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Abstract This paper reviews and discusses recent
developments in passively mode-locked vertical external
cavity surface emitting lasers (ML-VECSELSs) for short
pulse generation at 1.55 um. After comparing ML-
VECSELSs to other options for short pulse generation, we
reviewed the results of ML-VECSELs operating at
telecommunication wavelength and point out the chal-
lenges in achieving sub-picosecond operation from a ML-
VECSEL at 1.55 um. We described our recent work in the
VECSELs and semiconductor saturable absorber mirrors
(SESAMs), their structure design, optimization and
characterization, with the goal of moving the pulse width
from picosecond to sub-picosecond.

Keywords semiconductor laser, vertical external cavity
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1 Introduction

Laser sources emitting short pulses are now widely
employed in many scientific applications such as wave-
form measurement, time-resolved spectroscopy, frequency
combs, optical interconnection and ultra-high capacity
telecommunication systems. Numerous laboratory experi-
ments have confirmed that short laser pulses can
significantly improve existing applications, for example,
increase telecommunication data rates [1] and improve
computer interconnects [2], or control the optical clocking
of microprocessors [3]. Today, telecommunication systems
rely on externally modulated continuous-wave semicon-
ductor lasers. With the combination of wavelength division
multiplexing (WDM) technology, transmission rates of
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more than 1 Tbit/s have been demonstrated [4]. Ultrafast
lasers can be used as pulse sources in the telecommunica-
tion system, rather than shaping the pulses by modulator.
The short pulse duration, high peak power, wide spectral
bandwidth and low timing jitter translate into simplified
synchronization and improved receiver sensitivity [5].
Optical analog-to-digital conversion is another application
of short optical pulses. Short pulses perform the sampling
of an optical signal in a nonlinear medium to avoid
requiring a very fast photodetector [6].

Several options are possible for the generation of short
pulses in the telecom window (1.3—1.55pum). They
present different advantages in terms of pulse energy,
timing jitter, repetition rate, and tunability of the repetition
rate. To date, multi-gigahertz pulse sources have involved
an edge-emitting semiconductor laser, which is usually
either actively or hybridly mode-locked. Typically, the
same epitaxial layer forms both the gain (with a forward-
biased section) and the saturable absorber (with a reverse-
biased section) in ultrafast edge-emitting semiconductor
lasers. Such mode-locked edge emitting lasers are
attractive because they are compact and potentially
integratable with other photonic devices on a single chip.
In 1985, Lau et al. reported one of the first attempts to
mode lock a monolithic 1.97mm long GaAlAs laser,
which produced stable pulses at 17.7 GHz repetition rate
[7]. Very stable pulse trains at 40 to 80 GHz repetition
frequency, and the pulse width of 1 to 2 ps have been
demonstrated, for example by HHI (Germany) from multi-
quantum well (MQW) multi-section edge emitting lasers
[8]. More recently, the PHOTEL group at LPN demon-
strated pulse generation at this wavelength from a two-
section quantum dots based laser at a very high repetition
frequency (346 GHz) [9]. Unfortunately, it appears difficult
to achieve high average power from such lasers, while
keeping good passive mode-locking performances. The
typical average output power from mode-locked quantum
dot edge emitting lasers at 1.55 um is in the sub-mW range.
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In addition, owing to the geometry of such edge emitting
lasers, the profile of the emitted beam is strongly
asymmetric. It is also quite challenging to fabricate a
monolithic edge-emitting laser with a very precise pulse
repetition rate, because a very precise control of cavity
length is difficult.

Diode-pumped fiber pulse lasers have been developed
and offer excellent performance. Actively mode-locked
erbium doped fiber lasers with long, dispersion-compen-
sated cavity have produced harmonically mode-locked
pulses used in 1.28 Tbit/s optical time-division multi-
plexing (ODTM) systems [10]. However, multi-gigahertz
fiber lasers require sophisticated means to obtain stable
harmonic mode-locking because they have many pulses in
the long fiber cavity. Additionally, individual pulses
generated by harmonic mode-locking do not necessarily
exhibit a fixed phase relation. This excludes promising and
important modulation formats, such as return-to-zero
differential phase shift keying [11]. In order to operate a
fiber laser at multi- gigahertz fundamental repetition rates,
extremely short active fibers have to be used, which is at
the expense of power efficiency. Recently, an all-fiber
passively mode-locked laser operating at record funda-
mental repetition rate of 20 GHz has been demonstrated,
based on a 5mm long cavity with a highly doped Er**:
Yb** fiber and a fiber compatible carbon nanotube based
saturable absorber (CNT-SA) [12].

Two other interesting kinds of pulse lasers are based on
passive mode-locking mechanism: passively mode-locked
solid state laser and passively mode-locked vertical
external cavity surface emitting lasers (ML-VECSELSs).
Passive mode-locking mechanism means that the pulses
are generated without using any expensive multi-gigahertz
electronics. In addition, the pulses may originate from
fundamental mode-locking even at multi-GHz rate. Thus,
every output pulse is a copy of the same single pulse,
which travels back and forth in the cavity. Therefore,
pulse-to-pulse variations are minimized and the phase of
the pulses is constant. As for the repetition frequency
tunability, the external cavity laser allows for tuning the
repetition rate of pulses mechanically by adjusting the
cavity length. Monolithic lasers and fiber based laser have
a more limited tuning range because the change in cavity
length is induced by a change of refractive index. The
Keller’s group at ETH has developed passively mode-
locked solid state lasers with very good pulse quality,
comparatively high output powers, and high pulse
repetition rates [13]. A fundamental repetition rate up to
100 GHz has been demonstrated with a diode-pumped
mode-locked Er:Yb:glass laser at 1.5 um [14]. However,
only a few solid-state gain media are available in the
telecom wavelength ranges. Fortunately, passively mode-
locked VECSEL formed a new step to bridge the gap
between semiconductor lasers and solid-state lasers: it
combines the versatility of a semiconductor quantum well
gain medium with the capacity of power scalability with a

diffraction limited output beam, fundamental mode-lock-
ing at multi-GHz rate and repetition frequency tunability.

