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Abstract: We present semiconductor saturable absorber mirrors (SESAMs) that can 
potentially support femtosecond pulses from ultrafast thin disk lasers (TDLs) with high 
average power approaching the kW-power level and high pulse energy in the range of 100 µJ 
to 1 mJ at megahertz pulse repetition rates. For high-power operation, the SESAM parameters 
will ultimately limit the shortest pulse duration from a soliton mode-locked laser before mode 
locking instabilities such as multiple pulsing instabilities and continuous wave (cw) 
breakthrough start to occur. Currently shorter pulses are prevented due to the inverse 
saturable absorption that becomes stronger with shorter pulses and results in a shift of the 
“rollover” of the nonlinear SESAM reflectivity towards lower fluences. Here we discuss a 
novel SESAM design that addresses these issues and can be grown by metal-organic vapor 
phase epitaxy (MOVPE), an attractive epitaxial growth technology for manufacturing. 
© 2016 Optical Society of America 
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1. Introduction 
Ultrafast solid-state lasers have a tremendous impact in many disciplines of science and 
technology [1–3]. Stable passive mode locking of diode-pumped solid-state lasers became 
possible using the semiconductor saturable absorber mirror (SESAM) [4,5]. Today diode-
pumped solid-state laser amplifier systems seeded by SESAM mode-locked laser oscillators 
achieved average output powers above 1 kW. This was made possible with improvements in 
laser diode arrays together with the development of power-scalable laser configurations with 
optimized heat removal geometries based on the thin disk (generating 1.4 kW average power, 
4.7 mJ, 8 ps pulses at 300 kHz [6]), the Innoslab (generating 1.1 kW, 5.5 µJ, 615 fs at 200 
MHz [7]), and the fiber amplifier systems (generating 830 W, 11 µJ, 640 fs at 78 MHz from a 
single fiber amplifier or 1 kW, 1 mJ, 260 fs at 1 MHz from the coherent combination of 
several fiber amplifiers [8,9]). The complexity, reliability, noise and pulse quality can 
potentially be improved when these multi-stage amplifier systems can start with a high-power 
ultrafast laser oscillator. 

The current state-of-the-art for high-power/high-energy ultrafast laser oscillators is based 
on SESAM mode-locked Yb:YAG thin disk lasers (TDLs) generating either a record high 
average power of 275 W with 16.9 µJ, 583 fs pulse durations at 16.3 MHz pulse repetition 
rate [10] or a record high pulse energy of 80 µJ at 242 W average output power, 1 ps pulse 
durations at 3 MHz [11]. Pulses shorter than 50 femtoseconds can be achieved with novel 
gain materials [12,13], but at the expense of much lower average power and pulse energy. We 
have explored many different laser materials to obtain shorter pulse durations while keeping 
the multi-100-W average power [14], with the most promising gain materials being Yb:LuO 
[15] and Yb:CALGO [16]. Alternatively Kerr-Lens mode locking (KLM) [17] provides a 
faster saturable absorber and has led to shorter pulse durations at somewhat lower output 
power [18,19]. This, however, comes with the well-known trade-off of no self-starting of the 
mode locking process and a nonlinear coupling of the saturable absorber action to the laser 
cavity stability which requires very critical cavity mirror position adjustments [20]. Much 
further average power scaling with KLM TDLs will become more challenging due to thermal 
effects. Therefore, overcoming the existing trade-off between pulse duration and average 
power with SESAM mode-locked TDLs remains an important challenge to solve. 

