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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 50mm 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 IOnm was achieved with 

output powers of 271mW. Extensive mapping of the pump profile and eventual 

manipulation of this resulted in the M2 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 KNbO3 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 

100µm fibre. The relationship between the VECSEL's gain and frequency 

conversion efficiency is also analysed in detail. 
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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 in 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 VECSELs tuning capability. 

Chapter eight demonstrates the frequency doubling of an 850nm VESCEL. Detailed 

analysis of the conversion efficiency of the KNbO3 crystal was carried out with 

respect to the laser gain and internal losses [3]. Using a KNbO3 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 

>1 W, making it 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 
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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 is 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-typ e 

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 is 

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 
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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. 

AlGaAs GaAs AlGa. As 
EnP. p 

11(: ) I 
_f 1, ý, 

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 

InSb. The material was cooled to IOK and magnetic fields were used to confine the 

carriers, this emitted coherent radiation around 5.2µm. This was then developed 

further in the late 1970's where Kenichi Iga and associates used the novel idea of 

Bragg stacks in conjunction with semiconductor gain mediums to create a surface 

emitting semiconductor laser which consisted of two semiconductor Bragg stack 
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mirrors with a semiconductor gain medium between them forming a micro laser 

cavity [5]. 

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, 

R, R, exp {2(g, hLqw -aL,,,, )} =1 equ: (1.2.1) 

where Lq and L, a, are the lengths of the gain region and the quantum well 

respectively .a 
is the averaged absorption coefficient, R, and R2 are the mirror 

reflectivities. If we let g, h = 1000cm-1 in the best-case scenario for the gain then the 

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

p p-type LBR Horror 
'onfinement region 

Active region 
%, nfinement region 

ottom n-type DBR mirror 

ub sti ate 

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. VCSELs cannot emit high powers in the fundamental mode. Currently this is 

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 
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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 infra-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 VECSELs can achieve larger 

output powers. 
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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- 

2.3µm, (Table 1.3.1). With good beam quality TEMoo mode, high power, narrow line 

width(<1MHz), compact and very efficient, the VECSEL is a formidable 

replacement for the Ti: Sapphire. 

Emission 

wavelength 

Quantum well material DBR material REFERENCE 

391nm Ino. iGao. 9N/GaN In0. jGa0.9N/GaN [11] 

660nm InGaP A1GaInP [12] 

850-870nm GaAs/A10.2Ga0.8As AlAs/A 10.2Gao. 8As [13] 

960- 

1030nm 

InAs/A10.2Ga0.8As A1As/A10.2Gao. 8As [14] 

1300nm Gao. 63InO. 37NO. 012As/GaAs AIAs/GaAs [15] 

1500nm InGaAs/InGaAsP InAlAs/GaInAlAs [16] 

2300nm Gao. 711n0.29As0.03Sb0.97 GaSb/A1AsSb [17] 

Table (1.3.1): Wavelength range of VECSELs 
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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 layer. 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 it 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 
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when all the possible light is 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 

reflected by this method. 

A 

X/2 
T 

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 if DBR thin films [181. Matrices are used to describe the characteristics. 

M(z) - 
cos(konzcos0) -i sin(konzcos0) 

= 
MOO Moi 

equ: ( 1.4.1) ncosO 
-i(ncos0)sin(konzcos0) cos(konz cos 0) M, o M� 

Where k( == Wave vector 

n= Refractive index of the film 
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z= film thickness 

9= Angle of electromagnetic wave to normal incidence 

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

N 

M=Mj 
ý- 

equ: (1.4.2) 

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

using the reflectance coefficients, 

z (M. +Mo, "ns)'n; -(Mio+MII'nsý R= Irý 
, where r= equ: (1.4.3) 

(M + M01 n3 'ni +(Mio+MI, 'ns) 

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

respectively. 

GaAs based VECSELs use AIGaAs DBRs as lattice matching between the layers is 

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. 
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Figure (1.4.2): Refractive index of AlXGa1, As 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 (On) 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 On. 

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

(1.4.3) 
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Reflectivity 

0. 

0.6 

0.4 

o. z 

08 0.9 

Wavelength (microns) 
1.1 1.2 

Figure (1.4.3): Mathematica simulation of a AlGaAs 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 Al Ga, 
_XAs 

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 = 0.2 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. 
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1.5 QUANTUM WELL REGION 

The quantum well region is 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 
AIXGa 1 _XAs 

Barrier Energy QW 
AIyGal_yAs 

Conduction Band 

Band Gap Energy (Eb) 

Energy 

I 
Barrier Energy 

pp- Layers 
Valence Band 

Figure (1.5.1): Energy bands in quantum well region. 

To calculate the exact wavelength, which the quantum well will absorb and emit, 

Schrödinger's equation must be used to determine the transition energies present in a 

finite quantum well. 

12 



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

figure (1.5.2) below. 

mb mW 

V 

r 

-W/2 =ý W/2 
X 

0 

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

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

h d2w(x) 
2m dx2 + k, tv(x) = 0, lxl < w/2 

h d'IPZx) 
+ k2ý(x) = 0, lxl > w/2 2m dx 

Where, m= Effective mass of the carrier 
E= Carrier energy 

k= 
2mE 

i ýz 

2m(Vo -E) k, =h2 

equ: (1.5.1) 

equ: (1.5.2) 
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For an even wavefunction the solution now becomes. 

V(x) = 

Jc1 exp(-k2lxl - w) IxI > w/2 

xý < w/2 I 

C2 cos klx 
equ: ( 1.5.3) 

Applying boundary conditions where the wavefunction and its derivative must be 

continuous at the interface, the eigenfunction now becomes, 

C, = C2cosk, 2 
equ: ( 1.5.4) 

2 C, = m' C2sin kl 
2 equ: (1.5.5) 

mb w 

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

respectively. 

Substitution of Cl and C2 gives, 

k2 kbtank, w 

W 
equ: (1.5.6) 
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Where k- 2and k 2m(Vo - E) 
ý- ý2 2= h2 

Substituting values for kl and k2 gives 

E-Vo+ mn 
mw 

2 

tan 
2mWE w=0 

j2 2 
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] 

2 
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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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1.6 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. 

High Energy -___-~ 

Electrons 
' 

ý- 

Well 

_ý 

i Barrier Capping 
Layer 

Figure (1.6.1): Capping layer energy diagram 

E 
N 
E 
R 
(J 

Y 

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. 

DBR 
lill 

Qw's k/2 
.. -. 

Capping 2 
layer IEI 

w 

Figure (1.7.1): Resonant periodic gain structure design 

Z 

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

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

anti-resonant VECSEL design. 
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Figure (1.7.2): Anti-resonant configuration 

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

resonant VECSEL. 

Wavelength (nm) 

Figure (1.7.3): 850nm Anti-resonant VECSEL's 

DBR & photoluminescence profile. 
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As seen in 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 
is matched. 

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

fabrication process. 

1.8 WAFER FABRICATION 

The 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). 

Precursors 

siýtss Heating -640°C 

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 is 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 AIGaAs. 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 he achieved. This 

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

An additional process, which is a less favoured method for fabricating wafers due to 

its high vacuum tolerance, is Molecular Beam Epitaxy (MBE). This process can 

involve solid substrates such as arsenic, indium and gallium, which are heated in 

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 VECSELs 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 wafer 

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 is 

shown in 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 wafer 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 its efficiency. Figure (2.3.1) below shows the experimental setup on a custom 

made jig. 

l igurc \\ith iýý)ý)Illll kiscr diode ýýýIIIý i cased 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. 

Graph (2.3.1): 850nm fluorescence measurement 

Wavelength (nm) 

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 

piece of wafer it is necessary to cleave the substrate. This provides a perfect surface 

quality that is necessary for the next stage of capillary bonding the wafer to a heat 

spreader. Wafers 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 5mm x 5mm 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 5mm x 5mm 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 
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I ig ure (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 in 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 layers 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 water surface 

2.5 CAPILLARY BONDING 

The 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 in 

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 is the preferred method. The capillary action pulls the surface together 

allowing van der Waals forces to bond both surface together. Van der Waals force is 

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. 

"qw wimm"Em 
Figure (2.5.1): Diamond/VECSEL substrate with H2O 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 is 

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 
Good bond 

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

r 
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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 

VECSELs 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 is 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 in 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 e0 
, shown below in 

figure (3.3.1) 
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Figure (3.3.1): Fabry-Perot etalon, multiple reflection model. r and t are the 

coefficients of reflection and transmission respectively from air to silica. Likewise r' 

and t' are the coefficients of reflection and transmission respectively from silica to 

air. A;, A 1, A2, A3, B1 and B2 are the amplitude of the electric field at the various 

positions. 

Starting with the amplitude of the incident electric field, At, the reflected amplitude 

from the first interface is given by Bi, in addition the partially transmitted amplitude 

from the second interface is given by Ai. 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 is given by, [4] 

6- 
4 mIcosO 

A 

A 
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equ: (3.3.1) 

Where n= Refractive index of etalon 
1= Etalon thickness 

A= Laser wavelength 

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

A, = tt' A, 

A2 = tt' ri2 e`8 A; 

A3 tt' ri4 e2'g 

A, , ......... 

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

equ: (3.3.2) 

equ: (3.3.3) 

equ: (3.3.4) 

equ: (3.3.5) 

, tt A" equ: ( 3.3.6) At 
ý=A. tt'(1 + r'2 e' + r'4 e2'° + ....... ei°ý 1- rr' 

The fractional output intensity, or power transmission, T=It/I;, from the ideal etalon 
is then given by, 

Ta 
It AtA"t (tt, )2 
I; A; A; ' (1- ii' ) 2+ 4 rr'sin2 (6/2) 

equ: (3.3.7) 

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

simplifies to the following equation 

7, a1 1+Fsin2(S/2) 

Where, F= 
(14 

R)2 
, the etalon's finesse 

equ: ( 3.3.8) 
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b=2: -r 2nd cose x 

R= reflectivity of each face = rig 

d= The physical separation of the etalon mirrors 

0= 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. 
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Figure (3.3.2): Etalon transmission for various surface reflectivities. 

It 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 

41 



feedback to control the rotation of the etalon. An electronically derived modulation 

signal is 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 

is inserted into 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 is 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. 
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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 I 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. 

Linewidths of 5kHz 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 0. 

Beam profile 

Figure (3.4.1): Beam displacement by tilted etalon 

I Displacement 

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], 

1=1-(YmE)2 

Transmitted 
beams 

equ: (3.4.1) 

yme 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 

43 



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 0 for a fixed 

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

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 50mRad (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 200µm thick 

etalon at an angle of 50mRad. 
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As the spot size is 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 is 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 is 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. 
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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 1MHz 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 

1 
Laser diode 

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. 

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 is 

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. 
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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 VECSELs 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 5kHz 

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 TEMoo 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 is 

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 

depending on the material characteristics, so it is possible to have a small compact 

laser with Ti: Sapphire performance with a smaller wavelength coverage for specific 

use. The additional benefit is that from one wafer 50 or more VECSELs can be 

created so the costs are dramatically reduced. 
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3.7 CONCLUSION 

This chapter has given a general overview of single frequency laser such that a 

comparison can be made to the single frequency VECSEL. Previous experimentation 
in VECSELs have shown the good beam qualities, including TEMoo mode, narrow 
linewidths and high power levels. Detail analysis of the intra cavity elements used in 

single frequency VECSEL has been shown with special attention to walk off losses 

induced from intra cavity etalons. Mathematical predictions of walk off losses show 

a reduced tuning potential due to losses experienced at the extremes of the etalon tilt 

angle. The solution is to use an air etalon which induces no walk off losses and 

should increase the tuning range of the laser. 
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CHAPTER FOUR 

THERMAL MANAGEMENT 

4.1 INTRODUCTION 

In most semiconductor lasers the most significant limitation for high power operation 
is heat build-up within the quantum structures. Heat is generated inside the semi- 

conductor that causes trapped electron to escape from their quantum well 

confinement. The overall effect decreases the available gain by reducing the 

population inversion present in the quantum well areas, commonly called thermal 

rollover. The photoluminescence peak wavelength and resonant periodic gain (RPG) 

shift by different rates with temperature. Heat build-up inside the structure causes 

thermal expansion thus altering the resonant structure, which can reduce the lasers 

available gain. Similarly the gain spectrum shifts, but with a lesser effect, due to 

change in band gap energy. VECSELs are designed to operate at a specific 

temperature and beyond this point resonant features are no longer aligned. To limit 

this effect, heat has to be efficiently extracted. Optical heat spreaders are a very 

efficient way of achieving this, however they come at a cost and can produce 

unwanted etalon effects in the laser. This chapter investigates suitable alternatives to 

using an optical heat spreader. Computer modelling is used to give detailed analysis 

of efficient thermal extraction techniques. 

4.2 THERMO-ELECTRIC COOLING 

Initial experiments in VECSEL lasers required the VECSEL chip to be cooled to 

very low temperatures. Thermoelectric coolers (TECs) can been used to provide 

thermal extraction from the rear of the VECSEL through the DBR and substrate [1]. 
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A thermoelectric cooler otherwise known as a Peltier effect cooler is a made from an 

array of bismuth telluride cubes that are sandwiched between two ceramic plates. 

When a current is applied heat is forced to one side of the plate creating an effective 

heat pump. Heat is then removed from the "hot side" by water-cooling or an 

additional TEC can be used in series. This makes it possible to cool VECSEL chips 

to a temperature as low as -40°C. This provides an effective heat sink to extract the 

heat generated from within the quantum well region. Figure 4.2.1 below shows a 

typical VECSEL/TEC mount in a water-cooled block. 
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Figure (4.2.1): VECSEL TEC mount 

Water out 

Although this method is an effective way of cooling the VECSEL structure it relies 

on heat being drawn from the quantum well and barrier regions through the DBR and 

GaAs substrate. Comparing the thermal conductivity of these structures with more 

common elements it is clear that this process is inefficient. Table (4.2.1). 

