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ABSTRACT

Research on semiconductor disk lasers has been driven by their unique features en-
abling multi watt output power operation with an excellent beam quality. Wave-
length versatility is one further key advantage of this technology and is enabled by
band gap engineering of various types of available semiconductor gain materials. The
wavelength coverage of semiconductor disk lasers is thus, broad and ranges in the fun-
damental emission from the red to the near infra red. Further extending the wave-
length versatility of semiconductor lasers, this work concentrates on an alternative
approach, the membrane external-cavity surface-emitting laser MECSEL), which is
similar to a classical semiconductor disk laser but without a distributed Bragg reflec-
tor (DBR) and the substrate. The absence of the DBR offers more flexibility in gain
chip fabrication. When it comes to thermal management, the gain region in the form
of a membrane is cooled between two intra cavity heat spreaders. This double-side
cooling approach is remarkable in thermal management, since the gain membrane
can be already cooled with relatively poor but more cost-effective heat spreaders,
such as silicon carbide (SiC) or sapphire heat spreaders. To better estimate the heat
dissipation capability, thermal simulations that are based on experiments, are pre-
sented. Several pumping techniques are applied in various MECSEL gain regions
emitting in the near infra red spectral regions for power scaling. These techniques
include double-side pumping, pump beam area optimization, and parabolic mirror
pumping which are relevant for the heat and charge carrier distribution within the
membrane and can be applied to generate high power semiconductor membrane
lasers. One part of this work concentrates on the critical 1.5 pm wavelength region,
at which the DBR quality is low for monolithic integration. A MECSEL with an
InAs/InP quantum dot gain membrane sandwiched between two SiC heat spreaders,
provides 320 mW output power and 86 nm tuning range. Compared with previous
semiconductor disk lasers with a monolithic DBR in this wavelength region, the

thermal resistance of 2.3 K /W is more than two orders of magnitude lower.

Vil



viil



CONTENTS

1 Introduction. .................iiiiiiiiiiiiiiiiiia 1
1.1 MECSELs state-of-the-art . .......... . ... . ...... . ... 4

1.2 Researchquestions . .. ......... ... ... ... 7

1.3 Outlineofthethesis . . ............ ... ... ........... 8

2 MECSEL operation principles . . . .......... ... . . 11
2.1 MECSEL gain membraneregion . . .. ... . ... . ... ... 11

22 Opticalpumping . . ... . 12
2.2.1 Barrierand in-well pumping . ........... ... L. 12

222 Pumparrangements . . ... .. ... ... 13

2.3 Lasercavity designaspects . . ................ ... 16

24 Thermal management . . .. ............ ... ... 18
24.1 Thermaleffects . . ...... ... ... ... .. . ... 18

2.4.2  Use of double intra cavity heat spreaders ... .......... 19

2.43 Heat transfer simulation . .. ............ . ... ... .. 21

2.5 Integrated gain bandwidth . .. ... ... ... L oL 21

3 Experimentalmethods . .. ... ... ... ... i i il 25
3.1 Material system . .. ... 25

3.2 Molecular beamepitaxy . ............. .. ... ... ..., 27

3.3 Structure pre-characterization methods after growth . . . ... ... .. 28

3.4  Assessment of the heat spreader optical quality .. ............ 31

3.5 Processing ... ... 32

4 Simulation of thermal behavior .. ....... ... ... ... ... o L. 35

X



4.1 Finite-elementmodeling . .. ... ... ... ... 36
4.2 Simulation parameters . . ...... ... 37
4.3 Relevance of the contact surfaces . . .. ........... ... ... ... 40
4.4 Heat spreader materials and configurations . . . .............. 41
4.4.1 Power scalability with various types of heat spreaders . . . . . 41
4.4.2  Significance of double-side cooling ... ...... ... ... .. 43
4.5 Relevance of the pumping conditions . . .. ................. 46
451 Lateral powerscaling . .......... . ... .. ....... 46
4.5.2  Gaussian and super-Gaussian pump beam profile . . ... ... 49
46 Conclusion. .. ... .. 50
From single-side to double-side pumping .. .................... 53
51 SSPvs. DSPwithSiC .. ... ... 54
51.1 Gainmembrane#1 ........... ... ... ... ... ... 54
5.1.2  Experimentalsetup ............. ... . ... .. .. 55
5.1.3 Comparison of the output power performance ......... 56
5.1.4  Spectral characteristics . .. ........ ... .. ... ... 57
5.1.5 Thermal investigations . .. ... ................... 58
51.6 COMSOL Multiphysics” simulations . .............. 60
5.2 DSP with sapphire heat spreaders . .. ....... ... ... .. .. ... 63
52.1 Gainmembrane#2 .......... ... ... ... ... ... 63
5.2.2  Cavity and pump configurations for gain membrane#2 . ... 65
5.2.3 Power performance . ................. ... ... .. 65
53 Conclusion. ............ . ... . 66
High-power XX nm MECSELs . .......................... 69
6.1 Gainmembrane........... ... ... . ... 70
6.2 Experimentalsetup ................ .. . ... ... ... 71
6.3 Results. .. ... 72
6.3.1 Power characteristics . ......................... 72
6.3.2  Optimal outcoupling value . ..................... 74



6.3.3  Covering a spectral gap in the short 8XX nm region . . . . .. 75

6.3.4 Thermalresistance . ... ............ . ... . ....... 76

6.3.5 Thermal lensing and its effect on the beam quality . . ... .. 77

6.4 Conclusion. .. ..... ... 81

7 Quantum dot MECSEL at 1500 nm . ... ... ovv v, 83

7.1 Gainmembrane. .. ... ... ... 84

7.1.1 Photoluminescence before and after processing . ... ... .. 85

7.2 Experimentalsetup ................. . . .. ... . ..., 85

73 Results. . ... 87

7.3.1 Powerperformance . ................. .. . ... ... 87

7.3.2 Thermalresistance . . .. ......... ... . ... ... .. 88

7.3.3  Spectral characteristics . ... .............. .. ... 89

734 Beamquality ......... .. ... 89

7.3.5 Degree of linear polarization . .................... 90

74 Conclusion. .. .... ... 92

8 Summaryandfuturework ....... .. . o o 95

References .. ... ... .. 99

PublicationI . ... ... ... 119

Publication II . . . ... 125

Publication IIT . . . .. . 131

Publication IV . ... ... o 139
List of Figures

1.1  Schematic drawing of an LD anda VCSEL [7]. . ............. 2

1.2 Schematic drawing of an optically pumped VECSEL [11]. .. ... .. 3

1.3 Schematic drawing of a MECSEL with a linear cavity [33].. ... ... 5

X1



1.4

1.5

2.1

2.2

2.3

2.4

25

2.6

2.7

2.8

3.1

3.2
3.3

Photograph of a red-emitting MECSEL from Kahle et al. from 2016
(291 o et 6

Scheme illustration of the approaches in thermal management and

wavelength extension of thisthesis. .. .......... ... ... .. 8

Schematic drawing of a resonant periodic gain (RPG) structure within

a semiconductor membrane gain region. . . . . ... ... ... 11

Double-side pumping concept originating from a Nd:YAG rod laser,
end-pumped with four 10 W diode laser bars [51].. . .. ... ... ... 14

Schematic drawing of a 90° off-axis parabolic mirror. . ... ... ... 15
Schematic drawing of a VCSEL array pumped VECSEL using a parabolic
mirror [52]. ... 16
Simulated VECSEL beam brightness and the applied Gaussian pump
power plotted against the cavity mode/ pump mode area ratio, wy/w,

by Laurainetal. [59]. . ... ... o 17
Simulations of the maximum temperature rise within the gain region

as a function of the incident power for different cooling approaches. 20
Integrated gain factor for a gain structure with twelve QWs for z =

0.75 Ao and z = 100.25 Ay at Ay = 1.05um [38]. ... ... ... 23
Calculated integrated gain near Ay = 1.05 pm for (a) z = L/2 and (b)
Z=L/10.[38] o o e e 24

Band gap energy with the corresponding wavelength plotted over the
lattice constant of various types of III-V compound semiconductors

at 300 K. . . 25
Schematic drawing of an MBE chamber [93].. ... .. ... ... .. 27

SEM image of an as-grown GalnAsP MECSEL structure for an emis-

sion around 800 nm taken with the back scattered electron signal. .. 29

X1l



3.4 PL measurement performed for the 825 nm GalnAsP MECSEL struc-

ture at room temperature with (a)-(c) a PL mapping system Accent
RPM 2000 across the whole wafer, and (d) at a separate vertical PL

setup where the pump power is manually adjustable. . . . ... ... ..

3.5 Surface-top view microscope images of the semiconductor structure

from a Nikon Eclipse optical microscope. . . . ...............

4.1 FEM mesh for the MECSEL gain sandwich. . ...............

4.2 Spectral shift measurements with the dissipated power and heat sink

temperature of the 800nm MECSEL. . . .. .................

4.3 FEM simulation of the 800 nm MECSEL with two 350 pm thick SiC

heatspreaders. . . ... ... .. L
4.4 Relevance of the bonding layer property. . .................

4.5 Temperature rise plotted over the heat spreader thickness for SiC at

various pump diametersdp. . . ... ...

4.6 Temperature rise plotted over the heat spreader thickness for sap-

phire at various pump diametersdp.. . . ... ... L

4.7 Temperature rise plotted over the heat spreader thickness for dia-

mond at various pump diameters dp. . . ... ...
4.8  Cross-section view of a single-side cooled gain membrane. . . ... ..

4.9 Comparison between SSC and DSC for various heat spreaders at

varying thicknesses. . .. ... ... L o

4.10 Radial average temperature rise plotted over the pump beam diame-

ter for various heat spreaders. . . ... ... ... .. L.

4.11 Temperature contour plots at various d, and constant pump power

density. .. ... ...

4.12 Relevance of the gain membrane thermal conductivity. . ........

X111

36

41

42

43

44

45

48

49



4.13 Radial average temperature rise of the gain membrane pumped by a

Gaussian and a 10 order super-Gaussian pump beam profile. . . . . .

5.1 A photograph of the 780 nm emitting MECSEL with a double-side
pumpapproach.. . ... ...
5.2 T-matrix simulation of the electric field distribution and refractive
index along the 780 nm gain membrane. . .. ......... ... .. ..
5.3 Schematic drawing of the MECSEL setup with the used laser mirrors
M1, M2, and M3 for the V-cavity, and the measurement devices for
the characterization of single-side and double-side pumping. . . . . ..
5.4  Output power comparison in SSP1 (pump arm 1) and DSP configu-
rations at 20°C. . . ...
5.5 HR spectrum of the free-running 780nm MECSEL. . . . ... ... ..
5.6 Wavelength tuning results of the 780 nm MECSEL.. . . ... ......
5.7 Spectral shift of the MECSEL in relation to the dissipated power and
the heat sink temperature. ... ... ... oL oo L oL
5.8 Simulated maximum temperature (dash dots) and radial average tem-
perature (short dashes) within the 577 nm thick gain membrane us-

ing SSP (red) and DSP (black). . ......... .. ... ... ..., ..

5.9 Maximum temperature increase plotted versus the membrane thick-

5.10 Temperature increase averaged over the radial distance from the cen-
ter of the membrane plotted versus the membrane thickness. . .. ..
5.11 Vertical temperature distribution across a 500 nm thin membrane.
5.12 Vertical temperature distribution across a 1.5 pm thick membrane
compared between SSP and DSP at 9 W absorbed pump power. . . . .
5.13 Transmission measurements through the sapphire - 760 nm mem-

brane - sapphiresandwich. . .. ... .. oo oo ool

X1V

54

57

59

62
63

63



5.14
5.15

6.1
6.2

6.3

6.4
6.5

6.6

6.7

6.8
6.9

6.10

6.11

6.12

7.1

7.2

Power performance of a 760 nm sapphire MECSEL, gain membrane #2. 65
Spectral characteristics of the 760 nm sapphire-cooled MECSEL. . .. 66

A photograph of the 825 nm emitting MECSEL during operation. . . 69

T-matrix simulation of the electric field distribution and refractive

index along the MECSEL structure. . . .. .................. 70
Schematic drawing of the 825 nm emitting MECSEL setup with the

double-side pump arrangement. .. ........ ... .. ... 71
Power scaling results in an 825nm MECSEL. . . . ............. 72

Optimal outcoupling mirror transmission in cavity 2 for the 825 nm
MECSEL around 1.2%. . . . ... oo 75

HR spectrum of the free-running 825 nm MECSEL measured with

an Ando AQ6317C OSA with an average time of 20s. . . . . . ... .. 75
Wavelength tuning with a 2 mm thick intra cavity birefringent filter

and 7;; = 2.5% outcoupling mirrorat P, = 11.5W. .. ......... 76
Spectral shift measurements of the 825nm MECSEL. .. ........ 76

Beam profile measured at 3.4 W (left), 6.8 W (center), and 10.2'W
(right) absorbed pump power. . . .. ... ... L oL 77
Beam diameter, beam waist positions, divergence angles, and beam
waist diameter ob-tained from the M? measurement in cavity 2.. ... 78
Simulated beam diameter within the cavity 2 in tangential plane for
a laser emission wavelength of 825nm. . .......... ... ... .. 79
Thermal lens dioptric power by the ray matrix from the ray matrix

calculations based on the experimental data. .. .............. 80

T-matrix simulation of the electric field distribution (red lines) and
refractive index (grey lines) along the asymmetric QD MECSEL struc-
TULC. o e e e e e e e e e 84

PL spectrum of the QD MECSEL structure before and after processing. 85

XV



7.3 Schematic drawing of the 1.5 pm QD MECSEL. . . . ... ........
7.4 Total output power of the 1.5 pm QD MECSEL measured at all trans-
mitted beams from the V-cavity. .. ........ ... ... ... .....
7.5 Spectral shift of the QD MECSEL with the dissipated power and the
heat sink temperature. ... ... L L oo
7.6 Output power plotted versus emission wavelength, which is tuned
by rotating a 1.5 mm thick birefringent filter set at Brewster’s angle. .
7.7 M?* measurement of the QD MECSEL along both tangential and
sagittal axis using a dual scanning-slit BP209-IR /M beam profiler and
a Thorlabs M2 M2MS measurement system. . . ..............
7.8  Photograph of the 1.5 1m QD MECSEL setup with a linear cavity
used to characterize the degree of linear polarization. . .........
7.9 Output recorded at two orthogonal angles of the polarizer transmis-
sionaxisfromM2. .. ... L L
7.10 Polarization investigations of the QD MECSEL. ... ..........
8.1 Overview of MECSEL results showing the maximum output power
reached at different wavelengths. . . ... ... . o o oo oL
List of Tables
3.1 Etching solutions for GaAs substrates with an AlAs process layer
used for the wet-chemical process in thiswork. . .............
3.2 Etching solutions for InP substrates with an InGaAs etch stop layer
usedinthiswork.. . ... ... L
4.1 Simulation parameters for the FEM thermal model . . . .. .......

XVi

87

89

90

91

91

92



5.1

Parameters used in the simulation. . . . ... ... ... ... .. .....

xXVil



xXViil



ABBREVIATIONS

CB
DBR
DSC
DSP
EEL
FEM
FSR
FWHM
HR
Laser
LD
LIDAR
LIGO
MBE
MECSEL
MOVPE
MQW
OCT
PL

QD
QW

Conduction band

Distributed Bragg reflector

Double-side cooling

Double-side pumping

Edge-emitting laser

Finite-element method

Free spectral range

Full width at half maximum

Highly reflective

Light amplification by stimulated emission of radiation
Laser diode

Light detection and ranging

Laser interferometer gravitational-wave observatory
Molecular beam epitaxy

Membrane external-cavity surface-emitting laser
Metal-organic vapour phase epitaxy

Multi quantum well

Optical coherence tomography

Photoluminescence

Quantum dot

Quantum well

X1X



RHEED  Reflection high-energy electron diffraction

RPG Resonant periodic gain

RPM Revolutions per minute

SEM Scanning electron microscopy

SESAM  Semiconductor saturable absorber mirror
SiC Silicon carbide

SSC Single-side cooling

SSP Single-side pumping

TEC Thermoelectric cooling

VB Valence band

VCSEL  Vertical-cavity surface-emitting laser
VECSEL  Vertical-external-cavity surface-emitting laser

XRD X-ray diffraction

XX



ORIGINAL PUBLICATIONS

Publication I

Publication II

Publication III

Publication IV

H. Kahle, J.-P. Penttinen, H.-M. Phung, P. Rajala, A. Tuki-
ainen, S. Ranta and M. Guina. Comparison of single-side and
double-side pumping of membrane external-cavity surface-
emitting lasers. Optics Letters 44, 5 (2019), 1146-1149. DOL
10.1364/0L.44.001146.

H.-M. Phung, H. Kahle, J.-P. Penttinen, P. Rajala, S. Ranta and
M. Guina. Power scaling and thermal lensing in 825 nm emitting
membrane external-cavity surface-emitting lasers. Optics Letters
44, 2 (2020), 547-550. DOL: 10.1364/0L . 382377.

H.-M. Phung, P. Tatar-Mathes, C. Paranthoén, C. Levallois,
N. Chevalier, M. Perrin, A. Kerchaoui, H. Kahle, M. Alouini1
and M. Guina. Quantum dot membrane external-cavity surface-
emitting laser at 1.5 um. Applied Physics Letters 118, 23 (2021),
231101. DOI: 10.1063/5.0053961.

H.-M. Phung, P. Tatar-Mathes, A. Rogers, P. Rajala, S. Ranta, H.
Kahle and M. Guina. Thermal behavior and power scaling poten-
tial of membrane external-cavity surface-emitting lasers (MEC-
SELs). XXX (2021). Submitted for publication to IEEE Journal
Quantum Electronics. DOL: N/A.

Author’s contribution

Publication I

The author contributed as a co-author in writing the manuscript.
She supported Hermann Kahle in the structure processing. The

author performed the measurements and analyzed the data to-

xXx1



Publication II

Publication IIT

Publication IV

gether with Hermann Kahle. The structure was designed and
fabricated by Sanna Ranta and Patrik Rajala. Hermann Kahle,
Jussi-Pekka Penttinen, and Antti Tukiainen were involved in the
structure design. Mircea Guina contributed to the manuscript

Writing process.

The author processed the structure, built the experimental setup,
coordinated the experiments with Hermann Kahle and performed
the measurements. The structure was fabricated by Sanna Ranta
and Patrik Rajala. Hermann Kahle and Jussi-Pekka Penttinen
supported in the structure design. The measurement data was
analyzed by the author together with Hermann Kahle. The au-

thor wrote the manuscript under the guidance of Mircea Guina.

The work was performed in collaboration with the Institut FO-
TON from the University of Rennes, France. Cyril Paranthoén,
Christophe Levallois, Nicolas Chevalier, Mathieu Perrin, Anwar
Kerchaoui, and Mehdi Alouini designed and fabricated the struc-
ture. Together with Philipp Tatar-Mathes, the author processed
the structures. The author was responsible for the setup design
and construction, performed the measurements and wrote the
manuscript. The experiments were planned with all the co-authors.
Hermann Kahle coordinated the experiments, and Mircea Guina

the manuscript writing process.

The author planned the experiments with the co-authors. Aaron
Rogers built the experimental setup and measured the thermal
resistance. The author processed the structures with Philipp Tatar-
Mathes. The structure was designed and fabricated by Hermann
Kahle (design), Patrik Rajala and Sanna Ranta (design and fab-
rication). The author carried out the thermal simulations and
wrote the manuscript. All the work was guided by Hermann
Kahle and Mircea Guina.

xXX11



1 INTRODUCTION

Nowadays, light amplification by stimulated emission of radiation, abbreviated as
Laser[1], isan important technology used in many fields including industry, medicine,
meteorology, optical data storage, data communication, or research. With such di-
verse fields of applications, the laser has contributed either directly or indirectly to a
more simple day-to-day life. In industrial manufacturing processes, common appli-
cations are laser cutting, boring, welding, and engraving as lasers work more accurate
and faster than other methods. Furthermore, lasers play a crucial role in a few clini-
cal procedures, such as cancer therapies, ophthalmic surgeries, and skin treatments.
Most recent high-resolution imaging such as optical coherence tomography (OCT)
[2] relies on lasers. For scientific research, lasers are optimized for spectroscopy,
quantum experiments as well as light detection and ranging (LIDAR). Without a
laser, optical tweezers [3] would not exist for which the Physics Nobel prize 2018
was awarded. Also, there would be no recent scientific breakthrough in the detection
of gravitational waves with the laser interferometer gravitational-wave observatory
(LIGO) [4]. For this, also a Nobel Prize was awarded in 2017. Frontiers of laser fea-
tures are continuously advanced and new developments are likely to continue long
into the future.

It is evident that all the different applications require different properties, such as
emission wavelength, beam quality, or output power in continuous-wave or pulsed
operation. These specific requirements are mainly defined by the applications. As
soon as the requirements are known, various types of laser gain media, such as gases,
doped solid-state crystals, or semiconductors, are chosen to tackle the problem.
Among the various types of gain media, semiconductors possess the feature that the
band gap can be modified to a large extent by varying the material composition.
This technique called band gap engineering is a material-intrinsic feature and allows
a wide spectral coverage from the blue to the mid-infrared. The operational proper-

ties can be influenced by the circumstances under which the laser is operating, such



as the way of pumping and laser architecture.

If we now turn our view to semiconductor lasers, laser diodes (LDs) [5] are well-
developed and available with a large wavelength versatility. LDs are electrically
driven with a pn-junction. As the schematics shows in Fig. 1.1, this makes LDs com-
pact and therefore, attractive for industrial and medical applications. By stacking
several LDs on top of each other to one- or two-dimensional bars, high-power laser
diode modules can be realized. The laser cavity is formed by two cleaved-facet ends
which makes LD thus, suitable for cost-efficient mass-production. The main disad-
vantage of LDs is that they are edge-emitters and have a high beam divergence. To
obtain a circularly symmetric beam, the high beam ellipticity of the LD usually re-
quires complicated beam shaping optics.

With the monolithic integration of two distributed Bragg reflectors (DBRs), sur-
rounding the gain region, the laser cavity in vertical-cavity surface-emitting lasers
or VCSELs [6] can be formed perpendicularly to the semiconductor layer plane as
shown in Fig. 1.1. The gain region with a typical thickness below one micrometer,
is laterally homogeneous and does not distort the intra cavity beam as it is the case
in LDs. Therefore, VCSELSs offer circularly symmetric high-quality beams instead
of elliptical ones. Either pumped electrically or optically, a VCSEL unit can usually
achieve output powers of a few milli watts only, which is principally limited by the
small cavity mode dimensions. In summary, the drawback of the compact LDs is
the poor beam quality while the output power that can be achieved by VCSELSs is
not very high.

Figure 1.1 Schematic drawing of an LD (left) and a VCSEL (right) [7]. With the optical cavity formed
by two cleaved-facet ends in an LD, the light emission occurs in plane of the semiconductor
layer (red). In a VCSEL, the optical cavity is formed by a top and a bottom DBR (blue-
lightblue stripes) surrounding the semiconductor layer (red) which permits light emission from
the surface of the semiconductor layer (red) in the VCSEL.



Besides the LD and VCSEL technology, a versatile platform, the vertical-external-
cavity surface-emitting laser (VECSEL) [8, 9] has emerged by combining the ben-
efits of semiconductor lasers and thin-disk solid-state lasers [10]. After Kuznetsov
et al. [11] demonstrated a VECSEL capable of high-power operation with a near-
diffraction limited beam quality operating at room temperature conditions in 1997,
the VECSEL technology has attracted special attention in research. The main com-
ponents of the VECSEL are a pump laser and a semiconductor chip, incorporating
the gain region and a monolithically integrated DBR. A laser cavity is formed be-
tween the DBR and one or more external laser mirrors. As schematically shown in
Fig. 1.2, the VECSEL is indeed more bulky in comparison with LDs and VCSELs
but offers a few advantages, which are only hardly feasible by a waveguide cavity and

electrical pumping.

LASER BEAM/\

1 N

PUMP
OUTPUT MIRROR I//_\\] BEAM
ANTI-REFLECTIVE COATING
MULTI-QUANTUM-WELL \ OPTICALLY-PUMPED
GAIN REGION SEMICONDUCTOR CHIP
MULTI-LAYER MIRROR ~_ -~
HEATSINK

Figure 1.2 Schematic drawing of an optically pumped VECSEL [11]. The VECSEL chip includes a multi-
quantum well gain region, a multi-layer mirror (which practically corresponds to the DBR)
soldered to a heat sink.

A main advantage is that both, the operation mode and the pumped region are scal-
able in size, owing to the external cavity architecture and optical pumping [12]. This
permits to increase the output power to a certain point at which the high quality of
beam is still preserved as it is the case in thin-disk solid-state lasers [13]. In short
terms, VECSELs are able to provide high output power with a high beam quality
[14].

To improve the thermal management, one common method is to contact an intra
cavity heat spreader, which is transparent for the pump and lasing wavelength, on
top of the gain region [15-17]. Generally, a high intra cavity power is generated
within the external cavity making VECSELSs suitable for efficient intra cavity fre-



quency conversion [ 18-21]. Also, the external cavity provides huge flexibility in the
implementation of intra cavity elements, including nonlinear frequency conversion
crystals, linewidth narrowing or wavelength selecting elements as etalons or birefrin-
gent filters [22-24], or semiconductor saturable absorber mirrors (SESAMs) [25] for
pulsed operation.

