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Abstract: We present improved thermal management of an optically-pumped vertical external
cavity surface emitting laser (VECSEL) at a center wavelength of around 2 µm. This was
achieved with a backside-cooled, InGaSb-based VECSEL using a hybrid metal-semiconductor
Bragg reflector. We demonstrate the fabrication of such a hybrid metal-semiconductor mirror by
combining a copper mirror with 10.5 AlAs0.08Sb0.92/GaSb distributed Bragg reflector (DBR)
pairs. Together with a thin 20 nm SiO2 diffusion barrier we reach >99.9 % reflectivity at 2 µm.
This allows for a thinner gain chip design compared to the standard DBR requiring 19.5 layer pairs.
The structure thickness was reduced from 7.5 µm to 4.7 µm lowering the thermal resistance of
the device from (2.79±0.16) K W−1 to (2.12±0.19) K W−1. We demonstrate record high average
continuous wave (cw) output powers of 3 W for backside-cooled InGaSb-based VECSELs.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optically-pumped vertical external cavity surface emitting lasers (VECSELs) [1] combine
the wavelength flexibility of semiconductor bandgap engineering with excellent beam quality
and simple cavity designs as well as high average output power. The VECSEL consists of a
semiconductor gain reflector chip and an output coupler in a standing-wave linear cavity allowing
for high average output power in a fundamental transverse mode. Passive modelocking can be
obtained using an intracavity semiconductor saturable absorber mirror (SESAM) with a pulse
repetition rate in the 1-100 GHz regime [2,3] set by the round trip group delay in the laser cavity.
In addition, single-cavity dual-comb modelocking can be obtained with polarization [4] or spatial
multiplexing [5]. A pulse repetition rate of 1 GHz requires a cavity length of 15 cm and is ideally
suited for dual-comb applications [6] as demonstrated with molecular spectroscopy [7,8], THz
spectroscopy [9] and picosecond ultrasonics [10,11] using single-cavity dual-comb lasers in the
near-infrared regime without any further active stabilization.

Therefore there is a strong commercial interest to advance this laser technology towards the
short-wavelength infrared (SWIR) and mid-infrared (MIR) regime for all such applications (see
also review article [12]). Moving from the near-infrared to the SWIR wavelength regime the
VECSEL technology has been expanded from the GaAs to the GaSb material platform, where
InGaSb-based VECSELs have shown both high average power for cw [13,14] and cw modelocked
operation [15].

We demonstrate in this paper that the thermal management of such longer wavelength VECSELs
can be improved with a smaller thickness of the gain chip using a hybrid metal-semiconductor
mirror. This approach does not require an expensive optical-quality intracavity heat spreader,
improves the heat removal from the active layers for backside-cooled VECSEL chips and is also
ideally suited for passive modelocking.
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1.1. Thermal management in VECSEL

Efficient heat removal from the VECSEL gain chip has a big impact on the performance. The
fundamental pump-induced heating of the device results from the portion of the pump energy
that is not converted to lasing photons. A significant part is transferred to phonons because of
unavoidable carrier thermalization from the mismatch in pumping and lasing photon energies,
referred to as the quantum defect in laser physics. Additionally, carrier leakage and non-radiative
defect recombination lead to further energy losses and reduced pump efficiency. With increasing
heat in the VECSEL gain structure, the emission wavelength redshifts and the standing laser field
inside the gain chip becomes mismatched with the resonant periodic gain arrangement [16] of the
InGaSb quantum wells (QWs) placed in the antinodes. Consequently, the VECSEL experiences
a thermal rollover in output power for increasing pump powers. Thus, efficient heat removal from
the active region combined with a small quantum defect and non-radiative defect recombination
becomes the main strategy to achieve high-power operation [17].

The two main heat removal methods consist of a highly conductive heat spreader between the
semiconductor gain mirror and the heat-sink, removing the heat either from the front or the back
side of the chip. Front-side cooling requires a high optical-quality transparent heat spreader
because it is placed inside a high-Q laser cavity. In contrast to edge-emitting semiconductor
diode lasers, the gain of the VECSEL is much smaller with the optical cavity mode placed
perpendicular to the gain QWs. Typically silicon carbide (SiC) or diamond is used on top of the
gain mirror. Optical quality diamond is by far the best material for front-side cooling due to its
intrinsic high thermal conductance of up to 2190 W m−1 K−1 [18] and wide transmission window.
Transparent silicon carbide offers a cheaper and easier machinable alternative, however, at the
expense of a lower thermal conductance of 325 W m−1 K−1 for 6H SiC [19].

