IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 17, NO. 6, NOVEMBER/DECEMBER 2011

1779

Electrically Pumped Vertical External Cavity Surface
Emitting Lasers Suitable for Passive Modelocking

Yohan Barbarin, Member, IEEE, Martin Hoffmann, Wolfgang P. Pallmann, Imad Dahhan,
Philipp Kreuter, Michael Miller, Johannes Baier, Holger Moench, Matthias Golling,
Thomas Siidmeyer, Bernd Witzigmann, Member, IEEE, and Ursula Keller

Abstract—Modelocked optically pumped vertical external
cavity surface emitting lasers (VECSELs) have generated up to
6.4-W average power, which is higher than for any other semi-
conductor lasers. Electrical pumping of modelocked VECSEL: is
the next step toward a higher level of integration. With contin-
uous wave (cw) electrically pumped (EP) VECSELSs, an average
output power of 900 mW has been demonstrated from the undis-
closed proprietary novalux extended cavity surface emitting laser
(NECSEL) design. In contrast, modelocked NECSELs have only
been demonstrated at 40 mW. Recently, we presented a numerical
study of EP-VECSEL:s suitable for modelocked operation; here,
we demonstrate the first realization of this design. Power scaling is
achieved with a lateral mode size increase. The competing electri-
cal and optical requirements are, on the electrical side, low ohmic
resistance, and on the optical side, low optical losses and low dis-
persion. Additionally, the device needs to operate in a fundamental
mode for stable modelocking. We have fabricated and character-
ized 60 EP-VECSELSs with varying dimensions and compared their
lasing performance with our numerical simulations. The tradeoff
between good beam quality and output power is discussed with
an outlook to the modelocking of these EP-VECSELs. Initial EP-
VECSEL devices have generated >100 mW of cw output power.

Index Terms—Modelocked lasers, optoelectronic devices, semi-
conductor lasers, vertical emitting lasers.
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1. INTRODUCTION

ODAY, the modelocked laser market is dominated by
T optically pumped (OP) solid-state lasers with an intra-
cavity component for pulse formation [1]. Their large size, high
cost, and complexity limit their commercial use in numerous
applications such as displays, biomedical imaging, or optical
clocking of multicore processors. Semiconductor lasers consti-
tute a breakthrough technology in optical telecommunications
[2]; modelocked semiconductor lasers have now the potential to
replace solid-state lasers in many applications where high power
is required. To date, modelocked edge-emitting lasers (EELs)
generate average output powers of up to 250 mW in picosecond
pulses [3]. In these devices, the monomode waveguide limits
the lateral scaling, and in addition, the long light interaction in
the waveguide introduces significant dispersion, nonlinearities,
and noise. It is very challenging to increase the output power
of ultrafast EELs to the Watt regime. It can be realized with
an additional tapered amplifier and an external pulse compres-
sion scheme like in [4], but it significantly complicates the laser
cavity and makes the use of semiconductor diodes less attractive.

Vertical external cavity surface emitting lasers (VECSELSs)
[5] offer excellent beam quality and high output power in
the multi-Watt level directly from the resonator. The simple
VECSEL external cavity geometry and the use of semicon-
ductor materials allow for cheap mass production and enable
passive modelocking of these devices [6] using a semicon-
ductor saturable absorber mirror (SESAM) [7]. The SESAM
can even be integrated directly in the VECSEL structure. This
new type of laser is called a modelocked integrated external
cavity surface emitting laser (MIXSEL) [8]-[10]. OP-VECSELSs
and MIXSELs have generated shorter pulses and higher
average powers than any other modelocked semiconductor laser
(i.e., 135-fs pulses at 35-mW average power [11], 210-fs pulses
at 11mW [12], 2.1 W in 4.7-ps pulses [13], and 6.4 W in
25-ps pulses from a MIXSEL [10]). Furthermore, modelocked
VECSELs have much better noise performance compared
to modelocked edge-emitters because of their short light
interaction length and their high-Q cavity [14].

