
    ABSTRACT 
 
 
CAI, AILING. Wide band gap semiconductor optical waveguide. (Under the direction of 
Professor John F. Muth) 
 

 This dissertation involves the design, fabrication and characterization of wide 

band gap semiconductor optical waveguide devices.  Prism coupling was used as the 

primary characterization method to obtain design parameters of the refractive index and 

propagation loss of the wide band gap semiconductor materials such as c-plane, a-plane 

GaN and ZnO grown on c-plane, r-plane sapphire. AlxGa1-xN alloys and ZnO co-doped 

with nitrogen, tellurium and chromium diffused sapphire waveguides were also 

investigated.  The simulation and layout of optical waveguide devices, including 1x2 

GaN splitters, Mach-Zehnder interferometers and asymmetric twin waveguide devices, 

were performed using a commercial software package using the beam propagation 

method.  As-grown GaN materials were characterized by using cathodoluminescence, 

optical transmission measurement, atomic force microscopy and prism coupling.  GaN 

waveguides, 1x2 splitters and Mach-Zehnder interferometers were fabricated and tested 

at visible wavelengths using HeNe and a tunable Argon laser.  The end faces of the 

waveguide chips were polished by using the sample preparation techniques used in 

transmission electron microscopy. The morphology of the rib waveguides were 

characterized by using atomic force microscopy and scanning electron microscopy.  A 

novel light coupling system suitable for high numerical aperture and small dimensional 

waveguides was designed using the lensed-fiber and a ball lens combination and used to 

couple light into the waveguide structures. 
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CHAPTER 1 

INTRODUCTION 

 

1.0  Introduction 

 In this dissertation, Gallium Nitride (GaN) waveguide devices such as straight 

waveguide, 1x2 splitters, Mach-Zehnder interferometers and Asymmetric Twin-Waveguide 

(ATW) are designed based on the simulation results by using beam propagation method 

(BPM) software.  GaN straight waveguide, 1x2 splitters and Mach-Zehnder interferometers 

are fabricated.  Visible light is coupled into GaN waveguide devices.   This is a first attempt 

to study GaN optoelectronic devices integration on the sapphire substrate.  The light coupling 

issues for small dimension of GaN waveguide devices with large numerical apertures are 

addressed. The emphasis of the study is experimental research and development of GaN 

optoelectronic integration. The objective of this dissertation is to provide insight on GaN 

waveguide devices design and challenging issues related to GaN-based optoelectronic 

waveguide devices.  

 The III-V nitride semiconductors, Indium Nitride (InN), Gallium Nitride and 

Aluminum Nitride (AlN) and their alloys are excellent candidates for use in optoelectronic 

devices1.  They have a direct transition band structure with band gap energies ranging from 

0.7 eV to 6.2 eV2,3.  Applications of these materials include light-emitting diodes (LED), 

lasers and photodetectors in the visible and ultraviolet (UV) regions of the electromagnetic 
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spectrum.  In addition, they are potential materials for high temperature and high power 

electronic devices due to their wide band gap energy, wurtzite structure, good thermal 

conductivity and high break down voltage. GaN-based heterojunction bipolar transistor 

(HBT) and heterojunction field-effect transistor (HFET) technologies are also being 

investigated intensively for microwave applications4, in particular, high electron-mobility 

transistor (HEMT) devices have been most successful5. 

The properties of group-III nitride semiconductors were first investigated in the 1970s 

by Pankove and others6,7.   Researchers were successful at synthesizing GaN crystals with 

efficient blue and UV photoluminescence and cathodoluminescence.   However, they were 

unable to grow smooth epitaxial films suitable for heterostructure or to achieve the acceptor 

doping of p-type GaN based materials. 

Significant progresses in GaN semiconductor studies were made in the 1980s.  

Amano and co-authors proved that the growth of smooth GaN films was possible by using a 

very thin buffer layer of AlN at the GaN and sapphire interface8.  The buffer layers serve to 

relax the lattice mismatch strain and to promote 2D growth.  Therefore, they improve the 

quality of GaN films on lattice–mismatched substrates such as sapphire.  

As a secondary development, Amano and coworkers accidentally discovered that 

Magnesium (Mg)-doped p-type GaN films could be produced by using low-energy electron 

beam irradiation (LEEBI) to activate the Mg acceptors from the hydrogen passivated 

states9,10.  This later led to the discovery that Mg could be similarly activated by thermal 

annealing process11.  After this breakthrough in GaN materials development, on March 1991, 
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Nakamura fabricated a GaN p-n junction light emitting diode1.  On November 1993, Nichia 

announced the first commercial blue GaN LED’s1.   

In 1996, InGaN multi-quantum-well (MQW) structure laser diodes were fabricated 

from III-V nitride materials for the first time by Nakamura and colleagues11.  In 1998, the 

high-power InGaN-based blue laser diodes with a long lifetime were demonstrated by 

Nakamura.   The threshold current densities of these laser diodes were 1.2 kA/cm2.  The 

threshold voltages as low as 4.3 V have been achieved.   The output power is as high as 420 

mW per facet under room-temperature continuous wave operation12.  

More recently, for use in electronic device application, a high performance double-

heterostructure AlGaN/GaN field effect transistor with gate length of 0.4 µm grown on SiC 

(0001) substrate has been achieved.  The maximum transconductance of the HFET transistor 

is 180 mS/mm.  The high electron mobility of the 2D electron gas,  excellent current 

saturation characteristics and pinch-off characteristic have obtained up to a high temperature 

of 400 oC13,14.  By employing InGaN as a channel layer instead of GaN, the 

AlGaN/InGaN/GaN double heterostructure with higher carrier density and stronger carrier 

confinement has been investigated15.  The enhanced HFET device performances are 

expected.  Also, high performance of AlGaN/GaN HEMT with gate length of 0.2 µm can 

reach maximum drain current density and extrinsic transconductance as high as 1.4 A/mm 

and 266 mS/mm, respectively16. 

Although tremendous progress with GaN-based optoelectronic devices has been 

made, several challenging issues and opportunities for new direction still remain.  First, 

large-area GaN substrates are still not available, although progress is being made17. Second, 
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the low resistance metal contacts to GaN semiconductors, especially p-type, and materials 

with high Al percentages of AlGaN semiconductor are needed to improve the efficiency of 

the GaN-based electrical and optical devices.  The third issue, which is of important to the 

research of this project, is the challenge of coupling.  In visible spectrum region, in order to 

design single mode GaN waveguide devices, the rib width of GaN waveguide structures is in 

the submicron range.  The mode field diameter is small.  This reduction in size is due to order 

of magnitude scaling with the wavelength relative to comparable infrared optoelectronics.  

Also, large refractive index difference between the GaN and sapphire substrate results in 

large numerical aperture of GaN waveguide devices.  Even worse, the mode field diameter of 

fiber is larger than the mode field diameter of the GaN waveguide, since the refractive index 

difference of the core and cladding layer is small. Numerical aperture of the fiber is small 

compared to GaN waveguide. In order to efficiently couple the laser light into the GaN 

waveguide devices, the phase and amplitude distribution of the fiber and GaN waveguide 

mode need be matched.    

A fourth issue of consideration, no attempts have been made to produce integrated 

optical circuits on GaN.  The development of GaN-based light emitting diodes, 

photodectectors, modulators and waveguides integrated onto one substrate would extend 

integrated optoelectronic circuit technology to the visible spectrum.  This dissertation 

attempts to address these challenges by designing, building and testing some of the first 

simple building blocks for GaN optoelectronic devices. By coupling the laser into the 

waveguide devices in the visible spectrum, GaN waveguide devices can also be applied in 

biomedical sensors.  
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ZnO is II-VI semiconductor compound, which is similar to GaN, with band gap 

energy of 3.37eV at room temperature and wurtzite crystal structure.  ZnO is another 

promising material for application in electronic and optoelectronic device structures in the 

ultraviolet (UV) to vacuum-UV(VUV) spectral region18.  ZnO has exciton binding energy of 

60 meV19, which is large.  For ZnO, the electro-optic coefficients of γ33 (for TE wave) and γ13 

(for TM wave) at wavelength of 632.8 nm are 2.6 pV/cm and -1.4 pV/cm when c-axis is in 

the a-plane, respectively.  A-plane ZnO thin film is also an important material for acousto-

optic20, piezoelectric21 and optical modulator22 device applications when it is  grown on r-

plane )0211( sapphire substrate.   

Historically, the primary devices in optoelectronic integrated circuits are based upon 

III-V semiconductor materials.  Optoelectronic integrated circuits (OEIC’s) consist of 

photonic components and electronic components on the same chip.  Because of their 

potential of achieving compactness, high performance as well as low costs, they are attractive 

for optical communication systems.   Monolithic integration of optical amplifiers with 

waveguides and lasers has been fabricated in GaAs and InP-based materials23.  For example,  

integration of laser and waveguide using a twin-guide(TG) structure has been realized on 

InP-based materials24.  A fully integrated 1.55 µm wavelength continuously tunable 

Distributed Bragg Reflector Laser using Asymmetric Twin-Waveguide (ATW) structure has 

been demonstrated25.    The integrated laser/monitor/driver circuit, integrated transmitter 

circuit, integrated receiver circuit, integrated demultiplexing photodetector circuit have been 

demonstrated by using GaAs and InP-based material system26-29. 
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Several other non-semiconductor materials have been widely applied in integrated 

optical circuit and optoelectronic circuits. Lithium niobate oxide (LiNbO3) is an important 

material for integrated optical devices due to large electro-optic coefficients and forming low 

loss waveguide.  The largest electro-optic coefficient for LiNbO3 is r33 with value of 30.9 

pm/V at wavelength of 0.633 µm30.  When an electrical filed is applied along the z-axis of 

LiNbO3, a change in refractive index in z direction is proportional to the applied field, the 

proportional constant is r33.  This is referred to the linear electrooptic effect. By using the 

electrooptic effect, LiNbO3 can be used in modulation and switching functions. The 

directional coupler, Mach-Zehnder interferometer, the polarization modulator have been 

widely studied.  A major drawback of LiNbO3 is that lack of direct materials integration 

ability onto the same substrate with semiconductor lasers and high-speed electronic devices.   

Compound semiconductor alloys such as gallium-aluminum arsenide (AlxGa1-xAs) 

and indium-gallium arsenide-phosphide (In1-xGaxAsyP1-y) are well applied in integrated 

optical devices and optoelectronic integrated circuits.   For GaAs, r41 is 1.1 pm/V at 

wavelength of 0.9 µm.  Although their electro-optic coefficients are lower than LiNbO3, they 

can be integrated with lasers, detectors, switches, electro-optic modulators, field effect 

transistors and high speed electronics on the same substrate. Also, by engineering of the 

GaAs based and InP based materials forming quantum wells structures, based on the free 

carrier induced refractive index change and electro-absorption induced refractive index 

change effects, switches and modulators with high performance can be realized. 

GaN-based optoelectronic devices, such as, InGaN-AlGaN LEDs, GaN 

photodetectors, AlGaN-GaN heterostructure field effect transistors have high sensitivity and 

large gain-bandwidth and can be integrated with GaN/AlGaN field effect transistors onto the 
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sapphire substrate.  Also, GaN based-waveguide devices are transparent in the visible and 

near infrared optical spectra. GaN materials grown on sapphire as dielectric waveguide with 

large refractive index differences provide advantages to make small sized, compact optical 

devices and interconnections.  The modal confinement is strong due to the high refractive 

index difference between the core and cladding layers waveguide.  

A monolithic, dual-wavelength blue/green light emitting diode consisting of two 

InGaN/GaN multi-quantum-well segments separated by a p++/n++ GaN tunnel junction has 

been demonstrated31. The linear electro-optical coefficient of wurtzite GaN was reported. At 

632.8 nm, the electro-optical coefficients of r33 and r31 are 1.91 and 0.7 pm/V, respectively32.  

By utilizing the effect of thin-film induced refractive index change, GaN channel waveguide 

have been investigated33. Their potential applications as the waveguide coupler for optical 

communication in infrared region have been investigated34.  Propagation loss of GaN-based 

ridge waveguide at wavelength of 488 nm was measured35.  These advancements in GaN 

based materials motivate the new development of monolithic integrated optical circuits using 

Ga(In,Al)N materials.  

 

1.1 Outline of the dissertation 

 

 III-N system has the promising applications in optical integrated circuits due to the 

ability of these materials to emit light efficiently.  With the technology becoming more 

mature and approaching wide spread use, there is a large demand for designing and analysis 

of the waveguide devices and integrated optoelectric circuits.  There is an increasing need for 

precise data of refractive index of GaN and alloy materials in order to scientifically develop 
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optoelectronic devices.  The scattering losses of GaN materials are also critical for 

waveguide devices.  The less scattering losses of the GaN materials, the better performance 

of the waveguide devices is to transmit light.  Using the knowledge of the refractive index 

and scattering losses data, it is possible to fabricate and characterize the GaN waveguide 

devices.  This can demonstrate that the advantages of GaN on sapphire waveguide devices 

employed in compact interconnection due to the large refractive index difference between the 

core and cladding layer, which lead to better model confinement and less radiation bending 

loss.         

Figure 1-1.  A schematic diagram of the optoelectronic integrated circuit. 
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  The subject of this dissertation is to advance the state of the art of visible optical 

integrated circuits conceptually first.  This is shown in Fig. 1-1.   

The design and theory of the asymmetric twin-waveguide (ATW) structure will be 

presented, as well as a fabrication of Mach-Zehnder interferometer.  ATW structure design 

integrates the application of GaN for optical pumping into sapphire.  ATW structure is an 

important element as a mode converter in optoelectronic integration.  In order to obtain high 

performance of GaN ATW structure, a GaN laser needs to be made first.  From GaN 

optoelectronic circuit design point view, ATW structure of GaN materials is one of the key 

devices need be addressed.  

In the present study, refractive index of GaN related materials as an important 

parameter for optoelectronic devices design are investigated systemically.  ZnO materials 

have similar band gap energy and crystal structure to GaN.  The refractive index of ZnO and 

related materials are investigated due to the close band gap energy and in plane lattice 

constants.  Finally, GaN waveguides, 1x2 splitters and Mach-Zehnder interferometers 

devices are fabricated and characterized. The new coupling system consisting of the lensed 

fiber and a ball lens system is designed. The laser light at visible range is coupled into GaN 

waveguides, 1x2 splitters and Mach-Zehnder interferometers by using a HeNe laser and a 

tunable Argon laser.  

In this dissertation, chapter 2 discusses some of the basic theory on electromagnetic 

wave propagation in dielectric waveguide and numerical simulations. Many of the principles 

introduced in chapter 2 will be applied in later chapter. 

Chapter 3 investigates the refractive indices of c-, a-plane GaN and ZnO films grown 

on c-, r-plane sapphire formed step waveguides. Also it presents the properties of the Cr 
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diffused sapphire waveguide, which will be employed into the integration with ATW 

structure in the later chapter. Propagation loss of GaN materials is studied.  

Chapter 4 presents the simulation results of the ATW structures, 1x2 GaN waveguide 

splitters and Mach-Zehnder interferometers waveguide devices.  Mask layout of 1x2 GaN 

waveguide splitters and Mach-Zehnder interferometers are presented.  

Chapter 5 is dedicated to the GaN waveguide devices fabrication and characterization. 

It also includes the coupling system design, coupling efficiency study and light coupling into 

the GaN waveguide devices.          

Chapter 6 concludes with a discussion of the GaN waveguide devices study and 

future work. 
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CHAPTER 2 

 

REVIEW OF OPTICAL WAVEGUIDE BASICS 

 

 

An optical waveguide consists of the higher refractive index core layer, with 

dimension being comparable to the wavelength of the light propagating in the guide, and 

surrounding cladding layers with lower refractive index.  When certain discrete 

electromagnetic resonances are confined in the higher refractive index layer of the waveguide, 

they correspond to modes of the waveguide.  Each mode has its own propagation constant, 

which is the kz vector in the propagation direction.  A single mode waveguide can only 

support one bound mode known as the fundamental mode.  The geometric parameter values, 

refractive indices and the source wavelength are the key values for determination of the 

single mode waveguide.  The waveguide propagation constants and field profiles are 

essential for the design and successful operation of optical devices.   

Optical waveguide analysis is important to evaluate the field profile of the waveguide 

and has been extensively developed1.  It requires the understanding of the electrodynamics of 

the propagation waves.  The electric field ),,( zyxE  and magnetic field ),,( zyxH of the 

optical waveguide are determined by Maxwell’s equations.  
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2.1  Three-layer asymmetric dielectric slab waveguides 

 

 In the three-layer dielectric optical waveguide shown in Fig. 2-1, z direction is the 

direction of light propagation.  We assume that the waveguide structure with thickness of d 

and refractive index of n1 is homogeneous in the z direction.  Also, the refractive index of the 

substrate (n2) is larger than the refractive index of air (n0 = 1), but smaller than the refractive 

index of the thin film (n1).  For dielectric materials, which is nonconductive, J=ρ=0, we 

get
011 εεε r= and 11 rn ε= . Similarly, we obtain 22 rn ε= . Together they satisfy:    

021 nnn >>             (2.1) 

 

Figure 2-1. The three-layer dielectric waveguide structure. 

Since the critical angle of θcs at the thin film and the substrate interface is given by

 )(sin
1

21

n
n

cs
−=θ           (2.2) 

And the critical angle of θc0 at the thin film and air interface is 

1

01
0 sin

n
n

c
−=θ             (2.3) 

When the incident angle of θ shown in Fig. 2-1 is given by  
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csθθ >>90                (2.4) 

Total reflection occurs at both interfaces, resulting in the light trapped in the thin film with 

thickness of d.    On the other hand, when θ is smaller than θcs and θc0 < θ< θcs, part of the 

light radiate into the substrate and form the substrate radiation modes.  

 One more condition required for the internally reflected light traveling in the core 

region without loss is the self-consistency condition2
.
  It means that the ray after reflections at 

the interfaces of the air-film and film-substrate is phase shifted by 2(n+1)π, where n is an 

integer.  Then the constructive wave is formed.  Since the internally reflected light undergoes 

a phase shift of π radians at the air film interface, the same beam reflects again at the film 

substrate with another phase shift of π radians, resulting in a total phase shift of 2π radians.   

Then the total reflective phase shift for the light propagating through the waveguide material 

is related to the wave’s path:  

d
m
2

)90sin( λθ =−         (2.5)     

where m=n+1, m is the mode number, which is an integer with a value greater than 0; d is the 

distance between the reflecting surfaces; θ is shown in Fig. 2-1.   

In order to find the propagation constant of kz of the guided mode, the eigen-equation 

of the guided mode can be calculated by using Maxwell’s equations and boundary conditions. 

 

2.1.1 Transverse electric (TE) mode 

 

Transverse electric (TE) mode (Ey=0, Ez=0) is shown in Fig. 2-2. 
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Figure 2-2. TE mode in the asymmetric waveguide. 

The electric field components are given by 

 Ey=0                    (2.6) 

 Ez=0                    (2.7) 

)exp()exp(0 zikyCE zx −−= α                 y>0 

         )exp()cos(1 zikykC zy −+φ   0>y>-d             (2.8) 

)exp()](exp[ 22 zikdyC z−+α                 y<-d               

 Based on boundary conditions where Ex and Hz are continuous at the interfaces of 

y=0, y=-d, by solving the wave equation of Ex, the eigenvalue equation for the TEm mode is 

given by 

παα m
kk

dk
yy

y ++= −− 121 tantan        (2.9) 

Where 2
1

2

2
0

2
2 )(

c
nkz

ω
α −= ,       (2.10) 

 2
1

2

2
2

2
2

2 )(
c
nk z

ω
α −= ,       (2.11) 
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1

2
2

2
1

2

)( zy k
c
nk −=

ω         (2.12) 

Also, for a confined mode, kz is in the range of
c
nk

c
n

z
12 ωω

<< .   

If α2 in Equation 2.11 is less than the zero, Ex will become oscillation in the substrate. 

It can result in the substrate leaky modes.  If α is less than zero, the wave becomes a 

propagating wave traveling through the slab layers.     

 With known ky, kz, α and α2, using the normalization condition in which the total 

guided power is assumed to be 1 W/cm2, we can get the C0, C1 and C2 in Equation 2.8.   

Furthermore, we can get the electric field profile of a mode.  

