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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

NOVEL DEVICES IN
PERIODICALLY POLED LITHIUM NIOBATE

by Joyce Anne Abernethy

This thesis describes the research carried out to develop several novel periodically
poled lithium niobate (PPLN) devices. These devices exploit the ability to invert

micro-domains of spontaneous polarisation in ferroelectrics such as lithium niobate.

The fabrication of PPLN devices is described and extensive studies into factors
influencing the poling quality are presented. In particular a comparison of material
properties of unprocessed lithium niobate material from a range of different suppliers
is carried out. Several novel PPLN devices are reviewed and two main devices are
investigated - an electro-optically controlled Bragg grating modulator for laser beam
switching and modulation and a titanium indiffused waveguide in PPLN for

frequency conversion.

The design, fabrication and operation of the electro-optic Bragg modulators is
described and results for the first infrared operation at 1064nm of such a device are
presented. Several discrepancies are seen between experimental results, both in this
thesis and previously published results, and a theoretical model based on Kogelni/c/k’s
coupled wave analysis. These anomalies are further investigated at visible operation
(633nm and 488nm) and solutions and methods for alleviating the discrepancies are

presented.

Work on titanium indiffused channel waveguides in PPLN is reported, including a
study into fabrication issues and the demonstration of second harmonic generation of

416nm in such a device.
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Chapter 1: Introduction

Chapter 1

Introduction

Without light no living thing would survive, it is essential to our very existence. Man
has always had a great fascination with light, worship of the sun became part of early
civilisation and great ancient philosophers such as Pythagoras, Plato and Aristotle
began the study of what we now know as photonics — the science of light. Man also
learned very quickly to use light, around 400,000 BC early man used fire to light
caves and around 1,500 BC light from the sun was first used to tell the time. The
Greeks and the Romans were the first to use matter to manipulate light by making
lenses from glass spheres filled with water. Today applications of light surround us in
everyday life from lasers in CD players to holograms on credit cards. Light is also the
driving force behind modern telecommunications and the recent telecommunications
revolution was fuelled by the invention of the LASER (Light Amplification by
Stimulated Emission of Radiation) in the 1960°s [1,2].

This thesis looks at the integration of light and matter and how materials can be
engineered to manipulate light. The research carried out is in the specific area of
integrated optics which deals with the creation, transmission, switching, guiding and
detection of guided optical beams in a plane, and the integration of all these functions
on a single substrate in a compact device. The concept of integrated optics was
introduced in 1969 by S.E. Miller [3]. Borrowing from the concept of the integrated
electronic circuit, Miller proposed an optical integrated circuit (OIC) in which various
components could be combined on a single, small, substrate. In recent years, the
explosive growth of the optical fibre telecommunications industry has spurred

increased interest in optical integrated circuits. In these circuits, light is controlled by

~
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Chapter 1: Introduction

electro-optic, acousto-optic, or thermo-optic effects. Over the past few years,
research in the area of integrated optics has focussed on new materials which present
ideal properties for nonlinear optical applications such as laser beam modulation,
second harmonic generation and optical detection [4]. Overall trends are toward
higher levels of integration and more functionality on a single chip while decreasing

component size and cost, enabling new commercial opportunities for this technology.

So far, the most commonly used substrate materials for integrated optical devices
include III-V compound semiconductors such as gallium arsemide [5,6], the
ferroelectric materials lithium niobate [7,8], lithium tantalate [9] and potassium titanyl
phosphate (KTP) [10,11], polymers [12,13], and natural materials such as quartz or
glass [14,15]. Out of all of these, lithium niobate continues to be the dominant
material for integrated optics due to its wide availability, relatively low manufacturing
costs, low losses, good stability, and its excellent electro-optical, acousto-optical and
nonlinear optical properties [7,16]. Moreover, mature technologies for the fabrication
of optical waveguides in this material exist, namely titanium indiffusion and proton

exchange [17].

1.1  Thesis synopsis

This thesis consists of seven Chapters including this first introductory Chapter which
gives an overview of the thesis content and a historical background to ferroelectrics

and domain reversal.

Chapter 2 introduces the material lithium niobate. Several works describe extensively
the physics of lithium niobate [18,19,20,21], however this Chapter highlights the main
physical and optical properties which influence the fabrication and performance of the
periodically poled lithium niobate (PPLN) based optical devices in the following
Chapters. Crystal growth techniques are outlined, the crystallographic properties
described and a table of commonly used physic#properties is presented. The wealth
of linear, nonlinear and ferroelectric properties, which make lithium niobate such a

unique material, are described. In particular the ability to invert the spontaneous
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Chapter 1: Introduction

polarisation is introduced, this forms the basis of all the PPLN devices described in

the following Chapters.

Chapter 3 begins by outlining the fabrication procedure for periodically poled lithium
niobate (PPLN) using an electric field poling technique with hquid gel electrodes
[71,22].  Alternative methods of domain inversion in lithium niobate are then
discussed and methods of grating quality assessment presented. The middle part of
the Chapter presents an extensive investigation into possible explanations for the
significant difference seen in poled grating quality between material sourced from
different suppliers, and an investigation into. the causes of grating defects arising from
fabrication procedures. The Chapter finishes by presenting several novel PPLN
devices researched as part of this thesis and in collaboration with other research group
members in the ORC which exploit the effect of periodic poling on several lithium
niobate properties, such as the electro-optic coefficient, nonlinear coefficient,
differential acid etching and the photorefractive effect. These devices include electro-
optic Bragg grating modulators [80], frequency conversion devices, for example, 2-
dimensional photonic crystals (HexLN) [23], titanium indiffused PPLN channel
waveguides [75] and direct bonded PPLN buried waveguides [24], and devices
created by differential etching of PPLN including ridge waveguides [85], micro-

cantilevers [86] and surface relief gratings [25].

Chapters 4 and 5 describe the work done to investigate and develop an electro-optic
Bragg grating modulator in periodically poled lithium niobate [80]. In Chapter 4 a
review of currently available electro-optic and acousto-optic modulators, and previous
work on electro-optic Bragg modulators by other authors [79,81,82] is presented. A
theoretical analysis based on Kogelnik’s coupled wave theory [26] is developed and
analysed. The design considerations and fabrication process for such modulators is
outlined and the first infrared demonstration of a Bragg modulator at 1064nm is
reported [27,28]. It is shown that from the results in Chapter 4, and from the review
of previous work by Yamada [79,81] and Gnewuch [82] several discrepancies and
anomalies exist between the experimental results and the theoretical predictions. To
investigate these further an experimental investigation into operation at visible
wavelengths is carried out and the results presented in Chapter 5. The second part of

" Chapter 5 looks at several of the discrepancies in turn and offers explanations and
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solutions for each. In particular, the effect on device performance of residual gratings
after domain inversion, imperfections in the poled gratings, non-sinusoidal refractive
index gratings, multiple reflections from the end faces, photorefractive effects and a
new field induced light scattering effect at higher drive voltages due to poling are
discussed. Finally, in the concluding part of Chapter 5, an alternative theoretical
model is developed which overcomes some of the limiting assumptions of the
Kogeln'yék theory, such as the sinusoidal refractive index grating assumption. This
shows a more genuine picture of the diffraction, particularly of higher order

diffraction orders and background scatter not covered by the Kogelnik model.

Chapter 6 describes the work carried out to integrate titanium indiffused waveguides
and PPLN for use in harmonic frequency conversion [75]. Different types of
nonlinear PPLN waveguides are reviewed with titanium indiffusion shown to exhibit
several a;ivantages over other methods such as proton exchange [29,30] and direct
bonding [24]. The mechanisms of titanium diffusion in lithium niobate are discussed,
and a theoretical model developed to enable the mode profile of a diffused waveguide
to be calculated for any set of initial diffusion variables. Titanium waveguide
fabrication and characterisation is described and investigations into fabrication issues
such as spontaneous poling and lithium outdiffusion are included. The research
carried out to investigate the integration of titanium indiffused waveguides and
periodically poled lithium niobate is described. Although fundamental steps in the
fabrication procedures suggest that these two techniques are incompatible,
experimental work is presented which endeavours to overcome these problems by
adapting or altering the fabrication processes. The final Section in this Chapter
presents results achieved in a successful Ti:PPLN device for third order second

harmonic generation of 416nm light in a 12pum wide titanium waveguide running

through an 8.7um period PPLN grating.

Finally, Chapter 7 presents conclusions and future work arising from the research

presented in this thesis.

( %@ 4



Chapter 1: Introduction

1.2  History of ferroelectrics and domain reversal

All the devices researched in this thesis are based on the defining property of
ferroelectrics — the ability to reverse the direction of the spontaneous polarisation.
This Section looks at the history of ferroelectrics and the development of domain

reversal in them.

A ferroelectric crystal is defined as a crystal which belongs to the pyroelectric family
and of which the direction of the spontaneous polarisation can be reversed by an
electric field. This phenomenon was first recognised over 80 years ago in the 1920°s
by Valasek in Rochelle salt [31,32], but for over 20 years the phenomenon was
thought to be an accident in nature as Rochelle salt remained the only known
example. Sodium potassium tartrate tetrahydrate (NaKCsH404.4H>0), better known
as Rochelle salt, was first synthesized in 1655 by the pharmacist Pierre Seignette in
La Rochelle (France) for medical purposes [33]. In 1920, Valasek discovered that the
polarisation of Rochelle salt could be reversed by the application of an external field.
He recognised ferroelectricity by experiments which showed that the dielectric
properties of this crystal were in many respects similar in nature to the ferromagnetic
properties of iron in that there was a hysteresis effect in the field—polarisation curve, a
Curie temperature, 7., and an extremely large dielectric and piezoelectric response in

and near the ferroelectric region.

It was not until the discovery of a whole series of ferroelectric crystals in the late
1930’s by a group in Zurich that term ferroelectricity became more commonly used
[34]. The crystals in question were the phosphates and arsenates, in particular the
crystal potassium dihydrogen phosphate (KDP). In 1941 Slater presented the first
model of a ferroelectric which stimulated interest in ferroelectricity for many

physicists [35].

After the discovery of the KDP series another decade passed without further
experimental breakthrough, and there was growing conviction that ferroelectrics were
comparative rarities in nature. In 1945 barium titanate was independently found to

possess ferroelectric properties by groups in Japan, USA and Russia [36,37], and
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although it was not realised at the time this material was the predecessor of what is
now the largest single class of ferroelectrics — the oxygen octrahedral ferroelectrics.
After this discovery considerable effort was spent on a search for new ferroelectrics
and slowly they were found; KNbQO; and KTaO; in 1949 [38], LiNbO; and LiTaOs in
1949 [39], and PbTiO; in 1950 [40]. In the late fifties the breakthrough came and the
list of known ferroelectrics ran into the hundreds, as illustrated in Figure 1.1. In the
1960’s the modern era of theoretical understanding of ferroelectrics really began with

the articles of Anderson [41] and Cochran [42].

18-
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Figure 1.1 The number of ferroelectrics discovered in each year [18]

Although the understanding of the fundamental nature of ferroelectrics was fairly
slow in progressing, the number of applications was not. The large dielectric and
piezoelectric constants of these materials made them attractive for a variety of
applications such as sonar detectors (used in World War II), infrared detection and
phonograph pickups. However these early applications did not directly use the
ferroelectric nature of the material, namely the large reversible spontaneous

polarisation.

It was the advent of the laser in the 1960’s [1,2] that brought the need for matenals

with large nonlinear polarisability at optical frequencies for applications such as

( %1/3 6



Chapter 1: Introduction

second harmonic generation and electro-optic modulation. As early as 1962
Armstrong et al. proposed a scheme for quasi-phasematching for second harmonic
generation of laser light by periodically inverting the polarisation by 180° [43]. These
ideas were developed by Miller in 1964, who gave a theoretical treatment of poling
and experimented with electric field poling in BaTiO; [44]. Original fabrication
techniques involved raising the ferroelectric material above its Curie temperature and
applying a small electric field whilst cooling the crystal through the Curie
temperature. This approach is useful for poling bulk crystals, either during or after
growth, however it does not provide adequate control for micrometer scale periodic

restructuring of the domains_aad required for frequency conversion, etc.

It was not for a further 20 years that fabrication techniques improved sufficiently. to
make small scale periodic poling possible. The first controllable micro-scale domain
inversion techniques involved heat treatments at, or around, the Curie temperature. In
1985, Thaniyavam et al. presented results of domain inversion of 4pm wide channels
in lithium niobate using titanium indiffusion [45,46]. This idea was first reported by
Miyazawa [47] who saw a partial domain switch on the positive z face under the
influence of the titanium diffusion process. In 1987, Nakamura et al. reported another
heat treatment, LiO; outdiffusion, which induced domain inversion in lithium niobate.
This was preferred over the titanium indiffusion for some applications as it did not
result in the degradation in device performance due to the titanium ‘impurities’. Both
these treatments resulted in domain inversion only on the positive z face. The
presence of titanium or the Li deficiency in the lithium niobate crystal is thought to
lower the Curie temperature in that portion [48] and enables the pyroelectrically
induced field to reverse the spontaneous polarisation [49]. More recently heat
treatments have been used in materials other that lithium niobate. Domain inversion
has been reported in KTP by cooling through the Curie temperature [50,51], and in
MgO doped LiNbO; by lithium out diffusion [52].

Periodically poled materials were also produced using a modified growth process
which involved the application of a periodically alternating electric field during

growth. In the late eighties both periodically poled LiTaOs [53] and LiNbOj; [54]

( ZZ/_';/ 7



Chapter 1: Introduction

devices were realised, however these devices could only be grown for short lengths of

a few millimetres.

The next technique developed for domain inversion involved proton exchange in
benzoic or pyrophosphoric acid followed by a heat treatment at a temperature just
below the Curie temperature [55,56]. By the early 1990’s fabrication techniques had
developed sufficiently to allow a device of inversion period less than 4um to be

fabricated for first order second harmonic generation of blue light in lithium tantalate

[57,58,59] and in lithium niobate [60,61,62].

Periodic domain inversion in KTP for harmonic generation was discovered by Van
der Poel et al. during a known waveguide fabrication process [63]. They noticed that
ion exchange in a rubidium-nitrate bath also resulted in domain inversion. Shortly
after this discovery devices were fabricated using this method for harmonic

generation of blue light [64].

All the processes mentioned so far required high temperature treatments which could
degrade the samples for certain applications. The first demonstration of room
temperature domain inversion was reported in 1991 by Yamada and Kishima in
lithium niobate [65]. They discovered that electron bombardment at 25keV on the
negative z face of lithium niobate caused domain inversion. This technique was
immediately applied to LiTaO; [66] and MgO:LiNbQO; [67] and developed for
harmonic generation [68]. Domain inverted grating periods as fine as 3um were.

achieved using this method [68,69].

Although the first discovery of ferroelectricity by Valasek was using an electric field,
it was not until 1993 that the fabrication process had been developed sufficiently to
produce fine period devices using electric fields at room temperature [70]. This
technique was developed shortly after by other groups [71,72] and in other matenials,
including LiTaO; [73], MgO:LiNbO; [74], Ti:LiNbO; [75], RbTiOAsO, [76] and
KTiOAsOQO4 (KTA) [77] for use in frequency generation.
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Fabrication techniques are continually being developed and improved and although
the main driving force behind domain inversion fabrication was for parametric
processes such as second harmonic generation, other applications are appearing such
as electro-optically controlled lensing [78,79] and deflection [80,81,82], piezoelectric
devices such as acoustic wave resonators and reflectors [83,84], and microstructured

devices such as ridge waveguides [85] and micro-cantilevers [86].
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Chapter 2

Properties of lithium niobate

In this Chapter we briefly describe the main physical and optical properties which
influence the fabrication process and which affect the performance of the periodically
poled lithium niobate (PPLN) based optical devices described in the following
Chapters.

Being an established material, several good reviews describe the physics of lithium
niobate. The work by Lines and Glass [1] provides a good general overview of the
properties and applications of ferroelectrics with sections on lithium niobate. The
book by Prokhorov and Kuz’minov [2], the chapter by Rauber [3], and the paper by
Weis and Gaylord [4] all look specifically at lithium niobate, detailing more in depth
information about the crystal structure, and the physical and optical properties of

lithium niobate. A review of growth techniques is also given 1n[21

Its unique physical properties make lithium niobate an important material for
applications in a wide range of fields, such as radar, microwave communications,
telecommunications, frequency conversion and holographic data storage. It is a man-
made, naturally birefringent, ferroelectric material with large pyroelectric,
piezoelectric, acousto-optic, electro-optic and photo-clastic coefficients. It also
exhibits very strong bulk photovoltaic and photorefractive effects. Worldwide
production exceeds five tonnes per annum making it the second largest volume man-

made crystal after silicon [5].
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2.1 Crystal Growth

Crystals of lithium niobate were first obtained in 1949 by Matthias and Remeika [6],
who grew them from a melt solution. Nassau and Ballman [7] subsequently studied
the growth conditions, the crystal structure and the electrophysical properties. As
soon as it became obvious that lithium niobate was a highly promising material for
acoustical [8] and optical applications [9], interest in producing perfect single-crystal
lithium niobate and the need for developing industrial technologies to ensure the
fabrication of high quality crystals with reproducible characteristics have both greatly

increased.

At present, single-crystal lithium niobate is mainly grown in air by the Czochralski
technique [2,10]. A cylindrical crystal is pulled vertically from a melt, growth having
been initiated by a small seed crystal. The crystal and melt are rotated 1n opposite
directions to aid homogeneity of the melt and to prevent thermal gradients at the
crystal-melt interface. After growth the boule is cooled before it is cut into the shapes
and orientations required. As a rule, Czochralski grown lithium niobate single
crystals are multi-domain, to produce single domain material the crystal is grown in
an electric field. The growth conditions are highly critical during growth and any
thermal gradients or shocks can affect the result greatly. Conditions necessary for the
production of perfect crystals are suggested by Prdhorov and Kuz’minov [2]. These
conditions can be finely tuned so that more complex structures can be produced. This
has demonstrated recently by Bermudez [11] where the Czochralski technique was
used to pull a periodically poled crystal. The first fabrication of periodically poled
lithium niobat)e using a growth technique was in 1985 by Feisst and Koidl [12]. They
fabricated periodic laminar ferroelectric domains of width 8um in chromium doped

lithium niobate by modulating the bias current during Czochralski growth.

The composition of the growth product is determined by the composition of the melt
or solution it is drawn from, allowing the addition of dopants and control of the
elemental ratios in the crystal. Mostly all commercially available lithium niobate
material is congruently grown, ie. the melt is lithium deficient (the ratio of lithium to

niobate is 0.94). Conversely, stoichiometric lithium niobate has an almost ideal 50:50
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ratio resulting in much improved performance characteristics. It can be seen from the
phase diagram of the Li;O-Nb,Os system [Figure 2.1,2,13], when growing lithium
niobate crystals using the Czochralski technique, there is a unique point where
compositions of melt and the grown crystal are identical throughout the growing
process. This point corresponds to the congruent composition (48.6 mol.% of Li,O)
which has the highest melting temperature with respect to other compositions in the
solid solution range. Due to these features, there are no difficulties for the growing of
large congruent lithium niobate crystals with good homogeneity. In contrast, the
stoichiometric composition one has no similar characteristic feature, it is only one of
many possible compositions of the solid solution. The stoichiometric crystals can be
grown from a melt containing 58.0 mol.% of Li;O to produce a near 50:50 ratio.
Such a difference in the composition of the melt and of the growing crystal results in
cooling problems and variations in the crystal composition at different stages of the

process.

Congruent
|- liquid : point
1200 LiNbOs
+ liquid
T, °C
L LiNbOs | LiNDO3 LiNbO3
1100 — _* M
| LiND3:Og LisNbQO4
[ (Li-poor) (Li-rich)
1000 L | 4] |
40 a4 48 52 56
Li2O , mol.%
Figure 2.1 Phase diagram of the Li~O-Nb1Os system [13]

Other methods of crystal growth include the edge-defined film-fed growth (EFG)
method, which allows the production of non cylindrical boule shapes, and top seeded
growth from solution, which has been investigated as a route to producing crystals

with stoichiometric composition [14]
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The samples used for the research presented in this thesis have originated entirely
from z-cut wafers of varying thickness, from 200um to lmm from several suppliers
including Crystal Technology, Yamaju Ceramics and Castech Wafers. The material
was congruent in composition, ie. 48.4% LiO by molar ratio [15]. The sample faces
had an optical finish, achieved by a combination of mechanical and chemical

polishing.

2.2 Crystallographic properties

At temperatures below the Curie temperature of 1210°C, lithium niobate is
ferroelectric, exhibiting spontaneous crystal polarisation due to charge separation of
the lithium and niobate ions. In this ferroelectric phase, lithium niobate possesses
trigonal crystal symmetry with 3m point group symmetry about the optic or ¢ axis. It
consists of planar sheets of oxygen atoms in a distorted hexagonal close-packed
configuration. In between these layers are the Li and Nb ions as shown in Figure
2.2(a). Above the Curie temperature, lithium niobate ceases to be ferroelectric and
becomes paraelectric and nonpolar. This is due to the movement of the Li and Nb
ions into a centrosymmetric position with the Nb ion lying in the plane of one of the

oxygen layers and the Li ion lying exactly half way between the layers, Figure 2.2(b).

Crystallographic planes or particular directions wilt_hin a 3-dimensional crystal are
described by Miller indices. For hexagonal crystaKsuch as lithium niobate a set of
four Miller indices is used to describe the crystal planes, defined by [a;,a,a3,c] as

shown in Figure 2.3.

Lithium niobate cleaves naturally along the [01-1'2] plane, but due to its 3 fold
rotational symmetry there are two other cleavage planes - [1012] and [1102]. The
natural cleavage planes are due to the vacant sites in the oxygen structure which lie in
these planes. It will be seen in Chapter 3 that the inverted domain walls in a

periodically poled structure also follow the directions of these planes.
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neutral

a ) positive
(no polarisation)

’ dipole end
’o . ®
IO o

—©—
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®
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@ = lithium = niobium = oxygen @ =lithium = niobium = oxygen

Figure 2.2 Diagram of lithium niobate crystal structure in a) ferroelectric phase and b)

paraelectric phase [4]
+tc
T a,
- y. +a,
[1010] +a;
Figure 2.3 Miller indices of lithium niobate

A Cartesian co-ordinate system (x,y,z) is used to describe the physical tensor
properties of lithium niobate, and these relate to crystal hexagonal axes. The z axis is
chosen to be parallel to the ¢ axis, also known as the optic axis. The x axis is chosen
to coincide with any of the axes aj, a; or a3. Then the y-axis is chosen such that the
system is right hé.nded, hence the y-axis lies along one of the mirror symmetry planes.

The sense of the y and z planes can be determined either by compression along that

19

(X

(Z/!*



Chapter 2: Material Properties of Lithium Niobate

axis or cooling of the crystal, however as the x axis is perpendicular to a mirror plane,
its sense cannot be determined in this way, but can be found once y and z are known

by using the right hand rule.

2.3  Physical properties

Table 2-1 lists some of the more common physical properties of lithium niobate.

Characteristic = "0 ok A
Chemical formula LiNbO;
Density 4612 gcm™
Melting point 1260 °C
Curie point 1210 °C
Thermal expansion coefficients @25°C

a axis 16.7x 10 */°C

¢ axis 2.0x107°/°C
Mechanical hardness 5 Mohs
Specific heat @25 °C 0.15cal/ g/°C
Thermal conductivity @25 °C 10 cal / cm sec °C
Molecular weight 147.9
Solubility Insoluble in H,O

Table 2-1 Physical properties of lithium niobate [2]

2.4 Linear optical properties

Lithium niobate is a uniaxial birefringent crystal with ordinary refractive index, n,
(electric field polarised normal to the c axis), and extraordinary refractive index, n.
(electric field polarised along the ¢ axis). These refractive indices are dependent on
the wavelength of the incident electromagnetic wave and the crystal temperature. The
Sellmeier equation [16] used to describe this dependence within the transparency

range of lithium niobate, 340 to 4600 nm, is given by ;

A, + B F
Equation 2-1 n,,(A,T)= |4 + 2 L ~+ B,F - AN
A* = (4, + B,F)
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where A is the wavelength of the incident light in pm and F =(T - TD)(T + T, + 546)

is a function of the crystal temperature T in degrees centigrade, with T,= 24.5°C as a
reference temperature. The other coefficients can be found in ref. 16 for ordinary and
extraordinary refractive indices. Figure 2.3 shows this equation graphically for the

ordinary and extraordinary refractive index at T = T, = 24.5°C.

25

245 1

—— ordinary refractive index
2.4 A — extraordinary refractive index

235 1

2.3 1

2.25 A

2.2 A

refractive index

215 A

21 A

2.05 A

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

wavelength (nm)

Figure 2.4 Graph showing ordinary and extraordinary refractive index of lithium niobate with

wavelength within its optical transmission range

More recently, a revised Sellmeier equation for the extraordinary refractive index has
been reported [17]. This is more accurate for predicting refractive indices at long

wavelengths, as has been used with PPLN [18,19], and is given by ;

A, + B,F N A, + B, F

2 2 2 _Afﬂ'z
12—(A3+B3F) A" — 4

Equation2-2  n,(A,T)= \[Al + B,F +

where as above A is the wavelength in pm, F=(T-T,)(T+ T, +546) with T,=

24.5°C and the other coefficients can be found in ref. 17. Figure 2.5 shows a plot of

the difference in calculated extraordinary refractive index using the old and new
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formulae with T=150°C. It can be seen that the greatest difference occurs at

wavelengths above 5pum.

0.045

0.04 -
0.035 J
0.03
0.025 -
0.02
0.015 A

0.01 -

0.005 -

Difference in calculated refractive index

0 T T T T T i
0 1000 2000 3000 4000 5000 6000 7000

Wavelength (nm)

Figure 2.5 Graph showing the difference in the calculated extraordinary refractive index using

the old and new formulae with wavelength

2.5 Nonlinear optical properties

This Section reviews the area of nonlinear optics in general and discusses the
properties of lithium niobate which make it suitable for phasematching for nonlinear
processes such as harmonic frequency conversion. In particular the ability to alter the
spontaneous polarisation of lithium niobate and hence alternate the sign of the

nonlinear susceptibility makes lithium niobate suitable for quasi-phasematching.

2.5.1 Introduction to nonlinear optics

In 1961, shortly after the demonstration of the laser, Franken et al. [20] generated the
second harmonic of a ruby laser in a quartz crystal. The success of this experiment
relied directly on the enormous increase of power density made available by a laser
source compared to incoherent sources. It was the invention of the laser which has

enabled several nonlinear phenomena, which previously were regarded as theoretical
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Lo
curiosities, to be observed and exploited. A laser sourcelprovidefd power densities

greater than 10° Wem™, corresponding to electric field strengths of 10® Vem™. This
field strength is comparable to atomic field strengths and therefore it was not too

surprising that materials responded in a nonlinear manner to the applied field.

The early work in nonlinear optics concentrated on second harmonic generation.
Harmonic generation in the optical region is similar to the more familiar harmonic
generation at radio frequencies, with one exception. In optical harmonic generation,
the nonlinear process takes part over a distance much larger than the radiation
wavelength. This leads to consideration of propagation effects since the incident
electromagnetic radiation interacts over an extended distance with the generated
nonlinear polarisation. If this interaction it to be efficient, the phase of the
propagating wave and the generated polarisation must be correct. This is known as
phasematching. For second harmonic generation, phasematching implies that the
phase velocity of the fundamental and second harmonic waves are equal in the
nonlinear material. Since all optical materials are dispersive, it is not possible to

achieve equal phase velocities in isotropic materials. Shortly after Franken’s first
\

relatively inefficient non-phasematched second harmonic generation experiment,
Kleinman [21], Giordmaine [22], and Maker et al [23], showed that the phase velocity
matching could be achieved in birefringent crystals by using the crystal birefringence

to offset the dispersion.

2.5.2 Nonlinear susceptibility tensor

Based on the treatment in Davis [24], the following Section introduces polarisation in
nonlinear media. The polarisation of an isotropic linear dielectric medium is given by
Egquation 2-3 P=¢g;yF

where 7 is the linear susceptibility, &, is the permittivity of free space and E is the
electric field. The resulting electric displacement is given by

Equation 2-4 D=¢gE+P=¢,6E

where ¢, is the relative pemmittivity (1+ ), or the dielectric constant. In an

anisotropic medium, the induced polarisation is not necessarily parallel to the electric

field direction and the electric displacement is now given by ;
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1 D).’ gx.x xy Xz Ex

Equation 2-5 D, = gozgk,E, or . D, \=\¢, ¢, €,|E
1 0

D, £, &, &5 \E,

where the dielectric constant, gy, is a symmetric tensor.

In a nonlinear dielectric medium the polarisation becomes nonlinear and for spectral
regions away from any absorption resonances, is given by;
Equation 2-6 _B=80,},’IE+ZZEZ+;(3E3+...

Therefore the resultant electric displacement is given by;

Equation 2-7 D=¢gE+P=¢,E+P,

The nonlinear polarisation is defined as;

Equation 2-8 Py, = 2d,EE,

ijk
where E; and E, are the complex field amplitudes and dj is the nonlinear

susceptibility tensor. Using Kleinman’s symmetry conjecture [21], which states that

in a lossless medium d; is symmetric under any permutation of its indices, d; can

be reduced to a 3 x 6 matrix. Therefore the nonlinear polarisation can be written as ;

E2
o
Pl dll d12 d13 d14 dlS d16 E);
Equation 2-9 P |=2x|d, d,, dy, d,, d, dy E ZE
P, d,, d, dy, d,, d, d v
3 31 32 33 34 35 36 2EyEZ
2E E,
where the notation used for dj is
1 :x=lLy=2,z=3
jk:ixx=1,yy=2,zz=3,
zy=yz=4,Xx2=7x=35,
Xy=yx=6
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It is the nonlinear susceptibility tensor, djy, which determines the strength of nonlinear
interactions within a crystal. In centrosymmetric crystals djy is zero, which explains
why nonlinear effects such as harmonic generation and frequency mixing only occur

in non-centrosymmetric crystals such as lithium niobate.

2.5.3 Nonlinear wave propagation

This Section takes a more in-depth look at nonlinear processes using Maxwell’s

equations, as defined in Davis [24];

oD

Equation 2-10 VxH=j+ —_—_]+—(80E+P)
and P=gy,E+P, where j=0cE
Therefore substitution gives ;
Equation 2-11 VXE=O'E+28E+&
Now consider;

. 7
Equation 2-12 VxE=- = uH

UxVxE =~ (4, IxH) = V(V.E)-V'E

Neglecting anisotropy in the medium and assuming g, is scalar, this gives the

Nonlinear Wave Equation :

. OE O’E o*P,,
Equation 2-13 VE = ;100'-54-#0 P + U, P

We now consider the specific problem in one dimension, propagating along z, where
8/8y = 8/8x = 0. We also consider the electric fields to be travelling plane waves of

frequencies ;, ®, and w3, given by;

E? (z,t) = 1(E (2)e" ™ + cc)
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Equation 2-14 E*(z,t)= %(En (z)e" '™ 4 c.c)

E®(z,0) =1(E, ,(2)e" ™ +c.c)

where i, j, kare x, y or z and w3 = w;+ w2

We are interested in how these three waves relate to each other according to the
nonlinear wave equation. Consider the three cases : @,= @rw; ®W2= O3®, 3=

a1t

Firstly ;= @3>, wehave Py =2d,E”E and substituting in from above ;

Equation 2-15

yk [ i[((o;-wz )t—(kl—kz)z]]+cc _ uk [ i[mlt—k3z-kzz]]+cc

Substituting this into the nonlinear wave equation ;

PL Pr
Equation 2-16 E (zn= El,(z )= P [Eli(z)e'(m"_k‘z)]+ cc. -

= —%|:k12-E (2) + 2ik, (z):l Hoihz) L e

Assuming the slow varying amplitude approximation ;

Equation 2-17

Using the one dimensional wave equation for E,;, we can write ;

Equation 2-18 [k E,(z) + 2ik, (Z)] k) 4 e,

= — U L1,E,E, [a)l E, &) +cc] pyOZ—Z[PA‘,‘Z (z,t)]

By substituting in for Pyp, and recognising k> =w/ u, € gives ;

Equation 2-19
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(Z) i(ay1—k,2) 2 iy t—kyz) [ s 2 i(oprkyz—k z)]
I: iz )+2k } RO = kB €T — pody |Es By e

Tidying up gives :

dE;(z io , ek E s
Equation 2-20 1’( )=_ 2 Ho dykE E e k=)
&

dz

Similarly for ; = @3 - @, and w3 = w; + @, we get:

Equation 2-21 M = _10 | H dng E —ilky—ky—k)z
dz 2 Ve,
dE, (z j
Equation 2-22 —31(—) =10 K dykE E,e —iCky +hy —~k3)z
dz 2 £,

These equations can be combined to give ;

dEli(z) _ dEzk (2) _ dE3j (2)
dz dz dz

Equation 2-23

This is known as the Manley-Rowe relation [25] and is essentially a statement of the
principle of energy conservation. It holds for any nonlinear interaction involving

three frequencies.

These equations are fundamental nonlinear equations and describe all possible
interactions between collinear plane electromagnetic waves of frequencies ®1, ®; and
®3. For example O+ w=03, W3- 0=, W3- 00 =0, ;= O+ B, ctC.
All these interactions can occur simultaneously in a medium, however which process
dominates depends on the relative irradiance levels of the three waves, absorption and

the phasematching conditions.

2.5.4 Phasematching

A good nonlinear material provides an efficient energy exchange between the

interacting incident and harmonic waves over its entire length. However the

Yot 27
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difference in phase velocities of fields oscillating at different frequencies can produce
a cumulative phase mismatch which can seriously limit the effective useful length of
the nonlinear device. Phasematching is a method of compensating for this phase

difference and thus optimising the conversion efficiency in a nonlinear process.

Consider a sum generation process in a nonlinear crystal where two input beams of

frequency @,; and @, combine to give a third frequency beam : @; + @; = w3, shown

in Figure 2.6.
(0] _
wy _
4 nonlinear material 0%
15}
> W3=FTw; W

Figure 2.6 Nonlinear crystal mixing process

First consider a very low efficiency generation of s, then very little power is

transformed from o, and ;. It could therefore be assumed ;

dE, _dE, _
dz dz

Equation 2-24 0

From earlier this leaves only one equation ;

dE.(z iw » s
Equation 2-25 3—() =——3 ﬂdeﬁElEze ik, +ky —k3)
dz 2 \ g

where k; + k; - k3 = Ak,

Consider a length of crystal, L, we can integrate the above equation to find the

: £
magnitude of/ws as it émerges from the crystal ; A
io. L 0(2 ) {—_im_lj
Equation 2-26 E(L)=-"2 |4 EE, [e]=2 |24 EEe &
2 \g s N 2 \e e
—ChAll -
e = -

%@ Ak 28 4\:
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To find the irradiance of ®3 in Wm™ we use ;

£ *
Equation 2-27 IL=1 /—E;E3
Hy

Therefore :

&, o) N P 4 P |
#—Zfd;ﬁElElEzEz( 'Azl )

./Z:?;

Substituting in for I; and I, gives;

Equation 2-28 I, =

g _ pTitkL _ Ak
Ak‘?'