Electrical pumping of modelocked VECSELSs is an impor-
tant step toward high-power ultrafast compact laser sources.
In 2003, Novalux Corporation reported a cw output power
of 900 mW from their proprietary electrically pumped (EP)
VECSEL, referred to as the NECSEL [15], [16]. A dif-
ferent approach reported in 2007 by OSRAM consisted of
monolithically integrating pump diodes through the VECSEL
structure. With such a structure, 600 mW of the output
power in cw operation was obtained [17] but the coupling
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between the pump laser cavities and the VECSEL gain
is quite challenging. In addition, the pumped spot on the
VECSEL gain is not necessarily uniform [18]. EP-VECSELs
have also been demonstrated at 1.55 pm [19], [20] and 2.3 pym
[21] wavelengths, but the difficulties encountered with the dis-
tributed Bragg reflectors (DBRs) at those wavelengths currently
limit the cw power to the milliwatt level.

The first modelocked EP-VECSEL was reported in 1993
with active modelocking producing 80-ps pulses using a liquid-
nitrogen cooled vertical cavity surface emitting laser (VCSEL)
structure [22]. Passively modelocked EP-VECSELSs have, to
our knowledge, only been reported using NECSEL chips.
Modelocked operation has been demonstrated with 40 mW of
average power in 57-ps pulses [23]. Pulses as short as 15 ps
have also been reported but at lower output power using a
reversely biased SESAM very similar to the gain chip itself [24].
Modelocking of EP-VECSELSs requires a design that is not only
optimized for high cw output power but also for an optimal
balance between electrical resistance, optical losses, dispersion,
and maximum achievable output power. In 2008, we presented
a design of EP-VECSELs that are compatible with passive
modelocking [25]. We present here a detailed characterization
of the first fabrication of such EP-VECSELSs. In addition, we dis-
cuss additional results obtained using EP-VECSELS fabricated
by Philips U-L-M Photonics with designs for three different
internal intermediate DBRs.

The paper is arranged as follows: first, we describe the design
of the EP-VECSELSs fabricated at ETH Zurich (see Section II),
followed by details on the molecular beam epitaxy (MBE)
growth (see Section III) and on the fabrication of the chip (see
Section IV). In Section V, we discuss the mode size limits for
fundamental mode operation for these EP-VECSELs by ana-
lyzing the homogeneity of the current injection and compar-
ing them with our numerical simulations. Afterward, the lasing
performance of the fabricated EP-VECSELs and the power
scaling are described (see Section VI) followed by a detailed
discussion about the tradeoff between good beam quality and
high output power (see Section VII). These results are compared
to M? measurements from EP-VECSELSs fabricated at Philips
U-L-M Photonics. Finally, we will summarize our results and
give an outlook for the next generation of EP-VECSELs in
Section VIII.

II. EP-VECSEL DESIGN

The design guidelines of our EP-VECSELs were previously
discussed in [25]. Fig. 1 shows a not-to-scale 3-D illustra-
tion of our EP-VECSEL chip which is stretched vertically for
better visibility. The good confinement of the injected current
to the center of the device is ensured by a p-doped DBR with
a small bottom disk contact (BDC) and on top a thick current
spreading layer (CSL) with a ring electrode. The low mobility
of the holes in the p-DBR confines the carriers to the volume
above the BDC and the high mobility of the electrons in the
thick CSL allows their recombination in the center of the
device [25], [26]. This is shown in more detail in Fig. 2 where
the carrier transport was simulated in a device with a BDC
diameter of 80 pm. The simulation tool used incorporates
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Fig. 1. Schematic of our EP-VECSEL design (not to scale). The final structure
as shown here is without the initial GaAs substrate and soldered on a CuW
heatsink.
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Fig. 2. EP-VECSEL simulation of the injected current in a radial symmetry
(BDC @ of 80 ;zm). The color map of the current density is in A/cm?, the black
lines show current trajectories.