 For a three-layer asymmetric waveguide, for example, the refractive index of TE 

modes of the GaN film is given by 2.3529, the refractive index of TE modes of the substrate 

is 1.7654.  The wavelength of the light is 0.6328 µm.  The thickness of the film is 2.0085 µm.  

Graphical construction for solving the characteristic of Equation 2.9 is shown in Fig. 2-3. By 

using MATLAB program, the left- and right- hand sides of Equation 2.9 are plotted as a 

function of kz.  The intersection points are the solutions of the Equation 2.9.  From the 

intercepts of the curves, the effective indices of the eigenmodes can be obtained.  Also, Fig. 

2-3 shows that there are 10 modes confined in the three layer asymmetric waveguide.    
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Figure 2-3. Shows the graphical plot of Equation 2.9 for a three layer asymmetric waveguide 

with film thickness of 2.0085 µm.  

 

 2.1.2 Transverse magnetic field (TM) mode 

 

 For the transverse magnetic field (TM) mode, they are given by 

Hy=0          (2.13) 

 Hz=0         (2.14)  

 )exp()exp(0 zikyCH zx −−= α              y>0 

          )exp()cos(1 zikykC zy −+φ   0>y>-d              (2.15) 

           )exp()](exp[ 22 zikdyC z−+α      y<-d  
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Similarly, we can get the guidance conditions for TMm modes. 

π
ε
αε

ε
αε m

kk
dk

yy
y ++= −−

2

211

0

11 tantan            (2.16) 

For isotropic materials, refractive index of n1 is same for TE mode and TM mode.  

For uniaixal materials, refractive index of n1 for TE mode is different from TM mode. They 

can be expressed as ordinary refractive index of no1 and extraordinary refractive index of ne1 

for TE mode and TM mode, respectively. Similarly, n2 can be represented as no2, ne2 for TE 

and TM mode. Therefore, for uniaxial crystal, n1 and n2 should correspond to ordinary 

refractive index of the thin film (no1) and the substrate (no2) in equation 2.9, extraordinary 

refractive index of the thin film (ne1) and the substrate (ne2) in equation 2.16.      

   

2.2  Rectangular dielectric waveguides  

 

The rectangular dielectric waveguide is a widely used structure in integrated optics, 

especially in the semiconductor diode laser, the directional coupler.  The analytical method 

used to solve the rectangular waveguide here is Marcatili’s method3.  The core region has 

higher refractive index of n1 than the cladding regions with refractive indices of n2, n3, n4, n5 

shown in Fig. 2-4.  The electromagnetic field in the shaded areas in Fig 2-4 can be neglected 

in Marcatili method.  This is because the electromagnetic field of the well-guides mode 

decays rapidly in the cladding region when it is well above the cutoff condition. 
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Figure 2-4. The cross section view of a dielectric rectangular waveguide is represented in 

Marcatili’s method.  

The guided modes in 3-D optical waveguide are hybrid modes1. A hybrid mode is a 

combination of a TE mode, in which 0≡yE , and TM mode, in which 0≡yH .  They   are 

different from the normal TE mode (Ey=0, Ez=0) and a TM mode (Hy=0, Hz=0) in 2-D slab 

waveguide mentioned above.  In order to avoid confusion, we define the modes as Ex 

when 0≡yE and Ey when 0≡yH .  Since the width (w) of the 3-D optical waveguide is not 

infinite shown in Fig. 2-5, the reflection angles of the rays which propagate in the z direction 

are not zero.  The Ex and Ey modes in 3-D optical waveguide have all electromagnetic 

components except Ey and Hy.  The Ex and Ey modes represented as the solid line and the 

dashed line in Fig. 2-5, respectively.  Hence, in 3-D optical waveguide, the modes are 

classified as  

1. Ex
pq modes: Hy and Ex are the main components; Ey, Ez, and Hz are small,  

2. Ey
pq modes: Ey and Hx are the main components; Ez, Hy, and Hz are small. 
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Where the subscripts p and q represent the mode order in the x and y directions. 

 

Figure 2-5. Mode conversion in a 3-D optical waveguide. 

 If we only consider the main components of Ex
pq and Ey

pq, by ignoring the shared area 

shown in Fig. 2-4, for Ex
pq mode, since the wave propagate in the - z direction, the wave 

equation of Hy is given by  

0)( 2

22
2

2

2

2

2

=+−
∂
∂

+
∂
∂

yz H
c

nk
yx

ω      (2.17) 

Where c is the velocity of light traveling in vacuum and given by
00

1
µε

=c .   

Using boundary conditions, we can get the eigenequations of modes of Ex
pq for a 3-D 

rectangular optical waveguide as following: 

 )(tan)(tan 5131

yy
y kk

qdk γγ
π −− ++=      (2.18) 
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And the optical phases ψ, θ are given by  

 ,...)2,1(, == ppπψ       (2.25) 

 ,...)2,1(, == qqπθ        (2.26) 

 

For Ey
pq modes, the wave equation is given by  

 0)( 2

22
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2
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=+−
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xz H
c

nk
yx

ω                (2.27)  

The eigenequations of modes of Ey
pq are given by equations of  
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π −− ++=                                                 (2.29) 

Also, kz, the propagation constant, can be determined by  

)( 22
2

2
1

2
2

yxz kk
c
nk +−=

ω                                                               (2.30) 
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2.3  Graded-index waveguides   

 

 Waveguides formed by diffusion with non-abrupt changes in composition instead of 

epitaxial growth with abrupt composition shifts have graded refractive indices.  In a graded 

index waveguide, the refractive index change with position transverse to the direction of 

propagation direction.  The index gradient can be modeled as a series of thin homogeneous 

layers, each with a refractive index n(y), where y is the distance from the surface to the thin 

layer.  When n(y) vary slowly with position of y, the core region of the waveguide will 

confine an oscillatory wave function with an amplitude changes and phase changes with 

position shown in Fig. 2-6.   While in the cladding there is an exponentially decaying 

function.  Also, the interface that separates the core from the cladding is not well defined.   

We can consider the wave travel in the graded-index medium to be similar to the wave travel 

in a potential of V(y), which is a function of position.   In quantum mechanics, this type of 

problem can be solved by using WKB (Wentzel, Kramers, Brillouin) approximation4. 

 

Figure 2-6.  A guide mode in a graded index is to be oscillatory in high-index regions and 

exponentially damped in low-index regions.  

 Consider again the general wave equation, 
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  Since n(y) changes with position of y, then ky(y) changes with y.  The total electric 

field solution can be given as   
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 Inserting equation (2.32) into (2.31), and define a series expansion for s(y) as  
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   We get the following: 
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 Since k0
2 can’t be zero, for the first order of approximation, '

0s  term, we get 
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 From above equation, we obtain  
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 Where φ  is an integration constant.  The integral limits are defined based on the 

boundary conditions.    

 For the mth-order mode, the integral upper limit is defined as the turning point at 

which the refractive index is equal to the effective index. Equation (2.36) can be written as 
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 The phase change at the air and film surface is given by 
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 Where n0 is the maximum refractive index.  And na is the refractive index of the air. 

Also 1=γ for TE mode.  20 )(
an

n
=γ  for TM mode.   The phase change 2 sφ at the turning point 

is given by 2/π  for both TE and TM mode5.   

  If the effective indices for different order modes are known, the WKB method can be 

used to model the effective index changes as a function of depth based on equation of 2.39.  

This has great potential as a tool to model the experimental information determined using 

prism coupling methods.  Therefore, in combination with understanding the associated 

physical process, the refractive index profile due to diffusion can be determined. 

 

2.4  Numerical method for solving arbitrarily shaped waveguides 

 

Understanding the analytical solutions of waveguide is very helpful in the design of 

simple devices.  However, they are only easily solved for the simplest waveguides 
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geometrics.  For the tapered waveguide or arbitrary shape waveguides, numerical methods 

are more useful for finding guided mode solutions. The finite difference method6 and the 

finite element method7 are two most commonly used numerical methods.  

 

2.4.1 Finite difference method 

 

The finite difference method is based on the Taylor expansion to solve the partial 

differential equations with boundary conditions of the system. The derivatives at a point are 

replaced by difference quotient over a small interval.  For example, 
x∂

∂φ is replaced by 
x∆

∆φ  

when x∆ is small. The finite difference solution involves the 3 steps.  First, the region of 

interest is divided positionally into a grid of nodes. Second, the given differential equation is 

replaced by an approximately difference quotient equation which approximates the analytic 

equation at a point and relates to neighboring points. Third, the difference equations are 

solved at each point by imposing values to the boundary conditions.  The eigenvalues of the 

difference equations are the propagation constants of individual modes. The eigenvectors are 

the field profiles.  The selection of the original grid size is checked to ensure the difference 

small enough so that the solution converges.   

 

2.4.2 Finite element method 

 

In the finite element method, the region is discretised into a number of sub-regions 

with certain shape, such as a triangle shape. This procedure is called meshing.  The functions 

in the region are represented by polynomial approximation related to the values at the 
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vertices of the element.  The function is commonly referred to as the shape function. Then all 

elements in the solution region are assembled. Also, appropriate boundary conditions must be 

imposed on the edge of the computational windows since the elements are finite space. For 

instance, an electric field between parallel plates of a capacitor, one of the boundary 

conditions is Ey(0)=Ey(d)=0, which is imposed to the boundary.   Then, by assembly of the 

elemental equations, the final system equations can be attained.  The eigenvalues of the 

equations are the propagation constants of the individual mode.  And the eigenvectors are the 

field profiles.  Finite element method extends the concept of the finite difference method 

subdivision of the domain to arbitrary shapes.   The advantage of finite element method is the 

ability to treat geometrically complex structure.  

 

2.5  Numerical method for the propagating wave 

 

It is also important to determine the propagation characteristics of the field, as well as 

knowing the modal properties of electromagnetic fields.  The beam propagation method 

(BPM) is a powerful technique with which one can obtain the numerical solutions of the 

propagation properties of the wave8.  BPM is essentially useful for solving light propagation 

in dielectric optical waveguides of arbitrary shape.  In this method, a spatial mode is 

decomposed into a superposition of plane waves.  Each wave propagates a small distance 

through the dielectric structure of interest.  The plane waves are then added back together to 

reconstruct the mode.   

The basic BPM equation in three dimensions is given by 
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Where k is a constant number to be chosen to represent the average phase variation of 

the field zkiezyxuzyx ),,(),,( =φ .  If the input field is known, ),,,( zyxu  the above equation 

determines the evolution of the field in the space z>0. 

In this dissertation the waveguide analysis relies on numerical calculations with the 

commercial beam propagation software.  The program is based on a finite difference beam 

propagation method to solve the paraxial approximation of Helmholtz equation.  The 

“transparent” boundary conditions 9 are applied. 

When applying the beam propagation method, it is assumed that the refractive index 

differences along the propagation direction of the dielectric waveguide are small.  This 

implies that the reflected waves can be neglected.  From the design point of view, in order to 

avoid the reflected wave, for a taper waveguide, the width change of the taper along the z 

direction should be slow so that there is no radiation loss.  It is also called an adiabatic taper.   

When the input field and the refractive index distribution of the waveguide structures are 

known, the total path of the beam traveling can be divided into small step size of ∆Z. If large 

steps of ∆Z are chosen, the numerical calculation may not converge.  The simulation would 

then fail.  Thus, the suitable step length should be chosen through simulation to obtain the 

desired degree of accuracy. 

Also, when the paraxial light propagates along the Z direction and the polarization 

effects can be neglected, the BPM simulation is run with the assumption of scalar field where 

the average phase variation of the field in z-direction is a constant.  When polarization effects 

are considered, such as TE or TM polarized field, semi-vectorial BPM is applied in  software.   
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If we consider the polarization coupling and hybrid modes due to geometric effects such as 

the rectangular structure of the waveguide with sloping walls, the full vectorial BPM is 

chosen to run10. 

The beam propagation method requires a finite solution space and hence it is 

necessary to apply boundary condition so that the reflected radiation at the boundary is 

“absorbed”.  As mentioned above, the transparent boundary condition9 (TBC) is imposed 

when the BMP simulation is performed.  In this boundary condition, radiation is allowed to 

freely escape without appreciable reflection.  Thus, radiation flux back into the region is 

prevented.  The field is assumed to behave as exponentially decaying near the boundary in 

TBC.  
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CHAPTER 3 

WIDE BAND GAP OPTICAL PLANAR WAVEGUIDE 

 

 

3.1     Using prism coupling to characterize the optical properties of 

materials  

 

 When a non absorbing dielectric layer with thickness comparable to the wavelength 

of interest is deposited on a planar substrate, and the thin film has a higher refractive index 

than the substrate, the structure forms a dielectric waveguide.  The thin film can be deposited 

by variety of techniques including metalorganic chemical vapor deposition (MOCVD), 

molecular beam epitaxy (MBE), sputtering, and pulsed laser deposition (PLD). In this thesis 

MOCVD and PLD were used to grow thin films such as Gallium Nitride (GaN), its alloys 

(AlxGa1-xN) and Zinc Oxide (ZnO) on sapphire substrates.    

 A dielectric waveguide structure is used in a wide variety of optical devices including 

semiconductor lasers, optical modulators, Mach-Zehnder interferometers, splitters and 

interconnects. GaN materials grown on sapphire form a novel dielectric waveguide, the 

refractive index contrast between the GaN and sapphire is much larger than the refractive 

index difference usually used in glass waveguide devices, which provide advantages to make 

small sized, compact optical devices.  Also, the modal confinement is strong due to the high 



 33

refractive index difference between the core and cladding layers.  By engineering band gap 

energy of GaN and AlN alloys to form AlxGa1-xN with different Al concentration, waveguide 

structure can be constructed such that GaN is the core layer with higher refractive index, 

AlxGa1-xN with lower refractive index as the cladding layers.  This waveguide is also 

transparent for light of wavelengths longer than the absorption-edge of GaN layer since the 

optical absorption edge is at 3.4 eV (365 nm).  This makes the materials suitable for visible 

and NIR waveguide application.    

 The dielectric waveguide with a layer of thin film grown on a semiconductor 

substrate also can be employed as a useful structure to determine the refractive index and 

thickness of the thin film by prism coupling technique.  The refractive index and film 

thickness are the critical parameters for designing optical devices.  They can be measured by 

using prism coupling system.  As shown in Fig. 3-1, the prism coupling system is composed 

of a prism placed closely on top of a dielectric thin film mounted on the rotational stage, an 

air gap formed between them controlled by a pneumatically operated coupling head.  The 

rutile (TiO2) prism was used to couple light into the air/thin film/sapphire waveguide 

structure.   An air gap less than half of the wavelength of the source light is created between 

the prism and the sample.  At a certain discrete mode angle, when an incident light from the 

prism is coupled into the thin film layer by the evanescent wave, the sharp drop of 

reflectivity is detected by the detector and recorded by a computer.  The reflectivity changing 

as a function of rotation angle can be plotted.   When a thin film is thick enough to confine 

two or more modes, the film thickness and the refractive index with high accuracy can be 

obtained by solving the mode equations.   
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Figure 3-1. Prism coupling system setup  

 In centrosymmetric materials the refractive index of the film is isotropic and the 

situation is easier to understand. In non-centrosymmetric materials such as those studied in 

this thesis, the refractive index varies in relation to the optical axis of the crystal. For uniaxial 

c-plane GaN and ZnO thin film grown on c-plane sapphire substrate, with transverse electric 

(TE) field mode measurement, indices for both guides and substrate materials can be 

measured in the in-plane direction.  With transverse magnetic (TM) field mode measurement, 

refractive indices along the c-axis direction can be measured. Since the c-axis of the crystal 

(the optical axis) is perpendicular to the surface, the modes will not be dependent on the 

azimuthal position of the sample.  

When GaN or ZnO thin films are grown on r-plane sapphire, a-plane GaN or ZnO 

thin films can be obtained and the optical situation is more complicated. When the incident 

polarized light is rotated or the thin film waveguide is rotated about the axis perpendicular to 

the substrate, the TE modes will have an angular dependence. We have developed a method 
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to characterize this dependence using the prism coupling technique.  Therefore, the crystal 

structure is investigated by characterizing the dielectric waveguide structure.  Similarly, we 

could measure refractive indices of biaxial crystal using prism coupling technique, but the 

situation is even more mathematically complicated.  

 In the case of epitaxial crystalline materials, step index waveguides are formed where 

the interface and the index contrast between the thin film and the substrate is very sharp. 

However, the refractive index of the top portion of a substrate can be changed by doping or 

diffusion. The reasons for the index change is that the introduction of a dopant ion can result 

in the electronic polarization of an ion changing with ionic radius, the diffusion-induced 

strains changing or the film densities changing.  The refractive index change can be 

characterized by using prism coupling technique.  Furthermore, the thin film diffusion profile 

and diffusion rates and other properties associated with the refractive index change can be 

analyzed.   

 The surface thin layers due to diffusion of dopants typically have higher refractive 

index than the substrate, thus forming a waveguide. The refractive index profile of the core 

layer is graded.  For example, when chromium ions, or gallium ions with trivalent states 

diffuse into c-plane sapphire, they substitute Al3+ states. A waveguide structure is formed due 

to the refractive indices of diffused layers increasing. The mathematics of this problem is 

similar to solving electronic tunneling problems in quantum mechanics which are commonly 

solved using the WKB (Wentzel, Kramers, Brillouin) approximation.  Thus, using inversed 

WKB method, we can get that the effective refractive indices change as a function of the 

doping depth when three or more modes are measured by prism coupling technique.   Hence, 

the doping profile can be obtained.  
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 When optical modes propagate in the waveguide, one of the important characteristics 

of the waveguide is propagation loss. The loss is generally classified into three different 

mechanisms: absorption, scattering and radiation. By measuring the scattering loss of the 

straight waveguide at certain modes, if we can neglect the absorption and radiation loss due 

to bending, we will gain knowledge of the roughness of the interface between the waveguide 

core and cladding layers. The scattering loss can be measured by moving a probing fiber 

along the waveguide, and the light is collected by a photo-detector, which is connected to a 

lock-in amplifier.  If the surface imperfections and surface roughness increase, the surface 

scattering losses increase.  If there is refractive index inhomogeneities distributed throughout 

the waveguide core layer, the Rayleigh scattering can be measured, which is caused by 

defects with small dimensions compared to the wavelength of the propagating light. 

Therefore, waveguide loss measurements provide as a guide to improve the epitaxial film 

qualities.  

 In this chapter, we characterize varieties of waveguides by using prism coupling 

technique and evaluate materials properties.         

 

3.2     Refractive indices of c-plane GaN grown on c-plane sapphire  

 

 The direct wide band gap semiconductor Gallium Nitride and its alloys have attracted 

intense attention resulting in the development of photodetectors, LEDs, and lasers across the 

ultraviolet and visible spectrum. There is great potential to apply GaN optoelectronic devices 

in integrated optical circuits.  The refractive indices of GaN and its alloys are fundamental 

parameters for optical devices design and modeling.     
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 GaN is a positive uniaxial crystal as shown in Fig. 3-2.  

    

Figure 3-2. Index ellipsoid of GaN without an applied electric field 

The refractive index ellipsoid of GaN can be described as  
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The half-lengths of the major and minor axes of the index ellipsoid are the refractive indices 

no and ne of the two normal modes.  The ordinary wave with transverse electrical (TE) field 

polarization has a wave number k=noko, where
o

ok
λ
π2

= .  The extraordinary wave with 

transverse magnetic (TM) field polarization has a wave number k=neko.   

 GaN and AlxGa1-xN materials were grown on c-plane sapphire substrate by metal-

organic chemical vapor phase (MOCVD) deposition technique.  Optical transmission 

measurements were performed on varieties of samples. The absorbance spectra were 

extracted and shown in Fig. 3-3.  As shown in Fig. 3-3, with aluminum percentage increasing, 

the band gap energy shifts to higher energy.    
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Figure 3-3. Optical absorption spectra of GaN and AlxGa1-xN materials, where x=0, 0.18, 0.27, 

0.34, 0.38 and 1.     

 Refractive indices of GaN and AlxGa1-xN materials were measured by using the prism 

coupling technique, where the light is coupled into the film when the propagation constant in 

the prism is equal to the propagation constant in the film.  In this experiment, the He-Ne laser 

operating at 632.8 nm and an Ar+ laser operating at 457.9, 476, 488, 496.5, 501.5 and 514.5 

nm were used. The refractive indices in the visible range at different wavelengths with high 

accuracy were obtained. 