In high-power ultrafast TDLs all cavity elements need to withstand very high fluences, 
and SESAMs should not run into the rollover or damage regime, nor introduce excessive 
thermal lensing. Previously we have understood and solved the damage problem for SESAMs 
[21] and improved the flatness and thermal lens of SESAMs with a novel heatsink technology 
[22], which continues to support further power-scaling by increasing the cavity mode size on 
the SESAM in analogy to the thin disk gain crystal. Here in this paper we address the SESAM 
limitations for shorter pulse generation with soliton mode locking [23,24], while keeping the 
average power in the multi-100-W to kW regime. In the femtosecond regime, the inverse 
saturable absorption is dominated by two photon absorption (TPA), thus stable soliton mode 
locking can only be obtained with longer pulses with the current SESAM parameters. We can 
demonstrate here that we can adjust the SESAM parameters for shorter pulse operation with 
strain-compensated fast SESAMs with a higher damage threshold and a higher rollover 
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fluence. With such SESAMs we not only should be able to support shorter pulse generation, 
but we also obtain a higher damage threshold and lower thermal lensing when mounted on a 
better heatsink. Furthermore, we demonstrate here that such improved SESAMs can be grown 
by metal-organic vapour phase epitaxy (MOVPE), an attractive epitaxial growth technology 
for manufacturing. 

The paper is organized as follows. In section 2 we briefly define all relevant SESAM 
parameters and explain the challenge of adjusting these parameters for both shorter pulse 
generation and high average power/high pulse energy. In section 3 we introduce the different 
SESAM structures under test. In section 4 we present the linear and nonlinear SESAM 
characterization with the successfully demonstrated improved SESAM parameters. We then 
summarize all our results in the final section. 

2. SESAM parameters for shorter high-power pulse durations 

2.1 Definition of SESAM parameters 

In the following we present the targeted SESAM parameters and the trade-offs that need to be 
overcome. A typical fluence-dependent SESAM reflectivity is shown in Fig. 1. For mode 
locking of TDLs in high-power, short-pulse regime, a large saturation fluence Fsat (hundreds 
of µJ/cm2) is typically preferred, to operate with reasonably small laser spot sizes in less 
sensitive resonator designs. In addition, a moderate modulation depth ∆R of around 1% is 
typically used as the gain per roundtrip is low for TDLs using only one single gain path per 
roundtrip. Moderate to short recovery time τ1/e (< 20 ps) is desired to reach shorter pulses. 
The non-saturable loss ∆Rns should be kept as small as possible for minimal thermal effects. 
The reflectivity “rollover” is defined by the fluence F0, for which the saturated reflectivity is 
reaching its maximum value. Shifting the rollover to high fluences is required to avoid 
multiple pulsing instabilities and damage [21,25]. 

 

Fig. 1. Definition of SESAM parameters: Example of a typical nonlinear reflectivity curve of a 
high-power SESAM, showing all relevant saturation parameters. The quantity F0 represents 
the fluence at which the reflectivity reaches its maximum. In case of infinite F2, no rollover 
can be observed and F0 is infinite as well. 

In order to characterize the strength of the reflectivity rollover, we use the parameter F2, 
which describes the inverse saturable absorption observed in the high-fluence regime [26]. In 
the femtosecond domain, the inverse saturable absorption is dominated by TPA. Thus with 
the assumption of sech2 pulse shape typically observed for soliton mode locking, F2 is 
determined by [27]: 

 F
2

=
τ

p

0.585 βTPA (z)n2(z) | E(z) |4 dz
 (1) 

with z being the vertical position in the epitaxial layer stack, E (z) the normalized electric 
field in the structure, n(z) the refractive index, βTPA(z) the material-dependent TPA coefficient 
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and τp the duration of the incident pulse. According to this formula, shorter pulses lead to a 
decreased F2 coefficient at a given pulse fluence and subsequently to an earlier rollover effect 
of the SESAM. Therefore, this is a critical design parameter for shorter pulse generation. 

2.2. Optimized SESAM parameters for shorter high-power pulse generation 

We have demonstrated that, as long as the SESAMs are not operated deep in the reflectivity 
rollover, thermal effects do not affect the TDL performance and we can benefit from the thin 
SESAM structure (i.e. typically a few micrometers thick) in combination with large laser spot 
sizes (i.e. around a few centimeters) to obtain a quasi-one-dimensional heat flow similar to 
the thin disk geometry in the gain medium. In this regime, power scaling is possible by 
simply increasing the laser cavity mode size on the SESAM, which keeps a constant 
saturation level. 

