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High-power quantum-dot-based
semiconductor disk laser
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We demonstrate multiwatt cw output power from an optically pumped quantum-dot semiconductor disk la-
ser. Continuous-wave output power of 4.35 W with 22% slope efficiency was demonstrated at a center wave-
length of 1032 nm. This represents an increase in power of 15 times and an increase in slope efficiency of 10
times from the previously published results using Stranski–Krastanow grown quantum dots. An intracavity
diamond heat spreader was used for thermal management. The maximum output power was limited by the
available pump power, and no sign of thermal rollover was observed. © 2009 Optical Society of America

OCIS codes: 140.7270, 140.5960, 140.3480.
Semiconductor disk lasers (SDLs), also known as
vertical external-cavity surface-emitting lasers [1],
offer a flexible semiconductor laser solution combin-
ing power scaling and excellent beam quality [2]
while allowing the advantages of intracavity tech-
niques such as frequency mixing [3] and mode lock-
ing [4,5] to be exploited. The SDL architecture has
been demonstrated in cw operation with many differ-
ent quantum-well material systems, with output
wavelengths from the UV range to the mid-IR range
using direct generation or intracavity frequency mix-
ing [3,6,7]. In the 1 �m spectral region, multiwatt
output power InGaAs/GaAs quantum-well SDLs
with excellent beam quality have been reported. Out-
put powers up to 12 W with M2�2 were demon-
strated using an intracavity diamond heat spreader
[8], and up to 20 W was achieved with M2�1.1 using
substrate removal [2]. Recently the SDL architecture
has been combined with quantum-dot (QD)-based
gain materials. Examples of SDLs based on
InAs/GaAs submonolayer (SML) and InGaAs
Stranski–Krastanow (S–K) grown QDs have both
been successfully demonstrated [9,10]. In the previ-
ous papers, SML QD SDLs producing output powers
of up to 1.4 W at 1040 nm and 0.5 W at 950 nm were
reported [9], while S–K QD SDLs were reported to
produce a maximum power of 300 mW at 1040 nm
and 1210 nm [10]. The authors in [10] claimed that
slope efficiency, emission wavelength, and laser
threshold were temperature-insensitive. Theoreti-
cally, QDs should enable temperature insensitivity
owing to the three-dimensional confinement that
they provide. QD SDLs provide a large gain in band-
width owing to the size distribution of the dots. This
is potentially advantageous for short pulse genera-
tion and broadly tunable cw SDLs.

Here we report an S–K QD SDL producing cw out-
put powers of up to 4.35 W with slope efficiencies up
to 22%, representing a significant improvement in

maximum output power and slope efficiency of QD
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SDLs. The maximum output power was limited by
the available pump power, and no sign of thermal
rollover was observed. This demonstration is an im-
portant step toward the power scaling of QD-based
SDLs to similar power levels as the quantum well ex-
amples.

The gain structure in this work used the S–K QD
growth formation mechanism. The whole structure
was grown on a GaAs substrate by molecular beam
epitaxy under standard conditions. The structure
consisted of a 29.5 pair GaAs/Al0.9Ga0.1As distrib-
uted Bragg reflector (DBR) grown at a design wave-
length of 1040 nm. The reflectivity was calculated to
be �99.99% at the design wavelength. The active re-
gion, grown on top of the DBR, was 7.5� /2 long and
consisted of five groups of seven QD layers positioned
at the antinodes of the E-field standing wave. Each
QD layer was formed by cyclically (nine times) depos-
iting InAs �0.06 nm� and GaAs �0.06 nm�. The QD
layers were separated by 10 nm GaAs spacer layers
to minimize material defects [11]. The dot density
was �3�1010 cm−2. Between the groups of QD lay-
ers, GaAs spacers served the dual purpose of being
transparent spacers at the laser design wavelength
and pump absorber regions for the 808 nm pump
light. A 15-nm-thick Al0.9Ga0.1As cap layer was used
to prevent surface recombination of the excited carri-
ers. Finally, a 20 nm GaAs cap layer was placed at
the semiconductor–air interface to avoid oxidation.
The active region was designed at a wavelength of
1040 nm, with the ground-state and excited-state
emission of the QD layers centered at 1060 nm and
1020 nm, respectively.

Thermal management is critical to allow power
scaling of SDLs. Two main approaches have therefore
been developed—the use of a high thermal conductiv-
ity intracavity heat spreader [12] and substrate re-
moval [1,13]. The use of a diamond intracavity heat
spreader has been demonstrated to be a very flexible

approach, utilized in the demonstration of many
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novel wavelength SDLs [7]. Two pieces of the gain
chip were prepared and investigated, one mounted
with no post processing directly onto a thermoelectric
temperature-controlled copper heat sink. The second
sample was bonded to a 293-�m-thick type IIa natu-
ral diamond intracavity heat spreader using the liq-
uid capillary bonding technique and mounted on the
same heat sink to power scale the QD SDL output
[14]. The top surface of the diamond was antireflec-
tive coated for both the pump and laser wavelengths.