Backside cooling is simpler for passive modelocking and does not require any optical-quality
heat spreaders. Diamond is again the best choice, but metal heat spreaders, for example, made from
copper, offer a cheap alternative with a thermal conductivity of 386 W m−1 K−1 [20]. Backside
cooling is less efficient since the heat is removed through the highly reflective semiconductor
distributed Bragg reflector (DBR). The thermal conductivity of the two main materials used in the
DBR, which constitutes 80 % of the structure thickness, is 14 and 20 W m−1 K−1 for AlAs0.08Sb0.92
and GaSb, respectively [17]. Therefore, the thickness of the DBR plays a significant role in heat
removal. Additionally, for the InGaSb VECSEL chip, the GaSb layers of the DBR are absorbing
for pump wavelengths below 1720 nm, causing additional heating of the structure.

The backside-cooled device is grown in reverse order requiring substrate removal and processing
but opening up the possibility to combine the semiconductor DBR with a metal mirror. A thinner
DBR in combination with a metal mirror layer can then reach the desired >99.9% reflectivity of
the gain mirror with as low as 7.5 mirror pairs for a gold mirror in comparison to the 19.5 mirror
pairs for a full semiconductor based DBR. Therefore, the overall device thickness is significantly
reduced at longer wavelengths. We use the thermal resistance to quantify the thermal properties
of VECSEL chips and the efficiency of the heat transport through the structure. The thermal
resistance scales with the structure thickness and is highly dependent on the thermal conductivity
of the materials. Thus, we expect for a thinner structure both a reduction in thermal resistance
and improved laser performance.

Hybrid metal-semiconductor mirrors have already been demonstrated for GaAs and InP-based
VECSELs [21–25] and are summarized in Table 1. A variety of approaches were used to realize
hybrid mirrors. Growing a full structure with consequently thinning the DBR with wet etching
[22] or growing a design with fewer DBR pairs [21], the structures are completed with a 100-nm
Al2O3 adhesion layer and an aluminium mirror. A lithographic patterning approach removes
the need for the dielectric adhesion layer and allows for a more highly reflective gold mirror
instead of aluminium, but with the trade-off of a significantly reduced gain chip surface and more
critical alignment [23]. Direct metal deposition on the DBR using a 5-nm thick titanium layer
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as an adhesion for a gold mirror on GaAs and GaSb [24] or gold without titanium on InP [25]
was also demonstrated. Even though the thermal resistance of these hybrid mirrors improved
compared to the full semiconductor DBR, however, there were no significant improvements
for the laser performance because the overall DBR thickness was not really a limitation in the
near-infrared regime [22]. In contrast for the GaSb-based VECSELs, the impact of thinner
semiconductor DBRs is expected to be larger due to both the low thermal conductivities of the
AlAs0.08Sb0.92/GaSb materials and the thicker DBR layer pairs required for the longer lasing
wavelength [17].

Table 1. Summary of previously demonstrated VECSELs using hybrid metal-semiconductor
mirrors.

Material
System

#Layer pairs Adhesion
layer

Metal Fabrication
technology

ref.

GaAs 11.5, 18.5, 28.5 100 nm Al2O3 Al wet etching
mirror

[21]

GaAs 11.5 90 nm Al2O3 Al direct
deposition

[22]

GaAs 14 100 nm Ti Au patterned
mirror

[23]

GaAs,
GaSb

27.5, 14.5 5 nm Ti Au direct
deposition

[24]

InP 15.5 none Au direct
deposition

[25]

2. Hybrid mirror development for InGaSb-VECSEL

The hybrid mirror fabrication for the GaSb-based VECSEL is based on working procedures
specially adapted to the GaSb material system and described in more detail in this paper. Initially,
we were motivated to work with a gold metal mirror because of its superior reflectivity. However
unexpected problems described here led us to choose a copper metal mirror which provided
superior cw VECSEL performance with only 10.5 instead of 19.5 DBR layer pairs for an operation
wavelength at 2 µm.