2 2 2
Equation 2-29 I, = %—[ﬂ] dg11,
&3

2

2 sin—AkL

e O
- 2 £ eff “172 Ak[/
3 2

We can see that the irradiance of @; is proportional to three main terms ;

2

sin AKL
d2 d2 _
Equation 230 iy, eg = :37 ,  and —Akg 5 =sincz[—A]2CL]L2.
‘ 2

Therefore to increase the conversion efficiency to s, these terms must be maximised.
First consider the last term, which has maximum value, sinc = I, when Ak =0 =k; +
k> - k. Therefore we want k; = k; + k;, which is known as ‘phasematching’ and is
also a wavevector conservation requirement. As kc = @n, then 1t follows that wsn; =
@; n; + apny and therefore to satisfy phasematching, n; = n; = n;. However normal
dispersion in the crystal gives n; > n; > n; , which would mean wsn; > wmn; + apn;,

and imply 4k # 0, as shown in Figure 2.7. ‘

ky k, : Ak

A
A 4
A
v
A
v

Figure 2.7 Phasematching
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There are different methods of overcoming this problem including birefringent
phasematching (BPM), and quasi-phasematching (QPM), which are discussed in the

following sections.

It can also be seen from the second term, that to increase the efficiency of the
nonlinear conversion, the nonlinear susceptibility tensor, d.4 should be as large as

possible. The nonlinear susceptibility tensor for lithium niobate is given by ;

0O 0 0 0 d, —-d,\|
=2x|-d, d, O d, 0 O :
d, d, d, 0 0 0 i

Equation 2-31

WU U LU

where dy;=3 pm V™, dy; =5 pm V! and d3; =33 pm V' [26]

Tt can be seen that the greatest response would be given by P, = 2 ds; E,°. However
BPM cannot be used where the input and output have the same polarisation direction.
Therefore the largest nonlinear response for orthogonally polarised interactions in

lithium niobate using BPM is given by d3; which is over six times smaller than d;;.

2.5.4.1 Birefringent phasematching

In birefringent media such as lithium niobate an electromagnetic wave propagating in
any direction can travel with either the ordinary or extraordinary polarisation. These
axes have different refractive indices,/n, \and /n,,; which are wavelength and
temperature dependent. By controlling these dependencies we can find values where

R} = Ry = AH3.

For wave propagation in a uniaxial crystal the ordinary wave propagates with an

index of refraction, @ which is independent of propagation direction. The ~

extraordinary wave has an index of refraction,@ which is direction dependent given

by ;
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1

Eonation 2.3 1 sin’ @ . cos’ 0 |?
quation 2- =
n*(6) n’ n’

e o

The extraordinary index may be either greater than or less than the ordinary index,
known as positive or negative birefringence, and equals the ordinary index at 8 = 0
(propagation along the optic axis).

n
In biaxial crystals the situation is more complex since there are more thaﬁ two indices

of refraction. A complete description can be found in Hobden [27].

Unless a crystal birefringence is exactly correct the propagation direction in the

0

crystal must be chosen at a phasematching angle, 6, such that n; 6)= n, ., fora

negative birefringent crystal or n, =n; ., (8) ' for a positive birefringent crystal.

This is referred to as Type I phasematching, Figure 2.8.

Optic axis

Z A

Figure 2.8 The indicatrix for Type I phasematching in a positive uniaxial crystal

Phasematching can also be achieved by averaging the birefringence, this is known at

Type Il phasematching. For negative birefringent crystals obeys the relation ;
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@+

Equation 2-33 n; (0) = % |.n101+0)z (9)+ n’ J

and for positive birefringent crystals the ordinary and extraordinary waves are

reversed.

2.5.4.2 Beam walk-off and 90° phasematching

It was seen in Section 2.3 that the refractive index of lithium niobate is temperature
dependent, this means the phasematching angle can be temperature tuned. A highly
desirable geometry results if the phasematching angle can be tuned to 90° in a uniaxial
crystal, thus eliminating beam walk-off caused by double refraction. This beam walk-
off results because in either Type 1 or Type II phasematching both ordinary and
extraordinary waves are participating in the nonlinear interactions. For collinear
phasematching all the wave vectors, k, point in the same direction, but the ray
directions or Poynting vectors, S, do not. Nonlinear generation usually involves
narrow focussed laser beams. Along the path of such a beam in the crystal, which
follows the Poynting vector, a nonlinearly generated wave of orthogonal polarisation
will travel at a different angle, known as ‘walk-off’, Figure 2.9.

Optic axis

>_ |

s: s Se,

@3

//V/V/ k21+w2 > kf’s ? Szz
>

Negative uniaxial crystal

Figure 2.9 Poynting walk off

However, if the phasematching occurs at 90° to the optic axis then no beam walk-off
occurs. 90° phasematching can be achieved for specific wavelengths in several
crystals including lithium niobate, potassium dihydrogen phosphate (KDP) and
proustite (AgiAsS;).
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2.5.4.3 Quasi-phasematching

BPM takes advantage of naturally occurring crystal properties, whereas QPM is
accomplished by artificially engineering the structure of the crystal to maintain the
required phase relationship. QPM was first demonstrated in 1964, before the
development of BPM [28], by Miller using quartz plates [29]. However, QPM has
only recently been developed due to the technical problems encountered in fabricating

patterned material down to micron scale with good geometrical quality.

As described earlier, when light is incident on any nonlinear material polarisations are
set up in the material. If the incident power is high enough, this gives rise to
harmonics which constructively and destructively interfere with the incident or
fundamental frequency, along the length of the crystal, as shown in Figure 2.10.

Harmonic
Power P,

TN

L 21, 31, 4. ‘ength,z

Figure 2.10 Harmonic generation in a nonlinear crystal

It can be seen that for z < coherence length, /., the harmonic power is built up from
the fundamental wave to a maximum at /., corresponding to a phase shift of 1. When z
> . the power couples back to the fundamental wave. To prevent this, the sign of the
polarisation could be reversed by changing the sign of d.y every coherence length, /.,
thus inducing a reverse phase shiﬁ, and allowing continuous constructive interference

between the incident and harmonic waves, resulting in a build up of the harmonic.

This can be done by either building up slices of nonlinear matenal of thickness /.,
rotated by 180° or by poling the material periodically. This creates a sequence of
nonlinear segments of opposite optical domain direction and thus a change in the
sense of polarisation vector by 7, by changing the sign of the d;; coefficient. If every
odd multiple of /. sees a reversal destructive interference of the harmonic is avoided,

Figure 2.11.
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. Po
Harmonic
Power Quasi-phase-matched
PPLN
Non-phase-matched
LiNbO,
I, 21, 31, 41, length, 2
Figure 2.11 Quasi phasematching
The QPM period is given by ;
mA,
Equation 2-34 A =2ml

' ’ - 2(nha) - nm)

where m is the QPM order, n,, is the refractive index of the fundamental wave, ny,, is

the refractive index of the harmonic wave and A,is the fundamental wavelength.

In general first order QPM is used;

A
A with [ = L

jon 2-35 A=2] =—F -y
= 2y, —1y) TR

The intrinsic efficiency of QPM compared to BPM is 4 / m’ 7, therefore first order
QPM is only 4 / 7 times the intrinsic efficiency of BPM. Although QPM is less
intrinsically efficient, it does overcome some of the major problems associated with
BPM, including low effective nonlinear coefficient, inconvenient phasematching
temperatures and angles, photorefractive damage and Poynting vector walk-off. QPM
is also a noncritical phasematching technique, allowing the polarisation and direction
of the input and output rays to lie in the same plane, for example along one of the
crystal axes. Therefore for lithium niobate, the d3; nonlinear coefficient can be used,
increasing the conversion efficiency by over 20 times that possible with BPM which

accesses d3;. This also means that we can accomplish phasematching which would

Lty 3
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otherwise be impossible, for example in isotropic materials, or materials with too
much or too little birefringence at the required wavelength. Another advantage of
QPM is tuneability, by changing one of crystal temperature, wavelength or QPM
period, a change in the other variables is caused thus we can produce tuneable

devices.

2.6 Ferroelectric properties

A brief historical review of the discovery and development of ferroelectrics was
presented in Chapter 1. Ferroelectrics are non-metallic solids that possess a
spontaneous electric polarisation, P;. This is defined as the dipole moment per unit

volume, or surface charge per unit area.

A ferroelectric domain is a macroscopic, homogeneous region in the ferroelectric
crystal in which the direction of the spontaneous polarisation differs from that in
adjacent domains. The domain wall separating domains can move within each crystal
so that the domains shrink or grow [30]. Domain walls and their movement do not
affect the crystal lattice, apart from applying some stress at the boundary between ‘up’
and ‘down’ domains, however they do have a considerable effect on switching

hysteresis or poling as described in Chapter 3.

The polarisation of lithium niobate can be inverted if the Li ion in the crystal lattice
can be induced to move through the triangular plane of oxygen atoms. At the Curie
temperature the Li ions move into the oxygen plane such that there is no net
polarisation. However, at temperatures lower than the Curie temperature, external
electric fields as large as 10° Vem™, can force the Li ions through the oxygen
triangles, thus reversing the spontaneous polarisation. The resultant crystal
polarisation when a coercive electric field is applied follows a hysteresis loop as

shown in Figure 2.5.

"The polarisation inversion is thought to be a two-step process [31]. First, nucleation

of the domains occurs at special positions or nucleation sites where some local
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irregularity such as a crystal defect encourages it, usually at the face of the crystal.

Secondly, the inverted domains grow sideways through domain wall movement.

4+ Polarisation

Tai
+! )ﬂT Electric Field

Figure 2.12 Ideal hysteresis behaviour of poling process

The nucleation and domain growth process is still not fully understood but it is
thought that the existence of space charge layers near the surface of the crystal induce
electric fields within the crystal. The strength of these fields is probably not high
enough to generate the inversion process directly, but may contribute to polarisation
reversal and nucleation when an external field is applied. The initial nucleations are
randomly distributed in both space and time, making it difficult to monitor and

calculate the rate of polarisation reversal and domain wall growth and movement.

There are some problems affecting the poling of lithium niobate which should be
mentioned. These include material dissociation at high temperatures, even below the
Curie point, phase transitions in the material, decomposition of the surface layers and
impurities or dopant ions that cause ionic motion and electrical breakdown of the
applied field. The poling process and associated problems are described in greater

depth in Chapter 3.

2.7 Pyroelectric effect

Pyroelectric materials possess a temperature dependent spontaneous polarisation.
Ferroelectric materials, such as lithium niobate, are pyroelectric below the Curie
temperature, above this temperature they do not exhibit spontaneous polarisation,

therefore do not exhibit pyroelectricity.
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As lithium niobate is heated, the crystal lattice expands resulting in a change in the
spontaneous polarisation due to the movement of the lithium and niobium ions
relative to the oxygen planes. This change in polarisation causes a build up of charges
on the positive and negative z faces of the crystal, in particular the positive z face
becomes more strongly charged during cooling. The spontaneous polarisation change
is linear with temperature change and for lithium niobate the pyroelectric coefficient

is 4x 10°C em™K ™' [32]

2.8 Piezoelectric effect

Lithium niobate also exhibits piezoelectric properties. Piezoelectricity is the
phenomenon where application of a force to a crystal produces a voltage between its
faces. This is due to polarisation separation of the positive and negative charges
within the medium. The polarisation produced, P, by an applied stress, o, is

described by the equation;

On
P\ (d, d, d, d, d, d,\°"
Equation 2-36 x 1 12 13 14 15 o | 5
13
Py = d21 dzz d23 d24 dzs dze -
14
P, dy, d,, djy dy, dy dy
Ois
Ois

where ——— the
mk and G 1s;
1 :x=1,y=2,z=3
jkixx=1,yy=2,2z=3,zy=yz=4,x2=2x=5,Xy=yx =6
and x, y, z are the crystal axes.

For lithium niobate the piezoelectric strain coefficients at 25°C are given as [26];

dis = 692 dy = -085 dyp =208 dy =60 x10?CN’
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2.9 Electro-optic properties

The application of an electric field to some crystals, such as lithium niobate, can cause
changes in the refractive indices. Non-centrosymmetric crystals produce changes that
are proportional to the applied field, known as the linear electro-optic effect, or
Pockel’s effect, whereas crystals which posses a centre of symmetry can exhibit a
quadratic electro-optic, or Kerr effect. Both the linear and quadratic electro-optic
effects can be used effectively in various optical devices, but for lithium niobate, and

our work, the linear electro-optic effect is of particular interest.

When an electric field, Ej, is applied to the crystal, the refractive index changes

according to :

1 n,
Equation 2-37 A{n_z = Z YLy An=—-—>rE;
i

where ry is the electro-optic tensor and i, j, k can all be x, y or z, the crystal axes.
The form of the matrix describing r; depends on the crystal symmetry and is closely
related to the piezoelectric tensor dj, which relates the polarisation produced in a

medium due to stress oy.

The value of ry; is obtained experimentally and a large range of values have been
quoted for congruently grown lithium niobate taken at a range of different
wavelengths. For example Weis & Gaylord [4] report values from 28 to 34x 1012
mV! for r3; and from 6.5 to 10 x 102 mv! for r13. One set of low frequency electro-

optic tensor elements, given in reduced notation, are:
r13=8.6  rp=3.4 r13=30.8  r5;=28  pmV' at633nm[33]
The electro-optic coefficients are also dependent on composition and are larger for

stoichiometric lithium niobate, for example Kitamura quotes values of 10.4 pmV™' for

r13 and 38.3 pmV™ for r3; [34].

‘%i(f_z 38



Chapter 2: Material Properties of Lithium Niobate

2.10 Photorefractive effect

The photorefractive effect is an optically induced change in refractive index first
observed over thirty years ago [35]. Although the photorefractive effect is exploited
in some applications [36,37], for nonlinear optical devices presented in this thesis it is
an unwelcome effect as preserving good beam quality is vital, and the photorefractive
effect can cause beam distortion and scattering, leading to deterioration in optical

performance.

In the case of lithium niobate, when a light beam propagates in the crystal, an
optically induced space charge field is generated. The incident light then induces a
migration of charge along the optic axis, in which Fe?* and Fe** ion impurities can be

photoexcited to produce electrons and holes respectively ;

Equation 2-38 Fe™ + hv=> Fe* +e” Fe* + hv=>Fe™ +h*

Across the illuminated region electrons and holes are excited and migrate until they
are re-trapped by Fe** ions away from the light beam. This movement of charge
results in an electric field, and via the electro-optic effect, a change in the refractive
index around the beam of light. Since both electrons and holes can contribute to this,
the photorefractive susceptibility of the material is therefore controlled by the

oxidation state ratio Fe** / Fe*".

There are methods of controlling and reducing the problems of photorefraction. In
lithium niobate, the photorefractive effect was found to be self-annealing for crystal
temperatures above approximately 180°C for visible radiation and 100°C for near
infrared. Therefore by choosing operating temperatures above these values we can
minimise or eliminate photorefractive effects. Other ways of reducing the
photorefractive effect are by increasing the dark conductivity of the material by using
dopants, such as magnesium eg. Mg:LiNbO;, and by optimising the ratio Fe’* / Fe**
by oxidisation or reduction. As the photorefractive effect is generated by
photoexcited charge carriers, it is stronger at shorter wavelengths, 1.e. visible light,

and for lithium niobate has negligible effect above 1um.
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2.11 Chapter conclusions

This Chapter has reviewed some of the material properties of lithium niobate, in

particular those which influence the fabrication and operation of novel PPLN devices.
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Chapter 3

Periodically poled lithium niobate

Ferroelectrics have emerged as an important class of materials due to their incredibly
rich range of useful optical phenomena including; piezoelectricity, pyroelectricity,
high dielectric constants, optical waveguiding, frequency generation, electro-optics,
acousto-optics, photorefraction, phase conjugation, four wave mixing, etc. A number
of technological applications exploiting these effects such as piezoelectric transducers
[1], pyroelectric detectors [2], ferroelectric memory [3], surface acoustic wave (SAW)
devices [4], quasi-phasematched frequency doublers [5], electro-optic scanners [6],
two-wave mixing [7], and lenses [8] are all critically dependent on the ability to
micro-engineer domains of inverted spontaneous polarisation. Hence the
understanding of domain formation, domain wall motion, stabilisation mechanisms,

and structure of domain walls becomes very important.

The recent development and improvements of fabrication techniques have made
ferroelectric domain inversion much more accessible [9,10,11]. Today a variety of
methods exist for periodic poling, including the application of external electric fields,

heat treatments, metal indiffusion, and proton exchange [12].

Lithium niobate is a very attractive ferroelectric material for periodically poled
applications and has many advantages over other materials such as KTP [13], KTA
[14], SBN [15] and BBO [16] - it can be easily periodically poled for a given grating
period or domain inverted structure, its large non-linear coefficient, d3;, can be

accessed for more efficient nonlinear optical interactions, it possesses large electro-
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optic, pyroelectric and piezoelectric coefficients, is highly photorefractive and

demonstrates low scattering and absorption losses.

In this Chapter we outline the fabrication procedure for periodically poled lithium
niobate (PPLN) using a room temperature electric field poling technique using liquid
gel electrodes.  Alternative methods of domain inversion in lithium niobate are
discussed and methods of grating quality assessment presented. The significant
difference in grating quality between material sourced from different suppliers is
investigated and poling defects caused by procedures in the fabrication process are

described.

The combination of periodic poling and different properties of lithium niobate, such
as the electro-optic coefficient, nonlinear coefficient, differential acid etching and the
photorefractive effect can be exploited to produce novel PPLN devices. This Chapter
describes several pieces of work carried out in association with other members of the
Nonlinear and Microstructured Optical Materials group in the ORC, including direct
bonded PPLN devices for second harmonic generation, microstructuring of lithium
niobate using differential -acid etching techniques to produce devices such as ridge
waveguides, optical fibre alignment guides and micro-cantilevers. Also, an
investigation into the combination of differential etching and titanium indiffused
waveguides to produce surface relief grating waveguides for use in wavelength
filtering, wavelength division multiplexing and distributed feedback is presented.
Finally, two-dimensional nonlinear photonic crystals, known as HexLN, which allow
quasi-phasematching along several different paths and for several different harmonics

simultaneously are described and images of samples fabricated are presented.

In particular, two types of periodically poled lithium niobate devices were studied in
greater depth as part of the research for this thesis. Chapters 4 and 5 describe work
done specifically for this thesis to further investigate electro-optically controlled
Bragg grating modulation devices and in Chapter 6 the combination of PPLN with
titanium indiffused channel waveguides for frequency generation is more extensively

investigated.
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3.1 Fabrication of PPLN using an electric field poling technique

‘Periodic poling’ of lithium niobate is the process of altering the single domain
structure of the material to a structure with periodic 180° reversals of the d;; nonlinear
coefficient along the axis perpendicular to the optic axis of the crystal, Figure 3.2.
This periodic domain inversion in a lithium niobate crystal has been performed using
a number of techniques involving the application of heat, external electric fields, Li,O
outdiffusion, metal indiffusion, proton exchange or a combination of these [12,17,
Section 3.1.2]. The devices described in this thesis were fabricated using a room
temperature electric field poling technique based on photolithographically defined
liquid gel electrodes [18,19,20,21]. The main steps in the fabrication of PPLN using
this method are described in the following Section and Section 3.1.3 discusses the

methods used to assess the quality of resulting PPLN gratings.

3.1.1 Fabrication process

Standard 3 inch diameter, 500um thick, optical grade lithium niobate wafers were
obtained from suppliers such as Crystal Technology [22], Yamaju Ceramics Co. Inc.

[23] or Castech [24]. These wafers were diced in-house to the required device size

before processing, typically the samples were 3cm by 1.5cm.. All samples were
thoroughly cleaned before processing according to the multiple solvent procedure
outlined in Table 3-1 to produce a uniform surface for the photoresist and to remove
surface particles which could cause contamination of the sample surface (resulting in
possible defects after poling) or breakdown of the crystal structure during the
application of high voltage as part of the poling process. This process was carried out

in a class 1000 clean room at a class 100 bench in an ultrasonic bath at 50°C.

After cleaning the S1813 photoresist was spin coated onto the negative z face of each
sample at a speed of 5000 rpm for 60 seconds to produce a film approximately 1um
thick and then hard baked at 90°C for 35 minutes to remove all solvent and harden the
resist. Investigations into PPLN fabrication during this research have found that 1pm
of photoresist is the optimum thickness to hold off the charge during the electric
poling process. Also it was found that higher quality and better-defined gratings are
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obtained if the samples were patterned on the negative z face for poling. To ensure

the samples were held perfectly flat and were not warped by the suction mount on the

spin-coater, a specially designed mount was used in place of the typical o-ring mount.

0 ’. »

Removes wax and other organic agents

20 Ecoclear

20 Acetone Removes Ecoclear and organic residue

20 TPA Removes Acetone and organic residue

20 Microclean A detergent, removes IPA and inorganic residue
10 Distilled water Removes Microclean

10 Distilled water Removes any remaining residue

Table 3-1 Cleaning process

To transfer the required gratings designs from a pre-defined photolithographic chrome
on fused silica mask to the samples, a Karl Suss MA4 mask aligner was used to
expose the photoresist for 7.5s with UV light of A=436nm. Due to the degradation of
the photoresist and the UV lamp over time and the use of the mask aligner by other
researchers it was necessary to process test structures on glass slides to confirm the
exposure and developing parameters. The PPLN masks were designed using L-Edit
software package and produced in-house in the Microelectronics department of
Southampton University, thus allowing greater control over the quality of the mask
and also allowing a greater freedom in design of gratings. Due to the small size of the
samples, a specially designed sample holder was produced to ensure the samples were
held perfectly parallel to the mask in the vacuum mount. The photoresist thickness
and profile was measured using a Tencor Alphastep. Figure 3.1 shows a typical trace
for a patterned PPLN grating. This method of assessment is only an approximate
guide to the photoresist thickness and does not give a true photoresist profile due to
the small size of the features in relation to the Alpha Steﬁ tip dimensions, hence the

curved comers and sloping edges seen in Figure 3.1.
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Figure 3.1 Tencor Alphastep trace showing a typical PPLN grating photoresist profile

The samples were then removed from the clean room for electric poling. Insulation
tape was used to mask off at least 4mm round the edges of the negative 'z face of the
500um thick samples. This prevents charge ‘leaking’ round the edges of the sample
due to surface conduction, and causing electrical breakdown. For thinner samples a
smaller insulating distance was found to be sufficient to prevent breakdown.
Electrically conductive liquid gel was then applied to both sides of the sample over
the unmasked area and the sample was then placed between two electrodes as shown

in Figure 3.2.

photoresist \
- 2 face +
H.V. constant
BEMEMEMEMEMEIME 1500“"‘ current source
7\ / /fzface a
lithium /
niobate gel .
crystal
Figure 3.2 PPLN electric field poling set up
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Lithium niobate possesses a spontaneous polarisation, Py = 0.72 pCmm'z, which is
balanced by surface charges on the sample, Figure 3.3(a). The charge is given by Q =
P A, where A is the area of the sample to be poled, and as I =dQ /dt =0, there is no

current flow between the surfaces and the polansation is stable.

Pttt een

A+ )

positive

s zface

iddb el e=-p

negative
z face

Figure 3.3 Polarisation of lithium niobate sample during poling process

To counteract this spontaneous polarisation, an opposite charge of Q = P; A, must be
applied, Figure 3.3(b) and to totally invert the spontaneous polarisation an opposite
charge of Q =2 x P A is required, Figure 3.3(c). To produce PPLN, the polarisation
of half the sample needs to be inverted in periodic segments, as illustrated in Figure

3.3(d), for which the required charge is calculated from the equation ;
Equation 3-1 Qppin =2Px A=P, A

where the area, A = Lx WxN, with L the length of the gratings in mm, W the width in
mm and N the number of gratings being poled.

In order to invert the spontaneous polarisation of a lithium niobate crystal, an electric
field greater than the coercive field, E. = 22 kVmm™, must be applied [12]. To
achieve this effect, most electrical poling circuits use a constant voltage supply which
operates at,a voltage close to the coercive field [17], allowing high voltage to be
applied until the degree of domain inversion required is thought to have been

obtained. Using this method a very small percentage change in the voltage will
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greatly alter the poling rate and hence this method can be unstable, especially due to

variations in crystal quality, as described later on in this Chapter.

The periodically poled devices used during the scope of this research are based on a
current controlled system which involves varying the voltage to keep a constant
generated current during poling. As the current is relatively small, 100 to 1000pA,
universal control equipment will automatically adapt to give the correct voltage for
poling from sample to sample. Using an auto-compensating technique is a more
stable method than using a voltage controlled system and is less susceptible to
electrical breakdown. The circuit used was based round a high voltage field effect
transistor (FET) and a feedback loop, as illustrated in Figure 3.4. During a typical
poling process the power supply was raised to give a field greater than the coercive
field (22kV mm™ for lithium niobate) and the current derived feedback initially
clamped the voltage across the FET, setting point A to 1.2kV. The voltage was
stopped from rising higher and destroying the FET by a very high voltage diode that
started conducting at 1.2kV. The voltage across the sample was then increased to
approximately 11kV, with the sample held at this set voltage level minus 1.2kV. The
computer then controlled the poling process by allowing current to flow following a
pre-programmed current profile for calculated and programmed values for max
current and charge. A tanh® current profile was found to give the best results. The
feedback loop ensured that the current and therefore poling rate remained constant at
the preset level. The system monitored the current across resistor, R, compared it to
the desired current and fed back the difference to the FET. The FET’s resistance was
then altered accordingly, changing the voltage at A to a value between 0 and 1.2kV to
keep the generated current constant at the required level. When the charge (integral of
current with time) reached the pre-programmed level, Qg the voltage was dropped

and the poling stopped.
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Figure 3.4 Constant current power supply

Typical current and voltage traces are shown in Figure 3.5, where Figure 3.5 a) shows
a sample poled with a small charge and b) with a much larger charge. The tanh
current profile can be seen and the maximum current and charge can be measured
from this trace. The bottom trace in each case is the monitored voltage across resistor,
R, showing the voltage drop across the FET from 1.2kV required to produce domain
inversion. From this trace we can calculate the actual voltage at which domain

inversion occurred for each sample according to ;
Equation 3-2 Vinversion = Set Voltage — 1.2kV + Average Clamp Voltage

In this particular case the voltage was V=11.8 - 1.2+ 0.3 =109 kV.

It is thought that the spikiness in the voltage trace in Figure 3.5b) is caused when
growing domains reach defects in the crystal and when new domains are nucleated at
random spacing during the poling process. It has been seen that domain nucleation

requires a higher voltage than domain spreading and growth [25].
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Figure 3.5 Poling current and voltage traces

3.1.2 Alternative methods of poling

The samples used during this research were all fabricated using the liquid gel
electrode electric field poling technique described above, but several alternative

methods of poling have been reported by other groups.

As described in Chapter 1, one of the original methods for producing periodic poled
samples was domain inversion during crystal growth [26]. As the crystal is pulled
from melt the electric field across it is periodically switched. This is an accurate but

very slow method of production and only short lengths of PPLN can be produced. A
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faster method is the laser-heated pedestal technique used by Jundt et al. to grow
periodically poled magnesium oxide doped lithium niobate with growth speeds up to
2mm/minute [27].

Variations of the electric field poling process have been used, including a contact
electrode method [20], high voltage pulses [28] and systems based on spontaneous

Curie temperature poling using applied heat [29].

Poling may also be induced by chemical reactions or substitution of impurities.
Proton exchange followed by heat treatments produces a reversed pattern on the
positive z face of the lithium niobate sample [30]. Titanium diffused into lithium
niobate also gives rise to domain alteration [31]. This technique has been applied to

produce waveguide structures for processes such as SHG [32].

Pendergrass studied the possibility of using either the pyroelectric or piezoelectric
effect to induce poling [33]. Stress applied to a lithium niobate crystal will produce a
component of electric field along the crystalline z-axis, likewise the pyroelectric

effect can be used to produce fields of up to 10° kVmm'™.

Research has also been carried out into the direct writing of domains without the need
for the use of a mask by using an electron beam [34,35,36,37]. The incident electrons
generate a space charge beneath the surface and cause the emission of a secondary
electron. The surface potential greatly increases to compensate for this process,
generating a high field across the sample and hence causing domain reversal.
However the main limitation of this technique is the slow writing speeds of about 30

to 50 pm s

Many of these techniques are limited by high coercive fields, slow writing speed,
limited sample length, or finest achievable grating periods. The particular liquid gel
electrode technique used for this work had an absolute grating period limit of
approximately 4 or 5 micron due to the resolution of the photolithography process,
which is acceptable for the devices required in this research. However there is a drive

to produce finer period gratings, currently achievable grating periods of around 6um
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are useful for first order SHG of green light, but first order SHG of blue and UV light
requires shorter grating periods. Finer periods have been achieved by using electron
“beam writing [38], but this is a time consuming process and still cannot obtain
" submicron gratings. Recently a new poling technique, known as backswitching, has
emerged which can be used to obtain nanoscale domains in lithium niobate [39,25].
Grating periods as fine as 30nm have been achieved by Shur et al. [40]. Research has
also started in the ORC to investigate this new backswitching process. The
mechanism behind this method is the presence of an internal field in lithium mobate
which results in an axial anisotropy of the coercive field and produces spontaneous

backswitching upon abrupt removal of the external poling field [41].

A similar technique to backswitching is that of reverse poling of lithium niobate. The
samples are bulk forward poled and then reverse poled with the required grating
pattern. The main advantage of this method is the lower coercive fields involved, and
thus the reduced risk of electrical breakdown. The built-in internal coercive field of

unprocessed lithium niobate material is approximately 22kVmm™

at room
temperature, parallel to the direction of the spontaneous polarisation. When the
polarisation of the crystal is reversed by applying an external electric field at room
temperature (forward poling) the internal field becomes anti-parallel to the new
polarisation direction. The internal field in this new domain reversed state tends to
realign parallel to the new polarisation direction with time and temperature {42, 43].
This realignment is not a fast process and is incomplete after a month at ambient room
temperature and only 95% complete after annealing above 200°C for 30s. During this
realignment process the coercive field required to reverse pole the sample is much
lower, but increasing with time or temperature, than that to forward pole the sample.

The foliowing section describes work carried out into reverse poling as part of this

research.

" 3.1.2.1 Reverse poling method

This Section discusses the research carried out to investigate and compare an
alternative poling method to that more regularly used in the group. The coercive field
required to invert a domain in lithium niobate is 22 kVmm™, after the application of

which a period of time is required for the domains to become fully stable. This time
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can range from seconds to hours depending on the material and poling process used.
However, if a sample was to be reverse poled within this stabilisation period, a much
lower coercive field would be required than for the forward poling and the domains

would invert much more readily and uniformly.

The first method used to achieve reverse poling is shown in Figure 3.6 and described
below. The samples were bulk forward poled using room temperature electric field
poling with uniform liquid gel electrodes as described in Section 3.1.1, then they were
photolithographically patterned with the required grating pattern on the original +z
face, this took place within approximately 12-24 hours after the forward poling
process. The polarity of the connections to the sample was then reversed by switching
the connecting wires and the sample was reverse poled with parameters calculated for

the required gratings.

Masking to prevent breakdown
+z face

+
~11 kV

A A A 4 4

z

t !x
y Direction of spontaneous polarisation

Patterned grating

//’//////%

EEEEE

‘new’ +z face

/// /// ‘_~8I.5 KV

(VA v ava
| -

‘Switched' electrodes

Figure 3.6 Reverse poling process

A second reverse poling method was also investigated, which involved patterning the
samples with the required grating pattern first, then bulk poling them by calculating a
charge which overpoled the gratings, producing a uniform block of inverted domain.

The polarity of the electrodes was then immediately switched round and the PPLN
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gratings were reverse poled a few seconds after the forward poling using the correctly

calculated charge, as illustrated in Figure 3.6.

In both cases the samples were patterned with a set of Imm wide, 20mm long gratings
with periods ranging from 25.0um to 6.5um and poled with a constant current of
around 500pA. Previous investigations carried out for this thesis showed that for
‘regular’ forward electric field poling with liquid gel electrodes, patterning the
negative z face with photoresist gives better results. However for reverse poling the
direction of the spontaneous polarisation is inverted, swapping the positive and
negative z faces compared to virgin material. To investigate the effect of this,
samples were patterned on both negative and positive z faces and reverse poled. The

results are shown in Table 3-2.

Time between forward Patterned

and reverse poling side Comments
24hrs -z Reverse poled at 8.4 kV
24hrs +z Reverse poled at 8.7 kV
A few seconds -z Photoresist problems, no poling
A few seconds -2 Photoresist problems but some reverse poling at ~6 kV
A few seconds +z Photoresist problems, no poling
Table 3-2 Results of reverse poling investigations

The average coercive field for the reverse inversion was found kto be ~8.5kV for
samples left overnight and ~6.0kV for samples reverse poled immediately after
forward inversion, indicating the time dependence of the reverse poling coercive field.
Samples which were re-patterned over a timescale of approximately 24hrs gave some
reasonable PPLN gratings, as shown in

Figure 3.7. The samples which were pattemmed on the negative z face (originally the
positive z face) gave slightly better results than the samples patterned on the new

positive face.
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Figure 3.7 Photograph of sample viewed through crossed polarisers, showing evidence

of PPLN gratings of period 6.78m

Some interesting results were obtained for the immediate reverse poling method.
During the reverse poling process all the samples showed problems with the
photoresist coming away from the surface of the sample. The photoresist appeared to
fall off the samples, following the triangular orientation of the crystal lattices. This
can be seen from the photographs in Figure 3.8. Any domain reversal in these cases
followed these triangular patterns rather than the gratings. The most likely
explanation for this new phenomenon of photoresist fall off during reverse poling is
that charge builds up under the photoresist during the forward bulk poling, an effect
which could weaken the bonds between the sample surface and the photoresist
causing it to lift up and fall off the surface. If the samples are then poled for a
patterned grating, the poling will preferentially follow the triangular gaps in the

photoresist rather than the grating pattern.

It was concluded that for the fabrication of devices investigated in the scope of this
thesis that the regular forward poling method was preferential to the reverse poling
technique. However reverse poling techniques are successfully used by other research
groups, for example at Stanford University [27,32] a reverse poling technique using
deposited metal electrodes has been developed which does not incur the same

problems seen in this work with poor adhesion of photoresist.
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1

photoresist

b

Figure 3.8 Photographs of sample where resist has come away from the sample surface

3.1.3 Assessment of PPLN gratings

To enable different poling methods, grating penods, surface treatments and types of
crystals to be compared and advancements made in producing new and improved
PPLN devices, a method of evaluating the quality of a nonlinear PPLN grating is
required. A number of methods are used to do this which mainly rely on the
pyroelectric and piezoelectric properties of lithium niobate, and methods such as

chemical etching.

