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ABSTRACT

Thermal simulations based on the finite-element method provide an estimation of what the heat management
in membrane external-cavity surface-emitting lasers (MECSELs) is capable of: When considering diamond and
SiC heat spreaders, double-side cooling (DSC) leads to gain membrane temperatures that are about a factor two
lower than with single-side cooling (SSC). For the thermally worse conductive sapphire, the temperature benefit
from DSC can be up to four times lower than with SSC. Diamonds as heat spreaders are recommended over SiC
if the power for pumping the gain membrane is three times larger, for instance at 30 W at a pump beam diameter
of 180 um. Sapphire can be favored over SiC if the pump power is about five times lower, for instance at 2 W.
Due to the limited lateral heat flow activity of sapphire, a smaller pump beam diameter of 90 pm is suggested.
A super-GAussian pump beam can be used instead of a GAuUSSian pump beam to lower the gain membrane
maximum temperature by a factor of three. Double-side pumping becomes significantly more important as soon
as the gain membrane gets thicker than 1 pm.
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1. INTRODUCTION

Membrane external-cavity surface-emitting lasers (MECSELs)! ™ can be considered as a laser technology that
offers a high-quality beam as like vertical-external-cavity surface-emitting lasers (VECSELs).%5 Wavelength
versatility®® is further advanced by the absence of a monolithically integrated distributed BRAGG reflector
(DBR) in MECSELSs. The central element is a gain membrane, which solely consists of a quantum well (QW)
or quantum dot (QD) hetero structure. Placed within an open cavity, the gain membrane is optically pumped
by an external pump source. As the energy conversion usually occurs from pump photons of higher energy into
lower-energy MECSEL photons, a residual energy percentage is accumulated as heat in the gain membrane. For
heat dissipation, the gain membrane is bonded between two transparent heat spreaders as shown in Fig. 1. With
diamond as a heat spreader material, it has been shown that double-side cooling can be more effective than the
single-side cooling approach.? The better thermal management allows the use of heat spreaders that have a lower
thermal conductivity but are more cost-efficient, such as SiC%!? to scale up the output power into watt-level
regions.'™ 2 Furthermore, the possibility of double-side pumping'? in MECSELS is a feature that can be used
to pump thicker gain structures for longitudinal power scaling.

Thermal simulations about only a few specific issues with diamond as a heat spreader®” have been performed
to better understand the heat management and the power scaling potential. In this work, the thermal behavior
with SiC, diamond, and sapphire is analyzed via the finite element method (FEM). The temperature behavior is
compared among different heat spreader thicknesses, pump powers, and pump beam geometries. Also, the simu-
lations reveal the relevance of double-side cooling as well as double-side pumping for gain membrane thicknesses
from 500 nm to 2 pm.
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2. THERMAL MODEL FOR THE FINITE-ELEMENT METHOD

To simulate the temperature distribution over the gain membrane and the heat spreaders, COMSOL Multiphysics®,
which is based on the finite-element method (FEM), was used.!* ¢ Therefore, the simulations were conducted
by dividing the gain membrane and heat spreader regions into meshes. Rotational symmetry in cylindrical co-
ordinates allowed us to consider an excerpt along the radial r and axial z planes. The excerpt had a radius
of 0.75 mm which corresponds to the heat sink aperture radius. As such, the heat sink mount itself was not
part of the simulation. Thermal insulation was considered at the top and bottom heat spreader-air interfaces.
Convection cooling effects were ignored. Instead, thermal insulation was considered. The temperature at the
surfaces on the outer edge at 7 =0.75 mm of the cylindrical simulated volume were fixed at 20°.

