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SESAMs for High-Power Oscillators: Design
Guidelines and Damage Thresholds

Clara J. Saraceno, Cinia Schriber, Mario Mangold, Martin Hoffmann, Oliver H. Heckl, Cyrill R. E. Baer,
Matthias Golling, Thomas Stidmeyer, and Ursula Keller

(Invited Paper)

Abstract—We present for the first time to the best of our knowl-
edge a systematic study of lifetime and damage of semiconduc-
tor saturable absorber mirrors (SESAMs) designed for operation
in high-power oscillators. We characterize and compare nonlin-
ear reflectivity and inverse saturable absorption (ISA) parame-
ters as well as damage threshold and lifetime of different repre-
sentative SESAMs under test using a nonlinear reflectivity mea-
surement setup at unprecedented high fluence levels. We inves-
tigate the catastrophic damage that occurs at very high fluences
by demonstrating a dependence of the damage threshold on the
ISA parameter F, and the maximum reflectivity fluence F,. We
can clearly demonstrate that the damage fluence F; scales pro-
portionally to +/F; for all SESAMs. In the case of SESAMs with
the same absorber where the product Fy,;-AR is constant, the
damage fluence F ; scales proportionally to F,. Therefore, damage
occurs due to heating of the lattice by the energy absorbed due
to the ISA process and is not related to the quantum well (QW)
absorbers. Furthermore, we present guidelines on how to design
samples with high saturation fluences, reduced induced absorption,
and high damage thresholds. Using multiple QWs and a suitable di-
electric topsection, we achieved SESAMs with saturation fluences
>200 J/cm?, nonsaturable losses <0.1%, and reduced ISA. Our
best sample could not be damaged at a maximum available fluence
of 0.21 J/cm? and a peak intensity of 370 GW/cm?. These SESAMs
will be suitable for future high-power femtosecond oscillators in
the kilowatt average output power regime, which is very inter-
esting for attosecond science and industrial material processing
applications.

Index Terms—High-power lasers, modelocked lasers, semicon-
ductor saturable absorber mirrors (SESAMs), thin-disk lasers.

1. INTRODUCTION

EMTOSECOND and picosecond lasers have progressed
from complicated and specialized laboratory systems
to widely used scientific and industrial instruments [1], [2].
Their ultrashort pulse durations, high peak powers, and
unique spectral properties have resulted in numerous scien-
tific discoveries and a growing number of applications in
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various fields, such as physics, chemistry, biology, materials
science, imaging, material processing, communication, and
medicine. The invention of the semiconductor saturable
absorber mirror (SESAM) [3], [4] nearly 20 years ago was
a major advancement for the development of simple and
reliable ultrafast laser systems. It enabled the first stable and
self-starting passive modelocking of diode-pumped solid-state
lasers (DPSSLs), resolving the long-standing Q-switching
problem [5]. Today, SESAMs have become key devices for
modelocking of numerous laser types, including DPSSLs, fiber
lasers, and semiconductor lasers. Semiconductors are ideally
suited as saturable absorbers because they can cover a broad
wavelength range and yield short recovery times, supporting
the generation of picosecond to femtosecond pulse durations.
The macroscopic nonlinear optical parameters for modelocking
can be optimized over a wide range by the design of the mirror
structure and the choice of the semiconductor absorber.

SESAM modelocking is currently the best-suited technology
for high-power ultrafast laser oscillators. Recent SESAM
modelocked thin-disk lasers have achieved average powers
>140 W [6] and pulse energies >25 pJ [7], which are higher
than for any other ultrafast oscillator technology. The combi-
nation of high power levels and multimegahertz repetition rates
makes these lasers highly attractive for areas such as high-field
laser science or industrial high-speed material processing [8],
which were previously restricted to complex amplifier systems.
Initial photoionization studies in noble gases clearly showed
the advantages of driving high field science experiments at
multimegahertz repetition rate, such as reduced measurement
time, high signal-to-noise ratio (SNR), and elimination of space
charge issues [8]. Driving high harmonic generation [9], [10] by
high-power oscillators opens up new possibilities for increasing
the average VUV/XUV photon flux by the higher average
power of the driving laser [11], possibly in combination with
enhanced phase matching in microstructured waveguides (e.g.,
hollow core photonic crystal fibers (PCF) [12]). Such compact
megahertz sources of coherent radiation in the VUV/XUV
spectral region with possibly even attosecond durations would
have high impact on numerous areas such as medicine, biology,
chemistry, physics, or material science.

The thin-disk laser concept [13], [14] offers excellent heat
removal capabilities, that combined with SESAM modelocking
represents a power scalable ultrafast technology [8]. The output
power of the oscillator can be increased simply by increasing
the pump power with both an increased pump spot size on the
disk and laser spot size on the SESAM by the same factor. In
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TABLE I