The first test after a sample has been poled is a visual inspection of the domain
gratings under a microscope using crossed polarisers, as demonstrated in Figure 3.9.
The domain boundaries can be clearly seen after poling due to residual stress and
associated birefringence via the piezoelectric effect, an effect described in Chapter 2.
This initial inspection gives a rough estimate of domain boundary straightness, under
or overpoling and grating uniformity. As part of the efforts made by the author and
others to improve poling quality we have developed a grading system for periodically
poled gratings in lithium niobate. A grade is given to the grating, where an ‘A’ Grade
" indicates an excellent grating and an ‘F’ Grade indicates a very poor grating. This

enables direct comparison of different fabrication methods, crystal suppliers, etc.
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If the grating is not visible, for example the residual poling stresses are weak or have
been annealed out, the domains can be revealed by heating then cooling the crystal,
for example on a hotplate. The grating will become visible particularly in the cooling
stage due to charge build up on the positive z face via to the pyroelectric effect, see
Chapter 2. This method is only temporary, as when the sample reaches room

temperature the charge build up begins to dissipate and the grating becomes less

visible.
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Figure 3.9 An ‘A’ Grade PPLN grating of period 30um viewed through crossed

polarisers

A third method which is used to permanently reveal the PPLN gratings, is by etching
the samples in a HF:HNOs (1:2 ratio) mixture. This method has been widely used
over the past four decades to reveal the domain structure in lithium niobate
[44,45,46]. The HF:HNO; mixture attacks the negative z face at a rate that is
appreciably higher than the positive face, removing approximately 700nm per hour at
room temperature, and leaving the positive face relatively untouched. The etching

rate increases exponentionally with temperature according to Arrhenius law ;

Equation 3-3 k= Ae Ee'RT
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where the removal rate is described in microns per hour, 4 = 3 E, /R = 6300,
and T is the absolute temperature of the etchant.

The dramatic effect of HF:HNOj; etching on lithium niobate can clearly be seen in the
scanning electron microscope (SEM) photograph in Figure 3.10, taken from the thesis
of another member of the research group. This sample was etched for 48 hours in
HF:HNO; and features exposed ridges of domain inverted material designed for use in

waveguide applications [47].

Figure 3.10 Etched periodically poled lithium niobate [photograph provided by lan
Barry, ORC]

Non-visual methods of grating inspection are also used and include; atomic force
microscopy [48], electrostatic force microscopy [49,50] or X-ray diffraction which is
used to investigate the crystal structure at the domain inverted boundaries [51,52].
The piezoelectric effect of lithium niobate can also be employed to determine the
local domain orientation in poled lithium niobate material. This is performed by
inducing stress in the crystal by squeezing it between electrodes. The sign of the
voltage produced on release determines the orientation of the polarisation of the

crystal at that point.
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An optical assessment of the grating may also be done by testing the nonlinearity of
the sample via second harmonic generation (SHG) (see Chapter 6 for more details on
SHG). From SHG measurements the effective nonlinear coefficient dr can be
estimated. A perfect sample would have a dyof 17pmV™" at a wavelength of 1pm
[53]. Any defects in the PPLN grating such as missing periods, random fluctuations
or non 50:50 period duty cycle will reduce the measured value for d.;: The grating
quality can also be assessed from the phase matching curve which indicates how the
second harmonic intensity varies with fundamental wavelength or temperature. For
example the temperature bandwidth is found by measuring the SH power with
temperature and is fitted by the function ;

sin(AkL /2)

Equation 3-4 F(T)x
quation () (AkL/2)2

where Ak is the phase mismatch and L is the length of the sample. Divergence from
this function indicates poor quality gratings. A quantitative measure of this
divergence is found by comparing the half widths (F(7)=0.5) for the measured and

theoretical data.

3.2 Material and fabrication issues

The fabrication of high quality PPLN devices is not a simple matter, particularly for
grating periods less than 10pum. Poor reproducibility, random defects, and large
differences in poling behaviour between material from different suppliers, all make
the fabrication of high quality PPLN a very hit and miss process. Continuous research
into the development of new and improved fabrication and poling techniques provides
a strong motivational factor behind the research performed within this project. In
particular there are several material-related factors which have been discovered to
inhibit the quality and reproducibility of grating production. This section looks at
several of these issues and discusses the appropriate steps which were investigated to

reduce or alleviate the problems.
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3.2.1 Material discrepancies

During the work for this thesis several differences were discovered in poling quality
between lithium niobate crystals from different suppliers. Identically specified
material, namely z-cut optical grade lithium niobate wafers, from some suppliers
produced consistently worse results than others using the same standard poling
process as described in Section 3.1.1 (see Table 3-3). Material from Koto, Japan gave
the best results both in terms of the smallest achievable feature size and the
consistency of poling. However in 1997 the supply of material from both Koto and
another Japanese supplier, Mitsui, stopped and it has never been possible to gain any

further material from these suppliers.

Although a large range of suppliers have now been sourced each has good and bad
aspects as shown in Table 3-3; Ideally Crystal Technology would be the supplier of
choice due to the nigh availability and short delivery times, but material from this
supplier was inconsistent between wafers and gave on average poorer results than the
other suppliers. Wafers from INGCRYS in Russia were seen to have a yellow-ish
tinge compared to the others, indicating high levels of iron impurities and therefore
making them more prone to photorefractive damage. Also the delivery time for the
Russian material was much longer than from the other suppliers. Devices fabricated
in material from Yamaju in Japan gave good results but this was one of the more

difficult suppliers to get hold of and varying delivery times.

Another of the differences seen between samples sourced from different suppliers was
that during the poling process required different amounts of charge for the same
grating pattern. A ‘correction factor’ was introduced to the charge calculation, the
values for material from the different suppliers is shown in Table 3-3. The values
presented were developed over time during several fabrication trials. The gratings
were visually inspectfé%( and the applied charge altered according to the amount of
over or under poling seen in the grating. Initially the reason for this was not fully
understood but was thought to relate to growth techniques, material composition,
method of wafer polishing and surface defects. Research into stoichiometric lithium
niobate [54,55] has shown that the spontaneous polarisation randomly varies with

different levels of stoichiometricity.
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Average quality of Availability and
Supplier Correction Factor
gratings produced delivery times
Crystal Technology, UK Poor 2-3 days 1.0
Yamaju, Japan Good 1-2 months 1.3
INGCRYS, Russia Good 6-12 months 1.1
Castech, China Good 6-8 weeks 1.1
Koto, Japan Excellent Unavailable 1.0
Mitsui, Japan Good Unavailable 1.2
Table 3-3 Comparison of different suppliers of lithium niobate material

It is very important to have consistency between suppliers, resulting in reliable
processing and yield. The following sections detail the further investigations which
were carried out to investigate some of the reasons behind the inconsistencies between
material from different suppliers, and to find any methods or treatments which would
standardise the quality of gratings produced between different sources of material,

allowing a greater choice of suppliers. '

3.2.1.1 Thickness variations .

The coercive field in lithium niobate depends on the thickness of the sample, with a
value of approximately 22kVmm™'. As such, any variations in wafer thickness may
result in uneven poling, with thinner areas preferentially poling at lower voltages. A
Sodium lamp interferometer was set up to look at wafer thickness and compare
material from different suppliers. Figure 3.11 shows photographs taken in the
interferometer of 3 inch diameter wafers with quoted thickness of 500pm from three
different suppliers. The fringes seen could be due to either variations in the thickness
of the wafer or the refractive index, or both. As the wafers are supplied as single
domain crystals it is unlikely that the fringes are due to refractive index alone,
although small refractive index variations may be present. Most wafers exhibit over
30 fringes across the wafer, if these were caused purely by refractive index then this
would correspond to a change in refractive index of around 0.01, which is too large.
It would be expected that any refractive index fluctuations across the crystal would be
of the order 10™ to 10°. Therefore it was assumed that the interferometric fringes

seen were due to thickness variations and not refractive index variations.
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Figure 3.11 Photographs of lithium niobate wafers and samples in a Sodium lamp interferometer

a) Wafers from Crystal Technology, UK, b) Wafers from INGCRYS, Russia, ¢) Wafer & samples from
Yamaju, Japan [red dashed circles indicate areas of exceptionally tight fringes]
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It can clearly be seen that there are variations in thickness across the area of the wafer,
and in ¢) even across the area of a sample. It was interesting to note that each supplier
had a characteristic interferometer pattern indicating that the variations in thickness
are most likely due to the polishing techniques used by each supplier, possibly from
particular polishing mounts. The wafers sourced from INGCRYS, Russia showed the
most unusual patterns with circles of very closely spaced fringes, indicated by the red
dashed circles in b). In some cases over 60 fringes were seen across a distance of less
than 2 centimetres. The actual thickness variation was calculated between points A
and B as marked in a) for wafers from Crystal Technology, UK and b) for wafers

from Yamaju, Japan. The thickness variation is given by; Af=NA/2n, where N is

the number of fringes, A is the wavelength of the sodium light, 589nm, and » is the
refractive index of the wafer, ~2.24. For the wafer in a) there are 56 fringes over a
distance of 4cm, corresponding to a thickness variation of 7.36um. In ¢) there are 32
fringes over 3.5cm indicating a thickness variation of 4.20um. These correspond to
percentage variations of 1.5% and 0.84%, and changes in coercive field of
approximately 160V and 92V respectively for S00um thick samples, which 1s a large

enough change to affect the poling process.

3.2.1.2 Refractive index variations

Conoscopic holography is an interferometric technique that relies on spatially
incoherent light interference in birefringent crystals [56,57]. A conoscope was built
as shown in Figure 3.12 and the technique was used to examine defect structures
present in the untreated, as-supplied lithium niobate wafers caused by random

fluctuations in refractive index, stresses or defects in the crystal.

white light

Figure 3.12 Conoscope set up

viewing direction
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I

The classic ‘Maltese Cross’ pattern was observed — this is seen for all birefringent
materials viewed through crossed polarisers due to the interference of the two
transmission axes. Figure 3.13 shows this pattern for a ‘perfect” wafer with no
intrinsic deviations in the refractive index uniformity. The four photographs in Figure
3.14 each demonstrate variations in the pattern, indicating fluctuations and defects in
the refractive index of the material. It should be noted that the photographs only give

an approximate picture, it is much clearer to see the structure in real-life.

Figure 3.13 Photograph of interference pattern in ‘perfect’ wafer from Castech, China

The degree of crystal non-uniformity observed in the patterns for individual wafers
was related to the overall poling quality achieved for material from each supplier.
Also, work was started to map conoscopic patterns to specific poled samples to
investigate any relation between areas of good or bad poling. Overall it was found
that material with non-uniform crystal structure gave slightly better poling quality,
however for specific samples no conclusions were able to be drawn as there are
several other factors which have been found to have a greater influence on the poling
quality. However this is still a useful technique to investigate the internal structure of

wafers and samples.
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Figure 3.14 Photographs demonstrating non-uniform refractive index profiles across wafers from

a) INGCRYS, Russia b) and ¢} Yamaju, Japan d) Koto, Japan

3.2.1.3 Domain wall deviation

Another material effect seen was deviation of domain wall boundaries from the
hexagonal crystal lattice. This can clearly be seen from the photographs in Figure
3.15 which was taken using a sample with 21.8um period PPLN gratings etched in
HF:HNO; to reveal the gratings. Domain inversion of lithium niobate results in
domain walls which closely follow the crystalline symmetry of the matenal
[33,46,58]. Therefore it can be concluded that any deviations from this are due to
underlying defects in the crystalline structure occurring during crystal growth, and are
not due to the poling process. As such, nothing can be done at the fabrication stage to

alleviate this problem, instead better quality material must be obtained.

Lot 66
~/



Chapter 3: Periodically poled lithium niobate

e
-~
44um
- . |
Figure 3.15 Photographs of etched PPLN gratings showing non straight domain walls and
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3.2.1.4 Surface defects

There is ongoing investigation to try to understand the actual mechanisms behind
domain inversion in lithium niobate [59,25]. Several groups worldwide are
investigating the domain inversion process in more depth, in particular their work
focuses on how, why and where the domain inversion process starts and how it
develops to form large, poled patterns of material. While there are currently no
definitive results, the most commonly accepted theory is that domain inversion starts
at nucleation sites arising from surface defects or irregularities in the crystal surface.
In order to investigate this phenomenon, two lithium niobate crystal samples from
different suppliers were sent to Warwick University for X-ray analysis of the surface
layers. The results showed that one sample clearly exhibited greater numbers of
surface and sub-surface defects. When related to poling quality achieve in these
wafers it was concluded that the better poling results where achieved in the sample

which had more surface and sub-surface defects.

Although both samples were of the same optical finish, the difference in sub-surface
defects could be explained by differences in the final polishing stage. There are two
methods of polishing [60] - chemical polishing and mechanical polishing, where one
‘advantage’ of chemical polishing over mechanical polishing is that it reduces sub-
surface damage to the crystal structure. In mechanical polishing, fine scratches are
introduced into the material during the initial coarse polishing, and associated with
these scratches are dislocations and deformations of the underlying material. As
polishing proceeds with finer polishing agents, the surface quality improves until no
surface defects are visible - even under a microscope. However, this appearance is
very misleading since considerable damage can still exist in the form of covered
scratches, microcracks, pits and dislocations concealed by the surface flow of the
material being polished, a phenomenon referred to as the ‘amorphous’ or ‘Beilby’
layer [61]. This area of microcracks hidden by this layer represents lapping damage
which has not yet been removed by polishing, and underneath this are the dislocations
left over from the mechanical polishing process. It is underneath this zone that the
undisturbed material with a crystallographic perfection representative of the interior

of the sample can be found, Figure 3.16.
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Beilby layer +——»

_ Dislocations

|~

Microcracks 1
caused by the

lapping <«—|— Undisturbed

process material
Figure 3.16 Cross-section of lithium niobate wafer showing surface damage due to mechanical
polishing

In chemical polishing, material is removed from the surface of the sample by a
dissolving process which does not disturb the sub-surface structure and there is no
evidence of a ‘Beilby’ layer or the associated microcracks and dislocations occurring

[62].

This is one explanation for the discrepancy between samples from different suppliers.
The x-ray analysis suggests that a mechanical polish with microcracks and sub-
surface damage leads to better quality poling. Therefore to improve the poling quality
of samples from suppliers who use a chemical polish-a mechanical re-polish is
required. This is a long and expensive process and is unpractical for the quantity of
lithium niobate wafers used in this research. Clearly another method of standardising

the material from different suppliers was needed.

The remainder of this Section describes an in depth investigation carried out into
quicker and cheaper methods of creating sub-surface defects in lithium niobate
samples and the resultant effect on poling quality. The poled samples were visually
assessed as described in Section 3.1.3, and graded accordingly, where an ‘A’ Grade
indicates an excellent grating across the whole sample and an ‘F’ Grade indicates very
poor poling. One hundred lithium niobate samples from Crystal Technology Ltd., a
supplier which previously gave the poorest poling results, were tested and the results
shown in Table 3-4. The fabrication process after-the extra surface treatment was kept

the same and the same grating periods were patterned onto each sample.
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Comments

None ‘E’

Traces of poling, but not periodically

+ z face hand polished with

Patches of periodic poling around large

Aluminium Oxide using Dremel

household cream cleaner E scratches
+ and - z face hand polished with > Overpoled along large scratches, areas of
household cream cleaner periodic poling along smaller scratches
+ z face hand polished with o Nucleations and traces of periodic poling along
3 um polishing paper scratches, overpoled elsewhere
+ and - z face hand polished with > ‘Frosty” appearance, traces of poling along large
3 um polishing paper scratches
+ z face polished using diamond B> Periodic poling at scratches, some lengths of
paste using Dremel polisher grating at longer periods
+ 2 face polished with 3 um Calcium ‘F’ Small patches of poling, but not periodic

+ z face polished with 0.3 pm
Calcium Aluminium Oxide using ‘E’
Dremel polisher

Traces of periodic poling along scratches,
nucleations following scratches rather than
pattern

+ z face polished with Syton using
Dremel polisher

Traces of periodic poling along scratches

"+ z face polished with 0.1 ym
diamond lapping paper

Traces of poling along scratches

+ z face polished with 0.1 um
diamond lapping paper followed by ‘F’
6 mins HF:HNO; 1:2 etch

Poling along large scratches, overpoled
elsewhere

+ z face polished with 0.5 pm
diamond lapping paper

Traces of periodic poling along scratches

+ z face polished with 0.5 pm
diamond lapping paper followed by ‘P
6 mins HF:HNO; 1:2 etch

Poling along scratches, not periodically

Heated in furnace for a 4 hours at

1000°C in an Argon atmosphere F Traces of periodic poling
15 mins in Pirhana [H,0,:H,SO4] ‘D’ Patches of periodic poling
6 mins in pure HF B+ Good umforrmt_y where poled,
some poling gaps
6 mins in pure HNO; ‘< Quite good, some gaps in poling
1 min in HF:HNOQO; 1:2 ‘B’ Patches of good periodic poling
6 mins in HF-HNO; 1:2 B’ Good, some lengths of u‘seable gratings at
longer periods
30 mins in HF:HNO; 1:2 ‘A Very good in general,
some patches of overpoling
Table 3-4 Results of surface preparation investigations
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It can be seen from Table 3-4 that polishing the samples with any kind of abrasive
material does not significantly improve the poling. It was found that in all cases that
the widths of the scratches were much larger than the grating periods and dominated
the poling. As a result the poled domains followed the scratches and not the patterned

PPLN grating.

However it was found that any kind of acid etch treatment before the cleaning process
greatly improved the quality of poling. In particular, samples etched in HF and
HF:HNO; produced the best results.

Material from other suppliers was etched in HF:HNOs5 and this was found to enhance,
or not adversely affect, the poling quality achievable. It was therefore decided to
make a 10 min etch in HF:HNO; 1:2 a standard step in the preparation process of
lithium niobate samples. In practice this has shown consistently improved poling

results, with good gratings around 6pm period and smaller being obtained.

3.2.1.5 Conclusions to material discrepancies

It has been seen that the discrepancies arising between lithium niobate wafer material
from different suppliers stem from defects in the crystal structure caused by crystal
growth techniques, non-uniform wafer polishing (resulting in variations in the wafer
thickness) and differing polishing techniques. As such factors cannot be directly
influenced during the fabrication process, ways to adapt the available material to the

requirements of this research need to be found, such as acid treatments.

3.2.2 Defects arising from the fabrication process

This Section describes several possible causes of defects found in the poled gratings

and suggests solutions where appropriate.

3.2.2.1 Poling Dots

Several of the poling defects can be attributed to the fabrication process. The first

problem which had to be eliminated was that of ‘poling dots’. Due to the pyroelectric
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effect, as described in Chapter 2, a rise or fall in temperature across a sample results
in increased charge build up on the positive and negative z surfaces of the sample.

For lithium niobate the pyroelectric coefficient is 4x 10°C em?K! [63].

It was observed that samples ‘crack’ and spark with any sudden change in temperature
during the fabrication process, such as removal from a drying oven. On inspection the
samples were subsequently covered in numerous domain inverted dots up to 6um in
diameter. Figure 3.17 shows a photograph taken through crossed polarisers of such a
sample. The dots are visible due to the local stress induced at the domain boundaries.
To investigate the shape and actual dimensions of these dots the sample was annealed
and the etched for 1 hour at room temperature in HF:HNOs, Figure 3.18. The
triagonal and hexagonal shape, following the crystal structure, of the dots can be seen.
The dots ranged in dimensions from sub-micron to several microns across. When
these samples were patterned with a photoresist grating and poled, the poling was
adversely influenced & dominated by the poling dots rather than following the
patterned grating. It was also noticed that the poling dots did not occur in the 4mm
border around the sample edges. This confirms the use of an insulating a border

during poling, as surface charge can migrate and dissipate around the sample edges.

a

50},l.ma _ ) v

Figure 3.17 Photograph of poling dots taken through crossed polarisers
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Figure 3.18

Photograph of etched poling dots

Chapter 6 discusses the fabrication of titanium diffused waveguide PPLN devices for

frequency conversion. The fabrication of such devices is a two step process — the

diffusion of the titanium waveguides and the poling of the PPLN grating. The

optimum order of which has been investigated and is described in Chapter 6. In both

cases the fabrication was found to be inhibited by poling dots. Figure 3.19 shows

photographs of two samples taken through crossed polarisers after diffusion of

titanium waveguides in a 1100°C furnace for 10 hours. Poling dots can clearly be

seen across the whole surface. These occur particularly in the rapid cooling phase of

the diffusion process and it was noticed that on cooling and removal of the samples

from the furnace a ‘cracking’ sound related to discharge was heard. If these samples

were to be patterned and poled with PPLN gratings they would not give good results

as the poling dots would dominate the gratings.
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Figure 3.19 Photographs of lithium niobate samples after diffusion of titanium waveguides
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Figure 3.20 Photograph of a poled titanium waveguide devices

Figure 3.20 shows a ‘clean’ titanium waveguide sample which was then processed for
poling. During a drying step in the fabrication process this sample was placed in a
120°C oven, on removal from this oven poling dots were incu}rred. The photograph
shown was taken near a corner of the sample and the 4mm boundary from the edge of
the sample is indicated by the dashed blue lines. It can be seen that no dots occur
outside these lines. The solution to the poling dots problem is to avoid any heating
and cooling of the samples during the fabrication process. If this is unavoidable, for
example during the 50°C cleaning process, the 90°C photoresist bake or the 1000°C
titanium diffusion, the samples should be raise or lowered in temperature gradually or
mechanisms put in place to dissipate the surface charge. This is examined again in

Chapter 6.

3.2.2.2 Stitching errors

The second major cause of poling defects encountered during the fabrication process
was due to defects in the chrome on fused silica masks used in the UV mask aligner.
The masks were made by the Microelectronics group at the University of
Southampton by electron beam lithography of a thin layer of metal on to a quartz
substrate. The mask is written in small subsections of ~100um? and the beam is -

magnetically steered to the next subsection. After several subsections the mask is
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mechanically translated to the next section. Stitching errors between subsections and
sections occurred with observable defects in several of the masks produced. Figure

3.21 shows such defects running in both the horizontal and vertical directions.

Figure 3.21 Photographs of mask defects in both horizontal and vertical directions

These defects are then projected onto the patterned gratings, Figure 3.22, which then
adversely affects the poling quality and therefore the device performance. The blue
lines indicate the direction of the stitching errors. Figure 3.23 shows inversed

domains terminating at the defects in the patterned gratings.

To remove these stitching errors perfect masks are required. After manufacture the

masks are individually scrutinised for any stitching errors or other defects.
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Figure 3.22 Photographs of defects in the patterned photoresist gratings caused by mask defects

Figure 3.23 Photographs showing influence of poling on defects in the patterned grating
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3.2.2.3 Photolithography issues

Other factors in the fabrication process which may contribute to poling defects
include the variation found in photoresist thickness after spinning and oval
interference rings caused by the varying forces upon the sample and photoresist
during the acceleration and spinning process. The variation is of order 0.1pum across a
typical sample and is thought to only have a significant effect for longer samples with

very fine periods.

The photoresist thickness was also examined after UV exposure and development.
Initial traces obtained using a Tencor Alphastep Profilometer were not found to give
an accurate profile due to the geometry of the Alphastep tip. An atomic force
microscope (AFM) scan was found to give better resolution. Figure 3.24 shows a
typical spun and patterned photoresist profile for a multiple opening modulator
grating and the mask it was imaged from. There are several points of interest. The
thickness of the spun resist is approximately 1.75um, however a strip of lower height
can be seen to the left of the gratings, possibly due to a defect in the mask or
overexposure. Secondly, the exposed regions in the resist do not all reach the surface
of the sample, in particular the outer two stripes still show 0.4um of photoresist on the
sample surface. Also it is interesting to note that the exposed regions do not exhibit a
square profile as expected, but a triangular one, this is partly due to the geometry of
the AFM tip but may also be due to underexposure. The unexposed regions show
thicknesses of only 1.3um compared to the spun 1.75um of photoresist. These
properties will all have effects on the poling of this sample. However it was found
that the photoresist remaining in the exposed regions was thin enough to provide
nucleation points and still allowed the current to flow during poling, and that the
thinner resist found in the unexposed regions was thick enough to hold off the voltage
during poling. In all cases the resist was visually assessed after exposure and
developing under a microscope to look for any major under or over exposure or
developing. This is particularly important for finer period gratings where the resist

profile plays a much larger role in the resultant grating quality.
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Figure 3.24 AFM scan of photoresist profile (not to scale)

3.2.2.4 Conclusions to fabrication issues

It has been shown that the control of the fabrication process is highly critical towards
achieving high quality domain inverted gratings. Several causes of domain inverted
grating defects caused by steps in the fabrication process have been highlighted. To
eliminate or alleviate these problems several measures or additional fabrication steps

have been introduced.

3.2.3 Conclusions to material and fabrication investigation

This Section has presented substantial research carried out to investigate, and better
understand material aspects of domain inversion in lithium niobate. To be able to

improve device quality and develop new devices it is essential to fully understand the
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domain inversion process and all the influencing factors. From this investigation the

following interesting conclusions were made :

e Identically specified lithium niobate material from different suppliers exhibits
different qualities and properties

e Material from certain suppliers consistently gave better quality domain inversion
gratings

e Material from different suppliers required different amounts of charge for an
identical domain inverted grating

e Defects in domain inverted gratings were found to be caused by both material and
fabrication aspects

e Material aspects included thickness variations across the wafers, fluctuations in
crystal structure within the wafers, deviations in domain inverted boundaries and
differences in surface and sub-surface defects

e TFabrication aspects included stitching errors in the masks, photolithography issues
and dots of domain inversion across the samples caused by the pyroelectric effect

¢ Techniques have been developed to remove or alleviate the grating defects caused
during fabrication

o Some of the material aspects can be standardised between material from different
supplier by the addition of a further fabrication process such as surface treatments

e Other material aspects are out with our control and we tum to the crystal growers

to help develop more suitable lithium niobate material for domain inversion

Recent crystal growth developments have realised a possible solution to the poor
quality gratings achievable in currently available material [64]. In 2001, 3 inch
stoichiometric lithium niobate and lithium tantalate crystals became commercially
available from a Japanese company, Oxide Corporation (www.opt-oxide.com) [65].
Stoichiometric lithium niobate offers several superior qualities compared to congruent
lithium niobate [66,54]. It has reduced defect density, larger nonlinear and electro-
optic coefficients, improved transparency in the UV, increased resistance to optic
damage and most important in the fabrication of PPLN, a 5 to 10 reduction in the

coercive field required for poling compared to congruent lithium niobate [55].

Yt 79
<



Chapter 3: Periodically poled lithium niobate

3.3 Effect of periodic poling on lithium niobate properties

Having reviewed the fabrication process of periodically poled lithium niobate and
discussed associated fabrication issues such as inconsistencies in material quality and
surface defects, this Section goes on to look at some of the properties of lithium
niobate and how they are affected by periodic domain inversion. Lithium niobate,
because of its high nonlinear, piezoelectric, electro-optic, and pyroelectric coefficients
and its photorefractive properties has become widely used for applications in a wide
range of fields such as acousto-optic modulation, parametric frequency conversion,

phase conjugation, and holographic data processing.

3.3.1 Periodic domain inversion and the photorefractive effect

Lithium niobate displays a very strong photovoltaic effect that, combined with the
electro-optic effect, can produce significant changes in refractive index [67], see
Chapter 2. This photorefractive effect, first observed nearly thirty years ago [68], is
the basis of a number of applications such as holography [69,70] and optical limiting
[71]. In other applications, particularly those at visible wavelengths, where
preserving good beam quality is vital, it is an unwelcome effect, causing substantial
beam distortion and photorefractive damage in single domain lithium niobate.
Continuous annealing of the sample at elevated temperatures will reduce
photorefractive damage [72], however periodic poling, or domain inversion, has been
shown to almost completely eliminate the photorefractive damage in lithium niobate
[73,74]. Experimental tests using green light from a cw argon ion laser [75,18]
confirm that photorefractive damage is essentially absent in PPLN while being

strongly present in single domain lithium niobate.

sample

Laser O R, H:| detector
focussing optics pinhole
Figure 3.25 Experimental set up for photorefractive investigations
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For the devices investigated as part of this research, in particular the visible opération
of the Bragg grating modulator described in Chapter 5, the photorefractive effect
causes reduced performance and unwanted effects. Therefore the effect of periodic
poling on the photorefractive effect was investigated using the set up in Figure 3.25.
It was shown that the photorefractive effect is greatest at blue-green wavelengths,
however it is very well known that at an operating wavelength of 1064nm the effect of
a focussed beam through a 2cm long bulk lithium niobate sample is insignificant
(Figure 3.26). Using the same sample, the transmitted power of a focussed beam of
beam waist 100um was taken for areas of bulk and periodic poling with 12pum grating
period. It can clearly be seen that the beam passing through the poled grating exhibits

greatly reduced photorefractive damage.
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Figure 3.26 Output power of a focussed beam through bulk lithium niobate with elapsed
time for 120mW of 488nm and 70mW 1064nm light
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Figure 3.27 Output power with elapsed time for 120mW 488nm light through bulk

lithium niobate and a 12pm PPLN grating

3.3.2 Periodic domain inversion and the electro-optic coefficient

Lithium niobate exhibits a linear electro-optic effect, as described in Chapter 2, where

the resultant change in refractive index from application of an electric field Ey, is

3

given by, An= —%“;;.jkE . The form of the electro-optic tensor, rijx, depends on the

crystal symmetry. If the sign of this tensor is reversed then the resultant change in

refractive index will be reversed, for example producing an increase in refractive

index instead of a decrease.

In the case of PPLN, the sign of the electro-optic tensor is reversed when a domain is
inverted, therefore application of an electric field to a PPLN sample will result in a
periodic increased and decrease in refractive index, the strength of which is
determined by the strength of the electric field. The application of this as a Bragg

diffraction device is described in Chapters 4 and 5.
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3.3.3 Periodic domain inversion and the nonlinear coefficient

Lithium niobate is a commonly used nonlinear optical crystal, however its largest
nonlinear coefficient, ds;, is not birefringently phase matched, so it was not initially
considered for phasematching applications (Chapter 2). In 1962 Bloembergen [76]
proposed a scheme for quasi-phasematching by means of one-dimensional spatial
periodic modulation of nonlinear susceptibilities, with a period equal to 21, where [ is
the coherence length of the material. See Chapter 6 for a more in depth description.
This type of phasematching may be applied to non-birefringent crystals as well as to
birefringent crystals with nonlinear optical coefficients which cannot be phase
matched. Although this suggestion and the subsequent demonstration [77] of quasi-
phasematching took place over thirty years ago, it is only recently that fabrication
techniques have been developed to allow quality devices to be produced. Periodic
poling is now commonly carried out using a number of different techniques as
described previously. Efficient frequency conversion devices based on PPLN now
exist which can be used to generate new sources anywhere between 0.4um and 7.2um

[21,78].

3.3.4 Periodic domain inversion and acid etching

As discussed in Section 3.1.3 lithium niobate is preferentially etched on the negative z
face by a HF:HNO; mixture. This is not only useful to enhance the visibility of PPLN
gratings but can be exploited for several microstructuring applications [46]. Any
pattern can be poled using electric field poling and then preferentially etched to create
three-dimensional structures such as fibre grooves or ridge waveguides, as described

in Section 3.4.3.

3.4 Novel PPLN devices

The properties of periodically poled lithium niobate discussed above have been
exploited in several novel applications as part of this project. Two specific
applications, namely electro-optically controlled Bragg grating modulators in PPLN

and titanium diffused PPLN for frequency conversion, are briefly mentioned here and
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then expanded upon in Chapters 4, 5 and 6. The remainder of the Section describes

devices fabricated using previously outlined fabrication methods.

3.4.1 Modulation and switching devices

This Section briefly introduces electro-optically controlled periodically poled Bragg
grating modulators which form the basis of Chapters 4 and 5 and then describes the
work carried out in this research group by Boyland et al. to develop a total internal

reflection switching device in lithium niobate.

3.4.1.1 Bragg grating modulators

Chapters 4 and 5 discuss in detail the research carried out into the design, fabrication
and testing of Bragg grating modulators. These devices are based on the principle of
alternating sign of the electro-optic tensor with PPLN. An applied electric field can
be used to create a refractive index grating. If the grating period, operating
wavelength and incident angle satisfy the Bragg relation, then efficient diffraction into
the first order can be achieved. The design of such a modulator device is shown in
Figure 3.28 and consists of an area of periodically domain-inverted regions forming a
grating of length d (mm) with grating period A (um) and grating planes parallel to the

y-axis of the crystal.

z

1st order oth ord
’ - order
crystal axes X / 0 -8

y

I e polarised
<+— ¢ polarised / - === voltage, V
; . C > aluminium
G| . period, A
- electrodes on + 2
launch angle
faces
Figure 3.28 Schematic diagram of the periodically poled LiNbO; modulator device
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3.4.1.2 Total internal reflection switches

A typical total internal reflection (TIR) device developed by Boyland et al. is shown
in Figure 3.29 [79,80]. These devices consist of a domain inverted region and a non-
inverted region and use the electro-optic effect to induce a refractive index difference
across the domain boundary. When a beam is incident on this boundary at a suitable
angle and the refractive index difference is great enough, total intemal reflection can
occur. Results were obtained for a 300um thick device of dimensions 13.5mm x
15mm operating at wavelengths of 543nm and 1520nm and power 0.6mW. Contrast
ratios of greater than 100:1 for an on/off voltage of approximately 450V and at an

incident angle of 89° to the normal were achieved.

‘Z
X > y
TLR oocurs hene -~ s
e | Fald o
Fleld “on"

Figure 3.29 Diagram of a typical TIR switch [79,80]

These devices are limited by the high. drive voltages required, ie. at an incident angle
of 88.4° an on/off voltage of over 1kV is required. Problems were also encountered
with the material quality, including domain wall deviations and dots of spontaneous
domain inversion, similar to those outlined earlier in this Chapter. Future work is

currently being carried out to investigate the dynamic operation of these devices.

3.4.2 Nonlinear frequency generation devices

PPLN for frequency conversion is being used more and more in everyday applications
such as printing and scanning, entertainment systems, remote sensing and medical
lasers. It is commercially available in a wide range of grating periods from companies

such as Crystal Technology [81], Photox [82], Isowave [83], INO [84] and
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Stratophase [85]. Due to this ease of availability research into applications of PPLN
for frequency conversion has exploded. Just within the ORC there is research using
PPLN to create synchronously pumped optical parametric oscillators (SPOPOs)
[86,87], including fibre pumped parametric SPOPO devices [88,89,90,91] and
generation of femtosecond pulses using pulse compression in a SPOPO [92], long
wavelength operation of optical parametric oscillators (OPO’s) [78,93], tuneable
Ti:sapphire pumped OPQ’s [94], multi-line OPO’s [95], observation of spatial
solitons in PPLN [96, 97] and high power second harmonic blue generation [21].

