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Optically pumped passively modelocked semiconductor disk lasers (SDLs) provide superior performance in average
output power, a broad range of operation wavelengths, and reduced complexity. Here, we present record performance
with high average power and pulse durations as short as 100 fs with a semiconductor saturable absorber mirror
(SESAM) modelocked vertical external-cavity surface-emitting laser (VECSEL) at a center wavelength of 1034 nm.
A comprehensive pulse characterization confirms fundamental modelocking with a close to transform-limited output
pulse of 128 fs and with negatively chirped output pulses as short as 107 fs, which are externally compressed to 96 fs
with a single path through a 2-mm-thick ZnSe plate. For the “96 fs result” the pulse repetition rate is 1.6 GHz, the
average output power is 100 mW, and the pulse peak power is 560 W. The transform-limited optical spectrum could
in principle support pulses as short as 65 fs with higher order dispersion compensation. We measured the most rel-
evant spectral and nonlinear VECSEL and SESAM parameters and used them as input parameters for our pulse for-
mation simulations. These simulations agree well with our experimental results and provide an outlook for further
performance scaling of ultrafast SDL technology. © 2016 Optical Society of America

OCIS codes: (140.3460) Lasers; (140.4050) Mode-locked lasers; (140.5960) Semiconductor lasers; (140.7090) Ultrafast lasers;

(140.7270) Vertical emitting lasers.
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1. INTRODUCTION

Passive modelocking of optically pumped semiconductor disk la-
sers (SDLs) [1] using semiconductor saturable absorber mirrors
(SESAMs) [2] has demonstrated impressive progress during the
past 10 years, as reviewed recently [3]. The optically pumped ver-
tical external-cavity surface-emitting laser (VECSEL) [4] was the
first laser in the family of semiconductor disk lasers to demon-
strate significant power scaling by superior heat removal in a thin
disk geometry. The optically pumped VECSEL is an efficient
mode converter that uses low-coherent high-power diode pump
arrays and benefits from semiconductor bandgap engineering to
support emission wavelengths ranging from UV to mid-IR (i.e.,
391 nm up to 5.3 μm) [5,6]. The highest continuous wave (cw)
output power is ≈20 W in a Gaussian mode profile [7–9] and
106 W in multimode operation [10] at an emission wavelength
around ≈1 μm using InGaAs quantum well gain on GaAs/
AlGaAs Bragg reflectors. Here, we present record power perfor-
mance with SESAM-modelocked VECSELs generating pulse
durations in the 100 fs regime (Fig. 1).

We have observed a strong trade-off between short pulse
durations and average power or pulse peak power (Fig. 1).
Fundamental physical processes, such as non-equilibrium kinetic
hole burning [12], can partially explain this, but the full complex
interplay between the gain and absorber dynamics in these

high-Q SDLs are not yet fully understood. To date, the shortest
pulses have been 107 fs, but with only 3 mW of average output
power [13] and 60 fs in a pulse train within a picosecond pulse
envelope [14]. The highest pulse peak power of up to 4.35 kWwas
obtained with significantly longer pulses of 400 fs duration [15].

Peak power scaling by reducing the pulse repetition rate has
been successfully demonstrated with diode-pumped solid-state
lasers [16]. This approach is less attractive for diode-pumped
semiconductor lasers because the highly inverted quantum well
gain has a lifetime of only a few hundred picoseconds, which cur-
rently limits the pulse repetition rate of quantum well VECSELs
to above 100 MHz without the use of a more elaborated multi-
gain-pass cavity [17,18]. Quantum dot gain SDLs [19–21] have a
longer upper-state lifetime and may offer better performance in
the future.

Many applications greatly benefit from a combination of fem-
tosecond pulses with high pulse peak power to drive nonlinear
optical processes, such as two-photon absorption for multiphoton
microscopy [22] or supercontinuum generation for frequency
comb applications [23–25]. The standard method to detect
and stabilize the carrier-envelope offset (CEO) frequency in a
self-referencing scheme is based on f-to-2f interferometry [26],
for which a coherent octave spanning spectrum is required.
Typically the combination of sub-100-fs pulses with kilowatt
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pulse peak power was required for coherent supercontinuum
generation in photonic crystal fibers [27], but supercontinuum
generation in silicon nitride waveguides strongly reduces this
requirement [28].