The gain structures were optically pumped with
pump spot diameter of 120 �m using a 20 W,
808 nm, and 100 �m diameter core fiber-coupled di-
ode laser. The samples were tested in both a two-
mirror straight cavity and in a V-cavity configura-
tion. In the straight cavity the gain formed one end of
the cavity, and an output coupler of −75 mm radius of
curvature formed the other. The V cavity was formed
with the gain as one end mirror, a −100 mm radius of
curvature high reflector as the folding mirror, and a
plane output coupler closing the cavity (see Fig. 1). In
both cases several different transmission output cou-
plers were used to find the optimal output coupling.
The output power was measured using a calibrated
power meter, the beam profile was measured using a
Dataray WinCam-D CCD-based beam profiler, and
the output spectra was measured using a 0.01 nm
resolution fiber-coupled spectrometer.

The unprocessed sample produced a maximum out-
put power of 100 mW centered at a wavelength of
1050 nm, with the heat-sink temperature set to 5°C
in the straight cavity. A 0.15% output coupler was
used, and an incident pump power of 1 W was used
before thermal rollover occurred. The threshold
pump power was 2.5 kW/cm2, and the slope effi-
ciency was 12%. As the heat-sink temperature was
increased, the slope efficiency and maximum output
power fell rapidly; at 20°C, the slope efficiency was
6%, and the maximum output power was 22 mW
with 0.9 W incident.

When the sample with the intracavity diamond
heat spreader was tested, a maximum output power
of 4.35 W was achieved at a heat-sink temperature of
5°C. The slope efficiency was measured to be 22%,
and the optical spectrum was centered at 1032 nm,
coinciding with the excited-state emission of the QDs.
The laser output was linearly polarized with a hori-
zontal orientation in all cases. At a heat-sink tem-
perature of 15°C a maximum output power of 4 W
was observed, and the slope efficiency slightly de-
creased to 19%. These output powers were observed
when an optimum output coupling of 1% was used. It
Fig. 1. Schematic of the V-cavity laser configuration.
is important to note that the observed output power
was limited by the available pump power. No sign of
thermal rollover was observed, and hence power scal-
ing above the 4 W mark should be straightforward
with a more powerful pump source. The diamond
heat spreader QD SDL input–output power charac-
teristics and optical spectra at different pump powers
are shown in Fig. 2. The distinct periodically spaced
peaks in the output spectra were caused by the spec-
tral filtering induced by the etalon formed by the in-
tracavity diamond heat spreader.

The output beam quality was measured using a
standard Z-scan technique with a CCD-based beam
profiler to obtain the beam quality factor �M2�. The
laser cavity design allowed increased control over the
cavity mode and produced a low-divergence output.
The cavity lengths were 58 mm between the gain
mirror and the curved high reflector and 156 mm be-
tween the high reflector and the output coupler. This
cavity configuration ensured optimal overlap of the
laser cavity mode and the pump beam spot. Output
couplers of 0.15% and 0.6% were used with the un-
processed sample and with the diamond heat
spreader sample, respectively, and in both cases the
heat-sink temperature was set to 5°C. The unproc-
essed sample produced 50 mW output power in a cir-
cularly symmetric Gaussian beam with M2=1.1. The

Fig. 2. (Color online) (a) Output power versus pump power
characteristics of diamond heat spreader SDL. (b) Optical

spectra of the same sample at different pump powers.
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diamond heat spreader sample demonstrated up
to 3 W power with a circularly symmetric near-
Gaussian beam, which became somewhat multimode
at high output power. At 3 W output, the beam qual-
ity was measured to be M2=3.5. With a lower output
power of 0.5 W, a beam quality of M2=1.5 was mea-
sured. Output beam intensity profiles for both the
unprocessed and the diamond heat spreader samples
are shown in Fig. 3. In the case of highest output
power of 4.35 W in a straight cavity, M2 was mea-
sured to be 4.5.

The observed rapid decrease in the slope efficiency
of the unprocessed sample with increasing heat-sink
temperature shows that this structure is
temperature sensitive. The physical cause of this
temperature dependence is under investigation, but
we believe it is due to coupling of the carriers be-
tween the QDs and the wetting layers. The more ef-
ficient thermal management in the sample with the
diamond heat spreader reduced the pump-induced
temperature increase of the gain region and hence al-
lowed the gain to operate farther from thermal roll-
over. This reduced the sensitivity of the slope effi-
ciency to the heat-sink temperature in this sample.

Finite-element analysis has previously shown a
�50 K temperature rise in the center of the pump
spot compared to the edge in a QW SDL with an dia-
mond heat spreader and similar pump conditions
[12]. We believe that this spatial temperature varia-
tion causes a spatially varying gain profile as the
QDs in the center of the gain spot exhibit thermal
rollover. This gain profile supports higher-order
modes in preference to the fundamental Gaussian
cavity mode and causes the laser beam quality deg-
radation at higher pump powers than we observed.

Fig. 3. (Color online) Intensity profiles of the output beam
characterized with the unprocessed sample (left) and the
diamond heat spreader sample (right) in a V-cavity
configuration.
We demonstrate pump-power-limited cw output
powers of up to 4.35 W from an optically pumped
Stranski–Krastanow QD semiconductor disk laser
using an intracavity diamond heat spreader. This
represents an increase in power of 15 times from the
previously published result using S–K QDs [9], and is
the first multiwatt output from any QD SDL (to our
knowledge). The experimental demonstration of a
multiwatt power level cw operation of QD-based
SDLs is an important step to producing watt-level
QD-based, mode-locked, and broadly tunable cw
SDLs.
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