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Abstract We present a vertical external cavity surface-
emitting laser system based on a multi-quantum-well struc-
ture with 20 compressively strained GalnP quantum wells
for an operation wavelength of around 665 nm with a mono-
lithic integrated distributed Bragg reflector. With the help of
an intra-cavity diamond heatspreader the laser operates in
continuous-wave mode. Operation with a TEMyy Gaussian
beam profile and a beam propagation factor of M2 < 1.05 is
shown as well as a high resolution spectrum of the laser line,
which shows the etalon effect of the diamond. The laser can
be operated at a maximum output power exceeding 1.2 W
with a slope efficiency of ngiff = 18%. At maximum output
power the wavelength of the laser resonance is at 670 nm,
which is shortest reported until now at powers exceeding
1 W. By rotating a birefringent filter in an extended folded
cavity arrangement a wavelength tuning of 21 nm was at-
tained.

1 Introduction

Vertical external cavity surface-emitting lasers (VECSELSs)
[1] have emerged recently as an important category of
power-scalable semiconductor lasers in a wide range of
applications in biophotonics, television or projectors and
spectroscopy. Here, VECSELs overcome the disadvan-
tages of common high-power edge-emitting semiconduc-
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tor lasers which often suffer from insufficient beam qual-
ity and catastrophic optical mirror damage. By using exter-
nal cavities and optical pumping, VECSELs achieve high
continuous-wave (cw) output power and near-diffraction-
limited beam quality with a TEMgg Gaussian beam pro-
file. This is shown for the UV, in the visible and in the
near infrared spectral region [2] up to the mid IR-range
(2.x um with III-V VECSELs, >5 um with IV-VI VEC-
SELs) [3]. By investigating a direct pumping of the quan-
tum well (QW), the heat load due to the quantum defect can
be decreased [4]. To expand the adressable spectral range of
VECSELS, recent work was focused on using quantum dots
(QDs) as light emitting elements [5, 6]. Other investigations
were done to gain electrically pumped VECSELSs [7-9]. Ad-
ditional research was concentrated on the generation of ul-
trashort pulses in the ps and fs regime using a VECSEL
geometry [10], even with frequency doubling [11].

Considering the red spectral range, the first demonstra-
tion of an AlGalnP-VECSEL in pulsed operation at 660 nm
was presented in 2002 [12]. First cw operation at 660 nm
was attained with a pumping source at 630 nm [13] in 2003.
With an intra-cavity diamond heatspreader a barrier pumped
VECSEL in cw operation was achieved [14] 2005. High-
power operation with 1.1 W output power in the red at
675 nm and a frequency doubled UV-VECSEL was realized
one year later [15]. UV output power was also increased to
60 mW per laser beam [16].

In this paper, we present a modified VECSEL structure
to achieve high output power exceeding 1.2 W at 670 nm,
which is ~5 nm shorter compared to previous reported work
in literature at comparable output powers [15]. By integrat-
ing a cladding layer between the QW packages, wide range
diffusion of the charge carriers should be prevented. The
QWs themselves were embedded in barrier layers, where the
highest absorption of the pump light takes place. First, de-
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sign of a VECSEL chip, as well as the epitaxial growth is
shown in detail. Afterwards, the experimental setup and the
results of the laser characterization are discussed.

2 Design and epitaxial growth

The VECSEL chip is built up of a gain providing sec-
tion and a monolithic integrated distributed Bragg reflec-
tor (DBR) with a broadband reflectivity R > 99.9%. The
structures are deposited by metal-organic vapor-phase epi-
taxy (MOVPE) in an AIX-200 horizontal reactor setup
with standard sources (trimethylgallium, trimethylindium,
trimethylaluminum, arsine and phosphine) at low pres-
sure of 100 mbar and a temperature of 750°C on (100)
nt-GaAs substrate misoriented 6° toward the [111]5 di-
rection. The gain region is built up of 5 groups consist-
ing of 4 compressively strained GalnP QWs with a thick-
ness of approximately 6nm to achieve emission wave-
lengths below 670nm. As barrier material for the QWs
((Alp.33Gag.67)0.51In9.49)0.50P0.50 (simplified as AlGalnP)
is used. Each QW package is embedded in Alg 55Gag.45InP
cladding layers in a resonant periodic gain (RPG) structure
on top of the DBR with an AlAs heat spreading layer in be-
tween. The cladding layers serve as blocking layers to pre-
vent a long-range diffusion of the charge carriers. For high
gain from the active area, it is important to locate the active
layers in the antinodes of the standing-wave of the electric
field (see Fig. 1), which is called RPG [17, 18]. With the
help of a simulation based on a transfer matrix method the
thickness of the individual cladding layers are determined.
The structure, which is non-resonantly pumped at 532 nm,
does not allow lattice matched growth of a window nor a
capping layer because of the absorption of the pump light
within the available materials [2]. The DBR consists of 55
A/4 pairs of Algs50Gag.soAs/AlAs, which provide a calcu-
lated reflectivity of R > 99.9% with a central wavelength
of ~666 nm (room temperature) at normal incidence and
a stopband width of about 40 nm. These two DBR materi-
als have a bandgap which is high enough to avoid absorp-
tion at the emission wavelength. For further wavelength-
selective enhancement, the chip surface is also placed in an
antinode of the electric field to generate a sub-cavity res-
onance [2]. So the main epitaxial difference to previous
work in this field [12, 14, 15] is the separate confinement
heterostructure of the active region. In Fig. 2, a scanning
electron microscopy (SEM) cross section of the sample is
displayed where the active region and a part of the DBR
with the AlAs heat spreading layer in between is shown.
The image with its quite high contrast confirms the good
epitaxial growth of the structure. Although, the sum of all
QWs would for sure exceed the critical thickness of the
strained material, we have a smooth surface with a mea-
sured roughness of rms = 1.5 nm (rms: root mean square).
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Fig. 1 Index of refraction and electric field intensity in a RPG VEC-
SEL chip simulated with a transfer matrix method. The QW packages
are located in the antinodes of the standing-wave of the electric field
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Fig.2 SEM cross section of the sample. In the upper part of the image
the active region with the 5 QW packages (brighter regions) can be
seen with the cladding layers (darker regions) surrounding them. In
the lower part the DBR layer pairs are pictured. The thick dark layer
in between is the AlAs heat spreading layer