The data were fitted by using the following Cauchy relation for refractive indices:1 

42 λλ
CBAn ++=         (3.2) 
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Where A, B, C are constants. Table 3-1 gives the values for the constants obtained by 

performing the corresponding Cauchy fit.  Fig. 3-4 (a) and (b) plot Cauchy dispersion fit of 

the ordinary and extraordinary refractive indices of c-plane GaN and AlxGa1-xN materials 

grown on c-plane sapphire at different wavelengths, respectively.  The fit between the curves 

and the data is in good agreement, indicating that equation (3.2) provides an accurate model 

of ordinary and extraordinary indices.  As shown in Fig. 3-4 (a) and (b), the ordinary and 

extraordinary refractive indices decrease with aluminum percentage increasing and 

wavelength increasing.  Also, the extraordinary refractive indices of GaN and AlxGa1-xN 

materials are larger than the ordinary refractive indices because they are positive uniaxial 

crystals.   

Samples 

 

Thickness Ordinary Refractive Index Extraordinary Refractive Index 

 
 

(µm) 
A 
 

Bx10+4 

(nm2) 
Cx10+9 

(nm4) 
A 
 

Bx10+4 

(nm2) 
Cx10+9 

(nm4) 
GaN 2.1377 2.2904 1.6086 3.6449 2.2645 5.3839 -1.1042 

Al0.18Ga0.82 N 0.4121 2.2538 1.5964 2.6995    

Al0.27Ga0.73 N 0.3906 2.226 1.7274 1.8538 2.2611 1.9196 1.8663 

Al0.34Ga0.66 N 0.4206 2.2027 1.6051 1.7144 2.2342 2.0471 1.2706 

Al0.38Ga0.62 N 0.4705 2.1826 1.6721 1.2992 2.21 2.3951 0.49306 

AlN 0.3997 2.0278 1.7535 -0.045936 2.1075 0.40156 1.4142 

 
Table 3-1. Fitting results of Cauchy dispersion relationship of GaN and AlxGa1-xN materials 
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Figure 3-4. (a) Ordinary refractive indices, (b) extraordinary refractive indices of GaN and 

AlxGa1-xN materials change with wavelengths in the visible region. 

 

3.3     Refractive indices of a-plane GaN grown on r-plane sapphire  
 

 When GaN materials are grown on r-plane sapphire, the a-plane GaN shown in Fig. 

3-5 (a) can be obtained.  The epitaxial relationship of a-plane GaN on r-plane sapphire is 

shown in Fig. 3-5 (b).  It indicates that the c-axis is in the a-plane (11 2 0) GaN.  For r-plane 

sapphire, the optical axis is oriented 57.6 degrees from the normal, it is out of the r-plane 

(1102), not parallel to the waveguide surface.  Table 3-2 lists the lattice constants of c-, a-

plane GaN, ZnO and r-plane sapphire.  Fig. 3-6 (a) shows the scanning electron microscopy 

(SEM) image of the a-GaN.  It reveals the smooth surface structure of a-plane GaN with fine 

ridge-shape-facet defects compared to well-known hexagonal shape defects in the c-plane 
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GaN surface shown in Fig. 3-6 (b).  The ridge-shape-facet defects are formed by{ 0101 } 

faces and terminates with a {0001} face.2 
   

 

 

 
Figure 3-5. (a)GaN crystal structure, (b) a-plane GaN grown on r-plane sapphire.  
 

 

Constant GaN (Å) ZnO(Å) Sapphire(Å) 

Lattice constant of a in 
c-plane 3.189* 3.249 4.758 

Lattice constant of c in 
c-axis direction 5.185* 5.206 12.983 

Lattice constant of a’ 
in a-plane or r-plane 

5.524 
(a-plane) 

5.627 
(a-plane) 

4.758 
(r-plane) 

Lattice constant of c’ 
in a-plane or r-plane 

5.185 
(a-plane) 

5.206 
(a-plane) 

15.378 
(r-plane) 

 
Table 3-2. Lattice constants of c-, a-plane GaN, ZnO, and c-, r-plane sapphire.   
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(a) 

 
(b) 

 
 

Figure 3-6. (a) SEM images of the a-plane GaN and (b) the c-plane GaN (note the hexagonal 

symmetry). 
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 The a-plane GaN materials are useful for various reasons.   The absence of a built-in 

electrostatic field in the nonpolar a-plane GaN-based quantum wells can limit the 

piezoelectric polarization effect.  Then the “e” and “h” wave functions in the quantum wells 

overlap, which results in higher emission efficiency.3, 4  This feature is promising for 

optoelectronic applications such as laser diodes and LEDs.   The knowledge of the planar 

anisotropic nature of nonpolar a-plane GaN is important to understand the growth 

mechanism of a-plane GaN, and fundamental for optoelectronic devices design.  By using 

prism coupling technique, the refractive indices of a-plane GaN change with angles are 

investigated.  Furthermore, the anisotropic in-plane relationship is studied. 

 For a wave traveling at an angle θ  with respect to the optic axis, which is in the a-

plane of GaN, the refractive index of )(θn of the GaN film for the TE mode is given by5  

 2

2

2

2

2

sincos
)(

1

eo nnn
θθ

θ
+=        (3.3) 

where no and ne correspond to the ordinary and extraordinary refractive indices of the GaN 

film, respectively.  The refractive index of a-plane GaN for the TM mode is no.   Since the 

optical axis of r-plane sapphire is not parallel to the waveguide surface, appropriate choosing 

of the refractive index of sapphire should be considered.6  

 The ordinary and extraordinary indices of a-plane GaN films were obtained when TM 

and TE polarized light propagating at an arbitrary angle with respect to the c- axis, where the 

c-axis is lying in the plane of the a-plane. As shown in Fig. 3-7 (a), the TE polarized light is 

coupled into the planar GaN sample with thickness of 1.315 µm.  Sharp dips indicate well 

confined modes.  The thin film has good uniformity.  And it is a high quality film.  Fig. 3-7 

(b) shows the TE polarized light coupled into the a-plane GaN sample with thickness of 8 µm. 
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As shown in Fig. 3-7 (b), there are double dips of the TE modes, which caused by reflections 

between both interfaces of a-plane GaN and air, and a-plane GaN and sapphire substrate due 

to thicker film.   
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Figure 3-7. Reflectivity of TE polarized light changes as a function of incident angle for (a) GaN 

film with thickness of 1.315 µm, on a miscut r-plane sapphire. (b) for a-plane GaN sample with 

thickness of 8 µm.   In the thicker film there was also an anomalous double dip in the reflection 

spectrum.  

 By carefully rotating the GaN sample with respect to the axis perpendicular to the 

sample, the TE polarized light is coupled into the sample.  Fig. 3-8 shows that the refractive 

indices change periodically with the azimuthal angle for TE polarized light at wavelength of 

632.8 nm.  For the film with thickness of 8 µm, the maximum extraordinary refractive index 

for TE polarized light is 2.3878 at 0 degree with respect to the c-axis. The minimum 

refractive index for TE polarized light is 2.3510 at 90 degrees.  The refractive index for TM 

mode is a constant of 2.3513, which doesn’t change with angular rotation.  As shown in Fig. 

3-8, the data fit well with the theoretical calculation of equation of 3.3 by using experimental 

data of maximum and minimum of refractive indices of TE modes.   It indicates that the 



 45

angular rotation in our experiment is accurate.  Also, the experimental data represented by 

the green curve for the thickness of 8 µm film are less than the theoretical fit by using the 

ordinary and extraordinary refractive indices of c-plane GaN.  For the film with thickness of 

1.315 µm, the maximum and minimum refractive indices of TE modes are 2.3654 at 90 

degrees, 2.3568 at 0 degree respectively, which are less than the data of the thicker film as 

indicated in Fig. 3-8. These indicate the optical axes of the thicker and thinner film are 

different. Because the GaN film with thickness of 1.315 µm grown on a miscut sapphire 

substrate.   
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Figure 3-8. Refractive indices for TE mode change with angles for sample with thickness of 8 

µm represented by green curve, for sample with thickness of 1.315 µm represented by red curve. 

Theoretical fit for equation (3.3) with experimental data of maximum and minimum refractive 

indices of TE mode for the thicker (8 µm) and thin (1.315 µm) samples, represented by pink and 

blue curves, respectively.  The black curve is the theoretical fit by using ordinary and 

extraordinary refractive indices of c-plane GaN. 
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 The changes in dispersion with wavelength of the refractive indices for TE and TM 

mode were also investigated.  As shown in the Fig. 3-9 (a), the refractive indices of TE mode 

of a-plane GaN with the thickness of 8 µm at 0 degree with respect to c-axis are closely 

matched to the extraordinary refractive indices of c-plane GaN.  It indicates that the c-axis of 

a-plane GaN with thickness of 8 µm is in the plane.  The refractive indices of TE mode at 90 

degrees and TM mode for the a-plane GaN film with thickness of 8 µm are closely matched 

to ordinary refractive indices of c-plane GaN.  For the 1.315 µm thin film, refractive indices 

of TE mode are much less than the extraordinary refractive indices of c-plane GaN shown in 

Fig. 3-9 (b).  The refractive indices of TM mode of this sample are closely matched to the 

refractive indices of TM mode of c-plane GaN and TE mode at 0 degree of the thicker a-

plane GaN sample.  It indicates that the optical axis of the thinner film is out of the a-plane 

GaN.  Also, based on the data shown in Fig. 3-8, it shows that the projection of the optical 

axis of the sample with thickness of 1.315 µm is not aligned with the one of the thicker a-

plane GaN sample.  Otherwise the maximum refractive index of TE mode for the thinner 

GaN would be at 0 degree instead of 90 degrees angle with respect to the optical axis of the 

thicker a-plane GaN sample.   Since the maximum refractive index of the TE mode of the 

thicker and thinner GaN sample are 2.3878 and 2.3654, the angle between the optical axes 

for the thicker a-plane GaN sample and projection of the optical axis of the thinner GaN 

sample in the a-plane is given by 9.7)
3878.2
3654.2cos( =a  degrees. 
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                                     (a)                                  (b) 

Figure 3-9. The dispersion of the refractive indices for TE and TM modes change with 

wavelength for (a) a-plane GaN with thickness of 8 µm and c-plane GaN (b) a-plane GaN with 

thickness of  1.318 µm and c-plane GaN .  

 Also, CL image were taken for the a-plane GaN sample with thickness of 8 µm shown 

in Fig. 3-10 (a), the featured ridge-shape-facet pits are dark, which indicates they are defects. 

Also, there are line defects shown in Fig. 3-10 (a).  Fig. 3-10 (b) is the SEM image of the 

GaN sample grown on miscut r-plane sapphire.  There aren’t ridge-shape-facet pit defects 

appearing on the surface. The surface of the sample is fairly smooth with line dislocations.  

These surface morphology differences between the two samples indicates that the crystal 

structures of the two samples are different, which are consistent with the results of the 

refractive indices measurement.        
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(a) 

 
(b) 

Figure 3-10. (a) CL image of the a-plane GaN with thickness of 8 µm, (b) a SEM image of the 

GaN sample with thickness of 1.315 µm.  
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3.4  Changes in ordinary and extraordinary refractive indices of doped  
 
ZnO  
 
 
 Recently there have been reports of p-type ZnO thin films7 and p-type ZnO substrates 

have been sold commercially.8  This development suggests that ZnO is a promising material 

for optoelectronic devices.9   ZnO has a large excitonic binding energy of ~60 meV, which 

results in extremely efficient emission at room temperature (RT) by optically pumping.10  

The band gap engineering of ZnO films has been studied by alloying ZnO with Mg and Cd.11  

The absorption edge and refractive index of MgZnO alloys have been investigated.12  In this 

study we explore the effects of doping ZnO with nitrogen and alloying with tellurium on the 

refractive index of ZnO.   

  ZnO has the wurtzite structure and is a uniaxial crystal.  The ordinary and 

extraordinary indices can be obtained by performing the experiment for the transverse 

electronic and transverse magnetic polarization, respectively.  Refractive index dispersion of 

ZnO films has been measured in a variety of ways such as transmission interference 

spectroscopy,13  reflection interference spectroscopy, ellipsometry14 and prism coupling.12  

The first three methods listed require prior knowledge of the film thickness.  The prism 

coupling is the most accurate for measuring refractive index below the optical absorption 

edge. When more than one mode is present the thickness and refractive index can be 

measured to the 4th decimal place.15 

 We investigate the changes in refractive index that result from the incorporation of 

nitrogen and tellurium into ZnO. Both of those elements have been proposed as p-type 

dopants. We also observe changes in refractive index depending on how the ZnO films are 

grown, with or without an ion gun sputtering the surface, and upon annealing. These effects 



 50

are correlated with the crystal structure and the optical properties of the films. The films were 

characterized by using x-ray diffraction (XRD), transmission electron microscopy (TEM), 

atomic force microscopy (AFM) and cathodoluminescence (CL) measurements. 

 

 3.4.1   Experimental procedures 

 

 Zinc oxide films were prepared on sapphire (0001) substrates by pulsed laser 

deposition (PLD) using a KrF excimer laser (λ = 248 nm, ts = 25 ns).16   The sapphire 

substrates were cleaned in an ultrasonic bath using acetone and methanol.  They were then 

loaded into the chamber, which was then evacuated to a base pressure of ~1 x 10-6 Torr.  

Sintered, polycrystalline ZnO targets were used as the source material, and were pre-cleaned 

with the laser in situ while a shutter was masking the substrate.  For growth, the laser energy 

in the range of 3–4 J/cm2 and a pulse repetition rate of 10 Hz were kept constant throughout.  

For some of the samples, a Kaufman ion source was used for Ion Beam Enhanced Deposition 

(IBED), and for doping. The growth temperatures, target dopants, oxygen and nitrogen 

partial pressures, and Kaufman ion source conditions were varied and listed in Table 3-3.  

A prism coupling technique was used to measure the refractive indices of the 

samples.  In this study, a He-Ne laser operating at 632.8 nm and an Ar+ laser operating at 

457.9, 476, 488, 496.5, 501.5 and 514.5 nm were used.   

 The samples were also characterized with XRD, TEM, AFM, and CL. TEM was 

performed using a Topcon EM002B microscope with 200 kV acceleration voltages.  The 

resolution of this instrument is 1.8 Å. AFM images were scanned in tapping mode by using a 

DI 3000 microscope.  Room temperature CL measurements were taken on a JEOL JSM-6400 
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scanning electron microscope (SEM), equipped with an Oxford Instruments mono-

cathodoluminescence accessory.  

Samples  

Dopant in 

the target 

Ambient  

 

Growth Temperature    

( oC ) 

Kaufman 

ion 

 source 

A1 None 

Oxygen and nitrogen, 

~4x10-4 torr 700 VB = ~500V 

A2 None 

Oxygen and nitrogen, 

~2x10-4 torr 700 VB = ~300V 

A3 None 

Oxygen,  

~2x10-4 torr 700 None 

B1 Tellurium 

Oxygen and nitrogen, 

~6x10-4 torr 450 None 

C1 Tellurium  

Oxygen and nitrogen, 

~4x10-4 torr 700 VB = ~300V 

 

C2 None 

Oxygen and nitrogen, 

~4x10-4 torr 

700,followed by in situ 

annealed for 1 hour at 750  VB = ~1000V 

 

Table 3-3. Growth conditions for as-grown ZnO (A3), ZnO doped with nitrogen (A1, A2, C2), 

ZnO doped with tellurium (B1), ZnO doped with nitrogen and tellurium (C1). 
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Figure 3-11.  (a) A typical XRD pattern of ZnO thin film.                 

               (b) Low resolution TEM image of as-grown ZnO doped with nitrogen sample (A2).                        

        (c) Low resolution TEM image of as-grown ZnO sample (A3). 

 

            3.4.2   Results and discussions 

 

Fig.3-11 (a) shows a typical XRD pattern of as-grown ZnO sample. θ-2θ XRD scans 

show sharp peaks for (0002) and (0004) peaks in the ZnO film, indicating good film purity 

and strong c-axis orientation. 

 Fig.3-11 (b) shows the cross-sectional view TEM image of sample A2 taken from the 

(2īī0) zone axis.  The inset shows the selected-area diffraction (SAD) pattern for both the 

film and the substrate.  Sharp diffraction spots indicate epitaxial growth.  Fig. 3-11 (c) shows 

the cross-sectional view TEM image of sample A3 taken from the (01ī0) zone axis.  This 

film is obviously much thicker than A2, because it was grown without ion bombardment, 

(which sputters the films during growth).  Most threading dislocations are terminated within 
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~100 nm of the sapphire interface. Two threading dislocations are observed propagating to 

the surface. In general, there are fewer threading dislocations in the films prepared with the 

Kaufman ion source. 

 AFM images of the as-grown samples of A2 and A3 in the size of 2 µm by 2 µm are 

shown in Fig. 3-12 (a) and (b). The surface morphologies of the as-grown ZnO (A3) and ZnO 

doped with nitrogen (A2) samples prepared with the Kaufman ion source are quite different.  

The undoped films tend to have large hexagonal facets, and faceted pits, which is 

characteristic of Zn rich conditions.17  In the film prepared with the Kaufman ion source to 

dope the film with nitrogen, the amount of pits decrease and the pits shape become irregular 

shown in Fig. 3-12 (b). The root mean square values (RMS) of the surface roughness are 12.1 

nm and 11.0 nm for the as-grown A3 and A2 samples respectively.  The dislocation densities 

counted from 5 µm by 5 µm AFM images for A2 and A3 films are 1.5x108/cm2 and 7.2 x 

107/cm2 respectively.  In the film grown with the Kaufman ion source, the AFM indicates the 

growth is occurring via the coalescence of smaller islands resulting in a smoother film.
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                       (a)                      (b) 
Figure 3-12. AFM images of as-grown ZnO and ZnO doped with nitrogen films, where a) is 

ZnO (A3) film,   b) is the ZnO doped with nitrogen (A2) film in the size of 2 µm by 2 µm. 
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                           (a)                                  (b) 
Figure 3-13. (a) CL spectra of ZnO (A3), ZnO doped with nitrogen (A1, A2, C2), ZnO doped 

with tellurium (B1) and ZnO doped with nitrogen and tellurium (C1) films at RT.   

(b)  Refractive index measurements at 632.8 nm of as-grown ZnO (A3) and post annealed ZnO 

(A3ann), ZnO doped with nitrogen (A2ann, C2). 
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             CL spectra at RT of as-grown ZnO, and ZnO incorporated with nitrogen and 

tellurium dopants are shown in Fig. 3-13 (a). As shown in Fig. 3-13 (a), as-grown ZnO 

sample (A3) has the best optical quality.   Compared to CL spectra of other films listed in the 

Fig. 3-13 (a), the ratio of the band-edge emission to the deep level emission of as-grown ZnO 

sample is the highest.    For films doped with nitrogen, the intensities of the band edge 

emission and the deep level emission decrease.  For the film doped with tellurium, the band-

edge emission shifts to longer wavelength, the deep level emission is higher than ZnO doped 

with nitrogen films.  

 Fig. 3-13 (b) shows ordinary and extraordinary refractive indices at 632.8 nm of as-

grown ZnO (A3), ZnO (A3ann) annealed in a furnace, ZnO doped with nitrogen annealed in 

a furnace (A2ann) and in situ (C2) at 750 oC for 1 hour. It is observed that the post-annealed 

ZnO and ZnO doped with nitrogen films have higher ordinary and extraordinary indices than 

as-grown ZnO films due to higher densification of the films.  Also, ZnO doped with nitrogen 

films after annealing have lower ordinary and extraordinary indices than post-annealed ZnO 

film. 
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                           (a)                            (b) 
Figure 3-14. The ordinary (a) and extraordinary (b) refractive indices of as-grown ZnO (A3), 

ZnO doped with nitrogen (A1), ZnO doped with tellurium (B1), ZnO doped with nitrogen and 

tellurium (C1) films fit to the Cauchy dispersion relationship.   

