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Abstract— Membrane external-cavity surface-emitting lasers
(MECSELs) have great potential of power scaling owing to the
possibility of double-side cooling and a thinner active structure.
Here, we systematically investigate the limits of heat transfer
capabilities with various heat spreader and pumping parameters.
The thermal simulations employ the finite-element method and
are validated with experimental results. The simulations reveal
that double-side cooling lowers the temperature by about a factor
of two compared to single-side cooling when diamond and silicon
carbide (SiC) heat spreaders are used. In comparison, the benefit
for a thermally worse conductive heat spreader is larger, i.e.
a fourfold decrease for sapphire. Furthermore, we investigate
the limits of power scaling imposed by the intrinsic lateral
heat flow of the heat spreaders that sets how much the pump
beam diameter can be enlarged while having efficient cooling.
To this end, the simulations for sapphire reveal a limit for the
pump beam diameter within the hundred micrometer range,
while for SiC and diamond the limit is more than double.
Moreover, pumping with a super-Gaussian beam profile could
further reduce the temperature rise near the center of the pump
area compared with a Gaussian beam. Finally, we investigate
the benefits of double-side pumping of thick membrane gain
structures, revealing a more homogeneous axial temperature
distribution than for single-side pumping. This can be crucial
for gain membranes with thicknesses larger than ∼1µm to fully
exploit the power-scaling ability of MECSEL technology.

Index Terms— Membranes, semiconductor lasers, simulation,
finite element method, thermal modelling, VECSEL, MECSEL.

I. INTRODUCTION

THE membrane external-cavity surface-emitting
laser (MECSEL) architecture has recently emerged

[1]–[3] to further expand the versatility of the larger class
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Fig. 1. Schematic drawing of a MECSEL. The basic idea of a MECSEL
is the double-side cooling of the gain region to dissipate the heat induced by
optical pumping. The external cavity is formed by two laser mirrors.

of semiconductor disk laser technology [4]–[6]. Similar to
a vertical-external-cavity surface-emitting laser (VECSEL)
architecture [7], the gain region in a MECSEL is made of
a quantum well (QW) or quantum dot (QD) heterostructure,
separated by barriers and grouped into several packages.
Window layers are used on both outer surfaces of the
gain region to prevent non-radiative surface recombination.
On the other hand, compared to VECSELs, a MECSEL
architecture renders possible two distinctive and beneficial
features, namely MECSELs do not employ distributed Bragg
reflectors (DBRs) and can employ cooling by two intra cavity
heat spreaders, one for each side of the gain membrane. Such
a gain element can be then placed between two external laser
mirrors that form a laser cavity, as schematically illustrated
in Fig. 1, and be operated in transmission mode. For cooling,
the gain element embedded between two heat spreaders is
typically clamped in a heat sink (made of brass or copper)
with an aperture on both sides. This heat sink is not shown
in Fig. 1.

The improved thermal behavior of MECSELs has been well
recognized and analyzed for the case when diamond is used as
a heat spreader [2]; this heat spreader approach is widely used
for VECSELs and offers a good reference point to understand
the benefits of MECSELs in terms of heat management. As it
can be seen in Fig. 2, these advantages are remarkable and
have pointed out to the possibility of using more affordable
heat spreaders with lower thermal conductivity, such as SiC
[8], [9], yet enabling power scaling to watt-levels [10], [11].

Another important feature of MECSELs recently realized
is the possibility of double-side pumping [12], [13], which
allows to apply thicker gain structures and hence further scale
the power.
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Fig. 2. Maximum temperature of the gain region simulated for various
cooling conditions with diamond heat spreaders by Yang et al. (Figure adapted
from [2]). a) Thin device VECSEL with one heat spreader b) Thin device
VECSEL with two heat spreaders c) MECSEL with one heat spreader
d) MECSEL with two heat spreaders. The heat sink mount has been included
in the simulations but is not illustrated here.

To date, MECSELs have been mostly experimentally inves-
tigated, with only a few specific issues analyzed through
simulations to reveal the power scaling ability of this type
of laser [2], [5]. In this article, a finite-element model was
employed to examine the thermal limits of operating MEC-
SELs with different pumping configurations and heat spread-
ers, i.e. SiC, sapphire, and diamond. In particular, we analyze
the influence of different heat spreader thicknesses on the tem-
perature rise in the MECSEL structure and the significance of
double-side cooling for membranes with different thicknesses,
i.e. 500 nm, 1.5μm, and 2.5μm. Furthermore, the temperature
rise is simulated for different pump beam diameters having
different spatial distributions.