This leads to the assumption that we have strain reducing
in the structure. One strain releasing element would be the
high number of interfaces in the structure. The strain re-
ducing might also arise due to an unintentional slight mis-
fit of the barrier or cladding composition. A sample with
5 x 5 mm?, which has an offset of ~4 nm between photolu-
minescence (PL) maximum (measured perpendicular to the
sample surface) and cavity resonance (measured by reflec-
tion measurements) at room temperature, is cleaved from
the wafer. This detuning § (estimated § = 9 nm between
gain and cavity resonance) is needed as a consequence of
the generated heat in the structure due to the large quantum
defect induced by the non-resonant pumping. The differ-
ent temperature shifts of the gain and the cavity resonance
reduce the detuning at elevated temperatures and enable
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an effective operation of the laser. By bonding a 0.5 mm
thick intra-cavity diamond heatspreader to the surface of
the cleaved sample, heat transfer from the active region
is improved to achieve cw operation. The type Ila single-
crystal diamond from Element Six [19], which has a diam-
eter of 4 mm with very low birefringence, is bonded with
capillary forces [20]. No further post processing steps were
done with the sample (neither substrate removal nor thin-
ning).

3 Experimental setup

The laser chip, which is placed in a copper mount (see Fig. 3
for a schematic drawing) with an aperture for the pump
and laser light, is actively cooled by a thermoelectric ele-
ment (TEC) with an additional water/ethylene glycol cool-
ing to reach heat sink temperatures of Tys = —31°C. We use
two different concave outcoupling mirrors with reflectivi-
ties of Rpigh = 99.7% and Rjow = 98.5% at a wavelength
of 660 nm and a radius of curvature of R, = 50 mm, re-
spectively. The cavity is adjusted to have a beam waist of
about 77 um on the VECSEL chip, which is the case for a
resonator length of Lcuvity = 4.9 cm. The structure is opti-
cally pumped by a commercially available frequency dou-
bled Nd: YAG laser emitting at 532 nm and the pump beam
is irradiated to the chip with an angle of about 40°. An image
of the operating laser is shown in Fig. 4. The pump focus-
ing lens has a focal length of 100 mm. By shifting the latter,
the pump spot diameter can be varied. The pump focusing
lens is adjusted to maximum output power at the emission
wavelength.

copper mount

substrate / \

actlve region I
TEC

=
=

heatspreader —

T

output mirror

waterfethylene
glycol cooling

pump optics

pump laser
532 nm

Fig. 3 Schematic drawing of the experimental setup of our VECSEL

4 Results

The emission characteristics are examined as a function of
the irradiated pump power. A typical power transfer char-
acteristic is displayed in Fig. 5 with a measured thresh-
old of Py = 0.96 W. The slope efficiency is ngiff = 18%,
which leads to a maximum output power exceeding 1.2 W.
At highest output powers the wavelength is 670 nm, which
is ~5 nm shorter than VECSELs with comparable output
powers in literature [2]. In the GalnP/AlGalnP material sys-
tem the confinement energy for the charge carriers signifi-

Fig. 4 Picture of the operating VECSEL taken with an 4 MP digital
camera. No further post processing steps of the image were performed
(except cropping). The green pump beam (some few Watts) and the red
intra-cavity beam (some tens of Watts) are almost equal bright
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Fig. 5 Power transfer characteristics of the laser with output cou-
pler reflectivity of Riow = 98.5%. The copper mount temperature was
Ths = —31°C and the cavity length was adjusted to Lcayity = 4.9 cm.
The input power denotes the irradiated power on the sample neglect-
ing reflection losses. A threshold power of Py =0.96 W and a slope
efficiency of ngiff = 18% could be determined, which is labeled in the
graph
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cantly shrinks with decreasing the QW emission wavelength
by every nanometer [21, 22]. Thus, shortening the emis-
sion wavelength results in a higher temperature sensitivity
and therefore in lower output power. To reach high output
powers at 670 nm the heat sink temperature has to be set to
Tyhs = —31°C.

