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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE & MATHEMATICS
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy

FABRICATION AND APPLICATIONS OF ZINC INDIFFUSED
WAVEGUIDESIN PERIODICALLY POLED LITHIUM NIOBATE

by
Lu Ming

A comprehensive investigation of high conversion efficiency second harmonic
generation (SHG) devices based on zinc indiffused channel waveguides in periodically
poled lithium niobate (PPLN) isreported in this thesis.

The thesis covers all stages from the production of PPLN by domain inversion on a
micron scale through to optical testing. The factors affecting poling quality, such as
crystal discrepancies from different suppliers, electrode materials, patterning quality,
and mask design, are investigated and analysed systematically. In addition, back-switch
poling methods (involving poling a sample completely and then re-poling) are
demonstrated. By using optimized processes combining high electric-field poling with
the use of conductive liquid gel as an electrode, we have successfully fabricated high
quality PPLN samples with short periods (less than 6.5um), magnesium doped PPLN
(PPM@LN), periodically poled lithium tantalate (PPLT), and hexagonally poled lithium
niobate (HexLN).

Quasi-phase-matched (QPM) wavelength conversion devices based on lithium niobate
channel waveguides were realized. Fabrication methods for Zn-diffused channel
waveguides in z-cut PPLN by therma diffusion of metallic Zn film have been
investigated. A new approach using atmospheric pressure diffusion to make single
mode waveguides for different fundamental wavelengths was successful. Optimised
devices gave second harmonic generation conversion efficiency of 59%W ‘cm? for
1552.4nm with 81% conversion for a pulsed source being achieved. Studies of green
and blue generation exposed limitations with the technique for shorter wavelength
operation, and these are discussed and modelled.
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Chapter 1: Introduction

Chapter 1

I ntroduction

This chapter presents the motivation for this research and an overview of periodically
poled lithium niobate and its applications, with an emphasis on its uses in nonlinear
optics.

1.1 Motivation

Periodically poled lithium niobate (PPLN) is a nonlinear optical conversion material
whose nonlinear properties can, to some extent, be engineered [1,2]. Periodic reversal
of the domains within lithium niobate can be used to select the operating wavelength,
with wavelengths throughout most of the visible, near-infrared, and mid-infrared
regions being obtainable [3,4,5]. Thus, in addition to temperature and angle tuning,
which are the conventional ways of tuning a frequency conversion device, PPLN can
also be tuned by varying the period of the poling [6]. The output wavelengths are thus
essentially determined during the fabrication of the PPLN material, and not by the
thermal or mechanical forces to which the material is exposed. However, temperature
and angle tuning can still be used to fine-tune the output wavelengths [7]. Figure
1.01 illustrates a PPLN structure in which the lithium niobate crystal domain has been
periodically inverted to form a PPLN grating.

Figure 1.01. PPLN structure

PPLN is suitable for many applications in different fields. Based upon the quasi-
phase-matching (QPM) technique in lithium niobate [8], frequency conversion of a
laser beamin a spectral range from 400nm to 4,500nm can be achieved [9,10,11].
PPLN’s remarkable properties make it particularly suitable for applications in optical
frequency conversion such as Optical Parametric Oscillation (OPO) [12,13] and
Optical Parametric Amplification (OPA) [14,15,16]; for electro-optic Bragg-
deflectors for switching and modulating light [17,18]; and for sensors for aerospace

and environmental monitoring [19,20].
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For application in frequency conversion, PPLN exhibits a significant increasein the
effective nonlinear coefficient when compared to birefringently phase-matched
lithium niobate. Therefore, highly efficient frequency conversion can be obtained,
and since the conversion efficiency of anonlinear crystal is proportional to the square
of the effective nonlinear coefficient [ 21], much more efficiently than using
birefringent phase matching. Frequency doubled Nd:Y AG lasers have also been used
to generate high power visible light [22] and tuneable IR output as far as 6.3um [23].
In addition PPLN material can be used as the nonlinear material for parametric
oscillators and amplifiers based on high-power fibre sources [ 24], where the
compatibility of fibre and PPLN provides an attractive route for compact devices for
tuneable IR generation and amplification [25,26].

Through the use of modern semiconductor and micro-engineering technology
multiple gratings have been formed on a single crystal chip to generate multiple
signal wavelengths simultaneously from a single pump source [ 27]. Further
applications of PPLN in optics involve the electro-optic effect, which has alowed the
construction of modulators with switching speeds approaching 1ns [28]. Using the
piezoelectric effect, PPLN can also be used as an acousto-optic transducer [29].

By combining PPLN and waveguide structures, high optical intensities of the
interacting beams can be maintained over the whole length of the waveguide to
improve efficiency by two to three orders of magnitude as compared to bulk devices
[30]. PPLN waveguide can be used for the development of optical frequency mixers
which are well suited for optical fibre communication and other all optical signal
processing applications. Such optical frequency mixers can be considered as an
enabling technology to realize high capacity and transparency in Wavelength
Division Multiplexing (WDM) [31,32] and in high-speed Time Division Multiplexing
(TDM) systems[33], as shown in Figure 1.02.

PPLN waveguides provide a route for a number of different optical signal processing
functions desirable in next generation telecoms. In WDM systems, which take
advantage of erbium-doped-fibre amplifiers (EDFA) to allow amplification of more
than one hundred wavelengths simultaneously, multiple signal channels carried by
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different wavelengths are independently transmitted through the same fibre. Such
systems, multiplexing over one hundred channels in a single fibre, have been
demonstrated in a Dense WDM (DWDM) system [34]. In a TDM system, multiple
channels at low bit rate are alocated to different time slots and multiplexed into a
high bit rate stream. Currently the capacity of a single fibre is approaching one
terabit-per-second in TDM systems [35]. By combining WDM and TDM systems,
over three terabits-per-second transmission capacity for a single fibre has been
achieved [36].

Figure 1.02. Schematic diagrams of optical fibre telecom systems. (a) Single channel system;
(b) Wavelength Division Multiplexing (WDM) system; (c) Time Division Multiplexing
(TDM) system. (EDFA: Erbium Doped Fibre Amplifier; TX: Transmitter; RX: Receiver.)

Severa potential optical frequency mixer devices which are based upon the quasi-
phase-matching (QPM) technique in PPLN waveguides have been practically and
successfully demonstrated, including efficient WDM wavelength converters within
the 1.5um band or between the 1.3um band and the 1.5um band, spectral inverters
for dispersion compensation in fibre link and multiple-channel wavelength
converters for dynamic reconfiguration and broadcasting. The multiple-channel QPM
structure formed by superimposition of a phase-reversal grating upon a uniform
QPM grating can be tailored for multiplexed wavelength conversion based on 1.3um
to 1.5um bands of telecom window [37]. All the above applications require high
quality PPLN and PPLN waveguide structures in order to achieve high conversion

efficiency
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A number of methods are currently employed for fabricating waveguides in PPLN,
the most popular of which are annealed proton exchange (APE) [38] and titanium
diffusion [39]. However, each of these techniques has some limits of applicability. A
recently developed alternative to these techniques is zinc-indiffusion. This approach
offers potential to combine PPLN with the relative simplicity and low processing
temperature of zinc indiffusion. Unlike APE, zinc indiffused waveguides support both
TM and TE modes and show enhanced resistance to photorefractive damage in
lithium niobate [40] which allows us to develop room temperature devices. Room

temperature operation isimportant for fiber pigtailing.

In this research, the factors which influence the poling quality of PPLN and different
poling methods have been investigated and a novel channel waveguide fabrication
method using zinc indiffusion has been demonstrated, PPLN channel waveguide

devices based on this technology have been characterized.

1.2 Outline of Thesis Structure
This thesis consists of nine chapters including this first introductory chapter which
includes the motivation for the research, an overview of the thesis content and a brief

introduction to PPLN and PPLN waveguides and their application

Chapter 2 introduces the basic theories of nonlinear optics, second harmonic
generation (SHG) and quasi-phase-matching (QPM). Three wave interactions are also

introduced.

Chapter 3 describes the main properties and applications of lithium niobate, this
chapter highlights the main physical and nonlinear optical properties of lithium
niobate which influence the fabrication and performance of PPLN based devices.
Crystal growth techniques are outlined, and the crystallographic properties are
described.

Chapter 4 begins by introducing electrical poling of lithium niobate, the fabrication
procedures for periodically poled lithium niobate (PPLN) using an electric field

poling technique with liquid gel electrodes are reviewed, Alternative methods of
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domain inversion in lithium niobate are also discussed and the methods of grating
guality assessment are presented. The factors affecting poling quality are reported in
the middle section of this chapter. Various novel poling techniques, such as
backswitch poling, are presented. The chapter finishes by presenting novel
hexagonally poled lithium niobate (HexLN), periodically poled lithium tantalate
(PPLT) and Mgo-doped PPLN (PPMgLN) devices researched as part of this thesis
and in collaboration with other research groups inside and outside of the
Optoel ectronics Research Centre (ORC).

Chapter 5 introduces the waveguide theory used to design a channel waveguide
device based on a PPLN substrate. Optical waveguide are known to maintain high
energy density over a long distance and can thus be used to realize an SHG device
having substantially higher conversion efficiency than bulk. The effective index

method is described and used to carry out simple waveguide modeling.

Chapter 6 briefly introduces the existing channel waveguide fabrication technologies
used with PPLN and describes our work carried out to integrate zinc indiffused
waveguides and PPLN for use in harmonic generation. Different types of PPLN
waveguides are reviewed with the zinc indiffusion technique shown to exhibit several
advantages over other methods such as proton exchange or titanium indiffusion. The
mechanisms of zinc diffusion in lithium niobate are discussed. The refractive index
profile of Zn:LiNbO; is described by a theoretical model based on an empirical
eguation. The final section in this chapter presents results achieved in successfully
fabricating zinc indiffused waveguide device for first order and third order SHG
which are then described in chapter 7 and chapter 8.

Chapter 7 describes the optical characterization of the PPLN channel waveguide
devices described in chapter 6. The mode profile and NA of the waveguides formed
under different indiffusion conditions are investigated, the propagation loss and the
polarization dependence of the waveguide are also measured. The optimum
waveguide fabrication parameters are then discussed. The final part of this chapter
presents quasi-phase-matched second-harmonic generation (SHG) experiments in
PPLN waveguide devices. The SHG conversion efficiency for a fundamental beam of
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1552.4nm wavelength was measured by using a DFB single-mode laser diode at low

input power and an OPO at a high input power source.

Chapter 8 describes visible light generation experiments using the PPLN waveguide
devices fabricated based on the procedures described in chapter 6. Green light
(532nm) was obtained by frequency doubling incident beams from a Nd:YAG laser
through the PPLN waveguide device. The photorefractive effect induced by the green
light is discussed in the middle section of this chapter. Blue light (417.5nm) achieved
through third order SHG by frequency doubling a tuneable Ti: Sapphire laser is
presented in the final part of this chapter. Overall conclusions and a discussion of
potential future work and improvement that can be carried out at the University of
Southampton are discussed in chapter 9.
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Chapter 2

I ntroduction to Nonlinear Optics

Chapter one described the motivation of this research and some applications of
periodically poled lithium niobate devices and nonlinear processes. In this chapter,
the basic concepts of nonlinear optics and relevant fundamental concepts and

mathematics required for this thesis are explained.

2.1 Historical Background
The first x” nonlinear process (optical second harmonic generation) was observed

by Franken et al. [1] in 1961 by using aruby laser focused in a crystal of quartz. The
success of this experiment can be attributed to the enormous increase of power
provided by a laser source compared to the existing incoherent sources. Although the
conversion efficiency was only ~10°, as there was no proper phase matching, the

principle of second harmonic generation was shown.

Shortly after Franken's result showing non-phase-matched second harmonic
generation, Kleinman [2], Giordmaine [3], and Maker et al. [4] demonstrated that
phase matching could be achieved in birefringent crystals by using the property of
birefringence to compensate the index dispersion of the crystal. Three years later in
1965, Wang & Raceite observed significant gain in a three frequency mixing
experiment [5]. In 1968 Geusic et al. [6] showed efficient doubling of a continuous
wave Nd:YAG laser using the crystal Ba;NaNbsO;5. One year later, 70% conversion
efficiency was achieved in KDP and a frequency doubled CW Nd:glass laser was also
demonstrated by Hagen [7].

In the last three decades, research in nonlinear optics was concentrated on
discovering and developing new nonlinear optical materials with suitable
birefringence properties. The slow progress in finding new nonlinear crystals led
researchers to revisit the idea of quasi-phase-matching (QPM), first suggested by
Armstrong and Bloembergen et al.,[8] this technique involved the use of periodically
altering the sign of the nonlinear coefficient to achieve the quasi-phase-matching in
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the crystal. A detailed theoretical treatment of quasi-phase-matched interactions was
provided by Feer et al. [9]. Throughout this period different techniques were
attempted to produce periodically poled nonlinear samples for QPM [10,11].

In the early nineties, the technique of periodic poling by applying a patterned strong
electric field across a ferroelectric crystal was developed. Lithium niobate was first
periodically poled by applying an external electric field at room temperature by
Yamada et al. [12] in 1993, while here in University of Southampton it was first
achieved by Webjorn in 1994 [13]. Since this first demonstration this method has
established itself as an important way to obtain highly nonlinear material that will
phase-match any desired interaction [14,15,16].

2.2 Basic Theory

The basic theory of nonlinear optics is introduced in this section. The following
section is based closely on the treatments presented by R. L. Byer [17,18] and R. W.
Boyd [19], and we start from the electromagnetic theory, and then define some basic

concepts.

2.2.1 Nonlinear Optics

A light wave consists of electromagnetic fields which change sinusoidally at optical
frequencies. When alight wave is incident on a dielectric medium, charged particles
in the medium will be displaced from their equilibrium positions and start to oscillate
in the applied €electric field, forming oscillating electric dipoles [17]. On a
macroscopic scale, these oscillating electric dipoles build up in the medium
resulting in a charge redistribution at optical wavelengths which is described by the
polarization P. The polarization can be written as an expansion in powers of the
electric field E [20,21].

Pt) =¢,(x @ E()+y @ E(t)2 + % ® E(t)3 +..) 2.01

wherey @ is the linear optical susceptibility of the medium and is related to the
medium’s refractive index n by y ® = n®-1, ¢, is the permittivity of free space, y ®

is the second-order nonlinear susceptibility, ¥ ® is the third-order nonlinear

10
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susceptibility and so on,y®,y @.... describe the most important nonlinear optical

properties of the medium.

For a weak applied electric field E, the charge can follow the field ailmost exactly
and the polarization P is linearly proportional to the applied electric field E. For
larger amplitudes of the applied electric field, the relationship between P and E

becomes nonlinear, and they @ andy ® termswill be important.

In order to demonstrate the theory of nonlinear effects, consider an applied electric
field:

E(t) = E, cos(wt) 2.02

Inserting EQ.(2.02) into Eq.(2.01) , we can get [22]:

P(t) = &,(y " E, coswt + %Z(Z) EZ(1+ cos2amt) + 2.03

%;{‘3’ EJ(3sin(mt + %) —sin(3wt + 37”)) +..)

From above equation, it reveals that the polarization contains not only the linear
component, but also a d.c. term and nonlinear components at frequencies of

20,3m, ... .. Thus light waves at new frequencies can be generated through the

nonlinear effect.

The term @ gives rise to a number of interesting optical phenomena such as second

harmonic generation (SHG), d.c. rectification [17,23], see Figure 2.01, optical
parametric oscillation (OPO), and three-wave mixing processes [24,25]. The

term @ results in third harmonic generation, two photon absorption [26,27], and
four-wave mixing, etc [28,29]. As second harmonic generation is the focus of this
thesis, the effects that arise from ¥ will be further derived, although a similar

methodology can be applied to third harmonic effects.

11
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Figure 2.01. Fourier analysis of the nonlinear polarisation shows that it contains
components oscillating at the fundamental frequency, twice the fundamental frequency
(second-harmonic), and a steady dc component, asillustrated in Reference [30].

2.2.2 Nonlinear Optical Susceptibilities

When two waves o, and o, interact and combine in a medium to form a new wave
w, through @, the polarization of the wave o, depends on the polarizations and
the propagation directions of the two interacting waves @, and ,, therefore a
tensor x{ in the frequency domain is used to describe the susceptibilities y® in the
time domain in EQ.(2.01). The nonlinear polarization can be written in the form of a

second order nonlinear susceptibility tensor 2.
P (w,) = EOZZi(ji)Ej (0,)Ey (@,) 2.04
ik

The field component at frequency @ can be defined by the Fourier relation

U(t)=%[U(a))expi(|2.r_a,t)+cc] 2.05
Substitute Eq.(2.05) into Eq.(2.04):
e 2.06

(@) = 80X, 203,05, 0,)E, (0,), (@) expi (8- T)

jk

12
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Where o, =w, + o, , Ak=k +K, -k, , K=2zn/ A1, 4 is the wavelength of
interacting wave. It is convenient to write the driving polarization for Ziﬁi) in terms of

anonlinear tensor d{? defined by:

P(w;) =¢, Z diﬁi) (w3,0,,0,)E;(0,)E, (o,) expi (Ak . F) 2.07
ik

From Eq..(2.06) and Eq.(2.07), wecan find that : 2 = 2d®
The second order susceptibility d has 27 components and third order d{> has 81
components, however, in the research project presented in this thesis, only particular

dS? components are important.

We are generally interested in a particular process with a given frequency

combination and well-defined polarization directions. Due to some symmetry

properties of crystal, dijk‘z’ can be reduced from 27 components to 18 components,

dy. =d,, wheremis 1-6 [17].
32 31 21
(k) 11 22 33 23 13 12
m 1 2 3 4 5 6

d11 d12 d13 d14 d15 d16
The 3x6 matrix of d,, becomes: d,,=/d,, d,, d, d,, d. dy
d31 d32 d33 d34 d35 d36

In central symmetric crystal diﬁi) is zero, which explains why second harmonic

generation and frequency mixing only occur in hon-centrosymmetric crystals.

2.2.3 Nonlinear Wave Propagation

To understand how to achieve effective nonlinear conversion, we must look at the

gpatial solution of the nonlinear response.

13



Chapter 2: Introduction to Nonlinear Optics

We start our study from the Maxwell’ s equation, as we know:

Vszﬁ%%% 2.08a

vxH =L 2.080
ot

WhereD = ¢,E+ P, J=0E andP = ¢,y YE + P, . Therefore substitution gives:

2.09
V x H :0E+go§+eoz(l’ﬁ+ap¢=oE+gﬁ+ﬂ
ot ot ot ot ot

Wheres = ¢,(1+ ). Now using the fact that:
oH 8 ,
V-DzO,Vsz—yoE, thUSVxVxE:—a(,uOVxH):V(V-E)—V E.