TYPICAL OPERATION PARAMETERS OF SESAMS USED IN HIGH-POWER THIN-DISK LASERS

Symbol Yh:YAG [15] Yh:YAG [7] Yb:Lu;0;[6]
Average output power 45 W 76 W 140 W
Repetition rate 4 MHz 2.93 MHz 60 MHz
Intra-cavity average power 450 W 974 W 1.49 kW
Intra-cavity peak power 125.7 MW 315 MW 29.8 MW
Output pulse energy 11.3 pJ 259l 235
Intra-cavity pulse energy 113 pl 32w 25l
Fluence on SESAM = 5-7 mJ/em’ = 4 mJ/em’ =2 mllem’
Average intensity on SESAM =2.9 kW/em® = 1.5 kW/em® =~ 12 kW/em®
Peak intensity on SESAM = 16.5 GW/em® = 9.9 GW/iem® = 4.8 GW/em®
Saturation fluence Fi, of SESAM 112.2 pJ/em’ 61 wl/icm’ 61 w/em’
Saturation parameter § = 50-60 =65 =133

this way, we keep the same intensity on the disk and operate
the SESAM at same saturation level. An important tradeoff is a
higher demand on the oscillator cavity design given the higher
sensitivity toward thermal lensing with larger spot sizes [16].
We can relax these requirements again when we use SESAMs
with higher saturation fluences to allow for resonator designs
with smaller spot sizes on the SESAM [15].

The excellent power scalability of the thin-disk laser technol-
ogy should allow kilowatt single-mode oscillators [13] suitable
for SESAM modelocking. However, possible SESAM limita-
tions have not been studied so far and contradicting information
on damage thresholds and losses has been reported. Previous
studies on optimized SESAM designs mostly focused on the re-
alization of low saturation fluences [17], [ 18], which is important
for realizing high repetition rates [19] and stable modelocking
of semiconductor lasers [20]. This study resulted in fundamen-
tally modelocked laser oscillators with record-high repetition
rates up to 160 GHz in the I-pm spectral region [21] and
100 GHz in the 1.5-pum telecom spectral region [22], and
the development of new integrated semiconductor lasers [23].
However, SESAMs for ultrafast thin-disk lasers operate in a
completely different regime, where pulse energies and average
power levels are several orders of magnitude higher. In contrast
to low power oscillators, Q-switching instabilities in this case
are easily overcome by the very large intracavity pulse energies.
In Table I, we present typical SESAM operation parameters in
high-power thin-disk oscillators. A useful parameter to describe
operation of a SESAM is the saturation parameter S

. (1)
sat

Typical SESAM modelocked lasers operate at S = 3—-10 [24],
but stable operation has been demonstrated in high-energy os-
cillators at saturation parameters S > 30 (see Table I). In Table I,
we can see that SESAMs in high-power oscillators operate at
kilowatt intracavity power levels, peak intensities of tens of gi-
gawatts per square centimeter, and fluences above the millijoule
per square centimeter level. Therefore, SESAMs for high-power
oscillators require not only large saturation fluences but also
high damage thresholds and low nonsaturable losses to avoid
thermal effects. Furthermore, the inverse saturable absorption

S:

(ISA) responsible for the reflectivity rollover at high fluences
has to be sufficiently low to avoid multiple pulsing [25]-[27].
In this paper, we extend these studies to high-power SESAMs
and present the first detailed study on damage thresholds and
lifetime of different representative samples. In order to reach
the high fluences necessary to carry out this study, we used
a high-energy SESAM modelocked Yb:YAG thin-disk oscil-
lator in a high-precision nonlinear reflectivity measurement
system to characterize nonlinear reflectivity, induced absorp-
tion, and damage of our SESAMs [28], [29]. This allowed
us to test our SESAMs up to an unprecedented high fluence
level of 0.21 J/cm? corresponding to a high peak intensity of
370 GW/cm?.

We designed SESAMs with multiple quantum wells (QWs)
in a standard antiresonant configuration and a suitable dielec-
tric topcoating and obtained samples with increased saturation
fluence and damage threshold as well as reduced nonsaturable
losses and ISA. These samples meet all the requirements for
future SESAM modelocked femtosecond oscillators in the kilo-
watt average output power regime.

II. EXPERIMENTAL SETUP AND MEASUREMENT PROCEDURE
A. Experimental Setup

The experimental setup consists of a high-precision nonlinear
reflectivity measurement system [29] and a high-power SESAM
modelocked Yb:YAG thin-disk laser oscillator (see Fig. 1). It
delivers 15 W of average power at 10.7-MHz repetition rate
corresponding to a pulse energy of 1.4 ©J in 1 ps pulses.

The variable attenuation stage enables us to access a pulse
fluence range of more than four orders of magnitude. We use
a highly reflective (HR) mirror with a specified reflectivity of
99.98% at 1030 nm (Layertec GmbH, Mellingen, Germany)
for reflectivity calibration. A least-squares fit procedure yields
the saturation parameters of the SESAM: saturation fluence
Fg.¢, modulation depth AR = R, — R);,, nonsaturable losses
AR, = 1 — R, and ISA coefficient F.

Equation (2) describes the SESAM reflectivity for a flat-
top-shaped beam profile. Our fitting function [28] is based
on the following equation but is numerically corrected for a
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Experimental setup used for the nonlinear reflectivity measurements and damage characterization of the samples. A high-energy Yb:YAG thin-disk

modelocked oscillator is used as the test laser in a high-precision nonlinear reflectivity measurement setup [29]. With a spot diameter on the sample of 17.9 ym

and with the maximum power available, we were able to achieve pulse fluences up to 0.21 J/cm? and peak powers over 370 GW/cm

Gaussian-shaped beam:

In (1 + (Rlin/RnS) (eF/FsaL B 1)) 67F/F2
F/Fsat .