Material Thermal Conductivity 

(W/cmK) 

GaAs 0.46 

Stainless Steel -0.2 
Sapphire 0.4 

SiC -5 
Diamond 20 

Ag 4.2 

Table (4.2.1): Thermal conductivity comparison, [2], [3]. 
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In a VECSEL structure the DBR and quantum wells are typically grown on top of a 

400-500 micrometer thick GaAs substrate. This can lead to poor thermal extraction 
from the rear surface. Consider a typical VECSEL laser with a 5W pump and 500 

micron thick GaAs substrate. The heat generated inside the gain region can be 

calculated as follows [4]. 

OP=dOT 

Where OP =Pump power = 5W 

A= Area of sample = 0.01 cm 
d= Depth of sample = 0.05cm 

= Thermal conductivity = 0.46 W/cmK 

Therefore, 

APd Temperature change (AT) == 53°C 

equ: (4.2.1) 

This gives a 53°C temperature increase inside the VECSEL wafer. Heat extraction 
from the rear of the VECSEL is hindered by the GaAs poor thermal conductivity. 
For \efficient thermal transfer the substrate should be thinned or completely 

removed. This will be explored further in section 4.5. Heat extraction is more 

efficient the closer you are to the gain region where the heat is present. One method 

that takes advantage of this close proximity is the use of an optically transparent heat 

spreader. 
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4.3 HEAT SPREADERS 

To effectively extract heat from a VECSEL, cooling must be focused near to the 

source of heating. An optically transparent heat spreader can be used to extract heat. 

This acts as a thermal channel, which extracts the heat from the front surface of the 

VECSEL. The heat spreader is capillary bonded to the wafer and this is packaged 
into a copper heat sink where the heat rapidly removed with water-cooling as seen in 

chapter 2, section 2.6. Initial experiments involving sapphire and silicon carbide 

proved to be most effective. Figure (4.3.1) shows the comparison of an 850nm 

VECSEL with these heat spreaders. 
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Figure (4.3.1): Silicon carbide and sapphire heat spreader comparison [5] 

It can be seen from figure (4.3.1) that the use of silicon carbide as a heat spreader 

allows the VECSEL to achieve higher output powers to that of sapphire before 

thermal rollover occurs > 250mW. This advancement in heat management meant the 

VECSEL could be used for high power applications. The next stage was to use 

diamond as an optical heat spreader. Previous experiments with semiconductor lasers 

showed that diamond could be used to effectively remove the heat due to its high 

thermal conductivity. The diamond was pressure bonded to the semiconductor laser 

and bound in a copper heat sink [6]. Diamond being relativley non-birefringent, 

optically transparent at ultraviolet to far-infrared wavelengths and very good thermal 

conductivity (20W/cmK) makes it an ideal optical heat spreader. This has further 
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increased the power scalability of the VECSEL with current output powers of several 

watts achievable, [7]. 

4.4 THERMAL MODELLING 

Although diamond is a very effective heat spreader, when utilised in a single 
frequency VECSEL it produces a problem. The thin layer of diamond acts as an 
intra-cavity etalon, which affects the lasers spectrum. Figure (4.4.0) shows the etalon 

modes produces by an intra-cavity diamond heat spreader. 
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Figure (4.4.0): Spectral output from VECSEL with a plane diamond heat spreader 

Thermal modelling was carried out to find out if another solution was feasible to cool 

the VECSEL to the performance that diamond has achieved. Using computer 

modelling (FEMLAB Comsol AB, Sweden) with guidance from Dr Alan Kemp 

several scenarios were modelled. With no heat spreader the only viable area to 

extract heat from the VECSEL is through its rear surface. At the rear of the 

VECSEL is a substrate layer of gallium arsenide (GaAs). This has the thermal 

conductivity of 0.46 W/cmK, so is a relatively poor conductor of heat. Computer 
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model was carried out using an 850nm VECSEL design. The 850nm VECSEL 

structure is shown in table (4.4.1). 

Layer Material Mole 

fraction(x) 

Thickness 

(microns) 

Purpose 

14 GaAsPo. o 1 0.1 0.0200 Cap 

13 Al GaAs 0.5 0.309 5 A/4 window 
12 Al,, GaAs 0.26 0.1123 A/2 layer 

11 Alo. 115GaIno. 1AsPo. 18 0.0050 Strain comp 

10 (x16) Ino. 1Alo. 115GaAs 0.1000 QW 

9 (x16) Alo. i15Galno. lAsPo. 18 0.0050 Strain comp 
8 (x16) Al GaAs 0.26 0.1017 A/2 layer 

7 (x16) Alo. 115Galn0.1AsPo. 18 0.0050 Stain comp 
6 InO. 1A10.115GaAs 0.0100 QW 

5 Alo., 15GaIno. 1AsPo. 1s 0.0050 Strain comp 
4 Al�GaAs 0.26 0.1123 A/2 layer 

3 (x30) Al GaAs 1 0.0698 DBR 

2 (x30) Al,, GaAs 0.18 0.0599 DBR 

1 GaAs 0 0.5 Buffer 

Table (4.4.1): 850nm VECSEL structure [8] 

Using the thermal conductivities of these layers "femlab" can predict the thermal 

flow of heat from the pump spot on the wafer to its extremities where cooling is 

applied. This give a detailed model of the temperature rise within the quantum wells 

and allows us to model different scenarios. As the temperature change will be 

symmetric around the symmetry axis, only one half is considered thus simplifying 

the model for computational purposes. 

The layers of the VECSEL have to be broken down into it constituent parts. Figure 

(4.4.1) is a detail representation of the VECSEL regions. 
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Figure (4.4.1): Femlab VECSEL representation 

Heat flow in these layers is anisotropic therefore correct analysis must consider the 

thermal conductivity in all dimensions both parallel and perpendicular to the layers. 

Table: (4.4.2) Shows the parameters calculated using various resource papers [2,9,10] 

Parameter Value (W/mmK) 
Cap layer( GaAsPo o, ) Thermal coefficient 0.025 W/mmK 

5/4 A window ( AlGaAs) Thermal coefficient 0.01 1 W/mmK 

A/2 layer( AIGaAs) Thermal coefficient 0.017 W/mmK 

Strain comp layer (A10.1 15Galno 1AsPoig) 
Thermal coefficient 

0.008 W/mmK 

QW (Ino iAlo i 1cGaAs) Thermal coefficient 0.0011 Wmm/K 

DBR I (AI, GaAs) Thermal coefficient 0.0 17 W/mmK 
DBR 2( AILGaAs) Thermal coefficient 0.025 W/mmK 

Substrate (GaAs) Thermal coefficient 0.047 W/mmK 

Diamond Thermal coefficient 2 W/mmK 

Incident pump power 10W 

Pump spot radius 50 µm 

Absorption coefficient of QW's 1000mm" 

Absorption coefficient DBR 547mm 

Table (4.4.2): Wafer quantities for Femlab modelling 
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Using these parameters and designing the model to correct thickness (figure 4.4.1) a 

detailed model of the thermal heat flow from the VECSEL can be devised. 

Modelling shows how the temperature build-up inside the gain region and how 

efficient the cooling process can be. Figure (4.4.2) below shows the results of a 

model of the VECSEL wafer with 300µm thick substrate. 
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Figure (4.4.2): 300M substrate Femlab model 
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This model shows the VECSEL with no heat-spreader. Cooling is being applied from 

the rear surface and top right as it would be in a real copper mount. It shows a 

temperature change of 96°C. This is a reference to a boundary cooling from the 

copper heat sink of 0°C. Heat is absorbed into the gain region and dissipates through 

the rear surface through the DBR and substrate. A temperature build of 96°C is well 

over the designed temperature threshold of around 30°C, which accounts for thermal 

expansion. resonant features and thermal rollover. To compare this with a more 

commonly used type of VECSEL a model was designed, which incorporates a 

diamond heat spreader. 

ýý 
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Figure (4.4.3): Diamond heat spreader and VECSEL wafer Femlab simulation 

The above figure shows a close up image of the VECSEL/diamond model. Diamond 

is located on the top layer and followed by the capping layer, quantum well region, 

DBR and substrate. This figure shows how efficient the diamond is at removing the 

heat build up in the gain region of the wafer. A max temperature change of 15°C is 

predicted for this model, which shows an effective solution to the thermal build-up as 

seen in figure (4.4.2). Using this model as a reference, further modelling was 

undertaken to find out how effective substrate removal would be in cooling the 

VECSEL with no heat spreader. 
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4.5 SUBSTRATE THINNING 

Modelling of the VECSEL wafer was carried out with decreasing thicknesses of 

substrate. 

Radial distance (mm) 

Figure (4.5.1): 100µm substrate remaining, showing a max temperature difference of 

49 degrees between the quantum well region and the cooling surface located at the 

rear of the substrate. 
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Figure (4.5.2): 10pm substrate remaining showing a maximum temperature 

difference of 39 degrees between the quantum well region and the cooling surface 

located at the rear of the substrate. 
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Figure (4.5.3): No substrate remaining. A maximum temperature difference of 28 

degrees is predicted between the quantum well region and the cooling surface at the 

rear of the substrate 

The data collected from these plots and more can be seen in figure (5.4.4). This 

shows the overall maximum temperature change experienced inside the VECSEL 

wafer. 
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Figure (4.5.4): Substrate removal thermal effects. This shows the decrease of 

temperature between the quantum well region and the cooling surface as the 

substrate thickness is reduced. 

-" 

62 



As seen in figure (5.4.4), substrate removal is only effective when little or no 

substrate is remaining. With zero substrate the temperature change between the heat 

sink (OC) and the hottest region is 28°C, comparing this to a diamond heat spreader 

model which has 15.5°C temperature change, it is clear that substrate removal can be 

used in place of diamond. With a difference of 11.5°C between the models, a 

VECSEL with no substrate and no heat spreader would be able to produce high 

output powers before thermal rollover occurred. Further investigation into this 

solution was taken by removing the substrate from an 850nm VECSEL. 

4.6 SUBSTRATE REMOVAL 

To remove the GaAs substrate from the rear of the VECSEL wafer two approaches 

were taken. Firstly an abrasive technique was used which involved lapping. A piece 

of wafer was stuck to an adjustable brass jig with wax. The jig was specially 

designed for this procedure, with sapphire pads to limit base removal and micron 

adjustment to monitor substrate removal. This was then held on a lapping wheel 

where a series of water based lapping compounds are used to remove the substrate. 

Initially starting with a 200 µm compound the wafer is forced in a figure of eight 

movement on the spinning lapping wheel to allow for equal substrate removal. Once 

most of the substrate is removed a progressively smaller particle sized compound is 

used until a smooth finish is achieved with a 0.1µm compound. Figure (4.6.1) shows 

an image of lapping wheel and adjustable mount. 
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Figure (4.6.1): Lapping wheel and adjustable mount 

Initial experiments found that complete substrate removal was unobtainable due to 

lapping induced stresses. In final stages of lapping the substrate being very thin and 

brittle was unable to cope with the abrasive compound and this resulted in the wafer 

breaking up. A lapped wafer with 100µm of substrate was the best achieved using 

this method. This wafer was then un-bonded from the mount using heating and 

mounted on a TEC with copper heat sink for use in a laser cavity. A standard three- 

mirror cavity was constructed implementing a mode size of 100pm to match the 

pump beam diameter. Lasing was achieved with a maximum output power of 

0.055mW from the HR output coupler. When comparing this to the Femlab model 

(figure 4.5.1) it is clear that thermal extraction through the rear surface is inefficient 

with 100pm substrate still present. The next substrate removal technique had to be 

non abrasive and able to remove all the substrate without damaging the remaining 

structure. 

Chemical etching has been performed for many years on semiconductor structures. 

They are commonly used to create selectively etch detailed structures in all types of 

semiconductor devices. This method can also be used to etch away unwanted 

ý 
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material from GaAs based devices [11]. The process involves implementing an 
AlGaAs layer into the design structure just before the DBR. This acts as an etch stop 
barrier as the Al present slows the chemical etch rate to significantly low levels. 

This also has the advantage of leaving a good surface roughness as uneven etching 

can occur. In some cases the VECSEL structure is grown in reverse on the GaAs 

substrate, this allows a perfect surface quality to remain near the DBR for capillary 
bonding to an efficient heat sink (e. g. industrial grade diamond) and an etch finished 

quality to the capping layer which in some cases is more advantageous, [7]. 

Working with an 850nm anti-resonant VECSEL (grown normally) and with no etch 

stopping layer, it was possible to find the right chemical recipe to etch the GaAs 

substrate and use the first DBR layer as an etch stop. This is possible due to the 

aluminium content that is present in the layers. Using a combination of citric acid 

(C6H807) and hydrogen peroxide (H2O2) with a ratio of 5: 1 respectively, gives a 

GaAs etch rate of 3140 A/min. When the chemicals reach the AlGaAs DBR layer the 

etch rate drops to 27 A/min [12]. The technique used for chemical etching involves a 

jet of etching solution being directed at the sample where chemical deterioration of 

the GaAs takes place. The force of the jet helps remove unwanted etched material 

from the sample surface giving an equal etch rate across the sample. To mimic this 

process a magnetic stirrer was used to create a vortex in a beaker of the etching 

solution. The sample is partially capillary bonded to a piece of glass that is then 

secured further using wax. This protects the sides of the wafer from being etched 

and secures the bond to the glass substrate. The glass substrate is then lowered into 

the solution facing against the vortex-created flow in the beaker. Time is used to 

measure the etch rate and this is double checked with a 850nm diode which is used to 

measure the reflectance from the rear of the surface. Due to GaAs having a high 

absorption at 850nm, a high reflectivity shows the AlGaAs mirror layer has been 

reached and together with time analysis can provide an accurate measure of substrate 

removal. Figure (4.6.2) shows a picture of the etching taking place. 
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Figure (4.6.2): Etching apparatus 

With an etch rate of 3140 A/min it takes approximately 27 hours to remove 500µm 

of substrate. Once etching has been complete the sample is extremely thin, z 6.4µm 

thick. A blueish mirror like finish can be seen on the wafer, indicating the DBR 

layer. The wafer being very thin and brittle is extremely hard to handle. The 

sapphire substrate is immersed into a solution of trichloroethylene that dissolves the 

remaining wax and cleans the wafer. Often in this process the wafer de-bonds and 

slides off into the beaker. This can be beneficial as the wafer can then be transported 

in this liquid and poured onto a copper plate. This allows handling of the wafer with 

the least stress. The wafer needs to be in good thermal contact with the copper heat 

sink to provide thermal extraction through the DBR. Several methods were used to 

thermally contact the thinned VECSEL to the copper heat sink including molten 

indium and solder however this damaged the brittle VECSEL. The solution was to 

use a conductive paint as an adhesive to thermally connect the wafer to the copper 
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plate. Once etched and cleaned the wafer was given a thin coat of silver conductive 

paint, while attached to the sapphire substrate, as seen in figure (4.6.3). 

