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2.1-W picosecond passively mode-locked
external-cavity semiconductor laser

We demonstrate an optically pumped
passively  mode-locked  external-cavity
semiconductor laser generating 4.7-ps
pulses at 957 nm with as much as 2.1 W of
average output power and a 4-GHz
repetition rate. Compared with earlier
results, the chirp of the pulses has been
greatly reduced by use of an intracavity
etalon. Apart from restricting the
bandwidth, the etalon also helps optimize
wavelength-dependent gain parameters and
dispersion.

Mode-locked lasers generating
multigigahertz picosecond pulse trains with
multiwatt average power are suitable for a
wide variety of applications, such as optical
clocking, external-cavity frequency
doubling, and telecommunication. For
example, a 10-GHz Nd:YVO4 laser with
21 W of output has been used to
synchronously pump an optical parametric
oscillatorl whose signal wavelength range
covered the S, C, and L telecommunication
bands.

To overcome the serious power limitations
of mode-locked edge-emitting
semiconductor lasers, we demonstrated2 an
optically pumped vertical external- cavity
surface-emitting laser (VECSEL) combined
with a semiconductor saturable absorber
mirror3,4 (SESAM) for passive mode
locking. Since the first demonstration,2 we
have been able to report high average output
powers of 1 W in 15-ps pulses at a 6-GHz
repetition rate5 and 1.9 W in 27-ps pulses at
a 1.5-GHz repetition rate.6 Here we
demonstrate a passively mode-locked
VECSEL with an even-higher output power
of 2.1 W with a significantly reduced pulse

Laser ban dan buong cong hudng ngoai duoc
khéa mode thu dong xung pico giay, cong
suat 2.1 W

Chuing t8i minh chirng su ché tao thanh cong
laser ban dan budng cong huéng ngoai khoa
mode thu dong dugc bom quang hoc cé kha
nang tao ra nhirng xung 4.7 - ps ¢ budc séng
957 nm véi cong Ssuat suat dau ra trung binh
I6n ¢& 2.1 W va tan s6 4 GHz. So v&i céc
nghién ctru trude day, hién tugng chirp cua
xung dd giam déng ké nho sir dung Etalon
bén trong budng cong huong. Ngoai trir han
ché vé bing thong, etalon ciing giup t6i wu
hoa cac tham sé do loi phu thudc vao buéc
séng va hién tuong tac sac.

Chirp 12 mot tin hiéu c6 tan sé thay ddi theo
thoi gian

Nhitng laser khda mode tao ra cac chudi
Xung pico gidy tan sé6 hang (vai) gigahertz
v&i cdng suat trung binh vai W thich hop cho
nhiéu loai ¢ng dung, chang han nhu dinh
thdi quang hoc, nhin d6i tan sé budng cong
huong ngoai , va vién thong. Vi dy, ngudi ta
da st dung laser Nd:YVO4 cong suat dau ra
2.1 W tan s6 10 GHz dé bom ddng bd mot
bo dao dong tham s6 quang c6 khoang buéc
séng tin hiéu trai dai trén cac dai tan truyén
thongS,C,va L.




duration of only 4.7 ps and drastically
reduced chirp. Thus passively mode-locked
VECSELSs have now reached a performance
level that is somewhat better than that of the
more-traditional passively mode-locked
diode-pumped solid-state lasers when
optimized for high output power at a
multigigahertz pulse repetition rate.7,8 In
addition, mode-locked VECSELSs also offer
the ability of operation at differ-ent laser
wavelengths and the potential for cheap
mass  production  with  wafer-scale
integration. An important aspect for passive
mode locking is the small gain saturation
fluence of semiconductor materials, which
greatly helps suppress Q -switching
instabilities at multigigahertz repetition
rates.9,10  Furthermore,  their  broad
amplification  bandwidth  allows the
generation of sub-500-fs pulses.11,12

The gain structure of our device consists of
three parts: a highly reflecting bottom
mirror, the active region, and an
antireflective section. The
AlAs/Al02Ga0.8As  bottom  mirror s
optimized for high reflectivity at the pump
(808 nm) and laser wavelength («960 nm)
for an incident angle of 45° and normal
incidence, respectively. Most of the pump
light is absorbed in the active region, which
contains seven In0.13Ga0.87As quantum
wells (QWSs) placed in the antinodes of the
standing-wave pattern. The QWSs have
GaAs0.g4P0.06 strain-compensating layers
on both sides and are separated by pump-
absorbing GaAs sections. The residual
reflectivity of the top AlAs/Al02Ga0.8As
section is <1% at the laser wavelength.
Together with the bottom mirror, it forms a
Gires-Tournois interferometer. We designed
our device for positive group-delay
dispersion (GDD) by adjusting the total
optical thickness of the active region.
However, because of growth errors, the




transition wavelength from positive to
negative GDD was shifted from 958 to 954
nm, leading to negative GDD at the
wavelength of maximum gain. A similar but
much weaker Gires -Tournois
interferometer effect occurs on the SESAM.
As discussed below, positive GDD is
desirable for the generation of nearly
transform-limited pulses.13

The gain structure was grown in reverse
order by metal-organic vapor-phase epitaxy
and soldered to a copper heat sink. The
GaAs substrate was then re-moved by wet
etching, yielding a structure with a very low
thermal impedance, allowing high output
powers without excessive heating. By use of
the analytical ex-pressions given in Ref. 5,
the thermal impedance was calculated to be
approximately 8 K/W for a pump spot
radius of 175 mm and a semiconductor
structure thickness of 6 mm. Details on the
growth and processing can be found in Ref.
5.