II. FINITE-ELEMENT MODELING

The finite-element method (FEM), which had been used to
model the heat flow in VECSELs [14]–[17], was applied here
to simulate the temperature distribution within the MECSEL
structure. The mesh sizes within the gain structure and the
heat spreader regions were individually customized. The axial
symmetry allowed to consider cylindrical coordinates, where
an excerpt along the r (radial) and z (axial) plane was used
to describe the whole element. For further simplicity, the
individual QW and barrier/cladding layers were not separately
implemented. As the gain structure mostly consisted of barri-
ers/claddings, it was simulated as a single layer of a thickness
z0 with the thermal conductivity of the barrier/cladding mate-
rial as shown in Fig. 3. The considered excerpt had a radius
of 0.75 mm, which was more than five times larger than the
pump beam radius used in our experiments and simulations,
and represents the free aperture of our heat sink mount at
the same time. The heat sink was not part of the simulated
volume. Thermal convection at the MECSEL sandwich facets
was neglected, instead insulation was assumed [15]. As an
initial boundary condition, the heat spreader temperature of
20◦C was set at the outer radial surface. This assumption
is valid because the heat sinks are in a very good thermal

Fig. 3. Cross-section of the FEM mesh created for the MECSEL. A 550 nm
thick gain membrane is located at z = 0 and sandwiched between two 0.35 mm
thick heat spreaders. The y-axis corresponds to the axial dimension and the
x-axis to the radial dimension across the MECSEL gain sandwich.

contact with the heat spreaders. Therefore, this interface does
not represent a bottle neck.

To obtain the temperature distribution, Fourier heat equation
in steady-state
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was solved via the finite-element method using COMSOL
Multiphysics®. T denotes the temperature and Q(r, z) the
generated heat distribution. kr and kz are the thermal con-
ductivities along the radial r and axial z coordinates which
can differ due to the anisotropic heat flow. According to
Kemp etal. [15], the anisotropic heat flow affects the tempera-
ture rise in VECSELs by only 2 %. Thus, the anisotropy aspect
was neglected in our simulations.

Heat in the gain structure is generated by pump absorption
via the quantum defect. The additional heat originating from
non-radiative processes was not taken into account in the
simulations. For a Gaussian pump beam profile the heat load
can be expressed as

QGauss(r, z) = 2 · ηQ · P0

πw2 · α · exp

(
−2r2

w2 − α (z0 − z)

)
,

(2)

which depends on the quantum defect ηQ, the pump power
P0 that reaches the gain region, the 1/e2 pump radius w, the
pump absorption coefficient α, and the thickness of the whole
structure z0. ηQ = 1 − λP/λMECSEL describes the fraction
of pump photon energy that is converted to heat, where λP
is the pump wavelength and λMECSEL the MECSEL lasing
wavelength.

III. MECSEL STRUCTURE AND

SIMULATION PARAMETERS

Thermal modeling was performed for a MECSEL structure,
which incorporated twelve GaInAsP QWs equally distributed
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TABLE I

USED SIMULATION PARAMETERS FOR THE MECSEL

in four groups, GaInP barriers/claddings, and AlGaInP win-
dow layers on both outer sides. For our thermal model, the
MECSEL structure was approximated to be a single bulk layer
of GaInP with the corresponding thermal conductivity kGaInP
(see Table I). This approximation is justified as 80 % of the
gain membrane consist of GaInP, the QWs and window layers
are GaInP related materials.

The thermal conductivity of GaInP was calculated via Veg-
ard’s law through the thermal resistivity using the following
thermal conductivities for the binary alloys: kGaP = 77 W/m·K
for GaP [22], kInP = 68 W/m·K for InP [22], and the thermal
conductivity bowing factor CGaInP = 1.4 W/m·K [23]. For
our single layer structure made of Ga0.48In0.52P, a thermal
conductivity of kGaInP = 5.2 W/m·K was obtained [22].