Figure (4.6.3): Microscope image of etched VECSEL with thin coat of silver paint 

Once coated the wafer can be handled easier and is placed onto a copper heat sink, 

where an additional thin coat of silver conductive paint has been applied. This fresh 

coat bonds the wafer to the copper mount and produces a relatively flat front surface. 

The VECSEL was placed into a standard 3 mirror cavity and lasing was momentarily 

achieved with an output power of 0.1mW. On closer inspection of the wafer surface, 

small micro fractures were found together with some etched areas. This may have 

been caused during the bonding procedure and etching process respectively. No 

lasing could be achieved from further samples which all feature these physical 

defects. 

4.7 CONCLUSION 

Using a diamond heat spreader is the most efficient and convenient way to reduce the 

thermal build-up present in the gain region of the VECSEL. Theoretical models 

predict only a 15.5°C increase in temperature, which gives the laser a high thermal 

rollover point necessary for high output powers to be achieved. In addition the good 

optical quality of diamond and the addition of AR coating can provide a low loss 
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insertion factor. They also reduce the probability of surface damage by effectively 

removing heat close to the surface and naturally act as a barrier to other damaging 

elements. However as mentioned before, plane diamond heat spreaders change the 

spectral output from these lasers due to the addition of surface reflection. This effect 

can be removed by the use of a wedge diamond heat spreader. This however 

requires an AR coating to limit surface losses. 

In contrast substrate thinning has shown that complete removal of the GaAs 

substrate allows effective heat transfer through the VECSEL's DBR structure. A 

maximum temperature change of 28°C is predicted for a VECSEL with no substrate 

remaining, which compares well with the diamond heat spreader model with 

substrate remaining. 

Thinning of VECSEL wafers involves expensive processes, which require precise 

and delicate handling of the thinned sample. Although this is an alternative solution 
to using diamond, the most effective way to remove thermal build-up inside the gain 

region of a VECSEL is to use a diamond heat spreader. 
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CHAPTER FIVE 

RING-CAVITY VECSEL 

5.1 INTRODUCTION 

Most laser systems use a linear cavity configuration. Due to the linear nature of the 

cavity, alignment of cavity mirrors and intra-cavity components is relatively simple. 
The one disadvantage of these cavities however is their susceptibility to feedback. 

When light is reflected off an external cavity component, for instance a sample 
holder, it can be directed back into the laser cavity, which can have an undesirable 

effect on the lasers performance. In single frequency lasers, feedback can cause the 

loss of single mode operation due to the interference of light experienced from the 

reflected beam. In these types of applications it is necessary to use a laser that has 

some tolerance to feedback, thus maintaining the lasers performance. 

A ring cavity configuration can create such a laser. Ring cavities are common 

configurations in laser systems, such as Ti: Sapphire lasers and dye lasers, [1,2] In 

contrast to a linear cavity where the light oscillates back and forth in the cavity 

creating a standing wave, the ring cavities geometry allows the light to circulate 

around the cavity, which generates a travelling wave. A travelling wave is generated 
in both directions around the cavity, both clockwise and anti-clockwise. The use of 

infra-cavity elements can suppress one of the propagation directions and create a 

unidirectional ring laser. This unidirectional beam means intra-cavity elements 

induce only half the insertion loss to that of an oscillating linear cavity. It also has 

the benefit of being more insensitive to feedback. The unidirectional travelling wave 

also eliminates spatial hole burning, as the gain is "swept" by the travelling wave. 

These features make the ring cavity laser a very desirable tool for many applications. 
VECSELs experience no spatial hole burning due to the periodic spacing of the gain 

71 



region, however they are susceptible to feedback. This chapter details the first 

reported VECSEL ring cavity configuration. 

5.2 RING-CAVITY DESIGN 

Ring cavities have the unique feature of a travelling wave, which propagates around 

the cavity mirrors forming a ring-like cavity. Although the name suggests a ring-like 

shape, most ring-cavity lasers are a series of mirrors in a zigzag formation. One 

common ring-cavity design is the "bow-tie" configuration, this can be seen below in 

figure (5.2.1). 

.ý 

Figure (5.2.1): "bow-tie" ring cavity configuration 

The main benefit from this cavity is the two focal points that are generated, which 

can be used for the gain medium and an intra-cavity element, such as a nonlinear 

crystal. In addition it also allows space for any other intra-cavity elements that may 

be required. 

In the design of a VECSEL ring-cavity a variety of factors need to be considered. 

The VECSEL acts as a plane mirror that requires a tight focus of the cavity mode 
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(100µm), therefore it must be located at a focal point in the cavity. The angle of 
incidence to the VECSEL must be relatively small to maximise the VECSEL's DBR 

reflection, as this is angle dependent. Lastly, space for optical pumping optics and 
infra-cavity elements must be accommodated. 

The 980nm VECSEL is designed for linear cavities, with emission at zero incidence, 

therefore the DBR is centred on 980nm at zero incidence. As the angle of incidence 

is increased the DBR reflectance band also shifts to higher wavelengths. To check if 

the wide angles used in a ring-cavity would be suitable for use in this VECSEL a 

series of reflectance measurements were taken when increasing the angle of 

incidence on the VECSEL. The results showed that only a reflection deviation of 
1% from normal incidence was measured up to a maximum angle of 80°. Large 

angles can now be used to generate a suitable ring-cavity, however the use of large 

angles in laser cavities produces astigmatism in the beam, therefore the design angles 

must be kept as small as possible to minimise this effect. 

The other main contributing factor to the design of this cavity is the optical pump 

system. To reduce the angles in the cavity a pump system was designed to produce a 

long focal length beam. The laser diode used for this application was a 20W, 980nm 

fibre coupled Limo module. The Limo laser is a compact unit, which uses micro- 

optics to couple a single high power laser diode's output into a 100µm fibre [3]. 

This output can then be focused to provide a bright pump source. 

To produce a good pump profile it is essential to use the correct optics to focus the 

beam. A combination of 2 lenses are used to firstly collimate the output from the 

fibre then focus the beam to the desired size. Since the laser diode output is emitted 

from a 100µm fibre, a 1: 1 image ratio can be used to produce a 100µm spot size at 

the focus. The choice of lenses are also very important in this application. To provide 

a good pump profile lenses which produce low aberrations are used. Figure (5.2.2) 

show common aberrations produced from a variety of lenses. 
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Plano-convex 

Bi-convex 

Achromatic doublet 

Figure (5.2.2): Lens types showing aberrations 

As seen in the above figure (5.2.2), piano-convex and bi-convex lenses produce 

spherical aberrations that can distort the beam shape near the focus. This can 

produce several focal points, which is undesirable when designing a pump system. 

An achromatic doublet lens is constructed from 2 lenses that are cemented together. 

This type of lens is designed to accommodate for all different ray paths and this 

reduces the effects of aberrations. One disadvantage to these lenses is the high power 

limitations. The cement that holds the doublet lens system together deteriorates at 

high temperatures, which occurs from pump absorption. 

A pump system was designed using 2 achromatic doublet lenses of focal length 

25mm, to produce a 100µm pump spot. The first lens was placed 25mm from the 

output end of the fibre, this was used to collimate the beam to 12.5 mm in diameter. 

The secondary lens was then used to focus the collimated beam, 30mm after the 

initial lens, to the desired spot size. This gave a 100µm diameter spot 25mm from the 

final lens. This long focus allows the angles in the ring-cavity to be minimised. 

Figure (5.2.3) shows the knife-edge measurement of the beam size. 
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Figure (5.2.3): Knife-edge measurement of ring cavity focusing system. Fitting a 

theoretical error function curve to the measured data points, the spot size was 

measured to be 105µm. 

Final design of the ring-cavity could now be completed. Using available optics and 

allowing for intra-cavity elements and minimised angles a stable cavity was designed 

using a computer-based program called Winlase. Figure (5.2.4) below shows the 

cavity configuration. 

DIODE PUMP 

]I 2% 
Plane OC 500mm 

Figure (5.2.4): Ring-cavity configuration 

A HeNe laser was injected through the output coupler (OC) to help align the cavity. 

Lasing was easily achieved with a maximum output power of I W, from a pump 

power of 5W. Figure (5.2.5) shows the slope efficiency of the ring-cavity in a bi- 

directional state. 
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Figure (5.2.5): Slope efficiency of 980nm bi-directional ring-cavity showing a 38% 

slope efficiency. 

The VECSEL ring-cavity, with no intra-cavity elements, operates as bi-directional 

laser. The slope efficiency of this laser is shown above in figure (5.2.5), When fitted 

to a linear trend the slope efficiency of this laser is 38%. This compares well with 

previous linear cavity experiments, which have slope efficiency at best of 37% for 

the same material. 

5.3 UNIDIRECTIONAL OPERATION 

To initiate unidirectionality, intra-cavity elements must be used to suppress one of 

the counter propagating beams. In most common cases this can be achieved with the 

combined use of a Faraday rotator and compensation plate. A Faraday rotator uses 

the Faraday effect to rotate the polarisation of the laser beam [4]. A ferromagnetic 

material is subjected to a magnetic field (B), the strength of this magnetic field 

determines the angle (8) by which the polarisation is rotated, 
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0= 'VBd equ: (5.3.1) 

Where, V= Verdet constant, d= material length. 

Figure (5.3.1): Theoretical schematic of the Faraday rotator 

When an incoming beam travels through the Faraday rotator its polarisation is 

rotated by 9. A counter-propagating beam will also be rotated by 9 but in the 

opposite direction, relative to propagation. A compensator plate now inserted which 

"compensates" the polarisation rotation angle experienced by the rotator. Made from 

a thin plate of birefringent material, it uses birefringence to create a phase delay 

between the ordinary and extraordinary ray, which creates a rotation in the 

polarisation of the beam, which is dependent on the materials thickness. As this is 

not dependent on the directionality of the beam, one circulating beam in the cavity 

returns to its original polarisation and the other counter-propagating beam is again 

rotated by 9. This creates a loss mechanism to the beam that experiences a 

20 rotation in polarisation, due to the Brewster surfaces on the Faraday rotator. The 

other beam continues circulating the cavity with no losses as its polarisation simply 

get rotated back and forth by the Faraday rotator and compensator plate (optical 

diode), thus only one direction remains, creating a unidirectional laser. 
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To create a unidirectional laser a Faraday rotator and compensator plate were 

inserted into the cavity. Both elements produce a3 degrees rotation of the 

fundamental polarisation. The Faraday rotator was inserted into the laser cavity 

where there was adequate space to allow for alignment. On initial tests the Faraday 

rotator with no compensation plate, achieved unidirectionality. Output power from 

the main beam was recorded at 209mW, with the secondary beam only 0.27mW, at 

3.4W pump power. This corresponds to a ratio of 30dB, which can be considered 

unidirectional. On further investigation it showed that an out-of-plane misalignment 

of the cavity might be responsible for compensating the polarisation of the laser 

beam. 

An out of plane cavity can provide a natural rotation to the fundamental polarisation 

[5]. The rotation angle can be calculated by the product of the horizontal and vertical 

angles which are present in the cavity. Figure (5.3.2) shows the basic theoretical 

model which explains this. [6] 

Figure (5.3.2): Out of plane cavity polarization effect. A retardation of 19' is 

generated in the polarisation due to the laser cavity being out of plane shown by 

angles (D and W. 

For small angles approximation, 

0=(D. W (radians) equ: (5.3.2) 

The twist present in the ring-cavity was measured to be, 
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(D= 0.012 

W= 0.3665 

Therefore, 

1i= 0.0044 = 0.25° 

The twist in the cavity corresponds to a rotation in the polarisation of 0.25". This 

does not match the 3° retardation produced by the Faraday rotator, however this 

small compensation seems to provide enough rotation to favour a single propagation 

in the cavity. 

A BRF and etalon were now added to the cavity to initiate single frequency 

operation. Figure (5.3.3) shows the cavity design implementing single frequency 

elements. 
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Figure (5.3.3): Single frequency ring-cavity design 

Single frequency operation was achieved in the twisted ring-cavity with a 12% 

reduction in output power due to insertion losses. Single frequency characteristics 

were checked using a Fabry-Perot reference cavity, 1GHz FSR, finesse 1000 and a 

RF spectrum analyser for longitudinal and transverse mode analysis, respectively. 

Figure (5.3.4) shows the single frequency output generated by the Fabry-Perot 

cavity. 
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Figure (5.3.4): Single frequency scan of Fabry Perot reference cavity 

A single longitudinal mode is shown in the above trace. At the end of the scan a 

small spike can be seem which occurs due to the mechanical resetting of the 

reference cavity in-between scans. 

