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ABSTRACT

Optically-pumped semiconductor disk lasers (SDLs) have received much attention in
recent years for a myriad of applications requiring intracavity access, good beam quality,
wavelength versatility, and high output powers. The traditional scheme of these lasers
feature a semiconductor distributed Bragg reflector (DBR) integrated with the active region,
together forming an active mirror in an external free-space cavity. The active mirror
component is fabricated by either epitaxial growth or post-growth processing. This places

certain restrictions on SDL design, as material system choices become limited. It further

vii



hinders laser performance with regard to its thermal management and laser bandwidth

(tuning range).

This dissertation is concerned with developing SDL’s without the integrated
semiconductor DBR in order to mitigate the aforementioned restrictions. We exploit
epitaxial lift-off and van der Waals bonding technique to investigate novel DBR-free SDL
geometries. Active regions are directly bonded onto various destination substrates, such as
right angle prisms forming a total internal reflection (TIR) geometry, or onto optical
windows in a transmission arrangement. A quasi-continuous operation is demonstrated
using TIR geometry while schemes for continuous-wave operation are proposed in
standing wave as well as various monolithic ring cavities. We demonstrate a standing wave

monolithic SDL cavity, and analyze its performance.

With the transmission geometry, multi-watt continuous-wave (CW) operation is
achieved by employing single-crystal chemical vapor deposition (CVD) diamond windows
as heatspreaders: 2 W output power is obtained at 1.15 um, and more than 6 W is collected
at 1 um. Numerical thermal analysis suggests that DBR-free SDLs outperform traditional
SDLs in thermal management when employing two diamond heatspreaders sandwiching
the active region. Additionally, significantly broader wavelength tuning range (80 nm) is
demonstrated compared with typical SDLs, in good agreement with our extended
integrated modal-gain model. Implications of such bandwidth enhancement for mode-

locking operation and ultrashort pulse generation is presented.

Finally, we propose a novel gain-embedded meta-mirror (GEMM) concept based on
subwavelength grating structures. Our theoretical analysis show that an SDL constructed
based on this concept could offer superior thermal management capability with promising
potentials for high-power scaling.
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Chapter 1

Introduction

1.1  Outline

Optically pumped semiconductor disk lasers (SDLs), also known as vertical external-
cavity surface-emitting lasers (VECSELSs) or optically pumped semiconductor lasers
(OPSLys), are essentially regarded as versatile and efficient brightness converters when
pumped by high-power diode lasers. These lasers, in general, offer the merits of high output
power, good beam quality, wavelength flexibility, and intracavity access [1]. In the typical
SDL design, semiconductor distributed Bragg reflectors (DBRs) are integrated behind the
active region, as shown in Fig. 1.1, which poses certain restrictions for SDL design and
performance. In this dissertation, we present novel SDL schemes, analysis, and
implementation without using any semiconductor DBRs. To avoid confusion, we will
henceforth refer to these lasers as DBR-free SDLs, and to the traditional SDLs with
integrated semiconductor DBRs as VECSELS.

Laser output

External mirror

External cavity

Active region

DBR

Au/In solder

- e

Figure 1.1 Schematic diagram of typical VECSEL with an extracavity heatspreader. The orange
ellipse and arrows represent generated heat in the chip and heat diffusion process.
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This dissertation is organized as follows:

Chapter 1 will briefly review semiconductor lasers, including edge-emitting lasers,

surface-emitting semiconductor lasers, and state-of-the-art VECSELSs.

Chapter 2 will elaborate on the motivation to discard the active mirror configuration,
including the advantages of DBR-free geometries and the opportunities inherent therein,
particularly from the perspectives of thermal management and integrated gain. With
numerical thermal analysis, a comparison is made of the temperature increase in active
regions among typical VECSEL and DBR-free SDL geometries. The integrated gain is
analyzed with an extended integrated gain model, which shows distinct features on gain
spectra for a DBR-free geometry. The results are compared with the full reflectance

analysis based on the transfer matrix method.

Chapter 3 will describe the device fabrication process in detail, including substrate
surface preparation, growth substrate lift-off, and device bonding. Results of post-bonding
thermal treatments as they relate to improvement of bonding strength will also be discussed.
In addition, surface morphology and topography of the bonding results using optical and
atomic force microscopes will be studied. Finally, a comparison of photoluminescence

spectra and carrier lifetime both before and after fabrication will be examined.

Chapter 4 will discuss total internal reflection (TIR) based DBR-free SDL designs,
including a TIR based V-shaped cavity and a monolithic cavity, along with their laser

performance characterizations.

Chapter 5 will focus on transmission based geometries. We will pay special attention to
the high power continuous wave (CW) operation and broad laser tuning range, which have
been achieved with the transmission geometry utilizing two distinct quantum well (QW)
configurations. Then we will revisit the integrated gain model to compare its predictions
with experimental results. For the bonded samples, the abnormal phenomena of
photoluminescence peak blueshift with pump power will also be analyzed.

Chapter 6 will summarize the work and discuss the ongoing and future work on DBR-
free SDLs. One of the directions is investigating other potential power scaling approaches,

including the multichip and slab laser geometries. We also discuss the potential advantages
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of DBR-free SDLs for mode-locking operation and ultrashort pulse generation. In that
regard, we will present a few preliminary results with VECSELS, including the use of two-
dimensional materials (TDMs), such as WSy, as saturable absorbers. Finally, we introduce
a novel active mirror concept, based on high reflectivity subwavelength gratings (SWG)
bonded onto diamond heatspreaders, which we call gain-embedded meta-mirror (GEMM).
We present preliminary analysis of such a structure with two quantum wells, and show the

feasibility of laser operation, power scaling and its outstanding thermal management.

1.2  Semiconductor lasers

Shortly after the demonstration of laser in ruby in 1960 [2], the first semiconductor
injection laser was reported in 1962 in GaAs p-n junction via electrical pumping [3]. With
various material system choices and the bandgap engineering technique, as shown in
Fig. 1.2, semiconductor lasers cover a significant portion of the spectrum from ultraviolet
(UV) to mid-infrared (MIR). Most importantly, in contrast to gas or other solid state gain
media, the active atomic species in semiconductors are closely packed and their wave
functions interfere, forming broad band structures—conduction and valence bands—rather
than discrete energy levels. For example, the energy level diagram of Nd®* in Nd:YAG is
shown in Fig. 1.3 (a). Rather than a few discrete states, semiconductors have continuum
states, as shown in Fig. 1.3 (b), which provide a broad pump and laser wavelength choice.
Furthermore, semiconductor active regions can be fabricated down to single atomic layer
precision by epitaxial growth. With a double heterostructure—a narrow bandgap
semiconductor layer sandwiched between two wide bandgap barrier layers—it forms a

potential well for carriers. When the center layer thickness is comparable to the carriers’

. h h
thermal de Broglie wavelength Ay, = = Vo

effective mass, k is Boltzmann constant, and T is the temperature), the quantum

(h is the Planck constant, m is the carrier

confinement effect takes place and only discrete states are available. This can be utilized
to tailor the density of states and the emission wavelength by tuning the layer thickness,
providing QW-based semiconductor lasers with wavelength flexibility and low threshold.

Additionally, semiconductor lasers are compact, reliable, and boast a long operational



lifetime. Semiconductor lasers have been integrated into test instrumentation, consumer
electronics, such as cell phones (VCSEL based Time-of-Flight sensor), computer mice, and
optical storage devices, and, most importantly, short, intermediate, and long distance
telecommunication systems. With low cost and high power, semiconductor lasers are also

widely used as optical pump sources for solid state and fiber lasers.

Based on cavity configurations, semiconductor lasers can be categorized as edge-
emitting or in-plane lasers, and surface-emitting lasers. For an edge-emitting laser, the laser

cavity is formed in the semiconductor layer plane and the laser is typically coupled out

6
AIN e direct gap
Sr Q@ o indirectgap - 250
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o 4Lk oMase 4 300 D
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Figure 1.2 Common semiconductor material systems. All the bandgap values and lattice constants
are for 300 K [4].
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Figure 1.3 (a) The energy level structure and certain transitions of Nd* in Nd:YAG;
(b) Semiconductor band structure.



from a cleaved facet mirror, as shown in Fig. 1.4 (a). Owing to their engineered density of
states and the reduced threshold resulting therefrom, QWs are preferred as active regions.
In edge-emitting lasers, carriers are usually generated through electrical injection. The
excited carriers can recombine radiatively via stimulated emission, coupling into the laser
mode. The spontaneous and nonradiative recombination pathways, such as defect and
impurity recombination, or Auger recombination (collision with other carriers and
deposition of extra energy in the semiconductor lattice), can reduce device efficiency and
may increase the thermal load. Therefore, the confinement of current, carriers, and photons

is crucial to device performance.

For carrier and optical mode confinement, a waveguide structure is usually introduced
via lateral patterning and current confinement is realized with narrow strip electrodes. To
scale up the power, a broader waveguide is needed, which results in multimode output.
Due to internal heating and high laser intensity, the output power is limited by heat
dissipation or optical damage. Multiple laser bars are routinely assembled into one-
dimensional or two-dimensional arrays, forming high power modules with high efficiency

but poor beam quality [5], which is suitable for many industrial and medical applications.

The first surface-emitting laser was demonstrated in 1966 [7], but became viable only
after 1990 with the introduction of integrated semiconductor DBRs, wherein the laser
cavity is formed perpendicular to the semiconductor layer plane with either two integrated
semiconductor DBRs, such as vertical cavity surface-emitting lasers (VCSELS), as shown
in Figs. 1.4 (b) and 1.5, or with one integrated DBR and at least one external mirror, such

-

, ~, Light output
s o e 7 (circular)
Contact layers Light output (b) \ ’

(a) / (ellipli,c,?l)
3 7 1

Grown mirror stacks

P
S -——-

Gain layer

Facet coati
g Contact layers

Figure 1.4 Semiconductor lasers schematics [6]: (a) Edge-emitting laser structure; (b) surface-
emitting laser structure.



as a VECSEL. Typical VCSELs are electrically pumped, but optical pumping is also
feasible. With an electrical pumping scheme, the active region is kept thin, less than one
micrometer, due to the concern of electrical resistance and associated heating. In high
power operation, higher order transverse modes are favored, due to internal heating or
spatial-hole burning, and the beam quality degrades. VCSEL geometry allows for two-
dimensional array arrangement [8], which provides output power up to tens of kilowatts
with beam profile control. A detailed discussion of VECSEL development, design, and

current progress will be presented in section 1.2.2.

Laser output

Metal contact

p-type DBR
Current confinement layer
I Active region

n-type DBR

n-type substrate
Metal contact

Figure 1.5 Schematic of an electrical-pumped VCSEL.

1.2.1 Semiconductor disk laser history

Even though the first high power VECSELSs were not reported until 1997 [9], SDLs can be
dated back to 1966 [7]. The first surface-emitting semiconductor laser [7] was optically
pumped with a pulsed laser diode. The gain medium was a 2 um thick, single-crystalline
CdSe platelet, which was attached to the front surface of the pump laser diode via vacuum
grease. The setup is shown in Fig 1.6. At 77 K, pulsed lasing was achieved. After analyzing
the longitudinal mode spacing, it was found that the laser cavity actually consisted of the
CdSe platelet and the air gap. The same group sandwiched a CdSe platelet between two

sapphire heatspreaders, one of which was coated on one side with aluminum of 90%



reflectivity. With a He-Ne laser as pump source, CW operation was realized [10]. This was
the first CW semiconductor laser at a visible wavelength. Unfortunately, this device

worked at cryogenic temperatures and had fairly low power.

At almost the same time, a so called “radiating mirror”—essentially the active mirror of
today—was proposed and demonstrated [11], as shown in Fig.1.7 (a). It included all the
features of the current VECSEL design, except the resonant periodic gain structure (PGS):
external cavity, active mirror geometry, and back side cooling. The heat extraction
effectiveness was also emphasized. In experiments, GaAs, GaSe wafers, and CdSe plates

were employed as gain media. The laser diagram for the latter is shown in Fig. 1.7 (b). By

GalAsP)
Il 6667 2

Figure 1.6 Laser setup for an ultrathin CdSe platelet laser [7]. The 2 um thick single-crystalline
CdSe platelet is mounted onto the front surface of a GaAsP diode laser with vacuum grease at 77 K.
The diode operates quasi-continuously emitting at 666.7 nm.

(a) /?‘3“‘:)7/, (b)
coly)/finger
Fully veflecting - ny
Jurface Semiconductor
Cagyer

Sereen

pumping
Light (A*I106004)

“

)
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mizzoT

Jpectrograph

w3002
Jllll ’W.’

Figure 1.7 [11] (a) Schematic for a semiconductor laser design with an active mirror. The
semiconductor active region layer is integrated with a fully reflecting surface, which is
conveniently heat-sunk. Laser emission is perpendicular to the semiconductor’s multi-layer
structure. (b) Block diagram of a two-photon pumped CdSe laser. The screen represents the

spectrometer detection plane.



utilizing the uncoated semiconductor-air interfaces as mirrors, however, there were no
external cavities and the active regions were heat-sunk from the areas surrounding the
pump spots. All experiments were carried out under pulsed pumping conditions, by either
an electron beam source or a Q-switched laser with two-photon pumping. Both the GaAs

and CdSe lasers operated at 77 K, and only the GaSe laser at room temperature.

Another CdSe platelet laser with multilayer dielectric high reflective (HR) coatings on
both surfaces was reported [12] and this is essentially a VCSEL geometry. Similar platelet
gain media, including CdS, CdSSe, and InGaAsP, were further pursued with external
cavity laser geometries [13] in the 1980s, some even achieving mode locking [14, 15]. In
these laser setups, the platelet active regions were mounted with silicone oil onto sapphire
mirrors, one side of which was HR coated, at cryogenic temperatures in a dewar, as shown
in Fig. 1.8. The laser cavity was formed with an output coupler and a sapphire mirror.
Shared between the pump and laser beams inside the cavity were a microscope objective
and a polarizing beamsplitter. The pump spot was kept small, about 5 um in diameter, so
as to lower the thermal load and avoid lateral lasing. With a thin CdS platelet, CW operation
was achieved with 9 mW pump power [13]. A dispersive element, either a prism [13] or
birefringent filter [15], was inserted into the cavity for wavelength tuning and a tuning
range of over 6 nm was observed [13]. The optical-to-optical efficiency was about 10% in
CW operation, limited by the Fresnel reflection losses of the microscope objective. Similar
lasers were further mode-locked using synchronous pumping [14] with a mode-locked
argon laser. With 100 ps long pump pulses, output pulses as short as 4 ps were achieved
with on optical-to-optical efficiency of up to 20% [15].

+

Ar 3
sEAR
L 4T6nm

- SAPPHIRE

BIREFRINGENT
FILTER
s

QUTPUT
BEAM

497nm |

POLAR|ZING
BEAMSPLITTER

Cour

QUTPUT
MIRROR
OBJECTIVE

Figure 1.8 Schematic for optically pumped semiconductor platelet laser [15]. The semiconductor
platelet is attached to a sapphire window in a dewar at cryogenic temperatures. The sapphire
window is HR coated on the side opposite the sample.
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There were also efforts to build an ultrashort external cavity semiconductor laser with
dielectric mirrors [16]. Rather than being directly coated [12], mirrors were glued onto the
active region, forming an ultrathin wedged cavity with 40-50 fs long cavity roundtrip time,
as shown in Fig. 1.9. The active region was a double heterostructure sample with 0.6 um
thick GaAs surrounded by AlGaAs barrier layers. A mode-locked dye laser (0.9 ps pulses)
was employed to pump the active region. Varying the pump position changed the cavity
length and laser wavelength, and laser operation from 770 nm to 890 nm was observed.
Such broad wavelength range was attributed to the high carrier density, approximately
2x10%° cm3, which brought a significant amount of carriers into the L and X valleys. The
output pulse width varied from 3 ps at 790 nm to 8 ps at 890 nm. With a similar geometry,
about 1 ps pulses were observed [17]. It is also worth noting that the thin film was removed
from the substrate by selective etching, or lift-off technology.

Using the lift-off technique and the ultrashort cavity geometry, thin film lasers with
InGaAsP of various compositions [18] were reported lasing from 830 nm to 1590 nm. An
image of a epoxied film-mirror assembly is shown in Fig. 1.10. Interference fringes were

observed between the top mirror and the thin film.

After being ignored for a long time thereafter, the idea of optically pumped surface-
emitting lasers was revived in 1991 [19]. The laser geometry is shown in Fig. 1.11. A
mechanically thinned, broadband anti-reflection (AR) coated GaAs wafer was mounted
onto an air-cooled copper heat sink. The pump laser was a gain switched Ti:sapphire laser

near the GaAs bandgap with 38 ns, 2.5 kW peak power pulses at a 4 kHz repetition rate.

DIELECTRIC MIRRORS

EPOXY

IR .~
ot

0.9
i \ //’/
615am -

PUMP N ~<
E \\\
~<
~<
~

ererin] L—O.Gy. GaAs CRYSTAL

Figure 1.9 Schematic for an optically pumped semiconductor laser in an ultrashort wedged cavity
[16]. The GaAs double heterostructure sample is epoxied between two HR mirrors.



Because of the high pump peak power, it was possible to use a 135 um thick wafer as the
gain medium. The output pulses were about 20 ns, which meant the laser operated quasi
continuously. Up to 40% peak power slope efficiency was obtained, corresponding to 28%
overall efficiency. Peak output power up to 500 W was collected and the peak intracavity
intensity was about 50% of the pump damage threshold. Further power scaling by

increasing gain volume was also discussed.

In 1997 the first optically pumped high power VECSEL was demonstrated [9]. Since
then, VECSELSs have experienced rapid development, with significantly improved critical
parameters (including power, wavelength coverage, and linewidth), enabling their function
in a wide variety of applications. To date, the endeavors were almost exclusively focused
on the successful active mirror geometry, in spite of some intrinsic limitations, which will

be mentioned in section 2.1.

250 pm

Figure 1.10 Thin film laser (InGaAsP film epoxied between two dielectric mirrors) imaged with
monochromatic light [18]. The glue was measured to be about 0.1 um thick with an electron
microscope and the film was about 1 um thick, 220 um by 330 um in area. Fringes are due to
interference between the upper mirror and the top surface of the film.

GaAs WAFER HIGH-REFLECTING

END MIRRQOR

PUMP BEAM

—-— /;" ouUTPUT
EOLDING MIRROR A
ETALON

15 em

Figure 1.11 Schematic for optically pumped GaAs disk laser [19]. The GaAs wafer is 135 pm thick
and is pumped with a gain switched T:sapphire laser at 2.5 kW peak pump power.
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The InP-based material system, where no good semiconductor DBR exists, hindered the
development of longer-wavelength (between 1.3 um and 1.6 um) VECSELSs for a long
time. In [20], the solution was to replace the integrated semiconductor DBR with an
external mirror, like the later mentioned DBR-free geometry, but without lift-off and
bonding processes. The gain structure consisted of an InP window layer to restrain surface
combination and oxidation, 30 groups of dual AlGalnAs QWs in a PGS, and a laser

transparent Fe-doped InP substrate as the mechanical support.

This experimental configuration is shown in Fig. 1.12. A diode pumped Q-switched
Nd:YAG laser at 1064 nm was utilized to pump the active region in the barrier pumping
scheme. With a pump transparent mirror, the geometry enabled direct end-pumping,
leading to better pump and laser mode overlap. At 5 kHz pump pulse repetition rate, up to
1.5 kW peak output power was collected with 8.3 kW peak pump power and about 18%
slope efficiency. This was the first room temperature high-peak-power nanosecond

semiconductor QW laser at 1360 nm.

: Output
Coupling : AO muplur: Reflection mirror
lens | [Nd:YAG Q-switch E
' i
: :
i Solid-state 1.06-1um laser E I:__—/l
"""""""""""""" Beam
Laser diode expander
at 0.81 pm

Focusing
lens

D %ctmn mirror

PR 1.36 pm (R=94%3) > HR@:1.36 pm (R>99.8%)
HT@1.06 pm (T=90%)

AlGalnAs/InP
1.36 um
output

Figure 1.12 Schematic for room temperature optically pumped AlGalnAs laser at 1360 nm [20].
The pump source is a Q-switched Nd:YAG laser at 1064 nm. Both wafer surfaces are AR coated.
The active region is mounted on a copper heat sink without active cooling.
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The same group reported a similar wafer design, consisting of an eye-safe 1570 nm laser
with 290 W peak output power [21]. In the plano-plano cavity, the thermal lens effect
helped to stabilize the cavity. No active cooling was applied to the active region.

In reference [22], the substrate was capillary bonded onto a diamond, which was both
high transmission (HT) coated at the pump wavelength and HR coated at the laser
wavelength, and acting as both a mirror and heatspreader. The laser schematic is shown in
Fig. 1.13 (a). This idea was extended with two diamond heatspreaders (one diamond was
HT coated for the pump laser and HR coated for the laser, while the other was HR coated
for the pump laser and HT for the laser). Two configurations—a stack cavity and separate
cavity configurations [23]—are shown in Figs. 1.13 (b) and (c), respectively. Silicon

wafers were employed as output couplers (OCs) and both copper mounts were cooled with

30 groups AlGalnAs QWs

A

-~ Y
(a) Yb-doped e "
pulsed fiber laser module Diamond

- heat spreader <+ 1/2 +

Focusing
lens

Laser output

.
s

Collimator, isolator and
beam expander HT at 1.06 pm (T>95%)

HR at 1.52 pm (R=99.8%) FRat 1.06 pm (R=98%)

PR at 1.52 pm (R=80%)

TEC-cooled

copper sink

(b) ()

Diamond heat spreader Diamond heat spreader
Gain chip 4 Silicon wafer Gain chip 4 TEC-cooled
He ; ’b- copper sink
Yb-doped pulsed 1y, nona  * 4 TEC-cooled Xb-doped pulsed 1o mond . K. [ 4 OPPerS ,
heat spreader . copper sink heat spreader ?illton wafer
L AN N - "_ 3

o

Beam expander } ‘ 1.52 pm Laser output Beam expander 1.52 pm Laser output

Focusing lens ) Focusing lens

Figure 1.13 Different heat extraction schemes: (a) with single diamond heatspreader [22], (b) and
(c) with double diamond heatspreaders [23] eye-safe laser geometries. (b) and (c) are the silicon
output coupler stack cavity and separate cavity configurations.
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thermoelectric coolers (TECS).

Under pulsed pumping condition, such laser geometry works well for an InP material
system. This approach, however, is not widespread, since laser transparent growth
substrates are not available for most material systems. In contrast, with the lift-off and van
der Waal bonding technique, which will be discussed in chapter 3, there is no laser
transparency requirement on growth substrates. In addition, thermal conductive
heatspreaders can be bonded directly onto active regions, and thereby have much lower

thermal resistance.

1.2.2 VECSELSs: state-of-the-art

One way to scale up VCSEL output power without sacrificing beam quality is to expand
the fundamental mode size, which requires good thermal management and uniform
pumping schemes. These are difficult to achieve for the monolithic VCSEL geometry. A
half-VCSEL configuration, typically called a VECSEL, achieved by replacing one of the
integrated semiconductor DBRs with an external mirror, was demonstrated by Kuznetsov

et al. [9] in 1997 with more than 500 mW output power in TEMoo mode.

With larger size cavity modes, it is challenging to electrically pump the active region
efficiently and uniformly, due to Joule heating and Coulomb interaction. Therefore, the
optical pumping scheme is adopted. Either the barrier layers or QWSs (or quantum dots,
QDs) (in-well pumping) [24] can be optically pumped, leading to different quantum defects,
which is the energy difference between pump photon and emission photon. To make good
use of the pump power, optically pumped VECSELSs’ active regions are much thicker than
VCSEL’s.

For higher modal gain, the discrete gain layers (QW or QD) are positioned at the
antinodes of the standing wave and the window layer thickness is carefully designed to
align the semiconductor subcavity resonance with the design wavelength at the lasing
condition, forming a resonant periodic gain (RPG) structure [25]. Compared to bulk gain
medium, the RPG doubles the modal gain [25]. A wide-gap window layer is grown on top

of the active region, to confine the generated carriers and reduce surface recombination
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losses. A VECSEL chip structure is shown in Fig. 1.14. In the material growth process,
this structure can be grown in two configurations, either the bottom emitter or the top
emitter, depending on whether the active region or the DBR is grown first. Top emitters
are convenient for growth diagnosis, while bottom emitters can be easily heat-sunk from

the back of the DBR via soldering to an extracavity heatspreader, such as diamond.