Furthermore, the MECSEL gain structure was ∼550 nm
thick and optimized for an emission wavelength of
λ = 800 nm. Being optically pumped by a 532 nm pump laser
with a Gaussian beam profile, an absorption coefficient for the
pump light of α = 5.7 · 104 cm−1 was found by measuring the
reflected and transmitted pump power with SiC and sapphire
heat spreaders. The absorption from the heat spreaders is
typically very small for the pump wavelength (absorption of
SiC at 532 nm is 0.25 cm−1 [8]) but nevertheless was included
in α here. For the super-Gaussian pump beam profile the same
value for α was used. Also, a pump beam angle of incidence
of 0◦ (normal incidence) was assumed in the simulations.
It is hereby noteworthy that in our experiments the angle of
incidence was about 14◦. As the simulation assumes a circular
pump beam shape, which is in reality not the case in the
experiments, a minor difference between the simulated and
experimentally measured values from this work and literature
(see Fig. 13) could result.

To have an experimental validation for the simulations, the
thermal resistance of the operating MECSEL was determined
by spectral shift measurements [24]. The MECSEL structure
was pumped from one side at a pump beam diameter of

Fig. 4. Spectral shift measurements of the λ = 800 nm MECSEL with
350μm thick SiC heat spreaders in single-side pumping operation. Based on
this data, thermal modeling is carried out.

Fig. 5. Cross-section view of the MECSEL gain sandwich with the simulated
temperature. The gain membrane is located at z = 0 and is cooled between
two 350μm thick SiC heat spreaders to 20◦C. The gain membrane is optically
pumped at dP = 180μm from the positive z-direction with P0 = 6 W.

dP = 180μm. As Fig. 4 shows for the MECSEL cooled
by SiC heat spreaders, the emission wavelength shifted at a
rate of 0.85 nm/W with the dissipated power and at a rate of
0.20 nm/K with the heat sink temperature. A thermal resistance
of ∼4.25 K/W was found. This allowed us to validate our FEM
model, which was further applied to other heat spreader and
pumping conditions.

We can point out here that the highest temperature value
within the structure was calculated for a range of pump power
P0 spanning from 1 W to 10 W. The temperature increase with
P0 is labeled here as the maximum temperature rise. However,
as can be seen in Fig. 5, and more detailed in Fig. 6, the
maximum temperature exceeds 70◦C near the center of the
pump beam. This temperature value is higher than the typical
operational temperatures of semiconductor lasers. As lasing
still took place at P0 = 6 W, it was assumed that an average
over the pump beam radius describes the thermal situation
more accurately with respect to the experiments than the
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Fig. 6. An enlarged cross-section view of the MECSEL gain sandwich from
Fig. 5. Visible is the gain membrane, the bonding layers with a thickness of
100 nm and kB = 0.4 W/m·K, and a part of the SiC heat spreaders.

maximum temperature. For this reason, the radially averaged
temperature rise was included in the following discussions.

IV. THERMAL MANAGEMENT WITH DIFFERENT HEAT

SPREADER CONFIGURATIONS

A. Relevance of the Contact Surfaces

To ensure optimal heat dissipation, the gain membrane
needs to be arranged in the ideal case in direct contact with the
heat spreaders. A bonding layer, which can be either made of
air or a liquid, represents in the non-ideal case an imperfect,
non-smooth contact between the surfaces and can potentially
impede the heat flow in VECSELs [15]. For MECSELs, the
same can be assumed (see Fig. 6). Nevertheless, no detailed
studies about the relevance of the bonding contact have been
presented yet. Since the actual distance between the gain
membrane and the heat spreader interfaces was not exactly
known from the experiments, a thin bonding layer was inserted
between the two interfaces in the simulations. To examine how
the layer would affect the heat flow in the gain membrane, the
bonding layer thickness and thermal conductivity were varied,
which can be seen in Fig. 7.

A conservative assumption for the thermal conductivity of
the bonding layer of kB = 0.4 W/m·K was made, which was
slightly lower than that of water (kH2O = 0.6 W/m·K at 20◦C)
from liquid capillary bonding [25]. The maximum and radial
average temperature rise were plotted for the gain membrane
in Fig. 7a over the bonding layer thickness. As can be seen, the
maximum temperature rise at an optimal contact (at tB = 0 nm)
corresponds to 6.4 K/W and increases linearly by 3.0 K/W per
100 nm bonding layer thickness. On radial average, an optimal
bonding would lead to 4.2 K/W, which rises by 1.4 K/W per
100 nm.