With regards to a gold metal mirror approach, we faced the following problems. A direct
deposition approach was initially considered, where a gold layer was deposited on the backside
of the highly reflective DBR. This approach was not successful due to the poor adhesion of gold
to the semiconductor. This can be overcome by removing native oxides from the semiconductor
surface with an argon plasma etching process before metal evaporation. We faced, however,
another unexpected problem while indium-soldering the VECSEL chip to its heat-sink. The gold
mirror diffused into the semiconductor during the vacuum soldering process which is performed
just above the indium melting temperature of 156 ◦C. To stop diffusion, a 20-nm thin dielectric
material as a diffusion barrier layer was grown on the chip before evaporating the gold metal layer.
Different dielectric diffusion barriers were tested using various deposition techniques. Fused
silica grown at 300 ◦C with PECVD has shown reliable results with consistent growth rates and
sufficiently dense coatings. However, in the end, the adhesion of gold to the fused silica was too
low to withstand the mechanical stress during substrate removal. Metallic diffusion barriers were
not considered even though they have superior thermal properties compared to dielectrics, but
they introduce significantly higher losses which is detrimental for this application.

We therefore started to investigate alternative metal mirrors. Aluminium and copper were
considered because they have both a high intrinsic reflectance at 2 µm and a limited diffusion
through SiO2. Silver was not available for us and could potentially be an option for future research
studies. To check the adhesion, thin metal films of 100 nm were evaporated onto bare GaSb with
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a SiO2 diffusion barrier. All metals are deposited using electron beam evaporation. To assess
the adhesion, we performed a scratch and a tape test. For the scratch test, the metal surface is
scratched with a sharp device. If the metal peels off the sample, the scratch test is considered
failed. For the tape test, we used Scotch tape attached to the sample and then peeled it off. If
the metal peels off with the Scotch tape, the tape test is considered failed. Aluminium passed
both tests whereas copper passed the scratch test but failed the tape test and in comparison, gold
failed both tests. Nevertheless, copper was chosen as a mirror material due to its slightly higher
reflectivity compared to aluminium, allowing for a DBR with fewer mirror pairs. Combining
10.5 AlAs0.08Sb0.92/GaSb DBR layer pairs with a copper mirror and a 20-nm SiO2 thin diffusion
barrier we obtain the desired >99.9% reflectivity from the hybrid mirror. Copper withstood
the mechanical stress during the processing and showed no degradation after many temperature
cycles (from −10 ◦C to 20 ◦C) during the laser testing. Therefore, copper was considered to be
suitable for VECSEL integration within our academic research effort (Fig. 1).

2.1. InGaSb VECSEL gain chip design

The semiconductor structure of our 2-µm VECSEL chip (Fig. 1) was grown with molecular beam
epitaxy (MBE) in the FIRST cleanroom facility at ETH Zürich (see more information in the
methods section). The structure is grown in reverse growth order for flip-chip processing and
backside-cooling. Figure 1(a) shows the vertical layer design with regards to the refractive index
of the different materials inside the semiconductor VECSEL chip overlapped with a cross-section
scanning electron microscope (SEM) image of the structure. The semiconductor VECSEL chip
consists of 5 x 3 In0.27Ga0.73Sb/GaSb QWs for the gain and a 10.5-pair AlAs0.08Sb0.92/GaSb
DBR. The VECSEL chip is finished on the highly reflective side with a copper layer to form
a hybrid metal-semiconductor mirror (not shown here) and on the other side with a standard
PECVD grown λ/4-thick Si3N4 anti-reflection (AR) coating for the transition into free space
inside the linear standing-wave laser cavity.

Fig. 1(b) shows an XRD measurement of the as-grown structure, confirming monolithic growth
and good interface quality as seen in the clear interference fringes from the structure. This
is also confirmed with the cross-section SEM image in Fig. 1(a). The side peaks in the XRD
measurement at lower angles arise from the fact that the ternary QWs are compressively strained
compared to the GaSb substrate.

In Fig. 1(c), the spectral reflectance of the final hybrid-mirror VECSEL chip is shown together
with a photoluminescence (PL) measurement. The absorption dip in the stopband matches the
PL wavelength which lies on the blue edge of the stopband. This is intentional in the design
since the emission will redshift during operation taking into account the heating of the active
region (i.e. assumed to be 50 ◦C). The integration of the copper metal mirror into the VECSEL
chip design introduces a destructive interference between the metal mirror and the DBR which
causes a reduction in reflectance on the red edge of the DBR stopband (Fig. 1(c), red and orange
lines). This reflectance dip is shifted by adding an AlAs0.08Sb0.92 phase-matching layer between
metal and semiconductor in the design of the structure. The phase dip is also observed to decline
with an increasing number of DBR layer pairs. The measured reflectance (red line) is slightly
redshifted compared to the design (dashed orange line) because of small growth variations. The
processed VECSEL chip shows more losses outside the stopband than predicted by the simulation.
We attribute these losses to imperfections on the interfaces between semiconductor, dielectric,
and metal mirror which leads to scattering.