To date, all our high-power SESAMs were designed and fabricated for mode locking with 
pulse durations in the order of 1 ps, i.e. SESAMs with moderate modulation depth in the 
order of 1% or less, saturation fluences of ≈100 µJ/cm2 and recovery times of several tens to 
hundreds of picoseconds. 

The SESAMs that will support significantly shorter pulses (i.e. < 300 fs) at high average 
power will require a more demanding set of parameters. In particular, high average power 
operation needs SESAMs with higher saturation fluence, high-damage threshold, a rollover 
shifted towards higher fluence, and lower non-saturable losses. However, there is a trade-off. 
Shorter pulses need fast recovery times (i.e. a few picoseconds) [28,29], low TPA and a large 
∆R (>1%) limited by the onset of Q-switching instabilities [30] or multiple pulsing 
instabilities [20,25]. These SESAM parameters become challenging to be achieved 
simultaneously because the combination of higher rollover, increased modulation depth and 
faster recovery times in antiresonant SESAM designs [31,32] requires a top reflector with 
larger reflectivity and an increased number of absorber layers. For fast recovery we use 
quantum well (QW) absorber layers grown at lower temperature to increase mid-gap defects 
[33], which are difficult to obtain with a low level of non-saturable loss and a good crystalline 
quality [34]. The higher number of absorber quantum wells at an operation wavelength 
around 1 µm requires InGaAs quantum wells which needs strain compensation because of the 
lattice mismatch of InGaAs QWs and AlGaAs/GaAs Bragg mirrors. 

2.3. Antiresonant SESAM with higher reflectivity of dielectric top coatings 

An antiresonant SESAM [31,32] with a high reflectivity of the dielectric top coating gives a 
high saturation fluence and a high rollover. An increase of the F2 parameter can be achieved 
by minimizing the electric field in the antiresonant SESAM where materials with strong TPA 
are present (Fig. 2). Thus with the dielectric top coatings we will limit the high field strength 
to the dielectric material which has a much lower TPA than the semiconductor material [21]. 
However, there is a trade-off with regards to the modulation depth: 

• Large Fsat: for a given antiresonant SESAM structure the product of saturation fluence 
and modulation depth (Fsat•∆R) is a fixed intrinsic quantity, not adjustable by 
changing the reflectivity of the top coating [21, 35]. Thus a higher reflectivity of the 
top coating will result in a higher Fsat [31], but also will reduce ∆R eventually so 
much that no stable soliton mode locking can be achieved. 

• Large ∆R: with an increased number of QWs we can increase the overall product 
Fsat•∆R. However, for an operation wavelength of around 1 µm we need InGaAs 
QWs which are not lattice matched on GaAs. Thus different material layers are then 
required to balance the tensile stress induced by the lattice mismatch between the 
InGaAs QWs and the GaAs substrate [36, 37]. For 1030 nm, we use InGaAs QWs 
with 25% of In. 
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So far, high-power SESAMs have only been demonstrated with a low number of QWs (up 
to 4). As we need to increase the top coating we also need to increase in the product Fsat•∆R 
and therefore need to increase the number of quantum wells and add strain-compensation. 

 

Fig. 2. Average field intensity enhancement factor (normalized to 4 outside of a 100% mirror) 
[32] at the quantum well (QW) position of an antiresonant SESAM for different numbers of 
SiO2/Si3N4 λ/4 layer pairs in the delectric top coating. Adjusting the top coating modifies ∆R 
and Fsat, while keeping the product Fsat•∆R constant. The flat spectral profile is beneficial for 
short pulse generation. Numerical inset values refer to the center wavelength of 1030 nm 
(vertical dashed line). 