a coupled electro-opto-thermal model using microscopic car-
rier transport equations [26]. A thermionic emission model
addresses abrupt hetero-interfaces [25]. As inputs, the device
geometry and the material compositions are given. We have used
standard parameter values that can be found in [27]. The color
map of the current density shows three orders of magnitude and
clearly confirms that the carriers are very well confined to the
size of the BDC and that the CSL performs correctly. The BDC
determines the mode size of the EP-VECSEL as demonstrated in
Section V, where the measured electroluminescence (EL)
profiles are compared to our numerical model. As already
discussed in [25], a low reflective intermediate n-DBR is in-
serted between the gain region and the CSL that reduces the
cavity losses by decreasing the field strength in the doped top
layers (see Fig. 3). However, the subcavity between the two
DBRs has a strong spectral filtering effect that reduces the band-
width of the device. In addition, without an antireflection (AR)
section on top of the device, the CSL would result in a second
subcavity, deteriorating the device’s performance.
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Fig. 3. Refractive index (black line) and electrical field (green line) profiles

along the EP-VECSEL structure. The doping levels are indicated on top of the
diagram. The active region consists of two groups of three InGaAs QWs spaced
by 10 nm.

An optical simulation for the field enhancement inside
the structure is shown in Fig. 3. It was performed using a
transfer matrix method [28]. The n-DBR enhances the field in
the quantum wells (QWs) that compensates for the optical losses
in the CSL, the n-doped DBR, and p-doped DBR. The active
region consists of two groups of three QWs that are arranged in
adjacent field maxima.

The presented design should be suitable to be directly mode-
locked using an external SESAM as it is usually done with
ultrafast OP-VECSELSs [6]. For stable modelocked operation,
the saturation energy of the absorber has to be lower than for the
gain. The ratio can be controlled by the spot size on the SESAM,
the field enhancement at the absorber position and the intrinsic
absorber properties. For instance, quantum-dot (QD) saturable
absorbers have lower saturation fluence than QW saturable
absorbers [29]-[31]. For the generation of ultrashort pulses, the
dispersion of the laser cavity needs to be optimized. Shortest
pulse duration requires slightly positive dispersion to balance
the nonlinear phase shift induced by strong semiconductor gain
and absorber saturation [32].

III. WAFER GROWTH

The EP-VECSEL structure was grown by MBE. We used a
Veeco Applied Epi Gen III with two aluminum (Al) sources,
two gallium (Ga) sources, one indium (In) source, a valved
arsenic (As) cracking source, a silicon (Si) n-dopant source,
and a carbon tetrabromide (CBry) p-dopant source. The
EP-VECSEL structure was grown in reverse order to allow for
substrate removal. The etch stop is a 300-nm-thick Aly sGag 2 As
layer. The p-doped DBR has 30 AlAs/GaAs pairs, with doping
levels of (5,4, 3,2)x10'® cm™2 for the DBR pairs (1-15, 16-20,
21-25, 26-30), respectively (see Fig. 3). These different doping
levels result in a lower electrical resistance of the EP-VECSELs.
The electrical field is low in the bottom part of the mirror
so higher doping does not significantly increase the optical
losses.

In this first demonstration, we applied 16-nm-thick bandgap
grading sections with five discrete Al,)Ga;_,)As layers of
intermediate compositions to smoothen the energy band dis-
continuity at the heterojunction between AlAs and GaAs [33].
This results in precise layer thickness accuracy and close to a
constant doping level over all layers within the bandgap grading
sections. However, according to our simulations [25], a linear
bandgap grading [34] would further reduce the electrical resi-
stance in the p-DBR. However, linear bandgap grading with
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MBE is challenging, and therefore, we did not implement it in
our first EP-VECSEL chip.

