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Abstract
The Vertical External Cavity Surface Emitting Laser (VECSEL) is an optically

pumped form of semiconductor laser. It offers high power and excellent beam quality
combined with wavelength tuning capability and access to high-intracavity power
through the external cavity for non-linear frequency conversion or single frequency
work. The red emission VECSEL has been limited to the laboratory by the
availability of suitable pump sources, but developments in GaN laser diode

technology offer greater design flexibility.

This thesis reports on the development and demonstration of the first diode-pumped
VECSEL with fundamental emission at visible wavelengths. Single transverse mode
output power of 17mW at 670nm with a tuning range of 16nm was shown, limited by
available pump power. The reasons for design changes made to allow diode-pumping
and improve performance are explored. We investigate the cause of the VECSEL

‘aging' effect evident in the permanent power decay.

Preliminary investigation of diode-pumped visible emission I1-VI VECSELS is
undertaken with a view to future development of the technology as a means to

directly access the visible spectrum in a simple, compact and cost effective manner.
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Chapter 1 —Introduction

Chapter 1

Introduction

1.1 VECSELs

VECSELSs are an increasingly important and commercially relevant form of
semiconductor laser. The technology combines the flexibility of a semiconductor
gain medium with the external cavity access of the diode-pumped solid state laser.
VECSELS take advantage of the mature growth technologies developed for more
conventional laser formats such as laser diodes, and are now starting to replace
diode-pumped solid-state lasers in some commercial products, such as Coherent's
Verdi™ series which operates at 532nm and was previously a diode-pumped

frequency-doubled Nd:YVQ, laser.

They are capable of producing high-quality, multi-Watt, output at a wide range of
wavelengths, with fundamental emission from 4-7 um with PbSe or PbTe* and over
2pum with GalnAsSb?2, through the telecommunications bands (1.3-1.55pm) with
InGaAs(N)/GaAs*, InGaAsP® and InGaAlAs®, down to the red VECSELS between
640 and 690nm’, penetrating into the visible and ultraviolet with non-linear

frequency conversion® and InGaN® (Figure 1-179-324956),
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Figure 1-1: 111-V VECSEL Wavelength coverage

VECSELSs are commonly grown on binary semiconductor substrates and consist of

three main parts: the active region, the semiconductor mirror and the external cavity.

The active region is optically pumped, with bulk material absorbing the pump
photons and generating carriers which diffuse into thin layers of lower energy
material (quantum wells) which confine the carriers and provide laser gain. Optical
pumping removes the requirement to dope the structure with donor or acceptor atoms
which simplifies growth. In addition it reduces post-processing as electrical contacts

are not required.

The semiconductor mirror, known as a distributed bragg reflector (DBR), consists of
layers of material of a quarter laser wavelength thick each of which partially reflects
the laser beam in such a manner that the reflections constructively interfere. By
growing a sufficient number of layers a reflectivity of greater than 99.99% can be
achieved over a small range of wavelengths, known as the stopband. This level of

reflectivity is necessary as VECSELS are relatively low gain devices and cannot
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tolerate significant mirror losses. Growing the mirror as part of the device reduces
the level of post-processing required.

An example of a VECSEL structure is shown in Figure 1-2. In addition to the

elements just mentioned, it contains strain-compensation layers which will be
discussed in Chapter 2.
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Figure 1-2: A red emission seven quantum well structure used in Chapter 4.

The active region and semiconductor mirror essentially form a 'mirror with gain' as
part of the laser cavity. As the VECSEL does not have a top mirror grown onto it at
least one external mirror is required to complete the cavity, meaning that the great
majority of the laser cavity is 'in air' and accessible. The circulating intracavity power
is significantly greater than the power coupled out of the cavity, making it the ideal
place to site optical elements for non-linear frequency conversion as the conversion
efficiency depends strongly on the intensity.

A simple three mirror cavity, typically used in this work, is shown in Figure 1-3. A
VECSEL, such as the one shown in Figure 1-2 is used as one end mirror. The plane
external end mirror is used to couple light out of the cavity. A curved mirror and the
distance to the end mirrors are used to set a stable mode and match the size of the
laser mode at the VECSEL surface to the pump spot size.
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One of the advantages of the VECSEL design is that it has a very thin pump-
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Figure 1-3: Schematic of a simple three mirror VECSEL cavity.

absorbing region, ~1um for the 532nm pumped red VECSELS, and so is effectively a
planar absorber: the pump radius only needs to be matched to the intracavity beam
mode radius in the plane of the active region. This is in contrast to volume absorber
crystal-based lasers which can require the pump beam width be maintained over

millimetres requiring more stringent optical design.

VECSELSs are, in general, very tolerant of non-optimal pump arrangements. In
addition to being a planar absorber, the pump-absorbing barriers will absorb, and
generate carriers from, any pump photon energy above their bandgap. This has the
significant advantage that not only can the same structure be pumped over a range of
wavelengths (and so not require a wavelength-stabilised source) but, as will be seen
in Chapter 4 the VECSEL design can be changed to cope with much shorter pump
wavelengths through structural modification without requiring change in materials.
Also, as the gain-providing quantum wells are populated by carriers diffusing into
them from the pump-absorbing barriers rather than excited states in fixed atoms,

there is no requirement for a high quality single longitudinal mode pump beam.

These qualities make the VECSEL ideally suited to diode-pumping. Laser diode
emission is generally astigmatic and asymmetric, requiring additional optical
components to manipulate the beam if high quality is required, often multimode in
the slow-axis, and will shift in wavelength as the diode temperature changes. If used

to pump a VECSEL, the beam merely needs to be circular at the VECSEL surface
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and a variation of a few nanometres in pump wavelength will make little difference

to device performance.

Laser diodes are an attractive pump source as they are compact and cost effective.
They are ubiquitous, sold in their millions world-wide, and diode pumped solid state
(DPSS) lasers are a common sight in laboratories. The first diode pumped VECSEL
was demonstrated by Kuznetzov et al® in 1997 and diode pumped VECSELS now
feature in commercial products such as the Verdi™ G series and Sapphire™ from
Coherent®. However, prior to this work no diode pumped directly visible wavelength
VECSEL had been demonstrated. Although commercial visible wavelength
VECSELSs are available they are based on longer wavelength VECSELSs and use
frequency doubling to achieve visible wavelengths which adds cost and complexity

to the design as well as reducing efficiency.

A lack of short wavelength optical pump sources of sufficient power has restricted
the choice of pump lasers to mainframe green lasers. Previous results’ with red-
emitting structures utilised a diode pumped frequency doubled Nd:YVO, laser
emitting at 532nm. This reliance on relatively large, expensive and static lasers
confined red VECSEL technology to the laboratory.

Diode pumping of VECSELS is routine at other wavelengths, however it is only
recently that laser diodes of sufficient power and photon energy have become
available. Prior to this work, our red VECSELs were pumped at 532nm using a
diode-pumped frequency-doubled Nd:YVO, laser due to a lack of suitable short-
wavelength diode pump sources’. The recent availability of GaN blue laser diodes of
0.5W and above has opened up the possibility of diode-pumping the red VECSEL.
This is an attractive proposition as it frees the technology from the (relatively) large
and expensive pump lasers which had restricted red VECSELS to the laboratory and
potentially enables then to be commercially packaged like other diode-pumped solid-
state lasers (DPSS). Rapid progress has been made in (In)GaN laser diode
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technology moving from the blue** through blue-green into true green with

50mW CW at 515nm*” and 524nm*® and pulsed operation at 531nm*. Green GaN
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laser diodes are becoming commercially available, for instance Nichia have recently
announced they are starting to ship sample 50mW GaN green laser diodes with an
estimated lifetime of 10,000 hours®.

1.2 Red Laser Technologies
Here we briefly review other red laser technologies, looking at their advantages and
disadvantages compared to the red emission VECSEL.

1.2.1 Semiconductor Lasers

VCSELSs are efficient electrically-pumped surface emitting semiconductor lasers
resembling VECSELSs but using a monolithically-grown top mirror to complete the
laser cavity. Both the top and bottom mirror are doped to facilitate electrical

pumping. A schematic of a top-emission VCSEL is shown in Figure 1-4*.

Laser Emission
* Top contact

Oxide layers

Active region

n-GaAs substrate i
g Bottom contact

Figure 1-4: Schematic of a top emission VCSEL

VCSELSs are compact, can produce high quality beams and do not require an external
pump laser but are limited in output power and require significant post-growth
processing. Top-emitting single-mode VCSELS are limited to output powers of a few
mW. Up to 0.89W CW has been demonstrated from a single bottom-emitting device
(Figure 1-5) at around 996nm and 1.55W from a VCSEL array™.
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Figure 1-5: Schematic drawing of the epitaxial layer structure for 850-nm bottom-emitting VCSEL

Laser diodes are cheap, have the advantage of mature growth technology and
production scale, and red laser diodes are readily available based on AlGalnP on
GaAs substrates. However, laser diode output is naturally astigmatic and asymmetric
due to the 'letterbox’ shape of the gain region and transforming the output into a high
quality circularly symmetric beam requires collimating the output with lenses and
shaping using prisms both of which add cost and complexity. Laser diodes can be
made single transverse mode by making the gain region more symmetric but that
reduces the output power (as the gain volume is reduced). They can also be
combined into a diode bar, an array of smaller laser diodes, offering very high power

at the expense of beam quality.

Recently Sumpf et al*® demonstrated a tapered laser diode emitting at 650nm at an
output power of 690mW and an M?=1.3. Greater output power of 1.05W was
possible but with reduced beam quality. Whilst these devices have good power and

beam quality, they cannot be simply power scaled to higher output.

It is possible to frequency-double a VECSEL operating between ~1250-1500nm,
however VECSELS in that range offer no more power at their fundamental
wavelength than red VECSELSs, significantly less when frequency-doubled, and the

tuning range is greatly reduced.
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1.2.2 Gas Lasers

There are variety of lasers which use a gas as the gain medium. Typically electrically

pumped they offer high beam quality but are not continuously tuneable.

For example, the Helium-Neon gas laser is a relatively simple and compact laser
which can emit at 632.8nm. It consists of a glass tube containing the helium/neon gas
mixture through which is passed a direct current. External mirrors complete the laser
cavity, with the optional addition of intra-cavity Brewster windows if polarisation
control is required. It produces good quality beams of a few tens of milliwatts,
however they are not tuneable as laser emission is reliant on transition between

specific energy levels.

1.2.3 Crystal Lasers

Crystal lasers are an excellent source of high quality high power red laser light, they
are power scalable, can produce high quality output, offer high power and access to
the external cavity. However they generally rely on discrete electronic transitions

limiting them to specific emission wavelengths.

For instance, praseodymium ion (Pr®") doped LiYF, and LiLuF, has various visible
wavelength transitions in addition to the red (~640nm). Richter et al* used a GaN
laser diode at ~444nm with up to ~370mW to demonstrate 61mW from Pr:YLF and
76mW from Pr:LLF at 640nm. A frequency doubled VECSEL (to ~480nm) was used
to match the strongest absorption line for both crystals and demonstrate 53mW from
Pr:YLF and 66mW from Pr:LLF at 640nm. This result demonstrated high power and
good efficiency, together with the cavity access enabling intracavity frequency
doubling with LBO. The disadvantages are inherent to the fixed transitions of the
laser medium: shifts in pump wavelength away from the absorption line decrease

absorbed (and thus emitted) power, and the emission wavelength cannot be tuned.

Frequency-doubled Nd:YAG (656.5nm), Nd:YLF (671nm) or Nd:YVO, (671nm) are
a way to obtain high power high beam quality red laser light. However, like the

praseodymium doped crystal lasers they are not tuneable.
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Vibronic lasers are a form of crystal laser which are wavelength tuneable. A common
example is the titanium-sapphire laser. First demonstrated in 1982* Ti:sapphire
lasers are popular research tools, in part due to their wide tuning range of 650-
1100nm (although this requires changing mirror sets). A significant limitation to
their use outside the laboratory has been the pump laser as it is typically pumped in
the green (514-532nm), requiring an argon-ion or frequency-doubled Nd-doped laser,

46
|

although recently Roth et al™ demonstrated GaN laser diode-pumping of Ti:sapphire.

1.2.4 Dye Lasers

Dye lasers are optically pumped lasers which use solid or liquid dyes as the gain
medium to produce tuneable laser output. Whilst they can access a wide range of
wavelengths, they suffer from two major disadvantages: they are dependent on an
external optical source such as a frequency-doubled solid-state laser, and they

involve dangerous chemicals requiring careful handling and disposal.

Whilst VECSELSs are not the only red laser technology, they offer a unique set of
advantages: simple growth with minimal post-processing, high beam quality, high
power, tuneable, an accessible external cavity and acceptance of a wide range of

pumping conditions.

1.3 I-VI VECSELs

Fundamental emission at wavelengths below the red requires materials with greater
direct bandgaps than are currently available in non-nitrile 111-V materials. However,
I1-VI semiconductor compounds offer much wider bandgaps and may be able to
extend VECSEL wavelength coverage through the whole of the visible spectrum.
This has particular relevance to the display market where compact, efficient, cost-
effective and long-lasting laser sources are required. Whilst, of course, the visible
spectrum can be addressed with nonlinear frequency conversion this adds a level of

complexity and cost whilst reducing efficiency.

Figure 1-6*” shows a selection of 11-V1 semiconductor compounds and suitable

substrates. Of particular interest is the ZnCd(Mg)Se which can be lattice-matched to
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the common I11-V substrate InP and Zn(Mg)SSe material system which can be
grown strained on GaAs, offering the possibility of VECSELs with fundamental
emission ranging from the red into orange and through to blue. As VECSELSs can be
designed to emit at chosen wavelengths, the preferred RGB wavelengths*® of 620nm,

532nm and 460nm are desirable targets for future exploitation of the technology.
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Figure 1-6: Bandgap energy vs Lattice constant diagram for 11-VI binary compounds and common
substrates

1.4 Introduction to the work in this thesis

This thesis describes the characterisation and development of diode-pumped red
emission VECSELSs. It builds on previous work on GalnP/AlGalnP VECSELs and
utilises recent developments in GaN laser diode technologies to make the red
VECSEL more compact and efficient. Further optimisation of the diode-pumped

design is considered.

Chapter 2 discusses VECSEL design, looking at each element making up the

structure. Overall design issues such as cavity resonance, threshold and efficiency,

10
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structural strain and the effect of temperature on performance are considered. Factors

specific to I11-VI red emission and 11-VI visible emission VECSELSs are highlighted.

Chapter 3 examines more closely the effect of device temperature on laser
performance. Thermal management techniques to improve temperature (and thus
wavelength) stability are discussed. The effect on active region temperature of
changing the pump wavelength is investigated. Characterisation of wafers of

identical design but different growth temperatures is carried out.

Chapter 4 describes the development of new red VECSEL designs to utilise the
shorter wavelength GaN laser diodes as the pump energy source. Both 405nm and
445nm pump wavelengths are used. Following the initial demonstration of the diode-
pumped red emission VECSEL design alterations are made which improve output

power and lifetime and the reasons for the improvement are examined.

Chapter 5 looks at the power decay and lifetime problems of the diode-pumped red
VECSEL. Experimental results are presented which show a permanent degradation
of performance and possible causes are discussed. Suggestions are made for future
design change to improve device lifetime.

Chapter 6 introduces wide bandgap visible emission 11-VI VECSELSs through
structures from collaborators at Heriot-Watt University and the City University of
New York (CUNY). The structures and material systems are discussed and the
structures characterised as the first step towards developing I1-VI visible wavelength
emission VECSELSs.

Chapter 7 reviews the work contained in this thesis and looks forward to future
research in diode-pumped red VECSELSs and the next step in I1-VI VECSEL design.

11
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Chapter 2

VECSEL Structure Design

2.1 Structural Elements

As discussed in Chapter 1, a VECSEL is an optically pumped layered semiconductor
structure which resembles a VCSEL without the top mirror, as shown in Figure 2-1.
Thus it consists of an active region, containing pump absorbing barriers and the
qguantum wells, a layered semiconductor mirror known as a distributed Bragg

reflector (DBR) and an external mirror which completes the laser cavity.

n-type p-type

DBR Active Region DBR DBR Active Region
B n- Substrate Confinement Barrier I Substrate Pump-Absorbing Barrier
B Low n Layer B Quantum Well B Low n Layer B Quantum Well
M High n Layer MetalContact M High n Layer Cap Layer

Figure 2-1: Schematic of simple VCSEL and VECSEL structures

Almost the entire laser cavity is in air and the laser mode is accessible for additional

optical elements to effect single-mode operation or non-linear conversion.

2.1.1 Active Region
The active region is the critical element of the structure, setting the emission

wavelength and strongly influencing the efficiency and threshold for laser operation.

The VECSEL is ideally suited to optical pumping as the thickness of the active
region in a VECSEL is very small in comparison to other semiconductor lasers, a
micron or less in the structures discussed here, compared to millimetres in laser

diodes or crystals for instance. Thus the pump focus does not have to be maintained
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over a macroscopic distance. Instead the VECSEL can be treated as a planar absorber
and the pump focus is only required to be a suitable size and shape in the plane of the
active region which simplifies the optical requirements of the pump scheme.
Additionally, VECSELSs are sufficiently strong absorbers that pump recycling is

generally not required.

In designing the active region it is necessary to take into account:
e the desired lasing wavelength
e the pump wavelength
e the desired performance characteristics such as tuning range, threshold and

output power.

The choice of pump absorbing barrier dictates the minimum pump photon energy
and absorption length (the distance over which the pump photon intensity is reduced
to 1/e of the initial value) of the pump photons in the active region. In turn this
guides how long the active region should be so that all the quantum wells contribute
to the laser gain. The width and composition of the quantum wells sets the emission
wavelength and, with the barrier choice, affect how strongly the carriers are confined
to the quantum wells. Stronger carrier confinement improves efficiency by reducing
thermal emission of carriers from the quantum wells. The desired laser wavelength
dictates the ideal placements of the quantum wells to minimise threshold using

resonant periodic gain (section 2.1.4).

In addition there is a trade off between minimising the threshold and tuning range to
be considered in choosing a cavity which is resonant at the laser wavelength, anti-
resonant, or somewhere in between. Therefore we will now address each element in
detail.

2.1.2 Quantum Wells
A guantum well consists of a thin layer of material of a lower bandgap than the
surrounding material. The adjacent layers form energy barriers which confine the

carrier in the direction normal to the well (remaining free in the other two directions)
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and, when the thickness of the well is comparable to the de Broglie wavelength of

the carriers, the carrier energy levels become quantised.

The de Broglie relation relates the wavelength of matter to its momentum and can be

written as

A= (2-1)

SR

where h is Planck’s constant and p the particle’s momentum.

Confinement in two or even three dimensions (quantum wires and dots respectively)

is possible but not addressed in this work.

If the carrier is confined in the z-direction of the simple ideal quantum well shown in

Figure 2-2 then the time-independent Schrodinger equation (TISE) takes the form:

h 3%y
2m* 0z2

+V(2)Y(2) = E(2) (2-2)

where m” is the effective mass of the carrier (which is material dependant), y(z) is
the carrier wavefunction, E the carrier energy and V(z) the potential energy. The
effective mass is used in place of the free carrier mass to allow the behaviour of
carriers in the periodic electric potential of the crystal lattice to be treated as that of

carriers in the free electron gas model.

VA

V2=V,

=L/ V(2)=0 z=L/2 _

z

Figure 2-2: Potential energy levels in a finite one dimensional square quantum well. V/(z) is the potential
energy level and L is the quantum well width.
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If we treat the potential energy of the well as 0 and the potential of the barrier as Vo,
then:

0,lz| < L/2

R AN &

The simpler case of a particle in an infinite potential well can be obtained by setting
V():OO.

Rewriting the TISE as

~LTVD (B —v@W(2) (2-4)

2m* 0z2

we can see that the solutions of this second order partial differential equation will
differ for E>V and E<V i.e. in the quantum well and in the barrier.

Within the well, E>V so the TISE is satisfied by a solution of the form

2
\/; cos(k,z),evenn

Y(z) = (2-5)
k\/% sin(k,z),odd n
where ky=nn/L and n is a positive integer.
Outside the well, E<V and the TISE is satisfied by a solution of the form
Y(z) = Cre K22 + Cye Ko (2-6)

where K2 = zh—T (Vo — E).

However, the requirement that oy(z)/ 0z is continuous and y(z)—0 as |z|—o0 restricts

the solutions to
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Ce K2z epenn
¥ = {—Ce‘KZZ oddn (2-7)
So the even states are given by
2
W(z) = \/;cos(knz),lzl <L/2 (2-8)

Ce Koz |z > L)2

with the requirements that y(z) and oy(z)/ 0z are continuous imposing the condition
that

VEtan (YLL) = Vo — E (2-9)

whose solution gives the energy of the even states. The odd states are given by

W(z) = \Esin(knz),lzl <L/2 (2-10)
—Ce K22 |z| > L /2

with the requirements that y(z) and Oy(z)/ 0z are continuous imposing the condition

that

~VEcot (Y1) = Vo~ E (2-11)

whose solution gives the energy of the odd states.