The Maxwell equations may be combined to give:

oE 0°E o°P, 2.10
V2E = 4,0 —+ tye —— NL
HoT o T HoE e T T

Now assuming the electric fields of plane wave travel with frequenciesw,,®,,®;,

and the direction of propagation is in one direction along z, the three waves can be

described by equations:
Ei(ul (Z,t) — %(E]J (Z)ei(klz_wlt) + C.C) 2.11
E(z1) = %(E2j (2)e% D 1 ce) 2.12
2.13

1 )
E>(zt) = > (E, (2% 1 cc)

Where i, J,k are x,y,z, wavevector,k = Z/an and o, =, + o,.

Whenwo, =w, —®,, we substitute Eq.(2.11) into Eq.(2.10), Eq.(2.10) is expanded as:

2 52 _ 2.14
VZE“’l(z t)_—Ewl( t)—— 2 (Eli(Z)eXp(I(klZ—a)lt))+C.C)
(K B0 T . ) explik,z- )+ o

dz?
2

= (_iwlﬂoa_wlzﬂog)( B )eXp|(k Z- a)lt)+CCj Ho st_z(PNL(Z1t))

14
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Now considering the nonlinear polarization:

Pl\(loLl — dijkE?)Z Elz’s 2.15

d. A 2.16
PNL = %(E;] E3k e'[(k3_k2)z_(m3_m2)t] + CC)

d. 4
= %(E;J E3ke| [(k3_k2 )Z_(Ult] + C.C)

2
Assuming the slow varying amplitude approximation: d:” Kk, >> dd Ez” , and ignoring
z z

higher orders, we then substitute Eq.(2.16) into Eq.(2.14) and remembering that :

0 0°P oE ] ) . .
w P>>m§ >>—— e wE»E’ k=nw/c, u,e,=1/c*, the following equations

are obtained [17]:

217

ﬂod”kE%EzJ exp(iAkz) +c.c

_ /ﬂo _
1|

2.18

dZJ =_72 /g_zEzj i, fg—ZdijkEﬁ E; expliAkz) +c.c
2.19
dE,, __0%3 /ﬂEsk —lia)3 fﬂdijk E,E,, exp- (iAkz)+c.c
2 &,

Where theAk = k, —k, —k,,

2.3 Second Har monic Generation (SHG)
2.3.1 Three Wave Processes
The » interaction involves three waves which may either be input or generated

within the nonlinear material. There are three kind of interactions, they are sum
frequency generation (SFG) or up-conversion; difference frequency generation
(DFG) or mixing, and optical parametric generation (OPG) [24,25].

SFG describes the situation where two longer wavelengths (lower frequencies o,
andw,) are mixed with each other to generate a shorter wavelength (higher sum-
frequency m,) via the second order nonlinear susceptibility y®. A schematic

description of SFG is shown in Figure 2.02(a). The interaction can be expressed as:

15
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W, +w, =0,

Second harmonic generation (SHG) is a special case of SFG in whichw, = w,.
DFG describes the situation where a higher frequency w, and a lower frequency o,
are mixed with each other to generate a difference frequency w, viathe second order

nonlinear susceptibility y?. This process generates a longer wavelength. A

schematic description of DFG is shown in Figure 2.02(b).

W3 =W, =0,

OPG uses a highest frequency (shorter wavelength) @, to generate two lower
frequencies (longer wavelength) w,, @, viathe second order nonlinear susceptibility
79, The generated pairs at frequenciesw, and w, are determined by the phase-
matching condition: Ak = k; —k, —k, =0. This process can be thought of as the
reverse process of SFG. For historical reasons we refer to w, as the pump, o, asthe

signal and w, astheidler (normally @, < w,).

Wy =0, +0,

When o, = @,, the processis said to be degenerate. An Optical Parametric Oscillator

(OPO) makes use of thisinteraction. A schematic description of this process is shown
in Figure 2.02(c).

Figure 2.02. The three wave processes. (a) Sum frequency generation; (b) Difference
frequency generation; (c) Optical parametric generation.

16
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2.3.2 Second Har monic Gener ation with Plane Waves

Thesimplest y® nonlinear interaction is second harmonic generation (SHG), and it

is also one of the most important.

A driving field at frequency @ produces a nonlinear polarisation at frequency 2w,
based on Eq.(2.04), when the w, = @, = @, and @, = 2w. The polarisation at

frequency 2w isgiven by:

P (20 ) =&, d;E, () E, (@) expi((2k, —K,,)T) 2.20
P(2w) = £,d 4 E(w)E(w) expi(2k, —k,, )T 2.21
P(@) = £,y E(20)E(®)" exp-i(2K, — Ky, )T 2.22

Where d, is an effective nonlinear coefficient that depends on the direction of

propagation and the polarisation of the fields with respect to the crystal relative

orientation etc. We use the effective nonlinear coefficient d, to replace the
term d;,. For the case of no absorption (neglecting the conductivity term in

Eqgs.(2.17-2.19)), the coupled equations reduce to:

o o 2.23
az ¢ nf,zo de E(0)E(20)" expliskz)
2.24
9E@0) _ 4, | Fo g, E(w)E(w)exp-(iAke)
dz N, &0

wherethe Ak = k, -k, —k; = k(20) — 2k(®) .

2.3.3 Low Conversion Efficiency Limit

To simplify things, we assume that the transfer of power has a negligible effect on
the amplitude of the input wave, we can therefore neglect the z dependence of

E(w)in Egs.(2.23-2.24). Further we assume that all the input is at frequency @, we
can obtain the solution from Eq.(2.24) by integration of both sides:

17
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Lo 2.25

E(20),, =-io d, E(w)?] sSinc(AKl /2)

2
b0 €0

Where sinc(f)=sin(f)/ f, lis the interaction length, the generated wave intensity

is proportional to:

2422
Uow “dg| _ 2.26
—— — E(w)"sinc’(AKl / 2)

0 " 2w

E(2w)-E(20)" =

2.3.4 Second Harmonic Conversion Efficiency for a Collimated Gaussian Beam
Using the relationship between electric field E and intensity I, the intensity of the

second harmonic wave |, isgiven by:

2.27
I2w = Pzw = 1n2co &E(za)) : E(Za))*
A 2 Ho
P 2.28
L ooh Ly %0 ,). Ee)
A 2 Ho
24212
o dl 2.29
P, =n,, [0 2% T ()t Asinc(aK /2)
2 0o & My,
2.30
p-1n [foEW) E@) A
2 Ho
|2 P2 2a)2d62ff|2 P . 231
=20 _ 20 _ —2sinc?(Akl /2
T |, P, n?n,c’%, A ( )

Where P, is the power of the second harmonic wave, the term A is the effective

area which is given by: A= 7w,” /2, w, is the the Gaussian beam electric field
radius, | isthe effective interaction length, 74,; iSthe conversion efficiency.

The second harmonic intensity after an interaction distance | isgiven by:

2 2.32
b =— 22421212 5inc? (AKI /2)
n2wnwc 80
Where: Ak = kZ(o - 2kw = jl(nZ(u - na)) 233

«
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As al useful nonlinear materials have normal dispersion, the refractive indices will

differ for the different wavelengths (n,, # n, ). The second harmonic power P, will

change periodically aong the interaction distancel in an un-poled lithium niobate
crystal, see Figure 2.03. It should be noted that this analysis does not hold for focused
Gaussian beams, where the theory due to Boyd [19] shows a linear length
dependence, rather than the quadratic length dependence shown above.

Figure 2.03. The second harmonic power with phase mismatch, P, shows a periodic
change along the interaction distance | in an un-poled lithium niobate crystal.

From the above plot, it can be seen that the P, oscillates along the interaction length

governed by sin’(Aki/2). When Ai=7 the interaction has occurred over one

coherence length, from Eq.(2.32), the coherencelengthis:

A 2.34

(2

‘ B 4(n2a) - na))
The coherence length provides the critical dimension for quasi-phase matching.
2.4 Quasi-Phase-M atching (QPM)

2.4.1 Phase-Matching

From Eq.(2.29), we can find that the power at 2@ oscillates along the length of
interaction governed by the phase synchronism factor sinc(Akl /2) . As the k -vector

of the interacting waves is wavelength dependent, the difference in phase vel ocities of

19
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fields at different frequencies can produce a cumulative phase mismatch which can
serioudly limit the power conversion efficiency and effective interaction length of

nonlinear devices.

Phase-matching is a method to compensate for the phase difference between the
interacting waves and thus optimise the conversion efficiency in the nonlinear
processes. Consider second harmonic generation, from Eq.(2.31), if we want to

increase the conversion efficiency 74, , we need to maximise all the terms on the
right hand side of Eq.(2.31). First consider the term dj, and |, when in the low

conversion limit condition. They are length independent, because the term |2 is fixed
for a particular nonlinear device and the available fundamental intensity is set by the
laser available. So we should focus on the last term, which has a maximum value of 1

unit when Ak =k,, -2k, 6 =0, therefore k,, =2k,, which is known as “phase-
matching”. But generally n,,6 #n, with normal dispersion, so term Ak #0. The

vector k,, ,k,, relationship isshownin Figure 2.04.

Figure 2.04. Phase-mismatching

There are severa methods to overcome the phase-mismatch problem. The main types
of phase-matching are birefringent phase-matching (BPM) and quasi-phase-matching
(QPM) [17] which will be discussed in the following sections.

2.4.2 Birefringent Phase-M atching

The basic idea of birefringent phase-matching is to use the birefringence properties of
a material; which means that light with orthogonal polarisations propagating through
such a material will experience different values of the refractive index. Generally
birefringent crystals have three different optical axes (triaxial crystals). But for
LiNbO3, two optical axes are equal, thus only two optic axes exist in the crystal
(biaxial crystal), they are the ordinary axis (0-axis) and extraordinary axis (e-axis),
with corresponding refractive indices n,, n,. A light wave propagating with its

polarisation parallel to an o-axis is known as an ordinary wave, or o-wave and light

20
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propagating with its polarization parallel to the e-axis is known as an extraordinary

wave, or e-wave. n, may be either greater than or less than n,, known as positive or

negative birefringence respectively (LiNbO; is negative birefringent crystal).

There are two type of birefringent phase-matching, Type | birefringent phase-
matching implies that both waves at @ have the same polarization whereas the
generated wave at 2w has the orthogonal polarization with respect to w, see Figure
2.05(a). Type Il birefringent phase-matching implies that one wave at @ is an o-wave
and the other is an e-wave whereas the wave a 2w is either an o-wave or an e-wave,
see Figure 2.05(b).

Figure 2.05. Two type of birefringent phase-matchings. (a) Type | birefringent phase-
matching; (b) Type Il birefringent phase-matching.

Figure 2.06. Ordinary refractive index at the fundamental wavelength (1064nm) matches
the extraordinary refractive index at second harmonic wavelength (532nm) at 140°C
[31,32].
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Phase matching in bulk LiINbO; can be achieved by Type | birefringent phase-

matching for certain incident wavelengths, for example 1064nm, where the n, of the
fundamental beam (4 = 1064nm) matches with the n, of the SHG beam (1=532nm) at
140°C, see Figure 2.06.

2.4.3 Quasi-Phase-M atching (QPM)

Birefringent phase-matching in many materials leads to useful nonlinear devices, but
it does have its limitations, particularly for the generation of wavelengths in mid-
infrared region; as very few nonlinear materials are both transparent and
birefringently phase-matchable beyond 4um [ 33]. However, efficient nonlinear
interaction is possible if an additional vector is introduced into the interacting wave

vector mismatch equation Eq.(2.33) to keep Ak = k for nonlinear interactions of any

three waves.

Consider a situation for SHG where awave with frequency » propagates through the
crystal, but the nonlinear interaction of the fundamental wave and second harmonic
wave are phase mismatched. After one coherence length, any generated second
harmonic wave is out of phase with the waves generated in the previous coherence
length, and so destructively interfere. So the second harmonic wave is converted back
to the fundamental wave periodically throughout the interaction length, resulting in a

negligible conversion efficiency, see Figure 2.03.

Figure 2.07. Periodic modulation of the nonlinear coefficient within a crystal, such as PPLN.

The phase mismatch can be overcome by introducing an additional k-vector through
periodically reversing the polarization of the nonlinear crystal. The SHG conversion
will continue to build through the whole interaction length. This process is referred to
as guasi-phase-matching (QPM), the periodically reversed nonlinear coefficient

within the crystal is referred to as a grating with a period of A = 2|, where | is the

22



Chapter 2: Introduction to Nonlinear Optics

coherence length defined in Eq.(2.34). It isthe grating phase vector Kk, that brings the

nonlinear interaction back into phase, see Figure 2.07.
Ak =k,, — 2k, — K, 2.35

Where, k,isthe grating wave vector, given as:

2
k, = =0 2.36
A
Ae o™ _om 2.37
2(n2a) - na))

Where, A is the grating period, and mis referred to as the order of the quasi-phase-
matched process. Therefore, the appropriate grating period can be chosen to
compensate phase mismatch. Figure 2.08 illustrates the different orders of QPM.
Curve (a) represents the first order of the QPM; Curve (b) represents the second order
of QPM with a duty cycle of 25% (duty cycle means the ratio of the width of the
reversed domain to the grating period); Curve (c) represents third order QPM; Curve

(d) represents phase-mismatch; Curve (€) represents birefringent phase-matching.

There are several advantages to quasi-phase-matching (QPM) over more traditional
birefringent phase-matching (BPM). Firstly it is possible to achieve the phase
matching condition within crystals which have limited birefringence properties but
have large nonlinear coefficients. Secondly the highest nonlinear coefficient of a
nonlinear crystal can be used by a combination of wave propagation direction and
polarization. For example in lithium niobate, the largest nonlinear coefficient is the
ds3 term, but this requires the polarization of al interacting waves to be parallel to the
e-axis, which can only be done via QPM. Lastly a nonlinear crystal can be tailored to
phase-match any combination of interacting wavelengths within the transparency
range of the crystal [17,18,34].

This chapter has reviewed the historical background of nonlinear optics. The basic
theory of the nonlinear process and fundamental concepts are introduced, the methods
of phase-matching, in particular quasi-phase-matching (QPM), are explained. The

nonlinear properties of lithium niobate will be discussed in the following chapter.
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Figure 2.08. Different order of QPM. (@) First order QPM; (b) Second order QPM with a
duty cycle of 25%; (c) Third order QPM; (d) Phase-mismatch; (e) Birefringent phase-
matching.
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Chapter 3

Properties and Applications of Lithium Niobate

Lithium niobate is a widely used material in optoelectronics. In this chapter we
provide a brief review of the structure and growth of lithium niobate, its linear and
nonlinear optical properties [1] and define the appropriate terms and materia
coefficients for single crystals. The primary applications of lithium niobate are
shown schematically in Figure 3.01 [2,3,4,5]. This chapter concentrates on the main
physical and non-linear optical properties of lithium niobate which influence the
fabrication and performance of PPLN based devices.

Congruent ] — Electro-optic

Stoichiometric [ Acousto-optic
- Ferro-electric
Doped LN Properties
— Nonlinear optic
T| Zn Fe Er <

— Photorefractive

— Piezo-electric

Optical modulators |— —  Pyro-electric
Frequency doublers
OPO & OPA — — Pulsed laser
Frequency mixers | —  Tunable Laser
Dispersion compensatorst— | Applications Integration || |_'ntegrated OPOs
Optical storage [ — DBR laser
Optical switching [— — SHG laser

Figure 3.01. Layout diagram of lithium niobate’ s properties and its applications.

3.1 Propertiesof Lithium Niobate

Lithium niobate has many important properties. It is a birefringent and ferroelectric
material with large pyroelectric, piezoelectric, nonlinear optical and electro-optical
coefficients. It al'so exhibits very strong photorefractive sensitivity when doped with
transition-metal dopants, such as Fe, Cu, Mn [2,3,4]. These properties make lithium
niobate an important material for applications in a wide range of fields, such as

acoustic and optical devices in microwave communications, optical telecoms,
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frequency conversion and holographic data storage. In this chapter we briefly
describe the main characteristics and properties that play an important role during

PPLN and channel waveguide fabrication.

3.1.1 The Structure of Lithium Niobate

Lithium niobate is a man-made, ferroelectric material whose Curie temperature is
approximately 40°C below its melting point of 1253°C. In addition, strong bulk
photovoltaic and photorefractive effects are also exhibited in this material. With a
worldwide production of five tonnes per year, it ranks as the second largest quantity
man-made crystal after silicon [6].

Figure 3.02. The structure of lithium niobate [3, 4]. Lithium niobate exhibits (a)
ferroelectric properties below the Curie temperature, and (b) paraelectric properties above
the Curie temperature.

The crystal structure of lithium niobate is a succession of distorted octahedrons along
the polar c-axis (optic axis). There are six flat oxygen layersin a hexagonal unit cell.
The Oxygen atoms do not lie above one another but are arranged in a screw-like

fashion, see Figure 3.02 [3]. Lithium niobate exhibits ferroelectric properties below

its Curie temperature of 1210°C [3], in this phase, lithium and niobium ions are not
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situated at equal distances between the planes of oxygen atoms, the lithium and
niobium ions are displaced along the optica axis of crystal, resulting in a
spontaneous polarization Ps, see Figure 3.02(a). Conversely above its Curie
temperature, lithium niobate shows the properties of a paraglectric [3,4], in this
phase, the lithium ions are situated at the centre of a plane of oxygen ions and the
niobium ions are located at the centre of oxygen octahedra, leading to a symmetrical

configuration with no spontaneous polarization, see Figure 3.02(b).

It is the position of the metallic ions in the ferroelectric phase that gave rise to the
dipole moment. In order to invert this moment and hence change the direction of
polarization, the ions of lithium and niobium must be forced to pass through the
oxygen layers. The required force is very large and can only been created using high
electric fields across the optical axis. Increasing the temperature to close to the Curie
point reduces the required electric field, but as this temperature is so close to its
melting point, this approach is not used for fabricating periodically poled lithium
niobate (PPLN).

3.1.2 Crystal Growth

Lithium niobate crystals were first be made by Matthias and Remeika [7]. The
crystal is relatively easy to grow, exhibits low optical loss, and attractively high
acoustic and nonlinear optical coefficients. In addition lithium niobate crysta is
relatively robust and simple to polish. This combination of factors has led to it being

widely researched and it being adopted for large scale commercial growth.