The low reflective intermediate n-DBR consists of high-
contrast AlAs/GaAs materials but does not have any bandgap
grading sections because the decrease in electrical resistance of
a graded n-DBR is minor compare to the actual resistance in
the p-doped DBR [25]. The doping level in the n-DBR is kept
constant at 2 x 10'® cm™. The number of n-DBR pairs has
been increased to 11 to ensure lasing in cw operation in this first
demonstration.

The active region consists of two groups of three 7-nm-thick
InGaAs QWs that are placed in adjacent field maxima of the
standing wave pattern of the laser and spaced by 10 nm of
GaAs. The structure is designed for an operating wavelength
of 965 nm and an internal temperature of ~100 °C. In order to
center the maximum of the gain spectrum on the cavity reso-
nance at high current injection, we detune the QWs’ lumines-
cence peak wavelength by 25 nm to shorter wavelengths at room
temperature [16]. The GaAs CSL is 6 ;xm thick and n-doped with
a doping level of 2 x 10'® cm™3. Between the CSL and the AR
section, there is a 150-nm-thick contact layer n-doped up to 6 x
10'® cm™3. The top AlAs/GaAs AR section is undoped and the
layer thicknesses were optimized for low reflectivity in an 8-nm
bandwidth reflectivity using a Monte Carlo algorithm.

IV. EP-VECSEL CHIP FABRICATION

The wafer growth and the chip fabrication were realized in
the FIRST cleanroom facility at ETH Zurich. Four series of 61
designs with different sizes were fabricated on a 14.5 mm X
12.5 mm chip. The first fabrication step defines markers for
wafer alignment. These are dry etched completely through the
structure to allow for alignment during backside and frontside
processing. We use an inductively coupled plasma (ICP)
system with an Ar/Cl, recipe optimized to obtain deep and
straight sidewalls. In the next step, a 300-nm thick silicon nitride
(SiNx) layer is deposited in a plasma-enhanced chemical vapor
deposition system that acts as an electrical insulator (see Fig. 1).
The openings of the BDCs are produced by photolithography
and dry etching in a reactive ion etching (RIE) system. Then,
the entire semiconductor chip is coated with Ti/Pt/Au in order
to form the bottom contacts. After that, the semiconductor chip
is soldered onto a copper tungsten (CuW) carrier wafer that has
a similar coefficient of thermal expansion (CTE) as GaAs. The
CuW carrier wafer is 300 pm thick and 25 mm in diameter
(see the left image in Fig. 4). The soldering employs a eutectic
Au/Sn alloy and is performed with a wafer bonder at 340°C
and 450 N/cm? to obtain a perfect joint. Next, the GaAs wafer
is removed, first mechanically by lapping and then followed by
wet etching in a citric acid hydrogen peroxide solution. The
Aly.sGap 2 As etch stop layer ensures an optically flat surface.
After the substrate removal, the markers for wafer alignment
are clearly visible from the top. The AR section is then etched
using ICP, stopping within the highly doped top contact layer.
A second dry etch step electrically and physically isolates the
neighboring EP-VECSELs from each other by making deep
trenches down to the insulating layer (see the right image in
Fig. 4). The chip is again covered with SiNx. The top of the
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Fig. 4. Pictures of a realized EP-VECSEL chip and a zoom on a section with
61 EP-VECSELSs. The distortion in the picture is caused by the microscope.

AR section and the electrical contacts are opened by photolitho-
graphy and RIE etching. The side of the AR section is pro-
tected from oxidation by the remaining SiNx. The top electrical
contacts are made with a liftoff process of an n-metallization
stack of Ge/Au/Ge/Au/Ni/Au. The chip is finally annealed in
a rapid thermal annealer at 390°C to form ohmic contacts
between the metallization and the semiconductor contact layer.
Thanks to the CuW material, the lasers do not suffer from strain
during this final annealing step.

