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ABSTRACT

The thesis presents the development and implementation of single frequency vertical
external cavity surface emitting lasers (VECSELs). Numerous cavity designs are

reported, exploiting some unique features for single frequency operation.

A small VECSEL cavity configuration is reported utilising a positive curvature
mirror in reverse to create a 6mm cavity where the air gap between the mirror
surface and VECSEL wafer act as an etalon, which induces single frequency
operation. A 7nm tuning range has been shown with maximum output of 19.4mW.
Thermal modelling was undertaken to analyse how the removal of the VECSEL’s

substrate could increase the thermal efficiency for high power operation.

Another small cavity design of length SO0mm was created, producing a high power,
compact single frequency VECSEL. Using a birefringent filter and solid etalon
single frequency operation was achieved. A tuning range of 10nm was achieved with
output powers of 271mW. Extensive mapping of the pump profile and eventual
manipulation of this resulted in the M? of the laser of 1.1 being reduced to 1.02. In
addition an air etalon system was constructed to eliminate walk-off losses

experienced by the solid etalon. This resulted in a 20nm tuning range.

Frequency doubling of an 850nm VECSEL using KNbOj; is reported with 1.3mW of
425nm being achieved, corresponding to an efficiency of 3.2%/W. This system also
incorporates a polarisation coupled pump system delivering 3W at 670nm from a
100pm fibre. The relationship between the VECSEL’s gain and frequency

conversion efficiency is also analysed in detail.



THESIS OUTLINE

Chapter one gives a brief introduction in to the development of the VECSEL. The

design of the VECSEL is discussed with a detailed overview of the characteristic

layers incorporated in its structure and how this is manufactured.

Chapter two discusses the analysis of a VECSEL wafer so that an efficient sample

can be selected for use in a laser. It also discusses procedures to appropriately mount
the VECSEL chip, including detailed steps on how to cleave and capillary bond a

wafer to an optical heat spreader.

Chapter three gives an overview of a single frequency laser. Detailed analyses of
intra cavity elements for single frequency selection are discussed with reference to

previous work carried out [1].

Chapter four investigates thermal management of VECSELs. Conventional
methods of efficiently extracting heat from the VECSEL are shown. In addition,
computer modelling and experimental techniques are performed to show the thermal
implications of removing the VECSEL’s rear GaAs substrate 1n an attempt to create

an alternative solution to using a diamond heat spreader.

Chapter five introduces the first ever-reported ring-cavity VECSEL. As a new
configuration for a VECSEL cavity, the laser was analysed in detail with

investigation into common features of a ring cavity, which included unidirectional
operation and a high tolerance to feedback. This work has since been presented at the

Europhoton Conference [2] and is in the initial stages of publication.
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Chapter six discusses a unique cavity design, which utilises a small micron sized air
gap as an intra-cavity etalon. This novel design is an attempt to create a small robust

single frequency laser.

Chapter seven is motivated from the previous chapter in designing a small single
frequency VECSEL. This incorporates a slightly larger design with intra-cavity
elements for single frequency operation. One of these elements, the etalon, is

discussed further, with the eventual creation of a purpose built air-etalon to maximise

the VECSELSs tuning capability.

Chapter eight demonstrates the frequency doubling of an 850nm VESCEL. Detailed
analysis of the conversion efficiency of the KNbO; crystal was carried out with
respect to the laser gain and internal losses [3]. Using a KNbOj; crystal an effective

cavity design is created with the addition of a bright optical pumping source.

Chapter nine gives an overall conclusion of the entire work carried out in this

thesis, summing up and discussing the relevant findings.
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CHAPTER ONE

INTRODUCTION AND BACKGROUND

Vertical External Cavity Surface Emitting Lasers (VECSELS) are a unique blend of
both solid state and semiconductor lasers. The semiconductor material is designed to
emit and absorb desirable wavelengths. The unique external cavity gives this laser
the ability to define the laser mode and utilise intra-cavity elements for several
applications, like that of a traditional solid-state laser. This flexibility gives
VECSELs a large wavelength coverage, similar to diode lasers and output powers
>1W, making 1t a very versatile tool.

This chapter gives an insight into the development of the VECSEL and the main

aspects behind its design.

1.1 INTRODUCTION

Semiconductor lasers are at the forefront of the modern world. Since their
introduction in 1962 [1], they have been developed into one of man’s most powerful

tools. Semiconductor lasers are now part of every day use, featuring in many devices
that are used on a daily basis, for example CD players, DVD players, telecoms

networks and laser printers.

1.2 DEVELOPMENT OF LASER DIODES

Since the first proposal of laser amplification in 1958 [2], laser diodes have been
developed to produce a wide range of wavelengths and high power emission. The
creation of the laser diode in 1962 by Hall and colleagues [1], was the first step in the
semiconductor laser development. This small device is formed by doping a piece of
semiconductor wafer in two regions, creating two areas in close proximity, p-type

and n-type. The p-type semiconductor area has a preponderance of vacancies for



donor electrons, simply called holes that are positively charged. The n-type area has
a preponderance of electrons that are negatively charged hence the names n/p-type.
When these two materials are in close proximity their band structures intermix. This
is called the depletion layer (active region). When current is passed through this
device electron and hole recombination occurs and light emission is generated. This
process 1s very efficient due to the direct bandgap in the semiconductor. The
maximum of the valence band is directly below the minimum of the conduction band
in momentum space, this allows for optical emission through efficient recombination

of electron-hole pairs while conserving momentum. This can be seen below in figure

(1.2.1)

p-type depletion area n-type

Efn

Efp - Eo

Figure (1.2.1): Degenerately doped pn junction under forward bias with photon

emission

In the above diagram the depletion layer shows where the recombination of the
electron and hole pairs occur. This is an uncontrolled area formed by the overlapping
of the two semiconductor doped regions. Only electrons and holes in this region will
recombine and photon emission occurs. A further step in 1969 by Izuo Hayashi and
colleagues [3], was to alter the band structures of the semiconductor material to
create an optical waveguide. It consists of three doped regions of semiconductor
material forming a heterojunction. The requirement for this type of waveguide 1s
that the central material has a lower bandgap than the other two materials. This

confines the carriers in an energy well in the centre of the semiconductor. Radiative




recombination is then confined and this enhances the process of light amplification.
The depletion area is no longer an uncontrollable parameter thus it can be designed

for maximum carrier confinement and efficiency. The diagram (figure 1.2.2) shows

the energy band structure and typical material layout.