This paper reviews and discusses picosecond to sub-
picosecond pulse generation from mode-locked 1.55-um
VECSELSs. Starting from an overview of different short
pulses sources, the motivation for passively mode-locked
optically pump vertical external cavity semiconductor laser
(OP-VECSEL) device development is presented. A brief
overview of the state-of-the-art for mode-locked VEC-
SELs is presented in Section 2, focusing on devices
operating close to 1.55 um. Section 3 focuses on the
design, fabrication and characterization of optically-
pumped VECSELs, with a particular emphasis on the
thermal management. Section 4 discusses our development
of dispersion managed semiconductor saturable absorber
mirrors (SESAMs) for mode-locking. In Section 5, we
present the mode-locking experiments with the thermally-
optimized VECSEL chip assembled with the different
dispersion-managed SESAMs. Finally, Section 6 gives the
conclusions and outlook.

2 State-of-the-art of mode-locked VECSEL

The first passively mode-locked OP-VECSEL was demon-
strated in 2000 [15], by Hoogland et al. in Anne Tropper’s
group at the University of Southampton. In the following
years, large progress has been made. Figure 1 presents a
summary of the results reported to date for mode-locked
VECSELSs operating in the near infrared range. The results
are presented as a function of pulse repetition rate and
pulse duration, two important parameters of optical pulse
sources.

The groups of Prof. Keller at ETH Zurich and Prof.
Tropper at University of Southampton have made key
contributions to this field, and most of the state-of-the-art
results obtained at 1 um wavelength from GaAs-based
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Fig. 1 Summary of mode-locked pulse characteristics obtained
from mode-locked VECSELSs in near infrared range
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VECSELSs and shown in Fig. 1 have been reported by these
two groups. Today, the performances of mode-locked
VECSELSs operating around 1 um are impressive: a pulse
repetition rate of 175 GHz [16], pulse duration of 60 fs [17]
and an average output power of 6.4 W with a mode-locked
integrated external-cavity surface emitting laser (MIXSEL)
[18].

As a main conclusion of Fig. 1, sub-picosecond pulses
have already been obtained at various repetition rates at 1
um [16,19-27]. In contrast, there are only very few results
for mode-locked VECSEL at 1.5 pm. The group of Prof.
Tropper has reported the first picosecond pulse generation
from a 1.5 um passively mode-locked VECSEL in 2003
[28]. The quantum well gain structure used in this laser
consisted of an InGaAsP quantum well active region on the
top of an InP/InGaAsP distributed Bragg reflector (DBR)
grown on InP substrate. The SESAM was also grown on
InP. The authors demonstrated 6.5 ps pulses with an
average power of 13.5mW at a fundamental repetition
frequency of 1.34 GHz. The operating temperature was of
—8°C. The group of Prof. Larsson at Chalmers University
in Sweden has developed a fast GalnNAs SESAM
operating at 1.55 um and demonstrated in 2005 stable
mode-locked nearly transform-limited pulses with pulse
width of 3.2ps, a repetition rate of 2.97 GHz and an
average power of 120mW [29]. The heating in the
VECSEL chip was reduced by using a 50-pum thick
diamond heat spreader bonded to the VECSEL surface.
Finally, Prof. Okhotnikov’s group demonstrated very
recently with its collaborators at EPFL the first high-
power passively mode-locked VECSEL operating at 1.57
um wavelength [30]. Efficient heat removal from the gain
section was mainly obtained by using an intra-cavity
diamond etched with a wedge and an excellent antireflec-

conduction band

tion coating deposited on the heat spreader surface. The
mode-locked laser produced more than 0.6 W of average
output power at a heat sink temperature of 15°C. The pulse
width was of 16 ps in this experiment [30].

In 2010, our group demonstrated a picosecond pulse
generation from a 1.55 pm mode-locked VECSEL operat-
ing at room temperature [31]. The laser operated at a
repetition frequency of 2 GHz and emitted near-transform-
limited 1.7 ps pulses with an average output power of 15
mW. The SESAM was grown on GaAs with an absorbing
region consisting of a single GalnNAs quantum well,
while the VECSEL relied on the downward heat sinking
approach which will be explained in detail in Section 3.1.
This was the shortest pulse width, but sub-picosecond
pulse generation still had to be demonstrated. Progress
toward ultrashort pulse generation at 1.55 pm is difficult
because of the lack of fast SESAMs at this wavelength, and
also because of the low power performance of the gain chip
mainly due to the bad thermal behavior of quaternary InP-
based semiconductor compounds.

3 VECSEL gain chip

A VECSEL chip is formed by a stack of semiconductor
thin layers. The semiconductor chip consists of two
sections: a highly reflecting mirror, and the active region.
The typical structure of a VECSEL is illustrated in Fig. 2. It
shows the conduction and valence band energy levels
across the semiconductor layers and explains the functions
of the various layers. The highly-reflecting (HR) mirror
incorporates a periodic quarter-wave stack of layers of
alternating high and low refractive index. Such a DBR acts
as a HR plane cavity mirror. In front of the DBR is the
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Fig. 2 Typical structure of an optically pumped VECSEL [32]
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active region, which is typically a few half wavelengths in
thickness, and contains quantum wells. When a pump laser
is focused on the surface, the semiconductor chip absorbs
the pump light and converts it into desired laser light. The
optical wave of the laser mode, back-reflecting from the
DBR, sets up a standing wave inside the chip due to the
microcavity effect. Quantum wells have to be placed near
the antinodes of this standing wave in order to provide
efficient gain to the laser. Typically, the gain region spreads
over several periods of this standing wave.
3.1 State-of-the-art at 1.5 um
1.55 um VECSELs make use of an InP-based active
region, generally including InGaAsP or InGaAlAs quan-
tum wells having a high optical gain in this spectral region.
Optical pumping is moreover an easy method to achieve a
homogenous inversion of population over a large area and
thus allows for producing intense, high quality beam from
a VECSEL. In this way, several tens of Watts are obtained
today in the near infrared around 1 um from GaAs-based
OP-VECSELs [33]. On the other hand, the thermal
conductivity of quaternary materials used in InP based
devices is really poor compared to that of GaAs based
devices emitting around 1 um. The excessive heating in the
active region arising in InP-based 1.5 pum structures
generally limits the maximum output power. Thus,
efficient heat dissipation from the active region is crucial
in 1.5um VECSELs. Table 1 shows some results
demonstrated to date from OP-VECSELSs operating around
1.5 um with different thermal management schemes: intra-
cavity heat spreader and downward heat dissipation. These
two approaches will be further analyzed by thermal
modeling in Section 3.2. Using intra-cavity heat spreader,
most of the heat generated in the active region is spread out
in the heat spreader, and therefore by-passes the thermal
impedance of the DBR and substrate. Downward heat
dissipation technique relies on removing the heat through
the DBR and substrate.