In comparison with a 90 pm large pump beam radius that was typically used in our experiments, the excerpt
radius was large enough. To simplify the simulation, the individual layers of QWs and barriers/claddings and
their spatial arrangement within the gain membrane were not separately considered. The gain membrane was
simulated as a single barrier/cladding layer with a thickness of zp. The temperature distribution was basically
obtained from FOURIER heat equation in steady-state, as expressed as
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k. and k, correspond to the thermal conductivities along the radial » and axial z coordinates, which might
be different from each other due to the anisotropic heat flow. However, the anisotropy aspect was neglected
since it affects the temperature rise by 2 %, only.!” T describes the temperature and Q(r, z) the generated heat
distribution. The latter can be attributed to the quantum defect ng = 1 — Ap/AMEcser from optical pumping.
Thus, for a GAUssian pump beam geometry, the heat load can be described with
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This quantity is the larger, the shorter the pump wavelength Ap compared to the MECSEL lasing wavelength
AMECSEL is. Furthermore, the pump power that arrives at the gain region is given by Py, the 1/e? pump radius
by w, and the pump absorption coefficient by «. The gain membrane thickness zy is implemented in Eq. 2,
stating that the single-side pumping occurs from the z = zj side.

3. GAIN MEMBRANE, COOLING AND PUMPING CONDITIONS

Figure 1 summarizes the parameter values used in the thermal simulations. The gain membrane was designed
for an emission wavelength of Aygcsgr, and was ~ 550 nm thick. It consisted of 4 x3 GalnAsP QWs, which were
embedded in GalnP barrier/cladding layers. On both outer sides of the MECSEL structure, the window layers
are made of AlGaInP. As 80 % of the gain membrane consisted of GalnP, the single bulk layer approximation of
GalnP was justified for the gain membrane. Thus, thermal conductivity corresponded to kgamp = 5.2W/m-K|
calculated from VEGARD’s law. A Ap = 532nm GAUSSian pump laser was used in our experiments. The absorp-
tion coefficient at the pump wavelength was calculated from the pump power reflected and transmitted from the
gain membrane. In both cases, sandwiched either between 4H-SiC or sapphire heat spreaders, the absorption
coefficient was approximately o = 5.7 - 10* cm™!. Although the pump light absorption from the heat spreaders
was generally small, for SiC at 532 nm about 0.25cm™!,” the absorption from the heat spreaders was included in
«. Furthermore, a bonding layer with a thickness of ¢ =100 nm and a thermal conductivity of kg = 0.4 W/m-K
was implemented between the gain membrane and the heat spreader on each side.

The thermal simulations were experimentally validated by the thermal resistance, obtained via spectral shift
measurements in Fig. 2. At a pump beam diameter of dp = 2 - w = 180 pm, single-side pumped gain membrane,
the emission wavelength shift rate with dissipated power was 0.85nm/W, and with the heat sink temperature
0.20 nm/K. Correspondingly, the thermal resistance was about 4.25 K/W. Thus, the FEM model could be further
applied to other heat spreader and pumping conditions.
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Figure 1. Schematic drawing of a MECSEL consisting of an open cavity and an optically pumped gain membrane, which
is cooled by two intra cavity heat spreaders. Included are the parameter values used in the thermal simulations.
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Figure 2. Central emission wavelength plotted against the dissipated power (grey dots) and heat sink temperature (black
squares) for a SiC-cooled, single-side pumped 800 nm MECSEL to determine the thermal resistance.

4. IMPACT OF DOUBLE-SIDE COOLING THE GAIN MEMBRANE

Dating back to 2015, the first lasing MECSELs? were demonstrated with a single-side cooled semiconductor
membrane using diamond. At that time, the implementation of a second heat spreader was further motivated for
a better heat extraction. Thermal simulations suggested that the maximum temperature with the double-side
cooling (DSC) could be twice times lower than with single-side cooling (SSC). Then, an experimental comparison
in output power was conducted with SiC heat spreaders. Most likely, the second heat spreader allows the increase
of output power, which was 2.5 times higher than with SSC.?

The radial temperature distribution of the gain membrane at the pumped side z = zp = 550nm is plotted
from the radial center » = 0 in Fig. 3a for SSC and in Fig. 3b for DSC. As shown for various SiC heat spreader
thicknesses from 100 pm to 500 pm, the temperature in this plane is the highest at » = 0 owing to the power
distribution of the GAuUssian beam. It is notably here that the highest temperature with DSC is about two
times smaller than with SSC. For instance, the simulations suggest a highest temperature with DSC to be about
117°C and with SSC about 218°C in case of 300 pm thick SiC heat spreaders. Thus, the thermal improvement
shown in the simulations is in a good agreement with the experiments presented by YANG et al.”