To date, the high power VECSELSs exceeding 106 W in multi transversal mode [26]
and 72 W in single transversal mode operation [14] have been demonstrated around
the 1 pm wavelength region. The reliable, high laser performance is mainly enabled
by the mature development stage of the InGaAs and AlGaAs material systems pro-
viding high DBR reflectivities, high carrier confinement, and reasonably high ther-
mal conductivities. However, when turning away from this wavelength, different
material systems are required and their performance is generally worse [27]. Due to
various reasons, such as the maturity of technology or the intrinsic material prop-
erties, a combination of the relevant features of carrier confinement, thermal con-
ductivity, and reflectivity of the DBR, will become increasingly difficult to handle at
certain wavelengths [28]. For this reason, the power performance is neither equally
distributed nor wavelength coverage is fully provided by VECSELs over the wave-
length regions covered by typical III-V compound semiconductors. In more simple
terms, we can emphasize that the main limitation comes from the DBR as its layer
components need a fairly high refractive index contrast. At the same time, the DBR
material should be suitable for monolithic integration. The lattice constant in that
sense needs to be nearly matched to the gain region and the substrate lattice. All these
features are available for the 1 pm region, but lacking for other wavelength regions.
For instance, the gain region for the 1.3 pm - 1.5 pm wavelength region is covered by
the InP material system but lacks of suitable InP DBR materials while the InP-based
gain region is only hardly compatible with GaAs/AlGaAs DBRs without inducing

much excessive strain into the structure.

1.1 MECSELs state-of-the-art

To exploit a broader wavelength coverage offered by the III-V material compounds
than it would be possible with the conventional VECSELS, and also to elevate the
gain heterostructure performance by a more efficient thermal management, the mem-

brane external-cavity surface-emitting laser (MECSEL) [28, 29] has emerged. In this



alternative laser concept, the DBR is abandoned, which any way has a low thermal
conductivity [30-32]. This has the benefit that it requires less development steps
in structure design as well as epitaxial growth. Thus, only the laser-active quan-
tum wells (QWs) or quantum dots (QDs) heterostructure is bonded between two
transparent intra cavity heat spreaders. A very close contact to the heat spreaders,
enables cooling of the gain region from two sides as illustrated in Fig. 1.3. The bene-
fit of being more effective in thermal management in general allows the use of more
cost-effective materials such as silicon carbide (SiC) or sapphire with a lower thermal

conductivity, besides the diamond heat spreaders used for VECSEL:.

birefringent filter
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’ heat spreader:
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Figure 1.3 Schematic drawing of a MECSEL with a linear cavity [33].

Several research groups have contributed to the MECSEL focussing on a better ther-
mal management and also a broader wavelength coverage. In 2008, Moloney et al.
proposed the idea of cooling a VECSEL where the substrate is completely removed
from both sides via two heat spreaders [34], one intra cavity, one directly behind the
DBR. Six years later, a "double-diamond high-contrast-gratings vertical external cav-
ity surface emitting laser", which is practically a MECSEL, but named differently at
that time, has been proposed by Iakovlev et al [35]. The idea of sandwiching a gain
membrane between two diamond heat spreaders has been proposed. High contrast
gratings can be applied on both outer surfaces of the diamonds, where one grating
serves as a pump mirror while the other grating takes the function of a back side
laser mirror. Furthermore, the concept of operating a semiconductor gain medium
in transmission mode is not new. A GaAs disk laser demonstrated by Le et al. in
1991 [36], as well as an AlGalnAs QW' disk laser from 2006 [37] operated in trans-
mission. This was enabled by the substrates, which were transparent for the lasing
wavelength.

In 2015, Yang et al. demonstrated the first MECSEL with the gain membrane bonded



onto a diamond heat spreader [28]. By this approach, the output power exceeded
2.5W at 1160nm and 10°C heat sink temperature. A better cooling of the gain
membrane using two heat spreaders has been studied by thermal simulations and
also proposed. At that time the membrane laser was called a "DBR-free VECSEL".
In 2016, Kahle et al. have demonstrated a MECSEL with double-side cooling for the
first time [29]. A photograph of the pioneering red-emitting MECSEL at around
657 nm and at a heat sink temperature of 10°C is depicted in Fig. 1.4. 595 mW out-

put power was demonstrated.

Figure 1.4 Photograph of a red-emitting MECSEL from Kahle et al. from 2016 [29]. The gain element
is sandwiched between two intra cavity diamond heat spreaders and placed within a linear
cavity. A birefringent filter positioned within the cavity was used for wavelength tuning.

The power performance was compared to a VECSEL with the identical gain struc-
ture of 5 x 4 GalnP QWs and AlGalnP barrier and cladding layers. The maximum
output power for the VECSEL was 570 mW. The slope efficiency for the MEC-
SEL resulted to be about 22.3 %, which was significantly higher than what has been
achieved by the VECSEL with 18.8 %.

In the same year, a single-side diamond MECSEL with 12 InGaAs QW5 provided
more than 6 W output power at 1055 nm [38]. A high tuning range of 80 nm, which
corresponds to 21.6 THz, was achieved. Also, a theoretical study based on the spatial
position of the gain membrane within the laser cavity was presented by Yang et al.
It was shown in the simulations that the gain bandwidth in MECSELS can be up to

a factor two larger than conventional VECSELs with a standard resonant periodic
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gain structure (RPG). The limitations in the VECSELs mainly arise from the DBR,
which is directly attached to the gain and fixes the phase of the electric standing
electric wave field. Furthermore, MECSELs are able to achieve larger wavelength
tuning owing to the use of external dielectric mirrors which typically can provide
a larger reflection band than it would be possible with semiconductor DBRs. In
2017, a MECSEL incorporating eight InGaAs QW' with an emission wavelength of
980 nm and 3.2 W maximum output power was demonstrated [39]. At 1007 nm, a
MECSEL with ten InGaAs QW provided more than 10.1 W (6 W) output power at
a heat sink temperature of -10°C (12°C) using SiC heat spreaders [40]. Subsequently,
over 16 W output power was achieved by a MECSEL with 12InGaAs QWs in the
gain membrane cooled by two SiC heat spreaders at 10.5°C [41]. A direct com-
parison in the laser performance shows that the output power is more than twice
higher than achieved by the single heat spreader approach, which proves the more
efficient heat dissipation. The latest results have presented a MECSEL operating
around 1178 nm with 20 W maximum output power [42]. The gain membrane is
made of eleven InGaAs QWs and GaAs barriers, and is cooled by SiC heat spreaders
to -10°C.

Generally, research on MECSELSs has been mainly concentrated on wavelength ex-
tension in particular for certain wavelength regions at which the DBR becomes dif-
ficult to handle. For instance, a MECSEL emitting at 1640 nm has been demon-
strated with more than 1.2 W output power [43]. The gain membrane employs eight
InGaAs QWs and was cooled to 2°C between two diamond heat spreaders. Subse-
quently, a 1770 nm-emitting MECSEL provided 3.5 W at 20°C [44, 45].

1.2 Research questions

The aim of this research work is to improve the performance of III-V semiconductor
MECSELSs in terms of output power by developing and applying advanced pump-
ing arrangements. The work also includes the processing of MECSEL structures
starting from the semiconductor wafer. As the double-heat spreader approach in the
MECSEL generally points out its better thermal management compared with the

single-heat spreader approach, the key research questions are:

® What are the limits of thermal management in MECSELs and what influences
them?



* How does the pumping arrangement affect the MECSEL performance?

On another line of work the development of MECSEL gain membranes are moti-
vated by their ability of wavelength extension. In this work, we also address the
critical 1.5 um wavelength where also VECSELSs have had limited success. To this

end, the main research questions are:

¢ Is the MECSEL an alternative versatile platform for DBR-critical wavelength

around 1.5 pm?

® How much better is the wavelength tunability in MECSELSs than in conven-
tional VECSELS at this wavelength range?

1.3 Outline of the thesis

The choronological approach of the research can be summarized in a schematic dia-

gram as illustrated in Fig. 1.5.
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Figure 1.5 Scheme illustration of the approaches in thermal management and wavelength extension of
this thesis.

The thesis is structured in eight chapters and reviews the results of the publications
P1-P4. An introduction to the basic concepts of the MECSEL technology is given in
chapter 2. It begins with the operation principles of the gain membrane, followed by
the aspects of optical pumping, laser cavity design, and thermal management. Chap-
ter 3 reviews the methodology, which has been applied for the fabrication, charac-

terization, and processing of the MECSEL structures.



Chapter 4 presents the results of a finite-element analysis of a MECSEL (P4) to un-
derstand the limits of thermal management for different architectures. Based on the
thermal simulations, it has been analyzed how several parameters of the heat spread-
ers, such as thermal conductivity and heat spreader thicknesses affect the tempera-
ture situation of a gain structure with a certain thickness. Also, the thermal situation
has been studied at different pumping configurations. To validate the theoretical val-
ues, a comparison to the experiments is performed.

In chapter 5, the MECSEL lasing performance via single- and double-side pumping
is compared in output power and thermal resistance. The results reveal how the
pumping arrangement can improve the lasing are published as P1.

In chapter 6, the power scalability as well as thermal lensing effects are investigated.
A QD MECSEL emitting at 1.5 pm is demonstrated in chapter7. A 90° off-axis
parabolic mirror is applied for pumping under small incident angles. Main focus
here is the MECSEL practicability and the wavelength coverage. A conclusion and
an outlook on further MECSEL challenges are given in the last chapter (8).
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2 MECSEL OPERATION PRINCIPLES

In this chapter, general aspects of the MECSEL gain structure, thermal management,

optical pumping, laser cavity design, and wavelength tunability are reviewed.

2.1 MECSEL gain membrane region

In a MECSEL, the gain element is the semiconductor membrane. A schematic draw-
ing and a band diagram that illustrate the key elements of the semiconductor gain

membrane region are illustrated in Fig. 2.1.
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Figure 2.1 Schematic drawing of a resonant periodic gain (RPG) structure within a semiconductor mem-
brane gain region. lllustrated is the conduction band (CB) minimum and the valence band
(VB) maximum (left y-axis), and the simulated electric field intensity (right y-axis). For barrier-
pumping, absorption takes place in the QWs and barriers/spacers, and emission in the QWs.
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The MECSEL’s gain region is similar to those used in VECSEL:. It consists of low-
dimensional structures, i.e. quantum wells (QWs) or quantum dot (QD) layers pro-
viding the gain via optical pumping. To prevent charge carrier diffusion and produce
population inversion, QWs or QD layers are separated by higher-band gap barrier
layers.

In this work, all layers in the gain region are made of III-V undoped compound semi-
conductors. The gain region can be individually designed for a wide of emission
wavelengths by the various material compositions and the QW layer thickness. The
overall thicknesses of the gain regions designed for the red and near-infrared spectral
regions are below 2 pm whereas the thickness of a QW or QD layer is typically less
than 10 nm. Because the radiative QWs or QD layers are so thin, the overall inter-
action length with the laser mode is small. To maximize the interaction and thus,
also the modal gain, the radiative layers are positioned individually or in groups near
the antinodes of the standing wave field of the laser mode. In such an arrangement,
the structure is called a resonant periodic gain (RPG) structure [46, 47] and typi-
cally makes use of the resonances of the sub-cavity formed within the semiconduc-
tor membrane gain region to define the standing wave. To arrange the QWs or QW
packages at the field antinodes in the sub-cavity, the antinodes should be separated
by layers with an optical thickness that corresponds to a multiple of Aypcgp /2-

In addition, both outer ends of the gain region are surrounded by window layers with
a larger band gap than the barriers. These window layers confine the electrons and
holes in the gain region and block them from diffusing to the semiconductor-heat
spreader interface. This reduces the probability of non-radiative surface recombina-

tion, an unwanted effect taking place.

2.2 Optical pumping

2.2.1 Barrier and in-well pumping

To invert the population within the energy bands, the gain region is optically pumped,
where electrons from the valence are lifted to the conduction band. In exchange of
that, holes are created in the valence band. Both charge carriers, electrons and holes,
then diffuse to the QWs, where the charge carriers are spatially confined, recombine,

and release lasing photons of lower energy than the pump photons.
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Here, the beam quality of the pump laser does not play a crucial role. Thus, low-cost
and sufficient beam quality laser diodes that provide the needed pump power den-
sity can be used as a pump laser. These laser diodes are nowadays broadly developed
at diverse emission wavelengths and partly available as fiber-coupled modules for a
more convenient handling. Since semiconductors have typically a broad absorption
spectrum, for optical pumping the pump laser does not need to meet a certain wave-
length. There are only a few requirements to ensure a proper pump absorption in
the gain region. For barrier-pumping, meaning that the pump beam is mainly ab-
sorbed in the barriers, the photon energy of the pump beam needs to be higher than
the barrier band gap energy. Owing to the relatively high absorption coefficient
which is in the range of ~ 10*¢cm™!, the gain region absorbs the pump beam during
a single-pass well enough. As the gain medium operates in transmission mode, the
pump absorption is a quantity that can be experimentally measured in a MECSEL.
For instance, about 90% of the penetrating pump beam is absorbed in the ~ 577 nm
thick gain region from Chapter 5.

The energy difference between the pump and lasing photon is known as the quantum
defect, which is deposited as heat in the gain structure, and limits the laser perfor-
mance in output power and efficiency. A way to reduce the quantum defect is to
apply in-well pumping, where the pump photon energy is slightly higher than the
QW band gap energy [21, 48-50]. Since pump absorption takes place only in the
QWs, in-well pumping suffers from the reduced pump absorption. To compensate
for the small absorption of a single pump pass, the pump beam is directed multiple
times to the gain region (multi-pass pumping) to sum up the small fraction absorbed

within each pass.

2.2.2 Pump arrangements

Single-side pumping. In conventional VECSELs, the gain region has been opti-
cally pumped from the surface side only. The Beer-Lambert law implies that the
pump light absorbed in the gain structure decays exponentially in intensity. Thus,
the pump light and charge carrier distributions become highly asymmetric for thick
gain structures. However, this is generally not a critical issue. Only if the structure
is too thick just so that the gain is increased, it may occur that the pump light cannot

penetrate through the whole structure. This will lead to unpumped back side QW'
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or QD layers, which will rather generate losses than gain.

Double-side pumping. The MECSEL allows the implementation of double-side
pumping, meaning that the gain structure can be pumped from both sides. Asshown
in Fig. 2.2, such a pump arrangement originates from the architecture of solid-state
lasers [51]. Since this double-side pumping allows a more homogeneous absorption
of the pump, this pump arrangement can be beneficial in terms of operating effi-
ciencies and power scaling. In P1, the laser performance is compared for single- and

double-side pumping.
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Figure 2.2 Double-side pumping concept originating from a Nd:YAG rod laser, end-pumped with four
10 W diode laser bars. This pumping concept was demonstrated by Tidwell et al. in 1992
[51].

Parabolic mirror pumping. If VECSEL or MECSEL gain structures are optically
pumped by laser diodes, the pump incident angles have been usually reported to
be larger than 20°. Such large incident angles are not only needed due to practical
reasons. The focussing optics needs to be very close to the gain structure without
cutting the intra cavity beam. By this, the pump beam shape turns out to be slightly
elliptal, which can become disadvantageous in terms of mode-matching the pump to
the cavity mode beam. Alternatively, the pump beam can be re-shaped to a circular
one by a pair of cylindrical lenses. On the other hand, this increases the complexity
of the pump optics without having spherical abberation. An alternative method of
pumping the gain structures at an angle of less than 15°, is the use of a 90° off-axis
parabolic mirror for focussing the beam [52]. Such a 90° off-axis parabolic mirror

is able to focus a collimated pump beam without introducing any spherical abber-
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ation. As can be seen in Fig. 2.3, the mirror surface corresponds to an excerpt of a

paraboloid in a way to deflect and focus the collimated pump beam by 90°.

90° off-axis parabolic mirror
with a hole parallel
to the focused beam

Ext. cav. mirror Ext. cav. mirr.

« F focal axis . -

Laser-active membrane
between two intra cavity
heat spreaders (sapphire, SiC)
here at focal point

optical axis

Figure 2.3 Schematic drawing of a 90° off-axis parabolic mirror. A collimated pump beam is focused by
the parabolic mirror. For pumping a semiconductor membrane, it can be positioned to the
focal point of the parabolic mirror. A hole with a diameter of ~ 3 mm parallel to the focused
beam allows to place the parabolic mirror in front of the semiconductor membrane without
cutting the intra cavity MECSEL beam.

The gain structure can be basically positioned to the focal point. For the external
cavity, one of the laser mirrors is typically placed behind the parabolic mirror. As
such, the laser mirror does not need to be anti-reflection coated on the back surface
for the pump beam. This arrangement is also advantageous in a way that the pump
beam does not need to travel through the laser mirror, which could otherwise cause
beam distortion and absorption losses. Also, the reflective coating of the mirror
would have to be transparent for the pump. In our experiments (P3), we used a 90°
off-axis parabolic mirror with a 3 mm diameter hole pointing parallel to the focal
axis (Thorlabs (MPD249H-MO01). In principle, double-side pumping is also possible
with this pump arrangement for pumping thicker MECSEL structures in the future.
To this end, one can implement the scheme proposed by Herper et al. using VCSEL
arrays as a pump source and a parabolic mirror [52]. As can be seen in the schematic
in Fig. 2.4, multiple VCSEL chips are mounted next to the VECSEL chip onto the
same heat sink. A parabolic mirror on top directs the VCSEL pump beam onto the
VECSEL chip. With such an arrangement an optical-to-optical efficiency of more
than 26% has been achieved.
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Figure 2.4 Schematic drawing of a VCSEL array pumped VECSEL using a parabolic mirror [52]. This
pump arrangement mainly enables compactness of a semiconductor disk laser. Left shows
the side-view, where, the VCSEL chips and the pumped VECSEL chip share the same heat
sink. Right shows the top-view.

2.3 Laser cavity design aspects

Compared with conventional VECSELs, where the external cavity is formed by a
monolithically integrated semiconductor DBR next to the gain region and an exter-
nal laser mirror, the MECSEL completely avoids the DBR. Instead, two or more
external mirrors are used for various types of cavity geometries. The simplest type
is the linear cavity. A V- or Z-shaped cavity is used when intra cavity elements, such
as a SESAM or a frequency doubling crystal, need to be placed at a specific cavity
mode beam diameter for an efficient mode-locking [53-55] or intra cavity frequency
conversion [ 18, 56, 57].

When the cavity geometry is known, cavity stability aspects must be considered.
For a cavity made of two mirrors with the radii of curvature R, and R,, and a total

cavity length of L, the cavity stability criterion is given by [58]

og<1—£>-<1—£>§1. 2.1)
Rl RZ

The equation implies that the cavity must be able to reproduce the intra cavity beam
within each cavity roundtrip. If the cavity is unable to refocus the beam, the beam
will get only wider; optical feedback mechanism cannot be ensured and the cavity
becomes unstable. The beam diameter distribution within the cavity is usually pre-

simulated in advance using the ray matrix method for Gaussian beams. Here, typi-
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cal parameters are the radius of curvature, mirror distances, and the emission wave-
length. The intra cavity heat spreaders of the MECSEL sandwich are taken into
consideration as an element placed near the intra cavity beam waist, whereas the
semiconductor membrane is neglectable. It is simply too thin to matter in terms of
intra cavity beam optics. Since the pumped area on the semiconductor membrane
acts like a gain aperture and defines where the amplification takes place, the cavity
mode area should spatially overlap with the pumped area. According to the simula-
tions of Laurain et al. in Fig. 2.5 [59] for a VECSEL (which has been found in this
thesis to also apply for the MECSEL as well), the pumped area can be slightly larger

than the cavity mode area.
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Figure 2.5 Simulated VECSEL beam brightness (right y-axis) and the applied Gaussian pump power
(left y-axis) plotted against the cavity mode/pump mode area ratio, fwo/fwp by Laurain et al.
[59]. The blue line highlights the transition between multi mode (left) and single mode (right)
operation.

If the pump area is too large compared to the cavity mode area, the laser emits also in
a higher-order transversal mode. On the other hand, too small pump regions reduces
the power performance, due to the unpumped regions. For a Gaussian beam, a clear
transition from the multi mode to the single transversal mode operation can be seen.
In contrast to a super-Gaussian beam, which has a flatter pump power distribution,
the transition for various pump powers does not occur at the same mode ratio if the
pump power is increased. Instead, the transition moves towards a higher cavity mode
/ pump mode area ratio the higher the pump power gets. This is because the net spa-

tial width of the gain grows with higher pump power in a Gaussian beam. Also, the
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gain and temperature gradient is more pronounced. A Gaussian beam filters out the
higher order modes more effectively, as the gain near the edges of the pump beam
1s much lower than in the center. As such, the transition from a multi mode to a
single transversal mode occurs at a smaller cavity mode to pump mode area ratio.
By considering the beam brightness, which is defined as the output power divided
by the beam quality M? factor, an optimum can be found at a cavity to pump mode
area ratio of wy/w, = 0.65. Near and above thermal rollover, the gain in the pup
beam center is reduced due to heating effects, and higher order modes become more
probable.

Typically, one of the laser mirrors serves as an outcoupler, being less reflective than
the other mirrors of the cavity. With a higher transmission, there are two compet-
ing effects that defines the output. First, the output power increases because of the
higher probability that photons are extracted from the cavity. This holds true un-
til the photon extraction rate surpasses the photon generation rate in the cavity. A
further increase of the outcoupler transmission would lead to a decrease of output
power. Due to the relatively small gain volume of QWs and the low gain, the out-
coupler transmission optimum for VECSELs and MECSELSs is often in the range
of 1—10% [60, 61]. Dielectric mirrors, that are originally optimized for solid-state
lasers and commercially available for different wavelength regions, can be directly
applied in MECSELSs.

2.4 Thermal management

2.4.1 Thermal effects

Owing to the quantum defect between the pump and laser emission, a fractional
part of the pump photon energy is transferred to heat. If the temperature within the
semiconductor gain region becomes too high, charge carriers are able to thermally
escape from the QWs. This thermal issue especially becomes critical if the QW's are
shallow. As a consequence, the rate of stimulated emission drops and thus also the
gain.

In addition, the semiconductor band gap depends on the temperature. As such, heat-
ing up the gain medium causes a red shift of the gain spectrum. The sub-cavity

resonance varies with the temperature as well, due to thermal expansion and the
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temperature-dependent refractive index. Moreover, it is an issue that the gain and
the sub-cavity resonance shift at different rates. If they become spectrally and spa-
tially misaligned, it lowers the modal gain [62]. At this place, it should be mentioned
that the reflectivity at the semiconductor heat spreader interface in a MECSEL is
typically in the range of ~ 10—20%. Hence, a low-finesse sub-cavity results and the
MECSEL is less sensitive to the misalignment between the gain peak and the sub-
cavity resonance than a VECSEL [38].

The rate of non-radiative processes, such as defect recombination or Auger recom-
bination also increases at elevated temperatures. It should be noted here, that de-
fect recombination is not significant in case of high quality crystal growth [63].
Nonetheless, all these effects from non-radiative recombination and quantum de-
fect cause that the slope efficiency drops. The laser output power curve reaches its
maximum, and thermal roll-over occurs at increased pumping. Furthermore, pump-
induced heating can create a temperature gradient in a solid state gain medium [12].
From the thermo-optical effect, a refractive index gradient results, which leads to
the formation of a thermal lens [64]. Such a thermal lens can be approximated by a
GRIN or a physical lens which has a focussing or defocussing effect to the intra cav-
ity beam. It should be considered here, that the cavity mode shape change is related
to the temperature gradient or the pump power distribution. Thus, thermal lensing
can cause a mode mismatch between the laser and the pump. Higher-order transver-
sal modes that reduce the beam quality, can appear as summarized in the previous

section. Thermal lensing has been used to control the cavity mode size in microchip

VECSELs with a Fabry-Pérot cavity [65].

2.4.2 Use of double intra cavity heat spreaders

For power scaling, efficient thermal management is essential. As the pumped area on
the semiconductor membrane is typically more than two orders of magnitude larger
than the membrane thickness, the semiconductor membrane adapts the disk geom-
etry from solid-state or semiconductor disk lasers [8, 10]. Accordingly, heat flow
can be considered as one-dimensional, in axial direction of the membrane surface. A
MECSEL fully exploits the potential of cooling the semiconductor membrane be-
tween two intra cavity heat spreaders without any other layers (such as the DBR) in

between which would otherwise hamper the heat dissipation. As such, the thermal
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simulations in Fig. 2.6 by Yang et al. [28] reveal a significantly lower maximum tem-
perature rise within the gain region than the case of a thin device VECSEL without
the substrate. Compared with the MECSEL with one heat spreader, the temperature
rise in a double heat spreader MECSEL is about ~ 30% lower.
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Figure 2.6 Simulations of the maximum temperature rise within the gain region as a function of the
incident power for different cooling approaches a) - d). The data and images are adapted
from Yang et al. [28]. Diamond is used as a heat spreader. The heat sink mount is not
illustrated here.

Heat is dissipated through the heat spreaders and flows to the copper heat sink.
Indium foil with a thickness of 50 um inbetween is used to improve the thermal
contact. Two different ways of cooling the gain membrane are applied in this the-
sis. By stabilizing the heat sink plate temperature with a peltier element or cooling
it with a continuous water/glycol flow, the gain element has been cooled. When
considering the optical properties of the heat spreaders, they must be transparent
for the pump and the laser wavelength with low absorption and low optical bire-
fringence. In the ideal case, the heat spreaders should at the same time, exhibit a
high thermal conductivity, but these are not available at a lower price. In more sim-
ple terms, the heat spreader price among sapphire with a thermal conductivity of
Rsapphire ~ (30-..46) W/mK [68], and undoped, silicon carbide (4H-5iC) [69, 70]
with kg;c ~490 W /m-K, and single-crystal synthetic diamonds [71-73] with

kDiamond ~ 2000 W/m-K, currently scales with the thermal conductivity value. Ac-

cording to current average market price, the cost of a 4x4 mm? sapphire piece is
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~ 0.4 EUR. The price for SiC is ~ 7 EUR, and diamond ~ 1000 EUR. However,
the better thermal management in a MECSEL allows to use the more cost-effective
sapphire or SiC as heat spreaders. Both, sapphire and SiC are commercially available
in wafer-quality. This allows to wafer-bond the heat spreaders and the gain medium
which makes the fabrication of MECSELSs suitable for low-cost mass production.

