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High power vertical-external-cavity surface-emitting laser
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A high power optically-pumped vertical-external-cavity surface-emitting laser with a diamond heatspreader
is demonstrated. Owing to the good thermal conductivity, diamond can accelerate the dissipation of heat
in the active region and increase the output power significantly. The effects of the curvature radius, the
transmission of output coupler, the spot size of the pump, and the temperature of the heat sink on the
output power are investigated. A maximum output power of 880 mW is obtained under the conditions of
10 °C temperature, 15-mm curvature radius, 3% transmission of the output coupler, and 8500-mW pump
power. The slope efficiency and the optical-to-optical conversion efficiency of the laser are about 17% and

15%, respectively.
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Optically pumped vertical-external-cavity surface-
emitting lasers (VECSELs), or known as semiconductor
disk lasers (SDLs), combine the advantages of both the
surface-emitting lasers and disk lasers. Their wavelength
covers from visible to infrared band!*?. Besides the high
output power and high beam quality!®>=?!, the adjustable
external cavity of the VECSEL allows convenient in-
sertion of optical elements. For example, a nonlinear
crystal can be introduced for frequency conversion(6—8l,
a saturable absorption mirror can be inserted for passive
mode-locking[®, and a spectral filter can be put in for
single-frequency operation or wavelength tuning!'°l.

The VECSELs have many advantages for power scala-
bility. Firstly, optical pump can provide controlled and
uniform distribution of the pump power over the active
region, so the above-gap absorption through barrier ma-
terial is more efficient and less sensitive to the deviation
of pump wavelength. Secondly, the undoped active region
means absence of the free carrier absorption, that is, the
less energy loss and heat deposition. Finally, the active
region in gain chip is cooled by a quasi-one-dimensional
heat flow and the related thermal gradient is along the
axis of the optical cavity, so the problems associated with
thermal lens and depolarization are minimized!*!].

The limitation for the output power of a VECSEL
comes from its heat problem. With the temperature
increasing, the gain of the quantum wells (QWs) will
decrease sharply!'?!, the redshift of the laser wavelength
will detune the periodic resonant gain (PRG) struc-
ture, and the nonradiative recombination will become
dominant™3!. All of the above factors are compounded
until finally the thermal rollover of the laser occurs and
the device stops lasing.

The two kinds of technology introduced in the ther-
mal management of VECSEL are substrate removall®!
and use of heatspreader!™. In the former method, the
wafer should grow following a reverted sequence (i.e.,
firstly the etch-stop layers on the substrate, then the
cap layer, the window layer, the QWs, and finally the
distributed Bragg reflector (DBR)). Then the divided
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chip is soldered DBR-side down on the heat sink and
the substrate can be removed by chemical etching. Here
we use the latter process. The high thermal conduc-
tivity up to 20 W/(cm-K) and the good transparency
for 1-pum waveband make diamond an ideal material as
the heatspreader of the VECSEL operating around 1-pm
wavelength. A 3x3x0.3 (mm) chip of chemical vapor
deposited diamond heatspreader is bonded to the gain
chip using the method of liquid capillary bonding['®).

In this letter, we present a high power VECSEL with a
diamond heatspreader. The experimental setup and the
epitaxial structure of the semiconductor wafer are shown
in Fig. 1. In the epitaxial structure, the DBR contained
30 pairs of alternating GaAs and AlAs layers; the active
region consisted of 16 non-compensated compressively
strained Ing 20Gag.goAs QWs which were spaced by the
Alp.o5GaAs barriers and located at the antinodes of the
standing wave of the laser in the microcavity to form
the PRG structurel’®l. An Aly¢GaAs layer, which was
transparent for the oscillation laser and the pump laser,
provided a high barrier as the window layer and a GaAs
cap layer was used to finish the growth. In the exper-
imental setup, a 2x2 (mm) gain chip was bonded to a
copper heat sink which was temperature controlled by
a Peltier cooler. The back plate of the entire device
was water-cooled. An 808-nm pump radiation was col-
limated and focused on the semiconductor disk at an
angle of about 45°, and the diameter of the pump spot
was approximately 100 pm (except there was a special
explanation). A plane-concave mirror was used as the
output coupler.

Figure 2 shows the output power with and without
heatspreader under conditions of 25-mm curvature ra-
dius, 3% transmission, and 10 °C heat sink temperature.
The maximum output power of VECSEL without di-
amond heatspreader is 196 mW and further increase
of pump power will result in the output falling, while
the maximum output of VECSEL with a diamond heat-
spreader is up to 710 mW, which is about 2.5 times more
than the former. As shown in Fig. 2, the diamond heat-
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spreader can improve the heat dissipation and upgrade
the output power significantly. However, the introduced
additional loss of the diamond heatspreader increases the
lasing threshold and decreases the slope efficiency (SE)
at the same time.