The limited upper-state lifetime of semiconductor lasers makes
them ideally suited for gigahertz pulse repetition rates and the
high gain cross-section eliminates Q-switching instabilities,
typically a challenge with SESAM-modelocked diode-pumped
ion-doped solid-state lasers [29,30]. The gigahertz repetition rate
can be beneficial for frequency comb applications, since the comb
lines have a larger frequency spacing with more power per mode
and therefore provide a better signal-to-noise ratio (SNR).
Additional benefits are a faster data acquisition or a faster data
transmission in telecommunication applications [31]. To date,
ultrafast SDLs have been demonstrated up to 100 GHz [32].

Here, we present two new milestone results for femtosecond
ultrafast SDLs (shown in yellow in Fig. 1). First, our “128 fs
result” with a pulse duration of 128 fs, a pulse repetition rate
of 1.8 GHz, an average power of 80 mW, and, therefore, a pulse
peak power of 303W, slightly improved compared to [33]. Second,
we present our “96 fs result” with a pulse duration of 96 fs, a pulse
repetition rate of 1.6 GHz, an average power of 100 mW, and,
therefore, a pulse peak power of 560 W. These are, to the best
of our knowledge, the shortest pulses of a fundamental modelocked
SDL. To achieve pulse duration of 96 fs, the slightly negatively
chirped 107 fs output pulses have been compressed with a single
path through a 2-mm-thick zinc selenide plate.

We used a newly optimized VECSEL structure following the
guidelines based on numerical pulse formation simulations [34].
This VECSEL structure has a larger gain saturation fluence and a

slightly positive but flat group delay dispersion (GDD) over a
larger gain bandwidth. In addition, a fast SESAM with a low sat-
uration fluence was required. In a similar approach Head et al.
[35] presented preliminary results of a high-power sub-200-fs
VECSEL. We did not include this result in our overview graph
because the VECSEL chip got damaged before fundamental mod-
elocking was confirmed. Higher average power can easily be ob-
tained with multiple pulses per cavity round-trip.

We measured most laser and absorber parameters (Table 1)
[36,37], which were used as input parameters for our numerical
pulse formation simulation and obtained a good agreement. This
allows us to give an outlook for further performance scaling at the
end of this paper.

2. LASER DESIGN

The laser cavity is arranged in a simple V-shaped cavity where the
output coupler and the SESAM form the end mirrors, and the
VECSEL chip is used as a folding mirror, as shown in Fig. 2.
For the “96 fs result” [Fig. 2(a)], we changed the V-shaped cavity
such that we more strongly saturate the absorber (i.e., beam
radius in the gain estimated from ABCD-matrix calculations is
increased from 186 to 192 μm, and in the absorber the beam
radius is decreased from 100 to 83 μm; Table 1) and obtained
more balanced cavity legs L1 and L2 (Fig. 2), which is clearly pre-
ferred for better gain recovery. In addition, for the “96 fs result,”
we inserted a 1-mm-thick fused silica Brewster plate (Infrasil 302,
30 0 wedged; wzw-optic AG) between the VECSEL and the
SESAM for more stable operation in linear polarization and
shorter pulses. The wedged plate strongly reduces etalon effects
and introduces additional positive dispersion inside the cavity.
The VECSEL is pumped under an angle of 45° with a 35 W,
808 nm spatial multimode diode laser (LIMO; Lissotschenko
Mikrooptik GmbH), with an elliptical shaped beam such that
on the VECSEL chip surface the pump beam is circular with
a radius of 177 μm. For the “96 fs result” we used a pump power
of 21 W and for the “128 fs result” we used 18.1 W. The
VECSEL and the SESAM are temperature stabilized with
water-cooled Peltier elements to 1°C (−10°C) and 37°C
(24°C), respectively for the “96 fs result” (“128 fs result”).

