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Abstract: Linear and nonlinear gain characterization of electrically pumped
vertical external cavity surface emitting lasers (EP-VECSELSs) is presented
with spectrally resolved measurements of the gain and with gain saturation
measurements of two EP-VECSEL samples with different field
enhancement in the quantum-well gain layers. The spectral bandwidth,
small-signal gain and saturation fluence of the devices are compared. Using
the sample with the larger bandwidth, we have demonstrated the shortest
pulses generated from a passively modelocked EP-VECSEL to date. With a
low-saturation-fluence SESAM for passive modelocking we have achieved
9.5-ps pulses with 7.6 mW average output power at a repetition rate of 1.4
GHz. With a higher output coupler transmission the pulse duration was
increased to 31 ps with an average output power of 13.6 mW. The pulses
were chirped mainly due to the group delay dispersion (GDD) introduced
by the intermediate DBR, which compensates the optical loss in the
structure.

OCIS codes: (140.5960) Semiconductor lasers; (140.7270) Vertical emitting lasers; (140.4050)
Mode-locked lasers.
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1. Introduction

Optically-pumped vertical external cavity surface emitting lasers (OP-VECSELs) [1] can
offer several watts of average output power in circular, diffraction-limited beams. Their
external cavity geometry enables passive modelocking with a semiconductor saturable
absorber mirror (SESAM [2, 3]). Such passively modelocked ultrafast VECSELs [4] have
generated sub-100-fs pulses in bursts of pulses [5], 107-fs pulses in fundamental modelocking
at moderate output powers [6] and multi-Watt average output power with longer pulses
around 700 fs to 800 fs [7, 8]. These OP-VECSELSs, similar to SESAM modelocked solid-
state lasers [9], provide excellent noise properties [10], but additionally offer more flexibility
in the emission wavelength. In addition, using a semiconductor gain material allows for more
compact cavity designs, which would make them highly attractive for many industrial and
commercial applications. One advantage is the possibility to integrate the absorber directly
into the semiconductor gain structure, referred to as the MIXSEL (modelocked integrated
external cavity surface emitting laser) concept [11]. With an optically pumped MIXSEL we
have demonstrated 6.4 W of average output power in 28.1 ps pulses [12]. Another advantage
is the possibility for electrical pumping.

For a SESAM modelocked electrically pumped VECSEL (EP-VECSEL) it is necessary to
obtain stable transverse mode operation. Fundamental Gaussian mode operation requires a



more careful design because of the many different tradeoffs between optimized optical and
electrical properties [13]. Most importantly, a high modal gain is required to overcome optical
loss introduced by free carrier absorption. This loss mainly originates from the doping
necessary to reduce electrical resistance. The high optical gain is typically obtained with a
resonant design, i.e. a strong enhancement of the optical field at the position of the gain
quantum-wells. The trade-offs for modelocking are increased group delay dispersion (GDD)
and a decreased gain bandwidth, setting a lower limit for the pulse duration.

In 2003, the Novalux corporation demonstrated a continuous-wave (cw) output power of
500 mW in a TEMy, mode with their proprietary EP-VECSEL design, referred to as the
NECSEL [14]. Despite the impressive cw performance of these devices, modelocking results
have been limited to 40 mW of average output power with 57-ps pulses [15] and some tens of
milliwatts with 15-ps pulses [16].

In 2011, we discussed optimized design guidelines for ultrafast EP-VECSELs and
emphasized the trade-off between output power and beam quality. We demonstrated that a
large field enhancement starts to limit the mode quality at higher output powers. We not only
measured the current injection profiles of EP-VECSEL devices with different bottom contact
size, but also explained them with theoretical models for the first time [13]. Here in this paper
we discuss the influence of the field enhancement on the gain to optimize the modelocking
performance towards shorter pulse durations and higher output powers. Especially the strong
gain saturation needs to be investigated in detail as the pulse formation mechanism in a
SESAM-modelocked VECSEL is governed by strong dynamic gain and absorber saturation
[17, 18]. Therefore, we present the first detailed measurement of emission bandwidth, small-
signal gain and gain saturation of EP-VECSELSs as function of field enhancement. We used
two high-precision reflectivity measurement setups as described in [19]. The EP-VECSEL
structure with lower field enhancement provides a gain bandwidth of more than 3 nm at
moderate saturation fluences of 6.2 uJ/cm” and was SESAM modelocked to generate pulses
with 9.5 ps FWHM duration at an average power of 7.6 mW and a pulse repetition rate of 1.4
GHz. This has been the shortest pulse duration generated from a modelocked EP-VECSEL to
date. Issues and challenges for further power scaling are discussed as well.