 

Sample Ordinary Refractive Index  Extraordinary Refractive Index

 
A 
 

Bx10+3 

(nm2) 
Cx10+9 

(nm4) 
A 
 

Bx10+3 

(nm2) 
Cx10+9 

(nm4) 
A1 1.9567 -8.1804 7.6461 1.9589 1.2621 6.2782 

A2ann 1.9581 -6.9683 7.5334 1.9651 .036086  6.4213 

A3 1.9484 -1.6148 6.8145 1.9574 3.9983 5.854 

B1 1.9614 -5.2048 7.297 1.9575 2.5153 6.1021 

C1 1.9566 -5.3557 7.3044 1.9600 3.8035 5.8769 

C2 1.9538 -4.521 7.1924 1.9652 0.13697 6.3419 

A3ann 1.9542 -4.047 7.094 1.9687 -1.9489 6.6928 

Table 3-4. Fitting results of Cauchy dispersion relationship for as-grown ZnO (A3), ZnO doped 

with nitrogen (A1, A2), ZnO doped with tellurium (B1), ZnO doped with nitrogen and 

tellurium (C1) films, post- annealed ZnO (A3ann) in a furnace and ZnO doped with nitrogen 

(A2ann, C2) annealed in the furnace, in situ at 750 oC for 1 hour respectively. 
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 Refractive indices of as-grown ZnO, ZnO doped with nitrogen, ZnO doped with 

tellurium and ZnO doped with nitrogen and tellurium films as a function of wavelength are 

plotted in Fig. 3-14.   In Fig. 3-14 (a), it shows that ordinary refractive indices of ZnO doped 

with nitrogen films are lower than ZnO film.  ZnO doped with tellurium film has higher 

ordinary refractive indices than as-grown ZnO and ZnO doped with nitrogen films.  

Extraordinary refractive indices of ZnO are higher than ZnO doped with nitrogen and ZnO 

doped with tellurium films shown in Fig. 3-14(b).  However, they are lower than ZnO doped 

with nitrogen and tellurium film.  

The data were fitted by using the Cauchy relation for refractive indices. 

Table 3-4 gives the values for the constants obtained by performing the corresponding 

Cauchy fits.  The fit between the curves and the data is also in good agreement. 

           In summary, we have investigated refractive indices of ZnO samples change with the 

introduction of nitrogen and tellurium dopants by using a prism coupling technique.   The 

data of indices of refraction below the band gap are well described by Cauchy fitting. 

Ordinary and extraordinary refractive indices of ZnO doped with nitrogen films after 

annealing are higher than as-grown ZnO film due to higher densification of the films.   The 

crystal structure and the optical properties of the films were also characterized by using XRD, 

TEM, AFM and CL techniques. 

 
3.5     Refractive indices of ZnO thin films grown on r-plane sapphire 
 

 ZnO is a promising material for application in electronic and optoelectronic device 

structures in the ultraviolet (UV) to vacuum-UV(VUV) spectral region.18  ZnO is a uniaxial 

crystal, with optical axis parallel to the hexagonal c-axis. Thin film ZnO is also one of the 
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important materials for acousto-optic,19  piezoelectric,20 optical21 device applications when it 

is grown on r-plane sapphire )0211( substrates.   

 In order to characterize the light propagating in thin films, modeling and design 

optical, optoelectronic devices, an accurate, reliable refractive index is required.  We 

investigate the refractive indices of a-plane ZnO grown on r-plane sapphire by prism 

coupling technique.  The ordinary and extraordinary indices of a-plane ZnO thin film were 

obtained when TM and TE polarized light propagating at an arbitrary angle with respect to 

the c-axis, where the c- axis is lying in the plane of the a-plane ZnO.  The refractive indices 

change periodically with the azimuthal angle for TE polarized light at wavelength of 632.8 

nm.  For TM polarized light propagating in the waveguide, the refractive index is a constant.  

The dispersion of TE modes change with wavelength was also investigated. 

  

 3.5. 1.  Experimental details  

 

 ZnO epitaxial films were grown by RF-plasma molecular beam epitaxy (MBE) 

technique on r-plane sapphire. Low-temperature Knudsen cell from SVT Associates (SVTA) 

was used for evaporation of zinc. Atomic oxygen flux was produced by RF plasma source 

(model SVT-45). The details about ZnO growth process by MBE has been reported earlier.22  

The prism coupling technique was used to measure the refractive indices of the 

samples.  In order to measure the refractive indices changing with angles, the experimental 

apparatus is modified so that the sample could be rotated azimuthally about a vector normal 

to the surface of the a-plane ZnO/r-plane sapphire. The measurement spot on the film during 

the rotation is kept constant in order to avoid errors due to thickness variation.  A He-Ne 
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laser operating at 632.8 nm and an Ar+ laser operating at 457.9, 476, 488, 496.5, 501.5 and 

514.5 nm were used.   

 

 3.5.2. Results and discussions 
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                           (a)                                 (b) 
 

Figure 3-15. (a) XRD θ-2θ scan for a ZnO film grown on r-plane sapphire.  

          (b) X-ray φ-scans for ZnO ( )0110 and sapphire (0006) reflections. 

 Fig. 3-15 (a) shows a typical XRD θ-2θ scan for a ZnO film grown on r-plane 

sapphire. Besides sharp diffraction peaks from sapphire )0211( and ( )0422 , a strong 

diffraction peak from the film is also observed. This peak can be attributed to ZnO )0211( , 

which suggests an orientation relationship of )0211( ZnO// )0211( sapphire. In order to determine 

the in-plane orientation relationship, x-ray φ-scans for off-axis reflections were performed. 
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During the measurements, θ and 2θ are adjusted to the correct angles for a specific plane and 

off-axis reflections are brought into the scattering plane of the diffractometer by tilting the 

sample to a specific ψ. Fig. 3-15(b) shows φ-scans for ZnO ( )0110 and sapphire (0006) 

diffraction peaks. It can be seen that the positions of the )0110( peaks from ZnO and the 

(0006) peak from sapphire are separated by ~90 degrees in the φ-scans. Considering the fact 

that the zone axis of ZnO )0211( and )0110( reflections is [0001] and the zone axis of 

sapphire )0211( and (0006) reflections is [11 2 0] and the fact that the r-plane sapphire is 

slightly miscut towards the a-plane, the φ-scan results indicate that the ZnO [0001] direction 

is normal to the sapphire [11 2 0] direction. Therefore, the epitaxial relationship between the 

ZnO film and the r-plane sapphire substrate is determined to be )0211( ZnO// )0211( sapphire and 

[0001]ZnO//[1101]sapphire. 

 The x-ray study proves the in plane orientation relationship between the a-plane ZnO 

film and the r-plane sapphire substrate, the c-axis is lying in the plane of the a-plane ZnO.  

For a wave traveling at an angle θ  with respect to the optic axis, the refractive index of 

)(θn of the ZnO film for the TE mode is given by equation 3.3.  The refractive index of a-

plane ZnO for the TM mode is no.    
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                               (a)                                      (b) 
 

Figure 3-16. (a) The refractive indices of the a-plane ZnO film for the TE mode wave 

propagating in the plane at an azimuthal angle θ  with respect to the c-axis of the ZnO film. 

(b) Refractive indices of TEmin, TEmax  and TM of a-plane ZnO thin film and no, ne of c-plane 

ZnO thin film fit to the Cauchy dispersion relationship.  

 
a-ZnO/r-sapphire A 

 
Bx103 

(nm2) 
Cx109 

(nm4) 
TEmax 1.9723 -5.3564 7.2567 

TEmin 1.9555 -4.5323 7.1782 

c-ZnO/c-sapphire A Bx103 

(nm2) 
Cx109 

(nm4) 
no 1.9484 -1.6148 6.8145 

ne 1.9574 3.9983 5.854 

Table 3-5. Fitting results of Cauchy dispersion relationship of TEmin and TEmax for a-plane ZnO 

film.   
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 Fig. 3-16 (a) shows the refractive indices of the a-plane ZnO film for the TE mode 

wave propagating in the plane at an azimuthal angle θ  with respect to the c-axis of the ZnO 

film.  As shown in Fig. 3-16 (a), the refractive indices change periodically with the angle θ  

for TE modes at wavelength of 632.8 nm.   The measured refractive index of TEmax at 0 

degree angle is 2.0044 and TEmin at 90 degree angle is 1.9883.  For TM mode, the refractive 

index is 1.9916.  The film thickness is 0.7752 µm.  By substituting the experimental a-plane 

ordinary and extraordinary refractive indices into equation 3-3 as the theoretical values, we 

get the theoretical refractive indices change with angles for TE mode shown in Fig. 3-16 (a), 

which is consistent with the experimental values.  Also, substituting refractive indices of no 

(1.9816), ne (2.0011) of as-grown c-plane ZnO /c-sapphire12 into equation 3-3,  we get the 

theoretical refractive indices of TE mode change with angles shown in Fig. 3-16 (a).   It 

shows that the refractive indices of TE mode for a-plane ZnO are larger than the theoretical 

fitting values by using no and ne of c-plane ZnO.  Hence, it indicates that the c-axis of the 

ZnO film is lying in the plane of the a-plane ZnO film. 

Refractive indices of TEmin, TEmax and TM of a-plane ZnO, c-plane ZnO thin film as a 

function of wavelength are plotted in Fig. 3-16 (b). The data were fitted by using the Cauchy 

relation for refractive indices. Table 3-5 gives the values of a-plane ZnO grown on r-plane 

sapphire for the constants obtained by performing the corresponding Cauchy fits.  The fit 

between the curves and the data is in good agreement. Also, Fig. 3-16 (b) shows that the 

refractive indices of TEmin are consistent with the refractive indices of TM.  For comparison, 

the Cauchy fitting of no and ne of c-plane ZnO are plotted in Fig. 3-16 (b).   It shows that the 

refractive indices of TEmax for a-plane ZnO is in good agreement with the extraordinary 

refractive indices of c-plane ZnO in wavelength range from 500 nm to 633 nm.  The ordinary 
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refractive indices of c-plane ZnO are lower than the refractive indices of TEmin of a-plane 

ZnO.   

Therefore, we have demonstrated that epitaxial a-plane ZnO films are grown on r-

plane sapphire substrate by RF-plasma molecular beam epitaxy technique.  Refractive indices 

of a-plane ZnO samples have been measured systematically by using a prism coupling 

technique when the guided waves propagate at an arbitrary angle with respect to the c-axis of 

the a-plane ZnO film.  The data of refractive indices of TEmin and TEmax below the band gap 

are well described by Cauchy fit.  

 
 
3.6     Fabrication and characterization of chromium-diffused waveguides 

  

 Intensive research on chromium (Cr) bulk-doped crystals as tunable lasers have been 

carried out by using a variety of hosts such as LiCaAlF6, Mg2SiO4 and YAG(Y3Al5O12) .
23,24,25  

The development of chromium-diffused sapphire waveguide is attractive due to the potential 

for integration with GaN based optical devices on an integrated opto-electronic circuits and 

forming a miniature tunable waveguide laser.26,27 The realization of a waveguide laser in 

sapphire requires the development of optical waveguides and local introduction of active ions 

in the sapphire substrate.  By thermal diffusion chromium into sapphire substrate in high 

temperature in certain depth, planar optical waveguide can be formed.  Also, Cr3+ ions in 

sapphire that give Ruby characteristic red color can emit light at 694.3 nm at room 

temperature.   

 Since the Cr3+ ions and the Al3+ ions are trivalent ions, the Cr3+ ion replaces the Al3+ 

ion. The ionic radius of the Cr3+ ion (62 pm) is closer to the ionic radius of Al3+ (54 pm). 
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These result in the complete mutual solubility of the Cr2O3
 and Al2O3 oxides at temperatures 

higher than 950 0C28.  The important energy levels of Cr3+ in ruby are shown in Fig. 3-1729.  

 

Figure 3-17.  Important energy levels of Cr3+ in ruby.  The separation between 2A and E levels 

are 29 cm-1, not to scale. 

  The pump light excites the Cr3+ ion from the 4A2 ground state into the excited states 

which consists of 4F1 and 4F2 bands. The lifetime of these energy levels is short, so that the 

excited ions quickly make a transition to the long-lived metastable state of 2E, which includes 

2A and E energy levels.  The relaxation from the F bands to the E bands with excess energies 

is nonradiative emission generating phonons.  When transitions from the metastable state to 

the ground state (E to 4A2, 2A to 4A2) occur, photons emitted with wavelengths of 694.3 nm 

and 692.9 nm at room temperature.  They are referred to R1 and R2 lines respectively, since 

the R1 line typically attains the laser threshold before the R2 line.  This is the lasing line of 

the ruby laser.29,30     
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 In this study, we report the investigations of thermal diffusion of the Cr3+ into c-plane 

sapphire from a film to form an optical waveguide.  The resulting modes and refractive index 

profile are measured via prism coupling techniques.  The effective index change as a function 

of diffusion depth is derived by using the inverted WKB method.  The optical transmission 

and cathodoluminescence measurements are performed.  The results indicate that the Cr ions 

are incorporated into sapphire in the +3 valence state resulting in strong emission at 694 nm. 

The surface morphology of the Cr doped sapphire samples are characterized by atomic force 

microscopy (AFM). Two parallel end faces of the sample are polished by standard 

transmission electron microscopy (TEM) polishing technique.  The end fire coupling 

technique is used to couple the light into the Cr-diffused sapphire waveguide.  

 

 3. 6. 1. Experimental details  

 

 The chromium layer with thickness of 50 nm was deposited in vacuum on the single 

crystal c-plane sapphire with dimensions of 14 mm X 12 mm by using the e-beam evaporator.  

A clean blank sapphire and chromium coated face film are joined.  The annealing is 

performed in an air environment at 1700 oC for 1 hour.  The chromium layer diffused into the 

sapphire substrate, the surface of the sample is clear.  The sapphire substrate changes to the 

characteristic pink color.  There are several ways to do the chromium diffusion. We found 

the more effective and economic way to do it is by using a clean sapphire to cover the 

chromium layer.  Without the clean blank sapphire to cover the chromium layer, if the 

annealing is conducted in the air, the surface of the sapphire after diffusion becomes cloudy 

due to contaminant in air.  If using two samples with chromium layers face to face to do the 
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diffusion annealing, the sample surface sometimes has residual on it due to lack of oxygen.  

Also, if the annealing temperature is below 1600 oC in air, the chromium layer is oxidized to 

Cr2O3 with characteristic green color.    Thus, in order to effectively let Cr3+ ions substitute 

for Al3+, it is important to use a clean sapphire substrate to cover the chromium layer and 

annealing temperature is maintained above 1650 oC. 

  After the diffusion study, the mode characteristics of the Cr doped sapphire 

waveguide are measured by using prism coupling technique.  In this technique, a laser beam 

is coupled into the air/Cr diffused sapphire layers/bulk sapphire waveguide at discrete modes 

by using a rutile (TiO2) prism through the evanescent field in the air-Cr diffused film gap.  In 

this study, a He-Ne laser operating at a wavelength of 632.8 nm and an Ar+ laser operating at 

wavelengths of  457.9, 476, 488, 496.5, 501.5 and 514.5 nm were used.   

 Optical transmission measurement was taken with Lambda 9 ultraviolet-visible-near 

infrared (UV-VIS-NIR) absorption spectrophotometer. Room temperature CL measurements 

were taken on a JEOL JSM-6400 scanning electron microscope (SEM), equipped with an 

Oxford Instruments mono-cathodoluminescence accessory.  AFM images were scanned in 

tapping mode by using a DI 3000 microscope. 

 

 3. 6. 2. Results and discussions 

 

 C-plane sapphire is a uniaxial crystal.  By using transverse electric (TE) and 

transverse magnetic (TM) polarized light, the ordinary and extraordinary modes are excited 

respectively.  The TE mode spectrum of Cr doped sapphire waveguide is shown in Fig. 3-18 

(a).  Two sharp reflectivity dips of guided modes of the Cr doped sapphire waveguide are 
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identified as the modes of TE0 and TE1.  Also, the substrate radiation modes are shown in Fig. 

3-18 (a).  The TM coupling curve of the laser beam into Cr doped sapphire waveguide is 

shown in Fig. 3-18 (b).   TM0 mode is obtained.  These indicate that the presence of the Cr 

metal locally increased the refractive index of the sapphire resulting in a graded index 

waveguide due to diffusion.  
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Figure 3-18. (a) TE polarized light coupled into Cr doped sapphire waveguide 

        (b) TM polarized light coupled into Cr doped sapphire waveguide  

 In order to obtain the knowledge of the refractive index of Cr doped sapphire 

waveguide, WKB method is applied due to the graded refractive index change. The 

characteristic equation for the mth–order mode for the graded waveguide is given by 

sa

mx

mdxmNxnk
t

φφπ ++=−∫
2
1

)]()([( 2
)(

0

2    (3.4) 

And 

)())(( mNmxn t =       (3.5) 
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Where N(m) is the effective index of the mth-order mode.  xt is the turning point of the WKB 

method. sa φφ 2,2  are the phases shift at the film-air and film-substrate.31   

Also, n(x) is given by32,33 

)exp()(
d
xnnxn s −∆+=      (3.6) 

Where ns is the refractive index of the substrate, d is the diffusion depth. 

 By using prism coupling method for TE polarized light at wavelength of 457.9 nm, 

three modes are found.  The effective indices change with doping depth is extracted based on 

inverted WKB method and shown in Fig. 3-19.  The Cr3+ ions concentration exponentially 

decays. The doping depth is about 2.2 µm. Based on the relationship between the diffusion 

depth and the diffusion coefficient of D,34 

  2
1

)(2 Dtd =             (3.7) 

then the diffusion coefficient of Cr in sapphire is 16103.3 −× m2/sec.  
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Figure 3-19. The effective indices change as a function of doping profile 
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 In order to study the surface morphologies of the Cr doped sapphire, AFM images of 

the bulk sapphire and Cr diffused sapphire in the size of 5 µm by 5 µm scans were taken and 

shown in Fig. 3-20 (a) and (b).  The root mean square values (RMS) of the surface roughness 

of sapphire and Cr diffused sapphire are 0.68 nm and 0.73 nm respectively.  This indicates 

the materials growth on Cr diffused sapphire is applicable.  

 

(a) (b) 
 

Figure 3-20. (a) AFM image of bulk sapphire in the size of 5 µm by 5 µm scan,         

         (b) AFM image of Cr diffused sapphire in the size of 5 µm by 5 µm scan. 

 The transmission spectrum of Cr doped sapphire was taken with a Lambda9 

ultraviolet- visible-near infrared (UV-VIS-NIR) absorption spectrophotometer. The 

transmission spectrum is shown in Fig. 3-21 (a).  There is about 78% of transmission of the 

Cr doped sapphire from 300 nm to 800 nm. Also, based on the transmission data, the 

absorbance spectrum of Cr doped sapphire waveguide as a function of wavelength is plotted 

in Fig. 3-21 (b).  The two broad absorption bands at wavelengths of around 424 nm and 566 

nm are due to transitions from the 4A2 ground state of Cr3+ to the excited 4F2 and 4F1 levels.  
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This indicates that the Cr ions were incorporated into sapphire in the trivalent state resulting 

in strong emission at 694 nm.  
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Figure 3-21. (a) Transmission spectrum of Cr-doped sapphire waveguide 

         (b) Absorbance spectrum of Cr-doped sapphire waveguide  

Fig. 3-22 shows the cathodoluminescence spectrum of the Cr-diffused waveguide. 

The strong emission of R1 line at 694 nm is due to the transition from the E level to the grand 

state of 4A2.  This indicates that the Cr ions were incorporated into sapphire in the trivalent 

state resulting in strong emission at 694 nm. 



 71

200 300 400 500 600 700 800

C
L 

in
te

ns
ity

 (A
.U

.)

Wavelength(nm)  

Figure 3-22. Cathodoluminescence of Cr-diffused sapphire waveguide 

 By using a lensed-fiber integrated with a 2 mm in diameter of ball lens coupling 

system, light is coupled into the Cr-diffused waveguide from the input to the output end face 

at 632.8 nm shown in Fig. 3-23.  This confirms that the high quality optical Cr-diffused 

waveguide is fabricated. 

 

Figure 3-23. Light is coupled into the Cr-diffused waveguide   
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 In summary, we demonstrate the formation of Cr-diffused sapphire waveguides.   

 The Cr3+ ions are incorporated into the sapphire planar waveguide by thermal diffusion. 

After diffusion, the surface of the Cr doped sapphire is very smooth, which is suitable for 

devices fabrication.  The light at 632.8 nm is coupled into the Cr-diffused planar waveguide. 