Furthermore, Fig.3c the axial temperature distribution across the gain membrane at r = 0. Worth noting
here is that the gain membrane is optically pumped at Py = 10 W and attached to a SiC heat spreader at
z = 550 nm, the gain membrane is 5°C and therefore not significantly cooler than the unpumped side.

According to the thermal simulations, the temperature benefit of DSC with diamond heat spreaders was similar



to SiC. With sapphire heat spreaders, the temperature was up to fourfold lower which was probably due to the
worse thermal conductivity of sapphire (refer to the thermal conductivity values in Fig.1).

For a gain membrane, double-side cooled with 300 pm thick SiC heat spreaders, the temperature distribution is
plotted in Fig. 3d for various pump powers Py from 5 W to 25 W. As can be seen, the maximum temperature at
r = 0 raises by nearly equidistant steps of ~ 8.3°C per watt.
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Figure 3. Temperature distribution on the pumped side of the gain membrane plotted from the radial center

(r=0,z =2z = 550nm) with (a) SSC and (b) DSC. The gain membrane is single-side pumped with dp = 180 pm. (c)
Temperature distribution across z from the radial center of the SSC gain membrane at Pp=10 W. (d) Radial temperature
distribution for pump powers from 5 W to 25 W.

5. IMPACT OF HEAT SPREADER MATERIAL

With 300 pm thick diamond heat spreaders, the radial temperature distribution of the gain membrane is plotted
in Fig. 4a for a pump beam diameter of 180 pnm.

In comparison with Fig.3b, the gain membrane heats up at r = 0 to a maximum temperature of ~130°C at
three times higher pump power Py = 30 W. Furthermore, the maximum temperature increases by ~ 28°C for
every 10 W step increase in pump power. In comparison with SiC, this is about three times smaller.

Compared with SiC'® and diamond,'” sapphire has a low thermal conductivity in the region between 30 W/m-K
and 46 W/m-K.2° Thus, the lateral heat flow ability is generally smaller to dissipate heat from the radial center
of the pump beam to the outer side. A smaller pump beam diameter of 90 pm and pump power regions up to
2W have been considered in Fig.4b. As can be seen, the simulation suggests that a maximum temperature of

130 W is achieved with a pump power of Py = 2W. The maximum temperature hereby increases by ~ 48°C per
watt.
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Figure 4. Temperature distribution on the single-side pumped side of the gain membrane plotted from the radial center
(r=0,z =2 =550nm). (a) With diamond heat spreaders for various Py (b) With sapphire heat spreaders for various
Py

6. IMPACT OF PUMP BEAM GEOMETRY

Alternatively, a super-GAussian profile can be considered for pumping the gain membrane. In comparison to
a GAUSSian pump beam, its radial intensity distribution is more flat. Thus, the pump power is more equally
distributed over the pump area, and the pump geometry is not only advantageous for the thermal management
but also for single transversal mode operation®!' or thermal lensing. Such super-GAUSSian pump beam profiles are
typically provided by fiber-coupled diode lasers. In the following thermal simulation a 10*" order super-GAussian
beam is considered with a heat load described as
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The outcome of the thermal simulation applying a super-GAuUssian pump beam with dp=180pm is illustrated
in Fig. 5.
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Figure 5. Temperature distribution on the single-side pumped side of the gain membrane plotted from the radial center

(r =0,z = 2 = 550nm) with a 10'® order super-GAussian pump beam. (a) At Py = 10 W for various SiC heat spreader
thicknesses from 100 pm to 500 pm. (b) At a SiC heat spreader thickness of 300 pm for various Po.

At Py=10W, the radial temperature distribution of the gain membrane at zp=550nm is considered in Fig. 5a.
For various SiC heat spreader thicknesses from 100 pm to 500 pm the maximum temperature is around 51°C at
the radial center r = 0. Compared to the gain membrane pumped by a GAUSSian pump beam in Fig. 3b, the
maximum temperature is at least two times lower. The overall better heat situation enables to pump the gain
membrane at higher powers.



Figure 5b shows the radial temperature distribution of a gain membrane, double-side cooled by two 300 pum thick
SiC heat spreaders at pump powers from Py = 10 W to Py = 50 W. As can be seen, every 10 W step increase of
pump power raises the maximum temperature by ~ 30°C. Furthermore, the gain membrane can be pumped by a
super-GAuUssian pump beam at Py =30 W for a similar maximum temperature value of 110°C with a GAussian
pump beam at Py =10 W.