2. EP-VECSEL gain structure

In this first section we describe the basic design of the EP-VECSEL structures and compare
their cw lasing and their electrical performance. The characterized EP-VECSELs were
manufactured by Philips.

2.1 Basic design

Figure 1 shows a schematic of a typical EP-VECSEL. Current is injected into the device
through a disk-shaped bottom contact (140 pm in diameter) underneath the p-doped, highly
reflecting distributed Bragg reflector (DBR) and through a top ring electrode (opening of 200
pm in diameter). It is assumed that the holes in the p-doped region have a lower mobility
compared to the electrons in the n-doped region and remain in the center of the device above
the bottom contact, whereas the highly mobile electrons move through the current spreading
layer to the center of the structure with the quantum well (QW) gain layers where they
recombine with the holes [20]. Thus, the current spreading layer together with the bottom disk
contact helps to create a confined inversion profile to support a fundamental lasing mode.
Additionally, an oxide aperture in the active region confines the current in the QWs to about
100 pm in diameter. By using this aperture a larger bottom contact can be used while
maintaining the current injection profile, which slightly reduces the electrical resistance of the
device.
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Fig. 1. Schematic of an electrically pumped (EP) VECSEL gain chip with the external cavity
(not to scale): Bottom disc contact and top ring electrode inject current into the structure. The
p-DBR acts as end mirror for the laser wavelength. The gain section consists of several
quantum wells (QWs), the partial-reflective intermediate n-DBR increases the field
enhancement. The current spreading layer (CSL) supports a homogeneous current injection to
the center of the device. The dielectric anti-reflection (AR) coating reduces unwanted sub-
cavity effects from the CSL. A curved output coupler (OC) completes the laser cavity.

The EP-VECSEL structure is entirely grown by molecular beam epitaxy (MBE). The p-
doped DBR as well as the n-doped intermediate DBR consist of alternating A/4-layers of
Al,GaggAs and AlgyGajpAs. The active region consists of three InGaAs quantum-wells
(QWs) embedded in GaAs barriers and placed in one antinode of the standing wave pattern of
the electric field. The emission wavelength of the QWs is detuned towards shorter
wavelengths by 12 nm from the design wavelength of 980 nm. This was necessary to ensure
matching of the cavity resonance and peak gain wavelength of the QWs at a high-power
operation point, as already described in great detail in [21].

Compared to OP-VECSELSs, an EP-VECSEL needs to be doped to increase the electrical
conductivity. This leads to additional optical loss caused by free carrier absorption. Therefore
an intermediate n-doped DBR is introduced to increase the field enhancement in the quantum
wells and thus the gain, and to lower the field enhancement in the current spreading layer
(CSL) and thus the loss. The field enhancement /™ in the gain is defined as the amplitude of
the standing wave pattern at the position of the QWs normalized by the incident electric field
amplitude. The right number of quarter-wave layer pairs in the intermediate n-DBR is
essential for fundamental transversal mode operation at high power levels. A low number
results in low field enhancement and thus low output power due to low gain, whereas a high
number leads to deterioration in beam quality, as this reduces the mode control of the output
coupler (OC). This tradeoff has previously been discussed in [13]. Another effect that needs
to be considered here is that the resonant sub-cavity between the two DBRs leads to a spectral
filter, which strongly decreases the gain bandwidth of the structure. At the same time this
leads to strong oscillations of the GDD around the lasing wavelength in the order of several
10’000 fs*. The characterized devices exhibit 9 and 13 n-DBR quarter-wave layer pairs. This
corresponds to a reflectivity of 71% and 89%, respectively. The calculated field enhancement
in the QWs is I"=12 (9 pairs) and I"=35 (13 pairs).

The current spreading layer (CSL) is realized by mechanically thinning down the low n-
doped GaAs substrate. Besides the number of n-DBR pairs, the exact thickness of the
remaining substrate is the only difference between the devices from the design point of view.
We will show later that this thickness can be extracted from the gain spectra. The two chips
exhibit a thickness of 59.8 um (9 pairs) and 148.3 um (13 pairs). This difference in thickness
is due to an optimization in the processing scheme of the devices, the influence of the
thickness has already been discussed based on numerical simulations in [20]. This means that
the 13-pair device has a higher loss due to free carrier absorption. Furthermore the devices
originate from different growth runs and were processed separately, potentially giving rise to
additional differences in device performance.