The group of Prof. Larsson at Chalmers University of
Technology in Sweden was one pioneer in the field of
1.5 um OP-VECSEL. They first demonstrated in 2004 a

Table 1 Summary of main results obtained with 1.55 pum OP-VECSELs

maximum output power of 70 mW at 233 K (~ —40°C)
from an InP-based OP-VECSEL in continuous wave (CW)
operation at 1550 nm [34]. Their VECSEL chip was grown
on a bulk InP substrate and included five groups of four
InGaAsP quantum wells on top of a 48 period InP/
InGaAsP DBR. In a second step, they reduced the thermal
impedance of the VECSEL chip by using an intra-cavity
heat spreader bonded to the VECSEL surface. They used a
Silicon substrate as the heatspreader [38], and finally
selected a 50 um thick type Ila natural diamond [35]. The
diamond with a typical size of 5 mm x 5 mm was bonded
to the surface of a4 mm x 4 mm VECSEL chip by the
technique of liquid capillary bonding. Using this approach,
they demonstrated in 2004 an output power exceeding
470 mW at a heat sink temperature of 0°C, while an output
power of 170 mW could be obtained at room temperature
[35].

Still using the intra-cavity heat spreader approach, the
group of Prof. Okhotnikov at Tampere University of
Technology in Finland, in collaboration with Dr. Sirbu and
coworkers at EPFL in Switzerland, reported in 2008 a
record output power of 2.6 W from a 1.57 um OP-
VECSEL [36]. Their VECSEL configuration is shown in
Fig. 3(a). The active region comprised 5 groups of 2
AlGalnAs quantum wells. They replaced the InP-based
DBR by a 35-pair AlGaAs/GaAs DBR with better thermal
conductivity, assembled with the InP-based active region
by wafer fusion. In addition, a 300 um thick intracavity
natural type Ila diamond heat spreader (size of 3 mm x 3
mm) was bonded to the top surface of the sample by
capillary bonding. As can be seen in Fig. 3(a), a special
care was also taken in mounting the laser chip: the sample
is pressed between two copper plates with indium foil to
ensure reliable contact between the surfaces. The topmost
metal plate had a circular aperture for signal and pump
beams. The bottom copper plate on top of which the
VECSEL was placed was cooled by a Peltier element. The
hot face of the Peltier was in contact with a water cooled
copper block as the heat sink.

It can be concluded that the intra-cavity heat spreader
approach is an efficient solution for 1.55 um OP-VECSEL
operating in CW regime with high output power. However,

Ao/mm active region bottom mirror Py /W heat spreader (HS) or operating reference (date)
(quantum wells) downward heat dissipation temperature/K
(DHD)

1550 20 48-pair 0.07 DHD 233 [34]
InGaAsP InP/InGaAsP (2004)

0.8 HS 240 [35]
(2004)

1570 10 35-pair 2.6 HS 283 [36]
InGaAlAs GaAs/AlGaAs (2008)

1550 8 hybrid 17-pair GaAs/ 0.07 DHD 298 [37]
InGaAlAs AlGaAs-gold mirror (2008)
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Fig. 3 Schematics of thermal management techniques. (a) Intra-cavity heat spreader approach (after Ref. [36]); (b) downward heat

dissipation approach (after Ref. [37])

the intra-cavity heat spreader also acts as a Fabry-Perot
etalon. It may introduce an unwanted spectral selection
limiting the minimum pulse-width in the mode-locking
regime. Moreover, it is not easily compatible with non-
perfectly plane VECSEL surface.

An alternative to the intra-cavity heat spreader is the
downward heat sinking approach. At LPN, we investigated
this second approach for the development of 1.55um
mode-locked VECSELSs. In a first report in 2008 [37], we
compared different kinds of bottom DBR and substrates.
Figure 3(b) shows the VECSEL configuration that was
used. A single-mode output power of 77 mW (limited by
the available pump power) was obtained under CW laser
operation at room temperature.

3.2 Thermal optimization of VECSEL

Thermal simulations have been carried out using Comsol
Multiphysics (2D model). Parameters used in the simula-
tion are given in Table 2. The heat conduction equation is
solved for a circularly symmetric device and the
semiconductor structure is simplified into three parts: a
top phase layer, the active region and the bottom DBR
mirror. The active region is made of InGaAlAs. It includes
8 compressively strained InGaAlAs quantum wells
embedded in a lattice-matched InGaAlAs absorbing
layer, and will be further described in Section 3.3. In the
following simulations, the InP-based part of the VECSEL
structure (i.e., top phase layer and active region) is kept
unchanged for comparison purpose. The geometry used for
the modeling of VECSEL chip with a top mounted
heatspreader is schematically depicted in Fig. 4. The
geometry used for modeling of VECSEL chip based on the
downward heat sinking approach is depicted in Fig. 5. In
the latter case, the host substrate consists either of chemical

vapor deposition (CVD) diamond, copper, or gold. Bulk
host substrates can be assembled with the semiconductor
chip via an Auln, metallic layer, and the assembly
procedure will be detailed in Section 3.3. The VECSEL
chip is placed on a temperature-regulated copper heat sink
with an intermediate in foil to improve the thermal contact.
All the thermal conductivities are kept constant and equal
to the values at 300 K and internal interfaces are perfectly
conducting. Additionally, the average thermal conductivity
of DBR mirror is calculated in both radial (x,) and
longitudinal (x,) axis. As for the boundary conditions in the
longitudinal direction, the bottom part of the heatsink is
kept at a constant temperature while the top surface of the
structure is considered as thermally insulated (air convec-
tion is neglected). In radial direction, symmetry boundary
conditions are used at the axis of rotation. Radius of
VECSEL chips are set to 2 mm in the simulations, which is
at least 12 times larger than the pump spot radius. In this
case, thermal insulation is assumed at the edge of VECSEL
chips. Pump absorption and hence heat loading is assumed
to occur mainly in the active region, but also to some extent
in the bottom mirror [40,41]. Diode laser pumping with a
Gaussian profile at 980 nm is assumed. The linear
absorption coefficients in the different layers at this
wavelength are given in Table 2. The fraction of pump
power absorbed in the active region and converted to heat
is 0.37 [40]. The temperature rise in the active region has
been calculated as a function of pump spot radius for a
fixed average pump power density of 10 kW/cm?.
VECSELs associated to a 300 um thick intracavity
diamond heatspreader have first been considered as a
thermal reference [30,41,42]. VECSELs with the same
InP-based active region but with different bottom Bragg
mirrors and substrates have then been considered: a 48-pair
InP/InGaAsP Bragg mirror on InP substrate [42], a 35-pair
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Table 2 Thermal conductivity values and layer thickness used in the thermal simulations. (*): As the pump power has been completely absorbed