However fabrication techniques and novel PPLN frequency conversion devices are
also still being developed. Current publications have reported fabrication of shorter
period PPLN, <5um, for frequency doubling of infrared to generate blue and UV
radiation [39], and combining PPLN with waveguides for more efficient devices
[98,99,100]. As part of this research two PPLN areas for frequency conversion were

investigated, as described below.

3.4.2.1 Titanium waveguides and PPLN

For many nonlinear optical applications in telecommunications it is highly desirable
to have a waveguide geometry, firstly because of the compatibility with an optical
fibres mode profile, but also because the high degree of optical confinement allows
high peak power densities whilst overcoming diffraction. This is means that highly
efficient nonlinear processes can be achieved with efficiencies approaching 500%W"
'em? [101].
\

To date the principle methods for producing waveguides in PPLN have been proton
exchange, pioneered at Stanford [101] and by Michelli in Nice [102], titanium
indiffusion which was first demonstrated at the ORC [103] and more recently
developed by Sohler’s group at Paderborn [104], and direct bonding first
demonstrated at the ORC [99]. Chapter 6 presents the extensive research into titanium

indiffused waveguides in PPLN carried out for this thesis.
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3.4.2.2 HexLN

‘Normal’ PPLN achieves phasematching by modulating the nonlinearity periodically
in one dimension. In 1998 Berger suggested the idea of a 2-dimensional nonlinear
photonic crystal [105]. The reciprocal lattice is shown in Figure 3.30. The existence
of lattice vectors in multiple directions allows for quasi-phasematching along different
paths, as indicated for two cases in Figure 3.30, and for different harmonics
simultaneously. Second harmonic conversion efficiencies greater than 60% have been
achieved using 1531nm picosecond pulses, with simultaneous generation of the

second, third and forth harmonic wavelengths [106,107].

Figure 3.30 Reciprocal lattice of HexLN structure showing two different QPM processes [106]

The research reported in this section was carried as part of the study into two-
dimensional nonlinear crystals by Broderick et al. in the ORC. Using the same
fabrication method outlined earlier in this Chapter but with hexagonal inverted
domains, HexL.LN samples were fabricated as shown in Figure 3.31. Using these

devices second harmonic conversion efficiencies of greater than 60% were achieved.
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\ 18.05um

Figure 3.31 Photograph of 18.05 pm period HexLN etched for 10mins in HF:HNOj to reveal the

domains

Although lithium niobate preferentially forms domains along the y-axis and at £60°,
the 2-dimensional lattice is not restricted to hexagonal domains, in fact any pattern
whose unit cell is either a triangle or hexagon could be created. Current research is
being carried out into more complicated 2-dimensional structures and also into the

combination of Hex LN and planar titanium diffused waveguides.

Initial fabrication trials have showed limited success due to incompatibility problems
between the titanium indiffusion and electric field poling processes, this is discussed

further in Chapter 6.

3.4.3 Microstructuring of lithium niobate using differential acid etching

The fact that lithium niobate etches in acid at a different rate on the negative and
positive z face can be exploited to create three dimensional structures and devices
[46]. Recent research in the ORC by Barry et al. has used this technique of
patterning, electric field poling followed by acid etching to create ridge waveguides
[47], optical fibre alignment grooves [108] and combined with direct bonding

techniques, micro-cantilevers [109].
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Figure 3.32 shows ridge structures in lithium niobate fabricated by poling a periodic
grating followed by etching in HF:HNO; at 49°C for approximately 4 hours. These
were then combined with ion beam implantation, titanium indiffusion and proton

exchange to produce ridge waveguide structures. The lowest losses of 0.8 dB cm’

were obtained using titanium indiffused ridge waveguide structures.

Figure 3.32 SEM photograph of ridge structures in lithium niobate fabricated via etched domain
inverted patterns [photographs provided by Ian Barry, ORC]

Figure 3.33 shows a micro-cantilever, 20um wide fabricated by Sones, Gawith, et al.
at the ORC by direct bonding two pieces of lithium niobate, one poled with the

cantilever pattern and then etched in HF:HNO;j to reveal the structure. ~
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Figure 3.33 SEM picture of a micro-cantilever [photograph provided by Collin Sones, ORC]
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3.4.3.1 Surface relief gratings

The use of light can modify the etch behaviour of lithium niobate. Barry et al.
showed light induced frustrated etching in iron doped lithium niobate using Ar ion
light at 488nm [110,111]. Also in the ORC, work by Mailis et al. reported
preferential etching of lithium niobate which had been exposed to UV light.

This section describes work carried out as part of this thesis in collaboration with
Mailis at the ORC to combine titanium waveguides with preferential acid etching
resulting in interferometrically patterned surface relief gratings in lithium niobate,
Figure 3.34, for wavelength filtering, wavelength division multiplexing and
distributed feedback were produced [112,113,114]. Several techniques of surface
patterning have been proposed but they are either very complicated [115] or of limited
quality and not easily controllable since they are based solely on direct laser ablation
[116]. The method used here involved combining the surface damage produced on
the lithium niobate crystal by a pulse UV excimer laser followed by wet acid etching.
The acid preferentially attacked the laser modified areas and the depth of the pattern

was controllable via the etching time.

The fabrication method was as follows. The titanium channel waveguides were
diffused as described in Chapter 6 - 90nm thick titanium strips, ranging from 3-18um
wide at 100um spacing, were patterned and deposited on the positive z face and

diffused at 1100°C for 9 hours in oxygen.

Titanium
waveguides
JJUEUJI/ Surface

TS TS TS LTI gratings

L LSS LSS
Lifhiumn niclete sempie

Figure 3.34 Surface relief gratings and titanium indiffused waveguides
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Gratings were produced on the positive z face of z cut, 500pm thick lithium niobate
samples using two main steps, namely patterning with an excimer laser and then etch
in an HF:HNO; mixture. The positive z face was chosen due to the etch properties of
lithium niobate. The surface was patterned interferometrically using an excimer laser
(KrF) at 248nm and a phasemask, Figure 3.35. The excimer laser induces damage on

the surface which increases the etch rate in that area due to the change in crystal

structure.
phasemask
< ,
Recording beam
Lithium niobate <+
samples
<
Figure 3.35 Interferometric patterning of sample

Once patterned, the samples were etched in a 1:2 mixture of HF:HNO;. The length of
etch was dependent on the depth of grating required, approximately 1 hour for a
100nm deep grating. Figure 3.36 shows the surface profile taken with an atomic force

microscope of the gratings produced in a lithium niobate sample.

Figure 3.36 AFM profile of surface gratings
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Initial samples were interferometrically patterned and then diffused with waveguides.
However it was discovered that the long exposure to the high temperature in the

furnace caused surface annealing which removed the gratings.

titanium e
waveguide VA T AN surface

gratings

(Sizes in nm)

Figure 3.37 AFM profile showing gratings through a titanium indiffused waveguide

Successful devices were realised by diffusing the waveguides first and then patterning
the gratings. Figure 3.37 shows the surface profile of a waveguide running througﬂ a
grating. These devices were tested by Mailis et al. and Figure 3.38 shows the
transmission spectra for the etched grating, the effect of the grating can clearly be

seen around 1555nm.

1

y
~
=
=2
=
2
wa
R
£ 0.1
=
=<
<]
i

T
1553.00 1554.00 155500 1556.60
Wavelength (nm)
Figure 3.38 Transmission spectra for the etched grating
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3.4.4 Novel PPLN devices summary

This Section has described work carried out solely by the author and work done in

collaboration with other members of the research group. Table 3-5 summarises the

contribution made to each of these devices by the author.

Bragg grating modulator

Total internal reflection switch 3.4.1.2 m
Titanium waveguides in PPLN 3421 Q I & I & I
HexLN 3422 z

Titanium ridge waveguide 343 m

Micro-cantilever 34.3 ‘a
Surface relief grating 3.4.3.1 Z
Table 3-5 Summary of research carried out into novel PPLN devices

3.5 Chapter summary

This Chapter has outlined the fabncation process of PPLN using a room temperature
electric field poling technique using liquid gel electrodes and methods of grating
quality assessment presented. Alternative methods of domain inversion in lithium
niobate were discussed, in particular investigations into a reverse poling technique
were presented. The significant difference in grating quality achievable in material
from different suppliers was investigated. This was found to be caused by several
factors, including different crystal growth techniques, polishing methods and material
quality. Defects such as dots of domain inversion and mask stitching errors caused by
procedures in the fabrication process have been investigated and linked to defects in
subsequently poled devices. It was concluded that the primary cause of grating

defects in poled devices is poor quality lithinm niobate material. Therefore to
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improve PPLN quality we rely on the crystal growers to develop more reliable, more

consistent and better quality raw material.

The effect of periodic poling on several of the properties of lithium niobate, such as
the electro-optic coefficient, nonlinear coefficient, differential acid etching and the
photorefractive effect can be exploited to produce novel PPLN devices. Recent
research carried out into the microstructuring of lithium niobate using differential acid
etching to produce devices such as ridge waveguides, optical fibre alignment guides
and micro-cantilevers has been reviewed. The combination of differential etching and
titanium indiffused waveguides has been investigated and surface relief grating
waveguides for use in wavelength filtering, wavelength division multiplexing and
distributed feedback have been successfully fabricated. Initial results showing the
modification of an erbium doped fibre amplifier spectrum were presented. Two-
dimensional nonlinear photonic crystals, known as HexLN, which allow quasi-
phasematching along several different paths and for several different harmonics
simultaneously have been described and images of samples fabricated presented.
Current work to combine these devices with planar titanium indiffused waveguides is

ongoing.

An electro-optically controlled Bragg grating modulation and diffraction device was
introduced and is further examined in Chapters 4 and 5. In Chapter 4 the first results
for such a device operating in the infrared is presented. Initial results and previously
published work show several discrepancies between the measurq] data and a
theoretical model based on Kogelnigk’s coupled wave analysis [117]. Chapter 5
details extensive investigations into the mechanisms behind these discrepancies and

proposed solutions of methods of reduction where appropriate.

The combination of PPLN with titanium indiffused channel waveguides for frequency
generation was introduced and is investigated further in Chapter 6 with initial results
presented for second harmonic generation of 417nm light using a 8.7um period PPLN

grating in a 12pum wide titanium indiffused waveguide.
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It has been seen that there is already an extensive range of devices based on periodic
domain inversion in lithium niobate. As material quality, fabrication techniques and
understanding of the domain inversion process improve the number of device

possibilities will increase even more rapidly.
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Chapter 4

Electro-optic Bragg grating modulators

in periodically poled lithium niobate

This Chapter presents work carried out to develop an electro-optic Bragg grating
modulator in periodically poled lithium niobate. It starts by reviewing existing
electro- and acousto-optic modulators and describes previous work carried out by
other authors on Bragg grating modulators [1,2]. A theoretical model of the
diffraction efficiency based on Kogelnigk’s couplg[l wave theory [3] is presented. The
design and fabrication of such devices is discussed and finally results showing the
first infrared demonstration of a Bragg modulator based on periodically poled lithium

niobate at 1.064um are presented [4,5,6].

4.1 Introduction to laser modulation devices

Acousto-optic [7,8] and electro-optic devices [9] have ever-expanding applications in
laser technology. These include telecommunications, information storage, optical
processing, laser printing, Q-switches, beam deflectors & modulators, high frequency
scanning, and mode-lockers. This Section briefly reviews the basic operation of
acousto- and electro-optic devices and summarises current commercially available

devices.
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4.1.1 Acousto-optic devices

Acousto-optic Bragg modulators [7,8] are used in laser systems for electronic control
of the frequency, intensity and direction of the laser beam. Acousto-optic interaction
occurs in all optical mediums when an acoustic wave and a laser beam are present in
the medium. Acousto-optic devices require materials with good acoustic and optical
properties and high optical transmission, such as lithium niobate, tellurium dioxide,

lead molybdate, fused silica or quartz and gallium phosphide.

When an acoustic wave is launched into the optical medium, the elasto-optic
properties of the medium respond to the acoustic wave and generate a refractive index
wave that behaves like a sinusoidal grating. An incident laser beam passing through
this grating will diffract into several orders, just like in a regular diffraction grating.
In the case of Bragg diffraction, the device design and operating conditions are set so
that the Bragg condition is met and therefore the first order beam has the highest
efficiency. The angular position of the diffracted beam is linearly proportional to the
acoustic frequency, so that the higher the frequency, the larger the diffracted angle,
given by;

Equation 4-1 AP~ ﬂ,?/—f

a

where, 1, is the free space wavelength, f is the dcoustic frequency, ¥, is the acoustic
velocity and ¢ is the angle between the incident laser beam and the diffracted laser
beam. A diagram of a typical acousto-optic modulator taken from a New Focus

application note is shown in Figure 4.1.

" Acousto-optic modulators and deflectors have a number of important desirable
features as they are simple in design and operation, compact, and offer an advantage
for systems where size and weight are importan"c. The electrical power required to
- excite the acoustic wave is relatively small and can be less than one \v/att in some
cases. High extinction ratios are obtained easily because no light emerges in the
direction of the diffracted beam when the device is off. At visible wavelengths,

a large fraction (up to 85% for some commercial models) of the incident light may be
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diffracted into the transmitted beam. Rise/fall times of up to 5ns can be achieved
\;"*—'/_\“‘

within certain constraints. In the case of acousto-optic deflectors, larger numbers of

resolvable spots are possible compared to electro-optic devices (commercial models

offer up to 1000 resolvable spots) with access times typically in the range of 5-50

microseconds. A two-dimensional deflection may be obtained by using two

deflectors in series, with their directions of deflection at right angles.

<«— Acoustic absorber

Incident
beam _— «— Acousto-optic material
\ _— / Deflected beam
0
- /
|y X \
Sound .| —

waves R R

Undeflected beam

] <«— Transducer

To signal source

Figure 4.1 Typical acousto-optic modulator [10]

However, the design and performance of acousto-optic beam modulators have several
limitations. The transducer and acousto-optic medium must be carefully designed to
provide maximum light intensity in a single diffracted beam, and the transit time of
the acoustic beam across the diameter of the light imposes a limitation on the rise time
of the switching and therefore limits the modulation bandwidth. The acoustic wave
travels with a finite velocity and the light beam cannot be switched fully on or fully
off until the acoustic wave has traveled all the way across the light beam. To increase
bandwidth therefore, the light must be tightly focused to a small diameter at the
position of the interaction, minimizing the transit time. Frequently the diameter to
which the beam may be focused is the ultimate limitation for the bandwidth. Also, if
the laser beam is of high power, it cannot be focused in the acousto-optic medium
without damage. As tight focusing allows fast switching times, high power beams
result in slow switching times and low bandwidths due to the larger diameters
necessary. Finally, for operation in the infra-red region, diffraction efficiencies of

acousto-optic modulators are greatly reduced. For applications where higher

“\f‘!//j_} 106

*



Chapter 4 : Electro-optic Bragg grating modulators in periodically poled lithium niobate

switching speeds, no frequency shift, and only a moderate extinction ratio are

required, electro-optic deflectors are preferable [9].

Brimros

~ LND-2500-1000

633 & 830

lus

10-15 %

ithium Niobate

Brimrose LND-2500-1500 633 & 830 lus 5% Lithium Niobate

Brimrose GPD-250-100 633 0.7ps 70 % Gallium Phosphide

Gooch & Housego plc  M080-1B/E-GH2 450 - 650 180ns mm™" 85 % Lead Molybdate

Gooch & Housego plc  M350-2B 488 Sns 80 % Tellurium Dioxide
(30um beam)

Gooch & Housego plc  M250-2E-O2 633 10ns 85% Tellurium Dioxide
(65um beam)

Harris Corp. H-501 351-364 25ns 90 %W Fused Quartz

Harris Corp. H-800 830 75ns 50 %W Gallium Phosphide

AA Opto-Electronic AADT.230/ 450-670 4.2ps 50 % Tellurium Dioxide

B120/A0.5-VIS

AA Opto-Electronic AADTS.X 633 2.6ps 70 % Tellurium Dioxide

EO Products Corp. MT-80-VIS 450 - 700 160ns mm’’ 85 % Tellurium Dioxide

Crystal Technology 3980-120 442 - 633 25ns - Tellurium Dioxide

Crystal Technology 3200-121 515-633 10ns - Tellurium Dioxide

Isomet Corp. 1250C 633 12ns 55 % Lead Molybdate
(50um beam)

Table 4-1 Performance Characteristics of currently available bulk Bragg grating acousto-optic

modulators

Table 4-1 shows the performance characteristics for several current commercial

acousto-optic modulators and deflectors.

There are several different types of

Interaction materials used for acousto-optic modulators and it can be seen that the

lithium niobate acousto-optic modulators exhibit poorer performance with only 15%

maximum diffraction efficiency and 1ps risetimes.

4.1.2 Electro-optic devices

The electro-optic effect is a change in the index of refraction as a function of voltage,

as described in Chapter 2. This effect is intrinsically fast in all materials, thus

allowing electro-optic modulators to operate in the nanosecond timescale, compared

Lt
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to the seconds to milliseconds timescale of other modulators such as liquid crystal

modulators [11,12], and the microsecond timescale of acousto-optic modulators.

Polarizer
Polarizer {optional)

a.
— r
P L U Phase Modulated
Electro-optic Crystal Output Beam

Signal Source
or Oscillator

Polarizer Polarizer

[IX 45° Vertical E-Field 5° T
\ E J

k| - —]—

T 1 T T
] [ 1 1
] 1 \ 1
1 I ] 1
N 1 ‘ N
Y ¥ ¥ (™)

le b -~ ~]- -4

X

Electro-optic Crystal

Figure 4.2 Bulk lithium niobate electro-optic modulators a) phase modulator,
b) amplitude modulator [10]

Electro-optic devices can be used to modulate the amplitude, intensity, phase or
direction of the input beam. Such bulk optical grating modulators using electro-optic
modulation in single domain lithium niobate were demonstrated more than 25 years
ago [13,14]. Figure 4.2 shows schematics of typical bulk lithium niobate transverse
electro-optic phase and amplitude modulators [10]. However, increasing diffraction

efficiency in such devices requires controlled beam shaping techniques. ~—

S~

4.1.3 Summary

It has been shown that acousto- and electro-optic devices both have limitations and
restrictions in terms of speed, integration, drive voltages, power and useable

wavelengths. This is highlighted quite well by Wilson & Hawkes [15];

“Acousto-optic modulators can generally be used for similar applications to

electro-optic modulators, though they are not so fast. On the other hand,
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because the electro-optic effect usually requires voltages in the kV range, the
drive circuitry for modulators based on this effect is much more expensive

than for acousto-optic modulators which operate with a few volts.”

Wilson & Hawkes pl16

From this description it is clear that a device which is as fast as bulk electro-optic
devices with acousto-optic drive voltages is desired. To this end, a new class of
modulators has been developed which overcomes these limitations of conventional
types of modulators, such as low efficiency, slow risetimes and high drive voltages.
These modulators are based on electro-optically controlled Bragg diffraction in
periodically poled lithium niobate [16] and are an extension of early work on grating
based electro-optic devices such as those by Hammer [14] and Barros & Wilson [13].
The use of periodic poled structures in lithium niobate provides the potential for fast
switching, high efficiency and simple construction leading to more compact,

integrated and faster devices which can be used in the infrared and at higher powers.

In this Chapter the background to these new Bragg modulators is described, including
previous work in this field, a theoretical model of diffraction efficiency, the design
and fabrication of such devices, and finally the results which demonstrate the first
infrared operation of electro-optically controlled Bragg modulation based on a

periodically poled lithium niobate grating at 1064nm.

4.2 Electro-optic Bragg modulators in PPLN

The design of the modulator devices presented in this thesis is shown in Figure 4.3.
They consist of an area of periodically domain-inverted regions forming a grating of
length d (mm) with grating period A (um) and grating planes parallel to the y-axis of
the crystal.
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1st order
crystal axes X . . Oth order

I e polarised

+
<«— o polarised -‘ == voltage, V
e . > aluminium electrodes
5} L’ period, A
- on + z faces
launch angle
Figure 4.3 Schematic diagram of the periodically poled LINPO; modulator device

To create a refractive index grating a uniform electric field, E, is applied between the
z faces. This induces a refractive index change, periodic in sign, with an amplitude

given by the equation [17] :

3
n

— [4]
Equation 4-2 An=— 7 v Ej

The largest electro-optic coefficient in lithium niobate is given for extraordinary (e) or

z polarised light as shown in

Figure 4.3, with a value of r;3=32.2x 102 mv-'. [18]

The Bragg relation is given by [17];

ﬁ'O

2nA

Equation 4-3 sin 9““ =

where A is the period of the grating, A, is the wavelength of light in free space, 7 is
the refractive index of the material and 6, is the internal angle between the incident

light and the grating planes. This is shown in graphical form in Figure 4.4.
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E""’<// /\\\IA\&

Diffracted beam

s

A

Incident beam
Figure 4.4: Schematic diagram of Bragg condition

From the Bragg relation, it can be seen that for a given grating period a large range of
wavelengths can satisfy the Bragg relation by altering the launch angle, with the only
constraints being set by the device geometry and fabrication limitations. This means
that for any given wavelength it is possible to design the device to give high
diffraction efficiency whilst taking into consideration fabrication constraints, as

described in Chapter 3.

4.2.1 Previous work

Figure 4.5 shows results obtained by Yamada, Saitoh and Ooki in 1996 [1]. This was
the first demonstration of a periodically inverted domain electro-optically induced
Bragg grating switch in lithium niobate. The device was fabricated in 200pm thick
lithium niobate of length 4mm and grating period 8um, and was tested using light of
wavelength 633nm. The power ratio of the light in the diffracted order with applied
voltage is shown in Figure 4.5. A cylindrical lens and deflection device fabricated in

a similar way to the Bragg grating switch are also discussed.

In their paper, Yamada et al. fitted their data to the function sin’(a¥)+V,, where a
and V) are constants. It is probable that this is a typographical error and they intended
sin?(a[V -V, ]) which would then be of a similar form to the theoretical model we

derive in Section 4.3 , but with an added voltage offset, V. It would be expected
that with no applied voltage there would be no power in the diffracted order, however
we can see from Figure 4.5 that this is not the case and a voltage offset of
approximately +30V can be seen. Yamada et al. hypothesise that this offset is due to
a residual stress-induced refractive index grating remaining in the crystal after poling.
This agrees with our own findings which are discussed in much greater detail in

Chapter 5.
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Figure 4.5 Power ratio of diffracted light plotted against applied voltage

(Yamada et al. Appl. Phys. Lett.) [1]

Although impressive, the results beg some important questions. In particular only the
first order diffraction is discussed, there is no discussion of the non-diffracted or
zeroth order, making it impossible to judge the on/off ratio or efficiency of the device.
It can also be seen that the data presented is over a narrow voltage range, there is no
indication about performance at higher voltages. The y-axis in Figure 4.5 shows the
‘power ratio’ of the diffracted order, which is not adequately defined. It seems likely

that this power ratio is scaled to the maximum and minimum diffracted power.

Overall, the results by Yamada provide the first demonstration of an optical switching
device using an electro-optically induced Bragg grating in periodically poled lithium
niobate. The data shows a good fit to a sinusoidal curve and the on/off voltage of
approximately 75V corresponds to that predicted by theory (see Section 4.3 ).
However it can be seen that further work is needed to answer some of the questions
arising from this work. One of the aims of this thesis is to clarify some of these issues

and to investigate them in much greater detail.

The next Bragg grating switch in periodically poled lithium niobate was developed by
Gnewuch et al. in 1998 [2]. They demonstrated both static operation of such a device

and its nanosecond response. The device used was 300um thick, with an area of
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periodically domain-inverted regions forming a grating of length 20mm and period
40um, and was tested at a wavelength of 633nm. Results were also obtained for the

response of the device to 100ns, 20ns and 5ns pulses.

Figure 4.6 shows the static efficiency of the diffracted (first order) and non-diffracted
(zeroth order) light with applied voltage (Uy) and fitted sinusoidal curves. The curves
seen are similar to those found by Yamada et al. and also exhibit the voltage offset as
seen by Yamada. The data presented by Gnewuch shows both the diffracted and non-
diffracted orders and is given in terms of efficiency rather than ‘power ratio’ as
presented by Yamada. This allows us to understand a lot more about the operation of
the device, although Gnewuch prgsents no discussion of the theory behind the device
or the fitted sinusoids. It should be noted that the fitted sinusoids are offset in
efficiency, as can be seen from Figure 4.6. Gnewuch explained this reduction in the
efficiency contrast as occurring due to a non-uniform grating or varying mark to space
ratio. Gnewuch et al. also present results which demonstrate the suppression of
thickness acoustic modes by using a periodically poled device compared to a bulk
electro-optic modulator. The operation of electro-optic devices can be limited by the
excitation of acoustic modes in the device via the piezoelectric effect [19]. Their
conclusion was that periodic poling brings substantial benefits by its suppression of

acoustic modes.
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Figure 4.6 Efficiency of zeroth order (o) and first order (®) diffraction with applied voltage ( U,h)j %
(Gnewuch et al. IEEE Photonics Tech Lent) [2]

Yamada and Gnewuch present interesting and notable results on electro-optic induced
Bragg grating switches. Both give limited analysis of the theory behind the device
and limited discussion of the choices leading to the design of the device. In 2000,
Yamada [20] published results containing a more in depth theoretical analysis and
comparison of theory to experimental data. They used the Klein and Cook method
[21] to solve the wave equation obtaining a sinc function for the diffracted power with
incident angle, which they found was in good agreement with the results they
obtained. They also derived an equation [20 Eqn 8] for diffracted power incident at
the Bragg angle, in terms of device length, L, wavelength, A, and change in refractive

index, An. This is of similar form to the theoretical approach presented in Section 4.3
i . of AnLTm
Equation 4-4 I =sin —

In his 2000 paper Yamada presents results for the device discussed in the 1996 paper,
and then goes on to develop the idea of a poled Bragg grating device further. An
optical switch with one input port and six output ports was fabricated and tested at
633nm and a wide band optical modulator for violet-blue light which achieved 75%
diffraction into the first order. The frequency response of this device was also tested
and results are shown for 1GHz operation [20 Fig.17]. A diffraction efficiency of
70% was achieved under these conditions. Fabrication and testing specifications for

these, and the previous devices can be found in Table 4-2. ‘

The work presented by Yamada in his second paper gives much more detail about the
devices than the previous paper, however it can be noticed that the data for the Bragg
diffraction device was only taken over a limited voltage range [20 Fig.4] and shows
only the diffracted order with no information about the non-diffracted order. The data
presented appears to be the same data as presented in their first paper, however this
time the y-axis is labelled ‘Diffracted optical power’ rather than ‘Power ratio of

reflected beam’, and again this gives us no real insight into the actual data taken. Like
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the previous paper and the work by Gnewuch, this paper highlights areas that need
further investigation, which the rest of this Chapter and Chapter 5 go on to explore.

Yamada [1,20] || Gnewuch [9] i| Yamada [20] || Yamada [20]
'l (1996), (2000) | (1998) (2000) (2000)
| %
Grating period (um) 8 40 6.3 20
Device length (mm) 4 20 6x3.1 9
Operating 633 633 633 407
wavelength (nm)
Sample thickness (m) 200 300 200 200
On / Off Voltage (V) J 75 75 80 15
Diffracted 75 76 B . | 75
| Efficiency (%) B
Non-diffracted - 6 - -
Efficiency (%)
Diffracted - - - 100:1
On / Off Ratio
Non-diffracted - - - 5:1
On / Off Ratio
Table 4-2 Comparison of Previous Devices

The papers from Yamada and Gnewuch present interesting new results, demonstrating
diffraction efficiencies of up to 75% and show good relations with simple theoretical
models. However some areas of work remain undeveloped. No theoretical analysis
was given in Gnewuch’s paper and only a very simple theoretical analysis is given in
Yamada’s final paper where the refractive index profile of the induced grating is
assumed to be sinusoidal. In reality a poled grating has a square profile and the affect
of this assumption is not discussed. Results are only taken over a relatively narrow
voltage range and the performance at higher voltages is not studied. A voltage offset
1s seen in both works, which is attributed to a residual grating after poling, but this is
not investigated further. Theory predicts that 100% diffraction efficiencies should be
possible, but a maximum of only 75% was achieved and no further exploration
undertaken. The devices were only tested at visible wavelengths of 633nm and

407nm, in particular there is no research into the device performance at infrared
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wavelengths. Yamada presents results at 407nm and uses an elevated operating
temperature of 120°C to overcome optical damage due to the photorefractive effect,
but the affect of periodic poling on the Photorefractive effect is not investigated

further.

The work presented in this thesis takes these previous studies and extends them
further. A full theoretical analysis behind the basic mechanisms of the device is
presented in Chapter 4.3 . A full investigation into the influencing factors and
design considerations is presented in Chapter 4.3.9 and in Chapter 4.5.1 the first
demonstration of devices working outside the visible region at a wavelength of
1064nm are presented. Chapter 5 looks at some of the anomalies arising from this,
and previous work, and researches them further, looking at the effect of grating
period, device length, operating wavelength and E’hotorefractive effects. Several

possible theories are put forward explaining some of the discrepancies found.

4.3 Theoretical Model

Several different theoretical models have been developed for diffraction by volume
gratings, but the best know is that of Kogelnick [3]. In 1969 Kogelnik published a
coupled wave analysis for Bragg diffraction of light by thick holographic gratings
using theory similar to that used for analysis of acoustic gratings [22,23], electro-optic
gratings [24] and dynamic X-ray diffraction [25]. This theory is widely used and has

the great value of giving analytical results for high diffraction efficiencies.

A detailed mathematical analysis of off-Bragg incident light is outside the. scope of
this thesis. Therefore the validity of the theory outlined in this Chapter is limited to
“thick™ gratings, where the phase synchronism between the two coupled waves has
enough time to develop a strong and dominating effect. One definition of a “thick”
grating comes from acoustic diffraction gratings where the following parameter, Q
(sometimes known as the Klein-Cook parameter), is defined as an measure of grating

thickness [21]:
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_27Ad
nA*

Equation 4-5 0]

where X is the wavelength of light, d is the grating length, » is the refractive index of

the matenal and A is the grating period.

When Q < 1 the grating is said to be “thin” and corresponds to Raman-Nath
diffraction with several diffracted orders [21]. A grating is regarded as “thick™ and

operates in the Bragg regime with only one diffracted order when the condition Q ))

1 holds [26]. The limits of Raman-Nath and Bragg diffraction have been studied by
several authors [27], but in particular Willard [28] gives the condition for the lower
limit of Bragg diffraction as Q=4r, above which the coupled wave theory begins to
give good results [29,27]. For many practical gratings Q is sometimes much larger
than 10. For example, the Q parameter for the Bragg grating modulator developed in
Chapter 4 with grating period 70um and length 3cm, operating at 1064nm, works out
to be approximately 18, which falls comfortably into the Bragg regime.

The remainder of this Chapter includes a more in-depth theoretical analysis than
presented in previous work. This will give a clearer picture of the operation of
electro-optically induced Bragg grating devices and their behaviour. Bandwidths and
tolerances of the device are investigated, enabling an optimised device to be designed.
In particular, a theoretical analysis will help to obtain an understanding of the amount
of light that can be diffracted into the first order of the device as a function of applied
voltage (ie. refractive index variation), and also as a function of incident angle. The
significance of higher Fourier components can then be considered and also the
influence of grating quality, grating boundaries and the effect of a non-sinusoidal
refractive index grating. It is also useful to investigate how much light can be

diffracted into higher orders and methods of reducing this.

4.3.1 Assumptions for coupled wave analysis

In the following theoretical approach it is assumed that the spatial modulation of the
refractive index grating and the absorption is sinusoidal. More complicated gratings,

such as square or triangular gratings, can be analysed as multiples of the coupled
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wave theory. In the case of the gratings used in this thesis, only the fundamental
grating period satisfies the Bragg condition, and therefore is the most important.
However other grating terms arising from a non-sinusoidal grating profile will affect
the diffraction efficiency, as discussed in Chapter 5. It is also assumed that there is a
small absorption loss and a slow energy interchange (in the case of two different
wavelengths) between the two coupled waves, know as the slow varying

approximation.

The coupled wave theory assumes monochromatic light incident on the grating at or
near the Bragg angle. Only the incident wave and the first order diffracted wave are
considered, as these obey the Bragg condition, while other orders are neglected in this
model. The same average refractive index is assumed for the region inside and
outside the grating and the incident light is assumed to be polarised perpendicular to
the plane of incidence. The case of light polarised parallel to the plane of incidence is

discussed in Chapter 4.3.6.

4.3.2 Derivation of the coupled wave equations

This Section presents a tailored Kogelni/k theory, specific to the grating devices

investigated in this thesis.

i il | ot L At ' b Sl

X  crystal axes
oS

Figure 4.7 " Model of a Bragg grating
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Consider the model of a periodically poled Bragg grating shown in Figure 4.7 with
the crystal axes as indicated. R is the light incident at an internal angle 6 to the
grating planes and polarised perpendicular to the plane of incidence (this corresponds
to e—polarised light for the specific Bragg grating shown) and § is the outgoing wave.
The grating period is shown by A, K is the grating vector of length K=2 7/ A and ¢
is the angle between the direction of K and the crystal y-axis. The length of the
grating 1s given by d.

The Scalar Wave Equation is given by [3, 30 Eqn 16.4]:
Equation 4-6 VE(x, )+ Kk’ E(x,y) =0

where the propagation constant is given by :

. 2 a)2 . a)2 2 .
Equation 4-7 k™ = c—zg(x, y)—iopo = c—zn (x,y)—iouc

where ¢ is the velocity of light in free space, ® is angular frequency and p is the
permeability of the medium which is assumed to be equal to that of free space. &£(x,y)

is the relative dielectric constant and o(x,y) is the conductivity of the medium.
The average propagation constant is given by;

2nrw . .
Equation 4-8  f= 5 where n is the average refractive index.

The average absorption constant is;

cuo,

Equation 4-9 a=
quation 2(50 )%

and the coupling constant is defined as;

nr ia . . . .
Equation 4-10 K = T_Tl where a is the amplitude of the spatial modulation of

the absorption constant.
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The coupling constant describes the coupling between the reference wave R and the
signal wave § and is the central parameter in the coupled wave theory. When x =0

there is no coupling between R and S and therefore no diffraction.

By substituting in the above, the propagation constant, k, can be written as :

Equation 4-11 k* = p? _2iaﬂ+2xﬂ(ei&x +e—iK.x)

The spatial modulation described by ¢; forms a grating which couples the two waves,
R and 8, and leads to an exchange of energy between them. These waves can be
described by complex amplitudes R(y) and S(y) which vary along y as a result of this
energy exchange or because of an energy loss due to absorption. The total electric

field in the grating is the superposition of the two waves :

Equation 4-12 E= R(y)e”f" + S(y)e—i&x

The propagation vectors & and & contain the information about the propagation
constants and the directions of propagation of R and S. & is assumed to be equal to
the propagation vector of the free reference wave in the absence of coupling. & is
forced by the grating and related to £ and the grating vector by 6 =& — K , which has

the appearance of a conservation of momentum equation.