A dielectric antireflection (AR) coating consisting of a A/4-layer of silicon nitride is
deposited on top of the structure to reduce sub-cavity effects from the remaining substrate.
The structure is mounted with the p-side down on an AIN heatsink tile, which is soldered on a
TO-can mount for easy electrical testing. More details on the design and fabrication of EP-
VECSELSs are discussed in [13, 20, 22].



2.2 Electrical and cw lasing characterization

For better comparison of the devices, their light-current-voltage (LIV) curves were measured
first. Figure 2(a) compares the current-voltage curves of the two devices for two different
heatsink temperatures. The device with 9 pairs shows a lower voltage drop and both devices
show an increase in voltage with decreasing temperature, as one would expect from the
semiconductor material.
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Fig. 2. (a) IV curves of the two different devices measured at —10 °C (dashed) and 20 °C
(solid). (b) Multimode LI curves at —10 °C measured in a simple straight cavity using an OC

with a radius of curvature of 15 mm and a transmission depending on the field enhancement (9
pairs: 5.7%, 13 pairs: 10.6%)

The LI characteristics in Fig. 2(b) show the optical multimode cw output power of the two
lasers at a heatsink temperature of —10 °C. The EP-VECSEL cavity consists of an OC with a
radius of curvature of 15 mm. The optimal transmission for the highest output power depends
on the field enhancement in the gain of the structure. The optimum found was 10.6% for the
13-pair device and 5.7% for the 9-pair device. As expected, the 13-pair device reaches a
higher output power due to higher gain. On the other hand, the thicker current spreading layer,
which introduces a higher optical loss due to free carrier absorption, limits the achievable
output power. Previously, the influence of the field enhancement on the beam quality has
already been investigated for these two devices [13]. The 9-pair device allowed for
fundamental TEM,, mode operation, which was not the case for the more resonant 13-pair
structure. The high reflectivity of 89% of the intermediate n-DBR reduces the beam control of
the OC. The best beam quality achievable for this chip was an M? of 2.6. Higher order modes
can destabilize modelocking and thus make this device less suitable for modelocking
experiments.

3. Gain characterization

To characterize the gain properties of the different devices, we have employed two different
high-precision reflectivity measurement setups. One uses a wavelength-tunable cw laser for
the characterization of the spectral gain and the other setup uses a modelocked picosecond
probe laser to measure the gain saturation. The two measurement setups will be described
briefly, a detailed description can be found in [19].

3.1 Measurement method for spectral gain characterization

The EP-VECSEL gain structure is a resonant structure and thus, dependent on the strength of
the field enhancement, its gain bandwidth is limited. Furthermore, the gain spectrum of an
EP-VECSEL shifts depending on the heatsink temperature and the injected electric current.
To characterize the bandwidth and the wavelength of the gain, the wavelength-dependent
reflectivity of a pumped EP-VECSEL gain chip is measured. For this we used a commercially



available cw Ti:Sapphire Laser (Spectra Physics 3900S) with a lasing linewidth below 0.15
nm. The output power is attenuated to 3 mW at 960 nm and drops to 2 mW at higher
wavelength. For each measured data point of the gain spectrum, the emission wavelength of
the laser is tuned with a birefringent filter and the absolute value of the reflectivity is
determined as described in [19]. With each sample this is repeated for different injected
electric currents and heatsink temperatures.

115
110
110}
~ 100 =
B ™
-y Z105f
z 9 z
o o
9 9
® S 100

80

vV
70} [— OmA  —— 100mA —— 300 mA ----- 400 m 95(7\_/ N — -10°c —— 10°C
——50mA —— 200mA —— 350 mA ----- 500 m — 0°c ——20°
965 970 975 980 970 975 980
a) wavelength (nm) b) wavelength (nm)

Fig. 3. Measured gain spectra for the EP-VECSEL with an intermediate n-DBR with 9 quarter-
wave layer pairs (i.e. with 9 n-DBR pairs). (a) Reflectivity spectra of the EP-VECSEL for
different injected electric currents at a constant heatsink temperature of —10 °C. A small-signal
gain of 13% is reached at 350 mA. The modulations on the spectra arise from the current
spreading layer, which acts as a weak sub-cavity because the AR-coating is not perfect. (b)
Temperature dependence of the gain for an injected electric current of 300 mA. The gain
bandwidth of the device is around 3.1 nm (FWHM).