after the Au layer in the mirror, the absorption coefficient was set to zero in the simulation

layers average thermal conductivity/(W - (K-m) ") absorption coefficient at the pump wavelength/cm ' layer thickness/pum
heatspreader 2000 0 300
InP phase layer 68 0 1.1
quartenary active region 4.5 1.5 x 10* 0.7
48-pair InP/InGaAsP DBR K, =385,k =12.7 0 11.3
35-pair GaAs/AlGaAs DBR K, =744, k., = 69.9 20 9.3
17-pair GaAs/AlGaAs DBR K. =744, k,=69.9 20 4
InP substrate 68 0 300
GaAs substrate 55 0(*) 300
CVD diamond 2000 0 300
copper 400 0(*) varied
Au 300 1.3 x 10° 150
Auln, 162 0(*) 0.4
In 81 0(*) 50
Cu heatsink 400 0(*) 1000

GaAs/AlGaAs Bragg mirror on GaAs substrate [30], and
the limit case with no Bragg mirror nor substrate. In Fig. 4
showing the geometry used in modeling, the vertical
yellow dash on the right side of the structure indicates the
thermal short-cut (made of copper) between bottom and
top heatsink. Results in Fig. 4 reveal that for pump spot
radius up to 150 um the heat dissipation mostly occurs
through the top-mounted natural diamond when it is used
as intra-cavity heat spreader. The thermal impedance of the
bottom Bragg mirror and of the substrate in the VECSEL
chip has a negligible impact on the temperature increase in
the active layer in this case. A temperature rise lower than
10 K is systematically calculated (10 kW/cm? pump power
density) for a pump spot radius up to 150 pm.

An alternative to the intra-cavity heat spreader is the
downward heat dissipation scheme. In the downward heat
sinking approach, the thermal impedance of the bottom
mirror and substrate becomes of paramount importance.
We have already demonstrated the low thermal impedance
of a hybrid metal (Au) -metamorphic GaAs/AlGaAs mirror
associated to a highly thermally-conductive CVD diamond
host substrate [31,37]. The thermal performance of such a
VECSEL structure is illustrated in Fig. 5. The same active
region as for the calculations of Fig. 4 is considered, but is
combined with a 17-pair GaAs/Aly 97Gag g3As-Au hybrid
mirror, associated to a CVD diamond host substrate via
metallic bonding, or to an integrated metallic (Cu, Au)
substrate. For pump spot radii larger than 20 um, the CVD
diamond substrate leads to superior performance with a
significant reduction of the temperature rise in the active
region. Moreover, a quasi-one-dimensional heat flow can
be observed in this case for large pump diameters, of
particular interest for power-scaling. Results of Fig. 5 also

demonstrate that a cost-effective version consisting in the
use of'a Cu host substrate, will also lead to low temperature
increase for VECSELs with pump radii in the range of 20—
4 um. AT<20 K is obtained even for radius up to 100 um.
It was shown experimentally that the thermal roll-over
effect occurs typically for temperature rise of ~30 K in the
L-I curve for electrically-pumped 1.55 um VECSELSs with
similar active region [43]. We have performed a detailed
study of the thermal performances of VECSELs with a
copper substrate in collaboration with Sirbu and coworkers
[39]. Our simulation results showed that the copper
substrate thickness should be larger than ~ 80 um for
efficient heat dissipation for pump spot radius in the
30—50 um range.

3.3 VECSEL fabrication

The InP-based epitaxial structure has been grown on InP
wafer using metal-organic vapor-phase epitaxy (MOVPE)
at Alcatel-Lucent 3-5 Laboratory, France. The whole
VECSEL fabrication process is shown in Fig. 6.

In step (1), the InP-based 2A-thick active region, grown
on an InP substrate, includes eight strained InGaAlAs
quantum wells distributed among three optical standing-
wave antinode positions. Etch-stop layers grown on top of
the InP substrate enable the removal of the InP substrate,
resulting in an active region directly in contact with the
host substrate.

In step (2), the 17-pair GaAs/Alj 97Gag g3As semicon-
ductor Bragg mirror is integrated to the active region by
metamorphic growth using molecular beam epitaxy
(MBE) [31]. Another integration technique is wafer fusion,
successfully developed for GaAs-based DBR and InP-
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based active region by EPFL [39,44]. From temperature
calculation in the active region of 1.55 um VECSELs, we
have shown that the InP-based quaternary alloys (InGaAsP
or InAlGaAs) that form the DBR is hampered by the very
low thermal conductivity of these materials, resulting in
high thermal impedance. One solution to this problem
consists in replacing the as-grown InP-based DBR with a
GaAs/AlGaAs DBR with better thermal conductivity.
Due to the large lattice mismatch between InP and
GaAs, misfit dislocations form in the epitaxial layers at the
InP/GaAs interface during the metamorphic regrowth of
the GaAs/AlGaAs DBR of top of InP. The threading
dislocations originating from the hetero-interface can

propagate into the GaAs/AlAs DBR and possibly induce
defects in the InP-based active layer, thus degrading the
performance of the laser. Figure 7 shows a typical bright-
field (BF) scanning transmission electron microscopy
(STEM) image of the InP/GaAs interface. The TEM slice
was formed in the structure at the end of the full VECSEL
process. STEM observations show a gradual decrease of
dislocation density in GaAs/AlAs DBR: (7~9) x 10'° ¢m™
close to the interface, (2~3) x 10'°cm ? in the third layer
from the interface, and ~ 10® cm™ in the last GaAs layer.
However, the abruptness and flatness of the GaAs/AlGaAs
epitaxial interfaces, of critical importance for the Bragg
mirror, is maintained. On the other hand, no structural
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degradation of the InP-based active region can be detected.
This has been confirmed by time-resolved photolumines-
cence (PL) measurements showing no increase of non-
radiative lifetime.

