um SESAM 1 (S1) and reflectance of 2.35-um SESAM 3 (S3) as
marked in the legend. S3 does not show a PL signal. In b) nonlinear reflectance measurement
of S3 (blue) is shown with a fit (red) performed to extract the SESAM parameters. Yellow line
represents the fit without considering the ISA. c) shows the transient dynamics measurements
of SESAM 3, 1 and 6 shifted by a 20-ps step each in x-axis direction for clarity. Recovery
time of S3 barely shows any slower component. The 2.3-um type-II SESAM 6 (S6) is too
slow for good passive modelocking application. The measurements (dots) are fitted with
corresponding bi-exponential functions (solid). d) shows the wavelength dependence of
3-QW type-I SESAMs with comparable designs (SESAM 1-3). With increasing wavelength,
the saturation fluence increases, the SESAMs become faster, and the rollover happens at
lower fluences.

Table 1. Starting at the linear reflectance Rjineor at low incident fluences the reflectance increases
when the saturation fluence (F,) is reached, increasing further until reaching the nonsaturable
reflectance (see yellow line). This level stays below 100% because of any residual scattering
losses, the difference to 100% is typically referred to as the nonsaturable losses ARys. The
maximum reflectivity is obtained at a fluence Fy = F2Fs,AR which becomes smaller for
shorter pulses and/or higher fluences due to onset of higher order absorption effects such as
two-photon absorption (TPA) leading to an inverse saturable absorption (ISA). The slope of this
ISA is referred to as the rollover parameter denoted by F; [44].

In Fig. 4(c) the typical time-dependent responses are plotted, measured using our pump-probe
setup as described in [16]. Following the modelocked intracavity lasing condition, the pump
fluence is set to Fy for the 2.06-um SESAM 1, whereas due of restrictions in our setup, we were
only able to achieve up to 2 times the Fyy (22 pJ/cm?) for the SESAMs at longer wavelengths.
During the investigation we however could confirm that the time constants only marginally
changed when changing the pump fluence from F to Fy. The fluence of the probe beam is set to
500/100 times lower than the pump fluence for 2.06-/2.35-um devices respectively to prevent any
saturation effects on the SESAM. The bi-exponential fit function used to fit the data is given by

AR(t) = Ae™™/™ + (1 - A)e™™/™ . (1
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The 2.06-um SESAM 3 exhibits a significant amount of Auger recombination and therefore
the recovery time is fast, even the slower interband recombination time 7, (Table 1) happens
within a few ps. In case of the 2.06-um SESAM 1 the interband time constant 75 is in the order
of 30 ps (Table 1). In contrast to these type-I SESAMs, type-II SESAM 6 shows an extremely
long interband recovery which is currently limited by the repetition rate of our pump-probe light
source. This means that there is still some excitation left after the inverse repetition rate of our
pump-probe source which is 12.5 ns. This confirms the much lower Auger recombination rates
for a type-II QWs which will become beneficial for long-wavelength VECSEL designs. The
nanosecond recovery time is too slow to effectively stabilize soliton modelocking as shown with
a SESAM modelocked Cr:ZnS laser [11]. Additional measures would have to be taken to reduce
the recovery time to a few tens of picoseconds.

When comparing the time constants in Table 1 we can see that the barrier material around
the QWs has an effect on the interband time constants (7). In comparison to the 2.35-um
SESAM 3 with the barrier material GaSb, the time constant of 2.35-um SESAM 4 with barrier
material AlAspgSbg, increases by at least a factor of 10 to 9.3 ps. This is surprising since
in this deeper QW we expected a better localization of the wave functions and therefore an
increased Auger-recombination. However, this observation can be used for a better self-starting
of modelocking since a longer time constant up to around 10 ps can be beneficial [18,45].

When comparing the 2.35-um SESAM 3 and 5 we can see that the number of QWs does not
have a measurable effect on the time constants. This is as expected since the wave function in
Fig. 1(a) does not penetrate a lot in the barrier layer and therefore no coupling of the QWs is
expected.