A typical VECSEL chip forms a subcavity, with approximately 100% reflectivity from
the semiconductor DBR and 30% reflectivity from the air-semiconductor interface. The
subcavity effect strongly modulates the effective gain. By adjusting the window layer
thickness, it can transit from a resonant to antiresonant cavity, which may affect the laser
bandwidth. Due to the thermo-optic effect, the subcavity effect is temperature dependent,
which has been used to check subcavity structure. With an optimum wafer design, the QW
gain peak overlaps with the subcavity resonance under the lasing condition at an elevated
temperature, which can be confirmed with the temperature dependent reflectivity [26] of a
top emitter chip. When the active region is overheating, both the material and modal gain
could decrease, which leads to the drop in slope efficiency and even output power.

When pumping, the quantum defect and energy lost in nonradiative recombination are
deposited in the active region as heat. In addition, semiconductor DBRs often absorb the
pump leakage and generate heat. Without an efficient heat extraction scheme, increasing

pump power raises the active region temperature. Further increasing pump power leads to

Conduction band

Laser optical
standing wave

T Multilayer u " " I'I ln{\ﬂh wmp> Laser
Bragg mirror Epump Elaser
- I G Fump
A T P
Quantum
wells Suﬁace
Pump  barrier
absorbing
region
Valence band
- } .
Semiconductor Air

Figure 1.14 Optically pumped SDL chip structure and operating principles [1].
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a drop of the material gain and at a certain degree, output power roll-over, as shown in
Fig. 1.15 when pump power is higher than Proii-over, and possibly even optical damage. Also,
the effective gain, which is the overlap between the VECSEL subcavity resonance and the
QW gain peak, is temperature dependent. The InGaAs QW gain peak usually redshifts at
a rate of 0.3 nm/K and the subcavity resonance at 0.1 nm/K [27]. Therefore, thermal

management is the key to VECSEL power scaling.

For a typical VECSEL geometry as shown in Fig. 1.1, the laser threshold condition [28]

can be written as

RpgrRe %e?l9tmNwiw = 1 (1.1)
where Rpgr and R are the reflectivity of the integrated DBR and external mirror, « is total
roundtrip loss coefficient, excluding the transmission from the mirror and DBR, 7" is the
longitudinal mode confinement factor of the RPG structure [29], gw is the threshold gain,

Nw and dw are the number and thickness of QWs. Therefore, the threshold gain is

a — ln(RRDBR)
2TNydy,

Right below threshold, there is no stimulated emission and the carrier rate equation is

(1.2)

Gth =

dn _ acP n (1.3)

dt hvp(mrg) T
where n is the carrier density, P is the incident pump power, ao is the average pump

F 9

Laser power

P

roll-over

P
th Pump power

Figure 1.15 Laser output power as a function of pump power. Py is the threshold pump power, # is
the laser slope efficiency with respect to the incident pump power, Proi.over IS the thermal rollover
pump power.
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absorption coefficient, vy is the pump frequency, h is Planck constant, ro is the pump spot
radius (since the pump laser usually exhibits a flat-top intensity profile, there is no factor
of % like for a Gaussian beam), and zis the carrier lifetime. With in-well pumping scheme,

ae 1S equal to aw, which is the pump absorption coefficient in the QW; in contrast, with the

. . 2apdp+aywd . .
barrier pumping scheme, a, = w, where dy and ap are the barrier layer thickness

w

and pump absorption coefficient. The pump is absorbed in both the thick barrier and thin
QW layers. But since the carrier lifetime in QWSs is much shorter than in the barriers, most
generated carriers fall into the QWSs and recombine there. At steady state, dn/dt=0 and the

carrier density is

a.Pt (1.4)
ng =———< ,
* 7 vy (nrd)
With the three pathways previously mentioned, the carrier lifetime is
1
;=A+Bn+Cn2 (1.5)

where A, B, and C are the coefficients of nonraidative, radiative, and Auger recombination.

A phenomenological expression of QW gain is

n
9 =Yo ln(a) (1.6)

where go is a fitting parameter and ny is the transparency carrier density. For high-Q
cavities used in typical VECSELSs, this is a good approximation. The threshold carrier

density n is

a—ln(RRDBR)

Nih = Nyr€ 2I'Nwdwgo (17)

By bringing the threshold carrier density back to Eq. 1.4, the threshold pump power is

hv,, (rtré a-In(RRpgr)
WL G DI v v (1.8)

e

As shown in Fig. 1.15, when the pump power is between Pt and Proii-over, the output
power scales linearly with the pump power Pouput=#(P-Pt), Where 7 is the laser slope

efficiency. The efficiency » depends on multiple factors: pump absorption efficiency #ans,
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quantum defect #q, internal quantum efficiency zint, and output coupling efficiency #oc.

Assuming barrier pumping, the pump absorption efficiency is

Nabs = e_Nw(“wdw+2“bdb) (19)

and the quantum defect is the photon energy ratio between laser and pump photon,
_ hV] _ ﬂ.p 110
nq N th N /11 ( ' )
The internal quantum efficiency #int is the portion of carriers resulting in stimulated
emission and its analytical expression can be solved with rate equations. It depends on the
intracavity power, carrier density (pump power), and material parameters. The output

coupling efficiency is

(1-R)
noczz —R_e-2a (1.12)
The laser slope efficiency can be written as
1 = NabsNqMintMoc (1.12)

Another important parameter for a VECSEL is the roll-over pump power Proli-over. The
detailed thermal roll-over mechanism was described previously and it is complicated to
derive analytically for multiple reasons: First, the temperature raise in the active region
strongly depends on the wafer design and thermal management scheme. Second, the
prediction of temperature dependent material gain involves detailed microscopic modeling
[30]. For high power operation, high roll-over pump power is needed. One way to increase
the value, is to decrease heat generation, by improving the material quality (higher #int) and
reducing the quantum defect (higher 7q); the other way is to facilitate heat extraction from

the active region.

For VECSELSs, one common thermal management approach is to apply cooling power
behind the DBR, resulting in the heat flow from VECSEL chip to heatsink being
approximately one-dimensional. To facilitate heat conduction, the high thermal resistance
growth substrate is usually either thinned or fully removed. For the latter, the bottom
emitter chip is usually flip-chip soldered onto a high thermal conductivity extracavity
heatspreader, like diamond, and the substrate is subsequently removed by wet etching. For
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top emitters, heat can be removed from the active region with a capillary bonded intracavity
heatspreader, with low thermal resistance and optical losses. Extracavity heatspreaders can
be either directly cooled with water jet impingement [31] or TECs, or indirectly cooled by
attaching them to a liquid-cooled mount. Intracavity heatspreaders are usually cooled

indirectly, although recently a front liquid cooling scheme [32] has also been proposed.

For a VECSEL chip, a simple straight cavity can be formed with a concave external
mirror. A V-shaped cavity, as shown in Fig. 1.16 (a) is also common. More complicated
cavity configurations, like Z-shaped cavities and even double V ring cavities [33], have

been reported.

( a ) Output
2=589nm
HR (1178nm)/
Birefringent Filter AR (589nm)

L\

e

etalon
<- DBR

Gain (InGaAs MQW)
HR (1178nm & 589nm)

2" Harmonic Generation
&/f Oven/cooler

HEAT SINK

Figure 1.16 (a) Schematic for intracavity frequency doubled VECSEL at 1178 nm. Birefringent
filter plate and etalon are inserted for wavelength tuning. LBO is a honlinear optic crystal for second
harmonic generation. The turning curved mirror is HR coated at 1178 nm and AR coated at 589 nm,
and the end mirror after the oven is HR coated at both 1178 nm and 589 nm. (b) Second harmonic
output at 589 nm [34].
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Due to extra thermal resistance, perfect power scaling is still out of reach. To date,
VECSELSs have been demonstrated with more than 100 W output power near 1 pum [35],
and more than 50 W at 1.178 pum [36]. Under optimum output coupling condition, near
1 pm, typical diode pumped InGaAs QW-based VECSELs achieve about 40% slope

efficiency with respect to incident pump power.

Semiconductor lasers are known for broad gain bandwidth. By inserting a birefringent
filter (BRF) into the cavity at Brewster’s angle, the lasing wavelength can be tuned.
Compared to edge-emitting lasers [37] with similar QW composition, however, SDLs have
shown much narrower tuning range. Many efforts were devoted to broadening the gain
spectrum, including improving the material gain bandwidth with QDs or QWs of various
compositions, and modifying the PGS design. To date, a specially designed InGaAs QW
based VECSEL with 43 nm [38] and a QD based VECSEL with 60 nm tuning range [39]
have been reported, both near 1 um. In comparison, an InGaAs QW-based external cavity
edge-emitting laser has demonstrated a tuning range of up to 170 nm [37]. The reasons for
this will be discussed in further detail in section 4.3. High power single-frequency

operation has also been achieved with BRF and/or etalon [40].

Due to easy access to the high intracavity power, VECSELS have been used for cavity
enhanced absorption measurements and nonlinear conversion processes, such as laser
spectroscopy [41] and intracavity laser cooling of rare-earth doped solids [42]. Significant
expansion of VECSELSs’ wavelength coverage is possible through nonlinear processes such
as second harmonic generation, sum [43] and difference [44] frequency generation, and
optical parametric oscillation [45], thus enabling various applications [46, 47]. As shown
in Fig. 1.16 (b), an LBO crystal is employed for intracavity second harmonic generation in
a VECSEL lasing at 1178 nm. Currently, commercial optically pumped frequency doubled
VECSELSs at 532 nm (Sapphire series and Verdi G, from Coherent Inc. [48]) can provide
up to 20 W power and frequency tripled VECSELS are also available [49].

Mode-locked VECSELSs have also experienced rapid progress. Due to their relatively
broad gain bandwidth, VECSELSs are good for ultrashort pulse generation. For a long time,
VECSELs were passively mode locked with semiconductor saturable absorber mirrors

(SESAMS) [50], which usually consists of a semiconductor DBR with low-temperature
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grown QW or QD layers [51] to achieve short recovery time. A typical SESAM mode-
locked VECSEL setup is shown in Fig. 1.17. Compared to other mode-locked solid state
lasers, VECSELSs have much higher repetition rates, usually in the GHz range, good for
optical frequency comb applications. With short carrier lifetime, mode-locked VECSELS
are free from Q-switching instability. SESAMs have also been monolithically integrated
into the VECSEL chips, forming the MIXSEL (mode-locked integrated external-cavity
surface-emitting laser) [52], which allows short cavity geometries with a repetition rate of
up to 100 GHz. To date, using SESAMs, optical peak powers levels up to a few kilowatts
and pulse durations on the order of 100 fs [51] have been reported. Other saturable
absorbers and mode-locking mechanisms are pursued for applications which require higher

peak power, such as micromachining.

Of particular interest are single-layer graphene films. With its unique band structure,
graphene has a constant absorption of 2.3% over a broad band ranging from visible to near
infrared (NIR) [53]. With such large absorbance and limited states, the intraband transition
can be saturated under high excitation due to Pauli blocking [54] and this saturation process
is broadband with fast recovery time. The parameters, including unsaturated loss,
modulation depth, and saturation fluence, when integrated onto a mirror, can be engineered
by varying the position relative to the end mirror [55, 56]. With this approach, an average
output power of up to 10 W and about 350 fs pulses have been reported [56]. In addition

to graphene, many other graphene analogues—TDMs—have been studied extensively as
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Figure 1.17 Schematic of typical SESAM mode-locked VECSEL.
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saturable absorbers. Black phosphorus, for example, has demonstrated even better
characteristics [57] than graphene. However, to the best of our knowledge, there has been

no report on VECSELs mode-locked with a TDM other than graphene.

Recently, reports of SESAM-free or self-mode-locked VECSELs [58, 59, 60] have
attracted considerable attention. Even though pulsing behavior was instable (long-term
instability and CW background) during first observations, stable mode-locking operation
was later demonstrated [61] with sub-picosecond pulses. Our group first proposed negative
Kerr-lensing in the active region as the mode-locking mechanism [62] and, based on the
estimated n> coefficient for the active region, a hard aperture was inserted into the cavity,
as shown in Fig. 1.18 (a). Mode-locking operation can be initiated by adjusting either the
aperture opening (hard aperture) or pump focus (soft aperture), as shown in Fig. 1.18 (b).
With the z-scan technique, the measured nonlinear coefficient of the gain structure under
pumping [63] is close to the estimation in [62]. The Kerr-lens mode-locking mechanism

allows simple and cost-effective ultrafast SDL designs, and potentially higher peak powers.
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Figure 1.18 (a) V-shaped VECSEL cavity schematic. A hard aperture is inserted near the curved
mirror for mode control. (b) Laser time-traces for fully open (blue trace, CW) and partially-closed
(red trace, pulse train) aperture [62].
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Chapter 2
DBR-free Semiconductor Disk Lasers:

Analysis

This chapter will discuss the advantages of DBR-free semiconductor disk lasers, and the
opportunities inherent therein. Both thermal management and gain spectrum will be
analyzed. For the latter, two approaches are adopted, including the position dependent
integrated gain model and the transfer matrix method.

2.1 DBR-free geometries: Advantages and opportunities

As mentioned in section 1.1, typical VECSELSs have a high reflectivity semiconductor
DBR integrated behind the active region, as shown in Fig. 1.1. A DBR consists of multiple
pairs of quarter-wave optical thick high (n+) and low (n.) refractive index layers. All the
Fresnel reflection components from interfaces at the design wavelength constructively
interfere. As a result, DBRs provide high reflectivity. Utilizing the transfer matrix method,
at normal incidence and at the design wavelength, the reflectivity of integrated m DBR

1-(np/ng)?*™

2
Tt /nH)zm] [1]. When the refractive index contrast (nu/n) is large, less

pairsis Rpgr = [
DBR pairs (m) are needed for the same reflectivity and broader HR bands can be achieved.

Compared with traditional VECSEL geometry, DBR-free geometries bring many
changes in both SDL design and performance. First, DBR-free geometries greatly enrich
SDLs’ material system choices. For example, for the GaN system, it is challenging to
epitaxially grow high reflectivity semiconductor DBRs (AlInN/GaN [2] and AIN/GaN [66]
combinations), due to large lattice mismatch and distinct growth conditions. For InP and

InGaP systems, which lack good semiconductor DBRs with low thermal resistance and
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broad HR bandwidth due to small refractive index contrast, DBR-free geometries provide

a solution.

Second, semiconductor DBRs have high thermal resistance [4] for extracavity
heatsinking schemes. Because of the small refractive index contrast tens of semiconductor
DBR pairs are typically needed. As a result, semiconductor DBRs are thick. For example,
for the widely used GaAs/AlAs DBR, 25 pairs are needed for 99.9% reflectivity at 1 um,
of which the total thickness is 4.1 um. For the Ino.18Gao.s2Aso.4Po.s/INP DBR, only 95.5%
reflectivity is obtained with 48 pairs at 1.55 um, which is about 11.5 pm thick. Considering
the relatively low thermal conductivity of semiconductor materials, thick semiconductor
DBRs have high thermal resistance. Additionally, these interfaces, which scatter phonons,
slow down the thermal diffusion process, and increase thermal resistance [5]. For some
material systems, semiconductor ternary or quaternary alloys are used in DBRs due to
limited material choices. Thermal conductivity coefficients of these compounds are lower

than binary compounds, due to phonon scattering in alloys.

In these aforementioned material systems, semiconductor DBRs are thicker than active
regions. DBR-free chips, therefore, have much shorter growth times and cost significantly
less. As will be discussed in section 2.3.2, because DBR-free gain structures are typically

far from the global cavity nodes, they are intrinsically more robust to growth errors.

Third, compared with semiconductor DBRs, dielectric DBR components have more
choices and larger refractive index contrast, resulting in broader HR bandwidth. The HR
band of total internal reflection is even broader. As a result, DBR-free geometries can
support broader bandwidth than typical VECSELSs. Also, the active mirror configuration
may limit the laser gain bandwidth, as will be discussed in section 2.3.

Fourth, for many material systems, some semiconductor DBR components absorb at
pump wavelengths, generating extra heat near active regions, which may impair the

thermal management. A detailed thermal analysis will be presented in section 2.2.

Furthermore, the DBR-free approach brings in geometry flexibility. In cavities, lasers
can either transmit through or be total internal reflected at active regions, rather than

reflected by a semiconductor DBR. With the total internal reflection in particular, DBR-
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free active regions allow for monolithic geometries, as will be discussed in section 4.2. In

the transmission geometry, multi-pass pumping schemes are also viable.

2.2  Thermal analysis

Lasers usually take high energy, high entropy pump photons and convert them to low
energy, low entropy photons, necessarily generating heat in this mode conversion process.
As mentioned in section 1.2.2, microscopically, both the quantum defect and energy lost
in the nonradiative recombination process will be converted to heat. Macroscopically, for
SDLs the difference between the absorbed pump and laser power is the heat load, since the
photoluminescence power is negligible. Semiconductor active regions are sensitive to
temperature, due to the strong temperature dependence of carrier distribution. Overheating
in active regions could decrease material gain, and even lead to optical damage. Thermal
distribution in active regions also deteriorates the beam quality [6]. Efficient thermal

management, therefore, is crucial to SDL’s performance.

Thin-disk lasers with solid state gain media were demonstrated in 1994 [7]. With one
surface of the gain disk attached to a heat sink, heat flow in the disk is nearly parallel to
the laser propagation direction [8]. The one-dimensional heat flow allows for power scaling
by increasing mode size, while the gain medium experiences little temperature change.
This makes solid state thin-disk lasers suitable for high power operation. To date,
commercial thin-disk lasers from TRUMPF, Inc. [9] possess average output power of
16 kW and thin-disk laser based weapon systems have been reported with output powers
up to 50 kW [10].

SDLs were first demonstrated three years after the thin-disk laser [11] and, after two
decades of development, have only achieved CW output powers of about 100 W [12]. With
the thin-disk geometry, failure of the power scaling law for SDLs is due mainly to stronger
pump absorption, which results in higher heat density. For SDLs with a barrier pumping
scheme, the average absorbed pump power reaches about 5 MW/cm?, in contrast to a mere
0.08 MW/cm? for typical Yb:YAG thin-disk lasers. Additionally, semiconductor gain is

more sensitive to temperature. In order to efficiently remove the heat, highly thermal
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conductive extracavity heatspreaders are integrated with the chips. However, the high
thermal resistance of semiconductor DBRs hinders the thermal conduction process, so

intracavity heatspreaders are introduced for heat extraction, bypassing DBRs.

The thermal analysis can be performed by solving the heat equation

oT
PCr o ~ V-(kVT)=H (2.1)

where cp, p, and « are specific heat capacity, material density, and thermal conductivity, T
is the temperature, and H is the heat source. In the analysis, we only consider the
approximate temperature raise while at steady state, 9T /dt = 0. A constant temperature
boundary condition is applied to the surfaces in contact with the cooling block. With
complicated gain-cooling assembly, solving the thermal diffusion problem analytically has
proved challenging and unnecessary. Instead, a numerical thermal analysis is performed
with the commercial finite element software COMSOL Multiphysics 4.4 and the heat
transfer module, with a few approximations to simplify the problem. First, the model is
assumed with cylindrical symmetry: a circularly symmetric (Gaussian or flat-top) beam is
incident at the center of the circular gain chip, simplifying a three-dimensional problem to
a two-dimensional one. Therefore, the steady-state heat equation can be written as
%%(KT?—:)-I‘:—Z (KZ—:>+H(T,Z) =0 (2.2)
Second, for all involved materials, the thermal conductivity coefficients are assumed to
be independent with temperature (for synthetic diamonds, the thermal conductivity is about
2300 W/(m K) at 300 K and 1700 W/(m K) at 400 K [13]). Third, the detailed heat
generation processes are ignored in this section and the heat source distributions are
assumed following the incident pump power distribution, with constant proportions. In
contrast to [14], the assumed proportion in the active region is higher than the quantum
defect (54 in Eq. 1.10). This is because Auger recombination contributes to heat generation
under high temperature and high carrier density conditions. As mentioned earlier, for a
SDL with a slope efficiency of 60% with respect to the absorbed pump power, the
remaining 40% of absorbed pump power will be the heat load.
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Third, since thin layers take many fine meshes in the FEM simulation, structures are
simplified to reduce the computation time. The DBR is approximated as one layer with
equivalent parameters, and the active region as a two- or three-layer structure. An effective
thermal conductivity coefficient is defined for each layer. The thermal conductivity
inhomogeneity in multilayer structures is ignored. Lastly, a perfect bonding interface is

assumed and the roughness dependent interface thermal resistances are ignored.

In this section, we will compare the thermal performance among four configurations
with constant pump intensity: thin-device VECSELSs with one extracavity heatspreader,
VECSELSs with both intracavity and extracavity heatspreaders, and transmission geometry
DBR-free SDLs with one and two heatspreaders. For the DBR-free SDLs at 1 um, the
active region is approximated as two (top and bottom) 0.16 um thick InGaP window layers
and a 2.25 um thick GaAs active region. For the active regions in VECSEL configurations,
the bottom window layer is neglected since the AlAs layer in the DBR confines the carriers.
In regards to the heat distribution, exponential decay is considered in both the gain region
and the DBR layers with different absorption coefficients.

The active region radius is set as 3 times the pump spot radius in the evaluation process,
S0 as to reduce the computation time. The diamonds are 1 mm thick, and 5 mm in diameter.
The bonded assembly is mounted on a copper heat sink with a 2 mm diameter clearance
hole. The cross-section view of the mount is presented in Fig. 5.9 in section 5.2. Indium
foil with a thickness of 50 um is applied between the diamond and copper mount in order
to reduce the thermal resistance in a ring shape, whose inner radius measures 1 mm and
whose outer radius measures 2.5 mm. For intracavity heatspreader mounts, constant
temperature boundary condition is assumed on the bottom surface of the copper mount, in
a ring shape. For extracavity heatspreader mounts of a ring shape, the condition is applied
to the entire bottom surface. Thermal conduction processes between air and other surfaces
are all neglected. A side view of the model is shown in Fig. 2.1 (a). In the simulations, all

the geometry and material parameters are tabulated in Tables. 2.1 and 2.2.

With the cylindrical symmetry, a Gaussian distributed heat source can be written as
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2r2

Q(r,z) = _‘:Wi e W2 e—(20-2) (2.3)
0

where Pj is the incident pump power, ao is the absorption coefficient, wo is beam radius,
and zo is the position of the top active region surface. In the active region, the heat source
IS

zngpi 2r?

Qg(r, z) = p— e_W_ge_“g(Zog_Z) (2.4)
0

and for the VECSEL configurations, the heat source in the semiconductor DBR is
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Figure 2.1 (a) Cross-sectional view of the simulation model for a DBR-free SDL with one
heatspreader in COMSOL interface. The red line on the bottom of the copper mount signifies
where the constant temperature condition applies. Since the z axis is a linear scale, the active region
is very thin and therefore not visible. (b) Simulation results: temperature raise contour map.
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where 74 and #npgr are the ratios of absorbed pump power converted to heat in the active

region and DBR, apgr Is the pump absorption coefficient in the DBR, and zopgr is the

position of the top DBR surface.

With the finite element method, the structure must be discretized first and the “finer”

grade mesh on the software user interface chosen. The mesh for the VECSEL geometry is
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Figure 2.2 “Finer” mesh generated with COMSOL for the VECSEL simulation.
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Figure 2.3 Maximum temperature rise for different geometries as a function of incident pump
power with constant pump density (80 kW/cm?). The absorption coefficient for the pump at the
gain region is 1000 mmand the pump at the DBR region is 457 mm. For the simulation model
diagrams, the red lines denote where the fixed temperature boundary conditions are applied.
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shown in Fig. 2.2. Utilizing “extra finer” or “extremely finer” grade meshes, the maximum

temperature varies by less than 1% , though the calculation take much longer.

Table 2.1 Summary of material parameters for 1 um SDLs

Symbol Quantitity Value

Kwin Thermal conductivity of the window layer 10 W/(m K)
Kg Thermal conductivity of active region 24 WI/(m K)

kper | Effective thermal conductivity of semiconductor DBR 61 W/(m K)
Kd Thermal conductivity of diamond 1800 W/(m K)
Kc Thermal conductivity of copper 400 W/(m K)
Kin Thermal conductivity of indium 84 W/(m K)
Ks Thermal conductivity of solder 162 W/(m K)
Pwin Mass density of the window layer 4.482 x10% kg/m?®
Py Mass density of the active region 5.320 x10% kg/m?®

PDBR Mass density of the DBR 4.479 x10% kg/m?®
pd Mass density of diamond 3.515 x10% kg/m?®
pe Mass density of copper 8.700 x10% kg/m?®
Pin Mass density of indium 7.310 x10° kg/m?®
Ps Mass density of solder 7.310 x10° kg/m?®
Cuwin Thermal capacity of the window layer 368.8 J/(kg K)
Cy Thermal capacity of the active region 330 J/(kg K)

Cobsr Thermal capacity of the DBR 394.7 JI(kg K)
Cdia Thermal capacity of diamond 520 J/(kg K)
Cec Thermal capacity of copper 385 J/(kg K)
Cin Thermal capacity of indium 233 J/(kg K)
Cs Thermal capacity of solder 233 JI(kg K)
og Absorption coefficient of active region 1 (um)?