Then, an additional 150 nm-thick Au layer is deposited
on the surface of the Bragg mirror to enhance the bottom

mirror reflectivity (step (3)). The semiconductor chip with
deposited gold is then integrated to a CVD-diamond host
substrate in step (4). In step (5), the InP substrate is
removed by both mechanical polishing and wet selective
etching at room temperature. Finally in step (6), the InP
phase layer is etched and the anti-reflection (AR) coating at
980 nm is deposited, so that the position of the resonant
half-cavity mode of the VECSEL chip is close to the gain
maximum after AR layer deposition.

3.4 Thermal and CW lasing performances

The VECSEL is tested in a simple plane-concave cavity
configuration as previously detailed [37]. Figure 8 shows
that the VECSEL chip is mounted onto a copper heatsink
to control the temperature of the device with a Peltier
module. The chip is pumped with a CW fiber-coupled 980
nm multimode laser diode delivering up to 6 W focused on
approximately a ~100 um diameter spot with incidence
angle of 45°. The pump spot radius is estimated by an
InGaAs camera with a typical spatial resolution of ~ 10
pm. This high power multimode pump is used to evaluate
the ultimate performance of the VECSEL with diamond
substrate. The external cavity is formed by the VECSEL
chip and a concave dielectric mirror with reflectivity of
99% at 1550nm and curvature radius of 25 mm. The
overall cavity length is around 25 mm. Figure 9 displays
the lasing performance of this VECSEL at two different
heatsink temperatures. At a fixed heatsink temperature of
0°C with water cooling system, the obtained output power
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Fig. 8 VECSEL plane-concave cavity setup. The VECSEL chip
is attached to a copper mount with heat conductive paste. The
temperature of the copper plate is measured with a 10kQ
thermistor. The copper plate temperature is regulated with a
Peltier element, which is fixed to a heatsink. The heat is dissipated
from the heatsink with a fan or with water cooling system
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Fig. 9 CW emitted power of VECSELSs with CVD-diamond host
substrate versus incident pump power at different temperatures in
the plane concave cavity configuration

is up to 510 mW thermal roll-over occurs, while it is
limited to 350 mW at a heatsink temperature of 25°C.

4 SESAM

The development of SESAMs has been a key contribution
to the generation of short pulses from ultrafast solid-state
and semiconductor lasers [46,47]. A SESAM consists of a
stack of epitaxially-grown semiconductor layers. SESAM
structures can be epitaxially grown with a full control of
their key design parameters —magnitude and phase of the
optical absorption and reflection, adjustment of the
saturation fluence (energy level where the device satu-
rates). Moreover, the carrier recovery time (how fast the
absorber recovers) can be tuned down to the picosecond

range by modifying the non-radiative recombination
lifetime with an appropriate design or by the optimization
of the growth conditions. The modulation depth (max-
imum nonlinear change in reflectivity), the non-saturable
loss (amount of permanent loss of the device), the
saturation fluence and the carrier recovery time are the
main characteristics of a SESAM, allowing to control the
mode-locked pulse properties (pulse width, pulse chirp,
etc) [13].

4.1 SESAM structure

The first SESAM was designed for resonant passive mode-
locking (RPM) in 1990; the coupled cavity including the
saturable absorber generates a rapid amplitude modulation
that strongly induces mode locking [48]. Today, the typical
structure of SESAM is a multi-layer stack which can be
optimized depending on where exactly the saturable
absorber material is placed inside this multi-layer system.
The top reflector of the SESAM provides an adjustable
parameter that determines the intensity of the stationary
wave inside the SESAM microcavity and therefore the
saturation fluence of the saturable absorber device. Thus,
this design allowed for a large variation of absorber
parameters by simply changing the absorber thickness and
the top reflector. This resulted in the general concept of
SESAM without any restrictions on the mirror design
[13,49], sketched in Fig. 10.

output
coupler

gain

: mirror
medium

CW laser

SESAM
saturable

absorber
mode-locked laser

R op bottom

Fig. 10 General concept of SESAM without any restrictions on
the mirror design [13]

4.1.1 Material requirement

To be useful as a SESAM absorber, the active semicon-
ductor material must fulfill several requirements. First and
most important is the short lifetime (in the picosecond
range) of the excited carriers. To make the SESAM work
with short pulses at high repetition rates, the equilibrium
conditions in the absorbing layer have to be restored
quickly after bleaching by a laser pulse. The bleaching is
achieved by filling the available states in the conduction
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band with photogenerated carriers, which leads to a
saturation of the absorption until these carriers recombine.
For SESAMs, carrier recovery times around 250 ps and
below are desired to achieve pulse durations in the range of
a few picoseconds [13,46].

Second, since SESAMs are intracavity elements, even
small nonsaturable losses are undesirable, as they are
enhanced strongly by its microcavity effect. The nonsatur-
able losses can result from the absorption related to the
defects introduced by the nonradiative recombination
centers. This means that SESAM fabrication technique
should not change the nonsaturable loss too much when
using fast nonradiative recombination with deep level
defects. The techniques used for fast nonradiative
recombination in SESAM, like low-temperature epitaxial
growth, can achieve an ultrafast carrier recovery time,
while resulting in large nonsaturable losses from the strong
defect absorption [50]. The induced high nonsaturable loss
will prevent the SESAM to be used in a mode-locked
VECSEL. We review the techniques used to form
nonradiative defects and their impact on nonsaturable loss.

4.1.2 Formation of nonradiative defects

One way to speed up the recombination processes is to
incorporate a large density of deep level traps in a
semiconductor [13]. Trapping of carriers into deep levels
can proceed on sub-picosecond time scales as schemati-
cally shown in Fig. 11. In this figure, we distinguish the
thermalization and the recombination at two different
timescales; the carriers thermalize and form a thermal
equilibrium on a 100 fs time scale, while carrier trapping
proceeds on times scales from a few hundreds of
femtoseconds to tens of picoseconds depending on the
mobility of the carriers and the defect density. Higher
defect densities give rise to faster trapping.