5.4 FEEDBACK ANALYSIS 

One of the main advantages off ring-cavity lasers is their insensitivity to feedback. 

To measure the feedback tolerance of this cavity a variable attenuator was used to 

provide a variable feedback into the laser cavity. This was then monitored using the 

Fabry-Perot cavity until single mode operation ceased. Figure (5.4.1) below shows 

the feedback setup used in this experiment. 
Variable Attenuator 

Figure (5.4.1): Feedback analysis setup 
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The output beam from the ring laser was retro-reflected by an aluminium mirror. The 

feedback to the laser was increased until a multimode output was measured on the 

Fabry-Perot reference cavity. Figure (5.4.2) shows a typical multimode output scan 

on the Fabry-Perot reference cavity. 
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Figure (5.4.2): multimode output from laser due to a high level of feedback (10mW) 

This process was repeated several times and an average was taken of the maximum 

feedback the laser could tolerate. Analysing the losses of each external element and 

measuring the power at key places in the set-up, the feedback power could be 

calculated. Using this method it was found that the single frequency ring-cavity 

featuring a twisted geometry had a tolerance of 2%. This corresponded to the 2.9mW 

feedback power with an output power of 141 mW. The reflected beam was not mode 

matched to the cavity mode to give a realistic tolerance measurement, which would 

be the most common experienced in laser applications. Figure (5.4.2) shows the 

experiment setup on the optical bench. 
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Figure (5.4.2): Experiment photo of ring-cavity laser 

To compare this result with a standard cavity featuring a compensation plate, the 

cavity was aligned parallel to the bench and the compensation plate was inserted. 

This produced a unidirectional laser with a main beam of 276mW and secondary 

beam of 0.2mW, (>30dB). A BRF and etalon were inserted for single frequency 

operation and feedback measurements were taken. The twisted cavity although 

unidirectional relied on a small compensation produced by the cavity's geometry, 

however the compensator plate produces 3° rotation and produced a stronger 

unidirectionality. Feedback analysis of this cavity measured 3.2%, corresponding to 

the 3.7mW being injected back into the cavity with an output power of 117mW. 

Comparing the two different ring-cavity configurations it is clear the conventional 

cavity featuring the compensator plate is more tolerant to laser feedback. 

ý 
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As a comparison, a single frequency linear cavity was constructed to compare 

feedback measurements. One roundtrip in a ring cavity laser is the distance travelled 

around all of the cavity mirrors once (L). The corresponding cavity length for a 

linear configuration will be half the size of the ring configuration (L/2), figure 

(5.4.3), shows the linear cavity design. 
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Figure (5.4.3): Single frequency linear cavity design. 

Feedback analysis was once again performed using the same method. For an output 

power of 116mW the maximum feedback tolerance measured before single 

frequency operation deteriorated was 0.8%, corresponding to a tolerance of 0.96mW. 

On comparison to the ring-cavity of 3.2%, it is clear that a ring configuration, as in 

other types of ring lasers, has a higher tolerance for external feedback. This makes it 

an ideal tool for applications that involve feedback. An additional feature that many 

applications require is the ability to tune the laser's wavelength. Figure (5.4.4) shows 

the tuning range of the ring-cavity VECSEL. 
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Figure (5.4.4): Single frequency tuning curve of ring-cavity VECSEL as shown in 

figure (5.3.3). A reduction in output power occurs around 966nm that could be 

explained by a high level of water absorption at these particular wavelengths[7]. 

The above figure shows course tuning of the BRF in the ring-cavity VECSEL. This 

shows 15nm of tuning from 957-972nm at moderate power levels. 

5.5 POLARISATION ANALYSIS 

Lasing was only possible in the ring cavity at certain rotation angles of the VECSEL 

wafer due to large losses in polarisation conflict between the VECSEL wafer and the 

intra-cavity elements. When introducing Brewster-cut intra-cavity elements to the 

ring-cavity, the polarisation of the cavity should be matched with the Brewster 

orientation to limit losses. In this ring cavity a horizontal orientation was used. In 

normal conditions in a linear cavity it has been demonstrated that the linear 

polarisation generated in the cavity is directly proportional to the rotation of the 

VECSEL wafer's axis. The ring-cavity however experienced a linear polarisation, 

which was independent of the rotation of the wafer. The polarisation remained near 

vertical, independent of the wafer's rotation, thus another contributing factor was 

affecting this parameter. 
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Firstly a thin glass plate was inserted at Brewster's angle in the horizontal plane to 

define the laser's polarisation. With no other intra-cavity elements present, this test 

checks how dominant the origin of the polarisation effect is. No lasing could be 

achieved therefore a large birefringent effect was thought to be responsible for the 

polarisation remaining in the vertical plane. 

Another attribute of the ring VECSEL is the large angles in the cavity. When 

considering the diamond heat spreader, which has a high refractive index the angles 

seem not too severe as seen in figure (5.5.1). 

Figure (5.5.1): Incident angles of laser beam on VECSEL wafer 

Although the effect of the diamond's high refractive index (n=2.417) lowers the 

incident angle to 8.9° this angle is still large in comparison to a linear cavity 

geometry. To experimentally analyse the effect of this angle on the polarisation in 

the cavity, a ring cavity was constructed with reduced angles. Figure (5.5.2) shows 

the adapted ring-cavity design. 
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Figure (5.5.2): Ring-cavity VECSEL with minimised angles 

With no intra-cavity elements, the laser produced 230mW output power generated 

from the total of both output beams with 1.7W pump power. Insertion of a glass plate 

at Brewster's angle in the horizontal plane had little effect to the laser performance, 

with an output power of 223mW. The same plate was then inserted in the vertical 

plane to analyse the laser's response to the polarisation change, which produced 

200mW output power. By inserting the plate into this region of the beam both beams 

are displaced in equal amounts but in opposing directions meaning alignment is 

retained. This test confirmed that large angles incident on the wafer had a role in 

dictating the polarisation of the laser light. In addition it also ruled out any effects a 

travelling wave has on the polarisation. To analyse large angle effects a simple 

adaptation of the first ring cavity was made to form a linear cavity with similar 

angles. Figure (5.5.3) shows the linear cavity design. 
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Figure (5.5.3): large angled linear cavity VECSEL 
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This cavity gave similar results to the previous ring-cavity (figure 5.5.3) as the 

polarisation could be forced in any direction using a glass plate. Rotation of the 

VECSEL wafer gave a directly proportional response to the polarisation of the laser 

as experienced previously in standard linear VECSEL systems. To confirm this 

result an additional cavity was constructed. A simplified cavity was created using 2 

mirrors at a large angle to the VECSEL mount. Figure (5.5.4) shows the design of 

the cavity. 
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Figure (5.5.4): Large angled linear VECSEL cavity design 

This cavity provided identical results to the previous linear cavity shown in figure 

(5.5.3). These results indicated that the large angles and travelling wave inherent to 

the ring cavity have no effect on the laser's polarisation. This means it is possible 

that a combination of the investigated parameters could be responsible. 

On reading literature on this topic it was found that the birefringence of the diamond 

heat spreader could be responsible for the polarisation effect. With reference to the 

Institute of Photonics [8], the birefringence of the diamond heat spreader was 

observed visually through crossed polarisers, figure (5.5.5). The diamond sample is 

placed in-between crossed polarisers, if any birefringent is present the light projected 

through that area experiences a change in polarisation, which is then transmitted 
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through the polarizer. This visually indicates if any birefringence is present in the 

diamond sample. 

Figure (5.5.5): Diamond birefringence viewed through crossed polarisers 

Figure (5.5.5) shows small amounts of birefringence to the top of the image shown 

by the purple haze. This indicates that some level of birefringence is present in the 

diamond heat spreader. 

The large angles and travelling wave present in the ring cavity, combined with the 

diamonds birefringence/optically-activity could explain the strange polarisation 

effects. At a closer look at the geometry near to the VECSEL surface it can be seen 

that the in-coming and out-going beams do not overlap much within the diamond 

heat spreader. This is illustrated in figure (5.5.6). 

Figure (5.5.6): Beam geometry in diamond heat spreader 
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If the diamond heat-spreader was optically active this would mean that a beam will 

experience a level of retardation when passing through the diamond. As the ring 

cavity produces a travelling wave, which circulates the cavity, it constantly 

experiences this retardation in the polarisation. In contrast, a linear cavity, the beam 

is overlapped exactly, any retardation experienced is cancelled out by the beam 

returning through the same area but in the opposite direction. This could explain the 

indirect relationship the polarisation has on the rotation of the VECSEL axis, in the 

ring cavity configuration. 

5.6 CONCLUSION 

This chapter has demonstrated the first ever VECSEL ring cavity configuration. A 

high feedback tolerance of 3.2% can be injected into the cavity until single frequency 

operation is affected. In comparison to a linear system the ring cavity is more than a 
factor of 4 times more insensitive to feedback. With a 15 nm tuning range and 
280mW maximum power this laser is an ideal tool for many applications including 

laser spectroscopy. 

The polarisation effects experienced in the ring cavity could be primarily caused by 

the birefringence/optically-active properties of the diamond heat spreader. A large 

angle incident to the VECSEL creates minimal overlap of the laser beam inside the 

diamond. With the addition of a circulating cavity beam, the birefringence/optically 

-active properties present in the diamond dictates the laser's polarisation. 
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CHAPTER SIX 
MICRO-CAVITY VECSEL 

6.1 INTRODUCTION 

In the laser industry it is sometimes beneficial to have a small compact laser system 

for various applications. The most common compact laser source available today is 

the diode laser. One example of an edge emitting diode uses a small external cavity 

to initiate single longitudinal mode operation and with electrical pumping, the overall 

size of these lasers can be very small [1]. Another compact laser, which has evolved 

in recent years, is the fibre laser. The laser cavity is created from doped fibres that 

can be tightly compacted. The use of photonics crystal fibres and Bragg gratings 

allow single frequency generation and polarisation-maintaining operation [2,3]. In 

solid-state lasers a very small cavity geometry can be confined to the laser crystal 

itself allowing single frequency selection to occur naturally [4]. The VECSEL is a 

unique combination of both diode and solid-state lasers. The external cavity length is 

flexible with possible cavity sizes from microns to meters [5,6]. With optical 

pumping high multi-watt output powers can be generated and with intra-cavity 

elements single frequency operation can be achieved. This makes the VECSEL an 

ideal source for small cavity applications. This chapter demonstrates a single 

frequency VECSEL with 6mm cavity length, which incorporates a novel air etalon. 
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6.2 THEORETICAL DESIGN 

A small laser cavity length inherently benefits single mode selection. The small 

cavity length increases the longitudinal mode spacing, which means fewer modes 

exist in the cavity. As in previous experiments where a combination of a BRF and an 

etalon are used to select a single mode, a small cavity length can assist the mode 

selection of the laser and only a single element is needed to initiate single mode 

operation. To form a small VECSEL cavity a single concave mirror could be used at 

normal incidence. The focal length of this mirror can be chosen to provide a 

desirable cavity mode size on the VECSEL surface and adequate room for an intra- 

cavity etalon. However as mentioned in chapter 3, tilting an etalon with respect to a 

small cavity mode size can produce significant losses that limit the laser tunability. 

A small VECSEL cavity can be formed using a convex mirror in reverse. This 

creates a cavity formed from the substrate of the mirror. Leaving a small space 

between the mirror rear surface and the VECSEL wafer creates a variable air-gap 

that can be utilised as an etalon. The laser can then be tuned be altering the air gap, 

which eliminates the walk off experienced by a normal solid etalon. Figure (6.2.1) 

sho s this cavity design. 

Small Air Gap etalon 
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Figure (6.2.1): Micro-cavity VECSEL design 
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The air gap can be increased or decreased to change the FSR of the ctalon 

respectively, to allow different modes to be selected from the laser cavity. A 

Brewster cut can be made in the mirror substrate, which allows for finite changes in 

cavity length. allowing finer tuning of the available modes. This can be seen in figure 

(6.2.2). 
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Figure (6.2.2): Fine tuning micro-cavity design 

The Brewster cut space additionally provides a strong linear polarisation of the laser 

output. To confirm this hypothesis, mathematical simulations were run to analyse 

the mode selection present in a passive cavity. At each interface in the cavity Fresnel 

equations can be used to represent the reflections that occur at all interfaces. Figure 

(6.2.3) shows the relevant reflections at each of the key interfaces. 
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Figure (6.2.3): Theoretical model of micro-cavity (figure 6.2.2) showing dominant 

Fresnel reflections. 

As seen in tij: ure (6.2.3). an electric field E;,, is injected into the cavity where it 

experiences losses due to the transmission (to) at the mirrors interface. The electric 
field can be represented at any point in the cavity by the relevant sum of the Fresnel 

reflection and transmissions. The four equations produced from these reflections are 

shown below. 

Et = Ea eýkd, 

E, = tE t e'kd' - rE ; e'kd' 

= -r,, E, eikdZ + t,, Ei� 

E4 = tE, e'k`'' + rE, e'kd' 

equ: (6.2.1) 

equ: (6.2.2) 

equ: (6.2.3) 

equ: (6.2.4) 

Solving these 4 equations for E, -E4. produces the following results which can be 

plotted out to show the allowed laser cavity modes. 
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Figure (0.2.4): Mathematical modelling of micro-cavity laser modes 

1.012 

The figure (6.2.4) shows the allowed cavity modes within one free spectral range of 

the air-gap etalon. The small lines within this show the cavity modes that can be 

selected by altering the finite air-gap, which increases the overall length of the laser 

cavity . 
This can be seen in more detail in figure (6.2.5). 
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Figure (6.2.5): Zoomed in view of laser cavity modes of micro-cavity 

From the above image it is clear to see the available cavity modes that will be 

generated in the micro-cavity. This confirmed the intuitive model of using the air 

gap as an etalon for smooth tuning of the laser frequency. 