As shown in Fig. 1(d) the active region with the 5 x 3 In0.27Ga0.73Sb/GaSb QWs are placed
around the antinodes of the intensity standing wave pattern which corresponds to a more resonant
periodic gain arrangement. The QW thickness is 8 nm and the GaSb barrier thickness is 10 nm.
In between the QWs a lattice-matched 10-nm thick AlAs0.08Sb0.92 is used to ensure carrier
confinement. Carriers in the GaSb barrier layers around the In0.27Ga0.73Sb wells are exited by the
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Fig. 1. 2-µm VECSEL gain chip design and standard characterization. a) Cross-section
scanning electron microscopy (SEM) image overlapped with gain mirror design. The
structure consists of 5 x 3 In0.27Ga0.73Sb gain quantum wells (QWs) placed on top of an
AlAs0.08Sb0.92/GaSb DBR with 10.5 layer pairs. b) X-ray diffraction (XRD) measurement
of the as-grown semiconductor structure. c) Spectral reflectance measurement (red) and
simulation (orange dashed). Photoluminescence (PL) measurement (blue). d) Resonant
periodic gain QW arrangement in the active region. Zoom in: Bandgap energy as function of
distance z along the laser cavity mode direction of a single QW. The 8-nm thin In0.27Ga0.73Sb
QW is sandwiched between two 10-nm thin GaSb barrier layers for barrier pumping with a
commercial Dilas 1470-nm pump diode array with an M2 of 94. The carriers in the QW are
confined on both sides by a 10-nm thin AlAs0.08Sb0.92 layer.
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1470-nm pump light and are confined in the QW by the AlAs0.08Sb0.92 layers to stop diffusion out
of the QWs. The Si3N4 AR coating increases the field intensity in the active region and thus the
gain. The gain mirror structure is designed for antiresonance with a field intensity enhancement
of 1.2 [26] to allow for wide bandwidth suitable for modelocking in the future.

3. Results and discussion

3.1. VECSEL cavity design and thermal resistance measurement

The optically pumped linear standing-wave VECSEL cavity is shown in Fig. 2(a). The VECSEL
chip is pumped with a commercial fiber-coupled multimode 1470-nm diode laser bar with an M2

of 94, with the pump beam at 45◦ angle of incidence and focussed down to a circular pump spot
of ∼ 350 µm diameter using a combination of circular and cylindrical lenses. The 2 % output
coupler with a radius of curvature -100 mm allows us to match the laser mode size with the pump
spot size for a cavity length of 7.5 cm. The chip is temperature stabilized by a Peltier-element.
The inset in Fig. 2(a) shows the laser spectrum of the VECSEL recorded for a fixed pump power
and heat-sink temperature. We find the center wavelength by fitting a Gaussian in each recorded
optical spectrum. See more info on commercial devices and laser performance characterization
in the methods section. The setup allows for automated measurement of output power, reflected
pump power, beam profile and emission spectrum as a function of pump power and Peltier-cooled
heat-sink temperature. The center lasing wavelength is measured as a function of heat-sink
temperature and pump power as shown in Fig. 2(b). We then can extract the thermal resistance
by determining the wavelength shift for constant heat-sink temperatures with increasing pump
powers and vice versa. By averaging the slopes, we can then calculate the thermal resistance
according to [27]

Rth =
∆λ

∆Ppump

(︃
∆λ

∆T

)︃−1
. (1)

Theoretical estimates for the thermal resistance of a similar system were done by [24].