Figure (1.2.2) Energy band diagram of a heterojunction under forward bias.

Although the heterojunction proved to be a more efficient form of laser diode the
beam shape was still undesirable. The geometry of the laser diode produces end
facets of a rectangular shape. This produces an elliptical beam from the laser as the
light from both axis expand at different rates due to diffraction. The elliptical shape
is undesirable as it causes complications to use further optics or launching into
optical fibres. This beam shape can be adjusted using lenses or anamorphic prism
pairs, which can be time consuming, costly and lossy. The next major development
in semiconductor lasers was the production of a circular output beam, this would
make coupling the laser light in to optical fibre much easier and would be more
desired in the optical industry. The first reported Vertical Cavity Surface Emitting
Laser (VCSEL) was in 1965 by Melingailis [4]. It consisted of an npp junction of
[nSb. The material was cooled to 10K and magnetic fields were used to confine the
carriers, this emitted coherent radiation around 5.2um. This was then developed
further in the late 1970°s where Kenichi Iga and associates used the novel 1dea of
Bragg stacks mn conjunction with semiconductor gain mediums to create a surface

emitting semiconductor laser which consisted of two semiconductor Bragg stack



mirrors with a semiconductor gain medium between them forming a micro laser

cavity |3].

The threshold gain of the laser occurs when the optical gain equals that of the optical

losses in the cavity. This can be expressed in the following equation.

RIRZ CXP {2(gthqw —aLcm')} = | eqU(121)

where L, and L., are the lengths of the gain region and the quantum well
respectively, @ 1s the averaged absorption coefficient, R; and R, are the mirror
reflectivities. If we let g, = 1000cm™ in the best-case scenario for the gain then the

Bragg mirror has to be as much as 99.95% reflective.

Ser output
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Top p-type DBR muror
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Bottom n-type DBE muror

Substrate

Metal contact

Figure (1.2.3): VCSEL design showing all major regions.

The main disadvantage of the VCSEL is the large amount of current that is needed
for electrical pumping and with low output powers it was a very inefficient laser.
Due to inhomogeneties in electrical pumping, namely a limited size of pumping
region, VCSELSs cannot emit high powers in the fundamental mode. Currently this 1s
limited to 6mW [6.7]. This inherent power scalability problem of the VCSEL was a
major contributing factor that drove the development of semiconductor lasers to the

VECSEL.




The first VECSEL was reported in 1991 by the Jiang group [8], from an InGaAs
based material. The design of the VECSEL is taken from the VCSEL. The removal
of the top distributed Bragg Reflector (DBR) from the VCSEL gives the laser the

ability to have an external mirror to complete the cavity. This allows a wide variety
of intra-cavity components to be used. The addition of birefringent filters and etalons
into the cavity can turn this broadband device into single frequency operation with
large tunability [9]. Frequency doubling crystals can be utilised intra-cavity to
produce efficient second harmonic generation of the fundamental wavelength. [10].
In addition to adding intra-cavity elements the VECSEL also has the advantage of
being able to be optically pumped. This also makes it possible to increase the gain
volume as no electrical complexities apply, therefore VECSELSs can achieve larger

output powers.



1.3 THE VECSEL

The vertical external cavity surface emitting laser is a robust laser. With careful
design of the distributed Bragg reflector and quantum wells it can be a very
comprehensive laser. Currently the VECSEL’s wavelengths span covers 391nm-
2.3um, (Table 1.3.1). With good beam quality TEMgyo mode, high power, narrow line
width(<IMHz), compact and very efficient, the VECSEL is a formidable
replacement for the Ti:Sapphire.

Emission Quantum well material DBR material REFERENCE

wavelength

]
)
960- InAs/Aly2Gag gAs AlAs/Alp2GaggAs | [14]
L e

)
L
"

Table (1.3.1): Wavelength range of VECSELSs



The design of the VECSEL is critical to its efficiency. There are 3 main areas to

consider, the distributed Bragg reflector (DBR), the quantum well region and the

capping laver. These sections can be seen below in the schematic drawing of a

typical VECSEL, figure (1.3.1).

Cap layer
Quantum Wells

= >

Distributed Bragg
Reflector (DBR)

GaAs Substrate

Figure (1.3.1): Basic VECSEL structure

1.4 DISTRIBUTED BRAGG REFLECTOR

The VECSEL mirror is made from a distributed Bragg reflector (DBR). This consists
of alternating layers of semiconductor material with different refractive index. Each
layer is one-quarter wavelength of optical thickness. When light is incident on the
Bragg stack 1t experiences a 180" phase shift when passing through a single layer,
this phase allows the reflected beam to constructively interfere which results In a
strong refection. As each layer is partially reflective, multiple layers of refractive
index pairs are used to increase the reflectivity of the stack until a maximum

reflection is achieved, typically 30 layer pairs are used. This maximum is achieved



when all the possible light 1s reflected by the Bragg stack, although some proportion
will be absorbed by the mirror substrate. Reflectance’s of 99.9% can be achieved
with this method. The mirrors bandwidth is determined by the contrast in refractive

index of the two materials. Figure (1.4.1) below shows how an off axis beam being

T

/—\

Destructive

reflected by this method.

v

Figure (1.4.1): Distributed Bragg Reflector with off axis beam reflection. Light
propagating from a low to high refractive index experiences a 180 degrees phase

shift that adds constructively to form a high reflector.

Maxwell's equations of thin films of electro magnetism can be used to describe the

theory 1f DBR thin films [18]. Matrices are used to describe the characteristics.