The components of & and & are given by :

sin9—£sin¢
g, sind S, ©
Equation 4-13 £=\&,|=P|cosf| and 6=)5, |=p|cosd——cosé
B
0 0 0 0

The dephasing measure is defined as :

2 o2 2
Equation 4-14 9= M =Kcos(¢p-6)- K A
2p dnr
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Using the above definitions the coupled wave equations can now be derived. The
equation for the propagation constant, Equation 4-11, is combined with the wave
equation, Equation 4-6, and the expressions for the total electric field, Equation 4-12,
and corresponding propagation vectors, Equation 4-13, are inserted. By comparing

equal exponentials, the following expressions can be obtained :

R"-2iR'E, — 2ictfiR + 2kf3S =0

Equation 4-15
o §"2i8'5, —2iafS +(B? - 57 )5 + 2R =0

where the primes indicate differentiation with respect to y. These equations neglect
all other higher order diffraction orders. In addition it is assumed that the energy

interchange between R and S is slow compared to the rapid oscillations at optical
frequency o, and that energy is absorbed slowly, allowing R” and $” to be neglected.

This is known as the slowly varying envelope (SVE) approximation [30].

By introducing the dephasing measure, Equation 4-14, the equations can be rewritten

as:

¢ R+aR =—ikS

Equation 4-16 . .
cS'+Ha+i9)S = —ixR

These are the coupled wave equations, which form the basis of this theoretical

analysis.

The constants cg and ¢g stand for :

Equation 4-17

g =—>= cosB—Ecos¢

These coupled wave equations describe the diffraction process occurring in the
grating. The wave changes in amplitude along y because of coupling to the other
wave (xR, xS) or absorption (aR, «S). For deviations from the Bragg condition S is

forced out of synchronisation with R and the coupling interaction decreases (.2.5).
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4.3.3 Solutions of the coupled wave equations

General solutions of the coupled wave equations are given by :

N

. R(y) =re" +re’
Equation 4-18

S(y) =5 +s,e™

where 11 ; and s, ; are constants which depend on the boundary conditions.
The constants y;, are determined by inserting the above solutions into the coupled

wave equations to obtain :

(cRyi +a)ri = —iKs;

Equation 4-19 . b i=12
(co7, +a+i9)s, = —ixr,
giving the solution :
1
2 5 2
) lla a . 9), 1|{a o .8 K
Equation 4-20 Vyi=——| —+—+i— ||| ———=1i—| -4
2{ecy ¢ ) 2|\ecp ¢ g CiCy

The constants r; and s; are found by introducing boundary conditions as follows;
Consider a transmission grating where the boundary conditions are R(0) = 1 and S(0)

= (0. By inserting these into the general solutions it follows that # + /r,,=1 and
2
s, +8,=0. . ¥

Combining these relations with Equation 4-19 gives s, =-s, =—££(}/1 —y,) and
Cs

therefore:

Equation 4-21 S(d)=i (e“d —e )

cs(}’l _72)

This is a general expression which is valid for all types of thick transmission gratings,

including cases of off-Bragg incidence, lossy gratings and slanted fringe planes.

4.3.4 Diffraction efficiency of a grating

The diffraction efficiency of a grating is given by;

. _les] g
Equation 4-22 n=—=.S
Ce
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where § is the complex amplitude of the output signal for a reference wave R incident
with unit amplitude. m is the fraction of the incident light power which is diffracted

into the signal wave. In the case of transmission holograms § is equal to $(d).

4.3.5 Diffraction efficiency of an unslanted, lossless dielectric transmission
grating .
By using the general formulas derived in Chapters 4.3.2, 4.3.3 and 4.3.4, an
expression for the diffraction efficiency for the specific devices investigated in this
thesis can be found. The Bragg grating devices used in this work can be compared to

an unslanted, lossless, dielectric transmission hologram grating.

In the case of no slant, ie. the grating planes are parallel to the y axis, ¢ = % For a

lossless grating a=a, =0 and the coupling constant, Equation 4-10, becomes

n . . . .
K =‘T. For a transmission grating the signal appears at y = d. These conditions

greatly simplify the equation for diffraction efficiency.

The Bragg condition is given by ;

Equation 4-23 sinf,, = % where A is the period of the grating.
n ‘

If this condition is also satisfied then cg = cs = cos 6y, and the equation for the first

order diffraction efficiency becomes the well known relation :
. . 5| mAnd
Equation 4-24 n=simn’| ————

where 1 is the diffraction efficiency, A is the wavelength in free space, O is the
internal angle between the incident light and y-axis of the crystal, d is the length of
the grating and An is the change in refractive index due to the applied field. This
concludes the main derivation based on the treatment by Kogelnigk. Equation 4-24
describes the diffraction efficiency in the first order for the particular device

configuration used in this thesis.
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4.3.6 O-polarised incident light

The above derivation assumed that the incident light was extraordinary polarised. For
the case of incident light polarised parallel to the plane of incidence (corresponding to
ordinary or o-polarised light, as in the case of the Bragg gratings investigated in this

thesis), the effective coupling constant k is reduced by :

Equation 4-25 K =Ko por COS(29 - 7[)

o-pol =

For small incident angles, as in the case of the work presented in this thesis, K,.por= Ke-
so, and the diffraction efficiency equation is assumed to be the same for both

polarisations of incident light.

4.3.7 Deviations in incident angle and wavelength

Having now developed results for first order diffraction efficiency assuming perfect
conditions where the Bragg condition is met exactly, we are now in a position to
consider deviations in incident angle and operating wavelength. For a fixed
wavelength the Bragg condition can be violated by angular deviations A8 from the
Bragg angle 6,, for example due to beam focussing. For a fixed angle of incidence a
similar violation can take place for changes AA from the correct wavelength A as in
the case of a dye laser with a typical wavelength bandwidth of AA=15nm. The

adjusted angle of incidence and wavelength can be written as :

0=0,+A68
Equation 4-26 where AO and A\ are small.
A=A, +AL

The equation for diffraction efficiency is not as simple as in Equation 4-24 when off-
Bragg angles and wavelength deviations are considered, but is still calculable. Taking

deviations into consideration, the signal amplitude can be written as :

1 1
2 - 2 2 2
] ¢ — sm!v + ’
Equation 4-27 S=- [—R] e P 1
Cg

(v2 +p2)i
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where v= _mdr and _4s

) p - .
l(ckcs )3 2¢s

The dephasing parameter, ¢, Equation 4-14, can be rewritten using a Taylor series

expansion, correct to the first order in the derivations A6 and AA, giving :

2
Equation 4-28 3=A0- Ksin(¢ —9)— AA- K
4nrx
The parameter p then becomes :
: _ 2
Equation 4-29 p=A0- kd Sm(¢ 90) ~AL- Kd
2¢g 8ncym

The diffraction efficiency is given by :

2
1
sin(v2 + ,02)3
Equation 4-30 n= 7, .y
(407}

where the angular and wavelength deviations are represented through the parameter p.
It can be seen from these equations that the diffraction efficiency has a sinc

dependence on wavelength deviation and angular deviation.

4.3.8 Analysis of Kogeln}'ﬂk theory

From the Kogelnik diffraction efficiency equation (Equation 4-24), it can be seen that
the first order diffraction efficiency of a Bragg grating modulator is dependent on the
length of the grating, d, the change in refractive index, 4n, and therefore (through the
electro-optic equation), the applied voltage, V, the wavelength of light, 4, the angle of
the incident light, 8, and through the Bragg Equation, the grating period, A.

n

These dependencies can been see,(more clearly in graphical form. The diffraction
efficiency for both the first and ze;roth order is shown in Figure 4.8. The sinusoidal
dependence can clearly be seen, along wit/h the predicted 100% achievable diffraction

efficiencies of both the zeroth and first orders.

4 %‘(zgf 125
~/



Chapter 4 : Electro-optic Bragg grating modulators in periodically poled lithium niobate

100 I\
first order
— - -zeroth order

80 -
S
>
2
3 60
L
£
(W
[
2 40 -
(&)
g
E
fa)

20 -~

v /!
0 . . , . . . v .
-200 -150 -100 -50 0 50 100 150 200
Applied Voltage (V)
Figure 4.8 Theoretical Diffraction Efficiency for zeroth and first order (for e-polarised light at

A = 633nm, for grating A = 70mm, length d = 2cm and thickness 500um)

The effect of the polarisation of the incident wave can be seen in Figure 4.9, which
shows the theoretical first order diffraction efficiency for light incident of e- and o-
polarisation. It can be seen that a device operating with o-polarised requires a much
higher drive voltage to achieve maximum diffraction, over three times the voltage.
This is an important factor when designing devices and choosing operating

conditions.
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Figure 4.9 Diffraction efficiency of the first order for e- and o-polarised incident light at A =
633nm, for grating A = 70mm, length d = 3cm and thickness 500um

The dnive voltage required for maximum diffraction efficiency for a Bragg grating
modulator also depends on the grating length, grating period and operating
wavelength (Equation 4-24). The effect on the drive voltage due to change in these

parameters is summarised in Table 4-3.

The grating period, operating wavelength and incident angle are linked through the

Bragg condition, Equation 4-23. As such, when the grating period is altered for a

fixed wavelength the incident angle must change to keep the Bragg condition
satisfied. As the diffraction efficiency depends on the cosine of the incident angle and
not the grating period, and as these angles are very small, (less than half a degree), the

effect of varying grating period on voltage is negligible.

* Increasein Vbltage

Increase Grating Period, A Negligible increase in Voltage

. Increase Wavelength, A M

Increase Grating Length, d

" Decrease in Voltage .

Table 4-3 Effect of wavelength, grating length and grating period on drive Voltage required for

maximum efficiency.

From the analysis of the theoretical model of Bragg grating devices it can be seen that
there is a high degree of flexibility available in the operating parameters of each
device by controlling the device specifications. This makes these devices highly
versatile and suitable for use in many applications under a variety of different

conditions.

4.3.9 Comparison to bulk electro-optic lithium niobate modulators

The drive voltage for a bulk longitudinal electro-optic lithium niobate modulator for

maximum switching, or half-wave voltage, is given by [30]:

. A
Equation 4-31 V= .
2nr,
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where A is the free space wavelength, n is the refractive index, and r;; is the electro-
optic coefficient. ~ Figure 4.10 shows this voltage for both e- and o-polarised light
over a large wavelength range for the same device and operating specifications as
used for the devices in this thesis. At the visible and infrared wavelengths used in this
work the equivalent voltage required to drive a bulk electro-optic device would be in
the kV range, with very little room for tuning. It can be seen from Chapter 4.3.8, that
the voltages required for maximum diffraction efficiency for Bragg grating devices
are much lower, a few volts is typical for the devices studied in this work, with a high

degree of flexibility through design choice.
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Figure 4.10 Theoretical drive voltage required for maximum switching in a bulk electro-optic

modulator with-wavelength for e-polarised and o-polarised light (thickness 5001).

4.4 Design and fabrication of Bragg modulators

4.4.1 Design considerations

The basic design of a Bragg grating modulator was previously described in Section
42 . However, when choosing the device specifications and operating conditions

there are several design parameters which must be considered. The first is to ensure
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that the device is indeed operating in the Bragg regime. As discussed in Chapter 4.3
, the lower limit of the Bragg regime is defined by :

:27r/1d>

Equation 4-32 (0] >4
7%

and once the device specifications have been chosen the Q factor should be calculated

using this equation to ensure that the device is in the Bragg regime.

For most applications a low drive voltage is desired. As was discussed in Chapter
4.3.8 this can be achieved by using e-polarised light, by decreasing the wavelength,
and by increasing the device length, d. If the wavelength is set by the application and
e-polarised light is used, then the final controllable parameter is the device length,

which can be increased up to the fabrication limitations.

4.4.2 Fabrication procedure

Bragg modulators are fabricated in lithium niobate using standard photolithography
and electric field poling techniques, as described in Chapter 3. Alignment marks were
etched onto the samples using hydrofluoric acid, after which the grating designs were
patterned photolithographically and periodic domains achieved using liquid gel
electrodes and a constant current source [31]. The aluminium electrodes used to
control the variation in refractive index via an applied electric field were then defined

photolithographically and vacuum deposited.

4.4.3 Fabrication issues due to design

The design of Bragg modulators is very different to standard periodically poled
devices in lithium niobate as the gratings are very long in the y-axis (typically
centimetres), and very narrow in the x-axis (typically microns), compared to classical
PPLN grating periods which are millimetres long and a few microns wide. Figure
4.11 shows the difference in orientation between PPLN and the Bragg grating

modulators under normal operation.
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Figure 4.11 Grating orientation of PPLN grating vs. Bragg grating modulator

(red arrow indicates the direction of the incident light)

After the application of an electric field to photolithographically defined gratings, it is
thought that poling in lithium niobate starts at nucleation points in the crystal which
are found at defects on the crystal surface, particularly at the edges & comers of
photoresist where the electric field is stronger [32,Chapter 3]. During the scope of
this project it was found that better quality poling was achieved using multiple smaller
openings within a domain, allowing increased photoresist edges. However, the design
of Bragg grating modulators leads to very large openings with few edges and

therefore fewer nucleation sites. As such, poorer quality domain inversion was

initially achieved for Bragg gratings compared to PPLN gratings, Figure 4.12 a).

Figure 4.12 Photographs taken using crossed polarisers showing a) poor quality domain

inversion in a Bragg grating. b) good quality domain inversion using multiple opening design.

To overcome this problem a new mask was designed with multiple openings in each
grating domain as shown in Figure 4.13. By using the same charge required to invert

the whole grating domain,; the smaller multiple opening domains spread in the y

G



Chapter 4 : Electro-optic Bragg grating modulators in periodically poled lithium niobate

direction to form the full domain. This produced much better quality gratings, as

shown in Figure 4.12 b).

Figure 4.13 Schematic showing a) Single opening modulator design. b) Multiple opening

modulator design (not to scale)

Furthermore, a PPLN grating consists of many narrow openings, whereas the
modulator grating consists of a few very long gratings parallel to the y axis. It is
known that intrinsic defects in the lithium niobate crystal cause ‘meandering’ of the
domain walls [33], an effect much more apparent with the long grating edges present
in the modulator grating than the much shorter openings in the PPLN gratings. The
non-straight domain walls can be seen from the photograph in Figure 4.14. This
problem does not become apparent until inverted domains are introduced in to the
crystal. As this effect is due to the crystal growth proces;Athere 1S no treatment ‘or
process which can be done at the poling stage to improve it. A study of the material

from different suppliers is reported in Chapter 3, however no supply of lithium

niobate has yet been found to produce noticeably straighter domain walls.

crystal axes

Figure 4.14: Photograph taken using cross polarisers showing domain wandering along y axis
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The third fabrication issue which affects the performance of the device 1s the presence
of non 50:50 mark to space ratio domains (ie. the ratio of the up and down domains of
the grating is not equal), and variations in grating period. Changes in the mark to
space ratio may induce a phase mismatch which would lead to reduced diffraction
efficiency. It was seen in Section 4.3.8 that changes in the grating period have
negligible effect on the drive voltage, however from the Kogelnik diffraction
efficiency equation, Equation 4-24, it can be seen that the first order diffraction
efficiency of a Bragg grating modulator is indirectly dependent on the grating period,
A, from the wavelength of light, A, and the angle of the incident light, &, As the
Bragg condition must be met at all times, a change in grating period, for example due
to imperfect gratings caused by crystal defects, must be compensated for by changes
in the wavelength or incident angle. In most cases the wavelength is fixed, therefore
the incident angle will change. To re-achieve maximum diffraction efficiency again
the incident angle could be changed accordingly. However, if no alteration is made to
the set up, the diffraction efficiency in the first order will be reduced as described in

Section 4.3.7, for the case of off-Bragg angular deviations.

4.5 Set up and testing of modulator devices

The arrangement used for testing the modulator devices is shown in Figure 4.15. The
laser is passed through a polarising beam splitter and half wave plate to allow control
of the polarisation of the beam. The light is then focussed using a 300mm lens into
the sample, which is mounted on a 5-axis micropositioner, a photograph of which is
shown in Figure 4.16. This allows movement in the x, y and z axis and also tilt about
the centre of the sample in the x-y plane and the y-z plane. The required incident
angle for Bragg matching is set using the micropositioner. The signal generator
provides the required voltage waveform, which is then amplified and applied to the
top and bottom electrodes on the sample. The range of voltages available for this
experiment is 200V, determined by the maximum working range of the voltage
amplifier [NewFocus model 3211]. Calibrated detectors are positioned at the zeroth
and first orders and pinholes used to eliminate any background signal. The signal

from the detectors is fed to an oscilloscope for comparison and recording.
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Oscilloscope
el

pinholes

Laser - —[I.[E A
beam splitter & $—>

1 wave plate

detectors

Figure 4.15: Experimental set up

Figure 4.16 Photograph of sample mounted on micropositioner

4.5.1 Setup considerations

For optimum device performance the wavefronts -of the incident wave should be
parallel. As a general rule of thumb for focussing Gaussian beams, the distance over
which the wavefronts can be assumed to be parallel is defined by the confocal
parameter or Rayleigh range. The distance from the beam waist to the edge of the
Rayleigh range is defined as :

2
_ nmoy,

Equation 4-33 z,
Ay

where n is the refractive index of the material, Ay is the free space wavelength, and @y

is the radius of the beam at the waist. The focal length of the lens should be carefully
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chosen to ensure that full length of the grating lies within the Rayleigh range,

ensuring parallel wavefronts along the whole length of the grating.

4.6 Bragg grating modulator operating at 1064nm

This section describes part of the main practical investigation carried out within the
scope of this thesis. Results are presented for the first infrared demonstration of an
electro-optically controlled Bragg modulator based on a periodically poled grating in

lithium niobate, operating at 1064nm [4,5,6].

4.6.1 Device specifications

Bragg modulators were fabricated using the method described in Section 4.4.2. The
first set of devices were of length 3cm with grating periods of 30, 40, 50, 70 and 90
um. The second were of grating period 70 um with lengths 2, 3, 4 and 5 cm. Using
the set up described in Section 4.5  the diffraction efficiencies in the zeroth and first
orders was measured for each device with both e- and o-polarised light of wavelength
1064nm. The angle for maximum diffraction into the first order was also. measured

for each device.

4.6.2 Results

The first demonstration of a Bragg grating modulator operating at 1064nm is shown
in Figure 4.17 and Figure 4.18. The device shown was of grating period 70pm and
length 3cm, and 53mW of light at a wavelength of 1064nm was used. This
corresponded to an internal Bragg angle of 0.19 degrees, and an external angle, via
Snell’s Law, of 0.44 degrees. The actual external angle for maximum diffraction

efficiency was measured to be 0.5 degrees +0.25 degrees, which is in good agreement.

On / off voltages of 55V for e-polarised light and 225V for o-polarised light were
measured. Diffraction efficiencies in the first order of 44% for e-polarised light and

30% for o-polarised light can be seen from the graphs. Maximum on/off ratios in the
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first order of 15:1 for e polarised and 9:1 for o polarised light and in the zeroth order

of 1:7 fore polarised and 1:5 for o polarised light were achieved, Table 4-4.
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Figure 4.17 Diffraction efficiency with applied voltage for zeroth and first orders for e-polarised
light (device thickness = 500pm)
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Figure 4.18 Diffraction efficiency with applied voltage for zeroth and first orders for o-polarised
light (device thickness = 500um)
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e-polarised 0' 1:7
e-polarised 1% 15:1
o-polarised o" 1:5
o-polarised 1 9:1

Table 4-4 Maximum on / off ratios for 1064nm diffraction

The corresponding theoretical diffraction efficiencies for the first order for e- and o-

polarised light are shown in Figure 4.19.
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Figure 4.19 Theoretical diffraction efficiency for first order diffraction for e- and o-polarised
light showing the much lower drive voltage required for operation with e-polarised light (device

thickness = 500um)
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Figure 4.20 shows the measured incident external angles for maximum efficiency in

the first order, shown as dots, against the theoretical Bragg angle, indicated by the

solid line, for each of the five 3cm long devices. Due to the small angles involved the

error in the measured angles is very high, £0.25 degrees. The voltage required to

switch the device from minimum diffraction in the first order to maximum diffraction,

called the on / off voltage, is shown in Figure 4.21. This voltage was measured for 4

samples with grating period 70pum, and grating lengths of 2, 3, 4 and 5 cm, for both e-

and o-polarised light. The solid lines represent the theoretically calculated on / off

voltage.
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Figure 4.20 Theoretical and measured Bragg angles for Bragg gratings operating at 1064nm.
(Error of 10.25 degrees in measured angles)
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Figure 4.21 On / Off Voltage with device length for e- and o-polarised light of 1=1064nm &
grating period, A=70um.

4.6.3 Discussion

In Figure 4.17 and Figure 4.18 the sinusoidal dependence seen by Yamada [1,20] and
Gnewuch [2] can clearly be seen. On / off voltages of 55V for e-polarised light and
225V for o-polarised light were measured, compared to theoretical values of 54.6V
and 183.5V, as shown in Figure 4.19, calculated using r coefficients of r33=30.8 x 10
mV™ (accessed by e-polarised) and 13 = 8.6 x 10?mV"' (accessed by o-polarised)
[17]. This shows good correlation for e-polarised light, but poor for o-polarised light.
However, a large range in the electro-optic coefficient, r, is reported for lithium
niobate, for example Weis & Gaylord [18] report values from 28 to 34 x 10" mv™! for
113 and from 6.5 to 10 x10"> mV™' for r)3. Therefore by appropriate selection of the

electro-optic coefficient we can achieve good match for both e- and o-polarised light.

Figure 4.20 shows that within the error margins the measured angles for maximum
diffraction efficiency for devices of grating periods 30, 40, 50, 70 and 90um are in
good agreement with the theoretical Bragg angles. The measured on / off voltages

shown in Figure 4.21 are also in good agreement with the predicted voltages shown
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by the solid lines. The measured voltages for the Scm device are slightly higher than
expected; this is believed to be due to a decrease in effective grating length as
discussed in Section 4.4.1, as a result of the operating conditions and device

specifications.

An offset in applied voltage, similar to that seen by Gnewuch, of —55V in this
particular experiment can be seen in both the e- and o-polarised diffraction
efficiencies. It is believed that the origin of this offset is due to a residual stress
induced refractive index grating after poling and is a phenomenon reported by other
groups but not yet fully understood [20]. Annealing has been found to help, but does
not fully alleviate this problem, Chapter 5.

Diffraction efficiencies of 44% for e-polarised light and 30% for o-polanised light
were achieved with these devices, representing a result lower than the 70% and 75%
diffraction efficiencies seen by Yamada and Gnewuch at the lower wavelength of
633nm. The diffraction efficiencies achieved when operating in the infra-red were
found to be consistently lower than for visible operation. Also, higher field maxima
(corresponding to higher orders in the argument of Equation 4-24 of =, 3w, 5n...) have
been found to exhibit increasingly lower diffraction efficiencies. The diffraction
efficiency is thought to be reduced by parasitic higher order spots due to non-
sinusoidal grating components present in the periodically poled grating and voltage
induced scattering at increased drive voltages. It can also be seen from the efficiency
graphs that the diffraction minima are non-zero. This is likely to be due to non
uniform grating periods and the non-sinusoidal characteristic of poled grating profiles
causing diffraction due to higher order grating components. These anomalies are

investigated in greater depth in Chapter 5.

4.7 Chapter conclusions

This Chapter has reviewed current acousto-optic and bulk electro-optic modulators.
An electro-optically induced Bragg grating modulator in periodically poled lithium

niobate was introduced, previous work in this area reviewed, and a full theoretical
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analysis based on the Kogelnik coupled wave theory for thick holograms presented.
This theoretical analysis allowed several issues to be taken into consideration during
the design phase of this project. The fabrication of the devices was described, and
fabrication issues due to design highlighted. Analysing and characterisation of the
devices was also described. The last section presented results for the first infrared
operation of a Bragg grating modulator at 1064nm with first order diffraction
efficiencies of 44% and 30 % achieved for e- and o- polarised light. An offset of -
55V was seen in the efficiency graphs which was believed to be due to a residual
internal electric field cause by the poling process. The diffraction efficiency curves
exhibited similar sinusoidal characteristics to the theoretical curves and good
correlation was seen between theoretical and measured Bragg angles for several
devices with different grating periods. The measured on/off voltage for differing
lengths of device was also seen to match well with theoretical values. However
several anomalies between the theoretical and measured data were highlighted and it
was concluded that further work is needed to fully understand the operation of these
devices. The results taken at 1064nm backed up discrepancies seen before by other
authors, in particular the offset in drive voltage, iower peak diffraction efficiencies
than predicted by theory, and non-zero minima in diffraction efficiency. Work

towards understanding and explaining these inconsistencies is presented in Chapter 5.
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Chapter 5

Further investigation into electro-optic

Bragg grating modulators in PPLN

In Chapter 4 an electro-optically induced Bragg grating modulator in periodically
poled lithium niobate was introduced. A theoretical analysis based on Kogelnigk’s
coupled wave analysis of Bragg diffraction [1] was developed and results for a Bragg
grating device operating in the infrared at 1064nm were presented. From these
results, and from previous work by Yamada [2,3] and Gnewuch [4] several
discrepancies and anomalies were found between the experimental results and the

theoretical predictions.

This Chapter looks at several of these findings, investigating them in greater detail to
understand the mechanisms behind them, with the aim of preventing or reducing the
effects to improve performance. Results at visible wavelengths of 633nm and 488nm
~ are presented and compared alongside the results in Chapter 4.6 to the theoretical
analysis in Chapter 4.3. A discussion and experimental data showing the effect of the
photorefractive effect on the lithium niobate devices are presented. The effect on
device performance of residual gratings after poling, multiple reflections from the end
faces and a new field induced light scattering effect at higher drive voltages due to

poling is researched. ]
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5.1 Visible operation of Bragg grating modulators

To further investigate some of the differences and inconsistencies seen between
experimental data and theoretical analysis for infrared operation, and as seen in
previous work by Gnewuch [4] and Yamada [2,3], the Bragg grating devices were
tested at the visible wavelengths of 633nm and 488nm. The five devices of length
3cm with grating periods 30, 40, 50, 70 and 90um, as described in Chapter 4.6, were
used. The set up was as used for infrared operation (Chapter 4.5) with the 1064nm
Nd:YAG laser replaced by a 633nm HeNe or a 488nm Ar ion laser.

Diffraction efficiencies for applied voltages ranging from -200V to +200V were
measured for each of the devices at both 633nm and 488nm. From these results

different aspects of the device performance can be analysed.

5.1.1 On/ off drive voltage with wavelength

Figure 5.1 shows a comparison of theoretical and measured on / off voltage with
wavelength for both e- and o-polarised light. If low drive voltage is an important
issue in device design for a particular application, it can be seen that shorter operating
wavelengths involve lower on / off voltages than longer wavelengths.
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Figure 5.1 Graph of theoretical (solid line) and measured (dots) on/off drive voltage
with incident wavelength (thickness 500um)
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5.1.2 Effect of wavelength and grating period on Bragg angle

The five devices were each tested at wavelengths of 1064nm, 633nm and 488nm and
the external angle measured for peak diffraction into the first order. These values are
plotted against the theoretical Bragg angle in Figure 5.2. The error due to
inaccuracies in measurement was high, £0.25 degrees, due to the experimental set up
and the small angles involved. Considering this error, the measured angles show a

good correlation with the theoretical Bragg angle.
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Figure 5.2 Graph of theoretical and measured Bragg angles with grating period for

different operating wavelengths (reading error #0.25 degrees)

5.1.3 Operation at 633nm

Figure 5.3 and Figure 5.4 below show the diffraction efficiency in the zeroth and first
orders taken for both e- and o-polarised light at 633nm for a device of grating period
40pm and length 3cm. Figure 5.5 shows the theoretical first order diffraction
efficiency for e- and o-polarised light for an identical device and conditions. It can be
seen that experimental curves exhibit similar sinusoidal patterns of corresponding
period. The performance characteristics for operation at 633nm are summarised in

Table 5-1, which is in keeping with Table 4-2 for previously published results.
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Figure 5.3 Experimental diffraction efficiency of a Bragg grating modulator, period
40um, length 3cm, thickness 500um, in the first and zeroth order for 633nm e-polarised light
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Figure 5.4 Experimental diffraction efficiency of a Bragg grating modulator, period

40pm, length 3cm,thickness 500um, in the first and zeroth order for 633nm o-polarised light
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Figure 5.5 Theoretical first order diffraction efficiency for 633nm e- and o-polarised
light, period 40um, length 3cm and thickness 500um

Polarisation e- o-

On / off voltage (V) [t=500um] 36 120
Theoretical on / off voltage (V) 35 135

Diffracted efficiency 46 % 72 %
Non-diffracted efficiency 63 % 69 %
Diffracted on / off ratio 22:1 10:1
Non-diffracted on / off ratio Z 1 40:1

Table 5-1 Summary of performance characteristics at 633nm

5.1.4 Operation at 488nm

Initial results at room temperature at 488nm were unsuccessful due to the high level
of photorefractive damage seen in lithium niobate at shorter wavelengths. The
counteractive effect of periodic poling in lithium niobate on photorefractive damage

has been greatly studied [5,6], and is described in Chapter 3. The poled grating in the
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Bragg modulator devices provided some improvement, but due to the relatively few
grating planes accessed in the Bragg gratings, there was only a marginal improvement
through the grating compared to bulk. Continuous annealing of the sample helped to

offset the photorefractive damage.

To find out the optimum operating temperature a Bragg grating modulator device of
grating period 40pum and length 3cm was set up as before for peak diffraction into the
first order. The power in the first order was measured with time at room temperature
and for three elevated temperatures of 100, 150 and 200°C. The results are shown in
Figure 5.6. It can be seen that as the temperature is increased the rate of
photorefractive damage is reduced, until at approximately 200°C the damage and

annealing rates reach equilibrium.
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Figure 5.6 Graph of relative power in the first order with time at room temperature

and at elevated temperatures of 200°C, 150°C and 100°C for 10mW of 488nm light

The efficiency measurements were then re-taken at the elevated temperature of 200°C

and are shown for o-polarised light in Figure 5.7.
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Figure 5.7 Graph of experimental diffraction efficiency with applied voltage for a device of

grating period 50um, length 3cm, thickness 500um and with 488nm o-polarised light at 200 °C

It can be seen that although the characteristic sinusoidal diffraction efficiency with
voltage is seen, there is a drop in diffraction efficiency, particularly at higher applied

voltages, and an offset in effective zero field point of 52V.

5.2 Investigation into discrepancies

Previously published results have looked at performance of the Bragg grating
modulators over a relatively narrow voltage range and have only considered the first
peak in diffraction efficiency. This has hidden several of the anomalies and
phenomena seen in the fugsler investigation carried out in this work. This 53
highlighted more clearly if the range of applied voltages is restricted for the results
shown in this work to show only the first peak in first order diffraction, see Figure 5.8
for 633nm results and Figure 5.9 for 488nm results. If only these results are
considered, then a good match with the theoretical model would be concluded. This
is effectively the approach taken by Yamada [2,3] and Gnewuch [4] in their

presentation of their results.
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However, the results presented in this thesis look at a much wider picture, over larger

voltage ranges showing several higher orders of diffraction efficiency peaks. Overall

the results have shown good correlation with the theoretical analysis based on

Kogelnik’s coupled wave analysis for Bragg diffraction of light by thick hologram
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gratings. Good matches were seen in Bragg angle with grating period and wavelength
and in on / off voltage with operating wavelength and with device length for both e-
and o-polarised light. However several new phenomena have been uncovered or seen

more clearly during the further investigations.

Anomalies seen previously, such as an offset in the effective zero field point and non
100% diffraction efficiencies in the initial zeroth and first order peaks have been
reconfirmed in our results at 1064nm, 633nm and 488nm. New discrepancies
between the experimental data and the theoretical model not previously seen have also
been found, including an increase in on / off voltage at higher applied voltages,
reduced diffraction efficiencies during infrared operation and an increasing reduction
in diffraction efficiency at peaks at increasing applied voltage. Other unexpected
phenomena were seen during device testing such as diffraction into higher order spots
and in-plane scatter into the general background, particularly at higher applied

voltages.

The previous Section reviewed the operation of the electro-optically controlled Bragg
grating modulator at 633nm and 488nm and discussed the need for high temperature
operation at shorter wavelengths to overcome photorefractive damage. This Section
moves on to look at the discrepancies arising between the experimental data and the
theoretical predictions with the aim of understanding the mechanisms causing them

and, if possible, proposing solutions or methods of reduction.

5.2.1 Offset in effective zero field point

With no applied voltage unexpected diffraction into the first order was seen. This was
made even clearer when a diffraction efficiency with applied voltage measurement is
taken over a range of voltages. This was most apparent in Figure 5.7 for o-polarised
488nm light where the effective zero field point was found at approximately 52V.
This effect was also been seen by other authors; Yamada [2Fig4, 3Fig4] reported an
offset of 30V in the 633nm modulator results and Gnewuch [4Fig2] reported an offset
of 2.5V.
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This effect is believed to be due to a residual grating remaining in the crystal after
poling caused by stress induced refractive index changes via the piezoelectric effect.
In Figure 5.7 this effect can be seen to cancel out at 52V. These stress induced
gratings are seen in PPLN for other applications such as frequency conversion,
Chapter 3, but due to the nature of the devices and its operation in those cases, this

effect does not cause such a problem.

PPLN is frequently annealed after poling to re-align the internal field and remove any
stress induced changes. The effect of annealing of the devices on the residual grating
left after poling was measured by taking an intensity line scan with output angle for a
device before and after annealing. The device in this case was of grating period
70um, length 3cm and the measurements were taken using 633nm e-polarised light
with no applied field. Several scans were taken for each case, at and just around the
Bragg angle to highlight the extent of the stress induced grating present in the crystal.
From Figure 5.10, taken before annealing, it can be seen that a large percentage of the
power is being diffracted and scattered into higher orders and into the general
background. Figure 5.11, taken after annealing at 250°C for 20 hours, shows that the
residual grating has decreased significantly, less power is being diffracted into other

orders and into the general background and the power in the zeroth order is increased.
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Figure 5.10 Line scan of output power with angle before annealing
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Figure 5.11 Line scan of output power with angle after annealing at 250°C for 20 hours

Annealing was found to help, but not alleviate the residual grating present in the
crystal after poling. However the offset in effective zero field point was found to be
reduced, thus confirming that this effect is, at least partly, caused by a residual

internal refractive index grating.