The main method for crystal growth of lithium niobate is the Czochralski technique
[3]. Single crystals are grown from molten lithium niobate materias [3], the growth
is initiated by a small crystal seed, and then the crystal and melt are rotated in
opposite directions in order to guarantee the homogeneity and to prevent thermal
gradients at the crystal surface. The result of the crystal growth process is a
cylindrical crystal rod with a diameter of afew inches. The solid crystal boule is then

cut to form thin lithium niobate wafers.

Conditions necessary for the producing perfect crystals are suggested by Prokhorov

and Kuz'minov [5]. By finely tuning the fabrication conditions, such as the bias

29



Chapter 3: Properties and Applications of Lithium Niobate

current, during Czochralski growth, more complex reversed ferroelectric domain
structures can be grown. This was first been demonstrated by Feisst and Koidl [8] in
1985, where the Czochralski growth technique was used to pull a periodically poled
lithium niobate crystal from a congruent melt, the periodic domain pattern was

stacked along the y axis with domain thicknesses of 8um [8].

Some physical properties of lithium niobate are determined by the composition of
the melt or solution and the metallic ions ratio (Li to Nb) during the growth process.
Most of commercially available lithium niobate material is congruently grown, ie.
Lithium ions concentration ratio (Li/(Li+Nb)) in the melt is 48.4% resulting in
considerable deficiency of lithium ions. This defect structure of congruently melting
lithium niobate allows the addition of dopants, such as, Ti, Mg, Zn, In, Fe through
thermal indiffusion or doping during the crystal growth processes. In contrast to
congruent lithium niobate, stoichiometric lithium niobate has an almost ideal 50:50
lithium to niobium ratio resulting in much improved performance characteristics.
The samples involved in the experimental research in this thesis are z-cut congruent
lithium niobate wafers with a thickness of 500um, the samples are from different
suppliers with a dight variation of parameters, but basically the materials are all
congruent in composition, where LiO accounts for around 48.4% by molar ratio, the
samples are al classified as optical grade with mechanical and chemically polished

surfaces[9].

3.1.3 Linear Optical Properties

Lithium niobate is a birefringent material with an ordinary refractive index, n,

(electric field polarization is normal to the c-axis), and an extraordinary refractive

index, n, (electric field is paralel with the c-axis), these refractive indices are
dependent on the wavelength of incident beam and crystal temperature. The
relations within the transparency range of lithium niobate (0.34um to 4.6um) are
expressed by the Sellmeier equations [10] given as the following.

B, F2
Ao + By + B, F - A A2

n>(A,T)= A, +
A T)=A A2 = (A, + By xF?)? 3.01

B.F?
N2 (A1) = A+ Poe + Bre —— + B F - A
A” = (ASe + BZe xF ) 3.02
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Where 4 isthewavelengthinpm, F = (T -T,) /(T + T, + 546) isafunction of the
crystal temperature T in °C, T, is areference temperature. The other coefficients can
be found in reference 10. Figure 3.03 shows refractiveindex of n, and n, at a

temperature T = 25°C [10]. More accurate extraordinary refractive index of lithium

niobate beyond 5um are described by arevised Sellmeier equation [11].

Figure 3.03. Refractiveindex of lithium niobate vs. wavelength, the temperature is 25°C.

3.1.4 Nonlinear optical properties

As aferroelectric birefringent material LiNbO3 exhibits second order and higher order
optical nonlinearities, a feature of major interest for the work in this thesis since all
useful three wave interactions rely on this property. The relation between electric field
E and polarization P, including the linear, second-order and higher-order nonlinear
terms, and other relevant nonlinear optic concepts have been reviewed in chapter 2.

Often in the literature the second nonlinear part is written using the equation:

P =2¢,d{E,E,, Where d;, = y,, /2 is called the nonlinear coefficient [12]. In
the case of LiNbOs, there are only three independent nonlinear coefficients d.,, d;,

d,,. Table 3.01 lists the values taken from previous reports [13,14,15].

Table 3.01 Nonlinear coefficients for LiNbO; at 1.06um

‘ \ d,, (pPm/V) | dy, (PM/V) \ d, (pm/V)
\ ref.13, 15 | o5 | S o5 | 24
|_ref.14 | 2.1 | 43 | 27
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3.1.5 Ferroelectric Properties

By their crystal structure, crystalline materials can be divided into centro-symmetric
and noncentro-symmetric materials. From the 21 noncentro-symmetric point groups,
20 classes are piezoelectric, i.e. they show an electrical polarisation under mechanical
stress. From these, 10 of them are pyroelectric classes. These are materials showing a
spontaneous polarisation which is dependent on temperature. From these, a subgroup
isthe ferroelectric materials that have a spontaneous electrical polarisation, where the
direction of polarization can be atered by an externa electrical field [16], see Figure
3.04.

Figure 3.04. The family of crystalline materials.

The name ferroelectricity was coined because the P — E relation of these materialsis
very similar to the B—H relation of ferromagnetic materials, where the spontaneous

electric polarization P, is defined as the dipole moment per unit volume, or surface
charge per unit area. Most ferroelectrics also possess a Curie temperature T, (above

which they become paraelectric), and the material has an internal domain structure.
The polarisation P versus electric field E dependency shows hysteresis behaviour,
the detail of this behaviour is discussed in section 4.2 of chapter 4.

3.1.6 Photorefractive Effect

The photorefractive effect is an optical phenomenon where the refractive index of a
material is changed by a spatially modulated light pattern. Since it was first
discovered in 1966 at Bell Laboratories [17], the photorefractive effect has led to
some limited applications [18,19]. But in the nonlinear optical devices presented in

this thesis, it is an unwelcome effect, resulting in a deterioration in optical
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performance, such as distortion of the mode profile, fluctuation of the output power
and low conversion efficiency for the interacting waves, etc [20,21].

The origin of the photorefractive effect in congruent lithium niobate is accepted to be
due to the presence of iron impurities during the growth process. Iron exists in two
different oxidation states and provides a means to store charge distributions in the
crystal. When an incident beam propagates through the crystal, see Figure 3.05(a), an
optically induced space charge field is generated, and the beam will cause charge to
migrate along the optical axis, where the Fe* and Fe** ion can be excited by

absorption of photons to produce electrons and holes respectively;
Fe€'+ hv = Fe¥+e Fe*'+ hv = Fe® +e’

Where, h is Planck’s constant, v is the frequency of the incident beam and e is the

electron charge.

Eventually, charges are trapped, preferentially at donator or acceptor sites in the
crystal, resulting in alocal charge carrier distribution as in Figure 3.05(b). This local
charge distribution causes an electric space charge field which isz /2 out of phase
with respect to the local charge distribution due to Gauss's law, as shown in Figure
3.05(c). Dueto the electro-optic effect in the crystal, the refractive index is changed in
proportion to the local electric field, as sketched in Figure 3.05(d) [22]. Since both
electrons and holes play a role in photorefractive phenomenon, the photorefractive
susceptibility of the material is therefore determined by the oxidation state ratio of

Fe’* to Fe.

Several methods can be adopted to control and reduce the photo-refraction problem.
In lithium niobate, the photorefractive effect is self-annealing when the temperature is
above 180°C for visible wavelength radiation, and 100°C for wavelength in the near
infrared. In this way the photorefractive effect can be minimized or eliminated by
controlling the temperature. In addition, increasing the dark conductivity (natura
therma migration of charges) of the material by using dopants, such as zinc ions
(Zn:LiNbOs) [23] or magnesium ions (Mgo:LiNbQOs) [24,25], can effectively suppress
the photorefractive effect. Other methods include optimising the ratio of Fe**/ Fe** by

oxidisation or reduction [26] and only using wavelengths above 1um.
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Figure 3.05. The photorefractive effect. (a) Interference creates a light pattern; (b) Charge
carrier distribution; (¢) The local charge distribution produces an electric space charge
field; (d) The refractive index distribution proportional to the electric field which is phase
shifted by 90° relative to the incident light [27].

3.2 Applications of Lithium Niobate

Due to its excellent piezoelectric and ferroelectric properties and large electro-optic
and nonlinear coefficients, lithium niobate has been used for a variety of applications
[3,4]. It is one of the most thoroughly researched man-made crystal.

Applications that utilize the large electro-optic coefficients of lithium niobate are the
optical modulator [28] and microwave phase shifters [29]. The photorefractive effect
in lithium niobate can be enhanced by adding metallic dopants, such as Fe, Ce to the
crystal, and iron-doped photorefractive lithium niobate can be used as an optical
switch, as a holographic storage medium for optical data [30,31] and for optical
limiting, where a photorefractive material can be used to create a one way window
that allows the transmission of coherent light from one side while blocking it from the
other [32].
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With a broad spectral transmission region, which ranges from 0.4um to 5.0um, and a
large nonlinear coefficient, combined with quasi-phase matching (QPM) [33], lithium
niobate can be used to generate tuneable wavelengths over a broad wavelength range
[34,35], applications include optical parametric oscillators (OPO) [36], optical
parametric amplifiers (OPA) [37], difference frequency mixing [38] and second

harmonic generation of laser diodesin the 1.3um to 1.55um range [39,40].

QPM conversion devices based on channel waveguides in periodically-poled lithium
niobate (PPLN) represent a means of achieving efficient compact visible coherent
laser sources. The waveguides can be fabricated in the lithium niobate by anneaed
proton exchange (APE) [41], titanium diffusion [42], and zinc indiffusion [43].
Potential applications of PPLN waveguide lead towards specialised sources, such as
cw blue light generation for biomedical fluorescence microscopy and low-cost
devices for telecommunications wavelength conversion. In recent years, particular
interest has been applied to the development of room temperature devices to eliminate

the problems associated with photorefractive damage in this material [44].

This chapter has introduced the structure and growth of lithium niobate, reviewed its
linear and nonlinear properties and its applications, in particular those which influence
the fabrication and performance of periodicaly poled lithium niobate (PPLN)
waveguide devices. The fabrication of PPLN will be described in following chapter.
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Chapter 4

Fabrication of PPLN and I nvestigation of Poling Quality

4.1 Introduction

The origin of research on ferroelectric domain switching for nonlinear optics may be
dated back to 1962, when Armstrong et al. [1] proposed the idea that nonlinear optical
phenomena could be enhanced enormously by periodic inversion of the sign of the
nonlinear optical susceptibility in the dielectric material, while the linear optical
properties remain the same. These ideas were developed by Miller in 1964, who
described the effects on second harmonic generation due to anti-parallel ferroelectric
domainsin BaTiOs3 [2,3].

There are many different methods to fabricate PPLN including:

1. Crystal growth (for example, the off-centered Czochralski growth technique)
which was first studied by D. Feng et al. [4] in lithium niobate and devel oped by
other groups since then [5,6,7].

2. Chemical diffusion of titanium into the surface of a heated crystal of lithium
niobate which was first suggested by Fejer following the earlier observations in
1979 by Miyazawa[8,9].

3. Electron beam processing by P. W. Haycock et al.[10]

4. The applied electric field poling method which was first successfully used by
Yamada et al. in 1993 [11], which investigated the possibility of direct
application of an electric field to metal electrodes deposited by lithographic
processing on the surface of the crystal.

The first steps towards domain inversion by electric fields had been taken in early
work by Camlibel [12] in 1969. However, dielectric breakdown and the lack of
domain control during the poling prevented progress toward QPM. Following a series
of studies undertaken in Russia in 1970's, Yamada et al. successfully controlled

domain inversion by using the applied electric field poling process.

Although domain modulation during crystal growth or through electric beam methods

produced samples adequate for initia device demonstration, the technique was not
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suitable for volume production of QPM material. Similarly the chemica diffusion
method can potentially be used to mass produce inverted domain chips, but
controlling the quality proves difficult.

Therefore, a goal of domain switching research was to develop a lithography-based
patterning process for creating inverted domains with controlled period and duty
cycle, such a process is necessary for mass production at low cost of QPM chips that
are engineered to optimize device performance. With these requirements, applied
electric field poling technique appears to be the best candidate technique. Taking
advantage of modern microelectronic fabrication techniques, the applied electric field
poling methods have developed rapidly [13,14,15,16,17].

In this chapter, the technology of applied electrical field poling method has been
reviewed and discussed, and the procedure used at Southampton University is
presented [18]. The experiments carried out during this research are based on
optimising this technique for production of high quality samples with short period
PPLN gratings for SHG applications. The promising results of this research are
presented and different poling methods are discussed.

4.2 Review of Applied Electric Field Poling
Poling of a ferroelectric material is the process by which a net remnant polarization

P is produced under the application of an electric field exceeding the coercive field
E. to amulti-domain or single-domain ferroelectric [19]. Switching is the process by

which the domain polarizations are reversed (or reoriented) to give a new value of P:
[ 20] under the application of an electric field exceeding the coercive field.
Ferroelectric crystals can be multiple domain or single domain, so to pole crystal, an
electric field is usually applied along one of the possible polar axes of crystal, see
Figure 4.01. Since E, is generally smallest near T, (the Curie temperature), cooling

the crystal through T, with an applied electric field is the common poling method to

obtain asingle domain crystal.

As the applied electric field is increased, favorably oriented domains with respect to

the electric field direction grow at the expense of other domains. When the electric
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field continues to increase in magnitude, the least favorably oriented domains begin to
switch to the direction most nearly coinciding with the applied electric field direction
until no further domain reorientation can occur, resulting in a hysteresis loop [21]
between the saturation arm of the P and E, see Figure 4.01. The polarization achieved
at the highest applied fields ( E,) is the maximum polarization Pmex, When the electric

field is removed, the resulting polarization states (at E = 0) are defined as the remnant
polarization Pr. Figure 4.01(a) illustrates the transition of a multi-domain ferroelectric
from a depoled state (P = 0) to the saturated state Pmex, then switched back to the
depoled state when a reversed electric field is applied (state from A to stage D in
Figure 4.01(a)). In a ferroelectric single-domain crystal initially poled to Pr (or with
the spontaneous polarization Ps), it is possible to switch the polarization to the
opposite sign by applying an electric field. Figure 4.01(b) illustrating the transition of
single-domain ferroelectric from an initial poled state (P = + P, ) to the saturated state

(P =P, then switched to the opposite state (P = - P, ), (state from A to stage D in
Figure 4.01(b)).

Figure. 4.01. Polarization versus electric field hysteresis loop during the poling process. (a)
P-E hysteresis loop during poling a multiple domain ferroelectric crystals; (b) P-E hysteresis
loop during poling a single domain ferroelectric crystals. The right side diagrams show the
domain structures corresponding to changes in an applied electric field along z-axes [21].
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Polarization switching (from + Pr to ¥ Pr) occurs through nucleation and growth of
domains that are favorably oriented with respect to the applied electric field [21]. Due
to the existence of domains, Pr is always < Ps, the spontaneous polarization of the
crystal [21]. Commercial LiNbOs; wafer are normally supplied as a single-domain

ferroelectric crystal, in which case, Pr ~ Ps.

4.3 Fabrication of PPLN

The following section details the fabrication process for PPLN that has been
developed at the Optoelectronics Research Centre (ORC) of University of
Southampton over the last ten years [22,23,24,25]

4.3.1 Cleaning

Cleaning the sample is the first step in the fabrication of periodically poled lithium
niobate (PPLN), the surface of the sample must be completely washed and cleaned in
order to remove any kind of particles of dirt or wax etc. This step is quite important,
because any contamination on the surface of sample would lead to a poor quality
photo-resist layer or can even make the sample break down during the poling process,

by tracking of current across the sample surface.

All the cleaning processing is carried out in the class 1000 clean room. The sampleis
first put in different cleaning agents at the class 100 bench in an ultrasonic bath at a

temperature of 50°C, the detailed procedure for cleaningislisted in Table 4.01.

Table 4.01 The procedure of sample cleaning

Cleaning Agent Time (min) Function

Ecoclear 20 Remove wax and other organic contaminants
Acetone 20 Remove Ecoclear and organic residue

IPA 20 Remove Acetone and organic residue
Microclean 20 Detergent, remove inorganic and | PA residue
Didtilled water 10 Remove Microclean

Didtilled water 10 A second rinse to remove any residue

The samples are then blow dried by a dry air gun and stored in a desiccator until the

next processing step, generally samples of lithium niobate are not put in an oven after
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chemical cleaning (a technique often used with other materials to ensure all moisture
is removed from a sample) in order to avoid pyroelectric charge building up on the

surface resulting in spontaneous poling of the samples.

4.3.2 Patterning

The next step is patterning, in which the -z surface of samples is covered by photo-
resist (S1813) with a thickness from 1.0um to 1.8um. When the photo-resist is spin
coated onto the samples, the thickness can be controlled by adjustment of the spin

speed and the spin time, the details are given in the following Table 4.02

Table 4.02 Thickness vs. spin speed and spin time (thickness was measured by Alpha Step)

Photo-resist Spin speed (r/min) Spin time (min) Thickness (um)
S1813 6000 1.0 1.0
S1813 4000 1.0 13
S1813 2000 1.0 18

In the experiments described above, three different thicknesses of photo-resist have
been characterised, an investigation regarding the thickness of the resist is discussed
in following section. The ORC have concentrated on the fabrication of PPLN for
several years and found that higher quality and better-defined gratings are obtained if
the samples are patterned on the —z face, using a gel electrode method developed at
the ORC. After spinning of the photo-resist, the samples are then put into an oven at
90°C for 60 minutes. As a precaution, the oven door should be opened for around 2
minutes to let the temperature cool down to around 55°C. The samples are covered by
two glass Petri-dishes in order to avoid a rapid temperature increase, and thus limit
pyroelectric charge building up on the surface.

A mask aligner is used to create the PPLN grating pattern. The target mask isinstalled
on the Karl Suss MA4 mask aligner, with the metal face of the mask downwards.
Before transferring the required PPLN grating from the mask to a lithium niobate
sample, some glass samples should be first exposed to UV light (A = 436nm), for
different times in order to check the optimum exposure time. The photo-resist
thickness and pattern profile of each glass sample is measured using an Alpha Step
instrument. Figure 4.02 shows a typical trace for a patterned PPLN grating. A suitable

mark-space ratio (the open area to the covered area) is around 40:60 (with the open
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area dightly narrow than the covered area) for gratings with period over than 10um,
and 30:70 for gratings with a period less than 10um. The profile of the grating and the
exposure time are highly critical for the mark-space ratio of the grating, and therefore
it is important for the quality of the poling. A detailed investigation regarding
exposure timeislisted in following section.