2.4 Strain compensation with lower TPA 

We will discuss below the first generation of strain-compensated, high-power SESAMs 
grown by metal-organic vapour phase epitaxy (MOVPE) with fast recovery dynamics and 
low TPA. Traditionally, passive and active strain-compensated multi-QW semiconductor 
structures for operation around 1030 nm use low-bandgap GaAsP materials (e.g. a bandgap 
Eg ≈1.5 eV for GaAs93P7) to balance the strain and maintain a high crystal quality (Fig. 3.(a)) 
[36–39]. However, the TPA coefficient βTPA is comparatively high for low-bandgap 
semiconductors [40] and the insertion of thick GaAsP layers in a multi-QW high-power 
SESAM would eventually cause a low-fluence reflectivity rollover and lower damage 
threshold. 

Therefore, for strain-compensated SESAMs with reduced TPA, we developed large-
bandgap quaternary AlGaAsP materials (e.g. Eg > 2.2 eV for Al98Ga2As100-xPx) with low βTPA 
(Fig. 3(b)). These materials are implemented for the first time to our knowledge in a SESAM 
structure. Strain compensation provided by large-bandgap AlGaAsP materials with negligible 
TPA coefficients allows us to significantly increase the number of QWs from the typical 
value of 3 (as in [10,11]) to 8 without increasing the nonsaturable losses. In accordance to our 
guidelines, this increase in the number of absorber layers together with the higher reflectivity 
of the dielectric top coating gives a higher Fsat, a higher reflectivity rollover, and a higher 
damage threshold. In addition the excellent crystal quality of the this SESAM results in a 
higher heat conductivity and makes them suitable for post-processing with better heat sinks as 
described in more details in [22]. 

Our best SESAM discussed in the next section has an Fsat of 334 µJ/cm2, a ∆R of 1.3%, a 
fast recovery time (1/e) of 17 ps, extremely low non-saturable loss of 0.14% and a damage 
threshold higher than 100 mJ/cm2. In combination with our novel bonding techniques [22], 
these SESAMs will be a key-enabling component for the next power and energy scaling of 
ultrafast oscillators with shorter pulse durations. 

                                                                                            Vol. 24, No. 24 | 28 Nov 2016 | OPTICS EXPRESS 27592 



 

Fig. 3. (a) Bandgap energy Eg and crystal lattice constant of our semiconductor materials of 
interest. Dotted vertical line: perfect matching to the lattice constant of the GaAs substrate. In 
light blue, compounds which can be used to compensate the tensile strain introduced by the 
InGaAs QWs (green). (b) TPA coefficient for low-bandgap GaAsP and large-bandgap 
AlGaAsP strain compensation materials calculated as in [40]. Low values for βTPA are 
preferred to reduce the rollover fluence. The numerical inset values refer to a center 
wavelength of 1030 nm (dashed line). 

2.5 Fast SESAMs with low nonsaturable losses 

Normally we observe a trade-off between fast recovery time of the saturable absorption and 
the nonsaturable losses: 

• Short τ1/e: low-temperature growth of QW absorber layers is typically used to introduce 
mid-gap defects in form of As antisites. The positively charged antisites act as very 
efficient electron traps and therefore reduce the absorber recovery time [41]. 

• Low ∆Rns: The short recovery time comes at the expense of higher non-saturable losses. 
The mid-gap electron traps are the positively charged As antisites but low-
temperature epitaxial growth introduces a much higher density of neutral antisites 
which have a strong absorption cross section into the conduction band. This 
increases the nonsaturable losses because these highly excited electrons will not 
saturate this absorption and will relax via electron-phonon interactions to the bottom 
of the conduction band which is energy transferred into heat. These nonsaturable loss 
can be reduced through annealing which forms As precipitates that still form good 
electron traps but have no strong transition cross section for absorption into the 
conduction band. But again there is a trade-off because this annealing tends to make 
the saturable absorbers slower, ultimately requiring a compromise [33, 34, 38]. We 
recently discovered that low-temperature grown InGaAs QW embedded in AlAs 
barriers can generate electron traps with even faster recombination which also 
remain fast with longer annealing times [42]. 