Also, sapphire has a better optical quality than SiC with less birefringence.

2.4.3 Heat transfer simulation

To see the limits of thermal management using sapphire, SiC, and diamond, the tem-
perature rise within the gain membrane is simulated in Chapter 4 and 5.1.6. Here,

the simulations are based on Fourier’s heat equation

ST (r,2,1)

POt
—_———
= 0 (steady-state)

—V(k-VT(r,z,t)=Q(r,z), 2.2)

pre

which describes how heat diffuses through a medium. p denotes the mass density, c,
the specific heat capacity, k the thermal conductivity, T the temperature at any time
t and any radial coordinate r and axial coordinate z, and Q(7, z) the generated heat
energy. Since we only consider the temperature rise at a steady-state, the first term
with the time-dependency in Eq. 2.2 can be neglected. The temperature rise is given
by the thermal conductivity as the only material parameter, and the generated heat
energy. The finite-element method (FEM) in COMSOL Multiphysics” was used in

this thesis to solve the heat equation.

2.5 Integrated gain bandwidth

In semiconductor disk lasers, the effective gain, which is in particular relevant for
the power performance and wavelength tuning range, basically depends on the spa-
tial and spectral overlap between the QWs (or QD layers) and the electric standing
wave field formed within the laser cavity. To maximize the output power, most of
the gain structures possess an RPG structure, where the QWs (or QD layers) are
optimized for a specific wavelength and arranged at the field antinodes. If one con-

siders that the field nodes are located at the end mirrors, it should be noted that one
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of the field nodes is fixed in position by the DBR in a VECSEL, which means that
the phase is fixed. For a wavelength, which is slightly different than the structure
has been previously designed for, the resonances become misaligned to the QW' (or
QD layers), especially if the gain region is relatively thick. Since the phase is fixed,
the overlap becomes smaller the more different the wavelength becomes. To ensure
sufficient gain for lasing, the wavelength cannot be much different. Hence, the DBR
can limit the gain bandwidth in such a way.

In a MECSEL, the gain element can be moved freely within the laser cavity, and
the resonances can be matched individually within a broader wavelength region. As
proposed by Yang et al., the position of the gain element within the laser cavity can

have impact on the integrated gain bandwidth. The integrated gain can be expressed

as [38] , o
G(/LZ):L g(l,z/—z)sinz[%]dz/. (2.3)

A denotes the wavelength, z the nearest distance between the gain medium and the
cavity node of the end mirror, L the cavity length, 72(A) = 2L/A the mode index.
g(A,z'—z) corresponds to the longitudinal gain profile for one gain layer per period
and is expressed as

N (I—1)A

g4,z —2)=G,y(A 23[2 ) ], (2.4)
Z:

1

for a N-QW periodic gain structure and a structure design wavelength of A;. §(2)
denotes the Dirac delta function. G,(A) describes the integrated gain for a single
QW and is considered as a constant due to the flat MQW gain distribution. The
calculation of Eq. 2.3 with Eq. 2.4 and an approximation of Ay/A & 1, yields

G(Az)~ %Go [1+sinc(N7e)cos[ (N —1+ M)me]]. 2.5)

¢ = (A— Aq)/ Aq corresponds to the normalized detuning, and M = 4z /A, the dis-
placement of the gain structure from the end mirror.

Fig.2.7 shows the gain factor G/Gj plotted in the wavelength domain for a gain
structure with twelve QWs for a design wavelength of 1.05 pm.

The FWHM integrated gain bandwidth is mainly given by the sinc-envelope term

and the cosine modulation term. If the QWs are close to the cavity node (which
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Figure 2.7 Integrated gain factor for a gain structure with twelve QWs for z = 0.75 A, and z = 100.25 A,
at A, = 1.05pm [38]. The bandwidth at 90% of the maximum integrated gain is for small dis-
tances about 28 nm. For larger distances, the fast modulation term enlargens the bandwidth
to about 62 nm.

describes the scenario in a VECSEL with the gain region next to the DBR), a band-
width of about AA= A;/2N results. For larger distances z the modulation becomes
finer, which increases the bandwidth by a factor of two. It also has to be noted here,
that the bandwidth gets broader with a smaller number of QWs. This could be a
reason why rather thin gain structures are applied for mode-locking [74], and also
explain why certain QD-based VECSELSs besides the potentially wider gain band-
width of the QD ensemble, have a larger tuning range than QW-based VECSELSs
with a thicker gain structure at the same wavelength region [75]. The integrated
gain bandwidth can be increased by incorporating more than one QW per period at
the expense of the maximum value of the integrated gain.
As can be seen from the above analysis in Fig. 2.7, the gain bandwidth is indeed in-
creased with the larger distances of the gain element to the nodes in a MECSEL.
However, there is a discrete set of allowed longitudinal modes in case of a standing
electric wave field. If one assumes that € in Eq. 2.5 can be expressed as
€ = (my—m)/mgy, with m = 2L/ A the longitudinal mode index, and m, = 2L/ A,,
the position-dependent phase term M 7te corresponds to

27(m —my)

Mmpe=—"—""2". 2.6
13 7 z (2.6)
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as a finite set of numbers. By considering this position dependent phase term, the
calculated gain bandwidth is plotted near the design wavelength A, = 1.05um for
different positions z in Fig. 2.8. As can be seen, every p-th longitudinal mode expe-
riences the maximum gain for distances of z = L/p as it is shown for p =2 (when
the gain element is exactly at the center of the cavity) and p = 10. The wavelength
will be not continuously tunable. But the longitudinal mode spacings are so small
(here below +0.1nm which is less than the FSR of the intra cavity heat spreaders)

and therefore not remarkable in the measurements in this work.
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Figure 2.8 Calculated integrated gain near A, = 1.05um for (a) z = L/2 and (b) z = L/10 [38]. The circles
indicate the allowed longitudinal modes while the dashed lines are a guide for the eye.
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3 EXPERIMENTAL METHODS

This chapter outlines the development methods starting from growth of the MEC-
SEL structure. It follows a set of pre-characterizations, such as photoluminescence,
and Omega/2Theta-measurements using X-ray diffraction to examine the crystal
quality of the MECSEL structure. Scanning electron microscopy is used to check
to layer thicknesses. Finally, one of the crucial steps how the substrate is removed

wet-chemically is explained here in this chapter.

3.1 Material system

The AlGalnP and the GalnAsP material systems are used in this thesis to fabricate
near infra red emitting MECSEL gain structures. The band gap energy with the cor-
responding wavelength can be traced over the lattice constant in Fig. 3.1 at 300K.
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Figure 3.1 Band gap energy with the corresponding wavelength plotted over the lattice constant of the
AlGalnP and GalnAsP material systems at 300 K. Direct and indirect band transitions are
shown as solid lines and dots, respectively.

For an emission around 760 nm and 780 nm, the MECSEL gain regions in Chapter 5
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are fully made of AlGaAs material compounds. Asis evident in Fig. 3.1, AlGaAs can
be grown without a large lattice mismatch to a GaAs substrate, which is a benefit in
terms of practicability. This ternary compound can be expressed in more detail as
Al Ga,_, As with the aluminum mole fraction x. Only by changing the ratio be-
tween aluminum and gallium, the band gap can be modified, yet the lattice constant
remains nearly unaffected [76]. While AlGaAs QWs have an aluminum fraction of
less than x = 0.12 only, a higher fractional amount of aluminum in AlGaAs reveals
a higher band gap as can be seen in Fig. 3.1 [77]. Thus, cladding layers are made of a
higher aluminum mole fraction (x > 0.49) than barrier layers (x ~ 0.4). In addition,
the charge carrier diffusion length and life time increase drastically as the aluminum
mole fraction approaches x ~ 0.4, which is very close to the point where AlGaAs be-
comes an indirect semiconductor [78, 79]. However, the incorporation of the highly
reactive aluminum in the QWs would generally support the oxygen contamination
within the structure [80]. Subsequently, structures made of AlGaAs therefore suffer
from degradation and a reduced device life time [81]. For this reason, aluminum is
typically not used in the gain regions.

The quarternary material system, Ga,In;_, As P;_, [82-84] is less susceptible to
growth-related defects than AlGaAs. A better reliability in device lifetime can be
provided [81, 85-88] which has been tested in long-term measurements of over 30 000
hours in 808 nm emitting laser diodes [89]. It has also been demonstrated that the
use of GalnAsP in QWs with GalnP barriers/claddings has lead to a reduced sur-
face recombination velocity and the facet temperature rise, which is about an or-
der of magnitude smaller than in AlGaAs laser diodes [90]. To benefit from this
Al-free material system, the MECSEL gain regions emitting around 800 nm- and
825 nm- consist of GalnAsP QWs, surrounded by GalnP barriers. The GalnAsP
QWs are compressively strained which splits the heavy-hole and light-hole bands
such that the heavy-hole band moves above the light-hole band. In such a valence
band configuration, lasing in the TE polarization is generally favored rather than in
the TM polarization [87]. A benefit from valence band splitting is that the interband
transitions become more effective, leading to a lower laser threshold. To compen-
sate for the overall strain within the structure, the Ga In,_ P barriers are slightly
tensile strained, with a gallium mole fraction of x = 0.52. Moving to 1.5 um, the
gain structures are made of InAs/InP QDs. 2.5 InAs monolayers are deposited on

a Gag ,Ing gAsg 435P5 565 alloy, which has a band gap of about 1.18 pm and is nearly
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lattice-matched to InP. The formation of the InAs islands occurs spontaneously via
the Stranski-Krastanov growth mode. By capping the InAs islands with a thin InP
layer, and subsequently by GalnAsP with a growth interrupt for an As/P exchange
between these two steps, transforms the InAs islands into QDs [91]. A more detailed

information about the growth can be found in [92].

3.2 Molecular beam epitaxy

Metal organic chemical vapor phase epitaxy (MOVPE) or molecular beam epitaxy
(MBE) are common methods to grow thin film laser gain structures layer by layer
up to an atomic scale. The gain structures in this work are fabricated on either an
undoped GaAs (100) + 0.5° substrate or on an InP (311)B substrate by gas-source
MBE. The substrate diameter corresponds to 50.8 mm. Growth takes place in an
ultra-high-vacuum environment and at temperatures of between 500 °C and 650 °C.
Asshown in Fig. 3.2, cracker effusion cells in the MBE chamber contain arsine AsH;

and solid phosphorus as primary sources for diarsene As, and diphosphorus P,.
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and variable-speed motor
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Figure 3.2 Schematic drawing of an MBE chamber [93]. As,, P, provided from the primary sources
AsHs; and PHs, diffuse as a beam as like Ga, In, and Al onto the substrate at the center of
the MBE chamber. RHEED can be performed for an in-situ crystal quality check.
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Solid elemental sources Ga, In, and Al are incorporated and heated up in the effusion
cells until the sublimation point is reached.

The effusion cells are pointed towards the substrate located in the center of the MBE
chamber. By opening the shutters, the atoms or molecules are released as a beam
flux and deposited onto the substrate. For a more homogeneous growth, the sub-
strate can be rotated. Furthermore, the substrate is heated up such that the atoms
or molecules adsorbed on the substrate have a sufficient high mobility to move and
find a proper growth site. Besides beam flux, vacuum chamber temperature, the
substrate temperature is a relevant parameter, which affects the incorporation effi-
ciency of the individual elements, and thus the resulting material composition [94].
Reflection high-energy electron diffraction (RHEED) can be performed in-situ to
check the crystal quality during the growth. Here, electrons are released from the
RHEED gun, and directed onto the sample surface at a small angle. The electrons
get diffracted, which yields a diffraction pattern that can be monitored in the fluo-
rescent screen. By this, an assessment of the surface quality of the deposited layer as

well as the layer thickness can be made.

3.3 Structure pre-characterization methods after growth

X-ray diffraction

One of the pre-characterization methods after growth is X-ray diffraction (XRD).
Here, a Philips X’pert PRO diffractometer is used to quantify several crystalline
structural properties, such as material composition, crystal defects, strain, and crys-
tal orientations. Basically, a monochromatic X-ray beam gets scattered under certain
incident angles from each lattice planes of the sample. If the scattering process satis-
fies the Bragg condition, constructive interference occurs, which reveals a maximum
in the measured spectrum. With the knowledge of the lattice parameters, as well as
the relationship between lattice constant and material composition known as Veg-

ard’s law, the structural properties of the samples can be extracted.

28



Scanning electron microscpy

A common way to check the layer thickness and also the surface quality with a res-
olution down to the nanometer scale is scanning electron microscopy (SEM) [95].
Here, an electron beam is used to scan over the sample surface. If the electrons strike
onto the sample, they are able to penetrate up to a few micrometers into the sample
before they interact with the specimen atoms and create signals for the SEM images.
Primarily, inelastic scattering leads to the ionization of the specimen atoms which
releases a signal of secondary electrons. Due to their small energy around 3-5 €V, sec-
ondary electrons are used for topographical imaging to resolve structures down to an
order of 10 nm. Elastic scattering generates back scattered electrons. As they have
a higher energy around 50 ¢V, it prevents them from being absorbed over a larger
lateral range. Thus, images can be taken more deep beneath the surface but with
a reduced contrast compared with secondary electrons. Figure 3.3 shows a cross-
section view of a MECSEL structure with a design wavelength of 800 nm taken with
an SEM measurement in the back scattered electrons scanning mode. Visible are the
four QW packages as slightly brighter stripes. The thickness of the gain region can
be determined as ~ 550 nm, and of the bright AlAs process layer on top of the sub-
strate as ~ 110 nm. The purpose of the process layer will be explained in more detail
in Sec. 3.5.

active

region

Figure 3.3 SEM image of an as-grown GalnAsP MECSEL structure from Chap. 4 and P4, for an emission
around 800 nm taken with the back scattered electron signal. The 4x3 QWs in the gain region
with a total thickness of ~ 550 nm are illustrated as white stripes. The AlAs process layer is
about 112 nm thick.

29



Photoluminescence

As a rough pre-check of the emission properties, PL measurements are performed
on the as-grown samples. Here, a PL mapping system Accent RPM 2000 is used to

examine the PL.

Peak Lambda nm Int. Signal a.u.
813.2 24.16
811.2 21.65
809.2 19.13
807.1 16.62
805.1 14.11
803.1 11.60
801.0 9.086
799.0 6.574
797.0 4.062

(a) Peak emission wavelength. The plot reveals a spec- (b) PL intensity. By neglecting measurement on the

tral shift from ~ 813nm towards slightly shorter wafer edges, the plot reveals a high-PL intensity area
wavelengths of ~ 800 nm from the wafer center to in the center of the wafer while the right-bottom area
the wafer edge. has a lower PL-intensity.
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(d) PL measured at 50 mW pump power. The PL with a
(c) FWHM of the PL signal. FWHM ~ 23 nm has a maximum at ~ 813 nm.

Intensity / arb. units

Figure 3.4 PL measurement performed for the 825 nm GalnAsP MECSEL structure from Chap. 6 and
P2, at room temperature with (a)-(c) a PL mapping system Accent RPM 2000 across the
whole wafer, and (d) at a separate vertical PL setup where the pump power is manually
adjustable. The pump wavelength in both type of measurements is 532 nm.

With this PL mapping system, a distribution of the PL maximum, the intensity, and

the FWHM can be measured over the whole wafer with an excitation wavelength of
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532 nm as exemplarily shown for the 825 nm MECSEL structure in Fig. 3.4a-3.4c.

Alternatively, the PL is investigated manually in a separate setup where the power of
the excitation laser can be controlled and set each time a sample is characterized. For
comparison purposes among different samples, this method is more precise than us-
ing the PL mapping system as the laser driving voltage varies after each measurement
session. With an excitation wavelength of either 520 nm from a Nichia NDG7K75T
laser diode, or 532 nm from a Coherent Verdi V-18 laser, the excitation beam is fo-
cussed under an angle of roughly 45° onto the sample surface. The PL signal is
collected by a BLUE-Wave Miniature Spectrometer from StellarNet Inc. For the
as-grown 825 nm MECSEL structure, the measured PL signal is plotted in Fig. 3.4d.
The PL maximum at ~ 813 nm, and a FWHM of ~ 23 nm in Fig. 3.4 reveals that the

results from both measurement methods agree well with each other.

3.4 Assessment of the heat spreader optical quality

Sapphire and SiC are used as a heat spreader material in this work. These are diced
from 2 inch and 3 inch diameter wafers by a Disco dicing saw into square pieces
with lengths of around 6-10 mm. Besides having smooth edges on the heat spreader
pieces, a flat surface, and surface parallelism, the optical birefringence needs to be
as low as possible. Otherwise, high birefringence could distort the MECSEL intra
cavity beam during operation, leading to optical losses and poor laser performance.
Before processing, a pre-check is performed whether optical birefringence is present.
A common method is cross-polarization. Here, the heat spreaders are illuminated
from the bottom by a linearly polarized white light source. A linear polarizer is
positioned between the heat spreader and the camera. If birefringence is present, it
is visible by a color pattern on the heat spreader as the refractive index distribution

across the heat spreader piece is not homogeneous.
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3.5 Processing

To remove the substrate from the as-grown sample, the sample is first bonded onto
a carrier substrate which is the heat spreader piece itself. The heat spreaders have

2 to 10x10mm? . Before bonding, the sur-

a squared area, ranging from 6x6 mm
faces are first cleaned with acetone and then with isopropyl alcohol in an ultrasonic
cleaner for about ten minutes in each cleaning step. Afterwards, wet-chemical etch-
ing is applied. By immersing the sample into a liquid etching solution, this solution
in the ideal case should etch away the substrate layer smoothly, at a reasonable high
etch rate, and with a high selectivity of > 100:1. In this case, there is principally
no need of an etch stop layer inbetween. A process layer could further improve the
surface quality from the etching. If typical etching solutions reveal a small selectiv-
ity between the substrate and the laser-active materials, meaning the solutions etch
both materials at similar high etch rates, an etch stop layer is usually introduced in-

between.

GaAs substrate wet-chemical process

For MECSEL structures grown on GaAs substrates presented in chapters 4-6 as well
as P1, P2, and P4, the process layer is made of AlAs and has a thickness between
100 nm and 200 nm. This enables the use of ammonium hydroxide - hydrogen perox-
ide (NH,OH:H,0,) as an etchant with a mixing ratio of 1:3 [96, 97]. After dipping
the sample into the etchant for 45 & 5 min, the substrate removal step is completed.
This is recognizable by a slight color transition. Still, the membrane surface within
the solution is not glossy enough as like a mirror surface but covered by a thin murky
film which is most likely residual of the AlAs or GaAs layer. Subsequently, the sam-
ple is immersed to diluted hydrofluoric acid (0.5% HF) for about ten seconds. This
HF solution is supposed to highly react with layers with a high aluminum content
only. Therefore, the gain region surrounded by nearly HF-resistive GalnP capping
and AlGalnP window layers with an Al content below 30%, is protected. A top
view optical microscope image of the membrane surface after the substrate removal
process is shown in Fig. 3.5a. As can be seen, the image reveals a smooth, brilliant,
mirror-like surface. Finally, a second heat spreader piece is bonded on top of the

membrane. A microscope image surface-view is illustrated in Fig. 3.5b. The used
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etching solutions with the total etch time in this work are summarized in Tab. 3.1.

Etch material | Layer thickness |  Etching solution Etch time
GaAs substrate ~ 500 pm NH,OH:H,0, (1:3) | 45+ 5min
AlAs (100-150) nm 0.5% HF 10s

Table 3.1 Etching solutions for GaAs substrates with an AlAs process layer used for the wet-chemical
process in this work.

Debonding can take place during laser operation, especially when pumping the gain
membrane at too high pump power intensities. Fig. 3.5¢ and 3.5d examplarily show

a surface-view of a debonded and cracked gain membrane.

190y 190 um

(a) Bare semiconductor membrane after the substrate- (b) Semiconductor membrane with a SiC heat spreader
removal, single-side bonded onto SiC. bonded on top of the surface.

100 um 100 um

(c) Debonded and cracked gain membrane betweentwo  (d) The position of debonding can be seen by the circu-
SiC heat spreaders after laser operation. lar spot originating from a Gaussian pump beam.

Figure 3.5 Microscope images of the semiconductor structure from a Nikon Eclipse optical microscope.
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InP substrate mechanical polishing and wet-chemical process

In the following, the mechanical polishing and wet-chemical processes applied for the
MECSEL structure grown on InP substrates from chapter 7 and P3 are explained.
An InGaAs etch stop layer of 100 nm thickness separates the gain region and the InP
substrate. This allows to utilize a hydrochloric acid solution (30% HCI:H,O with
a mixing ratio of 5:1) to remove the InP substrate [98]. The etchant is suitable for
this process, since it has a selectivity ratio of up to 500 between InP and InGaAs.
Although the etch rate at room temperature is as high as ~ 15 pm while the InP sub-
strate thickness is here about ~ 300 im, the chemical reaction between HCI and InP
leads to the formation of PH; bubbles [99]. The bubbles accumulate on the sub-
strate surface which prevents the chemical etching. For a more uniform etching, the
etch time should be kept as short as possible.

Hence, the substrate is mechanically thinned down to a thickness of ~60-80 pm
before wet-chemical etching. A Logitech Lapping System PMS5 is utilized where the
etch rate can be adjusted by the rotation speed and pressure. For InP, sapphire pol-
ishing powder with a grain size of 9 pm in diameter is applied.

After mechanical thinning is completed, the sample is held in the HCI solution in
such a way that the bubbles formed by the chemical reaction with InP can move
upwards to the top surface. Thus, the substrate surface is pointing vertically to the
top, and the solution is stirred with a magnetic stirrer at a rotation speed of ~ 300-
400 RPM. With this method, the residual InP substrate is removed within ~ 4-5 min-
utes. This step is completed, as soon as the sample surface becomes brilliant similar
to a mirror surface. To remove the InGaAs etch stop layer, the sample is immersed
into a phosphoric acid-hydrogen peroxide solution H;PO,:H,0,:H,O, with a mix-

ing ratio of 1:1:8 for about one minute [100].

Etch material | Layer thickness Etching solution Etch time
InP substrate 65+ 15um HCIL:H,O (5:1) 44+ 1min
InGaAs ~ 100 nm H,PO,:H,0,:H,0 (1:1:8) | ~ 1min

Table 3.2 Etching solutions for InP substrates with an InGaAs etch stop layer used in this work. Be-
fore wet-chemical etching, the InP substrate is mechanically polished down to a thickness of
65 £15um.
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4 SIMULATION OF THERMAL BEHAVIOR

Like in all lasers, optical pumping is associated with heat generation in the gain re-
gion. Owing to the quantum defect, a fraction of about 20% to 40% of the pump
energy from barrier pumping remains as heat in the semiconductor crystal lattice,
leading to a temperature rise. Up to a certain pump power limit, heat can be suf-
ficiently dissipated from the gain region. Hereby, the conversion of the absorbed
pump power to lasing power occurs nearly linearly. When exceeding the critical
limit, a higher pump power does not further increase the output power but only
creates too much heat in the gain region. The conversion efficiency drops until the
laser finally shuts off. This effect in the semiconductor disk laser literature is com-
monly called "thermal-rollover".

In order to push the semiconductor disk laser technology further to higher output
power operation, several heat extraction strategies from the thin device or flip-chip
approach [67] to the intra cavity heat spreader approach [16] have been developed,
simulated [12, 101] and implemented until the MECSEL concept to cool the gain
region from both sides has emerged [28, 29, 34, 35].

In this chapter, thermal simulations for a MECSEL at various cooling and pumping
conditions are conducted which was submitted as P4. The temperature increase of
the gain membrane is investigated for different heat spreader materials, such as sap-
phire, SiC, and diamond at varying thicknesses. To explore the potential of power
scaling, the simulations, conducted via the finite-element method (FEM) includes
various pump beam diameters and pump beam profiles. The simulations are based
on experimental results and are also compared with experimental results from the

literature.
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4.1 Finite-element modeling

For thermal modeling, the finite-element method (FEM) in COMSOL Multiphysics”
was applied. The amount and size of the meshes were individually adjusted to the
gain membrane and the heat spreaders regions as illustrated in Fig.4.1. As can be
seen, the simulation was simplified by making use of the rotational symmetry. Thus,
the simulations were conducted in the cylindrical coordinate system with the radial
coordinate 7 and the axial coordinate z. A rectangular excerpt as shown in Fig. 4.1
with the gain membrane at z = 0 surrounded by two SiC heat spreaders was consid-
ered from the radial center » = 0 to » = 0.75mm. Thus, the radius of the excerpt

was about five times larger than the pump beam diameter as used in the experiments.

300 NANANINNINININS
SiC
£ 200 heat spreader
C
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o
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0 100 200 300 400 500 600 700
Radial position rin ym

Figure 4.1 FEM mesh for the MECSEL gain sandwich. A gain membrane is sandwiched by two 350 um
SiC heat spreaders with a bonding layer inbetween.