The first two energy levels in a one dimensional finite potential well are shown in

Figure 2-3.
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V2=V,
//\ - E2
. N
_//\\ E |
7 z=-L/2 V(?):O z=L/2

L

Figure 2-3: Confined energy levels of a finite one dimensional square well

There is always at least one solution to the previous equations within a quantum well,
and therefore at least one confined energy level, however there can be many
depending on the carrier effective mass and the depth of the potential well. The depth
of the potential well will generally be different for holes and electrons as the
difference in band minima for the barriers and well — conduction band offset (CBO)
and valence band offset (VBO) - are usually different. For example, the direct
bandgap CBO has been calculated as ~0.65AE, for GagsIngsP quantum wells in
(AlGay)osInosP barriers by Zhang et al', where AEjy is the bandgap difference
between the well and barrier. This is illustrated by Figure 2-4 which shows the direct
bandgaps and band offsets for an GagslngsP quantum well in (AlxGaix)osINgsP

barriers.

The transition energy E+ can be changed by varying the quantum well layer thickness
or material composition to set the desired quantum well emission wavelength. Based
on work by Chuang? and Kolbas® we modelled the dependence of transition energy
on the width of the quantum well. The results are illustrated in Figure 2-5 for four

different quantum well Gaxln; <P compositions in (Alp.sGag.4)o.sINosP.
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A
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Figure 2-4: Energy levels and transitions in a Gag 51Ny sP/(Al,Gay)o 51N sP quantum well
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Figure 2-5: Modelled transition energy against quantum well width and composition
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This ability to precisely tailor a structure to a desired emission wavelength with only
minor alterations to existing proven designs shows the flexibility of the VECSEL

technology.

2.1.3 Gain Modelling

Put simply, laser gain is the proportional increase in photons (of a specific energy)
per unit distance. Understanding the level of gain and its dependence on factors such
as wavelength is critical to designing VECSELS, predicting quantities such as
threshold and enabling informed design decisions to be made on the number of
quantum wells. We follow the model developed by Kuznetsov et al* as the basis for
understanding the effect of gain on laser performance and design decisions. More
detailed VECSEL models have been developed®® which take into account additional
factors, such as the change in the dependence of loss on carrier density with changing
carrier density, and more accurately reflect VECSEL behaviour. However, the
Kuznetsov model has the benefit of simplicity and is sufficient to provide a
qualitative picture when developing a new structure, which we used when designing
the VECSELS in Chapter 4.

The model uses a logarithmic dependence of quantum well gain g on carrier density:

g = goln(N/Ny) (2-12)

Jo is the material gain parameter, N the carrier density and Ng the transparency carrier

density.
The lasing threshold is reached when the level of gain from the quantum wells is
sufficient to compensate for the round-trip losses due to output coupling and parasitic

losses i.e.

Net Loss x Net Laser Gain = 1. (2-13)
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The Net Loss per round-trip is

NL = RlRZTlOSS (2'14)
and the Net Laser Gain is

NG = e?l'9thNwLy (2-15)
where R; and R; are the end mirror reflectivities, Tioss IS the proportional round-trip
losses, Ny, the number of quantum wells and L, the width of each quantum well. T" is
the longitudinal confinement factor which expresses the overlap between the gain
medium (quantum wells) and the |EJ® standing field.
This can be expressed as the round-trip condition:

NL x NG = R{R,T}psse9thNwiw =1 (2-16)
The round-trip condition shows simply that increasing the level of output coupling
(i.e. decreasing Ry) increases the level of gain needed to reach threshold and
increases the pump intensity (and so pump threshold) needed to provide the extra

gain.

The threshold carrier density Ny, can be expressed as

1 \{n NG)™1
N, = N, (M) (2-17)
and the threshold pump power as
P, = hVNy Ly Ay (2-18)

th NabsT(N¢p)
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where hv is the pump photon energy, A, the area of the pump spot, naps the pump
absorption efficiency and t©(Ny) the carrier lifetime.

The overall differential efficiency of the device ngiss IS

Naiff = NabsNquantMout (2-19)
The quantum efficiency
A um;
Nquant = ;l)asef (2-20)

reflects how much of the pump photon energy is lost producing a laser photon and
also sets the lower bound on the heat loading of the device as will be seen in the

section on thermal modelling.

The output efficiency

In(R;)

Nout = Tt rorrond) (2-21)
reflects how much of the round-trip loss is usefully output coupled through Ry.
This leads to an expression for the output power of the VECSEL

Pis = (Pp - Pth)ﬂdiff (2-22)

which is a combination of the pump power above threshold (Pp-P1) and the

differential efficiency of the device ngiss.
The Kuznetsov model assumes the quantum wells have been arranged in a particular

manner within the structure which reduces threshold known as resonant periodic gain
(RPG).
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2.1.4 Resonant Periodic Gain

In 1988 Raja et al” proposed a novel method of placing the quantum wells in a
multiple quantum well gain medium to both increase efficiency and wavelength
selectivity. The level of effective gain is proportional to the |E|* field®, which implies
that the locations of the anti-nodes of the |E[? field at the lasing wavelength would be
the best place to site the quantum wells. Placing the quantum wells in this way has
the additional advantage of enhancing the wavelength selectivity of the design, as the
anti-nodes of the |E[? field shift farther from the quantum wells as the wavelength
shifts away from the design. This is illustrated in Figure 2-6 for a ten quantum well

structure designed to be resonant at 672nm.
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Figure 2-6: Displacement of sub-cavity standing waves for a)667nm, b)672nm and c)677nm in a 10 QW
VECSEL
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Spatial hole burning, the depletion of carriers by the standing wave causing gain to
be seen at other wavelengths, is avoided as the anti-nodes of the standing wave
overlap very thin gain layers and thus effective gain is enhanced only for very
specific longitudinal modes where the anti-nodes of the standing wave coincide with
the gain layers®*?.

Also amplified spontaneous emission (ASE) is reduced as the gain is strongly
wavelength dependant because the gain medium layers coincide with the peaks of the
electric field at the laser wavelength only. Amplified spontaneous emission is caused
by a spontaneously emitted photon (with random phase) encountering a region with

population inversion (and gain) and stimulating emission.

VECSELSs are low gain devices, the gain element being the thin quantum wells, and
taking advantage of resonant periodic gain is vital in obtaining good performance. In
the red emission diode-pumped structure demonstrated in Chapter 4 the total
thickness of the gain elements is only 49nm.

2.1.5 Resonant and Anti-Resonant cavity design

A resonant cavity is one designed so that an anti-node of the laser standing wave
appears at the semiconductor-air interface (when the cavity is resonant at the laser
wavelength), maximising the magnitude of the anti-nodes of the standing electric
field at the designed operating wavelength at the quantum wells. The structure will
likely be designed so that the resonant wavelength matches the quantum well gain
peak, producing maximum effective gain (a combination of the material gain and
electric field intensity) at the designed laser wavelength. This ensures the maximum
gain and lowest threshold. However the effective gain due to the overlap between the
material gain and electric field is sensitive to wavelength change and as the quantum
well peak gain moves away from the resonance wavelength both the material gain
and |EJ? field at the wells decline, making the effective gain strongly wavelength

dependant so restricting the tuning range.
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An approach first introduced by Holm et al*®

to reduce the sensitivity to temperature
and increase the tuning range is to design the cavity to have a node of the laser
standing wave at the semiconductor-air interface. This reduces the magnitude of the
electric field at the RPG wavelength but significantly broadens the effective gain
peak because the |E[? field at the quantum wells actually increases as the laser
wavelength shifts away from the RPG wavelength which broadens the effective gain.
This effect is analysed in Garnache et al® for resonant and anti-resonant VECSEL
cavities. Whilst an anti-resonant design will have a higher threshold than the
corresponding resonant design the broadening of the gain makes it less sensitive to
the cavity changes caused by temperature or deliberate tuning. The length of the part
of the active region containing the quantum wells also plays a role in determining the
sensitivity of the laser gain to changes in the laser wavelength, which we examine in
section 4.3.3.2 in the context of the experimental performance of the diode-pumped

red VECSEL.

2.1.6 Wavelength Shift With Temperature

Often a structure will be designed with the quantum well emission at a shorter
wavelength than the cavity resonance. As the active region heats up** both the
quantum well emission and cavity resonance shift to longer wavelengths but at

different rates'>®

as shown in Figure 2-7. To compensate for the larger shift of the
guantum well emission the quantum well design wavelength can be made shorter
than the cavity resonance so that, for the anticipated rise in temperature, the emission
and resonance peaks coincide during laser operation. Although the quantum well
emission efficiency decreases with temperature due to increased non-radiative
recombination and thermal emission of carriers from the wells, observed PL can

increase with temperature as the emission and resonance wavelengths overlap.
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Cavity resonance drops with temp mismatch increases

o

Figure 2-7: Illustration of temperature dependant shift of QW emission and sub-cavity resonance
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For high enough pump power the loss of emission efficiency due to heating can be
more significant than the additional carrier density and output power will actually
decrease. This is known as ‘thermal rollover’. The management of thermal effects in
a VECSEL to minimise the output wavelength shift for changes in pump power will

be discussed in section 3.2.

2.1.7 Distributed Bragg Reflector
Being low gain devices, VECSELSs are sensitive to the quality of the laser cavity and
require high quality laser cavity mirrors in order to minimise round trip losses and

function successfully.

Rather than use mirror-coatings applied during post-processing, a high quality mirror
(R>99.9%) known as a distributed Bragg reflector (DBR) can be grown as part of the
VECSEL structure. This consists of alternating layers of high and low refractive
index material where the constructive interference of the partial reflections at each
layer results in a high level of reflectivity for a range of wavelengths known as the
stopband. The extent of the stopband provides an upper and lower wavelength limit
to the tuning which can be achieved as the reflectivity drops sharply outside the

stopband causing high losses.

The reflectivity of the DBR depends partly on the refractive index contrast of the
materials and partly on the layer thicknesses. Each layer of the DBR has a thickness
of a quarter of the design wavelength (in the medium), so each layer interface is A/4
apart and the light changes phase by m/2. At each interface partial reflection takes
place, with reflection at the low to high refractive index interface shifting the phase
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by © but without phase shift at the high to low interface. The result of this is that the
light reflected at each interface constructively interferes and the cumulative effect is
that of a highly reflective mirror. The reflectivity is wavelength dependent and can
be tailored for reflectivity centred on the laser wavelength. This principle is

illustrated in Figure 2-8.

High n Low n High n| Low n

GaAs Al .Ga, . As GaAs Al .Ga, . As

—p

<€

Figure 2-8: Illustration of the principle of the DBR reflection with partial reflections of the incident beam
(top).

The level (and wavelength spread) of reflectivity is set by the refractive index
contrast and the number of layers used. The reflectivity of a DBR with N pairs of

alternating layers is given by

2

2N
Ry = (%) (2-23)

Mo~ Ms\ 5y,

where ng, n1, N, and ng are the respective refractive indices of the surrounding
medium, the two alternating materials, and the substrate. It is desirable to keep the
number of layers to the minimum necessary as additional layers add growth
complexity and thermal resistance. There is also a diminishing return on the number
of layers and once a sufficiently broad stopband of high reflectivity has been
established there is little benefit to adding more. A good stopband is required for the

laser to operate over a range of wavelengths. The reflectivity of an
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Al 45GagssAs/AlAs DBR for different values of N is shown in Figure 2-9, calculated
fl7

and various

using the calculation of Bragg stack reflection from Born and Wol

material parameters for AIGaAs™" (AIGa)InP*® and GalnP*"%,

(8

Reflectivity

630 640 650 660 670 680 GO0 700

Wavelength (nm)

Figure 2-9: Calculated reflectivity of an N=10, N=20, N=30 and N=40 Al 4sGa,s5As/AlAs DBR.

2.2 Fabrication

The AlGalnP VECSEL structures used for the diode-pumped VECSEL were grown
by our collaborators at the Optoelectronics Research Centre, Tampere University of
Technology, Finland. They were grown by molecular beam epitaxy (MBE) on a
GaAs substrate. In this technique, one or more solid sources of materials are
evaporated in effusion cells and fired into an ultra-high vacuum chamber to condense
onto the substrate (where they may react with each other), illustrated schematically in

Figure 2-10%°. The beams do not interact until they reach the wafer.
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Figure 2-10: Schematic of an MBE growth set-up

The slow rate of deposition, typically around 1 micron per hour, allows the structure
of the films to grow epitaxially. Precise control over the growth is maintained using
monitoring techniques such as reflection high energy electron diffraction (RHEED)

and computer controlled shutters on the effusion cells.

The structures used for characterisation in Chapter 3 were grown by metal organic
chemical vapour epitaxy (MOCVD) by the EPSRC National Centre for I11-V
Technologies at the University of Sheffield. In this technique, metal-organic
precursors containing the required elements are passed over the heated substrate
which causes them to chemically decompose, depositing the desired substance on the

surface, as shown Figure 2-11%*. Hydrogen is often used as a carrier gas.
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Figure 2-11: Schematic of the MOCVD process

It is possible to grow structures ‘top down’ or ‘top up. In ‘top down’ growth the
structure is grown in reverse order, with the epitaxial surface grown first and the
DBR is the last element grown. An etch-stop may be grown between the substrate
and active region to facilitate substrate removal. Disadvantages of this method are
that it requires post-processing to remove the substrate before the wafer is usable and
substrate removal can leave the epitaxial surface damaged if, for instance, the etchant
is not perfectly selective. The structure may also ‘relax’ after substrate removal if
under net strain. ‘Top down’ growth is useful where the DBR 1is intended to be
bonded onto a heatsink as that gives the structural rigidity to facilitate substrate
removal. This is particularly relevant for ‘thin disk” devices which remove heat

directly through the substrate. VECSEL thermal issues will be covered in Chapter 3.

In ‘top up’ growth the DBR is grown onto the substrate first, with the epitaxial-layer
of the device the last layer grown. Post-processing is not required as the substrate
serves the useful purpose of providing rigidity for the structure and, if the
heatspreader approach to thermal management is used, does not significantly
influence heat build up. All the structures used in this work were grown ‘top up’.
Some of the structures used here were heated to high temperature (800°C) for one
second in a process known as rapid thermal annealing (RTA). This encourages the
diffusion of mobile point defects within the structure which may annihilate with their
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opposite, say an interstitial atom with a vacancy in the lattice, to reduce the deep

level recombination defect density® and improve performance.

Annealing can also occur at room temperature during pumping of the device which

will be noted in Chapters 4 and 5.

2.3 Strain and Strain Compensation

Strain is a result of the difference between the natural lattice constant of a material
and that of the material on which it is grown, with the new layer forced to adopt a
different biaxial lattice spacing. A consequence of growing different materials
layered on top of one another is that there may be a mismatch between the lattice

constant of the layers resulting in strain.

In the layered semiconductor structure of a VECSEL this is set by the lattice constant
of the substrate. The elastic strain ¢ is a measure of the proportional distortion of the
lattice in the epi-plane and can be defined as € = (a; — ay)/a, where as is the
unstrained lattice constant of the substrate and ag the unstrained lattice constant of the

material layer.

A layer is said to be compressively strained if its unstrained lattice constant is larger
than that of the material on which it is grown, and tensile strained if its unstrained
lattice constant is smaller. This is illustrated in Figure 2-122!. Bi-axial compressive
strain will cause uni-axial tensile strain in the growth direction and vice versa for a
tensile strained layer, deforming the unit cell. A crystal structure can be thought of as
made up of a ‘cell’ of atoms repeated over and over again like stacked boxes. The

smallest possible cell is called the unit cell.
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Figure 2-12: Compressive and tensile strain

Small levels of elastic strain can be accommodated without inducing damage in the
strained layer, however as more of a lattice mismatch is introduced defects begin to
appear to relieve some of the strain. Eventually no more elastic strain can be
tolerated and additional strain is wholly relieved by misfit dislocations. Olsen et al®
suggest that for an elastic strain |¢[<0.01% no misfit dislocations occur (they use the
term misfit strain gns for what we have called elastic strain). Dislocations provide an
additional non-radiative recombination channel, reducing device performance and

lifetime.

It is not only the lattice mismatch of the material which needs careful consideration
but the accumulation of stress in the structure as the thickness of strained layers
increase. Beyond a certain level of cumulative strain, misfit dislocations form to
relieve the strain. The Mathews-Blakeslee critical thickness®’ can reasonably be
taken as the limit beyond which misfit dislocations must appear, although Morgensen
et al”® observe degradation in the performance of high compressively strained
AlGalnP laser for levels below the Matthews-Blakeslee critical thickness (10nm QW

1% compressive strain), as shown in Figure 2-13.

We can reasonably utilise a simple “thickness-weighted method” ? to calculate the

overall strain, where the cumulative strain is the sum of the strain-thickness product
for each layer: Y; t;&; . Although other, possibly more accurate, methods have been
proposed, for example Ekins-Daukes et al?®, for the low levels of strain in the

structures used in our experiments the difference is negligible.
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Figure 2-13 : The effect of high compressive strain on the layer quality of AlGalnP quantum well lasers

Strain can be an unavoidable consequence of the material used to achieve the desired
emission wavelength but it is common to use strained quantum wells even where
lattice matching is possible because of desirable changes in the well material band
structure. For an unstrained quantum well of GayIn.,.P, the 1% heavy hole band edge
and 1 light hole band edge are (nearly) degenerate, with subband mixing between
them. This is undesirable as the 1e-1hh transition is utilised in our surface-emitting
device to provide gain for light polarised in the plane of the quantum wells whereas
the 1e-1lh transition emission is polarised perpendicular to plane of the quantum
wells and only utilised in edge-emitting devices. Increasing the Indium proportion
introduces compressive strain into the quantum well which shifts the hh subbands to

%031 a5 shown in Figure 2-14. In

higher energies and the Ih subbands to lower energies
addition it increases the curvature of the 1hh subband at k=0 which decreases the

density of states and so decreases the threshold carrier density.

Compressive strain also reduces the size of the unit cell causing an increase in the
bandgap. Tensile strain has the opposite effect, causing an increase in unit cell

volume and a decrease in bandgap®’.
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Figure 2-14: Schematic diagram of the effect of biaxial strain on band structure

For a surface emitting structure such as VECSEL it is necessary that the quantum
well emission is polarised in the plane of the quantum wells. The 1e-1hh transition
emission has the desired polarisation but the 1e-1Ih transition emission is polarised in
the growth direction. Hence introducing compressive strain, breaking 1hh-1lh
valence band degeneracy and making the 1hh the ground state improves the TE gain
and has been utilised in the quantum wells of the (AlGa)InP red emission quantum
well VECSELSs used in this work.

2.4 11I-V Red Emission VECSEL

2.4.1 AlGalnP Introduction

All the red emission wavelength VECSELSs in this work are based on the AlGalnP
material system which can be lattice matched to GaAs [Figure 2-15%]. (Al,Ga;.
yln1P is a versatile material system as the lattice constant and bandgap can be
varied almost independently by changing the indium and aluminium fractions
respectively. This enables us to use the same material system for the pump absorbing

barriers and quantum wells, simplifying growth.
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2.4.2 Material Considerations

The quantum well material Gayln;P is a direct bandgap semiconductor for x<0.7%
and is lattice matched to GaAs at x=0.51*. By reducing the gallium proportion
below the lattice-matched value we can compressively strain the quantum wells, with

benefits to laser gain which were discussed in section 2.3.

The barrier material (AlxGaix)os11no.49P is lattice matched to GaAs and a direct
bandgap semiconductor for x<0.52% at room temperature. An aluminium content of
x=0.6 is used in all the pump absorbing barriers to maximise the difference between
the lowest quantum well and barrier energy levels and so maximise carrier
confinement. For the composition (AlgsGag 4)o511N0.49P the I' and X conduction band

minima have the same energy™3-%**

, as illustrated in Figure 2-16 for the near-
identical (AlxGa;.x)IngsP lattice-matched to GaAs®. Higher aluminium content
would increase the I bandgap but a carrier escape route would be provided by carrier
scattering into the X-band, reducing radiative carrier lifetime. (AlysGag4)xIN1-xP can
also be used as a strain compensation layer by slightly increasing or decreasing the

indium proportion from the lattice-matched value.
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Figure 2-16: Room temperature bandgap energies of unordered (Al,Ga;.,)osINgsP lattice matched to GaAs
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An AlGa;.xAs based DBR deposited on the GaAs substrate fulfils the high
reflectivity requirement of an end mirror and the active region of the VECSEL is
then grown on the DBR. For the red VECSEL structures used here the high refractive
index material is Al4sGagssAs (n=3.51)***° and the low refractive index material is
AlAs (n=3.09). A greater refractive index contrast could be achieved with a lower
aluminium proportion in the high refractive index layer (GaAs has a refractive index
of n=3.80) but it is impractical for our structures as it would absorb at the laser
design wavelength. To achieve a reflectivity of >99.9% at 670nm using
Al 45GagssAs/AIAs, N=40 pairs were used (compared to around N=24 for
GaAs/AlAs if there were no absorption).