6.3 CAVITY AND PUMP DESIGN 

The cavity design involved a 12.5mm positive radius of curvature mirror with 98% 

reflectivity coating at 970nm and AR coating at 808nm. Used in reverse this formed 

a cavity with length 6.25mm, using the glass substrate of the mirror for the bulk of 

the cavity medium. A small air gap was then left to act as the etalon. 

The cavity design relies on the air-gap between the wafer and mirror surfaces. As in 

a standard VECSEL cavity where a diamond heat spreader would be used to control 

thermal effects, the micro cavity must rely on cooling from the rear surface of the 
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VECSEL. The use of diamond heat spreader in the cavity would hinder the tuning 

capability of the laser as it forms its own sub-cavity. This sub-cavity formed within 

the diamond interferes with the selecting mechanism of the air gap etalon, effectively 

creating a thick etalon with a small ineffective FSR. In replacement of the diamond 

heat spreader a TEC is used to cool the VECSEL wafer to a low temperature. This, 

although not as efficient as the diamond heat spreader, provides adequate thermal 

management for low power operation. Figure (6.3.1) shows the theoretical design. 
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Figure (6.3.1): Micro cavity laser with TEC cooling 

A specially designed pump system was required for this laser. A long focus is 

required to propagate through the cavity mirror to reach the VESCEL. As this 

curved mirror would alter the focusing of the pump beam calculations were made 

incorporating the cavity mirror into the pump system to generate an 80µm spot 

diameter at the wafer's surface. Figure (6.3.2) shows the pump geometry. 

Focusing lenses Cavity mirror 

Figure (63.2): Optical pump system incorporating cavity mirror 
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Using mathematical software [7], matrix calculations were made to determine the 

necessary distances required between optics to produce an 801im diameter spot at the 

focal point. Two 25mm focal length achromatic doublet lenses were used to produce 

a high quality focused beam, as seen in the previous chapter, figure (5.2.2). The 

corresponding calculated distances are shown below. 

d1= 26.75mm, d2= 40mm, d3= 18mm 

As the pump beam and laser output from the micro-cavity overlap each other a 

dichroic mirror was placed at 45° inside the pump optics to direct the 980nm 

emission away from the laser to monitor the laser output. 

6.4 ALIGNMENT AND MOUNTING 

Initial alignment of the laser cavity proved to be very difficult. Due to the laser's size 

only minor adjustments could be made to the cavity to induce lasing. Due to no 

optical heat spreader being used, the thermal rollover point of the laser was 

particularly low. This limits the pump power thus the fluorescence levels are low. 

This made it difficult to see any photo luminescent enhancement of the laser cavity. 

Another contributing factor to difficult alignment was the size of the laser cavity 

itself. Being a very small cavity (6mm) and made of glass it was impossible to use 

standard intra-cavity techniques to align the cavity. Therefore an external approach 

had to be designed. 

A variety of techniques were used to try and align the laser cavity, using CCD 

cameras and various alignment lasers. These methods produced no significant 

enhancement of the laser cavity. The solution was to wind the cavity out till 

sufficient space was acquired to optically pump the VECSEL from a side angle. 

This produced an increase in sensitivity as there was no reflection from additional 

optics in the pump system. Once lasing was achieved the pump systems were 
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swapped back to normal incident pumping. By scanning the new pump system 

across the VF. CSEL surface, cavity enhancement could now be detected when 

approaching the original pump spot and lasing could easily be achieved. The cavity 

could now be shortened while maintaining lasing to reach the desired length. Figure 

(6.4.1) shows a photo of the experimental laser setup in operation. 

ý 

I i,, urc (ft4.1 is I'h010 of micro-cay its laser setup showing ice build up on VECSEL 

heat sink 

I he \ l-CSFI. was mounted on a brass plate using silver conductive paint. This was 

thermally contacted to a 1EC using a heat sink compound, which in turn was then 

chilled by a water-cooling copper mount. The TEC provided effective cooling to - 

20"C. Ice crystals formed on the brass plate as a result of the low temperature. For 

tine adjustment the cavity mirror and VECSEL were mounted onto an adapted fibre 

alignment mount. This mount was adapted to provide 3-dimensional movements 

with sub micron adjustment with the aid of piezo-electric tubes imbedded inside the 

mount. This ; gave tine control of' the air gap etalon to allow for minor adjustments 
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and tuning. Due to the micron sized air gap between the optics, condensation on the 

cavity mirror was prevented using a 10052 thermal resistor to provide heating. 

6.5 EXPERIMENTAL RESULTS 

Lasing was achieved with a maximum output of 19.4mW single frequency at 965nm. 

Using the piezo-electric mount the air gap was increased to tune the cavity. "These 

results can be seen in figure (6.5.1) below. 
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Figure (6.5.1): Tuning of single frequency micro cavity 

As seen in figure (6.5.1), the tuning range extends for 7nm. The sudden drop off at 

the end of the tuning range is where the laser frequency returns to previous 

frequencies. indicating the end of the tuning range. The spectral deviation around 

963nm was an unexpected yet repeatable result that may have been caused by 

vibrational effects from the water-cooling mount or a mechanical error when tuning 

the cavity length. 
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The output was analysed using a Fabry Perot reference cavity to check the spectral 

characteristics. Figure (6.5.2) shows the output obtained. 
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Figure (6.5.2): Single frequency trace from Fabry Perot cavity 

The top trace in figure (6.5.2) shows a single longitudinal mode of the laser cavity 

output. The smaller peaks with steeper slopes represent the fluctuations of the Fabry- 

perot reference cavity fly-back as the piezo-electric controller scans. These also 
indicate the FSR of the reference cavity as seen in the bottom trace. To confirm 

single mode operation the cavity output was analysed with an RF spectrum analyser, 

which would show any transverse modes oscillating in the cavity. The presence of 

no additional transverse modes detected confirmed this result. 

A standard solid etalon uses identical surface reflectivites to provide strong 
interference filtering of the available modes in a laser. In the micro-cavity the flat 

surface of the cavity mirror and capping layer incorporated in the VECSEL wafer are 

used to re-create this effect. Due to unequal reflectivites, the etalon effect is less 

dominant and therefore single mode operation was unsustainable for a long period of 

time. With a surface reflectivity of around 4%, the flat surface of the cavity mirror 

was primarily responsible. In further experimentation on this laser an appropriate 

reflective coating could be applied to this surface to match the slightly higher 

reflectivity of the capping layer. This would produce a stronger filtering effect and 

produce a more stable output. 
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To simulate an equal reflectance, a glass plate was added inside the air gap. This 

having equal reflectance as the flat surface of the cavity mirror due to being 

comprised of the same material. The insertion of this glass plate adds a further sub- 

cavity into the laser, this can be seen below in figure (6.5.3). 
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Figure (6.5.3): Micro cavity including glass plate 
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To analyse the mode selection of this laser with the new sub-cavities, further 

mathematical modelling was undertaken. Using the Fresnel reflection for each 

surface interaction as in the previous section 6.2. Several scenarios of air gaps can be 

modelled. one of which is shown in figure (6.5.4). 
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Figure (6.5.4): Mode selectivity from glass plate micro-cavity 

The figure shows 2 modes, which will occur simultaneously. This can be seen at the 

(1,0) coordinates of figure (6.5.4). This indicates that the 3 sub-cavities will produce 

multimode action from the laser. To confirm this experimentally a glass plate was 

inserted on a piezo-electric controlled mount as seen in figure (6.5.3). 

Lasing was achieved and multimode action was confirmed using a Fabry Perot 

reference cavity. Single mode operation was achieved with slight adjustments to the 

cavity although this was very unstable. Figure (6.5.5) shows the tuning results. 
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Figure (6.5.5): Tuning curve from glass plate micro-cavity 

As seen in the above figure only 3 tuning points could be obtained from this cavity. 

The 3nm jumps correspond to the FSR of the glass plate. 

To further this investigation and to increase the output power of this small cavity 

geometry. Wedged diamond was used as an optical heat spreader. The wedged 

diamond uses a 2° wedge to eliminate the etalon effect created from the diamond 

sub-cavity [8]. Figure (6.5.6) shows the experimental setup. 
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An intra-cavity etalon is created between the flat surface of the mirror and the rear 

surface of the diamond heat spreader. No lasing was achieved for this cavity 

configuration. The added multiple reflections from the diamond surfaces and tight 

cavity geometry were responsible for the difficult alignment. This however prompted 
further research in to small cavity configurations using the wedged diamond heat 

spreader that will be shown in the following chapter 

6.6 CONCLUSION 

Single frequency operation of the micro-cavity was shown over a 7nm tuning range 

with a maximum output power of 19.4mW obtained. This was limited due to thermal 

rollover of the VECSEL wafer. 

The addition of a glass plate inside the air-gap to promote a stronger etalon response 

produced a less tunable and unstable micro-cavity VECSEL. Only 3 single frequency 

mode could be selected from this cavity due to the large FSR of the glass plate 

hindering the tuning characteristics of the VECSEL. 

Further investigation into utilising a wedged diamond heat spreader was undertaken 

with minimal results although this prompted continued research into small cavity 

configurations, which follows in chapter 7. 
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CHAPTER SEVEN 

SMALL-CAVITY VECSEL 

7.1 INTRODUCTION 

Compact lasers are desirable tools for many applications but the smaller you make a 

laser the more intricate the design and optics become. This can be costly and very 

difficult to manufacture. This chapter explores the use of small cavity geometry in a 

single frequency VECSEL laser. The cavity design is made just large enough to 

insert standard intra-cavity components for single frequency operation. The use of a 

wedge diamond heat spreader allows high power operation with no effects to intra- 

cavity elements allowing single frequency operation to be implemented [1]. 

7.2 LASER DESIGN 

The laser cavity was designed to be as small as possible but to allow the insertion of 

a BRF and a solid etalon. For adequate space for these elements a 50mm cavity was 

constructed from a previous laser mono-block. A laser mono-block, being made from 

a single machined block of aluminium, has the advantage of providing a very stable 

cavity as the mechanical drift and vibration of the mounts are minimised. Figure 

(7.2.1) shows a schematic representation of this block. 
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Figure (7.2.1): laser mono-block schematic 

Using this mono-block intra cavity elements could then be inserted from the top of 

the block where they could be securely fixed. Adapted mounts were constructed to 

minimise their space and provide delicate tuning of the intra-cavity elements. l" figure 

(7.2.2) shows an image of the finished laser cavity mono-block. 

Figurc (7.2.2): laser mono-block 
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A 2% output coupler was used to provide a high power output. It was mounted on a 

piezo-electric tube for fine adjustment of the cavity length. 

7.3 EXPERIMENTAL RESULTS 

A HeNe laser was used to align the cavity. This is a useful way to align through the 

wedged diamond in the cavity as refraction causes displacement of the cavity beam. 

Lasing was achieved with a maximum output power of 1.1W at 3.2W pump power, 
before thermal rollover occurred. The insertion of the BRF reduced the output power 

to a maximum of 700mW. Similarly the insertion of the etalon also reduced this 

maximum power to 400mW. This corresponds to a total power loss of 64%. In a 

standard "dog leg" (figure 5.4.3) VECSEL cavity intra-cavity elements are inserted 

into the long arm of the laser cavity. In this area of the cavity the wave-front of the 

laser beam are almost flat making insertion easy and low loss. Typically a 25% loss 

is experienced with the insertion of a BRF and similarly with a solid etalon giving a 

48% total loss of intra-cavity elements [1]. In the small 2-mirror cavity 

configuration the insertion of intra-cavity elements is much harder, due to the curved 

wave fronts and refraction from the Brewster angled BRF. This corresponds to a 

greater loss from inserting components as seen by the 64% power loss. 

Analysis of the output beam was achieved using a scanning Fabry-Perot reference 

cavity. Consisting of a confocal arrangement the reference cavity has a FSR of 

1 GHz and finesse of 1000. The output beam is focused into the reference cavity, 

which on scanning revealed that single frequency operation had been achieved. This 

can be seen in figure (7.3.1). 
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Figure (7.3.1): Single frequency signal from Fabry-Perot reference cavity set for 

close inspection with a 50MHz scan length. 

A close up scan of 50MHz of the single longitudinal mode shows that there are no 

other modes present, which can be seen in figure (7.3.1). To confirm this, the scan 

rate was further increased until two subsequent repeating modes were obtained trom 

one scan of the reference cavity. As no other smaller modes are seen between these 

two progressive modes, the output from the laser is determined to be single mode. 

The cavity was now tuned using the BRF to measure the available spectrum. This 

can be seen in figure (7.3.2). 
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Figure (7.3.2): BRF tuning of small cavity VECSEL 
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Figure (7.3.2) shows the tuning curve obtained when the etalon is in a fixed position 

just off normal incidence and tuning is achieved by rotation of the RRF. A 

maximum span of l0nm was measured with a maximum output power of 242mW' at 

a constant pump power 1.3W. 

Additional fine-tuning was achieved by combined adjustment of the etalon and BRF. 

Figure (7.3.3) shows the results obtained. 
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Figure (7.1.3): Tuning of small cavity VECSEL with zoomed in view showing fine- 

tuning around 966nm. 

As seen in figure (7.3.3) the profile of the tuning curve has a saw tooth appearance. 

Tuning achieved by the etalon is shown by the blue lines and equivalent data points. 