Furthermore, the individual QWs, barrier, and cladding layers were not separately
implemented. Since the major component of the gain membrane (see Sec. 4.2) was
made of barrier/cladding layer material, the gain membrane was approximated by
a single layer of a thickness z, with a thermal conductivity of the barrier/cladding
material. For further simplicity, the indium foil and the heat sink mount were ne-
glected in the simulations. Thermal insulation was taken into consideration at the
outer surfaces from the top and bottom of the heat spreaders. The outer surface at

r = 0.75 mm was fixed to the heat sink temperature of 20°C. As an initial starting
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condition for the temperature was set to 20°C. Thermal radiation and convection
were neglected.

To obtain the temperature distribution within the gain membrane sandwich, Fourier
heat equation (see Eq. 2.2) was solved with the FEM using COMSOL Multiphysics'.
The thermal conductivity k can vary along the radial and the axial axis. However,
this anisotropy aspect makes a difference of about 2% in VECSELs according to the
simulations of Kemp et al. [12] and was therefore neglected in the simulations.
According to the experiments, a pump beam with a Gaussian beam profile was con-
sidered as a heat source. The heat load originating from the quantum defect can be
expressed as

QGauss(r’Z): a-exp <_2_r2_a(ZO_Z)>’ (41)

nw?
where P, denotes the pump power that reaches the gain region, w the 1/¢* pump
beam diameter, and & the pump absorption coefficient. The quantum defect 7, was
calculated as 7, = 1— Ap/Ayipcsr, by the pump wavelength Ap and the MECSEL
emission wavelength Aypegpr - Additional heating effects from non-radiative pro-

cesses were not included.

4.2 Simulation parameters

The simulations were based on a 550 nm-thick MECSEL gain membrane emitting at
800 nm. The gain membrane incorporated twelve GalnAsP QW' in gaps of three
QWs in each QW package, GalnP barriers/claddings, and 20nm thick AlGalnP
window layers. The gain membrane consisted of 80% GalnP. For simplification,
the gain membrane was described by a single bulk layer made of Gay 4In, 5,P barri-
ers/claddings. As the thermal conductivity is inversely proportional to the thermal
resistivity, the Vegard’s law for the thermal resistivity was used to calculate the ther-
mal conductivity of GalnP. With the thermal conductivity kg,p = 77W/m-K of
GaP, ky,p = 68 W /m-K of InP, and the bowing factor Cp,p = 1.4 W/m-K, the ther-
mal conductivity for GalnP resulted as 5.2 W/m-K [102, 103]. The gain membrane
was optically pumped by a 532 nm laser with a Gaussian beam profile. The pump ab-
sorption coefficient of the gain membrane was obtained by measuring the incident,

reflected, and transmitted pump power. As the pump beam propagated through the
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Table 4.1 Simulation parameters for the FEM thermal model

Parameter of the gain membrane or pump Value
Z, Gain membrane thickness 550 nm
kGainp Membrane thermal conductivity 52W/mK
a Pump absorption coefficient 5.7-10* cm™!
AMECSEL MECSEL emission wavelength 800 nm
Ap Pump wavelength 532 nm
nQ Quantum defect 0.335
dp =2w Pump beam diameter (50...500) pm
Py Pump power at z = z, (1...10) W
Ths Heat sink temperature 20°C
Parameter of the heat spreaders Value
kg, Thermal conductivity of sapphire (30...46) W/m-K [68]
kgic Thermal conductivity of SiC 490 W/m-K [69, 70]
kp Thermal conductivity of diamond 2000 W/m-K [71]
Parameter of the bonding layer Value
kg Thermal conductivity 0.4 W/m-K
ty Thickness 100 nm

SiC heat spreaders, the measured value of @ = 5.7 - 10*cm™! included the absorption
from the heat spreaders as well. This is justified because the absorption from SiC has
been measured to be as small as 0.25 cm™! [41]. With high optical quality sapphire,
which typically does not have large absorption, a nearly identical value for « as like
with SiC has been measured. Therefore, the simulations with SiC, sapphire, and
diamond heat spreaders as well as with the super-Gaussian pump beam profile were
carried out with the same pump absorption coefficients. Further simulation param-
eters of the gain membrane, pump and heat spreader properties are summarized in
Tab. 4.1.

To verify the simulations, the thermal resistance of the MECSEL was determined by
spectral shift measurements at a pump beam diameter of dp = 180 pm [104]. For the
SiC-cooled MECSEL, 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 as il-
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lustrated in Fig. 4.2a. The spectral shift with the heat sink temperature was measured
at 5% duty cycle at P,; = 0.8 W. Correspondingly, the thermal resistance resulted
as ~ 4.25K/W. This value enabled us to validate the FEM thermal model, which
was used to simulate other heat spreader and pumping configurations. In addition,
the thermal resistance of the MECSEL with sapphire heat spreaders was measured
at a pump beam diameter of dp = 110 um in Fig. 4.2b. The spectral shift with the
dissipated power was about 6.45 nm/W. In contrast, the emission wavelength shifted
with the heat sink temperature at a rate of ~ 0.23 nm/K, which should not depend

on the heat spreader material and was close to the value measured with SiC.
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spectral shift with the heat sink temperature (blue The spectral shift with the heat sink temperature
squares) have been performed at 5% duty cycle at (blue squares) have been performed at 5% duty
P, =3.4W. Athermal resistance of R, ~ 4.25 K/W cycle at P, = 0.8W. A thermal resistance of

can be calculated. Ry, ~ 28 K/W can be calculated.

Figure 4.2 Spectral shift measurements with the dissipated power (red dots) and heat sink temperature
(blue squares) of the 800 nm MECSEL. Measurements performed by Aaron Rogers.

In the thermal simulations, the highest temperature within the gain membrane was
obtained for a pump power Py from 1 W to 10 W. The rate of temperature rise with
the pump power was denoted as maximum temperature rise. Fig.4.3a illustrates a
temperature distribution cross-section view of the MECSEL gain sandwich at Py =
6 W. The maximum temperature at the center (r = 0) of the pump beam already was
about 77.3°C, which exceeded the typical operation temperature of semiconductor
lasers. Since no thermal-rollover was observed in the experiments and lasing under
these pumping conditions was still possible, we did not only consider the maximum
value near the center of the pump beam only but in a larger spatial region. The ra-
dial temperature average over the pump beam diameter was included to have more

accurate comparison to the experimental results.

39



4.3 Relevance of the contact surfaces

For efficient heat dissipation, the gain membrane should be in the ideal case in close
contact to the heat spreader surfaces. In reality, it is likely that the contact is neither
perfectly smooth nor in direct contact. Between the surfaces an air gap or an liquid
bonding layer can potentially hamper the heat flow as earlier described in VECSELS
[12]. How such an imperfect contact, described as a bonding layer between the gain
membrane and the heat spreaders, affects the heat flow in MECSELS is investigated
in this section. Therefore, a bonding layer is included in the thermal model as shown
in Fig. 4.3b.
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300 SiC heat spreader
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c (] c
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(@) Full cross-section view of the MECSEL gain sand-  (b) Enlarged cross-section view. Visible is the gain
wich. The temperature scale is the same as in membrane at z = O surrounded by a 100 nm thick
Fig. 4.3b. bonding layer on each side.

Figure 4.3 FEM simulation of the 800 nm MECSEL with two 350 um thick SiC heat spreaders cooled to a
heat sink temperature of ThS = 20°C. The gain membrane is optically pumped by a Gaussian
pump beam from the positive z-direction. P, = 6 W reaches the gain membrane.

The bonding layer thickness and thermal conductivity were varied. Fig. 4.4a shows
that an optimal contact without any bonding layer would lead to a temperature in-
crease of 6.4 K/W when considering the maximum. At an optimal contact the radial
average temperature rise would be as low as 4.2 K/W. Both, the maximum and radial
average temperature increases linearly with the bonding layer thickness. The maxi-
mum temperature rises by 3 K/W per 100 nm, while the radial average temperature

by 1.4K/W. A conservative assumption was made for the thermal conductivity. A
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thermal conductivity of kg = 0.4 W/m-K was assumed for the bonding layer, which
was a slightly worse heat conductor than water (kg = 0.6 W/m-K).

To investigate the dependency on the thermal conductivity, a bonding layer thick-
ness of 100 nm was assumed. 100 nm were chosen, as it corresponds to the upper
limit where no interference of the visible light occurs. According to the thermal
model, the temperature is inversely proportional to the thermal conductivity of the
bonding layer as shown in Fig.4.4b. At ~ 2W/m-K, the rate of temperature in-
crease reaches a saturation point. If the thermal conductivity is further increased to
10W/m-K it does not further lower the maximum and the radial average tempera-

ture rise value, which remains at 7K/W and 4.5 K /W, respectively.
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Figure 4.4 Relevance of the bonding layer property.

4.4 Heat spreader materials and configurations

4.4.1 Power scalability with various types of heat spreaders

In this section, the temperature increase was calculated from the FEM model for
various types of heat spreader materials, such as SiC, sapphire, and diamond. This
information can be used to estimate the lower limit of the heat spreader thickness

that is necessary at pump beam diameters of 90 im, 180 pm, 270 um, and 360 pm.

1. For SiC, the simulations suggest that the temperature inversely decreases with
the heat spreader thickness between 50 pm and 250 pm for all four pump di-
ameters. This behavior can be seen in Fig.4.5a and 4.5b. For heat spreaders

thicker than 250 pm, the temperature does not change significantly. At this
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point, it needs to be considered that thicker heat spreaders could induce higher
optical losses without providing a significant thermal benefit as the intra cavity
beam needs to propagate through a larger heat spreader volume. Furthermore,
it has been found that the temperature rise at a pump diameter of dp = 180 um

is nearly two times lower than with dp =90 pm.
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Figure 4.5 Temperature rise plotted over the heat spreader thickness for SiC at various d,.

2. Compared with SiC, sapphire has an about ten times lower thermal conduc-
tivity. Thus, it needs to be considered that thermal roll-over sets in at a lower
pump power. According to the experiments [105], thermal roll-over occurs
at about Py = 2 and the temperature rise is simulated up to a pump power
P, of 2W at which the temperature to pump power behavior is still linear. In
Fig. 4.6a and 4.6b the maximum and radial average temperature rise are plotted

over the heat spreader thickness for all four pump beam diameters.
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Figure 4.6 Temperature rise plotted over the heat spreader thickness for sapphire at various d,.

The thermal model suggested a heat spreader thickness of about 300 pm for
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all four cases. At low pump power, the MECSEL typically requires a smaller
pump beam diameter near 90 im to reach the laser threshold. For instance, the
radially averaged temperature rise corresponds to 41 K/W at dp with a 300 pm

thick heat spreader. By this, we can estimate that the gain membrane heats up
by ~61.5°C at Py =1.5W.

3. As diamond is a good thermal conductor, the temperature rise of the gain
membrane with diamond heat spreaders is not as large as with SiC or sap-
phire heat spreaders. Fig. 4.7a and 4.7b show the maximum and radial average
temperature rise obtained from a thermal model of up to P, = 10 W. For heat
spreader thicknesses larger than 150 pm, the thermal model suggests that the
temperature increases by 1.7 K/W at dp = 180 um on radial average. For larger
pump beam diameters of dp = 270 um and dp = 360 pm, the temperature rise

is found to be below 1K /W.
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Figure 4.7 Temperature rise plotted over the heat spreader thickness for diamond at various dj,.

4.4.2 Significance of double-side cooling

The significance of double-side cooling (DSC) with diamond heat spreaders was pro-
posed and simulated by Yang et al. [28]. Subsequently, an experimental investigation
with SiC heat spreaders was demonstrated [41]. The DSC gain membrane could be
optically pumped at twice pump power than a single-side cooled gain membrane.
Consequently, the output power was about 2.5 times higher. As a further investi-
gation, the temperature behavior for a single-side cooled (SSC) and DSC gain mem-

brane was simulated for SiC, sapphire, and diamond in this section.
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Fig. 4.8 shows a temperature distribution cross-section view of a single-side cooled
gain membrane using a 350 um SiC heat spreader. At Py =6 W, the maximum tem-
perature was found to be 136°C. This is about two times higher than the DSC gain

membrane in Fig. 4.3b with the same pump power applied.
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Figure 4.8 Cross-section view of a single-side cooled gain membrane. The gain membrane is positioned
at z=0 and cooled to 7, .= 20 °C. Above the gain membrane is a 100 nm thick bonding layer
and a 350 um thick SiC heat spreader. The pump beam with P, = 6 W impinges from the
positive z-direction onto the gain membrane. (a) illustrates the whole MECSEL gain element.
(b) shows an enlarged view around the pump beam center and the gain membrane.

For a pump beam diameter of dp = 180 pm the maximum and radial average temper-
ature rise between SSC and DSC are compared in Fig. 4.9a and 4.9b for various heat
spreader thicknesses from 50 pm to 500 pm. Also plotted along is the ratio between
SSC to DSC. As can be seen, the temperature rise with DSC is about a factor two
lower than with SSC. Thus, the simulations were in good agreement with the power
scaling results that had been demonstrated by Yang et al. [41]. For diamond, the sim-
ulations as shown in Fig. 4.9¢ and 4.9f suggested a similar large benefit from DSC as
for SiC. For other pump diameters dp =90 im, 270 pm, and 360 pm, the thermal im-
provement by DSC compared to SSC lies in the similar order of magnitude of about

two. In contrast, the temperature in a sapphire-cooled gain membrane lowered by a
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factor between three and four with DSC than with SSC as shown for a smaller pump

diameter of dp =90 pm in Fig. 4.9¢ and Fig. 4.6b. Most likely the benefit is larger at a

smaller pump diameter because the thermal conductivity of sapphire is significantly

lower than of SiC or diamond.
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4.5 Relevance of the pumping conditions

4.5.1 Lateral power scaling

A common power scaling technique used in semiconductor disk lasers is to pump
the gain membrane and distribute heat over a larger area. This technique can be
applied as long as the heat flow out from the gain membrane mainly occurs in one
dimension. Up to a certain pump beam radius, lateral heat flow from the center of
the pump beam to the outer side is nearly negligible. Heat can be considered to flow
parallel in axial direction to the heat spreaders. If the pump beam area is scaled up,
the temperature increase per area can be lowered. By increasing the pump beam area,
the three-dimensional heat flow behavior given by the heat spreader simultaneously
becomes more significant to affect the temperature rise of the gain region. Thus, at
larger pump beam diameters a further increase of the pump beam area does not nec-
essarily reduce the incorporated heat within the gain region as it has been simulated
by Maclean et al. [101] for VECSELs. In a similar manner, a limitation to the power
scaling technique is given for MECSELs which is investigated in the following. The
radial average temperature rise of the gain membrane was simulated for a set of heat

spreaders in Fig. 4.10.
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Figure 4.10 Radial average temperature rise plotted over the pump beam diameter for various heat
spreaders. For comparison purposes, the thermal resistance of the 800 nm MECSEL in this
work and of the previous reported MECSELs are included.

For power scalability and efficient laser operation, following two aspects were taken
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into consideration. First, the laser threshold grows proportional to 1/w? by assum-
ing a circular pump beam area. Second, the temperature benefit provided by the
larger pump beam area needs to scale down at least in a similar manner by 1/w?.
The simulations in Fig. 4.10 points out that the AT /AP o< 1/w? behavior holds
true for SiC and diamond for a pump beam diameter up to 500 pm. However, for
sapphire, the temperature dependency is rather closer to AT /AP o< 1/w than 1/w?.
At about 110 pm, the temperature curve begins to stagnate. Power scaling has been
suggested to become less efficient as soon as the pump beam diameter is larger than
110 pm.

In Fig. 4.11 the temperature contour plots are illustrated at a constant pump power
density (PPD) of 23.6 kW /cm? and pump beam diameters from 90 um to 360 m.
As can be seen, the SiC heat spreader temperature next to the gain membrane around
the center of the pump beam with dp = 90 pm was about 40°C. The maximum and
radial average gain membrane temperature corresponds to 58.9°C and 40.9°C, re-
spectively. By increasing the pump beam diameter, not only the gain membrane itself
but also the heat spreader gets hotter around the pumped region. For a pump beam
diameter of dp = 180 um, the heat spreader temperature close to the gain membrane
(with 7, = 78°C, T

rad, av. = 53.3°C) increases to 60°C. The simulations suggest
that the limit of power scaling is set by the heat spreaders itself, which are heating

ax
up at larger diameters as the radial heat flow becomes more significant.

To compare the simulations with the experiments, the SiC and sapphire thicknesses
in Fig. 4.10 are the same as used in the experiments. The thermal resistance was de-
termined by spectral shift measurements. For the SiC-cooled 800 nm MECSEL, the
thermal resistance resulted as ~ 4.25K/W at a pump beam diameter of 180 pm. At
this pump beam diameter, lasing with sapphire cooling was not possible. A possi-
ble explanation is that the heat extraction does not allow operation with the higher
lasing threshold, which is in accordance with our simulations. For this reason, the
sapphire-cooled MECSEL was optically pumped at a smaller diameter of ~ 110 pm.
A thermal resistance ~ 28 K/W was measured, which was in agreement with the
simulations.

Additionally, the thermal resistances of previously demonstrated MECSELSs at vari-
ous wavelengths between 760 nm and 1.77 pm are plotted in Fig. 4.10. The measured
thermal resistance of the 825nm MECSEL [106] with GalnAsP QWs and GalnP

barriers/claddings were in good agreement with the simulations, probably because
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Figure 4.11 Temperature contour plots at various d,, and constant pump power density.

the gain membrane thickness, material composition, and pump absorption were
very similar to the 800 nm MECSEL. Also, the thermal resistances of the sapphire-
cooled 760 nm MECSEL made of AlGaAs [108], SiC-cooled 1.5 pm MECSEL with
InAs/InP QDs [107], and diamond-cooled 1.77 pm MECSEL with InGaAlAs/InP
QWs [45] were close to the simulated values. A larger difference can be seen in the
780 nm-emitting MECSEL with AlGaAs QWs [61]. With SiC heat spreaders, the
thermal resistance was measured as 5.9 K/W while the simulations suggest a higher
temperature increase of about ~ 16.5K/W. The smaller pump absorption coetf-

cient and quantum defect can lead to a smaller temperature rise. Also, one would
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expect a lower temperature increase if the gain membrane itself has a higher thermal
conductivity. The simulations in Fig. 4.12a and 4.12b suggest for a SiC-cooled gain
membrane that a larger thermal conductivity value of the gain membrane lowers
the temperature to a certain limit. If the thermal conductivity is already higher than
5W/m-K, a further increase does not lead to a significantly lower temperature at a

pump beam diameter of 180 pm.
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Figure 4.12 Relevance of the gain membrane thermal conductivity. The simulations have been per-
formed with 350 pm thick SiC heat spreaders at 20°C heat sink temperature.

4.5.2 Gaussian and super-Gaussian pump beam profile

The incorporation of heat in the gain membrane can be lowered by a super-Gaussian
pump beam which has a flatter pump beam profile than a Gaussian beam. Thermal
management can get less challenging if there are no drastic peak temperatures near
the center of the pump beam. A fiber-coupled diode laser with a 10 order super-
Gaussian pump beam profile can be considered for pumping. The heat generated

within the gain membrane can be hereby expressed as

1.15 ' 77Q * PO r 10
QSG, ne1o(7yz) & ———,—a-exp <—2<—> —a(zo—z)>. “4.2)
Tw w

According to the simulations in Fig. 4.13, the maximum temperature of the gain
membrane can be lowered by a factor three for a pump beam diameter of 200 pm.
For the radial average, the temperature with a super-Gaussian pump beam is by a

factor of 15 lower than with a Gaussian pump beam. Therefore, power scalability in
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MECSELs achieved with a super-Gaussian pump profile is larger than with a Gaus-

sian pump profile.
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Figure 4.13 Radial average temperature rise of the gain membrane pumped by a Gaussian and a 101
order super-Gaussian pump beam profile. The inset compares the maximum temperature.
In this simulation 350 um thick SiC heat spreaders are used to cool the gain membrane.

4.6 Conclusion

In this chapter, thermal simulations of MECSELSs were performed via FEM and sup-
ported by experimental results. The double heat spreader approach in MECSELSs
generally provides a better thermal management than the single heat spreader ap-
proach. It has been found that the membrane temperature can be lowered by up to
a factor of two with SiC and diamond heat spreaders with the double heat spreader
approach whereas the benefit with sapphire heat spreaders is a factor of up to four.
Furthermore, the maximum and radial average temperature can be lowered by a
larger pump beam area. As simultaneously the threshold increases and the three-
dimensional heat flow within the heat spreader becomes more significant, power
scaling can be conducted up to a certain limit. For sapphire the pump beam di-
ameter is limited within the hundred micrometer region. With SiC, the MECSEL
can be operated at more than twice the pump beam diameter than with sapphire.
This has been experimentally confirmed. Also, the membrane temperature does not
vary much for a membrane thermal conductivity between 5 W /m-K and 50 W/m-K.

The maximum membrane temperature with a super-Gaussian pump beam at a pump
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beam diameter of 200 pm is about three times lower than with a Gaussian pump
beam. The thermal benefit comes from the flat super-Gaussian pump beam profile,

which can be applied for further power scaling of membrane lasers.
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5 FROM SINGLE-SIDE TO DOUBLE-SIDE
PUMPING

The fact that MECSELs operate in transmission mode is a huge benefit because the

pump light can be injected into the semiconductor membrane from both sides, as it

is shown in the photograph in Fig. 5.1.

Figure 5.1 A photograph of the 780 nm emitting MECSEL with a double-side pump arrangement. The
MECSEL near-infrared intra cavity beam within the V-cavity is captured by setting a long
exposure time of eleven minutes. Photograph taken by Hermann Kahle from [105].

This allows the creation of a more homogeneous carrier distribution even in thick
gain membranes compared to single-side pumping (SSP), at which the QW pack-
ages positioned on the backside experience less of the exponentially absorbing pump
light. In this chapter, we reveal how the double-side pumping (DSP) improves the
power performance in AlGaAs 780 nm-emitting MECSELSs (gain membrane #1) in
contrast to SSP. A comparison between SSP and DSP will be presented with SiC
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heat spreaders (P1). In addition, the performance of another, thinner MECSEL
gain membrane #2 emitting around 760 nm and cooled by sapphire intra cavity heat

spreaders was investigated with DSP.

5.1 SSP vs. DSP with SiC

5.1.1 Gain membrane #1

The SSP and DSP investigations were compared with an MBE grown 577 nm thick
MECSEL structure #1. After the substrate removal process as described in Sec. 3.5,
the gain membrane #1 was attached between two uncoated 4H-SiC heat spreaders
with a thickness of about 350 pm each. Designed for an emission wavelength of
780 nm, the gain membrane consisted of 4 x 3, Alj ,0GaAs QWs, 7 nm thick, that
were arranged between Al ;0GaAs barriers. Aly 5¢GaAs spacers separated the QW
groups to the antinode positions of the electric standing-wave field in a 2.54 sub-
cavity (see Fig.5.2). Furthermore, 10nm AlInP and 10 nm GalnP layers around
the gain region served as electron blocking and window layers at the semiconductor
heat spreader interface. An SEM image of the unprocessed MECSEL structure can
be seen in the inset in Figure 5.3. The QW packages can be identified as single stripes
with a higher brightness.
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Figure 5.2 T-matrix simulation of the electric field distribution (red lines) and refractive index (grey lines)
along the 780 nm gain membrane. Visualized is the pump intensity distribution using DSP
(green bold short dashes) or SSP from each side (green short dashes). Reproduced from
[105].
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5.1.2 Experimental setup

The gain membrane-heat spreader sandwich was assembled into a copper heat sink
mount, which was temperature stabilized to 20°C via thermo-electric cooling. In-
dium foil was applied to improve the thermal contact between the surfaces. The
conical aperture of the heat sink plates had a diameter about 1.5 mm (see inset photo-

graph in Fig. 5.3), which was large enough for vertical laser emission and double-side

pumping.
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Figure 5.3 Schematic drawing of the MECSEL setup with the used laser mirrors M1, M2, and M3 for the
V-cavity, and the measurement devices for the characterization of single-side and double-side
pumping. Reproduced from [P1], with the permission of OSA Publishing.

Mounted to a tilt/jar stage and three linear axis stages, it was possible to adjust the
gain element along all directions of space. A schematic drawing of the experimental
setup with all the devices used in the characterization is shown in Fig. 5.3. The gain
membrane was optically pumped at 532 nm by a Coherent Verdi-V18, which was a
high-beam quality frequency doubled solid-state laser with 18.5 W maximum output
power. The pump beam was focused by a 200 mm plano-convex lens. To have com-
parable results from the SSP and DSP measurements, the output power is plotted as

a function of the absorbed pump power P, .. The incident pump power P, ., the
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and the transmitted pump power P, . were measured

reflected pump power P, trans

refl>
directly before and after the gain element in order to calculate P, .. For DSP, the
polarization of the pump beam was adjusted by a A/2 waveplate and the beam was
split into two beams by a polarizing beam splitter (PBS). The pump absorption was
nearly symmetrical.