3. SESAMs under test 
We compare four SESAM structures (Fig. 4) grown in the FIRST cleanroom facility at ETH 
Zurich. All structures used in this study were grown on 100-oriented GaAs substrates both by 
MBE (Veeco Instruments Inc., St. Paul, MN, United States) and MOVPE (AIX 200/4 
AIXTRON SE, Herzogenrath, Germany). We carried out all growth for the strain-
compensated SESAMs on our MOVPE machine. 

MBE-grown SESAM (MBE: 1x3 SQW): This SESAM is used as a reference sample, as it 
is the SESAM we used for the prior record TDL results [10, 11]. The structure of this 
SESAM (Fig. 4(a)) consists of a high-temperature grown (580°C) 30-pair AlAs/GaAs 
distributed Bragg reflector (DBR) with high-reflectivity bandwidth centered at 1030 nm. The 
absorber section consists of three strained quantum wells (SQWs), each with a InGaAs 
thickness of 10 nm embedded in AlAs barriers and placed in one single antinode of the 
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electric field standing wave pattern. No strain compensation is included and the absorber 
layers were grown at moderately low temperature (280°C) to carefully balance the trade-off 
between low ∆Rns and fast recovery time. On top of a GaAs cap layer optimized to make the 
structure fully antiresonant, we added a 3-pair SiO2/Si3N4 dielectric top mirror deposited 
through plasma-enhanced chemical vapor deposition (PECVD). We will refer to this device 
as the 1x3 SQW SESAM. Without strain compensation, larger number of QWs was not 
possible without strong degradation of the crystal and surface quality. 

 

Fig. 4. Overview of the SESAM structures under test. (a) 3 strained QW SESAM with a top 
coating of 3 pairs of SiO2/Si3N4 layers. (b) 6 strain compensated QWs, one per antinode with a 
4-pair top coating. (c) 8 strained compensated QWs, one per antinode with a 4-pair top coating. 
(d) 8 strained compensated QWs, 2 per antinode with 4-pair top coating. 

MOVPE-grown SESAMs: the lower high reflector inside the SESAM structure is 
obtained with a 27-pair Al98Ga2As/GaAs DBR (reflectivity > 99.99%) grown at 750°C, 
followed by an additional saturable absorber section. The final dielectric top coating is the 
same for all these SESAMs: 

• 6 strain-compensated QWs (SCQWs), each 13-nm thick and grown at the relatively low 
temperature (for MOVPE) of 570°C, one per antinode of the electric standing wave 
pattern. They are surrounded by 5-nm thick AlAs barriers and strain compensation is 
provided by Al98Ga2As89P11 layers grown at 660°C. We refer to this SESAM design 
as the 6x1 SCQW (Fig. 4(b)). 

• 8 SCQWs, each 13-nm thick, one per antinode, surrounded by AlAs barriers and grown 
at 570°C as for the 6x1 SCQWs. Al98Ga2As89P11 (660°C) was used for compensation 
(Fig. 4(c)). We will refer to this SESAM design as the 8x1 SCQW. 

• 8 SCQWs, 13-nm thick, placed in pairs symmetrically around one antinode of the 
standing electric field. The QWs and the thin AlAs barriers were again grown at 
570°C. A strain-compensating layer of Al98Ga2As84P16 (660°C) was used here 
because of the limited space between two successive antinodes: the higher P content 
(i.e. a greater compressively strain) provides compensation for the higher strain of 
two QWs (Fig. 4(d)). This more compact solution comes at the expense of a higher 
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sensitivity to growth errors: a small error on the actual AlGaAsP thickness can result 
in an over/under compensated SESAM. We will refer to this SESAM design as the 
4x2 SCQW. 