V. CURRENT CONFINEMENT IN LARGE DEVICES

Power scaling of EP-VECSELSs in a fundamental laser beam
mode (i.e., TEM( beam) requires an efficient supply of carriers
in the center of the active region even for large device diameters.
The EL emission profile over the device area operated without
external cavity is taken as a measure for the current injection
into the gain. The confinement of the carriers in the active region
was simulated using our coupled electro-opto-thermal model
[25]-[27] (see Fig. 2). The measured and simulated EL profiles
of the EP-VECSELS for different BDC diameters are compared
in Fig. 5. The measured EL profiles are in good agreement
with the simulation results. For devices with diameters of up to
40 pm, the emission resembles a Gaussian profile. Increasing
the device diameter further, the profiles become increasingly
flat-top-shaped and develop an intensity dip in the center of
the device for diameters greater than 120 pm. For the devices
with 120 and 140 um BDC diameters, the measured EL profiles
show asymmetries but the measured EL profile in the largest
device (160-ym BDC diameter) is symmetric. The measured
and simulated EL profiles in the largest device show areasonable
dip of ~11.5% indicating that in our current device design, the
complete active area can be efficiently pumped with sufficient
homogeneity in the EL. Devices with BDC diameters up to
100 pm are favorable for TEM, beams.

VI. LASING PERFORMANCE AND POWER SCALING

We compared the lasing performance of EP-VECSELSs with
different aperture sizes at 3 °C heatsink temperature in a simple
straight cavity. The output coupler (OC) had a 25-mm radius of
curvature and 10% transmission. The cavity length of around
24.5 mm was optimized for the maximum output power. In
Fig. 6, the output power is plotted for 35 devices as a function
of the BDC diameter. Despite slight variations among devices
with identical active area, a linear increase of the output power
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Fig. 5. Measured (solid lines) and simulated (dashed lines) EL profiles of
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Fig. 6. Output power of EP-VECSELSs in a straight cavity with a 10% trans-
mission OC as a function of the BDC diameter. The heatsink temperature was
kept at 3°C.

as a function of the BDC diameter is evident, showing power
scalability of the current design up to 120 mW. The rollover
for small devices occurs at substantially higher current densities
than for larger devices. This gives some indication for thermal
issues for the larger devices in our first demonstration because
the power does not increase proportionally to the active area.
This could be improved by reducing the heat dissipation by a
lower electrical resistance of the devices or by use of a bottom
heat sink with higher thermal conductivity. The employed CuW
heatsink has a thermal conductivity of 200 W-K~1-m~!, which
is two times lower than for copper and ten times lower than
for diamond. A CTE-matched alternative would be a composite
silver—diamond heatsink with 650-W-K~*-m~! thermal conduc-
tivity [35].

The light—current—voltage (LIV) curves of the EP-VECSEL
delivering 120 mW of optical power using a 10% OC are shown
in Fig. 7. It has a BDC diameter of 180 um and a top contact
electrode diameter of 300 pm. The thermal rollover is obtained
at ~1 A. The differential quantum efficiency at 750 mA is about
25% and the wall-plug efficiency about 5%. A lower current
threshold value could be expected but the 25-nm detuning of
the QWs increases the lasing threshold [16]. The differential
resistance of the laser presented in Fig. 7 is ~1.5 ) at lasing
threshold.

In Fig. 8 the light—current (LI) curves of an EP-VECSEL
with a BDC diameter of 180 pm are shown for different OC
transmissions. The figure shows that the optimum transmission
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Fig. 7. LIV curves from an EP-VECSEL with a disk contact diameter of
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Fig.8. Llcurves from an EP-VECSEL with a disk contact diameter of 180 ym
using different OC transmissions. The heatsink temperature was kept at 20 °C.

for high power would be ~14% at 20 °C. This value is much
higher than what is typically used in OP-VECSELSs because the
EP-VECSEL intermediate n-DBR already transmits only 9% of
the light in this initial realization.