Figure 4(d) shows the wavelength dependent SESAM parameters for the 3-QW SESAMs 1-3
having GaSb barriers investigated in this work. While the saturation fluence increases with the
wavelength both the interband time constant and F, decreases. The decrease of the time constant
is due to the higher Auger-recombination which starts to dominate at longer wavelengths. No
PL signal can be observed and the time constants weakly depend on growth temperature and
therefore defect density [15]. The defect related Shockley-Read-Hall recombination has minor
contributions for these cases. Thus, the sufficiently fast Auger processes in the low bandgap
AlGaAsSb materials help to overcome the tradeoff between the low nonsaturable losses and
a fast absorber recovery for the low-temperature grown near-infrared SESAMs. The decrease
in F, parameter most probably comes from the thicker barrier layers and the thicker GaSb/
AlAs(0sSbgo2 DBR structure, as the TPA coefficient is pretty high for GaSb. This could
be improved by using quaternary materials with smaller TPA coefficients and AlAsg0gSbg.o2
containing barrier materials. This is supported by the fact that 2.35-um SESAM 4 has an
increased F, parameter because some of the GaSb barrier material is replaced by AlAsg 0gSbo.gz.

The increase in the Fg, value when going from the 2.06-um SESAM 1 to the 2.35-um SESAM
3 can be explained by the increasing width and depth of the QWs which increases the density of
states and therefore the number of states that need to be excited to bleach the SESAM.

Even though these changes are significant all the type-1 SESAM parameters are still within
a good range for soliton-modelocked diode-pumped solid-state lasers, as shown at 2 um with
Ho:YAG [46] and at 2.35 um with Cr:ZnS [11,33]. This is not surprising because for soliton
modelocking the SESAM only needs to stabilize and start the modelocking. This strongly reduces
the SESAM parameter requirements which becomes less effective at higher pulse repetition
rates and for SESAM-modelocked VECSELs. The modulation depth (AR) roughly scales with
the number of QWs as can be seen in Table 1 comparing SESAM 3 and SESAM 5. While
the Fg, parameter increases, the AR is lowered however not enough to keep the product Fy AR
constant. The Fy, AR product is approximately given by a material constant nyhw, where ny; is
the two-dimensional transparency density in units of cm™2, and fw is photon energy [24,32].
Increasing the number of identical QWs increases AR and therefore to maintain the equality Fy
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decreases. However, this simple Fg, AR scaling with the number of QWs does not fully apply for
the strain relaxed SESAMs because we expect different levels of gradual strain relaxation with
different number of QWs and therefore ny, is different in each case. Moreover, the concept of
the transparency density reaches its limit when a SESAM is measured with femtosecond pulses
since this concept relies on quasi-Fermi levels of carriers. As can be seen from the pump probe
measurements with A =~ 1 a lot of the modulation depth appears to originate from unthermalized
carriers.

Generally, the ratio ARps/AR is better for higher crystal-quality without significant strain
relaxation which can be seen for SESAM 1, 2, 6 with a ratio of around 0.1. In the case of SESAM
3,4, 5, the SESAM 4 shows a small ratio in that range probably because of less scattering in the
AlAs( 03Sby 92 barriers in comparison to the GaSb barriers in other two. One could argue that
the interface quality of AlAsgogSbo.go» with the InGaSb QW is better compared to GaSb which
also explains the higher time constants.

We can summarize that even for strain-relaxed SESAMs at longer wavelengths where the
crystalline quality declines, the microscope images do not indicate any severe degradation of the
SESAMs, such as strain lines or a non-uniform surface. Also, the cross-section SEM images
indicate a partial relaxation of only the QW region and any microcracks that occurred due to
relaxation did not penetrate to the DBR section underneath. Moreover, nonsaturable losses
are still much smaller than the modulation depth, and therefore the devices are suitable for
modelocking of not only ion-doped solid-state but also semiconductor disk lasers, also referred
to as VECSELs.