Output power of VECSELs with different curvature
radii of the external coupler is shown in Fig. 3, the
transmission of the coupler is 3% and the temperature
of the heat sink is 0 °C. The inset of Fig. 3 shows the
diameter of laser spot on the gain chip versus the cavity
length. As can be seen from the inset, the laser with
15-mm coupler satisfies the mode-matched condition at
point A, while the laser with 25-mm coupler satisfies
at point B, and the former satisfies the mode-matched
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Fig. 1. Schematic of the VECSEL (left) and epitaxial struc-
ture of the semiconductor wafer (right).
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Fig. 2. Output power of the laser with (circle) and without
(square) the heatspreader. Roc = 25 mm, Toc = 3%, and
nleat sink — 10 °C.
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Fig. 3. Effect of the curvature radius of external coupler on
the output power. The inset shows the diameter of laser spot
on gain chip versus the cavity length. Toc = 3% and Theat sink
=0°C.
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Fig. 4. Output power of VECSELs with different transmis-
sion of the external mirror. The inset shows the theoretical
dependence of output power on the transmission of the ex-

ternal coupler under 6-W pump power. Roc = 25 mm and
Theat sink = 0 °C.
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Fig. 5. Influence of the pump spot on the output power. Roc
= 15 mm, Toc = 3%, and Theat sink = 10 °C.

condition better than the latter. The maximum output
power and SE for the laser with 15-mm curvature radius
mirror are 880 mW and 16.7%, respectively, while they
are 770 mW and 14.8% for the laser with 25-mm curva-
ture radius mirror.

The output power as a function of pump power for
VECSELs with different transmission of the end mirror
is plotted in Fig. 4, and the theoretical dependence of
the output power on the transmission of the coupler is
also plotted as an inset. It is obvious that the laser
with 3% transmission mirror has bigger threshold and
higher SE compared with the laser with 1% transmission
mirror. It can be concluded from the inset that the op-
timum transmission of the coupler is about 2%. Since
we have no sufficient mirrors with various transmissions,
the optimum transmission of the mirror for the laser is
not obtained experimentally, and this work can be done
in the future.

The influence of the pump spot on the output power
can be seen from Fig. 5. When the diameter of the
pump spot is 100 pum, the laser output begins to reduce
after reaching 690 mW because of the thermal effect.
But when the diameter of the pump spot is enlarged to
120 pm, no output falling is observed under the pump
power we can afford. It is clear that expanding pump
spot can help the dissipation of the heat, hold back the
power falling and enhance the output power, although it
will raise the threshold and lower the SE of the laser.
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Fig. 6. Output power of the lasers under different tempera-
tures of the heat sink. Roc = 15 mm and Toc = 3%.
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Fig. 7. Lasing spectra of VECSELSs with (solid line) and with-
out (dot line) the heatspreader.
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Fig. 8. Far-field distribution of the beam intensity.

Figure 6 shows the effect of the temperature of heat
sink on the output power. The output of the laser un-
der 10 °C heat sink temperature begins to decrease after
touching 690 mW. When the temperature is reduced to
0 °C, the maximum output can be up to 880 mW. Figure
6 indicates that VECSEL with lower heat sink tempera-
ture has higher output power.

The laser spectra with and without the heatspreader
are drawn together in Fig. 7. As can be seen, when the
heatspreader is not present on the gain chip, the laser
spectrum is located at 1023 nm with a linewidth (full-
width at half-maximum (FWHM)) of about 2 nm. After
the heat spreader is bonded on the gain chip, there are
four identifiable longitudinal modes in the laser spectrum
and the space of the adjacent longitudinal mode is about
0.7 nm, which is corresponding to the mode space of a
0.3-mm-thick diamond etalon at 1023 nm. The other
effects of a diamond heat spreader in a VECSEL can be
found in Ref. [17].

Figure 8 shows the ideal Gaussian distribution of the
laser beam intensity. The measured M? factor of the
output beam is about 1.07, which demonstrates a near
diffraction-limited good beam quality.

In conclusion, we have demonstrated a high power

VECSEL with a diamond heatspreader. Although the
diamond heatspreader will bring additional loss, increase
the lasing threshold, decrease the SE, and bring up the
etalon effect, its excellent thermal conductivity can im-
prove the heat dissipation in the active region, retard the
power falling, and upgrade the maximum output power
significantly. The output power of the laser can also be
increased in a certain extent by means such as enlarging
the pump spot, decreasing the curvature radius of the end
mirror, increasing the transmission of the coupler prop-
erly, or reducing the temperature of the heat sink. 880-
mW output power is obtained using an external coupler
with 15-mm curvature radius and 3% transmission under
6500-mW pump power and 0 °C heat sink temperature.
By further improving the wafer growth, along with sub-
strate removing, we believe that multi-watts even tens of
watts of output power can be realized.
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