
Abstract. The thermal management of saturable absorbers is
shown to have a critical impact on a high-power mode-locked
disk laser. The absorber with efécient heat removal makes it
possible to generate ultrashort pulses with high repetition
rates and high power density.
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1. Introduction

Semiconductor disk lasers (SDLs) are shown to be a
promising candidate for multi-GHz short pulse generation
which could be used in optical clocking, telecommunica-
tions and photonic switches [1]. The key to high power
operation of SDLs is thermal management, which is usually
accomplished with the so-called êip-chip thinned-structure
design or by using an intracavity heat spreader. Normally,
it is assumed that the extensive thermal management is
applied to the gain medium only. However, the need for
appropriate temperature control of the SESAM has been
discussed elsewhere [2, 3].

Because the ratio of the average power to the pulse peak
power increases with the repetition rate, the lasers producing
GHz-range pulse trains exhibit a higher average power
which is needed for the SESAM saturation and could
further enhance the thermal load [4, 5]. The heating
inêuences the SESAM characteristics through various
versatile effects, particularly, due to temperature-dependent
quantum-well bandgap energy, density of states, absorption,
saturation êuence and modulation depth [6, 7]. Further-
more, without efécient heat removal, the thermal lensing
effect could essentially deteriorate laser performance espe-
cially in cavities operating close to the stability limit, which
is usually the case in high repetition rate mode-locked SDLs
[8 ë 10].

An improved thermal management of the SESAM could
be obtained utilising the êip-chip scheme [3]. The êip-chip

technology for the SESAM fabrication would assume a
reverse growth order with subsequent substrate removal. As
compared to intracavity heat spreader approach, this
technique requires reéned bonding and accurate etching
to preserve high surface quality and prevent its contami-
nation. The intracavity heat spreader is attached directly to
absorbing section resulting in a short heat route, whereas in
a êip-chip processed SESAM the heat generated in the
absorbing layers is extracted through the distributed Bragg
reêector (DBR) into the submount. This form of heat
removal is especially harmful with DBRs having a low
thermal conductivity. Thermal lensing is also expected to be
stronger with the êip-chip design as compared to the
intracavity diamond spreader approach [11]. Another lim-
itation induced by the êip-chip SESAM design is that it
prevents ion-irradiation on the wafer level and using sur-
face-state assistance needed to achieve fast saturable
absorption recovery.

Using quantum dot (QD) materials instead of wide-
spread quantum well (QW) structures offers absorbers with
a low saturation êuence, which allows a larger mode size
and, consequently, reduces the thermal load on the SESAM
[12, 13]. However, tailoring the operation of the QD
material beyond 1.3 mm is problematic, making quantum
well based SESAMs a primary candidate for long-wave-
length mode-locked lasers [14, 15].

This study shows that thermal management of semi-
conductor saturable absorber mirrors should be considered
for high-power mode-locked lasers. We demonstrate that
the SESAM can signiécantly impair the output power and
pulse quality when thermal management is not properly
addressed.

2. Gain and SESAM structures

The epitaxial structures were grown in a single stage using
the solid source molecular beam epitaxy (MBE) technique.
The periodic-resonant gain structure with ten GaInAs
quantum-wells and a GaAs/AlAs DBR forms a folding
mirror of the cavity. The SESAM consisting of two GaInAs
quantum wells was designed to operate at antiresonance at
the laser wavelength. The saturation êuence of the SESAM
was 10 J cmÿ2, the modulation depth ë 2% and the
nonsaturable losses ë 0.5%. The thermal management of
both the gain element and the SESAM was achieved by
capillary bonding them to 300 mm-thick type-III diamonds
using de-ionised water. The assembly was then placed
between two copper plates using a thin indium foil as a

A. Rantam�aki, J. Lyytik�ainen, J. Nikkinen, O. Okhotnikov
Optoelectronics Research Centre, Tampere University of Technology,
Korkeakoulunkatu 3, 33720 Tampere, Finland;
e-mail: antti.rantamaki@tut.é, jari.lyytikainen@tut.é,
jari.nikkinen@tut.é, oleg.okhotnikov@tut.é

Received 29 April 2011
Kvantovaya Elektronika 41 (9) 786 ë 789 (2011)
Translated by O. Okhotnikov

PACSnumbers: 42.55.Px; 42.60.Da; 42.60.Fc
DOI:10.1070/QE2011v041n09ABEH014658

Effect of thermal management on the properties
of saturable absorber mirrors in high-power mode-locked
semiconductor disk lasers

A. Rantam�aki, J. Lyytik�ainen, J. Nikkinen, O. Okhotnikov

433/209 ë KAI ë 10/x-11 ë SVERKA ë 4 ÒÑÎÑÔ ÍÑÏÒ. å 1
Quantum Electronics 41 (9) 786 ë 789 (2011) ß2011 Kvantovaya Elektronika and Turpion Ltd



contact substance to ensure good thermal and mechanical
contact. Finally, the 28 wedge diamonds were AR coated in
order to prevent surface reêection. The temperature of the
gain element and the SESAM was kept at 15 8C.