For gain membrane #1, a V-cavity was formed by two HR plano-concave laser mir-
rors M1 and M2, and a plane outcoupling mirror M3. This allowed high output
power transmission from one direction. The gain element was positioned in the intra
~ 80 pm and D

tial and sagittal planes. Due to the angle of incidence, the pump beam had a slight el-

cavity beam waist with diameters of D ~ 155 pum in tangen-
Yy B g

m, tan m, sag

lipticity with diameters of D, ,, = (88+8) pmin sagittaland D, ,, = (91£8) umin
tangential plane. 50% of the total absorbed pump light (100%) within the gain mem-
brane was attributable from the absorption from pump arm 1 and 50% from pump
arm2. According to Beer-Lambert law, the pump light was absorbed within the
gain membrane and the intensity decayed exponentially as simulated in Figure 5.2.
The average absorption coefficient agy, — ~ 4-10*cm™! was determined from the
pump power absorption measurements. If SSP was applied, less than 15% of the
initial pump light remained for the last QW on the backside. This should not be
very problematic in our case. Only for even thicker gain membranes, it can occur
that the pump light is not any more high enough at the backside QWs for SSP. The
unpumped QWs in that sense become a lossy element that only absorbs without
contributing to lasing. With DSP, a more homogeneous pump light distribution

within the gain membrane is expected than with SSP.

5.1.3 Comparison of the output power performance

The SSP1 and DSP power performance using Ry;; = 95% at Tj = 20°C are com-
pared in Fig. 5.4. To obtain all the power from the pump laser, the PBS was removed
from the setup in the SSP1 configuration. Three positive effects on the output power
can be clearly seen if DSP was applied: a lower threshold, a higher differential ef-
ficiency, and maximum output power. DSP contributed to a lower threshold of
0.69 W, which was initially about 0.79 W for SSP1. Furthermore, DSP enabled the
MECSEL to increase the differential efficiency slightly from 31.9% to 34.4%. The

higher maximum output power of 3.22W required a smaller P, . In both pump
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configurations, the power curve started to deviate from its initial linear behavior at

P, =8W. This could be a sign of thermal roll-over setting in [41].
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Figure 5.4 Output power comparison in SSP (pump arm 1) and DSP configurations at 20°C. An enlarged
view to the threshold region is given by the inset. Reproduced from [P1].

5.1.4 Spectral characteristics

To check the emission wavelength, an HR spectrum of the free-running MECSEL
was measured and plotted in Fig. 5.5.

i Pabs.. pump = 1.26 W (DSP) g |

o | Pout= 135 mW S
= . o

S Intensity S

. | T,s=20°C + 4
2 N

© «
= e
2| I _
[2]

5 << 3
£ <>

777.0 7775 778.0 7785 779.0 779.5 780.0

Wavelength / nm

Figure 5.5 HR spectrum of the free-running 780 nm MECSEL measured with an Ando AQ6317C OSA
with an average time of 20 s. Reproduced from [P1], with the permission of OSA Publishing.

Matching to the design wavelength, the MECSEL operated at around (778 £ 1) nm.

It should be mentioned here that the spectrum contained the typical longitudinal
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laser modes. Spectral filtering was given by the uncoated SiC pieces. They acted like
aFabry-Pérot etalon and multi-beam interference occured at the nearly plane parallel
surfaces when the intra cavity beam propagated through. This can be confirmed by
the measured mode spacing of (0.3240.02) nm which is nearly equal to the calculated
FSR of the SiC pieces. As a further investigation, wavelength tuning measurements
were performed by rotating a thick birefringent filter inside the cavity (see Fig. 5.3).
A 0.5mm birefringent filter with a FSR of AA,q,. - = 136.6 nm was incorporated
that allows a wide continuous tunability. With an HR outcoupler, a tuning range of
44.5 nm was measured from 767.0 nm to 811.5 nm as plotted in Fig. 5.6. Because the
0.5mm birefringent filter did not introduce high enough losses to tune the MEC-
SEL with the 5% outcoupling mirror, a 2mm birefringent filter was applied. By
this, the output exceeded 1.6 W at 781 nm and was tunable over a range of 22.5 nm.
Both measured tuning curves revealed a typical output power distribution centered

around the gain maximum.
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Figure 5.6 Wavelength tuning results of the 780 nm MECSEL. Reproduced from [P1].

5.1.5 Thermal investigations

Since the temperature inside the gain membrane or near its surface cannot be directly
measured, an alternative, indirect method was applied to determine the thermal resis-
tance. This practical method [104, 109] was based on spectral shift measurements.
It involved the monitoring of the MECSEL emission wavelength when either the

pump power or the heat sink temperature 7}, was modified. The heat flow was as-
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sumed to have a constant distribution. Correspondingly, the temperature inside the
gain membrane was a linear function of the dissipated power with Py, =P, . —P, .,
the MECSEL output power. The
thermal resistance R,;, corresponded to the slope and could be expressed in units of

K/W and derived as follows:

where P, was the absorbed pump power and P,

Ry, [K/W]=

dA/IPy . [nm/W]. 65.1)

dA 3T nm/K

Figure 5.7 shows how the MECSEL center emission wavelength varies with Py, as
well as with 7} .. Although the emission wavelength near the lasing threshold is sim-
ilar for all configurations, the MECSEL operated on average at a slightly shorter
emission wavelength with DSP. On the one hand, this could indicate that the ther-
mal situation in the gain membrane near the threshold is similar in all three pump
configurations. Secondly, the shorter emission wavelength in the DSP configuration

could mean a slightly lower temperature within the gain membrane.
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Figure 5.7 Spectral shift of the MECSEL in relation to the dissipated power (upwards pointing triangles,
full squares, and circles) and the heat sink temperature (full downwards pointing triangles).
Reproduced from [P1], with the permission of OSA Publishing.

Furthermore, the measurements revealed a smaller spectral shift of 1.34 nm/W for
DSP while for SSP1 and SSP2 the spectral shift was equal to 1.43 nm/W and 1.52 nm /W,
respectively. It can be seen that the spectral shift was not the same for SSP1 and SSP2.
One possible reason is that the pump spot size for each pump arm side is slightly dif-
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ferent. A smaller pump spot size at the same pump power could cause a stronger
heating effect, and induced therefore a larger spectral shift. On the other hand, by
increasing up T}, emission wavelength red shifted with a rate of 0.25nm/K with
DSP at a fixed P, = 2.53 W. On both pump beams, a duty-cycle of 5% was applied
to avoid heat from the pump laser that causes any wavelength shift. Finally, Eq. 5.1
yielded a thermal resistance of Ry, pgp = 5.36 K/W for DSPand Ry, ssp1, = 5.9K/W
on average for SSP. Although the results indicated a similar thermal situation in the

gain membrane, one obtained a slightly lower thermal resistance value for DSP.

5.1.6 COMSOL Multiphysics® simulations

As can be analyzed from the previous measurements in Sec. 5.1.5, the gain membrane
was obviously too thin to be much affected by the pump configuration. However,
DSP was expected to be more effective for gain membranes with larger thicknesses.
To further investigate this, heat transfer simulations were conducted in COMSOL
Multiphysics” and presented here in the following.

It was assumed that the Gaussian pump beam penetrates perpendicularly into the
structure. Here, the pump was absorbed within the whole membrane but mostly in
the AlGaAs spacer layers. Correspondingly, a simplification was made by using the
absorption coefficient of AlGaAs spacer material only as listed in Tab. 5.1.

Fig.5.8 points out that the maximum temperature in the 577 nm thick gain mem-
brane could exceed 140°C at 10 W absorbed pump power. Although the simulated
maximum temperature at 10 W pump power is fairly high, the MECSEL does not
switch off. Here, it needs to be considered that the spatially temperature distribution
adapts the Gaussian power distribution from the pump laser. This directly means
that the temperature decreases with the radial distance. In that sense, these high
temperatures at the center of the pumped region are tolerated as long as the cooler
temperature regions within the pumped structure are able to sustain the lasing pro-
cess. This could mean that lasing is not much affected by the maximum temperature
but more by the temperature averaged over the radial distance. These assumptions
are underlined by the simulated values. A linear fit to the averaged temperature yields
a slope of 5.83 K/W for DSP. The temperature increase is again slightly lower than

the value obtained from a SSP configuration and therefore agrees well with the mea-
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surement data presented in Fig.5.7.
As already discussed, DSP can be especially beneficial for thick gain structures. How-

ever, for thin structures, this pumping scheme is not crucial.
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To figure out at which thicknesses DSP becomes important, the maximum as well as
the radially averaged temperature increase are plotted in Fig. 5.9 and Fig. 5.10. Both
figures illustrate that DSP principally contributes to a smaller temperature increase.
Starting from membrane thicknesses over 625 nm, the simulations propose that DSP
can be beneficial. The average radial temperature for DSP begins to saturate for struc-
tures thicker than 1 pm and remains below 6.4 K/W. On the other hand, the averaged
radial temperature increase of a SSP structure arrives almost at 7.1 K /W because the
maximum temperature strongly rises.

As a further investigation, the temperature is plotted over the vertical structure po-
sition. Fig.5.11 shows the relationship for a thin structure with 500 nm thickness
at 9 W absorbed pump power at the radial center. While the DSP structure owns

a more homogeneous temperature distribution, the maximum temperature for the
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SSP structure is closer to the heat spreader which is facing towards the pump beam
side.
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Due to the close contact to the heat spreader, heat is directly dissipated away from
the structure surface. The hottest region in a SSP structure is therefore not at the
surface, where the pump beam intensity is the highest but at distance of 135 nm.
Furthermore, the temperature difference between the minimum and the maximum
in the SSP structure is only about 7°C.

This 1s different for a 1.5 um thick SSP structure as can be seen in Fig. 5.12. Here,
the maximum temperature is ~ 30°C hotter than the much less pumped region on
the backside of the structure. On the other hand, the DSP structure obtains a flat
temperature distribution. The lower temperature is therefore a direct result of a
better heat conduction from the combination of the double-side pumping with the

double-side cooling configuration.
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Figure 5.12 Vertical temperature distribution across a 1.5 um thick membrane compared between SSP
(red lines) and DSP (black lines) at 9 W absorbed pump power.

5.2 DSP with sapphire heat spreaders

5.2.1 Gain membrane #2

Gain membrane #2 employed 2 x 3 Al; ;,GaAs QWs with Al, ,GaAs barriers and
Al 49GaAs claddings. While each QW was 7 nm thick, the thickness of the barri-
ers corresponded to 8 nm between the QWs, and 12 nm next to the QW packages.

Thus, the gain membrane thickness in structure #2 resulted to about 335 nm which
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conformed to a 1.5 A sub-cavity. As like gain membrane #1, the gain membrane #2
was surrounded from both sides by 10 nm thick AlInP electron blocking, and 10 nm
thick GalnP capping layers. Gain membrane #2 was bonded between two sapphire
heat spreader pieces, each 500 pm thick.

Transmission measurements

Before the gain membrane - heat spreader sandwich was built into the laser cavity,
transmission measurements of the sapphire - gain membrane #2 - sapphire sandwich
were performed with a white light LS-1 tungsten halogen lamp from Ocean Optics
as plotted in Fig. 5.13. Since the gain membrane was designed to absorb the pump
light at 532 nm in all layers, the transmission was expected to be small around 532 nm

which 1s here the case.
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Figure 5.13 Transmission measurements through the sapphire - 760 nm membrane - sapphire sandwich.

If the incident wavelength increases until its corresponding photon energy becomes
smaller than the absorption edge of the cladding material, and subsequently the bar-
rier and QW material, the absorption drops. Accordingly, the transmission increases
progressively near the absorption edges as can be seen in Fig. 5.13. In total, three local
maxima can be identified around ~ 570 nm, ~ 700 nm, and ~ 750 nm which corre-
spond to the absorption edges of the cladding material Al ,oGaAs, barrier material
Aly ,GaAs, and Al ,GaAs QWs [111]. A maximum transmission was achieved
around 80% at longer wavelengths than the corresponding QW band gap energy

because 20% of the incident pump light was attributable to reflection losses at the

64



air-sapphire interface.

5.2.2 Cavity and pump configurations for gain membrane #2

The 760 nm emitting gain membrane #2 was characterized in a ~ 172 mm long linear
cavity, which consisted of M1 (ry;; = 100mm, Ry = (97 £1)%) and M2 (ry, =
75mm, Ry > 99.9%). With the gain element placed very close to the cavity beam
waist, the operating cavity mode diameter corresponded to ~ 100 pm. The pump
mode to a diameter of (97 & 8) pm in tangential and (100 + 8) um in sagittal plane,
and thus mode matching was approximately achieved. It also has to be noted that
only DSP was applied for the characterization of gain membrane #2. From the total
absorbed pump light, about 51% originated from the absorption via pump arm 1,
and 49% via pump arm 2. Thus, gain membrane #2 absorbed the pump light as like

gain membrane #1 very homogeneously from both sides.

5.2.3 Power performance

The output power performance of the 760 nm MECSEL (gain membrane #2) at a
heat sink temperature of 21.5°C is plotted against the absorbed pump power in
Fig.5.14.
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Figure 5.14 Power performance of a 760 nm sapphire MECSEL, gain membrane #2. At about half of the
maximum absorbed pump power, the output curve starts to deviate from its linear behavior.
Reproduced from [105].

With an outcoupling reflectivity of Ry, = (9741)%, the lasing threshold was reached
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at P = 0.28 W. The differential efficiency obtained from a linear fit to the mea-
surement data from P, in the range of 0.2 W to 1.2 W, was about 74 = 30.3%.
Although gain membrane #2 owned half of the amount of QWs compared with gain
membrane #1, the differential efficiency values from both were nearly similar. Since
gain membrane #2 could be only pumped up to 1/5 of the maximum pump power
that gain membrane #1 thermally endured using SiC, the maximum output power
obtained here with sapphire was correspondingly 577 mW, which was about five
times lower.

To determine the thermal resistance, the spectral shift is plotted as a function of the
dissipated power in Fig. 5.15a.

A laser emission spectrum centered at 770 nm was measured at P, . = 1.65 W as plot-
ted in Fig. 5.15b.
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Figure 5.15 Spectral characteristics of the 760 nm sapphire-cooled MECSEL. Reproduced from [105].

By assuming that the spectral shift with the heat sink temperature was similar to
gain membrane #1 as the material compositions are not much different, the thermal
resistance was calculated as R, = (27.2+2.8) K/W. This is about five times larger

than the value obtained with the SiC-cooled gain membrane #1.

5.3 Conclusion

In this chapter, we have investigated the potential benefits of DSP in a MECSEL to
introduce a more uniform heating. Compared with SSP, the lasing threshold was
lowered from 0.79 W to 0.69 W in a 780 nm-emitting 4 x 3 AlGaAs QWs MECSEL.

The analysis revealed a differential efficiency increase from 31.9% to 34.4%. Limited
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by thermal roll-over, the maximum output power exceeded 3.22 W. With SiC heat
spreaders and at 20°C heat sink temperature, these are excellent values [20, 112-
114]. Furthermore, the thermal resistance for SSP was measured as 5.36 K/W; and
5.9K/W for DSP. At this point, the difference was not significant. A possible rea-
son is that the membrane was relatively thin, only about 577 nm. This presumption
was confirmed by heat transfer simulations which showed that the thermal situa-
tion was in general good for such a thin membrane. If heat is introduced to such a
thin membrane, the temperature does not vary much along the pump direction in
both SSP and DSP. Hence, the laser performance was not influenced much by the
pumping scheme as observed in our experiments. However, for gain membranes
thicker than ~ 625 nm, DSP was expected to become more relevant. The access of
two pump beams from two sides could create a more evenly distributed temperature
along the pump direction at a lower maximum temperature. Since this could lead to
a lower thermal resistance, DSP is a promising approach in the future to pump thick
or stacked gain membranes for high-power operation.

Besides using SiC as an intra cavity heat spreader material for the 780 nm gain mem-
brane, a power and thermal investigation was performed here with sapphire to cool
a second gain membrane which was designed for an emission wavelength of 760 nm.
Although the 760 nm gain membrane had less gain material (2 x 3 AlGaAs QWs
only), and the thermal conductivity of sapphire was about ten times lower than
SiC, the differential efficiency of 30.3% was very close to the value obtained with
the 780nm SiC cooled MECSEL. Owing to the high optical quality of sapphire,
the 760 nm MECSEL output power exceeded > 0.5W. Since the laser threshold was
about 0.28 W absorbed pump power, and the maximum output power was achieved
at about 2.5 W absorbed pump power, the sapphire MECSEL did not consume much
pump power. If high output power performance is not very important, a way to fur-
ther make this MECSEL more cost-efficient is to use green 525 nm emitting laser
diodes which are commercially available at 1 W output power [115] instead of the

solid state Verdi-V18 pump laser in the future.
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6 HIGH-POWER 8XX NM MECSELS

The accumulation of heat in the gain structure leads to thermal roll-over and ul-
timately limits the output power [116]. For this reason, power scaling techniques
presented in semiconductor disk lasers [117] have one thing in common, which is to
distribute the heat over a larger area. Kuznetsov et al. suggested to optically pump
multiple spots on a large gain element [47, 118]. The individual emission from each
spot can be combined together to a high power array. Another technique involves
multiple separate gain elements which shares the same cavity [119, 120]. The ben-
efit here is that excessive heating can be further avoided since the gain elements are
individually cooled by their own heat sink. With this method, Yb:YAG lasers using
four laser crystals provided over 1 kW output power [121].

Figure 6.1 A photograph of the 825nm emitting MECSEL during operation. The infra red filter was
removed from the camera. So it was possible to capture the intra cavity MECSEL beam that
is illustrated here in purple. In addition, the green pump beam impinging from two sides onto
the MECSEL sample is visible.
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In this chapter, power scaling in a single MECSEL gain element is demonstrated.
A more traditional way of power scaling known from semiconductor disk lasers
is applied by increasing the pump spot size [13, 122, 123]. The experiments are
performed in a MECSEL with an emission wavelength of 825 nm as illustrated in
Fig.6.1. In the short 8XX nm region, neither a VECSEL nor a MECSEL has been
reported so far. At the moment, laser diodes are commercially available at this wave-
length. The wavelength is also covered by Ti:sapphire lasers that have already been
used for example in differential absorption lidar (DIAL) research for atmospheric
sensing [124, 125]. Just as the Ti:sapphire laser, the MECSEL can serve as a probe
laser in the future at much lower cost to scan ground-based water-vapor at 820 nm,
for instance. Furthermore, thermal lensing is investigated how it affects the beam
quality of a MECSEL. The results have been published as a peer-reviewed article P2

and conference proceeding [ 106].

6.1 Gain membrane

The MECSEL structure was fabricated on an undoped (100) + 0.5° GaAs substrate
wafer in a V8OH-10 VG Semicon solid source MBE reactor. An AlAs layer served as
a process layer as described earlier in Sec. 3.5. Illustrated in Fig. 6.2 is the T-matrix
simulation of the refractive index and electric field intensity distribution along the
MECSEL structure.
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Figure 6.2 T-matrix simulation of the electric field distribution (red) and refractive index (black) plotted
along the vertical position in the MECSEL structure.
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Nine GalnAsP QWs were equally arranged according to an RPG structure design
into three groups with half a wavelength spacing to each other. The QW groups
were located near the antinodes of the electric standing wave field that was formed
in the membrane sub-cavity. The structure was optimized to be resonant. For bar-
rier pumping at 532 nm, GalnP was used in the barriers/spacers to absorb the pump
light and to provide a sufficient charge carrier confinement preventing the charge car-
riers from a too early thermal escape. The gain region was additionally surrounded

by higher band gap energy AlGalnP window layers from both sides.

6.2 Experimental setup

The gain membrane was bonded between two transparent, uncoated 350 um thick,
4H-SiC heat spreader pieces. The membrane-heat spreader sandwich was assembled
in a copper heat sink similar to Sec.5.1.2. Two different V-cavities, which are de-
noted here as cavity 1 and cavity 2 with a schematic drawing illustrated in Fig. 6.3,
were used to compare how the cavity mode area on the MECSEL gain membrane

affects the overall power performance.

Focusing lens MECSEL Heat sink

- gain membrane
[~ =200 mm betwefn Siij mount

filter @

Figure 6.3 Schematic drawing of the 825nm emitting MECSEL setup with the double-side pump ar-
rangement. The setup was used for all characterization measurements. The membrane was
placed at a distance to M1 and M2 of L; and L,. L; denotes the distance between M2 and
M3, here. Reproduced from [P2], with the permission of OSA Publishing.

For a smaller, elliptical cavity mode area with D_ ... = (87 £18) pm and D

m,tan ~ m,sag ~

(162 +6) pm in diameter along the tangential and sagittal planes, the measurements

were performed in cavity 1. A larger cavity mode area with D .. = (127 £+ 16) pm

m,tan
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and D, .., = (173 £8) pm in diameter was provided by cavity 2. The used laser mir-
ror curvatures, mirror distances L, L,, and L5, and the folding angles « for the two
different configurations can be found in the publication P2. The gain membrane
was optically pumped from two sides under an incident angle of about 14° at 532 nm
from a Coherent Verdi V-18 laser. The collimated pump beam was focused down
onto the membrane by a plano-convex lens with a focal length of 200 mm. The
pump area was individually re-adjusted for each cavity. By measuring the power of
both reflected pump beams without laser operation, the reflection losses at the front
surfaces of the uncoated SiC heat spreaders were estimated to be about 26%. The
power of the transmitted pump beams were measured to find out the approximate
absorption. About 70% of the incident pump beam got absorbed in the gain mem-

brane.

6.3 Results

6.3.1 Power characteristics

The input-output power characteristics measured in both cavities under laboratory

and room temperature conditions of 20 °C are plotted in Fig. 6.4.
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Figure 6.4 Power scaling results in an 825 nm MECSEL. By increasing both, the cavity mode and pump
mode area, the MECSEL output power is doubled from 0.7 W (with cavity 1) to 1.4 W (with
cavity 2) at a heat sink temperature of 20 °C. Reproduced from [P2], with the permission of
OSA Publishing.
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Clearly distinguishable are the threshold and the maximum output power. When the
MECSEL operated in cavity 1, lasing was achieved at 0.77 W. By assuming that the
pump diameters D, ., = (88+4) pmand D, ;,, = (98+5) pm along both propagation
axis, the pump threshold density would correspond to approximately ~ 11kW /cm?.
This is comparable to earlier VECSEL results [50]. The output power, only measur-
able behind the outcoupling mirror M3 with a transmission of 2.5%, reached its
maximum at 0.72 W with a differential efficiency of 19.4% before thermal rollover.
Finally, to scale up the power, the MECSEL was set up in cavity 2. The pump area
was re-adjusted to maximize the output power at the highest pump power level.
As predicted by the simulations of Laurain et al. [59], a maximum yield was ob-
tainable at ~ 14 W pump power provided by the Gaussian pump beam. Here, the
given cavity mode to pump mode diameter ratio D,, /D, was in the range between
0.55 and 0.75, meaning that the overall pump area was larger than the cavity mode
area. Our configurations perfectly matched to these simulations, with a mode ratio
Dm/Dp =0.66£0.14.

Due to the larger pump area, the lasing threshold increased to 2.83 W absorbed
pump power which corresponded to a slightly lower pump power density of about
7 kW /cm?. With a barely changing differential efficiency of 17.7%, thermal rollover
was setting in at higher pump power, and the maximum output power was doubled
to 1.4 W, including the transmission from M1 (cavity 2). In principle, the output
power can be further increased by a larger pump area with thicker SiC heat spread-
ers [65] since the used pump spot diameter of about 209 pm here was not very large.
Pump spot diameters as large as ~ 950 pm had been applied in high power VECSELSs,
which had lead to 72 W in 1180 nm-emitting VECSELs [14] and 106 W in 1028 nm-
emitting VECSELs with InGaAs QWs [26]. It should be considered that diamond
heat spreaders had been used in the high-power VECSELs, and the high thermal
conductivity of diamond had enabled such large mode areas and pump powers. This
power scaling approach has a certain limit which is due to the three dimensional
heat flow taking place in the heat spreader [101]. If one considers that heat in the
gain membrane is mainly transported from the surface through the heat spreaders,
heat does not only flow in the axial but also in the lateral direction through the heat
spreaders and then to the heat sink. Once the pump area gets larger, the lateral heat
component is getting more important, i.e. heat needs to be transported away from

the center to the edge of the pump spot area or otherwise the thermal resistance rises.
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6.3.2 Optimal outcoupling value

Each oscillating mode propagating within a laser cavity faces two different kind of
losses during a single cavity pass [126]. First, losses occur from outcoupling. Sec-
ond, non-radiative absorption, scattering, diffraction can take place inside the gain
material or at the laser mirror surfaces. These losses are considered as internal or
resonator losses. The internal losses for VECSELs were commonly estimated by the
Findlay-Clay method [127]. Typical values measured in VECSELs are between 2%
and 6% [48, 128, 129]. To enable lasing, the single-pass gain needs to overcompensate
all the losses. The relation between the output power P and the total outcoupling

transmission 7' can be formulated as

&o
Pout:C-T[m—l], 6.1)
where C is a saturation power related fit parameter, L; the internal losses, and g,
the unsaturated gain. Without going into much deep investigation what the internal
losses and the unsaturated gain values are, Eq. 6.1 was used here to make a relative
comparison and to verify the optimal outcoupling transmission for this kind of small
amount of QWs gain membrane. The power performance was measured in cav-
ity 2 with a set of different outcoupling transmission at the same pump conditions
and plotted in Fig.6.5a. As can be seen, the power curves at Ty, ;3 =2.9% and
Tty 4vs = 1.4% are similar in differential efficiency and maximum output power,
possibly because the optimum transmission value is inbetween. To have a closer
look, the output power at 8 W absorbed pump power measured at all available com-
binations giving Ty, 3 is visualized in Fig. 6.5. It was experimentally tested out
that there was no lasing with the available 5.4% outcoupling mirror most likely be-
cause the gain from the relative small amount of QWs was not high enough. To
obtain the optimum transmission value, the fit function requires a threshold value.
Since the threshold cannot be more exactly determined as between 3% and 5.4%, fur-
ther presumptions only rely on Eq. 6.1. The resulting fit parameters gy and L; need
to be considered. A fit to Eq. 6.1 with 5.4% total outcoupling threshold yielded a
value for gy = (11.9£1.8)%, as well as for L, = (6.6 £ 1.8)%. At the optimal outcou-
pling transmission around 2.3%, about 5% output power increase can be expected

from the maximum of the fit function. On the other hand, the fit revealed very high
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values for g; and L; the smaller the threshold value is set. Below 4.7%, both values for
g0 > 26% and L; > 22% are too high to be realistic. For a comparison, fit functions
with smaller g, values of 6.5% and 7.5% and L, values of 0.7% and 2% are included.