7. IMPACT OF DOUBLE-SIDE PUMPING THE GAIN MEMBRANE

So far, the thermal simulations have only considered single-side pumping (SSP) of the gain membrane. From
Beer-Lambert law it follows that the intensity of any kind of irradiation penetrating through an absorbing matter
drops exponentially over the distance, and so also the pump light absorbed within the gain membrane. Especially
for thick gain membranes, the inhomogeneous pump intensity distribution matters since it is probable that the
pump light does not arrive at the backside region of the membrane. This leads to unpumped regions that lower
the operation efficiency.

A way to create a more homogeneous pumping would be double-side pumping (DSP) the gain membrane.!? 22

How DSP affects the temperature across gain membranes with thicknesses of 500 nm, 1 pm, and 2 pm, is illustrated
in Fig. 6.
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Figure 6. Membrane temperature distribution plotted across the axial direction at r = 0 for SSP and DSP, various mem-
brane thicknesses and incident pump powers. The gain membrane is cooled between two 350 pm thick SiC heatspreaders
at dp = 180 pm. For a 500 nm thick gain membrane at (a) Po = 2W and (b) P, = 10 W, for a 1 pm thick gain membrane
at (¢) Po=2W and (d) P, = 10W, and for a 2 pm thick gain membrane at (e) Po =2 W and (f) Po = 10 W.

In all six scenarios in Fig. 6, the temperature distribution across the axial membrane position z is flatter with



DSP than with SSP. In case of SSP, the highest temperature is not at z = zy direct next to the heat spreader,
but at about 150nm more in the inner side of the gain membrane. The difference of the lowest and highest
temperature at a relatively low pump power of Py = 2 W is between 1°C and 5°C with SSC. In contrast, the
temperature difference is less than 1°C with DSC.

Figures 6b, 6d, and 6f show the temperature distribution at Py = 10 W. For thicker, single-side pumped gain
membranes, the temperature difference becomes larger with the membrane thickness: At zy = 500nm, the
difference is about 4°C, at zg = 1 pm about 10°C, and zy = 2 pm about 23°C, respectively. Thus, DSP can be
relevant for gain structures thicker than ~ 1 pum. On the other hand, the temperature of a double-side pumped
gain membrane is generally lower and has a smaller difference of less than 3°C.

8. SUMMARY

The thermal behavior of MECSELs has been simulated via FEM and investigated under different kind of aspects
that could be relevant for further power scaling this semiconductor laser technology in the future.

1. Double-side cooling of the gain membrane using SiC or diamond leads to lower temperatures than with
single-side cooling. It has been found that the benefit is about a factor two.

2. For a 550 nm thick gain membrane, pumped by a GAUssian-shaped pump beam with an 1/e? diameter of
180 pm, the maximum temperature increases with ~ 8.3°C per watt with SiC and ~ 2.8°C per watt with
diamond. With sapphire heat spreaders, a worse lateral heat flow ability has been considered. Consequently,
a smaller pump beam diameter of 90 pm and a lower pump power region up to 2.5 W have been taken into
account. The maximum temperature hereby raises by 48°C per watt.

3. Furthermore, pumping the gain membrane with a 10*" order super-GAussian pump beam has been consid-
ered. Since its pump beam shape is flatter than of a GAUSsian pump beam, the gain membrane temperature
increases at a lower rate. If a SiC-cooled gain membrane is pumped by a GAussian beam at 10 W for in-
stance, the maximum temperature is about 110°C. For the same temperature, the gain membrane can be
pumped at 30 W with a super-GAUSSian beam.

4. Double-side pumping (DSP) has been compared with single-side pumping (SSP) for 0.5 pm, 1 pm, and 2 pm
thick gain membranes at Py = 2W and Py = 10 W. It has been found that DSP contributes to a more
equally distributed temperature distribution across the gain membrane than with SSP. This is especially
beneficial for gain membranes thicker than 1 ym pumped at higher pump powers over 10 W to maintain a
symmetric cooling.
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