3. Experimental

The V-cavity of the disk laser consists of the mounted gain
chip, SESAM and a spherical output mirror with radius of
curvature of 50 mm and reêectivity 97.5%, as shown in
Fig. 1.

The gain element was pumped through the diamond heat
spreader with an 808-nm ébre coupled diode laser at an
incident angle of 258. The pump spot diameter on the gain
element was 290 mm and the mode diameter on the SESAM
was 94 mm. The geometry of laser cavity ensures a proper
overlap of the pumped spot and the fundamental Gaussian
mode at the signal wavelength.

4. Results

Figure 2 shows the dependence of the average output power
and pulse duration on the pump power. One can see that
the pulse duration of the disk laser using the SESAM
equipped with an intracavity diamond heat spreader
increases with increasing pump power [16]. With an efécient
heat removal from the SESAM, the dominant factors in
pulse formation are most likely the nonlinear phase shifts
and dispersion.

The estimated single-pass contribution of the intracavity
diamond heat spreader to the total cavity dispersion is 40 fs2

and it could be neglected as compared with the dispersion
induced by the periodic resonant gain structure [10]. The
autocorrelation trace and the optical spectrum of the pulse
train at an average power of 1 W are shown in Fig. 3. The
repetition rate of the laser was 3.05 GHz.
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Figure 1. Schematic of a mode-locked disk laser. The gain chip is pumped at an angle of 258 with respect to the SDL cavity plane.

Figure 2. Average output power and pulse duration (sech2x ét) as a
function of pump power for a laser with an intracavity diamond heat
spreader on the SESAM.

Figure 3. Pulse autocorrelation trace for the pulses with the average
output power of 1 W ( 1 ) and with the sech2x ét ( 2 ). The laser is
equipped with an intracavity diamond heat spreader on the SESAM. The
inset shows the corresponding optical spectrum of the pulses.
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The microwave spectrum measured with a 3-kHz reso-
lution comprises the fundamental frequency component and
its harmonics with extinction over 60 dB, which indicates a
steady-state highly periodic mode-locked pulse train. It was
observed, that a non-ideal AR coating of the wedged
diamond bonded to the SESAM induces some losses into
the cavity and provides certain penalty to overall eféciency
of the laser.

The SESAM was then replaced by an identical sample
cut from the same wafer, but assembled without a heat
spreader. It was conérmed that in this case the thermal
effects in the SESAM dominate due to efécient heat removal
from the gain medium. The experimental results shown in
Figs 4 and 5 were obtained for a cavity with a pulse
repetition rate of 3.084 GHz.

The principal mechanism of SESAM heating originates
from both saturable and nonsaturable losses [17]. Numerical
simulation shows that local heating of the SESAM could
introduce another thermal lens into the cavity in addition to
the lens developed in the gain element, which increases the
mode size on the SESAM and decreases the mode size on
the gain element. This feature decreases the ratio of the
mode size at the gain to mode size at the SESAM and
degrades the performance of the mode-locking process,
which critically depends on this parameter [17]. The output
power reduction and the increase in the pulse duration for a

laser without SESAM heat removal can be clearly seen by
comparing Figs 2 and 4. Another effect which deteriorates
the pulse quality is an increase in the SESAM saturation
êuence with temperature due to a gradual red shift of its
bandgap wavelength with temperature [18]. Consequently,
the reduced absorption saturation elevates the losses and
further enhances the SESAM heating [3]. The SESAM
without heat removal could then work in a weakly saturated
regime and steady-state mode-locking starts at a higher
output power of 420 mW as compared with the SESAM
assembled with diamond heat spreader, as seen from Figs 2
and 4. It should also be noted that a SESAM with a low
level of absorption saturation exhibits higher unbleached
losses which further rises the local temperature in the
SESAM. With the development of mode-locking and
with a gradual increase in the output power, the absorption
saturation becomes stronger resulting in an increase in the
effective modulation depth. This phenomenon accounts for
the inverse dependence of output power and pulse duration
shown in Fig. 4.

5. Conclusions

We have demonstrated that the thermal management of a
saturable absorber has a considerable effect on the
eféciency and pulse quality of mode-locked lasers. The
experimental results show that the degradation of mode-
locked laser performance with an increased power is
strongly affected by the local heating of the SESAM,
resulting in a loss increase and incomplete saturation of
absorption. These effects become progressively more
important at high repetition rates when the increased
average power results in a larger power density and severe
thermal load of the absorber.
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