One issue with the (AlGa)InP material system is that aluminium oxidises, resulting in
non-radiative areas, and it also expands when oxidised, so we use a thin GalnP layer

as the epi-surface of the structure to present a barrier to oxidisation.

It is desirable to use a layer of high bandgap material near the epitaxial surface as a
barrier to prevent carriers diffusing onto the epi-surface and recombining uselessly.
Unfortunately, no lattice-matched I11-V material of a high enough bandgap to be
non-absorbing is available for the pump wavelengths used in optically pumping the
red emission VECSEL. It would be possible to insert an AlAs barrier between the
GalnP barrier at the epi-surface and the (AlGa)InP pump-absorbing barrier material
as a confinement barrier to prevent carriers diffusing onto the surface of the
VECSEL, however AlAs will absorb the pump wavelength, and so generate carriers,
and there is risk of damage due to oxidisation so we have not used a confinement

window in our designs.

2.5 11-VI Visible Emission VECSEL

I1-VI VECSELSs are an exciting prospective area of research because the technology
offers the possibility of VECSELSs addressing the whole of the visible spectrum.
Non-nitrile 111-V VECSELSs can only natively reach the red part of the visible
spectrum without non-linear frequency conversion. InGaN VECSELS are capable of

35
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reaching the near-UV, Debusemann et al™ having recently demonstrated pulsed
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operation at 337nm but growth difficulties resulted in too high a threshold to allow

CW operation.

I1-VI material systems offer access to direct wide bandgaps. For example, as shown
in Figure 1-6, ZnMgCdSe lattice matched to InP can cover the wavelength range

from orange to blue and ZnMgSSe*’ lattice matched to GaAs extends into the UV.

If VECSELSs could natively cover the visible spectrum it would make them more

38.3% \where it would be

attractive for commercial use in display technologies
advantageous to be able to fabricate multiple wavelength sources on the same

substrate.

VECSEL technology is an attractive way to develop a 11-V1 laser as doping is not
required. There have been difficulties in obtaining high quality growth of p-doped I1-

VI material for electrical injection®®*

making optical pumping more desirable than
in 111-V devices. It is worth noting that these 11-VI devices were grown on I11-V
substrates. A problem in the development of 11-VI materials has been the lack of
suitable high quality I1-V1 substrates, which has led to the utilisation of the better
developed and higher quality 111-V substrates such as InP and GaAs. Growing the I1-
VI active region directly onto the I11-V substrate can cause a significant defect
density, which can be addressed by growing a buffer layer between the substrate and
active region. The growth quality of lattice matched ZnCdSe*? and ZnMgCdSe™ on
an InP substrate is substantially improved by using a 111-V buffer** such as InP*® or

InGaAs™®.

A difficulty in the development of the 11-VI VECSEL is the necessity to grow a
sufficiently high quality DBR. Whilst DBRs lattice matched to GaAs*"*® and Inp***°
, have been grown, they have not had a high enough reflectivity (>99.9%) with a
wide enough stopband to be suitable. Binary compound low refractive index layers
have proven problematical as MgS grown on ZnSe™" takes on a rocksalt structure for
layers more than a few nanometres thick. It is possible to grow ZnMgSSe as a

superlattice of binary compounds® however this somewhat complicates growth. A
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solution may be to eliminate the DBR altogether. An approach to this is to use the I1-
VI structure as a gain element within a laser cavity, either by etching a via-hole in the
substrate or removing it altogether using the epitaxial lift-off technique developed at
Heriot-Watt. The structure can also be used as a cavity end mirror with gain by
applying a highly reflectivity coating to a heatspreader and bonding it to the

structure.

2.6 Conclusion

We have discussed the elements which make up a VESCEL and the design
considerations. One of the advantages of the VECSEL format is the ability to vary
the emission wavelength and tuning range by small alterations in layer thicknesses

which gives great flexibility in design.

We have discussed the issues specific to the AlGalnP material system used for the
red VECSEL. Results for this structure will be presented in Chapters 3 to 5.

The 11-VI material systems ZnMgCdSe and ZnMgSSe were introduced as
prospective VECSEL candidates for extending direct VECSEL emission across the
whole of the visible spectrum. Characterisation results of structures based on these

will be presented in Chapter 6.
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Chapter 3

Effects of Temperature on VECSELSs

Temperature plays a significant role in the development and use of VECSELSs., from
design decisions accounting for temperature-dependant effects through the choice of
growth temperature and the choice of thermal management technique and practical
effects of changing pump wavelength. In this chapter we look at some of the areas in
which heat impacts on VECSELSs.

3.1 Mapping Different Growth Temperature VECSELSs

Previous red emission VECSEL structures were GalnP/AlGalnP on GaAs structures
grown at Sheffield at 690°C, as it is the temperature which had been used to produce
doped growths in this material system, however there was a lack of evidence to
indicate that it produced the best results or the effect on growth of using other
temperatures. These were used to produce our highest performing VECSEL
structure® (1.1W at 674nm). To investigate this, identical structures were grown by
MOCVD at Sheffield at different temperatures: T4=690°C (MR2331), T,=710°C
(MR2329+MR2335) and T4=730°C (MR2330) on 2” GaAs[100] wafers. By
characterising the wafers we hoped to gain some idea about the effect of growth
temperature on device performance and whether the usual growth temperature is the
best.

3.1.1 Structure Used for Growth Test

The structure used consisted of ten 7nm thick compressively strained Gag 46Ing 54P
quantum wells, arranged with one at each of the first ten antinodes of the laser
standing wave in the VECSEL sub-cavity to take advantage of resonant periodic gain
(RPG)B, with (AlpsGag.4)os11No.49P pump-absorbing barriers. A Gag sz2lng.4gP capping

layer prevented oxidisation of the aluminium containing layers. The DBR consisted
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of 40.5 pairs of Alg45GagssAS/AlAs designed for a reflectivity stopband centred at
670nm.

The wafers were not rotated during growth and some variability of layer thickness
(and thus behaviour) due to growth variation was expected. This variability allows
potentially high performance areas of the wafer to be “cherry-picked” for further
investigation but also reduces the consistency of performance. Hence, in order to
understand the effect of growth temperature on device characteristics the whole

wafer was mapped using normal PL and reflectivity techniques.

3.1.2 Wafer mapping

The wafer was placed epi-side up on a brass platform maintained at ~25°C by a
peltier element underneath it. The platform was translated along the x- and y-axis to
position the wafer. The platform was marked with lines along the x- and y-axis to
facilitate alignment. The major flat was lined up with the line parallel to the y-axis
and the minor flat lined up with the line parallel to the x-axis. The position of the top
corner of the major flat was used as a reference point and designated as (0,0) so all

the wafer maps would share a common co-ordinate system.

Minor
Flat

Reference
Point

Major
Flat

X-axis

Figure 3-1: Epi-side up wafer reference diagram
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3.1.2.1 Normal PL Measurement

For the whole wafer maps, a laser beam of ~100mW at 532nm was focussed onto the
wafer using an f=50mm bi-convex lens placed above the sample. The fluorescence
was collected by another lens (f=25mm) placed above the wafer and steered to
another lens to collimate before focussing into the fibre-tip of a spectrum analyser.
Measurements were taken at 5mm intervals across the surface of the wafer for a
spectral range of 570-700nm with 0.25nm resolution. The brass platform was
maintained at 23-25°C.

Individual cleaved samples were secured with silver heat conducting paint to a
peltier element which was used to vary the sample temperature. The sample was
irradiated with 500mW at 532nm focussed onto the sample by an f=250mm lens The
sample mount was moved into the beam so that the edge of the sample, which had
been attached so that one edge of the sample coincided with a vertical edge of the
TEC, only just intercepted the pump beam. The PL was collected and collimated
with a series of lenses and directed by mirrors through an f=250mm plano-convex
lens into the spectrometer. A chopper rotating at 240Hz was placed before the final
focussing lens and synched up to the lock-in amplifier to reduce background noise.

3.1.2.2 Reflectivity Measurement

For the whole wafer maps the reflectivity measurements were taken using a similar
set-up to the normal PL. The output of a tungsten lamp was focussed onto the wafer
using an f=25mm bi-convex lens placed above the sample. The reflected light was
collected by the same lens and steered to another lens to collimate before focussing
into the fibre-tip of a spectrum analyser. Measurements were taken at 5mm intervals
across the surface of the wafer for a spectral range of 570-750nm with 0.25nm
resolution. The spectral range was extended beyond that of the normal PL
measurements to fully capture the long wavelength side of the DBR reflectivity. The

brass platform was maintained at 23-25°C.
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3.1.2.3 Edge PL

The pump arrangement for measuring edge PL of individual samples was the same as
for the normal PL measurement. The PL was collected and collimated with a 10x
microscope objective and directed by mirrors through an f=250mm plano-convex
lens into the spectrometer. The microscope objective was aligned ~10-15° from the
plane of the sample to make sure the light collected was direct quantum well
emission and not PL which had been waveguided by the quantum well layer. A
chopper rotating at 240Hz was placed before the final focussing lens and synched up

to the lock-in amplifier to reduce background noise.

3.1.2.4 Individual Sample Characterisation

Two 4mm square samples were cleaved from each of the wafers grown at 690°C and
710°C for further characterisation based on the wafer maps aiming for an offset
between the PL and subcavity resonance. In laser operation the active part of the
sample will increase in temperature and the quantum well emission will increase in
wavelength faster than the sub-cavity resonance. If the sample is chosen well, the
quantum well peak gain wavelength should coincide with the sub-cavity resonance
during laser operation ensuring greater efficiency. Measurements were taken for a
range of temperatures to measure the wavelength shift with temperature of the

samples.

3.1.2.5 Results

The Normal PL measurements clearly show the effect of the non-uniform material
growth as shown on the contour map of the 690°C wafer [Figure 3-2]. On the bubble
plot maps, the position of the bubble corresponds to the position of the measurement
on the wafer, the size of the bubble the magnitude of the fluorescence, with the
intensity and peak wavelength displayed next to it. Note that MR2330 grown at
730°C was supplied as a part-wafer, a part of the wafer already having been cleaved
off and retained by Sheffield.
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An Excel VBA program was written to graph the normal PL and reflectivity for each
of the measured points on the sample. An example plot for is shown in Figure 3-3
The wafer maps indicated little difference in normal Pl between the wafers grown at
different temperatures, although they do illustrate the benefit and drawback of non-
uniform growth: there is a small range of wavelengths for which good samples can

be obtained but there are also areas of the wafer which appear undesirable.

Normal PL Peak Wavelength
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Figure 3-2: Contour map normal PL peak wavelength for the T,=690°C 10QW structure.
Samples MR2329E and MR2331D were cleaved because the normal PL response

appeared to be of the same or slightly shorter wavelength than the absorption dip in
the reflectivity spectrum. MR2329G and MR2331E were chosen because the normal
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PL response appeared somewhat shorter than the sub-cavity resonance in the DBR

stopband.

It was not possible to collect edge PL readings below 12°C due to condensation
build-up on the sample. High temperature edge PL readings were averaged over a

number of scans to reduce the noise in the data as the PL was very faint.
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Figure 3-3: Example characterisation graph

The wavelength shift with temperature of MR2329E was 0.14nm/K for edge PL and
0.10nm/K for normal PL. The wavelength shift with temperature of MR2331D was
0.19nm/K for edge PL and 0.09nm/K for normal PL.

The effect of sub-cavity resonances other than the designed one was clear in the
normal PL spectra for all samples, but particularly in MR2329G and MR2331E
because the quantum well emission was closer to the wavelength of the shorter
wavelength sub-cavity resonances. The effect of the quantum well emission moving
into and then through the desired resonance can be seen as the temperature increases.

Although the increased temperature reduces the intensity of the quantum well
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emission the normal PL intensity actually increases due to the effect of the resonance

as the quantum well emission moves into alignment. Figure 3-4 illustrates this effect

in MR2331E.
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Figure 3-4: Normal and Edge PL from MR2331E.

The wavelength shift with temperature of MR2329G was 0.17nm/K for edge PL and

0.07nm/K for normal PL. The wavelength shift with temperature of MR2331E was

0.19nm/K for edge PL and 0.09nm/K for normal PL.

The expected values for the temperature dependant emission wavelength shift for this

material system are roughly 0.3nm/K for edge PL and 0.1nm/K for normal PL. The

observed values for edge PL were ~0.14-0.19nm/K and normal PL ~0.07-0.10nm/K

for the four samples. The normal PL shift was in line with expectations but the edge

PL shift slower than expected
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3.2 Thermal Management in a VECSEL

As noted in section 2.1.6, temperature has a strong effect on VECSEL performance,
with heating affecting not only the output power through increased Auger
recombination®* and thermionic emission of carriers® but also peak gain wavelength.
Therefore, managing the active region temperature to minimise its effect is critical

for the viability of the technology and its practical deployment.

In single pump pass structures, pumped through the top surface, there are two main
areas where heat will be generated: the active region and the DBR. Pump photons are
primarily absorbed in the active region, generating carriers which lose energy to the
crystal lattice by emitting phonons, as they descend to the bottom of the valance band
of the barrier or quantum well or when they recombine non-radiatively. Pump
photons not absorbed in the active region will be absorbed in the DBR. Without
thermal management, heat will spread axially and radially, with the centre of the
pumped area having the greatest difficulty in exporting heat, causing thermal lensing
due to the increase of refractive index with increasing temperature. This is
exacerbated if the pump beam has a Gaussian profile (rather than a 'top hat' profile).
Thermal lensing strongly limits the ability to reach high output powers through
power scaling®: increasing the pumped area in step with the pump power to maintain
a constant pump intensity. Thermal management techniques generally extract heat
through the non-emitting surface of the device (‘bottom”) or emitting surface (‘top’),
as shown in Figure 3-5. These approaches aim to make the heatflow effectively one
dimensional, reducing the lateral spread of heat which would reduce the scope for

power scaling.
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Figure 3-5: Heatflow schematic for a)bare heatsink b)'thin device' approach and c) heatspreader
approach.

Thin Disk

In order to remove heat through the bottom of the structure to a cooled mount, the
thermal resistance of all layers below the active region must be overcome. An
obvious first step is to remove the substrate’ (the “thin disk’ approach) by mechanical
polishing and/or chemical etching and bond the structure to a heatsink. In this case,
many devices are grown in reverse order with the DBR being the final layer. The
thermal resistance of the DBR is only partly due to the bulk material thermal
conductivity: additional axial thermal resistance is caused by the number of
interfaces within it. The thin disk approach works best when the DBR has a small
number of layer pairs of (relatively) good thermal. The material system and pump
spot size largely dictate the effectiveness of this approach, partly due to a) the
thermal conductivity of the active region and b) the thermal resistance of the DBR.
The efficacy of this approach for large spot sizes at wavelengths around 1um is
shown by Maclean et al° modelled using finite element analysis for a range of
wavelengths, and thus material systems, and pump spot sizes. Output powers of tens
of watts, such as 30W at 980nm by Chilla et al® and 40.7W at 1040nm by Wang et
al®, have been demonstrated for InGaAs VECSELS.
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Heatspreader

Another approach, and the one we have used, is to remove heat through the top of the
structure by bonding a heatspreader to the epitaxial surface, demonstrated initially by
Alford et al'® using sapphire. Heat flows from the active region into the heatspreader
where it is dissipated into a wider and cooler area before flowing through the
structure into the heatsink. Because the DBR is effectively bypassed, its thermal
resistance is much less significant meaning this approach is applicable for a much
larger wavelength range than ‘thin disk’. This approach is effective for the AlGalnP
VECSELS operating in the red because, as noted in section 2.4.2, 40 pairs of

Al 45GagssAs/AlAS are required which has a higher bulk thermal conductivity than a
GaAs/AlAs DBR (k=~11 Wm™K™ for Aly45GagssAs, ~90 Wm™K™ for AlAs, ~45
Wm™K™ for GaAs) and requires almost twice as many layers which further
decreases the axial thermal conductivity.

Sapphire was used as the heatspreader crystal in early demonstrations k=~44 Wm'K

L and later silicon carbide'**? and diamond*?*® were introduced which have order of
magnitude better thermal conductivities (k=~490 Wm K™ and «=~1600 Wm™K™

respectively).

Liquid Capillary Bonding

To be effective the interface between the heatspreader and device must not provide a
thermal barrier. The solution we have used, which requires only simple post
processing and material, is liquid capillary bonding. This technique, analysed by
Liau®®, utilises the surface tension of a liquid sandwiched between the heatspreader
and semiconductor wafer to pull the two layers into sufficiently close contact as it
evaporates that they are then held together by Van der Waals' force. The bond
strength is reliant on the closeness of the two surfaces so it is very important that the
surfaces be clean, smooth and flat. No mechanical pressure is required and common
liquids such as methanol or distilled water may be used which makes this a very

simple and useful method.
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3.3 Characterisation of Thermal Effects
Here we characterise structures to determine how closely important qualities such as

reflectivity, resonances and peak gain wavelength match the design and how these

vary with device temperature.

3.3.1 Characterisation

It is important to know how the wafer properties match up to the design; actual wafer
characteristics can be quite different from the “ideal” designed ones. The
characteristics of the wafer can vary considerably across the wafer due to layer
thickness variation, the extent depending on the growth technique and whether or not
the wafer was rotated during growth. Of the samples used in this work, those grown
by MOCVD were not rotated during growth, which can be clearly seen in the wafer

maps, but the MBE samples were rotated during growth.

Although a lack of uniformity can reduce the amount of wafer with desirable
characteristics, it also makes it possible to “cherry pick™ parts of the wafer based on
experimental observations from characterisation. We have measured the
characteristics of the wafers using a combination of reflectivity, normal and edge

photoluminescence techniques.

3.3.2 Reflectivity

As the DBR forms an end mirror of the laser cavity its quality and high reflectivity
wavelength range strongly affect device performance. Fortunately characterisation of
the reflectivity of grown VECSEL structures can be carried out relatively simply

using an experimental set-up illustrated in Figure 3-6.
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Figure 3-6: Schematic of our DBR reflectivty measurement experimental set-up

The emission from the light source will not be uniform across the wavelength range
and the intensity across the range must be measured in order to provide a context for
the DBR reflectivity measurement. In this experimental set-up the emission profile of
the broad spectrum light source, for instance a tungsten lamp, is measured by
focussing the light onto a silver mirror, which has a broad reflectivity at visible
wavelengths. The reflected spectrum is measured and used as a reference. An
example of this is shown in Figure 3-7(a) and illustrates why a spectrum of the light

source is needed.

The mirror is then replaced with the VECSEL and the measurement repeated, an

example of which is given in Figure 3-7(b).
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Figure 3-7: Example of spectra of a) a tungsten lamp and b) a VESCEL structure.

Dividing the intensity of the VECSEL reflectivity by the silver mirror reflectivity at
each wavelength measured gives a good picture of the DBR reflectivity. If the
focussed light spot on the VECSEL is not roughly the same size the magnitude of the
relative reflectivity may be distorted, as illustrated by Figure 3-8 which shows the

reflectivity of the same structure used above.
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Figure 3-8: Example VECSEL reflectivity

Additionally, in some reflectivity spectra, a dip in reflectivity in the stopband may be
observed due to increased absorption of light caused by a subcavity resonance. This
can be used in conjunction with photoluminescence measurements to determine the
offset between the quantum well emission and cavity resonance and provide an

indication of likely lasing wavelength (see section 2.1.6).

3.3.3 Photoluminescence

3.3.3.1 Edge PL

Edge photoluminescence is a useful technique for determining the emission
wavelength of the quantum wells by measuring the light emitted directly from the
wells without the interference of intervening dielectric layers. Pumping the VECSEL
structure at its edge ensures some direct quantum well emission can be captured,

using a set-up such as Figure 3-9.
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Figure 3-9: Schematic of an Edge PL experiment set-up

The sample is optically pumped at a wavelength short enough to be absorbed in the
barrier. Although a longer wavelength for in-well pumping could be used, the
quantum wells are very thin and much less pump light would be absorbed resulting
in less emission. The pump intensity should be sufficient to produce detectable
emission but not so much as to substantially change the quantum well temperature.

The PL gathering optics must be placed at an angle to the plane of the quantum wells
to avoid collecting light waveguided by the quantum well material which has a

higher refractive index than the surrounding barrier layers.

