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Abstract: We develop, analyze, and demonstrate an optically-pumped semiconductor disk laser
using an active mirror architecture formed by sandwiching the semiconductor gain membrane
between two heatspreaders, one of which is coated with a high-reflectivity multilayer. Ther-
mal modeling indicates that this structure outperforms traditional VECSELs. Employing an
InGaAs/GaAs MQW gain structure, we demonstrate output powers of approximately 30 W at a
center wavelength of 4~ 1178 nm in a TEMp mode using an in-well pumped geometry.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Enormous progress in research and applications of optically-pumped semiconductor disk lasers
(OPSLs, SDLs), also known as vertical-external-cavity surface-emitting lasers (VECSELSs), has
been made in the last two and a half decades [1-6]. As depicted in Fig. 1(a), the most common
architecture employs a gain module that operates as an active mirror, formed by the gain medium
(typically multiple quantum wells, MQW) that is epitaxially grown on top of a distributed Bragg
reflector (DBR) [1,3]. This gain assembly is then soldered to a heatspreader (commonly CVD
diamond), which is placed in thermal contact with the heat sink (often water-cooled copper
blocks), with the laser cavity enclosed by an external mirror acting as the output coupler. A typical
VECSEL in a linear cavity configuration is shown in Fig. 1(b). As an alternative to this layout, a
DBR-free gain-chip architecture, also known as a membrane-external-cavity surface-emitting
laser (MECSEL), was later introduced. This structure offers excellent flexibility over traditional
VECSELSs, while providing superior thermal management [7—11].

The MECSEL gain module, as shown in Fig. 1(c), consists of the semiconductor gain
material only (lacking an integrated DBR) direct-bonded to one—or sandwiched between
two—heatspreader(s) (such as SiC, diamond, or sapphire). Like most solid-state lasers, the laser
cavity can therefore be formed by fully external (typically dielectric) mirrors. An example of a
MECSEL gain module, again in a linear two mirror standing-wave cavity, is shown in Fig. 1(d).

Most (if not nearly all) SDLs, including VECSELs, employ an MQW active region, with
each quantum well positioned at an antinode of the standing wave, which has a cavity node
pinned at the surface of the integrated DBR. This is known as the resonant periodic gain (RPG)
architecture [12] though nonresonant (non-RPG) configurations have also been investigated to
achieve broadband tunability or modelocking operation [13]. It was shown that the RPG structure
in MECSELSs, together with broadband dielectric mirrors, can potentially provide a two-fold
larger wavelength tunability than RPG-VECSELSs [14], with potential for modelocked operation
in the future [15].
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Fig. 1. Comparison of traditional VECSEL and MECSEL architectures. (a) Cross-sectional
schematic of a standard VECSEL gain chip with a MQW active region monolithically
integrated with a DBR. (b) Linear cavity configuration for a typical VECSEL structure. (c)
Schematic of a MECSEL gain chip with the MQW gain material sandwiched between two
direct-bonded heatspreaders. (d) In this device the optical resonator is fully external. In
panels (a) and (c) the arrows (in red) indicate the direction of heat flux.

2. Hybrid MECSEL

In this paper, we introduce a modified (hybrid) MECSEL architecture, which we dub the “H-
MECSEL”, that uses a mirrored heatspreader. In this device the laser configuration is thus similar
to a traditional VECSEL; however, in this case, the MQW active region is directly contacted to
the heatspreaders with an external integrated mirror. A schematic of such a gain module is shown
in Fig. 2(a) for the case of a double heatspreader structure. The mirror on the heatspreader can
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Fig. 2. Examples of double-heat-spreader H-MECSEL systems: (a) the gain module, where
red arrows show the approximate heat-flux pathways, (b) & (c) simple H-MECSEL laser
cavity with front and backside pumping schemes, respectively. The back mirror in (c)
exhibits high reflectivity (HR) at the laser wavelength and high transmission (HT) for the