To generate mid-band gap defect-induced states in the
absorber material, different approaches have been used

intraband thermalization

(~100 f5)

reflectivity change

_

valence
band

including ion irradiation, deep impurity doping, low-
temperature epitaxial growth, or a combination of doping
and low-temperature epitaxial growth.

1) Ion-irradiation. Ion irradiation is a kind of ex-situ
treatment. This technique consists in bombarding the
semiconductor structure with ions of very high energies.
Tons will thus pass through the active layer from one side
and create defects throughout their passage. Many ions
have been studied in the framework of the development of
this technique. The use of light ions such as protons (H*)
will create point defects [51], while the use of heavy ions
such as nickel (Ni*) [52], gold (Au™) or the oxygen (O")
[53] will create many defects in the form of aggregates.
Although both types of ions have been used to obtain
relaxation times of a few picoseconds, the heavy ions give
shorter recovery time and more created defects, and are
less sensitive to temperature [54]. Finally, it should be
noted that the exciton absorption, although slightly
degraded, is still visible for radiation doses up to 1x
10" cm™ [53]. Unfortunately, this technique has a
significant effect on the reflectivity of the SESAM,
which is due to the introduction of optical losses in the
Bragg layers related to the irradiation step [55]. The
reflectivity maybe reduced down to 98% that is 2%
equivalent cavity losses, which is generally not adapted to
VECSEL operation at 1.55 um considering the available
gain.

2) Low-temperature epitaxial growth. Most of optoelec-
tronic components based on semiconductor material
require high structural quality, hence require to grow the
semiconductor layers at typical temperatures of 500°C to
600°C for MBE [56]. By decreasing the growth tempera-
ture, many microscopic structural defects appear (excess of
as antisite as for example in GaAs) and form deep levels
traps that capture the excited carriers [57]. Experience
shows that the carrier relaxation time decreases with
growth temperature. Thus sub-picosecond carrier relaxa-
tion times were achieved with quantum wells on GaAs

intraband recombination (~ns)
& mid-gap trap capture (ps—ns)

D

time delay

Fig. 11 Carrier dynamics in SESAMs: Electrons are excited to the conduction band and thermalize on a time scale of 100 fs. The
electrons then recombine or get trapped by defects on a time scale of 0.1-100 ps [13]
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[58-60] and on InP (but associated with doping) [61] for
growth temperatures of 310°C and 200°C respectively.

3) Deep impurity doping. This technique allows for the
creation of non-radiative recombination centers during
material growth. To date, two elements were mainly used
to reduce the recovery time: beryllium (Be) and iron (Fe).
Doping with Be is always associated with a low-
temperature growth [61,62]. In addition to the defects
associated with low growth temperature, the Be atoms
form complexes with As in GaAs based materials which
act as centers of capture and recombination of carriers.
Doping with Fe is performed at a higher growth
temperature (~ 450°C). The Fe atoms replace the In in
the crystal lattice and thus form deep acceptor levels which
will trap the carriers [63]. In both cases, the carrier
relaxation time decreases with the doping density. The
technique of Be doping has allowed to achieve a relaxation
time as short as 250 fs for GaAs/AlAs quantum wells
(doping concentration of 2x10" cm™ and growth tem-
perature of 280°C) [62] and 1ps for InGaAs/InAlAs
quantum wells (doping concentration of 7.8x10' ¢m™
and growth temperature of 200°C) [61]. The Fe doping
technique has resulted in a recovery time of 290 fs
for InGaAs/InP quantum wells (concentration of 2x
10" cm™) [64].

These techniques we have mentioned, allow to obtain
recovery time short enough to obtain a passive mode
locking with ultra-short pulses ( < 250 ps). Unfortunately,
the temporal response was accelerated at the expense of
high nonsaturable losses preventing the SESAM to be used
in a VECSEL cavity.

Within the last decade, dilute nitride alloys have
attracted considerable interest due to their strong ability
in decreasing the band gap of GaAs-based material
[65,66]. It has also been early established that the addition
of nitrogen (N) shortens the carrier lifetime of as-grown
I11-V alloys, due to the presence of traps and nonradiative
centers. Harkonen et al. at Tampere University of
Technology have studied the dynamics of a GalnNAs
SESAM and have measured relaxation times of 30—40 ps
for an as-grown structure with N compositions ranging
from 1% to 3.5% [67]. To lower this time to a few
picoseconds, additional recombination centers need to be
introduced. However, a further increase of the N content in
the quantum well would also result in a drastic change of
its absorption characteristics: a redshift and a significant
broadening of the absorption edge are observed.

Le Dii et al. at LPN used very thin N-rich GaNAs layers
(containing a high amount of nitrogen (N)) in order to
reduce the carrier recovery time [68]. In Fig. 12, we can see
the GaNAs layers are placed very close to the quantum
well (a few nanometers) to enable carriers to be evacuated
by the tunnel effect and then to recombine. The carrier
relaxation time may be adjusted by the thickness of the
GaAs spacer separating the quantum well and GaAsN
plane. This approach avoids the need for increasing too

much the N-content in the quantum wells itself. It was used
to fabricate microcavities with InGaNAs or InGaNAsSb
quantum wells on GaAs substrates. One of these structures
operating at 1.55 um has yielded a recovery time down to a
few tens of picoseconds [69]. To reduce the recombination
time, it is important to obtain a high concentration of
nitrogen in the GaAsN recombination plane (~ 10%).
Among the techniques mentioned above, the use of
nitrogen planes is a technique that induces less deteriora-
tion in the optical quality of the quantum wells and of the
SESAM structure as a whole. The carrier recovery time
may be controlled by the distance between the planes of
nitrogen and the quantum wells, by the number of inserted
planes, as well as by the nitrogen concentration in the
planes. In addition, we can hope to vary the recovery time
from several tens of picoseconds to less than ten
picoseconds. Moreover, the absorber is grown on a GaAs
substrate, this allows us to grow broadband AlAs/GaAs
Bragg mirror as the bottom mirror. In our work, we have
followed this technique for the fabrication of SESAM
operating at 1.55 um with fast carrier recovery time while
maintaining a low non-saturated loss ( < 0.5%).