These results demonstrate that the potential applications of the Cr-diffused waveguide in 

integrated optical circuits. 

 

3.7 Characterization of ZnO grown on Cr-diffused sapphire waveguide 

  

 Zinc oxide films were prepared on Cr-diffused sapphire (0001) waveguide and a 

sapphire (0001) substrate at same time by pulsed laser deposition (PLD) using a KrF excimer 

laser (λ = 248 nm, ts = 25 ns).  The Cr-diffused sapphire waveguide sample and a sapphire 

substrate were cleaned using acetone and methanol.  They were then loaded into the chamber, 

which was then evacuated to a base pressure of ~1.4 x 10-7 Torr.  Sintered, polycrystalline 

ZnO targets were used as the source material, and were pre-cleaned with the laser in situ 

while a shutter was masking the substrate.  For growth, the laser energy in the range of 0.14–

0.15 J/pulse and a pulse repetition rate of 10 Hz were kept constant throughout.  The 

substrate rotation speed was 10 degrees per minute. The growth temperature was 700 oC.   

 After growth, AFM was used to characterize the surface morphologies of ZnO sample 

and ZnO grown on Cr-diffused sapphire sample shown in Fig. 3-24 (a) and (b).   The root 

mean square roughness of ZnO sample and ZnO grown on Cr-diffused sapphire sample in 

scan size of 5 µm by 5 µm are 7.03 nm and 28.15 nm, respectively.   The ZnO grown on 

sapphire sample has smoother surface compared to ZnO grown on Cr-diffused sapphire 
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sample.  The surface morphology of the ZnO grown on Cr-diffused sapphire sample has 

coalescence of smaller islands, rougher surface.   

  

                              (a)                                (b) 
Figure 3-24. AFM images of ZnO thin film grown on (a) sapphire (0001), (b) Cr-diffused 

sapphire in the scan size of 5 µm by 5 µm.  

 Optical transmission spectra and absorbance spectra of ZnO grown on Cr-diffused 

sapphire, ZnO grown on c-plane sapphire and Cr-diffused sapphire are shown in Fig. 3-25 (a) 

and (b).  As shown in Fig. 3-25 (a), ZnO grown on sapphire sample has clear interference 

fringes, shaper absorption edge.  It has higher quality and uniformity.  Fig. 3-25 (b) shows 

that Cr-diffused sapphire sample has two broad absorption bands at wavelengths of around 

424 nm and 566 nm due to transitions from the 4A2 ground state of Cr3+ to the excited 4F2 and 

4F1 levels.   For ZnO grown on Cr-diffused sapphire sample, only the absorption band at 

wavelength of 566 nm is still visible.   
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                               (a)                                      (b) 
Figure 3-25 (a) optical transmission spectra of ZnO grown on Cr-diffused sapphire, ZnO 

grown on c-plane sapphire and Cr-diffused sapphire.  (b) Absorbance spectra of ZnO grown on 

Cr-diffused sapphire, ZnO grown on c-plane sapphire and Cr-diffused sapphire.    

  In order to study the mode confinement characteristics of the ZnO grown on Cr-

diffused sapphire sample, the prism coupling technique was used.  The mode spectra for TE 

polarized light are shown in Fig. 3-26.  As shown in Fig. 3-26, mode of TE0 is identified for 

ZnO grown on sapphire sample.  Modes of TE0 and TE1 are identified for Cr-diffused 

sapphire waveguide.  For ZnO grown on Cr-diffused sapphire sample, the modes confined in 

ZnO layers and the Cr-diffused sapphire layers are also identified and shown in Fig 3-26.  

 Thus, the prism coupling technique can be used to characterize the step waveguide 

grown on graded index waveguide.  For the ZnO grown on Cr-diffused waveguide, the 

oxidation on Cr interstitial defects on the surface of the Cr-diffused waveguide during the 

ZnO grown need be considered.            
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Figure 3-26 Reflectivity changes as a function of incident angles for ZnO grown on Cr-

diffused sapphire, ZnO grown on c-plane sapphire and Cr-diffused sapphire samples.  

 

3.8   Propagation loss of GaN materials at wavelength of 632.8 nm 

 

 One of the characteristics of waveguide having impact on waveguide performance is 

propagation loss. It includes scattering loss from rough surface or particles as the scattering 

center and loss due to the absorption of the waveguide materials.  To make loss measurement, 

by using prism coupling technique, the TE or TM polarized light is coupled into the 

waveguide first. Then the rotary table in the prism coupler system is tuned to the one of the 

guiding mode position. By moving the fiber probe down the length of the propagating mode 

streak, the collected signal is detected by the photo-detector.  As shown in Fig. 3-27 (a), the 

TE polarized light at wavelength of 632.8 nm is coupled into the Al 0.34Ga 0.66N planar 

waveguide. Two dips indicate that two TE modes are detected.  The second mode has a clear 



 76

streak when the rotary table is turned to the position. By moving the fiber probe, the intensity 

change as a function of position is shown in Fig. 3-28.  The fit curve shown in Fig. 3-28 can 

be expressed as     

 xI *360.3016.6)ln( −=             (3-8) 

Then the loss for Al0.34Ga 0.66N sample is given by  

 )/(59.1436.3*)(log*10log*10
0

cmdBe
p
pLoss ==−=   (3-9) 

Similarly, with TE polarized light at 632.8 nm coupled into the planar Mg:GaN waveguide 

shown in Fig. 3-27 (b), the propagating loss is measured for mode of TE10 and shown in Fig. 

3-29.  The fitting curve shown in Fig. 3-29 is given by  

 xI *747.152.5)ln( −=         (3-10) 

The propagating loss for Mg doped GaN sample is  

 )/(59.7747.1*)(log*10 cmdBeLoss =−=    (3-11) 
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                                   (a)                                    (b) 

Figure 3-27. Reflectivity of TE polarized light changes as a function of the incident angle for  

(a) Al0.34Ga0.66N sample, (b) Mg:GaN sample.  
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Figure 3-28. Light intensity change as a function of distance for Al 0.34Ga0.66N sample. 
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Figure 3-29. Light intensity changes as a function of distance for Mg:GaN sample. 
 
 Based on Tien proposed analytical modal 34, the propagation loss is defined as  
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whereσ is the interface roughness, r is the waveguide thickness, k0 is the free space wave 

number, β is modal propagation constant, nc , ncd are refractive index of the core and cladding, 

h , p1, p2 are the transverse propagation constants in the core and two cladding layers, 

respectively. 
∫ dxE

Es
2

2

 is the normalized electric field intensity at the core and the cladding 

interface.  The equation 3-12 reveals that the different mode has the different propagation 

loss since β is different for different modes.  Thus, the first mode has less propagation loss 
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due to β is largest for the first mode.  Also, the propagation loss is proportional to the square 

of the interface roughness.   

 

 

Figure 3-30. AFM images of (a) Al0.34Ga0.66N and (b) Mg:GaN samples in scan size of 10 µm by 

10 µm.  

  
 In order to analyze the measured propagation loss data further, the surface roughness 

of the two samples are studied by AFM.  As shown in Fig.3-30 (a) and (b), for the size of 10 

µm by 10 µm scan, Al0.34Ga0.66N sample has larger grains on the surface. The root mean 

square (RMS) of the surface roughness of Al0.34Ga 0.66N and Mg:GaN samples are 1.193 µm 

and 2.434 µm, respectively.  Al0.34Ga 0.66N has smoother surface than Mg:GaN sample. The 

rough surface will cause more scattering loss. However, Mg:GaN  with thickness of 2 µm is 

thicker than Al 0.34Ga 0.66N with thickness of 0.4 µm.  The interface between the AlN and Al 

0.34Ga0.66N can cause more loss for the propagating mode. These lead to Al0.34Ga0.66N sample 

has larger propagation loss than Mg:GaN sample, which is consistent with the results of 

measured propagation loss.  
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3.9   Summary 

 

 Therefore, in this chapter, by using prism coupling system, refractive indices of c-

plane GaN and AlxGa1-xN materials were obtained with TE and TM polarized light at 

wavelength range of 457.9 nm to 632.8 nm.   With Al percentage increasing, the refractive 

indices decrease.  With wavelength increasing, refractive indices decrease.  The data of 

refractive indices change with wavelength obtained in this experiment fit Cauchy dispersion 

equation. The measured extraordinary refractive indices for c-plane GaN and AlxGa1-xN are 

larger than the ordinary refractive indices.  It indicates that c-plane GaN and AlxGa1-xN are 

positive uniaxial crystals.  Similarly, the ordinary and extraordinary refractive indices of the 

c-plane ZnO grown on c-plane sapphire were measured. The film thickness was obtained by 

using prism coupling system. With the knowledge of the refractive indices and film thickness 

of c-plane GaN and related alloys as well as c-plane ZnO materials, waveguide devices can 

be designed more accurately.   

 With modified prism coupling system, we successfully measured the refractive 

indices of TE modes change as a function of angles for a-plane GaN, ZnO materials grown 

on r-plane sapphire.  The maximum refractive index of the TE mode of a-plane GaN grown 

on r-plane sapphire is at 0 degree with respect to the c-axis. With comparison of refractive 

indices of c-plane GaN, it shows that the c-axis is in the a-plane GaN, ZnO thin films.  

Through the systematic study, we measured refractive indices of TE mode of GaN with 1.315 

µm thickness grown on a miscut sapphire substrate change as a function of angles.  The angle 

between projection of the c-axis in the a-plane and the c-axis of true a-plane GaN is 7.9 

degrees. Also, the SEM images show that the surface morphology difference between the a-
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plane GaN sample with thickness of 8 µm and another GaN sample with thickness of 1.315 

µm and titled c-axis.  The characteristic ridge-shape-facet defects were observed for a-plane 

GaN sample with thickness of 8 µm. The surface of the thinner GaN sample is very smooth 

with visible line dislocations. 

  Also, refractive indices of ZnO doped with nitrogen, ZnO doped with tellurium and 

ZnO doped with nitrogen and tellurium films were measured using prism coupling technique. 

Ordinary and extraordinary refractive indices of ZnO doped with nitrogen films after 

annealing are higher than as-grown ZnO film due to higher densification of the films.    

 The studies of Cr3+ ions diffused c-plane sapphire waveguide were presented.  The 

doping profile was obtained using inverse WKB method.  Laser light at wavelength of 632.8 

nm was coupled into the Cr-diffused waveguide.       

 Also, the ZnO grown on Cr-diffused sapphire waveguide compared with ZnO grown 

on sapphire waveguide and Cr-diffused sapphire waveguide was investigated. The modes 

confined in the ZnO layers and Cr-diffused sapphire layers were identified by using prism 

coupling technique.   

  The propagation loss of the Al0.34Ga0.66N and Mg:GaN materials at wavelength of 

632.8 nm were investigated using prism coupling system with scanning fiber probe.  The 

surface roughness, film thickness and propagation constant have great impacts on the 

propagation loss.   In order to make waveguide devices, high quality GaN materials with low 

propagation loss are essential.   
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CHAPTER 4  
 
 
 

SIMULATION OF OPTICAL WAVEGUIDE DEVICES  
 
 
 
 

 The purpose of this portion of the thesis was to simulate some basic integrated 

optoelectronic components using GaN compounds as the device materials. Three basic 

structures were investigates, basic waveguides, 1x2 splitters and Mach-Zehnder 

Interferometers.  In the experimental section the fabrication of these devices will be 

discussed.  One advanced concept was investigated, an asymmetric waveguide coupler, the 

purpose of which was to investigate integrating GaN optical components together, but due to 

the complexity of the fabrication, this was only investigated via simulation.  

 

4.1    Y-Junction splitter 

 

 There are two basic splitter designs, the Y-junction and the S-shaped splitter, which is 

formed with the splitting arms following a cosine function1.  In this thesis we decided to use 

Y-branch splitters, primarily due to their simplicity and some advantages in cost in mask 

fabrication.  

 A Y-branch beam splitter is used to split an optical signal traveling through a 

waveguide.  The Y-junction splitter consists of an input, a transition region formed by an 
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adiabatic symmetrical taper and two monomode output waveguides which are sufficiently 

separated so that the coupling between them is negligible.  The splitting part of a Y-junction 

is called the splitting angle, which is determined by the limit of exposure tool in the 

photolithography process.  Different types of waveguide splitters have been reported such as 

the Y-branch beam splitter2, a tunable TE/TM polarization splitter3, 1-to-N way integrated 

beam splitters4, power splitter formed by tapered directional couplers5.  Different types of 

splitters have a variety of applications.  A single-mode symmetric 3 dB Y-junction splitter 

plays an important role in the integrated optics.  It can be used as the splitting region at the 

input and output ends of the Mach-Zehnder interferometer.  A Y-branch splitter can also be 

used as a biosensor6.       

 If we assume both of the input and outputs of the splitter confine a singe mode, then 

all powers of the single mode incident in the input waveguide should be launched into output 

of the waveguide with single mode wave.  This requires an adiabatic symmetrical transition 

region where the geometric variation with length occurs slowly.  Then no power is 

transferred between the local normal modes.   Otherwise, the power could be lost to 

reflection and radiation when the single mode travels through the Y-junction.  When the 

geometric transition occurs at a plane with a sharp geometry of transition, then the maximum 

power is transferred between the normal modes, which is called an abrupt power transfer7,8.  

The transition region design is critical.  It should be designed to keep radiation and reflection 

loss at a minimum.  In order to avoid too much power loss, interference, and reflection with 

unwanted modes, the main requirements for Y-branch design are small excess loss, small 

polarization dependence and small dimensions which depend on the material type and power 

splitting ratio9.  
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 When the single mode field launched at the input of the splitter, it can excite the 

symmetric and antisymmetric super modes in the slowly varying transition region. For the 

symmetric Y-junction, the optical powers of the two arms are equal.  If the splitter is an 

asymmetric design, unequal power splitting will occur.   

 An optical combiner is a splitter operated in a reverse direction.  If the supermodes 

propagate through the taper region, the antisymmetric super mode is radiated.  Fifty percent 

of input power is carried by the symmetric super mode when the output is designed as the 

single mode waveguide10.    

 In the next section, the Y-Splitter is used as part of the Mach-Zehnder interferometer. 

Simulation examples are given where the efficiency of the splitter is investigated as a 

function of angle. 

 

4.2   Mach-Zehnder interferometer 
 
 

 The electro-optical devices such as phase modulators, amplitude modulators and 

multiplexers have been developed for application in communications, sensing and signal 

processing11.  By applying an electric field on an electro-optical device, the refractive index 

changes can be linearly or quadratically proportional to the electric field.  They are called the 

linear electro-optic effect, and Kerr effect, respectively.  The change of the refractive index 

of the material will modulate some parameters of the light carriers such as phase, amplitude 

and frequency when they propagate through the materials.  If the crystals are not isotropic, 

such as LiNbO3, GaN and ZnO, the electro-optic changes vary with directions in the crystal.  
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Usually, the electric field is applied along the direction where the change of the refractive 

index is large. 

 GaN is a positive uniaxial crystal.  When an electric field is applied in a general 

direction to GaN, according to the linear optic effect, the refractive indices change can be 

given as12  
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where rij is the ijth element of the linear electro-optic tensor.  E1, E2 and E3 are the 

components of the applied electric field in the x, y and z directions.  Also, the matrix in the 

left-side of equation 4.1 corresponds to components of the symmetrical tensor 
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Since GaN has 6 mm point group symmetry, the electro-optic tensor can be written as 



 89

 



























000
00
00

00
00
00

51

42

33

23

13

r
r

r
r
r

       (4.3) 

Long, etc. measured the electro-optic coefficient of GaN13 at wavelength of 632.8 nm, which 

is given by 

 r13 = r31 =0.57*10-12 (m/V)      (4.4)  

          r33 = 1.91*10-12 (m/V)       (4.5)  

For an applied electric field along the c-axis, the indices of refraction of GaN are given by 
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For an applied electric field along x or y axis, the indices of refraction of GaN are given by 

  yx nn =  

      
2
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o −=          (4.7) 

When an electric field is applied along c-axis of GaN, since r33 is larger than r13 and r31, larger 

refractive index change in z direction will occur than an electric field applied along the x or y 

axis of the coordinate.   Based on this feature, a transverse electro-optic modulator can be 

designed shown in Fig. 4-1.  In this configuration, the electric field is applied along the c-axis 

of GaN, which is grown on c-plane sapphire.  The light propagates in the y direction.  For a 

dc voltage, the electric field is given by  

 
d
VE =            (4.8)  
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Figure 4-1. A transverse modulator has voltages applied perpendicular to the direction of light 

propagation.  

The induced phase shift is obtained as 
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From equation (4.9), we know the phase shift is proportional to the ratio of l/d and V.  For 

example, in order to obtain the phase shift of π, the applied voltage is given by 
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Equation 4.10 shows that the longer the interferometer arm, the smaller voltage is applied to 

get the phase shift of π if d is a constant.  
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 The ordinary and extraordinary refractive indices of GaN and AlxGa(1-x)N in the 

wavelength range from 450 nm to 633 nm can be obtained from the Cauchy dispersion 

formula14,15 given as follows:   
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+=  (4.11)   

Where xCCx oo 1)( +=λ        (4.12) 

 2
210 )( xBxBBxA o ++=        (4.13) 

For wavelength of 1.55 µm, the ordinary and extraordinary refractive indices of GaN and 

AlxGa1-xN are given by16 

 335.2735.0431.0 2 +−= xxno      (4.14)  

 02.00 += nne         (4.15) 

 By applying the linear electro-optical effect, electro-optic Mach-Zehnder rib 

waveguide interferometers shown in Fig. 4-2 are designed.   

 

 

Figure 4-2. Schematic view of GaN electro-optic Mach-Zehnder interferometer. 
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4.3    An example of simulation of a 1.5 µm Mach-Zehnder interferometer 

 

 The purpose of this section is to provide an example simulation of a Mach- Zehnder 

interferometer with a design wavelength of 1.5 µm.  From this investigation we can start to 

assess the viability of fabricating such devices.  For this design process, first single mode 

wavguides are designed and optimized to reduce loss from the deposition of electrodes. Then 

the Y-branch splitter is optimized for efficiency for a given length and spacing of 

interferometer arms.  Small angles, while potentially more efficient, for example, lead to very 

long devices which might have more loss, or be unrealistic due to crystal growth constraints.  

Finally using the electrooptic coefficients the necessary voltage to operate the device is found. 

Optical single-mode GaN rib waveguide at wavelength of 1.55 µm as the input and 

the output of the Mach-Zehnder interferometer is shown in Fig. 4-3.  It consists of GaN (1.7 

µm)/ Al0.25Ga0.75N(0.5 µm)/AlN(0.03 µm)/sapphire substrate.   
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Figure 4-3. The cross section view of the single mode GaN Mach-Zehnder interferometer 

structure at the input. 

 

 

Figure 4-4. The mode profile of the Mach-Zehnder interferometer at the input. 
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The mode profile is plotted by using BMP software and shown in Fig. 4-4.  As shown 

in Fig. 4-4, the mode is confined in the ridge region.  However, there is radiation loss from 

the top of the ridge.  When the metal electrode is deposited on the ridge and voltages are 

applied, the electric field will interact with the propagating optical signal and cause more loss. 

From design point view, an insulting buffer layer should be placed between the metal 

electrode and the underlying ridge waveguide.  By using the Mode program, the simulations 

are performed.  Without insulating buffer layer such as SiO2, the evanescent wave will 

penetrate into air as shown in Fig. 4-5 (a) and it would interact with the field applied on the 

metal electrode. This will cause more loss.        

 

                      (a)                                 (b) 
Figure 4-5. (a) The mode profile of the input of the Mach-Zehnder interferometer without SiO2 

buffer layer.  (b) The mode profile of the input of the Mach-Zehnder interferometer with 0.4 

µm buffer layer of SiO2.  
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With 0.4 µm of SiO2 or spin-on-glass as the insulating buffer layer, Fig. 4-5 (b) shows that 

the electric field penetrates into SiO2 instead of air.  The optical loss due to the electrode is 

reduced.   

 In order to obtain 3dB Y-branch couplers which divide and combine the light 

between the symmetric arms of the interferometer, the simulations that the length of the Y- 

branch (Ls) changes as a function of the half-splitting angle (a) shown in Fig. 4-6 are 

performed.   