Figure 4.02. Typical profile of patterned photo-resist gratings on lithium niobate by
photolithography

4.3.3 Poling

The area surrounding the poling region must be covered by a PVC insulation tape on
the negative z face, the width of the tape should be more than 4mm, which means the
shortest distance from the edges of the sample to the uncovered area is more than
4mm. This prevents charge leaking around the edges of the sample resulting in
breakdown of the sample during the poling. Next the sample is covered by
electronically conductive liquid ECG gel on the both sides. The gel will fill al the
gaps between the photo-resist (this can be proved by checking the uniformity of the
PPLN after poling), this method is simple, versatile and very effective in controlling
the region of poling, thisis shown schematically in Figure 4.03.

In most PPLN fabrication systems high voltage poling is controlled by applying a
series of high voltage pulses to the crystal through a large load resistor. The load
resistor limits the available voltage and thus limits the poling current. The area of the
crystal inverted during a pulse is related to the amount of charge which has flowed.

The current during a pulse is integrated to give an appropriate overal amount of



Chapter 4: Fabrication of PPLN and Investigation of Poling Quality

charge. This approach is somewhat unsatisfactory for number of reasons, in particular
the main problem is that the rate of poling, which is proportional to the current
flowing, is controlled by trying to guess in advance how much voltage should be
applied across the sample [26]. This is rather like trying to control the amount of

current flowing through a forward biased diode by guessing a voltage.

Figure 4.03. Schematic diagram of PPLN poled under electronic field.

In the poling systems developed at the Optoelectronics Research Centre (ORC) in
University of Southampton, a current programmed approach is used. In this system a
pre-determined current profile is applied and feedback is used to give the correct
voltage, which in turn, gives the correct current. This approach alows direct control
of poling rate, and has been found to give better PPLN quality and higher process
yield. The system works by having a high voltage trans-conductance amplifier to
provide rapid control of current through feedback, and a low speed power supply to
provide a bias signal to give the majority of field needed. The schematic operation is
shown in the Figure 4.04

Figure 4.04. Electronic circuit of the poling device.

The patterned sample is held in a holder which connects positive and negative
electrodes. The poling is controlled by the Trek HV amplifier used in trans-
conductance mode to provide a £10kV swing in voltage. A negative bias voltage is
provided by the -60kV Glassman supply. In trans-conductance mode the Trek

amplifier supply can be voltage programmed to give a particular current, a



Chapter 4: Fabrication of PPLN and Investigation of Poling Quality

programmed waveform is supplied by computer via the D/A buffer during the poling
process, this waveform controls, via the trans-conductance circuit, the current flowing
through the sample. By choosing a suitable current waveform the poling can be
controlled for both poling rate and total switched charge. During the poling process,
the sample is subject to an electric field (~ 22kVmm™) between the two e ectrodes
[27], the voltage required across sample is increased automatically until domain
switching occurs. When a desired charge Q is delivered to sample, an area A will be
poled, as the charge is the integral of the current over time, the process of poling can
be monitored by checking the current. Different current levels will determine the time
taken to pole the sample, and the total charge needed to switch the domain can be
calculated based on Eq.(4.01):

Q=[ldt=Ps- A=Ps-W-L-N 4.01
Where, Q is the total charge needed to switch the domain, | is the current flow, A is
the poling area in mm? L is the length of grating in mm, Ps is the spontaneous

polarisation, for LiNbOs, Ps = 0.72uC-mm, N is the number of gratings being poled,
W isthe width of gratingsin mm. Figure 4.05 shows typical current and voltage trace.

Figure 4.05. The current and voltage trace of poling processes, the upper plot shows the
recorded trace for Q = 20uC, The bottom one shows trace for Q = 110uC.
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4.3.4 Assessment of PPLN Grating

In order to compare the different poling methods and assess the poling quality of
PPLN samples, we require a method of evaluating the quality of the PPLN gratings.
There are several ways to assess PPLN gratings, the first way is a visual inspection of
the domain gratings under a microscope using crossed polarizers, see Figure 4.06.
Due to the residual stress and associated birefringence, the domain boundaries can be
seen quite clearly after poling. From this we can obtain a rough idea of domain

boundary straightness, under or over poling, grating uniformity, etc.

The second way of permanently revealing the PPLN gratings is etching the samplesin
a HF:HNO3; mixture with volume ratio of 1:2 for around 2-4minutes [25]. The
HF:HNO3 mixture only attacks the —z face, removing around 0.7um per hour, and
leaving the +z face untouched, this can be clearly seen in photograph taken with an
optical microscope, see Figure 4.07.

Figure 4.06. PPLN structure showing grating domain under a microscope using crossed
polarizers.
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Figure 4.07. PPLN photograph taken under optical microscope after wet etching in
HF:HNO:;.

The poling quality of the PPLN can be assessed and compared after the wet etching

under the microscope. The assessments used in this report are listed as following:

a)

b)

d)

Broken-down during poling. The sample has broken-down due to a surface
defect or excessive voltage across the sample, the breakdown point usually can
be seen on the surface of sample, see figure 4.08(a).

Complete over-poling. The domains under the grating area patterned by the
photo-resist have been completely switched due to the excess charge forced
through the sample, alarge switched domain area was formed instead of a PPLN
grating, see figure 4.08(b).

Under-poling. Only part of domains under the grating area patterned by the
photo-resist have been switched due to insufficient charge injected in that area,
the switched domain was formed only along the boundary of the grating area.
Therest of the areais not poled, see figure 4.08(c).

Over-poling. The domains have merged together forming a big switched domain
due to too much charge injected locally, usually another area is under-poled to
compensate to the over-poled area if the overall correct amount of charge is
injected, see figure 4.08(d).

a7
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€) Good poling. The switched domain grating follows the pattern of the photo-

resist, the uniformity of the grating is good and the mark-space ratio is around
50:50, see figure 4.08(e).

-~
<

(a) Broken-down and sample cracking during (b) Complete aver-poling.
poling

Boundary of pattern area

(c) Under-poled. (d) Over-poling.

(e) Good poling.
Figure 4.08(a)-(e). Assessment of the poling quality of the PPLN grating.
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4.4 Investigations and Analysis of Poling Quality
This section reviews factors affecting poling quality. The presented analysis and
results were performed during this project and have led to significant improvementsin

poling quality of PPLN crystals at University of Southampton.

The quality of PPLN gratings is determined by a large number of factors during the
whole patterning and poling process. Those factors include the poling techniques, the
quality of the mask, the fidelity of the photo-resist pattern, material used for the
electrode etc. Figure 4.09 lists the critical factors which determine the quality of the
PPLN.

In experiments carried out in this research, a large number of samples from different
suppliers have been poled with different photo-resist thickness, exposure times,
different electrode materials and different patterning methods. Also the backswitching
technique has been investigated. The following sections will go through some of these

factorsin detail.

CcT Forward Back Corona Raising
USA Switching Switching Switching Sine Square
rFy -
Yamaiu /'
Japan Tanh Square
Switching -
gﬁ?nl: Sgpplier Method Current »| Gaussian
) Discrepancy ' Pulse Shape
Russia ) i Pulse Train
PPLN
Mask e ™~ Conductivity
T Patterning Electrode gurface Site of
otoresis Quality Materials re-treatment Nucleation
Thickness Eth;mgm
Gel Metal ‘ Liquid
Exposure Plasma
Time /\‘ Etching
Al Ni-Chrome

Figure4.09. Breakdown of the PPLN grating quality influential factors.
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4.4.1 Supplier Discrepancies
At the moment the main sources of lithium niobate for the ORC are listed in Table
4.03. All the wafers have been ordered based on the same specification, but the result

of poling is different for samples from different suppliers.

Table 4.03 The main source of lithium niobate

No. Name of supplier Country Assessment
1 Crystal Technology (CT) USA Good poling
2 Mitsui Japan Over-poling
3 Yamaju (YA) Japan Over-poling
4 ViaCrystran China Under-poling
5 ViaCrystran Russia Under-poling

In the work in this thesis, samples from CT, Russia, YA and China have been poled
using identical fabrication procedures, but it was found that differently sourced
material gave very different quality gratings, see Figure 4.10.

Figure 4.10. Supplier discrepancies of PPLN grating. All the poling parameters of the
samples are same, the period of the gratings is 18.5um. (a) Sample No.402 from YA; (b)
Sample No.806 from China; (c) Sample N0.830 from Russig; (d) Sample No0.803 from CT.
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From the above figures, it was found that even though all the parameters of the poling
processes are the same, the samples from Russia and China were under-poled, the
sample from Japan was a little bit over-poled, the samples from CT have a better
poled grating. Experiments also demonstrated that even when the wafer comes from
the same supplier, the results of poling can be different. This may be due to the
different polishing methods adopted by different suppliers and the processing
variation during the lithium niobate crystal growth.

The underlying mechanisms for the poling processes are still being investigated by
several groups worldwide, and have not been finally confirmed, but it is thought that
poling processes are governed by two mechanisms, nucleation of new domains and
domain wall motion [28,29,30,31]. It is known that the surface quality of a sample
directly affects the nucleation points on the surface of samples, and thus affects poling
quality. Two factors should be considered, they are conductivity and surface defects.
Low conductivity is good for poling quality, because low conductivity can reduce
charge motion beneath the insulating patterned electrodes [32], however surface
defect are good for nucleation on the surface of sample. Previous work has suggested
that acid treatment before the cleaning process greatly increases the density of
nucleation points on the surface of sample [25], but during this work acid pre-
treatment was tried, and no advantage was measurable. In addition, during the cooling
stage in the baking process of the photo-resist patterning, unwanted surface charge is
accumulated pyroelectrically on the surface of crystal. When the electric field
associated with this isolated surface charge exceeds the coercive field, spontaneous
poling dot start to forms on the surface of crystal. These spontaneous poling dots

directly reduce poling quality.

Several practical methods were adopted to improve the poling quality. Firstly, the
spontaneous poling dots can be effectively reduced by putting the sample on a
conductive metal mesh during the baking of the photo-resist, the surface charge is
thus neutralized through discharge between the sample and the metal mesh. The
poling results show that the resulting PPLN was dramatically improved.

Secondly, increasing the number of nucleation points in the areas to be poled can

improve the uniformity of the domain gratings. It was found that the nucleation stage
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always starts at the corner and edge of the defined grating strips, this is because the
electric field in that areais larger at these points than that in other areas. This leads to
the idea that the number of corners and edges of the pattern can be artificially
increased through superstructure designs. The details of this are discussed in the

following sections.

Finally, it was found that the quality of PPLN samples poled after a time delay of
greater than twelve hours after the patterning of the photo-resist is better than that of
PPLN samples poled immediately after the patterning process. The underlying reason
is not fully understood at the moment, but it is believed that the surface charge
distribution on the sample induced by the UV exposure follows the pattern of the
mask to form a surface charge pattern, which can directly affect the poling quality.
This surface charge pattern is time dependent and will vanish over time due to the
finite conductivity of the surface of the sample.

4.4.2 Grating Mask Design

The grating mask design has a significant influence on the poling quality of the
PPLN. It was found that the optimal grating structures for large period PPLN are not
optimum for fine period PPLN, thus different mask design are required for each
PPLN period.

The poling process under high electric field is illustrated in Figure 4.11. During this
process, it is thought that poling starts at nucleation points on the surface of the crystal
which are found at the edges and corners of the photo-resist defined grating where the
electric field is strongest [33], see Figure 4.11(a). The second stage is domain tip
propagation, see Figure 4.11(b), the tip of the nucleated domain propagates parallel to
the z axis to the opposite face of the crystal. The third stage is domain tip termination,
see Figure 4.11(c), when the tip of the nucleated domain reaches the opposite face of
the crystal, a pair of domain tips begin to merge together resulting in alarger domain.
The final stage is switched domain wall propagation, when the tip of an isolated
domain terminates at the opposite face of asample, the diameter of the domain at both
faces increased rapidly and its facets propagate in the direction of the crystal x and y
axes, see the Figure 4.11(d).
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Figure 4.11. The four stages of domain switching during electric field periodic poling. (a)
Domain nucleation at the electrode edges or corners; (b) Domain tip propagation toward
the opposite face of the crystal; (c) Termination of the domain tip at the opposite side of
the crystal; (d) Propagation of the domain walls out from under the electrodes.

During the poling process (using the samples from CT), it was found that the some
parts of the domain beneath the electrodes was not poled when the period of the
grating was large, for example with a 30um period, see Figure 4.12. 1t was aso found
the domain between the electrodes was often merged to form a big switched domain
when the period of the grating was small, for example for a 6.5um period, see Figure
4.13.

It is believed that during the stage of wall propagation, the side wall of the domain
propagates inside the area under the electrodes as well as outwards outside of that
area, thisis indicated by the small yellow arrows in Figure 4.11(d). When poling the
large period gratings, the electrodes stripes are too wide for the two tip penetration
domains under the edges to merge together before the poling process stops. Figure
4.12 shows such a reveadled domain after wet etching. When poling fine period
gratings, the opening gap between the electrode stripes is too narrow so that domain
walls propagating outside the resist merge together before the poling process stops,
see Figure 4.13. In addition it was found that the quality and uniformity of gratingsis
better along the edge of the patterned area where the electric field is higher than in the
middle of each grating area, see Figure 4.14.
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Figure 4.12. A small part of the domain beneath the electrodes is not poled when
the period of the grating islarge. The period of this grating is 30pum.

Figure 4.13. The opening gap between the electrode stripes is too narrow so that
tip domains spread under the resist strips and merge together before the poling
process stops.

Figure 4.14. The quality and uniformity of grating is better along the edge of
patterned area showing the higher electric field found at these points.
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To help overcome the problems (associated with poor uniformity) a new mask was

designed for different period gratings, see Figure 4.15. During the scope of this

project, it was found that for large periods, see Figure 4.15(a), better poling quality

was achieved by using multiple small openings within each grating plane, see Figure

4.15(b) and (c), allowing more photo-resist defined edges and corners. For fine period

gratings, see Figure 4.15(d), narrow width gratings or a set of narrow sub-sections in

the grating structure results in better poling quality, see Figure 4.15(e) and (f).

a) d)

X
Z
b)

c)

o

f)

Figure 4.15. Different grating mask designs. (a) Normal grating mask design for large
periods of PPLN; (b) One small opening within domains of the grating; (c) Two small
openings within domains of the grating; (d) Normal grating design for fine period PPLN;
(e) Narrow width grating or a set of narrow sub-sections of the grating; (f) The brick wall

structure grating.
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By using the same charge as required to invert a regular grating, the domain walls
spread and merge in these superstructure gratings to yield high quality PPLN, see
Figure 4.16.

Unpatterned area

il

Multiple opening gaps
between subsections

\

E

Patterned area

Figure 4.16. By using the newly designed mask shown in Figure 4.15(€), much better
quality gratings were obtained, the period of the grating is 6.5um

4.4.4 UV Exposure Time

Before patterning the lithium niobate, different exposure times on glass samples are
always tried and measured under the microscope. This step is the necessary before
each patterning run because the intensity of the UV light is time dependent, and will
decay slowly over severa weeks. The UV light intensity used in this thesis is
~8.2mW/cm? (This figure was measured by using a Karl Suss UV Intensity Monitor
N0.1000). Table 4.04 shows different thicknesses of photo-resist gratings on LiNbO;
for varying exposure times. A correct mark-space ratio (opened area to closed area
ratio) of the photo-resist is needed to give good PPLN gratings. The high quality
poling achieved in this work proved that this method of checking the exposure timeis

effective and acceptable.
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Table 4.04 Photographs of sample grating under the microscope

Thickness | Exposure | Grating
PR (um) time (s) A (um) Pattern photo Comment
1.0 4 6.5 Under-exposed
1.0 45 6.5 Correctly
exposed
1.0 5 6.5 Slightly
over-exposed
1.0 55 6.5 Over-exposed
13 55 6.5 Under-exposed
13 6 6.5 Correctly
exposed
18 55 6.5 Correctly
exposed
18 6 6.5 Over-exposed
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Different thicknesses of photo-resist have also been investigated, photo-resist Shipley
S1813 was used for which the thickness vs. the spin speed is listed in the Table 4.02.
Samples with different periods of gratings were patterned with varying thicknesses of

photo-resist and different UV exposure times were poled using the same poling

process, the poling results are listed in Table 4.05.

Through comparison and investigation, the following conclusion was drawn:

1) The mark-space ratio of the patterned grating is important for poling quality, for

2)

3)

large periods of PPLN (normally over 10um), a suitable mark-space ratio is

40:60. For fine periods of PPLN (less than 10um), a 30:70 mark-space ratio is

suggested.

The thickness of the photo-resist layer is more critical for the finer periods of

grating than for the longer ones. Increasing the thickness of the photo-resist can

effectively suppress the domain wall propagation beneath the patterned area,

thereby greatly improving the poling quality, see Figure 4.17 to 4.20.

The correct UV exposure times are grating period dependent, longer grating

periods need longer exposure times compared with the shorter ones.

Table 4.05 Comparison of the thickness of photo-resist and exposure time.

No.

Thickness

grating

Exposure Comments
(Hm) time(s) A (um)
800 1.0 7 30 Some sections of over-poling
803 1.0 9 30 Large areas over-poling
801 1.0 4.5 6.5 Large areas over-poling
802 1.0 4.75 6.5 Complete over-poling
900 13 55 6.5 Over-poling
901 13 6.5 Large areas of over-poling
902 13 8 30 Small areas over-poling
903 13 8.5 30 Some areas of over-poling
904 18 6 6.5 Little over-poling
905 18 55 6.5 Good poling
906 18 8.5 30 Good poling , small areas of over-poling
907 18 9 30 Good poling , small areas of over-poling
910 18 7 10 Good poling
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Figure 4.17. PPLN sample (code N0.801) with 6.5um period grating poled by gel
electrode, the thickness of the photo-resist S1813 was 1.0um. The PPLN quality is poor.
Large areas were under-poled while some areas were over-poled (overlapped).

Figure 4.18. PPLN sample (code N0.900) with 6.5um period grating poled by gel
electrode, the thickness of the photo-resist S1813 was 1.3um. The PPLN quality is
obviously better.
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Figure 4.19. PPLN sample (code N0.905) with 6.5um period grating poled by gel
electrode, the thickness of the photo-resist S1813 was 1.8um. With very thick photo-resist,
the PPLN quality isdramatically improved.