R(F) = Rns
(2)

We used a lens with a focal length f = 20 mm and achieved
a spot size diameter of 17.9 pum on the sample. At the maxi-
mum available power, this resulted in a maximum fluence of
0.21 J/cm?, which is 30 times higher than previous measure-
ments [29]. The initial fixed attenuation stage was used to set
the maximum fluence level for a given measurement in order to
benefit from the full 40-dB range of the variable fluence atten-
uation even for samples with moderate saturation fluences and
damage thresholds.

B. Characterization of the ISA

The choice of appropriate absorber parameters for SESAMs
used in high-power thin-disk lasers is crucial to avoid Q-
switching instabilities [5] or multipulsing instabilities [25]-[27].
The high intracavity energies involved in passively modelocked
thin-disk oscillators combined with soliton modelocking [30],
[31] usually make potential Q-switching instabilities not a se-
rious issue. On the other hand, operation at high incident pulse
fluences on the SESAM compared to its saturation fluence (i.e.,
high S-parameter levels, see Table I) makes multiple pulsing
instabilities a more critical issue. It is, therefore, of particular
importance for high-power oscillators to correctly characterize
the ISA coefficient F» that describes the additional absorption
observed at high fluence levels. We usually refer to this effect
as a “rollover” in reflectivity. The F, parameter, typically ex-
pressed in mJ/cm?, describes the curvature of the rollover and
is taken into account as an extra parameter in the reflectivity
function for the fitting procedure [see (2)].

Another relevant parameter that can be extracted using the
nonlinear reflectivity curve is the fluence F(, where the maxi-
mum reflectivity is reached. These two parameters are related
for weak ISA coefficients (Fy > 5F,;) by [25]

Iy = \/FQFsatAR~ (3)

2 HR: highly reflective mirror.

100 =
R, AR =0.1% Vol Fy= o0
= 2
< 998 £, = 3000 rancm.
o= | Fp= 1150 pdicm?
z AR=05% 1 4 NN
>
g 96 : {F_ = 1500,mJlciy
£ / F,=50udlem? | |F =800 ulicm?
C 094 Lt P \
R T 1
* 1ol
1
99.2 1 1 La 1
10° 10 102 10° 10¢
Fluence (nJ/icm?)
Fig. 2. Influence of different ISA levels on a sample with constant

Fsat = 50 pJ/em?, AR = 0.5%, and AR,s = 0.1% but with different in-
verse absorption coefficients Fa.

Fig. 2 gives an illustration of the influence of the induced
absorption coefficient Fo when Fg,:, AR, and AR, are kept
constant.

The parameter F5 can be calculated in the case of two-photon
absorption (TPA) and for sech? pulses using [32], [33]

- 0.585fﬁTpA(zg)nQ(z)\s(z)Hdz

with z being the vertical position within the wafer structure,
Brpa(z) is the TPA coefficient expressed in centimeter per gi-
gawatt, £(z) is the normalized electric field in the structure, and
n(z) is the refractive index. Although Fjy may appear as a more
intuitive parameter, Fy is independent of the SESAM param-
eters, whereas F(y depends on the product of Fy,i-AR. This
makes Fy a well-suited parameter to compare ISA of different
SESAM samples. This formula gives a good approximation for
femtosecond pulses. In the case of longer pulses, the observed
Fy is larger than the calculated one if only TPA is taken into
account. The reason for this strong ISA for longer pulses has
not yet been clearly elucidated [25].

“

F

III. DESIGN OF THE SESAMS UNDER TEST

A straightforward approach to increase the saturation fluence
of a SESAM is to grow a highly reflective top mirror on the
absorber to increase its finesse [15], [34]. With this approach,
the electric field in the absorber layers is reduced, and therefore,
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Fig. 3. (a) Non-topcoated SESAM structure and (b) zoom on absorber layers.
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Fig. 4. Overview of the SESAMs under test. (a) SESAM structure without any topcoating (NTC). (b) SESAM structure with a 4-pair quarter-wave layer
semiconductor topcoating (SCTC). (c) SESAM structure with a 3-pair quarter-wave layer dielectric topcoating (DTC3). A similar structure consisting of 2-pair
quarter-wave layer dielectric topcoating (DTC2) was also used for this study but is not shown in this figure. (d) Field enhancement £ in the absorber section for

the different topcoatings.

the fluence required to saturate the sample is increased. As we
increase the saturation fluence, we reduce the modulation depth
of the sample since (see Appendix I)
Foat AR ~ Nyhv 5)
with Ny being the 2-D transparency density of the QW ab-
sorber and /v is the incident photon energy. We can see in this
formula that the product Fy,¢-AR remains constant for a given
absorber since the transparency density is an intrinsic prop-
erty. Therefore, the samples to topcoat need to have a large
enough modulation depth in addition to the basic require-
ments (i.e., low nonsaturable losses and an initially large sat-
uration fluence). With multiple QWs, we can adjust the mod-

ulation depth without changing the saturation fluence of the
samples.

In Fig. 3, we show the design of the non-topcoated SESAM
(NTC) used for this study. It consists of a 30-pair quarter-wave
GaAs/AlAs high finesse distributed Bragg reflector (DBR) and
three 10-nm InGaAs QWs as absorber layers. This SESAM
was grown by molecular beam epitaxy (MBE) in the FIRST
cleanroom facility at ETH Zurich.