pump.
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be a standard optical interference coating (such as a dielectric multilayer), as well as a crystalline
DBR (e.g., epitaxially grown semiconductor structure that is directly bonded to the heatspreader
[16,17]). Alternatively, metallic reflectors or hybrid combinations of semiconductors, dielectrics,
and/or metals can be employed in order to optimize the thermal and optical performance of the
mirror. Such a structure offers multiple advantages in terms of the simplification of the pumping
scheme, ease of cavity design, and compactness (as diagrammatically illustrated in Fig. 2), while
retaining or even improving the heat dissipation of the MECSEL, as will be described next.
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Fig. 3. The maximum on-axis temperature versus total dissipated heat power for the various
VECSEL, MECSEL, and H-MECSEL geometries shown on top: a, e, and f are VECSELs
with bottom, intra-cavity, or dual heat spreaders; b and g are MECSELSs with one and two
heat spreaders; d is an H-MECSEL with one heat spreader, ¢ and h are dual heat spreader
H-MECSELS connected to one or two heatsinks. A Gaussian heat source with constant
heat intensity (40 kW/cm?) with varying spot size is assumed. The data shown are for
diamond (left) and SiC (right) heatspreaders. The top and bottom panels correspond to
gain modules (A) and (B) respectively, assuming different gain and DBR thicknesses, as
well as the thermal conductivities as specified in Table 1. The shaded temperature range
(90 °C<Tpax<110 °C) indicates the region where thermal rollover is expected to occur.
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Table 1. Thermal properties and thicknesses of the materials used in the thermal
analysis for various gain modules described in Fig. 3

KInGaP Thermal Conductivity of Window Layer 10 W/(m - K)

Kgain Thermal Conductivity of Active Region | 35 W/(m - K) ®) 24 W/(m - K) ®
KDBR Thermal Conductivity of DBR 25 W/(m - K) A 61 W/(m - K) B
Kin Thermal Conductivity of Indium 84 W/(m - K)

KsiC Thermal Conductivity of 4H-SiC 390 W/(m - K)

Kdiamond Thermal Conductivity of Diamond 1800 W/(m - K)

Kcopper Thermal Conductivity of Copper Mount 400 W/(m - K)

dinGap Thickness of Window Layer 214 nm

dgain Thickness of Active Region 3.56 um (&) 225 pum ®)
dpsr Thickness of dual-band DBR 9.07 um &) 372 ym ®

dp, Thickness of Indium 20 um

dsic Thickness of SiC 500 pum

dgiamond Thickness of Diamond 500 pum

dan Thermo-Optic Coefficient of 4H-SiC 35%x1075 1/K

‘LZ sic

il ) Thermo-Optic Coefficient of Diamond 9.6 x 107°1/K

3. Thermal analysis

Using COMSOL finite element modeling software, we performed a detailed thermal transport
analysis in order to compare H-MECSEL gain modules with MECSELs and traditional VECSELs
[7,18]. Various MECSEL and H-MECSEL configurations such as single or double heatspreaders,
as well as single or double heatsinks, were considered in these efforts. The results are summarized
in Fig. 3, where the calculated maximum (on-axis) temperature is displayed as a function of
heat power deposited assuming a Gaussian heat source that follows the pump laser profile

Prear(r) = P06—2r2/ "y, Tt is evident that the H-MECSEL outperforms not only traditional
VECSELSs, but also exhibits moderate improvement over its MECSEL counterpart, while offering
flexibility in pumping and cavity designs, as stated earlier. The shaded area in Fig. 3 corresponding
t0 90 °C<Tax<110 °C, is typically considered the temperature range associated with the onset
of thermal rollover in semiconductor disk lasers [19,20]. The material parameters used in this
simulation are listed in Table 1. Here we consider two types of gain modules in our thermal
model. Module (A) pertains to the system studied experimentally in this paper involving a
thick (~ 10 um) dual-band DBR and thick (~ 3.5 um, corresponding to 20 QWs) active region
(for in-well pumping) with their corresponding thermal conductivities. Module (B) assumes a
thinner thermally optimized single-wavelength DBR, as well as a thinner gain medium which are
more typical of the standard diode-pumped SDL. For consistency with the earlier simulations
for module (B), we used the relatively high thermal conductivity for the DBR (~60 W /mK),
which is somewhat of an overestimate when compared to an all semiconductor mirror, but can be
realized with a hybrid semiconductor/metal structure [7,21].