T T T T T T T
AM=0.16 NM—>! '¢—

Intensity (arb. units)

wlll
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Intensity (arb. units)

664 666 668 670 672 674 676
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Fig. 6 Spectra of the laser emission (dotted curve) at moderate input
powers of P;, = 5.3 W with Ryigh = 99.7% output coupler with fit-
ted Gaussian function (solid curve). Inset: High resolution spectrum
with Rjow = 98.5% output coupler measured with a Laser spectrum
Analyser from HighFinesse GmbH [23]

Fig. 7 (a) Typical beam profile
of the laser at moderate input
powers measured with a CMOS
camera and its cross sections
(points) in vertical (b) and

In Fig. 6 a spectrum of the laser emission with an resolu-
tion of the spectrometer of about 1 = 1 nm is shown. The
laser resonance is centered at a wavelength of 666 nm with a
full width at half maximum (FWHM) of FWHM = 2.0 nm.
The inset shows a high resolution (61 = 15 pm) scan of the
spectrum measured with a multi-mode fiber-coupled Laser
spectrum Analyser from HighFinesse GmbH [23]. Here,
the Fabry—Pérot oscillations created by the intra-cavity di-
amond platelet can be seen. The FWHM of a single peak
could be extracted to 36 pm. With help of the refractive in-
dex of diamond for the specific wavelength (n = 2.41) and
the spectral separation distance of the oscillation maxima
(AX = 0.16 nm), the thickness of the diamond can be calcu-
lated to approximately 560 um.

As mentioned above, one of the superior characteristics
of the VECSEL is the beam profile. Figure 7 illustrates
the measured beam shape by a CMOS camera chip and
its cross sections. The beam profile has a circular symmet-
ric intensity distribution. The interference pattern is a mea-
surement artifact which arises due to dust particles in the
lower right section on the camera’s attenuator. The cross sec-
tions in Fig. 7(b) and (c) show good accordance to the fits
with a Gaussian function and confirm the good quality of
the TEMyy Gaussian beam profile. However, highest laser
output power is associated with appearance of higher order
transverse modes [24].
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Fig. 8 Laser spectra measured during wavelength tuning

To determine the beam propagation factor M2, a beam
waist of the laser beam was generated by a biconvex lens
with a focal length of f = 300 mm. The diameter, which
is defined by the method of the second moment [25], was
measured with the above mentioned CMOS camera 50 cm
along the beam propagation axis starting at the location of
the beam waist. The step size was chosen to be 2.5cm to
gain a reliable measurement with enough data in the range
of the Rayleigh length and also more far away from the
beam waist position. With this method the beam propaga-
tion factor of the laser with an output coupler reflectivity
of Rpigh = 99.7% was measured to be M? < 1.05 at mod-
erate input powers, which is close to an ideal Gaussian
beam indicating a near-diffraction-limited beam and single-
transverse-mode operation.

By changing the cavity design to an extended folded cav-
ity in a 4 mirror z-type resonator configuration (3 exter-
nal mirrors with a total cavity length of L.,y = 486 mm),
it was possible to place a birefringent filter at Brewster’s
angle inside a fold of the cavity. Rotating the 2 mm thick
filter around the normal axis of the surface enables us to
tune the wavelength of the laser emission as can be seen in
Fig. 8. The optical output of the different emission wave-
lengths is normalized to the emission at 672 nm. The optical
output power at this measurement was 12.3 mW. The wave-
length can be tuned within a range of 21 nm from 661 nm to
682 nm, respectively.

5 Conclusion

We have demonstrated a cw red VECSEL system emit-
ting at around 665 nm operating with an intra-cavity dia-
mond heatspreader. The output power of the laser exceeds
1.2 W with a wavelength of 670 nm. Furthermore, we have
proven the expected good circular TEMgg beam quality in a
near-diffraction-limited beam. Within an extended z-cavity
and an additional birefringent element, a wavelength tuning

range of 21 nm around a center wavelength of 672 nm was
achieved.

To further increase the output power or to provide higher
heatsink temperatures, a bigger detuning of gain maximum
and cavity resonance could be preferable. Another way to
optimize the structure is the RPG layout. A layout with
10 times 2 QWs per antinode could possibly provide the
smaller amount of QWs per antinode with more charge car-
riers because of the therefore larger barrier or cladding lay-
ers surrounding them.

The next step would be to implement an additional non-
linear element (e.g. BBO frequency doubling crystal) in the
extended cavity for frequency doubling, to fabricate a high-
power cw UV laser source. By implementing InP/AlGalnP-
QDs as active material, the spectral coverage and the tun-
ability of the VECSEL could be extended [6, 26].
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