This technique can be used to determine the shift in quantum well emission
wavelength with temperature by varying the sample mount temperature, taking a
spectrum at each temperature point, and plotting the change of emission peak
wavelength against temperature. Typically for an AlGalnP VECSEL a combination
of mechanical expansion and reduction of the bandgap with increasing temperature
causes the quantum well emission to shift to longer wavelength'’ at ~0.3nm/K, and
mechanical expansion causes the cavity resonance to shift to longer wavelengths at
~0.1nm/K. Clearly reducing the build up of heat will decrease the sensitivity of the
emission wavelength, and thermal management techniques will be discussed in

section 3.2. A typical set of Edge PL measurements is shown in Figure 3-10.
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Figure 3-10: Typical edge PL measurements for a 20QW GalnP/AlGalnP VECSEL for a range of mount
temperatures. Inset: Wavelength shift of edge PL peak with sample temperature.

In addition to showing the quantum well emission wavelength, the polarisation of the
edge emission gives information about the relative gain of TE and TM polarised light

and the energy separation of the light and heavy hole levels.

In order for a surface emitting structure, such as a VECSEL, to function there needs
to be sufficient gain for photons polarised in the plane of the quantum well. So, the
quantum well edge emission should ideally be TE polarised (see Figure 3-11). The
ground state is deduced from the polarisation of the longest wavelength emission,
and the difference in wavelength between the TE and TM polarisations gives the
energy separation of the 1hh and 11h energy levels. The ratio of the intensity of the

two polarisations shows the relative transition probabilities.
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Figure 3-11: Side-on view of edge emission polarisation from a VECSEL

Measuring the intensity and wavelength of the two polarisations can provide valuable
information in understanding device performance. For instance, we compare the
relative intensity of TE and TM edge PL of 11-VI samples in section 6.2.2.1 to
determine if the grown quantum wells are unstrained as had been specified in the

design.

3.3.3.2 Normal PL

We have seen with Edge PL that we can learn the emission wavelength of the
quantum wells without the interference of the surrounding layers. However in laser
operation light will pass through the layered structure and the spectrum will be
altered by the subcavity resonances, strongly influencing the laser behaviour. We can
gain data about this effect and the subcavity resonances through normal PL

measurements.
As Figure 3-12 shows normal PL measurements can be taken using a very similar

experimental set-up to edge PL, the biggest difference being that photoluminescence

collected is emitted (and collected) normal to the surface.
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Figure 3-12: Schematic of an Normal PL experiment set-up

As with the edge PL measurements, the structure is optically pumped at a
wavelength short enough to be absorbed in the barriers rather than the wells.
However, unlike edge PL, there is no restriction on where on the sample

measurements can be taken. It is therefore possible to map a wafer without cleaving.

A typical set of normal PL measurements, for the same sample used for the previous
edge PL measurements, is shown in Figure 3-13. This shows the effect of resonances
on surface normal emission, the main emission peak is narrower and shifts to longer
wavelengths at ~0.1nm/K, in line with the expected cavity resonance shift. Several
smaller emission peaks are visible at shorter wavelengths due to off-stopband
reflectivity peaks. Unlike in the edge PL measurements, there is a substantial drop in
relative emission intensity only when the sample mount temperature is increased
beyond 24.9°C, indicating that the cavity resonance at 15.1°C was at a slightly longer

wavelength than the quantum well emission peak.
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Figure 3-13: Typical normal PL measurements for a 20QW GalnP/AlGalnP VECSEL for a range of
mount temperatures. Inset: Wavelength shift of normal PL peak with sample temperature.

3.4 The Thermal Effects of Pump Wavelength

In the earlier section on characterisation we saw the effect of temperature on
photoluminescence wavelength and overlap with the subcavity resonances. Heat
build up in the active region is not only determined by the pump intensity and mount
temperature but also by the pump wavelength. Here we examine data from pumping
a VECSEL at different wavelengths while keeping the rest of the experimental set-up
unchanged and then use a finite element analysis (FEA) model to try to understand

the results.

3.4.1 Experiment

The structure used consisted of twenty 7nm thick compressively strained
Gap.461no.54P quantum wells, arranged in pairs at the antinodes of the laser standing
wave in the VECSEL sub-cavity to take advantage of resonant periodic gain (RPG)?,

with (AlpsGag.4)o.s11N0.49P pump-absorbing barriers, as shown in Table 3-1. A
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Gap s21n0.48P capping layer prevented oxidisation of the aluminium containing layers.
The DBR consisted of 40.5 pairs of Al 45GagssAs/AlAs designed for a reflectivity
stopband centred at 670nm. The active region was 1.161um in length which ensured

no more than 5% of 532nm pump light would reach the DBR.

Gap 5210 48P 10 nm Cap
(Al 60Ga0.40)0511M0.40P 60 nm Barrier
(Al 60Gap 40)0.511M0.49P 81 nm Barrier
Gag golNg.4oP 6 nm  Quantum Well
(Alg 50Ga0.40)0511M0.40P 7nm Barrier } Xlo
GageolNo 40P 6 nm Quantum Well
(Al 60Gap 40)0.511M0.49P 91 nm Barrier
AlAs 54 nm DBR
Alg.45Gag 55As 47 nm DBR } X4O
AlAs 54 nm DBR
GaAs (10° towards 1[111]) 500 nm Substrate

Table 3-1: 20QW structure used in pump wavelength experiment

A 500um thick diamond heatspreader was bonded by liquid capillary action to the
epitaxial surface of the VECSEL.

The VECSEL was placed as an end mirror of a v-cavity, with a plane mirror output
coupler and a curved folding mirror. The pump beam was focussed onto the sample
using a f=200mm lens giving a 30.4um radius pump spot. The laser cavity was

designed to match the laser mode size to the pump spot at the VECSEL.

In order to quantify the variation of temperature with pump wavelength, we used an
argon-ion laser to optically pump a VECSEL structure at five different wavelengths
(shown in Table 3-2) and over a range of powers to measure the change in output

wavelength per unit pump power, from which we determined the temperature rise in

the device, and slope efficiency.
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Pump Wavelength (A,) /nm | Maximum Pump Power /W
514 13

501 1.75

496 5

476 5

457 2.38

Table 3-2: Wavelengths used and maximum available pump powers

All pump wavelengths used were shorter than the absorption edge of the pump-
absorbing barriers. Whilst in-well pumping would reduce the thermal effects'®, due
to the decreased quantum defect, multi-pass pumping would be required which

would make the pump set-up more complicated.

Power transfer curves [Figure 3-14] were taken for each of the five pump
wavelengths with different output coupling (highly reflecting (HR) end mirror, 1%
and 2%). The increase in slope efficiency with increasing pump wavelength is not
surprising if we consider that the each pump photon produces only one carrier pair,
and thus at most one photon at the laser wavelength. As the laser wavelength is
largely constant this means that as the pump wavelength becomes shorter more of the
pump energy is wasted producing energetic carriers (which lose the excess energy to

the lattice) and so is less efficient.

As expected, initially the slope efficiency increases as the output coupling increases.
However there is an optimum level of output coupling (between 2% and 3%) after
which the slope efficiency declines. Data are not available for 2% and 3% output

coupling at 457nm as threshold was not reached.
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Figure 3-14: Slope efficiency variation with pump wavelength for different levels of output coupling a)1%
b)2% and ¢)3%

Measurements were made of the output wavelength around threshold and at
maximum power (the highest power at which the VECSEL would function or the
maximum pump power) for different wavelengths to determine the extent of the

wavelength change (and thus temperature change in the active region) of the
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VECSEL output [Figure 3-15]. Whilst there is some variability in the data, there is a
noticeable trend for the wavelength shift per unit pump power to increase as the
pump wavelength increases, implying the device temperature increases as the pump

wavelength increases in spite of the reduction in quantum defect.

Maclean et al® found that a higher level of output coupling than optimum was shown
to decrease slope efficiency and hence cause additional heating. However given the
variation in our data we are hesitant to draw any conclusions about the relationship

between the level of output coupling used and device temperature.

We have determined experimentally that the VECSEL active region temperature
actually increases with increasing wavelength. This is counter-intuitive as it would
be expected that the reduced quantum defect which reduces the heat deposition in the
structure would lead to a decrease in device temperature and is discussed in the next

sections.
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3.4.2 Modelling the Effect of Pump Wavelength on Emission
Wavelength

To explore the relationship between pump wavelength and active region temperature,
a 10 quantum well GalnP/AlGalnP red emission VECSEL was pumped at a variety
of wavelengths.

Decreasing the pump wavelength increases the quantum defect, which is a measure
of the proportion of pump photon energy 'lost' when producing a laser photon, and is
defined as

/1 um,
Qaefect = 1R (3-1)

Alaser

where Mjaser is the VECSEL emission wavelength and Apump the pump wavelength.
An increase in quantum defect means more energy is lost to the crystal lattice as
heat.

In the AlGalnP material system, decreasing the pump wavelength increases the

absorption coefficient, calculated from Schubert et al*®

, thus decreasing the
absorption length (the distance in which pump intensity falls to 1/e? of its initial
strength). Absorption curves in the 20QW structure (used in the earlier experiment)
for a range of wavelengths are shown in the Figure 3-16. In addition, a shorter pump
wavelength increases the amount of pump energy wasted as heat due to the quantum
defect. The combination of these effects results in more heat being deposited, in a
smaller volume, as the pump wavelength is decreased. Intuitively one would expect
this to cause greater heat build up in the device and so the emission wavelength to

increase as outlined in section 2.1.6.
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3.4.3 Finite Element Analysis

Heat in semiconductor structures is a complex problem with no analytical solution
except in very simple cases® and needs to be addressed using numerical methods.
Finite Element Analysis (FEA) breaks structures down into a network of linked
points or nodes which form triangular elements (called a mesh) and are assigned
material properties such as thermal conductivity. The application of Fourier's
equation to the nodes and surrounding elements yields a set of coupled equations
which can be solved by computer. The mesh density can be increased in critical areas
to improve accuracy and decreased in non-critical areas to decrease processor time.
The calculations were carried out using a standard desktop PC and Comsol
Multiphysics using a model developed by Dr Alan Kemp of the Institute of

Photonics, University of Strathclyde which | adapted for our particular geometry.

The basis of the model is Fourier's Equation which describes the rate of heat flow:

—V- (kVT) = Q (3-2)

where K is the thermal conductivity, T the temperature and Q the heat loading

density.

Heat is generated when pump photons are absorbed and the generated carriers lose
energy to the lattice. Non-radiative transitions also contribute heat energy. Heat is
generated throughout the region where the pump is absorbed and is strongest towards

the top of the structure where the pump light enters.
A fine mesh is used in the immediate region of the pumped area and in the thin cap
and gain region layers where the heat loading and temperature gradient are greatest

and a coarser mesh in other regions.

It is assumed the pump beam is circularly symmetric and perfectly Gaussian. The

pump spot is small compared to the dimensions of the sample and is assumed to be
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pumped near the centre. This leads to the simplifying assumption of radial symmetry

which makes the model two-dimensional, greatly reducing computation.

Calculation is further reduced by treating the comparatively large gain region and
DBR as single homogeneous layers. In the case of the gain region, the quantum wells
are thin compared to the bulk pump-absorbing layers and are of very similar thermal
conductivity. The radial (k) and axial (k;) thermal conductivities for these composite

layers are calculated as follows?®.

2iti
k, ==+ 3-3
=5 33)
_ 2ikiti _
kz = it (3-4)

where k; is the thermal conductivity and t; the thickness of layer i.

The pump absorption coefficient o is calculated in a similar manner?".

o =2 (3-5)

However, for the DBR, the axial thermal conductivity is lower due to phonon
reflection at the many DBR interfaces between AlgsGagssAs and AlAs?.

The geometry of the model is shown in Figure 3-17. A thin layer (~ 100 um) of
indium is used to improve thermal contact between the substrate and brass mount.
The thermal conductivity of the chip to mount interface has little effect on
temperature? provided it is above ~0.1Wmm™?K™. A 100um thick layer of indium
has a thermal conductivity of ~0.8 Wmm™K™. There is little heatflow between the

heatspreader and mount and this interface is not critical.
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Figure 3-17: Geometry of the FEA VECSEL model. The blue line is the constant temperature boundary
and the red line is the line of radial symmetry.

The solutions of the set of equations are constrained by the chosen boundary
conditions. A constant temperature boundary condition is imposed in the
Indium/Copper mount interface.

1 to explore the comparative effectiveness of the

This model was used by Kemp et a
'thin disk’ and heatspreader approaches and the relative importance of the interfaces

between the semiconductor structure and external materials.

To investigate the experimental findings we used the FEA model, specifying a pump
power of 1W, pump spot radius of 30.4um and a Gaussian beam profile. As the
model was used to show the temperature change rather than absolute temperature the

results are for 1W of pump energy absorbed above threshold.

3.4.3.1 Modelling

Three measures of temperature are plotted against experimental results: the
maximum temperature (AT) in the gain region and two radially averaged
temperatures: the radial average (AT;) is weighted to account for the Gaussian

distribution of the pump, the radial and axial average (AT; ) is additionally weighted
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to take into account the pump absorption. The radial average is expected to reflect
the changes in the subcavity resonance while the radial and axial average may better

reflect the change in quantum well gain®".

Heat loading is the fraction of the pump energy absorbed in a volume element which
becomes heat. It is assumed that any pump energy absorbed in the DBR becomes
heat.

Quantum Defect Heating

One assumption that can be made for the heat load in the gain region is that of
qguantum defect heating. It assumes that every pump photon absorbed in the structure
produces one emission photon and the difference in energies becomes heat. The heat
loading in the gain region is

ne=1- }&pump/xemission (3-6)

This can be regarded as a lower bound to the device heat loading as it underestimates
the heat loading, ignoring non-radiative recombination and output coupling is not
taken into account. We modelled the temperature increase in a twenty quantum well
red VECSEL, comparing the model results with experimental data for the case of a
high reflectivity end mirror/output coupler. It is clear from in Figure 3-18 that
quantum defect heating fails to show a significant increase in temperature per unit
pump power with increasing pump wavelength until pump light starts to penetrate

into the DBR, unlike the experimental results.
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Figure 3-18: Temperature change per unit pump power for various pump wavelengths (quantum defect
heating).

Est DT is the inferred actual temperature rise, Max T the modelled temperature at the hottest point, DTr
the modelled weighted average radial temperature and Dtr,z the modelled weighted average axial&radial
temperature.

Slope Efficiency Heating

Alternatively, one can assume that any energy not extracted from the system by
output coupling becomes heat. As the slope efficiency is the proportion of pump
energy (above threshold) which is extracted as output, this sets the gain region heat

loading as
ne=1- Slope Efficiency (3-7)

and so its value is derived from experiment. Slope efficiency figures for wavelengths
not measured have been interpolated/extrapolated from experimental figures. Slope
efficiency heating can be regarded as an upper bound to the heat loading, it
overestimates the heat loading as it ignores laser cavity losses and fluorescence
which do not contribute to heating. We modelled the increase in temperature in a
twenty quantum well red VECSEL for the cases of a highly reflecting, 1% and 2%
output coupler and compared the predictions to experimental results. It can be seen

from Figure 3-19 that slope efficiency heating better reflects experimental
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observations than quantum defect heating, however only the maximum temperature

in the device (AT) shows a significant increase in temperature per unit pump power.
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Figure 3-19: Model results for slope efficiency heating for a)HR b) 1%0C and ¢)2%0C
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3.4.3.2 Conclusions

Experimental results show an increase in emission wavelength, and thus temperature,
at wavelengths below that at which significant pump light penetrates into the DBR. It
appears from the model and experimental results that the additional heat generation
at shorter pump wavelengths is counteracted by the reduced thermal resistance due to
it being generated closer to the diamond heatspreader and thus experiencing less
thermal resistance. This causes the counterintuitive situation of a longer pump
wavelength, and thus lower quantum defect, resulting in higher active region
temperatures. This is illustrated by Figure 3-20 showing the modelled temperature
rise in a twenty quantum well structure with a liquid-capillary bonded®*® 500um

diamond heatspreader for pump wavelengths of 445nm and 532nm.
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Figure 3-20 COMSOL Multiphysics simulations of a red VECSEL structure pumped at (a) 445nm and (b)
532nm
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Two assumptions were tested regarding heat loading in the structure: quantum defect
heating which only demonstrated active region temperature rises after pump light
penetrated into the DBR and underestimated the heat loading; and slope efficiency
heating which showed a temperature increase as the pump wavelength increased but
overestimated the heat loading at short pump wavelengths. Although there is some
qualitative agreement between the model and experiment there is quantitative
disagreement. There are a few possible reasons for this:

e the absorption coefficient at the different pump wavelengths is based on
models and not actual experimental data. Small changes in absorption change
how deep into the structure pump light penetrates and thus how much thermal
resistance it encounters.

¢ the heat loading assumptions were deliberately simple and do not present an
accurate picture of how and where heat is generated within the VECSEL.

¢ Heatflow within a complex layered semiconductor structure is not well
understood and the assumptions made in the model regarding heatflow may
not be valid.

The benefit of using a heatspreader when using shorter pump wavelength will be
seen in Chapter 4 where 445nm GaN laser diodes are used to pump a
GalnP/AlGalnP VECSEL.

3.5 Thermal Management by Peltier Element Only

Typically significant thermal management is employed when using a VECSEL in
order to reduce the heat-loading in the device and thus the temperature dependant
effect on wavelength and efficiency, for example previous red VECSEL results were
all achieved using a diamond heatspreader. However the low output power required
by applications such as gas-sensing may avoid the need for the usual thermal
management techniques, allowing the VECSEL to be cooled by peltier element with

no thinning or post-processing (other than cleaving the sample).
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3.5.1 Structure

The structure used was the ten quantum well design grown at 690°C examined in
section 3.1 and a 4mm square sample was cleaved from wafer MR2331 on the basis
of the wafer mapping. The normal PL and reflectivity for this sample is shown in
Figure 3-21. It was expected that, due to the lack of thermal management, the device
would only operate at very low power and the sample was chosen to have its
quantum well emission peak, inferred from the reflectivity and normal PL data, close

to the sub-cavity resonance to minimise the threshold.
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Figure 3-21: Reflectivity (black) and Normal PL (blue) for sample MR2331K

3.5.2 Experiment
The sample was attached, using silver heat conducting paste, to a peltier element
which was in turn attached in the same way to a water-cooled brass mount. The

peltier element was maintained at ~10°. In order to minimise the angle of the cavity
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mode on the folding mirror, the sample and peltier element were attached as close to
the edge of the brass mount as possible. The sample was placed as the end mirror of
a three mirror cavity with a curved folding mirror and highly reflecting plane end
mirror. A 532nm single transverse mode pump source was used. The experimental

set-up is shown in Figure 3-22.

Water cooled Plane output
Pump focussing  brass mount coupler

- lens C

532nm Nd:YVO
Pump Laser

Curved folding mirror

Figure 3-22: Schematic of experimental set-up

The lack of thermal management would severely limit power scaling so the initial
demonstration was designed for the smallest pump spot, and hence lowest threshold,

we could reasonably attain with a mode-matched cavity.

3.5.3 Results

To achieve the small pump spot an f=8mm lens was used to focus the pump beam
onto the sample. In order to accommodate all the equipment a pumping angle of ~59°
was necessary which increased reflection losses compared to the more usual pump
angle of ~20°. The short cavity arm was 12.5mm and the long arm 315mm. The
concave folding mirror had a radius of curvature of r=-25mm. The arm lengths were
adjusted to give best single transverse mode performance, with a mode size on the
sample surface of 7-8um radius calculated using WinLase ™. Laser action was
observed at ~8.7mW absorbed pump power with a threshold of ~6.5mW. A
maximum of 214uW was obtained through the HR end mirror with a slope efficiency
of 2%
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Although a smaller mode radius should be possible the cavity became increasingly
sensitive to small changes as the mode size decreased which made a further reduction
in mode size impractical. This was the first time the red emission VECSEL had been

observed to lase without a heatspreader or substrate thinning.

Power transfer curves are shown in Figure 3-23 for the lowest threshold points on the
sample. Several power transfer curves were taken because of the variability of

performance across the sample.
250
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Output Power (WW)
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8 10 12 14 16 18 20 22 24 26 28
Absorbed Pump Power (mW)

Figure 3-23: Four power transfer curves for 7-8um radius mode size heatspreaderless VECSEL taken
under the same experimental conditions.