3.2 Spectral gain characterization

Figure 3(a) shows the measured gain spectra of the EP-VECSEL gain chip with 9 n-DBR
pairs as a function of the injected electric current. The unpumped structure (black line) shows
strong absorption mainly due to the quantum-wells and the free-carrier absorption in the
device. The modulations on the gain spectra originate from the current spreading layer, which
acts as a Fabry-Perot-etalon and thus a spectral filter because of the residual reflection of the
AR coating. The spacing of the Fabry-Perot fringes can be used to calculate the thickness of
the CSL and yields a value of 59.8 um. Increasing the injected current first results in
transparency of the structure (red solid line), for higher currents gain starts to build up. The
unsaturated gain is defined by a reflectivity exceeding 100%, indicated by the black dashed
line. The maximum unsaturated small signal gain of 13% is reached at 350 mA. For even
higher currents, a lower gain is observed, because the peak gain wavelength of the QWs shifts
stronger with increased temperature than the structural resonance wavelength. This thermal
wavelength shift is caused by the Joule heating associated with the electrical loss of the
device. Another contribution comes from the optical loss mainly caused by free carrier
absorption. Figure 3(b) shows the measured gain spectra for different heatsink temperatures
and a constant injected current of 300 mA. For every current there is a temperature where the
peak of the cavity resonance and the peak gain of the QWs overlap. Decreasing the
temperature results in a larger detuning and thus allows for higher pump currents until this
operation point is reached. For a current of 300 mA, a temperature of 0 °C is the optimum
operation point for maximum gain.

The negative effect of the etalon caused by the CSL becomes evident when we compare
these spectra. At a heatsink temperature of 20 °C the minimum of the modulation overlaps
with the peak of the gain spectrum, reducing the maximum achievable gain. This device
exhibits a gain bandwidth of about 3.1 nm and the gain peak shifts with around 13.1 nm/A



and 0.067 nm/K. This corresponds to the typical value of around 0.07 nm/K found in
literature [21]. The measured values are an average over all measured spectra.

Figure 4 shows the current- and temperature-dependent gain spectra of the device with 13
n-DBR pairs. The resolution of the gain spectra is limited to 0.15 nm due to the accuracy of
the feedback loop, which controls the wavelength of the probe laser. This limits the number of
data points for these spectra.
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Fig. 4. Measured gain spectra for EP-VECSEL device with an intermediate n-DBR with 13
quarter-wave layer pairs (i.e. 13 n-DBR pairs). (a) Reflectivity spectra of the EP-VECSEL for
different injected electric currents at a constant heatsink temperature of —10 °C. The resolution
is limited by the accuracy of the feedback loop controlling the wavelength of the probe laser. A
small-signal gain of 58.6% is reached at 300 mA. (b) Temperature dependence of the gain
spectra for a constant injected electric current of 300 mA. The bandwidth of the structure is
around 0.9 nm.

In comparison to the EP-VECSEL gain chip with 9 pairs, the maximum achievable small
signal gain is significantly higher with 58.6%. On the other hand, the stronger resonance
results in a much lower gain bandwidth of around 0.9 nm. The temperature-dependent
measurements in Fig. 4(b) shows again the spectral filtering effect of the CSL, reducing the
achievable small-signal gain at 0 °C by almost 15%. The thickness of the CSL calculated
from the modulation on the spectra is 148.3 pm for this device. The structure exhibits a gain
shift of around 12.8 nm/A and 0.071 nm/K.

3.3 Measurement method for gain saturation

Figure 5 shows the basic approach to determine the saturation behavior of an EP-VECSEL
gain chip. First it is necessary to know the exact wavelength of the gain maximum A, for a
certain injected electric current and heatsink temperature. This is depicted in Fig. 5(a), using
the measured gain spectra of the device with 9 n-DBR pairs at a heatsink temperature of —10
°C as an example. Then it is possible to tune a pulsed probe laser to this wavelength and to
determine the reflectivity as function of fluence on the chip for this fixed wavelength. This
measurement is shown in Fig. 5(b) for a wavelength of 974.4 nm for the probe laser, a
heatsink temperature of —10 °C and a pump current of 300 mA. From this measurement the
saturation fluence, small-signal gain, non-saturable losses and the effect of induced absorption
(IA) can be extracted by fitting the data with an appropriate fit-function. The fit-function will
be described later in more detail.