The QW section was grown at T ~ 400 °C. We measured
the recovery time of this non-topcoated sample using a standard
pump-probe setup. The measurement yielded a recovery time
with a slow component of 7, = 202 ps. The probe pulses
used for this measurement had a pulse duration of 7, = 1 ps,
which did not allow for the fast component of the SESAM
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Fig. 5. Nonlinear reflectivity measurements of the SESAMs under test.

response to be resolved. Lower MBE growth temperatures
would support shorter recovery times, and therefore, shorter
achievable pulse durations [24]. However, the increased num-
ber of defects in the growth might lead to samples with higher
nonsaturable losses [35]. Since for soliton modelocking, the
dependence of the pulse duration with recovery time is propor-
tional to 7,'/* [24], the benefit from a better growth quality
with a slightly higher growth temperature is more advantageous
than the small benefit from additional pulse shortening with
shorter recovery times. Three different topcoatings were grown
on these samples (see Fig. 4): in the first case, a semiconductor
topcoating was chosen with four pairs of quarter-wave
GaAs/AlAs layers grown by MBE [semiconductor topcoating
(SCTC), see Fig. 4(b)]. The field enhancement in the absorber
is reduced by a factor of ~4 compared to the uncoated sam-
ple and we therefore expect the same increase of the saturation
fluence Fy,¢ [see Fig. 4(d)]. For the other cases, a dielectric
Si02/SizN, topcoating by plasma-enhanced chemical vapor de-
position (PECVD) was chosen. Two sets of samples were coated
with two and three pairs of quarter-wave layers [DTC2 and
DTC3, see Fig. 4(c)], expecting an increase of the saturation flu-
ence F,; of 3 and 5, respectively [see Fig. 4(d)]. These topcoat-
ings are particularly attractive because the deposition process is
much easier and considerably more cost efficient than an MBE
topcoating. From a material point of view, the TPA coefficients
of SiO, and SizN, are also much lower than those of GaAs and
AlAs because of the much higher bandgap energy of dielectrics,
which makes them better suited for reduced ISA [36].

IV. NONLINEAR REFLECTIVITY MEASUREMENT RESULTS

The nonlinear reflectivity response and different measured
parameters of the SESAMs under test are presented in Fig. 5
and Table II1.

Fig. 5 shows the effect of the different topcoatings: as the sat-
uration fluence increases, the modulation depth decreases by a
similar factor. The saturation fluences of all the topcoated sam-
ples are >150 pJ/cm? and their modulation depths are between
0.4 and 0.8%. SESAMs used in high-power thin-disk lasers
typically have modulation depths in this range [6], [15], [37].
This makes all our fabricated SESAMs excellent candidates for
high-power oscillator modelocking. The 3-QW non-topcoated
sample with 2% modulation depth is ideally suited for top-
coatings designed for a saturation fluence increase of 3-5. All

33

TABLE II
MEASURED F> AND CALCULATED F» TAKING INTO ACCOUNT ONLY TPA

F3 meas Fatea

SESAM (mJ/cm®) (mJ/cm®) Faen/ Fames
NTC 3200 8200 2.56
SCTC 5523 15000 2.71
DTC2 31700 70200 2.21
DTC3 346000 206000 0.6

NTC: No topcoating, SCTC: semiconductor topcoating with four quarter-wave pairs of
GaAs/AlAs, and DTC2 and DTC3: dielectric top coating with two and three quarter-wave
pairs of Si0,/Si3Ny, respectively.

SESAMs have negligible nonsaturable losses <0.1% and there-
fore reduced thermal load.

All topcoated SESAMs have increased ISA coefficients com-
pared to that of the non-topcoated sample. In the case of the
semiconductor topcoated SESAM, a small increase is observed.
This is due to the fact that GaAs has a strong TPA coefficient
and even if the field in the DBR structure and the absorber sec-
tion is reduced, the GaAs/AlAs topsection experiences a strong
electric field. In the case of the dielectric topcoatings, the in-
duced absorption coefficient F'o is significantly increased. For
the 2-layer and 3-layer dielectric topcoatings, we measured an
increase of the ISA coefficient of one and two orders of mag-
nitude, respectively. This is due to the significantly lower TPA
coefficient of the dielectric material compared to the high TPA
coefficient of GaAs. Therefore, SESAMSs with similar saturation
parameters (similar electric field distributions in the DBR and
the absorber region) but different topcoatings have different ISA
responses. Using (4), we calculated the expected Fy parameter
taking into account only TPA for all our fabricated structures
and assuming a pulse duration of 7, = 1 ps. For this calculation,
the TPA coefficients of AlAs, SiO-, and SizN, are considered
negligible compared to that of GaAs, and we used B1pa Gars =
20 cm/GW [36]. The results are summarized in Table II.

For the SESAM with the 3-pair dielectric topcoating (DTC3),
the available power limits the measurement accuracy of Fa. As
we can see in Fig. 5, the maximum fluence does not allow us
to measure deep enough into the rollover regime; therefore,
F5 is probably overestimated for this SESAM. For all other
SESAMs, there is a factor of ~ 2.5 between the calculated and
measured F9 indicating that the rollover observed is stronger
than that predicted by TPA for this pulse duration. This is due
to the relatively long pulses we used in the study. Indeed, in
[25] it was shown that the rollover observed in the picosecond
regime was stronger than that predicted by TPA only in similar
structures. The observed factor of around 2-3 seems to be in
good agreement with this previous study carried out with 3-ps
long pulses (see Table II).