The experimental set-up was varied to see if, and how much, the system could be
power scaled. Cavities with mode sizes (on VECSEL surface) of 12pum, 17um and
20um radius were created by adjusting cavity arm lengths and the pump spot size
changed by varying the pump focussing lens (f=88.3mm, f=125mm and f=150mm
respectively) and distance from pump focussing lens to sample with the mode size
and pump spot matched to give the best single transverse mode performance. Power
transfer curves were taken with an HR end mirror. Power transfer curves for mode
sizes are shown in Figure 3-24. Note the significantly greater power of the
multimode output for the 12um radius pump spot. In all cases the VECSEL
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performed better multimode, the larger and less concentrated mode ensuring less

concentrated heating. Also, the smaller the mode size the smaller the range of pump

powers over which the laser would operate.
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Figure 3-24: Power Transfer Curves for various mode sizes

We can compare the output through the high reflector end mirror against the

absorbed average pump intensity for different pump spot sizes. Figure 3-25 suggests

that the rollover point occurs for similar absorbed average pump intensity for the

range of mode sizes tested. The 12um radius multi mode output has a higher pump

intensity rollover point. The 12um radius output which was believed to be single

mode shares this rollover intensity and has a higher output power than the other

single mode cavities which suggests that it was wrongly identified as single mode.
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Figure 3-25: Power Transfer v Pump Intensity for various mode sizes

We swapped the HR end mirror for a plane 1% output coupler in the 20pm mode
radius set-up but were unable to achieve laser action.

3.5.4 Thermal Model

The thermal effects for the optimal absorbed pump power of 18mW for a 7um radius
Gaussian pump spot were modelled using the FEA model of section 3.4.2. A

maximum temperature rise of 4.7K was calculated, as shown in Figure 3-26
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Figure 3-26: FEA model of 670nm VECSEL pumped at 532nm with a 7um pump radius
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3.5.5 Discussion

We demonstrated for the first time laser action in a red VECSEL without
heatspreader or 'thin disk' thermal management methods. We were motivated to
examine the performance of a VECSEL without a heatspreader by a previous attempt
to demonstrate a fibre-coupled AlGalnP 670nm VECSEL using a 4um diameter
single mode fibre with a 532nm pump. The plane fibre-tip was HR coated for the
670nm and formed one end mirror of a plane-plane cavity with length of the order of
microns and the VECSEL as the other end mirror (with gain). Despite seeing good

etalon effects we were unable to induce laser action.

For the range of single transverse mode sizes the thermal rollover point occurred for
similar pump power intensities, the smaller modes giving greater output power but
also smaller operational pump power ranges. The results suggest that a 4-5um
diameter mode (allowing for beam expansion after exiting the fibre) would have a

very small pump power operating range. For a stable laser mode to exist in the plane-
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plane cavity a thermal lens of suitable focal length would need to be produced in the
VECSEL. Given the small operating range of a VECSEL without a heatspreader it
seems likely that the pump power range needed to also produce the correct thermal

lens was too small and we were not able to match it.

3.6 Conclusion

We have looked at the characterisation of AlGalnP/GalnP red VECSEL structures,
utilising photoluminescence and reflectivity measurements to map the growth
variation of the 2" wafers grown at different temperatures, showing little difference
between the wafers. We then characterised four samples in greater detail. The shift in
normal- and edge-emission photoluminescence wavelength with temperature was

measured, being broadly in line with expectations.

We discussed two different approaches to thermal management of VECSELS. The
thermal effect of pumping a red VECSEL structure with a diamond heatspreader at
different wavelengths was examined, with both the experimental results and
modelling suggesting that reducing the pump photon energy increased active region

temperature.

Finally, a red VECSEL structure, cooled only by a peltier element, was pumped at
different pump spot sizes and powers. Laser output without significant thermal
management, with output powers of up to a few hundred microwatts, was
demonstrated. This was the first time one of our red VECSELSs had been used

without a heatspreader, showing suitability for low power applications.
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Chapter 4

Diode-Pumped AlGalnP VECSELSs

In this chapter we design a GalnP/AlGalnP red-emitting VECSEL for short
wavelength optical pumping by GaN laser diodes, examining the factors impacted by
the change of pump wavelength and the motivation for each modification. We
demonstrate the first visible wavelength diode pumped VECSEL, producing 12mw*
with excellent beam quality. Further iteration of the design improves performance to

a pump power limited 17mW?2.

4.1 Design Considerations

The red-emission VECSELS used in previous work by Hastie et al**

were designed
to be pumped at 532nm. Changing pump source to GaN laser diodes required
redesign of the active region to take into account the effect of using the shorter pump
wavelengths. The DBR design was preserved as the emission wavelength was

unchanged.

4.1.1 Absorption Length

Laser diodes of sufficient power were available to us initially at 405nm and later
445nm. These, more energetic, pump wavelengths are absorbed more strongly® by
(AlGa)InP than the 532nm wavelength used to pump earlier structures. The
absorption curve of the barrier material (Alp.sGap.4)o.511N0.49P Was modelled according

to Schubert et al® (shown in Figure 4-1).
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Figure 4-1: Modelled (AlgsGag.4)511Ng.49P absorption curve

In order to provide gain, quantum wells require sufficient carrier generation in their
vicinity to achieve a carrier density above transparency. The active region was
designed to ensure that quantum wells were placed only where a reasonable level of

pump intensity remained; we used a guideline of 5% remaining pump energy.

The absorption length (the distance in which the pump intensity drops to 1/e of its
initial value) of 405nm and 445nm is significantly shorter in the (Al sGao.4)o.511N0.49P
barriers than at 532nm. For the purposes of calculating the absorption length of the
active region, the quantum wells have been neglected as they are thin compared to

the (AlysGag.4)o511N0.49P pump absorbing layers.

According to Beer’s Law, the proportion of pump intensity remaining after the pump
light has passed a distance x (nm) through a material with an absorption constant o
(nm™) is

T=e* (4-1)

Therefore the absorption length Ly is the value of x for which T=1/e i.e.

Laps = 1/a (4-2)
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The absorption constants were calculated from Schubert® et al and the absorption

constants and length for the relevant wavelengths are presented in Table 4-1.

Pump Wavelength (nm) | Absorption Constant o (nm™) | Absorption Length L (nm)

532 2.416x10° 413.9
445 8.161x10° 122.5
405 14.721x10° 67.9

Table 4-1: Absorption data for (AlgsGag.)s11N0.49P

Absorption of 405, 445 and 532nm light in a 670nm emission structure designed for
pumping at 532nm was modelled®*® the results of which are presented in Figure 4-2.
This showed that it would not be possible to use existing structures as the pump light

would be depleted too quickly.
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Figure 4-2: Mathcad plot of pump absorption (at 405nm, 445 and 532nm) in active region of 10 quantum
well red VECSEL designed for pumping at 532nm

To avoid laser wavelength absorption from under-pumped quantum wells it was
decided to position quantum wells at the first two anti-nodes of the cavity standing
wave only. The next design parameter to be considered is how many quantum wells

should be placed at each anti-node.
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4.1.2 Quantum Wells vs Threshold

Kuznetsov et al® developed a simple model of an InGaAs/AlGaAs VECSEL,
elements of which were highlighted in section 2.1.6, which allowed important design
issues to be examined such as the effect of varying the number of quantum wells on

threshold and output power.

The threshold carrier density N, has a dependence on the number of quantum wells

N, of the form:
Ngp, o< a/Nw (4-3)

So the threshold carrier density is high for few quantum wells but decreases sharply

for greater numbers of wells. The threshold pump power

Py, < Nep Ny (A + BNy, + CNgi %) (4-4)

(A, B and C are the non-radiative, radiative and Auger recombination coefficients)
and consequently for few wells the pump power threshold is very high but as N,

becomes smaller and changes less with N, the N,, term dominates.

A Mathcad program based on Kuznetzov et al® was used to explore the model for our
GalnP/AlGalnP VECSELSs, which illustrates the effect of the number of quantum
wells on output power for a fixed level of output coupling and pump power (Figure
4-3).
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Figure 4-3: Mathcad plot of the output power v number of quantum wells for ~600mW pump power
(445nm)

Based on this modelling, for ~600mW of absorbed pump power, >5 quantum wells
are required for efficient operation, and therefore multiple quantum wells at each
anti-node. Although the magnitude of the laser standing wave at quantum wells not
centred at the anti-nodes is reduced, it was preferable to accept this small drawback
rather than risk having too few quantum wells in the structure and we decided to
employ 7 quantum wells, 4 at the first anti-node and 3 at the second. In order to
maximise the intensity of the standing wave at the quantum wells the barriers
between them were designed to be as thin as possible without coupling between the
wells significantly reducing the energy levels.

A Mathcad program based on the work of Yuh'®, Kolbas' and Chuang-? was used
to determine the emission wavelength of a pair of 7nm Gag 4sIng 55P quantum wells in
(AloGag.4)os11no.49P barrier material with the barrier between the wells of variable
thickness (Figure 4-4). It was assumed that if two quantum wells separated by a
barrier of a given thickness were not significantly coupled then neither would three

or more quantum wells separated by the same thickness barriers.
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Figure 4-4: Well and barrier set-up in model

The model suggested that a barrier width of 6nm would be just sufficient to avoid
affecting the emission wavelength of each well (Figure 4-5). However it was decided
to use a barrier thickness of 7nm for structure design to allow a safety margin for

thickness variation in growth.
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Figure 4-5: Graph of quantum well radiative transition energy vs barrier thickness

96



Chapter 4 - Diode-Pumped AlGalnP VECSELSs
4.2 Pumping at 405nm
Four engineering sample Nichia laser diodes were used for optical pumping with a

combined output power of 1.57W and peak wavelength of ~406nm at low power and

~408nm at full power.

Beam profiles were taken of two of the (fast-axis collimated) laser diode beams at a
number of positions along the direction of beam propagation. The profiles were taken
with a BeamMaster model BM-7 which uses seven individual knife-edges on a
rotating drum to scan the beam through seven different axes in a single rotation. The
beam widths in the tangential and sagittal planes were taken from the saved beam

profiles.

The beam propagation ratio, or M? value, is a commonly used measure of the quality
of a laser beam. An ideal Gaussian beam is diffraction-limited and has an M? of 1.
Equation 4-8 describes the evolution of the beam radius as the beam propagates in

the z-direction:

w = jvvoz +<<M2>2 (=) (z—z@) (4-5)

where w is the beam radius (the radius at which the beam profile intensity drops to
1/e?), z the position along the direction of beam propagation, wq is the beam waist
(the smallest beam radius), z, the position of the beam waist and A is the wavelength.
The M? value of the experimentally measured beam is calculated by fitting a curve of
the above equation to the data points with M?, wyg and z, as fitting parameters for the

least squares fit.

If the beam is circularly symmetric it can be described using one value of M?,
however beams from laser diodes are notably asymmetric and require separate M?

value for the fast and slow axis.
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Beam width measurements were made of two of the (fast-axis collimated) laser diode
beams using a BeamMaster™ and the M? calculated as 1.86 x 8.24 (fast axis x slow
axis) and 1.60 x 9.36 (fast axis x slow axis). It was assumed the beams from the other

two laser diodes were similar to those measured.

4.2.1 Optical Pump Scheme

To solve the problem of focussing two pairs of beams to the same (circular) spot, two
of the laser diodes were raised so that the four beams formed a rectangle, with the
first two beams passing underneath the mirrors for the second two beams, as shown
in Figure 4-6. The beams were spaced 2mm apart horizontally and 6mm vertically.
We used two cylindrical lenses as a slow-axis beam expansion telescope to give
more control over the shape of the pump spot by varying the position of the focal
point of the slow axis and so the point at which the beam dimensions in the slow and
fast axis were equal. As noted in section 2.1.1 VECSEL can be treated as a planar
absorber, being relatively thin and having strong absorption, and so we could place it

where the beam became circular giving good control over the pump spot size.

4.2.2 Structure

The 6 quantum well structure was designed to be resonant at the laser wavelength,
with room temperature quantum well emission at 665nm with a DBR stopband
centred at 670nm + 3nm at room temperature and grown on a 2” GaAs wafer by
MBE at the ORC, Tampere University of Technology. The composition of the

structure is shown in Table 4-2
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Material Thickness (nm) Purpose

Gap 521N 4P 10| Cap
AlAs 60| Confinement
(Al 6Gag 4)0.511M0.49P 10| Barrier
Gay.461N0 54P 6] QW
(Aly.6Gag 4)o 511N 40P 7| Barrier
Gay.461N0.54P 6] QW
(Al 6Gag.4)o0.511M0.49P 7| Barrier
Gay.461N0 54P 6| QW
(Al 6Gag 4)0.511Ng 40P 10| Barrier
AlAs 50| Spacer
(Al 6Gag 4)0.511N9.49P 10| Barrier
Gay.461N0 54P 6| QW
(Aly.6Gag 4)g 511N 49P 7| Barrier
Gayg.461N0.54P 6] QW
(Al 6Gag 4)o0.511M0.49P 7| Barrier
Gayg.461N0.54P 6 QW
(Al 6Gag 4)0.511Ng 40P 10| Barrier
AlAs 25|  Spacer
Al 45Gag 55AS 47| DBR (x40)
AlAs 54| DBR (x40)
GaAs (10° towards [111]) 500 Buffer

Table 4-2: Design for 670nm VECSEL pumped at 405nm

4.2.3 Experiment
We combined the pump set-up from section 4.2.1 with a three mirror cavity to give
the experimental set-up shown in Figure 4-6.
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Figure 4-6: Schematic of 405nm pumping set-up

With this set-up and an f=100mm pump focussing lens we obtained a circular pump
spot of ~51um diameter. It should be noted that although the BeamMaster™ showed
a combined circular pump spot, the individual pump beams could vary considerably
and each beam had to be checked individually to ensure they were of roughly the

same dimensions.

A diamond heatspreader, anti-reflection coated for 405nm, was bonded to a 4mm
square sample by liquid capillary action®® and the cavity set up with a folding mirror
to sample length (short arm) of ~53mm, folding mirror to output coupler (long arm)
of ~450mm and a designed mode diameter of ~51um. We also tried an uncoated
diamond heatspreader bonded to a 4mm square sample by liquid capillary action and

similar cavity arm lengths.

In both cases the cavity arm lengths were adjusted to vary the mode size to match the
pump spot on the sample to try to achieve laser action but without success. A
monolithic design with a sample bonded using liquid capillary action to a diamond

heatspreader coated for 0.5% transmission was also tried.

100



Chapter 4 - Diode-Pumped AlGalnP VECSELSs
Initial characterisation had achieved very brief laser action using 1.5W of pump
power at 457.9nm. It was calculated that ~68% of the pump light was absorbed in the
active region. The structure performed poorly, lasing only briefly with a longer than
designed pump wavelength. It may be that there were too few quantum wells, driving
up the threshold beyond the power available at 405nm. The strong absorption of the
405nm pump wavelength would also have contributed to a high threshold by
reducing the carrier generation near the quantum wells at the second anti-node.

Optically pumping the structure at a longer wavelength would increase the carrier
generation in the vicinity of the second set of quantum wells, decreasing the pump

power needed for them to reach transparency.

4.3 Pumping at 445nm

4.3.1 Laser Diode Characterisation

Two 500mW 445nm engineering sample Nichia laser diodes were characterised.
Although the laser diodes were rated up to a forward current of 650mA our laser
diode drivers were limited to 500mA. The laser diodes produced a combined power
of 966mW once cooled to 10°C. An aspheric lens was inserted into each mount and
adjusted to collimate the fast axis. At full power the peak wavelengths were 444 and
447 nm. Beam width measurements were made of one of the two laser diode beams

using a BeamMaster™ and the M? calculated as 1.88 x 1.93 (Fast axis x Slow axis).

4.3.2 Seven Quantum Well Structure
The structure designed for pumping at 405nm experiment was modified in the
following ways:

e An additional quantum well was placed the first anti-node of the active
region, where the pump intensity absorbed is strongest, to try to minimise the
threshold and increase maximum power.

e The AlAs spacer layers were removed to reduce the amount of aluminium in

the structure and reduce its vulnerability to oxidisation damage.
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e The pump-absorbing barrier of the active region was extended after the
second set of quantum wells to reduce the amount of pump light absorbed by

the DBR and so reduce the heat build-up.

The composition of the structure is shown in Table 4-3 and the cavity standing wave

and pump absorption in Figure 4-7.

Layer | Material Mole Fraction Thickness (nm) | Purpose
12 Gaylny,P 0.52 10 Cap

11 (AIXGal.X)o.51|no.4gP 0.6 59 Barrier
10 x4 | (AlGasy)os11Ng.49P 0.6 7 Barrier
9x4 Ga,In.P 0.45 7 QW

8 (AlLGa1x)o511N0.49P 0.6 50 Barrier
7%x3 (ALGa1)o511N0.49P 0.6 7 Barrier
6x3 | Galny,P 0.45 7 Qw

5 (AIXGal.X)o.51|no.4gP 0.6 190 Barrier
4 AlAs 54 DBR

3 x40 | AlLGa;,As 0.45 47 DBR

2 x40 | AlAs 54 DBR

1 GaAs [100] 500 Buffer

Table 4-3: 7 quantum well structure for pumping at 445nm
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Figure 4-7: Refractive index, pump absorption and standing wave of 7 quantum well structure

The structure was designed for quantum well emission at 665nm with a DBR
stopband centred at 670nm + 3nm at room temperature and grown on a 2” GaAs
wafer by MBE. Measurements from the grower indicated that the DBR stopband was
centered at ~670nm with an absorption dip due to the cavity resonance at 663nm
[Figure 4-8].
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Figure 4-8: Reflectivity and Normal PL measurements

4.3.2.1 Experimental Set-Up

The Nichia laser diodes used a non-standard pin configuration which was not
compatible with the Thorlabs laser diode mounts which had to be rewired, plus other
modifications to make the mounts compatible with the Arroyo laser diode drivers.
The mounts were further modified to increase heat dissipation from the rear by
removing some of the cooling fins and replacing them with a water-cooled block.
Spherical lenses were fitted to the front of each mount and adjusted to collimate the
fast axis.

A 250um thick uncoated diamond heatspreader was bonded to the sample using
liquid capillary™ action and it was placed in a water-cooled brass mount cooled to -
5°C.

A low-order 440nm half waveplate was used to rotate the polarisation of the first
laser diode output by 90° so that it would be reflected by the polarisation
beamsplitter cube. The beams were polarisation coupled to ensure that we would
effectively be dealing with a single pump beam after the polarisation beamsplitter

cube. Beam steering mirrors were used to steer the original polarisation beam to
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ensure the beams would be co-incident after passing through the polarisation

beamsplitter cube. A schematic of the experimental set-up is given in Figure 4-10.

A pair of cylindrical lenses (f=25.4 and 100mm) were used as a beam telescope to
expand the slow-axis of the combined pump beam [Figure 4-9] and so move the
focal point of the slow-axis. The beam was then focussed using an f=88.3mm plano-

convex lens.

Fast Axis

f=88.3mm
plano-convex
f=150mm

f=25.4mm
Optical Axis (]
| i

Slow Axis

1
! Cylindrical lens slow-axis
beam expansion

Figure 4-9: Slow and fast axis beam widths though pump optics

The distance between the cylindrical lenses was adjusted to achieve a circular pump
spot of ~38um diameter. The incident power absorbed by the sample was ~586mW.
Although we had 1W of pump power available, the laser diode peak wavelength fell
outside the acceptance band of the low-order A/2 waveplate resulting in an elliptically
polarised beam which reduced the power reflected by the 445nm polarisation
beamsplitter cube and reduced the overall pump power available. Further loss was
incurred due to pump reflection from the uncoated diamond heatspreader.

The sample formed the end mirror of a v-cavity with a folding mirror of radius of

curvature 50mm and a plane end mirror as an output coupler [Figure 4-10].
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Figure 4-10:Schematic of experimental set-up for 445nm pumping

4.3.2.2 Results

In the set-up shown in Figure 4-10 the sample position to folding mirror and folding
mirror to output coupler distances were adjusted to optimise the output power and
achieve stable single transverse mode output. The power transfer curve using a 2%
output coupling plane end mirror in Figure 4-11 shows a threshold of ~260mw and a
slope efficiency of 3.8%. The maximum output power was 12mW, limited by
available pump power. Although higher output power was obtained, it was fleeting
and could not be sustained for long enough to take a power transfer curve or be
reliably reproduced. Performance varied significantly across the sample.
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Figure 4-11: Power transfer curve of the 7 quantum well sample pumped at 445nm
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The free running spectrum of the laser operating at maximum power is shown in
Figure 4-12 taken using an optical spectrum analyser (OSA) with a spectral
resolution of 0.8nm. The output peak wavelength is ~673nm with a FWHM of ~1nm.
A tuning curve was taken using a 2mm birefringent filter inserted into the laser
cavity at Brewster’s angle**° between the folding mirror and high reflectance output
coupler. A tuning range of 11nm was obtained, which was broader than expected for

a resonant cavity with only 7 quantum wells and less than a watt of pump power.