M(z) = cos(k,nzcosb) - sin(k,nzcost) =[Mm Mm] equ:( 1.4.1)

_ | ncoso M. M
—i(ncos®)sin(k,nzcos) cos(k,nzcost) 10 11

2
Where ko = ;— Wave vector

n = Refractive index of the film



z = film thickness

0= Angle of electromagnetic wave to normal incidence

A series of such films is then given by the expression,

N
M=|{M,. equ: (1.4.2)
L 1M,

Matrix multiplication can then be used to calculate the reflectance of any such stack

using the reflectance coefficients,

(Mm + M, ns)' n, '(Mm + M, ns)

R = 2, where r=~—2__"_" O s ¢« \ 10 "~ "11 s/
|f| (Mm"'Mm'ns)'"i"'(Mlo"'Mll'"s)

equ: (1.4.3)

n; and ng are the substrate refractive indices of the initial medium and the substrate

respectively.

GaAs based VECSELs use AlGaAs DBRs as lattice matching between the layers 1s
acceptable, this reduces the risk of stresses and cracks caused by lattice mismatch.
The materials refractive index can be tailored by increasing or decreasing the amount
of aluminium content present. This gives a simple way to engineer the DBR to the
desired reflectance at the desired wavelength. Figure (1.4.2) shows how the change

in refractive index with wavelength for varying concentrations of the Al mole

fraction.



refmacive index

2 o it SN i )| N {1 4 "Wy M)

wavelength (nm)

Figure (1.4.2): Refractive index of Al,Ga;4As as a function of wavelength for

different Al mole fractions [19].

In the above graph it is clear as you increase the aluminium mole fraction (0.0 at the
top) the refractive index is reduced (1.0 mole fraction, bottom line). A large change
in refractive index (An) between the two layers is desirable as this allows for a
stronger reflection and wide bandwidth. The reflectivity of the mirror increases as
the number of layer pairs is increased. Typically around 25 or more layers are

needed for a reflectivity of 99.9% for a large An.

Computer simulations can be used to model Bragg stacks [20], as seen in figure
(1.4.3)

10



Reflectivity

o . i . —L - 4 i - A 1 A A " —d | i - . an i
z

Wavelength (microns)

Figure (1.4.3): Mathematica simulation of a AlIGaAs DBR. The red line indicates the
reflectivity of 30 layer pairs showing a 99.99% reflectivity over a 60nm range. The

blue line shows 20 layer pairs showing a reduced reflectivity of 85% and a reduced

bandwidth around 40nm.

Figure (1.4.3) above shows a computer simulation of a 980nm-centred DBR. The
red line indicates a 30 pair combination of AlyGa,.As layers with n=3.2 and n=2.86
due to an Al mole fraction of x=0.6 and x=1.0 respectively. 30 pairs give a strong
reflection approximately 99.99% @ 980nm. The large difference in refractive index
between the layers (An=0.34) gives a broad reflection band. In contrast, the blue line
indicates a poor DBR. Here An = (.2 therefore the reflection maxima is decreased
and width of DBR profile is also reduced. Using this software it is possible to design
a desirable DBR for use in a VECSEL wafer. The next stage is to design the

quantum well region, which is grown directly on top of the DBR.

11



1.5 QUANTUM WELL REGION

The quantum well region 1s made up of a sequence of layers of semiconductor
material. These materials can be manipulated to allow the emission and absorption
bands of the quantum wells to be designed to specification. To design a good
quantum well one must take into account the desired pump wavelength, the emission
wavelength and the gain. These three features are the underlining attributes which

must remain constant in the design when adjusting the quantum well parameters.

The absorption and emission wavelengths of a quantum well can be chosen by
altering the semiconductor composition and thickness. Figure (1.5.1), shows the

quantum well structure and the relevant energy bands.

Barrier
AlxGaixAs

Conduction Band

QW
AIyGa1 -yAS

Barrier Energy

....................................

Band Gap Energy (Eb)

Energy

Barrier Energy

Valence Band

Layers

Figure (1.5.1): Energy bands in quantum well region.
To calculate the exact wavelength, which the quantum well will absorb and emut,

Schrédinger’s equation must be used to determine the transition energies present in a

finite quantum well.
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Consider a finite quantum well with width (w) and finite barriers (Vo) as shown in

figure (1.5.2) below.

m, m,

-W/2 -—F—» \\/2

P, S—__

Figure (1.5.2): Finite Quantum well showing the first three possible wave functions

The time independent Schridinger equation for a well of width (w) is, [21]

h d’
2m i(ZX)"kl""("Foa x| <w/2 equ:(1.5.1)
h d>
2m ;P (zX)+kz¢(x)=0~ x| >w/2 equ:(1.5.2)
X

Where. m = Effective mass of the carrier

E = Carrier energy

2mE
K, =J 72
2m(V, - E)
K, =4|— Y

13



For an even wavefunction the solution now becomes.

C, exp(-k, |x| - w)
Y(X) =

|x] > w2

x| < wi2
C,cos kjx equi( 1.5.3)

Applying boundary conditions where the wavefunction and its derivative must be

continuous at the interface, the eigenfunction now becomes,

W
G = G, cos kl? equ:( 1.5.4)
k k .o W
.r_nl.cl = ;]—‘—Czsm k|-2— equ:(1.5.5)
b w

Where m,, and m, is the effective mass of the carrier in the well and in the barrier

respectively.

Substitution of C1 and C2 gives,

= —tan k, — equ:(1.5.6)
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Where k, = ZI;E and k, =1/2-T—(%§-—E)

Substituting values for k; and k; gives

equ:(1.5.7)

This equation can now be used to solve for the transition energies of any possible
quantum well design. This information can be used to indicate the correct aluminium
mole fraction needed for efficient pump absorption into the barrier regions and also

indicate the quantum well thickness needed for the desired emission wavelength.

Once the design of a single quantum well has been complete the number of quantum
wells has to be taken into account. The quantum well can produce a certain amount
of gain. Multiple quantum wells are used to increase the available gain of the laser so
that it is larger than the losses experienced in the material and hence laser action can
take place. The quantum wells in the structure have to be kept to an optimum
number as an increase in well number also increases the lasing threshold, due to an

increase in absorption from the barriers material. These affects can be seen in figures
(1.5.3, 1.5.4), [22]
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Figure:(1.5.3) Threshold power as a function of QW number for a varied output
coupling of 96%-99%.
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Figure:(1.5.4) Maximum output power for a fixed input power as a function of QW

number for a varied output coupling of 96-99% [22].