Thermal Lensing: The use of intracavity heatspreaders, whether in VECSELs or MECSELS,
while alleviating the thermal loading on the gain chip, may introduce undesirable thermal
lensing. This is important in MECSEL and H-MECSEL structures and thus should be addressed,
minimized, and taken into consideration in designing the requisite laser cavity. Having calculated
the radial temperature profile in the COMSOL thermal analysis, an effective thermal focal
length can be obtained by the well-known parabolic approximation of this radial profile [22,23].
In MECSELs and H-MECSELSs, this lensing is dominated by the thermo-optic effects in the
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heatspreaders, with known coefficients of dn/dT and thermal conductivity (). The lensing in
the thin semiconductor gain layer and the effects of thermal expansion can be ignored. A typical
temperature profile in an H-MECSEL is shown in Fig. 4(a) with a parabolic fit to the average
(along with the z-direction) radial temperature profile assuming double 4H-SiC heatspreaders
(see Table 1 for properties). Under such approximations, and assuming cylindrically symmetric
excitation and boundary conditions for solid-state lasers, the thermal lens power (1/f;;) has

been shown to follow P”—”“z’ lj—"
awy Lk dT

MECSEL and H-MECSEL geometries shown in Fig. 3, leads to an effective lens power that can
be approximated by:

] [24]. We find that a more rigorous thermal analysis for the

1 - KP heat
Jin wh
where 8= 1.4, K =5.7x 1077 and 2.9 x 1073 (ST units), for SiC and diamond heatspreaders,
respectively. The simulated values of the thermal lens power versus the dissipated power along
with the linear fits using Eq. (1) for both SiC and diamond heat-spreaders are shown in Fig. 4(b).
As with other thin-disk lasers under high power operation, thermal lensing can be mitigated using
larger mode areas in the active region. Alternatively, though more costly in high optical quality
grades, diamond heatspreaders result in negligible thermal lensing, smaller than SiC by more
than an order of magnitude.
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Fig. 4. (2) A typical 3D temperature profile calculated for a double SiC H-MECSEL using
the parameters in Table 1 (gain module B). The temperature profile AT,y (r), averaged over
the total length of the heatspreaders is used to calculate the thermal lens focal length. (b)
The calculated power of the induced thermal lens in a double heatspreader configuration
versus the total dissipated heat power for SiC (left axis) and diamond (right axis) for various
Gaussian pump spot sizes. The lines (solid for SiC, dashed for diamond) are the linear fits
using Eq. (1).