ODBR Absorption coefficient of DBR 0.457 (um)*
g Ratio of absorbed power converting to heat in gain 0.4

/JDBR Ratio of absorbed power converting to heat in DBR 1
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Table 2.2 Summary of geometry parameters for 1 um SDLs

dwin Thickness of the window layer 0.214 pm
dact Thickness of active region 2.25 um
ddia Thickness of diamond 250 pum
dind Thickness of indium 50 pm
dsol Thickness of solder 2 um
doer Thickness of semiconductor DBR 3.72 pm
Ip Pump power density 80 kwW/cm?
Fact Radius of active region 3 mm
loco Outer radius of copper mount 6 mm
Fico Inner radius of copper mount 1 mm

With the same configuration and parameters, our model reproduces the results in [14].
By keeping the pump power intensity the same (80 kW/cm?) and increasing pump
powerand mode size, the temperature rise curves for the four configurations are shown in
Fig. 2.3. Because of the relatively thick diamond heatspreader (1 mm) and high pump
absorption in DBRs, the thin-device VECSEL configuration presents higher temperature
elevations than the one heatspreader DBR-free SDL configuration at the same pump
conditions. By integrating another intracavity diamond heatspreader, the temperature
elevations for both configurations drop and the two-heatspreader DBR-free SDL
configuration still outperform the two-heatspreader thin-device VECSEL configuration. It
is evident, therefore, that DBR-free geometries exhibit advantages in thermal management.

2.3 Integrated gain analysis

A laser, evident in its acronym “light amplification by stimulated emission of radiation”,
is a product of the photon-electron coupling. Unlike gas or other solid state gain media,

semiconductor active regions—the host for such interaction—can be engineered down to
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single-atomic-layer precision in the material growth process. Therefore, the coupling

strength could depend on the gain structure, particularly for SDLs.

Since the early days of surface-emitting lasers, the overlap between the optical standing
wave and the longitudinal inhomogeneous active region has been studied extensively for
the PGS in the VCSEL and VECSEL configurations. It was quantified by “the integrated
gain factor” [15], or “longitudinal mode confinement factor” [16]. In these studies, the
active region is attached to at least one cavity end mirror (semiconductor DBRs). This type
of active mirror configuration is well understood as a spectral filter for the gain spectrum
due to the subcavity effect, while the independent PGS has been fully neglected. In this
section, we will discuss the spectral properties of such independent PGSs in both standing

wave and ring cavities.

In a standing wave cavity, there are two cavity nodes at the end mirrors with fixed phases
for all longitudinal modes. For two longitudinal mode orders within semiconductor
material gain bandwidth near a cavity node (the distance between one of the cavity node to
the gain z is small), the maximum phase difference Ap=(ki-k2)z=mzAm/L (Am is the
maximum longitudinal mode order index difference, L is the cavity length) is less than =,
which gives orderly positioned field antinodes, similar to the colorful fringes near the
bright center fringe (Ap=0) in the white light interferometry. In contrast, with far from
cavity nodes, Ag is much larger than xt, so antinodes (or nodes) for different longitudinal
modes can overlap in space (¢2-¢1=Nn and g1=Mn+r/2, here both N and M are positive
integers), which brings in the field-gain overlap differences.

Fig. 2.4 (a) shows a PGS designed at normalized wavelength 1, with QWs positioned at
the standing wave antinodes. There are increasing offsets between QWs and antinodes of
the two longer wavelengths, and by eye the field of wavelength 1.03 overlaps better with
the PGS than wavelength 1.05. In Fig. 2.4 (b), when the gain structure is far from both
cavity nodes, at a certain position a field at wavelength 1.05 has better overlapping than at
1.03. Therefore, the spectral property of such PGS varies with both wavelength and gain
position. Even though the overlap between periodic standing wave field and gain structure
is like a moiré pattern, it is the integrated gain that determines which modes are favored.

Similar gain-position-dependent laser linewidth phenomena [17] due to spatial-hole
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burning have been reported in solid state lasers, which is also consistent with the simple

picture. It is difficult to understand all the spectral properties from Fig. 2.4, and quantitative

analysis is needed.
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Figure 2.4 Optical standing wave field pattern with PGS. The black lines above the plots stand for
QWs, located at the antinodes of the field at the design wavelength 1 (black curve); the gray squares
stand for barriers. The blue curve is at wavelength 1.03, and the red curve is at 1.05. The field
distribution is plotted when the gain structure is close to (a) or far from (b) a cavity end mirror.

2.3.1 Integrated gain factor

To simplify the analysis, we have all the distances in optical thickness and neglect multiple

beam interference effects. The QW gain saturation is also not included in the simple
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analysis. With a small incident signal at normalized intensity, the integrated gain (amplified

signal) for the m" order longitudinal mode is

L

G\ z) = f

A !
g,z —z")sin? [nm( )z l dz’
0

I (2.6)
where z is the distance between a cavity node to the closest gain layer, L is the cavity length,
and g(4,z) is longitudinal gain profile. Considering typical gain layers (QW or QD) are
much thinner than the periodicity (half design wavelength), with one gain layer per period,

the longitudinal gain profile is approximated as

c |~ 1)A
90 =) 8 [z —%] Im ) @7

where N is the number of periodicity, d(z) is the delta function, Ao is the design wavelength,
and gm(7) is the gain layer material gain. By bringing Eq. 2.7 back to the definition Eq. 2.6,
with a simple derivation, the integrated gain can be expressed as

I[N sin (NHTAO) Ay 4z ]l
G(A,z) = F b (anlo) cos | (N —1+ A_o)] |gm(/1) (2.8)

Here we define the first term in the big bracket as the integrated gain factor G'(4,z) =

_N Sin(N?o) Ao 4z C -
G4 2)/gm(D) =5 — zsin(”T‘O) cos T(N -1+ %)] which is imposed by the periodic

configuration of the gain structure. Within the usual semiconductor material gain

bandwidth, 1o/2~1, therefore G’ can be approximated as

G'(A,2) = %[1 — (=1)" sinc (N%AO> cos HTAO (N -1+ i—j)]‘ (2.9)

When z=0.25/y, it is like a typical VECSEL and the integrated gain factor is

(2.10)

G'(1,2) = %[1  (—1) sinc (ZNnAO)]

When z>>/o like the DBR-free SDL scenario except at certain points, which will be
discussed later, the cosine term is a fast modulation term, and the envelope function for G’

can be written as
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N NmA
G"(A,z) = > [1 + sinc( 7; O)] (2.11)

Comparing Egs. 2.10 with 2.11, the bandwidth of the envelope function for z>> 1o is twice
as much as z=0.2540. In the typical VECSEL design, with the field penetration into the
semiconductor DBR considered, z is larger than 0.254¢ (0.2540<z<10/0), which narrows
the bandwidth further.

Now we can numerically evaluate the position dependent integrated gain factor. In
Fig. 2.5, the integrated gain factors are plotted at three z values. Having the gain structure
near a cavity node when z=0.7540 is similar as a typical VECSEL in the straight cavity
geometry. By having the gain structure further from the node, a wavelength dependent fine
modulation appears for the integrated gain factor, which is from the cosine term in Eg. 2.9.
Like the DBR-free SDL geometry, at a further distance z=10 mm, such modulation
becomes even finer, beyond the resolution of the figure, which has the bandwidth broader
than the VECSEL scenario. A detailed discussion on the mode structure will be presented

in the next subsection.

Integrated gain (a.u.)

0.9 0.95 1 1.05 1.1 1.15 1.2
Wavelength (um)

Figure 2.5 Integrated gain factors for different z values for a 12 QW PGS with one gain layer per
period. 20=1.05 pm is the design wavelength and cavity length L is 100 mm. The gray solid thin
curves are the envelopes.
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By having the PGS far from cavity nodes, broad bandwidth is attained. An intuitive
question is: how about the gain bandwidth for a VV-shaped cavity with the VECSEL chip in
the cavity center? It is similar to the typical straight cavity configuration. For the VV-shaped
cavity, the cavity folding angle is usually small in air and even smaller in semiconductor
materials. At normal incidence, the incident and reflected beams interfere, forming a
standing wave pattern along the beam propagation direction with half wavelength
periodicity in optical length. The same pattern is seen for the oblique incidence, though
with a different periodicity. Due to the small tilting angle, the reflection phase is close to
the normal incidence case. In other words, there is a cavity node at the DBR, same as the
straight cavity scenario, and with no extra advantage for a VV-shaped cavity in the integrated

gain bandwidth.

The fast modulation brings in other advantages to transmission geometry DBR-free
SDLs. As shown in Fig. 2.6 (a), changing z by 0.05/0, the integrated gain factor for the
VECSEL geometry changes significantly in both the peak wavelength and peak amplitude
(dropping by 2%). In contrast, the DBR-free geometry has much smaller changes in
Fig. 2.6 (b)—0.5% drop in amplitude for z=100.2540, but smaller with larger z. Therefore,
DBR-free gain chips have much larger tolerance to window layer thickness errors. It is the
same for the periodicity error. If the real gain structure periodicity is larger than the design
periodicity, shown in Fig. 2.13, both integrated gain factors will peak at the longer
wavelength side by the same amount. At the design wavelength, the integrated gain factor
of the DBR-free gain chip will experience lower gain drop. DBR-free gain chips are more

robust.

From the envelope function of integrated gain factor in Eq. 2.9, PGSs with more QWs
(no more than 1 QW per period) have narrower gain bandwidth, shown in Fig. 2.7. This is
why thin gain structures are adopted for VECSEL mode locking [18]. It is also one of the
reasons that certain QD based SDLs have broader tuning ranges than VECSELs with
thicker QW gain structures in the same wavelength range [19]. A comparison of the
integrated gain factors with different QW numbers is shown in Fig. 2.7. By having more
than one QW per period, it can also broaden the integrated gain bandwidth, at the sacrifice
of peak integrated gain factor. For an infinitely long bulk gain medium, the integrated gain
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factor is % and the integrated gain bandwidth will only be limited by the material gain
bandwidth.

—
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Figure 2.6 Stability of integrated gain factor with z for a typical VECSEL geometry (a) and DBR-
free transmission geometry (b).

42



0.8

Amplitude (a.u.)

O 1 ! ! 1
1 1.05 11 1.15 1.2 1.25 1.3 1.35

Wavelength (p:m)

Figure 2.7 Integrated gain factors for transmission geometry DBR-free SDLs with different number
of QWs.

2.3.2 Mode structure

In the figures of the last subsection, the integrated gain factor has a fast modulation term
with a large z value, filling the region between the upper and lower limit of the envelope
functions. This is true for most positions but there are exceptions. When z is equal to r*L
(rational number r=g/p, and both p and q are integers with p>g>0 and q/p is irreducible),

the envelope function of the integrated gain factor can be modified by an extra cosine term

nz

in Eg. 2.8. Mathematically, this is because the position dependent phase term 47 =

2Tpm

= 2ms + 2211 in Eq. 2.8 (m is the longitudinal mode order, s and t are integers) is in

a finite set, rather than a random number. In other words, the phase terms of the sine and
cosine functions are correlated. As a result, the cosine term cannot be ignored any longer
in the envelope function. In the wavelength range for the sine phase term changing by 2,
there are g-1 wavelengths at which the cosine term is very close to 1 (or -1). As a result,

T

such phase modulation brings in an amplitude modulation, with a depth of 1 — cos (q),

which narrows the bandwidth in some cases (as when z/L=0.5, the integrated gain
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Figure 2.8 Integrated gain factors with z=L/2, L/3, and L/10. L is the cavity length.
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bandwidth is half of the maximum bandwidth). As shown in Figs. 2.8 and 2.9, the
modulation depth decreases significantly with the integer g. Because of the slow varying

phase term, the longitudinal modes will exhibit slow phase shift in the fine modulation,
which will be discussed soon.

The extra modulation is not stable with gain position z. As shown in Fig. 2.10, for a
100 mm long cavity, the strongest modulation at z=L/4 dies off in about 100 pum. It is easy,
therefore, it is easy to avoid these points in experiment. Our strategy for avoiding these
extra modulation (of more than 10%) is having z satisfy one of the two conditions for a
100 mm long cavity: (1) 50040<z<L/6; or (2) when L/6<z<L/2, avoid jL/K (K=2, 3, ...6,
J=1, ...K-1) points by at least 1004o.

Asides from the envelope function, the fine modulation is also modified, which allows
for interesting mode structures. Zoomed-in views for the integrated gain factors at near the
design wavelength for a series of L/z values are presented in Fig. 2.11. If the laser threshold
is sufficiently high, the lasing mode spacing is an integer times of cavity repetition rate. It
is also worth noting that, far from the design wavelength, the zoom-in view will be different
since the sine function term brings in an extra phase term.

Mode locked with such mode structure, the pulse repetition rate will be integer times of
cavity repetition rate, which is harmonic mode locking (HML). This is exactly what

happens in some solid state lasers [20]. In contrast to QWSs, bulk gain has a unity factor and
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Figure 2.9 Modulation depth with g. The inset is a zoom-in view between g=6 to 30.
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Figure 2.11 Calculated mode gain near the design wavelength 7,=1.05 um for different z values,

L/2 (a), L/5 (b), L/10 (c), and L/20 (d). Circles stand for the longitudinal modes supported by cavity
length L=100 mm.
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a similar integrated gain analysis can be carried out in a standing-wave cavity.

Assume a bulk gain with thickness d, distance z away from a cavity node of the standing
wave cavity and the cavity length L. Different from the periodic gain, the continuous bulk

gain profile is

9(A,2z) = [H(2) = H(z + d)]gm(D) (2.12)
here H is a Heaviside step function. With the definition in Eqg. 2.6, the integrated gain is

G(Az) = [— - —sm (27;(1) cos ( 2zt d)] ImA) (2.13)

As in Eqg. 2.8, there is a gain position dependent cosine term and as a result, an interesting
mode structure or harmonic mode locking could occur. This is exactly the case in reference
[20]. In a straight laser cavity with L=21.32 mm cavity length, corresponding to 7 GHz in
cavity repetition rate, an Nd:Sr3Y2(BOs3)s disordered bulk crystal is employed as the gain
medium. When L/z=10, 8, and 20/3 (z is the distance between one of the end mirror and
the crystal), harmonic mode locking with repetition rates of 70 GHz, 55 GHz, and 110 GHz
are observed. According to our model, under these L/z conditions, the longitudinal mode
spacing is 10, 8, and 20 times the original spacing. As a result, the predictions (70 GHz and
56 GHz) of our theory for the first two cases matches the experimental results. For the last
case, our theory predicts 140 GHz, while the experiment shows 110 GHz. There may be

other mechanisms involved.

So far, we have focusing on the standing wave cavity scenario. In a ring cavity, there
may be no global cavity nodes. There is no phase restrictions on the two counter-
propagating waves. As a result, the configuration with maximum gain is preferred. With
an even number of QWs, all longitudinal modes will align their optical field nodes at the
center of the active region; for an odd number (2N+1) of QWs, the longitudinal modes will
align the antinodes at the N™ QW. This is essentially a typical VECSEL. Therefore, the

aforementioned interesting mode structures will not occur in this scenario.
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2.4 Reflectance analysis: transfer matrix method

In the integrated gain model, the refractive index discontinuities among the dielectric
substrate and semiconductor layers are neglected, and only the gain modulation induced
by the periodic configuration is considered. A full analysis of the gain spectrum should
take all these factors into consideration: material dispersion, the integrated gain, and the
multiple beam interference in the active region. This can be done with the transfer matrix
method [21].

Following [21], we developed a MATLAB program based on the transfer matrix method
for the calculation. As a check, a calculation is performed with a GaAs/AlAs DBR designed
at 1.05 um with 35 pairs of quarter-wavelength optical thick layers. The reflectivity
spectrum is shown in Fig. 2.12, which matches well with the result by the commercial
software RSoft DiffractMOD (based on Rigorous Coupled Wave Analysis, RCWA method

[22] and enhanced with modal transmission line theory).

The code is then applied to the real configurations. In the VECSEL configuration, the
wave propagates in air for 90 mm, through the active region, and 25.5 pairs GaAs/AlAs
DBR at design wavelength 1.035 um. The active region gain structure is shown in
Fig. 3.4 (a). Constant refractive index n=3.218 is assumed for the InGaP layers. The GaAsP

is approximated as GaAs, and its refractive index [23] is given by
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Figure 2.12 Reflectivity spectrum for a semiconductor DBR consisted of 35 pairs of GaAs/AlAs
by transfer matrix method code.
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5.467% 0.02422 1.95822

2 = 5372
n = 5372 % 0 aa3 )2 T 2= (0875 pm)? | A2 = (36.917 pm)?

The refractive index of AlAs [23] is given by

6.0841% 1.972

2
nc = 2.079 + 7 (0.282 um)z + 12 — (27.62 Um)z

and InGaAs [23] is given by

2.05422 0.005:i

2_g9
n =895 T 0869 um)2 T T+ [(A = 1,035 im)/(0.06 pm) 2

here a Lorentz-shaped material gain is included. For the DBR-free geometry, the beam
propagates through the active region, 1 mm thick diamond with constant refractive index
2.39, 90 mm thick air, and the 25 pairs of SiO2/HfO> dielectric DBR. The refractive index
of SiOz [23] is given by

0.69612 0.40842 0.89712

2 1
M T (0068 umy? T 22— (0116 um)? | 22 — (9.896 pm)?

and of HfO, [23]:

N 1.95612 N 1.345) N 10.417%
A2 —(0.155 um)? = A2 — (0.063 um)? = A% — (27.12 um)?

The calculated reflection results are shown in Fig. 2.13. Generally, they are consistent with
the integrated gain model predictions. First, the DBR-free transmission geometry offers
much broader gain bandwidth than typical VECSEL geometry. Second, in contrast to the
typical VECSEL results, the reflection of the DBR-free geometry has a fast modulation.
The much broader base for the DBR-free geometry is due to the broad HR band of the
dielectric mirror. Finally, the positions of the sub-peaks are also consistent with the
predictions from our model. In the VECSEL geometry, the integrated gain reaches
minimum at around 1.00 um and 1.07 um, and increases at even shorter and longer
wavelengths than these two. Therefore, two extra sub-peaks appear at the HR band edges.
For the DBR-free geometry, the two sub-peaks roughly match the sub-peaks of the
integrated gain model in wavelength. It takes 25 minutes for each simulation in Fig. 2.13.
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Finer wavelength steps can improve the image quality but it will require a much longer

calculation time.
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Figure 2.13 Reflection spectra calculated with transfer matrix method: (a) a VECSEL geometry
and (b) DBR-free SDL geometry. The spectra width at (Rmax+1)/2 is 9 nm and 45 nm respectively.

2.5 Summary

DBR-free SDL geometries have advantages in material system choices, thermal
management, and gain bandwidth. With intracavity diamond heatspreaders, according to
the numerical thermal analysis, high power DBR-free SDLs could be achieved.
Furthermore, a position dependent integrated gain model predicts broader integrated gain
bandwidth and interesting mode structures for the DBR-free geometry, which agrees well
with the results by the transfer matrix method. These two predictions will be further tested

by experiments in chapter 5.
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Chapter 3.
DBR-free Semiconductor Disk Lasers:

Device Fabrication

In this chapter, the fabrication process of substrate transferred active regions will be
presented. In section 3.1, a brief introduction to van der Waals bonding and its applications
will be discussed. In sections 3.2 and 3.3, the substrate preparation, lift-off, and bonding
process will be detailed. In section 3.4, thermal annealing and a few results will be
discussed. With limited access to the characterization techniques, preliminary surface
quality studies will be presented in section 3.5. Comparisons of photoluminescence and

carrier lifetime, both before and after fabrication process, will be made in section 3.6.

3.1 Introduction

For a given target wavelength, there are limited semiconductor material system choices
(combinations of substrates and alloys), due to the restrictions of lattice matching.
Additionally, some applications place stringent requirements on substrates’ thermal or
optical properties, which cannot be satisfied by the growth substrates. On the other hand,
dielectric, metallic, or even hybrid substrates offer more diverse properties, though these
materials are not suitable as epitaxial growth substrates. A post-growth processing
technique—Ilifting devices off from growth substrates, and bonding onto the destination
substrates without compromising material quality—qreatly enriches the semiconductor
integration choices for many devices, including solar cells [1, 2, 3], LEDs [4, 5], and lasers
[6, 7, 8]. Substrate transferred semiconductor films are of such high quality that even

epitaxial regrowth has been demonstrated [9].
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In our group, the lift-off and bonding technique has been applied to study laser cooling
of semiconductors [10] for a long time. By transferring a double heterostructure sample
onto a high optical quality hemispherical ZnS dome, an integrated device with a record of
99.5% external quantum efficiency has been demonstrated [11]. Recently, a commercial
product enabled by this technique is the so-called crystalline mirror [12]. The
monocrystalline semiconductor DBRs are lifted off and directly bonded onto destination
substrates. Compared to the dielectric coatings, crystalline mirrors can achieve similar
reflectivity, but exhibit much lower thermal noise [13]. It has been employed in
applications such as optical metrology [13], cavity optomechanics [14], and cavity
quantum electrodynamics [15]. Recently, the direct bonding technique has been further
utilized to integrate SESAMs with heatspreaders for high power ultrafast lasers, and the
substrate-transferred SESAMs have shown much less deformation at high power [16] than

SESAMs integrated via solder or flip-chip bonding.

There is a proliferation of bonding techniques, which can be roughly categorized as
either direct bonding or adhesive bonding. Adhesive bonding can be performed at room
temperature without strict surface quality requirements. But it involves an intermediate
layer, such as a polymer [17], which is usually optically lossy and thermally resistive.
Therefore, adhesive bonding is not well suited for high power laser applications. Wafer
bonding [18], a direct bonding technique, usually refers to bonding between mirror-
polished single-crystalline wafers. By applying a slight pressure to the cleaned wafer pairs
at room temperature, bonding can be achieved in seconds. The formed van der Waals bonds
are weak and a heat treatment or fusion process is usually needed to improve the bonding
strength. Therefore, it is also called wafer fusion bonding. This technique has been utilized
in the fabrication of VCSELs [19] and VECSELS [20], allowing semiconductor DBRs and

active regions to be grown separately.

Compared with semiconductor wafers, typical dielectric substrates have far inferior
surface quality. The capillary bonding technique [21] has been adopted to bond VECSEL
chips to dielectric [22] or semiconductor [23] heatspreaders. This method resembles the
van der Waals bonding technique we use, but does not require the lift-off process.

Retaining at least part of the growth substrates, chips only conform minimally to the
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substrate during the capillary bonding process, making bonding to low surface quality

substrates difficult.

Before discussing the fabrication process, we have to first understand the bonding forces.
The van der Waals bonding is based on van der Waals force, which is an intermolecular
collective force, induced by charge and electromagnetic field fluctuations [24] arising from
both thermal agitation and quantum mechanical uncertainties. It constitutes the attraction
and repulsion terms. The repulsion term only comes into effect at a very close distance,
which is out of the range of our discussion. For the attraction term, there are three major
contributions for neutral molecules [24]: Keesom interactions of permanent dipoles whose
mutual angles tend to be in the attractive orientations, Debye interactions between the
permanent dipole and induced dipole in another nonpolar molecule, and London dispersion
interactions between instantaneous dipoles in nonpolar materials. With a pairwise
summation approximation, de Boer [25] has shown that for two parallel planar blocks,
when the separation is smaller than both their thicknesses and lateral physical dimensions,
the free energy per area varies with the inverse square of the separation. Due to the
separation dependence, surface cleanness and flatness are critical for both bonding strength

and uniformity.

While microscopically weak [26, 27], the van der Waals force can be macroscopically
strong: using van der Waals force, a Tokay gecko can hold itself on a smooth window glass
(approximately 10 N with 1 cm? of pad area) [28], and a load of one ton has been held with
the hand-sized man-made fabric GeckSkin (2950 N with 100 cm? of pad area) [29]. For
our devices, strong bonding force means low thermal resistance, which has not been
directly quantified in this dissertation. So far, with active cooling, our directly bonded
semiconductor samples can withstand 100 W incident pump power or 40 W absorbed

power over a 200 um diameter pump spot.