Figure 4.20. PPLN sample (code N0.910) with 10pum period grating poled by gel
electrode, the thickness of the photo-resist S1813 was 1.8um. The uniformity of the grating
isvery good.

To summarise these results, it can be suggested that for fine grating periods, say
around 6um, a suitable thickness for the photo-resist S1813 is around 1.8um, the
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exposure time is around 5.5 seconds with a UV intensity of 8.2mW/cm?; while for the
longer period gratings, say around 30um, the thickness of the photo-resist S1813 can
be either 1.3um or 1.8um, the exposure time should be around 8.5 seconds or 9

seconds with UV intensity of 8.2mW/cm?.

A possible explanation for why thicker photo-resist is better for poling fine period
PPLN gratings can be based on Figure 4.21.

Figure 4.21. Schematic diagram of the dependence of the curvature radius R to the thickness
of the patterned photo-resist for fine period PPLN gratings.

From Figure 4.21, it can be seen that when thicker photo-resist is used with the same
mask, the curvature of the patterned electrode tips will become smaller. For a
cylindrical insulator with a radius of R and uniform charge Q, per unit length, the
relationship between the field strength and the radius can be expressed in Eq.(4.02).

_Q 4.02
dre R

Where E is the field strength; Q, is the charge per unit length on the surface of
sample; g, isthe permittivity of free space; R isthe radius of the cylindrical insulator.

The field strength E on the surface of a cylindrical insulator isinversely proportional
to the radius of curvature R. A small radius of curvature leads to a high fielder
strength on the surface of the sample for afixed potential. This may be reason that the

1.8um thick photo-resist was better for poling fine period gratings.
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4.4.6 Metal Electrodes

In the literature, two kinds of metal electrode poling methods are reported. One is
direct metal electrode poling without an insulator covering layer [34], see Figure
4.22(a), another isinsulator covering metal electrode poling which was adopted by the
research group in Stanford University [31], see Figure 4.22(b). The metals used as the
electrode for poling are various, while aluminium (Al) and nichrome (Ni-Cr, 80:20

weight percent) are the metals that have been used in the experiments in this thesis.

Figure 4.22. Schematic diagram of the two kinds of metal electrode poling methods. (a)
Direct metal electrode poling method; (b) Insulator covering metal el ectrode poling method.

Metal evaporation on the surface of substrate is a standard process in the
semiconductor industry, the target metal, Al or Ni-Cr, is put into a chamber and then
the air is evacuated to around 5 x10°® bar. Electrical current is used to heat the metal
until it begins to evaporate. The evaporation rate and the thickness of the metal can be
controlled by adjusting the current, in this experiment an Edwards Coater E306 was
used to evaporate the Al and Ni-Cr, the relevant parameters are listed in Table 4.06.

Table 4.06 The relevant parameters of Al evaporation

Metal Density Acoustic impedance Rate Thickness
Al 2.7gcm? 8.17 x 10° g-cm*s™ 2-5nm-s* 2um
Ni-Cr (80:20) 8.6 g-cm? 26.8 x 10° g-cm’’s™ 2-5nm-s? 2um

The thickness of metal layer evaporated on the +z face of sample is 2um. The final
thickness of metal layer was measured by the Alpha Step, previous calibration shows
that the final thickness is 200nm less than the thickness shown by Edwards Coater
E306, so the final thickness of the metal electrode was around 1.8um. During poling
processes, the conductive gel is used to make sure that the metal layer on +z face fully
contacts with the electrode circuit, conductive gel is till used as electrode on the —z

face, see Figure 4.23.
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Figure 4.23. PPLN poled by using a metal electrode on the +z face and gel electrode on the
—zface.

b

Figure 4.24. PPLN sample (code N0.476 and No0.477) with a 6.5um period grating poled
by using ametal electrode. (a) Al electrode; (b) Ni-Cr (80:20) electrode.
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Figures 4.24(a) and 4.24(b) show PPLN with a 6.5um period grating poled by Al and
Ni-Cr electrodes respectively. Table 4.07 gives a comparison of the results of metal

el ectrodes compared to gel electrodes.

Table 4.07 PPLN quality comparison between two poling electrodes

No. Thickness Exposure Grating Electrode Comments

(Lm) time(s) A (um)

475 18 55 6.5 Al Small areas of over-poling

805 18 85 30 Al Small areas of under-poling

476 1.8 6 6.5 Al Some areas of over-poling

807 1.8 9 30 Al Some areas of over-poling

477 18 6 6.5 Ni-Cr Small areas of over-poling

809 18 9 30 Ni-Cr Same areas of under-poling

1000 10 6 6.5 Ni-Cr & Good poling with some
Insulator  grating stripes missing

1001 1.0 7 6.5 Ni-Cr&  Good poling with some
Insulator  grating stripes missing

904 18 6 6.5 Gel Small amount of over-

poling

905 18 55 6.5 Gel Good poling

906 18 8.5 30 Gel Small areas under-poled

907 18 9 30 Gel Small areas overlapping

The difference in the insulator covering metal electrode poling process is that the
patterned metal grating is produced by a “lift off” technique (described in section
6.4.2 in chapter 6), and is then covered by the insulator. The idea is that the photo-
resist (insulator) can suppress the domain wall propagation between the metal strips.
A contact window must be opened so that all the metal gratings can contact with the
liquid electrode or gel electrode. The details of this process are shown in Figure 4.25.
The procedure is described from step A to step G.

A. After spin coating 1.3um thick photo-resist, the sample was exposed under UV
light (intensity of 8.2mW/cm?) for around 6 second.

B. After UV exposure, the sample is placed in chlorobenzene for 4 minutes, then
put into developer for around 2 minutes.

C. Evaporating a Ni-Cr (80:20) layer of 1um on the surface of the lithium niobate

under conditions of 5x10°bar.
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. Soaking the samples in Acetone solution, the metal outside of the opening area
islifted off immediately, leaving the metal grating patterned on the sample.

. Spin coating of 1.8um thick photo-resist on the metal patterned surface, then
baking the sample at a temperature of 90°C for around 1 hour.

. Opening the contact window around the edge of the metal grating so that the
electrode can fully contact with each grating strip.

. Poling the sample.

Figure 4.25. The insulator covering metal poling process.

65



Chapter 4: Fabrication of PPLN and Investigation of Poling Quality

L

Figure 4.26. The metal grating pattern after “lift off” processing.

Figure 4.27. The poling result of a PPLN sample after wet etching, the sample was
patterned with metal electrode using “lift off” technology.
Figure 4.26 shows the metal grating pattern after “lift off” processing. The dark
stripes are patterned metal gratings, the rest of area is the uncovered area. Figure 4.27
shows the poling result obtained with this method after wet etching, from the figure
we can see that one of domain strips was not switched due to non contact with the
electrode.
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In contrast to the gel electrode which is patterned on the —z face of sample, the metal
electrode is patterned on the +z face. A suggested reason for this difference is that the
density of nucleation spots formed on the +z face under the metal electrode is higher
than that on the —z face of the sample. From the Table 4.07, it was also shown that
there is little difference between gel and metal electrodes during the poling processes.
However the gel method does show some advantages in the uniformity of the PPLN
grating, this is because the quality of the Al electrode is dependent on the evaporation
processes, such as the rate of deposition etc. Gel electrodes do not have this problem,
and so this may be why the grating uniformity poled by Al electrodes is worse
compared with those poled with gel. Another disadvantage of Al electrodesisthat itis
difficult to completely remove the Al film on the surface of the sample after poling,
this Al remnant will affect the poling. However, Al electrodes do offer improved
quality over gel electrodes when used in a backswitch poling experiment as discussed
in the next section.

4.4.7 Backswitch Poling

Backswitch poling is a new poling method currently being investigated in some
research ingtitutes and universities [35,36], this involves forward poling a sample
giving complete domain inversion and then re-poling it under the opposite electric
field with the PPLN grating, see Figure 4.28.

The backswitch poling method have been successfully demonstrated for large periods,
some reports regarding the PPLN of small periods (<5um) poled by this method have
been found recently [37]. This method enables higher fidelity and shorter period
(A £4.5um) domain of 0.5mm thick, congruent lithium niobate crystal which can not
be achieved with conventiona poling methods.

According to the known hysteresis loop for lithium niobate, the coercive field
required to invert adomain in a sample is 22kV-mm™. However it is known that after
a domain has been inverted completely, if a sample was to be re-poled shortly after
the initial inversion, a much lower coercive field would be required and the domains
are inverted much more easily and uniformly. Figure 4.29(b) shows the current curve
during the poling process. In the experiments on backswitch poling, the samples are

patterned with a periodic grating of photo-resist S1813 on +z face (the thickness of
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the photo-resist is 1.8um), then 2um thick Al film and 1um thick of Al film was
evaporated in on +z and —z face of the lithium niobate sample respectively. The

relevant parameters are listed as following Table 4.08.

Figure 4.28. Backswitch poling by using Al electrode on both sides of z face.
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Figure 4.29(a). The current waveform of standard forward poling.
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Figure 4.29(b). The current waveform of backswitch poling.

Table 4.08 The relevant parameters of Al evaporation

Metal Face Density Acoustic impedance Rate Thickness
Al +z 2.7 gcm?® 8.17 x 10°g-cm?s*  2-5nm-s*t 2um
Al -z 2.7 gcm? 8.17 x 10°g-cm?s*  2-4nms* 1pm

After the preparation of the sample, an external electric field is then applied to the
sample by means of standard poling procedures, a little gel is needed to make sure

that the electrodes contact with the Al completely on the both sides of sample.

According to Eq.(4.01), the back switch poling involves the following two steps, see
Table 4.09. The coercive field for forward and backward direction can be estimated
from Figure 4.29 after compensating for the temporal variation in the bias field (the
bias voltage is 3kV).

Table 4.09 The charge and the coercive field of the forward and back switch poling

Step Poling processes Chargerequired (UC) Coercivefield (kV/mm)
1  Forward Switch Q= +J" Idt =Ps-2A=2Ps-W-L-N 22
2 Backward Switch Q=-[ldt=Ps- A=—Ps-W-L-N 12

A backswitch poling current waveform, see Figure 4.29(b), is identical to the standard

forward switch waveform-raising sine square (I =1__ sin®(t), where | __ is the

maximum current), see Figure 4.29(a), from the start through to the end of forward
poling stage, however unlike standard poling, the forward poling stage is sustained

until the domains have fully inverted. After completion of the forward poling phase,

69



Chapter 4: Fabrication of PPLN and Investigation of Poling Quality

the external electric field changes direction, and the backswitching stage starts. This
process is stopped when half of the domains are inverted. The whole process is
controlled by a computer program coded in VB5.0 with pre-set parameters and pre-
determined current pulse shape. The measured oscilloscope traces of current and
voltage vs. time during the backswitch poling processes are recorded as Figure 4.30.
The poling results for gratings of 30um and 6.5um period are shown in Figure 4.31
and Figure 4.32.

Figure 4.30. Oscilloscope curve of a backswitch poling wave from 0.5mm thick LiNbOs.
The blue lineisthe curve of current vs. time, the pink line is the curve of voltage vs. time.

Figure 4.31. PPLN sample (code No0.701) with a 30um period grating poled by the
backswitch method, the thickness of the photo-resist S1813 was 1.8um. The Al thickness
was 2.0um on the +z face and 1.0um on the —z face. A good quality grating was obtained.
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Figure 4.32. PPLN sample (code No0.700) with a 6.5um period grating poled by the
backswitch method, the thickness of the photo-resist S1813 was 1.8um. The Al thickness was
2.0um on the +z face and 1.0um on the —z face. The quality of the PPLN with fine periods
was also good.

Through viewing the sample under crossed polarizers, it was observed that the grating
domains on the -z face and the +z face were different. On the +z face, the inverted
domains could be clearly viewed through the crossed polarizers (see Figure 4.33(a),
where the grating domains are clear and the edge of the grating is sharp), but on the —z

face, the pattern of inverted domainsis dim and blurred, see Figure 4.33(b).

Figure 4.33. Views of the sample with 6.5um period domainsin backswitch poled 0.5mm
thick LiNbO; through crossed polarizers. (a) View of the +z surface; (b) View of the -z
surface.
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In order to investigate the quality of grating along the z axis direction, the samples
were cut along the x-axis and polished. Figure 4.34 shows that the periodically poled
domains observed on the +z face of sample were not completely formed throughout
the thickness of the crystal. On the +z face where the domains begin to form, the
uniformity of grating domains is good, see Figure 4.34(a) and 4.34(c), however as the
domain tips propagate through the crystal along the z-axis toward the —z face, the
isolated domains began to merge together. When the domain tips nearly reach the —z
face, they take on a sharp shape (like a needle tip), resulting in bad or random poling
at the —z face, see Figure 4.34(b) and 4.34(d). The mechanism behind this effect is not
well understood, and has not been investigated within the scope of this project.

-
-

Figure 4.34. Domain structures formed by backswitch poling in 0.5mm thick LiNbO; with a
6.5um period and a 30um period grating from the y face. (a) They face view of 6.5um period
PPLN (the top is the +z face); (b) They face view of the 6.5um period PPLN (the bottom is
the -z face); (c) They face view of the 30um period PPLN, (the top is the +z face); (d) They
face view of the 30um period PPLN, (the bottom is the -z face).

Backswitch poling in LiNbOs enables higher fidelity and shorter period domain
patterning ( A <4.5um) on lithium niobate than that can be achieved with conventional
poling [37]. Future work could include the investigation of the poling mechanism and
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control of it through variation of the duty cycle of the electrodes and duration of
backswitching.

4.5 Periodic Poling of Magnesium-oxide-doped Lithium Niobate

According to Bryan et al.’ s research, the photoconductivity of MgO:LiNbOs increases
a hundred-fold as compared to that of un-doped congruent lithium niobate [38]. Since
the photorefractive index change is proportional to the ratio of the photo-galvanic
current to photoconductivity [39], MgO:LiNbOs has a higher photorefractive damage
threshold. In addition, it also appears that MgO:LiNbOs has much lower green-
induced infrared absorption (GRIIRA) than does lithium niobate. These features are
very important in green and blue light generation by second harmonic generation as
photorefractive damage and GRIIRA limit the available second harmonic power.
There have been severa reports of blue light generation by periodically poled
MgO:LiNbOs (PPMgLN), both in bulk [40,41,42] and waveguide [43,44,45,46]
devices. In September 2001, Matsushita Electric Industrial Co., Ltd announced that it
had developed a high power, high efficiency SHG blue laser ready for use in next-
generation optical disc recording systems, the key element inside is a PPMgLN

waveguide.

The low coercive field makes it possible to make thick PPMgLN crystals. According
to reports from Kurimura et al., [47] the external electric field for domain inversion is
around 4.45 kV-mm™. Periodic poling of 1mm thick MgLN was recently reported by
Hirano et al. [48] A high average power optical parametric oscillator using PPMgLN
and operated at room temperature was demonstrated, in which the material showed
high resistance against the photorefractive effect [49]. A comparison of the main
differences in properties between pure lithium niobate and Mg doped lithium niobate
islisted on Table 4.10. The dataisfrom Casix Inc [50].

Table 4.10 The comparison of the main properties between pure LiNbO; and MgO: LiNbOs.

Material Congruent LiNbO;3 MgO:LiNbO3 (5mol%)
Coercive Field E (kV-mm™) >20.5 >4.45
Transparency Window (nm) 400-5200 340-5000
NLO Coefficients dss (pm-V™) 30.8 31
Damage threshold (MW-cm) 30 (10ns, 1064nm) 100 (10ns, 1064nm)
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The 0.5mm thick MgO:LiNbO;s (5mol%) samples were poled at room temperature
(20°C) by our standard electric-field method in order to check that a suitable poling

curve can be seen, Figure 4.35 shows the voltage and the current curve:

Figure 4.35. Oscilloscope traces of poling wave form for 0.5mm thick MgO: LiNbO;. The
blue line is the trace of current vs. time, the pink line is the trace of voltage vs. time.

From the above curve, we can find out that the domain starts to switch around 2.2-
3.3kV, the result indicates that the coercive field is around 4.5-6.6kV-mm* for
MgO:LiNbOs. Samples with different grating periods and patterns were poled at

different temperatures, the parameters of the sample were listed in Table 4.11.

Table 4.11 The parameters and Mg:LN poling sample:

Sample Grating GratingA  Electrode Pattern Poling Result &
code No. shape (um) material  surface temp. (°C) comment
PPMgLN-01 Normal 10 Ni-Cr +z 25 Broken-down
PPMgLN-02 Spot No period Gel -z 25 Ec=9kV/mm

PPMgLN-03  Hexagon 18.3 Gel -z 25 Good
PPMgLN-04 Spot No period Gel -z 25 Ec=12kV/mm
PPMgLN-05 Normal 18.5-23 Ni-Cr +z 25 Over-poled
PPMgLN-06 Normal 18.5-23 Gel -z 25 Not good
PPMgLN-07 Normal 18.5-23 Al +z 25 Not good
PPMgLN-08 Normal 27-35 Al +z -20 Not poled
PPMgLN-09 Normal 18.5-23 Al +z 25 poor
PPMgLN-10 Spot No period Gel -z 25 Ec=11kV/mm
PPMgLN-11 Normal 18.5-23 Al +z 25 Broken-down
PPMgLN-12 Normal 27-35 Al +z -85 Broken-down
PPMgLN-13 Normal 10 Gel 4 25 Over-poled
PPMgLN-14 Normal 6.0 Gel -z 25 Good
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Figure 4.36 shows the poling result of MgO:LiNbO3; samples after wet etching under
the microscope. The periodic domain inversion was fairly uniform over the poled area
for narrow gratings as well as for 2-D hexagonal cell grating. More detail on the

poling of 2-D hexagonally poled grating is discussed in following section.

As is seen from the Figure 4.36, some domain walls were not straight. Possible
reasons for the over-poling and non-straight domain walls is that the velocities of
domain wall (which is depends on the temperature and applied external electric field)
along the x and y direction are more similar in MgO:LiNbO; than that in normal
LiNbO; (where the velocity of the domain wall along y direction is faster than that
along the x direction under a high electric field), the detailed relationship between
temperature and domain wall velocity is not clear a moment, it needs to be

investigated in future work.