A. VECSEL

The VECSEL structure was grown on a metalorganic vapor phase
epitaxy (MOVPE) machine. For flip-chip bonding, the structure
was grown in reversed order on a 600-μm-thick, (100)-oriented
GaAs substrate. The structure is divided into a distributed Bragg
reflector (DBR), an active region, and a multipurpose antireflec-
tion (AR) top coating, as shown in Fig. 2(c). The active region is

Table 1. Complete List of Input Parameters Used for the Pulse Formation Simulationa

Cavity VECSEL SESAM

Output coupler 0.9% Saturation fluence 40 μJ∕cm2 Saturation fluence 4.3∕5.4 μJ∕cm2

Other losses 0.8% Recovery time 3 ns Fast recovery time 560 fs
Repetition rate 1.63/1.81 GHz Linewidth enhancement factor 3 Slow recovery time 5.5 ps
Center wavelength 1034/1033 nm Small signal gain 2.9% Amplitude of slow component 0.25
Round-trip GDD −12/12 fs2 Gain FWHM 50 nm Linewidth enhancement factor 2
Round-trip TOD −500/620 fs3 Beam radius 192/185 μm Modulation depth 2.03/1.37%

Beam radius 83/100 μm
aAll non-italic parameters have been directly measured. If different, we show the parameters for the two modelocking results as follows:
96 fs input parameter/128 fs input parameter.

Fig. 1. Overview of the pulse peak power versus pulse duration of the
state-of-the-art femtosecond SDLs operating at a center wavelength
around 1 μm using InGaAs gain layers [3,11]. The yellow stars indicate
the two new milestone results presented in this paper.
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grown at a lower substrate temperature of 660°C, while the DBR
and the AR top coating are grown at 750°C.

The DBR consists of 23.5 pairs of GaAs/AlAs quarter-wave
layers, which balances the trade-off between sufficient DBR re-
flectivity and high thermal conductivity to the underlying heat
spreader. The center wavelength is designed to be at 1030 nm.

The active region contains five pairs of strain-compensated
InGaAs quantum wells. The compressively strained, 8.8-nm-
thick In0.193Ga0.807As quantum wells are embedded in GaAs
and compensated by 54 nm tensile strained GaAs0.933P0.067
layers. The quantum well pairs are separated by 64 nm and
are placed symmetrically around the node or the anti-node of
the standing electric field intensity. The spacing is optimized
to obtain a low and spectrally flat field intensity enhancement
factor of 0.52 [Fig. 3(a)]. The field intensity enhancement factor
is defined as the field intensity inside the quantum wells averaged
over all quantum wells and is normalized to the incoming field
intensity (i.e., a 100% reflector results in a field intensity of 4)
[38]. The spectrally flat field intensity enhancement avoids struc-
tural gain bandwidth restrictions, and the lower field intensity
enhancement is expected to increase the gain saturation fluence
at the expense of available gain. The pump absorbing GaAs layers
become thicker with increasing penetration of the pump light
[Fig. 2(c)], and the AR coating is designed for no absorption.
The AR section consists of 3.5 pairs of Al0:15Ga0:85As∕AlAs fol-
lowed by a fused SiOxNy dielectric layer and is optimized for a
reduced pump reflectivity, a broadband flat GDD, and a close to
zero but positive GDD.

The semiconductor structure is cleaved in 4.5 mm × 4.5 mm
pieces and is then flip-chip bonded onto a 1-mm-thick chemical
vapor deposited diamond heat spreader with a high thermal

conductivity exceeding 2000 Wm−1 K−1 [39]. After soldering
and wet etching, the final SiOxNy layer is deposited using
plasma-enhanced chemical vapor deposition (PECVD; Oxford
Instruments).

The two modelocking results have been achieved with chips
from different processing runs resulting in different SiOxNy layer
thicknesses and so different GDD. The GDD of the VECSELs is
measured at 20°C without optical pumping [40]. The measured
GDD curves [Fig. 3(b)] are not flat but have in comparison to
prior results [23] a much smaller deviation of�100 fs2. The drop
in GDD at 1015 nm is due to the absorption of the quantum
wells. The nonuniform PECVD deposition allows us to further
optimize the GDD by scanning the position on the processed
chip.