1.6 T T T T T T Ol 1-2 T T T T T T T T T T T T T T T T
——gy=6.5%,L,=0.7%
z 14 1*""3_29/0 ‘ ] =101 abS_SW ———ZZ=7.5%,Li=2% ]
=12 wmimz = 1.4% ’l °\° s S osl : =(11.9:1.8)%, ]
210 wiems = 0.7% (\ T g L =(6.6+1.8)%
8_0.8 oo “(\b\‘{\ ..l i 506 4
506 ROV 2l L ICTR 504} 1
%04 A//“‘z‘..'.//'\(b 4 502k 4
©o02 fan” ] 0.0f 1
0.0 Lt L L L “ )
0 2 4 6 8 10 12 14 0O 1 2 3 4 5 6 7 8
Absorbed pump power / W Total outcoupler transmission / %

(a) Power curves measured at different outcoupler trans-  (b) Output power of the MECSEL plotted versus the total
missions transmissions of M1 and M2 at P, =8 W.

Figure 6.5 Optimal outcoupling mirror transmission in cavity 2 for the 825 nm MECSEL around 1.2%.
Reproduced from [P2], with the permission of OSA Publishing.
6.3.3 Covering a spectral gap in the short 8XX nm region

An HR spectrum was measured at P, = 6.7 W with an HR outcoupling mirror in

cavity 2. As shown in Fig. 6.6, the lasing wavelength was centered at 829 nm.

Pabs. pump = 6.7 W
M P, = 300 mW

T, = 20°C
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Figure 6.6 HR spectrum of the free-running 825 nm MECSEL measured with an Ando AQ6317C OSA
with an average time of 20 s.

Fig. 6.7 outlines the realized VECSELs and MECSELS in the short 8XX nm wave-
length region. Although there were no fundamental difficulties to realize VECSELs
in the wavelength region between 810 nm and 830 nm as there are suitable material

systems to grow a DBR and the gain structure, a spectral gap was left. The 825nm
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MECSEL was able to cover this spectral gap as can be seen in wavelength tuning

measurements with a

2 mm thick intra cavity birefringent filter.
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Figure 6.7 Wavelength tuning with a 2 mm thick intra cavity birefringent filter and 7,,, = 2.5% outcoupling
mirror at P, . = 11.5W. Reproduced from [P2], with the permission of OSA Publishing.

6.3.4 Thermal resistance

The thermal resistance of R, ~ 4.09K/W was determined via spectral shift measure-
ments, AA/AP  =0.45n0m/W and AA/AT =0.11nm/K as plotted in Fig. 6.8.
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Figure 6.8 Spectral shift measurements with the dissipated power (grey dots) and heat sink temperature

(dark grey squares) of the 825 nm MECSEL. Reproduced from [131].
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6.3.5 Thermal lensing and its effect on the beam quality

To make a conclusion about the beam quality of the MECSEL, its beam profile and
M? value was investigated in cavity 2. Here, a Thorlabs CCD beam profile camera
BC106N-VIS with a resolution of 1360 x 1024 pixels was positioned behind M1. The
camera position, and therefore the distance between the camera and M1 was fixed to
make sure not to have any influences on the beam profile that was given by the cam-
era position. Compared with the slightly elliptical beam profile at low pump power
P, =3.4W in Fig. 6.9, the beam profile became smaller and more circular once a
higher pump power was set. Most likely, this is a thermal effect because the change
disappears if the gain membrane is optically pumped with a 5% duty cycle. The ob-
served change in size and shape can be at least attributed to the growing pump mode

area with higher power as the pump beam owns a Gaussian power distribution.
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Figure 6.9 Beam profile measured at 3.4 W (left), 6.8 W (center), and 10.2W (right) absorbed pump
power. By increasing the pump power, the beam profile at a fixed position turned into a
smaller and more circular spot. Reproduced from [P2], with the permission of OSA Publish-
ing.

On the other hand, a nonuniform pump power distribution leaves a temperature
gradient within the MECSEL-heat spreader sandwich behind. Based on the thermo-
optical effect, the refractive index changes with the temperature, which creates a
refractive index gradient. Hence a thermal lens [64] could be most likely setting in
[65, 132]. Although it cannot be discriminated between how much contribution to
the thermal lens comes from the heat spreaders and the gain medium, the thermal
lens from the gain medium seemed to be dominating as the gain medium was signifi-

cantly absorbing the pump light in contrast to the heat spreaders [65]. It is also a fact
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that semiconductors possess thermo-optical coefficient values of up to two orders of
magnitude higher than dielectric materials.

Subsequently, M? measurements were performed at varying absorbed pump power
as plotted in Fig. 6.10c for both, sagittal and tangential planes. The divergence angle
decreases from 2.8° to 1.2° in sagittal, and from 2.3° to 1.0° in tangential plane as
shown in Fig. 6.10b. In turn, the beam waist diameter increases by 40 + 5 pm. Fur-
thermore, the beam waist position shifts by ~ 5mm probably because the dioptric

power of the thermal lens and hence its focal length is changing.
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Figure 6.10 Beam diameter, beam waist positions, divergence angles, and beam waist diameter ob-
tained from the M2 measurement in cavity 2. Reproduced from [P2] and [131].
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Figure 6.10d illustrates how the M? value centered around 1.5, was affected by the
superposition of both effects, thermal lensing and the saturation of the pump beam.
As expected, rising up the absorbed pump power to ~ 7 W induced a stronger ther-
mal lens and therefore, the M? values dropped. At higher pump power level above
7 W, the high temperature area of the gain membrane could grow, which effectively
could mean a reduction of the thermal gradient and the M? value increased.

In order to estimate the dioptric power of the thermal lens, a ray transfer matrix al-
gorithm [133] for a Gaussian beam was used to simulate the mode diameter within
the cavity. It should be additionally considered that our approach did not include
any higher-order transversal modes and therefore holds only true for fundamental
transversal modes [132]. First, the mode diameter was simulated without a lens in-
side the cavity. This is exemplarily shown along the tangential plane in Fig. 6.11.
By immersing a thin biconvex lens with a given focal length directly behind the
membrane-SiC heat spreader sandwich in the simulation, the effect of the lens on
the beam divergence angle can be seen. Fig.6.11 exemplarily shows how the intra
cavity beam changes by the focussing effect of the thin lens with a focal length of
200 mm. The beam waist diameter grew from ~ 0.13 mm to ~ 0.15 mm while the
beam divergence angle in the cavity position between 250 mm and 500 mm decreased

by a factor of ~ 0.85.

3.0 T T T T 7 P
E0.'18 ” Tangential plane
7 Eo047 7
o5 L 50‘16 7 w/o lens Y
g “Prexl A ——w/ f =200 mm
o 20.15 .
1S & ) thin lens
= 20 7 behind SiC
% L . . _ Z
\2 24 2 265/
E 15 235 245 255 268
«© s Position/mm 7
° \ . 7
. |
E 10F SiC 7
3 ’ ?
z |
s} 7 7
0.5 F M1 - m2 7
7 7
K 7/ Z
00 " 1 " 1 Vol 1 " 1 " 1 2 1 " 1 " 1

0 100 200 300 400 500 600 700 800
Position within the cavity 2 / mm

Figure 6.11 Simulated beam diameter within the cavity 2 in tangential plane for a laser emission wave-
length of 825 nm. The total thickness of the SiC heat spreaders corresponds to 0.7 mm. The
membrane has been neglected in the simulation. An enlarged view around the beam waist
position is shown in the inset. It shows how the beam waist diameter grows by the focussing
f =200 mm lens placed behind the SiC heat spreader.
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Since the mode diameter is nearly linearly proportional for larger distances to the
gain element, it was considered that the beam divergence angle of the internal and
the external beam changes in the same way by the same factor. This factor was cal-
culated by the M? measurement data, using the beam divergence at threshold as a
reference.

Figure 6.12 shows the outcome of the calculation. A trend that the dioptric power of
the thermal lens increases with the absorbed pump power can be seen. Saturation to
about 11 m~! occured, when the absorbed pump power is set over 10 W. From these
observations, it becomes again questionable whether there is a loss of the thermal
gradient responsible for this saturation setting in. The values along both propaga-
tion planes are almost the same, which could mean that the thermal lens corresponds

to a focussing lens with a uniform shape.
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Figure 6.12 Thermal lens dioptric power from the ray matrix calculations based on the experimental
data. Reproduced from [P2], with the permission of OSA Publishing.

Although there is an interplay of many various thermal effects, and the origin of
the thermal lens cannot be exactly determined, there is at least a way to scrutinize
whether the thermal lens is attributable to the refractive index gradient within the
membrane. For a Gaussian pump beam, it was assumed that 87% of the heat was
within the FWHM as proposed by Gordon et al. and therefore the refractive index
variation could be described as a parabolic function around the beam center [64].
The temperature rise was obtained from spectral shift measurements, from the ther-
mal resistance R, = 4.09K/W. Thus, very close to thermal rollover, the temper-
ature rise was approximately equal to AT = 46.83K. For simplicity, the thermo-
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optical coefficient of GalnP dn/dT ~ (2.0 £0.3) - 10~*K~! [134] was taken into
account and the dioptric power of the thermal lens was estimated as (8.4+2.2)m ™.
This calculated value is in the same order of magnitude as the results plotted in Fig-
ure 6.12.

6.4 Conclusion

High-power operation was demonstrated in an 825 nm emitting MECSEL with SiC
heat spreaders and at a heat sink temperature of 7}, = 20°C. Here, the cavity and the
pump mode diameter was increased which had doubled the output power to 1.4 W.
The used pump diameter was about 209 pm. Since this value was low compared
to what had been typically used in VECSELs, the pump diameter can be further
increased. Also, the gain membrane with nine QW' only, was relatively thin about
~ 490nm. A gain membrane with more QWs can be grown at this wavelength in
the future to further increase the output power. Also, several membranes can be
directly stacked on top of each other to increase the gain volume. A heat spreader
inbetween can be supportive for the thermal management.

In addition, investigations on the beam quality were presented. The beam profile
became more circular and smaller once the membrane was pumped at higher power
at cw operation. Attributable to this effect is the growing Gaussian pump mode
area. However, the beam profile change became less prominent when the membrane
was pumped at a 5% duty cycle. For this reason, thermal lensing was most likely
setting in. This had not much affected the M2 value, and the beam quality with an
M? value < 1.6 remained excellent. In the future, it can be investigated how different
pump spot diameters, mode ratios, heat spreader materials and thicknesses affects

thermal lensing [65].
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7 QUANTUM DOT MECSEL AT 1500 NM

The 1.5 pm wavelength region is covered by the InP material system yet lacks of
suitable DBR materials with a specific refractive index contrast and thermal conduc-
tivity. This considerably makes it difficult to realize VECSELs with a monolithically
integrated DBR. The situation becomes even clearer if one compares the refractive
index contrast between 1 pm and 1.5 pm DBR materials.

Unlike AlAs/GaAs DBRs near 1 pm with ~ 25 DBR pairs and a refractive index
contrast of about 0.7 [135], the refractive index contrast of common DBR materi-
als near 1.5 pm is much lower. To be more specific, between an InAlAs/InGaAlAs
pair the refractive index contrast is only 0.3, and between an InP /InGaAsP pair 0.27
[136]. This has lead to at least 40 DBR pairs to achieve a sufficient high reflectivity
of over 99.5%. Because the thickness of the DBR and the gain structure typically
scale with the design emission wavelength, the VECSEL structures become so thick
and tend to be more fragile to crack due to internal structural tensions.

InP VECSELSs with a monolithically integrated DBR have been demonstrated earlier
[137, 138]. These devices have provided only 140 mW output power at room tem-
perature operation [139]. The thermal resistance has been reported to be as high as
470K /W. To benefit from the higher refractive index contrast between amorphous
silicon and silicon nitride, hybrid metal-dielectric mirrors soldered on different types
of heat spreaders such as SiC or diamond have been implemented [140]. A hybrid
metal-metamorphic mirror with 15 GaAs/AlAs DBR pairs has been integrated. Al-
though the refractive index contrast is lower than in the hybrid metal-dielectric mir-
ror, its higher thermal conductivity has lead to a better thermal resistance (R,;, =
34K /W) in VECSELs. The output power has been limited to 77 mW with this ap-
proach. Furthermore, VECSELs with GalnAsN/GaAs QWs and 29.5 AlAs/GaAs
DBR pairs grown on a GaAs substrate has provided 80 mW output power [141].
Only high power (> 3.65 W) [142] 1.5 pm emitting VECSELSs could be realized if the

gain structure and the DBR have been grown separately on two different substrates,
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InP and GaAs; and afterwards combined via wafer-fusion [92, 143-147].

However, the next step of simplification would be to completely avoid the DBR,
which can in addition provide a better thermal management and wavelength versa-
tility. By this, it is possible to use more cost-effective heat spreaders such as SiC as
is the case in the MECSEL. In this chapter, we demonstrate such a simplification as
a MECSEL with InAs/InP QD layers for an emission wavelength of 1.5 pm. The
results have been published as P3.

7.1 Gain membrane

The MECSEL structure was fabricated by gas source molecular beam epitaxy (GSMBE)
at the University of Rennes. First, a 100 nm thick InGaAs etch stop layer was de-
posited on a 300 pm thick (311)B InP substrate. Afterwards, the gain structure was
grown. It was composed of 20 InAs/InP QD layers with a layer thickness of 5 nm.
The InAs/InP QD layers were separated by 15 nm thick GalnAsP barrier layers and
equally distributed in four groups with InP cladding layers. Furthermore, the struc-
ture was optimized for single-side pumping to have a homogeneous charge carrier
distribution such that the back side GalnAsP barrier layers were thicker as can be
seen in Fig. 7.1 and Fig.7.3.
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Figure 7.1 T-matrix simulation of the electric field distribution (red lines) and refractive index (grey lines)
along the asymmetric QD MECSEL structure.

From the front to the back side of the structure, the total thickness of the absorb-
ing barrier layers were thus, 90 nm, 120 nm, 160 nm, and 240 nm. All the QD layer
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groups were arranged near the antinodes of the electric standing wave formed in a
resonant 2.5 A sub-cavity. As mentioned, the InP cladding layer between the two
later pumped QD layer packages was about 260 nm thick which was more than two
times thicker than the other cladding layers in these structures. The fourth out of
five antinodes of the sub-cavity was left out and the fourth QD layer package was
positioned to the fifth antinode of the standing wave field as illustrated in Fig.7.1.
The gain region was identical to the 1.5 pm QD VECSEL. More details about the

gain region and growth can be found in [92].

7.1.1  Photoluminescence before and after processing

As a pre-characterization, a PL spectrum

r—— PL of the unprocessed structure -
—— PL of the MECSEL

r sandwiched
between SiC

of the unprocessed structure was mea-

sured at room temperature conditions

and plotted in Fig. 7.2. The PL maximum
was centered at around 1536nm and a
FWHM of ~ 142nm. After the substrate

was removed, and the gain membrane

Normalized intensity

was bonded between two 350 pm thick

4H SiC heat spreader pieces, the QD lay-
ers were most likely less compressively

strained than the unprocessed structure,

1100 1200 1300 1400 1500 1600 1700 1800
Wavelength / nm

Figure 7.2 PL spectrum of the QD MECSEL

such that the PL maximum shifted to- structure before and after processing.

wards shorter wavelengths to 1467 nm
with a FWHM of ~ 160nm. Further-

more, a shoulder on the shorter wavelength side of the PL maximum can be seen at
1300 nm, which can be attributable to the GalnAsP barrier layers that have a band
gap energy at 1.18 pm.

7.2 Experimental setup

Figure7.3 shows a schematic drawing of the setup. The membrane-heat spreader
sandwich was mounted into a copper heat sink mount. Water set at 19 °C flowed

through the mount, and cooled the membrane. Output power, wavelength tuning,
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Figure 7.3 Schematic drawing of the 1.5um QD MECSEL. Using a 90° off-axis parabolic mirror with a
protected gold coating, the beam profile of the pump beam focused onto the membrane is
nearly circular as can be seen in the inset. Reproduced from [P3], with the permission of AIP
Publishing.

and thermal resistance measurements were performed in a V-cavity. It was formed
by two plano-concave mirrors M1 and M2 (r = 200mm and R > 99.8%), and a
plane outcoupling mirror M3. The distances of M1 and M2 to the membrane were
adjusted to L; = 195mm and L, = 199 mm. M3 was aligned under a folding angle of
11° to a distance of L; = 199 mm to M2. In this cavity configuration, the simulated
cavity mode diameter at the membrane resulted to be about 200 pm.

The membrane was barrier-pumped at 980 nm by a LIMO diode laser, which was
coupled into a multi-mode fiber with 200 im core diameter and a numerical aper-
ture of 0.22. The end of the fiber was connected to a set of aluminum tubes which
included a plano-convex lens (f = 100mm) to collimate the pump beam. After
collimation, the beam had a diameter of about 50 mm, and fell onto a 90° off-axis
parabolic mirror (from Thorlabs MPD249H-MO01)[21, 52] with a diameter of 50.8 mm.
The area of the parabolic mirror was nearly fully covered by the beam. With a re-

flected focal length of 101.6 mm, the pump beam was focused onto a diameter of
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360 pum. The main benefit of this pumping scheme was the small pump angle less
than 15°. This allowed the creation of a nearly circular pump spot in the focus with
Dy, /Dyyy > 0.96 as calculated.
A beam profile can be seen in the inset of Fig.7.3. The parabolic mirror, coated
with protected gold, had a reflectivity of Rggy,., > 98% at the pump wavelength.
Furthermore, the parabolic mirror had a hole with a diameter of 3 mm at the center,
oriented towards the MECSEL cavity axis of M1 and M2. Therefore, the parabolic
mirror did not cover the MECSEL intra cavity beam, which was narrower than the
hole. Pump beam losses introduced by the hole were calculated to be less than 1%;

and were thus insignificant.

7.3 Results

7.3.1  Power performance

The total output power from all transmitted beams through M1, M2, and M3 was
taken into account and is plotted in Fig. 7.4 with an HR emission spectrum at P, =
21W shown as an inset. Lasing set in at a threshold of P, ~ 4.7 W. A maximum

output power of ~320mW was achieved with a Ry;; = 99 % outcoupling mirror.
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Figure 7.4 Total output power of the 1.5um QD MECSEL measured at all transmitted beams through
M1, M2, and M3 in the V-cavity. The inset shows an HR spectrum taken at 21 W absorbed
pump power. Reproduced from [P3], with the permission of AIP Publishing.
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7.3.2 Thermal resistance

To determine the thermal resistance of the QD MECSEL, spectral shift measure-
ments was performed. Here, the laser emission wavelength variation with the dis-
sipated power was obtained as ~0.16 nm/W as shown in Fig.7.5. For the spectral
shift with the heat sink temperature, the pump power was adjusted to P, , = 12.3 W.
The pump beam was blocked after each measurement step to avoid pump heat in-
troduced to the gain membrane. By this, the spectral shift with the heat sink tem-
perature resulted as ~ 0.07 nm/K. With Eq. 5.1, the thermal resistance was approx-
imately 2.3K/W. By assuming that thermal roll-over sets in at P, = 22 W, the
maximum operational temperature was about 70°C. In comparison with the In-
GaAlAs/InP QW-based MECSEL [45], the value for the thermal resistance was in
the same order of magnitude. A comparison can be also made with earlier VEC-
SELs emitting at 1.5X pm [136, 138, 140]. For a VECSEL with a monolithically in-
tegrated DBR, made of 48 InP /InGaAsP pairs, the thermal resistance was reported
as 470K /W. This high value orginated from the small thermal conductivity values
of ~68 W/mK for InP [148], and ~ 7 W/m-K for InGaAsP [149] as well as the low
refractive index contrast of Az = 0.27[136]. Another approach used a hybrid metal-
metamorphic mirror with 15 GaAs/AlAs DBR pairs completed with Au. Here, a
thermal resistance of R, = 34 K/W was measured [140].
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Figure 7.5 Spectral shift of the QD MECSEL with the dissipated power and the heat sink temperature.
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7.3.3 Spectral characteristics

Wavelength tuning measurements were conducted by rotating a 1.5 mm thick bire-
fringent filter inside the V-cavity. This birefringent filter had a free spectral range of
180 nm, which was large enough to tune the MECSEL emission wavelength contin-
uously over its bandwidth. As can be seen in Fig. 7.6, the output power measured
behind the outcoupling mirror M3 is plotted against the emission wavelength. While
a tuning range from 1474 to 1519 nm was obtained with an Ry;; = 99% outcoupling
mirror, the MECSEL was tunable over 86 nm (which corresponded to 11.5 THz)
with an HR outcoupling mirror. The earlier reported VECSEL with the same gain
structure, which was cooled by an intra cavity diamond heat spreader had a tuning
range of 80nm [92, 147]. Here, the QD MECSEL showed a better tuning range
which was is most likely attributable to the use of dielectric laser mirrors that typi-

cally have a better quality HR band than semiconductor DBRs.
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Figure 7.6 Output power plotted versus emission wavelength, which is tuned by rotating a 1.5 mm thick
birefringent filter set at Brewster's angle. The measurement is performed at Pabs =16.4W.
Reproduced from [P3], with the permission of AIP Publishing.

7.3.4 Beam quality

The QD MECSEL possessed an excellent beam quality with an M? value better than
1.05 in both, tangential and sagittal axis as shown in Fig.7.7.
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Figure 7.7 M? measurement of the QD MECSEL along both tangential and sagittal axis using a dual
scanning-slit BP209-IR/M beam profiler and a Thorlabs M2 M2MS measurement system.

7.3.5 Degree of linear polarization

For a V-cavity, the intra cavity beam was not only reflected under normal incidence
at the laser mirrors M1 and M3 but was also reflected under half of the folding an-
gle at M2. If one considers the Fresnel law for the reflectance at an incident angle
unequal to zero, the reflectance differs between the s- and p-polarized light. Conse-
quently, a V-cavity would favor a dominating polarization axis. To understand this
effect, the degree of linear polarization (DOP) of the MECSEL was characterized in a
linear cavity as illustrated in the photograph in Fig. 7.8. For the linear cavity consist-
ing of M1 and M2, was used. The mirror distances were about L; =L, = 197 mm.
There were no intra cavity elements placed inside the cavity. First, it was tested out
whether the polarization of the MECSEL switched between two orthogonally po-
larization axis while increasing the pump power. For this, an ultra broad band wire
grid polarizer from Thorlabs (WP25M-UB) with an extinction ratio of 1000:1 was
positioned behind M2. The MECSEL output power transmitted through the wire
grid polarizer was measured with the transmission axis fixed at 0° (p-polarization
axis) and afterwards at 90° (s-polarization axis).

As plotted in Fig. 7.9a, the MECSEL was s-polarized. The input-output power curve
increased linearly throughout the entire measurement and no polarization switch-
ing was detected. During the input-output power measurement, emission spectra

was simultaneously recorded. The emission wavelength was nearly identical in both
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Figure 7.8 Photograph of the 1.5um QD MECSEL setup with a linear cavity used to characterize the
degree of linear polarization. The linear cavity does not contain any intra cavity elements. An
aluminum tube is connected with the fiber-end of the diode pump laser system, and placed
between the MECSEL gain element and M1. The tube includes the collimation lens and the
90° off-axis parabolic mirror.

polarizations, centered at 1.5 m, as exemplarily shown in Fig.7.9b at 16.4 W ab-
sorbed pump power. The longitudinal modes were about 5nm apart, which was
larger than the FSR of the intra cavity heat spreaders and could possibly originate
from a beat note effect in a shorter cavity. An additional longitudinal mode oscillat-

ing in the p-polarization around ~ 1498 nm was measurable.
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Figure 7.9 Output recorded at two orthogonal angles of the polarizer transmission axis from M2. Repro-
duced from [P3], with the permission of AIP Publishing.

Finally, the wire grid polarizer was rotated over 360° to determine the DOP for P,
from 5 W to 26 W. With the measurement data in Fig. 7.10a, the minimum and max-

imum power, P, and P, were averaged. The DOP in Fig.7.10b was determined
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Figure 7.10 Polarization investigations of the QD MECSEL. Reproduced from [P3], with the permission
of AIP Publishing.