Figure 4.36. Domain structures of a PPMgLN poled sample with 0.5mm-thickness. (a) The
—z face view of a 6.5um period PPMgLN; (b) The +z face view of PPMgLN with 2-D
hexagonal cell gratings of 18.3um period; (c) The —z face view of 18.5um period PPMgLN;
(d) The +z face view of 10um period PPMgLN.
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4.6 Hexagonally Poled Lithium Niobate

The research reported in this section was carried as part of a study into 2-dimensional
nonlinear crystals by Dr. Katia Gallo and Dr. Radu Bratfalean in the ORC. Using the
same poling fabrication method for PPLN outlined in this chapter but with hexagonal
inverted domains, hexagonally poled lithium niobate (HexLN) samples with a spatial
period A=18.05um were fabricated. In this work the HexLN samples were fabricated
by the author of this thesis, while the waveguides were fabricated and characterized
by Dr. Gallo, Dr. Radu Bratfalean. The use of planar waveguides is attractive for
HexLN asthe full 2-D nature of HexLN can be exploited.

4.6.1 Introduction

Normal nonlinear frequency conversion in PPLN gratings is achieved through quasi-
phase-matching by inverting the sign of the nonlinearity periodically in one
dimension. In 1998 nonlinear frequency conversion in 2-dimentional nonlinear
photonic crystals was suggested and theoretically studied by Berger [51]. Such a
crystal has a 2-dimensional periodically switched nonlinear susceptibility. Figure 4.37
shows the reciprocal lattice. The existence of lattice vectors in multiple directions
allows for gquasi-phase-matching along different paths, as indicated for two cases in

Figure 4.37, and for different harmonics simultaneously.

Figure 4.37. Reci brocal lattice of HexLN structure showing two different
QPM processes [51].

The first example of a 2D nonlinear photonic crystal (NPC) was demonstrated in
lithium niobate by N. Broderick et al. in the Optoel ectronics Research Centre (ORC)
[52]. Several experiments carried out in bulk HexLN crystal have shown multiple
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harmonic generation (red, green and blue) and SHG with an enhanced tuning range
[53,54]. In addition other researchers have demonstrated simultaneous wavelength

interchange using aHexLN structure [55].

4.6.2 Fabrication of Hexagonally Poled Lithium Niobate

First of all, athin layer of photo-resist S1813 was deposited onto the -z face of a z-cut
500um thick, congruent LiNbO; crystal, then the hexagonal array with a spatial
period A = 18.05um was patterned by the processes described in this chapter. The
pattern was then transferred to the sample by applying an electric field. Figure 4.38
shows the HexL N sample after wet etching and its calcul ated reciprocal lattice.

To provide planar confinement and thus higher optical intensities, planar waveguides
were produced by Dr. Gallo using proton exchange. After poling, the samples were
cleaned and the planar buried waveguide was fabricated on the HexLN sample, via
the sequence of proton exchange, annealing and reverse proton exchange [56]. The
detailed fabrication procedureislisted in the Appendix B.

After fabrication, the sample was cut and polished on the +x faces of the HexLN
waveguide alowing a propagation length of 14mm through the crystal in the x axis
direction.

A=18.05um

Figure 4.38. HexLN crystal (left) and its reciprocal lattice (right), the period of the hexagon
cell is 18.05um and is uniform over the whole sample. The inset figure is an enlarged picture.
The propagation of the pump beam wasin the 'K direction.
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4.6.3 Characterization

The characterization of the HexLN waveguide was carried out by Dr. Katia Gallo, Dr.
Radu Bratfalean. Figure 4.39 shows the schematic diagram of the experimental setup
they used to characterize the response of the buried HexLN planar waveguides. A
pulsed laser source producing 5ns pulses at 1.536um using an Erbium Doped Fibre
Amplifier (EDFA) chain, seeded by an externally modulated laser diode, was used. It
had an adjustable repetition rate from 1kHz to 500kHz, and a peak power of up to
20kW. The HexLN waveguide was placed in a computer controlled oven (maintained
at a temperature beyond 100°C) in order to avoid photorefractive effects, the pump
laser incidence angle was adjusted by rotating the stage on which the oven was
mounted. The pump beam was shaped into an ellipse by using a cylindrical lens (focal
length: f = 20cm) before being focused into the planar waveguide through x10
objective lens.

Fig. 4.39. Experimental setup used to measure the response of the HexLN waveguide. The
source consists of a CW diode laser the output of which is externally modulated and amplified
by cascade of severa fibre amplifier stages. The inset shows an image of the intensity of the
TMO mode at the pump frequency (o), taken at the waveguide output.

The fundamental beam was coupled into either the bulk of the HexLN or the planar
waveguide by moving the trandation stage. When moving from the waveguide to the
bulk the angle at which the second harmonic beam was emitted altered and at the

same time an increase in the generated red (20) and green light (3w) was apparent.

Figure 4.40(a) shows the internal SHG conversion efficiency ng.e ™™, calculated as
the ratio of the average powers of Py, at the SHG output to the average power P, of
fundamental beam at the input of the waveguide, as a function of P, for a given pump
incidence angle. Figure 4.40(b) shows a typical average SHG power via temperature
tuning curve of the HexLN waveguide. The maximum SHG power was recorded at
138°C, the “shoulder” at lower temperatures corresponds to the beam getting into the
bulk, while the rapid decay of the SHG signal at higher temperatures corresponds to
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the beam scattering into the upper cladding (air). The temperature tuning curve is not
symmetrical, it was believed that the thermal expansion of the oven contributed to the
asymmetry of the tuning curve, as the vertical position of the input beam changes

when the temperature is varied.
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Figure 4.40. (a) SHG internal efficiency nsic ™™™ as a function of the average power of P
at frequency o coupled in the waveguide measured for a given pump incidence angle at a 1
kHz pulse repetition rate; (b) Average power of the SHG at the output measured as a function
of temperature.

This work shows promise that the SHG response of a planar HexLN waveguide can
provide useful information on the properties of both the 2D nonlinear grating and the
waveguide, which would allow a further joint optimization of the HexLN and
waveguide for maximum efficiency. However these are only preliminary results and
considerable score still exists for optimization, the guided-wave configuration appears
well suited to fully exploiting the capabilities of HexLN for both telecommunication

and fundamental physics.

4.7 Periodically Poled Lithium Tantalate

The research reported in this section was carried as part of research done by A. A.
Lagatsky et al. in the University of St-Andrews. PPLT samples with periods ranging
from 7.0um to 7.619um were fabricated by the author.

4.7.1 Introduction

Lithium tantalite (LiTaOs) is also widely used for quasi-phase-matching (QPM)
devices by periodicaly poling the crystal [57]. Its optical, nonlinear optical and
electro-optical properties are similar to those of LiNbO; crystals but LiTaO3; has a
better short wavelength transparency, which extends as short as 280nm (LiNbOs is
transparent from 340nm) [58], it has a higher damage threshold (>500 MW-cm for
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ns pulsed), also, it has large nonlinear susceptibilities and high resistance against

photorefractive damage.

By using the same poling equipment described in this chapter but with a newly
designed PPLT mask, PPLT bulk samples with periods ranging from 7.0um to 10um
were fabricated, the interaction length was around 3.5mm, over 100mW of green light
from 300mW of fundamental power was generated. The pulse duration was less than

150fs, and 40% conversion efficiency was obtained.

4.7.2 Propertiesof Lithium Tantalate

The properties of congruent lithium tantalate are similar to those of lithium niobate,
see Table 4.12. The domain wall shape and the nucleation density for domains are
different in lithium tantalate [59] compared with lithium niobate, thus the fabrication
procedure of PPLT is dlightly different compared with that of PPLN.

Table 4.12 The main properties of the lithium tantalate and lithium niobate [60]

Item Lithium tantalate Lithium niobate
Melting Point 1650°C 1253°C
Crystal System Trigona Trigonal
Point Group 3m 3m
L attice parameters (hexagonal), A° a=>5.154,c=13.784 a=>5.148, c = 13.863
Crystal Density, kg-m™ 7.465 x 10° 4.647 x 10°
Curie Temperature (Tc),°C 603.5+5.5 1133+ 3
Congruent Composition, mol% 48.38 48.38
Li,O
Nonlinear Optical Coefficients at d,, =4.4,d, =-2.7, d,, =6.5d, =-12.3,
1.06um, x| d3¢™ | d,, =60 d,, =-86
N, a 632.8 nm (TE mode) 2.1787 2.2880
Ne @ 632.8 nm (TM mode) 21821 2.2030
Optical Transmission (1cm length), 280 -5000 340 - 4600
nm
damage threshold (10ns, 1064nm), > 500 >100
MW-cm2
Nucleation domain shape Triangular shape Hexagonal shape
coercive field, kvV-mm™* 21-23 20.5-22

The Curie temperature of the lithium tantalate is far lower than that of lithium niobate,

this is a disadvantage for waveguide fabrication by using thermal indiffusion, for
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example, for Ti indiffused waveguides or Zn indiffused waveguides. The optical
transmission range of lithium tantalate extends as short as 280nm, this is very
attractive property for UV light generation compared with that of lithium niobate, see
Figure 4.41 [60]. Earlier experiments have demonstrated 340nm UV SHG by
frequency doubling of alaser diode in a second-order QPM with a duty cycle (mark-
space ratio) of 75% [61].
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Figure 4.41. The transmission range of the lithium niobate (top curve), and of the lithium
tantalate (bottom curve) with orientation of x-direction [60].

The domains poled in lithium tantalate have a triangular shape, see Figure 4.42 (left-
side picture), as opposed to the hexagona shape of domains in lithium niobate, see
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Figure 4.42 (right-side picture). So it is difficult to obtain straight domain walls (at
least on one side wall of the switched domains). Thisis particularly true in the regions
deep under the patterned electrodes. However the domain walls of the isolated
switched domains seem less likely to touch each other, and thus the domains have
much less tendency to merge compare with the hexagona shape of the domain in
[ithium niobate.

The direction of the domain grating vector k relative to the axis of the crystal has a
significant influence on the poled domain wall quality, the triangular domain shape of
the test sample poled under high electric field and its crystal axis are shown in left
side of Figure 4.42, The domains were revealed by etching in hydrofluoric acid (HF,

48%) for 10 minutes at room temperature.

For z-cut lithium tantalate crystals, it was observed that one side of the switched
triangular domain wall is straight and parallel to x axis, while the other two sides of
the triangular domain wall are +30° relative to the -y axis, see the left side of Figure
4.42, therefore the vector k of domain grating should be parallel to the y axis (in
contrast to PPLN where the vector k of domain grating should be parallel to the x axis,
see right side of Figure 4.42), thus this orientation has been used for fabricating
crystals used in devices.

Figure 4.42. The switched domain shape of the lithium tantalate (left picture) and of lithium
niobate (right picture).
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4.7.3 Fabrication of Periodically Poled Lithium Tantalate

Initial attempts to pole lithium tantalate by using conductive gel as the electrode on
the-z face of a patterned substrate were unsuccessful. After poling, only small parts of
gratings were observed in the patterned area under the microscope after wet etching,
some side walls of the domains were merged together and formed a big switched

domain area, the quality of the gratings was poor.

The reason for the poor result is not clear at the moment and is still under further
investigation, but it is believed that, in contrast to the poling mechanism of lithium
niobate crystals, the nucleation density using the gel or liquid electrodes is far lower
than that by using metal electrodes when poling LiTaOs. Previous research also
indicated that, by using the same metal electrode, the measured nucleation density
was 500/mm? in congruent lithium tantalate, compared to 1000/mm? in congruent
lithium niobate [62]. So in contrast to PPLN, which can be fabricated with either
metal or liquid electrodes, PPLT can be poled by metal electrodes only because of the
low domain nucleation density. In addition, the width of the grating has a significant
influence on poling quality, the side wall propagation of the switched domain during
the poling process can be effectively suppressed by using narrow width gratings. A
new grating mask with the following periods listed in Table 4.12 was designed, the
mark-space ratio was around 30:70, the width of these gratingsis only 200um.

Table 4.13 Grating periods for PPLT, the results are from Opt.Lett. 28(3), p.194, 2003 [63].

No. Wavelength(nm) Period A (um) Crystal temperature (°C)
1 1035 7.000 150
2 1035 7.046 100
3 1035 7.090 50
4 1040 7.151 100
5 1040 7.192 50
6 1043 7.256 50
7 1050 7.361 100
8 1050 7.405 50
9 1064 1.575 100

10 1064 7.619 50
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500um thick lithium tantalate wafers were patterned on +z face using a 200nm thick
aluminium layer as the electrode, a 22kV-mm™ electric field was applied across the
patterned crystal, the total charge needed to switch the domain was calculated based
on Eq.(4.01), the spontaneous polarisation of LiTaOzPs = 0.52uC-mm? was used to
calculate the necessary charge.

Figure 4.43. The revealed domains on the +z face with a 7.0um period grating, the width
of the grating is 0.2mm.

Figure 4.44. The revealed domains on the -z face with a 7.0um period grating, the width of
the grating is 0.2mm.
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The poling results show that the uniformity of the grating was improved and the
irregular side growth and formation of non-inverted regions under the grating
electrode was largely suppressed, the poling quality was dramatically improved
compared with that of our initial attempt. Figure 4.43 shows the revealed domain on
the +z face with a 7.0um period and Figure 4.44 shows the revealed domain on the —z

face.

4.7.4 Characterization

The characterization of the PPLT was carried out by A. A. Lagatsky et al. The pump
source used for characterization was a femtosecond diode-pumped Yb:KYW laser
operating at 1048nm (centre wavel ength) with pulse duration of 144fs (spectral width
of 8nm), repetition rate of 86MHz and average output power of 360mW.

The best results have been obtained by using a 3.5mm-long PPLT crystal. At an
incident pump power of around 345mW on the PPLT crystal 105mW of green
(524nm) was generated. Taking into account Fresnel losses the conversion efficiency
exceeded 40%.

The conversion efficiency and how the green pulse duration depends on the pump
beam waist in the PPLT have been investigated. Using different focusing lenses the
waist was varied in the range 4.4-21.6um and the maximum conversion efficiency
(~40%) was recorded at focusing spot size of in the range 8-4.4um. The spectral
bandwidth and pulse duration of green pulses was investigated, and spectral
broadening with tighter focussing was observed with a pulse duration measured to be

1.2ps at awaist of the pump beam of 14um.

This work on PPLT demonstrates how careful optimisation of poling techniques, and
a thorough investigation of the domain habit of different materials can lead to QPM

devices good enough to be used in demanding applications.

This chapter has reviewed and discussed the technology of the applied electrical field
poling method. The fabrication procedures for PPLN using an electric field poling
technique with liquid gel electrodes is presented, alternative poling techniques, such
as backswitch poling, were also demonstrated. Periodically poled magnesium doped
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lithium niobate (PPMgLN), periodically poled lithium tantalate (PPLT) and novel
hexagonally poled lithium niobate (HexLN) were also presented. The factors affecting
poling quality of short period PPLN gratings have been investigated, and the optimum
poling conditions for small and large period PPLN and PPLT gratings were obtained.
In the following chapters optical waveguide theory and the fabrication of zinc
indiffused channel waveguide in periodically poled lithium niobate are discussed.
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Chapter 5

Introduction to Basic Waveguide Theory

Optical waveguides can maintain a high energy density over a long interaction
length, and so can be used to realize SHG devices having substantially higher
conversion efficiency than for bulk. Thus PPLN waveguides can provide a
fundamental nonlinear platform and can even be used for efficient conversion with
diode lasers. The basic theory of waveguides is introduced in this section. The
following section is based closely on the treatments by Ghatak and Thyagarajan [1]
and Okamoto [2].

5.1 Introduction

A waveguide is a dielectric structure where the dielectric constant at the centre of
configuration is larger than that at the edges [3]. Using this kind of structure, the
optical beam can propagate within the waveguide while maintaining the mode size.
Thisisthe basic idea of dielectric waveguide structures [4,5,6].

The waveguides have different forms: planar waveguides, see Figure 5.01, standard

optical fibers, channel waveguides, etc.

Figure5.01. A symmetric dielectric waveguide structure. The wave is propagating along the
+z direction.

5.2 Maxwell’s Equations and M odesin Planar Waveguides

If we assume that light propagates al ong the z-direction of a waveguide
structure, the dielectric function, which can be witten as
e(x,y), is uniform along the z-direction. W assune a
solution of Mxwell’s equations of the following forns
(for a detailed development of the equations see the referent texts [1,7,8] ).
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E(X,Y,2zt)=E(X,y)e 5.01

H(X,Y,2zt) =H(x,y)e 7 5.02

Where, S isthe propagation constant (also called the wave-vector).

The terms E(x,y) and H(x,y) are independent of the z-coordinate, thus a solution of
such a form maintains its shape as the fields propagate along the zdirection.
Furthermore, each guided mode of the wave is characterized by its frequency w , and

its wave vector # along the z-direction. The relationship between the frequency and

the wave vector along the z-direction is shown in Figure 5.02.

A general solution for a waveguide with uniform dielectric medium can be written as:

E(X,Y,21t)=Eeg g 5.03
H (X1 Y, Z,t) =H eiikxXiikyye‘iﬁzﬂwt 5.04
Where: k=wlc=2m/A 5.05
? 5.06
and o g =K 4K+ 7
CO

For a waveguide structure, for example, as shown in Figure 5.01, withn, > n,, all
alowed modes lie below the solid line defined by &, u,0° = f%in the o — B plane.

Any point above the solid lineisforbidden inthew — S plane, see Figure 5.02.

Figure 5.02. Forbidden modes, radiation modes and guided modesregioninw — £ plane[9].
It is well known that total internal reflection occurs whene,u,w® < %, which is

where the electromagnetic field decays exponentially outside the guiding layer. Thus,
the guided modes can only exist in the region above the dashed line defined by

91



Chapter 5: Introduction to Basic Waveguide Theory

e,u,0° = B2 in thew — B plane. Any point below the dashed line corresponds to a

mode that propagates to infinity in the x-y plane of the surrounding media. Hence any
mode below this dashed line is a co-called radiation mode, see Figure 5.02. Thus, the
allowed guided mode region exists between two straight lines (the solid line and the

dashed line) that go through the origininthe @ — # plane, see Figure 5.02.

As we will see below, at each optical frequency, only a few discrete wave-vector S

values are consistent with Maxwell’ s equations, and thus the discrete modes allowed

to guide in the waveguide form guided mode bands.