3.2. VECSEL gain chip performance comparison

Here we compare the cw lasing performance and thermal resistance of three in-house fabricated
optically pumped InGaSb VECSEL chips in a linear standing-wave laser cavity as shown in Fig. 1
and Fig. 2. Figure 3 shows the recorded powerslopes (i.e. output power as a function of incident
pump power) with the beam profile at an output power of 1 W for (a) and (b) and just above
the laser threshold for (c) (from previous work, see [14]) and the final VECSEL chip thickness.
The VECSEL chips are bonded to a diamond heat spreader and mounted on a Peltier-stabilized
copper heat-sink as shown in Fig. 2(a). The powerslopes are taken for heat-sink temperatures
ranging from −10 ◦C to 10 ◦C (see color code in Fig. 3). Maximum output power of up to 3 W
can be reached with the hybrid-mirror VECSEL (Fig. 3(a)) with pump powers of up to 20 W
before the thermal rollover occurs. The inset beam profiles in Fig. 3 indicate gaussian beam
shapes and single-mode operation with good beam quality. All three devices show the typical
decrease in lasing efficiency of semiconductor lasers at higher pump powers.

The reflected pump of all three devices was between 3 to 5 %. This can be explained by the
fact that the DBR in the VECSEL is not designed for the pump wavelength and thus a significant
portion of the pump light is absorbed in places not contributing to lasing such as the GaSb layers
in the DBR (see Fig. 1(d)). There was no significant difference in reflected pump power for the
thin structures compared to the thicker 19.5-pair DBR VECSEL chip. Theoretically, ≈34 % of
the pump power is absorbed in the QW layers with one single pass. Future VECSEL chips can
incorporate an additional pump DBR before the lasing DBR to increase pump efficiency and no
additional pump absorption in the lasing DBR. For each point in the powerslope measurements,
the full laser spectrum is recorded. From the data, the thermal resistance for all three devices
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Fig. 2. a) Straight VECSEL cavity. b) Example thermal resistance measurement. Wave-
length shift is determined for constant pump powers and constant heat-sink temperatures.

is calculated according to Eq. (1). The hybrid mirror InGaSb VECSEL using copper and 10.5
DBR pairs has a thermal resistance of (2.12±0.19) K W−1. To date, this is the lowest thermal
resistance reported for flip-chip-processed InGaSb-based VECSEL gain chips. It is a significant
decrease in thermal resistance compared to the non-hybrid VECSEL using 19.5 DBR layer
pairs which has a thermal resistance of (2.79±0.16) K W−1. The lasing threshold without the
copper mirror (Fig. 3(b)) is significantly higher and the measured spectral reflectance outside the
stopband is lower than in the simulations. Also, the measured spectral reflectance outside the
stopband is lower than in the simulations. Without the copper mirror the 10.5-pairs DBR results
in a simulated reflectivity of only 95.2 %. Additional losses in the hybrid-mirror design (as
shown in Fig. 1(a)) can arise from scattering on imperfections on the interfaces between metal,
dielectric and semiconductor. In addition, we expect very few losses from the SiO2 layer due
to its transmission at 2 µm. Improvement of the interface and processing quality is expected to
lower the lasing threshold close to the value of the 19.5-pairs DBR with a theoretical reflectivity
of 99.9 %. The details of all structures that are compared are summarized in Table 2.
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Fig. 3. Powerslope measurements for the three 2-µm InGaSb VECSEL. a) Hybrid-mirror
VECSEL design using 10.5 DBR layer pairs plus copper mirror. b) VECSEL design using
10.5 DBR layer pairs without copper. c) VECSEL design using 19.5 DBR pairs.

Table 2. Summary of the three InGaSb VECSEL performances with the same active region. The
hybrid-mirror VECSEL uses 10.5 DBR pairs designed to be combined with a copper metal mirror

and has a theoretical reflectivity of >99.9 % whereas without the copper mirror it has a theoretical
reflectivity of 95.2 %. The full semiconductor-based VECSEL contains a 19.5-pairs DBR and has a

theoretical reflectivity of 99.9 %. In all cases a 2 % output coupler was used for a lasing wavelength
around 2 µm [14,15]

VECSEL gain chip 10.5 layer pairs + Cu 10.5 layer pairs 19.5 layer pairs

mirror pairs 10.5 10.5 19.5

simulated relfectivity >99.9 % 95.2 % 99.9 %

semiconductor thickness 4.7 µm 4.7 µm 7.5 µm

thermal resistance (2.12±0.19) K W−1 (2.36±1.20) K W−1 (2.79±0.16) K W−1

lasing threshold 2.32 W 2.93 W 1.91 W

max. cw output power 3.05 W 1.01 W 1.55 W

4. Conclusion and outlook

We present the first backside-cooled, InGaSb-based VECSEL using a hybrid metal-semiconductor
Bragg reflector. The fabrication procedure was developed for a lasing wavelength of around 2 µm
and compared to a VECSEL with a semiconductor-based DBR. The technology allowed us to
reduce the thickness of the VECSEL chip from 7.5 µm to 4.7 µm resulting in a thermal resistance
reduction from (2.79±0.16) K W−1 to (2.12±0.19) K W−1. Record high average cw output power
of 3 W was achieved for the backside-cooled hybrid-mirror InGaSb VECSEL. This is more than
three times the previous record output power for backside-cooled InGaSb VECSELs using only a
semiconductor DBR [14].