A mean DOP of ~ 99.4% corresponds to a polarization extinction ratio of > 22 dB
and is a typical value for VECSELs [9, 150, 151]. What supports this high DOP
in this gain membrane here is most likely the QD anisotropy. This has also been
recently reported in VCSELs with the same 1.5 pm InAs/InP QD layer structure
[152]

7.4 Conclusion

The thermal and spectral characteristics of a QD MECSEL providing more than
320 mW output power at room temperature operation were presented in this chap-
ter. The MECSEL emitted around 1.5 um, a wavelength which is in particular dif-
ficult for VECSELSs because the thermal conductivity of the monolithically grown
DBR is low. Compared with earlier InP VECSELs, the thermal resistance was more
than 15 times lower, about R, = 2.3K/W. The MECSEL had the same gain structure
with 5x4 InAs/InP QD layers, as the earlier wafer-fused VECSEL [147]. Although
the cooling conditions in the MECSEL were worse as the gain membrane was cooled
by SiC instead of diamond, it provided a broader wavelength coverage of 86 nm. The
slight improvement of about 6 nm could be partly attributable to the use of dielec-

tric mirrors, which had a wider reflection band than semiconductor DBRs. But the
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increased integrated bandwidth could contribute to this broader tunability as well as
it was proposed by Yang et al. [41]. To conclude, the MECSEL is an alternative so-
lution besides wafer-fusion to address those emission wavelengths at which the DBR

becomes too difficult to realize, from 1.3 pm to 1.5 pm, for instance.
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8 SUMMARY AND FUTURE WORK

This work aimed at advancing MECSEL technology by working on several aspects
related to thermal management, wavelength extension, and pumping architectures.
It has been found that the double-side heat extraction from the semiconductor gain
membrane leads to a thermal benefit of about a factor two compared to the single-
side heat extraction. The better thermal management allows the use of SiC or sap-
phire heat spreaders, which both have a lower thermal conductivity but are more
advantageous in cost than diamond. Power scaling and emission to new wavelengths

are demonstrated. The results are summarized alongside with the state-of-the-art
MECSEL work in Fig. 8.1.
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Figure 8.1 Overview of MECSEL results showing the maximum output power reached at different wave-
lengths. Results with diamond heat spreaders are illustrated as filled diamonds, with SiC
heat spreaders as filled triangles. MECSEL results in this work are plotted as filled stars.

1. Similar to classical solid-state lasers, the MECSEL is compatible with double-
side pumping, a way to distribute heat and charge carriers axially more ho-

mogeneously within the gain membrane. Double-side pumping (DSP) of a
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~ 500 nm thick gain membrane demonstrated in [P1] has lead to a threshold
of 0.69 W, which is 0.1 W lower than achieved with single-side pumping (SSP).
A differential efficiency of 34.4% has been achieved with DSP, and 31.9% with
SSP. The thermal benefit of DSP was investigated by the thermal resistance,
which can be lowered from 5.9 K/W (SSP) to 5.36 K/W (DSP). As can be seen
in Fig. 8.1, a > 3.2 W high-power MECSEL at 780 nm has been realized. Be-
cause the gain membrane is only ~ 500 nm thick, heat is dissipated homoge-
neously from both sides of the heat spreaders and the way of pumping does not
matter much. Here, our FEM thermal model suggests that the thermal benefit

from DSP becomes more relevant for gain membranes thicker than 1 pm.

. The power scalability of MECSELSs has been simulated for various types of
heat spreader materials, thicknesses, pump beam shapes, pumping approaches,
and pump diameters by the FEM. This allows an estimation of the optimal
heat spreader and pumping conditions for the realization of high-power

MECSEL: in the future. When considering the thermal conductivity of gain
membranes within the 5 W/m-K to 50 W/m-K regions, it has been found that
the membrane thermal conductivity value has only a small effect on the mem-
brane temperature. This could be a possible explanation why the results sim-
ulated for a MECSEL emitting in the 800 nm wavelength region are in a good
agreement with other experimental MECSEL results from this work and the

literature.

. Initially, a pump spot diameter in the size of about 100 pm has been used
to pump our SiC-cooled gain membranes. A larger pump spot diameter of
209 pm has enabled us to pump the gain membrane at more than twice pump
power. Consequently, this has doubled the maximum output power of an
825 nm-emitting MECSEL to 1.4 W (see Fig.8.1). At this point, it needs to
be emphasized that an 825 nm-emitting MECSEL that covers a spectral gap
of semiconductor disk lasers between 810 nm and 830 nm has been realized
in this work. To further advance the pumping efficiency by a more circular
pump spot, a parabolic mirror pumping has been implemented which allows
a circular pump spot. This avoids the need for beam shaping optics. Further-
more, the formation of a thermal lens in a MECSEL has been suspected to take
place for focussing the MECSEL beam. The MECSEL beam divergence angle
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decreases with the power of a Gaussian pump beam. It has been found that the
thermal lens does not affect the M2 value much as the beam divergence angle

decreases while the beam waist grows.

4. Towards wavelength extension, the MECSEL technology was applied to a wave-
length around 1.5 uim, at which no monolithic DBRs with a good quality are
available. A MECSEL with an InAs/InP QD-based gain membrane provided
over 320 mW output power and 86 nm tuning range. The MECSEL is a tech-
nology which allows a larger wavelength coverage of semiconductor disk lasers
with a thermal benefit. For instance, the thermal resistance of the 1.5 pm QD
MECSEL is only about 2.3 K/W. This value is more than two orders of mag-
nitude lower than in conventional semiconductor disk lasers with a monolith-

ically integrated DBR.

As future work, MECSEL research can be continued in two ways. First, the MECSEL
technology can be applied to extend the wavelength coverage of semiconductor disk
lasers, particularly in the DBR critical wavelength regions between 1.3 pm and 1.8 pm.
For power scaling, membranes thicker than 1 pm for large gain can be pumped from
two sides by fiber-coupled diode lasers with a flat super-Gaussian beam profile and
the optimal pump spot size. For low-cost MECSELS, sapphire heat spreaders can
be considered with a cheap laser diodes for pumping. To increase the efficiencies in

general, multi-pass pumping can be applied.
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We studied and compared single-side pumping (SSP) and
double-side pumping (DSP) of a semiconductor membrane
external-cavity surface-emitting laser (MECSEL). The
MECSEL-active region was based on an AlGaAs quantum
well structure embedded between two silicon carbide (SiC)
wafer pieces that were used as transparent intra-cavity (IC)
heat spreaders creating a symmetrical cooling environment.
The gain structure targeted emission at 780 nm, a wave-
length region that is important for many applications,
and where the development of high-brightness high-power
laser sources is gaining more momentum. By DSP at 20°C
heat sink temperature, we could reduce the laser threshold
from 0.79 to 0.69 W of absorbed pump power, while the
maximum output power was increased from 3.13 to 3.22 W.
The differential efficiency was improved from 31.9% to
34.4%, which represents a record value for SiC-cooled ver-
tically emitting semiconductor lasers. The improvements
are enabled by a reduced thermal resistance of the gain
element by 9% compared to SSP. The beam quality was mea-
sured to be M? < 1.09. Finally, we demonstrate a maximum
tuning range from 767 to 811 nm. This wavelength range
was not addressed by any MECSEL or vertical external-
cavity surface-emitting laser device before and extends
the available wavelengths for semiconductor based high-
quality beam and high-power laser sources to a wavelength
window relevant for quantum technology, spectroscopy, or
medicine. © 2019 Optical Society of America

https://doi.org/10.1364/0OL.44.001146

The membrane external-cavity surface-emitting laser (MECSEL)
has recently emerged to solve some of the constraints limiting
wavelength extension and power scaling of vertical external-
cavity surface-emitting lasers (VECSELSs) [1]. The key distinc-
tive feature is that the gain element does not contain a
monolithically integrated distributed Bragg reflector (DBR)
as is the case in conventional VECSELs [2,3]. Second, the

0146-9592/19/051146-04 Journal © 2019 Optical Society of America

MECSEL enables the gain structure to be placed between two
heat spreaders and, hence, potentially leads to a more efficient
cooling and better power scaling capability. Pioneering work
towards this achievement was made by Iakovlev ez a/. who pro-
posed a very similar setup [4] in 2014. Furthermore, Yang ez al.
investigated a semiconductor membrane laser, also called DBR-
free semiconductor disk laser [5], with the laser-active semicon-
ductor membrane bonded onto one IC heat spreader. They also
proposed the laser-active region arrangement between two heat
spreaders as thermally beneficial. Recently, a MECSEL with di-
amond heat spreaders operating around 985 nm was reported
[6]. Moreover, Yang et al. succeeded in demonstrating [7] a
MECSEL double-side cooled using SiC emitting approximately
at 1037 nm and also reported on the comparison with the single
SiC heat spreader approach [8]. The use of SiC as an IC heat
spreader has its benefits in the huge thickness homogeneity,
the high degree of parallelism, and the comparably low price
related to a single-crystal diamond.

In this Letter, we present a study comparing single-
side pumping (SSP) and double-side pumping (DSP) of a
MECSEL, as well as a detailed set of characterization data.
The possibility of DSP is a built-in benefit of the MECSEL
itself, enabling the pumping and treating of this type of active
region membrane heat spreader package in a similar way,
like classical solid-state (thin-disk) laser elements [9,10]. This
study was performed with an active region optimized for
780 nm emission with the aim at extending the accessible
wavelength range into the red/near-infrared transition region
and to meet the need of high-quality beam sources in this
wavelength range.

The MECSEL structure was grown on an undoped 2 in.
GaAs (100) £ 0.5° wafer using a V80H-10 VG Semicon
solid source molecular beam epitaxy system at a growth
temperature of about 575°C. A GaAs buffer layer was first
grown on the substrate followed by an ~150 nm thick AlAs
process layer and the active region, which was designed to
be completely symmetric and resonant for 780 nm. The total
thickness of the gain region was 577 nm [see the scanning
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electron microscope (SEM) picture inset in Fig. 1] and corre-
sponded to a resonant 2.5 subcavity. It consists of twelve
Alyg9GaggAs quantum wells (QWs) with a thickness of
about 7 nm each, arranged in four groups of three QWs
each. The QWs are separated and embedded by layers of
Al 30Gag 6;As—8 nm in between the QWs and 12 nm around
the QW package. These four QW packages can be seen in
the SEM inset in Fig. 1 as vertical stripes, which are a little
bit brighter than the surrounding and equally spaced within
the active region. As spacer material separating the QW
groups, we employed AljsgGag4pAs, which has an absorp-
tion edge at ~550 nm [11]. The whole active region was then
embedded between a 10 nm thick AllnP and a 10 nm thick
GalnP layer. These layers helped block the electron diffusion
and act as window layer at the semiconductor heat spreader
interface.

In order to isolate the gain membrane, a picce of about
7 mm x 7 mm of the as-grown structure was bonded with
the epitaxy side onto one ~350 pm thick and uncoated
4H-SiC wafer piece. The SiC wafer piece was of about the same
size as the gain membrane sample and acts later as an IC heat
spreader. After the substrate and AlAs layer removal process
(details can be found elsewhere [1]), a second (uncoated)
SiC heat spreader originating from the same SiC wafer was
bonded on top of the SiC-membrane package. The whole
sandwich was then clamped between water/glycol-cooled and
Peltier-element temperature controlled copper plates. Indium
foil was used to improve the thermal contact between the
SiC heat spreaders and the copper plates. For all measurements
presented here, the heat sink temperature of the gain element
was set and stabilized to 77, = 20°C. The gain sandwich
clamped between copper plates was mounted to a XY'Z stage,
which was mounted onto a tilt/jar stage itself. The whole
characterization setup was built around this gain element
mount and is schematically shown in Fig. 1. Each of the copper
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plates had a conical aperture of about 1.5 mm in diameter
(see photograph inset of Fig. 1) to enable vertical laser emission
as well as pumping from both sides. As a pump laser, we used a
Coherent Verdi-V18, which delivered up to 18.5 W of pump
power at a 532 nm emission wavelength.

For an accurate comparison of SSP and DSP of the gain
element, incident pump power P, reflected pump power
Pq, and transmitted pump power P,,, were measured di-
rectly before or after the gain element and the absorbed pump
power Pbq pump could be calculated. For DSP, the pump beam
was divided with a polarizing beam splitter (PBS). A 1/2 plate
was used to adjust the polarization of the pump beam before
the PBS to divide the pump beam in such a way that the differ-
ent losses in the two different pump arms 1 and 2, as well as the
polarization depending variation in reflection at the air—SiC
interface, are compensated, and a symmetrically balanced
pump absorption situation was created. The distribution of
the absorbed pump light for the two incident directions related
to the pump arms and the total absorbed pump light (100%)
within the gain package was 50.03% for pump arm 1 and
49.97% for pump arm 2. For the high-power measurements
with SSP, the PBS was removed, and only pump arm 1 was
used. A pump spot diameter of (88 % 8)pm in the tangential
and (91 £ 8)pm in the sagittal plane was calculated from a
measured pump lens distance of (204 & 1)mm. For the
MECSEL characterization, a V-shaped resonator with a total
length of ~495.5 mm was used (see Fig. 1). The gain clement
was placed at the waist of the IC laser beam between mirrors
M1 and M2 [both high reflective (HR)], which is located at a
distance of approximately 98.5 mm from M1. Mirror M3 was
cither HR with Ry3 > 99.9% (hereinafter referred to as the
HR outcoupler) for the broadband tuning measurement or
partly transmissive for the MECSELs wavelengths with Ry;; =
(95 £ 1)% (hereinafter referred to as the 5% outcoupler) for

all other measurements presented in this Letter. The calculated

M1: R>99.8 %, r=100 mm
M2: R >99.9 %, r =200 mm
M3:R>99.9% orR=(95%1) %, r=

gain membrane - SiC

MECSEL Pump beam focussing lens ﬂ

f=200 mm

Water/glycol cooled and
TEC controlled copper
heat sink mount

sandwich

a=180j

Optical Spectrum Analyzer
Ando AQ6317C

Close up front view photograph of the pump
and emission aperture of the heat sink
mounted SiC-gain membrane sandwich.
Illuminated white paper is used as bright
background behind the MECSEL gain element.

S310C sensor head

577 m
Activeiiegion

Fig. 1. Detailed schematic drawing of the V-shaped MECSEL setup including the resonator with its mirrors M1, M2, and M3, the pump optics,
and the pump beam path, as well as all devices that were used for characterization.
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IC beam waist diameter was ~80 pm in the tangential and
~155 pm in the sagittal plane. Therefore, mode matching was
achieved for the tangential plane during laser operation. In the
sagittal plane, the mode diameter was pump spot limited.

The power transfer behavior was measured for both configu-
rations, SSP and DSP, using a Thorlabs PM200 with S310C
sensor head. The output power (P,,) results are plotted in
Fig. 2 as a function of Py over Pypq pump- For DSP, a slightly
smaller pump threshold of 0.69 W was determined compared
to SSP via pump arm 1 (PBS was removed) with a threshold of
0.79 W. The maximum output power increased from 3.13 to
3.22 W, and the differential efficiency 54 increased from
31.9% to 34.4% for the DSP configuration. 14 was deter-
mined via linearly fitting the data points between 2.5 and
8 W of P pump- In the DSP configuration, the MECSEL
reaches its maximum power output slightly earlier than with
SSP, but the thermal influence on the slope behavior starts
for both configurations at about 8 W of absorbed pump power,
from which the output values deviate from the expected linear
increase. This was also recently observed by Yang ez al. [7].

An essential figure of merit enabling us to compare the
pump configurations (DSP, SSP arms 1 and 2) and to deter-
mine the thermal behavior [12] of the system is the thermal
resistance Ry,. Therefore, spectra were taken whilst power
transfer measurements for all pump configurations at the same
spot on the sample were performed, determining the spectral
shift per change of dissipated power AA/AP .

Pgis was calculated as follows: Pyis = P pump = Pour-
Furthermore, the thermal shift of the laser emission A1/A T,
was measured under constant pumping of Py pump = 2.53 W
with a duty cycle of 5% to avoid heating effects of the pump
laser. The spectra were recorded with a StellarNet Blue-Wave
spectrometer (resolution limit 0.8 nm). Figure 3 shows the
spectral positions of the long wavelength flank at half-
maximum of the laser emission plotted over dissipated power
P and heat sink temperature 7', respectively. The linear fits
applied to the data show the lowest spectral shift per dissipated
power of 1.34 nm/W for the DSP configuration. For SSP via
pump arms 1 and 2, the spectral shifts per dissipated power
are both higher (1.43 nm/W and 1.52 nm/W for SSP arms
1 and 2), but differ slightly. We connect this difference with
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Fig. 2. Power transfer measurements of the free-running MECSEL
in SSP (pump arm 1) and DSP configurations. The inset shows an
enlarged view of the threshold region.
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pump spot sizes that are not identical due to slight variations
in the pump lens distances. The heat sink temperature tuning
measurements reveal a spectral shift of 0.25 nm/K. The thermal
resistance can now be calculated [12] to Ry, psp = 5.36 K/W
for DSP and, considering the average, Ry 5513 =59 K/W
for SSP.

The spectral tuning was measured using IC birefringent fil-
ters and the results are plotted in Fig. 4. Two different filters,
0.5 mm and 2 mm in thickness, were used as the 0.5 mm thick
filter with a free spectral range of Al;gg,, = 136.6 nm that
did not introduce enough losses to properly tune the laser with
the 5% outcoupler. A wide tuning range of 44.5 nm from
767.0 to 811.5 nm was determined using the HR outcoupler
and the 0.5 mm thick birefringent filter. With the 5% outcou-
pler and the 2 mm birefringent filter, a tuning range of 22.5 nm
was reached, while the laser exceeded 1 W output from 776 to
790 nm with a maximum of 1.61 W at 781.3 nm.

As a further important laser parameter, the beam quality
factor M? was measured. It revealed a value of M? < 1.09
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Fig. 4. Tuning measurements at Py, pump = 7.58 W, taken with
the 5% outcoupler and HR outcoupler.
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(M% < 1.134 and M3 < 1.040, including device inaccuracy
of 5%), performed at ~2 W of absorbed pump power with a
Thorlabs M2MS that was equipped with a Thorlabs BC106N-
VIS camera. The emitted beam possesses a slight ellipticity of
1:1.19 originating from the V-shape of the resonator, but it was
limited by the pump beam diameter as mentioned above.

Determining the spectral emission characteristics of the free-
running MECSEL, a high-resolution spectrum was recorded
(see Fig. 5) behind mirror M2. For this spectral measurement,
an Ando AQG6317C optical spectrum analyzer with a resolution
limit of 0.02 nm was used. The visible Fabry—Perot resonances,
which are equally spaced by A2~ 0.32 nm, are caused by the
single SiC heat spreaders. Owing to the excellent thickness
homogeneity of the SiC wafer pieces, no beat-node was visible,
in difference to other reports where diamond heat spreaders
were used [1,6]. The spectral spacing can be connected to the
wafer thickness, which is measured to be ~350 pm.

Looking at the power transfer behavior of both pump con-
figurations (Fig. 2) and assuming the pump light absorption
follows Beer—Lambert’s law, one could explain the lower laser
threshold, the improved differential efficiency by 2.5% points,
and the slightly higher maximum output power by 90 mW for
DSP by the more homogencous distributed pump light within
the active region membrane. A closer look at the thermal roll-
over point reveals a slightly earlier rollover for the DSP configu-
ration. This could be understood, as the more homogeneous
pump distribution also leads to a less strong temperature gra-
dient within the active region, assuming heat is created where
absorption takes place. This means that once the gain structure
rolls over thermally, this happens more simultaneously within
the structure in the DSP configuration. On the other hand, in
the SSP configuration, where a stronger thermal gradient can be
expected, this side of the gain membrane facing the pump light
might experience a slightly earlier rollover than the side turned
away from the pump light, and the laser maintains operation up
to a slighdy higher Py ump before the thermal shutdown. A
stronger thermal gradient could be beneficial for the heat dis-
sipation within the semiconductor membrane and finally into
the SiC heat spreaders. Also, sufficient charge carrier diffusion
[13] from the hot to the cold side in the semiconductor might
partly compensate negative thermal effects. Despite the fact
that higher local temperatures inside the gain membrane are

Pabs., pump = 1.26 W (DSP)

[ P, =135mW A
Intensity
Ty =20°C

(0.32+£0.02) nm

Al =

Intensity (arb. units)

- < | B
<>l < >

777.0 7775 778.0 7785  779.0 779.5 780.0
Wavelength (nm)

Fig. 5. Typical high-resolution spectrum of the free-running
MECSEL is shown here.
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present [12] for SSP, which is confirmed by the ~9% higher
thermal resistance, the determined differences comparing DSP
and SSP in laser threshold, differential efficiency, maximum
output power, and thermal rollover are rather small. This
already indicates relative good heat removal conditions. The
thickness of the gain membrane is obviously small enough, dis-
sipating the introduced heat properly, while not experiencing a
huge impact of the different pumping schemes. Due to this,
finding an optimum gain membrane thickness containing more
QWs, considering pump light absorption and heat dissipation
out of the membrane itself, has an additional margin to power
scale the presented system.

In summary, a MECSEL employing SiC heat spreaders for
symmetrical cooling was experimentally examined using single/
double-side barrier pumping. This MECSEL represents the
first one operating at room temperature as well as in DSP con-
figuration. A decrease of 9% in thermal resistance was deter-
mined for DSP explained by the 2.8% improved value in
maximum output power of 3.22 W, the increase in differential
efficiency to 34.4% by 2.5% points, and the reduced absorbed
pump power by 12.7% for the laser threshold. The presented
laser with a maximum operation range from 767.0 to 811.5 nm
and excellent beam quality factor of M? < 1.09 extends the
available range of vertically emitting high-power semiconductor
lasers and paves the way for further research on power scaling of
MECSELS, where DSP or even multi-pass pumping [10] might
become relevant.
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We present a membrane external-cavity surface-emitting
laser (MECSEL) operating around 825 nm at room temper-
ature. With a tuning range of 22 nm, the MECSEL fills the
spectral gap between 810 nm and 830 nm, and extends the
wavelength coverage of this category of high-beam-quality
semiconductor lasers. For high-power operation, the pump
spot size and cavity mode size can be enlarged in MECSELs.
We apply this technique and demonstrate power scaling.
The maximum output power is increased from 0.7 W to
1.4 W. Investigations on the beam quality reveal thermal
lensing with a marginally changing M? value close to the
diffraction limit. © 2020 Optical Society of America

https://doi.org/10.1364/0L.382377

Vertical external-cavity surface-emitting lasers (VECSELs)
are ideal sources for the generation of near diffraction-limited
beams [1] in the multi-watt regime [2]. For high output power
operation, several techniques were put into practice such as in-
well pumping, pump recycling, or optimizing the gain structure
design [3-7]. The development of high-power VECSELs was
further advanced by using an intracavity heat spreader, such
as silicon carbide (SiC) [8] or diamond [9]. Efficient single-
side cooling of the gain region could be enabled in this way.
The distributed Bragg reflector (DBR) behind the gain mirror
consists of multiple semiconductor pairs in order to provide a
sufficiently high reflectivity, especially when only low refractive
index contrast materials are available. As a result, DBRs are
typically a few micrometers thick and have a comparatively
small thermal conductivity [10-12]. Therefore, it is beneficial
to use an alternative laser architecture in which the gain region
is operated in transmission and the DBR function is taken by
an external mirror; this allows implementing the double-side
cooling for the gain region as recently proposed for membrane
external-cavity surface-emitting lasers (MECSELs) [13-15].
The first MECSEL incorporating two diamond heat spread-
ers was successfully demonstrated in the red spectral range in
2016 [16] and various types of MECSELs were realized [17-20]

shortly after. In addition to the more efficient heat dissipation,

0146-9592/20/020547-04 Journal © 2020 Optical Society of America

one further advantage can be seen from the epitaxial point of
view. Without the DBR, only lattice matching between the gain
region and the substrate needs to be considered, which gives
more freedom to various semiconductor material systems.

VECSELs in the 8XX nm wavelength region have been
realized for 830 nm to 870 nm [21,22], also with passive mode
locking [23] or linewidth narrowing [24,25]. On the short
8XX nm range, a spectral gap was left (illustrated as red area in
Fig. 1) although there should be no fundamental limits to realize
VECSELs in this wavelength regime.

In this Letter, we present a MECSEL extending the wave-
length coverage in the 810 nm to 830 nm filling the gap. With a
tuning range of more than 20 nm, such a laser source opens new
perspectives in numerous fields. These include biology research,
spectroscopy, and metrology, e.g., in water-vapor differential
absorption lidar [26], in which a good beam quality is required.
The external cavity and optical pumping yield a strong benefit
and enable power scaling [27] ina MECSEL with the adjustable
pump spot diameter and cavity mode area on the gain mem-
brane. Our investigations focus on two aspects: power scaling
and thermal lensing ina MECSEL.

Our MECSEL structure was fabricated by molecular beam
epitaxy using a VBOH-10 VG Semicon solid source reactor. On
top of a 50.8 mm GaAs (100) = 0.5° substrate, a GaAs buffer
layer was deposited, followed by a 150 nm thick AlAs process
layer. The active region had a resonant design for an emission
wavelength of 825 nm. It contained nine GalnAsP quantum
wells (QWs) that were equally allocated to three groups. GalnP
was used for the barrier/spacer layers to achieve a sufficient
confinement of the charge carriers. A 20 nm thick AlGalnP
window layer enclosed the active region on both sides to prevent
electron diffusion to the semiconductor—heat spreader interface.
For efficient thermal management, the substrate and the AlAs
layer were removed via wet chemical etching [16], and the gain
membrane was bonded between a pair of uncoated 4H-SiC
heat spreaders. Due to its lower thermal conductivity, SiC is not
favorable to diamond. SiC was used here because of its lower
cost. A schematic illustration of the experimental setup is shown
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Fig. 2.  Schematic illustration of the experimental setup. The used
configurations are listed in Table 1.

in Fig. 2. The gain membrane sandwich was mounted to a cop-
per heat sink with indium foil to improve the thermal contact.
The heat sink plates were cooled by water/glycol, while the
temperature was set and stabilized to 20°C via thermoelectric
cooling. A Coherent V-18 laser emitting at 532 nm was used to
optically pump the gain membrane from two sides atan incident
angle of 14°. The resulting pump spot was slightly elliptical, and
its diameters in tangential (Dy, «n) and sagittal planes (D )
were calculated with the measured distance between the lens
and the membrane. To obtain the absorbed pump power, the
reflected and transmitted powers were subtracted from the
incident pump power. The pump absorption for the gain media
was about 70% and the reflection about 26% of the incident
pump power.