A GaAs cap layer is optimized for antiresonance and forms the final semiconductor layer 
of each structure. The designed field intensity enhancement factor in the QWs before top 
coating is comparable for all the MBE and MOVPE samples. A 4-pair dielectric DBR 
(SiO2/Si3N4) was deposited on top of each MOVPE structure for strong field intensity 
reduction to maximize Fsat, while still achieving a moderate ∆R of >1%. These parameters are 
ideal for pushing output powers to the kilowatt level. As described above, however, by 
adapting the top coatings we can easily shift the values of ∆R and Fsat. Future lasers primarily 
intended for even shorter femtosecond pulses might need higher ∆R (in the order of 3%) and 
lower Fsat, which can readily be achieved by adjusting the top coating. 

 

Fig. 5. Microscopic SESAM surface comparison using a Normaski phase contrast microscope: 
(a) 3x2 strained QW MBE SESAM (not described in the main text): strain lines, as well as a 
high defect density are visible. (b) 8x1 SCQW sample: strain compensation significantly 
reduces the defect density; no strain lines are visible even with an increased number of QWs. 
(c) SEM picture of the 6x1 SCQW absorber section showing a perfect overlap with the design 
structure. 

The benefits of strain compensation can be recognized through microscopic investigation 
of the semiconductor surface. Figure 5(a) shows how a non-compensated 6-QW absorber 
section (not previously described) leads to a high defect density, making the sample 
inappropriate for our low-loss resonators and for our delicate substrate removal and bonding 
techniques [22]. In contrast, thanks to the careful calibration of the P content and thickness of 
the AlGaAsP layers, we obtained an almost defect-free surface for the 8x1 SCQW (Fig. 4(b)). 
The growth accuracy is verified through scanning electron microscopy (SEM): in Fig. 4(c) 
one can observe the close correspondence between design and actual grown absorber section 
for the 6x1 SCQW. 

4. Nonlinear reflectivity and damage measurements 

4.1 Nonlinear reflectivity 

We measured the nonlinear reflectivity of our SESAMs in the high-precision reflectivity 
characterization setup described in [43]. To probe the samples with high fluence, (comparable 
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to those achieved inside our mode-locked thin-disk oscillators), we used a SESAM mode-
locked Yb-YAG thin-disk laser emitting 1-ps pulses at 1030 nm with an average output 
power of 5 W at 3.9 MHz of pulse repetition rate (pulse energy ≈1.3 µJ). With a focused 10 
µm spot size on the sample we could reach a maximum incident fluence on the devices > 0.2 
J/cm2. Through an attenuation stage, we measured the reflectivity of the devices under test 
varying the fluence over an unprecedented large fluence range of 5 orders of magnitude. The 
experimental data points, numerically taking into account the Gaussian beam shape, were 
then fitted through least-squares methods to the same reflectivity model used in [21] in order 
to extract the relevant saturation parameters presented in Fig. 1. 

Figure 6(a) shows the saturation curves we obtained for the different analyzed SESAMs 
and Table 1 reports numerical values for the fitted parameters. 

 

Fig. 6. (a) Nonlinear reflectivity measurements of the SESAMs under test. Dots: measured 
points; solid line: least square fit. (b) On a linear scale, zoom into the fluence range containing 
Fsat. (c) On a log-scale, zoom into the high-fluence regime containing F0. 

The modulation depth for all SESAMs is between 1% and 1.3% which have been typical 
values for ultrafast TDLs with one or two single gain path per cavity roundtrip [10,11]. On 
the other hand, the strain compensated SESAMs have a higher saturation fluence, i.e. 45% to 
170% higher compared to the 120 µJ/cm2 of the 1x3 SQW SESAM (Fig. 6(b)). This is 
achieved with the combination of the larger number of QWs (which increased the intrinsic 
product Fsat•∆R) and the dielectric top coating with a higher reflectivity. The strongly reduced 
field intensity keeps the modulation depth at moderate values and increases the saturation 
fluence. In addition, we obtained an F2 parameter at least 50% higher compared to the 1x3 
SQW. 