B. SESAM

The SESAM was grown on a molecular beam epitaxy (MBE) ma-
chine. A single InGaAs quantum well absorber is grown on top of
a 30 pair GaAs/AlAs DBR. To achieve a fast recovery time, the
absorber is grown at a low temperature of 260°C and is embedded
in AlAs barriers. The field intensity enhancement factor of the
antiresonant structure can be engineered by PECVD deposition
of a SiNx top coating. An increased field intensity enhancement
gives rise to a lower saturation fluence and an increased modu-
lation depth [38]. For the “96 fs results,” we reduced the mode
size for a stronger saturation and increased the modulation
depth with a higher temperature (i.e., moving from a heat-sink

(b)

SESAM

VECSEL

output
couplerpump

L
1

L
2

(c)

GaAs Al
15

Ga
85

AsAlAs GaAsP InGaAs fused silica

DBR
AR-

section

active region

0

4

(a)

SESAM

VECSEL

output
couplerpump

Brewster plate

L
1

L
2

Fig. 2. V-shaped cavity design with SESAM and output coupler as
end mirrors and the VECSEL gain chip as a folding mirror. The output
coupler has a 0.9% transmission and a radius of curvature of 100 mm.
The folding angle is 20°. The 1-mm-thick fused silica Brewster plate was
only used for the “96 fs result.” (a) Cavity for the “96 fs result”:
L1 � 4.8 cm and L2 � 4.2 cm. (b) Cavity for the “128 fs result”: L1 �
3.4 cm and L2 � 4.8 cm. (c) VECSEL layer stack, with a DBR, a strain-
compensated active region with 10 InGaAs quantum wells, and a multi-
purpose AR section. The center laser wavelength is designed to be
1030 nm, and the white curve indicates the corresponding standing
electric field intensity (normalized to 4 outside the structure).

(a)

(b)

Fig. 3. (a) Average field intensity in the gain quantum wells of the
VECSEL (blue) normalized to the incoming field intensity (i.e., a
100% reflector results in a field intensity of 4) and the measured optical
spectrum (red). (b) Measured GDD of the “unpumped” VECSEL struc-
ture at normal incidence and at room temperature (circles). For simula-
tion of the modelocking results, we used the dispersion (both second and
third order) as an adjustable parameter (Table 1). The dispersion explain-
ing our pulse durations is shown for the “128 fs result” (blue line) and the
“96 fs result” (red line).
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temperature of 24°C to 37°C). All SESAM parameters are sum-
marized in Table 1.

3. MODELOCKING RESULT

A careful and extended pulse characterization has to be performed
to prove clean and stable fundamental modelocking. An incom-
plete or limited characterization may incorrectly suggest funda-
mental modelocking and may result in much higher average
output powers [11]. In the following, the two modelocking results
are presented. For the “96 fs result,” the initially negatively
chirped 107 fs output pulses are externally compressed by a single
path through a 2-mm-thick zinc selenide plate (Eksma Optics)
introducing a positive GDD of ≈1350 fs2.

The detailed pulse characterization is summarized in Figs. 4
and 5. The pulse duration is measured with a home-built second
harmonic generation (SHG) frequency-resolved optical gating
(FROG) apparatus. The measured SHG-FROG spectrogram is
reconstructed with a grid size of 512 by 512 points [Fig. 4(a)]
and 1024 by 1024 points [Fig. 5(a)]. The retrieved pulse dura-
tions agree well with a more standard SHG-based autocorrelator
(FR-103MN; Femtochrome Research, Inc.). The intensity auto-
correlations are in excellent agreement with a sech2 pulse shape
[Figs. 4(d) and 5(d)], and long-span autocorrelation scans show
no additional side pulses or pedestals [inset in Figs. 4(d) and 5(d)].
Figure 5(d) shows the autocorrelation of both the 107 fs output
pulses and the compressed 96 fs pulses. The following pulse
characterizations are identical for the 107 fs and the 96 fs pulses.

The smooth modelocked spectrum overlaps with the retrieved
FROG spectrum [Figs. 4(e) and 5(e)] and is free of cw break-
throughs, further shown in a logarithmic scale in Figs. 4(f )
and 5(f ). The “128 fs result” is close to transform-limited with
a spectral bandwidth of 9.48 nm corresponding to a time–
bandwidth product of 0.345, being 1.09 times the value for a
sech2 pulse shape. The 17.5 nm broad spectrum of the “96 fs
result” corresponds to a time–bandwidth product of 0.472,
i.e., 1.47 times the ideal value for a sech2 pulse shape, and better
external pulse compression could potentially support pulses as
short as 65 fs.

The temporal laser intensity is measured with a fast photo-
diode (New Focus, Model 1454), amplified with a broadband
and low noise preamplifier (Agilent 87405C) and detected with
a microwave spectrum analyzer (Agilent 8565EC, HP 8592L). As
discussed in [11], we show two microwave spectra in Figs. 4(g),
5(g) and Figs. 4(h), 5(h) to further confirm clean fundamental
modelocking.