5.2.2 Increased on / off voltage at higher applied voltages

A new effect seen in the results in this thesis was the increase in on / off voltage at
higher applied voltages. It can be seen most clearly in Figure 5.3 and in Figure 4.17.
In Figure 5.3 the peak in first order diffraction efficiency at 125V has an on/off
voltage of 50V compared to 35V for the peak at 40V. This is thought to be due to the
increased change in refractive index at higher voltages enhancing defects in the
grating which alter the output angle of the diffracted beam causing it to misalign with
the detector. Another similar explandtion may be due to refraction at the interfaces
again causing misalignment with the detector and therefore altering the on / off

voltages. Further investigation is necessary.
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5.2.3 Reduced diffraction efficiency

Maximum diffraction efficiencies of around 75% were achieved compared to the
100% theoretical predictions. This Section looks at several possibilities behind this to

try to better understand them and work towards solutions or methods of reduction.

5.2.3.1 Grating quality

The first factor affecting the diffraction efficiency is associated with imperfections in
the crystal structure and the quality of the poled gratings. Imperfect gratings and non
50:50 mark to space ratios caused by factors such as deviations in the domain walls
due to variations in the crystal lattice, over or under poling due to variations in the
wafer thickness over the grating area, poling dots due to the fabrication process, areas
without poling due to reduced nucleation sites, etc. These are all fabrication and
crystal growth issues which have been looked at in great detail in Chapter 3. Most are
out with our control by this stage in the device fabrication and we rely on
advancements in crystal growth resulting in better quality and more suitable lithium
niobate material and improved poling quality to improve the devices. Stoichiometric
lithium niobate has been shown to produce better quality poled gratings [7] and it

would be interesting to see its effect on the quality of Bragg grating modulators.

Annealing helps remove the stress induced refractive index changes caused by the
poling dots, and therefore reduce the scatter from these with no applied field.
However as the dots are actually inverted domains, when a field is applied they will
experience an opposite change in refractive index than the surrounding material and
will act as a random scatterer in the device. This effect will be more pronounced the

higher the voltage as the refractive index difference increases.

5.2.3.2 Wavelength and angular sensitivity

Another factor influencing the diffraction efficiency is associated with the wavelength
and angular sensitivity of the device. Since the operation of the Bragg grating
modulators is based upon Bragg reflection and since the Bragg condition is dependent
on the wavelength, grating period and incident angle, any deviation from the
unperturbed values will reduce efficiency. Deviations occur in practice due to the

divergence of the incident beam, poling defects varying the grating period, the
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wavelength bandwidth of the particular laser used, etc. A simple argument may be

used to predict the reduction in efficiency.

It is assumed that there is a failure of p (%) (where p <<1) in satisfying the Bragg
condition. This means that subsequent reflections, instead of being in phase, will
differ from each other by a phase angle 27p. The total amplitude of the diffracted
wave may be obtained by summing the reflections from N layers, yielding [8] ;

N
Z ei127;u

I=1

sin(Npr)

=4
sin(pr)

Equation 5-1 S=4

where 4 is the reflection from each layer. For no dephasing, ie. perfect conditions

with p = 0, it follows that S=NA. As the dephasing increases, the value of §

decreases, reaching zero at Np=1. In the case of Bragg gratings the number of grating
dtanf

planes, N, is give by ; N = where d is the length of the grating, 6 the internal

incident angle and A the grating period. It then follows that the diffraction efficiency

1A
N dtané@’

will fall to zero when ; p Therefore for a typical Bragg grating

modulator used in this work of length 3cm and grating period 70um operating at
633nm, the fractional bandwidth comes out to be 1.16% which is very narrow. In
practice the beam divergence and poling defects result in deviations greater than this
fractional bandwidth and thus reduce the diffraction efficiency. To reduce this effect
beam expanding and focussing techniques should be optimised to minimise the beam
divergence in the grating. To improve the accuracy in grating period improved
material quality is required to produce better quality gratings as discussed In

Chapter 3.

5.2.3.3 Parasitic higher diffraction orders

The Kogelnigk based theoretical model predicts diffraction only into the first Bragg
diffraction order, however higher order spots are seen experimentally. Figure 5.12
shows a graphical representation of the Bragg condition in terms of the grating and

wave K vectors.
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Figure 5.12 Schematic of Bragg condition in terms of K vectors (not to scale)

At the Bragg angle, 63, there is a perfect match between the K vectors of the incident
wave, Ky, the diffracted wave, K;, and the grating, K,. The second Bragg diffraction
order is represented by K,, which does not form a perfect match with the second
multiple of the grating. However, if the difference, AK, is very small then there may
be some inefficient diffraction into the second order, which would reduce the
diffraction efficiency in the first order. To minimise this effect AK should be
maximised, ie. increase K as much as possible. This corresponds to gratings of

smaller grating period, A, according to K, = 2%

5.2.3.4 Field induced scattering

Another phenomenon found was that higher field maxima, corresponding to higher
orders in the argument of Equation 4-24 [r, 37w, 5m...], exhibit lower diffraction
efficiencies, as can clearly be seen in Figure 5.3. It was also found that generally the
diffraction efficiencies achieved when operating in the infrared were consistently
lower than for visible operation. New field induced light scattering effects were seen
at increased drive voltages. These scattering effects were seen to increase for infrared

operation, which requires higher on/off voltages than those for visible operation.

During operation at 633nm it was clearly seen that at higher voltages the general
background scatter was increased. This can be seen in Figure 5.13 which shows two
photographs of the output spots at a) a low voltage first order diffraction peak of 30V
and b) a high voltage peak of 170V. The increase of background scatter can clearly

be seen.
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1% order 0" order

N

Figure 5.13 Photographs of output spots at a) low voltage peak and b) high voltage peak

To investigate the power redistribution phenomenon at increased drive voltages into
higher order Bragg spots and to measure general scatter and beam degradation,
angularly resolved beam measurements were made. A line scan with angle was taken
across the output power at each of the peaks in first order diffraction for e-polarised
light, corresponding to applied voltages of +45V, -90V and -220V. Figure 5.14
shows these line scans at 1064nm plus scans taken for the same device operating at
633nm. It can be seen that at higher voltages the diffraction efficiency is clearly
reduced and there is increased power into other orders and into the general
background. The output beam quality is clearly degraded. The scattering and beam
degradation in the poled regions is dramatically stronger than in reference areas under
the same applied field. Thus we can confidently associate this scatter with the poling
process used to fabricate the gratings. Removing the problem of field induced
scattering requires better quality lithium niobate material resulting in better quality
poling. Again we tumn to crystal growers for developments in growth and fabrication
techniques. However we can take steps to reduce this problem by choosing the device
operating parameters which result in lower on / off dnve voltages, ie. operation at

shorter wavelengths, using e-polarised light, and using longer devices.
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Figure 5.14 Line scans of output at peaks of maximum diffraction into the first order for e-
polarised light, showing;
a) visible light (633nm) at low field peak of -40V/mm,
b) visible light (633nm) at high field peak of -160V/mm,
¢) infra-red light (1064nm) at low field peak of +90V/mm,
d) infra-red light (1064nm) at medium field peak of -180V/mm
and e) infra-red light (1064nm) at high field peak of -460V/mm
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5.2.3.5 Grating profile assumption

Another possible reason for the discrepancies between the experimental data and the
theoretical analysis is the assumption in the theoretical analysis that the profile of the
diffraction grating is a sine wave. In the case of a poled grating, the profile is not
sinusoidal, it instead follows a square wave. A square wave can be represented by a
series of sinusoids gratings of period; A, A/3, A/5, A/7,... which also decrease in

intensity by +,+,%,... If we only consider the first component of this series, for n =1,

then we obtain a sinusoidal grating profile as in the case of Kogelnigk’s theory. This
is a semi-reasonable assumption as this component is the greatest in intensity and is
the only grating component with the period required for Bragg matching. However to
get a true theoretical model of the diffraction in the device, we cannot ignore the
influence of the other grating components. Although not Bragg matched, they will
still provide some diffraction and scatter in the device and therefore reduce the
diffraction efficiency of the device. Therefore a full coupled wave theoretical
solution is required for square gratings, but this is not a simple approach as multiple
angles and beams from each of the grating planes must be taken into consideration.
The following Section provides initial work carried out towards obtaining a

theoretical model for square gratings.

5.3 Alternative theoretical analyses

Prior to the advent of volume holography [9], elementary theories of wave
propagation in periodic media had been developed separately to describe the
diffraction of light by ultrasonic gratings [10,11,12], the diffraction of X-rays by
crystals [13,14] and electron diffraction [15]. From the studies into volume
holography, two main theoretical models were developed. The analysis of ultrasonic
gratings gave rise to the coupled wave theory, the best known being that of Kogelni)zk
[1] whose 1969 paper received widespread acclaim. In their book, ‘Volume
Holography and Volume Gratings’, Solymar and Cooke [8] develop a coupled wave
theory for higher order modes. The coupled wave theory is probably the more

frequently used of the two models due to its simplicity and versatility. Alongside this
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an alternative approach was developed based on the dynamic theory used to explain

X-ray and electron diffraction, known as the diffraction equation theory [16,17,18].

These theoretical approaches provide good approximations for diffraction from a
grating, however as seen in Section 5.2  discrepancies appear between experimental
and theoretical results. One major cause of this is the assumption that the grating
profile follows a sinusoid. A second cause is that the diffraction theory based on
scattering cannot deal with coupled waves, and thus is not applicable to high
reflectivities. This is not too much of a problem provided that it is understood that
this theory gives valid answers for predicting the angles of non-Bragg matched
scattering spots but does not allow accurate calculation of the strength of these
scattering spots. Indeed the theory will generally tend to under predict the strength of
these non-Bragg matched scattering spots. The rest of this Section describes work

done to develop a numerical theoretical model for a square wave grating profile.

5.3.1 Background theory
Consider the point scatterer shown in Figure 5.15, at position r=xi+yj and of

scattering amplitude A(6), dependent on the Fresnel Equations. The amplitude of the

scattered wave at an angle ¢ from an incident wave 8is given by [19];

Equation 5-2 S(0,4)= A(6) WalSy)

where £ is the k vector of the incident wave and k&’ is the k vector of the diffracted

wave, with ;

k—k'=k|(n-n)
-2 (o) = 27

Equation 5-3 [(sin 0i+cos 6 J )— (— sin @i + cos ¢ J )]

- 2’177[ [(sin 6 +sin @)i + (cos 6 - cos ¢)l]
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Figure 5.15 Schematic of a point scatterer

Therefore the scattering intensity of the point source at an output angle ¢ is given by ;

Equation 5-4 (6 ¢) A(H)e 2. ZB7 [ x(sin 6+sin ¢)+ p(cos H-cos ¢)]

Now consider the total amount of scatter at a given output angle ¢ for a line of
scatterers along the y axis, for example one grating plane, and integrating the above

equation along y for a grating plane d in length gives ;

d

S(6,8)= A(6) j'z

[x(sm B+sin ¢+ y(cos 6—cos ¢)]

Equation 5-5 ™ (in 0-+sin §) yl i2 "m " (cosB-cos $)

2n
= A(G)el A . e -1

i2n7{cos@ — cosg)

Figure 5.16 Schematic of a line of scatterers
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Consider a number of these line scatterers, for example in a grating, then by summing
Equation 5-5 for each of the grating planes at mA, where A is the grating period and
m is an integer 0,1,2..., for mA < w, the grating width. As this must be done

numerically, a MATLAB program was created to calculate the result, Appendix L

Now we look at evaluating the scattering amplitude A(6). The scattering mechanism
in the case of the Bragg grating modulators is an interface in refractive index. The
strength of the diffraction is given by the Fresnel equations which describe the

behaviour of light at an interface of refractive index [19];

sin(é’,. - «9,) . 2sin 6, cos 6.
A a2\ I e e
sin(6, +6,) sin(6, + 8 )
Equation 5-6
tan(p, - 6,) 2sin 6, cos 6,
h=t——7—3 Iy =
tan(6, + 6,) sm(H +6 )cos(9 6,)

where r is the reflectance for E perpendicular to the plane of incidence, and #; is the
reflectance for E parallel to the plane of incidence (the angles are measured from the

normal to the interface). From Figure 5.17 it can be seen that r, corresponds to e-

polarised light and #, corresponds to o-polarised light.

z 1st order
‘ Oth order
crystal axes X
y
length, d
I e polarised
«— o polarised I____lT -
—_
0 period, A
launch angle
Figure 5.17 Schematic of Bragg grating modulator
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It is at this point that the theoretical analysis begins to encounter restrictions. As the
Fresnel equations hold only for §,=6, the theoretical analysis is therefore limited to
incident angles equal to the Bragg angle. Investigation of off-Bragg incidence is out

with the scope of this thesis.

Another point to note is the presence of diffraction components from both the high to
low and low to high refractive index interfaces. One occurs at spacing mA and the

other at (m + %)A Both these are taken into consideration in the MATLAB program.

The program also encompasses the differing incident angle,6, in the high and low

refractive index regions due to refraction at the interfaces.

5.3.2 Simulations

The MATLAB program was designed to output two graphs, for e- and o-polarised
incident light, showing intensity with output angle for a given set of device and
operating parameters which are written to a text file. A typical set of outputs is given
in Figure 5.18 with the device and operating specifications indicated in the

‘Specifications data file’.

5.3.3 Analysis

From the results it can be clearly seen that maximum diffraction occurs at the Bragg
angle, however it can also be seen that light is diffracted into other output angles.
This is made even clearer on a log scale,

Figure 5.19, as this is more akin to the response of the human eye. Furthermore, as
explained earlier the theory tends to under estimate the strength of scattering away
from the Bragg angle as the main Bragg peak shows saturation of reflection at high
coupling whereas higher orders are mlikely to couple back into the main peak, so that
the measured higher orders will tend to be stronger than predicted by the theory. This
prediction of diffracted light at angles other than the Bragg angle ties up with
observations made during experimental measurements. Other interesting features
which were also seen in the practical work include the periodic structure of the output

light intensity and the asymmetric nature of the output around the Bragg angle.
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As expected, the theory also confirms that changing the grating period or incident
wavelength results in a change in the Bragg angle required for maximum diffraction.
When the device length was varied, the periodic structure in the output intensity was
seen to be affected. This effect was not studied in practice, but would be an

interesting investigation to perform in the future.

Specifications data file

Width Grating, W 1.000000 mm
Length Grating, 4 3.000000 cm
Wavelength in air 1064.000000 nm
Applied voltage, V 200.000000 V
Grating Period 70.000000 microns
Ordinary refractive index 2.240000

Extraordinary refractive index 2.160000

Phi start 0.000000 degrees
Phi end 0.500000 degrees
Phi Step 0.001000 degrees
Internal incident angle 0.201597 degrees

The calculated internal Bragg Angle for these variables is 0.201597 degrees

Plot of intensity with internal output angle for o-polarised light
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Plot of intensity with intemal output angle for e-polarised light
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Figure 5.18 Typical set of outputs from MATLAB program

Plot of intensity with intemal output angle for o-polarised light
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, Plot of intensity with internal output angle for e-polarised light
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Figure 5.19 Intensity with output angle on a log scale for previous variables

5.3.4 Conclusions

This basic theoretical model is the first step to obtaining a more accurate
representation of the complex processes taking place in the Bragg grating modulator
devices. It shows diffraction into angles other than the Bragg angle, and can be used
to model intensity with output angle for any set of device and operating parameters.
However it does not allow investigation of imperfections in the gratings, variations in
grating period across the device, non-straight domain walls, angular bandwidth of the
incident beam or off-Bragg incidence, which are all critical to achieving a full
understanding of these devices. Modelling these variations is not a simple process
and is out with the scope of this thesis. Future work will involve investigating the
possibility of developing the MATLAB program and theory to take these into

account.
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5.4 Chapter conclusions

This Chapter has further investigated the operation of Bragg gra_ting modulators to
better understand the discrepancies found between experimental and theoretical
results. Results for operation in the visible region were presented, including a
discussion of the photorefractive damage seen during 488nm operation. Anomalies
seen by other groups were also seen in the results presented in this thesis, along with
new phenomena. These phenomena were studied in greater detail and methods of
preventing or alleviating their effects were presented, including device annealing and
restricting operating conditions. Although Bragg grating modulator devices based on
periodically poled lithium niobate have a high degree of flexibility in design choices
and operating parameters, as any set of wavelength, grating period and incident angle
which satisfy the Bragg condition may be used, it has been shown that for optimum
device performance there are some operating restrictions. These favour visible
operation, e-polarised light and longer device lengths resulting in lower on / off
voltages and shorter grating periods which help to decrease the photorefractive effect

and increase AK.

It has also been shown that it is the material quality that is the overriding restriction in
device performance. Several of the factors causing degradation in the device
performance are related to poling defects resulting from poor quality material. To
alleviate these problems better quality lithium niobate material must be used, resulting
in improved poling quality. Using stochiometric material also offers the potential for

better devices [7].

A new theoretical approach was explored based on diffraction from planes rather than
the coupled wave analysis used by Kogelnifk. This model starts to explain some of
the anomalies seen during experimental measurements, however it does not fully
describe the inevitable random errors in real devices or the complexity of dealing with

fully coupled equations to describe the square-step index profile of a real devices.
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Chapter 6

Titanium indiffused waveguides in

periodically poled lithium niobate

Optoelectronic devices are used extensively for signal generation, transmission and
processing in telecommunications and many other applications. An optical
waveguide on a planaF substrate is a basic component for many integrated optical
devices such as switches, modulators and filters and can be manufactured by many

different processes using a large variety of materials as substrates and dopants.

This Chapter describes the work carried out to integrate titanium indiffused
waveguides and PPLN for use in harmonic frequency conversion. Different types of
nonlinear waveguides are reviewed in Section 6.1 with titanium indiffusion shown to
exhibit several potential advantages over other methods such as proton exchange and
direct bonding. The mechanics of titanium diffusion in lithium niobate is discussed in
Section 6.2, and a simple theoretical diffusion model developed in Section 6.3.
Titanium waveguide fabrication and characterisation are described in Sections 6.4 and
6.5 and include investigations into fabrication issues such as spontaneous poling and

lithium outdiffusion.

The research camed out to investigate the integration of titanium indiffused
waveguides and periodically poled lithinm niobate is described in Section 6.6.
Although fundamental steps in the fabrication procedures suggest that these two
techniques are incompatible, experimental work is presented which endeavours to

overcome these problems by adapting or altering the fabrication processes.
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The final Section in this Chapter presents results achieved in a successful Ti:PPLN
device for third order second harmonic generation of 416nm light in a 12um wide

titanium waveguide running through an 8.7um period PPLN grating.

6.1 Nonlinear optical waveguides

Optical waveguides are ideal for nonlinear interactions because they provide strong
beam confinement over long propagation distances. Waveguides are characterised by
regions of high refractive index bounded by regions of lower index and can be
categorised as planar, channel and fibre guides. The first guided wave nonlinear

experiments were on second harmonic generation in planar GaAs structures [1].

These early experiments took advantage of existing planar thin film and
microlithography techniques. Progress in this area of nonlinear guided wave optics
has concentrated on harmonic generation and parametric amplification, which utilise
the large y” obtained in noncentrosymmetric waveguides [2]. However, during the
past few years there has been a great deal of interest in all optical signal processing,
which has stimulated work on third order processes in integrated optics [3]. This
evolution is in sharp contrast to the case of fibre nonlinear optics in which the
materials used for optical fibres do not lead to noncentrosymmetric fibre cores and
hence there is no second harmonic activity. However, for fibres the propagation
losses are so low that the small third order nonlinearities in glasses could be
compensated for by the long interaction length, and many third order processes were
reported [4,5]. The initial experiments concentrated on phenomena such as stimulated

Raman and Brillouin scattering and on self phase modulation.

The recent development of specialised fabrication techniques for producing single
crystal core fibres [6] and the fortuitous discovery of SHG in some glass fibres [7]
have extended nonlinear fibre research into efficient y* processes. In the ORC,
frequency conversion has been achieved in silica and germanosilicate optical fibres

[8.,9].

' ",,"';.: /‘tl,/ 1 71



Chapter 6: Titanium indiffused waveguides in PPLN

By combining channel waveguides and PPLN [10] we exploit the advantages of both
PPLN and waveguide technologies to create nonlinear devices with higher
efficiencies and lower pump thresholds than bulk PPLN. Waveguides have been
recently used in combination with PPLN for frequency conversion at long
wavelengths [11,12,13], for WDM channels [14] and in cascaded fibre nonlinearity
[15].

For many applications in nonlinear optics for telecommunications it is highly
desirable to have a waveguide geometry, firstly because of their compatibility with an
optical fibre mode profile, but also because the high degree of optical confinement
allows high peak power densities whilst overcoming diffraction. This is means that
highly efficient nonlinear processes can be achieved with efficiencies approaching

500%W 'cm™ [16].

To date the principle methods for producing waveguides in PPLN have been proton
exchange, pioneered at Stanford [16] and by de Michelli in Nice [17], titanium
indiffusion which was first demonstrated at the ORC [10] and more recently
developed by Sohler’s group at Paderborn [11], and direct bonding first demonstrated
at the ORC [18]. Although attractive because the waveguide core is unmodified,
direct bonding does not readily lead to channel waveguides and so the first two

techniques are to be preferred.

In proton exchange the guides are formed by an exchange process in either phosphoric
or benzoic acid at a temperature of up to 250°C. The guides are low loss, but unless
carefully annealed lose a great deal of nonlinearity. Only one component of the
refractive index increases in proton exchange, (An, ~0.12, An, ~-0.04), and so for the
particular waveguide geometry used in this research, only e-polarised light would be
guided, unless a complex double exchange process was used. This would prevent
access to the large dj; coefficient in QPM. There 1s little evidence of photorefractive
damage beyond that habitually found in bulk PPLN, although the long term stability
of the devices is not known, particularly as the elevated temperatures at which PPLN
is often used (100 to 200°C) are uncomfortably close to the proton exchange

temperatures.
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In titanium indiffusion the guides are formed by depositing a thin layer of titanium
metal on the surface of the lithium niobate, which is then diffused at a temperature of
around 1050°C for several hours to create a modified index region. The guides can be
very low loss, and an increase in both ordinary and extraordinary refractive index (An,
~0.01, An. ~0.02), allowing guidance of both TM and TE modes. Photorefractive
damage is generally higher in diffused waveguides, but titanium indiffusion does not
degrade the nonlinearity in the way proton exchange does. The titanium indiffusion
technique is routinely used in making telecommunication waveguides, can meet

Bellcore standards and is compatible with high temperature (100 to 200°C) usage.

Each of these waveguide fabrication techniques has merits and disadvantages,
however the titanium indiffusion approach seems the most attractive to study for this
work as it has the greatest potential for telecommunication compatible devices.
Successful fabrication of titanium waveguides in PPLN requires good control of a
number of complex processes. It is essential that each step has a high yield to give a
reasonable overall chance of success. There are two main steps in the fabrication of
Ti:PPLN waveguides; the diffusion of titanium in the lithium niobate substrate to
create waveguides, and the poling of the sample for a given QPM period to create a
PPLN structure. Both these processes are established research areas of their own, and
are described fully in Chapter 3 and Section 6.2 , including full fabrication details.
What is less obvious about the process is the order in which these two steps should be
carried out, ie. the poling before or after the diffusion. These two processing methods
and their conditions are in many ways not ideally compatible because of the high

temperatures and the movement of ions associated with titanium diffusion.

6.2 Diffusion of titanium into lithium niobate

Titanium indiffusion is the most common and most well known method of creating
waveguides in lithium niobate, however several physical points of the process are still
not fully understood [19]. This Section reviews work done in this area to try to
understand the precise mechanisms involved in the diffusion process of titanium into

lithium niobate.
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Firstly, it is unclear whether the diffusion path of titanium ions in the crystal is
through Li and / or Nb sites. Some papers [20,21] suggest that Ti diffuses in through
Nb sites, Hauer et al. [22] report Ti diffusion into Li sites for concentrations of 1.4
mol%, and recently Kollewe and Kling [23] proposed that Ti diffuses through Li sites
if the titanium concentration is below 5.9 wt% and via Nb crystal sites if the

concentration is in excess of this.

Secondly, several papers [24,25] have reported anisotropic diffusion of titanium into
lithium niobate with lateral titanium spreads of up to 2.5 times the diffusion depth.
However the experimental results of Holmes and Smyth [26] do not indicate any
anisotropy for diffusion of titanium in lithium niobate, and explain the enhanced
lateral diffusion beneath the crystal surface by lithium depletion or outdiffusion
caused by the diffusion conditions. Further disagreement is presented by practical
studies that show diffusion into hexagonal crystal lattices, such as the oxygen lattice

of lithium niobate, is isotropic [27].

The third unknown part of the process is the behaviour at the interface between the
deposited titanium and the lithium niobate substrate. During the initial stages of
diffusion the titanium is readily oxidised to TiO,. It is thought that this is followed by
a phase reaction in which a surface compound is formed from the TiO, and various
components in the lithium niobate [25]. Because of the high diffusivity of titanium in
this surface compound, the surface layer is rapidly homogenised and thus initially acts
as a continuous source of titanium. At some time, 4, this layer will have completely
transformed from a separate compound to the structure of the surface phase, i.e. the
deposited titanium is depleted. After f4,, the diffusion process involves spreading of

the titanium deeper into the lithium niobate substrate.
SIMS analysis [25] to detect 'Li* and **Ti* in a diffused sample is shown in Figure

6.1. We can see that both profiles show peaks just below the surface, and also that Li*

increases with depth as Ti' decreases with depth.
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Ti* counts 1.0

0.5

0.0

Li* counts 10

0.5
0.0
1 2 3 4 5 6
Depth below surface (um)
Figure 6.1 SIMS analysis of a titanium diffused lithium niobate sample, from [25]

This data would support the idea of a Li-Ti-O compound forming at the surface
region. The exact composition of this compound depends on the ratio of TiO, and
Li»O present, and constitutes about 10% in the lithium niobate host. We can also see
from Figure 6.1 that lithium outdiffusion occurs simultaneously with titanium
indiffusion. Li,O is lost from the lithium niobate to form Li-Ti-O compounds on the
crystal surface, which acts as a source for titanium indiffusion and a barrier for
lithium outdiffusion, leaving a lithium vacancy pool in the crystal near the surface.
The Ti ions from the surface use these lithium vacancies to diffuse into the LiNbOs.
This may explain the apparent lateral diffusion, due to the high concentration of
lithium vacancies present in the near-surface region. Lithium outdiffusion is a well
known process, and some early waveguides in lithium niobate were made using this
process [28]. However'in many cases it is an unwanted effect and it may be prevented
to a small extent by diffusing in a Li,O rich atmosphere, or an oxygen atmosphere
bubbled through H>O. Another possible explanation of lateral diffusion is that crystal

defects and ion vacancies at the crystal surface enhance titanium diffusion.
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6.3 Channel waveguide diffusion model

This Section outlines a simple theoretical model of titanium diffusion into lithium
niobate to create channel waveguides. This model allows sets of initial diffusion
variables to be checked for validity and gives basic properties of the resultant diffused
waveguide, such as waveguide depth. The second part of this Section briefly outlines
a possible extension modelling process which would enable the resultant waveguide

mode profile to be calculated from an initial set of diffusion variables.

6.3.1 Initial diffusion variables

To fabricate a titanium waveguide in lithium niobate, a strip of titanium, thickness d,
width 2w and length /, is deposited onto the z-cut lithium niobate substrate, as shown
in Figure 6.2. This is then pléced in an oven at temperature T °C, for time ¢ hours, and

allowed to diffuse.

titanium strip

lithium niobate
substrate

7 Crystal Axes
Figure 6.2 Deposited titanium strip

The thickness d determines the amount of titanium deposited, 7i,, where 7i, is related
to the atomic density of solid titanium, 5.6x 10°® atoms m™. The aim of the model is
to determine the effect of these initial variables on the final titanium concentration

profile.

The diffusion temperature and time are related to the diffusion coefficient, D

(um?/hour), in the x, y and z directions by the equations ;

() ol
Equation 6-1 b,,,=2D,, .t and D,  =D;"e V=D, e ¥
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where b is the 1/ e diffusion depth in um, D;*>* is the diffusion coefficients in the x, y

and z directions at temperature T,, where T, is related to the activation energy, &, as
shown. By using previous experimental results [25,26,29], approximations can be

made for D] (pmz/hour) and &, (eV), and therefore values calculated for T, (°K),

Dy, (um?/hour) and b (um) for particular values of time, ¢, and temperature, T.

6.3.2 Activation energy

The activation energy is composition dependent, as shown in Figure 6.3, with values
ranging from 1.6 eV to 2.3 eV [25]. The lithium niobate wafers used in this research
are congruent in composition, ie. they are 48.4% LiO by molar ratio [30]. From
Figure 6.3, the corresponding value of activation energy for this composition is

approximately 2.0eV, which is the value assumed for all further work.

25
—
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=
8
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0 . . ‘ ‘ ‘ ‘ ; : . .
48 482 484 486 488 49 49.2 494 496 498 50 50.2
Mole % Li20
Figure 6.3 Activation energy as a function of composition [25]

6.3.3 Diffusion coefficient

Using the values for activation energy we can calculate 7, as shown in the table
below, where k is Boltzman’s constant, 1.38 x10 J K™'. Using Equation 6-1 we can

then find a formula for the diffusion coefficient in terms of temperature, where the
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initial diffusion coefficient in the z direction is 5.0 x10° (um?/ hour) [29]. Figure 6.4
shows the diffusion coefficient against temperature for the maximum and minimum

values of activation energy and for 2.0 eV.

Congruent activation

Constant Symbol Maximum value Minimum value
energy
Activation 20eV 23eV 1.6eV
£,
energy ‘ =3.204 x10°J =3.6846 x10°J =2.5632x10"7J
Initial 4 4 4
T,=¢g/k 232 x10°K 2.67x10° K 1.857 x10° K
temperature
Diffusion 5 _2.32x10% _2.67x10° _1857x10°
) D, (um’s™) 9 T 9 T o L T
coefficient 5.0x10%e 5.0x10°e 5.9x10%¢e
Table 6-1 Values of diffusion coefficient
10000
9000 | = Activation Energy = 2.0 eV
‘g == Maximum activation energy
2 38000 = Minimum activation energy
~
<, 7000 -
c
e
5 6000 -
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< 5000 -
2
(3]
£ 4000 -
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0 . . . ’ v — .
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Figure 6.4 Diffusion coefficient with temperature

From Figure 6.4, we can see that the activation energy has a large effect on the
resultant diffusion coefficient. As before, the material used in this work is assumed to
have a material composition of 48.4% LiO, corresponding to an activation energy of

2.0eV.
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6.3.4 Diffusion depth

The diffusion depth for a non-depleted source can be plotted for varying temperature
and time, Figure 6.5, using the values calculated with an activation energy of 2.0 eV.
The diffusion time and temperature can therefore be determined by using this and the

previous graph.

Diffusion depth
(microns)

-,
74 2o 0 98
ST
22
W

KRN
og

Time (hours) Temperature (degrees C)

Figure 6.5 Diffusion depth with time and temperature for a non-depleted source

The above graph shows the theoretical diffusion depth for a non-depleted source with
time and temperature, it does not take into consideration the case of a depleted source,
as is more comparable to the experimental situation. For a depleted source it would
be expected that the diffusion depth would be smaller than that predicted in Figure
6.5. Therefore to investigate the case of a depleted source an alternative theoretical

model is needed, this is discussed in the following Section.

6.3.5 Possible modelling extension

Several authors present theoretical treatments of titanium diffused waveguides in
lithium hiobate, including Korotky et al. [31] who look at Ti:LiNbOj; single mode

strip waveguides, Bava et al. [32] who focus on Ti:LiNbO; channel waveguides in
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integrated parametric oscillators and Koai et al. [33] who model Ti:LiNbOj; channel
waveguides used in directional couplers. In particular, the more general modelling of
titanium in lithium niobate by da Silva et al. [34] and the completely general case of
arbitrary optical diffused waveguides by Hocker and Burns [35] are of particular
interest. The theoretical analysis in these papers provides optical mode profiles for a
given set of diffusion variables and operating conditions. The basic process to

achieve this is outlined below.

By solving the standard three-dimensional diffusion equation [36] using Fourier
analysis, the concentration profile of the indiffused titanium dopant with time can be
predicted for any particular set of initial diffusion variables. Appendix I outlines this
calculation for the specific case of a depleted strip waveguide, as is the case for the

devices fabricated within the scope of this research.

Using the concentration profile obtained the resulting refractive index profile of the

Ti:LiNbO3 waveguides can be calculated using the following equation :

Equation 6-2 n,.(/l,T Vs z,t)= n,.(/i,T )+ dni(/l, y,z,t) where A is the
wavelength and the subscript i is either ‘o’, referring to the ordinary crystal axis or ’e’,
referring to the extraordinary crystal axis. The first part of the equation is the
wavelength dependent background index of lithium niobate as described by the
Sellmeier equations (Chapter 2). The second term represents the refractive index

change caused by the Ti* ions.-

The index change due to the presence of titanium is different for the ordinary and
extraordinary axis. For the extraordinary index, a linear dependence on titanium

concentration C(y,z,z) is assumed whereas the ordinary index shows a nonlinear

refractive index change [37]. The second term of Equation 6-2 is given by :

Equation 63 dn.(1,y,2,t)=d,(A)h(y,z,1) where d(1) accounts for the

anelength dependence of the refractive index change, approximated by means of a
simple oscillator model in the infrared region [37]. After a comparison of the results

given in literature, the following expressions were adopted by Strake et al. [38]:
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2 2
Equation 6-4 de (,1) = M do (ﬂ,) _ 0~f7(/1)
(A) —0.0645 (AF -0.13
The second part of Equation 6-3 is the titanium concentration dependant part, given

by;

Equation 6-5 h, (y, z,t)= [E X C(y, z,t)]’ he(y, z,t)= Fx C(y, z,t) where E, F
and y are material constants with the values [38], E = 1.2x 102 c¢m?, F = 1.56x 10

cm® and y = 0.55 at A ~ 633nm.

Therefore for a Ti:LiNbO; waveguide with a known titanium concentration profile,
C(y,z,1), the refractive index profile could be calculated using the above equations for
operation at a particular wavelength of light. The e- and o-polarised mode profiles
can be found from the respective e- and o-polarised refractive index profiles for any
set of initial variable, however this is outside the scope of this thesis. For this work
the theoretical model serves to confirm the initial conditions that provide a basic

starting recipe for titanium diffusion.

6.4 Waveguide fabrication

As comprehensively described in Chapter 3, extensive knowledge and expertise in
poling lithium niobate exists in the ORC, however since the work of Amin [10], there
has been no work on titanium diffusion in lithium niobate in this department. This
Section describes the extensive investigation into the fabrication process for titanium
diffused waveguides in lithium niobate to re-establish an optimum fabrication process

for the devices described in the remainder of the Chapter.