The thicker absorber in principle have a thicker material section with a higher potential for 
TPA. However, the low-βTPA high-bandgap materials in combination with the weaker field 
intensity keeps the nonsaturable losses low. Despite the large number of QWs and the 
relatively low growth temperature, we observe only a small increase of ∆Rns for the MOVPE 
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SESAMs (Table 1). Our strain compensation therefore balanced additional losses, usually 
coming from a degraded crystal quality. 

The rollover is generally shifted to higher fluence. In particular, the 8x1 SCQWs SESAM 
has an F0 parameter more than doubled compared to the 1x3 SQW SESAM. In a high-power 
oscillator, this would mean that twice the intra-cavity pulse energy can be reached without 
damage and multiple pulsing instabilities. In Fig. 6(c) we observe how in the high-fluence 
range starting from 20 mJ/cm2 (where the next generation of high-power TDLs will probably 
operate) the novel samples show significantly weaker rollover compared to the 1x3 SQW 
SESAM. 

4.2 Damage threshold 

We performed damage tests on our different SESAM structures. We consider a SESAM 
damaged at a certain fluence when we observe a rapid irreversible drop in reflectivity 
(>50%). Thus we measure and define a damage fluence threshold (Fd) as described in Ref 
[21]. before. To extract the SESAM Fd parameters (Table 1), we used the nonlinear 
reflectivity measurement setup to scan the incident fluence with small steps of ≈1.5 mJ/cm2, 
starting well within the rollover regime. 

 

Fig. 7. (a) Nonlinear reflectivity measurements with fine high-fluence scans to precisely 
determine the damage fluence. (b) Pump-probe measurements revealing fast saturation 
recovery times for the strain compensated samples. 

The strain-compensated SESAMs show significantly higher damage fluence in all cases 
compared to the 1x3 SQW. In particular, the 1x6 and 1x8 SCQWs have Fd exceeding 100 
mJ/cm2. The more critical sensitivity to growth errors could have led to non-perfect 
compensation for the 4x2 SCQWs, therefore introducing more defects and finally a slightly 
lower Fd. Nevertheless, for all these SESAMs, damage occurs in a regime where no SESAM 
mode-locked laser could operate stably (Fig. 7(a)). It is important to notice that a higher ∆R 
can be obtained in a straightforward way: simply by applying less top coating pairs. For 
example, the nonlinear reflectivity measurements on the 6x1 SCQWs SESAM coated with 
just one dielectric pair in the top coating showed a ∆R > 3%, combined with Fsat ≈50 µJ/cm2 
and still high damage threshold of 31 mJ/cm2. 

5. Recovery time 
We also measured the recovery dynamics of the MOVPE SESAMs under test. The recovery 
time (τ1/e) is defined by the time delay when the reflectivity is recovered to the 1/e – value of 
its maximum saturation. We used a standard degenerate pump-probe setup with a Ti:sapphire 
laser delivering 800 mW of average output power in 130-fs pulses at a center wavelength of 
1030 nm and 80 MHz of pulse-repetition rate (≈10 nJ of pulse energy). The samples were 
pumped at a fluence of approximately Fsat and probed with weak fluence of less than 2µJ/cm2. 
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As one can see in Table 1 and Fig. 7(b), we extracted a fast recovery for the MOVPE 
samples of 12-17 ps. The thinner absorber region supported even faster recovery times but at 
the expense of a somewhat lower damage threshold. 