As the etalon tunes the frequency of the laser to a lower wavelength the "walk oft" 

losses reduces the output power. A 0.23° change of the etalon angle from normal 

incidence produces a change of optical frequency of O. OI nm. In such a small cavity 

the tilting angle of the etalon can produce significant losses as mentioned in chapter 

3. section 3.3. [2]. As the etalon reaches the end of its tuning range the BRF is then 

used to jump the laser frequency by one FSR. this is indicated by the pink data 

points. 
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The laser cavity's resonant frequency was now locked using feedback electronics to 

the piezo-electric mount on the cavity output coupler. Figure (7.3.4) shows the 

external cavity setup. 
Piezo-electric mount 

Feedback electronics 

in oWt 

Reference cavity 
electronics 

Figure (7.3.4): Laser frequency locking setup 

The laser output is focused into a Fabry-Perot reference cavity with 1 GI Iz felt and 

finesse of 1000. The output signal from the reference cavity is then tightly focused 

onto a fast photo diode. Using a series of electronics, the signal from the photodiode 

is firstly amplified and then sent to an integrator. The integrator creates an of'f'set in 

the signal. which can be used as a reference point to feedback an error signal to a 

piezo-electric mount on the output coupler. If the signal deviates from this set point 

the corresponding error signal is sent to the piezo-electric control, which adjusts the 

cavity length to compensate, thus the cavity is locked at a single frequency. The error 

signal was then used to measure the laser's linewidth of 180k! lz. Further testing 

showed that the line width of the laser was limited to this value. It is essential to 

lock the lasers frequency with rapid movement of the cavity mirror, the faster the 

response of this mirror the more gain can be applied to the signal, which ultimately 

provides a stable response to the fluctuations in the laser frequency. As the mirror 

used in this laser cavity was large and heavy, its response time is slow and limited 

the linewidth of the laser to 180kHz. 

The M2 of the laser was now measured to determine the mode quality of the beam. 

The M2 of the laser is the ratio of the actual beams divergence to that of' the 

theoretical diffraction limited Gaussian fit [3], [4]. 
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equ: (7.3.1) 

equ: (7.3.2) 

equ: (7.3.3) 

where w= beam radius, w. =beam waist radius, z--distance from waist, z0= Rayleigh 

range, A wavelength, ee= measured divergence angle and °d= theoretical Gaussian 

divergence. 

Using a suitable focal length lens, the laser beam is focused. The focus spot size and 
beam diameter was now measured at several points along the beam path using a 
Coherent Lasercam 3D. A comparison can now be made between the measured 
diameters at a set distance from the focal point and the theoretical diameters using 

equations (7.3.2) and (7.3.3). The difference between these values corresponds to 

the M2 of the laser. Using this technique the M2 of the laser is found to be 1.1. As 

an ideal TEMoo mode is represented by an M2=1, the laser's M2 of 1.1 suggests it has 

a relatively good quality beam. However the difference of 0.1 indicates the possible 

presence of additional transverse modes in the cavity. This can occur if the pump 

beam is not correctly matched to the lasers cavity mode. 

7.4 PUMP PROFILE ANALYSIS 

As a VECSEL is optically pumped, the size and profile of the pump beam can be a 

crucial factor in the laser's performance. If this beam is too large, it supplies 

sufficient optical energy to the extremes of the cavity mode, which can allow 

additional transverse modes to oscillate in the cavity. This hinders the single 

frequency operation of the laser and generates a large undesirable M2 value. In 

contrast, if the pump beam is two small, insufficient optical gain is influenced and 

lasing will not occur. In past experiments the profile of this pump beam has never 

been analysed in great detail. A typical VECSEL laser uses a pump spot size that 

matches the cavity mode size of the laser at the VECSEL surface. 

zo 
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To analyse the pump beam in more detail a Coherent Lasercam 3 beam analyser was 

modified. A 10-tinges microscope objective lens was fitted to the Lasercam at a 

distance of 12cm from the CCD chip. This created a 10-times magnification of the 

focal point directly on the CCD chip, allowing small beam diameters to be measured 

at an extended distance. The calibration of this modified focusing lens was achieved 

by imaging a series of pinholes that were illuminated using the laser output. As the 

pinhole diameters are of known size a direct calibration of the imaging system could 

be achieved. 

In previous experiments a "top-hat'" pump profile is used, where the pump beam has 

the same intensity throughout its area. Figure (7.4.1) & (7.4.2) show a 21) and 31) 

profile image acquired from the helm analyser. respectively. 

Iýiuure (7.4.1 ): -'I) ý: ý,, puinp l, i: er'" IO(ltim diameter beam at locus 

Figure (7.4.2): 3D image of --top-hate pump characteristics. showing steep sides and 

uniform intensity levels. 

The intensity levels are shown by a spectrum of colours, from low power (dark blue), 

to high power (white). Figure (7.4.1) and figure (7.4.2) show an almost 

homogeneous power lever throughout the pump area, however the intensity level is 

slightly higher in the centre of the beam. 
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At any point in a laser cavity the beam can be described to have a Gaussian profile. 
This is true also at the VECSEL surface where the pump beam is absorbed into the 

barrier regions and the quantum wells. To fit the Gaussian mode profile the optical 

pump system should also exhibit a similar intensity profile. This provides an exact 

match of relative area intensities of the two beams. To relate this to the pump system 

used on the small cavity, a series of measurements were taken to indicate the beam's 

profile near to the focus. Figure (7.4.3) shows these results. 
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Figure (7.4.3): Pump beam profile near to the focus 
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Figure (7.4.3) shows the "top hat" style beam's profile located at the focus, indicated 

by its vertical sides. As you increase the distance from the focus the beam expands 

and takes on a smoother shaped profile, as seen 200µm from the focus. However at 

200µm from the focus the beam diameter increases to over 100µm, which is greater 

than the cavity mode of approximately 84µm. To compensate for this, adjustments 

were made to the focusing lenses of the pump optics to reduce the size of the focused 

beam. This allows for de-focusing of the pump beam to match the cavity mode of 
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84µm and have a bell-shaped profile. Figure (7.4.4) shows the adjusted focusing 

system spot sizes as your scan across its focal region. 
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Figure (7.4.4): Pump beam diameter near to focus 

By adjusting the pump optics the new focus was now 57µm. This allows the beam to 

be defocused to 84 µm approximately 220µm from the focal point. 

The pump system was re-introduced to the small VECSEL cavity and adjusted to 

match the cavity mode. The M2 was now measured at 1.02. This indicates that the 

adjustment of the pump profile has benefited the lasers output beam by providing a 

more effective intensity matched profile to the pump beam. 
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7.5 AIR-SPACED ETALON 

The tine tun in,, of the VECSEL laser was performed by a combination of BRF and 

solid etalon adjustments. This produced an undesirable saw tooth effect to the output 

power due to the losses experience when tilting the etalon, seen in figure (7.3.3). 

This "walk off " loss generated by the etalon additionally limits the tuning range of 

the laser. To solve the problem an air-gap etalon was created using a pair of prisms. 

The prism is designed to be inserted at Brewster angle to minimise losses, commonly 

known as a Littrow prism. By aligning a pair of these prisms as seen in figure (7.5.1), 

an air gap can be created which can be utilised as an etalon. By adjusting the air gap 

the FSR of the etalon can be modified. 

Air gap 5mm 

Figure (7.5.1): Littrow prisms forming an air etalon 

The laser is then tuned by increasing or decreasing the air-gap and provides no "walk 

off' losses. 

Air-gap etalons are commercially available using this very method, however they are 

too large to insert into the small VECSEL cavity and very expensive (>$1000). By 
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building an air etalon, it is possible to make a compact unit, which can be modified 

to suit the cavity conditions. 

To provide movement fine adjustment to the air gap a piezo-electric tube was used. 

Designing the prisms to fit exactly inside this tube and fixing them at both ends of 

the tube meant that an increase in I volt applied to the piezo-electric tube would 

provide 1.75 nm adjustment of the air gap. Figure (7.5.2) shows the design 

parameters. 

Expansion 

End cap 

ir-gap etalon 

0 

Electrical contacts/ 
" f 

Piezo-electric tube 

Figure (7.5.2): Air-spaced etalon design 

End cap 

To match the characteristics of the solid etalon used in the previous setup, an 

identical reflection coating of 30% was used on the prisms parallel surfaces, as seen 

in figure (7.5.2). The prisms were first mounted onto the end caps of the unit, using 

ultraviolet curing glue for a rapid setting time. One prism is then stuck firmly in 

place inside the piezo-electric tube using Torr Seal epoxy. This hard insulating epoxy 

proved to be an excellent adhesive for the mounting as it exhibits low levels of 

curing stress. The remaining prism was then mounted into an alignment setup, which 

can be seen in figure (7.5.3). 
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Figure (7.5.3): alignment setup 

As seen in figure (7.5.3), a HeNe laser is used to align the first prism, which aligns 

the rotation angle of the prism and also the retro-reflected beam from the flat 30% 

reflective surface. The second prism is then added to the setup, where it is aligned in 

the same way. The two retro-reflected beams from the parallel surfaces form a 

interference pattern on the distant white card, where they can be aligned with good 

precision. 

A tungsten/halogen light is now used to emit a collimated white light beam through 

the prism pair to measure the air gap. The interference fringes produced from the 

parallel surfaces can be measured using a spectrometer. Fine adjustment can be made 

to the air gap using the optical mounts until the desired air gap has been established. 

To match the solid etalon used in the cavity with a free spectral range (FSR) of 

300GHz, an air gap of 0.5mm must be created. 

In relation to the interference pattern produced by the white light source an air gap of 

0.5mm corresponds to an interference pattern of 0.6Snm. This can be seen in the 

following equation. 
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A), Ov 

ýv 

0ý. = 0.68nm 

Where 4v= 300OHz, X= 800nm and v=353THz 

equ: (7.5.2) 

An 800nm model was chosen due to the output spectrum of the white light source. 

A range of measured air gaps can be seen in figure (7.5.4). 
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Figure (7.5.4): Interference fringes shown by spectrometer, used to measure air gap 

Figure (7.5.4) shows a range of interference fringes produced by the air gap. A small 

air gap of 75 µni gives the interference pattern shown in red, corresponding to a FRS 

of 2THz, as the air gap is increased to 450µm the interference fringes decrease, 

shown by the blue trace of 330GHz. 

Using this method a prism pair was aligned with a FSR of 300GHz and bonded with 
Torr Seal. Once the epoxy was set an additional check of the interference fringes was 

carried out. This would show any mechanical drift or bonding stresses that occurred 

while the epoxy set over the course of 24hrs. Electrical contacts were added by 
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soldering onto the outside of the piezo-electric tube and one of the end caps of the 

prism mount. 

As the prism creates a large displacement in the laser cavity path, insertion of the air 

etalon was very difficult, as precise alignment was needed. After several attempts 

lasing could not he achieved, so another cavity design was used to test the etalon. 

The air etalon was inserted into a longer "dog leg" cavity where alignment is easier 

due to the plane output coupler and flat wave fronts. An intra-cavity iris and HeNe 

beam was used to precisely alien the air etalon. This cavity setup can he seen in 

figure (7.5.5). 
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Figure (7.5.5): "dog leg" cavity incorporating air etalon 

Lasing was achieved with a maximum output power of 88mW, with a pump power of 

4.7W. The insertion power loss of the air etalon was 61%. This large loss was due to 

the relatively poor optical quality of the prisms. 

The laser was then tuned using a combination of the BRF and 300GHz air-spaced 

etalon to provide smooth tuning over the available wavelengths, this can be seen in 

figure (7.5.6). 
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Figure (7.5.6): Air-spaced etalon and BRF tuning 

Figure (7.5.6) shows a smooth tuning curve, the walk-off losses seen in figure (7.3.3) 

which created dropouts in the laser power have been eliminated with the use of' the 

air-spaced etalon. The tuning range of the VECSEL has also been increased to 20nm. 

This could be a result from stimulating a different region on the VECSEL's 

inhomogeneous wafer, however on comparison to previous VECSEL lasers. [1], it is 

clear that the air-spaced etalon has increase the tuning range. 

7.6 CONCLUSION 

To create a compact single frequency VECSEL. a 50mm cavity was constructed. 

With solid etalon and BFR, single mode was achieved and produced a lOnm tuning 

range with a maximum power of 271mW. Fluctuations in power levels occurred due 

to large losses from the solid etalon tilt angles (walk oft). The laser frequency was 

locked using a reference cavity and the line width was measured to be 180kllz. This 
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could not be reduced further due to large optics inhibiting the response time of the 

cavity mirror. The M2 of the laser was measured at 1.1. 

To try and reduce M2 of the laser nearer to 1, an analysis of the pump profile was 

undertaken. This revealed that using a slightly de-focused pump beam provides a 

excellent intensity profile match to the Gaussian mode of the laser. This significantly 

reduced the M2 of the laser to 1.02. 

In an attempt to solve the problem of etalon "walk off' losses, an air-etalon was 
designed and constructed using Littrow prisms and a piezo-electric tube. Although 

unable to align the etalon inside the small cavity, the addition of the etalon to a larger 

cavity increased the tuning range of the VECSEL to 20nm, almost double to previous 

experiments. This also removed the uneven "saw-tooth-like" power levels when 

tuning the solid etalon, as seen in figure (7.5.6). 

Further work was carried out in constructing a prism pair with a larger air gap, which 

was equivalent to the BRF's FSR. This would allow the lasers frequency to be tuned 

"hands free" using electronics. However the losses experienced by the two air tuning 

devices were too large to initiate lasing in the VECSEL. 
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CHAPTER EIGHT 

FREQUENCY DOUBLED VECSEL 

8.1 INTRODUCTION 

A laser can be used in a variety of applications, harnessing its attributes of a 

directional coherent beam of light. Since the invention of the laser by Theodore 

Maiman in 1960 [1], laser scientists have endeavoured to create lasers over the whole 

wavelength spectrum. Harnessing the properties of key elements doped into crystal 

hosts, it was possible to create suitable laser gain media, which emit radiation when 

optically pumped. However the range of optical pumping wavelengths and 

available gain media is limited by a natural selection of elements and host crystals, 

most of which emit in the infrared region. In 1961 a new method of achieving new 

wavelengths was discovered by Franken [2]. Using a ruby laser with a wavelength of 

694nm, frequency conversion was achieved using a quartz crystal, which doubled the 

lasers frequency, producing laser light at 347nm. This pioneered the development of 

frequency doubling laser light, making a whole range of previously unobtainable 

wavelengths achievable. 