We used two v-shaped cavities (cavity 1 and cavity 2) to char-
acterize the MECSEL at different pump spot and cavity mode
diameters. Each cavity was composed of laser mirrors M1, M2,
and M3 with the radius of curvature 7 and the transmission 7 as
listed in Table 1. L denotes the distance between M1 and the
membrane, L, between membrane and M2, and L3 between
M2 and M3. Accordingly, the cavity was adjusted close to its
stability limit, and the membrane was positioned at the beam
waist of the cavity. In the small pump spot configuration (cav-
ity 1), the mode diameter ( Dy, 1) was about the same size as the
pump diameter in the tangential plane. This was different in the
large pump spot configuration (cavity 2). Here, the pump spot
diameter was adjusted at the highest deliverable pump power
of 18.5 W, and an optimum for high output power was found
when the cavity mode diameter was smaller than the pump
mode with a ratio of about 0.66 & 0.14. This value is in very
good agreement with the simulated values of Laurain ez al. [28].

The output power characteristics of the MECSEL using
a pump spot diameter of (88 +£4) pum (cavity 1) and

Letter

Table 1. Cavity Configurations with the Radius of
Curvature r and Transmission T Given in the Data
Sheet”

Cavity 1 with o ~ 18°

M1 7 =100 mm, 7" < 0.2%
M2 r =200 mm, 7' < 0.1%

Cavity 2 witho ~ 11°

7 =250 mm, 7' < 0.2%
r =300 mm, 7" < 0.1%

M3 r=00,7=25% r =00, ' =2.5%, 1.0%, 0.1%
Ly (98.0£0.5) mm (248.0 +0.5) mm

L, (197.0£0.5) mm (298.0 £ 0.5) mm

L; (198.0 £ 0.5) mm (298.0 £ 0.5) mm

Dy ian (87 +£18) um (127 £ 16) um

Dy sag (162 £6) um (173 £8) pm

Dy an (88 £4) um (209 £6) pm

Dy g (98 £5) um (234+7) um

“The mode diameter D,, and pump spot diameter D, are calculated values.

16 . . . —
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Fig. 3. Performance of the MECSEL operated in cavity 1 and 2 at

Tps=20°C. The inset shows the emission spectrum at 8 W absorbed
pump power.

(209 £6) um (cavity 2) are compared in Fig. 3. The out-
put power was measured behind M3. In the case of the large
pump spot diameter (cavity 2), a significant amount (about
13.3%) of the total output power was coupled out through M1.
A possible reason is that the transmission of M1 (» =250 mm,
T < 0.2%) in cavity 2 was higher than the value given in the
data sheet. Thus, the output from M1 (cavity 2) was always
taken into account and added to the total output power, whereas
in cavity 1, the output power was not measurable behind M1
(r =100 mm, 7' < 0.2%).

In the small pump spot configuration (cavity 1), the threshold
was reached at an absorbed pump power of 0.77 W. It can be
seen that the output power increased linearly, and the maximum
output power of about 0.72 W was attained with 4.52 W of
absorbed pump power before thermal rollover. In the large
pump spot configuration (cavity 2), the threshold increased
to 2.83 W and the maximum output power was doubled to
1.4 W. The differential efficiency indeed decreased slightly from
19.4% to 17.7%, but thermal rollover started at a much higher
absorbed pump power of 11.45 W, as heat load generated by the
pump was spread over a larger area.

A typical emission spectrum of the MECSEL, measured by a
StellarNet BLUE-Wave miniature spectrometer, is illustrated in
the inset in Fig. 3. It can be seen that the emission is centered at
~825 nm. For tuning the wavelength, a 2 mm thick birefrin-
gent filter without temperature control was placed at Brewster’s
angle between M2 and M3. By rotating the birefringent filter
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Fig. 4. Performance of the MECSEL with different total transmis-
sion values 71143 in cavity 2. The inset displays the output power at
8 W absorbed pump power for different Z3414n3.

around the axis normal to its surface, the lasing wavelength
could be tuned between 810 nm and 832 nm, as shown in Fig. 1.

For the estimation of internal losses and laser gain in cav-
ity 2, further output characteristics with outcoupling mirror
transmission 1.0% and 0.1% were recorded and are displayed
in Fig. 4. By including the transmission of M1, the total trans-
mission 714+ m3 from M1 and M3 corresponded to 1.4% and
0.7%, respectively. In the 7y3 = 2.5% configuration, Tyi14m3
was about 2.9%.

The inset in Fig. 4 illustrates how the performance of the
MECSEL varied for all outcoupler transmission values at
8 W absorbed pump power. Two data points with zero output
Loy =0 W were additionally included to an outcoupler trans-
mission of 73y1+m3 = 0% and 7314m3 = 5.4%. The lacter case
was tested in the setup and no lasing occurred due to the high
outcoupling losses. By setting the threshold to Zy11m3 = 5.4%,
realistic values for the unsaturated gain go per pass were
obtained, which was not the case for 7y;4m3 much lower
than 5.4%. A fit function Py, = C - Tlgo/(Li + T) — 1] [29],
with a fit parameter C, was used to estimate the unsaturated
gain g per pass and the internal losses Z; arising from absorp-
tion, scattering, and diffraction. g resulted as (12.1 £2.7)%
and Z; as (6.8 =2.7)%. The fit curve reveals an optimum at
Ty+m3 = 2.3%. This relatively small value can be related to the
small amount of QW's.

The beam quality was studied in cavity 2 with a Thorlabs
CCD Camera Beam Profiler BC106N-VIS/M, which was
placed behind M1 at a fixed distance. Due to the v-shape of
the cavity, the beam profile was elliptical, as shown in Fig. 5. It
turned into a nearly circular and smaller spot when the pump
power was increased. On the one hand, this change is partly
initiated by the growth of the mode diameter with increasing
pump power, as the pump laser possesses a Gaussian power
distribution. On the other hand, we suspect the thermal lensing
setting in [30,31]. The thermal lens can result from heating the
gain medium and the heat spreaders. In this case, the pump laser
as a Gaussian heat source creates a nonuniform temperature dis-
tribution. Associated with the thermo-optical effect, a refractive
index gradient effectively acting as a lens is created. Although
the thermal lens from the gain medium and the heat spreaders
cannot be distinguished in the following 44> measurements,
the thermal lens from the gain medium is expected to take the
dominating part [31]. This is because the thermo-optical coef-
ficient in semiconductor materials is typically up to two orders
of magnitude larger than in dielectric materials. Furthermore,
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Fig.6. (a) M? and (b) beam waist diameter of the outcoupled beam
in the M? measurement system. (c) Calculated dioptric power of the
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pump power absorption leads to higher temperature rise in
the gain medium. To further investigate the effect of thermal
lensing, M? measurements were performed with a Thorlabs
M?* Measurement System M2MS. The M? value of about 1.1
in the tangential plane did not change substantially, as shown in
Fig. 6(a). A decreasein the M?valuein the sagittal plane is visible
between laser threshold and 7 W absorbed pump power. This
change is a matter of the thermal gradient, which gets stronger
in this pump power regime. However, the M2 value increases
when the absorbed pump power exceeds 7 W. It should be noted
that there might be a loss of the thermal gradient because the
high temperature area on the membrane grows with absorbed
pump power. As the beam parameter product remained nearly
unaffected, it was consistent that the beam divergence angle
decreased from 2.5° to 1.1°, and the beam waist diameter cre-
ated inside the /> measurement system enlarged from 33 wm
to71 ptm, as shown in Fig. 6(b).

The dioptric power of the thermal lens was estimated by a
ray matrix algorithm that simulates the mode diameter of the
Gaussian beam within the MECSEL cavity [32,33]. A thin
biconvex lens in the simulation was directly positioned in
front of the SiC heat spreader. It was assumed that the thin lens
changes the intracavity and the external beam divergence angle
by the same factor. For the external beam, we used the beam
divergence angle near threshold at which the thermal lensing
effect was weakest as a reference. The resulting dioptric power of
the thermal lens is illustrated in Fig. 6(c) and saturated at about
(10.3 £0.1) m~!. This reveals that the thermal gradient does

notalter much before thermal rollover.
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To clarify whether the thermal lens can be attributed to the
thermo-optical effect, we calculated the dioptric power by con-
sidering the refractive index rise at the optical center of the lens.
The thermo-optical coefficient for identifying the refractive
index rise was indeed not measured, but for simplification, it was
assumed that the gain membrane consists only of GalnP with a
linear thermo-optical coefficient of ~(2.0 £0.3) - 1074 K1
[34]. The temperature rise from laser threshold to thermal
rollover was about A7'=46.83 K according to the calcu-
lated thermal resistance of Ry, =4.09 K/W originating from
spectral shift measurements of the MECSEL emission [35].
The refractive index value at the optical center of the lens was
calculated by summing up the refractive index of GalnP and
the refractive index rise. For the refractive index profile, the fol-
lowing assumptions were made: according to the Gaussian heat
source, 87% of the heat is concentrated mainly within the full
width at half maximum [30] allowing quadratic approximations
for small radial distances. This relation was adapted to describe
the refractive index in variation with distance from the optical
center. This yields a dioptric power of about (8.4 £ 2.2) m~!,
which is on the same order of magnitude as in the experimental
findings. In the future, the appearance of thermal lensing with
different pump spot diameters, mode ratios, heat spreader
materials, and thicknesses [31] could be analyzed, which could
be important for future semiconductor disk laser development.
Also relevant are separate thermal lensing effects from a single
standing membrane or the heat spreader itself.

In conclusion, a room temperature operating MECSEL
providing wavelength coverage from 810 nm to 832 nm was
demonstrated. The near diffraction-limited 4% value remained
nearly unchanged in the presence of thermal lensing. The power
scalability of a MECSEL was shown by increasing the cavity
mode and pump spot diameter. The results revealed only a small
decrease in the differential efficiency, and in turn, the maxi-
mum output power could be doubled to 1.4 W. The pump spot
diameter we used was about 209 pum. This is lower than what
is usually used in VECSELs, and it can further be increased.
Moreover, thicker SiC or diamond heat spreaders and an out-
coupling mirror with optimal transmission value can be used to
achieve even higher output power. Additionally, the pump laser
should not be necessarily a diffraction-limited diode-pumped
solid-state laser. High-power laser diodes in combination with
the technique of power scaling can be applied to further push
the limits of this new category of semiconductor lasers to higher
powers with much lower cost.
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ABSTRACT

A membrane external-cavity surface-emitting laser (MECSEL) with an InAs/InP quantum dot (QD) based gain region is demonstrated. The
pumping scheme employs a 90° off-axis parabolic mirror to focus the diode laser pump beam to a nearly circular pump spot. With this
pump arrangement, the QD MECSEL with SiC heat spreaders produced 320 mW output power at room temperature with direct emission in
the near-infrared at 1.5 um. We report a record value of 86 nm for the tuning range at this wavelength region, owing to a broad QD gain

bandwidth and wide tunability in MECSELs.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0053961

Vertical-external-cavity surface-emitting lasers (VECSELSs)' have
emerged as a versatile platform for high-power coherent light sources
with high beam quality. In terms of operation principles and cavity
architecture, VECSELs integrate the major benefits of thin-disk solid-
state lasers as well as semiconductor lasers. The high-quality beam is
rendered possible by the external cavity, while the semiconductor
bandgap engineering enables wavelength versatility in a broad range.
The key element of a VECSEL is the semiconductor gain mirror,
which typically consists of a multi-quantum well (QW) or multi-
quantum dot (QD) gain structure and a monolithically integrated dis-
tributed Bragg reflector (DBR). To achieve gain and enable lasing,
such a gain mirror, which is incorporated in the external cavity config-
uration, is typically pumped optically. Although semiconductor gain
media ensure a much broader wavelength coverage compared to solid-
state lasing materials, the power capability and wavelength coverage of
VECSELs are neither equally distributed nor available at all possible
wavelengths covered by typical III-V compound semiconductors.
There are various reasons behind this state of fact, ranging from the
maturity of technology at certain wavelengths to more profound ones
related to intrinsic features of the material systems used.

For example, owing to the mature development stage of the
InGaAs/AlGaAs material system, ensuring a high reflectivity, high

carrier confinement, and relatively good thermal conductivity, the
highest power VECSELs have been demonstrated at around 1 ym.”’
However, if one moves away from this wavelength range requiring dif-
ferent material systems, " either the DBR, the carrier confinement, ther-
mal conductivity, or a combination of these features will become
increasingly difficult to manage. Simplifying this analysis, we can point
out the limitation arising from the DBR, which requires specific layers
with a reasonable high refractive index contrast and also being com-
patible in terms of lattice constant with the QW or QD gain hetero-
structure. These features are readily available for the 1 um region but
become an issue when targeting lasing in the 1.3-1.5 um region, where
the QWs are InP-based rendering impossible the use of GaAs/AlGaAs
DBRs. To overcome the spectral limitations of the DBR and to some
extent also improve the operation of the gain heterostructure by better
thermal management, an alternative laser concept has emerged, the
membrane external-cavity surface-emitting laser (MECSEL).” " In
MECSELSs, the gain medium is comprised only of the thin QW or QD
heterostructure (without a DBR), which is then used in an external
cavity architecture. Moreover, in MECSELSs, the thermal management
is more efficient as the active structure can be bonded between two
intra cavity heat spreaders,x ie., it is cooled from both sides with heat
spreaders in the close proximity of the gain region. In turn, this
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enables us to use heat-spreading materials with lower conductivity but
more cost-effective as silicon carbide (SiC). Owing to these advantages,
recent efforts have led to the demonstration of MECSELs emitting in
the red and near-infrared.” "

In this paper, we focus our attention on the important 1.5 um tel-
ecom region, where the DBR technology is particularly difficult due to
the low refractive index contrast of InP-based materials. For the sake
of generality, we point out that although 1.5 um monolithic InP-based
VECSELs have been demonstrated,” '’ the highest output power
reported at room temperature operation is only 140 mW,'® which is a
small fraction of what would be available at 1 um. We note here that
the thermal resistance of this VECSEL, measured under laser opera-
tion, is as high as 470 K/W."” To have a better thermal resistance of
34K/W, a hybrid metal-metamorphic AlAs/GaAs DBR has been
implemented.'® Alternative demonstrations, involving GalnAsN/
GaAs QWs and AlAs/GaAs DBR pairs grown on GaAs, have also
resulted in rather low output power in the 80 mW range."’ An alterna-
tive solution to the monolithic approach is to grow the InP-based
active structure and the AlAs/GaAs DBR separately on two different
types of substrates, and afterwards combining them via wafer-
fusion.”” ** This involves a higher level of complexity. Nevertheless,
this technique has enabled to fabricate high-power VECSELs exceed-
ing 3.65W at 1.55um.” In this Letter, we demonstrate a MECSEL
with InAs QDs at an emission wavelength of 1.5 um. In particular, we
demonstrate wavelength tuning over a large bandwidth. The laser
implemented an optical pumping scheme”" to favor an almost circular
pumping.

The QD MECSEL structure was grown by gas source molecular
beam epitaxy (GSMBE) on a 300 um thick InP substrate with a (311)B
crystal orientation. First, a 100 nm thick InGaAs etch stop layer was
fabricated. The gain structure consisted of 20 InAs QD layers sepa-
rated by 15nm thick GaInAsP barrier layers and distributed over
groups of five QD layers with InP cladding layers as schematically
illustrated in Fig. 1.

The structure has been designed with a fixed number of QD
layers per groups. To optimize the structure in terms of charge carrier
distribution, an increase in the thickness of the GalnAsP barrier
absorbing layers compensated for the exponential decrease in the
input pump absorption. As a consequence, the total thicknesses of the
absorbing layers from the back up to the front side are as follows: 240,
160, 120, and 90 nm. The whole structure appears, thus, as asymmet-
ric, but is still resonant with a 2.52 design because of the InP/SiC inter-
face. Here, the InP cladding layer between the first and second QD
layers is more than twice thicker than the other InP cladding layers in
the gain structure. The antinode between these two QD layers is prac-
tically left out, such that each QDs group is carefully positioned at sta-
tionary field antinodes. Details of the QD fabrication by the
Stranski-Krastanow growth mode, the gain structure and its laser per-
formance as a VECSEL at 14 °C employing intra cavity diamond heat
spreaders have been described elsewhere.””

After the growth was completed, the substrate was mechanically
thinned before being removed wet-chemically with an HCI solution.
An H;PO4H,0,:H,0 solution was applied to eliminate the InGaAs
process layer. After the etching process, the membrane was bonded
between two uncoated 4H SiC heat spreader pieces and mounted into
a copper heat sink. During all operation conditions, the membrane
heat spreader sandwich was cooled in a heat sink mount via water/

scitation.org/journal/apl
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FIG. 1. Experimental setup of the MECSEL employing 4 x 5 InAs/InP QD layers
and a V-cavity. By using a 90° off-axis parabolic mirror with a high-reflection pro-
tected gold coating, the pump beam is focused down to a nearly circular pump spot
onto the laser-active membrane as illustrated. This also favors an almost round
beam profile of the MECSEL as captured by a scanning slit beam profiler.

glycol cooling at a temperature of 19°C. A schematic illustration of
the V-cavity for the output power and wavelength tuning experiments
performed is shown in Fig. 1. The V-cavity consisted of a plane out-
coupling mirror M3, and two curved high-reflecting mirrors M1 and
M2, which both had the same reflectivity of Ry, m2 > 99.8 % and the
same radius of curvature of ryi, Mz = 200 mm. The mirror distances
of M1 and M2 to the gain membrane sandwich were adjusted to
Ly = 195mm and L, = 199 mm. M3 was positioned under an open-
ing angle of 11° between L, and L;. The distance between M2 and M3
was L3 = 199 mm. The calculated cavity mode diameter on the gain
membrane was about 200 um using the ray transfer method for a
Gaussian beam. A 980nm LIMO diode laser coupled into a multi-
mode fiber with a 200 um core diameter and a numerical aperture of
0.22 was used as a pump source. The fiber output was collimated by a
f = 100 mm plano-convex lens and focused onto a spot size of about
360 um in diameter by a 90° off-axis parabolic mirror (MPD249H-
MO1 from Thorlabs) with a protected gold reflection coating
(Rogonm > 98 %) and a reflected focal length of 101.6 mm. Thus, the
ratio between the cavity and pump mode diameter was about 0.56. It
is lower than the suggested optimum from 0.65 to 0.82 simulated by
Laurain et al.”” The parabolic mirror used in these experiments has a
diameter of 50.8 mm as well as a hole with a diameter of 3 mm that is
large enough and does not cut the laser mode. The pump beam cov-
ered almost the whole area of the parabolic mirror. For the pump
beam, the losses caused by this 3 mm hole were investigated and were
below 1% and, therefore, negligible. With an angle of incidence of the
pump laser ranges from almost 0° to less than 15°, this pump
approach enables a nearly circular pump spot with Dy, sag/Dp, tan
> 0.96 in the focus. In particular, the pump efficiency can be
enhanced by having similar mode shapes (see Fig. 1).
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Following the Fresnel equations, approximately 20% of incident
pump power was reflected at the SiC heat spreader front surface for
incident angles between 0° and 15°. Pump transmission measure-
ments revealed an absorption by the gain membrane of about 65% of
the incident pump power.

The QD MECSEL output characteristics are shown as a function
of the absorbed pump power in Fig. 2 and include the transmission
from M1, M2, and M3 with an outcoupler reflectivity of Rys = 99 %.

Lasing was achieved with a threshold pump power of
Ppump.thr. = 4.7 W. By increasing the pump power further to a value of
22.6 W of absorbed power, a maximum output power of 320 mW was
obtained with a differential efficiency of 2%. As can be seen in Fig. 2,
the output power was limited by thermal rollover, which was setting in
at about 22 W absorbed pump power. The QD MECSEL produced a
near diffraction limited fundamental transverse mode profile, in both,
sagittal and tangential planes with an M? value of less than 1.05, mea-
sured with a dual scanning-slit BP209-IR/M beam profiler and a
Thorlabs M? M2MS measurement system. As can be seen in Fig. 1,
the MECSEL beam profile reproduced from the scanning-slit mea-
surement was nearly circular, which is most likely favored by the circu-
lar pump approach.

A set of spectra was simultaneously recorded with an Ando
AQ6317C optical spectrum analyzer with a resolution of 0.02 nm dur-
ing the output power measurements. In addition to the spectral red
shift, the emission spectrum widened with pump power. This was
probably due to the state-filling effect in QDs,” as the threshold of
higher emission energy modes could be reached at high excitation
power and contribute to lasing. The inset in Fig. 2 shows an emission
spectrum at 21W absorbed pump power. It contained typical
Fabry-Pérot resonances, related to the spectral filtering induced by the
350 um thick intra cavity SiC heat spreaders.

Furthermore, the spectral red shift by heating up the gain mem-
brane by the pump source was determined as 0.16 nm/W. The emis-
sion spectra shifted on average by 0.07nm/K with the heat sink
temperature. Correspondingly, the thermal resistance’” is obtained.
The value of 2.3 K/W is more than one order of magnitude lower than

B R I
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300 o v
~ ¢’
% 250 % L ]
c ’
= ) I 4
3 c .
& 200 = ‘ P J
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FIG. 2. Power performance of the 1.5 um QD MECSEL using SiC heat spreaders

at 19°C cooling water temperature. The plotted output power is a sum of transmit-

ted power from M1, M2, and M3. A spectrum at 21 W pump power absorption is
illustrated in the inset.
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in monolithic InP VECSELs'”'* and rather in the same order of mag-
nitude as the 1.77 um-emitting MECSEL with a QW-based active
region.*

Tuning experiments have been conducted by inserting a birefrin-
gent filter within the cavity (see Fig. 1) using different output coupler
reflectivities. This 1.5 mm thick filter enables to cover a large free spec-
tral range of 180 nm. With a Rys = 99 % outcoupler, the emission
wavelength was tunable from 1474nm to 1519nm as illustrated in
Fig. 3. The broader tuning range of 86 nm was achievable with a high-
reflecting Ryz > 99.8% outcoupling mirror. Compared to earlier
1.5 um VECSELs,””” the highest tuning range has been achieved at
the 1.5 um wavelength band, here, in this work.

The polarization behavior of the QD MECSEL was analyzed
without any intra cavity elements inside a linear cavity to avoid any
preferred polarization that would be given by a V-cavity. The mirrors
M1 and M2 with the mirror distances of about L, = L, = 197 mm
were used. An ultra broad band wire grid polarizer from Thorlabs
(WP25M-UB) with an extinction ratio of 1000:1 was set behind M2.
With the transmission axis fixed at 0° (p-polarization) axis and 90° (s-
polarization) axis, the measured output power curve was linearly
increasing with pump power as shown in Fig. 4 without power drop.
Also, the spectra taken at both polarization axes at an absorbed pump
power of 16.4 W in the inset of Fig. 4 revealed that there was no wave-
length hopping.

To determine the degree of linear polarization (DOP), the polar-
izer was rotated over a full cycle. The DOP was calculated with the
maximum and minimum output power Py,x and Ppy, from M2 trans-
mitted through the polarizer by

Pmax - Pmin
Proax + Prin

As can be seen in Fig. 5, the DOP was calculated to be larger than
99%, meaning that the MECSEL was almost fully s-polarized. In
VECSELS, similar values have been obtained.”’ The preferential polari-
zation state was fixed at lasing. No switching over the wafer and the
whole output power characteristic was observed. This originates most
likely from the QD anisotropy, similarly to the recently reported
VCSELs integrating the same 1.5 um InAs QDs.”’

DOP =

1000 T T T
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FIG. 3. Wavelength tuning results of the QD MECSEL by tilting a 1.5 mm thick intra
cavity birefringent filter at 16.4 W absorbed pump power.
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FIG. 4. Polarization output power characteristics recorded at two orthogonal angles
of the polarizer transmission axis from a linear cavity with the corresponding spec-
tra in the inset. The spectra are normalized in intensity and measured at an
absorbed pump power of 16.4 W.

In conclusion, we demonstrated a QD MECSEL operating at
1.5 um. With the combination of the broad gain of InAs QDs and the
absence of the DBR,” the MECSEL has made a record tuning range of
86nm, which is higher than the gain structure provides as a
VECSEL.”"** Over 320 mW of output power was achieved at room
temperature with relatively low cost SiC heat spreaders available in
wafer quality. To optically pump the gain membrane under small
pump incident angles below 15° with an almost circular pump spot, a
90° off-axis parabolic mirror was integrated in the pump optics. In the
future, this pump approach could be extended by a second set of
pump optics, positioned on the opposite side of the MECSEL for
double-side pumping'' or pump recycling’' by reflecting the transmit-
ted pump beam back to the MECSEL structure to increase the pump
efficiency. Additionally, a high DOP larger than 99% was obtained
where the s-polarized modes were far more prominent than the
p-polarized ones, which was reproducible across the sample. From the
application point of view, QD MECSELs with a near diffraction

100.0 |- [ ] E

99.5 L o

Mean DOP ~99.4% ® ©
guide to the eye ¢

Degree of linear polarization / %

6 8 10 12 14 16 18 20 22 24 26
Absorbed pump power / W

98.5

0 2 4

FIG. 5. Calculated degree of polarization of a QD MECSEL recorded in a linear
cavity.
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limited beam with an M? value of less than 1.05 and a broad gain
bandwidth could be applied in coherent Doppler LIDAR™ in the
future for wind velocity sensing, wind turbulence measurements,”” or
wale vortices detection created by aircrafts in flight formations.™
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