As seen in figure (1.5.3), the increasing number of Quantum wells increases the
lasing threshold. Figure (1.5.4) shows with increasing number of quantum wells the
maximum output power is increased as more gain is provided. Figure (1.5.3)
provides 4 plots of increased internal losses by using varied output coupling 96%-
4% loss, to 99%-1% loss. From these graphs it is clear that an optimum number of
quantum wells must be used to give a low lasing threshold however enough for gain

to exceed the losses and lasing to occur.
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.6 WINDOW LAYER

The final layer in the design of the VECSEL is the capping layer. Its role is to
prevent carrier diffusion from the quantum wells and also reduce oxidation of the

VECSEL s surface. The capping layer is made from semiconductor material which
has a higher energy gap than that of the barrier region. This acts as a barrier for those

electrons with high energies, which can escape the well confinement.

E
N
| E
| R
: G
|
Well | Bamer : Capping
I | Layer

Figure (1.6.1): Capping layer energy diagram

The additional benefit from this layer is that it can be grown to desired thicknesses.
This can enhance the available gain from the laser by forming a resonant structure in

the small micro-cavity between the DBR and air surface.
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1.7 RESONANT PERIODIC GAIN

The VECSEL optical length can be configured to produce a micro-cavity between
the Distributed Bragg Reflector (DBR) and the capping layer. This cavity can be
designed to be of suitable length to form a resonant waveform inside the gain region.
The quantum wells are placed at the antinodes of the resonant wave. The electric
field being the strongest at these points, means the maximum amount of gain can be
extracted from the quantum wells. An additional benefit of the resonant effect is
strong wavelength selectability and removal of spatial hole burning. The diagram

below, figure (1.7.1) shows this effect.
Qw’s 2 /9 Capping 2

ayer |E|

The effective gain from the quantum wells can be increased using this technique, as

DBR

|

——__————-»Z

Figure (1.7.1): Resonant periodic gain structure design

much as double the gain can be achieved to that of a non-resonant structure [23].
However if the quantum wells are misplaced with respect to the quantum wells the

effective gain will be lowered significantly.

Anti-resonant VECSELSs can be produced by designing the cavity length so that no
resonant features are present. This produces a lower gain extraction compared with a
resonant VECSEL, however it has the compensating benefit of being a more stable

laser due to the flexibility in the DBR-capping layer cavity length, which can be

18



influenced by temperature build up in the gain region. Figure (1.7.2) below show an

anti-resonant VECSEL design.

’ Capping
Qw's A2 ayer |E|2

el [

DBR

Figure (1.7.2): Anti-resonant configuration

Figure (1.7.3) below show the different resonant features produced in an anti-

resonant VECSEL.

100 70

S0

DBR Reflectivity(%)

W
— N W R n )
& © @ - & &
Photoluminescence (arb)

Q

750 800 850 900 950
Wavelength (nm)

Figure (1.7.3): 850nm Anti-resonant VECSEL’s
DBR & photoluminescence profile.
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As seen 1n figure (1.7.3) the main photoluminescence (red trace) is directly under the
centre of the DBR. No absorption of the DBR profile above the main
photoluminescence peak indicates the sample is anti-resonant. The resonant features
of the structure can be seen on either side of the DBR profile where local reflection
minima occur due to absorption. Around 820nm a peak in the photoluminescence
can be seen which corresponds to a cavity resonance that has increased the available
gain at this particular wavelength. In a resonant VECSEL this feature would be seen
directly above the main photoluminescence peak where the desired cavity resonance
1S matched.

When the finished wafer design has been complete it is now ready to choose the

fabrication process.

1.8 WAFER FABRICATION

T'he main process of fabricating these structures is Metal-Organic Chemical Vapour
Deposition (MOCVD) or similarly known as Metal-Organic Vapour Phase Epitaxy

(MOVPE). A schematic representation of this can be seen below in figure (1.8.1).

A~

$3484 8

B icating ~600°C

Precursors

Figure (1.8.1): Schematic drawing of a MOCVD growth chamber with a magnified

image of a GaAs wafer being processed. [24]
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A suitable substrate 1s placed inside the reactor, e.g GaAs. This is then exposed to
metal-organic gases (precursors) like that of arsenide, trimethyl gallium and
triemthly aluminium, which pass over the substrate forming AlGaAs. The precursors
are delivered into the chamber, which is heated (~600 “C) and maintained at a
suitable pressure. The precursors then break up allowing desired atoms to adhere to
the substrate surface. This process allows fine layers of atoms to build up over the
substrate and precise layer thicknesses and compositions can be achieved. This

process may take several hours for a layer of a few microns to be formed.

An additional process, which is a less favoured method for fabricating wafers due to
its high vacuum tolerance. 1s Molecular Beam Epitaxy (MBE). This process can
involve solid substrates such as arsenic, indium and gallium, which are heated 1n
separate effusion cells. This heating causes a cloud of atoms that evaporate from the

substrates surface. This can then be directed onto the acceptor substrate. This process

can be seen in figure (1.8.2).
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Figure (1.8.2): MBE schematic [25]
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Once the desired elements have condensed on the substrate surface they interact and
can form compounds. In the case of VECSEL fabrication gallium and arsenic
interact on the substrate surface to form single crystal gallium arsenide. During this
process careful monitoring of the thickness of the material is carried out using a
process called Reflection High Energy Electron Diffraction (RHEED). RHEED
involves an electron gun projected at a very wide glancing angle (>85°). The high
energy electrons (5-100keV) are recorded on a fluorescent screen or photo emission
sensor. This allows precise measurement of the step edge density, which is a
calibration of surface roughness. The RHEED produces an oscillating signal when
deflected off the substrate that is directly proportional to the rate of increasing atom
layer thickness. This makes it a perfect tool to detect surface roughness and layer

growth, allowing fine adjustments and corrections to be made in real time.