We have bonded 2 um thick semiconductor samples, such as double heterostructures
(DHS), MQWs, and GaAs/AlAs DBRs, onto substrates of various materials, including
fused silica, sapphire, ZnS, ZnSe, and diamond. Even though substrate quality matters,

good bonding has also been achieved with regular laboratory microscope slides. Two large
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area bonding results are shown in Figs. 3.1 (a) and (b). Currently, we see no obstacle to

bond even larger size samples.

(a)

Figure 3.1 Large substrate transferred active regions: (a) 7.5 mm by 5.0 mm sample bonded onto a
UV fused silica right angle prism (side lengths A=B=20.0 mm, C=28.3 mm, surface quality 40/20
scatch-dig, surface flatness /10, Thorlabs); (b) 8.0 mm by 7.5 mm sample bonded onto the back
of a 1 inch diameter fused silica high reflector. Both samples lased and the device characterization
will be discussed in sections 4.1 and 5.1.

3.2 Substrate surface cleaning and preparation

As mentioned, the surface condition of destination substrates is critical to the bonding
results. A contaminated surface could create extra features, such as large interface bubbles
or cracks, reduce the adhesion, and even de-bond the device. On the other hand, in addition
to cleaning, surface pretreatment could activate surfaces and facilitate bonding. Therefore,
the substrate surface cleaning and preparation process is crucial for bonding.

Thermal management is the key for high power SDLs. To facilitate heat extraction from
active regions, substrates of high thermal conductivity and low optical loss, such as single-
crystalline CVD diamonds, are used in the transmission geometry DBR-free SDLs. The

specifications of the diamonds used in chapter 5 are summarized in Table 3.1.

Due to the limited access to high quality diamonds, substrate recycling is a common

practice. Usually, bonded samples could be removed from diamond substrates with
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adhesive scotch tape. But to avoid extra organic pollution, samples are etched with a strong
oxidizing etchant, a mixture of hydrochloric acid and hydrogen peroxide solution. The
etching process takes about 5 minutes. Then the substrate is cleaned with piranha solution
(98% sulfuric acid and hydrogen peroxide ratio 3:1 by volume), which removes organic

contaminants and hydroxylates the diamond surfaces.

The diamond is then dipped into the RCA-1 solution, a mixture of 2 parts of deionized
(DI) water, 1 part of 30% aqueous hydrogen peroxide, and 1 part of 29% aqueous
ammonium hydroxide, for a 10-minute ultrasonic bath. In such a high pH environment, the
contaminants are solvated by ammonium hydroxide and oxidized by hydrogen peroxide.
This cleaning process generates hydrophobic substrate surfaces. With diamond substrates,
the hydrophobic surface condition yields consistently better bonding results than the
hydrophilic one, although the reason is not fully understood. Studies have shown that a
RCA-1 solution with certain mixing ratio could microroughen Si substrates [31], but its
effect on diamond substrates is yet to be studied. For sapphire or fused silica substrates,
the same cleaning procedure can be applied. Due to chemical reactions, ZnS or ZnSe
substrates cannot be recycled in this manner.

Table 3.1 Diamond windows specifications

. Absorption coefficient Surface
Size " roughness Ne-No
atlpum (cm™) (Ra, nm)
Regular diamond, 4 mm in diameter, <0.1 (typically 0.05) 4
Element Six, Inc. 0.50 mm thick 0.120+0.070 (by z-scan) <5nm <5x10
Low absorption 3 mm by 3 mm, <0.01 (typically 0.005)

diamond <5nm <1x10°
Element Six, Inc.

Small diamond,

0.89 mm thick 0.011+0.003 (by Z-scan)

: 4 mm in diameter, Not
Applled 0.75 mm thick 0.056+0.008 (by z-scan) | <3 nm specified
Diamond, Inc.

Large diamond

S ' 6 mm by 4 mm, Not

Applied diamond, 053 t0 0.57 mm thick 0.167+0.028 (by z-scan) <3nm specified

Inc.

* The dual-beam thermal-lens z-scan measurements were carried out by Nathan Giannini, and the

setup is described in [30].
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Other than wet etching, gas plasma treatment, such as oxygen, hydrogen, or argon, could
also clean and prepare surfaces [18]. Surface contaminants can be oxidized and vaporized
with oxygen plasma. Plasma treated Si surfaces have shown enhanced chemical reactivity,
partly due to the implantation of high energy ions [18]. After a 90-second oxygen plasma
treatment, a hydrophobic diamond surface can be changed to hydrophilic condition.
Fabricated by this approach, a DBR-free active region assembly, shown in Fig. 3.9 (a),
provides 4 W output power (at 26 W incident pump power); its laser performance will be
presented in section 5.2. Similar as it is to the wet etching method, it is not clear whether
the plasma changes the diamond surface condition, which is important for diamond

recycling.

3.3 Lift-off and bonding

The lift-off technique was first proposed and demonstrated by Konagai et al. [1] in 1978.

Named peeled film technology, they observed high selectivity (the ratio of etching rates)
0. Wafer structure 1. Surface protection
MQW
AlAs
GaAs
2. Wet etching: lift-off 3. Sample transfer & bonding

Py

4. Cleaning

Figure 3.2 Lift-off and bonding procedure. Step 0, cleave the wafer to proper size; step 1, apply a
thin black wax layer at 100°C; step 2, wet etch with 49% HF acid and rinse the sample after the
etching; step 3, transfer the sample to the destination substrate and apply pressure; step 4, clean the
black wax layer with toluene, and rinse the sample with aceton, methanol, and isopropanol.
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with HF acid in undercutting AlGaAs layers from GaAs substrates, but their studies were
hampered by the slow etching rate and the need for reactants circulation. In 1987,
Yablonovitch et al. [32] measured the HF acid selectivity between AlAs and Alo.4GaoesAs
as no less than 107, and accelerated the etching process by depositing a thin tensioned wax
layer onto the epitaxial surface. Our lift-off and bonding procedure, explained in Fig. 3.2,
follows reference [33]. We try to standardize the processing but some of the parameters are
not yet well controlled. Currently, with a recycled diamond substrate, 6 out of 8 bonded
devices (approximately 3 mm by 2 mm in area) are bonded without obvious defects, while

the remaining two have air bubbles.

3.3.1 Lift-off

One way to separate devices from their growth substrates is to laterally undercut the
sacrificial layers. In the active region designs discussed in this dissertation, AlAs is
reserved as the sacrificial layer (is also called release layer), which is about 100 nm thick,
grown after the GaAs buffer layer and before the active region. Depending on the etchant
used, it could also be an etch stop layer. There is evidence that alternative sacrificial layer
INAIP generates less etching residue and improves substrate flatness for wafer reuse [34].
At present, it is not clear how much optical losses are due to reactant residue. If this is

significant, replacing AlAs with InAIP as the sacrificial layer may be a promising technique.

The detailed active region designs used in this dissertation are presented in Figs. 3.3 and
3.4. For the active regions, there are usually two window layers with a wide bandgap
material, usually InGaP for GaAs based material system, to confine carriers and avoid
surface recombination. For the DHS sample, a 750 nm thick GaAs layer is sandwiched
between two 750 nm thick InGaP layers, shown in Fig. 3.3 (a). For the MQW samples,
QWs are in a PGS with a spacing of one half wavelength in optical distance, shown in Fig.
3.4 (a). Due to large indium composition (25%), InGaAs QW layers have a larger lattice
constant than GaAs, thereby experiencing compressive strain. To ensure the crystalline
quality, they are balanced by the tensile-strained GaAsP barriers. In Fig. 3.3 (b), the MQW
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Figure 3.3 Active region designs: DHS (a) and MQW 1312-066 (b). (a) 750 nm
INo.49Gao.5:P/750 nm GaAs/750 nm Ing49Gags1P; (b) InGaAs MQW at 1040 nm, sample 1312-066:
345 nm Ino4s5Gags15P/80.4 nm GaAs/12 QWSs/80.4 nm GaAs/325.4 nm IngssGaogsisP, QW:
78.1 nm GaASo,97Po_03/8.3 nm |n0,2sGao_75AS/ 78.1 nm GaASy97Po.03.
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Figure 3.4 Active region designs. (a) InGaAs MQW at 1020 nm, sample 1315-059: 160 nm
INo49GapsiP/ 725 nm GaAs/12 QWSs/72.5 nm GaAs/161 nm IngsGapsiP, QW: 69 nm
GaASs0.97P0.03/9.4 nm Ing.25Gao.7sAs/ 69 nm GaAsoe7Po.os; (b) INnGaAs MQW at 1160 nm, sample
1314-273: 188 nm Ing4GagsiP/85.9 nm GaAs/6 QWSs/170 nm GaAs/QW/340 nm
GaAs/QW/136.7 nm  GaAs/194 nm  InoseGaosiP, QW: 819 nm  GaAsosrPoos/5.6 nm
IN0.36Ga0.64AS/81.9 nm GaAso.97Po.03.
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structure was designed for the oblique incidence and the QW spacing is wider. In
Fig. 3.4 (b), at the design wavelength 1160 nm, as a result of even higher indium
composition (36%), a few QWs are skipped to avoid excessive strain accumulation. This
forms a selective PGS and the QW locations have been optimized with respect to the
absorbed pump power. At the same time, a thick structure ensures high pump absorption.
All the samples were grown using MOCVD by Dr. Jeffrey Cederberg at Sandia National
Laboratories.

Before etching, the epitaxial surface of the cleaved wafer chip is covered with a 0.3 mm
thick black wax (Apiezon Wax W) film applied at 100°C, whose functions will be
discussed soon. Then the wax-covered chip is mounted onto a U-shaped Teflon fixture
from the substrate side, also with black wax. The whole mount is immersed into a 49% HF
acid solution with the fixture upside down, shown in Fig. 3.5, so as to avoid the lift-off
layer bonding to the substrate again due to gravity. Because of the high reacting selectivity
[32], the sacrificial layer can be fully removed while the active region is almost intact. For
a 3 mm by 3 mm sample, the etching takes approximately 2.5 hours, with a lateral etch rate
of roughly 1 mm per hour, which is mainly limited by the small contact area between HF
and AlAs layer. With larger samples, the etch rate is even slower. HF concentration is
varied from 5% to 20%, but no significant change in the device performance is observed.
It could be that the HF etching selectivity between InGaP and AIlAs is not strongly
concentration dependent. More diluted etchant leads to longer etching time.

Another way to accelerate the etch rate is by adopting a flexible, thin polymer film

carrier. By adding extra weight on the film, the gap could be enlarged and an etching rate

Black wax

Figure 3.5 Teflon fixture with chip mounted.
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of up to 30 mm per hour has been demonstrated [2]. Utilizing this technique, a study [35]
shows a thinner sacrificial layer, down to 3 nm, and elevated solution temperature could

facilitate the etching. This is a possible future direction, especially for large samples.

Only 2 um thick, the free-standing active region film is very fragile and difficult to
handle. Therefore, the black wax film serves as the mechanical support. In addition, the
wax is also resistant to the etchant and protects the window layer from HF acid, which has
a relatively slow etch rate but is detrimental to the device performance. Furthermore, such
tensioned wax film could bow the lift-off area of the active region up [32] in the etching
process, and accelerate the reaction rate by facilitating the diffusion of the reactant and

reaction products.

After the sacrificial layer is fully etched, the waxed epitaxial film will come off by itself
due to gravity. Sometimes, there could be extra wax near the substrate edge keeping the
device attached, requiring a small amount of mechanical force to free it. Then the sample
is rinsed with DI water multiple times until the pH of the rinsed water is near 7. Extra

attention is needed to avoid introducing extra dirt or cracks to the semiconductor films.

In a post-bonding quality check, we noticed that corners of the top InGaP window layer
were round, shown in Fig. 3.6. This could be due to the incomplete coverage of the black
wax, which confirms a non-zero etch rate for InGaP in HF. For active regions in this
dissertation, there is a second InGaP window layer for carrier confinement right on top of
the sacrificial layer, which could also be roughened in the undercutting process. This may

introduce extra optical losses and increase the thermal resistance of the fabricated devices.

Since the InGaP window layer is necessary and there is no easy substitute, this led us
on a quest for other lift-off approaches. An easy alternative is to etch the complete substrate
off, down to the etch stop layer (AlAs), and then remove the AlAs layer in a diluted HF
acid. With this approach, the contact time between HF and the InGaP layer will be reduced
from hours to seconds, better protecting the window. This method has been well studied
[36] and widely used in the fabrication of traditional VECSEL chips, in which AlAs or
AlGaAs with a low gallium composition are usually the low index material in the DBR and

the lateral undercutting method is no longer an option. The etchant is a mixture of hydrogen
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peroxide and ammonium hydroxide at a 33:1 ratio, which is pumped at a constant flow to
jet etch the GaAs substrate [10] from the substrate side. For a typical 3 mm by 3 mm sample
with a 350 um thick wafer, it takes about half an hour to etch off the substrate. After the
removal of the substrate, there will be a shiny interface with uniform metallic reflection.
Because the etchant also reacts with AlAs, the time window is not wide. Approaching the
end of the etching process, careful observance is needed to stop the etching in time. Also,
the sample mounting is slightly different here. After the black wax deposition, crystal
bonding wax is applied to attach the sample to a glass slide, which is held by the fixture of
the jet etcher. The crystal bonding wax can be cleaned with acetone after etching, and the
released sample is dipped into a diluted 10% HF solution for 10 s to remove the AlAs layer.

After careful rinsing with DI water, the sample is ready for bonding.

As mentioned in section 2.2, one of the advantages of DBR-free SDLs is more material
system choices. With the van der Waals bonding technique, only a sacrificial layer or etch
stop layer is needed; for many material systems, such sacrificial layer materials exist [37,
38, 39, 40].

Figure 3.6 Normaski microscope image at a corner of a bonded sample. The sharp black and orange
lines are the sample boundary. The top rounded layer is possibly the etched top InGaP window
layer. This sample was dipped into the HF acid for 3 hours in the undercutting process. The field
of view is about 200 um by 150 pum.
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3.3.2 Bonding

Bonding in air is convenient, but even in a cleanroom environment, the cleanness is
difficult to control. Any dust on the bonding interface could result in a large unbonded
area—an air bubble. To avoid this issue, our bonding process is performed under water.
First, the newly etched sample is immersed in DI water with the etched surface facing up.
Then the surface prepared destination substrate is transferred to the sample and the two are
pressed together with tweezers, until the assembled part can be picked up from the water
without disintegration. The assembly is covered with a cleanroom wipe and constant
pressure is applied overnight. Squeezing out the water by applying higher pressure could

facilitate the bonding process, but is not very repeatable and may introduce extra cracks.

For small samples, capillary forces may keep them afloat, which must be avoided since
most of the particles are also on the water-air interface. Usually, samples could be sunk
with a tweezer. If the etched surfaces are facing down, usually a small turbulence could fix
that.

As shown in wafer bonding [41], a gas plasma cleaning before bonding can improve the

bonding quality and increase the bonding strength. In plasma, the high energy ions and

electrons could bombard the surfaces, penetrating and charging the substrate, which can

¢

Plasma

Diamond

Pump RF
Power Supply

Figure 3.7 Schematic diagram of plasma assisted low temperature bonding apparatus [42].
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enhance the bonding strength. As also mentioned, the van der Waals force is mainly caused
by the attractions among permanent or transient dipoles. In a liquid environment, due to a
shielding-like process with water molecules, the attraction between the substrate and
sample are weaker as confirmed by the Hamaker constants [24]. In a vacuum, the attraction
between two surfaces is strongest, which could facilitate the bonding. Fig. 3.7 presents a
schematic for a proposed plasma assisted vacuum bonding apparatus, which may be a

future method to improve bonding.

3.3.3 Cleaning

After constant pressure being applied overnight, the bonding energy is large enough for
stable bonding and the black wax is removed with toluene. The solvent is changed thrice
to reduce wax residues. Then the sample is rinsed with acetone, methanol, and isopropanol
sequentially, and blown dry with N2 gas. No water is used in the cleaning process, as it
may debond the sample. At the end, the sample surface is inspected under an optical

microscope and the cleaning process is repeated if necessary.

3.4  Post-processing: thermal treatment

After bonding, the bonding energy increases with storage time and gradually saturates [18].
Additionally, the saturation energy increases with temperature. Therefore, thermal
treatment or annealing [43] is a common practice to boost the bonding strength. Both the
annealing time and maximum temperature [43, 10] are critical to the annealing results. At
low temperatures, bonding strength will not be improved much; at too high temperature,
samples can be damaged. In a scotch tape test, Wang [10] showed that the bonding strength
of GaAs DHS samples on ZnS substrates improved significantly after annealing at above
400°C.

In addition, the temperature ramping rate also affects the annealing results. For the
MQW sample bonded onto a sapphire window in Fig. 3.8, the temperature was ramped
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from room temperature to 400°C at 10°C/min and cooled down. The furnace was filled with
a constant nitrogen gas flow at atmospheric pressure. Before annealing, there was no visible
features on the sample, but many busted voids appeared afterwards. This may be due to the
expansion or aggregation of the trapped gas at the bonding interface, despite that the sample
having been bonded for more than 10 days before annealing. To avoid air bubbles, samples
are degassed at low temperatures (50°C and 80°C) for hours before ramping the temperature

up further.

The maximum annealing temperature is set at 340°C to avoid potential device
degradations due to overheating. Following reference [39], the sample is annealed at a slow
ramping rate, and the temperature curve is shown Fig. 3.9 (a). Figs. 3.9 (b) and (c) are the
microscopic images of the sample before and after annealing. For a 2.5 mm by 2.5 mm
sample, using a 10 times magnification objective, multiple images are needed for the full
view. However, some images cannot be stitched together by software because of too few
features, or too much change in color under the non-uniform illumination. So the pictures
were aligned manually, which is far from ideal but gives us hints about the surface quality
of the bonded or annealed sample.

As shown in the images, after annealing large voids shrink in size and the void density
is reduced significantly. A few nearby voids aggregate to form structures, such as the ones

&

Figure 3.8 A 2.5 mm by 2.0 mm sample bonded on a 0.5 inch in diameter sapphire window, after
annealing at a constant rate of 10°C/min up to 400°C. The whole process was in a nitrogen
environment. Before annealing, no visible features were observed on the sample under a
microscope with 20 times magnification objective. The white regions on the sample are caused by
burst air bubbles.
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on the left-bottom corner. Even at such a low temperature, the lattice relaxation, which is
the subtle line feature, is observed. The laser performance before and after annealing is
compared in Fig. 5.9. There is no significant improvement in both slope efficiency and roll-
over pump power after annealing. At a certain gain spot, degradation may happen, which
may relate to the lattice relaxation. Since the thermal expansion coefficients of GaAs and
sapphire are very close, the thermal induced strain is ruled out as the cause of relaxation.
If it is degassing, annealing in a vacuum might alleviate the relaxation problem. As to the
absence of device performance improvement after annealing, perhaps 340°C is still below

the bonding energy transition temperature for sapphire. More systemic studies of annealing

conditions are needed.

350 R IR gy g
300

06‘250 .

N

o

o
T

Temperature (
o
o

100} o ..
!
50 p6
®
O 1 i L 1 L 1
0 5 10 15 20 25 30

Time (hour) (c)

Figure 3.9 (a) The furnace temperature curve in the annealing process. Surface condition before (b)
and after (c) annealing with Normaski microscope. The sample size is about 2.5 mm by 2.5 mm
and the largest dome-like structure in the bottom middle is about 120 pm in diameter. The straight
dark lines here are introduced in the image stacking process. The color differences between (b) and

(c) are due to different polarizer angles.
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3.5 Surface quality study

As has been discussed in [33], with a transmission electron microscope, an amorphous
interfacial region is observed between the van der Waal bonded layer and the destination
substrate. The amorphous layers tend to follow the substrates’ surface undulations, and
vary from 0 to 4 nm in thickness. Therefore, the substrates’ surface condition could be the
fundamental limit of surface roughness for the bonded layers. We will focus on the bonding

defects in section 3.5.1 and surface roughness in section 3.5.2.

The most common bonding defects are interface voids (or bubbles), which could be
caused by local surface features on substrates and etched samples, or particles, liquid, and
air trapped in the bonding process. In practice, we also observed interface voids formed in
the storage or annealing process. The voids are from one micrometer up to tens of
micrometers in diameter, which are visible at a grazing angle. In contrast, a well-bonded

surface should provide a uniform and featureless reflection.

With transparent substrates, the backside view of the bonding interface also provides a
good check. More sophisticated techniques, such as scanning acoustic microscopy and X-
ray diffraction topography, have been developed to detect defects in wafer bonding results
[44]. For DBR-free geometries, characterization on the surface energy or bonding strength,
optical scattering, and thermal resistance could help with the bonding optimization process,
but we lack the proper equipment for that at this stage. Here we use a Normaski microscope,
also called a differential interface contrast microscope to study the surface morphology,

and an atomic force microscope (AFM) to quantitatively evaluate the surface conditions.

3.5.1 Surface morphology study with optical microscope

Optical microscope is applied to study the surface morphology of the substrate-transferred
samples. Most artifacts are under the same background with subtle height changes, which
are difficult to fully resolve in either transmission or reflection mode. With the interference

of two beams at a small offset, the Normaski microscope mode significantly boosts the
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image contrast for subtle features, especially along the shear direction in which the optical
paths gradient is large. As shown in Fig. 3.10, a comparison is made among images taken
at the three modes. The Normaski mode image provides the best contrast for all features,
including cracks, interface bubbles, and dust.

In Fig. 3.11, we present two examples, which are bonded onto low absorption single-
crystalline diamonds. Both samples provide a few watts output power and their laser
conversion graphs will be presented in section 5.2. Especially for the sample in Fig. 3.11 (a),
with so many interface voids, the sample not only survived intense optical pumping up to

26 W, but also provided a high slope efficiency. Considering its unoptimized gain structure

Figure 3.10 Optical microscope images of the bonded sample on a substrate from the top in
reflection (a), transmission (b), and Normaski (c) modes. The field of view is about 0.7 mm by
0.5 mm. There are cracks (straight lines), interface bubbles, and black wax residues on the sample.

Figure 3.11 Bonding examples. (a) Normaski mode images for a 1312-066 sample bonded on
regular diamond. The sample is 3.5 mm by 2.5 mm and lased with a maximum output power 4 W
at 50 W incident pump power; (b) Normaski mode images for a 1314-059 sample bonded on a low
absorption diamond, 3 mm by 2.5 mm, lased with a maximum output power 6 W at 50W incident
pump power.
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design, this is unexpected. Therefore, with only the surface morphology information, it is
still difficult to precisely predict the device performance. Unfortunately, the sample was

damaged later in the annealing process.

3.5.2 Surface topography study with AFM

In this section, AFM is applied to study the surface topography conditions of substrates
and bonded devices. We focus on the characteristic length of acoustic phonons, which are
on the nanometer scale for GaAs. Figs. 3.12 (a) and (b) show the surface conditions of a
2 um by 2 um region on the diamond substrate before bonding, and (c) and (d) show the

conditions after bonding.
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Figure 3.12 AFM scans on diamond surface and epitaxial surface of a van der Waals bonded MQW
on a diamond. (a) and (c) are surface topography images of 2 um by 2 pm regions on the diamond
surface, one center of a bonded sample. (b) and (d) are the corresponding 3D images. The scanning
areas are 2 um by 2 um, with 512 steps along both directions. The Si tip radius is 8 nm, and AFM
model number. All the scans were taken under the tapping mode.
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We further analyze the surface roughness, the height variation distributions for which
are shown in Fig. 3.13. For the diamond substrate, the FWHM of the height distribution is
about 2.8 nm. On the bonded sample, the FWHM varies from 6.3 nm at the center to 7.2 nm
near the edge. For the wafer before processing, s FWHM with less than 1 nm is obtained.
So far, it is difficult to tell whether the roughness deteriation is introduced in the etching

or bonding process.

We have attempted to scan a larger area, 200 pum by 200 pum, on both diamond substrates.
For a new, regular diamond, scratches and pits tens of nanometers in depth are observed.
Since diamond is much harder, silicon AFM tips are worn off quickly in the tapping mode

and we do not have any good AFM images with a large scanning area.
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Figure 3.13 Surface roughness analysis: height variation (height minus average height) distribution
of the AFM scans in Fig. 3.9. The FWHMs of the height distributions are 2.8 nm (diamond surface),
6.3 nm (center of the bonded sample). Probability is the normalized counts. The MQW sample is
designed at 1040 nm.