For Fig. 7b, a thickness of tB = 100 nm was chosen as the
maximum limit. The reason is that no interference of visible
light takes place below this thickness and the absence of
interference effects between heat spreader and gain membrane
is the only method applied here to evaluate good bonding [25].
As can be seen in Fig. 7b, the temperature increase is inversely
proportional to the thermal conductivity. Both, maximum and

Fig. 7. Significance of the bonding quality to the membrane temperature rise,
simulated for a pump beam diameter of 180μm. (a) Effect of the bonding
layer thickness between 350μm thick SiC heat spreader and membrane to the
temperature rise. (b) Effect of the thermal conductivity of the bonding layer
on the temperature rise.

radial average predict a similar saturation point. As soon as
the thermal conductivity value is nearly kB = 2.0 W/m·K, the
curve starts to approach a saturation point at 7.0 K/W (max-
imum) and 4.5 K/W (radial average). With a higher thermal
conductivity, a further increase to 10 W/m·K has only a small
effect on the heat dissipation. For all simulations, a thermal
conductivity of kB = 0.4 W/m·K and a layer thickness of
tB = 100 nm were assumed.

B. Dependence on the Heat Spreader Thickness

For heat dissipation, various types of heat spreader materials
are available. Sapphire, SiC, and diamond are transparent for
lasing wavelengths in the visible and near infrared regions. The
thermal conductivity values are summarized in Tab. I. For a
given heat spreader thermal conductivity, a certain thickness is
necessary for an optimal heat dissipation. Also, optical losses,
induced by the heat spreaders from optical birefringence and
absorption are weakening the intra cavity beam and grow with
the volume. In the following, the temperature dependence on
heat spreader thickness was simulated for SiC, sapphire, and
diamond to figure out the minimal thicknesses after which
further increase has only a little effect on the heat dissipation
capability.

1) SiC-Case: Fig. 8 illustrates how the radially averaged
temperature rise within a SiC-cooled MECSEL inversely drops
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Fig. 8. Temperature rise radially averaged over the pump radius on the
pumped membrane interface plotted as a function of the heat spreader
thickness of SiC.

Fig. 9. Radial average of the temperature rise plotted as a function of the
sapphire heat spreader thickness.

for heat spreader thicknesses between 50μm and 250μm.
The temperature rise value remained almost constant as soon
as the heat spreader thickness exceeded 250μm for four
pump beam diameters of dP = 90μm, 180μm, 270μm,
and 360μm.

2) Sapphire-Case: Although sapphire provides a better opti-
cal quality than SiC that leads to smaller optical losses,
it has a thermal conductivity about ten times lower than
SiC. This aspect was considered in the simulations, which
were conducted for a smaller P0 range up to 2 W. The
small pump power operation range requires different pump
beam diameters than SiC to reach the laser threshold and to
efficiently operate the MECSEL. For comparison purposes,
the temperature rise was modeled for all four pump beam
diameters dP = 90μm, 180μm, 270μm, and 360μm even if
dP = 270μm and 360μm could be already too large. As can
be seen in Fig. 9, the temperature rise within this pump power
region also scales inversely with the heat spreader thickness
below 300μm. The curves begin to saturate at a thickness of
300μm. For a pump beam diameter of 90μm, the radially
averaged temperature rise approaches 41 K/W.

3) Diamond-Case: Owing to the high thermal conductivity
of diamond, the temperature rise is generally lower as if
cooling with SiC or sapphire as plotted in Fig. 10.

Fig. 10. Radial average temperature rise on the pumped membrane interface
plotted as a function of the diamond heat spreader thickness.

Fig. 11. Cross-section view of a single-side cooled gain membrane. The
gain membrane is located at z = 0 and is cooled by a 350μm thick SiC heat
spreader to 20◦C. The gain membrane is optically pumped at dP = 180μm
from the positive heat spreader z-direction at P0 = 6 W. (a) shows the whole
MECSEL gain element. (b) provides an enlarged view.