The laser source used for the saturation measurement is a modelocked Ti:sapphire laser
(Spectra Physics Tsunami) with a pulse duration of about 1.75 ps and a spectral bandwidth of
around 0.6 nm. The pulse duration is deliberately tuned to picoseconds to limit the emission
bandwidth of the laser. Otherwise it would not be possible to accurately characterize the EP-
VECSELSs since they exhibit a narrow gain spectrum. The fluence-dependent reflectivity is
measured by adjusting the power of the probe laser with a controllable attenuation stage.
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Fig. 5. (a) Gain spectrum of the EP-VECSEL device with an intermediate n-DBR with 9
quarter wave layer pairs for different injected electric currents at —10 °C. The maximum gain is
reached at the wavelength A,ca, to where the wavelength of the picosecond probe laser is tuned
for the measurement of the gain saturation. (b) Gain saturation measurement (red) at an
injected pump current of 300 mA and —10 °C heatsink temperature. From the fit function (blue,
dashed) the parameters small-signal gain reflectivity Rmaiisignal, Saturation fluence Fy,, the non-
saturable reflectivity Ruon-saturable and the strength of the induced absorption F, can be extracted.
The black curve shows the gain saturation for which the induced absorption (IA) effects were
numerically removed.

For each fluence on the sample the absolute value of the reflectivity is determined using
the setup described in [19]. To extract the relevant parameters from the measurement data, a
fit-function based on the partial differential equation for absorber saturation in SESAMs [23]
and the Frantz-Nodvik-equation for gain saturation [24] is used. Here, only the final equation
of the fit-function will be given, a complete mathematical description and derivation can be
found in [19, 23]. The reflectivity model function for a probe beam with a flat-top intensity

profile is
F. R F F
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where R is the reflectivity, F is the fluence on the sample and g is the gain coefficient. Even
for very high fluences, the reflectivity of the unpumped device will not reach 100% due to
non-saturable losses due to effects like scattering and free-carrier absorption. R, accounts for
these non-saturable losses and is the corresponding reduced reflectivity from 100%. The
saturation fluence Fy, is defined as the fluence, where the gain has dropped to approximately
(1-1/e) =63% of its initial value. Rymansignal (Rss) 1s the reflectivity corresponding to the small-
signal gain. The last term addresses the influence of induced absorption (IA). Especially for
longer pulses, induced absorption not only occurs due to two-photon absorption but other
contributions also come from free-carrier absorption or thermal effects [23]. The effect of
induced absorption causes the reflectivity to drop at high fluences. It is included in the fit
function in the last term, where F, is the fluence at which the reflectivity has dropped to 1/e
=37% because of induced absorption.

Equation (1.1) holds only for a flat-top beam. The used probe laser exhibits a Gaussian
intensity distribution. For such an intensity distribution FO(r) = F, exp(=2r*/w”) the
following equation needs to be included in the fit:

1
RGauss (F) — IdZRFlatTOp (ZFZ), (1 2)
0

with z = 2F exp(-2/*/w?) and dz = —8r/w” exp(-2r*/w)dr.



For our EP-VECSELSs some approximations for the fit function need to be re-evaluated. In
the derivation of the fit function we used the approximation exp(gs) =1 + g This
approximation is still good for the device with 9 n-DBR pairs, however, slightly exceeded for
the 13 pair structure, which has a small-signal gain =58%. Nevertheless, the parameters
extracted from the fit give approximate values of how the device compares to the less
resonant one.

The second approximation was made with regards to the non-saturable loss. This non-
saturable loss is higher due to free carrier absorption in the thick CSL. We can take this into
account when we introduce an effective small-signal gain

gss,eff = gss + (IOO_Rns )’ (13)

which accounts for the fact that these additive losses also need to be compensated before
reaching the gain threshold. Then the definition of the saturation fluence F,; mentioned above
is valid also for these devices. The small-signal gain g is still defined as a reflectivity value
exceeding 100%.