4. Experimental demonstration of an in-well pumped H-MECSEL

With the simulations completed, Fig. 5 shows a schematic of the H-MECSEL device experimentally
investigated in this effort. The MQW structure is deposited via metal organic chemical vapor
deposition (MOCVD) on GaAs substrates (gain material supplied by Twenty-One Semiconductors
GmbH, Stuttgart, Germany). The structural design of the gain medium is similar to that reported
in [25,26]. The 20 quantum-well (QW) structure comprises InGaAs QWs and GaAs barriers
arranged in an RPG design for maximum enhancement. InGaP window layers prevent carrier
recombination and protect the active region during substrate removal. The active region is direct
bonded (without the use of adhesives, solders, or interlayers) between two 4H-SiC heatspreaders,
each 500 um thick, using an extension of the substrate transfer coating process described in
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[15,16]. We realize nearly 100% yield in production, particularly when using SiC heatspreaders
that benefit from extremely high surface quality and material availability at standard wafer sizes.
Recently, we have demonstrated the simultaneous production of hundreds of such gain elements in
a wafer-scale batch fabrication process when employing 4" (10 cm) diameter MQW epi wafers and
SiC heatspreader wafers [27]. Our approach leverages low-temperature plasma-activated bonding
in concert with traditional microfabrication steps (dielectric and metal deposition, lithography,
chemical, and plasma etching, etc.), allowing hundreds of devices to be simultaneously produced.
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Fig. 5. (a) Schematic of the H-MECSEL gain module comprising MOCVD-grown strain-
compensated InGaAs-GaAs QWs (x20) in an RPG arrangement. The active region is
bonded between two SiC substrates. The front SiC heatspreader is AR coated at the pump
wavelength (1070 nm), while the backside SiC heatspreader includes an epitaxial dual-band
DBR (HR @ 1178 nm and 1070 nm) using our direct-bonding-based substrate-transfer
coating process. (b) The bottom schematic shows the structure of the dual-band DBR
consisting of 5 stacks, each containing 10 quarter-wave pairs of high-index (GaAs)/ low-index
(AlGaAs) layers, with each stack separated by a thick high index (GaAs) layer. The top plot
shows the calculated reflectance of the DBR
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Following the MECSEL chip production process, an AR coating (at the pump wavelength
only) is deposited on the front surface of one of the SiC heatspreaders. In order to generate
the H-MECSEL, we directly bond a dual-band GaAs/AlGaAs DBR to the second heatspreader.
The dual-band DBR is based on the design from C.P. Lee, et al., comprising the addition of
two periodic functions [28]. This multi-periodic structure, with appropriate phase shifters,
enables HR functionality at both wavelengths of interest for the laser, including 1178 nm for the
fundamental emission and 1070 nm for the in-well pump. This structure was grown by molecular
beam epitaxy (MBE), owing to its low background impurity level and thus low optical absorption
[16,17]. Transferred to the SiC and with a Ti/Au backing, the mirror exhibits a reflectance of
99.997% at 1070 nm and 99.93% at 1178 nm. Following the heatspreader and back mirror
bonding processes (+ AR coating), the completed gain element is mounted in a water-cooled
copper heat-sink with In foil, similar to the schematic shown in Fig. 2(a).

As was demonstrated in our previous work with a standard MECSEL gain structure using the
same active material and heatspreaders [25], in-well pumping leads to a reduced quantum defect,
allowing us to operate this laser at higher powers. Analogous to the MECSEL arrangement
of [25], a multi-pass pump circulator is designed and assembled, but this time in a simplified
reflection geometry as shown in Fig. 6. The setup consists of a pair of flat high-reflectivity
mirrors forming a retroreflector at the pump wavelength. The mirror axis is displaced to introduce
a slight lateral shift of the pump beam upon each retroreflection. An aspheric lens (f,=10 cm,
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D=5.08 cm) is positioned roughly 10 cm from the gain chip and mirror pair with a central hole
for passing the laser light.
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Fig. 6. Schematic of the laser cavity used in the experimental demonstration of the H-
MECSEL. The cavity is formed by the gain chip with backside DBR, a concave HR mirror,
and a flat output coupler. Multipass in-well pumping is achieved using a combination of flat
folding mirrors and an aspheric lens. The inset shows the measured beam profile after 10
passes of the pump laser. The cavity laser mode is directed through a small hole drilled in
the center of the aspheric lens.

The H-MECSEL resonator is constructed in a V-cavity geometry formed by the H-MECSEL
gain chip, a concave mirror with ROC=50 cm (tilted at an angle of 8°), and a flat output coupler
(OC) having a transmission of 2.5%. The cavity schematic and its dimensions are shown in Fig. 6.
The pump laser is a high-power (up to 500 W) unpolarized CW Yb-fiber laser (IPG Photonics) at
1070 nm. Using a combination of a half-wave plate and polarizing cubes, we obtain variable
power up to 210 W with linear polarization for in-well pumping.

The pump beam is focused using a lens having a focal length f, =75 cm at a distance of 10 cm
(=f,) from the aspheric lens which collimates the beam before illuminating the gain medium.
The pump beam is then reflected by the DBR on the back of the H-MECSEL gain chip and
re-focused by the aspheric lens. This process will repeat multiple times before the beam exits
the circulator onto a beam dump. The plot in Fig. 6 illustrates the intensity profile of the pump
beam resulting from ten passes (or 5 roundtrips) in the circulator plotted along with a Gaussian
fit having FWHM diameter of ~700 um (w, = 590 um). The cavity mode is directed through
a 3 mm diameter hole drilled in the center of the aspheric lens; it has a FWHM diameter of
~415 um on the gain chip, calculated assuming a thermal lens focal length of f;;, = 1 m obtained
from Eq. (1) at an estimated dissipated (thermal loading) power of 50 W.