A pump power region up to 10 W was considered. At a
pump beam diameter of 90μm, the temperature rise was about
6.2 K/W for heat spreader thicknesses larger than 150μm.
As the pump beam diameter increased to 180μm, the tem-
perature rise was as low as 1.7 K/W. For a pump beam
diameter of dP = 270μm and dP = 360μm, the MEC-
SEL structure temperature increased by 0.8 K/W and 0.5 K/W,
respectively.

C. Significance of Double-Side Cooling

In the earliest demonstration, single-side cooling (SSC)
using a diamond heat spreader was implemented in a MEC-
SEL [2]. A first comparison between single- and double-side
cooling (DSC) was later performed [8] with SiC heat spread-
ers. This double heat spreader MECSEL could be pumped at
twice the pump power than the single heat spreader MECSEL.
Accordingly, the maximum output power was about 2.5 times
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Fig. 12. Significance of double-side cooling for heat spreader thicknesses from 50μm to 500μm. Plotted are the (a) maximum temperature rise and
(b) radially averaged temperature rise (left y-axis) of a single-side (light red full squares) and double-side (dark red full circles) SiC cooled gain membrane.
The grey short dashes show the corresponding temperature ratio (right y-axis) between the single- and DSC configuration, revealing a factor of ∼ 2. In (c) the
maximum temperature rise and in (d) the radially averaged temperature rise is calculated for the gain membrane with sapphire heat spreaders. Due to the
lower thermal conductivity of sapphire, the benefit of DSC is larger than with SiC or diamond. In (e) the maximum temperature rise and in (f) the radially
averaged temperature rise are illustrated with diamond heat spreaders.

higher than the single heat spreader MECSEL [8]. To further
analyze the significance of DSC, FEM simulations are car-
ried out. A cross-section view of the MECSEL sandwich is
illustrated in Fig. 11.

The maximum temperature was 136◦C, which was a factor
of about two higher than the DSC MECSEL in Fig. 5.
For SiC with thicknesses from 50μm to 500μm, the max-
imum as well as the radially averaged temperature rise are
shown in Fig. 12a and 12b. The temperature rise of a DSC
MECSEL structure was by about a factor two smaller than

a SSC MECSEL structure at a pump beam diameter of
180μm for nearly all the simulated heat spreader thick-
nesses. If the pump diameter was 90μm, 270μm, or 360μm,
the benefit from a second heat spreader would correspond
to a factor of about two as well. This improvement was
very similar to what Yang etal. have recently experimentally
demonstrated [8].

For diamond, a second heat spreader would improve the
thermal management in a similar manner as in the case
with SiC. As illustrated in Fig. 12e and 12f, the temperature
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increase with the DSC approach was by a factor of about two
smaller than with the SSC approach.

However, for sapphire the SSC to DSC ratio was gener-
ally higher. The SSC to DSC ratio for dP = 90μm was
3.7 for the maximum temperature rise, and 3.2 for the radially
averaged temperature rise if the heat spreaders were thicker
than 100μm. Most likely, the significantly lower conduc-
tivity in the range from ∼30 W/m·K to ∼46 W/m·K would
make the SSC approach more challenging, and the overall
heating in the MECSEL structure more sensitive to small
pump diameter sizes below 90μm. In contrast, the SSC to
DSC ratio for dP = 180μm, 270μm, and 360μm was
between 2.2 and 2.6 for the maximum and radially averaged
temperature rise.

V. STUDY OF PUMPING APPROACHES

ENABLING POWER SCALING

A. Influence of the Pump Beam Diameter

A common way of power scaling is to increase the spatial
cavity mode and pump mode area [26]. With this technique,
the pump power and pump-induced heat load can be spatially
distributed over a larger area. Then, at a given pump power,
the temperature of the MECSEL structure rises at a smaller
rate. When considering the heat flow at a small pump spot,
the heat in the gain structure first takes the direct path into
the heat spreaders in axial laser direction, which represents
an almost one-dimensional heat flow. Lateral heat flow can
be neglected. As known from VECSELs, the power scaling
technique is limited by the heat spreader material, because a
variation in the pump mode area does not significantly reduce
the incorporated heat within the gain region. This has been
shown by the simulations of Maclean etal. [27]. It can be
said that the main limitation arises from the three-dimensional
heat flow behavior given by the heat spreader. At large pump
diameters, heat needs to be extracted from the center of the
pumped area laterally, not only in axial direction.