Tuning the output away from the designed wavelength offsets the peaks of the
standing wave inside the sub-cavity from the desired position (centred on the
quantum wells) which reduces gain. With multiple quantum wells grouped at the first
two anti-nodes the effect is minimised. Although the short active region of the
structure reduces the maximum number of quantum wells which can be included, it
contributes to the width of the tuning range’’. This will be discussed further in
section 4.3.3 on the strain-compensated structure.
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Figure 4-12: Free running spectrum of K2138 pumped at 445nm, with inset mode profile and tuning curve.
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An f=88.3mm biconvex lens was placed after the output coupler and a series of beam
profiles taken with a BeamMaster™. An M? of <1.2 was calculated in both axes

indicating single transverse mode output.

It was observed that the output power of the laser decayed over time, dropping
quickly initially and then more steadily. Lasing would not resume at that spot on the
sample indicating permanent damage. Typical elapsed time between commencing
and ceasing laser action was around 40 minutes although there was considerable
variability across the sample. This degradation is not unique to VECSELSs and has

also been seen in red-emitting AlGalnP laser diode bars?®?

Degradation of the diode-pumped structure will be discussed in Chapter 5.

4.3.2.3 Pumped with argon ion laser

The results obtained with the 445nm laser diodes were limited by the available pump
power of 1W. We used argon ion laser which could supply 2.42W at 457.9nm to
investigate if more output power could be obtained. The longer pump wavelength
would be less strongly absorbed, with an absorption length of 418nm against 367nm
for 445nm and ~4.4% absorbed in the DBR compared to~ 2.8% but it was hoped that
the additional power might be enough to overcome these negative aspects. A sample
was liquid-capillary bonded to a diamond heatspreader anti reflection coated for
405nm. The sample was placed in a water cooled brass block in a standard v-cavity
with short arm~54mm, long arm~340mm, and roc=100mm folding mirror with a
mode size at the VECSEL surface of ~30um radius. The pump beam was focussed

onto the sample with an f=200mm plano-convex lens.

Single transverse mode output of over 1mW, which is comparable to that obtained
with the 445nm pump, was obtained through an HR end mirror using 2W pump
power, however the output power decayed quickly with similar behaviour to

pumping at 445nm.
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4.3.3 Strain Compensated Seven Quantum Well Structure

To address the possibility that strain was driving the previous structure’s permanent
degradation when optically pumped it was decided to design another structure
utilising strain compensation layers next to the quantum wells. The pump-absorbing
barrier after the second set of quantum wells was also lengthened to further decrease
pump absorption in the DBR. The composition of the structure is shown Table 4-4.

Layer |Material Mole Fraction | Thickness (nm) Purpose

18 GayIn,_ P 0.52 10 Cap

17 (ALGa1.4)o 511N9.49P 0.60 63 Barrier

16 (ALGa;)g 6Ny 4P 0.60 3.5| Barrier (Strain Comp)
15 Gayln,_,P 0.45 7 QW

14 x 3| (AL Gay .y )o.6INg 4P 0.60 7] Barrier (Strain Comp)
13 x 3| Gaylny_«P 0.45 7 QW

12 (ALGa;)g 61Ny 4P 0.60 3.5| Barrier (Strain Comp)
11 (ALGa;_y)o 5119 49P 0.60 51 Barrier

10 (ALGa1.)g 61Ny 4P 0.60 3.5| Barrier (Strain Comp)
9 Gaylny P 0.45 7 QW

8x2 |(ALGa;_y)oelNg 4P 0.60 7] Barrier (Strain Comp)
7x2 [Gaylny_ P 0.45 7 QW

6 (ALGa1.)o 61Ny 4P 0.60 3.5| Barrier (Strain Comp)
5 (ALGa1.4)o 511N9.49P 0.60 191 Barrier

4 AlAs 54 DBR

3 x40|ALGa; ., As 0.45 47 DBR

2 X 40| AlAs 54 DBR

1 GaAs [100] 500 Buffer

Table 4-4: Strain compensated 7 QW structure

The structure was designed for quantum well emission at 665nm with a DBR
stopband centred at 670nm + 3nm at room temperature. The cavity resonance was
specified as 674nm as previous structures had shorter wavelength resonance than

ideal. It was grown on a 2” GaAs wafer by MBE.
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4.3.3.1 Experimental Set-Up

A 4mm square sample was bonded to a 250um thick uncoated square diamond by
liquid capillary action®. The experimental set-up was very similar to that used for
the non strain-compensated structure (shown in Figure 4-10) with the position of the
second cylindrical lens and pump focussing lens adjusted to give a 32pum diameter

pump spot.

4.3.3.2 Results

The folding mirror-sample and folding mirror-output coupler distances were adjusted
to optimise the output power and achieve stable single transverse mode output. The
power transfer curve using a 3% output coupling plane end mirror in Figure 4-13
shows a threshold of ~341mw and a slope efficiency of 6.4%, almost double that
achieved with the previous structure. The maximum output power was 17mW,
limited by available pump power. Although output power of up to 30mW was
obtained, it was fleeting and could not be sustained for long enough to take a power

transfer curve or reliably reproduced.
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Figure 4-13: Power transfer curve for strain compensated 7QW VECSEL
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The free running spectrum of the laser operating at maximum power is shown in
Figure 4-14, taken using the OSA. The output peak wavelength is 670nm with a
FWHM of ~3nm. A tuning curve was taken using a 1mm birefringent filter inserted
into the laser cavity at Brewster’s angle between the folding mirror and high
reflectance output coupler. A thinner BRF than that used for the previous structure
was necessary as the tuning range of the laser output exceeded the free spectral range
of the 2mm BRF. A tuning range of 16nm was obtained. This compares well with the
tuning range obtained in the 532nm pumped 20 quantum well VECSEL®*® which

was pumped many more times above threshold.
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Figure 4-14: Free running spectrum for the strain compensated 7QW sample with inset mode profile.

An f=25.4mm plano-convex lens was placed after the output coupler and a series of
beam profiles taken with a BeamMaster ™. An M? of ~1.1 was calculated for both

axes indicating single transverse mode output.
The output power of the laser decayed over time, again dropping quickly initially and

then more steadily. Lasing would not resume at that spot on the sample indicating the

damage was permanent. However typical elapsed time between commencing and
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ceasing laser action had increased from 40 minutes for the previous structure to

around 100 minutes.

The output power through a high reflector output coupler was measured over time for
several spots on the sample. Power decay readings were also taken where the pump
was interrupted and again output power resumed at the level it was when interrupted,
ruling out heat build-up as the cause. This will be discussed in more detail in chapter
5.

The relatively broad tuning range can be explained using a model of the standing
wave in the VECSEL>® to track the magnitude of the |E|* field at the centre of each
well. To summarise the differences in the structures:
20QW structure

e 670nm emission design

e Resonant cavity

e Active region of 1.161um

e Two 6nm quantum wells at each of the first ten standing wave anti-nodes.
7QW structure

e 670nm emission design

e Resonant cavity

e Active region of 413nm

e Four 7nm quantum wells grouped at the first anti-node of the standing wave

and three at the second. 7nm barriers between the quantum wells within each

group.

The structures differed only in their active regions and were both modelled as having

a diamond heatspreader and identical DBR.

The cavity standing wave was calculated for a range of wavelengths from 620nm to
720nm in steps of 1nm and the magnitude of the |EJ* field at the centre of each well
used to obtain an average of the magnitude of the |E|2 field across the quantum wells.

Because the wells are thin compared to the half-wavelength of the standing wave the
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change in |E[® is small across a given well and the value at the centre point is
virtually the same as the average taken over the whole width of the quantum well.
The |E[? average of the diode-pumped seven quantum well structure closely
resembles the wavelength dependence of the |E[® in the wells calculated in Garnache

I*” for a VECSEL working at the subcavity resonant wavelength. However, the

eta
|E* average of the twenty quantum well structure shows its overall |E|* profile is
more typical of an anti-resonant structure being broader and lower magnitude as the

comparison in Figure 4-15 shows.

Average [EF at Quantum Well Centre

[EF Magnitude (arb)

SAAN Vo

640 650 660 670 680 69N 700 710

Wavelength (nm)
Figure 4-15 Comparison of |E” at Quantum Wells.
Breaking the |E| profile down to the level of individual wells for the diode-pumped
design (Figure 4-16) and 532nm pumped structure (Figure 4-17) shows that the

broader profile of the 20 quantum well is the sum of two sets of peaks with the |E|>

field aligning symmetrically across each pair of quantum wells at ~667nm.
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Figure 4-16: |E|? at centre of each well in 7QW diode-pumped strain compensated VECSEL
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Figure 4-17: |EJ? at centre of each well in 20QW 532nm pumped VECSEL
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The broad |EJ? profile of the twenty quantum well anti-resonant cavity showed a
broad tuning range due to the stable magnitude of |E[? at the quantum wells as the
emission wavelength changed. Although the resonant nature of the seven quantum
well cavity would be expected to greatly increase the dependence of the magnitude
of |EJ* at the quantum wells on emission wavelength this was compensated by the
much shorter gain region causing a much smaller shift in the position of the anti-
nodes |E[.

4.3.3.3 Pumped with Sabre

As with the non strain compensated structure we tried pumping the structure at
457.9nm with the argon ion laser. The sample was liquid-capillary bonded to a
diamond heatspreader anti reflection coated for 405nm. The sample was placed in a
water cooled brass block in a standard v-cavity with short arm~54mm long
arm~340mm and roc=100mm folding mirror with a mode size of ~30um radius. The

pump beam was focussed onto the sample with an f=200mm plano-convex lens.

Single transverse mode output of 1.4mW was obtained through the HR end mirror
using 2W pump power. Output power of upto 37mW with a 1% output coupler was
achieved for a gross pump power of 2.42W, with a threshold of 1.26W.An output
power decay run was completed with the 1% output coupler and 2W of pump power
[Figure 4-18].

This is similar to degradation at the designed pump wavelength, which will be
examined in chapter 5.
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Figure 4-18: Power decay run with 2W 457.9nm and 1%0OC for strain-comp structure

4.3.4 Comparison of strain-compensated and non-strain
compensated structures.

The strain compensated structure exhibited a longer lifetime, 100 minutes against

40minutes, and was more efficient with a greater slope efficiency (6.4% v 3.8%) and

higher optimum output coupling (3% v 2%), as well as a greater tuning range (16nm

v 11nm).

To summarise, there were three main differences in the design of the strain-
compensated and non strain-compensated samples used in the experiments:

a) Longer active region to reduce pump absorption in the DBR.

b) The strain compensated sample had undergone rapid thermal annealing
(RTA) at 800°C for 1 second but the non strain-compensated structure had
not.

¢) Strain compensation layers interleaved with the quantum wells to balance out

the strain of the compressively strained wells.

These differences will be examined in order in the next sections.
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4.3.4.1 Lengthened Active Region

Whilst reducing the amount of pump light absorbed in the DBR will provide some
benefit, as the pump energy absorbed in the DBR does not generate usable carriers, is
wasted as heat and noticeably affects device temperature, it seems unlikely that the
small difference in active region length between the structures would be sufficient to
make such a difference to device performance.

4.3.4.2 Rapid Thermal Annealing
Fluorescence over time measurements were made for the non-RTA and RTA strain-

compensated structures.

A sample of each of the structures was attached to a peltier element with silver heat
conducting paint. The peltier element was attached to a water-cooled brass mount
with silver heat conducting paint. This arrangement enabled the sample being
pumped to be changed by translating the mount and without altering the
experimental set-up. The peltier element was maintained at 10°C = 0.5°C. The
fluorescence was collected by an f=49mm 2” plano-convex lens, pump light filtered
out with a 530nm long-pass filter before being focussed by an f=25.4mm plano-

convex lens onto the power meter detector head.

Two fluorescence time-decay measurement runs were made for each sample plus one
where the pump beam was interrupted several times for 5-10 minutes to establish
there was no thermal effect. Readings were taken every ten seconds.

All the PL time-decay measurement runs [Figure 4-19] show an initial increase in PL
intensity before remaining roughly constant. The PL decay runs are very similar, the
PL levels from the RTA sample reached the maximum faster but this could be due to
sample variance and both the RTA and non-RTA samples show an initial increase in
PL. The step increase in the second RTA’s sample near the three hour mark is similar

19
I

to the step changes in PL observed in VVogelgesang et al~~ where the quantum well PL
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intensity abruptly changes and site specific, possibly caused by sample

inhomogeneities, rather than general behaviour.
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Figure 4-19: Normal photoluminescence over time: RTA and non-RTA sample comparison

4.3.4.3 Strain Compensation

The 7nm Gayg.s51ng.55P quantum wells are 0.49% compressively strained in both
structures. In the strain-compensated structure this is roughly balanced by the same
level of tensile strain in the strain compensation layers. Strain has been identified as a

contributing factor to semiconductor laser degradation®*2°

and decreasing the strain
in a device is an area in which improvements in device lifetime can be achieved.
With the other changes in the structure eliminated as possible causes for the
improvement in performance it seems likely that the reduction in strain due to the

compensation layers is responsible. This will be explored in the next chapter.

4.4 Conclusion

We have demonstrated the first diode-pumped visible wavelength VECSEL. Output
power of 17mW and a 16nm tuning range were achieved. Output power was limited

by available pump power, with no evidence of thermal rollover, suggesting that
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output power could be improved using power scaling as advances in blue laser diode

technology produce more powerful sources.

Permanent degradation of the diode-pumped AlGalnP VECSEL material is a cause

of some concern and needs to be addressed if the technology is to be taken further.
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Chapter 5

Recombination Enhanced Defect Reactions

As we saw in the previous chapter, the diode-pumped red VECSEL structure suffers
from a rapid decline in output power and permanent structural damage. In this
section we will look at how and why this might occur and what, if anything, can be

done about it.

Recombination enhanced defect reactions have been linked to degradation in both

111-V*2 and 11-VI® optoelectronic devices such as laser diodes and LEDs.

Semiconductor devices such as VECSELs and laser diodes are composed of a
number of different layers of different composition and lattice constant which causes
strain in the device, and particularly shear strain at the interfaces between different
layers, which is accommodated elastically* by defects or, for large strain,
microcracks. Additionally, defects are created in the growth process through the
introduction of impurities, imperfect growth or strain introduced by differing thermal
expansion constants. Kumar and Sastry® calculated the fractional increase in length
per Kelvin of temperature change (linear thermal coefficient), of a,=3.81x10° K™
for AlAs, 0,=5.316 x10° K™ for GaAs at 300K, which, for a growth temperature of
730°C, would give a relative change of length (lattice constant) of ~0.065%. The
linear thermal coefficient does change with temperature but not dramatically, for
instance Kaye & Laby® give for GaAs 0,=5.7 x10°® K™ at 293K and o, =7.1 x10° K™
at 800K.

Defect movement, formation or growth requires an input of energy, known as the
activation energy. This energy is affected by a number of factors, such as strain or
temperature, which can serve to enhance defect reactions. Defect movement is a
process of bond breaking and reforming so energy stored in the lattice in the form of

strain can reduce the activation energy or even provide sufficient energy to cause
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movement.”® Higher bandgap materials demonstrate greater resistance to dislocation
motion as the bandgap increases with the bond strength and the higher bond strength

reduces dislocation mobility®°.

Stress has been induced in samples by mechanical bending to cause dark line
defects™ (a high density dislocation network) as well as to study the relationship
between strain and defect movement velocity. Experiments by Choi et al”® on GaAs,
InAs and GaSb demonstrated that increasing levels of shear stress caused increased
defect velocity for two simple types of defects. Even very small levels of stress
~0.05% caused by packaging strain'* have been linked to reduced device lifetime in

laser diodes by acting as the source for gradual degradation of the active region.

Thermal energy is often used productively in annealing®® to encourage existing
defects to diffuse and annihilate with other defects, such as an interstitial atom
diffusing into a suitable vacancy in the lattice. However, it can also have a negative
effect in causing defects to move during device operation. The impact of stress and
temperature on defect motion can be seen in Eqn 5-1 for the dislocation velocity of

semiconductors'®*

va=(2) e (5-1)

where vy is the dislocation velocity, t is the applied shear stress, Eq4 the activation
energy of motion, T the temperature, vy and 1o pre-exponential factors which depend

on the material.

Non-radiative recombination enhances the motion of dislocations by supplying
energy to the lattice through phonon emission. Comparison of the dislocation
velocity in InP™®, GaP® and GaAs*’ in the dark and under electron beam irradiation
and laser light illumination over a range of applied strain demonstrates a clear
increase in the dislocation velocity of Egn 5-1 below a material dependant
temperature T due to a reduction in the activation energy of the dislocation.
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Additionally, more intense irradiation was shown to increase the dislocation
velocity"’.
In order to try to understand the output power decay seen in the previous chapter we

ran extended laser and spontaneous emission measurements.

5.1 Laser Emission Decay
Under the experimental conditions detailed in Chapter 4, laser performance showed a
sharp decrease in output power followed by a gentler decline until output ceased.

Two typical power versus time plots are shown in Figure 5-1.
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Figure 5-1: Output power over time for the strain-compensated structure with 3% output coupling

To rule out the possibility of the decline in performance being due to thermal build
up in the device, the pump beam was interrupted during an output power
measurement. If the power decline was due to heat build up then the output power
should resume at its initial level; if it is due to structural damage then it should

resume at the same level as when it was interrupted. As Figure 5-2 shows, the output
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power did not recover after pump beam interruption, implying permanent damage.

Also, samples which were left overnight had not recovered the next day.
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Figure 5-2: Output power over time with pump interruption for strain compensated structure with 3%
output coupling

5.1.1 The Effect of Structural Degradation
A reasonable place to start investigation into the effect on laser performance of the
structural damage and power decay is the Kuznetsov'® model used in earlier chapters

(where many of the terms were defined) to describe VECSEL output characteristics..

According to this model, the output power is given by

Pigs = (Pp - Pth)noutnquantnabs (5-2)
where Py is the pump power and Py, the threshold pump power.
The quantum efficiency nMguant=Apump/Alaser 1S COnstant (neglecting small Ajaser change

due to by strain relaxation), and we assume that the pump absorption efficiency Maps

does not change. The output efficiency
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In(Ry)
In(R1R2Tpss)

(5-3)

Nout =

will decrease, decreasing the output power Py, if structural damage compromises the

reflectivity or causes additional round trip losses.

The threshold pump power Py, is affected not only by changes in reflectivity and

round trip losses but also by changes in material gain:

_ hVNyLwAp i
Pth —th NabsT(Ntn) (5 4)
where the threshold carrier density Ny, is given by:
(2rgoNwLw)™*
1
Nen = No (RleTloss) (5-5)

hv is the pump photon energy, Ny, the number or quantum wells.

The DBR reflectivity R; and round trip loss transmission factor Tess in the above
equations cannot be uncoupled in the model but physical considerations enable the
decoupling of degradation of DBR reflectivity and increased round trip losses. Less
than 3% of the absorbed ~600mW 445nm pump power penetrates to the DBR in the
strain-compensated structure which even in a pump spot as small as 32um diameter
should not have sufficient intensity to cause damage. Therefore it is likely that the

culprit is damage in the active region.

5.2 How this relates to our structure

Having ruled out damage to the DBR in section 5.1.1, we are left with the
possibilities of damage to the pump-absorbing material causing round trip losses and

damage to the quantum wells causing increased round trip losses..
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Vogelgesang et al*®

used a range of pump wavelengths, from below the quantum
well transition energy to above the cladding layer bandgap, to investigate the source
of degradation in a BeMgZnSe laser diode. At low levels of illumination the
quantum well photoluminescence decreased only when the pump photon energy was
at least that of the quantum well transition. No damage was found in the cladding
layers, implying the quantum well was degrading. Similarly, in an electrically
pumped red-emitting AlGalnP laser diode?® damage was confined to the quantum
well region supplied with carriers. Raja et al** noted that degradation was only
observed when above bandgap radiation was used i.e. when carriers were generated

in the material.

Defects in the quantum wells can act as non-radiative recombination centres as well
as interacting with photons®. By introducing mid-bandgap energy levels in the
quantum well material, the defect can capture both holes and electrons efficiently?**?
and provide a non-radiative recombination channel which competes strongly with the
desired radiative recombination transition. Donor/acceptor levels are less significant
as they have very small capture cross sections for holes/electrons. Increasing non-
radiative recombination due to defects in the GagsslngssP quantum wells would

certainly cause a reduction in output power through a reduction in the carrier lifetime

The carrier lifetime at threshold ©(Ny,) is given by:

1
T(N¢n)

= A+ BN, + CN3, (5-6)

where A, B and C are the non-radiative, radiative and Auger recombination

coefficients respectively.
Equations 5-4 and 5-6 can be combined to express the pump threshold Py as

proportional to the ratio of the threshold carrier density Ny, and carrier lifetime at
threshold t(N,):
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Py x —_ = N,, (A + BN,;, + CNZ) (5-7)
T(Nn)

This supports the hypothesis that an increasing defect density in the quantum wells
could be responsible for a decrease in output power by increasing the threshold.