 

 

Figure 4-6. The half-splitting angle of the Y-branch is defined. (note the difference in X and Z 

scales) 

 By monitoring the output power of the Y-branch, the length of the Y-branch can be 

determined. As shown in Fig. 4-7, with the half splitting angle changing from 0.3 to 0.6 
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degrees, which corresponds to the length of the Y-branch changes from 2642.86 µm to 

5299.8 µm, the output powers of one arm of the Y-branch are changed from 0.487 to 0.463 

mW if the input power is 1 mW.   Hence, with increasing the half-splitting angle, the output 

powers of the Y-branch splitter decrease.  Considering the limitation of the resolution of the 

photolithography and the device size, the length of the splitter is chosen as 2900 µm, which 

results in the half-splitting angle of 0.548 degrees.     

 

Figure 4-7. Output powers of one arm of the Y-branch splitter change as a function of the half 

splitting angle.   

 Also, the simulation for a Y-branch splitter with output separation distances of 125 

µm is performed.  The separations between two adjacent splitters are 250 µm. When the 

bending region changes from 200 µm to 9000 µm, the half splitter angle is 0.45 degrees.  

This simulation result is used to design splitter chips. 
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 In this design, the length of the interferometer arms is 3 mm.  For semiconductor 

waveguide modulators, the electric field is applied through a Schottky barrier to deplete the 

semiconductor.  Hence, in equation 4.10, the d corresponds to the depletion depth.  By 

depositing the Schottky barrier electrode on one of the interferometer arm with the length of 

3 mm, the arm constitutes an electro-optic modulator that allows modulation of the phase of 

the optical signal traveling through it when a voltage is applied on it.  When the two optical 

signals from the two arms are combined in the combiner, they can form constructive 

interference or destructive interference based on the phase difference.   

 Simulation is performed by using the BMP software of R-Soft Company.  First, 

without applied electric field, by launching the mode shown in Fig. 4-4 into the input of the 

waveguide, constructive interference is achieved at the output of the Mach-Zehnder 

interferometer as shown in Fig. 4-8.   The output power is close to the input power.    

  

Figure 4-8. The Mach-Zehnder interferometer with constructive interference at the output 

obtained without the applied voltage. 
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Considering the doped Al0.25Ga 0.75N as another electrode, the voltage of 18 V is applied 

vertically to the GaN layer.  The refractive index change profile is obtained by the simulation 

as shown in Fig. 4-9.  Compared to the mode profile shown in Fig. 4-4, the change of 

refractive index are relatively uniform where the mode is confined.  The refractive index 

change is 6.86x10-4.   

 

Figure 4-9. Refractive index change profile obtained with applied voltage of 18 V.   

 By changing the applied voltage from 0 V to 36 V and monitoring the output powers, 

at 18 V, the output power of the Mach-Zehnder interferometer is zero shown in Fig. 4-10.  

This means that the optical wave signals traveling through the two arms of the interferometer 

destructively interfere with each other with the phase difference of π/2.  The modulator is in 

the off state.  This result is consistent with the theoretical calculation if we assume there are 

no electrode losses and the piezoelectric field effect can be ignored.  Therefore, the working 

principle of the Mach-Zehnder interferometer is demonstrated.  
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Figure 4-10. Output powers of the Mach-Zehnder interferometer change with the applied 

voltages.  

 
 
 
4.4     Asymmetric twin-waveguide of GaN wide band-gap materials 
 
 
 

The asymmetric twin-waveguide structure (ATW) has been actively studied due to its 

important role in the monolithic integrated-optical circuits17.  It provides a uniform and 

versatile platform for photonic integrated circuits18.  It enables more efficient fiber-to-chip 

coupling and eliminates the regrowth requirement19, 20.  Fig. 4-11 shows the ATW structure.  
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Figure 4-11. The top view of the asymmetric twin-waveguide structure. 

It consists of a straight ridge waveguide forming a laser as the optical gain region, 

followed by vertically stacked active and passive waveguides grown in a single step as the 

power transferred region.  The light can vertically couple between the tapered active and 

underlying passive waveguides, which is similar to an asynchronous directional coupler.  The 

coupling occurs when the two waveguides can be phase-matched so that the power in the 

active waveguide can transfer to the passive waveguide.   With the width of the active 

waveguide decreasing along the propagation direction, when the effective index of the active 

waveguide is less than the passive waveguide, the phase matching condition can not be 

satisfied.   The transferred power from the active waveguide is confined in the passive 

waveguide.  To obtain the phase matching condition for the two waveguides, the width of the 

active waveguide is tapered slowly from a wide initial ridge width of Wai to a narrow final 

ridge width of Waf   to form adiabatic taper.   Similarly, the width of the passive waveguide is 
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tapered from Wpi to Wpf.   In order to confine the most of the power in the active waveguide at 

the beginning, Wai is chosen such that the active waveguide and the passive waveguide are 

off resonance.   

 The simulation and design of a good ATW structure can be investigated in two steps.  

First, the local modal properties of the ATW structure formed by tightly confining active 

guide and the large spot-size passive guide are investigated using the Mode program.  

Secondly, the variation of the local propagation constant and the field profiles with the taper 

width changing by using the beam propagation method software is evaluated.  

 The active waveguide consists of 10 intrinsic In0.15Ga0.85N quantum wells and 11 

intrinsic GaN barrier layers, with GaN guiding regions.  The passive waveguide consists of 

an intrinsic GaN layer as the core region, Al0.14Ga0.86N as the upper cladding layer, Cr 

diffused sapphire layer as the lower cladding layer.  The emission wavelength of the laser is 

420 nm.  The cross section view of the structure under consideration is shown in Fig. 2.  The 

upper surface of the undoped sapphire is defined as 0 µm in the y direction shown in Fig. 4-

12.  The different layers are labeled with different colors in Fig. 4-12, which represent the 

refractive indices of the layer divided by the refractive indices of the sapphire.    
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Figure 4-12. The image shows the cross section view of the laser portion of the asymmetric twin 

waveguide structure.  The color bar is the normalized refractive index.  

 The super mode amplitude profiles of the ATW structure were obtained by using 

mode program and shown in Fig. 4-13.  It shows different power ratios confined in the active 

and passive waveguide of the first supermode in the Fig. 4-13.  The main peak shown in Fig. 

4-13 is confined in the quantum well region indicated by the high refractive index.  Another 

peak with lower intensity is confined in the passive waveguide.  Due to the difference of 

refractive indices and thickness between the active and passive waveguides, the field 

distributions in the two waveguides are asymmetric.  The other two supermodes supported by 

the structure are shown in Fig. 4-14 (a) and Fig. 4-14 (b).  Most of the powers in Fig. 4-14 (a) 

and Fig. 4-14 (b) are confined in the passive waveguide.  

 The power ratios of the active waveguide to the passive waveguide can be adjusted by 

changing the thickness of the GaN layer of the passive waveguide or the numbers of the 

quantum wells and the barrier layers.   By changing the ridge width of the active waveguide 
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of ATW structure from Wai of 3 µm to Waf of 1.2 µm, the numbers of modes confined in the 

active waveguide of ATW structure changes from 3 to 1 by using the Mode program.    In 

order to achieve maximum power transfer from the active waveguide to the passive 

waveguide, a single mode confined in the active waveguide is preferred.  The reason is that 

the distribution of the power in the ATW structure is a linear superposition of the various 

eigenmodes.  Increasing the mode numbers means less power confined in the fundamental 

mode.   However, single mode structure design for short wavelength laser also puts 

restrictions on the lithography process.  In our design, 3 µm ridge width for the laser is 

chosen.   

 

Figure 4-13. The amplitude profile of the first super mode in the ATW structure changes with 

different layers.  
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                            (a)                             (b) 
Figure 4-14. (a) The amplitude profile of the second super mode in the ATW structure change 

with different layer thickness. (b) The amplitude profile of the third super mode in the ATW 

structure change with the thicknesses of layers.  

 
Commercial 3-D beam propagation method (BPM) software was used to analyze the 

beam propagation and thus design the taper length and the shape.   By using the same layer 

thicknesses and refractive indices of the structure obtained from the mode program, the mode 

contour profiles were obtained by using BPM.   Mesh discretization of 0.001 µm in the Y 

direction was used for the eigenmode calculation, which should be less than the thickness of 

one quantum well.   The first super mode contour profile is shown in Fig. 4-15, which is 

consistent with the one obtained by using the Mode program.  The color bar indicates the 

normalized electric field intensities.   From the simulation, the effective index of 2.46321 of 

mode00 is obtained. 
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Figure 4-15. The cross section view of the first supermode profile obtained from the BPM.    
 
 In order to determine the range of the width of the active and the passive waveguide 

so that the phase matching condition can be satisfied, simulations of the beam propagation 

were performed.  By launching Gaussian beam to the active and passive waveguides 

separately, the effective indices of the fundamental modes of the active and passive 

waveguide change with the width were calculated and shown in Fig. 4-16 and Fig. 4-17.  The 

effective indices decrease with the width of the two tapered waveguides decreasing.  For the 

active waveguide, the width of the active waveguide was scanned from 4 µm to 0.5 µm with 

a step size of 0.05 µm shown in Fig. 4-16.  It is apparent that there is a rapid change in the 

characteristics of the fundamental mode of the structure when the active waveguide width 

approaches a critical value at 1.8 µm.  The effective index is dropped from the 2.4975 to 

2.423.  From the point of view of design, it is clear that the rate of change of the taper profile 

must be very slow around of the critical width of the active waveguide in order to prevent the 
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transferring of the power of the fundamental mode into the higher order modes and avoid 

radiation loss.  This requires an accurately defined pattern and a well controlled etching 

process.   

 

Figure 4-16. Effective refractive indices change as a function of the width of the active  
 
waveguide.  
 
  For the passive waveguide, the refractive index changes gradually from 2.45375 to 

2.45185 as shown in Fig. 4-17.  Compared to the width change of the active waveguide, at a 

width of 1.6 µm, the effective indices of both of the active and the passive waveguides are 

equal.  It means the phase-matching condition can be satisfied.  Power from the active 

waveguide can be transferred to the passive waveguide.  
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Figure 4-17. Effective refractive indices change as a function of the width of the passive 

waveguide. 

 

 

Figure 4-18. Powers transfer from the active waveguide to the passive waveguide along the 

propagation direction. 
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 Using the mode profile shown in Fig. 4-15 as the input, these simulations of the mode 

propagation along the z direction were carried out.  The results show the power transfer along 

the propagation direction.  For this ATW structure, the length of the active waveguide is 

determined as 448 µm, and the width changes from Wai of 3 µm to Waf of 0.6 µm.  The length 

of the passive waveguide is 460 µm, and the width changes from Wpi of 8 µm to Wpf of 3 µm. 

The tapered active and passive waveguide changes with width exponentially. They have less 

loss than linear tapers.  In Fig. 4-18, the red, blue and green lines represent the total power, 

the power confined in the active waveguide and the power in the passive waveguide 

respectively.  It shows the relative light intensity distribution as a function of the propagation 

distance.  It also indicates that the power transfer from the top waveguide to the lower 

waveguide due to the effective indices of the two waveguides matched.    When the effective 

index of the tapered active waveguide is less than the passive waveguide, the mode is locked 

in the passive waveguide due to the effective indices of the active waveguide less than the 

passive waveguide.  As shown in Fig. 4-18, at x=0.8 µm, z=400 µm, 97% of the power of 

mode00 is confined in the passive waveguide.   

The power transfer process also can be viewed through the cross view of the contour 

map of the mode propagating along the z direction.  At the beginning of the ATW where z is 

equal to 0 µm, most power of mode 00 is confined in the top of the waveguide as shown in 

Fig. 4-19.  The strong field indicated as red color locates at the quantum well region. 
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Figure 4-19. Cross section view of the contour map of the mode 00 at z=0 µm.  

With propagation distance increasing, the effective indices of active and passive 

waveguides decrease, when the effective indices of both waveguide are matched.  The 

powers in the active waveguide couple into the passive waveguide as shown in Fig. 4-20.  At 

Z=350 µm, close to 80% of the power of mode00 in the active waveguide is transferred to the 

passive waveguide.   
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Figure 4-20. Cross section view of the contour map of the power transferred from the active 

waveguide to the passive waveguide at z=350 µm.  

               At the end of the active waveguide, Z=460 µm, the mode power is confined in the 

passive waveguide as shown in Fig. 4-21.   Also, there is radiation loss shown in Fig. 4-21.   

Absorption and scattering losses are not taken into consideration in this simulation.  The 

power transfers from the active waveguide to the passive waveguide.  
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Figure 4-21. Cross section view of the contour map of the power confined in the passive 

waveguide at z=460 µm.  

 

4.5     Mask layout 

 

          Based on the simulation results, the mask layout of the basic waveguides, 1x2 GaN 

splitters, Mach-Zehnder interferometers and asymmetric twin waveguide (ATW) structures 

were carried out by using R-Soft and L-Edit with the consideration of  the light field mask 

and negative photo-resist processing features.  In this section, we will primarily introduce the 

mask layout of 1x2 GaN splitters and Mach-Zehnder interferometers.  For the ATW 

structures, the mask layout layers include the ridge etching for the GaN and In0.15Ga0.85N 

laser, top taper etching, n-contact etching, passive waveguide etching, p-contact metallization 

and n-contact metallization.  Since the width of the top taper at the end is 0.6 µm, and the 

resolution of the Vernier alignment marker is 0.1 µm, these are difficult to achieve by using 
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Karl Suss contact aligner.  Also, the mask design of the ATW structures is relatively 

complicated. We will not go through the details in this section.     

   

             4.5.1.   Mask layout of the 1x2 GaN splitters 

 

The mask layout of the 1x2 GaN splitters in term of negative photo-resist processing 

feature, which is that the unexposed areas of resist will be dissolved during development, is 

shown in Fig. 4-22.  BCl3 plasma was used for the rib etching.  Before the rib etching, Nickel 

(Ni) was deposited as the mask for GaN etching. There are some waveguide structures on the 

chip as testing. The total lengths of the 1x2 GaN splitters are 10 mm.  Both the input and 

output of the 1x2 GaN splitters are aligned so that the polishing and light coupling can be 

performed easily.  The distances between outputs of a 1x2 GaN splitter is 125 µm.  The 

distances between two adjacent 1x2 GaN splitters at the output are 250 µm.         
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Figure 4-22. Mask layout of the 1x2 GaN splitters.   

 

 4.5.2.  Mask layout of Mach-Zehnder interferometers 

 

           After the device simulation, the details of processing flow for the Mach-Zehnder 

interferometer were considered.  The first step of the process is the ridge etching by using 

BCl3, which is shown in Fig. 4-23 (a). The second step is depositing SiO2 buffer layer for the 

metal electrode shown in Fig. 4-23 (b).  The third step is Ohmic contact etching shown in Fig. 
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4-23(c). The fourth step is Schottky contact deposition shown in Fig. 4-23 (d).  The final step 

is Ohmic contact deposition shown in Fig. 4-23 (e). 

    

 
                    

   
                        (a) 

      
                      

 
                        (b)                                    
 
 

 

       
                        (c)      
 
 

 

 
                          (d) 
 

 
                      

 
                        (e) 

 

Figure 4-23 Cross section view of the processing flow of the Mach-Zehnder interferometers (a) 

ridge etching by BCl3, (b) depositing SiO2 as the buffer layer for the metal electrode, (c) Ohmic 

contact etching, (d)Schottky contact deposition, (e) Ohmic contact deposition. 

This mask layout was performed by using R-Soft and L-Edit.  As shown in Fig. 4-24, 

the total length of the Mach-Zehnder interferometer is 10 mm. All the inputs and outputs of 

the Mach-Zehnder interferometers are aligned based on the consideration of polishing and 

light coupling issues.  The arm lengths of the Mach-Zehnder interferometers are 3 mm and 1 
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mm, respectively.  Fig. 4-25 shows the layout of the SiO2 buffer layer. The layout of the 

metal electrodes of Mach-Zehnder interferometers are shown in Fig. 4-26.  Also, for the 

layout of metal electrodes, some are for applying electric field vertically, some for in-plane 

electric field.  There are Mach-Zehnder interferometers without electrodes for testing.  The 

color codes and alignment marks of different layers for the layout were changed or added in 

L-Edit layout software.     

 

Figure 4-24. Mask layout of ridge etching of Mach-Zehnder interferometers by using R-Soft 

software.  
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Figure 4-25. Mask layout of SiO2 buffer layer for Mach-Zehnder interferometers.  
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Figure 4-26. Mask layout of metal electrodes for Mach-Zehnder interferometers.  

 In summary, with the understanding the working principles and critical design issues 

of the 1x2 GaN splitters, Mach-Zehnder interferometers and ATW structures, the simulations 

were performed by using R-Soft.  The half slitter angle for the 3 dB splitter with length of 

2900 µm used in Mach-Zehnder interferometers is 0.548 degrees.  Furthermore, the Mach-

Zehnder interferometer with the arm length of 3 mm and a vertical field modulation can be 

turned off by applying voltages of 18 V.  For the ATW design, using 10 intrinsic 

In0.15Ga0.85N quantum wells and 11 intrinsic GaN barrier layers as the active waveguide, GaN 

as the passive waveguide, the dimensions of the top taper and lower passive waveguide taper 

were determined.  The width changes for the top taper and the lower taper are 3 µm to 0.6 µm, 

8 µm to 3 µm, respectively.  97% of power of the mode00 is transferred to the passive 

waveguide for the ridge width of 3 µm.  Also, based on the simulation results, mask layout of 
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the GaN waveguides, 3 dB splitters, Mach-Zehnder interferometers and ATW structures are 

discussed.      
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CHAPTER 5 

 

CHACTERIZATION AND LIGHT COUPLING INTO 

GALLIUM NITRIDE WAVEGUIDE DEVICES 

 

 

5.1  Materials growth and fabrication  

  

 The metal-organic chemical vapor deposition (MOCVD) technique was used to grow 

GaN materials.  Then GaN waveguides, 1x2 splitters and Mach-Zehnder interferometers 

were fabricated.  Two types of GaN samples were grown on c-plane sapphires.  First, for 

GaN material growth, a low-temperature AlN buffer layer with thickness of 0.3 µm was 

grown on c-plane sapphire followed by the growth of 2 µm thick GaN layer.  Second, for the 

GaN materials with AlxGa1-xN as the lower cladding layer growth, a low-temperature AlN 

buffer layer with thickness of 0.3 µm was grown on c-plane sapphire followed by 0.5 µm of 

Al0.25Ga 0.75N or Al0.3Ga 0.7N doped with Si, then 2 µm of intrinsic GaN grown on top of 

Al0.25Ga 0.75N or Al0.3Ga 0.7N.  These AlxGa1-xN layers also can serve as the n-electrode. Then 

GaN waveguides, 1x2 splitters and Mach-Zehnder interferometers with ridge width of 1.5 

µm, 2 µm and 3 µm were patterned by using photolithography.   

 The Karl Suss MA-6 contact aligner system was used for photolithography. The 

reactive ion etching (RIE) method was applied to etch the ridge of the GaN waveguide 
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devices.  The chamber pressure was maintained at 15 mTorr during the etching.  The DC 

voltage was maintained at 310 V.  GaN materials were etched in Boron trichloride (BCl3) 

plasma, and high volatility etching product GaCl3 was formed.  The etching rate of GaN is 

19.2 nm per minute.  During the etching, nickel (Ni) was used as the mask.  The etching rate 

of Ni is 2.7 nm per minute.  

 After dry etching, the two end faces of input and output of the device chips were 

polished by using TEM preparation technique.  During the polishing, the sample is always 

perpendicular to the spinning wheel rotation direction.  Only the wheel rotated during the 

polishing, the sample mounted in the sample holder shouldn’t be rotated.  In order to avoid 

the chip-off problem, the GaN film side was covered with wax.  Different types of diamond 

films were used for polishing in this experiment, which are listed in table 1.  As shown in 

table 1, with the grain sizes of the diamond film decrease, the spin rates decrease.  Also, the 

minimum thickness needs to be polished away, which are caused by using last diamond film 

scratch, are listed in table 1.  An optical microscope was used to check the smoothness of the 

end face.  During the polishing, the two end faces related to inputs and outputs of the devices 

on the chip need be parallel to each other, perpendicular to the devices so that the laser light 

can be coupled into the devices with high coupling efficiency, less reflection at inputs and 

outputs of the devices.  Also, the two parallel end faces insure that the laser light traveling in 

the splitter have same phases at outputs.  Therefore, polishing is essential for the laser light 

coupling.          
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Diamond films (µm) 30 15 6 3 1 0.5 

Spin rate (rpm) 80 50 40 30 20 15 

Minimum thicknesses  
polished away (µm) 

 100 40  28 19 12 

Table 5.1 Parameters used for polishing the two end faces of the sample.    