Figures 4(g) and 5(g) show a scan with high resolution band-
width (RBW) of 300 kHz from DC to 22 GHz with a high SNR
of ≈50 dB. All higher harmonics of the repetition rate exist and
are constant, apart from a small drop in intensity of the higher
harmonics due to the limited bandwidth of the 18 GHz preampli-
fier. Figures 4(h) and 5(h) zoom into the first harmonic with
a higher RBW over an offset frequency span of �7.5 MHz
using a highly linear photodiode (DSC30S-HLPD; Discovery
Semiconductors, Inc.) and a signal source analyzer (Agilent
E5052B). Even with the high SNR of ≈80 dB (≈90 dB), no line

τ

τ

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4. “128 fs result”: modelocking characterization of the 128 fs pulses at 80 mW average output power, a peak power of 303 W, and a pulse
repetition rate of 1.81 GHz. (a) Measured SHG-FROG spectrogram. (b) Retrieved FROG spectrogram (error: 0.0019). (c) Retrieved temporal intensity
profile and temporal phase. (d) Intensity autocorrelation with corresponding sech2 fit (inset: long-span autocorrelation without any satellite pulses).
(e) Retrieved spectrum and spectral phase overlaid with the measured optical spectrum with a FWHM bandwidth of 9.48 nm. The time–bandwidth
product is 1.09 times the ideal value for a sech2 pulse shape, i.e., very close to perfect bandwidth-limited pulse duration. (f ) Optical spectrum in log-
arithmic scale centered around 1033 nm, measured with a RBW of 0.1 nm. (g) Long-span microwave spectrum with a RBW of 300 kHz. (h) 15 MHz
microwave spectrum at 1.81 GHz, measured with a RBW of 1.56 kHz. (i) Gaussian beam profile confirmed with a measuredM2 < 1.05� 0.05 in two
orthogonal directions.
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broadening and no additional side peaks become visible. Excellent
beam quality was confirmed with measuredM2 values of less than
1.05� 0.05 in two orthogonal directions [Figs. 4(i) and 5(i)].

4. GAIN CHARACTERIZATION

Here we present both a spectrally resolved measurement of the
small signal gain and a measurement of the gain saturation as
described by Mangold et al. [37].

A. Spectral Gain Measurements

For the spectral gain characterization, we measured the spectrally
resolved small signal reflectivity of a diode-pumped VECSEL.
The probe laser is a tunable cw Ti:sapphire laser that is focused
tightly to obtain a sub-20-μm diameter beam waist on the surface
of the VECSEL chip. The VECSEL is optically pumped by a cw
808 nm multimode diode laser (Lumics) with an elliptical
122 μm × 172 μm full width at half-maximum (FWHM) spot.
The average pump intensity I p of the probe spot can be varied
from 0 to 57 kW∕cm2. Without any pump power, the
VECSEL absorbs the probe laser for photon energies exceeding
the bandgap energy [Fig. 6(a)]. With a pump intensity of approx-
imately 10 kW∕cm2, the laser is pumped into transparency. For
increasing pump power, the small signal gain increases, the
spectrum becomes broader, and the peak wavelength experiences
a redshift due to the elevated temperature in the gain quantum
wells.

A shift in the peak wavelength is also visible in Fig. 6(b), which
shows the small signal gain for different heat-sink temperatures at

a constant pump intensity of 57 kW∕cm2. By lowering the
heat-sink temperature, the small signal gain increases slightly,
and the peak wavelength experiences a blueshift in the range

τ

ττ

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5. “96 fs result”: modelocking characterization of the 96-fs pulses at 100 mW average output power, a peak power of 560 W and a pulse repetition
rate of 1.63 GHz. (a) Measured SHG-FROG spectrogram. (b) Retrieved FROG spectrogram (error: 0.0004). (c) Retrieved temporal intensity profile and
temporal phase. (d) Intensity autocorrelations with corresponding sech2 fits of the 107 fs and 96 fs pulses (inset: long-span autocorrelation without any
satellite pulses). (e) Retrieved spectrum and spectral phase overlaid with the measured optical spectrum with a FWHM bandwidth of 17.5 nm. The time–
bandwidth product is 1.47 times the ideal value for a sech2 pulse shape, i.e., with better dispersion compensation, we could obtain even shorter pulses.
(f ) Optical spectrum in logarithmic scale centered around 1034 nm, measured with a RBW of 0.1 nm. (g) Long-span microwave spectrum with a RBW of
300 kHz. (h) 15 MHz microwave spectrum at 1.63 GHz, measured with a RBW of 97.7 Hz. (i) Gaussian beam profile confirmed with a measured
M2 < 1.05� 0.05 in two orthogonal directions.