4.2 SESAM design and fabrication

The SESAM structures were grown by MBE on a GaAs
substrate and consisted of a 35-pair GaAs/AlAs Bragg
mirror and a GaAs layer including the absorbing region.
For the absorbing region, we used InGaNAsSb quantum
well surrounded on both sides by one GaAsN fast
recombination planes at a distance of 1 nm, as schemati-
cally depicted in Fig. 12. Figure 13 shows the experimental
results fitted by a double exponential curve for the
SESAMs, the fast component of carrier recovery time 7,
is of 5ps for the SESAMs thanks to fast tunnelling and
recombination into the GaAsN planes. In Fig. 13, the
pedestal at small negative delay is due to a residual pump
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delay/ps

Fig. 12 Schematic diagram with recombination scheme using N-
rich GaNAs layers as recombination center [69]
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Fig. 13 Nonlinear reflectivities of SESAM as function of time
delay between pump and probe pulse (The pulse duration of pump
and probe signal is ~ 1.5 ps)

pulse preceding the main one. Due to its small amplitude, it
does not affect the measured absorption recovery time
values.

In Fig. 14, the SESAM structure was designed to allow
for a precise adjustment of the group dispersion delay. To
obtain this, top phase layers of GaAs and Alj-,Gag3As
were alternatively grown above the absorbing region, so
that citric acid solution/diluted HF could be used to
selectively etch the GaAs/Aly;Gag3As phase layers. By
removing one or several of these layers, the microcavity
resonance was modified (the microcavity could be tuned
from resonant to antiresonant configuration at the wave-
length of 1.55 um). As a consequence, the group delay
dispersion (GDD) value was also modified. The advantage
of this design is that the carrier recovery time (another key
parameter for short pulse generation) was kept constant
during the tuning procedure, so that all the cases from anti-

resonant to resonant could be covered by the cavity mode,
with a controlled GDD value.

The as-grown SESAM structure was designed to present
an anti-resonant configuration at 1.55 um. The phase layers
could first be etched to obtain a resonant configuration.
Starting from the resonant configuration, two methods
were employed to achieve a SESAM configuration
showing low unsaturable loss but still large enough
modulation depth for mode-locking, as will be further
detailed in Section 5.2. In configuration A, a SiO, layer
(nominal thickness of 277 nm, and refractive index of
~1.46 at 1.56 um), acting as a partial AR coating, was
deposited by plasma enhanced chemical vapor deposition
(PECVD) on the surface of the resonant SESAM. In
configuration B, selective etching of one more phase layer
was performed. The top phase layers of the four types of
SESAMs are described in Table 3.

The SESAMs were characterized by measuring their
nonlinear reflectivity, where a laser source operating at
1550 nm with pulse width of 1.5 ps was used in the pump-
probe system. The different resulting modulation depths
AR and the saturation fluences F, are shown in Fig. 15
and presented in Table 3. The results indicate that type-B
SESAM is an intermediate case between the resonant and
type-A configurations. Type-B SESAM shows a modula-
tion depth between the two other values, while the
saturation fluences are nearly at the same level of
~10 pJ/cm? for the three cases. The estimated values of
Fs.c and AR for the anti-resonant SESAM are also given in
the table: a larger value of F,, and a small AR is obtained
compared to the three other cases. To further describe the
type-A and type-B SESAMs, the experimental reflectivity
spectra and the corresponding GDD values (calculated
with a transfer matrix model) are shown in Fig. 16. The
type-A SESAM shows a flat-top reflectivity spectrum with
a small reflectivity contrast indicating a relatively low
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Fig. 14

Illustration of design of SESAM. (a) Schematic overview of the whole structure of SESAM, a quantum well surrounded by two

GaNAs planes of absorption region and top phase layers of GaAs and Aly ;Gag3As were grown alternatively; (b) calculated GDD of the
SESAM as function of the number of phase layers on top of absorbing region
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Table 3 Nominal thickness of top layers and measured nonlinear parameters of SESAM in the four configurations. Values in brackets are estimated

from a transfer matrix calculation (from Ref. [70])

resonant type A type B anti-resonant
layer Si0, X 277 X X
nominal thickness/nm GaAs 91 91 « %
Aly;Gag3As 140.0 140.0 140.0 x
Foo/(uJ-cm ?) 72 13.7 10.1 (63)
AR/% 3.4 1.6 2.4 (0.42)
1.52 um. This detuned resonant configuration corresponds
25F  m typeA aty to a larger modulation depth and a calculated GDD value
- % typeB of —2000 fs* at the lasing wavelength of ~1.56 um.
g 20F
3 L
E sl 5 Mode-locking experiments
=
; v 5.1 Four-mirror cavity
E i The VECSEL chip and the SESAM can be considered as
0.5F plane mirrors from a geometrical point of view. To achieve
- the regime of passive mode locking, the gain in the active
% ] --1 e I::) -<1-('}0 structure must be sufficient to allow the pulse intensity on

pulse fluence/(uul-cm ?)

Fig. 15 Measured nonlinear reflectivities of SESAMs type A
(blue squares) and type B (red squares). The red and blue lines are
the corresponding fitting curves
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Fig. 16 (a) Experimental reflectivity of type A SESAM (blue
curve) and type B SESAM (red dash); (b) corresponding
calculated GDD value of the two SESAMs (from Ref. [70])

modulation depth. The calculated GDD value was —200
fs? with a variation of +-50 fs? in the operation region (gray
area). In case B, the microcavity resonance was shifted to

the SESAM to be greater than the absorber saturation
intensity. The cavities used for passive mode-locking
contain several optical elements, often concave mirrors,
allowing changing the size of the waist of the fundamental
mode on the SESAM and the VECSEL structure. This type
of cavities containing several elements has been a subject
of numerous publications dealing with the analysis and
compensation for the astigmatism generated at the cavity
output [71-73]. To select the cavity configuration appro-
priate to achieve passive mode locking, there are several
parameters to be taken into account: 1) the length of the
cavity, which is connected to the repetition rate; 2) the
cavity mode size on the SESAM and VECSEL mirrors
must ensure that the mode area ratio 4,/4, can be adjusted
to a value typically between 10 and 30 for stable mode
locking [26].