To show the limits of power scaling in MECSELs, the
temperature rise was simulated for a set of different heat
spreaders and plotted in Fig. 13. Literature values and results
of this work were added to complement the simulation data.

The pump power density of a circular Gaussian beam area
and the corresponding heat density decreased proportionally
to 1/w2. This 1/w2 behaviour was in agreement with the
temperature rise of the MECSEL structure cooled by diamond
and SiC heat spreaders obtained from data interpolation of
Fig. 13. In contrast, the temperature rise was closer to a 1/w
than a 1/w2 function with sapphire. As the threshold grows
with w2, the 1/w behavior could impede the efficiency of
this power scaling technique. From our simulation data, power
scaling is expected to become more inefficient as soon as the
pump beam diameter surpasses ∼110μm.

For experimental validation, the heat spreaders thicknesses
in the simulations correspond to the ones used in the exper-
iments. Spectral shift measurements were performed for the
λ = 800 nm MECSEL structure as exemplary shown in
Fig. 4 with SiC to determine the thermal resistance. With
a pump beam diameter of 180μm and 350μm thick SiC

Fig. 13. Temperature rise radially averaged over the pump radius on
the pumped membrane interface plotted over the pump beam diameter for
various heat spreaders. Included are the measured thermal resistances for the
λ = 800 nm MECSEL with SiC and sapphire heat spreaders. Also plotted are
the thermal resistances of recently demonstrated MECSEL structures.

heat spreaders, a thermal resistance of ∼4.25 K/W is obtained.
The thermal resistance resulted as ∼28 K/W at a pump beam
diameter of 110μm with sapphire. As plotted in Fig. 13,
the experimental thermal resistance matches well with the
simulated values for both heat spreaders.

In addition, the thermal resistances of the λ = 760 nm,
780 nm, 825 nm, 1.5μm, and 1.77μm MECSEL are included
in Fig. 13. As can be seen, the λ = 825 nm MECSEL [10]
is very close to the simulations as the structure thickness
and material composition are very similar. However, for
the λ = 780 nm-emitting AlGaAs-based MECSEL [13], the
measured thermal resistance with SiC heat spreaders was
about 5.9 K/W. A possible reason for the lower value is its
smaller absorption coefficient of ∼4 ·104 cm−1 for the 532 nm
pump light. The quantum defect differs by 1.7 percentage
points only and the higher thermal conductivity of AlGaAs
of ∼12 W/m·K can make a slight difference to the heat
situation within the gain membrane [29]. On the other
hand, the thermal resistances of the λ = 760 nm AlGaAs,
sapphire-cooled MECSEL [28], the λ = 1.5μm InAs/InP QD
SiC-cooled MECSEL [6], and the λ = 1.77μm InGaAlAs/InP
diamond-cooled MECSEL [5] are in good agreement with the
simulations.

Although the thermal conductivities of the MECSELs
included in Fig. 13 are different, they are all low compared
to SiC or diamond which is why a slight variation of the
thermal conductivity value does not significantly affect the
results. From this point of view, a comparison among dif-
ferent MECSELs is reasonable. However, the results here
could rather vary from different heating conditions which are
defined by the quantum defect, absorption coefficient, and
pump beam profile. Also, the different heat sink configurations
and bonding layer quality could explain the different results
between simulation and experiment.

B. Pump Beam Shape: Gaussian and Super-Gaussian
Pump Beam Profile

As the temperature distribution within the pumped area of
the gain membrane can be considered as a direct footprint
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Fig. 14. Radially averaged temperature rise of the gain membrane cooled
between two 350μm SiC heat spreaders to 20◦C using a Gaussian (blue
full squares) and a 10th order super-Gaussian (dark blue full circles) pump
beam in SSP configuration. The inset compares the maximum temperature
rise between both pump beam profiles.

of the pump beam profile, avoiding peak temperatures near
the center of the pumped region can be beneficial for thermal
management. Here, a 10th order super-Gaussian pump beam
profile [30] can be taken into account, which is more realistic
for fiber-coupled diode laser pumps and delivers a more evenly
distributed power profile than a Gaussian-beam. The generated
heat from a 10th order super-Gaussian beam is approximated
as