3.6 Photoluminescence and carrier lifetime characterization

Fig. 3.14 shows the photoluminescence (PL) spectra of a MQW sample before and after
the device fabrication. Under the same pump condition, the PL after bonding is consistently
brighter at all five pump spots. This may be due to a combination of the thermal and Fabry-
Perot effects. With a highly thermal conductive substrate—diamond—the bonded MQW

experiences lower temperature rise. As a result, the temperature dependent nonradiative
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losses are lower and PL is brighter. There is a blueshift of about 2 nm for the PL peak,
which corresponds to about 7 K cooler, ignoring other factors. The strain condition may
shift the PL but no strain is intentionally introduced. After bonding, the reflectivity on the
semiconductor-substrate interface increases by 3%. Therefore, the PL from the multi-layer
structure will experience stronger amplitude modulation and can be brighter but less than
20%.

One concern is that the nonradiative recombination rate via bulk or surface defects may
increase after bonding. Therefore, the late-time PL lifetime of the sample is characterized
before and after bonding at room temperature. The in-well pumping is performed with a
pulsed laser diode at 910 nm, so as to avoid the influence of PL from barrier layers and the
carrier transportation. By fitting the late-time PL counts when carrier density is relatively
low, as shown in Fig. 3.15, the nonradiative recombination coefficient A=1/t is derived.
The variation between the fitted lifetime coefficients is within the fitting error, which
verifies that the device quality is uncompromised after bonding. Our conclusion differs
from [45], in which the lift-off process affects the interface recombination. This

discrepancy may arise from the different bonding procedures. In reference [45], samples
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Figure 3.14 PL spectra of a MQW sample before (blue) and after bonding (red). Inset is the
brightness comparison. Each spectrum is an average of five spectra collected from different pump
spots. The sample is pumped with a CW Ti:sapphire laser at 790 nm, which is modulated with 2%
duty cycle. Both the pump and PL collection setups were kept the same in measurements. The
bonded MQW sample has a good surface quality and lased well.
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are lifted off in free-standing conditions and any bending may cause crystalline defects. It
is believed that the radiative recombination coefficient B is constant in the process, and a

power-dependent PL measurement [46] could confirm this.
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Figure 3.15 MQW lifetime measurements before (a) and after (b) bonding. A pulsed laser diode at
910 nm is used as pump source. The pulses are 10 ns long, at 6 kHz repetition rate with 1 mW in
average power. The PL is collected with a telescope system and detected with a PMT. The vertical
axis is the dark count removed signal. The MQW sample is bonded on a regular single-crystalline
diamond, and lases well.

3.7 Summary

In summary, we have adapted the typical epitaxial lift-off and van der Waals bonding
technique to fabricate DBR-free geometries. To improve bonding quality and yield, surface
preparation and etching processes have been optimized, with the assistance of a Normaski
microscope and an AFM, along with the device characterization, which will be discussed
in chapter 5. Post-bonding thermal treatment has also been preliminarily studied and more

systematic investigation is needed.

Even though we are focusing on the GaAs material system here, this technique can be
potentially applied to almost all I11-V [38], 1I-VI [40], and even IV-VI [47] material
systems, as long as good sacrificial or etch stop layer materials exist which for many

material systems, they do.
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Chapter 4
Total Internal Reflection Based DBR-free

Semiconductor Disk Lasers

With the lift-off and van der Waals bonding technique detailed in the previous chapter,
active regions can be integrated onto various substrates. This offers DBR-free SDLs with
geometry flexibility: the TIR geometries with prisms, monolithic cavity geometries with
quadrilateral or high refractive index triangular prisms, and transmission geometries with
optical windows in standing wave and ring cavities. In this chapter, we will focus on

designs and characterization of the TIR based DBR-free geometries.

41 TIR DBR-free SDLs

4.1.1 Proof-of-concept: lasers near 1 um

The active region used in this section consists of 12 InGaAs QWs in a PGS and the detailed
design is shown in Fig. 3.3 (b). With the aforementioned device fabrication process, the
active region is bonded onto the hypotenuse side of a fused silica right-angle prism
(Thorlabs PS608). The prism is 20 mm by 20 mm by 20 mm (side length by side length by
height) and the bonded sample is 7.5 mm by 5.0 mm in area. An image of the active-region-
prism assembly is presented in Fig. 3.1 (a). For laser geometries utilizing TIR, both the
QW separation and cap layer thickness are critical to the effective gain, which will be

discussed in section 5.6. The active region used here is not optimized for this configuration.

Two high reflectivity concave mirrors are used to form a VV-shaped cavity [1], as shown
in Fig. 4.1. The two mirrors have 50 mm and 100 mm radii of curvature (ROC), and are
approximately 47 mm and 96 mm in optical length away from the active region. With the

ABCD matrix method, the cavity mode is 140 um in diameter at the active region.
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The active region is pumped with a tunable, CW Ti:sapphire laser, of which the output
is modulated by a mechanical chopper. By stacking two regular 50% duty cycle chopper
blades together with a phase shift, open slits narrower than 1 mm can be achieved, resulting
in a duty cycle of approximately 1%, as shown in Fig. 4.1. Since the Ti:sapphire beam size
is larger than the slit width, the laser is focused with an AR coated lens of 25 mm focal
length, and afterwards collimated with a second lens of 100 mm focal length. The laser
beam after the telescope system is about 8 mm in diameter, which enables a tighter pump
focus on the active region. With this technique, the modulated pulses are as short as 10 us
in FWHM and the average power is reduced by two orders of magnitude, while the peak
power stays unchanged. This is critical to the lasing operation, since fused silica has low
thermal conductivity and the prism is not actively cooled, while the threshold carrier
density (about 2x10'8 cm™3) is high. The Ti:sapphire laser can provide up to 2.5 W output
power with approximately TEMoo mode. Further increasing the pump power for the
Ti:sapphire laser, the output beam quality deteriorates significantly due to the thermal

effect in the crystal. In experiments, the pump wavelength is kept at 810 nm.

The V-shaped cavity geometry lases and to the best of our knowledge, this is the first
SDL based on TIR. Fig. 4.2 presents the laser conversion graphs at two pump duty cycles.
With 0.4% duty cycle, the output power scales with the pump power above the threshold.
With 1.0% duty cycle, the laser output tends to roll-over at high average pump power,

ROC=100mm

ROC=50mm

L Fedh
A, @

Figure 4.1 Schematic of the TIR based V-shaped cavity. All prism surfaces are uncoated. On the
bottom right, the chopper blades stacking scheme is presented. The active region is from wafer
1312-066.
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which may be due to the thermal effect in the active region. Firstly, the fused silica substrate
has low thermal conductivity (about 1.3 W/(m K)), and the thermal conduction from the
active region to the substrate is fairly limited. Additionally, the prism is clamped onto an
aluminum platform without active cooling. For CW operation, a more efficient thermal

management scheme is needed.

With 1.0% pump duty cycle, the laser operates at 1046 nm with 5 mW average pump
power at threshold, as shown in Fig. 4.3, and the emission wavelength redshifts to 1060 nm
with 15 mW average pump power. This is due to the gain spectrum shift with temperature.
Considering the temperature induced gain shift rate at 0.3 nm/K, this corresponds to 47 K

temperature raise in the active region. The laser output beam is close to TEMoo mode.

Confirmed with a Glan-Thompson polarizer, the laser output is mainly TE polarized
(with 100:1 output power ratio between TE and TM), which can be explained with the
effective gain, as will be evaluated later in section 5.6. Although total internal reflected on
the air-semiconductor interface, due to large refractive indices of semiconductor materials,
the laser enters the active region at a small incident angle, about 17.6°. Therefore, the
incident and totally reflected fields interfere, forming a standing wave pattern
perpendicular to the semiconductor plane. With polarization dependent phase shifts from

150

100

50

Average output power (W)

2 ) 6 8 10 12 14 16
Average pump power (mW)

Figure 4.2 Power conversion graph with 0.4% (black) and 1.0% (red) duty cycle for the TIR based
DBR-free SDL. For the 1% duty cycle curve, due to thermal roll-over, no output power
measurements at peak pump power more than 1.5 W.
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the TIR, the TE and TM polarized fields have their field extrema at different locations and,
as a result, experience different effective gain. Additionally, the etalon effect in the
semiconductor subcavity also varies with polarization. According to the calculation in
section 5.6, with the PGS used here, TM polarization field experiences lower integrated

gain and is not supported at low pump powers.

Lacking proper output couplers, the cavity coupling efficiency is optimized witha 1 mm
thick fused silica optical window inserted into the cavity near Brewster’s angle. Adjusting
the window orientation changes the Fresnel reflection— the coupling efficiency. Since the
laser is TE polarized, the rotation axis is parallel to the table plane, and perpendicular to
the laser path. By optimizing the window tilting angle, about 0.5 mW average power is
collected in total at 0.8% pump duty cycle, about 6.2% optical-to-optical efficiency. The

laser performance is shown in Fig. 4.4.

Because both prism side surfaces are uncoated, and considering 3.4% Fresnel reflection
losses (refractive index n=1.45 for fused silica at 2=1.04 um) per interface and 4 times per
roundtrip, the lasing of this geometry is a small surprise to us. Since the roundtrip gain is
less than 13.6%, these reflections cannot be all losses, especially with such low threshold.
For typical VECSELSs at this wavelength range, the threshold pump intensity is on the order

- —O09W
L —11wW

Intensity (a.u.)

] m i}

900 950 1000 1050
Wavelength (nm)

Figure 4.3 Spectra below and above threshold for a 1312-066 sample bonded onto a fused silica
right-angle prism. The laser operates at around 1046 nm near threshold. The spectra are collected
with a multimode fiber behind a high reflectivity mirror at 1030 nm.
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of 1 kW/cm?, and the V-shape cavity is 3.9 kW/cm?. This implies the prism angles are very
close to the specifications, and the whole active-region-prism assembly acts as an etalon,
with reflections from interfaces coherently added back to the laser mode. These high
quality prisms can be further used in monolithic cavities, or even assembled to high quality
cubes, as will be discussed in the next section.

Fused silica substrates are good testbeds for novel geometries, since good surface and
optical quality substrates are inexpensive and readily available. Limited by their poor
thermal performance, these substrates are far from ideal for high power DBR-free SDLs.
On the other hand, diamond substrates are superior in thermal conductivity, though they
are high cost and of limited availability. Sapphire substrates, widely used in standard
optical parts and with decent thermal performance (approximately 25 W/(m K) at 46 °C,
depending on the crystal axis), are good heatspreader candidates. Therefore, an active
region is bonded onto a side surface of a sapphire equilateral prism (from Crystran Ltd.

with uncontrolled optic axis), as shown in the inset of Fig. 4.6. The laser performance is
shown in Fig. 4.5.

With a more thermal conductive prism, under the same pumping condition, the active

region experiences lower temperature rise. With continuous pumping, it lases for less than
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Figure 4.4 Laser conversion graph with a 1 mm thick fused silica window at near Brewster’s angle
to optimize the coupling efficiency.
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1 s and stops. By blocking the pump laser in time, no permanent damage is induced and
the process is repeatable, which is different from the fused silica case. This exhibits the
potential for CW operation. In section 5.2, for a DBR-free SDL in transmission geometry,

CW operation is achieved with gain chips bonded onto sapphire windows with active
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Figure 4.5 Power conversion graph for a 1312-066 sample bonded onto a sapphire equilateral prism.
The prism is 1 cm long in side length and 1.5 cm in height. All side surfaces are uncoated. The
pump is the same as mentioned earlier, at 0.6% duty cycle.
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Figure 4.6 Spectra below and above threshold. The active region is bonded onto a sapphire
equilateral prism, as shown in the inset. The black curve is the spectrum below threshold and the
red one is above threshold. The spectra is collected behind a high reflector with Ocean Optics

USB4000.
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cooling. Near threshold, the laser operates at 1041 nm, as shown in Fig. 4.6.

Unlike the fused silica prism, the laser output with the sapphire prism is elliptically
polarized. Moreover, three laser beams are coupled out, two from one mirror and one from
the other. The polarization for these output beams are all different. Such abnormal
polarization may be caused by the birefringence of the prism. Since the optic axis is
unknown, it is difficult to analyze the polarization quantitatively.

4.1.2 Laser designs for longer wavelength

In the previous subsection, we demonstrated a TIR based DBR-free SDL, which could be
further improved by reducing the intracavity losses and applying active cooling to the
active region. For the former, either AR coating or Brewster’s angle incidence on the air-
prism interfaces could mitigate the potential Fresnel losses; for the latter, there are three
options available: utilizing the prism as a heatspreader, employing other heatspreaders, or
both. Brewster’s angle geometry is attempted with both a fused silica right-angle and a
sapphire equilateral prisms. Unfortunately, neither geometries lase, which may be due to

the challenge of alignment.

Directly cooling the prism is only feasible with a high thermal conductivity material,
such as SiC (for 4H-SiC, the thermal conductivity coefficient is 370 W/(m K) at room
temperature) for red to NIR wavelengths, or Si (150 W/(m K) at room temperature) for
MIR wavelengths. Single-crystalline diamond is optimal in both optical quality and
thermal conductivity, but large-size diamond prisms are costly. Utilizing an extra
heatspreader, such as a diamond window, is cost-effective. The active region could be
sandwiched in between, or bonded onto the heatspreader which is attached to the prism
seamlessly from the no-sample side, either with index matching liquid or via direct bonding.
For the first proposed geometry, with a 300 um thick diamond window, there is at least
140 pum offset between the two spots in one roundtrip, which may be difficult for good

pump laser mode overlap.

For the prism-semiconductor-heatspreader geometry, the heatspreader is not necessarily
in the cavity, by having the laser beam total internal reflected before the gain structure. By
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inserting a low-index layer between the prism and the active region, TIR could be achieved
at the prism-low-index-layer interface and the active region is coupled into the cavity via
the evanescent wave, which propagates through the active region and total internal
reflected back at the gain-heatspreader interface. A schematic of the laser geometry is
shown in Fig. 4.7. By adjusting the low-index layer thickness, the evanescent wave
penetration depth is varied. As a result, the coupling between the laser cavity and the
semiconductor subcavity and the gain spectrum can be tailored. Fig. 4.8 presents the
calculated reflection spectra with the SiO> layer of various thicknesses. The gain or

imaginary refractive index of the QW layers may be higher than the experimental condition,

==

Figure 4.7 Schematic of an evanescent-wave-coupled DBR-free SDL at a MIR wavelength [2]. The
light blue rectangular box below the prism is a thin layer with low refractive index, the dark blue
is a heatspreader, and yellow boxes are heatsinks. TIR is achieved at the interface between low
refractive index and prism. The laser is incident into the prism at Brewster’s angle.
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Figure 4.8 Low index layer thickness dependent reflection for an evanescent-wave-coupled DBR-
free SDL. The simulation starts from the beam’s entry to the active region to the exit. The prism is
made of silicon (nsi=3.44 at 2.5 um), and the low index layer is SiO2 (nsio2=1.43 at 2.5 um). The
base angle of the prism is 16.2° and the laser beam 2.5 um the prism at Brewster’s angle 8g=16.2°.
The simulation is carried out with the DiffractMOD module of the commercial software RSoft,
based on the RCWA method [3].
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but only affects the reflection amplitude. This laser geometry could be useful for high

power single-frequency lasers at MIR wavelengths.

4.2  Monolithic geometries

A monolithic laser is formed with all cavity elements rigidly integrated without air gap.
Monolithic lasers are compact and alignment-free with long operation lifetimes. One of the
biggest successes is the nonplanar ring oscillator [4] (NPRO), also called monolithic
isolated single-mode end-pumped ring (MISER), which is an ultrastable, high power [5],
high efficiency, and narrow linewidth [6] source with good beam quality. It has been
widely used in applications including gravitational wave detection [7], high resolution

spectroscopy [8], and remote sensing [9].

Compared with solid state lasers, semiconductor lasers are wavelength versatile.
Typical edge-emitting semiconductor lasers are in monolithic packages, but with poor
beam quality. A monolithic semiconductor ring laser usually refers to the deep-etched
waveguide-based in-plane ring laser [10], which is on the order of 100 um. For such small
devices, the output powers are fairly limited. For surface-emitting semiconductor lasers,
both VCSEL and microchip VECSEL [11] (WWECSEL) are also packaged monolithically.
Compared with their edge-emitting counterparts, they provide better beam quality but
lower output power. Additionally, both allow 2D array geometries [12, 13], which enables

power scaling with multiple lasers in phase, and allows for far-field beam profile control.

With the geometric flexibility enabled by the active region lift-off and bonding
technique, novel monolithic surface-emitting lasers are possible [1]. In this section, we

focus on the geometries TIR made possible.

4.2.1 Monolithic standing-wave cavity geometry

Fig. 4.9 presents a monolithic standing-wave cavity geometry. The active region is bonded
onto a side surface of a fused silica right-angle prism. By attaching a HR mirror to the

hypotenuse side, a monolithic standing-wave cavity— half of a monolithic ring cavity—
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is formed, which will be discussed in section 4.2.2. Therefore, this could give us a hint as

to the monolithic ring cavity specifications.

The aforementioned Ti:sapphire laser in section 4.1.1 is applied to pump the active
region, which is not actively cooled. To reduce the thermal load, the mechanical chopper
scheme is adopted to reduce the pump duty cycle. Both the pump laser and active region
are detailed in section 4.1.1. The horizontal incidence of the pump laser enables good

overlap with the cavity mode.

Two factors determine the lasing operation: the prism specifications and the thermal
lens effect in the active region. A good prism should have low surface roughness, good
surface flatness and parallelism, and high angle accuracy. All these requirements have been
indirectly confirmed with the lasing behavior of the V-shape cavity geometry in section
4.1.1.

For the plano-plano cavity, positive thermal lens effect in the active region is required
to stabilize the cavity. With a super-Gaussian (flat-top) pump beam, the pump spot center
experiences a larger temperature rise because of the thermal diffusion process. With
positive thermo-optic coefficients for typical semiconductors, the effective refractive index
is larger at the center than in the peripheral area. With such transverse refractive index
distribution, the active region acts as a positive lens for the laser mode. Additionally, the
temperature induced mechanical stress may bring in an extra transverse refractive index
gradient. With the ABCD matrix method, the cavity mode size has been calculated at

presumed thermal lens focal lengths for prisms of different sizes, shown in Fig. 4.10 (a),

Figure 4.9 Schematic of a monolithic standing-wave cavity. A high reflectivity mirror (yellow layer
is the HR coating and blue is the substrate) is under the prism in a good contact. Viewing through
the prism leg faces, no obvious interference fringes are observed. The active region (grey) is from
the wafer 1312-066.
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assuming the pump spot is near the prism corner. The pump position weakly affects the
mode size, shown in Fig. 4.10 (b). Considering the limited pump power (2.5 W maximum
output power with decent beam quality) and the prism manufacturing tolerances, a small
fused silica prism (5 mm side length, Thorlabs, PS609) is chosen.

At 0.8% pump duty cycle, by optimizing the pump spot size only, such monolithic
geometry lases. Figs. 4.11 (a) and (b) present the spectra of the scattering from the air-
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Figure 4.10 (a) Cavity mode radius at the active region with respect to the thermal lens focal length
for different sizes prisms, assuming the pump spot is close to the prism corner. L is the side length.
(b) Cavity mode radius for a 5 mm prism with an offset d’, the distance from the prism corner to
the pump center along the active region layer direction.
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prism interface and output through the HR mirror. Lateral lasing is ruled out by the

observation of two up-converted laser spots on a NIR sensor card below the HR mirror,

shown in Fig. 4.12 inset.

By further optimizing the pump focus and position, the average output power reaches
about 6 uW at 2.1 W peak power, or 1.6 mW average power. The laser conversion graph
is shown in Fig. 4.12. The laser output power is limited by the coupling efficiency of the

HR mirror, which is about 0.02%, confirmed with a scanning Fabry-Perot interferometer.
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Figure 4.11 PL and laser spectra collected from the side of the prism (a) and bottom of the mirror
(b). Laser operates at 1037 nm at low pump power. The legends are in peak pump power.
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To optimize the coupling efficiency, two more mirrors or OCs have been used and the
corresponding laser conversion graphs are shown in Figs. 4.13 (a) and (b). With a 1%
transmission OC, i.e. 2% effective coupling efficiency, 0.2 mW average output power is
collected. It is worth noting that after varying the roundtrip optical losses by 2%, the laser

threshold stays almost constant.

Such small changes in threshold imply that it may be limited by factors other than the
coupling efficiency, such as diffraction losses or thermal lens effect. Therefore, we study
the laser dynamics, especially the timing between the pump and laser pulses, as shown in
Fig. 4.14 (a). In the experiment, one detector collects the reflected pump laser from the air-
semiconductor interface as the trigger, and another collects the laser outputs. Both are high-
speed detectors (Thorlabs DET10A, silicon detectors) with 1 ns rise time. At a 600 Hz
chopping rate with 1 mm slit width, the pump pulses are about 30 ps in FWHM. Right after
the arrival of the pump pulse, the signal rises by a small amount due to spontaneous
emission, but the lasing only starts 26 us after the arrival of the pump pulse. Since the
carrier lifetime is a few nanoseconds, such long delay is likely to be caused by the thermal
effect, rather than gain. In the pre-lasing window between the arrival of pump pulse and

the onset of lasing, the temperature of the pumped region keeps on rising, until thermal
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Figure 4.12 Laser conversion graph for the standing wave cavity geometry. The laser threshold is
about 1.0 W in peak power and 0.7 mW in average power. The inset is a picture of the laser setup,
and the two bright spots are the upconverted laser outputs on a NIR sensor card.
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lens effect is strong enough to lower diffraction losses and stabilize the cavity. After the

pump pulse, it stops lasing either because the gain is drained, or the thermal lens effect no
longer supports the stable cavity.

To test the thermal lens effect build-up time hypothesis, we further vary the chopper
frequency, changing pump pulse lengths while keeping the average thermal load
constant.Shown in Fig. 4.14 (b), for all three pump pulse lengths, the pre-lasing windows
are of almost the same length, and the minor variation may be due to the pump amplitude

difference in the pump-on process. Further experiments on thermal load dependent pre-
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Figure 4.13 Laser conversion graph with a 99.8% HR (a) and 1% OC (b). The pump conditions are
the same as the HR (99.98%) mirror scenario. The duty cycle is 0.8%.
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lasing window width could further support the thermal lens effect claim.

Such a constant pre-lasing window width suggests that longer pump pulses may offer
higher laser conversion efficiency. Varying the pump pulse length or the chopping rate, the
average output power is measured and the results are shown in Fig. 4.15. The average
output power tends to increase with pulse length until rolling over, which may be due to

overheating in the active region.
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Figure 4.14 Laser pulse dynamics. (a) Laser dynamics at 575 Hz chopping rate, 2.0 W peak pump

power and 0.8% pump duty cycle. (b) Laser dynamics comparison among three different chopping
rates at 2.0 W peak pump power and 0.8% pump duty cycle.
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As mentioned, viewing from the prism leg surface, half of the contact area is slightly
bluish, the other is reddish, with no other visible interference fringes. By intentionally
introducing dust on the mirror, more interference fringes are observed. Therefore, the gap
between prism and mirror is narrower than 1 pm in the dust-free condition. Such thin air

gap may bring about extra Fresnel reflection losses.

To understand the Fresnel reflections on surfaces, a 180 pm thick air gap is introduced
by inserting two thin microscope slides as spacers between the prism and mirror, leaving a
void on the optical path. The geometry lases and the scattering and transmission spectra
are shown in Fig. 4.16. Near the threshold, the laser may operate with a single mode. At
0.5 W above the threshold, there are two peaks in the laser spectrum, at 1033 nm and
1036 nm. The wavelength separation matches the modulation periodicity for the 180 um
thick air etalon. Therefore, the Fresnel reflections are coherently added back to the cavity.

As a result, this experiment confirms the angle accuracy of the right angle prism.

To further reduce the possible Fresnel reflection losses, the index matching liquid (for
BK7, from Cargille, Inc.) is applied in between. With the same sample characterized in
Fig. 4.12, the sample lases but with worse performance, shown in Fig. 4.17, which may be
due to the non-uniform liquid layer, extra optical losses in the liquid, or that it is at a bad
spot on the active region. More systematic investigations are needed. But the lasing

behavior gives us the confidence to use the liquid to assemble other monolithic geometries,
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Figure 4.15 Pump pulse width dependent average output power at 2.0 W peak pump power and
0.8% pump duty cycle.
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as will be discussed soon.