In modem times frequency doubling is still an effective means to generate short 

wavelength light sources. In recent years a significant motivation of low wavelength 
laser has been the optical storage industry. The invention of optical storage devices 

like the CD and DVD rely on lasers to read information from the surface of these 

media. The smaller the wavelength of light used the more information can be stored. 
The recent development of the blue laser diode by Nakamura and colleagues in 1997 

[3] has again increased the capacity of these media with the introduction of Blu-ray 

discs. In addition to optical storage, short wavelength lasers can be used in several 
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applications including bio-medical, high-resolution spectroscopy and visual display 

systems. 
Many of these applications require good laser beam quality, with narrow line widths 

and TEMoa mode. Frequency doubled light naturally inherits the properties of the 

fundamental source like pulse duration and beam quality. The VECSEL is an ideal 

laser to frequency double due to its spectral and spatial qualities. It has low line 

width operation, TEM00 mode capability, high output powers and can be designed to 

operate at a variety of wavelengths. This chapter demonstrates an 850nm VECSEL 

frequency doubled to 425nm with the use of KNbO3. 

8.2 FREQUENCY DOUBLING THEORY 

Second harmonic generation is a non-linear optical effect. High intensities generated 
in the doubling crystal result in non-linear response. When a small electric field is 

applied to a material its electrons are manipulated into a state of polarisation. This 

has a linear response and can be expressed by the following equation, 

P=ex(')E equ(8.2.1) 

where P is the polarisation vector, a is the permittivity of the medium, x(') is the 

linear polarisation susceptibility and E is the electric field vector. When the same 

medium is subjected to a large electric field, like that of a laser beam, the material 

responds in a non-linear fashion. A series of ordered effects and can therefore be 

expressed as, 

P° E(7C(') +Xý2)E + x(3)E2 + ......... )E equ(8.2.2) 

where x(2) and f) are the second and third order nonlinear susceptibilities of the 

medium involved. These higher orders of optical responses are the properties that are 

exploited in the host medium to generate a new frequency of light. In second 
harmonic generation the second order nonlinear susceptibility x(2) doubles the initial 
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electrics field frequency (w), generating a field of 2w. The same nonlinear effect 

also produces sum-frequency mixing (co=wl+ßo2), difference-frequency mixing 

(w3=w1-roe) and the Pockels effect (w=w1). 

The corresponding electro-magnetic wave equations for these new frequencies can 
be derived from Maxwell's equations, by considering an insulating, non-magnetic 

material [2]. 

. 
4F 
-(2w) 

dz 
/IIdffE3E1 

exp[-i(k3 - k2 - k, )z] equ: (8.2.3) i 22 14 

z 

where it is the magnetic permeability of the medium, deft is the effective nonlinear 

coefficient and k(i-1,2,3) are the wave vectors for the relative wave frequencies. This 

equation describes the second harmonic wave amplitude as a function of the wave 

amplitudes of the other two frequencies present when propagating through the 

medium. In terms of optical intensity, 

2w2deff 212 sin(Okl/2ý 
2z 

I(2w) 

n(2w)n(w) 
2 
c3£ Okl/2 

I(w) equ: (8.2.4) 

Frequency conversion efficiency can be increased by minimising the wave vector 

mismatch Ak = k3 - k2 - k,. Phase matching occurs when Ak = 0. 

Phase matching is a vital parameter of a frequency doubling crystal. If phase 

matching is not achieved correctly then the result is a poor frequency conversion of 
the fundamental wave. There are two types of phase matching, type I phase 

matching occurs when both fundamental waves interact with identical polarisation 

states. Type II phase matching occurs when the two polarisation directions are 

perpendicular to each other. 

Phase matching in bulk media can be achieved using two methods, Angle tuning and 

temperature tuning. Angle tuning is optimised by changing the direction of the 

fundamental beam to the crystal axis. In a uniaxial crystal this corresponds to 
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changing the angle between the wave vector k and the crystals optic axis, known as 

critical phase matching. As both the fundamental and second harmonic beam 

experience different refractive indices (ordinary and extra ordinary) to each other due 

the crystal cut and angle dependence, phase matching can be achieved. This 

however is sometimes undesirable as the frequencies generated do not propagate 

collinearly with each other, which can cause angular walk off of the fundamental 

beam and limit the efficiency of the frequency conversion. Temperature tuning is a 

much-preferred method as this it obviates the need for angular dependence. Altering 

the crystals temperature changes its birefringence for both ordinary and extraordinary 

propagation directions. When a certain temperature is reached where the two waves 

match, phase matching has been achieved. This is known as non-critical phase 

matching and is the preferred method for a temperature tunable crystal, if 

temperatures are within reasonable limits. 

When choosing a frequency doubling crystal two main parameters have to be 

considered. Firstly and most importantly an appropriate medium must be chosen 

which interacts with the desired pump wavelength, making frequency doubling 

achievable while being optically transparent to the wavelengths involved. Secondly 

the phase matching type must be determined for optimum yield. Other 

characteristics, which should also be considered, are the birefringence of the 

material, effective non-linear coefficient (maximum conversion), dispersion, optical 

power levels for damage control, chemical durability (hygroscopic) and price. 

8.3 ANALYSIS OF CONVERSION EFFICIENCY 

To generate efficient frequency doubled light, consideration of the intra-cavity losses 

must first be taken into account. The optimum output coupling (Tops) is related to 

internal losses (b0), unsaturated gain (go) and the unsaturated gain (go ) by the 

following equation [4]. 

ToPt = -b0 + gob0 equ: (8.3.1) 
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As intra-cavity frequency doubling acts as a loss inside the cavity this can be directly 

related to this optimum output coupling (Tops) thus maximising second harmonic 

generation. For further investigation the second harmonic conversion efficiency 

must be considered. 

The theoretical conversion efficiency for the 10mm long KNbO3 used in this 

experiment can be obtained as follows [6]. Second harmonic power generated, 
P(2w), can be expressed as, 

P(2w) = I' "L" P2(w) " h(arý) equ: (8.3.2) 

where L is the crystal length, P(w) is the fundamental power. The factor h(ad), 

containing the Boyd-Kleinman factor, represents the focusing parameters and has an 

optimum value of 1.068. 

I' is the crystalline material properties given by, 

r= 
2w, 3 

eff 
2 16n2deff 2 

'ýn1n2C04E0 
2n1n2C0E. equ: (8.3.3) 

for KNbO3 crystal in the VECSEL cavity, 
def= 13.973pm/V, nl=n2=2.25, A=850nm, £0=8.85x10,12F/m, co=3x108ms 1, [7] 

Substituting values gives, I'= 3.74 

Using equ: (8.3.2) the theoretical frequency conversion is, 

P(2w) 
=r"L" h(Qý) 

P(w) 

For a crystal length of 10mm, h(crr)=1.068 and r= 3.74, thus the theoretical 

conversion efficiency is 3.99%/W. 

Thus an intra-cavity power of IW will produce -r40mW of second harmonic 

radiation. As the conversion process acts as a loss in the VECSEL cavity, the 
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available gain must be analysed to maximise frequency conversion without hindering 

the laser's performance. 

The optimum output coupling of the 850nm VECSEL in question has been shown to 

be approximately 4% which can be seen in the following plot, figure (8.3.1), 
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Figure (8.3.1): Output power from the VECSEL as a function of output coupler 

transmission, 2.4W pump power. A theoretical curve (line) has been fitted to the 

experimental data points (dots) [5]. 

Matching the frequency conversion efficiency to a maximum output coupling of 4% 

would yield the most frequency-converted light. In the case of KNbO3 crystal with 

an optimum conversion efficiency of 4%/W, an intra-cavity power of IW would 

obtain optimal performance, producing 40mW of frequency doubled light. 

The gain threshold of a laser can be given by the following expression [8], 

g0i - 60 + In 1 
= 

go 
/ equ: (8.3.4) 

K1K2 1+"/P 
, 

Psat 

Where So represents the internal losses, R1 and R2 are the mirror reflectivities, go is 

the unsaturated gain factor and Pc, Psat are the intra-cavity power and saturation 

power respectively. When the threshold condition is reached the laser's gain is 

reduced to that of the threshold value by the factor (1+ 2I ) seen in equation Psat 

(8.3.4). The effective output coupling of the laser is given by the term 
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(b= In 1) 
which incorporated the mirror reflectivities. By replacing the laser's 

RIR2 

output coupling with the conversion efficiency of the KNbO3 crystal the optimum 

second harmonic conversions conditions can be calculated. 

The total output power of a given laser cavity configuration can be calculated from 

the following expression [8], 

SS go Pýt Pout 
=Ue 

S +S 2 
oý 

equ: (8.3.5) 

The data shown in figure (8.3.1) indicates that for a pump power of 2.4W the 

unsaturated gain equals 16.2% with a optimum output coupling of 5% and internal 

losses of 2%. Using this data and equation: (8.3.5) the saturation power was 

calculated to be approximately 22W. 

The analysis of the second harmonic conversion is based on these experimental 

results. The logarithmic unsaturated gain versus pump power of the semiconductor 

shown in figure (8.3.2) may correspond for a more complicated saturation effect like 

that of a pump power dependent saturation power. The following analysis is not 

intended to predict any variation of the second harmonic output away from these 

operating conditions. 
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Figure (8.3.2): Experimental data showing the logarithmic dependence of the 

unsaturated gain and pump intensity [5]. The data points indicate various 

combinations of cavity mode size (c--) and pump spot size (p--). 

As frequency doubling acts effectively as a loss inside the laser cavity, simple 

substitution of the output coupling losses (be) can be made for the frequency 

conversion efficiency of the doubling crystal (q) with relation to the circulating 

power, Se = 17 P. The unsaturated gain of the laser can then be related to the 

circulating power by the following equation [8], 

So = (1 + 2P, /Pý. )(bo + r/Pc) equ: (8.3.5) 

Solving the quadratic equation gives a positive term of, 

P. a 
-(280 + 2tjPý,,, ) + (2804 rlPý, )Z - 8rlPý, (80 - go) 

equ: (8.3.6) 
ý 

The simple laser model, which forms the basis for equation (8.3.6) [8], assumes that 

the saturation of the laser gain can be described by a single universal parameter, Psat" 

However, for a semiconductor material it is not clear that a pump power independent 

Psat is a good approximation. Combined with the logarithmic dependence of the 

unsaturated gain on the pump intensity (figure (8.3.2), [5]) it would lead to a non- 

linear output vs pump power characteristics in contradiction with the observations as 
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seen below in figure (8.3.3). Hence equation (8. ). 6) will only be used as a model for 

the saturation of the gain at a particular set of operating conditions with the purpose 

of determining the optimum non-linear conversion efficiency for intra-cavity second 

harmonic generation in KNbO3. 
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Figure (8.3.3): Output characteristics from the VECSEL ring cavity showing typical 

linear output power response to input current. Data points are shown with a red linear 

trend line. 

Using equation (8.3.6) a maximum intra-cavity power of 2.7W can be achieved with 

the 850nm VECSEL material with a threshold value of --800mW. 

A total of 8%/W loss is generated from the KNbO3 as 4% is generated from each 

pass through the crystal. Only half of this value can he effectively coupled out of the 

cavity due to cavity configuration thus this acts as an additional loss for the intra- 

cavity power. This can be eliminated by the use of a ring cavity configuration, 

which under unidirectional operation would only have a single second harmonic 

output from the crystal. In this linear cavity, a smaller conversion efficiency would 

yield a larger intra-cavity intensity which ultimately increases the second harmonic 

power. Analysis of the doubling crystal's conversion efficiency and second 

harmonic power is shown in figure (8.3.4). 
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Figure (8.3.4): Optimum second harmonic conversion efficiency for VECSEL cavity. 
The second harmonic power is a plot of the product of the square of the circulating 

power and conversion efficiency (? JP( (rß)2) vs. rý. 

Figure (8.3.4) shows that a maximum second harmonic power of 370mW is 

achievable with an optimum conversion efficiency of -0.1%/W. KNbO3 has a 

conversion efficiency of 4%/W. Defocusing of the cavity mode at the crystal centre 

will reduce this value resulting in an increase in second harmonic generation, this can 

also be achieved by changing the temperature of the crystal. This indicates that the 

optimum focal spot size in the Boyd-Kleinman criteria is not always desirable. 
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8.4 CAVITY DESIGN 

To design any form of laser cavity for effective frequency doubling, the crystal's 

parameters must first be considered. In this experiment the effective means of 

frequency doubling an 850nm VECSEL was using potassium niobate (KNb03). This 

crystal is a commonly used material for the generation of blue light therefore its 

properties are well known and documented [9], [10], [11]. This was set for type I 

non-critical phase matching at a temperature of 12°C. This means the crystal is non- 

critical to the alignment of the propagating beam. Phase matching is accomplished 

by the use of a TEC and water-cooled block to provide controlled temperature of the 

crystal. The addition of AR coating on the crystal faces reduced its insertion loss. 

The addition of a BRF is needed to reduce the laser line width to around lnm to 

allow for the crystals acceptance bandwidth. The main aspect of this crystal that 

determines the cavity design is the focusing parameter. As theoretically described by 

Boyd and Kleinman [6], the focusing parameter for second harmonic generation was 

established to be 2.84. This focusing parameter (ý) is related to the length of the 

crystal (1) and the confocal parameter (b) by the following equation, 

ý = 
1 
b equ(8.4.1) 

This can then be related to the spot size of the laser wo by substitution, 
2 

b= 2z0 =2A 
w° equ(8.4.2) 
W 

WA _ 
l. kx, 

2.84(27m) 
equ(8.4.3) 

where 1 is the crystal length with refractive index n, and laser wavelength of A, 

For the crystal in question of 10mm length with refractive index of 2.25 at 850nm it 

was calculated that the optimum spot size was 22 um. 