V. DAMAGE AND LIFETIME INVESTIGATION
A. Damage Fluence and Lifetime Measurements

We define damage of a SESAM under test as an irreversible
change in the structure resulting in a dramatic drop in the mea-
sured reflectivity. The damage fluence threshold is then defined
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TABLE III
EXTRACTED PARAMETERS FROM THE NONLINEAR REFLECTIVITY MEASUREMENT FOR THE DIFFERENT SESAMS UNDER TEST

SESAM Foat , AR AR, , Fy , Fsal.AIE Expected thained
(W/em®) (%) (%) (mJ/cm”) (mJ/cm®) (WIem?) increase increase
NTC 72 2.05 0.04 3200 3.1 1.44 - -
SCTC 279 0.52 0.01 5523 33 1.45 =4 3.9
DTC2 168 0.71 0.02 31700 8.7 1.19 =3 2.3
DTC3 247 0.43 0.04 346000 30.2 1.06 =5 3.4

NTC: No topcoating, SCTC: semiconductor topcoating with four quarter-wave pairs of GaAs/AlAs, and DTC2 and DTC3: dielectric topcoating with, respectively, two

and three quarter-wave pairs of Si0,/SizN,.

100 F
e 80l
260 - -
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8 20}
B X
= 20} El
0 =k 1 | 1 |
0 200 400 600
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Fig. 6.

(b)

(a) Typical time-to-damage measurement. During (1), the sample is blocked, and at (2) the sample is exposed to the laser beam. Once damage has

occurred, the reflectivity drops [in this case to ~30% (3)]. The laser beam on the SESAM under test is blocked (4) and the SESAM is moved laterally to perform
the next measurement. In this example, we measured a time-to-damage of 445 s at a fluence of 27 mJ/cm?, corresponding to a fluence 65% lower than the damage
threshold. (b) Image of a tested SESAM where we can see multiple damage spots resulting from this damage characterization.

as the minimum fluence where this irreversible reflectivity drop
occurs in <1 s.

In order to measure the damage fluence and the time-to-
damage of a sample, we use the setup described in Section IIA.
We set the fluence to a constant value and track reflectivity of
the sample versus time. A typical measurement trace is shown
in Fig. 6(a). First, the fluence is set to the desired value while the
sample arm is blocked (1). The measurement of reflectivity ver-
sus time is then started, and the laser is focused onto the sample.
The time before the irreversible reflectivity drop (2) is what we
define as “time-to-damage”. One reflectivity measurement point
lasts typically around 1 s, and the precision of the measurement
is, therefore, limited to this duration. The observed drop in re-
flectivity is stronger when damage occurs at higher fluences, but
typically the drop is of 50-90% of the initial reflectivity of the
nondamaged sample.

In order to find the damage threshold, we first scan the flu-
ence in steps of approximately 5 mJ/cm? starting at around
100 x F, based on typical damage values. Once a fluence is
found where instantaneous damage is observed, we perform a
fine scan both in fluence (steps of ~1 mJ/cm?) and in the z-
position of the sample in order to find the exact focus position
for minimum damage fluence. The obtained minimum value is
what we define as damage threshold fluence of a sample.

Once a spot has been damaged, we move the SESAM under
test in the x- or y-direction in order to perform the next mea-
surement on an undamaged spot. It is interesting to note that
the higher the damage threshold, the bigger the impact trace on
the SESAM when damaged; therefore, a larger translation to a
new spot is required to perform the next measurement. A large

translation of the SESAM under test might result in slight dif-
ferences in the SESAM parameters due to a small linear layer
thickness variation of less than <1% along the full wafer re-
sulting from the MBE growth. We limited this effect with a
maximum translation of 500 pm on the sample.

B. Damage of Different Topcoated SESAMs

As a first step, we performed damage tests on the different
3-QW SESAMs described in Section III to compare the effect of
the different topcoatings on the damage behavior. The damage
fluences of these samples are presented in Table IV together
with the different parameters of the tested SESAM:s.

The topcoated SESAMs show, in all cases, higher damage
fluences than without a topcoating. The damage fluences for
the dielectric topcoatings are much higher than for the semi-
conductor topcoated SESAM with similar parameters. It is in-
teresting to note that regardless of the sample, instantaneous
damage occurs at fluences deep in the rollover regime, where
SESAM modelocked lasers would not operate in a stable regime
(e.g., saturation parameters S > 150). For our sample with
three quarter-wave pairs of SiO»/SizN, topcoating, we could
not observe damage even at the available maximum fluence of
0.21 J/cm? in our setup. This corresponds to a peak intensity of
370 GW/cm? on the sample. This particular sample was tested
at this maximum fluence level for several hours and no dam-
age was observed. We measured lifetime curves for the samples
where the damage fluence could be measured and the results are
presented in Fig. 7.