Besides vertical lasing, lateral lasing [14] has also been observed, which presents with
sharp laser lines only in the scattering spectra. For a sample, the lateral lasing wavelengths
span from 1041 nm to 1065 nm, shown in Fig. 4.18 (a). Checking under an optical
microscope, a small cracked region is observed. With the same sample (a different sample
from the one characterized in Figs. 4.12-4.15), at a spot far from the lateral lasing region,
it lases vertically at 1060 nm, shown in Fig. 4.18 (b).
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Figure 4.16 Scattering (a) and transmission spectra (b) of a DBR-free standing wave geometry with
a 180 um air gap at different pump power.
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Even though it is only quasi-continuous operation to date, the monolithic standing wave
cavity geometry could potentially operate continuously by using a high thermal
conductivity prism or integrating a heatspreader, such as sapphire, SiC or even diamond,
shown in Fig. 4.19. The active region could be sandwiched between the heatspreader and
prism. A thick heatspreader brings in a significant offset between the two laser spots on the
active region, which makes the regular pumping scheme less efficient. With a sapphire
heatspreader, as will be discussed in the section 4.3, a DBR-free SDL is shown with more
than 100 mW CW output power. The heatspreader may affect the focal length of the

induced thermal lens and a detailed thermal analysis [15] is needed.

The monolithic standing wave geometry is compact and can be made mechanically robust,
by having the HR coating on the prism hypotenuse surface. For certain optical elements, it
keeps the intracavity access, which is good for frequency conversion and mode locking
with saturable absorbers. Compared to monolithic solid-state lasers [16], semiconductor
lasers are more frequency versatile using bandgap engineering techniques. Additionally,

the coupling efficiency could be variable with via evanescent wave coupling.
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Figure 4.17 Laser conversion graph of a fused silica prism in standing wave cavity geometry with

index matching liquid. The dash line is a guide of eye for the PL power. Inset is the PL and laser
spectra from a side surface of the prism.
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Figure 4.18 Spectra for lateral lasing (a) and vertical lasing (b) scenarios. (a) The black-red curve
is the scattering spectrum from a side surface of the prism, and the peaks in the red part are caused

by lateral lasing. The blue spectrum is the transmission spectrum behind the mirror. (b) The vertical
lasing spectrum collected behind the HR mirror.

I

Figure 4.19 Schematics of a CW standing wave cavity laser geometry. The purple rectangular is a
heatspreader for extracting heat from the active region. The yellow layer on the prism hypotenuse
surface is a dielectric HR coating or a van der Waals bonded semiconductor DBR.
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4.2.2 Monolithic ring cavity designs

Assisted by TIR, monolithic ring cavity geometries are feasible and two examples are
presented in Fig. 4.20. For both in-plane cavities, good surface parallelism is required. Like
the monolithic standing-wave cavity, pump induced thermal lens effect in the active region
IS needed to stabilize the cavity. For the quadrilateral prism geometry, extra geometrical

conditions have to be satisfied, as will be discussed next.

With simple geometrical relations and the law of reflection, we can analyze these
monolithic ring cavities. Assume a quadrilateral shape as the optical path; it is easy to draw
the four sides of the prism, following the law of reflection, as shown in Fig. 4.21. Assume
all incident angles a; (i=1, 2, 3, and 4) satisfy the TIR condition (n sin(ai)>1). With the sum
of interior angles in a quadrilateral being 360°,

2a1 + 2a2 + 2a3 + 2a4 - 360o
With the sum of angles in a triangle being 180°,
¢DAB + (90° — a,) + (90° — a;) = 180°

Therefore, £.DAB = a, + a;. Same for the angle DCB, £DCB = a, + a3. As a result, the
two opposite angles are supplementary. This is a sufficient condition but may not be

necessary for an ideal quadrilateral cavity.

Following the same procedure, assume the triangle DFE as the self-repeated optical

path in the prism, shown in Fig. 4.22. With the law of reflection, ZAFE + a, = 90° and
(a) : : (b)

Figure 4.20 DBR-free SDLs in monolithic ring geometries, (a) quadrilateral prism with n>1.42, (b)
equilateral prism with refractive index n>2 material, such as ZnSe, ZnS or diamond.
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£AEF + a3 = 90°. With the sum of angles in the triangle AEF is 180°, ZAFE + 2£AEF +
£CAB = 180°. As a result, ZCAB = a, + a3. In the triangle DEF, 2a; + 2a, + 2a5 =
180°. Therefore, a; = 90° — £CAB. Similar relations hold for the other two angles. In

other words, if a self-repeated path in a prism exists, then the shape of the path is known.

Is such a self-repeated path unique? In Fig. 4.23, we translate the path DE in parallel to
D.E1, and reflect the beam on all three interfaces. By eye, a self-repeated path
D1E1F1D2E2F2is found, shown in Fig. 4.24. This is fairly straightforward for an equilateral

C

Figure 4.21 A self-repeated optical path in a generalized quadrilateral prism ABCD by TIR only
assuming the minimum angle is no smaller than the critical angle. The solid black lines are the
prism surfaces, the dashed black lines are normal lines of corresponding surfaces, the red solid lines
are optical paths. The dashed circular is for the guide of eye.

A

C

Figure 4.22 A self-repeated optical path DEFD in a generalized triangular prism ABC by TIR only,
assuming the minimum angle is no smaller than the critical angle.
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prism, which is a special scenario. For an arbitrary prism, this has to be proved, which is

equivalent to prove that DD3=DD; and Ds is the cross point on BC with F2D3//BD.

With DE//D+E; and similar triangles BDE and BD1E1, BD/BE=DD1/EE;. By the law of
sines, in the triangle BDE, BD/BE=sin(«BED)/sin(«BDE). By the law of reflection,
a1+£BDE=90° and az+£BED=90°. Therefore, BD/BE=DD1/EE1=cos(a:3)/cos(a).

Similarly, we can derive that EE1/FF1=cos(a2)/cos(a3) and FF1/DDz=cos(a1)/cos(a2).
With the product of the three equations, DD1/DD.=1. Following the same procedure, it is
easy to prove that DD,/DD3=1. Therefore, DD1=DD. and there are infinite self-repeated
optical paths in a triangle. With prism angles known, it is easy to plot self-repeated paths.
In experiments, the positions of the bonded sample and pump spot matters. In Fig. 4.23, if
the active region is bonded on the BC side and D is the center of the pump spot, D> is

either pumped or not covered with the active region, so as to avoid extra optical losses.

In addition to flat substrates, active regions can also be bonded onto curved surfaces, a
sphere, for instance, as in Fig. 4.24 (a). Pumping the active region, PL is coupled into the
sphere cavity and certain paths form stable cavities with TIR. At above threshold, modes
are formed. With the ABCD matrix method, cavities with integer number of reflection are
not always stable, as shown in Fig. 4.24 (b). Smaller spheres have less optical losses,
including scattering and absorption losses, and higher Q factors, but the highly curved
surfaces are more challenging for bonding. Smaller samples are easier for bonding, since

Figure 4.23 An alternative optical path D,:E:1F1DE>F;D1 in a triangular prism.
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less deformation is needed, but lateral lasing may be involved. Transverse cavities come
with higher gain but a lower Q factor, and quite on the reverse for the vertical cavity. Also
the sample size may influence the cavity mode pattern, since the below transparency region
may absorb the lasing wavelength and limit the bounce numbers in the cavity. Bonding has
been attempted with 6 mm and 9 mm in diameter sapphire spheres (Edmund Optics, Inc.)

but no stable bonding has been achieved yet.
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Figure 4.24 Schematic and reflection number analysis for a monolithic ring cavity. (a) Monolithic
ring cavity based on a sphere. The path in the figure is only one possibility; (b) Cavity mode size
calculation (in the laser path plane) based on ABCD matrix method with astigmatism considered.
The mode sizes for unstable cavities are not shown. The spheres are made of sapphire with 9.52 mm
(red) and 6.35 mm (blue) in diameter.

4.3 Summary

With the lift-off and van der Waals bonding technique, we have demonstrated the first
quasi-continuously operated TIR based DBR-free geometry, by bonding active regions
onto prisms, forming a V-shaped cavity, and proposing designs for continuous operation,
including one based on evanescent-wave coupling for MIR wavelengths. By bonding an
active region onto a side surface of a right-angle prism, a monolithic DBR-free standing
wave geometry is demonstrated, assisted with a HR mirror. The effects of air etalon and
index matching liquid are studied. Two monolithic DBR-free ring cavity designs are

proposed and analyzed on the geometries requirements.
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Chapter 5
Transmission Geometry DBR-free

Semiconductor Disk Lasers

In this chapter, we will present the transmission geometry DBR-free SDL designs and
characterization in the first five sections, revisit the integrated gain model in section 5.6,
and discuss the abnormal pump power dependent photoluminescence peak blueshift

phenomena in section 5.7.

5.1 DHS based transmission geometry DBR-free SDL

In addition to prisms, active regions can be bonded onto windows, forming transmission
geometries. As shown in Fig. 5.1, a6 mm by 6 mm GaAs DHS (the structure detailed with
Fig. 3.3 (a) in section 3.3.1) is bonded on the back of a commercial flat HR mirror centered
at 895 nm. The laser cavity is completed with a curved HR mirror with 25 mm ROC. Two

lasers, a 18 W commercial Verdi laser at 532 nm and a tunable CW Ti:sapphire laser, are

Figure 5.1 The first lased DBR-free active mirror. (a) HR coating side and (b) active region side.
The active region is a DHS sample (structure is detailed in Fig. 3.3(2) in subsection 3.3.1), bonded
on the back of the 6.3 mm thick, half inch in diameter flat mirror. The mirror is highly reflective
between 850 nm and 950 nm. Dr. Chengao Wang performed the bonding.
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used as pump sources separately and the collimated pump beams are focused on the active

region with a 100 mm focal length lens. Two pumping schemes are shown in Fig. 5.2.

Initially, the active region was end-pumped with a Verdi laser through the HR mirror at
normal incidence. The mirror has about 10% reflection at 532 nm. The schematic and setup
are shown in Figs. 5.2 (a) and 5.3 (a). No active cooling is applied to the assembly. To
reduce the thermal load, the pump laser is modulated with a modified mechanical chopper,
as detailed in section 4.1.1. The modulated pump pulse is 25 ps in FWHM, at 600 Hz
repetition rate, shown in Fig. 5.3 (b). At 1.0% pump duty cycle, the active region can take

up to 18 W peak pump power without optical damage.

The pump dependent PL spectra are presented in Fig. 5.4 (a). At high pump powers,
there are extra features at longer wavelengths than 900 nm, which could be due to amplified
spontaneous emission (ASE). Increasing the pump power further, the total PL power tends

to roll over, as shown in Fig. 5.4 (b), due to overheating.

To reduce the quantum defect and the thermal load, we switch to a tunable CW
Ti:sapphire laser as the pump laser. Same as the green laser, the laser duty cycle is reduced
with a mechanical chopper. The pump laser at 805 nm is focused on the active region from
the side at 45° angle of incidence, as shown in Fig. 5.2 (b). With careful alignment, such
geometry lases with 1.8 W threshold, corresponding to 10 kW/cm? pump density
(approximately 3 x 10 cm), which is much higher than the regular QW based VECSEL
with threshold pump density 1 kW/cm?. This is expected since bulk materials are known

{a) ROC=25 mm HR coating  (b) ROC=25 mm

¢

Figure 5.2 Schematics of DHS based DBR-free SDLs. (a) End-pumping and (b) front-pumping
schemes. The active region is bonded onto the back of a HR mirror. The curved HR mirror with
25 mm ROC is about 15 mm away from the active region.

HR coating
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for higher threshold compared with QWs, because of higher density of states. Varying the
cavity length and monitoring with a CCD camera, the laser changes from off to on and then
off. Therefore, lateral lasing is ruled out and the laser spectrum is shown in Fig. 5.5. The
laser operates between 890 nm and 910 nm, depending on pump positions. This may be
due to the non-uniform bonding quality, which leads to different local temperatures and
gain spectra. In the laser aligning process, some pump spots are easily damaged, and some
lases. To check the laser pulse width, a high speed silicon detector with a longpass filter is
employed behind the curved mirror. The time traces of ASE and laser pulses are shown in
Fig. 5.6 (a). At below threshold, the broad and low amplitude ASE signal peaks are

Tek Run: 100kS/s Sample

V' 14 )an 2014
00:50:28

Figure 5.3 (a) End-pumping setup with a commercial Verdi laser at 532 nm. (b) At 1.0% duty cycle,
the pump pulse signal on an oscilloscope. The pump pulses are about 25 us in FWHM, at 600 Hz
repetition rate.
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observed, which are sensitive to cavity alignment. This rules out the possibility of the pump
residue. At right above the threshold, high amplitude, narrow laser spikes appear
intermittently from the broad ASE signal peaks. With different trigger signals, the offset
between the two pulses in Fig. 5.6 (a) does not mean their relative timing. Near threshold,
the laser spikes locate at the peak of ASE signals. At 1% duty cycle, the laser conversion
graph is shown in Fig. 5.6 (b). The beam profile is characterized with a CCD camera, shown

in the inset of Fig. 5.6 (b). The laser output is mainly TE polarized, confirmed with a Glan-
Thompson polarizer.

Semiconductor laser was reported [1] right after the first lasers. Due to high internal
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Figure 5.4 PL characterization with quasi-CW pumping at 532 nm. (a) PL spectra with peak pump
power at 1.0% duty cycle. Estimated peak pump power density is 102 kW/cm? at 18 W incident
pump power. (b) PL power collected after the curved mirror with an 850 nm longpass filter.
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losses and poor thermal performance, the development of semiconductor lasers had been
stagnated for a long time until the introduction of heterojunction [2]. Since then, with better
carrier confinement and modified density of states, the laser threshold has been reduced
significantly, especially for QW lasers. With QW gain structures, more than 10 kW output
has been achieved with laser diode modules [3] and more than 100 W with a VECSEL [4].

Therefore, QW active regions are taken as the gain media for high power SDLSs.

This may deserve more investigations. For high power lasers, multiple factors affect
devices performance. Thermal property plays a role. As mentioned in chapter 2, the multi-
layer structures hamper the thermal diffusion and increase thermal resistance. From the

thermal perspective, bulk lasers might outperform QW lasers.

It is widely accepted that the semiconductor bulk materials have lower gain but this may
not be the case, as shown in Fig. 5.7. The figures are plotted according to the three-
parameter gain model fits in Table 4.4 in [5]. For QWs, the barrier pumping scheme is
assumed and the material gain is calculated by assuming all carriers fall into the QW
instantaneously. At above certain carrier density levels, both GaAs and InGaAs bulk
materials have advantages in gain. There are disadvantages for bulk materials, such as large
Auger coefficients and limited material choices. Bulk gain media might be good for high

power SDLs at certain wavelengths.

903nm
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800 850 900 950
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Figure 5.5 Laser spectrum of the DHS based DBR-free SDL.
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Figure 5.6 (a) ASE (red) and laser (blue) signals detected by a silicon detector. The laser signal
amplitude is about 50 times of the ASE signal. The FWHM of the ASE signal is 17 ps, and the
laser signal is 1.2 ps at near threshold. The FWHM of the pump pulse is about 25 ps. (b) Optical
output from the curved mirror. The laser threshold is about 1.76 W. Inset is the beam profile
characterized with a CCD camera. The fringes are caused by the rapidly rotating chopper blades.
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Figure 5.7 Average carrier density dependent integrated gain comparison between bulk materials
and QW gain structures. (a) Bulk GaAs vs GaAs and InGaAs QWs; (b) bulk InGaAs vs InGaAs

QW based transmission geometry DBR-free SDLs at 1 um

SDLs near 1 um have various applications. With the intracavity access and broad tunability,

they are good for intracavity enhanced absorption measurements, including ultrasensitive

intracavity laser absorption spectroscopy (ICLAS) [6] and intracavity laser cooling of

solids [7]. Additionally, intracavity frequency doubled SDLs cover broader spectrum than
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solid state lasers, and have been used in applications such as ion trapping [8]. With
difference frequency generation, widely tunable SDLs are good for tunable terahertz
generation [9]. Semiconductor materials have broad gain and SDLs have been mode locked
[10, 11] to generate ultrashort pulses.

Similar to the DHS sample, a MQW active region (from wafer 1312-066) is bonded on
the back of a flat HR mirror, whose HR band centers at 1020 nm. The assembly is shown
in Fig. 3.1 (b) in section 3.1. The same chopper modulated Ti:sapphire laser is used to
pump the active region from the front without active cooling. The cavity is formed with a
curved HR mirror (ROC=100 mm), 90 mm in cavity length. The laser alignment is easy
and the laser conversion graph is presented in Fig. 5.8. The laser beam profile is
characterized with a CCD camera, shown in Fig. 5.8 inset, close to a TEMoo mode. Due to

lack of cooling, increasing the duty cycle leads to optical damage in the active region.

For CW operation, more efficient thermal management techniques are adopted:
employing better thermal conductive substrates and applying active cooling to the gain
assembly. Active regions are bonded onto commercial sapphire windows (Meller Optics,
MSLWO050/020M, surface roughness RMS 0.2-0.3 nm). The assembly is clamped with a
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Figure 5.8 Laser performance for a MQW bonded on dielectric HR mirror. Laser conversion graph
at 0.22% duty cycle, 600 Hz chopping rate. Inset is the beam profile characterized with a CCD
camera. The modulation on the image is caused by the interference on the camera window.
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custom-made copper mount, which is mounted onto a water-cooled copper base. Indium
foil is applied between the assembly and copper mount to reduce thermal resistance. An
image and a cross-section view of the mount are shown in Figs. 5.9 (a) and (b). At the
center, a 2 mm diameter aperture is kept for both pump and laser access. Two HR curved
mirrors, one 250 mm ROC and one 100 mm ROC, are utilized to form the cavity and the

laser schematic is shown in Fig. 5.9 (c).

Pumped with the Ti:sapphire laser at 810 nm, CW operation is achieved and the laser
performance is shown in Fig. 5.10. As mentioned in section 3.4, to study the annealing
process, a comparison is made on laser performance before and after annealing. The
temperature curve is shown in Fig. 3.9 (a) and the surface conditions of the active region
before and after annealing are presented in Figs. 3.9 (b) and (c). After annealing, the density
of large surface features (voids) reduce significantly but lattice relaxation happens, which
is surprising since the linear thermal expansion coefficients of sapphire and GaAs are close.
The sample degradation may explain the absence of improvement in both the slope

efficiency and roll-over pump power after annealing.

(b)

—*Copper

2 mm

4 mm

Figure 5.9 (a) Custom-made copper mount for clamping diamond or sapphire windows. (b) Cross-
section view of the mount with specifications. (c) Schematic of transmission geometry DBR-free
SDL. The grey rectangular is the active region, and the blue one is the substrate.
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Switching to a 25 W fiber-coupled laser diode module as the pump laser, a MQW chip
(1312-041) bonded on a sapphire window lases. The laser conversion graph is shown in
Fig. 5.11 (a). Thermal roll-over is observed with 2 W incident pump power. At threshold,
the laser operates at 1017 nm, shown in Fig. 5.11 (b).

For the gain assembly, both air-sapphire and semiconductor-air interfaces are uncoated.
With 7.5% and 30% reflectivity on these two interfaces, good surface parallelism for the
window is needed for the lasing operation. According to the specification, it is less than 2
arcseconds. To reduce potential Fresnel losses, the assembly is mounted on a rotary stage
for orientation optimization. As shown in Fig. 5.12 (a), the output power is critically
dependent on the angle, and the peak wavelength and laser spectra are also modulated,
shown in Figs. 5.12 (b) and 5.13.

A 2.5 mm by 2.0 mm active region (1315-059, the structure is detailed with Fig. 3.4 (a)
in section 3.1) is bonded onto a low absorption single-crystalline diamond (detailed with
Table 3.1 in section 3.2) and clamped with a similar copper mount as Figs. 5.9 (a) and (b),
which is water cooled to 13°C. The output of a 50 W fiber-coupled laser diode module is
focused down to 200 um in diameter to pump the active region. Both the cavity length and

pump focusing condition are optimized to overlap pump and cavity mode.
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Figure 5.10 Laser conversion graph for a transmission geometry DBR-free SDL with the gain
assembly before (solid line) and after annealing (dash line). A CW Ti:sapphire laser output is
utilized to pump the active region. Different colors stand for different pump spots.
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With a 2% OC (ROC=250 mm) and a HR mirror (ROC=100 mm), more than 6 W output
power is collected with 50 W pump power, corresponding to 14.6% slope efficiency with
respect to the incident pump power, as shown in Fig. 5.14. There are 20% of the incident
pump power reflected at the air-diamond interface and 11% transmitting through the active
region. The slope efficiency is 21% with respect to the absorbed pump power. Compared
with more than 40% slope efficiency for VECSELS [4] in the same wavelength range, the
efficiency of DBR-free SDLs is fairly low, which will be discussed later this subsection.

No thermal roll-over is observed and the output power is limited by pump power.
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Figure 5.11 (a) Laser conversion graph and (b) Spectra below (black curve with 0.9 W incident
pump power) and above threshold (red curve with 1.0 W pump power). The pump diode operates
at 803 nm and laser at 1017 nm.
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As shown in Fig. 5.15, the laser emission wavelength is 1040 nm at threshold, and
redshifts to 1054 nm at 50 W incident pump power, which corresponds to a redshift rate of
0.35 nm/W. Assume the gain spectrum peak redshifts at 0.3 nm/K, the active region
temperature raises by 47 K from threshold to 50 W pump power. From this estimation, the

active region could survive 100 W incident pump power with the same pump spot size.

Inserting a 0.5 mm thick quartz birefringent filter (BRF) at Brewster’s angle into the
cavity, the laser wavelength can be tuned by rotating the BRF. With two HR mirrors, at
31 W incident pump power, the laser can be tuned from 994 nm to 1074 nm, over 80 nm

in tuning range, which, to the best of our knowledge, is a record for SDLs near 1 um. With
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Figure 5.12 Angle dependent output power (a) and peak lasing wavelength (b) for an active region
bonded onto a sapphire window. The pump power is kept constant.
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HR mirrors, the output power is relatively low, 130 mW at 1050 nm. Both the laser tuning
range and corresponding output powers are shown in Fig. 5.16. At higher pump powers,

thermal roll-over is observed due to the low coupling efficiency.
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Figure 5.13 Angle dependent laser spectra for an active region bonded on sapphire.
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Figure 5.14 Laser conversion graph for an active region designed at 1040 nm bonded on a low
absorption diamond. The concentric cavity is consisted of a ROC=250 mm HR mirror and a
ROC=100 mm 2% transmission OC. The optical distance between OC and the active region is
about 94 mm and 245 mm between HR and the active region. The coolant temperature is 13°C.
With respect to the incident pump power, the laser slope efficiency is 14.6%.
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Semiconductor materials have broad gain bandwidth. With InGaAs QWs, external-
cavity diode lasers have been reported with up to 170 nm tunability [12]. In comparison,
typical VECSELs with InGaAs MQW near 1 um have fairly limited tunability, about
30 nm, as shown in Fig. 5.17. To expand the gain bandwidth, much effort has been focused
on managing the subcavity gain modulation, as well as increasing the material gain
bandwidth. For the former, AR coating on the air-semiconductor interface and antiresonant

PGS [13] are used; for the latter, multiple gain chips with different spectral reflection, or
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Figure 5.15 Pump power dependent operation wavelength for a free-running transmission geometry
DBR-free SDL.

Figure 5.16 Wavelength tuning and corresponding output power for a transmission geometry DBR-
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free SDL with a BRF of 0.5 mm thickness. The incident pump power is 31 W.
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even inhomogeneous QD [14] active regions are incorporated. A VECSEL, consisting of
two serially interconnected and separately pumped active regions with 4 nm center
emission wavelength offset, has been reported with 33 nmtuning range [15]; another QW
VECSEL with specially designed antiresonant gain structure was demonstrated 43 nm
tuning range [13]; a QD VECSEL achieved 60 nm tunability with a thinner (7.5 A/2 optical
thick) gain structure [14]. In another reference [6], a tuning range of 75 nm was achieved
by translating the gain chip, taking advantage of the wafer nonuniformity. Additionally,
thinner gain structures, as discussed in section 2.4.1, offer broader gain bandwidth. Even
though some of these lasers are with watt-level output power, from our experience with
1160 nm DBR-free SDLs in the next subsection, the tunability advantage of DBR-free
SDLs is still significant.

Multiple factors contribute to the broad tuning range. First, with the active region
directly bonded onto diamond, the reflectivity at the semiconductor-diamond interface
(about 3%) is negligible because of the small relative refractive index nu/n. (about 1.42,
nw and ni are the refractive indices of the high and low refractive index layers). This leads
to a low finesse semiconductor subcavity and subsequently a reduced modulation over the
gain spectrum. Second, with larger relative refractive index between the high and low index
layers, dielectric DBR mirrors offer wider high reflection band than semiconductor DBRs
[16]. Most importantly, dropping the active mirror geometry and having the PGS far from
the cavity global nodes, the DBR-free transmission geometry has a broader effective gain.
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Figure 5.17 Tuning ranges for a typical VECSEL at 1020 nm with different output couplers,
measured by Mohammadreza Ghasemkhani.
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This has been analytically and numerically evaluated with the position dependent
integrated gain model in section 2.4.1. A simple picture to understand this is: in VECSEL
geometry, the PGS is close to a cavity global node, and only a narrow range of continuous
longitudinal modes have a good overlapping with the periodic gain; in the DBR-free
transmission geometry, the gain structure is far from cavity global nodes, and a broader
range of modes can experience high effective gain. Exceptions apply for certain gain

positions, which was discussed in section 2.4.2.