3.4 Characterization of gain saturation
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Fig. 6. Gain saturation measurement of the two devices at a heatsink temperature of —10 °C
and an injected electric current of 300 mA. The measurement data (circles) is modeled to the fit
function (solid line). The extracted parameters from the fit function are: Fi,: 3.2 uJ/cmz, st
58.3%, F>: 1.02 mJ/ecm?, R, 69.4% for the 13 n-DBR pairs (13p) EP-VECSEL and Fy,: 6.2
wien?, ge: 12%, Fy: 1.26 mJ/em?, Rys: 92.25% for the 9 n-DBR pairs (9p) EP-VECSEL.

Figure 6 shows the gain saturation measurements for the two devices at a heatsink
temperature of —10 °C and an injected electric pump current of 300 mA. The EP-VECSEL
with 9 n-DBR pairs exhibits a saturation fluence Fiy = 6.2 pJ/cm® and a small-signal gain g
= 12%, the device with 13 pairs has a saturation fluence F, = 3.2 uJ/cm2 and a small-signal
gain g = 58.3%. The fit function for the 13-pair device still fits the measurements data very
well, even though the approximations assumed for the fit function become less valid.
Consequently, the extracted parameters should be seen only as an approximation for this
device. For both measurements the small-signal gain shows excellent agreement with the
value determined from the spectral gain measurements.

4. Modelocking experiments and results

The low saturation fluence combined with the limited gain bandwidth makes the EP-VECSEL
device with the intermediate, 13-pair n-DBR less attractive for modelocking even though it
offers a significantly higher small-signal gain and more multi-mode output power. The main
limitation however was the beam quality for the 13-pair EP-VECSEL because no fundamental
TEMj, mode operation was achieved. Several higher order transverse modes normally
destabilize modelocking because of axial mode beating noise at different frequencies.



Consequently, the modelocking experiment was designed to match the gain parameters of the
9-pair EP-VECSEL structure. Semiconductor lasers exhibit dynamic gain saturation [25],
which means that for stable modelocking the absorber needs to saturate faster than the gain.
The measured gain saturation fluence (Section 3.4) allowed us to select a suitable SESAM
with the correct saturation parameters. In addition, we further enhanced the SESAM
saturation with a laser cavity design that supports a smaller cavity mode size on the SESAM
than in the gain.

QW-SESAM

- on heatsink
ROC 20 mm
HR A7 s

EP-VECSEL

’ﬁ-
on heatsink

ROC 60 mm
TOC 4%
Fig. 7. Cavity setup for the modelocking experiment: The output coupler (OC) has a radius of
curvature (ROC) of 60 mm and a transmission of 4%, the highly reflective mirror (HR) has a
ROC of 20 mm. Both the EP-VECSEL gain chip and the QW-SESAM are mounted on a

heatsink for temperature stabilization. The resulting beam diameters are =100 pm on the EP-
VECSEL and =40 pm on the SESAM.

Figure 7 shows the cavity setup for the modelocking experiment. The laser cavity was set
up in a Z-type configuration to match the pumped region on the EP-VECSEL of 100 um and
to be able to focus onto the SESAM with a resulting spot size of =40 pm in diameter. The
output coupler (OC) had a radius of curvature (ROC) of 60 mm and a transmission of 4%.
The highly reflective folding mirror to focus onto the SESAM had a ROC of 20 mm. To
match the gain saturation of the EP-VECSEL, we used a low-saturation fluence QW-SESAM
with a fused-silica top coating to enlarge the field enhancement in the absorber [26]. The
saturation fluence for the SESAM had a value of 2.9 puJ/cm? and a modulation depth of 3.9%
measured at room temperature at a wavelength of 967 nm [27]. Stable and self-starting
modelocking was achieved at a pump current of 480 mA and a heatsink temperature of —17.8
°C. With increased heatsink temperature the small-signal gain of the device decreases, as
presented in Section 3.2 in Fig. 3(b). This reduces the intra-cavity power of the laser such that
the SESAM is not sufficiently saturated anymore to support stable modelocked operation. The
SESAM was stabilized to a temperature of 37.2 °C to shift the absorption to a longer
wavelength, where the saturation fluence for the laser wavelength of 975.1 nm is very similar
to the values measured at 967 nm. The average output power was 7.6 mW with a pulse
duration of 9.5-ps (Fig. 8). The resulting fluences on the EP-VECSEL and the SESAM were
~1.7 pl/em® and =9.9 pJ/cm’, respectively. The optical spectrum (Fig. 8(a)) is centered at
975.1 nm and has a bandwidth of 0.43 nm (FWHM). Figure 8(b) shows the intensity
autocorrelation and the fit of a 9.5-ps sech? pulse. The time-bandwidth-product AvAz is 1.28,
which corresponds to about four times the transform limit. This means that the pulses exhibit
a strong chirp. This is most likely caused by high GDD of the resonant gain structure [18].
The microwave spectrum in Fig. 8(c) is measured with a 5 MHz frequency span and a
resolution bandwidth of 100 kHz and is centered around 1.4 GHz, corresponding to the
fundamental repetition frequency of the cavity.
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Fig. 8. Modelocking results obtained from the EP-VECSEL with an intermediate n-DBR with
9 quarter-wave layer pairs and a low-saturation fluence QW-SESAM. (a) Measured optical
spectrum with a width of 0.43 nm (FWHM) centered at 975.1 nm. (b) Measured
autocorrelation trace (blue) and fit of a 9.5-ps sech’pulse (red). (c) Measured microwave
spectrum centered at the fundamental repetition frequency of 1.4 GHz with a resolution
bandwidth (RBW) of 100 kHz. (d) Beam quality measurement showing an M? of 1.1 in both
directions and inset showing beam profile recorded with a CCD camera