For the different samples, the lifetime curves seem to fol-
low the same exponential behavior suggesting a similar damage
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TABLE IV
MEASURED DAMAGE PARAMETERS
Foa AR ARy F; Fy Fy _
SESAM (W/em®) (%) (%) (mJ/em®) (mJ/cm®) (mJ/em®) S=FfFo
NTC 72 2.05 0.04 3200 3.1 32.6 452
SCTC 279 0.52 0.01 5523 33 44.1 157
DTC2 168 0.71 0.02 31700 8.7 122 726
DTC3 247 0.43 0.04 346000 30.2 >210 >850
NTC: No topcoating, SCTC: semiconductor topcoating with four quarter-wave pairs of GaAs/AlAs, and DTC: dielectric topcoating with two and three quarter-wave
pairs of SiO»/SizNy.
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Fig. 7. Lifetime curves of different SESAMs: (a) lifetime curves with fluence
axis in absolute value for the non-topcoated SESAM with three QWs (NTC,
brown), the same SESAM with a GaAs/AlAs semiconductor topcoating (SCTC,
purple), and the same SESAM with a SiO2/Si3 Ny dielectric topcoating (DTC2,
blue). (b) Lifetime curves in reference to the instantaneous damage fluence of
the respective SESAMs.

TABLE V
CALCULATED DAMAGE PARAMETERS USING
THE FIT FUNCTION DESCRIBED IN (6)

Fat F Fy

SESAM W/em?)  (ml/em?)  (ml/ecm?) 1F2) t (Fo)
4210°s 4010"s

NTC 72 1.15 3.1 (48 days)
1.6107s 15

SCTC 279 1.31 33 (185 days) 2510 s

9

DTC2 168 2.97 8.7 18107s 8.110%s
(57 years)

DTC3 247 * 30.2 * *

*No damage threshold could be measured for the three-pairs DTC SESAM. NTC: Nontopcoating,
SCTC: semiconductor topcoating with a four quarter-wave pairs of GaAs/AlAs, DTC2 and
DTC3: dielectric topcoating with two or three quarter-wave pairs of Si0,/SizN,, respectively.

mechanism in this fluence range. The fit for the lifetime curves
was done using a single exponential function

(F —Foffser)

t(F) =ty +1pe Fs (6)

The fit parameters are presented with the lifetime curves in
Fig. 7. For every SESAM, the measurements were done for
fluence levels ranging from the instantaneous damage fluence

to around 80% of this value, leading to time-to-damage values of
1-2 h. The parameter F'5 is a representative value to compare the
different samples. It represents the fluence at which the lifetime
has dropped to 1/e of the zero fluence lifetime value.

We can use these lifetime curves to evaluate the lifetime of
a SESAM at a given lower fluence. The maximum fluence at
which a SESAM can be used for modelocking is the point F
where the maximum reflectivity is reached. It is, therefore, inter-
esting to evaluate the lifetime at this fluence. We also present the
values of these lifetimes to half the damage fluence. The differ-
ent values for the measured SESAMs are presented in Table V.

The extended lifetime curves suggest lifetimes of several
years at the maximum reflectivity fluence F. At more typi-
cal operation points, the lifetimes would be even larger. Clearly,
other damaging mechanisms need to be considered at lower flu-
ences, and this single exponential most likely will not be enough
to fully characterize the long-term lifetime of a SESAM. There-
fore, measurements at much lower fluence levels are necessary
in a similar study.

C. Extension of the Lifetime Curves to Lower Fluences

We measured lifetime values of >8.7 h for one sample with
one QW as an absorber. This lifetime is presented in Fig. 8
as a function of the saturation parameter and extended to very
low saturation parameters. We can see that at saturation pa-
rameters of 10 < § < 50, the suggested lifetimes are in the
order of 700 000—150 000 h which is approximately an order of
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Fig. 9. (a) Lifetime curves and nonlinear reflectivity of a DBR (pink), a non-

topcoated single-QW SESAM (green), and a non-topcoated 3-QW SESAM
(brown). (b) Lifetime curves in reference to the instantaneous damage fluence
of the respective SESAMs.

magnitude larger than observed in some high-power commercial
systems using SESAM technology [38].

This seems to indicate that another mechanism has to be taken
into account for much lower fluences. Nevertheless, considering
that the longest time-to-damage point was taken at a fluence over
an order of magnitude larger than the evaluated points, the model
seems to give a good approximation of the lifetime of SESAM:s.
However, we can see here that it is crucial to take points at long
lifetimes (¢ > 10 h) for a correct extension of the lifetime curves.

D. Influence of the Absorber Section on the Lifetime: DBR,
1 QW, and 3 QW

In order to identify the damage mechanism, we compared the
damage behavior of a SESAM with a single QW absorber, a
3-layer QW absorber (same one described in Section III), and
the DBR mirror (without absorber section) in order to evaluate if
the damage thresholds are dependent on the saturable absorber
properties. All the samples have no topcoating. The results are
presented in Fig. 9 and Table VI.

We can see that the damage behavior for a DBR is similar to
that of the characterized SESAMs. Damage occurs deep in the
rollover regime, and this rollover occurs at comparable fluence
levels as for the SESAMs. This confirms that this mechanism is
related to the ISA process, which is mainly caused by the GaAs
layers in the structure. We can see in Fig. 9(b) that the absorbers
seem to have a tendency to slightly reduce the lifetime. This
could be due to the fact that the SESAMs have additional GaAs
spacers in the absorber section where the electric field is very
strong, and this represents an important contribution to the ISA.
This would also explain the 50% higher damage fluence for
the DBR (Table VI). Using AlAs barrier layers could, therefore,
increase the damage threshold of these non-topcoated SESAMs.