5.3TE and TM Modes of a Symmetric Step Index Planar Waveguide
To help us understand the guided modes in a waveguide it is helpful to consider the
simple case of a symmetric step index waveguide. A light wave which consists of
electric and magnetic fields can propagate along the z-direction of the waveguide in
various ways. Transverse-magnetic (TM) modes and transverse-electric (TE) modes
are provide two orthogonal mode conditions. In TM modes, the magnetic field vector
is normal to the z-direction of the light propagation. In TE modes, the electric field
vector is normal to the z-direction of light wave propagation. From Maxwell’s
equations[1], we can get:

2

d%E
TZH kZn?(x)- B JE, =0 5.07

Where k, (=2zn/ 4,) is the free space wave number and ¢ (=1/./&,4,) is the speed

of light in free space. We now assume the index profile shown in Figure 5.01 as:

() = n; [{<d/2 -
Cn |{>di2 T 5.08

The standard electromagnetic boundary conditions mean that E and dE, / dx must be

continuous at x =+d/2. Using expression EQ.(5.08) in Eq.(5.07) leads to:

d’E, /dx* +k*E, =0; X <d/2 Waveguide
. 5.09
d’E, /dx* —a’E, =0 X >d/2 Cladding
Where: k% =Kk{n? - B?; a?=p%-kin2 5.10

The solution of Eq.(5.09) can be written as:
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AcoskX+ Bsinkx: |x|<d/2
E,(x) = Ce™ ; x<-d/2 511
De : x>d/2

Where A, B, C, D are constant.
When the refractive index distribution is symmetric, the solutions are either
symmetric modes or anti-symmetric modes with respect to the symmetry plane of the

waveguide, the y-z plane. The solutions may be written as:

E, (X) = Acoskx, ¥ <d/2  symmetric mode 5.12
E, (X) = Bsinkx, X <d/2  anti-symmetric mode .13

_ Ca-alX 514
E, (x) = Ce ", IX>d/2

Matching the continuity conditions of E (x)anddE, (x)/dx a x =*d/2, we have:

ptanp=v symmetric mode 5.15
— pcotp=v anti-symmetric mode 5.16

Where p = K%;U = a%, combining these equations with Eq.(5.10), we have:

L= (V/2)2 —p2 5.17

Where V =k,d(n? -n2)"? is known as the dimensionless waveguide parameter.

Therefore the transcendental equations (Eq.5.15 and Eq.5.16) allows determinion of
kK and S.

In the p —v plane, the graphical solution of the above equations is shown in Figure
5.03 which shows equation 5.15 (solid curve), equation 5.16 (dashed curve) and their
points of intersection with the quadrant of a circle defined by Eq.(5.17). These
interactions determine the allowed values of p which then yield the value of § based
on EQ.(5.10). Note that for guided modes the wave-vector can only assume a discrete
set of values.

For decreasingw , p moves toward the origin and all the intersections are lost, except

for the intersection with the first branch of the tangent function. This corresponds to
the fundamental mode, m=0, with no cut-off. All higher modes (m>0) have a “cut

off”. They are not guided below a certain critical frequency, the cutoff frequency.
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The two circles in Figure 5.03 correspond toV /2=2andV /2=5. The number of

allowed mode can be from the figure to be:

V value Number of symmetric modes Number of anti-symmetric modes
4 1 1
10 2 2

Figure 5.03. Graphical solution for Eq.(5.15); Eq.(5.16); Eq.(5.17). The TM modes are shown
asdotted lines. (n, /n,)?=1.1.

Figure 5.04 and Figure 5.05 shows the vector plot for the fundamental transverse
electric (TE) symmetric and anti-symmetric modes in a symmetric waveguide and
transverse electric field profiles as a function of x. It is often convenient to define the

dimensionless propagation constant.

B »
n? —n2 V72?2 (vi12) '

Obvioudly, for aguided mode, wehave: O<b<1
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Figure 5.04. Vector plot for the fundamental TE mode in a symmetric waveguide (left)
and the transverse electric field profile (right) [9].

Figure 5.05. Vector plot for first anti-symmetric TE mode in a symmetric waveguide (left)
and the transverse electric field profile (right) [9].

In the above discussion the TE modes of the waveguide were considered, a similar

analysis can aso be performed for the TM modes, considering the symmetric modes,
the following form [1] is obtained.
H,(X) = Acoskx, [¥<d/2 5.19

H,()=Ce“, [X>d/2 5.20

Matching the continuity conditions of H (x)anddH  (x)/dx at x =+d/2, we have:

ptanp =(n/n,)*v symmetric mode 5.20

— pcot p=(n/n,)’v anti-symmetric mode 5.21

The graphical solution of EQ.(5.20) and Eq.(5.21) are aso included in Figure 5.03,
except that the point of intersection lies higher by a factor (n, /n,)®. This indicates a

lower g value for the TM modes than for the corresponding TE modes.
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54 TE and TM Modes of an Asymmetric Index Planar Waveguide
In this section, the TE modes of a guiding layer that is not a symmetric structure are
discussed, see Figure 5.06, a similar methodology can be applied to find the TM

modes and to describe mode propagation in other waveguide geometries.

Figure 5.06. An asymmetric dielectric waveguide structure. The wave is propagating along
the +z direction.

In a similar manner to the previous section, equations of the same form as Eq.(5.11)

can be obtained:

Ce ™ x>d/2 Cladding
E, (X) = { Acos(xx + v ); X <d/2 Waveguide 5.23
De™* x<-d/2 Substrate

Where,  is the phase constant describing the asymmetry of the waveguide, x,a,, o,

are defined as:
e = Knf - 524
a? = -k 525
af = - Kind 526

And the new determinant equation is:

(o, I x)+ (a3 )
1- (a0, 1 62) 5.27

tan(xd —mrx) =

Previously the normalized frequency V and the normalized propagation parameters b

were introduced as:

1 5.28
V =k d(n} —n;)?
_ BPoKin:  ng -n;
kin?—-kZnZ  nf-nl 5.29
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Where:ng, (ng = F/K,) is known as the effective refractive index, by introducing

2 2
the asymmetry parameter a = n22 n32 , Eq.(5.27) can be written in the form:
h — N,
b b+a
. o
tan(V (1~ b)2 —myr) =V 2=2_V1-D 530

. Jbb+a)

1-b
b a+b
V\/l—bzm +tanil —+tan71 _—
d V1-b V1-b 5.31

A similar methodology can be applied to the TM modes, Figure 5.07 shows a plot of
V versus b with a as a parameter and provides auniversal plot for any waveguide;

The Normalized Dispersion V-b Diagram
for TM modes in a Guiding Layer

1=1552nm A=776nm
Width=6um Width=6um
A n=0.003 A n=0.003

08+

07+
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a=300
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Figure 5.07. The normalized dispersion V-b diagram for TE modes in aguiding layer.

By substituting the effective refractive index (n; > negt > ny) into the normalised
refractive index parameter, the values of b which lie between zero and one can be
obtained based on EQq.(5.29), with higher values demonstrating stronger guidance and
b = 0O representing the cut off condition for a particular mode [17]. The value of a is
used to describe the degree of asymmetry of the waveguide structure. The parameter
a ranges from zero for a symmetrical waveguide structure (where n, = ng) towards

infinity in the limit of very strong asymmetry (n, >> nz). Generally m is an integer

97



Chapter 5: Introduction to Basic Waveguide Theory

starting from 0. When m is even, the mode is symmetric, and when m is odd, the
mode is anti-symmetric (in the symmetric index case). Combining these normalised
parameters b and a provides knowledge of the effective refractive index as a
function of frequency which then leads to the normalized frequency V. The V number
provides information about the number of modes and the dispersion characteristics of

the planar waveguide structure.

5.5 Channel Waveguide Structure and Effective Index Method

Planar or slab dielectric waveguides demonstrate most of the important characteristics
of guided optical wave radiation, but the planar or slab structure waveguide is not a
very useful geometry for practical applications because of the infinite spatial extent of
the wave in one direction. In most practical applications more complicated
waveguides structures are used including graded index waveguides and channel
waveguides [10,11,12].

Figure5.08. The channel waveguide structure, refractiveindex n, > n,.

A channel waveguide is a guide which offers confinement in two dimensions as
opposed to the one dimensional confinement offered by planar or slab waveguides.
Many waveguide fabrication techniques, such as zinc indiffused channel waveguides
in lithium niobate, lead to a smoothly varying refractive index in contrast to the step
index treated in the analysis in the preceding sections for the planar waveguide.
Maxwell’s equations cannot be solved for the cladding, core and substrate regions
together with the boundaries conditions to obtain the allowed modes without an
accurate mathematical model for the refractive index profile of the core. In addition,
the development of a field solution for this kind of structure is more complicated than

for astep index structure.

There are a variety of ways of modeling channel waveguide structures, including the
WKB method [13], finite difference methods [14], the spectral index method [15], the
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weighted index method and the effective index method [14]. The effective index
method is the simplest of these methods, but still provides reasonably accurate results.
The basis of the effective index method for a waveguide such as that shown in Figure
5.08 is that the mode produced within the waveguide can be separated into the
product of two functions, one in the z direction (vertical direction) which is dependent
only on z and one in the y direction (horizontal direction) which is dependent only on
y. These can then be solved independently and combined to produce the mode
structure. In this way the complicated 2-D channel waveguide structure can be
separated into two single structures, one being a step index symmetric planar
waveguide in the y direction and the other a step index asymmetric planar waveguide

in the z direction.

If we assume a zinc indiffused channel waveguide can be represented by the
simplified structure as shown in Figure 5.08, and the waveguide structure is used to
guide 1552nm and 776nm laser beams, the relevant parameters of waveguide are
listed in Table 5.01 [16]. Where the refractive index change An (=3 x107°) is based on
the results of NA measurements described in section 7.3 of chapter 7. The refractive
index of lithium niobate is based on EQ.(3.02) in chapter 3. The parameters of width
and the depth of the channel waveguide are based on the diffusion parameters from
chapter 7.

Table 5.01 The parameters of the waveguide.

Material Ny no Width (um)  Depth (um)  Guided wavelength (nm)

LiNbOs 2181 2178 6 6 1552, 776

Using the effective index method, in the z direction, the modes of the waveguide can
be solved using the asymmetric index planar waveguide solution independently of the
y direction (see section of 5.4), then the modes produced within the waveguide along
the y direction can be solved based on the symmetric index planar waveguide model
independently of the z direction (see section 5.3). The normalized frequency V aong
y and z direction for 1552nm and 776nm wave can be cal culated respectively based on
Eq.(5.30) and Figure 5.07. The red line in Figure 5.07 represents the V value of the
1552nm beam within the waveguide structure (Table 5.01) and the dark green line
represents the 776nm solution for second harmonic wave. The results are listed in
Table 5.02.
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Table5.02 The V vaue for different wavelengthsin channel waveguide

\% V number at 1552nm V number at 776nm
z-direction (asymmetry) 2.85 6.12
y-direction (symmetry) 2.79 5.58

Figure 5.03 show that, when 0 <V < 7, only one discrete symmetric mode (actually
there are two modes, one is TM mode and another is TE mode) [1] is guided in the
waveguide, and the waveguide is referred as a single mode waveguide. This can also
be seen from the single intersection point of the red line for the 1552nm wavelength
in Figure 5.07. It is easy to see that whenz <V < 27, one symmetric and one anti-
symmetric mode (actually there are four modes, two are TM mode and another two
are TE mode) are guided in the waveguide, the waveguide is referred as a multi-mode
waveguide. This can be seen from the two intersection points for the 776nm

wavelength (the green line in Figure 5.07).

The terms TE,,,or TM , are usually used to indicate the different modes with the

first subscript m corresponding to the mode in vertical direction and second subscript
n corresponding to the mode in the horizontal direction. All the modes supported at
1552nm and 776nm by the waveguide described by Table 5.01 are listed in Table
5.03.

Table 5.03 The modes guided by the channel waveguide using the parameter in Table 5.01.

TMO ™1 TEO TE1
TMO TMOO TMO1 X X
A =776nm ™1 TM10 TM11 X X
TEO X X TEQO TEO1
TE1 X X TE10 TE11l
A =1552nm TMO TMOO0 X X X
TEO X X TEOO X

Figure 5.09 shows that the degree of penetration of the transverse electric field into
the substrate or cladding regions of the waveguide is wavelength dependent [17].
With a clear difference in the profiles of the TM mode in the waveguides along y
direction (symmetric structure) and the z direction (asymmetric structure) it can also
be seen that an asymmetric structure can lead to a poor overlap of the transverse

electric field profiles of a propagating mode at different wavelengths [17]. In
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frequency mixing processes in which at least two different wavelengths are involved,
such as second harmonic generation, or an OPO as discussed in chapter 2 for
example, the effective overlap of the mode profile becomes particularly important as
the operational efficiency of a waveguide device largely depends on the modal size
and overlap of the fundamental and signa beams [18], and the related intensity
distribution in the waveguide [19]. As such, when designing SHG device based on
channel waveguides, it is often advantageous to apply a single mode waveguide for

the fundamental wavelengths, ensuring a good overlap for high intensity interactions.

The single-mode zinc indiffused channel waveguide in the LiNbO3; can be precisely
controlled by modifying the zinc indiffusion parameters during the fabrication
processes. The fabrication and characterization of zinc indiffused single mode

waveguide for 1550nm wavelengths is presented in the following chapters.

Figure 5.09. Transverse electric field profiles for TM modes in the waveguide structure
listed in Table 5.01. (&) TMO mode (1=1552nm) along the y direction (symmetric structure);
(b) TMO mode (1=1552nm) along the z direction (asymmetric structure); (¢) TMO and TM1
mode (A1=776nm) along the y direction (symmetric structure); (d) TMO and TM1 mode
(A=776nm) aong the z direction (asymmetric structure). The black and white lines represent
the TMO mode and TM 1 mode respectively.
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This chapter has introduced basic optical waveguide theory and the effective index
method. The single mode conditions for channel waveguides for the different
wavel engths were discussed. A modelling for diffused waveguide structures was built
and the mode profiles supported by the waveguides were simulated. Fabrication of
channel waveguides using the zinc indiffusion in lithium niobate will be discussed in
the following chapter
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Chapter 6

Fabrication of Zinc Indiffused PPLN Channel Waveguides

6.1 Introduction

Optical waveguides in lithium niobate have been widely studied for many years, with
the main applications including telecommunication systems, nonlinear optics, blue
laser sources for next generations of DVD [1,2,3], etc. Several methods are typically
used for fabricating waveguidesin this material [4,5], the most popular methods being
titanium (Ti) diffusion [6,7], proton exchange [8,9,10], and ion implantation [11].
Each one of these established techniques has some limits of applicability.

By combining PPLN and waveguide structures, high optica intensities for the
interacting beams can be maintained over considerable distances to improve
conversion efficiencies by two to three orders of magnitude as compared to bulk
devices. Figure 6.01 shows a schematic drawing of nonlinear frequency mixing in a

bulk medium and in awaveguide.

Figure 6.01. Schematic drawings of SHG in (&) Diffraction associated with bulk PPLN;
(b) Optical confinement provided by waveguide PPLN.

The fabrication of waveguides in PPLN generaly involves two steps in a sequence
that depends on the choice of waveguide formation technology. For example, proton
exchange involves firstly the poling the lithium niobate with a certain period of
grating followed by formation of a channel waveguide [12,13], whereas titanium
diffusion reverses the order. Annealed-proton-exchanged waveguides are formed at
relatively low temperatures (350°C-400°C) [8,9,10,12], so normally the waveguides
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are fabricated after the sample has been poled (poling after the waveguide formation
results in a poor periodic grating structure) [14]. APE waveguides show increased
resistance to photorefractive damage, however only extraordinary guided modes are
supported in the waveguide [15]. In addition, proton exchanged layers decrease the
nonlinear coefficient in the initial proton exchange layer [14], requiring complex post
annealing to recover the nonlinearity, which may even then not be fully recovered
[16,17]. An aternative low temperature technique, ion implantation, requires the use

of ion accelerators and so is complex and expensive.

The normal temperature for Ti diffusion into LiNbOs is around 1050°C to 1100°C
[6,7,18], and this is the process used to fabricate Ti-diffused LiINbO3; waveguides for
conventional optical components (for example, optical modulators, etc). Such devices
demonstrate good electro-optic properties, low propagation losses, and support both
TE and TM modes [8,9]. However, the process is not compatible with periodically
poled materials, because at such high temperatures the periodically switched domain
structure is degraded. The alternative sequence process, poling after the formation of
waveguides has been used with some success, but the formation of an unwanted thin
domain inverted layer during the high temperature process for Ti diffusion may cause
problems in the subsequent poling. An additional weakness of this technique is the
worsened photorefractive damage in LiNbO3 induced by the incorporation of Ti**
ions, which limits the operation of the Ti:LiNbO3; based devices to the infrared and
prevents effective operation in the visible range of the spectrum [7,19]. Severa
methods for suppressing out-diffusion have been proposed, for example surface
polishing off the 50nm out-diffused layer after thermal processing, etc [7,19], but
these steps add complexity to the technique. In addition, it is very difficult to pole a
uniform periodicaly poled lithium niobate (PPLN) structure after Ti indiffusion
waveguide due to the electrical insulating properties of the lithium out-diffused layer
in the waveguide area [7,19].

To overcome such difficulties, lower temperature diffusion (below 1000°C) is
desirable, requiring the use of elements with higher diffusion coefficients and lower
activation energy. In this case, Zn appears to be a good choice [20,21,22]. Low loss
optical waveguidesin LiTaOs; and LiNbO;3 by Zn diffusion from the vapor phase have
been demonstrated previously [20,23,24]. There is also areport on the fabrication of
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zinc-diffused waveguides in y-cut LiNbO3 for 1.32um wavelength operation by
diffusing metallic Zn for applications in electro-optic (EO) devices [21], and also the
fabrication of vapor-phase waveguides in y-cut Czochralski-grown PPLN where the
existing periodic domain structure was preserved [24]. The main alternative to vapour
phase diffusion is based on the thermal diffusion of a metallic zinc layer which is pre-
deposited onto the crystal surface. While this route was successfully applied by
Fujimura et al. [25] to create zinc waveguides in PPLN, it was determined that low-
pressure diffusion was required to prevent unacceptable build-up of residue on the
surface during the indiffusion stage and associated optical losses. However, in this
research we show that by carefully optimising the thickness of the deposited zinc
layer it is possible to achieve high quality waveguides using a simplified thermal

indiffusion process, without the additional complexity of low pressure processing.

In this chapter, we present the fabrication of Zn-diffused waveguides on z-cut lithium
niobate substrates and the fabrication of PPLN waveguides by thermal diffusion of a
metallic Zn film. Various fabrication conditions were investigated and optimised to
obtain good quality waveguides for different wavelengths through the characterisation
of mode profiles, numerical aperture (NA), spot sizes etc., described in chapter 7.