(a)

(b)

Fig. 6. Spectral gain measurements. (a) Spectrally resolved reflectivity
for different pump intensities at a constant heat-sink temperature of
15°C. (b) Spectrally resolved reflectivity for different heat-sink temper-
atures at a constant pump intensity of Ip � 57 kW∕cm2.
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of 0.32 nm/K, in agreement with the intrinsic temperature
dependence of the InGaAs quantum well gain [1]. The maximum
small signal gain of 3.17% is achieved at 57 kW∕cm2 pump in-
tensity and a heat-sink temperature of −5°C. The small signal gain
is lower than the values measured in [37], which can be explained
by the reduced field intensity enhancement factor.

The VECSEL chip is heated by the absorbed pump light from
the front side and cooled from the backside, creating a temper-
ature gradient normal to the chip surface. This temperature gra-
dient in the active region leads to different temperatures of the
individual quantum wells, which shifts the corresponding emis-
sion wavelength and thereby broadens the overall accessible mac-
roscopic gain. This effect becomes even stronger with increased
pump intensities and reduced heat-sink temperatures. The short
wavelength limit of the gain shown in Fig. 6, is defined by the
reflectivity bandwidth of the underlying AlAs/GaAs DBR (full
bandwidth of about 110 nm), resulting in a gain bandwidth
of approximately 50–57 nm. This corresponds to a small signal
gain, which is 2–3 times broader than the quantum well photo-
luminescence measured by Wang et al. [7].

B. Gain Saturation Measurements

For the gain saturation characterization, we measured the fluence-
dependent reflectivity of the diode-pumped VECSEL. The probe
laser is a tunable modelocked Ti:sapphire laser generating 140 fs
pulses. The probe light is focused to a 29.6 μm diameter spot.
The pump arrangement is the same as the one used for the spec-
tral gain measurement, resulting in a maximum pump intensity of
46.5 kW∕cm2. The dependence of the reflectivity on the probe
fluence is measured for different probe wavelengths, pump fluen-
ces, and heat-sink temperatures. The probe fluence is varied over
3 orders of magnitude up to 1200 μJ∕cm2 for probing wave-
lengths of 1010, 1020, 1030, and 1040 nm. The pump intensity
is varied between 0 and 46.5 kW∕cm2, while the heat-sink
temperature is kept at −5°C, 5°C, 15°C, or 25°C.

The nonlinear reflectivity [Fig. 7(a)] is analyzed with a macro-
scopic model for the gain saturation analogous to the saturable
absorption of a SESAM. The characteristic parameters are the
small signal reflectivity, the gain saturation fluence, the nonsatur-
able losses, and the induced absorption. The detailed description
of the model can be found in [37].

To study the measured gain saturation parameters, the concept
of the equivalent wavelength is introduced, which allows for a
matching of measurement series taken at different probing
wavelengths and temperatures. As visible in Fig. 6(b), the
quantum well emission is blueshifted by approximately 3.2 nm
for a heat-sink temperature reduction of 10°C. To account for
this blueshift, the probing wavelength of 1030 nm at a heat-sink
temperature of 15°C corresponds to an equivalent probing wave-
length of 1033.2 nm at a heat-sink temperature of 25°C, for ex-
ample. Following this concept, the equivalent probing wavelength
is calculated for all temperatures lower than 25°C.