 

5.2  Materials and devices characterization 

  

As-grown GaN and GaN with AlxGa1-xN as the lower cladding layer grown on double 

side polished c-plane sapphire were first characterized by cathodoluminescence (CL).  Fig. 5-

1(a) shows CL spectrum of GaN material.  The characteristic bandedge emission of GaN 

material at 364 nm is shown in Fig. 5-1(a).   The yellow luminescence peak at 560 nm is 

hardly seen compared to GaN bandedge emission peak.  Then the optical transmission 

measurement was carried out.  As shown in Fig. 5-1(b), the GaN materials with sapphire as 

the lower cladding layer has higher transmission percentage, clearer interference fringes than 

GaN with Al0.25Ga0.75N or Al0.30Ga0.70N doped with silicon as the lower cladding layer.   
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                                (a)                              (b) 
Figure 5-1. (a) Cathodoluminescence spectrum of GaN materials. (b) Optical transmission 

spectra of GaN materials with Al0.25Ga0.75N and Al0.3Ga0.7N materials as the lower cladding.  

 

 The film thickness and refractive indices of GaN grown on sapphire, GaN grown on 

Al0.25Ga0.75N or Al0.3Ga0.7N materials at wavelength of 632.8 nm for TE polarized light were 

measured by using prism coupling technique.  As shown in Fig. 5-2, the dips in the 

reflectivity curves represent TE modes confined in the GaN waveguide.  The film thickness 

and ordinary refractive indices of GaN, GaN-Al0.25Ga0.75N and GaN- Al0.3Ga0.7N are listed in 

Table 5-2.  High accuracy of the measured thin film thickness and refractive indices provide 

important information for waveguide devices design and fabrication. 
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Figure 5-2. Reflectivity changes as a function of incident angles. 

 

Sample Thickness (µm) Refractive index (no) 

GaN 2.1377 2.3538 

GaN-Al0.25Ga0.75N 2.0085 2.3530 

GaN- Al0.3Ga0.7N 2.0458 2.3531 

Table 5-2. Refractive indices and the film thickness measured by prism coupling system. 

 In order to characterize the surface morphology of the GaN materials after etching, 

AFM operated in the tapping mode was used to study the surface smoothness of GaN 

samples before and after etching.  The AFM images in the scan size of 5 µm by 5 µm are 

shown in Fig. 5-3(a) and (b).  The root mean square (RMS) of surface roughness of the as-

grown intrinsic GaN is 0.56 nm.  The surface is very smooth as shown in Fig. 5-3(a).  After 

etching, the RMS value of GaN is 1.94 nm.  There are pits formed during the plasma etching 

due to ion bombardments as shown in Fig. 5-3(b) and Fig. 5-4.  The formation of the pits is 

thought to be preferential etching of material around defects, but was not studied in detail.  
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This is one area of concern since increasing roughness implies more scattering losses in the 

waveguide. 

 

 
Figure 5-3. (a) 5 µm by 5 µm scan of as-grown GaN (b) 5 µm by 5 µm scan of GaN after dry 

etching. 

 
Also, the ridge profile of the GaN waveguide was studied by using the tapping mode AFM 

scan.   As shown in Fig. 5-3, the side wall of the ridge is slightly corrugated due to the 

columnar nature of GaN growth.  This ridge height obtained from Fig. 5-4 is 1.68 µm. 

(a)

(b)
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Figure 5-4. An AFM image of the ridge profile of GaN waveguide in scan size of 20 µm by 20 

µm.   

 Fig. 5-5 shows the cross section view SEM image with magnification of 6500x at the 

input of the GaN waveguide.  Based on the SEM image, we calculated that the ridge height 

of this waveguide is 1.583 µm. The slab layer height is 0.52 µm.  The side wall angle relative 

to the horizontal line is 69 degrees.  Also, the smooth end face of the input of the GaN 

waveguide indicates that the polishing is good, which is essential to the light coupling of the 

waveguide devices.  A rough end face could cause light scattering so that the coupling 

efficiency is lowered.  The measurement of the sidewall angle is also interesting since the 

calculations were performed for vertical sidewalls. 
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Figure 5-5. A cross section view SEM image at the input of GaN waveguide.  

 
 The splitting regions of the 1x2 GaN splitters and Mach-Zehnder interferometers 

were also characterized by using SEM.  Fig. 5-6 shows a clear SEM image of the GaN 

splitter with magnification of 3300x.  It indicates that two splitting branches of GaN splitter 

are symmetric.  This will limit the antisymmetric modes and insure that the power is split 

equally when the correct wavelength of light is coupled into the splitter.  Fig. 5-7 shows the 

gradual transition from the input to the two splitting branches of the GaN splitter.   When 

light propagates in the waveguide, the power losses due to the sharp transition of the splitter 

can be minimized.   Also, based on the SEM image, the calculated half splitting angle of the 

splitter is 0.45 degrees, which is consistent with the design of the 1x2 GaN splitters. 
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Figure 5-6. A SEM image of the GaN splitter. 
 
 

 
Figure 5-7. A SEM image of the transition region of the GaN splitter. 
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5.3  Coupling system design  

  
 In this section the design and fabrication of a novel optical coupling system for small 

mode diameter, high numerical aperture waveguides are demonstrated.  

Efficient coupling of light from a single mode fiber to a small dimension of 

waveguide is challenging.  To achieve optimum coupling efficiency, the phase and amplitude 

distribution of the fiber and the waveguide modes need to be matched.  This can be 

accomplished in several different ways as listed below. 

• A short focal length lens or microscope objectives 

• A spherical  ball lens (usually in conjunction with a cleaved optical fiber) 

• A cleaved optical fiber ( if the dimensions and numerical aperture of the 

waveguide are compatible) 

• A tapered, or otherwise lensed optical fiber 

• A graded index lens  and cleaved optical fiber 

• Use of diffractive optics or other types of microlenses 

Each of the above can have significant disadvantages.  In this thesis we develop a relatively 

economical and simple fiber ball lens and spherical ball lens combination. That is suitable for 

high numerical aperture, small dimension waveguides.  

One can use standard lenses, and microscope objectives to couple the light into the 

waveguide, but these systems are cumbersome to work with, and often have the disadvantage 

that the laser is fixed to the table, thus only the waveguide can be moved in relation to the 

lenses and not vice versa.  This makes the alignment substantially more difficult.  The 

coupling efficiency of these systems can also be low if not carefully optimized.  For 

packaging considerations it is also advantageous to have a fiber coupled system.  
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As an alternative to large lenses, and microscope objectives ball lenses can also be 

used.  The ball lens, typically a sphere 1 to 2 mm in diameter and made of glass or sapphire, 

is also one of the simplest and most economical microlenses.  It is widely used in 

telecommunications components.  However, the focus of the ball lens is very close to the 

edge of the waveguide, and the aberrations can be significant.  This can be reduced if a 

cleaved optical fiber is used as the input optical element for the ball lens.  This reduces 

aberration, by limiting the entrance aperture to the ball lens to less than the ball radius. 

However one does have to consider the divergence of the beam after leaving the fiber.  In a 

manufacturing environment where packaged assemblies can be reliably made the cleaved 

fiber and ball lens is very useful, but for experimental work the tight dimensional 

requirements make this impractical. 

The cleaved optical fiber approach is simple and especially suitable when using glass 

waveguides with relatively large dimensions.  However, they require the use of a coupling 

gel, and in our case the diameters of our waveguides are smaller than the core of standard 

telecommunications fiber (8 to 10 µm core diameter) and even smaller than the core of single 

mode 632.8 nm fiber which is about 4.5 µm.  Thus this approach was difficult and not 

seriously pursued. 

However, if the fiber mode field diameter is larger than the waveguide, microlenses 

and tapered fibers can be used to improve the coupling efficiency.  Microlenses are attractive 

due to compactness, ease of fabrication and they can have higher coupling efficiency.  They 

can be fabricated on the ends of the single mode fiber by photolithography1, by dipping a 

tapped fiber into molten glass2 and arc discharge3.  Typically the focal length of these 

systems is very short.  This requires very close distances between the fiber tip and the face of 
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the waveguide, and user errors can lead to breaking the fiber.  Also it can be hard to find the 

position of the waveguide.  

One can also construct optical systems with more than one single lens element.  

These systems typically require attention to the alignment issue and reduce the aberrations. 

The principle difficulty in these types of systems is the manufacture of the system.  Some are 

simpler than others, for example a cleaved fiber with an appropriate graded index fiber is 

relatively simple and has the advantage of being cylindrically symmetric which aids 

manufacture.  However graded index lenses can be relatively expensive especially if ordered 

in small quantity.  The working distance may also be shorter than what is desired. 

   In this thesis, we develop a novel micro-optical system with which to couple the 

light into the waveguide devices. The principle advantage of this system is that allows up to 

about a 2 mm working distance with a spot diameter of approximately 2 µm.  

 In this study, the lensed fibers are fabricated by the arc discharge method.  The 

coupling system consists of a lensed fiber and a ball lens, which are mounted on a metal plate 

bench as shown in Fig. 5-8.  The ball lens with diameter of 2 mm is made of BK7.  A ray 

matrix analysis and R-Soft simulation are presented to select the fiber-lens parameters and 

characterize the fiber-lens system.   

 

Figure 5-8.  A coupling system consisting of a lensed fiber and a ball lens, where p0 is the input 

plane located at the beam waist of the lensed fiber, P1 is the output plane.  
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 The metal bench was made of titanium strip with thickness of 0.8 mm.  Alpha quartz 

materials with thickness of 1mm were used for the substrate of V-grooves. To accommodate 

the spherical ball lens with diameter of 2 mm, a 1.1 mm in diameter of drill was used to drill 

the hole in Machineshop.  In order to successfully align the fiber with the ball lens, first, two 

manipulators used to hold two commercial metal V-grooves shown in Fig. 5-9 need be 

aligned.  Then the lensed fiber was aligned into the metal V-groove, the V-groove made of 

alpha quartz was located on another metal V-groove in a fixed position.  The far field pattern 

of the laser light propagating through the fiber was checked to insure the laser light 

propagating straight.  Then manipulators were used to align the lensed fiber into the V-

groove made of alpha quartz.  At same time, the far filed pattern of the laser light 

propagating through the lensed fiber in the V-groove made of alpha quartz shouldn’t be 

changed.  Using the small amount of low viscosity glue such as DURO super glue, the lensed 

fiber was glued into the V-groove made of alpha quartz.  If using high viscosity glue, the 

weight of the glue during curing could shift the lensed fiber position.  After the glue had 

cured, the lensed fiber in the V-groove made of alpha quartz was aligned with the 2 mm in 

diameter ball lens sitting on the metal plate so that the laser light propagated through the 

center of the ball lens without any tilt.  Again, the far filed pattern and the beam path of the 

laser light were examined.  Finally, using the epoxy with medium viscosity, the V-groove 

made of alpha quartz was glued on the metal plates shown in Fig. 5-10.   The epoxy usually 

consists of the resin and hardener two parts.  It can be cured after several minutes.             
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Figure 5-9. This set up is used to align the lensed fiber and the ball lens.   

 

 

Figure 5-10. Lensed fiber is aligned with the ball lens.  
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 The single mode fiber at wavelength of 0.6328 µm with mode field in diameter of 4.5 

µm and numerical aperture of 0.12 was used for coupling.  The beam waist radius of the fiber 

can be approximated by  

)879.2619.165.0( 65.10 VV
aw ++=         (5.1) 

Where a is the core radius. The term V is defined by  

  2
2

2
1

2 nnaV −=
λ
π        (5.2) 

whereλ is the free space wavelength, n1 and n2 are the core and cladding refractive indices, 

respectively.   

 As an alterative to the lensed single mode optical fiber where the core extends 

through out the lens, a coreless fiber was also fusion-spliced to a single mode fiber and then 

lensed. This allows the mode of the single mode fiber to expand through the coreless region. 

 By using a fusion splicer made by SUMITOMO electric company, the lensed fibers 

were fabricated at the flat end of fibers shown in Fig.5-11(a).  The core dimension is not in 

scale compared to the cladding layer due to the imaging artifact introduced by the curvature 

of the fiber.  The image of the same fiber-lens immersed in refractive index matching fluid 

was taken under a microscope is shown in Fig. 5-11(b), which was out of focus so that the 

core of the fiber can be shown clearly. While the absolute size of the fiber can not be 

obtained directly from the image, the ratio of the features can be preserved, so by using the 

size of the original core which is known to high accuracy, the dimension modified core can 

be obtained.   By varying the discharging time, different lensed-fibers with different radii of 

the cladding and the core of lens were fabricated.   
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                            (a)                                         (b) 
Figure 5-11.  (a) An image of a lensed-fiber was taken by using a SUMITOMO splicer.  (b) A 

microscopy image of the lensed-fiber immersed in the refractive index matching fluid.  

An example of using a coreless fiber spliced to the single mode fiber and then cleaved 

to a length of about 500 µm is shown in Fig. 5-12 (a), then using arc discharge feature, the 

coreless lensed fiber was formed shown in Fig. 5-12 (b).  The image was taken out of focus 

when the lensed fiber was immersed in the matching fluid to obtain better contrast between 

the core and the cladding.  
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                                   (a)                         (b) 
Figure 5-12. (a) A single mode fiber had spliced with a coreless fiber together, they were 

immersed in the refractive index matching fluid, which was taken out of focus, (b) an image of 

the coreless fiber immersed in the refractive index matching fluid.  

 The quality of the lensed fiber was first studied by coupling the laser light at 632.8 

nm into the lensed fiber and imaging the far field pattern of the laser light at 5 and 10 inches 

away from the tip of the lensed fiber, which are shown in Fig. 5-13.    As shown in Fig. 5-13 

(a) and (b), the images of the far field pattern of the lensed fiber formed by the single mode 

fiber have round shape.  It indicates the Gaussian beam is lack of distortion.  Fig 5-14 (a) and 

(b) show the far field pattern of the laser beam at 632.8 nm propagating through the lensed 

fiber formed by the coreless fiber directly spliced to the single mode fiber.  As shown in Fig. 

5-14 (b), the spot size of the Gaussian beam focused by the coreless lensed fiber is larger 

than the one focused by the single mode lensed fiber at 10 inches away from the tip of the 

lensed fiber, which indicates that they have different focusing features.  Fig. 5-15 (a) shows 

the far field pattern of the laser light propagating through the coreless lensed fiber connected 

with 1 mm long straight coreless fiber was fused to the single mode fiber, which is shown in 
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Fig. 5-15 (b).  The relatively long length of the fiber, allows the mode to expand and fill the 

fiber. The mode can then undergo total internal reflection at the fiber/ air interface. Note that 

even if the length of the fiber is short enough that total internal reflection doesn’t occur, the 

large expansion of the beam also fills the fiber ball lens and can also lead to significant 

aberrations. Obviously the combination of interference and aberration is not optimal for 

efficient coupling. 

  

                                 (a)                                   (b)  
Figure 5-13. The far field pattern of the laser light at a wavelength of 632.8 nm propagates 

through the lensed fiber formed by the single mode fiber (a) at 5 inches away from the tip of the 

lensed fiber, (b) at 10 inches away from the tip of the lensed fiber. 
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                                (a)                               (b) 
 Figure 5-14. The far field pattern of the laser light at a wavelength of 632.8 nm propagates 

through the lensed fiber formed by the coreless fiber (a) at 5 inches away from the tip of the 

lensed fiber (b) the coreless fiber at 10 inches away from the tip of the lensed fiber.  

 

                                (a)                                  (b) 
Figure 5-15. (a) The far field pattern of the laser light at a wavelength of 632.8 nm  propagates 

through the lensed fiber formed by a coreless lensed fiber connected to a straight coreless fiber 

with length of 1 mm fused to a single mode fiber.  (b) Schematic view of the coreless lensed fiber 

was fused to the coreless fiber connected to the single mode fiber.      
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 The propagation characteristics of the laser light at a wavelength of 632.8 nm  

through the lensed fiber and focusing feature were studied by using BPM of R-Soft.   The 

dimensions of the lensed fiber were measured based on Fig. 5-11 (b) and 5-12 (b) with the 

cladding diameter of 125 µm and core diameter of 4.5 µm as the references.   We got that r1 

is 88.45 µm, l1 is 90.16 µm and r2 is 3.1 µm.  As shown in Fig. 5-16 (a), the fundamental 

mode of the fiber propagates through the single mode fiber.  Fig. 5-16 (b) shows that the 

mode profile of the laser light propagates through the deformed region of the lensed fiber 

which has different diameters than the single mode fiber shown in Fig. 5-11 (b).  Multi-

modes are formed due to the core diameters change caused by heating expansion during the 

lens formation.  Fig. 5-16 (c) shows mode profile at the end of the lensed fiber.  Due to the 

tapered core at the end of the core region shown in Fig. 5-11 (b), the quasi-single mode still 

can be obtained.  There is spherical aberration.  When mode propagates further, quasi-single 

mode feature is maintained and shown in Fig. 5-16 (d).    
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Figure 5-16.  Mode profiles of laser light  at a wavelength of 632.8 nm  traveling through the 

single mode lensed fiber in (a) the single mode fiber region, (b) in the deformed lensed fiber 

region, (c) at the end of the lensed fiber, (d) at 114.4 µm away from the tip of the lensed fiber.     

 When laser light travels into the lensed fiber formed by the coreless fiber as shown in 

Fig. 5-17 (b), the gaussian beam expends symmetrically without deformation.  At the end of 

the lensed fiber shown in Fig. 5-17 (c), the single mode profile is maintained with less 

intensity and spherical aberration.  Fig. 5-17 (d) shows that beam propagates further.   
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Figure 5-17.  Mode profiles of the laser light at the wavelength of 632.8 nm travels through the 

coreless lensed fiber in (a) the single mode fiber region (b) the coreless lensed fiber region (c) at 

the tip of the lensed fiber (d) at further away distances from the tip of the lensed fiber.     

 By knowing the spot sizes at different locations for the single mode lensed fiber and 

the coreless lensed fiber, which are listed in table 5-3, the beam waists and locations of the 

beam waist were calculated based on the formula: 

  5.02

0

0 ])(1[)(
z
zwzw +=        (5.4) 
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Where z0 is given by  

 λ
π20

0
w

z =         (5.5) 

 
  

Spot size 
at Z (µm) 

Spot size at 
Z+∆Z (µm) 

Beam waist 
(µm) 

Z0 with respect to the tip 
of lensed fiber (µm) 

Single mode 
 lensed fiber 

12.8  16.5  
(∆Z=114.4 µm) 

1.615 49.61 

Coreless  
lensed fiber 

10.16 26.5  
(∆Z=228.8 µm) 

2.666 57.19 

Table 5-3. Beam spot sizes at different locations for the single mode lensed fiber and the 

coreless lensed fiber.    

 As listed in table 5-3, the beam waist of the single mode lensed fiber is smaller than 

the coreless lensed fiber.  The simulation results are closely matched with the calculation by 

using data obtained from measured spot sizes of the far field pattern of the lensed fiber and 

the coreless fiber.  Also, by using the coreless lensed fiber, the working distance (Z0) increase.  

The coupling system design between the lensed fiber through the ball lens to the waveguide 

structure shown in Fig. 5-18 is established by using the theory of Gaussian beam propagation. 
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Figure 5-18. Propagation of the Gaussian beam through a ball lens.  The dimensions of the ball 

lens and the fiber are not in scale. 

The transformation of the Gaussian beam by an optical system can be evaluated by the 

(ABCD) matrix theory.   The optical system is described by its (ABCD) matrix.  The 

application of the ABCD matrix theory will only give correct results for paraxial rays.  Ray 

matrix of ABCD and overlap integral method give a general design for the coupling system.  