QSG, n=10(r, z) ≈ 1.15 · ηQ · P0

πw2 · α · e

(
−2( r

w )10−α(z0−z)
)

(3)

in our simulations. The results are shown in Fig. 14.
With a 10th order super-Gaussian beam, the simulations reveal
that less heat is accumulated within the gain membrane
compared to a Gaussian beam: For instance, at dP = 200μm,
the maximum temperature rise with a super-Gaussian pump
beam is more than three times smaller than with a Gaussian
pump beam. The radial temperature rise is about ten times
smaller with a super-Gaussian pump beam. In addition, super-
Gaussian beams are advantageous in terms of single transverse
mode operation [30] and thermal lensing.

C. Single-Side and Double-Side Pumping

In single-side pumping (SSP), the gain membrane is opti-
cally pumped from one side by a single pump beam. In con-
trast, double-side pumping (DSP) makes use of two pump
beams impinging onto the gain membrane from both sides as
is the case in classical solid-state lasers [12]. Here, the main
motivation behind DSP is the more symmetric temperature
as well as charge carrier distribution that is created across
the gain membrane when compared to SSP. While for a gain
membrane with a small thickness of less than 1μm the benefit
is rather small [28], gain membranes with higher thicknesses
can benefit more from DSP. This aspect has been recently
simulated for a λ = 1.77μm gain membrane, which is about
2μm thick, using a one-dimensional thermal model [5].

1) Influence of the Membrane Thickness: To estimate at
which structure thickness DSP can become more beneficial
over SSP, the temperature rise averaged over the pump radius

Fig. 15. Significance of DSP for various membrane thicknesses from 100 nm
to 2.5μm. The structures are sandwiched between two 350μm thick SiC heat
spreaders. A Gaussian pump beam with dP = 180μm is used as a heat source.

is simulated for various structure thicknesses from 100 nm to
2.5μm. For both pumping approaches the temperature rise is
plotted in Fig. 15. Here, a Gaussian pump beam with a pump
diameter of dP = 180μm has been considered.

As can be seen, the rate of temperature rise increases with
thicker membranes. For structure thicknesses up to 300 nm,
the temperature rise from DSP and SSP is nearly identi-
cal. Furthermore, SSP induces the same temperature rise on
the pumped as well as on the unpumped surface-side. This
suggests a rather small accumulation of heat within a thin
structure.

As soon as the gain membrane gets thicker, the temperature
on the pumped surface side grows with SSP at a larger rate
than with DSP. For a 600 nm thick structure, the thermal model
obtains an increase of �T/�PSSP, pumped = 5.79 K/W for the
pumped surface-side and �T/�PSSP, unpumped = 5.56 K/W
for the unpumped surface-side. The temperature increase by
DSP is calculated as �T/�PDSP = 5.67 K/W. As a con-
clusion, the values of the temperature increase generally do
not differ much from each other. This is for example in
accordance with the experimental comparison of SSP and DSP
for a 577 nm thin gain membrane [28]. For membranes thicker
than 1μm, the curve saturates at ∼5.77 W/K. When turning
our view to a 1.5μm thick gain membrane, the temperature
rise can be lowered by a more significantly larger rate by
∼0.35 K/W with DSP compared to SSP at the pumped surface.
For a 2.5μm thick gain membrane, the benefit is ∼0.63 K/W.

2) Axial Temperature Distribution Across the Membrane:
Fig. 16 illustrates the axial temperature distribution across the
membrane at the center of the pump beam r = 0 for three
different structure thicknesses.

Fig. 16a and 16b illustrate the temperature across a 500 nm
thick structure which is single- and double-side pumped at a
pump power P0 of 6 W and 10 W.