For semiconductor lasers, slope efficiency can be expressed as:

TOC
TOC + ao (5.1)

11 = NabsNqi
where 7abs IS the absorption efficiency for pump power, 54 is the quantum defect rate, #i is
the internal quantum efficiency, Toc is the output coupling efficiency, and «o is the total
intracavity optical losses. Concerning the low slope efficiency, we have ruled out the
possibility of pump parameters. With a well-characterized VECSEL chip, the laser slope
efficiency is compared between a “good” pumping system and the system we use in the
DBR-free geometry. With the 50 W diode and the pump focusing system used in the DBR-
free experiments, the VECSEL provides 16.9% slope efficiency with a 2% transmission
OC (not optimal coupling condition), which is comparable to the result with the “good”
one. Similarly, at the same pump condition, a comparison is made on the thresholds
between the VECSEL chip and a DBR-free gain assembly. For the VECSEL chip, with the
two curved mirrors (ROC=100 mm), the threshold are 1.74 W and 2.59 W respectively.
Switching to the DBR-free gain assembly with AR coated diamond, the threshold is 3.22 W
with two mirrors. The two geometries are very close in threshold and it is difficult to draw

a conclusion.

Another possibility, the gain-drain due to the lateral lasing [17, 18], has also been ruled
out. With the custom-made copper mount, the top plate clamps the diamond on the copper
mount, but also blocks the sides of active region. It has to be removed for checking the
lateral lasing, but may lower the thermal extraction efficiency. Therefore, only 30 W pump
power is applied. The vertical lasing is also suppressed by blocking one mirror. By
scanning the four sides of the active region, no lasing is observed with an Ocean Optics
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spectrometer. Therefore, for this gain chip, the threshold for lateral lasing (> 30 W) is much
higher than vertical lasing (5 W). Furthermore, with the LI curve shown in Fig. 5.14, there
IS no obvious drop in slope efficiency. As a result, there is no sign of lateral lasing, or
lateral lasing affecting the laser efficiency. In the device fabrication process, active regions
are kept as big as possible to suppress lateral lasing. With CW pumping, the carrier density
is not very high and lateral lasing happens near the gain spectrum peak, which could be
absorbed by the area below transparency. Larger samples bring in more optical losses to

the lateral cavities, and prevent lateral lasing.

The laser coupling efficiency also affects the slope efficiency, as mentioned earlier.
Fig. 5.18 presents a summary of laser slope efficiency for an active region with five sets of
OCs. For this chip, the optimum coupling efficiency is about 2%; typical high power
VECSELSs at around 1 pm is about 3% [4] or higher. It is also worth to note that this is not
the same sample with 6 W output power, but the similar evaluation process has been carried
out for every sample we characterized. With the fitting parameters, it appears the
intracavity optical losses are low but the internal quantum efficiency is low, since the other

two parameters—quantum defect rate and pump absorption efficiency—are known.

Another possibility for the low slope efficiency is the Fresnel reflection losses on the

air-diamond or air-semiconductor interface. A low absorption diamond has been AR coated
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Figure 5.18 Laser output coupling efficiency optimization. The active region is a 1315-086 sample
with two types of QWs and diamond is an uncoated, low absorption one. The black line is the fitting
curve and the function is shown in inset. The fitting parameter 7,=0.244 and total intracavity losses
00=0.6%.
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(R<0.5% according to the specifications) on one side and used as a heatspreader in a
transmission geometry DBR-free SDL. With an active region designed at 1160 nm
discussed in the next subsection, about 2 W output power is collected with 14.4% slope
efficiency. No significant improvement is observed over the 11% slope efficiency with the
coated diamond. Brewster’s angle geometry could also mitigate these losses but the
integrated gain changes with angle. As a result, it is difficult to make a direct comparison.
As to the potential scattering losses due to the diamond surface roughness, a comparison is
made with sapphire substrates in the next subsection.

Another bonded sample worth to mention is from wafer 1312-066 (detailed with
Fig. 3.3 (b) in section 3.3.1), which is not designed for the normal incidence geometry. As
shown in Fig. 3.9 (a), there are many surface features on the bonding results. With this
sample, however, about 3.5 W output power is collected with 26 W incident pump power,
showing a slope efficiency of 16.5%. The laser conversion graph is shown in Fig. 5.19.

Unfortunately, the sample is later damaged in the annealing process.

Lack of proper equipment, it is challenging to directly characterize the bonding
uniformity. Under the same pump and cavity conditions, translating active regions
horizontally, the spatial dependent laser output power could give us a hint. An uncoated

diamond is used as the bonding substrate. Before the experiments, both the cavity
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Figure 5.19 Laser conversion graph for the assembly shown in Fig. 3.9 (a), of which the diamond

window is preprocessed in oxygen plasma at 100 W RF power for 90 s. The slope efficiency is
16.5% with respect to the incident pump power.
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(including the sample orientation) and pump parameters are optimized at 16.4 W pump
power for maximum output power with near TEMgo mode. Then the pump condition is
kept constant, and the active region is scanned transversely, with the position dependent
normalized output power graphs are shown in Fig. 5.20. The scanning range is limited by
the aperture size of the copper mount. Near threshold, the laser power fluctuates
significantly with position; at higher pump power, there is less than 10% change in power

over 1 mm length. Therefore, the bonding is relatively uniform over 1 mm horizontally.

For the active region bonded on an AR coated low absorption diamond (0.2% absorption
per roundtrip), a second regular diamond is directly clamped onto the active region. Parallel
interface fringes are observed, shown in Fig. 5.21 (a) inset. With the second diamond, the
thresholds are much higher and slope efficiencies are lower than the single diamond case,
shown in Figs. 5.21 (a) and (b). Therefore, the optical losses in the second diamond (1.2%
roundtrip absorption) or at clamping interface are significant. Due to either the Fabry-

Perrot or thermal effect, the emission wavelengths with two diamonds are much shorter.

In experiments, different from natural diamonds [19], no obvious birefringent effect is
observed with these high quality synthetic single-crystalline diamonds. Recently, Professor

Michael Jetter’s group at University of Stuttgart realized a diamond-sandwiched gain
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Figure 5.20 Active region uniformity check at different pump powers. With 5.8 W, 9.2 W, and
16.4 W pump power, the maximum output powers are 10 mW, 140 mW, and 810 mW, respectively.
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membrane geometry [20] with GalnP QWs designed at 640 nm. With two AR coated
diamonds, under the same condition, the slope efficiency of the diamond-sandwiched

geometry is comparable to VECSELs’ [21] at the same wavelength range.
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Figure 5.21 Laser performance comparison with one and two diamonds (the second diamond is
directly clamped on). (a) Laser conversion graphs for a single-diamond (red), and two-diamond
configuration (blue and green). The cross-section views of the gain assemblies are shown on top of
the figure. For blue and green curves, the clamping forces are different and their interface patterns
are shown in the inset (B) and (G). (b) Laser spectra for three different scenarios collected with a
Thorlabs optical spectrum analyzer.
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5.3 QW based transmission geometry DBR-free SDLs at 1.16 um

High power SDLs at near 1160 nm has a myriad of applications. High power, narrow
linewidth 589 nm lasers intracavity frequency doubled from a SDL at 1178 nm, can be
used to excite the D> line of sodium atoms at the Earth’s mesosphere layer [22], creating
an artificial star. The laser guide star is used to calibrate adaptive optics systems for the
atmosphere turbulences [23, 24]. Additionally, a multi-watt single-frequency SDL at
1140 nm could be adopted as the second excitation source for the 3Pz to 4Sy, transition
[25], creating another guide star at NIR. With the guide stars at different wavelengths, the
dispersion dependent aberration can be further corrected. The current monochromatic laser
guide star systems are mostly using frequency converted fiber lasers [24], which are bulky,
complicate and expensive. SDL, as a compact, reliable, high power, and cost-effective laser

source, is very attractive to this application.

For other solid-state lasers, there are limited high power sources in the yellow
wavelength range [26], which is accessible to the intracavity frequency-doubled SDLs
utilizing the bandgap engineering technique. Single-frequency 571 nm laser frequency
doubled from 1142 nm [27], and 280 nm quadrupled from 1120 nm SDLs are employed in
laser cooling of magnesium ions [28]. The frequency-doubled yellow spectral range SDLs
can be used in bio-fluorescence imaging [29] and laser treatment in ophthalmology [30]
and dermatology [31]. So far, in this wavelength range, typical VECSELS have achieved
up to 50 W fundamental output power [32] and 20 W second harmonic output [33].

In SDLs, different materials have been utilized for reaching this wavelength range with
GaAs substrates, including InGaAs QWs, GalnNAs QWs [34], and InGaAs quantum dots
[14]. Here we choose the InGaAs QWSs. For InGaAs QWSs center emitting near 1160 nm,
compared to QWs at 1020 nm, a higher indium composition (approaching 40%) is needed,
which poses a problem to the material growth [35, 36]. To balance the strain introduced by
the large lattice mismatch between the InGaAs layers and GaAs substrate, GaAso.96Po.04
has been employed as the barrier layer. Additionally, a low growth temperature (520°C)
condition for the QW region is required to observe luminescence, which implies high
crystalline quality with little or no strain related defects, such as threading dislocations.
However, for the barrier layers, low temperature growth condition may degrade the
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interface quality. Epitaxial surface with roughness RMS (root mean square) exceeding
8 nm has been observed. In comparison, the roughness RMS for a typical GaAs layer is
less than 1 nm. Therefore, a two-temperature growth approach has been adopted. Even
though this method alleviates the lattice mismatch problem, it is still challenging to grow
regular periodical gain structures with more than 9 QWs. For active regions (wafer 1314-
273) discussed in this section, there are 8 QWSs in a barrier of 11 half-wavelength optical

thickness, and the detailed structure is presented in Fig. 3.4 (b).

An active region is lifted off and directly bonded onto a regular diamond window. The
diamond-gain assembly is clamped with the aforementioned copper mount, which is water
cooled to 10°C. The cavity adopts the typical transmission geometry, consisting of a
concaved HR mirror with 100 mm ROC and a concaved OC with 250 mm ROC
(approximately 1% transmission, but may vary with wavelength). Pumped with a 25 W
fiber-coupled laser diode, laser operation is achieved and the laser conversion graph is
shown in Fig. 5.22. About 2.5 W output power is collected with 25 W incident pump power,
showing a slope efficiency of 11% with respect to the incident pump power. The beam
profile, as shown in Fig. 5.23, is close to TEMoo mode. At near threshold, the free-running
laser operates at 1155 nm with multiple unstable longitudinal modes, shown in Fig. 5.24 (a).
At higher pump powers, stable operation with multiple evenly spacing longitudinal modes
is observed as shown in Fig. 5.24 (b), in which the spacing is about 0.53 nm. This matches

the free spectral range of the diamond (or diamond-semiconductor) subcavity.

By inserting a 0.5 mm thick BRF at Brewster’s angle into the cavity, the lasing
wavelength can be tuned by rotating the BRF. With two HRs, at 10.5 W incident pump
power, the laser can be tuned from 1118 nm to 1196 nm, corresponding to 78 nm tuning
range, as shown in Fig. 5.25. Further increasing the pump power, thermal roll-over is
observed with HRs. In comparison, in the same wavelength range, a frequency-doubled
VECSEL [33] is reported about 26 nm tuning range in yellow (about 52 nm tuning range
in the NIR); a QD based VECSEL [180] is demonstrated 69 nm tuning range with a thinner
gain structure and broad material gain bandwidth (one QD has narrow gain but the QD size
distribution provides broad effective material gain). With a 1% OC, the laser can be tuned
about 62 nm with 6.5 W incident pump power [37]. For this OC, the transmission increases
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significantly at long wavelengths, which explains the distorted laser power curve in
Fig. 5.26.

A chip from the same wafer is lift-off and bonded onto an AR coated (R<0.5% between
1000 nm and 1200 nm) low absorption diamond. With the same set of optics, 2 W output
power is collected with 18 W incident pump power. The slope efficiency is 14.4%, shown
in Fig. 5.27. Compared to the results in Fig. 5.22, there is no obvious improvement.

With the compromised optical quality, diamond surfaces could bring in scattering losses

and lower the laser efficiency. Direct measurement of the scattering losses is difficult to
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Figure 5.22 Laser conversion graph for an active region designed at 1160 nm bonded on a diamond.
The slope efficiency with respect to absorbed pump power is 11%.

Figure 5.23 Laser beam profile characterized with a CCD camera. The top and left are the cross-
section (black) and their Gaussian fittings (red).
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perform. Therefore, the laser thresholds are compared for active regions bonded onto
different substrates. With the same laser cavity, a sample bonded onto sapphire is with the
threshold of 2.66 W, pumping from the semiconductor side, while a chip bonded onto
diamond is 2.39 W pumping from the diamond side. Considering the transmitted pump
power to the active region, the threshold is 1.86 W with sapphire substrate, and 1.91 W
with diamond. The threshold powers are very close. Considering the potential bonding

quality variation, it is difficult to rule this factor fully out.

For the first bonded sample bonded in October 2014, it has been pumped up to 25 W
multiple times and no obvious device degradation (increase in threshold or decrease in
slope efficiency) has been observed to date, August 2016. There are a few optical damage
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Figure 5.24 Free-running laser spectra. (a) The spectrum is collected at near threshold with an OSA
with 0.2 nm resolution. (b) The spectrum is collected at a higher pump power with a Thorlabs OSA.
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spots due to water condensation, when the humidity was high in the lab and the coolant

temperature was too low.
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Figure 5.25 1160 nm DBR-free SDL tuning range and output power. The spectra are collected with
an optical spectrum analyzer at 0.02 nm resolution.
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Figure 5.26 DBR-free SDL power with wavelength at 6.5 W incident pump power.
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Figure 5.27 Laser conversion graph of an active region bonded on an AR coated diamond with a
1% transmission OC.

5.4 Brewster’s angle geometry DBR-free SDLs

As mentioned in the last two subsections, the current transmission geometry DBR-free
SDLs suffers from low slope efficiency. With the Z-scan technique, the laser absorption in
diamond is confirmed fairly low, 0.2% per roundtrip for the low absorption diamonds and
1.2% for the regular diamonds. One of the possible culprit is the Fresnel reflection losses
on the diamond-air interface, due to imperfect surface parallelism. AR coating at the laser
wavelength can mitigate the losses, but is inconvenient since the diamonds have to be
dipped into both strong acid and base solutions in the device fabrication process and the

coatings could be damaged.

With Brewster’s angle incidence on the air-diamond interface, no coating is needed.
Compared with the normal incidence scenario, the periodicity for the gain structure has to
be redesigned. To avoid this, in this subsection, we will use the GaAs DHS sample as the
active region and the laser geometry is shown in Fig. 5.28 (a). With the Brewster’s angle
incidence on diamond, by calculation, the Fresnel reflection are approximately 2.3% at
900 nm on the air-semiconductor and semiconductor-diamond interfaces, even though the

refractive index are very different on two sides. The 2 um thick active region has good
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parallelism, acting as an etalon with a small modulation. Zero Fresnel losses can be
achieved. With the same reflectivity at air-semiconductor and semiconductor-diamond
interfaces, the two geometries in Figs. 5.28 (a) and (b) have the same transmission
modulation, as shown in Fig. 5.29. By coincidence, one diamond acts as a pair. With the

material dispersion included, minor difference may exist.

(b) !

Figure 5.28 (a) Single-diamond DBR-free SDL in Brewster angle geometry. The diamond is at 67°
with respect to the laser path. Fresnel reflection at both the air-semiconductor and semiconductor-
diamond interfaces are 2.3%. (b) The double-diamond DBR-free SDL in Brewster angle geometry.
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Figure 5.29 Transmission spectra of the two active region assemblies shown in Fig. 5.28.
Calculated with RSoft DiffractMOD.
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A fiber-coupled 100 W laser diode is used to pump the active region. The focused pump
is at approximately 60° angle of incidence, so as to achieve good overlapping with the
cavity mode. Since the laser is at oblique incidence to the diamond-gain assembly, a larger
size diamond window (6 mm by 4 mm) is employed. A significant amount of ASE is
observed, as shown in Fig. 5.30, however, no lasing operation is observed even up to the
full pump power, 100 W. With the z-scan technique, it is found 2% absorption per roundtrip
in this diamond window. Additionally, it is wedged. These might account for the high laser

threshold. Further studies with sapphire substrates are ongoing.
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Figure 5.30 DHS sample PL spectra. The spectra are collected with an Ocean Optics USB4000
spectrometer. The “without feedback™ and “with feedback” spectra are collected by blocking and
unblocking the vertical cavity at 60 W incident pump power.

5.5 Ring cavity geometry

Ring lasers have unique properties. With the Sagnac effect, ring lasers have been used in
laser gyroscopes [38]. For ring cavity VECSELS, there have been a few attempts with
single-frequency [39] and mode locking [40] operations. In both references, the regular

VECSEL chips were in double-V shaped cavities, locating at (or close to) cavity nodes.

Our motivation to study ring cavity geometry is to test the predictions of the position
dependent integrated gain model, by comparing with standing wave cavity on both tuning
range and longitudinal mode spacing. The laser schematic and experimental setup are
shown in Fig. 5.31. Similar to the transmission geometry, the diamond-gain assembly is
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clamped with a water-cooled copper mount. Both the cavity (including the alignment,
curve mirrors separation, long arm length) and pump parameters are optimized for good
overlap between cavity modes and pump focus. Based on the ABCD matrix method, a

cavity mode size contour map is presented in Fig. 5.32.

The ring cavity lases and the laser conversion graph is shown in Fig. 5.33 with four HR
mirrors. To measure the laser tuning range, a 0.5 mm thick quartz BRF is inserted into the

cavity at Brewster’s angle near the midpoint of the flat mirrors. As shown in Fig. 5.34, at

(a)

RoC=15cm RoC=15cm

Diaaaznd g

o4

v

Figure 5.31 Bow-tie ring cavity schematic (a) and experimental setup (b) of the bow-tie ring laser
geometry. The separation between two curved mirrors is 180 mm, and 213 mm between two flats.
The optical paths are 200 mm and 203 mm between the curved mirrors and flat mirrors. The folding
angles are 10° and 13° on the curved mirrors.
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12 W pump power, the laser wavelength can be tuned from 1006 nm to 1062 nm, 56 nm in
tuning range. Rotating the two flat mirrors to normal incidence, an X cavity is formed. On
the gain position, special attention is given to avoid the cavity midpoint. With the same

BRF at Brewster’s angle near one flat mirror, the laser wavelength is tuned from 1010 nm

1150
100
50
0
0 20 40 60
d2 (cm)

Figure 5.32 Cavity mode size in radius at the active region calculated with the ABCD matrix
method. d1 is the optical distance between two curved mirrors, and d2 is the optical length from
one curved mirror, reflected on two flats, and to the other curved mirror. The unit for the radius bar
scale is um, and larger than 200 um beam radius situations are excluded in the contour map.
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Figure 5.33 Laser conversion graph of the bow-tie ring cavity with a set of HR mirrors.
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to 1063 nm, 53 nm in tuning range. The wavelength dependent output power graph is
shown in Fig. 5.34. The two geometries have similar tuning ranges, but the ring geometry
has much lower output power, which may be due to mirror losses. Assuming that the
reflectivity of curved mirrors is Rc, and flat mirrors is Ry, and g is the threshold gain. For
the ring cavity geometry, at the threshold,

RZRf exp(Nydyg,) = 1 (5.2)
while for the standing wave cavity,
RéLRfZ exp(2Nydwgs) =1 (5.3)

Here Nw and dw are the number and thickness of QWSs. Therefore, the standing wave cavity
has lower threshold, 6.6 W in experiment, while the ring cavity is 8.5 W. Discussion on
longitudinal mode spacing will be presented in section 5.6.
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Figure 5.34 Tuning range comparison between the linear (X) cavity and ring cavities with a 1315-

059 active region. Both geometries are realized with the same set of mirrors and in the stable
operation regime. The incident pump power is 12 W.

5.6 Integrated gain model revisit: longitudinal mode spacing

In section 2.3, we have analytically evaluated the integrated gain of a PGS in a standing-
wave cavity. Besides the verified broad effective gain bandwidth, the simple model also

predicts interesting mode structures with a DBR-free geometry: with a large z value (gain
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position z>>A, minimum distance between the active region and cavity nodes), not every
longitudinal modes within the material gain bandwidth reach laser threshold. To test this

prediction, we check the laser RF spectra.

The cavity is formed with two HR concave mirrors with 100 mm ROC separated by
about 200 mm, as shown in Fig. 5.9 (c). To vary the gain position without changing the
pump condition, two mirrors are translated parallel to the laser path instead while the active
region stays unchanged. The laser output is collected with a high speed detector (EOT
InGaAs photodiode with 15 GHz bandwidth) and the time trace is recorded with a high
speed oscilloscope (Tektronix DPO70804 with 8 GHz bandwidth). The RF spectra, or the
Fourier-transform of the time trace, at two z values are shown in Figs. 5.35 (a) and (b).
When the active region is away from the cavity center by 5 mm, the RF spectrum contains
peaks at the integer multiples of the cavity repetition rate frep, with the even multiples at
higher amplitudes. Having the gain-diamond assembly closer to the center (z~L/2), the odd
multiples are eliminated and only the even multiples are observed with the strongest signal

at 2frep, and the longitudinal mode spacing doubles.
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Figure 5.35 Laser RF spectra for z/L=0.475 (a) and z/L=0.490 (b) in a standing wave cavity with
cavity length L~200 mm. f. is the cavity repetition rate. (c) and (d) are the possible integrated gain
for longitudinal modes (circles) in (a) and (b) scenarios, where g is the threshold integrated gain.
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Such mode spacing doubling is consistent with the prediction from the integrated gain
model in section 2.3.2. When the active region is near the cavity center, there are
approximately two modes per fine modulation from the cosine term in Eq. 2.9 in
section 2.3.1. Near the design wavelength (twice the periodicity in optical length for the
gain structure), one of the longitudinal mode experiences higher gain and the neighboring
mode has lower gain and is below threshold—the mode spacing doubles, shown in Fig.
5.35 (d). When z is away from L/2, both modes in each modulation experience medium
amounts of gain and both could be above threshold, shown in Fig. 5.35 (c). The mode
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Figure 5.36 Laser RF spectra for the bow-tie ring cavity (a) and (b). From (a) to (b), the mirrors are

translated by 5 mm. The longitudinal mode spacing is about 0.36 GHz and the peak at 6.25 GHz is
an artifact. There is an extra frequency component 0.1 GHz in (b).
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spacing is frep. The gain difference between the even and odd longitudinal modes implies

that the even multiples in the RF spectrum are with higher amplitude.

As mentioned in section 2.3.2, such mode spacing change is caused by varying the gain
position (far from cavity global nodes) in the standing wave cavity. In a bow-tie ring cavity
shown in Fig. 5.20, by moving both curved mirrors by about 5 mm, the output power
doubles and the corresponding RF spectra are presented in Figs. 5.36 (a) and (b). The mode
spacing generally stays the same, except an extra 0.1 GHz frequency component in (b),
which may be due to higher order transverse modes. The constant mode spacing is also
consistent with the integrated gain model. In a ring cavity, there is no restriction on global
cavity nodes for the two counter-propagating waves, and all the modes will be aligned for
higher integrated gain. Therefore, with the constant cavity length, by moving the active
region around, mode spacing does not change.

With the integrated gain model, the TE polarization preference in the TIR based V-
shaped DBR-free cavity is mainly due to the phase difference in the TIR. A multilayer
reflection calculation is performed with the commercial software RSoft DiffractMOD.