Since two different epitaxial machines were used, a direct MBE-MOVPE growth 
temperature comparison is not possible. We assume that an epitaxial growth temperature of 
570°C in the MOVPE introduced an amount of defects sufficient to support a fast response. 
The nonsaturable losses of the strain-compensated SESAMs, however, stayed low despite the 
fast recovery times. The high crystal quality preserved by the strain compensation, together 
with the higher finesse of the antiresonant Fabry-Perot, balanced the effect of low-
temperature growth and kept the losses < 0.2%. We therefore achieved fast recovery times in 
combination with low nonsaturable losses with our MOVPE SESAMs, which is required for 
further power scaling of ultrafast solid-state lasers. 

Table 1. Measured nonlinear parameters, damage threshold and recovery time 

SESAM 
Fsat ∆R ∆Rns F2 F0 Fd τ1/e 

(µJ/cm2) (%) (%) (J/cm2) (mJ/cm2) (mJ/cm2) (ps) 

1x3 SQW 120 1.1 0.10 6.0 3.9 64 67 [10] 

6x1 SCQW 174 1.0 0.14 10 5.8 112 15 
8x1 SCQW 334 1.3 0.14 9.0 8.2 108 17 

4x2 SCQW 246 1.2 0.18 9.2 7.0 88 12 
1x3 SQW: 3 strained QWs in one single antinode. 6x1 SCQW: 6 strain-compensated QWs, one per 
antinode. 8x1 SCQW: 8 strain-compensated QWs, one per antinode. 4x2 SCQW: 8 strain-compensated 
QWs, 2 per antinode. The errors for the values here presented are below 15%. 

6. Conclusion and outlook 
We presented the first generation, to the best of our knowledge, of multiple-QW SESAMs 
strain-compensated with large bandgap materials. Our SESAMs were specifically designed 
for high-power, ultrafast thin-disk lasers, but the designs presented here can be extended to 
other types of high-power oscillators. Our fabrication guidelines are based on a higher 
number of QWs (6 or 8 in this case) with a higher reflectivity of the dielectric top coating. 
Our SESAMs combine fast recovery times in the 10-ps range, with high saturation fluence, 
moderate to high modulation depth, extremely low nonsaturable loss (i.e. ∆Rns << ΔR) and 
high damage threshold. Excellent epitaxial quality required for post processing and bonding 
on better heatsinks [22] and large defect-free area, were achieved with excellent strain 
compensation, which balances the large structural stress induced by lattice mismatch between 
the GaAs substrate and the InGaAs QWs at an operation wavelength of 1030 nm. To avoid 
the negative impact of thick strain compensation layers on the inverse saturable absorption 
parameters, we optimized large-bandgap AlGaAsP compounds with low TPA coefficients. 

We compared the saturation and damage parameters of our novel SESAMs to that of 
previous state-of-the-art MBE SESAM that enabled the record-high results in output power 
and pulse energy [10,11]. All our novel SESAMs have higher saturation fluences (up to > 300 
µJ/cm2) with comparable modulation depths (1% to 1.3%) and combined low non-saturable 
losses (<0.2%) and fast recovery times. Furthermore, we measured a significantly higher F2 
parameter, which resulted in increased reflectivity rollover fluence F0 and enhanced damage 
thresholds: our best SESAMs could withstand fluences of up to 100 mJ/cm2 before damage 
occurred. Strain compensation guaranteed a low surface defect density and, combined with 
the decreased field intensity enhancement factor, provided a beneficial reduction of the 
overall losses. In the future, further optimization and increased accuracy in strain-
compensation will in principle enable SESAMs with an even larger number of QWs, 
producing devices with even higher damage thresholds. In principle, these high-damage 
threshold SESAMs can easily be designed with higher modulation depth for lasers with very 
short pulse durations, by simply reducing the number of dielectric top layers. 
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We are also interested to reproduce such strain-compensated SESAMs with a phosphorus-
MBE system. Additionally, the use of deposition machines with higher accuracy and better 
material homogeneity compared to PECVD for the dielectric top coatings (i.e. ion beam 
sputtering, IBS) will also be explored. We expect that this new generation of SESAMs will be 
a key enabler for further peak power scaling of ultrafast solid-state laser oscillators. 
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