At both pump powers P0, only a slight temperature gradient
can be seen under SSP, where the minimum and maxi-
mum temperature differ by only 2 - 4◦C. When considering a
1.5μm thick membrane, the temperature difference is larger as
illustrated in Fig. 16c and 16d. The minimum and maximum
temperature vary by 10◦C at P0 = 6 W. At P0 = 10 W the
difference increases to 16◦C. For a 2.5μm thick membrane,



PHUNG et al.: THERMAL BEHAVIOR AND POWER SCALING POTENTIAL OF MECSELs 2400211

Fig. 16. Comparison of SSP and DSP in the temperature across the membrane
axial position (z at r = 0) for a 500 nm thick gain membrane at (a) P0 = 6 W
and (b) P0 = 10 W. Axial temperature distribution at r = 0 for a 1.5μm
thick gain membrane, at (c) P0 = 6 W and (d) P0 = 10 W. Axial temperature
distribution at r = 0 for a 2.5μm thick gain membrane, at (e) P0 = 6 W
and (f) P0 = 10 W. All simulations are based on a Gaussian pump beam with
dP = 180μm and 350μm thick SiC heat spreaders. Pumping occurs from the
positive to the negative x-axis here.

Fig. 16e reveals that the temperature difference is about 16◦C
at P0 = 6 W and 28◦C at P0 = 10 W for SSP.

Furthermore, the highest temperature is not directly at the
position of the pumped surface although here the structure
experiences the highest amount of pump power. This is prob-
ably because heat at the pumped surfaces has the shortest
path within the structure to axially flow to the heat spreaders.
Therefore, most of the heat is on the other hand accumulated
a bit more in the inner side of the structure. For the 2.5μm
thick structure, the highest temperature can be found near
z = 2.35μm for both P0 = 6 W and P0 = 10 W. Similarly
for the 500 nm thick structure, the hottest region is not at the
position of the pumped surface but more in the inner side, near
z = 410 nm, which corresponds to 82 % of the total thickness.

Compared to SSP, DSP can be favored over SSP for
pumping gain membranes that are over one micrometer thick.
As can be seen in Fig. 16c and 16d, DSP provides a flat axial
temperature profile across the structure.

VI. CONCLUSION

To conclude, our finite-element thermal model shows that
the double-side cooling approach of the MECSEL gain
sandwich reduces the temperature rise by a factor of up to

two when using SiC or diamond heat spreaders. This beneficial
effect becomes larger for heat spreader materials with lower
thermal conductivity. For sapphire, the temperature can be
lowered by a factor of up to four. This is significant for power
scaling as the MECSEL gain sandwich can be pumped at twice
(SiC and diamond), or fourfold (sapphire) pump power than
it would be possible with the single-side cooling approach.
Nevertheless, for sapphire the thermal rollover occurs much
earlier.

Our thermal model also suggests that the MECSEL output
power can be scaled by enlarging the pump beam area. The
heat distribution over the larger pump beam area, i.e. larger
pumping radius can contribute to a smaller temperature rise.
If the slope efficiency barely changes and the MECSEL can
be pumped at higher pump powers until thermal rollover,
the maximum output power can be theoretically increased.
As in VECSELs, the main limitation arises from the heat
dissipation capability of the heat spreaders, which are heated
up at larger pump beam areas with equal power densities.
While power scaling with sapphire is limited to a diam-
eter within the hundred micrometer range, with SiC and
diamond, the MECSEL can operate at more than doubled
pump beam diameters compared to sapphire. In general,
the effectiveness of power scaling drops when the laser
threshold increases and the temperature benefit hereby gets
smaller.

For power scaling, a super-Gaussian pump beam can be
considered as it can provide a smaller temperature gradient
than TEM00 Gaussian pump beams. The thermal model also
suggests that single-side pumping of a membrane thinner than
1μm does not create remarkably large temperature gradients.
On the other hand, in terms of operating a membrane that is
more than 1μm in thickness, the benefit of double-side pump-
ing increases as it enables a more homogeneous temperature
distribution within the structure.

REFERENCES

[1] V. Iakovlev et al., “Double-diamond high-contrast-gratings vertical
external cavity surface emitting laser,” J. Phys. D, Appl. Phys., vol. 47,
no. 6, Feb. 2014, Art. no. 065104.

[2] Z. Yang, A. R. Albrecht, J. G. Cederberg, and M. Sheik-Bahae, “Opti-
cally pumped DBR-free semiconductor disk lasers,” Opt. Exp., vol. 23,
no. 26, pp. 33164–33169, 2015.

[3] H. Kahle et al., “Semiconductor membrane external-cavity surface-
emitting laser (MECSEL),” Optica, vol. 3, no. 12, pp. 1506–1512,
Dec. 2016.
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