Both these processes can adopt a spinning substrate sample for a more homogenous
deposition. A non-rotating substrate can show slight differences over its whole area,
which gives a variety of areas where the structures will be slightly different. This
can be very desirable if the wafer design is new and gives an insight through

experimental testing which structure is most suitable.
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1.9 CONCLUSION

This chapter has given an introduction into how VECSELs have evolved from the
semiconductor diode laser. The VECSELSs design characteristics including the DBR,
the quantum well and the capping layer have been outlined. This gives the basic
ideas behind designing a VECSEL structure. The following chapter demonstrates

how to select and package a VECSEL chip for integration into a laser cavity.
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CHAPTER TWO

VECSEL WAFER ANALYSIS

This chapter demonstrates the characterisation of a VECSEL wafer and an

appropriate way of mounting a VECSEL chip for implementation into a laser cavity.

2.1 THE VECSEL WAFER

Once manufactured it is important to characterise the VECSEL wafer. This ensures

you are able to select a piece of wafer, which has the desirable qualities you are
looking for. The three main characterisations performed on a wafer before selecting

are to characterise the Distributed Bragg Reflector (DBR) and to measure the

florescence levels and wavelength.

2.2 SCANNING THE DBR

A typical wafer is 2 inches in diameter. When undergoing the fabrication of these
wafers small changes in uniformity can occur, creating an inhomogeneous water

with different features throughout its area. By using a white light source it is

possible to map out the wafer to show these variations. The experimental setup 1s

shown 1in figure (2.2.1).
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Figure (2.2.1): Mapping out the DBR profile of the wafer

The tungsten lamp emits a broad spectrum of light from 250nm-2500nm, which
provides a perfect optical source to scan the wafer over its critical wavelengths. By
illuminating a small part of the wafer, a profile of the DBR can be achieved. In
addition this process also allows the sub-cavity resonances to be seen. By scanning
the water in a 3mm x 3mm grid a map of the wafer’s structure can be generated.

From this map it is now possible to pick a piece of wafer with desired features.

Figure (2.2.2) below shows a typical map of VECSEL wafer.
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Figure (2.2.2): DBR scan of VECSEL wafer showing

central wavelengths of DBR stop band
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2.3 FLUORESCENCE MEASUREMENTS

A fluorescence measurement of the wafer can provide a detailed analysis of the

emission spectrum as seen in figure (1.7.3). Using a small 660nm diode laser, the
florescence emission spectrum can be obtained for each individual point on the
wafer. This measurement shows the inhomegenity in the quantum well structure as
well as 1ts efficiency. Figure (2.3.1) below shows the experimental setup on a custom

made J1g.

Figure (2.3.1): Fluorescence testing jig with 660nm laser diode being focused on the

VECSEL chip. The fluorescence that is emitted is collected by a series of lenses and

coupled into an optical fibre for analysis with an optical spectrometer.

A beam of 660nm light from a laser diode is focused onto the sample approximately
15 degrees from normal incidence. The subsequence fluorescent light is then
collected and focused into a fibre to be analysed by a spectrometer. The resulting
data provides the VECSEL’s main fluorescence peak. This indicated the natural
wavelength the laser will emit when incorporated into a cavity. The other main
feature this test shows is the magnitude of the laser’s gain, which can be compared to
other samples that have been taken. If the alignment and composition of the quantum

wells are correct then a large fluorescence is measured relative to the wafer. This can
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be used to determine a satisfactory piece of wafer that can be utilised in a laser

cavity.
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Graph (2.3.1): 850nm fluorescence measurement

A desirable piece of wafer will have a high level of fluorescence relative to the
whole wafer and a high DBR reflectivity at the fluorescent maxima. In addition a
resonant VECSEL will have a dip in DBR reflectivity above the main fluorescent

peak due to absorption by the cavity enhancement, as shown in a the schematic
figure (2.3.2) below.
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Figure (2.3.2): Resonant VECSEL showing DBR reflection minima aligned with

main photoluminescence peak.
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2.4 CLEAVING

Once a suitable piece of wafer has been selected from the above steps it is now ready
to be cleaved and mounted into a VECSEL cooling block. To remove the desired
picce of wafer 1t 1s necessary to cleave the substrate. This provides a perfect surface
quality that 1s necessary for the next stage of capillary bonding the wafer to a heat
spreader. Watfers can be cleaved professionally using a computer controlled machine
and vacuum system. One benefit of this is that no wafer is wasted. Another technique
is to use a saw to cut the wafer in to Smm x Smm pieces. This however leaves
unwanted rough edges on the wafer and make bonding almost impossible. These
edges can be removed by cleaving using a diamond scribe and small jig. This is a

cheap and effective way to dice the wafer into useable pieces ready for use in a laser

cavity. A detailed explanation is shown below to produce an effective cleave.

1. Using a Smm x Smm piece of wafer, clean both surfaces using methanol and

place face down on lens tissue.

2. Scribe using a diamond tool across the back surface of the wafer in one clean
motion. A jig can be used to guide the scribe.

3. Place this scribed piece into a small jig of correct depth and bend away from

scribed surface.

4. Clean sample and repeat process for the remaining 3 sides.

These steps should leave a small piece of VECSEL chip left with four perfectly

cleaved sides. A schematic of the jigs used in this process are shown in figure
(2.4.1).
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Figure (2.4.1) Schematic representation of wafer cleaving jigs

An example of a good cleaved wafer is shown below.

Figure (2.4.2): Cleaved VECSEL edge

Figure (2.4.2) above shows two sides of a VECSEL wafer that has undergone

cleaving. Cleaving provides a clean perfect edge, which helps 1n the next process of
capillary bonding. Although most cleaves produce a perfect edge, small chips can
occur but will not hinder the bonding process. However poor cleaving of the
VECSEL substrate can cause small stress fractures on the surface of the wafer, which
causes raised lavers to form. This can hinder the bonding process causing pockets of
poorly bonded areas, which can perform ineffectively in a laser cavity. Figure (2.4.3)

shows an optical microscope image of these fractures.
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Figure (2.4.3): Fracture on wafer surface

2.5 CAPILLARY BONDING

T'he next and most critical step to packaging a VECSEL is the capillary bonding of
the heat spreader. As mentioned in the previous chapter, diamond is used to
effectively remove the heat absorbed into the VECSEL. This diamond needs to be 1n
good contact with the VECSEL surface in order to achieve this. Adhesive provides a
secondary layer and would be in direct path of the laser emission so capillary
bonding 1s the preferred method. The capillary action pulls the surface together
allowing van der Waals forces to bond both surface together. Van der Waals force 1s
the dipole interaction between neighbouring molecules that electrically attract each
other in close proximity creating a strong bond [1]. Below is the step-by-step

process to achieving a good capillary bond.