TABLE VI
DAMAGE PARAMETERS MEASURED FOR A DBR (PINK) A NON-TOPCOATED
SINGLE-QW SESAM (GREEN) AND A NON-TOPCOATED
3-QW SESAM (BROWN)

Sample Fiu 2 £ Fa £
(W/em) (mJ/ em”) (mJ/ ecm®) (% of Fy)

DBR 0 7400 48 72

1-QW 57 2600 3211 5.6

3-QW 72 3200 32,6 35

E. Damage Mechanism

In Fig. 10, we show the damage curves of the SESAMs de-
scribed in Section IIT (see Fig. 4) simultaneously with the re-
flectivity curves. For all SESAMs under test, damage occurs at
fluences deep in the rollover regime, suggesting a damage mech-
anism related to the absorbed energy due to the ISA rollover.
It is interesting to note that in the case of DTC2 where F is
greatly increased, the damage curve is also shifted to higher
values. The energy per area absorbed by the sample due to the
ISA process is

F2
Exbs ~ FQ . (7)

This formula is valid for F' >> F,;, F' << F, and small
nonsaturable losses (see Appendix II). Therefore, if we consider
that damage occurs at a given level of deposited energy, the
damage fluence F; for all SESAMs scales proportionally to
V/F5. In the case of SESAMs with the same absorber, where
the product Fy,-AR is constant, the damage fluence F; scales
proportionally to Fy as shown in Appendix II.

In order to illustrate this dependence, we plotted the ra-
tio Fy/F, for four different SESAM topcoating designs (see
Fig. 11). All SESAMs are based on the 3-QW absorber de-
scribed in the previous section and therefore have the same
absorber structure with a constant Fg,-AR product. However,
even for the same topcoating design, we observe differences in
the ISA response of the samples due to the inhomogeneity of
the MBE growth with respect to the center position of the wafer.
In total, we measured 13 samples at several positions.

These results clearly indicate that the ratio F4/F remains
constant. This means that even for different topcoatings, the
damage threshold seems to scale proportionally to Fj in the
case of SESAMs with the same absorber section where the
product Fy,:-AR is constant. If we want to extend this evalu-
ation to samples with different absorbers, and even to a DBR
mirror (since the absorber does not seem to be responsible for
the damage mechanism), it is relevant to compare the damage
threshold not to Fy but to /I, and to verify F; o< v/F5. In
Fig. 12, we plotted the ratio \/Fy/F, for 16 different samples
for which we could measure the damage fluence.

The data seem to confirm that the damage process is dom-
inated by the energy absorbed by the sample due to the ISA
mechanism, and that the main contribution to this ISA comes
from the field in the DBR and spacer layers and not by the ab-
sorber. This gives a clear indication on the damage behavior of
such SESAMs, suggesting that catastrophic damage occurs due
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Fig. 10. Lifetime curves plotted with the nonlinear reflectivity curves of the corresponding SESAMs.
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is, for example, hot-carrier generation. We also demonstrated
that the absorber itself is not responsible for the damage mecha- .
nism, since a DBR mirror showed comparable damage threshold 2+ - “
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number of QW, the amount of material to add becomes
significant. In this case, one could also consider using an-
other material with lower Btpy (for instance AlAs) for
such QW barrier layers. Without GaAs barrier layers, we
would expect a damage behavior of the non-topcoated
SESAMs almost identical to that of a DBR mirror.

2) The absorber section of the samples used for this study
was grown at T ~ 400 °C leading to recovery times in
the order of ~ 200 ps. In thin-disk lasers, low-temperature
grown SESAM recovery times are typically in the order of
7 ~ 10-300 ps. Lower growth temperatures would not
only result in shorter recovery times but also in a larger
growth defect density [35]. The chosen growth temperature

with 1, 3, and 6 QWs and a DBR mirror. Samples with three QWs with different
topcoatings are also compared and plotted.

seems to represent a good compromise between recov-
ery time and growth defects that could further reduce the
damage thresholds. However, the exact influence of this
growth temperature on the damage behavior still needs
to be studied. In this case, in spite of the relatively low
growth temperature, we have demonstrated that the dam-
age threshold and parasitic losses of the DBR are similar
to those of the 3-QW and 1-QW SESAMs, showing a
sufficiently good growth quality.

3) Dielectric topcoatings are preferred over semiconduc-
tor topcoatings to increase the saturation fluence. The
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topsection of a SESAM is critical because it experiences a
very strong electric field and therefore contributes strongly
to the ISA and to the damage mechanism. By using a
dielectric material, we achieve larger values for F, and,
consequently, higher damage fluences.

VII. CONCLUSION AND OUTLOOK

We have presented in this paper, to the best of our knowl-
edge, the first detailed study on damage of SESAMs designed
for high intracavity energy oscillators. We have identified the
relevant nonlinear parameters to compare SESAM damage in-
dependently of their specific design structure. We have clearly
demonstrated a dependence of the damage threshold on the
ISA parameter F» and the maximum reflectivity fluence Fy,
by demonstrating that the damage fluence Fy for all SESAMs
scales with /Fy. Additionally, we have shown that the main
contribution to this damage process comes from the GaAs lay-
ers in the SESAM structure and not from the absorber layers.
In the case of SESAMs with the same absorber (i.e., constant
Fsa¢-AR), the damage fluence Fy scales proportionally to Fj.
Therefore, damage occurs due to heating of the lattice by en-
ergy absorbed because of ISA and not by the QW absorbers.
Additional damage measurements on a simple semiconductor
DBR mirror further confirm this conclusion. We give clear de-
sign guidelines for SESAMs with reduced ISA and, therefore,
reduced damage thresholds.