Figure 8(d) shows a beam quality measurement of the modelocked laser with an M? of 1.1
in both directions. The inset shows the beam profile averaged over a large number of pulses
and is recorded with a CCD camera.

With a higher OC transmission of 5.7% an average output power of 13.6 mW with 31-ps
pulses at the same repetition rate of 1.4 GHz was achieved. In this case the pump current was
473 mA, the heatsink temperature of the EP-VECSEL —16.9 °C and the SESAM was
stabilized to 37.6 °C.

5. Conclusion and outlook

We have presented a linear and nonlinear gain characterization of EP-VECSELs with
different field enhancement in the active quantum-well layers. From spectral gain
measurements we were able to determine the bandwidth and the small-signal gain of the
devices as well as the temperature and electric pump current dependent shifts of the spectra.
From gain saturation measurements we determined the saturation fluence and confirmed the
values for the small-signal gain. Table 1 summarizes the measured gain parameters for the
two devices. Additionally, the devices were characterized with regards to their lasing
performance. The more resonant 13-pair device resulted in higher multimode output power,
but without fundamental TEM, mode operation. In any case the higher gain bandwidth and
the higher saturation fluence makes the less resonant 9-pair device more suitable for
modelocking.
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Table 1. Summary of the gain parameters of the two characterized devices

VECSEL gain chip: intermediate n-DBR 9 pairs 13 pairs
pairs

spectral gain characterization

13% 58.6%
maximum small-signal gain, —10 °C (350 mA) (300 mA)
gain bandwidth (FWHM) 3.1 nm 0.9 nm
peak gain shift with temperature 0.067 nm/K 0.071 nm/K

13.1 nm/A 12.8 nm/A

peak gain shift with current

gain saturation measurements, —10 °C

. . 12% 58.3%
small-signal gain (300 mA) (300 mA)
6.2 pJ/cm 3.2 wl/em’

saturation fluence

With a low-saturation fluence QW-SESAM we passively modelocked the less resonant
EP-VECSEL, and generated 9.5-ps pulses with an average output power of 7.6 mW at a
repetition rate of 1.4 GHz, which represents the shortest pulse duration from an EP-VECSEL
to date.

Even shorter pulse durations and higher output powers should be possible by further
optimizing the device performance, especially with regards to (cw) single-mode output power,
gain bandwidth and GDD. A low number of n-DBR pairs yields a high gain bandwidth and
moderate GDD values, which both favor shorter pulses. On the other hand, the low field
enhancement results in less gain. Consequently, the losses of the devices need to be reduced
together with the number of n-DBR pairs. One possibility is the reduction of the CSL-
thickness to lower the optical loss. Optimizing the SESAM for the resonant EP-VECSEL gain
structures will additionally improve the modelocking performance of the devices. A resonant
design reduces the saturation fluence of the SESAM. A higher single-mode power enables a
stronger saturation of the SESAM and thus a more efficient operation of the laser.
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