Figure 17 depicts the cavity configuration which was
assembled for the mode-locking experiments. This con-
figuration has several advantages, either for the gain point
of view (the pulse passes twice on the structure VECSEL
and once on the SESAM in each round-trip in the cavity),
or from the geometric point of view because we can control
the cavity mode size of the SESAM and the VECSEL
structure independently by adjusting the arm lengths ds
and dy.

After optical design optimization, the parameters in the
Z-cavity that have been used in this work are as follows:

1) Radius of curvature of output coupling mirror R =
25 mm.

2) Radius of curvature of folding mirror R = 18 mm.

3) Overall cavity length of 75 mm (ds + dy + dv~
75 mm), for operation at 2 GHz frequency. The arm length
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Fig. 17 Four-mirror cavity configuration of mode-locked VECSEL

ds is ~11 mm and dy is ~ 25 mm, which gives the ratio
between the mode sizes on the VECSEL and SESAM of
typically ~5.

4) Multimode pump laser, maximum pump power up to
8 W and pump spot ~100 um x 120 pm.

The VECSEL with CVD diamond substrate was
assembled with a fast SESAM in a four-mirror cavity
schematically depicted in Fig. 17. To approach the optimal
mode-locked pulse parameters and achieve the shortest
pulsewidth, the SESAM structure was specifically
designed to allow for a step-by-step tuning of the
SESAM microcavity resonance, and therefore a modifica-
tion of the modulation depth and GDD, as described in the
preceding section.

5.2 From picosecond to sub-picosecond pulse duration

The VECSEL with CVD diamond substrate was
assembled with a fast SESAM in a four-mirror cavity
schematically depicted in Fig. 17. We first found that the
modulation depth of the single quantum well SESAM in
anti-resonant configuration (at lasing wavelength) was low
in that case and did not allow to achieve mode-locking
operation, while CW operation dominated. By contrast,
when the phase layers were etched to reach a resonant
configuration at lasing wavelength, no lasing was actually
observed due to too much absorption. On the other hand,
stable mode-locking operation was established with both
SESAMs type-A and type-B at the fundamental repetition
frequency of ~ 2 GHz, by tuning the arm length ds (see
Fig. 17) around its optimal value of ~11 mm in order to
minimize the spot size on the SESAM structure. The
mode-locking regime was said to be stable if the radio
frequency (RF)-linewidth (measured at the fundamental
frequency) of the free-running laser was found to be
narrower than ~ 1 kHz, with a stable RF spectrum.

With the type-A SESAM, we obtained stable mode-
locked pulses of 8.6 ps duration with a narrow spectral
width of 1.34nm, as seen in Fig. 18. A sharp decay in
optical spectrum at 1550 nm was observed similar to the
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Fig. 18 (a) Autocorrelation trace of the mode-locked pulse
obtained for type-A SESAM. Blue curve: experimental data. Red
dash: fit assuming a sech® pulse; (b) corresponding average optical
spectrum (from Ref. [70])

result of Lindberg et al. [29], presumably due to the
variation of dispersion in the gain chip assembly. The
maximum average power was ~24 mW at output coupling
mirror when the incident pump power was 2.9 W. It should
be noted that a similar power is coupled out of the cavity at
the folding mirror. When we changed to type-B SESAM, a
stable mode-locked pulse with a width of ~ 900 fs was
obtained. The spectro-temporal characteristics of the
pulsed emission are displayed in Fig. 19. The background
in the autocorrelation trace of Fig. 19(a) is due to the dark
current of the photomultiplier used to detect the second
harmonic signal. The pulsewidth deduced from the auto-
correlation trace is 902 fs, assuming a sech? pulse. The
maximum average optical power was measured to be
10 mW at the output coupling mirror under pump power of
2.5 W. The corresponding time-bandwidth product is of
0.36, which is 1.14 times the Fourier-transform limit. This
is the shortest pulsewidth reported to our knowledge from
a 1.56 um ML-VECSEL. The gray area in Fig. 16 shows
the wavelength region where stable mode-locking was
obtained for SESAMS type-A and type-B. From Fig. 16,
configuration B corresponded to a larger modulation depth
and a GDD value of —2000fs* at 1.56 um. It was
experimentally reported that a slightly positive intracavity
GDD should lead to shorter pulses in a soliton-like mode-
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Fig. 19 (a) Autocorrelation trace of the mode-locked pulse
obtained for type-B SESAM. Blue curve: experimental data. Red
dash: fit assuming a sech? pulse; (b) corresponding average optical
spectrum (from Ref. [70])

locking [74,75]. However, we could not get a reliable
estimate of our VECSEL chip GDD, and hence of the total
cavity GDD leading to the shortest pulsewidth.

6 Conclusions and outlook

ML-VECSELSs show very attractive performance in power
scaling capability, ultrashort pulse generation at high
repetition rate with great wavelength versatility. Owing to
these advantageous features, researchers have put intense
efforts into the development of such vertical-cavity based
short pulse source in the last decades. ML-VECSELs at
1.55 pm generating high power ultrashort pulse at high
repetition rates can be a promising pulse source in
telecommunication system. However, the common chal-
lenges for this family of pulse sources are to dissipate the
heat originating from photo-absorption in InP based gain
structure efficiently and to develop fast SESAM with
proper properties at 1.55 um. In this paper, we reviewed
the main advances in thermal optimization of optically-
pumped VECSEL for high output power operation at 1.55
pm. In downward heat sinking approach, VECSELs with a
low thermal resistance are fabricated using a hybrid metal-
metamorphic GaAs/AlAs mirror and bonding to a highly

thermally conductive host substrate. The VECSEL chip
assembled with a 1.55um fast InGaAs(Sb)N/GaAsN
SESAM produces nearly Fourier transform-limited
mode-locked pulses at ~ 2 GHz repetition frequency.
When the resonance and GDD of the SESAM microcavity
are tuned by selective etching of specific top phase layers,
the mode-locked pulse width is reduced from several
picoseconds to less than 1 ps. Shorter pulses may be
expected with a finer control of the cavity resonance thanks
to systematic selective etching of phase layers with
optimized design of both VECSEL and SESAM chips in
the mode-locking cavity.
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