We could demonstrate SESAMs with high saturation fluences
of >200 uJ/ch, low nonsaturable losses of <0.1%, reduced
ISA, and reduced damage threshold. We achieved this by us-
ing a dielectric topcoating on a multiple-QW SESAM. For
the SESAM with a saturation fluence of 247 uJ/ch, nonsat-
urable losses of AR,s = 0.01%, and a modulation depth of
AR = 0.43%, we could not observe damage even at fluences
as high as 0.21 J/cm?—the maximum available fluence in our
setup. This corresponds to peak intensities of 370 GW/cm?.
For all SESAMs, the damage threshold occurs at fluences
where it is not possible to operate a modelocked laser in stable
operation.

Time-to-damage measurements were done and lifetime
curves of >8 h were measured for different SESAMs, con-
firming a clear exponential behavior and suggesting lifetimes of
several years at standard operation fluences. However, at much
lower fluences than the instantaneous damage fluence, other
damage effects might have to be considered. Nevertheless, these
extrapolated lifetimes are only one order of magnitude higher
than those observed in some high-power commercial systems
using SESAM technology [38].

Future damage investigations will explore different laser op-
eration regimes such as pulse duration, pulse repetition rate,
and MBE growth temperature of the absorber. Another interest-
ing investigation would consist of performing a similar study
to determine the damage mechanisms involved in carbon nan-
otube absorbers [39]-[42], and compare damage behavior of
both absorbers.

It is of particular interest to reproduce a similar study at
shorter pulse duration such as 100 fs. However, with the cur-
rent guidelines, it is already possible to estimate the damage

threshold at shorter pulse durations, even though these values
still need to be experimentally confirmed.

APPENDIX I
Foat-AR = CONSTANT [43]

We will demonstrate here that the product of modulation
depth times the saturation fluence is proportional to the trans-
parency density Ny. The transparency density Ny depends on
the material composition, wavelength, temperature, and con-
finement.

The condition for transparency is to have equal probability
for stimulated emission and absorption. In terms of intrinsic
parameters, one can show that this condition is fulfilled when
the separation between the quasi-Fermi levels equals the photon
energy, i.e.,

Efe—Ey, = hv. (Al)

The number of electrons should equal the number of holes,
i.e., n = p. The carrier densities are computed with density of
states D(E) and the Fermi functions f, and f, for conduction and
valence band, respectively,

n= [ DE)EME (A2)
o

p= / ID(E)(1 - f.(E))dE (A3)

n=p=1N, (A4)

with the Fermi functions f, and f, depending on the Fermi
energies Ey . and Ey ., respectively. The transparency density
can, therefore, be calculated by computing the Fermi levels
numerically.

The fluence needed to obtain transparency can be obtained
by multiplying the transparency density by the photon energy
and the thickness of the considered layer in the case of bulk
semiconductor

F, = dhwN. (A5)

In the case of QWs, we just need to replace the transparency den-
sity by the 2-D transparency density Ny op, which is calculated
with the modified density of states for QW Dqw (E)

F, = dhwNy op Faps = F(1 — R(F)). (A6)

We can also express the pulse fluence needed for transparency
in terms of extrinsic SESAM parameters. The absorbed pulse
energy per area for a pulse with fluence

Fas = F(l - R(F)) (A7)
In (1 + B (eFfat . 1)) )
R(F) = Ry, A T (A9
Fsal,

For a saturated SESAM (F — 00) and using (A7) and (A8)
F, = Flim F(1—R(F))

1
F, =1 <R ) ~ FoIn(1+ AR) ~ Fyyi AR. (A9)
lin
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Using (A6), we, therefore, have for a QW SESAM

FSMAR == hVNO,QD- (AIO)

Therefore, for samples with the same absorber section the prod-
uct Fg,-/AR remains constant.

APPENDIX I
APPROXIMATE EXPRESSION OF THE ENERGY DEPOSITED
ON THE STRUCTURE DUE TO ISA

At any given incident fluence F, we can calculate the fraction
of this incident fluence absorbed by the sample

F,hs = F(1 — R(F)).

(BI)
As an expression for R(F), we can use the following function:

- Rnsln (1 + B (e* . 1)) e

I (&
Foa

(B2)

If we consider that we are strongly saturated (F' >> Fi,¢) and
are close to the start of the rollover (/' << F}), we can approx-
imate this reflectivity function by

F
R(F) = Ry (1 — > . (B3)
F
Therefore, the absorbed energy per area becomes
F
Fos =F (1 — Ry (1 — )) . (B4)
Iy

For all samples that we have considered in this study, the non-
saturable losses 1 — R, 4 are negligible; therefore, the expression
becomes

FQ
B’
If we consider that damage occurs at a given amount of energy

deposited in the sample, we have a condition for the incident
damage fluence Fq at which damage occurs

Fiops = Ry (B5)

F2
Rn% 4
S FQ

= constant. (B6)

Therefore, Fq should scale proportionally to v/ F5.
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