The main variables in the fabrication of titanium diffused waveguides were the crystal
face chosen for diffusion, thickness of titanium deposited, diffusion time and
temperature. This Section describes the work done to optimise each one for low-loss,
single mode waveguides in the infrared and blue regions of the electromagnetic

spectrum.
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The mask used to define the waveguides had a series of 10 waveguides of widths
ranging from 3um to 18um at 100um spacing. Initial parameters for titanium
thickness, diffusion temperature and time were taken from previous work carried out
in z cut lithium niobate [25,10], namely, 100nm of titanium deposited and diffused at
1050°C for 9 hours. A series of z cut, 500 pm thick, lithium niobate samples were
diffused with titanium waveguides for different fabrication conditions. The resulting

waveguides were then visually inspected under a microscope and comments noted.

Two types of waveguides were fabricated during trals, channel and planar
waveguides. Both require slightly different fabrication processes as described below.
All fabrication took place in class 1000 clean rooms at class 100 benches. Before any
waveguide fabrication steps are carried out, the samples were thoroughly cleaned as

described in Chapter 3.

6.4.1 Channel waveguides

The channel waveguides were patterned onto the sample surface using a lift-off
photolithography technique. The samples were spun at 6000rpm for 1 minute with
S1813 photoresist to produce a layer of photoresist of 1um thick. The samples were
then soft baked in an oven at 90°C for 35 minutes. A chrome on fused silica mask
was used to image the channel waveguides onto the photoresist using a Karl Suss
MA4 mask aligner with UV light, A = 436nm for 7.5s. During developing, the
samples were soaked in chlorobenzene for 5 minutes and then in developer for 5
minutes — much longer than normal photoresist developing. This extra step hardens
the surface of the photoresist, producing an angled opening in the photoresist, aiding
the removal of the excess titanium and photoresist after deposition, Figure 6.6. The
titanium was then deposited under a vacuum of 4x10% Torrs. It was found that

approximately 90nm of titanium was sufficient to produce single mode waveguides.

deposited
titanium

=~ photoresist

after lift-off

lithium niobate
Figure 6.6 Lift-off fabrication process
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The samples were then soaked in acetone in an ultrasonic bath for a few minutes to
remove the photoresist and excess titanium, thus revealing the deposited titanium
strips. The height profile of the titanium strips was then measured using a Tencor

Alphastep, typical traces are shown in Figure 6.7.
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Figure 6.7 Alphastep profiles of a) four consecutive deposited titanium strips b) one titanium
Strip

6.4.2 Planar waveguides

No photolithography or lift-off was required for planar waveguides, after a standard
cleaning as described in Chapter 3, titanium was deposited under a vacuum of 4x10°
Torrs. Much less titanium was required compared to channel waveguides, and it was
found that 25nm resulted in planar waveguides of reasonable mode profile when

tested using a 1mW HeNe laser operating at a wavelength of 633nm.
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6.4.3 Furnace diffusion

The titanium deposited samples were then diffused in a 70mm diameter single-zone
Carbolite silica tube furnace. The furnace had a 10cm hot zone, + 2°C at 1100°C.

The diffusion parameters for the samples were taken from previous work, i.e. 1050°C

for 9 hours [26,27,10].

The diffusion temperature quoted in all results presented in this thesis is the
programmed temperature on the furnace. A temperature profile for 1200°C is shown
in Figure 6.8. This was measured using a platinum rhodium thermocouple, with
distances taken from the end of the hot zone, and the temperature was left to stabilise
between each reading. Similar profiles were obtained for programmed temperatures
of 1100°C and 1000°C, with the actual maximum temperature reaching approximately

80°C below the programmed temperature.

1123

1122 +

1121 +

1120 +

1119 +

1118 +

Temperature (degrees C)

1117 +

1116 +

1115 + + + + t t t t t t t +
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Distance from edge hot zone (cm)

Figure 6.8 Profile of furnace at 1200 °C

As was shown in Chapter 3, changes in temperature can cause damage to lithium
niobate crystals due to the pyroelectric effect. In practice it was found the maximum
rate of change of temperature which did not adversely damage the crystals was +50°C

per minute. During diffusion the furnace was taken up from room temperature to the
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required diffusion temperature at a rate less than this limit, and similarly for cooling.

A typical diffusion run is outlined in Table 6-2 :

| Atmosphere ~ .| Oxygen flowing at 200 mi min”*
I :
Start Temperature 20°C
' Dwell | 60 mins - [to allow any moisture to leave furnace, and for
! furnace atmosphere to stabilise]
: Ramp 50 °C min™
To ' 1200 °C
Dwell 540 mins
| Ramp 75 °C min™
1 To 20°C

Table 6-2 Typical diffusion run

As the furnace cooled naturally slower than the programmed rate, the programmed
ramp down rate was not as critical as the ramp up rate. It was also found that the
pyroelectric effect caused more significant repoling during the cooling phase,

therefore the naturally slower ramp down rate is beneficial.

6.4.4 Investigation into diffusion parameters

To investigate diffusion parameters such as diffusion side, time and temperature
several channel waveguide samples were fabricated as described before, four samples
with the waveguides on the positive z face and five samples on the negative z face.
These were then visually inspected under a microscope and optically tested with a
ImW HeNe laser at 633nm. The visual inspection looked for the following
propert?es; continuity of the waveguides along the full length of the sample, absence
of defects and absence of deposits on the surface of the waveguides. During optical
testing the assessment criteria included; absence of scattering along the waveguides,
achievement of a reasonable launch and a well deﬁned output in the near field image.
To aid comparison between devices fabricated with different diffusion parameters a
grade was given based on the above cntena for each sample for both visual inspection

and optical testing, with A grade indicating a sample meeting all the criteria and an F
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grade indicating that none of the criteria were met. The results are shown in Table

6-3.

Diffusion side

tz C- C-
+z E F
+z B+ C-
-z D C
-z B B
-z B B
-Z B- B
-z C C
Table 6-3 Investigation into diffusion side

From the table it can be seen that overall the waveguides diffused into the negative z
crystal face gave better visual and optical results. It is known that during diffusion
lithium outdiffusion occur on the positive z face which may affect the efficiency of
the devices. As described in Chapter 3, it is the negative z face that is the preferred
crystal face patterned for poling. It can be concluded that the negative z face is the
favourable side for titanium waveguide diffusion. All further devices used in this

work were fabricated with negative z waveguides.

Previous results [26,27,10] suggest the optimum fabrication parameters for single
mode waveguides at visible wavelengths are diffusion for 9 hours at 1050°C for 90nm
of deposited titanium. To confirm this several samples were fabricated as before for
channel waveguides with 90nm of deposited titanium, and were diffused at different
times and temperatures. To measure the level of titanium diffusion a Tencor
Alphastep profile was taken of each sample for the narrowest, 3um wide, waveguide
and the widest, 18um wide, waveguide. Table 6-4 shows the measured waveguide

heights after diffusion for each set of diffusion conditions.
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Ridge Heights 1000°C 1100°C 1200°C
widest : 190nm widest : 100nm widest : 125nm
6hrs
narrowest : 225nm narrowest : 125nm narrowest : 75nm
widest : 70nm widest : 45nm widest : 40nm
9hrs
narrowest : 75nm narrowest : 55nm narrowest : 45nm
widest : 65nm widest : 40nm widest : n/a
12hrs
narrowest : 75nm narrowest : 40nm narrowest : n/a
Table 6-4 Diffusion trials showing resultant waveguide ridge heights after diffusion with

diffusion time and temperature

From Table 6-4 it can be seen that the thickness of titanium and titanium compound
on the surface of the samples varies with time for a given temperature, decreasing
with longer diffusion times or increased diffusion temperatures. It appears to swell in
the first few hours, the largest increase seen was an increase of 250% compared to the
deposited thickness. This is most likely due to oxidisation of the titanium with
simultaneous lithium outdiffusion, creating a Ti-Li-O compound on the surface of the
samples. It can be seen that after 6 hours the thickness steadily decreases as the

titanium diffuses in from this surface compound into the sample.

To further investigate the diffusion process three samples were diffused for 35 hours
at 1100°C with the surface profile measured periodically during the diffusion run
using the Alphastep. It can be seen in Figure 6.9 that the height of the tital;imn
‘bump’ levels out after 20 hours to around 50nm. It was found that even on further
diffusion the height of the waveguides did not significantly reduce below this level. It
i1s though that this is due to the physical swelling in the crystal caused by the

indiffused titanium atoms.
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Figure 6.9 Titanium diffusion with diffusion time

Therefore it was concluded that to ensure complete diffusion of the titanium source,

diffusion times of a minimum of 10 hours should be used.

6.4.5 Fabrication issues

During the initial fabrication of titanium waveguides it was noted that if the lithium
niobate crystals were heated or cooled quickly they produced blue flashes and
‘cracking’ could be heard. On examination of the samples under crossed polarisers
dots of domain inversion, up to 10 microns across, could be seen randomly distributed
across the middle of the samples, Figure 6.10. This effect was experienced at

temperatures as low as 100°C as well as during 1200°C furnace runs.
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Figure 6.10 Photograph of poling dots in a Ti waveguide sample

For titanium diffused waveguides for other applications, this may not be such a
problem; however as discussed in Chapter 3, for periodic poling it was found that

these dots strongly influenced the poling and dominate the patterned gratings.

‘The spontaneous poling is believed to be due to a build up of charge on the faces as a
result of the pyroelectric effect, Chapter 2. A border of about 4mm can be seen
around the sample where no dots occur and this confirms experience of charge being
able to flow round the edges of the samples during poling due to surface conductivity.
Chapter 3 presented further investigations into spontaneous poling and an adapted

fabrication process was developed to reduce the occurrence of these poling dots.

An investigation to find a method of dissipating the charge build up on the crystal
faces during diffusion runs was carried out, and the results are shown in the Table
below. The samples were photographed before and after to compare for evidence of
poling dots. All samples were fabricated as described in Section 6.4 with 90nm thick

titanium channels, and diffusion conditions as detailed below.
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Atmosphere

(cmjmin‘] )

Comments

No poling dots on first run, but some subsequent runs
Slow ramp rate 9 1100 200 O,
resulted in poling dots
Worked very well on first run, but subsequent runs the
Submerged in
9 1050 200 O, powder oxidised, tarning yellow and doubling in
Tungsten powder
volume. The lithium niobate was reduced to nothing
Tungsten powder 9 1100 200 O+ N, Similar results to oxygen only
Tungsten powder 9 1100 200 Ar Still total oxidisation and poling dots appearing
No poling dots, but samples had changed colour
. ] slightly and EDAX measurements showed a slight
Tin oxide powder 9 1050 200 Ar g
increase in tin at the surface layers of the samples,
possibly tin diffused into samples
Carbon powder 9 1100 200 Ar Poling dots visible, sample changed colour
. No poling dots, good samples, but only enough foil to
Wrapped in
. ) 9 1100 200 O, do one sample at once and very expensive to buy
platinum foil ‘
enough foil or powder to use efficiently
No poling dots on first run, but dots appeared on
Submerged in " subsequent runs. The silicon powder also oxidised
» 9 1050 200 N,
Silicon powder turning blue. The sample appears to have changed
colour
First run worked very well, no poling dots, even
Sandwiched )
. though the Si wafers oxidised, but during subsequent
between Silicon 9 1100 200 N,
run the wafers bonded to the lithium niobate and
wafers
shattered the sample
. ) Worked well, no poling dots, but very very difficult to
Lithium niobate )
9 1100 200 O, clean powder from surface of sample afterwards,
powder
Figure 6.11
Powder sintered and formed a ceramic type
Lithium niobate
4 12 1200 200 O, compound, diffused into and shattered quartz crucible
powder
and damaged furnace tube
Wet O, Room temp wet
9 1100 Poling dots seen
atmosphere 200 O,
Table 6-5 Diffusion conditions and results for investigation into spontaneous poling

Gl
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Figure 6.11 Photograph of lithium niobate powder fused onto surface of wafer

From Table 6-5 there is no obvious solution to dissipating the charge build up on the
faces during diffusion. There are very few conductive materials that will survive the
diffusion temperature and time, that will not react with the lithium niobate samples
and are within a reasonable budget. However the most promising methods to alleviate
the poling dots were using platinum foil, lithium niobate powder or silicon powder,
albeit with the problems of cost, adhesion to the sample surface and oxidisation.
Figure 6.11 shows a photograph of the surface of a sample which was submerged in
lithium niobate power during the diffusion run. There is no evidence of poling dots
on this sample, however the power has fused onto the sample surface and could not be

removed afterwards.

A particular problem with these studies was the finding that second and subsequent
runs often yielded different results. Possible explanations could be differing quality
and property of raw material from different suppliers as discussed in Chapter 3,
residual contamination in the furnace tube from previous runs by other researchers,
the condition of the silica tube supply lines, slight changes in the fabrication process
due to human variation and error resulting in very slight differences in temperatures
and times of processes, and other variations in the fabrication process due to human

error such as chemical ratios, thickness of photoresist or titanium, time between
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processes, etc. Steps were taken to minimise all these issues as much as possible
within our control, however considerable inconsistency between fabricated devices

was still seen.

6.5 Waveguide characterisation

This Section describes the characterisation of the titanium waveguides fabricated as
described before. Mode profiles for a typical set of waveguides are shown and an

infrared transmission spectra is given.

6.5.1 Mode profiles

After diffusion the samples were end polished to allow efficieney coupling into the
waveguides. The mode profiles for a typical set of waveguides are shown in Figure
6.12. This particular set of waveguides were fabricated with 100nm of titanium
deposited on the negative z face and diffused at 1050°C for 15 hours. It should be
noted that this is an abnormally long diffusion time and resulted in several multi-mode
waveguides in the horizontal direction, a more typical diffusion time of 10 hours
would result in more single mode waveguides in the narrower channels. These
images were taken using a HeNe laser at 633nm, fibre coupled into the waveguides

and imaged using a x 10 microscope objective onto a CCD camera.

It can be seen that the waveguides are all single moded in the z direction and multiply \
moded in the x direction depending on the width of the patterned waveguide. In this
case the 3um wide waveguide shows two modes in the x direction at 633nm, but other
samples exhibited single mode waveguides for several of the widths depending on the
diffusion time and temperature. The differing quality between waveguides in the

same sample can be seen, with the 3um, Spm, 6pum and 7um showing the best quality.
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X Figure 6.12 Mode profiles of titanium indiffused waveguides of differing widths

6.5.2 Transmission spectra

Figure 6.13 shows the near infrared transmission spectra for unpolarised light and
both e- and o-polarised light through bulk lithium niobate and through a 2cm long
waveguide of deposited width 6um. The water absorption at 1400nm can clearly be
seen. The sinusoidal fringes seen are thought to be due to residual birefringence in
the samples, however this was never looked into as the aim of the measurement was

purely to investigate waveguide loss in the infrared.
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Figure 6.13 Graph showing near infrared transmission spectra for bulk and waveguide
propagation

6.6 Titanium waveguides and periodically poled lithium niobate

This Section describes extensive studies into the fabrication of Ti:PPLN waveguides.
By combining channel waveguides and PPLN [10], the advantages of both PPLN and
waveguide technologies are exploited to create nonlinear devices with higher

efficiencies and lower pump thresholds than bulk PPLN.

Waveguides are used in PPLN for frequency conversion at long wavelengths [12,13],
for WDM channels [14] and in optical fibre systems [39]. In contrast, this work aims
to design, fabricate and test a second harmonic generation (SHG) device for low

power conversion from near infrared to visible radiation.

6.6.1 Issues involved in combining the two fabrication processes

Successful fabrication of titanium waveguides in PPLN requires good control of a
number of complex processes. It is essential that each step has a high yield to give a

reasonable overall chance of success. There are clearly two main steps to producing

et 194

=



Chapter 6: Titanium indiffused waveguides in PPLN

Ti:PPLN waveguides; the diffusion of titanium in the lithium niobate substrate to
create waveguides, and the poling of the sample for a given QPM period to create a
PPLN structure. Both these processes are established research areas of their own, and
are described fully in Chapter 3 and Section 6.2 respectively, including full
fabrication details. What is less obvious about the process is the order in which these
two steps should be carried out, ie. the poling before or after the diffusion. These two
processing methods and their conditions are in many ways not ideally compatible
because of the high temperatures and the movement of ions associated with titanium
diffusion. Also, a large number of fabrication combinations exist, for example, the
diffusion can be carried out on the positive or negative z face, the patterning for the
PPLN poling can similarly be done on either face. To further complicate the
procedure, a number of variants of both poling and diffusion exist and may be tried to

alleviate the harmful alterations to the crystal made by the previous step.

These factors which affect the compatibility of titanium diffusion and periodic poling
are discussed in the following Section along with any changes or adaptations to the

fabrication process which would aid their integration.

6.6.1.1 Surface defects

Surface defects in lithium niobate crystals are thought to enhance the poling by
providing nucleation sites [40,41,Chapter 3]. However defects in the crystal surface
cause problems during diffusion, resulting in anisotropic diffusion, with higher
diffusion coefficients laterally along the crystal surface than in the z direction into the
éamplé, subsequently affecting the mode profiles of the waveguides. Therefore a
compromise must be made with enough defects to encourage nucleation of domain
inversion, but few enough not to drastically alter the profile of the titanium diffused

waveguide.

6.6.1.2 Spontaneous poling
As seen in Chapter 3 and Section 6.4.5, when lithium niobate samples are heated or
cooled rapidly spontaneous poling can occur at defects in the crystal, resulting in

‘dots’ of inverted domains of up to 10um across. Spontaneous poling was seen to
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occur during both the initial cleaning and photolithography stage in the fabrication
process, and the subsequent diffusion stage. During the initial stage the poling dots
followed intrinsic defects in the supplied wafers which were randomly scattered
across the surface. These are then accentuated during the diffusion stage, Figure 6.10.
However if the spontaneous poling occurred purely during the diffusion stage the
poling dots followed the ‘defects’ caused by the indiffusion titanium atoms, Figure

6.14.

Figure 6.14 Photograph of poling dots following the titanium indiffused waveguides

The existence of dots of inverted domains will obviously affect any PPLN grating
which is subsequently poled in the sample, with the gratings following the inverted
dots, rather than the patterned period. In some cases the dots were seen to be several

microns in size which would therefore dominate a fine period grating.

Alternatively if the PPLN grating is poled before diffusion, any spontaneous poling
during the diffusion stage would seriously damage the gratings. A method of
preventing the spontaneous poling must be found and efforts in this were described in
Section 6.4.5. The most effective method found was to avoid any temperature change

during the initial fabrication stages and during the diffusion stage to diffuse the
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samples in platinum powder, allowing the charge to dissipate round the sample, rather

than through it.

6.6.1.3 Thermal shock limit

High temperatures or high rates of change of temperature have a large effect on
lithium niobate. In practice it was found that the 500pum thick lithium niobate
samples used in this research survived a maximum temperature increase or decrease
of approximately 50°C per minute without cracking or damaging the crystal
Therefore during the diffusion process the samples must be raised to and lowered

from the diffusion temperature at a rate lower than this to avoid thermal shock.

6.6.1.4 Curie temperature

The Curie temperature of lithium niobate is 1210°C, Chapter 2. Above this
temperature, lithium niobate ceases to be ferroelectric and becomes paraelectric and
non-polar, therefore any PPLN gratings in the sample will be lost. On lowering of the
temperature below the Curie temperature lithium niobate samples randomly take on
domains of spontaneous polarisation, resulting in a marbled like appearance due to
multiple domain formation, Figure 6.15. This effect of ‘multidomain-isation’ was
first seen by Selyuk in 1971 [42]. Therefore the diffusion temperature must be well

below the Curie temperature to preserve the polarisation.

St
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Figure 6.15 Photograph of an HF etched sample showing multiple domain formation after being

raised above the Curie temperature (dark areas indicate inverted domains)

6.6.1.5 Lithium outdiffusion

When z cut lithium niobate wafers are subjecte—d to high temperatures, of over 1000°C
[43], lithium ions outdiffuse on the positive z face. Although this effect has been used
in the past to fabricate waveguides in lithium niobate [44], it causes problems in this
research with both the waveguide quality and the poling process as described below.
Several methods have been reported to suppress or eliminate the lithium outdiffusion
[45,46]. Although one clear preferred method has not been found, the most successful
techniques were reported to be using a wet diffusion atmosphere or placing the sample

in a closed platinum crucible.

During this research when waveguides were diffused on the positive z face, the
lithium outdiffusion was found to affect the quality, resulting in lossy waveguides and
less well determined mode profiles due to the altered crystal structure (measured as
described in Section 6.4.4). The obvious solution is therefore to diffuse the
waveguides into the negative z face. However if the positive z face is the preferred

side for the waveguides as at Paderborn [11,13], a solution would be to diffuse much

b 198



Chapter 6: Titanium indiffused waveguides in PPLN

deeper waveguides and then polish off a layer approximately 20um thick from the

positive z face.

Problems were also encountered during poling of all samples, irrespective of which
side the waveguides were diffused into, due to the build up of lithium ions at the
surface from lithium out diffusion acting as a barrier to nucleation and poling. The

only solution to this is to polish off a layer from the positive z face before poling.

Another effect of lithium outdiffusion, when combined with titanium indiffusion is
the formation of a surface compound of Ti-Li-O along the channel waveguides,
Section 6.2. This layer was found to cause problems during poling, altering the
surface conductivity and acting as a barrier to nucleation. The depth affected by this
is less than 1um, and the diffused waveguides are only a few um’s deep, therefore

removal techniques such as mechanical polishing would not be suitable.

6.6.1.6 Domain inversion due to titanium indiffusion

When titanium diffuses into lithium niobate it can invert the polarisation in the
diffused region depending on the diffusion side. This has been used to fabricate
domain inverted gratings in lithium niobate [47]. When titanium diffuses into the
positive z face of a lithium niobate crystal, a domain inversion layer is formed with
the spontaneous polarisation opposite to that of the substrate [48]. This effect is not
observed when diffusion is carried out on the negative z face. Obviously a domain
inverted layer would have an adverse effect on poling quality, therefore the negative z

face would be more favourable for diffusion of titanium waveguides.

6.6.1.7 Crystal impurities

The effect on the poling process of the presence of the titanium ‘impurities’ diffused
into the crystal to form the waveguides has not been fully investigated. Experimental
investigations in Section 6.6.2.2 suggest that the presence of titanium atoms in the
crystal aids nucleation and poling, with titanium diffused regions preferentially poling

over undiffused regions.
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6.6.1.8 Compatibility conclusions

This Section has highlighted several modifications to aid the compatibility of titanium

diffusion and periodic poling in lithium niobate which can be summarised as follows.

¢ The temperature change during fabrication should be less than 50°C per minute to
avoid thermal shock.

e During diffusion the samples should be submerged in platinum powder to
dissipate charge and avoid spontaneous poling.

e The diffusion temperature should be comfortably below the Curie temperature to
preserve polarisation.

e The waveguides should be diffused into the negative z face to avoid problems
cause by lithium outdiffusion and domain inversion due to titanium indiffusion.

o After diffusion the lithium outdiffused layer should be polished off the positive z

face to aid poling.

6.6.2 Fabrication order

In this Section initial investigations into the compatibility and the optimum fabrication
procedure for Ti:PPLN waveguides are presented. A senies of samples were
fabricated, half by diffusing the titanium waveguides first and then poling, and half
poling first and then diffusing. Previous work by Amin [10] used the technique of
poling after the waveguides had been diffused, however the alternative method of
poling the gratings first and then diffusing the waveguides would be preferential as it
would potentially allow greater control over the more critical poling stage. Therefore

it was decided to investigate both fabrication methods to contrast and compare.

6.6.2.1 Method one: PPLN gratings poled first

The first sequence looked at in fabricating Ti:PPLN waveguides involved poling the

samples with PPLN gratings first and then diffusing the titanium waveguides.

Four 500um thick, lithium niobate samples, 20mm by 35mm, were pattermed and
poled with PPLN gratings of grating period 6-12pm following the method described
in Chapter 3. Channel waveguides of widths 8-13um, with 100pm separation, were
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photolithographically patterned, two samples on the positive z face and two on the
negative z face, following the process described in Section 6.4. 90nm of titanium was
deposited onto the samples under a vacuum of 4x10® Torr and then the photoresist
was removed by soaking the samples in acetone in an ultrasonic bath for a few
minutes, thus revealing the deposited titanium strips. Finally the samples were
diffused in a single zone Carbolite silica tube furnace following the steps outlined in
Section 6.4.3. The diffusion parameters, taken from previous work [29,10,49,50],

were 9 hrs at 1050°C in an oxygen atmosphere.

After diffusion of the waveguides, the residual stresses typically seen in PPLN
gratings after poling were no longer visible under a crossed polariser microscope. It is
most likely that the stresses in the crystal at the domain boundaries were annealed out
due to the high temperatures experienced during diffusion. To investigate this further,
two of the samples, one with waveguides on the positive z face and the other with
waveguides on the negative z face, were etched in HF:HNOs 1:2 for approximately 10
minutes to reveal the domain boundaries. In both cases the PPLN structure was seen
to have been detrimentally altered by the diffusion process. There was evidence of
domain inversion, but not defined gratings. Incidentally, it was also observed that the

titanium channels etched slower than the undiffused regions.

This effect of high temperatures on PPLN gratings is not recorded or discussed by any
research group in any literature that we could find, possibly because PPLN gratings
are not normally subjected to high temperature treatments. Other research groups
investigating titanium waveguides in PPLN, such as Paderborn [11,12,13], favour
poling the PPLN gratings after the waveguides have been diffused and therefore do
not report such findings. Therefore to better understand the effect of the diffusion
process on the PPLN gratings further investigations were carried out. PPLN samples
were placed in a furnace without any deposited titanium. The furnace runs were
carried out as described before, with the maximum temperature and dwell times
shown below. The degradation seen in the PPLN gratings under a visual inspection
through a crossed-polariser microscope was recorded as an approximate percentage,
where 0 % indicates no degradation and 100 % indicates complete destruction of the

gratings.
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Temperature (°C) l '@ PPLN degradation
1000 | 0 10 %
1000 9 50 %
1000 24 75 %
800 9 15%
800 24 60 %
Table 6-6 Affect on PPLN of diffusion process

From this table it can be seen that it is a combination of both time and temperature
which damages the PPLN structure with the least damaged samples were obtained for
low temperatures and shorter times. However as given in Section 6.3.1, the resultant
depth of the diffused waveguide is proportional to both time and temperature.
Therefore for the waveguide depth and profile to remain constant the diffusion time
and temperature cannot both be decreased. To shorten the time would require an
increase in temperature which is not possible as the diffusion already takes place very
near the Curie temperature. The other option is to lower the temperature and increase
the diffusion time, however prolonged temperatures increase lithium outdiffusion

which detrimentally affects the quality of the waveguides on the positive z face.

6.6.2.2 Method two : titanium waveguides diffused first

Titanium waveguides were diffused in four samples as described in Section 6.4, with
90nm of titanium ‘deposited, two samples on the negative z face and two on the
positive z face. PPLN gratings were then patterned and poled as described before for

QPM periods of 6-12pm.

On examination the gratings did not pole uniformly, instead exhibiting areas of strong
underpoling and overpoling, influenced by the titanium waveguides, Figure 6.16. The
two samples diffused on the negative z face exhibited higher quality gratings along

the waveguides, and hence were optically tested, Section 6.6.3.
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Figure 6.16 Patches of poling in a titanium waveguide sample

From these results it can be seen that the nucleation of the inverted domains is
affected by the presence of titanium ions in the crystal lattice. To investigate this
further, two lithium niobate samples from the supplier Yamaju were deposited with

90nm of titanium as shown in Figure 6.17 and diffused as before.

deposited and
diffused titanium

+z face

Figure 6.17 Deposited titanium

The samples were then bulk poled with insulation tape marking off an area 4mnl from
the sample edges to prevent breakdown during poling. On examination it was found
that the region diffused on both sides with titanium poled first, followed by the region
diffused only on the negative z side, then the region diffused only on the positive z

side and finally the region without titanium.
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Also, by comparing the quality of the poling on areas diffused on one side only, it
could be seen that the areas with titanium diffusion on the negative z face poled more
uniformly with straighter domain boundaries than those with titanium diffusion on the
positive z face. One explanation for this is that the presence of the diffused titanium
ions on the positive z face of the crystal is preventing nucleation of the inverted
domains which is thought to start on the positive z face [41].

For samples from this supplier the presence of titanium ‘impurities’ was seen to
enhance nucleation and poling, with areas diffused with titanium poling preferentially
to those without. To investigate this further several samples were diffused with

titanium channel waveguides and then pattemed with QPM gratings. The samples

were then poled with different amounts of charge. The results are shown below.

% of calculated charge Results
100 Areas of over and under poling — no gratings
75 Overpoled along and near waveguides — no gratings
50 Patchy poling in the bulk — no gratings
25 Poling in the waveguides and in the bulk — patches of grating
10 Evidence of poling in the waveguides — some possible gratings
Table 6-7 Investigation of poling charge

A charge of about 10 % the calculated value gave the most defined gratings of domain
nversion in the waveguides, with very little poling in the bulk. This would tie in with
the percentage area of the sample which is diffused with titanium. Another
unexpected effect was that although the gratings were visible directly after poling,
after approximately 24 hours they were not visible under a crossed polariser
microscope. The presence of the titanium in the crystal lattice may affect the residual
stresses that are normally seen, speeding up the crystal relaxation process which

normally takes several days or months.

Another significant observation was the huge difference in grating quality and poling

nucleation areas between material from different suppliers. In some cases the poling
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was seen to be prohibited in the titanium diffused areas, opposite to that observed
above for material from Yamaju, this effect was most strong in samples from the
Russian company, INGCRYS. This therefore makes it very difficult to develop and
improve the fabrication process but instead leads to several optimal fabrication
techniques for different material. It is clear from these observations and the
investigations in Chapter 3 that the crystal structure and growth techniques for
different suppliers need to be more fully understood and investigated before any

development can be made in the fabrication of these devices.

6.6.3 Fabrication conclusions

This Section has looked at the issues involved in combining titanium indiffused
waveguides and periodic poling in lithium niobate and the preferred fabrication order.
It has been seen that both methods of fabrication exhibit problems, however in this
research better results were achieved by diffusing the waveguides first and then

poling.

If the PPLN gratings are to be poled first, then the diffusion temperature must be
greatly reduced (and hence the diffusion time greatly increased) to prevent annealing
and damage to the poled grating. Also the waveguides should be diffused in the

negative z face avoiding the lithinm outdiffusion on the positive z face.

If the titanium waveguides are to be diffused first, then the lithium outdiffused layer
on the positive z face should be polished off before poling and the poling charge

reduced to avoid overpoling of the waveguide regions.

6.7 Second harmonic generation in a Ti:PPLN waveguide

This Section presents second harmonic generation results obtained in a Ti:PPLN
waveguide. The Ti:PPLN device was fabricated with QPM periods of 8.6-9.8um,
calculated using a Maple worksheet using the Sellmeier equations as described in
Chapter 2 and the QPM equation, to give third order SHG from infrared radiation of
wavelengths 830-860nm to blue radiation of wavelengths 415430nm at a
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temperature of 150°C. A tuneable Ti:Sapphire laser provided the required pump

wavelength.

6.7.1 Optical set up

The optical\set up used for testing the Ti:PPLN waveguides is shown in Figure 6.18.
The Ti:sapphire laser was pumped using an argon ion laser and tuned to the ;equired
wavelength using birefringent filters. An infrared filter ensured that any unconverted
argon ion light was blocked. The pair of infrared mirrors allowed the beam to be

adjusted to the correct height for the sample.

Argon lon laser » Ti:Sapphire i \\l\imirror

infrared pass filter

Temperature
controller
Polariser ——
blue pass filter o I x10
x10 microscope microscope
objective objective
InGaAs | / |
photodiode | PN 1o / 'R mirror

Ti:PPLN sample in
oven on waveguide
manipulator

Figure 6.18 Optical set up

For z-cut lithium niobate with PPLN gratings along the x axis and waveguides along
the y axis, e-polarised light as shown in Figure 6.19, is used to access the large ds;
coefficient. A polariser designed for 833nm was used along with a Glan Taylor prism
to give e-polarised light. A x10 microscope lens was used to focus the beam on the
end face of the sample using a back reflection technique. The sample was held at
150°C in an oven as discussed in Section 6.7.1.1, and was manipulated using a 4-axis
waveguide micro-controller, thus allowing the optimum launch into the channel
waveguides to be achieved. The beam was focussed onto an InGaAs photodiode
detector using a x10 microscope objective, and a blue pass filter ensured that all

unconverted infrared radiation was blocked.
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Figure 6.19 Polarisation of incident radiation

6.7.1.1 Oven design

The requirements for a PPLN oven are that it should minimise thermal gradients
across the PPLN sample and therefore should be made of a highly insulating material.
Secondly the temperature of the sample must be able to be controlled to very high
accuracy and must be very stable, therefore the monitoring thermocouple should be
very close to the sample to allow good feedback. And finally the oven must take
varying sizes of sample and for the testing of waveguides the microscope objectives

must be able to come as close as a few mm’s to the sample.

to temperature controller

Duratec housing
Heater Resistor W

/ Thermocouple from temperature
controller to aluminium spacer

Aluminium spacer W <+«

/4
Duratec spacer 7,

Aluminum heater block

—— Sample

Figure 6.20 Cross-section of PPLN oven design

Taking into consideration these requirements the oven in Figure 6.20 was made. It

was fabricated from Duratec, with aluminium mounting blocks. The heater resistor
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chosen was a SW thicli(ﬁlm power heater resistor, operational up to 200°C. Samples
were mounted on the éorrect size of aluminium block using silver paint and then
placed on the matching sized Duratec mount. The thermocouple was fixed into the
aluminium block using heat sink compound. The temperature controller was then

programmed to the required temperature and the oven left to stabilise.

In practice the oven has proved to be very stable, reaching temperature and stabilising

very quickly and could be used with any length of sample up to 20mm long.

6.7.2 Experimental results

Second harmonic genefation was observed in a 12um wide, 6.5Smm long waveguide,
running through an 8.7um period PPLN grating with a pump wavelength of 833nm.
An efficiency curve was plotted of the resultant output power at 416nm, corrected for
Fresnel reflection, against the input power at 833nm, Figure 6.21. It can be seen that
this curve shows the characteristic quadratic shape of SHG in bulk PPLN. Figure
6.22 shows pump power launched in the waveguide against the square root of the

SHG power and exhibits the expected straight line behaviour.

The theoretical conversion efficiency in a waveguide is rather complicated to
calculate as it depends on factors such as losses and modal overlap which are difficult
to measure accurately. In view of the fabrication difficulties described earlier in the
Chapter in producing waveguides it was decided to use a simpler approach to analyse
the results of the single successful waveguide. This simpler approach is to compare
the experimental results to those predicted for bulk conversion with optical focusing -
this allows for a fair comparison of the benefits and disadvantages of choosing a

waveguide format [51,52].

The effective nonlinear susceptibility, d.g can be calculated using the following
equation which describes the second harmonic generation efficiency in bulk PPLN

[53,54].