Equation 5-7 is used by Meneghini et al*®

to suggest that the degradation of InGaN
laser diodes, with a consequent increase in threshold and decrease in efficiency, are
caused by an increase in the defects of the active layer which increases the non-
radiative recombination coefficient A. Stress is also shown to play a major role in the

degradation.

5.2.1 Experimental Results

Photoluminescence measurements over time showed an initial increase in output
before decay took over, as shown in Figure 5-3. This is likely due to recombination
enhanced annealing®, where non-radiative electron-hole recombination reduces the
activation energy of defects to below the level of thermal energy present and enables
defect diffusion. Note that the rise and subsequent decay in PL happens on a greatly
increased timescale to that shown in Figure 4-19 due to the increased pump intensity

used.

5.2.1.1 Non-Strain Compensated Structure

The output power through a high reflector output coupler was measured over time.
To investigate if the decay was due to thermal build-up a further power decay
measurement was taken where the pump beam was interrupted. After interruption the
output power did not resume at its initial level indicating that the damage was

structural. A normalised output power decay curve is presented in Figure 5-4.
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Figure 5-3: Normal PL measurements for two strain compensated diode-pumped red VECSEL samples
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Figure 5-4: Normalised Output Power Decay Curve

Typical elapsed time between commencing and ceasing laser action was around 40

minutes. The decay appears to have three phases: an initial rapid exponential decline

in output power, followed by a gentler decline which (usually) gives way to a gentle
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exponential decay at a noticeable shoulder in the curve. These different phases imply

that more than one decay mechanism is at work.

5.2.1.2 Strain Compensated Structure

The active region was lengthened in the strain compensated region to eliminate DBR
degradation as a cause. The output power decay curves retain the same shape,
indicating that the same mechanisms are still present.

A number of measurements of laser output power over time at different locations on
the sample were made, including a pump interruption run, all of which show a sharp
initial decline in power followed by more gentle decay. Normalised output power

decay curves are presented in Figure 5-5.
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Figure 5-5: Normalised power decay curves for K2208

These output power curves for the strain compensated structure exhibit the same
three phases in the decline in output power seen in the non strain compensated
structure but on a longer timescale. It appears from this that decreasing the level of

strain energy in the structure has reduced the rate at which the decay mechanisms
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cause damage but not sufficiently reduced the activation energy to prohibit any of

them.

5.2.2 Conclusion

Introducing strain compensation of the quantum wells increased the lifetime of the
diode-pumped visible VECSEL structure from 40 to 100 minutes. The output power
decline had the same character in both cases, a rapid drop followed by a more gentle
decline, indicating that the changes reduced but did not eliminate the degradation
mechanisms. Possible improvements to increase device lifetime will be suggested in
Chapter 7.
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Chapter 6

lI-VI VECSELSs

As noted in previous sections, 11-VI material systems offer the exciting prospect of
being able to design VECSELSs that will emit across the whole of the visible region.
Here we carry out preliminary work on two different approaches, one utilising an
epitaxial lift-off technique to transfer the active region to a new substrate and one

using the highly flexible ZnCdMgSe material system.

6.1 ZnSe/ZnCdSe VECSEL

Our collaborators at Heriot-Watt University use a dedicated MBE system to grow |-
VI materials lattice-matched to GaAs and novel semiconductors such as MgS in a
zinc-blende structure. They have developed an interesting epitaxial lift-off process
where the structure is grown onto a sacrificial layer of MgS which is then dissolved
in weak acid, thus also removing the original substrate, and enabling the active
region to be floated onto another substrate. This has the advantage that the new
substrate need bear no relation to the material system and can be chosen purely for its
material properties, such as high thermal conductivity. It also forms a very strong
bond as the thinness of the structure gives it great flexibility in conforming to the

surface variation of the new substrate.

6.1.1 Structure
For this work we utilised an existing ZnSe/ZnCdSe growth in order to investigate
diode-pumping the material and later lifting it off onto a diamond heatspreader,

although fused silica was used initially.

A 5 quantum well structure (Table 6-1) grown on a GaAs substrate with a 20nm
ZnSe buffer layer and a 5nm MgS sacrificial layer used in the epitaxial lift-off
process. The structure was then floated onto a ~5mm square fused silica substrate

which is transparent at the quantum well emission wavelength. The structure was not
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designed for laser operation and the quantum wells were not situated to utilise
resonant periodic gain. The quantum wells were compressively strained (~0.67%),
the lattice constant for Zng goCdo 10Se being linearly interpolated from that of ZnSe
(a=5.667A) and CdSe (a=6.052A) with an estimated room temperature direct
bandgap difference of ~107meV?>.

ZnSe 8 nm

Zno,goCdo,mSe 8 nm

ZnSe 8 nm
Zno,goCdo,mSe 8 nm
ZnSe 8 nm

Zno,goCdolloSE 8 nm

ZnSe 8 nm

Zno_goCdo_lose 8 nm

ZnSe 8 nm

Zno,goCdolloSE 8 nm

ZnSe 52.5 nm

Table 6-1: 5 quantum well ZnCdSe/ZeSe structure

6.1.2 Characterisation

Normal photoluminescence (PL) spectra were taken to measure the room
temperature quantum well emission wavelength. The sample was held in a brass
mount with no thermal management. Black backing was placed on the back of the
fused silica substrate to eliminate back reflections from the mount. A 405nm GaN
laser diode was used to pump the structure in the experimental set-up shown in
Figure 6-1. A 405nm interference filter was used to remove longer wavelength
spontaneous emission from the laser diodes which swamped the I1-VI quantum well
PL at low pump power levels. The PL was collected and collimated by a 2” f=49mm
plano-convex lens and a 455nm long-pass filter removed the pump light before the
collected light was focussed onto the fibre-tip leading to an optical spectrum

analyser.
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Sample on
fused silica

in brass mount
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Interference Filter
l() h'nm GaN
Laser Diode

Figure 6-1: Schematic of normal PL experiment for 11-VI Heriot-Watt structure

During the normal PL measurements it became clear that the level of PL declined
over time. A series of PL intensity with time measurements were taken using the
normal PL set-up to measure the timescale and character of the decay. The PL
intensity was measured for four wavelength ranges (496-497nm, 498-499nm, 500-
501nm, 502-503nm) and three levels of pump power (50mW, 91mW, 130mW).

The decay for all points on the sample and powers is well fitted by a curve of the

form
P =Py +Aje ™t 4+ Aye ¥/t + Aze/ts (6-1)
(with an R? value of >0.99) indicating that more than one process is involved in the

decay. Approximate time and decay strength constants are given in Table 6-2 and a
typical set of decay curves in Figure 6-2.
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Pump Power (mW) | t; (seconds) | t; (minutes) | t3 (hours) | A | A2 | As

50 200 16.5 3.2 0.27 | 0.29 | 0.28
91 67 7.6 1.2 0.30 | 0.23 | 0.17
130 70 10.1 1.4 0.390.19 |0.14

Table 6-2: Time constants for three PL decay runs

At higher pump powers the initial rapid decay is more severe, which is what would
be expected for recombination enhanced mechanisms. The decay was consistent
across the wavelength ranges measured indicating that the PL does not shift
wavelength as it decays, although there is some minor variation between sample

points due to growth variation or damage caused by the lift-off process.

0.9
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0.8 -
= -
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% 06 - —— 500-501nm
2 05 - ——502-503nm
(%]
r_Eu 0.4 - Reflected Power
s 03 -
Z
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0 3600 7200 10800 14400

Time (s)

Figure 6-2: PL decay for 130mW pump power

Concerns have been expressed about the lifetime of 11-VI materials as emission
energy is typically greater than the bond strength®, although device lifetime has been
greatly improved by higher quality growth which results in lower defect densities*

and lifetimes of hundreds of hours for I1-V1 laser diodes have been demonstrated.
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The amount of pump power reflected from the sample surface was monitored
simultaneously with the 130mW pump power decay run. This showed an initial
increase in the level of reflected power followed by a slow decay. This appears to
operate on a similar timescale to the PL decay, transitioning from increasing to
decreasing reflectivity during the transition from rapid to gentle PL decay. The pump
power remained stable over the duration of the experiment so the change on reflected
power must be due to a change in the sample and, in view of the similar timescales,

is probably caused by the same mechanism.

The PL did not recover after the pump had been blocked for some time, indicating
the change is structural damage rather than thermal. Both the increase in reflectivity,
irreversible decrease in PL and absence of wavelength shift are consistent with other
experimental results for ZnCdSe/ZnSe multiple quantum wells, for instance Mogi et
al® where fast photoluminescence decay times were observed to depend strongly on
pump intensity at room temperature. The reduction in decay time was attributed to
non-radiative recombination. The strongly irradiated samples also showed an

increase in scattered light.

6.1.2.1 Fused Silica Substrate

As the sample was very thin and would allow some transmission of light we were
able to take an absorption profile of the sample. The sample and substrate were
temporarily bonded with water to a glass slide and placed in a Cary 50 Spectrometer
to measure its absorbance with a 5nm resolution. The data in Figure 6-3 shows two
clear steps at 460-465nm for the ZnSe barriers and ~495nm due to the Zng.goCdg 10Se
qguantum wells. This matches well with the 493nm emission of the quantum wells
and 2.7eV bandgap of ZnSe®.
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Figure 6-3: Zng g,Cdg 10Se/ZnSe structure absorbance spectrum

Spectra were taken at a range of pump powers to observe the shift in PL with pump
power and shown in Figure 6-4 and Figure 6-5. The pump power shown is the
amount which was not reflected by the sample: we were unable to measure the power
transmitted through the sample and substrate due to the sample mounting
arrangement.
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Figure 6-4: Normal PL for a range of pump powers for sample HWA1959
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Figure 6-5: Normal PL for a range of pump powers for sample HWAZ1960.
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The effect of heating due to optical pumping is evident in the shift of PL peak to
longer wavelength at ~0.1nm/mW as the pump power increases, which was expected
as no thermal management was used and the fused silica substrate has a very low
thermal conductivity of ~1.4Wm™K™.

6.1.2.2 Diamond Substrate

Following the characterisation of the ZnCdSe/ZnSe structure on fused silica we
provided a diamond heatspreader for improved thermal management to our
collaborators at Heriot-Watt who performed the lift-off technique onto diamond for
the first time. Diamond has a higher thermal conductivity than fused silica by three
orders of magnitude and we could closely control the sample temperature and vary

the temperature and pump power independently.

The sample was mounted in a brass mount, temperature-controlled by a peltier
element. Normal PL spectra were taken by the same method as used for the sample
on fused silica. The sample was illuminated with ~10mW from the 405nm GaN laser
diode and the sample temperature raised from 10°C to 55°C in 5°C steps. As Figure
6-6 shows, as the sample temperature is raised, the PL intensity decreases and the

peak wavelength shifts to longer wavelength at ~0.1nm/K.

To test the effectiveness of the thermal management, the sample mount was then
held at a constant temperature of 10°C whilst the incident power was increased from
26mW to 162mW. As Figure 6-7 shows, the peak wavelength remained constant for
the whole of the power range. This is in stark contrast to the earlier experiment with
the sample on fused silica without thermal management where the wavelength
changed by more than 10nm for a pump power increase of 100mW which suggests a

local temperature increase of ~100K in the sample without thermal management.
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Figure 6-7: Spectra for constant temperature but varying pump power
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6.2 ZnCdMgSe/ZnCdSe VECSEL
One 11-VI material system with great promise is ZnCdMgSe. With the right

composition it can be lattice-matched to InP with a direct bandgap covering the
visible spectrum from orange to violet (and even just into the UV) as shown in
Figure 6-8'. Professor Maria Tamargo, City University New York, has investigated
the MBE growth of the wide-bandgap ZnCdMgSe system lattice matched to InP.
They have demonstrated room temperature electroluminescence from
ZnCdSe/ZnCdMgSe quantum well LEDs from blue through to red. This makes it an
ideal and extremely flexible prospect for visible wavelength VECSELSs.
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Figure 6-8: Spectral coverage of ZnCdMgSe Lattice Matched to InP

Edge-emitting optically-pumped quantum well structures based on the ZnCdMgSe
material system have been successfully demonstrated at room temperature’ and
photoluminescence has been shown for quantum wells of different emission
wavelengths fabricated together® on an InP substrate but multiple quantum well

surface emitting laser devices have yet to be developed.
ZnyCd;4Se is a direct bandgap semiconductor and is lattice-matched to InP at

x=0.48%1 which we have used as the quantum well material. Unlike the I11-V

designs, the quantum wells were not strained in this device as we were aiming for
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structural stability in the first instance and incorporating strain for performance

improvement in possible future iterations.

The barrier material (Zng4sCdos2)0.6sMgo.35Se is lattice matched to InP', and a direct
bandgap semiconductor at room temperature. 11-VI materials absorb strongly at
wavelengths near the band gap energy due to strong excitonic effects', although
these are not expected to play a major role in emission*?, and this composition was
chosen to have a bandgap near the intended pump wavelength of 445nm of the GaN

laser diodes.

In order to show the potential of the 11-VI VECSEL for applications we designed a
device on the same principles used in the 111-V visible VECSEL. The design for the
structure does not include a DBR; hence the structure is used as a gain providing

element within a cavity defined by the external mirrors.

The design incorporates a thin ZnSe top layer as the epi-surface of the structure to
protect the active region. The wide bandgap range of the ZnCdMgSe material system
allows us to use high bandgap carrier confinement layers of (Zng 4sCdo 52)0.40M0o.60S€
near the epitaxial surface as a barrier to prevent carriers diffusing onto the epi-

surface and recombining uselessly.

6.2.1 Structure

The structure incorporated the same design elements as the diode pumped I11-V
VECSEL and was similarly intended to be pumped at 445nm. A resonant and anti-
resonant version were designed. The resonant design is shown in Table 6-3, the anti-
resonant structure is the same except that the confinement layers are 160nm thick.

All layers of the structure were designed to be lattice matched to InP.
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Material Thickness (nm) Material
ZnSe 10 Cap
(Zno.48Cdo 52)0.40Mgo60Se | 100 Confinement
(Zn0.48Cdos2)0.6sMgo.3sSe | 104 Barrier

Zng 48Cdo52Se 4 QW
(Zno.48Cdo52)0.6sMgo.3sSe | 101 Barrier x4
Zno.48Cdp 52Se 4 QW x4
(Zn0.4¢Cdos2)0.6sMgo3sSe | 423 Barrier
(Zng.48Cdo 52)0.40Mgo60Se | 100 Confinement
Zno.48Cdp 52Se 10 Etch Stop
Ino53Gag 47AS 200 Buffer

InP [100] Substrate

Table 6-3: Resonant I1-VI VECSEL Design

It is possible to grow a I1-VI DBR using ZnCdSe as the high refractive index
material but the low index material of (ZnCd)MgSe presents problems due to the
high concentration of Mg (MgSe has a rocksalt structure). Guo et al*® achieved 95%
reflectivity at 605nm with a 16 period Zng 5,Cdg.485€/Zno 30Cdo.28M0o.42Se DBR.
Kruse et al** achieved ~99.6% reflectivity using alternating layers of ZnSg 0S€p.94
and a MgS/Zn ¢,Cdo 43Se superlattice on GaAs, but both are a little short of the
>99.9% required for a VECSEL DBR.

6.2.2 Characterisation

Initial characterisation of the samples was carried out using reflectivity and normal
PL techniques in a similar arrangement to chapter 3. Normal PL measurements were
taken using a 405nm GaN laser diode focussed to a spot coincident with the tungsten
lamp spot. Incident pump power was less than 30mW. Five readings were taken for
each sample, one at the centre (C0) and one 5.6mm towards each corner (C1-4). The

sample was maintained at 20°C on a brass plate.

The structure does not include a mirror so reflectivity is weaker than for the 111-V

structures in chapter 3, which had an integral DBR, however the high refractive
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index of the Ins3Gag47As (n=4.21 at A=560nm"°) layer causes it to act as a weak

mirror.

Two of the structures (A2796 & A2800) were grown to be resonant at operating
emission wavelength and the normal PL data shows a well defined single peak (at ~
570nm and 560nm respectively) with FWHM of ~10nm and ~13nm [Figure 6-9]
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Figure 6-9: Normal PL of two resonant I1-VI VECSEL structures
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The peaks in the reflectivity measurements show the weak etalon due to the air/ZnSe
Zno.48Cdo 52Se/InGaAs interfaces [Figure 6-10], the spacing between the peaks
increasing with increasing wavelength due to the increase in the refractive index (and
thus optical depth) of the material. The noise below ~530nm is caused by the low

intensity of the white light source at those wavelengths.
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Figure 6-10: Reflectivity measurements of resonant I11-VI VECSEL structures
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The two anti resonant structures display more structure to their normal PL curves due
to the subcavity resonances (Figure 6-11). The reflectivity measurements are very

similar to those of the resonant structures and so are not shown here.

The change of device characteristics with temperature is of interest with regard to
performance stability in operation, smaller variance with temperature being
desirable. One of the wafers of the resonant design had been accidentally cleaved,
providing a freshly cleaved edge at which we could take edge PL measurements in
addition to the normal PL and reflectivity measurements temperatures between 10
and 81°C.

The normal PL and reflectivity curves were similar to those shown earlier for the
resonant designs but with a small wavelength shift with temperature. The edge PL
measurements are shown in Figure 6-12. Curves were fitted to the peaks of the
normal and edge PL. The level of noise in the reflectivity measurements meant that a

better fit was obtained to the reflectivity minima.

The normal and edge PL peaks shifted to longer wavelengths at ~0.1nm/K which is
the same as observed in the Zng 9oCdy.10Se/ZnSe structure earlier. The reflectivity
minima also shift at 0.04-0.05 nm/K which is also less than the ~0.1nm/K seen in the
red VECSELSs. These results imply at least comparable wavelength sensitivity to

temperature as the 111-V AlGalnP structure.
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Figure 6-11: Normal PL of anti resonant I1-VI VECSEL structures
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Figure 6-12: Edge PL curves for resonant structure
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Figure 6-13: Peak wavelength shift of a)Normal PL and b) Edge PL
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6.2.2.1 Edge PL Characterisation

As discussed in section 3.3.3.1, in order for a VECSEL to function well it is
necessary for the edge emission to be TE polarised, i.e. the 1hh energy level to be the
ground state. The two resonant and two anti-resonant samples were pumped at
405nm near the edge of each sample and the PL collected using the experimental set-
up shown in Figure 6-14. If the quantum wells are unstrained then the 1hh and 1lh
levels will be degenerate and the TE and TM emission will have the same
wavelength. The sample mounts were maintained at ~20°C, and a chopper used in
conjunction with a locking amplifier to reduce background noise. A 405nm long-
pass filter was used to cut out the longer wavelength fluorescence from the pump
source. A 532nm polarisation beamsplitter cube was placed on a rotation mount after
the microscope objective was used to introduce polarisation sensitivity.
Measurements were taken at 0°, 90°, 180° and 270°, with TM polarised light being
transmitted at 0° and 180°, TE polarised light transmitted at 90° and 270°.

Laser

Source Chopper Heatsink

Microscope
Objective
Polarisation
Beamsplitter Cube

==S== 40 5nm long-pass filter

@ » =200mm

Chopper
Control

Locking P
Amplifier

Figure 6-14: Schematic of the experimental set-up for polarised edge PL measurements
This arrangement was able to measure the wavelength difference between the TE and

TM polarised emission but a comparison of the relative emission intensity could not

be made as the orientation of the diffraction grating spectrometer was fixed.
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Figure 6-15 and Figure 6-16 show polarisation edge PL spectra for a resonant and
anti-resonant structure respectively. In both cases the TE emission is a slightly longer
wavelength than the TM so the c-1hh transition is slightly lower energy than c-1Ih
and is the ground state, indicating that the quantum wells are slightly compressively
strained.
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Figure 6-15: EdgePL polarisation spectra for resonant sample A2796D
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Figure 6-16: EdgePL polarisation spectra for anti-resonant sample A2802D

6.3 Conclusion

Samples of a five quantum well ZnSe/ZnCdSe structure were floated onto fused
silica and diamond substrates by Heriot Watt using an epitaxial lift-off technique
they developed. Measurements of normal PL intensity over time showed permanent
degradation in intensity but not a shift in wavelength implying permanent structural
damage. Both samples showed a wavelength shift of ~0.1nm/K for normal PL, but
the diamond-mounted sample showed no variation in PL wavelength as the pump
power was varied indicating excellent thermal contact between sample and substrate.
We characterised four samples of ZnCdMgSe/ZnCdSe VECSEL structures (without
DBR) grown by Professor Maria Tamargo. These structures also showed a
wavelength shift of ~0.1nm/K for both normal and edge PL, showing at least
comparable temperature sensitivity to the GalnP/AlGalnP structures discussed in
earlier chapters. The polarisation of the edge PL showed the quantum wells were
slightly compressively-strained. The wide wavelength range covered by this material

system make it an excellent candidate for flexible 11-V1 visible emission VECSELS.
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Chapter 7

Conclusions

This thesis has described work in diode-pumped visible VECSELSs. The design and
characterisation of both of the diode-pumped I11-V VECSELSs and the preliminary
design work on 11-VI VECSELs has been examined. Red VECSELSs designed to
facilitate GaN diode-pumping are discussed. The first diode-pumped VECSEL with
fundamental emission at visible wavelengths is demonstrated and improved. The
effect of pump wavelength on device temperature, and thus emission wavelength, is

measured and discussed.