The measured free-running output power of the H-MECSEL versus the absorbed pump power
is shown in Fig. 7. The absorbed power (~41% of incident power) is estimated from the difference
between the incident and the reflected pump power from the gain chip and the multipass pumping
optics.

We demonstrate up to 28 W of output at A = 1178 nm at a slope efficiency of ~38% (threshold
of ~10 W) with no noticeable rollover at the highest absorbed power of 86 W (corresponding to
~210 W incident). From the thermal simulation of Fig. 3, and assuming a thermal loading of
50 W, a maximum temperature of ~100 °C is estimated in the active region, which might be
approaching roll-over, though our thermal model is likely conservative and overestimating the
active region temperature. The spectrum and the beam profile at the maximum output are shown
in the upper left inset and lower right inset of Fig. 7, respectively. The mode spacing in the



Research Article Vol. 30, No. 23/7 Nov 2022/ Optics Express 42477 |

Optics EXPRESS N

30 T T

sl & <+— 0.54nm _
& ‘ R
[ -
5 |
— z
E 20+ I“U"M‘ﬂ“
- badomatasiactorid W Abtirbrmncs maleaintied
g 1160 1170 1180 1190
o Wavelength (nm)
n- 15+ k|
-
=
a
5 1o}
O
5
ol f . . . . . .
0 10 20 30 40 50 60 70 80 20

Absorbed Pump Power (W)

Fig. 7. Measured output power of the CW H-MECSEL versus the absorbed pump power (at
A =1070 nm). The free-running output spectrum (upper-left inset), and the beam profile
(lower-right inset) are measured at the maximum output power of ~28 W.

spectrum corresponds to 0.54 nm, which is the free-spectral-range of the subcavity formed by the
top SiC heatspreader. Such multimode oscillation under free running operation is expected due to
some small degree of inhomogeneous broadening that is present in MQW gain media. The output
beam profile, measured using a commercial beam profiler at a distance of ~50 cm away from the
output coupler, exhibits a single-mode (TEMyg) structure as can be seen in the lower right inset
in the same figure. In comparison with our previous work using ordinary MECSEL based on the
same gain chip (having a slope efficiency of ~28%) [25], the H-MECSEL platform offers various
advantages including a simpler and potentially shorter cavity design, more convenient pumping
arrangement (particularly in multipass in-well pumping geometry) and higher slope efficiency.

It should also be noted that this gain structure, having 20 QWs, was specifically designed for
in-well pumping by allowing sufficient pump absorption per pass, thus maximizing the efficiency
of our multipass pumping scheme. Nonetheless, for comparison we also performed barrier
pumping tests using 808 nm diode lasers. Since most of the pump power is absorbed near the top
QWs, leading to a nonuniform distribution of carriers and gain/loss, this resulted in sub-optimum
performance. For example, with 50 W incident power at 808 nm, an output power of ~6 W was
measured, along with a slope efficiency of 12%.

5. Conclusions

We have introduced the concept and experimentally demonstrated a novel hybrid MECSEL,
integrating a high-reflectivity mirror on the backside of an intracavity heatspreader, operating
at a center wavelength of 1178 nm. The gain structure consists of 20 InGaAs/GaAs MQWs
sandwiched between two SiC heatspreaders, with a dual-band semiconductor (GaAs/AlGaAs)
DBR transferred to one of the SiC heatspreaders. Employing a multipass in-well pumping
scheme, this so-called H-MECSEL exhibits a maximum CW power of 28 W at an absorbed
power of 80 W from a pump laser at 1070 nm without any thermal rollover. Our detailed
thermal analysis also indicates that the H-MECSEL platform outperforms standard VECSELs
and MECSELSs. Finally, we addressed the thermal lensing in such lasers and presented a simple
empirical expression for estimating thermal lens power for SiC and diamond heatspreaders.
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