}2 2a)2a’eﬁ2 L
Equation 6-6 ol = > 3 P, Lk h(B,&)p where &= 5
m, n,, £,C ko,

w "20%0 @
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where h(B,&) is the Boyd-Kleinman focussing factor, B = 0 as there is no walk-off in

PPLN QPM, £ is a focussing parameter where @y is the focussed beam waist, p is a
multimode factor which varies between 1 and 2 where 1 indicates single mode

operation and 2 indicates multiple modes and ;

2

Equation 6-7 d,=—d,; = g27pm V' =17pmv™
T T

of

is the effective nonlinear coefficient of the PPLN grating [S5]. In the above equation
a value of 27pmV"' has been assumed, however it should be noted here that a large
range in nonlinear optical coefficients have been quoted. Values of ds; range from

3.44 [56] to 499 [57] x10™*pmV ™.

From Equation 6-6 and taking the efficiency P, / P, as the gradient of the line in
Figure 6.22 and allowing for third order QPM, d.;was calculated for the experimental
results to be 5.6 pmV™'. This is significantly lower than the predicted value of 17
pmV™ for a perfect crystal due to a combination of factors including waveguide
launch, modal overlap, waveguide loss, poling errors, variation in waveguide
dimensions or index, and launch efficiency. Also, the conversion efficiency equation
for bulk PPLN sample was used for simplicity, however in a waveguide the

conversion efficiency is more complicated.

By extrapolating Figure 6.21, the conversion efficiency was found to be 0.062
%W 'cm™. In a waveguide geometry the conversion efficiency is dependent on L’
instead of L and is therefore expressed in %W 'cm™. In this experiment this gives

0.095 % W' cm™.
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A temperature tuning curve was also recorded for this waveguide. The temperature of

the oven was varied from 140°C to 160°C and the output power at 416nm measured.
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This is shown in Figure 6.23 with a fitted sinc” curve. From Chapter 2 it can be seen

that one of the terms the SHG efficiency is dependant on is :

2

AL
sin— &

AKL
2 — cine? off
AKL,, Sm"[ 2 j

2

Equation 6-8

Using this term and the data in Figure 6.23 the effective length, L.z, of the device was
calculated using a Maple7 worksheet. The effective length of the device gives

important information about the quality of the PPLN grating.

To calculate the effective length the temperature at the first minima is found. From
Figure 6.23 it can be seen that T},;,,=146.5, 151.5 °C. These are then substituted into

the equation for phase mismatch to find values of Ak ;

27r><nm(T,22m)_2x 2% nm(T,/lw)_K
A A &

20 ©

Equation 6-9 Ak =k, -2k, -K, =

where K, = 2% and A is the grating period for first order phasematching. The

effective length of the grating can then be found by substituting in the value of Ak to

Akx L
Equation 6-10 sinc’ [Teﬁj =0.

For the data in Figure 6.23 the effective length was calculated to be 4.7mm. This is
less than the actual length of 6.5mm, which could be due to the several factors

mentioned before, the most significant being the imperfect grating quality.

Another way to look at this is to compare the experimental and theoretical
temperature bandwidths. The experimental temperature bandwidth can be found from
Figure 6.23 to be 2.25°C. The theoretical temperature bandwidth for this device was

calculated as 1.58°C from the above equations. The increase in temperature
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bandwidth for the measured value compared to the theoretical value is thought to be
due to the imperfect PPLN grating and possibly the effect of the titanium indiffused

waveguides as the equations used were for bulk PPLN gratings.
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SHG Power (a.u.)

0.3 A
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°
[ s o
T T
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Temperature (degrees C)

Figure 6.23 Graph of SHG power out with temperature where the dots represent the experimental

data and the solid line the fitted theoretical curve

6.7.3 Conclusions

A successful Ti:PPLN waveguide device has been demonstrated for second harmonic
generation of blue light at 416nm. Conversion efficiencies of 0.095 %W "cm™ were
achieved. =~ The measured temperature bandwidth was 1.4 times larger than -
theoretically expected, indicating that the effective poled length was only 4.7mm
rather than the full crystal length of 6.5mm. This Lex can be used to work out the
conversion efficiency in the properly poled regions and corresponds to 0.18% W' em™
which compares favourably to previous work in the ORC on SHG in Ti:PPLN
waveguides reporting efficiencies of 0.1 %W 'em™ [10], but is still significantly lower
than more recent work from Paderborn which achieved conversion efficiencies of 1.6
%W lecm™ [11]. This is due to the poor quality PPLN grating and the high losses
found in the waveguide. Future work to improve the compatibility of the titamum

diffused waveguide and periodic poling procedures and to develop each of the
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fabrication process will result in lower loss waveguides with better quality gratings
achieving higher conversion efficiencies during SHG. Future work will need to

involve optimisation of modal overlaps with the nonlinearity.

6.8 Chapter conclusions

This Chapter has reviewed nonlinear optical waveguides, concluding that titanium
indiffused waveguides are the most versatile for harmonic generation applications.
The actual mechanism of titanium diffusion into lithium niobate was described and a
theoretical model presented which enables the resultant mode profile of a titanium

waveguide to be found given the initial diffusion parameters.

Initial investigations into combining the two fabrication processes of titanium
indiffusion and periodic poling were presented and an optimum fabrication procedure
concluded. Following from this a Ti:PPLN waveguide device was fabricated initially

with waveguides on the negative z face followed by periodic poling of a 8.7um

grating.

The Ti:PPLN waveguide was used to achieve second harmonic generation of 416nm
in a 12um wide, 6.5mm long waveguide. Conversion efficiencies of 0.095 %W 'em™
were achieved. It can be seen that improved fabrication techniques are needed to
produce better Ti:PPLN wavegunides. The whole fabrication is a very hit and miss
process and has been found to vary enormously with starting material supplier. This
is a major scientific challenge which will need significant studies if these attractive

devices are to see actual realisation.
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Chapter 7

Conclusions and future work

This thesis has reported the development of several novel periodically poled lithium
niobate devices. It has been shown that a large range of devices exists which exploit
the ability to create areas of inverted domains in lithium niobate, and in particular
devices with applications in laser modulation and frequency conversion were
described. As the fabrication techniques develop, increasing numbers of new

microstructured and nanostructured devices in lithium niobate are expected to appear.

This Chapter highlights the main achievements and conclusions from the work carried

out within the scope of this thesis and details directions for future improvement.

7.1 Material quality

During the initial research for this thesis it was noticed that lithium niobate material
from different suppliers behaved differently and gave very different results when
undergoing procedures such as domain inversion, titanium indiffusion and acid
etching. A comprehensive study into the differences between material from different
suppliers was undertaken and was presented in Chapter 3. The main aim of this study
was to understand the causes of the inconsistent results between material obtained
from different places and to introduce procedures or techniques to achieve uniform
PPLN quality across all supplied matenal, therefore not restricting the supply to one

particular company or compromising availability.
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Differences in material polishing techniques, thickness uniformity, refractive index
fluctuations across wafers, deviations in domain wall boundaries (and therefore
crystal lattice boundaries), and structural defects in the crystals were found. These
differences each contributed to the inconsistent grating quality seen between material
from different suppliers. Fabrication techniques such as pre-etching samples in
HF:HNO; for several minutes were found to slightly alleviate some of the
inconsistencies seen, however it was concluded that the underlying limiting factor to
better poling quality was the raw material from the supplier. To achieve better quality
gratings better quality material with more appropriate properties for domain inversion
is required from the crystal growers. As such, it is of crucial importance to further
understand the material aspects of lithium niobate and the growing process. Future
work will be carried out to work with crystal growers to develop more consistent

material suitable for periodic domain inverted devices.

One possible solution which has recently emerged is the use of stoichiometric lithium
niobate [1] instead of congruent lithium niobate. Stoichiometric lithium niobate
offers several superior qualities compared to congruent lithium niobate [2,3]. It has
reduced defect density, larger nonlinear and electro-optic coefficients, improved
transparency in the UV, increased resistance to optic damage and most important in
the fabrication of PPLN gid a 5 to 10 reduction in the coercive field required for
poling compared to congruent lithium niobate [4]. In 2001, 3 inch stoichiometric
lithium niobate and lithium tantalate crystals became commercially available from a
Japanese company called Oxide Corporation [5,6]. The quality of devices achievable
using stoichiometric material and the differences compared to congruent material is
currently an area of considerable international research. An initial visit has already
taken place to Oxide Corporation to discuss the use of stoichiometric lithium niobate

within the ORC.

Despite the problems mentioned in Chapters 3 to 6, such as domain wall meandering,
fabrication issues, stitching errors, poling problems and inconsistencies between
material from different suppliers, several successful periodically poled lithium mobate
devices were fabricated. Bragg grating modulators of lengths from 2 to 5 cm and

grating periods from 40 to 90um were achieved in 500um thick lithium niobate.
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Conventional PPLN devices for frequency conversion were produced in the same
thickness material with grating periods down to 6.58um, and gratings of period 8.7um

were achieved in titanium indiffused waveguides.

7.2  Electro-optic Bragg grating modulators

Chapters 4 and 5 described the work done to investigate and develop an electro-
optically controlled Bragg grating modulator in periodically poled lithium niobate. In
Chapter 4 a review of currently available electro-optic and acousto-optic modulators,
and previous work on electro-optic Bragg modulators by other authors [7,8,9] was
carried out, a theoretical analysis based on Kogelnik’s coupled wave theory [10] was
presented, the design and fabrication process for such modulators was described and

the first infrared demonstration of a Bragg modulator was reported.

From the results in Chapter 4, and from the reviewed previous work by Yamada [7,8]
and Gnewuch [9] several discrepancies and anomalies were found between the
experimental results and the theoretical predictions. To investigate this further an
experimental investigation into operation at visible wavelengths was carried out and
the results presented in Chapter 5. The second part of Chapter 5 looked at several of
the discrepancies in turn and offered explanations and solutions for each. Finally an
alternative theoretical model was developed which avoided some of the limiting
assumptions of the Kogelni,dk theory, such as the sinusoidal refractive index grating
assumption. This was found to give a clearer picture of higher order diffraction

orders and background scatter not predicted by the Kogelnik model.

The investigations and measurements made in these two Chapters indicate that this
device is very promising as a versatile modulation device for use optimally at visible
wavelengths. Already work is being carried out to obtain dynamic measurements at
high frequency operation by applying approximately 100 picosecond pulses.
Gnewuch et al. achieved 10-90% risetimes of 1.4ns, it is hoped to confirm these
risetimes for the devices presented in this thesis and show faster risetimes as the

maximum capability of the fast power supply is improved.
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Lithium niobate is a popular material for many integrated telecommunications
devices. The ability to modulate an optical signal on and off and to independently
direct it is highly desirable. Future work is planned to integrate the modulator devices
described before with deflector devices on the same lithium niobate sample. A
deflector device can be created using a similar technique to the grating modulator by
applying an electric field to a domain inverted region to give a refractive index
difference boundary. The shape of this domain can be chosen such that it will deflect
the incoming optical signal, within the constraints of the naturally preferred domain
boundary orientation, for example triangular or hexagonal shapes could be used. This
idea was demonstrated by Yamada et al. in the form of an electro-optic deflection
device which consisted of a series of 20 domain inverted prisms [7] which achieved a
deflection of 2° by applying 200V. Electro-optic deflection and switching in lithium
niobate has also been demonstrated by Boyland et al. in the ORC, in the form of a
total internal reflection device [Chapter 3, 11,12].

Further work is planned to investigate the optimal deflection device based on electro-
optically controlled deflection and to fabricate such devices. The ultimate aim is to

integrate a Bragg grating modulator and a deflection device onto the same sample.

Another piece of future work is to combine the Bragg grating modulators with planar
waveguides, in particular with titanium indiffused waveguides, thus removing any
focussing effects and improving integration with other devices. Other types of

materials could also be investigated such as KTP or poled polymers.

7.3 Ti:PPLN waveguides

Chapter 6 described work carried out to integrate titanium indiffused waveguides and
PPLN for use in harmonic frequency conversion. The mechanisms controlling
titanium diffusion in lithium niobate were discussed, and a theoretical model
developed to enable the mode profile of a diffused waveguide to be calculated for any

set of initial diffusion variables. Titanium waveguide fabrication and characterisation
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were described, including investigations into fabrication issues such as spontaneous
poling and lithium outdiffusion. Work was presented on the development of the
titanium waveguide fabrication process, however it was seen that there is still future
development to be done. Further investigations into alternative methods of
fabrication or the addition of extra fabrication processes will be carried out to produce

lower loss, ‘cleaner’ waveguides.

The extensive research carried out to investigate che integration of titanium indiffused
waveguides and periodically poled lithium niobate was described and results achieved
in a successful Ti:PPLN device for third order second harmonic generation of 416nm
light in a 12um wide titanium waveguide running through an 8.7pm period PPLN
grating were presented. However this device gave poor performance compared to
previously published work [13,14] due to the poor quality PPLN grating in the
titanium waveguide. This was due to fundamental incompatibility problems with the
two fabrication processes — the high temperatures and times involved in the diffusion
process annealed out the PPLN gratings and the presence of titanium atoms in the
lithium niobate crystal produced non-uniform gratings. The presence of a Ti-Li-O
compound on the surface, crystal surface ‘swelling’ due to the indiffused titanium
atoms and lithium outdiffusion were found to inhibit or produce inconsistent poling.
The fabrication process will be re-examined and developed to minimise these effects

resulting in better quality gratings in the waveguides.

As highlighted earlier one of the main limiting factors in device development and
improvement is the quality and suitability of the available material for periodic
domain inversion devices. It is hoped that the quality of devices achievable will

improved as more suitable material is found.

As well as improving the existing fabrication techniques, several new devices are
being investigated. One option is to combine the titanium indiffused channel
waveguides with a direct bonding technique. Direct bonding [15,16] is a fabrica;tion
technique which uses the Van der Waals forces present when two suitably flat
materials are brought into contact to create low-loss, seamless, vacuum-tight

interfaces between explicit material layers. Such a bond can be formed irrespective of
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the lattice constants and the orientation of the materials concerned and involves no
deleterious modification [17] of the crystalline microstructure of either material.
When applied to PPLN-based waveguide devices this becomes particularly important,
as the nonlinearity and domain characteristics of bulk PPLN should remain
completely unchanged when bonded to another material. Direct bonding has been
successfully demonstrated in the ORC by Gawith et al. [18] to produce a buried
periodically poled lithium niobate waveguide for second harmonic generation of
532nm with conversion efficiency of 4.3 % W', a 40 % improvement in SHG
conversion efficiency compared to bulk material. Single mode waveguiding was
observed in the PPLN grating with less than 1.7 dBem™ loss. The device fabricated

for frequency conversion is shown in Figure 7.1 with a planar PPLN layer and lithium

tantalate cladding and substrates.

Figure 7.1 Schematic end-face diagram of buried LiNbO; waveguide, incorporating three PPLN
gratings (fabricated before bonding), each Imm wide.

This existing device only provides waveguiding in one dimension, future work will
include combining the channel titanium indiffused wavegunides with direct bonding to
create buried channel periodically poled waveguides. After titanium diffusion the
samples will be polished and direct bonded with a lithium niobate cladding before
periodic poling, as shown in Figure 7.2. By burying the titanium diffused channels it
is hoped that some of the problems encountered in Chapter 6 will be prevented as the
‘defects’ caused by the titanium atoms are removed from the surface and so will have
less influence on inverted domain nucleation. It is hoped that more uniform

nucleation and therefore more uniform domain inversion will occur.
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Figure 7.2 Direct bonded buried titanium indiffused channel waveguides in PPLN

Other future possibilities may include investigating waveguides diffused with metals
other than titanium. Titanium indiffused waveguides are by far the most extensively
used metal indiffused waveguide technology due to their use in integrated optics,
telecommunications, SAW devices, etc. However indiffused waveguides in lithium
niobate have been reported using other transition metals such as zinc [19,20,21,22],
nickel [23,24] and vanadium [24]. Schmidt and Kaminov also report that gold, silver,
iron, cobalt, niobium and germanium all yield good waveguides when diffused into
lithium niobate. The most attractive out of these is zinc indiffused waveguides as
they offer several superior qualities over the more widely used titanium indiffused and
proton exchange waveguides. The disadvantages of titanium waveguides are the
formation of an outdiffused layer near the lithium niobate surface [Chapter 6,25], the
decrease in bulk electro-optic coefficients when the diffusion temperature is above
950°C [26] and the increased photorefractive damage at visible wavelengths [27].
Although proton exchange waveguides are much more resistant to photoréefractive
damage, they only guide extraordinary polarised light. In comparison zinc indiffused
waveguides support propagation of both polarisations, and next to magnesium, zinc is
the second most damage resistant impurity in lithium niobate. It has been reported
that the damage resistance of lithium niobate is increased by a factor of 10% when the
crystals are heavily doped with Zn [28] and increases in refractive index are twice

those obtained via titanium indiffusion [19]. Future work will investigate zinc
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indiffused waveguides and their possible integration with the devices described in this

thesis.

Finally, as mentioned before the other future work in the area of titanium indiffused
waveguide in PPLN will involve investigating the combination of planar waveguides

with Bragg grating modulators and with HexLN.

7.4  Other periodically poled lithinm niobate devices

The fabrication process used for all periodically poled lithium niobate devices in this
research was described in Chapter 3. The fabrication process is continually being
developed and improved as the material aspects of lithium mniobate are better
understood. New methods such as reverse poling and backswitching, were
investigated and led to the conclusion-that the forward poling liquid gel electrode

electric poling technique used still gave the better and more consistent results.

The ORC has a very large research group working on novel devices in lithium niobate
based on periodic poling. The last Section in Chapter 3 described several different
pieces of research carried out in collaboration with other group members; The
fabrication of surface relief gratings combining titanium indiffused waveguides and
preferential etching of lithium niobate carried out in association with Mailis et al. [29]
for applications such as wavelength filtering, wavelength division multiplexing and

distributed feedback, was described.

Work with Broderick et al. [30] on the development of two-dimensional photonics
crystals (or HexLN), which allow simultaneous frequency generation of several
harmonics, was reported. Future work has already been planned to investigate the
fabrication of HexLN waveguides which will combine HexLN frequency generation
with benefits of waveguide geometry such as higher efficiencies and lower
operational thresholds. One possibility is to use a direct bonding technique [18] as
outlined in Section 7.3  to bury a HexLN layer in lithium tantalate to create a planar

waveguide.
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An alternative waveguide technique is to use titanium indiffusion to create a planar
waveguide at the surface of the lithium niobate sample as described in Chapter 6.
Initial work has been carried out to combine these waveguides with HexLLN but was
found to be unsuccessful due to similar problems seen in Chapter 6 when fabricating
Ti:PPLN channel waveguides. The presence of titanium atoms in the surface layers is
thought to influence the nucleation of the inverted domains, causing uneven poling
and patchy gratings. Also the effect of lithium outdiffusion during the diffusion
process suppresses nucleation and prevents domain inversion. These effects are
currently being investigated. One possible solution may be to bury the titanium
indiffused layer, for example by direct bonding, thus taking the titanium ‘impurities’

away from the surface. Future investigations will look at this.
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Appendix I

Theoretical model of titanium indiffused

waveguides

It 1s assumed that titanium diffusion in lithium niobate is isotropic with diffusion
coefficient, D, independent of concentration. Therefore, the equation which describes

three dimensional diffusion is given by :

1 &(y.z.t) _I°Cloy.zt)  8°Cluy.zt)  I°Clx,y.z.0)

Equation 1 D 4 P @)2 Y

where C(x,y,z,t) is the concentration profile of titanium.

By assuming that the solution of this equation is independent in x,y and z, a solution can

be obtained by separation of vanables and using Fourier transforms. Fourier transform
theory states that if ;

1 = .. 1 %

Equation 2 F(&)=—— % f(x")dx' then x')= e F(&)d

&) JEI S 163! Jz—ﬂj (£)dé

—a0

For example, consider one dimensional diffusion in the x direction. The diffusion

equation is given by :

1 &(x,1) _ 2°C(x,1)
D a act

Equation 3 where - c<x <o for t>0.

The general Fourier solution is given by :
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7, Je"ié“D 1 4(£)dE where Ti, is the amount of

-0

Equation 4 C(x,t)=

titanium deposited. At = 0, the initial concentration profile is given by :

Equation 5 C(x,0)=f(x")= i, Ie"'é'¢(§)d§ which is the above Fourier
N2r o,

integral. Then it follows that ;

|
Equation 6 $(&) = i [ fxyax
2r -,
And by substitution ;
Equation 7 C(x,t)=T—,lL PRl i P (x")dx'
27[ - -

Ti, = * Y ipn
— 0 f(xt)dxv Je—Df 1—ié(x-x )dg
\N2r _J;

—0o0

—(x-x)?

Tio b ! 4Dt '
N _{f(x )e dx

This is the one dimensional solution for an instantaneous point source, amount 737, of

titanium, at x = x', with initial concentration profile f (x ).

Similarly in y and z, giving us a general three dimensional solution for the concentration
profile of an instantaneous point source at (x',y’z’) with initial concentration profile f
(x',y",z"), into an infinite solid:

“{(x=x?+(r=y) +(2-2)"}

Equation 8 C(x,y,2,1) = [[reey.zne 4Dr dx'dy' dz'

2 Dt

From this equation it can be seen that as t—0, C(x,y,z,t)— 0 at all points except

— a0

(x'yz'), where it tends to infinity. Also, the total quantity of titanium in the infinite

region is obtained by integrating the concentration over all space for # > 0. As expected,

we get Ti, :
Equation 9 I I IC (x,y,z,t)dxdydz =Ti,
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since

@ =(x-x"? 1 © =(y-y)° w  —(z-2)?
Ie aDr gy = J'e Dl gyt = J'e D =1

1
2Dt 2, 2Dt 2 2Dt 2

This general solution can now be applied to the particular diffusion problem in this work.

Equation 10

From Chapter 6 the assumption can be made that the titanium strip is infinite in the *x
direction, as / >> w >> d, thus reducing the problem to a two dimensional one.
Therefore the instantaneous point source can be extended to an instantaneous line source
parallel to y and passing through the point (y',z’), by considering a distribution of point

sources of strength Ti,dx " along the line x " and integrating :
Tl % _kx_x,)2 +(Y‘y')2 +(z—z')2 } Tl - y—y')2 +(z—z')2

Equation 11 C(y,z,t)= 2 e 4Dt dx'=—2—¢ 4Dr
) (27Dr ) £ 47Dt

where Ti, is now the quantity of titanium deposited per unit length of the line.

However, it can be seen that the problem consists of a strip source, width 2w in the y
direction, and not a line source. This can be modelled by considering a distribution of

line sources of strength Ti,dy" along the line z = z" and integrating in the range -w <y <

w:
T ¥ o e
Equation 12 Cly,z,t)=—2 |e bt d
quation =72 J £
y-y'-w
. (z-2") 4Dt '
Ti - a? y-y-¢€
=—2 p 4 le™ (=4 Dtdu where u==—=—=>
47Dt y_yJ.;w ( ) V4Dt
JaDr
y&ﬁw y&ﬁw
T ~(z-2? Dt apr
= — lo e 4Dt ﬁ i Ie_" du — i e_" du
7\ Dt 2 | 0 T3
; ‘(z‘z')z ' 1
Ti y—y+w] [y—y—w}
=———2—c P |orf| —/—— |-erf| —/—
N anDt |: f[ V4Dt / V4Dt
. —(Z'Z')2 t '
Ti y—y-w y-=y +WJ
=——2L_¢ ¥ |erf| —F/— |—erf| ———
N4rDt |: f( N4Dt j f{ 4Dt
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Part I - For 0 < t < 14, treating the diffusion as a continuous strip

It can be seen that this solution gives a realistic concentration model.
10.

amount 7}, per unit area. This solution was graphed for different values of time as shown
actual diffusion problem in this research. The titanium deposited has thickness d, and

with initial concentration f{x'yz)). To take this into account the diffusion can be
the diffusion as an instantaneous line source with initial concentration found from the

t4ep, When the deposited titanium has been depleted, and then acts as an instant line source
source, found by integrating the above equation with time. Part II - For ¢t > #,,, treating

This is now the solution for an instantaneous strip source of titanium, centred on (x ',y ,z"),
Although the above equation is a very good model, it still does not fully describe the
therefore is not an instantaneous source, but acts as a continuous line source until a time

simplicity, the variables were chosen as follows ; x

in Figure 1.

Sum, and Ti,

modelled in two parts;

solution of Part I evaluated at 4.

a)

GRS
SRR

d)

232

a) 0.1 hours, b) 1 hour, ¢) 2.5 hours and d) 5 hours

Diffusion profile of an instantaneous strip source with time after

Figure 1
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Part I : Integrate the instantaneous strip source with time ;

Equation 13

! Ti e y—y-w y—y+w
Cy,z,t<ty)= [——=t—=e*?"")| erf| ——xc | —erf| == | 1’
4 o) OI,/MD(z—z'i / JaD(=1) ! J4D(-1)

. -z} \ : : le=2) '

_ ] Ty 06 rgys XYW g [ LA s B b T P
0,/471Dit—t'i 1/4Dit—t'i : ,/47:Dit—t'i 1/4Dit—t'i

where Ti, is the amount of titanium per unit area per unit time. This integral cannot be

evaluated easily usiflg analytical methods and a numerical solution must be sought.

Part II : The numerical solution from Part I, evaluated at #4,, is substituted into the
diffusion equation for an instantaneous line source giving ;

Ti °]A°]. ( k-iy—y'f (2=}
Equation 14 C(y,2z,t>1,,)= Z—DT Cly', 2,1y, 4Dt dy'dz'
27Dt

—00—00

where ¢ > 1,4, and the initial concentration distribution is centred on the point (y',z’) and

Ti, is now the amount of titanium per unit area deposited in time #gep.

Using the model above, the concentration profile of the diffused titanium can be

calculated for a depleted or non-depleted source for any set of initial variables.

The author would like to acknowledge the help of Dr Geoff Danﬁell, Physics and

Astronomy, University of Southampton.
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Appendix 11

Matlab Code

function [results opol, results epol] = angspec (fname)
$to run type " angspec('filename'); "

$this function is the top level one which plots the diffracted intensity with
output angle

%define all the wvariables
$grating period, W=width of grating, d=length of grating, t=thickness of

grating, all in metres
period = 40e-6;

W = le-3;
d = 0.03;
t = 0.5e-3;

$refractive index & wavelength of light (in air) in metres
no = 2.24;

ne = 2.16;

lambda_air = 633e-9;

lambda e = lambda_air / ne;

lambda o = lambda air / no;

$calculates the internal Bragg Angle for these variables in degrees

% (note that Bragg angle is the angle between grating plane and incident light)
bragg = asin(lambda_air / (2 * ne * period));

bragg degrees = 180 * bragg / pi;

$Applied Voltage in Volts and resultant Electric field
V = 200;

E=V/ t;

% r is electro-optic coefficient in metres per Volt

$for o-polarised light (light polarised perpendicular to optic axis)
r_opol = 8.6e-12;

%therefore the change in refractive index induced by the applied field is
delta n opol = no®™3 * r_opol * E / 2;

$and similarly for e-polarised light (light polarised parallel to optic axis)

r_epol = 32.2e-12;
delta_n epol = ne®3 * r_epol * E / 2;
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$all in degrees - INTERNAL input angle (equal to Bragg),

$starting value of output angle, finishing value of output angle & stepsize of
output angle

%all measured as angle between grating plane to light

theta_in = bragg_degrees;

phistartd = 0;

phiendd = 0.5;
phistepd = 0.001;

% we need to re-express the input and output angles as the angles from the
grating plane normal and convert them to radians

phistart = (90 - phiendd) * pi / 180;

phiend = (90 - phistartd) * pi / 180;

phistep = phistepd * pi / 180;

theta = (90 - theta_in) * pi / 180;

% first the case of O-POLARISED light

$assuming that you are already in a lower refractive index part of the grating
when you start...

%calculate the angle of light in the high and low refractive index parts of the
grating measured from the normal to the grating to the light (all still in
degrees)

theta low d = 90 - theta_in;

theta high_d = asin(sin(theta_low d * (no - delta n opol) / (no +

delta n_opol)));

3$As Matlab does its calculations in radians, we need to convert the angles from
degrees into radians

theta low = theta_low d * pi / 180;

theta high = theta_high 4 * pi / 180;

$this is the main bit of the program which plots the output intensity for a
given input angle over a range or output angles
$this is the calculation loop

$first define the list of output angles you want to calculate over
phiv = phistart:phistep:phiend;

results_opol = zeros(2, size(phiv, 2));

count = 0;

%$the raw data is written to a .dat file
fid2 = fopen(strcat (fname, '_opol.dat'), 'w');

%this is the FOR loop which loops through a range of ocutput angles and
calculates the output intensity at each one

for phi = phiv
count = count + 1;
$this calculates the amplitude reflection coefficients for opol light using
the Fresnel Equations
$ A up is the reflection from lower to higher refractive index interface

% A down is the reflection from a higher to lower refractive index interface

A up = tan(theta low - theta_high) / tan(theta_low + theta_high);
A down = tan(theta high - theta_low) / tan(theta_high - theta_low);
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%the next line calls the function DIFFRACT which calculates the output
intensity
number = diffract(theta, phi, period, W, d, no, lambda_o, A_up, A _down);

$put the results into an array called RESULTS OPOL in two columns - the
output angle and the diffracted intensity at that angle

$remembering to convert the output angle back into the angle

results opol(l, count) = phi;

results_opol (2, count) = number;

%this prints the output angle, the real part of the diffracted intensity and
the imaginary part

fprintf (£fid2, '%e, %e, %e\n', phi, real(results opol (2, count)),
imag(results_opol (2, count)));
end

$ second the case of E-POLARISED light

%assuming that you start in a lower refractive index part of the grating...
$calculate the angle of light in the high and low refractive index parts of the
grating measured from the normal to the grating to the light (all still in
degrees) -

theta low d = 90 - theta_in;

theta_high d = asin(sin(theta low d * (ne - delta n epol) / (ne +
delta n _epol)));

%As Matlab does its calculations in radians, we need to convert the angles from
degrees into radians

theta_low = theta_low_d * pi / 180;

theta_high = theta_high d * pi / 180;

%this is the main bit of the program which plots the output intensity for a
given input angle over a range or output angles
$this is the calculation loop

$first define the list of output angles you want to calculate over
phiv = phistart:phistep:phiend;

results_epol = zeros(2, size(phiv, 2));

count = 0;

$the raw data is written to a .dat file
fid3 = fopen(strcat (fname, '_epol.dat'), 'w'};

$this is the FOR loop which loops through a range of output angles and
calculates the output intensity at each one

for phi = phiv

count = count + 1;

%this calculates the amplitude reflection coefficients for epol light using
the Fresnel Equations

% A up is the reflection from lower to higher refractive index interface

$ A down is the reflection from a higher to lower refractive index interface

A up = -sin(theta low - theta_high) / sin(theta_low + theta high);
A down = -sin(theta_high - theta_low) / sin(theta_high - theta_low);

$the next line calls the function DIFFRACT which calculates the output
intensity
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number = diffract(theta, phi, period, W, d, ne, lambda_e, A up, A down);

$put the results into an array called RESULTS_EPOL in two columns - the
output angle and the diffracted intensity at that angle

results epol (1, count) = phi;

results_epol (2, count) = number;

$this prints the output angle, the real part of the diffracted intensity and
the imaginary part

fprintf (£id3, '%e, %e, %e\n', phi, real(results epol (2, count)),
imag(results_epol (2, count)));
end

. $information about the calculation is stored in a text file which is defined as
follows
fid = fopen(strcat (fname, '.doc'), 'w');
$this is what the file will contain, it lists all the variables used

fprintf (fid, 'Specifications data file\n');

fprintf (fid, '....... .. ... ..., \n');

fprintf (fid, 'filename %s \n', fname);

fprintf (£id, '\n');

fprintf (fid, 'Width Grating, W $f mm\n', W*ie3) ;

fprintf (fid, 'Length Grating, d %f cm\n', d*le2);

fprintf (fid, 'Applied voltage, V &f V\n', V);

fprintf (fid, 'Wavelength in air %f nm\n', lambda air*le9);
fprintf (fid, 'Grating Period $f microns\n', period*leé);
fprintf (fid, 'Ordinary refractive index $f\n', no);

fprintf (fid, 'Extraordinary refractive index $f\n', ne);
fprintf (fid, '\n');

fprintf (fid, 'Phi start &f degrees\n', phistartd);
fprintf (fid, 'Phi end %t degrees\n', phiendd) ;
fprintf (fid, 'Phi Step 3f degrees\n', phistepd);
fprintf (£id, '\n');

fprintf (fid, 'Internal incident angle 5f degrees\n', theta_in);

fprintf (£id, '\n');
fprintf (fid, 'The calculated internal Bragg Angle for these variables is $f
degrees\n', bragg degrees) ;

fclose (£id2);
fclose (fid);

%this next line plots the modulus of the intensity with output angle for o
polarised light

figure (1)
plot (90 - (results_opol(1l,:)*180/pi), abs(results_opol(2,:)));
set (gca, 'Yscale', 'log’)

title('Plot of intensity with internal output angle for o-polarised light');
xlabel ('Internal output angle (degrees) ');
ylabel ('Intensity (a.u)');

%this next line plots the modulus of the intensity with output angle for e
polarised light

figure (2)
plot (90 - (results_epol(1,:)*180/pi), abs(results_epol(2,:)));
set (gca, '¥Yscale', 'log')

title('Plot of intensity with internal output angle for e-polarised light');
xlabel ('Internal output angle (degrees) ');
ylabel ('Intensity (a.u)');
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function total = diffract(theta, phi, period, W, 4, n, lambda, A up, A down)

$this function calculates the intensity of the diffracted light for a given
input

$and output angle and a defined set of variables

$according to -

$A * exp ( i 2 Pi n x {sin theta + sin phi} / lambda ) * ( lambda * ( exp { i 2
Pi n (cos theta - cos phi) d / lambda } - 1) / i 2 Pi n (cos theta - cos phi) )

$we can split this up into its different parts to calculate
$to save computational time, values which don't change are calculated first:

costerm (cos (theta) - cos(phi));
sinterm (sin(theta) + sin(phi));

constantl = (i * 2 * pi * n / lambda);

partl = (exp (constantl * costerm * d) - 1) / (constantl * costerm);

$set the total to zero

total = 0;
total up = 0;
total_down = 0;
part2 up = 0;
part2_down = 0;

$this FOR loop steps up the grating planes over the width of the grating
$and calculates the diffracted component from low to high refractive index
for x = 0:period:W

result_up = exp ( constantl * x * sinterm);

part2 _up = part2 up + result_up;
end

total_up = A_up * partl * part2_up;
$this FOR loop steps up the grating planes - half over the width of the grating
$and calculates the diffracted component from high to low refractive index
for x = period: (period - period / 2):W
result_down = exp ( constantl * x * sinterm);

part2_down = part2_down + result_down;
end

total_down = A _down * partl * part2_down;
$and then calculate the total diffraction for this set of variables

total = total up + total_ down;
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