The measured LI curves were also compared to our cou-
pled electro-opto-thermal model [25]-[27]. In the simulation,
the feedback from the OC is implemented as a flat mirror at a
distance of only a few wavelengths away from the semicon-
ductor surface. A comparison of theoretical and measured LI
curves is shown in Fig. 9 for an EP-VECSEL with a BDC of
80 pm and 10% of output coupling. Threshold current, slope
efficiency, and thermal rollover are in excellent agreement with
the measurement. The internal temperature from self-heating
has been extracted from the experimental wavelength shift ver-
sus pump current, and a thermal resistance of Ry, = 57 K/IW
has been used in the simulation in order to give a comparable
internal temperature rise from the calculation. In a second sim-
ulation, identical parameters have been used; only the thermal
resistance has been reduced to 27 and 15 K/W. This simulation
is also shown in Fig. 9 with an increase in maximum output
power to 117 and 170 mW, respectively. The maximum out-
put power in the current design is, therefore, limited by the
strong internal heating as a result of an increased electrical
and thermal resistance. The electrical resistance in the simu-
lation is much lower compared to the experiment, and in this
first device demonstration, it is caused by a not fully optimized
fabrication process and a more highly resistive p-DBR with dis-
crete Al(,)Ga(; _,)As bandgap grading layers. Higher resistance
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Fig.9. Measured (red line) and simulated (black line) LI characteristics of an
EP-VECSEL with a disk contact diameter of 80 pm and a 10% OC. Heatsink
temperature is 3 °C. The green and blue lines show a simulation with reduced
thermal resistance.

leads to a higher temperature and an earlier rollover limiting the
maximum output power.

VII. EP-VECSEL BEAM QUALITY

The transverse mode quality of an EP-VECSEL is not only de-
pendent on the EL profile but also on various other parameters
such as the external cavity, thermal lensing, and aberrations.
Furthermore, even for a perfect cavity design and a homoge-
neous current injection in the QWs, the transverse mode quality
can be reduced by a relatively high reflectivity of the interme-
diate n-DBR. This is most likely the situation for this initial
device demonstration. So far, we only fabricated one series of
EP-VECSELs with a 91% reflectivity of the intermediate n-DBR
to assure lasing. From a device with a BDC diameter of 80 pm,
we obtained ~30 mW output power with an M ? value of 3.6ina
straight cavity using an OC with 10% transmission and 25-mm
radius of curvature. A nearly fundamental transverse mode was
obtained by using an aperture; however, the output power in this
case was less than 10 mW.

To experimentally evaluate the influence of the n-DBR
reflectivity, we used a different set of EP-VECSELs pro-
duced at Philips U-L-M Photonics. These devices were real-
ized with 13, 11, and 9 intermediate n-DBR pairs correspond-
ing to three different internal reflectivities of 90%, 82%, and
71%. The diameter of the electrically pumped area for all
devices was 100 pum. One difference to the ETH design is
a thicker CSL (60-80 pm at a doping level of (0.5-1.0) x
10'® cm~3), introducing more optical losses due to free carrier
absorption. Therefore, the maximum achievable output power
is reduced. Although, there are further design differences, we
can consider that the general relations between internal reflec-
tivity, output power, and achievable transverse beam quality are
similar. We characterized the devices in a straight cavity using
OCs with different transmission values from 1.5% to 10% and
radius of curvature of 15 mm or 25 mm. To optimize beam
quality, the laser cavity is designed taking into account the
strong thermal lens of such type of lasers [16]. The focal
length on the EP-VECSELSs due to carrier and thermal effects
has been estimated to be 2 mm at high injection current.
The different combinations of laser cavities with the result-
ing M? values and output power levels are listed in Table 1.
For the device with 90% reflectivity, which is a similar design
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TABLE I
BEAM QUALITY MEASUREMENTS ON PHILIPS
U-L-M PHoTONICS EP-VECSELS

Internal Output coupler ]
reflectivity trall?nsmissign Output‘{)/ower B;;T qulallty
(%) (%) (mW) value
90 2.5 3.1 11
90 5.0 222 8.8
90 10.0 34 26
82 2.5 17.3 14
82 5.0 15.1 1.1
82 10 10.6 15
71 1.5 7.5 12
71 2.5 8.2 1.1
71 5.0 no lasing X
SW.