A suitable cavity design was then created incorporating the tight focusing parameter 

of the KNbO3 crystal. Figure (8.4.1) shows the cavity design. 
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Figure (8.4.1): Intra-cavity frequency doubling VECSEL cavity designed to suit the 

focusing parameter of 22 µm. 

The far right curved mirror with a radius of curvature of 100mm was specially coated 

to transmit 425nm radiation, thus optimising the frequency-converted output. This 

also generates a 65lun focus of the cavity mode on the VECSEL surface, which will 

be matched by the pump optics. 

The 850nm VECSEL used in this cavity is a unique design incorporating indium in 

the quantum well region, which increases the lifetime and over all efficiency by 

pinning defects from propagating into the active region. This new material 

composition has shown signs of high power single spatial mode operation [5] and is 

ideal for frequency doubling. The VECSEL wafer was capillary bonded to a silicon 

carbide optical heat spreader for thermal management. 

To create a high intra-cavity power for effective frequency doubling a bright optical 

pump source is needed. To increase the power available for pumping, polarisation 

combination of two 670nm diode arrays was undertaken. Both commercially 

available units from Boston Lasers and Milon Laser Group are sources that use 

micro-optics to combine 6 high power laser diodes into an optical fibre. Removal of 

the optical fibre produces a square laser output, directly from the individual laser 

diodes. using suitable focusing lenses and a polarisation dependent beam splitter, 
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both laser diode units were focused into a 100µm optical fibre. Figure (8.4.2) shows 

the diode combination setup. 
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Figure (8.4.2): Combination of 2 diode arrays for high power optical pumping 

As both unit's polarisation was in the horizontal plane, a A/2 plate was used to 

rotate one unit's polarisation where they could be efficiently combined using a 

polarisation depended beam splitting cube. After combining, a total of 2.8W of 

670nm laser radiation was available from the 100µm fibre, with a total combination 

and coupling efficiency of 84%. 

8.6 EXPERIMENTAL RESULTS 

To measure the intra-cavity power of the laser once operational the corresponding 

output coupler transmission was measured. With a transmission of 0.2%, intra-cavity 

power could now be monitored at anytime using this measurement. 

Initial lasing was achieved with a bare cavity and insertion of the BRF followed. The 

crystal was then inserted and aligned into the focusing region of the cavity as seen in 

137 



figure (8.3.2). Crystal alignment and temperature were altered until a maximum 

output of frequency doubled light was achieved. Figure (8.5.1) shows an image of 

the cavity generating blue light. 

1 igurc (8.5.1): 1ntra-ca%ity blue light generation 

A blue transmission filter was used to distinguish the 425nm beam from that of the 

fundamental 850nm output. A maximum output of 1.8mW at 425nm was achieved 

from an intra cavity power of 237mW. This corresponds to a frequency doubled 

efficiency of 3.2%/W. 

Using equation (8.4.1) an intra-cavity power of 237mW corresponds to an expected 

output of 2.25mW at 425nm. This compares well with the experimental output of 

1.8mIA'. 
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8.6 CONCLUSION 

A good conversion efficiency of 3.2%/W was achieved with intra-cavity frequency 

doubling on a 850nm VECSEL with KNbO3 compared to the theoretical maximum 

of 4%/W. This yielded a maximum output power of 1.8mW at 425nm. The low intra- 

cavity power, which hindered the second harmonic generation can be explained by 

the polarisation interactions between the BRF, silicon carbide heat spreader and 

doubling crystal. As silicon carbide is birefringent this produces a natural rotation of 

the lasers polarisation. When inserting the BRF at Brewster's angle, suited for 

horizontal polarisation the losses were very high and created an undesirable elliptical 

polarisation. This loss together with inherent intra-cavity losses and frequency 

doubling conversion losses contributed to a high total intra-cavity loss, which was 

too high for the corresponding gain of the VECSEL. This ultimately limited the 

laser intra-cavity power, thus a poor second harmonic power level was achieved. As 

no diamond heat-spreaders were available at this point in time no adjustment could 

be made to the VECSEL cavity to resolve this problem. 

As seen in section 8.4, to maximise the intra-cavity power, a lower conversion 

efficiency crystal is required. An appropriate crystal could for this application would 

be periodically poled potassium titanyl phosphate (ppKTP), which has a conversion 

efficiency of 1%/W. This would produce significantly smaller losses to the VECSEL 

cavity and yield a higher intra-cavity power, which in turn would generate more 

frequency-doubled light. With the addition of a diamond heat spreader an optimum 

intra-cavity power of 4W could be easily achieved with ppKTP, which would yield 

160mW. This is a considerable increase in frequency-doubled power compared with 

40mW from the KNbO3 crystal. Additionally the use of a defocused beam could 

further drop the conversion efficiency of the crystal lower that l %/W and further 

increase the second harmonic power. 
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CHAPTER NINE 

OVERALL CONCLUSION 

9.1 VECSEL APPLICATIONS 

VECSELs have the unique properties of both a semiconductor diode laser and solid- 

state laser rolled into one. They provide high power laser sources of high quality 
beams over a wide range of ever expanding wavelengths, which can be used for a 

number of applications. As its performance is equal to that of the Ti: Sapphire laser 

and with current wavelength emissions at 391nm, 670nm, 850nm, 960-1030nm, 

1300nm, 1500nm, 2300nm and many under development, the VECSEL laser is 

becoming the new source for many laser applications. This chapter summarises the 

work presented in the previous chapters and discusses the relevant details. 

9.2 CHAPTER ONE - INTRODUCTION AND 

BACKGROUND 

In the first chapter of this thesis an introduction to VECSELs was given with detailed 

analysis of the characteristic layers of the VECSEL's composition. 

9.3 CHAPTER 2- WAFER ANALYSIS 

In this chapter a general overview was given to correctly analyse a VECSEL wafer 

before utilising in a laser cavity. A detailed description of capillary bonding was 

given to produce a perfect bond between the VECSEL and diamond, which is critical 

to the laser's performance. In addition to this, instructions on how to correctly cleave 
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a wafer using a series of specially designed jigs were also given, enabling a good 

surface quality finish for capillary bonding. Once bonded the VECSEL/diamond 

package is mounted in a water-cooled copper block to provide a heat sink for the 

diamond heat spreader. 

9.4 CHAPTER 3-SINGLE FREQUENCY LASERS 

This chapter gives a general comparison of single frequency laser types currently 

available. In addition it also describes the physics of the intra-cavity elements (BRF, 

etalon) that are used to induce single frequency operation. 

9.5 CHAPTER 4-THERMAL MANAGEMENT 

In this chapter, detailed analysis of the thermal management of the VECSEL was 
investigated. With computer modelling it was found that an effective solution to 

using a heat-spreader is to remove some or all of the GaAs substrate from the rear of 

the wafer structure. The temperature build up inside the quantum well region was 

predicted to be 28°C with no substrate remaining, compared with that for a diamond 

heat spreader of 15.5°C. This shows that removal of the substrate provides efficient 

extraction of the heat build-up in the quantum well region. Chemical etching was 

undertaken to remove this substrate, and was done successfully. However an 

experimental comparison could not be achieved due to handling aspects of the 

thinned wafer. To achieve a suitable chemically etched wafer, a VECSEL grown in 

reverse with etch stop built into the wafer design would produce the best results. This 

allows the wafer to be bonded to a diamond heat sink prior to etching to minimise 
handling difficulties. When analysing the thermal and practical comparisons between 

diamond heat sinks and wafer removal it is clear that the use of a diamond heat sink 
is more beneficial. The only drawback in using diamond is the etalon effect, which is 

created by the sub cavity that affects the spectral output of the laser. This however 

can be removed using a wedged diamond. 
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9.6 CHAPTER FIVE- RING CAVITY VECSEL 

This chapter outlined the design of the first ever-reported VECSEL in ring-cavity 

configuration. Although many solid state lasers have been designed like that of the 

dye laser and Ti: Sapphire, the VECSEL being a semiconductor based laser with 

several differences to the gain medium had not been explored. The ring cavity 

VECSEL produced a maximum of 1W output power with no intra-cavity elements. 

This compares well with other VECSEL based laser systems previously designed. It 

also can be forced into unidirectional operation with the use of a Faraday rotator. It 

was shown that a twist in the laser's plane introduced a natural rotation of the laser 

polarisation which compensated the Faraday rotator enough to enable uni- 
directionality to a level of >30dB. It was also shown that the insertion of a BRF and 

solid etalon into the cavity initiated single frequency operation. A 15nm tuning range 

was established with a maximum output power of 300mW. As in all ring cavity 

configured lasers, this layer exhibits a natural insensitivity to feedback. This was 

tested on the ring cavity VECSEL and confirmed with a maximum tolerance of 
3.2%, 4 times that of a standard single frequency linear cavity VECSEL. These 

results indicate that the VECSEL would be a very useful source for applications 
involving a laser with feedback tolerance and tunablity, like that in spectroscopy and 
bio-medical applications. In addition this cavity is ideal for intra-cavity frequency 

doubling due to the low insertion loss and unidirectional beam that provides only one 
frequency doubled beam, thus maximising the frequency doubled output. 

The ring cavity's polarisation was investigated since unlike in a linear cavity, the 

polarisation is not dictated by the rotation of the VECSEL axis. At several rotational 

position of the VECSEL, the polarisation assumed a near vertical orientation, which 

produced significant losses when inserting horizontal components such as the BRF. 

After numerous experimental procedures it was considered that the large angle 
incident to the diamond heat spreaders surface and the birefringence/optically 

activity of the diamond could be responsible for the polarisation effect experienced. 
A small area where the beams do not overlap in the diamond heat spreader and a 

circulating beam the propagating laser beam experiences a retardation determined by 

the birefringence/optical activity of the diamond heat spreader. 
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9.7 CHAPTER SIX- MICRO-CAVITY VECSEL 

In this chapter a novel technique was demonstrated to utilise an air gap as a cavity 

etalon, creating a small tunable laser source. Using a positive curvature mirror in 

reverse as the main bulk of the laser cavity it was shown that a small air-gap between 

the mirror's plane surface and VECSEL surface could create an effective etalon 

which can tune the laser wavelength. A tuning range of 7nm of single frequency 

laser emission was demonstrated with a maximum output power of 19.4mW. This 

was limited in power scalability, as the cavity required no heat spreader to be present 

which greatly reduces the thermal rollover point. Additional experimentation were 

carried out using wedged diamond, however, due to difficulties with the cavity 

alignment and low levels of photoluminescence detectable, lasing was never 

established. This however prompted the design of a slightly larger cavity, which 
featured in the following chapter. 

9.8 CHAPTER SEVEN- SMALL CAVITY VECSEL 

As a progression from the previous chapter, a small cavity VECSEL was created to 

produce single frequency tunable emission. A small cavity of 50mm was constructed 

and single frequency operation was achieved with the insertion of a BRF and solid 

etalon. A 10nm tuning range was obtained with a maximum output power of 

271mW. The frequency was locked using electronic feedback and the piezo-mounted 

output coupler. A linewidth of 180kHz was measured, however, this was the lowest 

achieved due to the large and heavy cavity mirror, which inhibited the bandwidth of 

the piezo-electric response. 

A detailed investigation was carried out on the pump system of the laser. By 

analysing the profile of the pump it was determined that a defocused beam provides a 

more accurate intensity match to the cavity mode. This close match of relative 
intensities limits the power available to unwanted additional transverse modes. This 
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ultimately produces a good quality output beam with a better M2 value. It was shown 

experimentally that after pump alterations the M2 of the laser was reduced from 1.1 

to 1.02. 

The laser experienced significant losses from the solid etalon walk off. This is a 

common occurrence in a small laser with a solid etalon, which limits the available 

tuning of the laser as well as producing variations in the laser output power. The 

creation of an air-spaced etalon was then achieved using a pair of Littrow prisms and 

a piezo-electric tube creating a novel compact tunable etalon. This produced no walk 

off losses and a tuning range of 20nm was achieved. This single frequency tuning 

range is the largest ever recorded in our experience of the 980nm material, which 
indicated the benefits to using an air-etalon. Additional construction of a larger air- 

space between the prisms was achieved to act as an equivalent BRF, however the 
insertion losses of the two components were too large for laser action to be 

established. It should also be possible to construct a small cavity with a single air 
based tuning element with a FSR larger than that of an etalon which would produce 

single frequency operation due to a small cavity naturally needing a lesser mode 

selection process. 

9.9 CHAPTER EIGHT- FREQUENCY DOUBLED 

VECSEL 

Detailed numerical analysis of the relationship between gain and intra-cavity 

frequency doubling was given. This indicated that a small conversion efficiency 

crystal would yield the most second harmonic power. Using a KNbO3 crystal an 

appropriate VECSEL cavity was designed for intra-cavity frequency doubling. A 

maximum of 1.3mW was achieved corresponding to a 3.2%/W conversion 

efficiency. This compares well with the theoretical prediction of 3.99%/W. A 

specially adapted pump system was implemented using the polarisation coupling of 
two separate diode arrays into a 1001im optical fibre. This delivered 3W pump 

power at 670nm. The use of a silicon carbide optical heat spreader limited the laser 

intra-cavity power due to birefringent interaction with the BRF and doubling crystal. 
This caused high intra-cavity losses that could not be eliminated. A diamond heat 
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spreader would be an advantageous addition to this cavity as it would increase the 
laser power and limit the birefringence effects. However at the present time of 

experimentation no suitable diamond was available. In future work on the generation 

of frequency doubled light an additional crystal to implement in the cavity would be 

periodically poled potassium titanyl phosphate (ppKTP), this crystal is an acceptable 

replacement for KNbO3 in the laser cavity and should yield a higher second 
harmonic power as its conversion efficiency is lower. 
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