The fabrication challenges of adhesion and diffusion were overcome by the choice of copper
for the metal mirror and by using a thin 20-nm layer of PECVD-grown fused silica. Replacing the
classic mirror materials of aluminium and gold with copper is a compromise between mechanical
interface stability and spectral reflectance of the metal at 2 µm. Improvement in the lasing
threshold could possibly be achieved by increasing the interface quality between metal, dielectric
and semiconductor to reduce scattering losses which are in the sub-percent range.

This hybrid-mirror technology will become even more important for better pump efficiency
and VECSELs at longer wavelengths with even thicker DBR layer pairs. The diffusion barrier
will need to be adapted due to the strong absorption features of SiO2 between 2.5 and 3 µm
wavelength range. Promising alternatives to be investigated are Al2O3 and TiO2.



Research Article Vol. 13, No. 3 / 1 Mar 2023 / Optical Materials Express 841

Further efforts towards higher output power of backside-cooled SWIR VECSELs will require
the integration of an additional pump-reflecting DBR in the design to reduce the amount of
absorbed pump power in the laser DBR. Adding such a mirror increases the overall VECSEL chip
thickness but reduces the overall heat load and increases the optical-to-optical efficiency. The
integration of the pump DBR is also an important step towards the fully integrated modelocked
MIXSEL [28] and dual-comb modelocking [4]. These are important milestones for the many
applications in the 2 to 3-µm wavelength range discussed in the introduction.

5. Methods

5.1. Growth and processing

The semiconductor structure is grown in a VEECO GEN III MBE reactor. The growth
temperatures for the active region, the DBR and the etch stop are 480 ◦C. The growth temperature
is controlled with two thermocouples and verified with a black body radiation measurement
using a kSA BandiT. For the Sb, a cracker with a cracking zone at 900 ◦C is used. Careful
adjustment of the As/Sb ratio ensures the lattice matching for the ternary materials AlAs0.08Sb0.92
and InAs0.92Sb0.08 (etch stop). To reach the required low Sb flux in the etch stop, the Sb bulk
temperature is 511 ◦C and is increased to 533 ◦C for the rest. The substrate is a Te-doped 2 ′′

(001)-GaSb wafer of 500 µm thickness. Growth is performed in reverse order and it is started with
the InAs0.92Sb0.08 etch-stop layer, followed by the active region and ended with the DBR. The
wafer is cleaved into 4.5 x 4.5 mm pieces which are then individually cleaned with acetone and
isopropyl alcohol in an ultrasonic bath. The samples are then coated with 20-nm thick PECVD
grown SiO2 using an Oxford Instruments PECVD Plasma Pro 80 at a growth temperature of
300 ◦C. Next, the samples are coated with 100-nm thick layer of copper for the hybrid mirror and
10-nm thick layer of platinum to prevent oxidation of the copper. The platinum also stops the
later added soldering metals from diffusing into the mirror. All the subsequent processing steps
are described in detail in the methods section of [14].

5.2. Device characterization

XRD measurements are performed with a Seifert XRD 3003 PTS-HR. Samples for SEM imaging
are freshly cleaved and mounted to ensure a clean interface. SEM pictures are taken with a Zeiss
Ultra 55 plus using the in-lens detector and an accelerator voltage of 5 keV. Photoluminescence
and linear reflectance measurements are performed with a Bruker VERTEX 80v FT-IR using a
liquid nitrogen-cooled InSb detector and a globar light source is used for the linear reflectance
measurement. The PL unit is attached to the FT-IR and uses a 1064 nm excitation laser. For the
thermal characterization measurements, a 1470-nm DILAS pump diode bar is used reaching up
to 40 W multimode cw power with an M2 of 94. Beam profiles are recorded using a DataRay
WinCamD-IR-BB. The optical spectra are recorded with a Yokogawa AQ6376 OSA using 1-nm
resolution.
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