7.1 VECSEL Thermal Issues

The methods used to characterise samples throughout this work were presented, with
experimental examples and schematic experimental set-ups. Reflectivity spectra were
taken to assess the quality and breadth of the high reflectivity stopband of samples
and identify subcavity resonances which could impact on later laser performance.
Photoluminescence techniques were used to measure the quantum well emission. PL
taken from the edge of the sample showed the emission of the quantum wells,
unmodified by modulation due to other structural elements and how close the
emission was to the design wavelength. This technique was also used to measure the
shift of emission wavelength with temperature, with shifts of ~0.2-0.3nm/K
observed. Additionally this method was used to distinguish between the desired TE
polarised emission and unwanted TM polarised emission in ZnMgCdSe samples.
Photoluminescence emitted normal to the sample surface was measured, showing the
effect of the structure on detected quantum well emission. Spectra were taken at
various temperatures to measure the shift in emission wavelength with temperature,
with shifts of ~0.1nm/K observed. The motivation for detuning the designed

guantum well emission and subcavity resonance is seen in experimental results
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where the emission intensity increases as the quantum well emission wavelength

moves through a subcavity resonance despite the heat-related reduction in efficiency.

These techniques were used to map the characteristics of wafers grown by MOCVD
at three different temperatures as an initial investigation into the effect of growth
temperature. There appeared to be a correlation between lower growth temperature
and red-shift of photoluminescence.

A red emission VECSEL, cooled only through the substrate by a peltier element, was
demonstrated for a range of pump powers and spot sizes. Data of a red VECSEL
pumped at different wavelengths was examined and a finite element analysis used to
model the change in active region temperature, and thus emission wavelength, under
different heat loading assumptions. Both modelling and experiment suggested the

active region temperature actually increases with decreasing pump photon energy.

7.2 Diode-Pumped Visible VECSELSs

In Chapter 4 the motivation for moving from optical pumping at 532nm to
405/445nm is discussed and design considerations in changing pump wavelength

such as absorption length and quantum well placement, examined.

The structure was altered to take advantage of 445nm GaN laser diodes becoming
available, with an additional quantum well being added at the first anti-node and the
pump absorbing barrier lengthened to reduce pump absorption in the DBR, as well as
removing the AlAs spacer layers to reduce the potential for oxidisation. Pump power
limited output of 12mW at ~673nm was demonstrated with an M? of <1.2 and a
tuning range of 11nm. Permanent degradation of laser output power was observed,
with a typical lifetime of ~40 minutes. Strain compensation and lengthened active
region were used in the next iteration of the structure to improve performance to
17mW at ~670nm with an M? of ~1.1. Degradation of laser output power was also
slowed, extending the lifetime to ~100 minutes. The two 445nm pumped structures
were compared and possible reasons for the aging effect examined
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7.3 Structural Degradation

Investigation into the permanent structural damage seen in the diode-pumped red
VECSEL structures is carried out in chapter 5. Structural defects are discussed,
noting the factors which affect their movement and propagation such as strain, heat

and non-radiative recombination.

Experimental results for stimulated emission are presented which rule out heat build-
up as a cause of degradation. The Kuznetsov' model is used as an initial tool to
investigate the effects on laser performance due to degradation. Experimental results

from the strain and non-strain compensated structures are compared

Switching to an AllnP/GalnP DBR is suggested to strain-balance the structure and
improve device lifetime and an anti-resonant design is proposed to increase the

tuning range.

An additional option is to move to an anti-resonant structure to try to increase the
tuning range. All the previous structures considered used a resonant cavity to
maximise gain. However, the strong absorption of pump light in the active region
may make a resonant cavity less desirable than for those designed for longer
wavelength pumping. In the resonant cavities the first anti-node in the cavity is a
half-wavelength from the epi-surface (~80nm). In that distance the pump intensity
has declined by almost half and carrier generation in the vicinity of the wells is

reduced.

In an anti-resonant structure, the first anti-node is much closer to the epi-surface
(~40nm) and the pump intensity at that point is higher. Although the design would
lose the benefit to threshold of a resonant cavity this would, at least in part, be
compensated by having the quantum wells situated where there is greater carrier
generation. In addition, the structure could be expected to have a greater tuning range

than a resonant structure.
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7.4 11-VI VECSELs
In chapter 6 we conduct preliminary work in the development of I1-VI VECSELs. A

transmission spectrum of the ZnCdSe structure is taken which shows step changes
attributable to the pump-absorbing barriers and quantum wells. Photoluminescence
intensity measurements are taken over time and fitted to a linear combination of
exponential decay curves suggesting more than one mechanism damaging the

structure.

Normal photoluminescence measurements were taken for a range of pump powers
for both the fused silica and diamond mounted samples. The emission wavelength of
the sample on fused silica shifted to longer wavelength by over 10nm for an increase
in pump power of 100mW indicating sample heating, an effect which was not
present in the diamond mounted sample, demonstrating the efficacy of diamond as a
heatspreader material. When the diamond mounted sample was heated the
photoluminescence shifted to longer wavelength at ~0.1nm/K which is the same

change seen earlier in the 111-V samples.

The ZnCdMgSe material system was presented as a good candidate for VECSELSs
covering most of the visible spectrum. Resonant and anti-resonant structures were
designed, subsequently grown by our collaborators at the City University of New
York, and characterised using normal photoluminescence and reflectivity. The
resonant structures showed single peaks at 560 nm and 570nm. The anti-resonant
structures emitted at shorter wavelengths but over a greater range with additional
side peaks due to structure resonances. Normal and edge photoluminescence spectra
were taken for a range of mount temperatures, both demonstrating a shift to longer
wavelengths of ~0.1nm/K which compares well to the AlGalnP samples seen earlier.

Edge PL was also used to measure the polarisation of the ground state transition.

7.5 Future Work
The work in this thesis is a first step in the journey towards commercial visible
wavelength VECSELSs.
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Demonstrating successful diode-pumping of the visible VECSEL shows the potential
for miniaturisation and savings required for a compact and cost-effective laser.
Continuing development of GaN laser diodes will significantly affect the
development of visible emission VECSELs. Progress to longer wavelengths and
higher power will enable more powerful visible VECSELs through a lengthened
active region allowing the inclusion of additional quantum wells. Power scaling will

allow VESELSs to take advantage of higher power laser diodes.

As the experimental results and FEA modelling showed, the thermal effect on laser
performance of changing the pump wavelength is not limited to the quantum defect,
but is strongly influenced by the temperature gradient determined by material
absorption and heat removal paths. A better understanding of the mechanisms

involved will help inform design decisions.

Understanding why the structures degrade is crucial to improving the performance
and extending device lifetime. Strain within the structure appears to play a role in the
rapidity of the aging effect and minimising this could significantly increase lifetime.
Pump wavelength will also have an effect, in that shorter wavelengths deposit more
energy into the lattice which facilitates defect migration and formation.

Although strain-compensating the quantum wells improved device performance and
lifetime, there is still a need for improvement in the structure design to further

increase performance and lifetime.

Whilst the quantum wells (and strain compensation layers) are the most highly
strained element in the structures discussed earlier, they are not the biggest source of
strain in the structure. Both the AlAs and Alg 45GagssAs layers used in the DBR have
slightly larger lattice constants than GaAs and are a little compressively strained as a
result. Although the strain is low (-0.14% for AlAs and -0.06% for Aly45GagssAS),
the cumulative strain of over 4pum of slightly strained material is significant. If this
cumulative strain could be removed by strain balancing the DBR it is expected that

device performance and longevity would be enhanced.
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It is not possible to significantly decrease the level of strain by reducing the amount
of aluminium in the AlGaAs layer as the absorption edge of Alg45GagssAs is already

close to the laser wavelength? so a change in DBR material is required.

One option is to replace the AlIAs/AlGaAs DBR with one based on the (AlGa)InP
material system. The ability to vary the lattice constant and bandgap of (AlGa)InP
almost independently by varying the In and Al proportions is already utilised in
designing the active region. This can be used to (near) strain-balance the DBR and
the remaining source of strain (the quantum wells) may be balanced by tweaking the
composition of the pump absorbing layers. Also, reducing the amount of aluminium
in the structure reduces its susceptibility to oxidisation. The use of an (AlGa)InP
DBR to an AlAs/AlGaAs DBR has previously been demonstrated by Schneider et al®
with their optically-pumped VCSEL.

The low refractive index layers would be composed of Algsslng47P. It has a lattice
constant of a;=5.6535A2 (and so is lattice-matched to the GaAs substrate which has a
lattice constant of ap=5.6533A), a refractive index of n=3.1326 and direct bandgap of
E0=2.36eV".

The high refractive index layers would be (Alp2Gagg)os2lng4sP. It has a lattice
constant of a,=5.6528A% refractive index of n=3.2928 and direct bandgap of
E0=2.337eV".

A DBR of (Aly2Gagg)os21no.asP / Algsslng47P would have a smaller refractive index
contrast than the AlAs / Alg45GagssAs DBR used in the diode-pumped red VECSEL
work. The refractive index contrast of the existing AlAs/Alg 45GagssAs layers is 3.51-
3.09=0.42. A DBR of (Alp2Gagsg)osz2lnossP / Algsslng47P would have a refractive
index contrast of 3.29-3.13=0.16 and so require 60 pairs of layers rather than the 40
in the existing AlAs/AlGaAs DBR. Although the increase in the thickness of the
DBR is not ideal it is not the main heat flow path so the increased thermal resistance
should not be an issue. As both layers are lattice-matched to GaAs, growing the

additional thickness should not cause structural problems.
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The misfit strain of each layer is e=(agaas-@iayer)/@iayer. The cumulative misfit of layer

a can be defined as Aa= g4l, where |, is the thickness and g, the misfit strain of layer

a. The cumulative misfit of all layers A being the sum of the misfit of each layer. The

closer A is to zero the better strain balanced the structure is.

Applying this to the seven quantum well structure with strain compensation layers in

Table 7-1 we see that the cumulative misfit A=-4.51nm with an average misfit strain

of e=-0.10%.
Layer Lattice Const (A) |Dist (nm) |Misfit |Cumulative Misfit (nm) [Material X |y
Substrate 5.6533 GaAs
DBR High Index 5.6568 1880] -0.06% -1.16| AkGa; xAs 0.45
DBR Low Index 5.6611 2160| -0.14% -4.14| AlLGa; xAs 1
Half Layer 5.6611 54| -0.14% -4.21|AlLGar.xAs 1
Barrier 5.6593 191(-0.11% -4.42| (AL Gay.)yIniyP 0.60| 0.51
Barrier (Strain Comp) 5.6223 3.5 0.55% -4.40|(ALGay)yIn1yP | 0.60] 0.60
QW 5.6813 7(-0.49% -4.43|Gaylny P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -4.39|(ALGay)yIn1 P | 0.60] 0.60
QW 5.6813 7(-0.49% -4.43|Gaylny P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -4.39|(ALGay)yIn1 P | 0.60] 0.60
QW 5.6813 7(-0.49% -4.42)|Gaylny P 0.45
Barrier (Strain Comp) 5.6223 3.5 0.55% -4.40|(ALGay)yIn1P | 0.60) 0.60
Barrier 5.6593 51(-0.11% -4.46|(AlLGay.)yIni.yP 0.60| 0.51
Barrier (Strain Comp) 5.6223 3.5 0.55% -4.44|(ALGa;)yIn1 P | 0.60) 0.60
QW 5.6813 7] -0.49% -4.47|GayIn, P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -4.43|(ALGa;)yIn1 P | 0.60] 0.60
QW 5.6813 7| -0.49% -4.47|GayIn, P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -4.43|(AlLGa1)yIn1yP | 0.60(0.60
QW 5.6813 7(-0.49% -4.46(Gayln; 4P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -4.43|(ALGas)yIni P 0.60| 0.60
QW 5.6813 7(-0.49% -4.46|Gaxin1-xP 0.45
Barrier (Strain Comp) 5.6223 3.5 0.55% -4.44|(ALGay)yIni P | 0.60] 0.60
Barrier 5.6593 63| -0.11% -4.51|(ALGaz.)yIni.yP | 0.60]0.51
Cap 5.6516 10( 0.03% -4.51Gaylny 4P 0.52
Length -> 4507 -0.10% <- Awerage Strain

Table 7-1: AlAs/AlGaAs DBR with strain compensation layers in active region

Table 7-2 shows that strain balancing the DBR, with no changes to the active region,

reduces the cumulative misfit to A=-0.13nm, and average misfit strain €=0.002%.
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Table 7-2: AlInP/AlGalnP DBR with strain compensation layers in active region

Layer Lattice Const (A) |Dist (nm) [Misfit |Cumulative Misfit (hnm) |Material X |y
Substrate 5.6533 GaAs
DBR - High Index 5.6528 3162| 0.01% 0.28|(AlxGal-gyIn,.,P 0.2| 0.52
DBR - Low Index 5.6535 3410| 0.00% 0.16[(AlxGal-yyIni.yP 1] 053
Half Layer 5.6535 56| 0.00% 0.16[(AIxGal-yIny.yP 1| 053
Barrier 5.6593 191]-0.11% -0.05|(ALGas.»)yIn1yP |0.60] 0.51
Barrier (Strain Comp) 5.6223 3.5| 0.55% -0.03[(AlxGal-yIn,yP | 0.60| 0.60
Quantum Well 5.6813 7| -0.49% -0.06{GaxIn;P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -0.02[(AlxGal-yyIn;.,P | 0.60| 0.60
Quantum Well 5.6813 7] -0.49% -0.06|Gayln1 P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -0.02|(AlxGal-yIn;.,P [0.60] 0.60
Quantum Well 5.6813 7(-0.49% -0.05|Gaxlny P 0.45
Barrier (Strain Comp) 5.6223 3.5 0.55% -0.03|(AlxGal-yIn;.,P | 0.60]| 0.60
Barrier 5.6593 51]-0.11% -0.09| (ALGaz.)yIni.yP ] 0.60[ 0.51
Barrier (Strain Comp) 5.6223 3.5| 0.55% -0.07[(AlxGal-yyIniyP | 0.60[ 0.60
Quantum Well 5.6813 7(-0.49% -0.10| Gaxlny P 0.45
Barrier (Strain Comp) 5.6223 7] 0.55% -0.06| (AlxGal-yyIn;.,P | 0.60] 0.60
Quantum Well 5.6813 7| -0.49% -0.10{GaxIn; P 0.45
Barrier (Strain Comp) 5.6223 7] 0.55% -0.06| (AlxGal-yyIn;.,P [ 0.60] 0.60
Quantum Well 5.6813 7| -0.49% -0.09|Gaylny 4P 0.45
Barrier (Strain Comp) 5.6223 7| 0.55% -0.06{(AlxGal-yyIn;.,P | 0.60| 0.60
Quantum Well 5.6813 7| -0.49% -0.09(Gaxin1-xP 0.45
Barrier (Strain Comp) 5.6223 3.5| 0.55% -0.07|(AlxGal-yyIniyP | 0.60[ 0.60
Barrier 5.6593 63| -0.11% -0.14|(ALGaz»)yIn1yP  ]0.60] 0.51
Cap 5.6516 10| 0.03% -0.13| Gayln; «P 0.52
Length -> 7041 -0.002% <- Awerage Strain

Strain balancing the DBR would almost wholly remove the cumulative strain in the

structure, leaving only local regions of strain in the quantum wells and strain

compensation barriers. The quantum well-barrier interface can act as a seed for

defects migrating into the quantum well so it may be a further improvement to

reduce the shear stress at the interface by altering the composition of the pump

absorbing barrier to strain balance the active region rather than using highly strained

thin strain compensation layers as shown in Table 7-3. This would also have the

advantage of simplifying growth by reducing the number of layers and have a

cumulative misfit of A=0.05nm and average misfit strain €=0.001%.
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Layer Lattice Const (A) |Dist (nm) |Misfit |Cumulative Misfit (nm) |Material X|y
Substrate 5.6533 GaAs
DBR - High Index 5.6528 3162| 0.01% 0.28[(AlxGal-)yIn..,P | 02| 0.52
DBR - Low Index 5.6535 3410( 0.00% 0.16|(AlxGal-y)yIny P 1] 0.53
Half Layer 5.6535 55 0.00% 0.16|(AlxGal-yyIni P 1] 053
Barrier 5.6511 187| 0.04% 0.23|(ALGay)yIn1yP  [0.60] 0.53
Quantum Well 5.6813 7] -0.49% 0.20|Gaylny P 0.45
Barrier 5.6511 7| 0.04% 0.20|(ALGay)yIn1yP [0.60| 0.53
Quantum Well 5.6813 7(-0.49% 0.16|Gayln P 0.45
Barrier 5.6511 7] 0.04% 0.17|(ALGay)yIniyP  [0.60| 0.53
Quantum Well 5.6813 7] -0.49% 0.13|Gaylny P 0.45
Barrier 5.6511 58| 0.04% 0.15|(ALGa;)yIn1yP |0.60| 0.53
Quantum Well 5.6813 7(-0.49% 0.12|Gaylny P 0.45
Barrier 5.6511 7] 0.04% 0.12|(ALGay)yIniyP [0.60] 0.53
Quantum Well 5.6813 7] -0.49% 0.09|Gaylnq P 0.45
Barrier 5.6511 7| 0.04% 0.09|(ALGa;)yIniyP [0.60| 0.53
Quantum Well 5.6813 7(-0.49% 0.06|Gaylny.P 0.45
Barrier 5.6511 7] 0.04% 0.06|(ALGay)yIniyP [0.60| 0.53
Quantum Well 5.6813 7(-0.49% 0.02| Gaxin1-xP 0.45
Barrier 5.6511 65| 0.04% 0.05[(ALGa.x)yIn1.,P |0.60] 0.53
Cap 5.6516 10| 0.03% 0.05|GaylnP 0.52
Length -> 7031 0.001% <- Awerage Strain

Table 7-3: AlInP/AlGalnP DBR without strain compensating layers in active region

It would be possible to remove the cumulative strain from the DBR by not growing
one at all, etching off the substrate, and applying a mirror coating to the polished
bottom of the structure but that would negate one of the advantages of using a

heatspreader: that it does not need significant post-processing.

Additionally there may be scope for improvement by changing the growth
temperature. Whilst we have continued with the growth temperatures used for doped
AlGalnP structures, the VECSEL is not restricted by a need to optimise growth

conditions for doping and investigation into this area could be worthwhile.

Although this work has largely concentrated on the red VECSEL, the design
principles used in the diode-pumped red VECSEL apply to the development of 11-VI
VECSELs. These have the potential to cover the whole of the visible spectrum®
offering the exciting prospect of exploiting recent availability of GaN laser diodes to
enter the multi-billion dollar display market. Particularly interesting is the possibility
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of growing different wavelength VECSELs on the same wafer’, simplifying

integration into display devices.

Future work with the ZnCdSe/ZnSe material system will involve further testing of
structures floated onto diamond as the preferred heatsink material. Once high quality
repeatable results can be achieved a full VECSEL structure intended for laser action

could be bonded to diamond using the epitaxial lift-off technique.

The ZnCdMgSe/ZnCdSe structure was designed for laser action using the same
principles as our I11-V red VECSELS, however it was grown without a DBR on an
InP substrate which requires removal. Mechanical polishing to thin the substrate
followed by wet etching a via hole through the InP, followed by wet etching through
the InGaAs seems the most likely option. Whilst highly selective etchants, such as
HCI:HsPO, (3:1) which etches InP but not InGaAs® and HsPO4:H,05:H,0 (1:1:8)
which etches InGaAs but not InP used by Elias et al® to etch InP through an InGaAs
mask, are known, we are currently investigating suitable etchants for high selectivity
of InGaAs and InP over ZnCdSe. Once this has been overcome the first green 11-VI
VECSEL can be demonstrated, opening the way to further progress in visible
VECSELSs.

An important step in the fabrication of VECSEL structures is to widen the scope of
the epitaxial lift-off technique® to other 11-VI material systems such as ZnCdMgSe.
This has recently been achieved by Dr Kevin Prior of Heriot-Watt and Professor
Maria Tamargo of CUNY. This enabling process allows VECSEL structures to be
floated directly onto a substrate, with entirely different properties to the VECSEL

such as a mirror-coated diamond heatspreader, shown as an example in Figure 7-1.
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Figure 7-1: Schematic of a possible diode-pumped II-VI VECSEL floated onto a coated diamond

heatspreader.
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