Figure (2.5.1): Diamond/VECSEL substrate with H,O droplet

Both surfaces have to be immaculately clean for this process to work. Once clean a

droplet of pure water is placed on the VECSEL surface. This diamond is then placed
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on top of this and the water is squeezed out, figure (2.5.1). The remaining water 1s
drawn out using lens tissue which being very absorbent extracts most of the
remaining water. At this stage using a white light source, interference fringes can be
seen quite clearly between the two surfaces. What is left is a very thin film of water
between the two surfaces. By pressing down on the sandwich of materials the
remaining water evaporates causing a capillary action between the two surfaces,
which are drawn closer together. When all the water has evaporated, van der Walls
forces bond the sample together and the process is complete. Now the pressure can
be released and the bond can be inspected. A good bond is shown by all areas of the
VECSEL being black. A bad bond shows grey areas on the edges and/or in other
areas surrounding the bonded (black) areas. If bonding is not successful the process
must be repeated from the start, after further cleaning of the two surfaces. Figure

(2.5.2) shows a schematic representation of these bonding types.

Diamond
Bad bond Good bond

VECSEL

Figure (2.5.2): Capillary-bonding characteristics of good and bad bonds.



2.6 MOUNTING THE WAFER

The last step in preparing the VECSEL ready for use is to mount the wafer/diamond

sandwich into a copper cooling block. This block acts as a heat sink for the diamond

and rear surface of the VECSEL. Figure (2.6.1) shows a typical copper mount.
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Figure (2.6.1): Micro-channelled cooling mount.

Both surfaces that are in contact with the diamond and rear VECSEL surface are
lapped to provide a good thermal contact. Indium can be used to further increase the
thermal contact between the rear of the VECSEL and the copper mount. Micro-

channelled waterways are incorporated into the rear of the copper mount to provide

efficient heat removal by water-cooling.
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2.7 CONCLUSION

The process of picking the right sample of VECSEL has been discussed and how to
correctly bond and mount for use in a laser cavity. It is essential to pick a correct
piece of VECSEL wafer with high fluorescence levels, good DBR profile and an
agreeable resonant peak wavelength, This gives the best chance to successfully

creating a high power VECSEL. The following chapter discusses the use of
VECSELSs and other lasers for single frequency operation.
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CHAPTER THREE

SINGLE FREQUENCY OPERATION

This chapter introduces single frequency lasers and the motivation for a single
frequency VECSEL.

3.1 SINGLE FREQUENCY LASERS

Single frequency lasers are a very desirable tool in several optical applications. A
truly single frequency laser has the attributes of a single longitudinal and single
transverse mode with narrow bandwidth, a single coherent state. This feature gives
the laser only one true frequency present at one time in the laser cavity. These
features allow it to be used as a very precise tool in many applications such as fibre
optic sensing, atom trapping, precise distance measurements with interferometery,

fibre optic communication and sensing to name a few.

Spectroscopy is perhaps the biggest application for single frequency laser. The
narrow linewidths of single frequency lasers [1], make it possible to detect atomic
transitions that enable the study of atoms and material composition. These studies
have encouraged the growth of the single frequency laser from its introduction in
1981 by Arthur L. Schawlow [2]. Consisting of a dye laser that incorporated a Fabry
Perot etalon and Echelle grating to initiate single frequency operation. Dye lasers
offered a wide range of wavelength availability from the visible to near infrared.
One main problem with the dye laser is that it requires constant maintenance of the
dye solutions.  The introduction of the Ti:sapphire laser in 1986 by Moulton [3]
was the next major step in single frequency lasers. The wide tunability of the solid
state crystal medium made it possible to create a single frequency laser with tuning
ranges from ~650-1100nm with long stability and useful lifetime. The Ti:sapphire
replaced its predecessor the dye laser and is to this date the most widely used single

frequency laser for spectroscopy applications.
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Many solid state lasers inherently produce a wide broadband emission spectrum like
that of the Ti:sapphire and dye lasers. Using intra-cavity elements it 1s possible to
force single frequency operation. Most commonly the use of a birefringent filter

(BRF) and solid etalon are used as spectral filters to filter out any unwanted cavity

modes and allow the frequency of the laser to be tuned to the desired wavelength

with a reduced bandwidth depending on the spectral filtering of these elements.

3.2 BIREFRINGENT FILTERS (BRF)

A BRF is made from a birefringent material, typically quartz. This is cut at
Brewster’s angle for low loss insertion in a laser cavity. The birefringent effect of
this filter splits up the extraordinary and ordinary rays, as each ray experiences a
difference 1n refractive index, producing two rays with different phase velocities.
Only wavelengths with path length differences of integral multiple wavelengths will
pass thought the BRF. Low losses occur for integral orders of full waves, producing
a comb-like transmission. In addition this effect gives the element an incremental
tuning ability of its transmission fringes. Typically the free spectral range of a BRF it
300GHz. A slight rotation of the BFR allows the laser to translate the wavelengths of
the transmission peaks. This allows course tuning of the laser and lowers the
bandwidth. This however is sometime not enough to force the laser into pure single
frequency mode. An etalon is added with a smaller free spectral range, which

reduces the bandwidth and suppresses additional modes.

3.3 ETALON

A standard soild etalon (Fabry-Perot etalon) uses multiple reflections to act as an
optical interferometer. An etalon is made from a thin plate of non-birefringent
material, whose surfaces are parallel. Dielectric coatings can be used to enhance the
reflectivity of both surfaces to a desired value. Multiple reflection between its two
surfaces results in constructive and destructive interference that produces a periodic
wavelength transmission. Optical transmission is determined by the etalon thickness

and the reflectivity of its surfaces.
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Consider a solid etalon made from fused silica in an ambient medium of air. A light

path (A;) traverses the etalon of length (1), which is tilted by 6,, shown below in

figure (3.3.1)

Figure (3.3.1): Fabry-Perot etalon, multiple reflection model. r and t are the
coefticients of retlection and transmission respectively from air to silica. Likewise 1’
and t” are the coefficients of reflection and transmission respectively from silica to

air. Aj, Al, Az, A3, Bl and B; are the amplitude of the electric field at the various

positions.