Compared with the integrated gain model, this calculation considers the refractive index
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Figure 5.37 Reflection calculation with RSoft DiffractMOD. (a) Schematic of the simulation model.
(b) Wavelength dependent reflection for the V-shape cavity for two polarizations. The active region
is bonded on a fused silica right-angle prism with a constant gain (or imaginary refractive index
ni=-0.003) in the QW layers. The beam is incident from the fused silica prism to semiconductor
and total reflected back to prism. No dispersion is considered for all the materials and the refractive
indices are: fused silica 1.45, InGaP 3.245, GaAs 3.4833, InGaAs 3.4833-0.003i, air 1
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difference of the gain structure layers. The simulation model schematic is presented in
Fig. 5.37 (a). The laser is incident from the fused silica layer (stands for the prism) to the
active region at 45° angle of incidence. The active region structure is following the growth
sheet. To simplify the simulation, a constant gain is assumed in the QW layers with the
imaginary refractive index of -0.003i. The wavelength dependent reflection for both
polarizations are plotted in Fig. 5.37 (b). With the QW spacing of 0.57 um in optical
distance and the tilted incidence, there is a major peak at 1.08 um for TE polarization, and
at about 1.10 um for TM polarization. In experiment, these peaks will not lase, due to
limited material gain bandwidth. Near the QW gain peak, TE mode experiences higher
integrated gain and is preferred, as observed in the experiment. Since material dispersion
is not considered here, the reflection dispersion in Fig. 5.37 (b) is as the result of multiple-

beam interference.

5.7 PL peak blueshift analysis

In the laser aligning process, an abnormal phenomenon of PL peak blueshift with pump
power is observed; on contrary, typical VECSEL usually exhibits redshift [41] for the PL
peaks due to the bandgap narrowing in the active region at elevated temperatures, shown
in Fig. 5.38. The pump power dependent PL spectra map for a DBR-free active region on
diamond is shown in Figure 5.39. The PL spectra are collected in free-space with an Ocean
Optics USB4000 spectrometer at an angle of 15° from the semiconductor side of the gain
chip. The angle is chosen to circumvent a strong modulation on the PL peak by the diamond
window’s etalon effect. Fig. 5.40 (a) presents two PL spectra collecting from the diamond
and semiconductor sides, which exhibit the modulation by subcavities. For the PL peaks
observed from two sides, as shown in Fig. 5.40 (b), they blueshift by the same amount, but

have a constant offset.

We attribute most of the PL blueshift to the band filling effect [42] in QWSs. By ramping
up the pump power, both the carrier density and the PL peak energy, which is roughly the
energy difference between the quasi-Fermi levels, increases. For typical VECSELSs, such

effect has been cancelled out by the temperature induced PL redshift [41]. For DBR-free
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geometries, without the integrated semiconductor DBRs, the semiconductor subcavity
effect is weaker, thereby the temperature induced subcavity resonance redshift is much
smaller. This blueshift phenomenon may also imply less temperature rise, and higher heat
extraction efficiency for the gain assembly, but further investigations are needed to test this
hypothesis.

To estimate the band filling effect induced PL shift, a calculation is performed. For
simplicity, bulk GaAs materials parameters is used for the InGaAs QWSs due to the lack of
available data. The pump spot size is do=200 pm in diameter, the absorption coefficient for
the buffer layers is a=1x10* cm™. Assuming all excited carriers fall into the QWs

instantaneously and are with lifetime =1 ns, the carrier rate equation can be written as

dn aP n
= (5.4)

dt  hv(mdZ/4)

At the equilibrium state (dn/dt=0), the carrier density can be estimated. With the low carrier
density, the bandgap renormalization effect is not considered. Considering constant active
region temperature, quasi-Fermi levels can be calculated [43]. Therefore, the PL peak shift
can be calculated, as shown in Fig. 5.41. The calculated blueshift at 300 K is close to the
experimental results at low pump powers. At higher pump power, the active region

temperature rises, and the blueshift amount decreases. Additionally, the carrier lifetime
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Figure 5.38 PL spectra for a VECSEL chip at two pump powers. Two main peaks at near 970 nm

and 1018 nm redshifts by 2 nm and the peak near 954 nm redshifts by 1 nm. The chip is mounted
on a water-impingement geometry cooled to 15°C. The spectra are collected at an angle of 30°.
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also decreases since Auger recombination will become dominant. The combination of these

effects may explain the flatness of blueshift curve at high pump powers.

In the literature [44], similar PL peak blueshift phenomenon was observed with pulsed
pumping, where the thermal effect can be neglected. Further evidence, such as direct
measurements of gain structure thermal resistance or active region temperature, are needed
to support this hypothesis.

Additionally, the thermal expansion induced strain may also shift the PL peak [191, 192]
to shorter wavelengths. After bonding, the active region is nearly stress-free. Due to the
thermal expansion rates difference between the active region (5.8x10° K for GaAs at
20°C) and diamond substrate (1x10° K1), the active region will be compressed at elevated
temperatures from the bonding condition. Similar phenomenon has been observed with 2
pum thick GaAs/AlGaAs MQW structures bonded on Si [47], which has a thermal
expansion rate of 2.6x10° K. Assuming 100°C temperature rise after pumping, the
mechanical strain will shift the PL peak by about 3 nm, which is much smaller than the
13 nm blueshift observed in experiments. Therefore, thermal induced strain may contribute
to the blueshift but only plays a minor role. With a GaAs DHS sample bonded onto a
diamond heatspreader, the similar PL blueshift phenomenon is also observed, as shown in
the PL map Fig. 5.42.
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Figure 5.39 Normalized PL spectra map as a function of incident pump power for a 1315-059 MQW

sample bonded on diamond. White circles represent the PL peak wavelength. The spectra are
collected from the diamond side.
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Figure 5.40 (a) PL spectra collecting from the semiconductor and diamond sides. (b) PL peak shift
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Figure 5.41 Peak PL wavelength versus incident CW pump power.
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Figure 5.42 Normalized PL spectral map as a function of incident pump power for a DHS sample
bonded on diamond.

5.8 Summary

With the lift-off and van der Waals bonding technique, we demonstrated a DHS based
DBR-free transmission geometry as a proof-of-concept. Employing sapphire or diamond
windows as heatspreaders, two high power CW DBR-free SDLs are reported at 1040 nm
and 1160 nm. With an active region designed at 1040 nm, more than 6 W output power is
collected without thermal rollover; about 2.5 W output power for a MQW designed at
1160 nm. Compared with typical VECSELSs, the slope efficiency of DBR-free SDLs is
relatively low and the culprits are under investigation. One of the possible losses is the
Fresnel reflection on the air-diamond interface. AR coating has been applied to the air-
diamond interface, but no obvious improvement in laser slope efficiency is observed so far.

Study on Brewster’s angle geometry is ongoing.

At the two wavelengths, much broader tunability is observed with the DBR-free
transmission geometry, which is consistent with the prediction from the position dependent
integrated gain model in section 2.3. The longitudinal mode spacing predicted by this

model has been verified by experiments.

We end the chapter with the PL peak blueshift phenomena of both QW and DHS
samples bonded on diamonds, which have been explained with the band filling effect. The
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thermal induced strain may also contribute but fairly limited.
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Chapter 6

Summary and Outlook

6.1 Summary

SDLs are highly attractive laser sources with good beam quality, intracavity access,
wavelength flexibility, and high output power. In a typical SDL, a semiconductor DBR is
integrated behind the active region, which restricts the laser design and performance in
many aspects, including material system choices, thermal management, and gain
bandwidth. By discarding semiconductor DBRs, based on either transmission or TIR,

DBR-free SDL geometries are free from these restrictions, opening up new possibilities.

We are the first group to successfully apply the lift-off and van der Waals bonding
technique to DBR-free SDL fabrication. With this approach, we have demonstrated DBR-
free SDLs in TIR geometries, monolithic standing-wave geometries, and transmission
geometries in both standing-wave and ring cavities. We have also proposed the evanescent-
wave coupled geometry for high power operation at MIR wavelengths, the monolithic ring
cavity geometry, Brewster’s angle geometry, and the double-heatspreader geometry for
power scaling. In particular, with the transmission geometry, more than 2 W output power
is accomplished at 1160 nm, and 6 W collected at 1040 nm, and both were limited by the
available pump power. Furthermore, significantly broader tuning ranges have been
observed at both wavelengths in the transmission geometry. A simple position dependent
integrated gain model has been developed and successfully explained the origin of broad
gain bandwidth. Predictions on longitudinal mode spacing have been confirmed with
experimental results. Additionally, our numerical thermal analysis shows the thermal

management advantages for the double-diamond DBR-free geometry.

In the future, a few directions can be pursued. First, as mentioned in chapter 3, the device

fabrication process can be further optimized, especially the wet etching process and
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annealing conditions. The former may improve the device quality, and the latter may
facilitate improved thermal management. Second, further investigation is needed to explain
and improve the low slope efficiency for transmission geometry DBR-free SDLs. Third,
despite the double-diamond geometry outperforming the typical VECSEL geometry in
thermal management, perfect power scaling is still out of reach. Multi-chip, multi-
heatspreader, or even slab geometries as will be discussed in section 6.2, which could be
potential options for higher power SDLs. By reducing the quantum defect, in-well-pumped
DBR-free geometries may be candidates for high power SDLs, utilizing multi-pass
pumping scheme. Fourth, with broad gain and geometric flexibility, DBR-free SDLs could
be mode locked with SESAMs, TDMs, or Kerr-lens effect. Last but not least, high
reflectivity SWG could be an alternative for semiconductor DBRs. Other functionalities of
SWG, such as enhanced pump absorption and reflection wave front control, may improve

the SDLs’ performance further, as will be discussed in section 6.4.

6.2 Other approaches for power scaling

As discussed in previous chapters, due to the high thermal resistance of semiconductor
DBRs [1], the output power of VECSELSs cannot scale with the cavity mode area infinitely;
the transmission geometry DBR-free SDLs, even with two heatspreaders, also rely on
three-dimensional heat flow, not allowing perfect power scaling either. Additionally, large
pump spots create more optical losses, such as scattering and lateral ASE losses. Therefore,
there is a limited output power for a single gain chip. Other power scaling approaches are
needed for kilowatt-level SDLs.

As mentioned in chapter 2, with the barrier pumping scheme, a significant amount of
heat is generated in the active regions mainly due to the large quantum defect, which can
be greatly reduced via in-well pumping [2] at longer wavelengths. However, in contrast to
the barrier-pumping scheme, the pump laser is only absorbed in QW layers. To make
efficient use of the pump power, either more QWs are needed or a multi-pass scheme for
the pump laser. Multi-pass schemes are widely used in solid state disk lasers, and are viable

for DBR-free transmission geometries.
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To efficiently extract heat from the active regions, inspired by the double-diamond
geometry, multiple heatspreaders can be employed. With consistent bonding quality, an
assembly as shown in Fig. 6.1 could be fabricated. Due to its thickness, the assembly has
to be end-pumped. Limited by the thicknesses of the heatspreaders and the Rayleigh range
of the pump laser, an estimated 10 heatspreaders could be used with InGaAs/GaAs QWSs
at 1 um. For typical barrier-pumped active regions, there could be 1 to 2 QWs per
heatspreaders. For in-well-pumped active regions, more QWs could be integrated to avoid

multi-pass pumping.

Another possibility is to daisy-chain multiple active regions in a cavity. Such multi-
gain-element cavity was proposed by M. Kuznetsov et al. [3] in 1999, as shown in Fig. 6.2.

Figure 6.1 Schematic for a multi-heatspreader transmission geometry DBR-free SDL.

ouTPUT CAVITY MIRRORS

OPTICALLY-PUMPED
SPOTS

A

SEMICONDUCTOR -~
CHIP

Figure 6.2 Multiple-gain-element multibounce cavity for power scaling for typical VECSEL [3].

Figure 6.3 Slab geometry SDL. The laser is incident at Brewster’s angle on the air-slab interfaces.
The laser is total-internal-reflected at the semiconductor-air interface.
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Similarly, two-chip VECSELs in the W-shaped cavity configuration have been
demonstrated with multi-watt output power near 1 um in 2006 [4, 5]. By reducing the
thermal load in individual gain chips, the thermal rollover problem has been alleviated.
Even a three-chip cavity is reported with more than 50 W output power at 532 nm [6] via
intracavity second harmonic generation. Rather than multiple VECSEL chips, a large size
active region can be bonded onto a slab heatspreader, and a multi-bounce configuration
can be formed via TIR at the semiconductor-air interface, as shown in Fig. 6.3. To suppress
lateral lasing, ion implantation or edge-mirror elimination could be adopted to introduce
losses for lateral cavities. Compared with the cavity design in Fig. 6.2, the slab cavity

design is much easier to in both fabrication and alignment.

6.3 Mode-locking

With broad gain bandwidth, SDLs have been mode-locked for ultrashort pulse generation.
In particular, with the exceptionally broad gain bandwidth and interesting mode structures
detailed in section 2.3, DBR-free SDLs may be superior for mode-locking. Firstly, we will
search for a reliable mode-locking scheme with the typical VECSEL geometry and apply
it to DBR-free geometries. The SESAM mode-locking scheme has been employed in a Z-
shaped cavity, which is schematically shown in Fig. 6.4. With the ABCD matrix method,
the cavity mode size at the active region is calculated to be about 100 pum in radius, and
40 pum in radius at the SESAM. With our current SESAMs, long-term stable pulsing

behavior has been observed, shown in Fig. 6.5 (a) with a high speed InGaAs detector (with

VECSEL

ROC=150 mm

SESAM
ROC=50 mm

Figure 6.4 Z-cavity geometry. The distance between the VECSEL chip and the first curved mirror
is about 100 mm, 140 mm between the two curved mirrors, and 30 mm between the second curved
mirror and SESAM.
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more than 15 GHz bandwidth). In Fig. 6.5 (b), the RF spectrum, Fourier transformed from
the time trace, has a nonconstant |enve|0pe, which implies unstable mode-locking.
Fig. 6.5 (c) is the linear autocorrelation result. As shown in the nonlinear autocorrelation
result with a KTP crystal in Fig. 6.5 (d), there is a broad pedestal in addition to the main
peak of 1.6 ps in FWHM. According to reference [7], this signature implies that certain
modes are phase locked forming clusters, while the phases between clusters are not fully
locked.

Since the discovery of graphene, TDMs have attracted a lot of attention as broadband
saturable absorbers for mode-locking fiber lasers [8] and other solid state lasers [9].
Currently, studies on TDM-mode-locked VECSELS are concentrated on graphene [10, 11]
and, to the best of our knowledge, there have been no reports of VECSELs mode locked
with other TDMs. Few-layer WS, flakes were deposited on a GaAs/AlAs DBR by
Dr. Bryan Kaehr at Sandia National Laboratories. With the Z-shaped cavity configuration,
a pulsing operation is achieved with a VECSEL chip at 1030 nm. As shown in Figs. 6.6 (a)
and (b), the pulse train is unstable in both short and long term, and the RF spectrum in

0.12

(a)

0.1

Amplitude (a.u.)
o o 2
(=] (=] o
£ (=] (=~}

o
o

0 0.1 0.2 0.3 04 0.5 1 2 3 4 5 6 7 8

Time (ms) Frequency (GHz)
1
(C) 15 (d) —Intensity AC: S
—Stationary arm: 51
0.8 F —Scanning arm: 52
e Losf
o @
s °
2 2
a a04F
£ £
< <
- 02+ e |
. . . ; 0 L
0 20 40 60 80 100 -50 0 50
Time (ms) Time (ps)

Figure 6.5 Preliminary SESAM modelocking results (a) Time trace; (b) RF spectrum; (c) Linear
autocorrelation trace; (d) Nonlinear autocorrelation trace with a KTP crystal.
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Figure 6.6 Pulsing results with WS, flakes coated onto GaAs/AlAs DBR mirror (a) Short-term
behavior; (b) Long-term behavior; (c) RF spectrum of the long-term time trace.
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Fig. 6.6 (c) confirms this. This may be due to the thick WS; film or potential oxidation.
Further optimization of WS, thickness and cavity dispersion management are needed.
Recently, similar few-layer black phosphorus has been shown to exhibit recovery times as
short as 24 fs [12], much shorter than that those of graphene (0.15-1.27 ps), which makes

it appealing for future research.

As mentioned in chapter 1, Kerr lensing in the active region can mode lock SDLs and
could potentially achieve higher peak power. With DBR-free geometries, the broader gain
bandwidth could facilitate the ultrashort pulse generation. Particularly with the Brewster’s
angle geometry, by eliminating the semiconductor subcavity effect, it is easier for
intracavity dispersion management (minimizing the group-delay dispersion).

6.4 High reflectivity subwavelength grating

Since semiconductor DBRs suffer from high thermal resistance, there are endeavors to
replace semiconductor DBRs with other high reflectivity mirrors, such as compound
mirrors, including metal-semiconductor [13, 14] and even semiconductor-dielectric-metal
[15] mirrors. So far, the maximum output power for compound mirror based VECSELSs is
on the order of a few watts. Another alternative to semiconductor DBRs is the so called
SWG, which has been fabricated and demonstrated with more than 99% reflectivity at
1064 nm [16, 17].

6.4.1 Introduction to subwavelength grating

Whereas grating reflection anomalies, including minima, maxima, or strong modulations
in reflection spectra, were first investigated more than a century ago [18], SWGs attracted
attention again after the advancement in e-beam patterning and photolithography. In 1998,
SWGs were fabricated on InP and GaAs substrates and reported with more than 85%
reflectivity at 1550 nm [19]. In 2007, Chang-Hasnain’s group at UC Berkley replaced a
partial semiconductor DBR in a VCSEL with a single layer Si grating structure (also called

a high contrast grating), and achieved lasing [20]. Bunkowski et al. proposed thin SWG
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structures as low thermal noise alternatives to conventional mirror coatings for
gravitational wave detectors [21] and Schnabel’s group reported more than 99% reflectivity
at 1064 nm with SWGs [16, 17]. In addition to high reflectivity, other optical functionalities
have also been developed for SWGs. In 2010, Hewlett-Packard Laboratories manipulated
the reflection wave front by varying the grating parameters spatially, showing 20 mm focal
length with about 90% reflectivity with non-periodic gratings [22]. Furthermore, in [23],
with a graphene monolayer inserted under a SWG, more than 17 times absorption
enhancement has been demonstrated, by utilizing the strong field confinement under

grating structures.

The gratings’ anomalous reflection behavior can be categorized by two types [24]: one
is the Wood-Rayleigh anomaly, which is related to the onset or disappearance of certain
spectral orders; the other is a resonance type, where the grating diffractions are phase-
matched to the transverse modes of the grating. Here we are concentrating on the second

type, which is also called guide mode resonance.

RCWA method has been widely used in SWG design [25] and we utilize the commercial
software RSoft DiffractMOD based on the RCWA method for numerical calculations,
including the reflectivity and field distribution calculations. RCWA method represents the
periodic permittivity function with Fourier harmonics and electromagnetic fields as a sum
of coupled waves, allowing to solve the full vectorial Maxwell’s equations in the Fourier

domain. It is good for designing subwavelength grating structures [25], and other grating-

(a) 4. (b)

HR coating

Pump laser

SWG based
active region

Figure 6.7 Schematics for SWG based SDL (a) and microchip SDL (b).
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assisted devices. As a sanity check, following the SWG structure and parameters, our

simulation results agree well with Fig. 2 in reference [26].

6.4.2 Guided mode resonance

There are many models explaining the near-unity reflection obtained with SWGs. Here we
adopt the ray picture model [27] and focus on a simple scenario as shown in Fig. 6.8 (a).
The light is incident from air to the subwavelength grating structure at normal incidence.
As aresult, diffraction occurs and the 0™ order diffraction is transmitted through the grating
layer. With the grating periodicity less than the wavelength, higher diffraction orders are
not supported in air but may be inside the GaAs structure. By carefully engineering the
grating parameters, the diffraction will be total internal reflected at the GaAs/diamond
interface and guided by the slab waveguide structure. The guided mode can only be coupled
out via diffraction at the grating structure, parallel to the 0" order diffraction. With certain
waveguide parameters, the two diffractions destructively interfere and high reflectivity is

obtained.

An analytical discussion of similar weakly modulated grating structures is presented in
[25]. However, with the large modulation amplitude in dielectric constant, numerical
methods are needed for the grating design. Before the numerical calculation, based on these
mechanisms, the parameter space can be narrowed down. For the first order diffraction
(diffraction order index m=1),

A
n,sinf, — n,sinb;,, = m?O (6.1)

Here ny and n. are the refractive indices of air and GaAs, 6inc and 6. are the angles of
incidence and diffraction, o is the wavelength, and p is the grating periodicity. For the
guided mode, it is supported in the GaAs waveguide and total internal reflected at the

GaAs/diamond interface, as a result,

n, = n,sinf, = max(n,,n3) (6.2)
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Here n3 is the refractive index of the substrate, diamond. At normal incidence, for the GaAs

SWG on diamond, the conditions are

(6.3)

w
Ul
V
< S
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[\]
o
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300 350 400 450

Figure 6.8 (a) GaAs GMR based SWG schematic; (b) Reflectivity map of a GaAs SWG on a
diamond substrate, p is the grating periodicity, ff=w/p is filling factor (w is the grating width).
Grating depth h=300 nm, GaAs layer thickness d=100 nm, 4,=1035 nm, TM polarization and beam
incident from air to the grating structure.
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At the design wavelength 1o =1035 nm, the grating periodicity is between 296 nm and
431 nm. In theory, the propagation coefficient in the waveguide could be calculated. With

the destructive interference conditions,

¢a+ dL+ drr = 2N + D (6.4)

where ¢q is the total phase shift in the two diffraction process, ¢. is the phase shift
difference due to propagation between the fundamental diffraction and the rediffraction,
#Tir IS the phase shift due to TIR, and N is an integer. As a result, the optimum waveguide
thickness can be estimated. With large refractive index modulation, only numerical
calculation is feasible and we will perform numerical analysis from here on. With the
wavelength periodicity range estimated above, by repetitive optimizing parameters,
including waveguide thickness and grating depth, near unity reflection is observed, as
shown in the contour map in Fig. 6.8 (b): 100 nm thick GaAs slab waveguide and 300 nm
grating depth, at 1035 nm with TM polarization.

The slab waveguide thickness dependent reflectivity spectra, is shown in Fig. 6.9. More
than 99% reflectivity can be achieved over a broad parameter space, which means the

design is potentially feasible in fabrication.

In the simulation, the field distribution is also analyzed, as shown in Fig. 6.10 (a), and

strong field confinement up to 6 times enhancement is observed. Two 10 nm thick QWs

~——_

0.9

5 1 1.05 1.1
Wavelength (um)

Figure 6.9 Slab waveguide thickness dependent reflectivity spectra. d is the distance from the
grating peak to valley. The other parameters are the same as mentioned in Fig. 6.8 (b).
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are inserted into the GaAs slab waveguide, as shown in Fig. 6.10 (b). Neglecting the
refractive index difference and assuming a constant gain of g=3500 cm™ (for InGaAs QW
with the carrier density of 4 x 102 cm®), about 5% gain could be achieved in one round
trip (assuming no other losses), as shown in Fig. 6.10 (c). This is promising for a SDL but
the current slab waveguide is too thin to accommodate two QWSs in practice. With a
1300 nm thick waveguide and the other parameters the same, the structure still exhibits
99.95% reflectivity. The magnetic field distribution is shown in Fig. 6.11 and multiple

periodic gain could be placed at these field antinodes.

In addition to the enhanced gain at the lasing wavelength, enhanced pump absorption

could potentially be achieved at the same time. With the GaAs design, at 1035 nm, in-well
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Figure 6.10 (a) Magnetic field (Hy) distribution in the SWG grating structure; (b) Schematic of the
SWG with two 10 nm thick QWs with 60 nm separation; (c) Reflection spectrum of the active
grating structure with assumed gain g= 3500 cm™ in the QW.
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pumping scheme is required to avoid surface recombination losses. As a result, the
pumping wavelength is close to the laser wavelength and similar field confinement is
possible, which enables relatively thin gain structures. In addition, by varying the pump
wavelength and angle of incidence, an absorption resonance for the pump is attainable.

Furthermore, by spatially varying the grating parameters, the reflection profile and even
the transverse mode can be controlled, which could be useful in micro-optical resonators
[28], like the microchip SDL shown in Fig. 6.7 (b).

For a long time, we lacked access to high resolution electron-beam pattern writing, and
the parameters proposed above are challenging for conventional interferometric
lithography. Recently (08/12/2016), our user proposal on subwavelength grating based
SDLs has been accepted by the Center for Integrated Nanotechnologies (CINT). In the next
12 months, we will have access to an electron beam lithography system (NPGS EBL),
which has the capability to fabricate 1 mm by 1 mm size grating samples. Firstly, we will
fabricate a sample based on GaAs only, to characterize the reflectivity and compare the
measurements with simulation results, and optimize the simulation and etching parameters.
Then we will fabricate the QW-embedded SWGs, or the gain embedded meta-mirror

(GEMM), with enhanced absorption for the pump laser.
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Figure 6.11 Magnetic field distribution for a SWG structure. The dash black line stands for the
boundary of SWG. All the parameters are the same as Fig. but the slab waveguide thickness is
1300 nm rather than 100 nm. The calculated reflectivity at 1.035 pum is 99.95%.
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