4. Conclusion & outlook

We have presented for the first time a detailed study on all relevant macroscopic optical SWIR
SESAM parameters with respect to the design, MBE growth and strain relaxation. Antiresonant
InGaSb QW SESAMs were designed for an operation wavelength from 2-2.4 um to obtain
low saturation fluence and broadband operation. We have identified the effects of strain, strain
relaxation, QW number, and QW type (type-I or type-II), and barrier material on absorption
properties and recovery dynamics of these SESAMs. This clearly confirmed earlier results [29],
namely that Auger recombination is the dominant mechanism to obtain a fast SESAM without
defect engineering in this material system. This can be considered a clear advantage for fast
saturable absorber applications. Depending on applications the interband recombination time
can be adjusted by using the quaternary AlyGa;_xAsSb barrier material. This can become useful
for self-starting passive modelocking.

For the 2—um type-I SESAMs, we still have obtained InxGa;_xSb QWs with strained high
crystal quality grown on top of a GaSb/ AlAs( 03Sbg.g> DBR with 20 pairs with a thickness of
5.8 ym. These 2-um SESAMs are suitable for passively modelocked diode-pumped ion-doped
solid-state and semiconductor lasers which has been confirmed experimentally [11,35,47].

For the 2.35-um type-I SESAMs, the In content and the thickness of the InsGa;_xSb QWs
have crossed the critical thickness such that strain relaxation took place during the MBE growth.
This increased the nonsaturable losses which however can be reduced to below 10% of AR when
choosing AlAsg0sSbo.g2 as barrier material in the absorber section. However, the final outcome
becomes more critical on the exact growth parameters and the F,AR product shows larger
fluctuations, possibly explained by additional defect-related scattering centers. The final 2.35-um
SESAM parameters were still sufficiently good to obtain record performance from SESAM
modelocked diode-pumped solid-state laser [11,33].

Even though strain relaxation induced defect centers exist in the crystal, Auger recombination is
the dominant nonradiative recombination process due to high carrier confinement and large Auger
coefficients for small bandgap materials. In addition, low nonsaturable losses of a strained-relaxed
SESAM makes it possible to be used in high-Q laser cavities. All type-I SESAMs show excellent
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performance, which is suitable for modelocking of diode-pumped semiconductor, solid-state, and
thin-disk lasers. The dependence of the SESAM design, i.e., QW number, the barrier material
and the design wavelength on saturation parameters is investigated. SESAMs for different
wavelengths are successfully bandgap engineered without the need of quaternary materials or
strain compensation. For the first time a detailed characterization has been used to investigate
SESAMs at different wavelengths in the SWIR. Further improvements for femtosecond pulse
generation will focus on lattice-matched, quaternary InGaAsSb QWs and a DBR material that
minimizes ISA by avoiding two-photon absorption in GaSb [48,49].

Future work is focused on the demonstration of modelocked integrated external cavity surface
emitting lasers (MIXSELSs) [50,51], for which the gain and absorber layers are integrated into
one wafer structure. Based on this work we can consider for an operation wavelength around
2 um a type-I GaSb-based MIXSEL chip. We have also demonstrated that a type-1I W-like
AISb/InAs/GaSb/InAs/AlSb SESAM can generate sufficient modulation depth by scaling the
number of W-like QWs to compensate for the lower wave function overlap in the recombination.
This has increased the recovery time into the nanosecond regime because the lower wave
function overlap substantially reduces the Auger recombination. For SESAM applications the
type-II W-like quantum well absorbers, however, is too slow for reliable passive modelocking
and therefore these QW structures are more suited for active devices such as VECSELSs and
MIXSELs. We therefore will consider for longer wavelengths well beyond 2-um a type-II
QW-based gain and type-I1 QW-based saturable absorber for the MIXSEL chip design. Combined
with dual-comb modelocking [52] this will open up the path towards molecular spectroscopy
applications with extremely fast acquisition times as demonstrated with dual-comb MIXSELs in
the near-infrared [53,54].
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