Starting with the amplitude of the incident electric field, A, the reflected amplitude
from the first interface is given by By, in addition the partially transmitted amplitude
from the second interface is given by A;. The coefficients of amplitude reflection, r,
and transmission, t, denote light travelling from air to silica and likewise the
coefficients r’ and t’ denote the light travelling from silica to air. The multiple
output beams differ in phase due to differences in path lengths traversed by each of
the beams. The optical phase acquired by the light on one round trip through the
etalon 1s given by, |4]

~ 4mlcosf
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equ:(3.3.1)

Where n = Refractive index of etalon
] = Etalon thickness

2, = Laser wavelength

The amplitudes of each of the transmitted waves can thus be given by,

A, =tt' A, equ:(3.3.2)
A, = tt' 1" e” A, equ:(3.3.3)
A, =tt' " e* equ:(3.3.4)
Ay . equ:(3.3.5)

The sum of these transmitted waves can then be given by,

A= AE(Lr7e? 4146 )= A, equi(336)
—=ITC

The fractional output intensity, or power transmission, T=I/I;, from the ideal etalon

is then given by,

. 1y 2
T = 4 _AA o () equ:(3.3.7)
L AA"  (1-11') +4Yrr'sin?(6/2)

In a perfect lossless system, with r = r’ for identical surfaces, this above equation

simplifies to the following equation

1

T =
1+ Fsin?(6/2)

equ:( 3.3.8)

4
Where, F = A =, the etalon’s finesse
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A

R = reflectivity of each face = |r|2

d = The physical separation of the etalon mirrors

6= Internal angle between light rays and the etalon normal

This equation can now be used to see how the reflectivity of the etalon affects the

width of the pass band and the attenuation of side modes

Transmission (%)

Figure (3.3.2): Etalon transmission for various surface reflectivities.

[t can be seen that as the reflectivity of the etalon is increased the band pass of the
etalon is greatly reduced. This however also increases the intra-cavity losses due to
the etalon being more reflective which causes significant losses [5]. This can be
balanced by using the lowest reflecting etalon, which will produce single mode

operation.

In most applications it is necessary to select a single mode and maintain it for an
extended period of time. The laser can jump modes with as little as one thousandth
of a degrees rotation of the etalon therefore it must be controlled to prevent this.
Currently there are two main methods to control this, a passive technique and an
active technique. The passive technique involves the addition of another etalon with

a reduced FSR. The active technique and the most commonly used method, is to use
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feedback to control the rotation of the etalon. An electronically derived modulation
signal 1s fed back to the etalon at a frequency of 80-90 kHz around the refection
minimum. This stabilises the laser mode, however it also creates a loss at twice the
modulation frequency in addition to acoustic vibrations, which produce undesirable

modulations (amplitude noise).

A solution to this problem is to use a birefringent etalon [6]. A quarter wave plate
with reflection coating on both sides can be used as an intra-cavity etalon. The etalon
1s inserted 1nto the cavity as a slight angle to the laser beam. It is then rotated just off
one of the optic axes with respect to the laser beams polarisation to create a
reflection beam that 1s frequency dependent. This can then be used to generate an
electronic signal to stabilise the etalon by feeding back a signal to a galvanometer

that controls the etalon rotation. Figure (3.3.3) shows polarisation analysis setup.

N4
plate <,. \/4 etalon

Polarising
beamsplitter
rotated 45°

Figure (3.3.3): Birefringent etalon feedback analysis, using a combination of a

quarter wave plate and a polarising beamsplitter cube. Blue and red arrows indicate

the 1 and 2 axis polarisation magnitude respectively.
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This technique obviates the need to modulate the etalon to achieve stable single
mode operation, which has the added benefit of producing a low noise laser.

[inewidths of SkHz have been demonstrated [7].

3.4 ETALON LOSSES

Although solid etalons give good selectivity of the available laser modes the process
can generate considerable losses in the extremes of the tuning range. Simply by
tilting the etalon in the cavity causes the cavity mode to “walk-off” causing a
displacement of the laser beam. This displacement causes slight misalignment of the
laser cavity, which causes significant losses in the laser to the extent of stopping
lasing. Calculations can be made to determine the losses experienced in a laser
cavity when the angle of the etalon is tilted. Figure (3.4.1) shows the beam

propagation through an etalon at an angle 6.
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Figure (3.4.1): Beam displacement by tilted etalon

Consider a perfect lossless etalon, non-absorption and perfectly flat surfaces. It can

be shown that the round trip loss from the etalon can be given by the expression [5],

l=1-(y,¢£)° equ:(3.4.1)

y ¢ is the amplitude attenuation factor, which considers the angle of the etalon,

displacement, beam size and reflectivity of the etalon’s surfaces. Using this theory it
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is possible to determine the losses induced in a laser cavity using a tilted etalon.
Figure (3.4.2) shows how the intra-cavity losses depend on the angle 6 for a fixed

spot size of 200 microns.
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Figure (3.4.2): Intra-cavity losses from a 200um thick tilted etalon with a 200 um

beam size.

The spot size of the laser also determines the amount of displacement and overlap the
propagating beam experiences in the cavity. This can have significant effects on the
loss experienced. Figure (3.4.3) shows how loss is affected by the spot size of the
laser. A constant tilt angle of S0mRad (3 degrees) is used, which corresponds to the

angle required for one FSR of the etalon.
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Figure (3.4.3): loss determined by an increase of laser spot size for a 200um thick

etalon at an angle of 50mRad.
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As the spot size 1s decreased the losses dramatically increase, this means that
optimum placement of the etalon in the cavity is crucial to minimise these losses. A
position where the mode size is large i1s preferred where the laser will see the least
losses when tuning takes place. This, however, is a problem for short laser cavities
where the mode size does not evolve to more than 200 microns. In this situation a

different solution 1s required.