Beam waist (um)
3§ 8 ¢

8

M)
¥

L " . L
o12 14 16 18 20 22 24 26
Distance (mm)

Fig. 10. Beam quality measurement of an EP-VECSEL from Philips U-L-M
Photonics with 82% internal reflectivity and 5% transmission OC at 15-mW
output power.

as presented in the previous sections, we clearly observe that
beam quality and power level increase when we increase the
OC transmission from 2.5% to 10%. The best M? value ob-
tained for this device was 2.6 at 34 mW of output power. For
the other samples with lower internal reflectivity of 82% and
71%, we could obtain a nearly fundamental transverse mode
of all tested OCs (M? < 1.5). The maximum output powers
were 17.2 and 8.2 mW, respectively. All measurements were
performed close to the thermal rollover. High current injec-
tion, therefore, does not introduce large aberrations. Fig. 10
shows the measurement of the 82% sample at 5% output
coupling, for which 15 mW was obtained at M? = 1.1.
The measurements demonstrate that a correctly balanced field
enhancement and output coupling is necessary to combine good
beam quality and high output power. A higher reflectivity of
the intermediate n-DBR reduces the penalty of the losses in
the external cavity, but also reduces the mode control of the
external curved OC and, therefore, leads to a deteriorated beam
quality.

VIII. CONCLUSION AND OUTLOOK

We presented a first series of EP-VECSELSs of different sizes
based on our design guidelines published in [25]. We described
the exact design used for the fabrication, details on the growth
of the semiconductor structure, details on the fabrication pro-
cess, the lasing performance, and a comparison to our cou-
pled electro-opto-thermal model. The presented and discussed
experimental and simulation results could reveal and quantify
all the relevant tradeoffs for power scaling with increased mode
sizes. The challenge for high-power modelocked EP-VECSELSs
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is first to get high power levels by scaling the devices laterally
keeping a homogeneous electrical pumping and second to bal-
ance the competing requirements of low electrical resistance,
low optical losses, and controlled dispersion while maintain-
ing fundamental mode operation for stable modelocking. For
the EP-VECSELs presented here, the entire active area can
be pumped efficiently with sufficient homogeneity even for
large diameter devices. This is in very good agreement with
the simulation results. Devices with BDC diameters of up to
100 pm are favorable for TEMy, output beams. Promising
output power levels were obtained in continuous wave and could
scale the power up to 120 mW despite a higher resistance in the
p-DBR than expected. Our simulation predicts for an optimized
device with only 80-um diameter output and power level of
~170 mW.

For passive modelocking, it is important to operate the de-
vice in a nearly single transverse mode, because the presence
of higher order modes can destabilize the pulses. We showed
that the choice of the internal reflection of the intermediate
n-DBR has a strong influence on the beam quality. A high
reflectivity of the intermediate n-DBR yields high gain, but
also reduces the mode control of the external cavity. In this
initial device demonstration, the internal reflection from the
intermediate n-DBR was ~90%, which limited the achievable
beam quality to M? values above 3 for operation at >30 mW.
Using different EP-VECSEL chips from U-L-M Photonics, we
could experimentally study the influence of the intermediate
n-DBR reflectivity on the beam quality and output power. We
showed that for maximum output power and good beam qual-
ity, an intermediate n-DBR with ~80% reflectivity appears
optimal. Based on the presented investigations, we expect that
the next generation of EP-VECSELs with improved designs
will result in higher output powers with good beam quality to
support modelocking with an external low saturation fluence
QD-SESAM.
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