If R(Z) is the radius of the curvature of the Gaussian beam and W(z) is the radius of the beam, 

the complex beam parameter q(z) is given by  

nzW
i

zRzq )()(
1

)(
1 0

π
λ

−=        (5.6)   

where 0λ is the free space wavelength and n is the refractive index of the medium. The 

transformation of q(z) from an input plane to an output plane is given by  

DCq
BAq

q
+
+

=
0

0
1         (5.7) 

where q0 and q1 are the complex beam parameters in the input and output planes.  The input 

plane labeled as P0 shown in Fig. 5-16 is defined at the beam waist of the lensed fiber.  The 
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output plane labeled as P1 is located at the beam waist focused by the ball lens.  The terms A, 

B, C and D are the elements of the ray matrix related to the ray parameters of the input and 

output planes.   

 From equation (5.7), we can get 
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 Based on equations of (5.6) and (5.8), we can obtain 
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 Equating the imaginary part of equation (5.9), the final waist size is given 
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 By equating the real part of equation (5.10) and using the condition ∞→10 , RR at the 

beam waist, we can get  
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When w0 is known, in order to obtain the final radius of the beam waist and the beam waist 

position, the A, B, C and D matrices elements need be determined from the product of the 

matrices describing each transformation between the input and the output planes.  

The matrix’s elements can be obtained as follows:  

If the transfer matrix between the beam waist of the lensed fiber and the ball lens is  
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M1

1

0

x

1        (5.12) 

The matrix for the ball lens is given by 

    

          (5.13) 

where Rb is the radius of the BK7 ball lens, the refractive index of BK7 is 1.5126.  

Also, the transfer matrix between the ball lens and the waveguide is  

 
M3

1

0

Zw

1                 (5.14) 

Then the ray matrices for the system is obtained as  

 
Mf M3 . M2 . M1                  (5.15) 

Mf
A

C

B

D                  

Combining equations (5.10), (5.11) and (5.15), we can determine the beam waist and the 

final beam waist position of Zw, which is the distance between the ball lens and the 

waveguide.  By optimizing the distance between the beam waist of the lensed-fiber and the 

ball lens of x shown in Fig 5-16, we can obtain the final spot size of the Gaussian beam to 

match the mode field of the waveguide and optimize the coupling efficiency.  For example, 

in order to obtain beam waist of 0.82 µm focused by the BK7 ball lens, the calculation of x 

and z are listed for the single mode lensed fiber and the coreless lensed fiber based on the 

above simulation results and matrix calculation. 
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Lensed fiber Ball lens   
|X|( µm) 

Diameter of 2mm 
Z(µm) 

Ball lens 
|X| (µm) 

Diameter of 1mm 
Z (µm) 

Beam waist 
(µm) 

Single mode 1781 55.1 890.6 27.6 0.82 

Coreless  3392 306.6 1695 153.3 0.82 

Table 5-4. Design parameters of the coupling system with the BK7 ball lens based on the 

simulation results and the matrix calculation.  

 

Lensed fiber Ball lens   
|X|(µm) 

Diameter of 2mm 
Z(µm) 

Ball lens 
|X| (mm) 

Diameter of 1mm 
Z (µm) 

Beam waist 
(µm) 

Single mode 1264 0.6595 632.1 0.4901 0.82 

Coreless  2373 174 1187 87.11 0.82 

Table 5-5. Design parameters of the coupling system with the sapphire ball lens based on the 

simulation results and the matrix calculation. 

 As listed in Table 5-4, in order to obtain the beam waist of 0.82 µm, by using the 

lensed fiber combined with 2 mm or 1 mm in diameters of BK7 ball lens, parameters of x 

and z shown in Fig. 5-16 are smaller than using the coreless fiber.  Also, by using 1 mm in 

diameter of BK7 ball lens, parameters of x and z are smaller than by using 2 mm diameter of 

BK7 ball lens, which means less power loss during the propagation, it is a better design 

choice.  Similarly results are listed in Table 5-5 with lensed fiber combining with a sapphire 

ball lens.  The small diameter and high refractive index of the ball lens system leads to 

compact configuration of the image forming system.  For example, the sapphire ball lens 

(n=1.7658, d=1 mm) has a shorter working distance (29%) than BK7 based ball lens with 

same diameter.  Also, the x and z values in the focusing system where the ball lens has a 

small diameter are also reduced, it will lead to the minimization of the aberrations in the 

image plane of the system respectively.  However, high accuracy alignment is required to 
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obtain the Z value less than 1 µm for the single mode fiber.  Therefore, the BK7 ball lens in 

this design is preferred.        

 

5.4       Calculation of theoretical coupling coefficient 

 

 The coupling efficiency (η) between the beam focused by the ball lens and the mode 

field at the input of the waveguide is evaluated by the following overlap integral along the 

plane P1 labeled in Fig. 5-14: 

∫∫ ∫∫
∫∫=

))((

||
**

2*

dxdydxdy

dxdy

φφψψ

ψφ
η         (5.19) 

where ψ  is the output field of the fiber at the plane P1, φ  is the waveguide modes at the 

plane P1.  In equation of 5.19, we assume that the Fresnel reflection at the lens surfaces are 

small, which can be ignored.  Based on the design, for ridge width of 1.5 µm GaN waveguide, 

the far field patterns of the fundamental mode in the x direction and y direction are calculated 

by the mode program and shown in Fig. 5-19 (a) and (b), respectively. 
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                             (a)                                                                           (b) 
Figure 5-19. The fundamental mode profile of the ridge waveguide at the wavelength of 1.55 µm 

are (a) in x direction, (b) in y direction.   

 The radius of the mode in x direction (w||) and y direction ( ⊥w ) are 0.82 µm and 0.82 

µm, respectively.  Then the theoretical power coupling efficiency between the fiber beam and 

the waveguide is given by4 

⊥=ηη η ||        (5.20) 

When the beam curvature radius after the ball lens R ∞→ , for a perfect alignment, we get, 
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Similarly,  
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By adjusting the lensed-fiber position relative to the BK7 ball lens with diameter of 2 mm, if 

the beam waist radius after the ball lens is 0.82 µm, the electric field emerging from the ball 

lens at the beam waist position (Zw) is given by 
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          (5.23)  

where A(z) is the z-dependent amplitude, yx ∆∆ , are the offset in the x and y direction 

respectively.  W(z) and R(z) satisfy the following relationship and shown in Fig. 5-20: 

     (5.24) 

     (5.25) 

As shown in Fig. 5-20 (a), at Z=Zw, the radius of the beam waist is 0.82 µm.  With Z 

increases or decreases, the beam diverges.  In Fig. 5-20 (b), at Z=Zw, the radius of the beam 

curvature (R(0)) is infinite.       
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                                        (a)                                      (b) 
Figure 5-20. (a) The Gaussian beam waist radius changes as a function of Z-Zw, (b) The 

Gaussian beam curvature changes as a function of Z-Zw.               

Since in the x direction, the beam waist radius is matched to the radius of the mode 

(0.82 µm), then η ||=1.  Similarly, 1=⊥η .  The maximum theoretical coupling efficiency (η ) 

is 100%.  If there is only misalignment along the z direction, then  
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max⊥
η ,

max|| η are the coupling efficiency in y and x directions at R ∞→ , respectively. 
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The total coupling efficiency is calculated and shown in Fig. 5-21 (a).  As shown in Fig. 5-21 

(a), if there is a 5 µm misalignment along the z direction, the coupling efficiency would drop 

from 100% to 24%. 

 
                             (a)                                                                             (b) 
Figure 5-21. Coupling efficiencies change as a function of (a) axial and (b) transverse 

displacement. 

If there is only misalignment in the x direction, the waveguide is located at z=0 µm, 1max =η , 

the coupling efficiency is given by5  
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Similarly, we can get the coupling efficiency along the y direction, 
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The calculation results of )( x∆η is shown in Fig. 5-19(b).  If we assume mx µ1=∆ , we 

can obtain %23)( =∆xη .  Similarly, if we assume ,1 my µ=∆  )( y∆η is 23%.  These indicate 
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that the smaller the mode spot size of the waveguide need to be matched, the higher accurate 

alignment for the coupling system is required to obtain high coupling efficiency.  

 

5.5  Laser light coupled into waveguide devices  

 

 5.5.1 Laser light coupled into the GaN rib waveguide  

 

Based on the design, the coupling system consisting of the lensed fiber and a ball lens 

is aligned and fixed on the left manipulator shown in Fig. 5-22.  The waveguide chip is 

mounted on the center 4-axis manipulator.   With carefully alignment, the laser light is 

coupled into the waveguide devices.  As shown in Fig. 5-23, the laser light at the wavelength 

of 632.8 nm is coupled into the straight waveguide with ridge width of 2 µm.   Due to wide 

band gap energy (3.39 eV) of GaN materials, the bandedge absorption of GaN is at 364 nm.  

Therefore the laser light with the wavelength of 632.8 nm propagates through the GaN 

waveguide without bandedge absorption loss.    
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Figure 5-22. The coupling setup for GaN waveguide devices.  

 

 

Figure 5-23. Light at a wavelength of 632.8 nm is coupled into the GaN waveguide.  
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 5.5.2 Light coupled into 1x2 GaN splitters  

 

With the same coupling setup, Fig. 5-24 shows that the light at a wavelength of 632.8 

nm is coupled into a 1x2 GaN- splitter.  There are local defects causing scattering losses.  

Also Fig. 5-24 shows that there are losses at the transition region of the splitter, which is 

between the input and splitting region. 

Figure 5-24. The laser light at a wavelength of 632.8 nm is coupled into a 1x2 GaN splitter. 

      In order to obtain the far field pattern of the light propagating through the 1x2 GaN 

waveguide splitter, an 80 x micro-objective directly connected to the CCD camera, is used to 

focus the edge of the output of the 1x2 GaN waveguide splitter.  The coupling setup is shown 

in Fig. 5-25.  
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Figure 5-25. Coupling setup is used for imaging the end face of the 1x2 GaN splitter chip.    

 

 With the white light directly shining on the end face of the splitter chip, the image of 

the end face of the 1x2 GaN splitters are shown in Fig. 5-26.  As shown in Fig. 5-26 (a), there 

are two bright spots located at the interface between the sapphire and air.  They are the two 

outputs of the 1x2 GaN splitter.  The distances between the two splitting arms at the outputs 

are 125 µm.  Fig. 5-26 (b) shows the distances of 250 µm at the outputs between the two 

splitting arms of two different splitters. 
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                               (a)                                        (b) 
Figure 5-26. By shining the light directly to the end face of the GaN splitter chip, images were 

taken, (a) outputs of a 1x2 GaN splitter with distances of 125 µm between the two bright spots 

(b) outputs of two different splitters, the distance between them are 250 µm.   

 

 By coupling the light at a wavelength of 632.8 nm into the 1x2 GaN splitter and 

imaging the output of the splitter, Fig. 5-27 (a) shows the light emitting from the outputs of 

the splitter at the end face of splitter chip.  There are reflections from the side walls of the 

ridge of the waveguides.   Fig. 5-27 (b) shows the far field pattern of outputs of the 1x2 GaN 

waveguide splitter.  This shows that light propagates through the splitter. 
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                                     (a)                                      (b) 
Figure 5-27. (a) An image of the output of a splitter when light is coupled into the splitter. (b) 

Far field pattern of the light propagates through the splitter.   

 Since GaN waveguide devices are transparent to visible light, Ar+ laser is used to 

couple the light into the fiber.  The laser light is coupled into the waveguide devices.  As 

shown in Fig. 5-28, light with a wavelength of 514.5 nm couples into a 1x2 GaN waveguide 

splitter.  Fig. 5-29 shows the far field pattern of the outputs of the 1x2 GaN splitter when 

light at a wavelength of 514.5 nm is coupled into the splitter.  Due to the wavelength changes, 

the modal profiles change.  The far field pattern is different from the far field pattern at 632.8 

nm.  
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Figure 5-28. The laser light with a wavelength of 514.5 nm is coupled into a 1x2 GaN splitter.  
 
 

Figure 5-29. Shows the far field pattern of modes of the 1x2 GaN splitter at a wavelength of 

514.5 nm.   
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 Fig. 5-30 and Fig. 5-31 shows that light at the wavelength of 488 nm and 476.5 nm 

are also coupled into the 1x2 GaN splitters, respectively.  Since the camera is not too 

responsive to blue light, the laser light at the wavelength of 488 nm or 476.5 nm propagating 

through the 1x2 GaN splitter doesn’t appear clearly.   

 

 

 
Figure 5-30. The laser light at a wavelength of 488 nm propagates through the 1x2 GaN splitter. 
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Figure 5-31.  The laser light with a wavelength of 476.5 nm propagates in the 1x2 GaN splitter.  
 
 
 
 5.5.3 Mach-Zehnder interferometer 
 
 
 Fig. 5-32 shows that light at a wavelength of 632.8 nm is coupled into the GaN Mach-

Zehnder interferometer.  Due to the symmetry of the splitting region, power loss is reduced.    

 

Figure 5-32.  Light at a wavelength of 632.8 nm is coupled into the Mach-Zehnder 

interferometer. 
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 By using Ar+ laser, the laser light at a wavelength of 514.5 nm is coupled into the 

GaN Mach-Zehnder interferometer shown in Fig. 5-33.   The laser light is split to two 

branches, then recombined to form a constructive interference at the output of the GaN 

Mach-Zhender interferometer. 

Figure 5-33.  Light at a wavelength of 514.5 nm is coupled into the Mach-Zehnder 

interferometer. 

 With the white light directly shining on the end face of the chip, the image of the 

output of the GaN Mach-Zehnder interferometer is shown in Fig. 5-34 (a).  The bright spot in 

Fig. 5-34 (a) is the output of the Mach-Zehnder interferometer.  When the laser light at 

wavelength of 514.5 nm is coupled into the GaN Mach-Zehnder interferometer, the near field 

pattern of the output of the GaN Mach-Zehnder interferometer is shown in Fig. 5-34 (b).   It 

shows that the laser light at 514.5 nm propagates through the GaN Mach-Zehnder 

interferometer. 
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                   (a)                          (b) 

Figure 5-34. The output image of the GaN Mach-Zehnder interferometer (a) by shining the 

light directly to the end face of the chip, (b) by coupling the laser light at wavelength of 514.5 

nm into the Mach-Zehnder interferometer.  

 By applying heat to one of the arm of the GaN Mach-Zehnder interferometer, the 

output of the far field pattern of the GaN Mach-Zehnder interferometer at a wavelength of 

514.5 nm changes with temperature decreasing.  As shown in Fig. 5-35, the far field pattern 

changes during the 2 s intervals.   The white color represents the high intensity part of the 

output of the laser light.  With the time increasing, the intensity of the laser light at the output 

of the Mach-Zehnder interferometer increases to maximum at the end of the 1s shown in Fig. 

5-35 (b), then decreases to minimum at the end of the 2 s shown in Fig. 5-35 (d).   It indicates 

that the coherent light is emitted from the GaN Mach-Zehnder interferometer.   The index of 

refraction change per Celsius for GaN materials at the wavelength of 514.5 nm is given by 

3*10-5 /oC6.  The heat change the refractive index of one of the arm of the GaN Mach-

Zehnder interferometer with respect to another arm of the GaN Mach-Zehnder interferometer 

so that it modulates the phase of the laser light propagating through the arm of the Mach-

Zehnder interferometer when heat applied.   When the laser light at the wavelength of 514.5 
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nm is split, then recombine from the two arms of the Mach-Zehnder interferometer, the 

constructive or destructive interference is formed.  These result in the intensity of the laser 

light at the output of the Mach-Zehnder interferometer changes.        

                             (a)                                   (b) 

 

                           (c)                                   (d)  
Figure 5-35. The far field pattern of the laser light propagating through the GaN Mach-

Zehnder interferometer at wavelength of 514.5 nm changes with temperature decreasing (a) at 

the beginning of 1 s, at the end of 1 s, (c) at the beginning of 2 s and (d) at the end of 2 s.     
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 Therefore, laser light coupling designed was conducted by using different lensed 

fibers and a 2 mm in diameter ball lens. Theoretical calculation for the single mode GaN 

waveguide at the wavelength of 1.55 µm was performed, which demonstrates that the 

misalignment can lower the coupling efficiency dramatically.  The laser light at wavelength 

of 632.8 nm and 514.5 nm, 488 nm and 476.5 nm are coupled into the GaN waveguides, 1x2 

GaN splitters. The far filed patterns of laser light coupling through the waveguide are imaged.  

The laser light at wavelength of 632.8 nm and 514.5 nm are coupled into GaN Mach-Zehnder 

interferometers.  When heat is applied to one of the arm of the GaN Mach-Zehnder 

interferometer, the intensity of the laser light at the wavelength of 514.5 nm change with 

temperature is detected at the output of the GaN Mach-Zehnder interferometer.    
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

 

6.1  Summary of work performed 
 
 

The purpose of this dissertation was to investigate the waveguide properties of 

novel wide band gap semiconductor waveguides and to investigate the possibility of 

constructing simple components for integrated optical circuits.  While optical waveguide 

technology is somewhat mature and well established in other material systems such as 

ion diffused glasses, Lithium Niobate, Gallium Arsenide, there has been very little work 

done on wide band gap materials such as GaN and ZnO that were the focus of this 

dissertation. One advantage of working with these materials is that unlike Silicon or 

Gallium Arsenide based devices, they are suitable for visible wavelength operation, and 

unlike glass or Lithium Niobate waveguides, the semiconductor properties can be 

exploited as light emitters, or detectors and integrated on the same chip. 

In the dissertation, the refractive index as a function of wavelength for GaN and 

AlxGa1-x N compounds was obtained as the fundamental data for device design and 

construction.  We also investigated the refractive index properties of a-plane GaN, ZnO 

grown on r-plane sapphire, GaN grown on miscut r-plane sapphire.  

The diffusion of chrome into sapphire was performed to make a diffused 

waveguide.  From prism coupling measurements the refractive index profile was obtained 
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with the inversed WKB method and the diffusion rate of chromium in sapphire was 

obtained.  The ZnO growth was then performed to demonstrate that potentially one could 

integrate the diffused waveguide and step index waveguide formed by epitaxial growth 

into one device. 

Using simulation software, a variety of waveguide devices using the above 

materials were investigated. 

• Straight waveguides and S-bend waveguides 

• 3 dB optical splitters 

• Mach-Zehnder Interferometers 

• Asymmetric waveguide couplers. 

A process flow was developed to fabricate the structures. Due to the difficulties of 

growth and fabrication, only the first three items were fabricated. However the 

asymmetric waveguide couplers represent a fundamental building block for future 

optoelectronic allowing the light source to be integrated with the waveguide structures on 

the chip.   

 It was found that coupling light into the high refractive index, and small 

dimensions of the GaN waveguides was challenging.  As a result a novel fiber ball lens 

and spherical ball lens combination was developed.  The advantage of this system was 

that while it somewhat tedious to form as a unit once made, it made alignment and 

coupling light into the waveguide much easier. To understand the operation of the 

coupling system, simulation using beam propagation method and Gaussian matrix 

methods were performed.  Once this system was constructed, operation of the optical 

splitter devices was confirmed at red, green and blue wavelengths indicating the 
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feasibility of visible wavelength GaN waveguide devices.  Laser light at wavelength of 

632.8 nm and 514.5 nm were coupled into GaN Mach-Zehnder interferometers.   

 

6.2 Future Directions 

 

 The work performed in this dissertation was to investigate the fundamental 

building blocks that would be necessary to construct future optoelectronic integrated 

optical circuits in gallium nitride.  Two future possibilities would be to improve these 

devices with the aim of making chemical and biological sensors on a chip and to verify 

the electrooptic operation of the Mach-Zehnder interferometer at 1.55 um for 

telecommunications applications.  Another area where significant improvements could be 

made is by replacing the metal bench with a micromachined silicon optical bench. 

To accomplish these goals the following recommendations are made: 

• Improvements to waveguides thin film quality, waveguide ridge etching 

and polishing of the end face of the waveguide chips. 

• Deposition of electrodes on the Mach-Zehnder interferometers. 

• Fabrication of tapers to connect to the waveguide input and outputs to 

improve the light coupling. 

• Compare single mode to multimode tapers. 

Preliminary steps have already been made by John Holland for the fabrication of a silicon 

optical bench for the lensed fiber and a ball lens combination, as shown in Fig. 6-1. 
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Figure 6.1 A silicon optical bench for the lensed fiber and a ball lens combination. 

This will also allow future students to more carefully optimize the coupling system when 

external fiber sources are used. 

 

  

 

 

  

 

 