A solution to this problem is to use an etalon where no tilting is required. An “air
spaced etalon™ uses prisms to generate a small air gap, which is equivalent to a solid

etalon. Figure (3.4.4) shows the geometry of the air spaced etalon.

Refective
coating

>

1589
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Silica prisms=>

e

Air gap omm
Figure (3.4.4): Air spaced etalon

Both internal surfaces of the prisms are coated with a desired reflectivity. This
creates a small air gap with high reflectors on either side, like that of a solid etalon.
The main aspect of this design is it experiences no “walk-off’. The etalon is tuned by
increasing the air-gap between the reflective surfaces using piezo-controlled

movements. This will be discussed further in chapter (7).
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3.5 SINGLE FREQUENCY APPLICATIONS

The inherent properties of a single frequency laser; narrow linewidth, single cavity
mode, high spectral purity and low intensity noise, make it an ideal tool for many
applications. In laser cooling and trapping of atoms it is essential to have a narrow
linewidth laser. The linewidth must be close to or below the atom’s natural linewidth
of its excited state. For rubidium 87, the transition used in laser cooling is 5.9MHz,
so typically single frequency lasers with linewidths of 1IMHz are used, [8]. In
communications single frequency lasers are used, as the inherent low noise
characteristic of a single mode laser makes it possible to transmit clear signals
through many km of fibre [9]. In spectroscopy, lasers are used to determine the
composition of objects by absorption. Very small linewidth tunable lasers are used to

frequency scan solids, liquids and gases so absorption of small molecular transitions

can be measured and detected. Perhaps the most sensitive use for a single frequency
laser is in interferometery. Interferometery uses a technique where two superposing
light waves create interference that is proportional to the input wave. Exposing one
of these light waves to an external influence changes the phase of the wave. This
alters the interference experienced between the two superposing beams and a
measurement can be made which relates to this change in phase, making it a very

powerful measurement tool.

All of these applications rely on a wide range of wavelength coverage, which is

achieved by using several types of single frequency lasers.

Semiconductor diode lasers are inherently single longitudinal mode. The small
cavity length and homogeneous broadening ensures few modes being present at one
time. If more than one mode is present inside the laser diode cavity, external
influences can be used to force single mode operation. External cavities can be used
to feed light back into the laser diode to force a predominantly single mode. Figure

(3.5.1) shows a typical laser diode with external mirror and internal etalon. The

etalon filters the multimode beam emitted by the laser diode, which is then reflected
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back into the diodes micro-cavity where the low loss mode dominates and single

mode operation occurs.

External mirror
Etalon

Laser diode A
Figure (3.5.1): Single mode laser diode with selected spectral feedback.

An additional method for utilising feedback to initiate single mode operation is the
use of an optical grating. The grating is used to feedback a single wavelength that
defines the emission wavelength and single frequency is obtained. Figure (3.5.2)

below shows a typical laser diode with grating feedback.

O" Order

Laser diode

Figure (3.5.2) Grating feedback to induce single mode operation

Another type of semiconductor laser, which is inherently single frequency, is the
Distributed Feedback Laser (DFB). The use of distributed reflectors constructs a
periodic structure in the cavity. This structure is designed to suppress additional
modes thus the least suppressed mode is favoured and single frequency operation 1s

obtained. Figure (3.5.3) shows the typical structure of a (DFB) laser.
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Figure (3.5.3) : DFB laser structure with electron microscope image of periodic

grating structure,[10]

This technique can also be used in fibre lasers with a fibre Bragg grating.

3.6 SINGLE FREQUENCY VECSELS

The VECSEL having an external cavity is an ideal laser for single frequency
operation. Intra-cavity elements must be present to suppress additional modes for
single mode operation to occur. This can be achieved by the addition of a
birefringent filter (BRF) and solid etalon into the cavity. The first single frequency
VECSEL was reported in 1999 by Holm etal. [11]. Holm used a 4-mirror cavity
incorporating a BRF and 0.5mm etalon to produce a single mode laser with 3kHz
linewidth, 42mW output power and 8.5nm tuning range. Figure (3.6.1) shows a

typical single frequency VECSEL cavity.

Folding
mirror

Etalon
Figure (3.6.1): Single frequency VECSEL cavity
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Holm’s single frequency VECSEL was based on a 870nm designed wafer. Optical
pumping was achieved using a 670nm diode. A reference Fabry-Perot interferometer
was used to determine single mode operation and additionally used to lock the laser’s
wavelength. The signal from the Fabry-Perot interferometer was used to feedback a
stable locking signal to electronics via a photodiode. This generated an error signal
that could be used to lock the laser frequency using the piezo-electric mounted
mirror in the cavity. This allowed fast and precise movements needed to lock the
laser frequency. One main advantage of this VECSEL based system over other single
frequency lasers was its high power potential. Typical narrow linewidth lasers such
as the ones mentioned previously have very small output powers of a few milliwatts.
With an output power of 42mW Holm set a new mark for single frequency
semiconductor lasers. Further work in these semiconductors based VECSELs has
been dramatic. With refined techniques in manufacturing including developing
techniques in thermal management has taken the single frequency VECSEL into
direct competition with the Ti:Sapphire laser. Using a diamond heat spreaders,[12]
and thinner substrates [13] it is possible to get VECSELs with output powers of 30W
cw. Single frequency VECSELSs have been developed using these new techniques
and now tuning ranges of 70nm with high output powers have been achieved [14].
Using wedged diamond heat spreaders and compact cavity designs it has been
possible to achieve single frequency lasers with output powers 400mW and SkHz
linewidth [7]. The recent progress in single frequency VECSELs makes it more and
more viable option to replace the Ti:Sapphire laser. With broad tuning over 70nm,
compact design, narrow linewidths <MHz, good TEMy, mode and high output
powers this type of laser is at the forefront of the laser world. VECSELs do not have
the broad tuning range of a Ti:Sapphire ( 690-1050nm), however the advantage 1s
that you can have a fine tuning range which is specified by the design of the quantum
wells. Semiconductor material cover a large spectral region from 391-2300nm
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