The saturation fluence varies between 30 and 50 μJ∕cm2 and
has a slight dip around 1030 nm [Fig. 7(b)]. The saturation flu-
ence is comparable to that reported in [37], although the satura-
tion fluence is expected to scale inversely proportional to the field
intensity enhancement factor, and, therefore, we have expected
higher saturation fluences. Figure 7(c) shows the small signal re-
flectivity of the probing pulse with an 11 nm wide spectrum
analogous to the reflectivity spectrum [Fig. 6(b)] of a single

frequency cw probe. The small signal reflectivity has a maximum
around 1030 nm and is slightly reduced for lower heat-sink tem-
peratures. The induced absorption shows a weak temperature
dependence and has a maximum of 17.6 mJ∕cm2 at a probing
wavelength of 1030 nm, as shown in Fig. 7(d).

5. PULSE FORMATION SIMULATION

We used our pulse formation simulations as described in [34].
This simulation is based on macroscopic input parameters sum-
marized in Table 1. We used the same linewidth enhancement

(a)

(b)

(c)

(d)

Fig. 7. Gain saturation measurements. (a) Fluence-dependent reflec-
tivity for different pump intensities at a heat-sink temperature of 15°C.
(b) Saturation fluence as a function of heat-sink temperature and equiv-
alent wavelength. (c) Small signal reflectivity as a function of heat-sink
temperature and equivalent wavelength. The equivalent wavelength ac-
counts for the temperature-induced wavelength shift of the gain peak
wavelength for matching of measurement series. See text for a more
detailed definition of equivalent wavelength. (d) Induced absorption
as a function of wavelength and heat-sink temperature.
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factors, the same additional cavity losses, and the same gain re-
covery time as discussed before in [34]. The input parameters of
the VECSEL gain chip are chosen in the middle of the measured
range of 50–57 nm (FWHM) for the gain bandwidth,
30–50 μJ∕cm2 for the gain saturation fluence, and 2.5%–
3.17% for the small signal gain. More elaborated simulations
starting from the fully microscopic many-body theory by Kilen
et al. [41] indicated the limitations of macroscopic models
for pulse durations below some hundreds of femtoseconds.
Nevertheless, so far our macroscopic models have shown good
agreement with our experimental results.

Our simulation shows that the combination of the gain
bandwidth [Fig. 6(b)] and the gain saturation fluence [Fig. 7(b)]
defines a range of stable modelocking configurations and, so, the
minimum possible pulse duration. As expected, the small signal
gain [Fig. 6(b)] and the losses mainly determine the output power.
The values for dispersion per cavity round-trip used for the
simulation are not straightforward because, for example, the
dispersion of the VECSEL [Fig. 3(b)] was not measured under lasing
operation. Furthermore, the modelocking simulations are very sen-
sitive to dispersion, with increasing sensitivity for increasing gain
bandwidth. The cavity round-trip dispersion fitting the “96 fs
result” is −12 fs2 of GDD and −500 fs3 of third-order dispersion
(TOD), and these values are 12 fs2 of GDD and 620 fs3 of
TOD for the “128 fs result.” These dispersion values are shown
in Fig. 3(b) and are in reasonable agreement with the dispersion
of the VECSEL, which is expected to give the main contribution.

The pulse formation simulation for the “128 fs input parame-
ters” (Table 1, Fig. 8) not only agrees with the pulse duration of
128 fs, but also with the spectral bandwidth of 9.5 nm (measured
9.48 nm) and the average output power of 78 mW (measured
80 mW). The 96 fs input parameters (Table 1) with the dispersion
adapted to fit the compressed 96 fs pulses (Table 1: −12 fs2

and −500 fs3) results in negatively chirped 130 fs output pulses
(i.e., not the measured 107 fs), which can be compressed
with 1350 fs2 positive GDD to 96 fs, a spectral bandwidth of
17.5 nm, and an average output power of 104 mW. With a
slightly different cavity round-trip GDD of −4 fs2 and TOD of
−600 fs3, we can fit the 107 fs output pulses: the simulation results
in negatively chirped 108 fs output pulses, which can be com-
pressed with 1350 fs2 positive GDD to 86 fs (i.e., not the mea-
sured 96 fs), a spectral bandwidth of 17.4 nm, and an average
output power of 100 mW (measured: 107 fs, 96 fs, 17.5 nm,
100 mW). Higher order dispersion of the ZnSe plate has not been
taken into account. The agreement is no longer perfect, but the
simulation confirms the 100 fs pulse duration with initially neg-
atively chirped output pulses. At this point, we did not include
the nonlinear induced absorption in the SESAM and VECSEL
even though this becomes more important with shorter pulses.