In the V-shaped laser cavity (Fig. 1) the
gain structure serves as a folding mirror. It
IS pumped on a spot with an —175-mm
radius by use of a fiber-coupled laser diode
module. The cavity end mirrors are the
SESA M and the output coupler with a 38-
mm curvature radius and 2.5% transmission.
The SESAM contains an 8.5-nm-thick
In0.15Ga0.85As QW grown with molecular
beam epitaxy at a low temperature. It shows
an exciton around 959 nm and has a
modulation depth of approximately 1%. An
—20-mm-thick uncoated fused-silica etalon
IS inserted near the SESAM.

The circulating pulse of a mode-locked
VECSEL saturates the gain and the
absorber, changing the carrier densities and
therefore the refractive indices. The




resulting nonlinear phase changes Dyg(t) in
the gain medium and Dya(t) in the absorber
are proportional to the time-dependent gain
g(t) and loss q(t), respectively, and to the
corresponding  linewidth  enhancement
factors14,15 ag and aa. They are responsible
for the strong chirp that is often observed in
mode-locked semiconductor lasers, in
particular for negative intracavity GDD.
However, it has been foundl13 that, with
positive GDD, stable and nearly transform-
limited pulses can be formed because the
nonlinear and dispersive phase changes
cancel each other.

In our laser setup the total intracavity GDD
Is dominated by that of the gain structure
(Fig. 2 on the bottom in gray) and of the
etalon, whereas that of the SESAM is
comparatively small. The top graph of Fig.
2 illustrates the transmission and the GDD
of a 20-mm-thick uncoated fused-silica
etalon when it is angle tuned to 960 nm. At
the points of maximum transmission the
GDD is zero, but it can reach £1200 fs2 at
the slopes of the transmission curve. The
bottom graph of Fig. 2 shows the sum of the
GDD contributions from the gain structure
and the etalon for etalon angles of 10°,
13.5°, and 17°, demonstrating that the
etalon not only determines the emission
wavelength but also significantly influences
the intra-cavity GDD. The chirp-related13
spectral shifts make it difficult to predict
how much the laser wavelength will differ
from the wavelength of maximum etalon
transmission and thus how much GDD the
etalon will contribute. Even the sign of the
etalon GDD cannot be easily determined.




In experiments with a similar laser setup we
observed a  relatively  complicated
dependence of the achieved pulse duration
on the laser wavelength when tuning the
wavelength by rotating the etalon. Angular
positions with stable mode locking alternate
with unstable states, and small wavelength
changes can lead to large changes in pulse
duration and output power. We tried to
understand this kind of behavior with
numerical simulations similar to those in
Ref. 13, but this turned out to be difficult for
a number of reasons. One problem arises
from the significant uncertainties in the
etalon GDD and other parameters, such as
the linewidth enhancement factors. In
addition, we suspect that the temperature
difference between the center and the outer
parts of the pumped region introduces
significant inhomogeneous broadening that
cannot be implemented easily in a model.
Despite these difficulties, however, we
experi-mentally found situations leading to
favorable perfor-mance. We optimized the
output power and pulse duration of the laser
by varying the etalon angle and heat-sink
temperature of the gain medium. We
achieved best performance with 2.1 W of
average output power in a 4-GHz pulse train
with 18.9 W of pump power and a heat-sink
temperature of -4 °C. The etalon angle was
close to normal incidence. Since the exact
etalon thickness is not known, it is not
possible to make a statement about the
intracavity GDD

Fig. 1. Cavity VECSEL.

Fig. 2. Top, transmission and GDD of a 20-
mm-thick un-coated fused-silica etalon.
Bottom, GDD of the gain struc-ture (gray)
and sum of the GDD of the gain structure
and the etalon for different angular
positions.




Fig. 3. Top, autocorrelation trace of the
pulses with 4.7-ps duration. Inset, optical
spectrum centered at 957 nm. Bottom, rf
spectrum of the pulse train at 4 GHz with a
1-MHz span and a 10-kHz resolution
bandwidth. Inset, measurement over a 12-
GHz span.

based on Fig. 2. The top graph of Fig. 3
shows the autocorrelation trace of the 4.7-ps
pulses. Chirp-free pulses with the spectrum
according to the inset of Fig. 3 would have
approximately one half of this pulse
duration. This deviation from the transform
limit indicates imperfect compensation of
the chirp, but it is far smaller than for
previously demonstrated high-power mode-
locked VECSELSs,5,6 which provided pulses
that were approximately 15 -20 times
greater than the transform limit. The rf
spectrum of the signal from a fast
photodiode, shown in Fig. 3 on the bottom,
demonstrates stable mode locking at 4 GHz.
In conclusion, we have presented a
passively mode-locked VECSEL with up to
2.1 W of average output power in 4.7-ps
pulses at a 4-GHz repetition rate. Compared
with earlier results, the chirp of the output
pulses has been greatly reduced by
dispersion control with an etalon in the laser
cavity. Although the details of the pulse
formation appear to be rather complicated,
the etalon was found to significantly
improve the performance by optimizing the
laser wavelength for best pulse shaping
while also contributing GDD. For the first
time to our knowl-edge, the performance of
a mode-locked picosecond semiconductor
laser has reached the level of passively
mode-locked solid-state lasers optimized for
high power in the multigigahertz regime.
Given the rapid progress in high-power
VECSELSs, we expect that they could soon
outperform all other mode-locked lasers in




the multiwatt multigigahertz  domain.
Applications such as optical clocking could
significantly profit from this development.