Using the 128 fs input parameters (Table 1), we further ex-
plored the sensitivity of the cavity round-trip dispersion taking
into account both the second-order dispersion (GDD) and the
TOD. Different values of TOD are applied in addition to
the GDD, centered around the lasing frequency (Fig. 8), with
the cross indicating the dispersion values used for fitting the
“128 fs result.” The shortest pulses (101 fs) are achieved with
2 fs2 GDD and 560 fs3 TOD. The highest pulse peak power
is 480 W and is obtained with 3 fs2 GDD and 400 fs3 TOD.
Similar sensitivity is observed with the 96 fs input parameters,
but is not shown here.

6. PERFORMANCE SCALING

From our simulations as presented in Section 5 we can conclude
that the shortest pulse duration is mainly determined by the gain
bandwidth, the gain saturation fluence, and the second- and
third-order dispersion of the VECSEL. Figure 8 summarizes
the general sensitivity on second- and third-order dispersion
for both shorter pulse durations [red area in Fig. 8(a)] and higher
pulse peak powers [red area in Fig. 8(b)]. Slightly positive TOD is
needed for the shortest pulses. Too much positive TOD, how-
ever, causes instabilities, while negative TOD results in stable
modelocking with slowly increasing pulse duration and decreasing
peak power (Fig. 8). Negative GDD should be avoided, as the
pulse duration increases rapidly into the picosecond regime, while
for positive GDD, the pulse duration increases more slowly. Thus
dispersion management becomes even more critical for broad-
band gain. Most recently, this has also been confirmed by
Head et al. [35]. Control of the GDD and TOD of a VECSEL
is challenging, as they are very sensitive to growth and fabrication
uncertainties. Even growth errors in the 1% range can signifi-
cantly change the wavelength-dependent dispersion. The simula-
tion and the modelocking results confirm that a VECSEL gain
bandwidth of 50–57 nm (FWHM) is sufficient for the generation
of sub-100-fs pulses.

In the future we will focus our efforts toward even higher
average output power and higher optical-to-optical efficiency
of sub-100-fs SESAM modelocked VECSELs. The optimized
broadband gain has been the key enabler for these new milestone
results and has been achieved with flat field intensity enhance-
ment, broadband dispersion control, and high-quality epitaxial

(a)

(b)

Fig. 8. Numerical pulse formation simulations using the 128 fs input
parameters from Table 1. Cavity round-trip dispersion management for
both (a) a shorter pulse duration and (b) a higher peak power as functions
of second-order dispersion (i.e., GDD) and TOD is shown. The best
performance is obtained in the red shaded area, and the “128 fs result”
is marked with a black cross.
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growth. Higher gain saturation fluence would further increase the
output power and simultaneously shorten the pulse duration. The
measured saturation fluences [Fig. 7(b)] have been lower than ex-
pected in comparison to [37] with the corresponding field inten-
sity enhancement factors taken into account. However, we
changed the lasing wavelength (1030 nm instead of 960 nm)
and the epitaxial growth (MOVPE instead of MBE), which
makes a direct comparison more difficult.

7. CONCLUSION

In conclusion, we have presented a significant improvement of
SESAMmodelocked VECSELs with both shorter pulse durations
and higher average power with 96 fs pulses and 560 W pulse peak
power. We performed a detailed characterization of both the
VECSEL and the SESAM parameters, which were used as input
parameters in our simulations (Table 1). We obtained good agree-
ment between experiment and theory. Both second- and third-
order dispersion management is required for short pulse durations
and transform-limited pulses. The “128 fs result” is very close to
transform limited with a time–bandwidth product of 1.09 times
the ideal value. The 96 fs pulses were obtained by additional
external dispersion compensation with a single path through a
2-mm-thick zinc selenide plate and are still not transform limited,
with a time–bandwidth product of 1.47 times the ideal value of a
sech2 pulse shape. The bandwidth could in principle support
transform-limited pulses as short as 65 fs. We have explained
the sensitivity and importance of dispersion management and
outlined design guidelines for future improvements in output
power. With these record modelocking results, we have demon-
strated that high-power 100 fs pulses are possible from optically
pumped ultrafast VECSELs. This performance will enable octave-
spanning supercontinuum generation without any additional
external pulse amplifications based on recent progress with
Si3N4 waveguides [27,28] for supercontinuum generation.
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