6.2 Diffusion of Zinc into Lithium Niobate

The mechanism of zinc indiffusion into the lithium niobate substrate is similar to that
of titanium indiffusion which is the most common and most well known method of
creating waveguides in lithium niobate [26,27,28].

The previous work done by T. S. Chernaya et al. [28] suggested that during the
indiffusion processes the Zn atoms diffuse through Li sitesif the zinc concentration is
below 7.6mol% but change their locations in thelattice and partially occupy the Nb
positions if the concentration is in excess of this level. Zinc indiffusion into the Li
position was accompanied by a decrease in the concentration of intrinsic Nb-Li
defects. This clarifies the structural nature of the “threshold” of Zn concentration
(7.6mol%), which manifests itself as singularities in the concentration dependences of
various optical properties. The structural origin of the threshold concentration is likely
a common feature of all non-photorefractive impurities (Mg, Zn, In, and Sc) in
LiNbO; [28].
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While some physical aspects of the mechanism of zinc indiffusion into lithium
niobate are still not fully understood, it seems clear that the congruent composition of
as-grown lithium niobate crystal is important, as it has a lithium atom concentration
ratio (Li/(Li+Nb)) of 48.6% [29,30], which represents a considerable deficiency of
lithium ions, and this kind of crystal contains specific structural vacancies (i.e., empty
oxygen octahedra) [28,29] and other intrinsic defects (Nb-Li) in its crystal structure
[28,29,31,32]. Therefore, various metal atoms, such as Ti, Mg, Zn, In, Fe, Er, Nd and
Sc, can be readily introduced into the crystallographic frame by occupying Li sites
through thermal indiffusion or doping during the crystal growth processes. This wide
ranges of dopants accounts for the versatility of LiNbOz; for many important

applications[33].

Nominally pure LiNbO3; devices suffer serious optical damage problems due to the
photorefractive effect when exposed to high intensity illumination. This problem can
be greatly reduced by doping LiNbO;s single crystals with MgO at a concentration of
about 5mol% [34,35]. Moreover, it has been shown that the photorefractive damage in
LiNbO; single crystals can be prevented by doping or indiffusing with ZnO even
more efficiently than with MgO [36,37].

One paper [37] reported that photoresistance of zinc indiffused or doped lithium
niobate (6mol%) increases two orders of magnitude higher than pure LiNbO; crystal,
the measurement of resistance to optical damage was carried with Ar laser (A\=488 nm)
by means of the direct observation of the facula distortion. Although the reason for
the optical damage resistance of zinc doped or indiffused lithium niobate is not clear,
Zn doped or indiffused LiNbO; crystal with 6mol% concentration ZnO has a slightly
higher photorefractive resistance that that of magnesium doped Lithium niobate
(5mol%). Table 6.01 lists data on the resistance to optical damage of different Zn
doped LiNbO; crystals and MgO doped LiNbO3 [37].

In choosing the process parameters it should be noted that rapid temperature changes
have a mgjor effect on LiNbOs. Experimentally, spontaneous poling dots can be
found on the surface of 500um thick LiNbO3; samples when the rate of temperature
increase or decrease is larger than 10°C per minute. Therefore during the diffusion
process the samples must be raised to and decreased from the diffusion temperature at

arate lower than thisin order to avoid spontaneous poling dots.
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Table 6.01 The resistance to optical damage of Zn:LiNbO3 crystals (A=488 nm) [37].

No. ZnO (mol%) MgO (mol%) Resistance (W-cm™)
0 0 0 3.1x10?
1 2 0 6.6x10°
2 5 0 7.1x10?
3 6 0 9.8x10*
4 8 0 9.8x10*
5 0 5 9.7x10*

The Curie temperature of LiNbOsis 1210°C. Above this temperature, the properties
of LiNbO3 change from a ferroelectric to a paraelectric phase which is nonpolar, and
therefore any PPLN domain structure in the sample will be lost. Thus the diffusion
temperature must be below the Curie temperature to preserve the polarisation of the
switched domain grating, otherwise they will be flipped back into their origina

polarisation direction.

In addition, when z-cut LiNbO3; samples were subjected to high temperatures, of over
1000°C, significant lithium outdiffusion on the positive z face occurs [38,39]. When
using zinc, Li20 is lost from the LiNbOs to form Li-Zn-O compounds on the +z
crystal surface, which act as a source for zinc indiffusion and as a barrier for lithium
outdiffusion, this problem can be avoided by diffusing zinc atoms on the —z face of
sample. But such outdiffusion will cause particular problems during the indiffusion of
zinc waveguides on PPLN, because the PPLN has a periodicaly switched domain
structure, so the outdiffusion layer will be formed periodically, resulting in a periodic
change in the zinc concentration, and thus higher losses and a less well confined
waveguide. It has also been found that Li-outdiffusion can be effectively reduced
through decreasing the diffusion temperature [20]. Therefore a diffusion temperature
of lower than 1000°C was adopted to reduce the effect of Li-outdiffusion on the
surface of LiNbO3; samplesin previous work [20].

6.3 Refractive Index Change as a Function of Zn Concentration
The refractive index of Zn:LiNbO3 can be described by following empirical equation
6.01 [40], with a detailed derivation provided by Schlarb and Betzler [41]:
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Ao+ At iCaii + Az iCan

nZ YN Ap A2+ Ay 6.01
Where:
2(50-c,)/3-c,, lay,; C,, < 20,,(50—-c;)/3
oL :{ 0 o > 2, (50-¢,)/3
a,, =6.5
F=1(T)-f(T,), T, =24.5°C;

261.6
f(T) = (T + 273)% + 4.0238x 10°| coth ~1|:
() =(T+273) 8 [ (T+273j }

c,, denotestheinitial Li content in congruent crystal (measured in mol% Li20);
The threshold concentration c,, = 2a,,(50-c,;) = 6.5mol% for congruent crystals;
C,, denotesthe Zn concentration in crystal (measured in mol% of ZnO);

The wavelength 4 isgiven in nm; the temperature T isgivenin °C;
The subscripts i = e denotes the extraordinary, i = o0 denotes the ordinary polarization;

The relevant coefficients are listed in following table:

n n

o e
Ao =223.219 Ao = 218.203
Ho,=1.1082x 10°° Hoo= 6.4047 x 10°°
A,,=45312x10 ° A, =3.9466 % 10°
Aprio=-72320x107° Ao =11.8635x 107
Ay, ,=6.7963x 10°° Ay .=19221x 107
Ar,=36340x10"° Ag.=3.0998 x 10°°
Ay =2.6613 A,, = 26613

Figure 6.02 and Figure 6.03 show how the ordinary index and extraordinary index
change as a function of Zn concentration (mol%) for different wavelengths. From
these figures it can be seen that the refractive index change increases linearly with the
Zn concentration. For a given Zn concentration, the refractive index change increases
alittle when A shifts to shorter wavelengths, the extraordinary refractive index change
is larger than the ordinary refractive index change for a given wavelength. Therefore

for a Zn:LiNbO3; waveguide with a known zinc concentration (mol%), we can
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calculate the refractive index change when illuminated with a particular wavelength
of light. For example, when the Zn concentration of the waveguide is around 2mol %,
according to the above figure, the extraordinary refractive index change of a 1550nm

incident beam will be around 4.5x 10° which gives a good agreement with the results
obtained by W. M. Yong et al. [42]

The ordinary index change as a function of Zn concentration
35 T T

Ano (x10°3)

0 05 1 15 2 25 3 35 4
Zn concentration (mol%)

Figure 6.02. The ordinary index change as afunction of Zn concentration for different
wavelengths.

Extraordinary index change as a function of Zn concentration

Ane (x10°3)

Zn concentration (mol%)

Figure 6.03. The extraordinary index change as a function of Zn concentration for
different wavelengths.
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Using the results of the characterization that will be described in chapter 7, the
refractive index change of the zinc indiffused waveguide was found to be around
2.5x 10 at 633nm, and based on Figure 6.02, would imply a zinc concentration in the
zinc indiffused waveguide of around 3mol%. Thisis also consistent with the range of

concentrations measured by W. M. Yong et al. [42]

6.4 Fabrication of Zinc Indiffused Waveguidesin Lithium Niobate

The main factors which determine the quality and optical properties of channel
waveguides during the fabrication processes are the choice of which crystal face to
use for diffusion, the thickness of the deposited zinc film, the diffusion time, the
diffusion temperature and the environment. Waveguides in lithium niobate samples
under different indiffusion conditions have been made based on the fabrication
processes described in this chapter, and the relevant optical properties, such asthe NA
and mode profiles etc., are reported in chapter 7, feedback from this characterization
has been used to optimise the fabrication processes for low-loss, single mode

waveguidesin the infra-red and visible regions.

For al investigations the zinc indiffused waveguides were defined on the samples by
using photolithography and zinc metal evaporation as described in chapter 4. The
mask used to define the waveguides has a set of channels with widths ranging from
1pm to 10pum at 100um spacing.

Initial parameters for zinc film thickness, diffusion temperature and time were taken
from previous work carried out in y-cut LiNbO3; by Ruey Ching Twu et al. [21] A
series of z-cut, 500um thick LiNbO3; samples were diffused with zinc film under
different fabrication conditions. The waveguides were then visually inspected under a
microscope and optically characterised by alaser source, see chapter 7. The following
sections describe the main steps required to fabricate the zinc indiffused waveguides
on z-cut lithium niobate. All fabrication takes place in the ORC in class 1000 clean

rooms at class 100 benches.
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6.4.1 Cleaning and Photolithography

The lithium niobate sample must be thoroughly cleaned to remove surface particul ates
which could cause contamination or influence the thermal indiffusion process. After
cleaning, the samples are spun on the negative z face with photo-resist. Initially the
standard S1813 photo-resist was used, and according to Table 4.02 in chapter 4, the
minimum thickness of photo-resist layer that can be achieved is lum. Such a
thickness is suitable for patterning the waveguide with widths of over 5um, but due to
the diffraction effects of the UV source, it is very difficult to achieve good patterning
of waveguides with widths of 1-5um which are necessary to make single mode
channel waveguides for optical wavelengths lower than 1um. For such a case photo-
resist such as S1805 is suitable, but unfortunately, this kind of photo-resist is not
available in the ORC clean room. To allow thinner films, the photo-resist S1813 was
diluted by Acetone with different percentage listed in Table 6.02:

Table 6.02 Thickness via percentage of acetone in dilution:
No. Photo-resist S1813 Acetone Spinspeed  Spintime  Thickness

(volume %) (volume %) (r/min.) (min.) (um)
1 75 25 6000 1.0 0.8
65 35 6000 1.0 0.6
50 50 6000 1.0 0.5

It was found that the diluted photo-resist should be put in a refridgerator (5°C) for
around 24 hours to allow the mixture to become homogeneous. From the results given
above for the three thicknesses of photo-resist and from trial exposures it was found
that the 0.6um film is suitable for the fabrication of narrow zinc waveguides.

Zinc indiffused channel waveguide strips spaced 100um apart and oriented parallel to
the x-direction, with widths varying from 1um to 10um were patterned by
photolithography. The patterning process is similar to the steps described in chapter 4.
The difference being that during development the samples were soaked in
chlorobenzene for 4 minutes and then in developer for 2 minutes (longer than a
normal developing). This extra step is common as a “lift off” technique and hardens
the surface of the photo-resist in the developer, producing an angled opening wall as

shown in Figure 6.04.
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Figure 6.04. Schematic drawings of normal developing and “lift of” developing.

Figure 6.05 shows a patterned sample under the microscope, where the photo-resist
has been removed, the quality of the patterning is good, and no break points were

found in the waveguide area.

Figure 6.05. Patterning of the sample viewed under the microscope, the waveguide strips
are spaced by 100um apart and are oriented parallel to the x-direction, with widths varying
from 1.5um to 10um.

6.4.2 Zinc Film Evaporation and Lift-off Technology

After patterning of the samples, metallic zinc was evaporated on the -z face of the
lithium niobate sample by a standard lift-off technique, see Figure 6.06. Due to the
fact that Zn atoms adhere poorly to the surface of LiNbO; substrates [21], a 5-10nm
thickness of nickel (Ni) film is pre-deposited on the surface of the LiNbO3 substrate
under conditions of 5x10°bar in order to increase the adhesion, the step (c) in Figure

6.06. Then zinc layers with a thickness ranging from 80nm to 120nm were evaporated

on top of the nickel under conditions of 2x10°bar, see step (d) in Figure 6.06. After
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evaporation of the zinc film, the samples were soaked in acetone solution in an
ultrasonic bath for 4-5 minutes to remove the photo-resist and excess zinc film above
the photo-resist layer, thus revealing the deposited zinc strips, see step (€) in Figure
6.06. A developed sample viewed under the microscope is shown in Figure 6.07.
Finally the samples were indiffused in a tube furnace for different time. The
indiffusion time and temperature determined the single mode waveguide conditions

for different wavelengths.

Figure 6.06. The step in the “lift off” procedure, (a) UV exposure; (b) Development; (c)
Evaporation of a 10nm Ni-layer; (d) Evaporation of the Zn-layer; (e) “Lift off” in Acetone;
(f) Thermal indiffusion in the tube furnace.

Figure 6.07. Zinc strips on the -z face of alithium niobate sample.

H
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6.4.3 Thermal Indiffusion

The waveguide patterned samples were placed in a covered platinum crucible, and
then the crucible was put in a 70mm diameter tube furnace for thermal indiffusion.
The desired indiffusion temperature curve can be programmed into the furnace, and
the actual temperature (when the furnace was programmed to be at 900°C) was
measured using a platinum rhodium thermocouple. The actual temperature around
900°C is about 10°C below the programmed temperature.

All the indiffusion processing was carried out in dry air. The thermal indiffusion
process involves ramping up to the diffusion temperature, maintaining that
temperature for a certain time, and then cooling down to room temperature. The

indiffusion parameters are listed in Table 6.03.

Table 6.03 Thermal indiffusion condition

Pr ocesses Parameter Notes

Atmosphere 100 ml/min Flow of dry air

Start temperature 20°C Room temperature of the clean room

Dwell 30 minutes Removing any moisture from the furnace and
stabilizing the furnace atmosphere

Ramp (up) 6°C/min To avoid poling dots being formed on the surface
of the samples

Indiffusion 900°C -930°C  Dependent on the thickness of the zinc film and

temperature indiffusion time

Dwell 80-240 Dependent on thickness zinc film and indiffusion

minutes temperature

Ramp (down) 6°C/min To avoid poling dots being formed on the surface
of the samples

To 20°C Room Temperature of the clean room

6.4.4 I nvestigation into Diffusion Parameters

Several channel waveguide samples were fabricated using the above procedure, some
waveguides samples were patterned on the +z face and some samples were patterned
on the —z face. The next step was to optically test the loss for each sample for various
widths of the waveguide by using a He-Ne laser at 633nm. This allowed us to obtain
a better comparison of the two sides. No substantial differences in properties were
found for channel waveguides indiffused on the +z faces and the —z faces. But
considering that the —z face is patterned for poling and that after poling, the mark-
space ratio of the PPLN grating on the —z face is better than that on the +z face, we
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decided to diffuse the waveguides on the —z face of the samples for all the subsequent

work.

Waveguide samples were indiffused under different conditions. Then the samples
were optically investigated and characterized by the methods described in section 7.01
of the next chapter. Brief comments and diffusion data are listed in Table 6.04. The
maximum thickness investigated was 200nm, at this value obvious remnants remain
on the samples. The longest diffusion time investigated was 3 hours, this limit was set
for practical convenience and also because longer diffusion time led to reduced
surface quality. Similarly 930°C was the maximum temperature used.

Table 6.04 Thermal indiffusion condition
No. Thickness(nm)  Temp. (°C) Time (min)  Comment

1 80 600 80 No waveguide

2 80 600 120 No waveguide

3 80 600 240 No waveguide

4 80 700 80 No waveguide

5 80 700 120 No waveguide

6 80 700 180 Very weak guide

7 80 800 80 No waveguide

8 80 800 120 Poorly confined waveguide

9 120 800 120 confined waveguide

10 80 900 80 Good waveguide,

11 80 900 120 Good waveguide, high loss

12 120 900 120 Good waveguide, medium loss
13 200 900 120 Good waveguide, high loss

14 200 900 180 Good waveguide, medium loss
15 80 930 80 Very good waveguide, medium loss
16 80 930 120 Very good waveguide, low loss
17 120 930 120 Very good waveguide, low loss
18 150 930 120 Good waveguide, medium loss
19 200 930 120 Good waveguide, high loss

20 120 930 180 Good waveguide, low loss

6.4.5 Surface Roughness | nvestigation

Remnants were found on the surface of the zinc indiffused channel waveguides under
the fabrication conditions listed in Table 6.04. Similar observations were previously
reported by W. M. Young et al. [20] and Yoon et al. [43]. It is believed that during
the indiffusion processes, the metallic zinc reacts with the lithium niobate at high
temperature in the air and forms compounds which are very stable and thus difficult to

remove. This remnant compound is the main cause of surface roughness.
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Figure 6.08 shows zinc indiffused waveguides on lithium niobate samples under
different indiffusion conditions. The 3D profiles of the remnant strips, see Figure
6.09, were measured by using a Profiler, the height of the average remnants are listed
in the Table 6.05.

Table 6.05 Height of the remnant after different thermal indiffusion condition
Temp. (°C) Time(min)  Thickness(nm)  Width (um) Roughness (nm)

700 180 80 8 75
800 80 80 8 70
800 120 80 8 60
900 80 120 8 73
900 80 80 8 46
900 120 80 8 43
930 80 120 8 54
930 80 80 8 37
930 120 80 8 35

Figure 6.08. Microscope pictures of zinc indiffused channel waveguides with different
indiffusion temperatures.
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It was found that the height of remnant on the surface of the samples varies with
different indiffusion conditions. Surface polishing can potentially be used to remove
the surface remnant, but this processes needs very accurate equipment and skilful
control, also it will increase the chance of introducing new scratches on the surface.
So an effort was made to reduce the surface remnant by controlling the indiffusion
conditions. Increasing the indiffusion temperature and time or decreasing the zinc film
thickness was found effectively to suppress the formation of the remnant on the

surface.

Figure 6.09. 3D profile of the zinc strip on surface of LiNbO; before thermal indiffusion
(top figure) and the remnant strips after the thermal indiffusion (bottom figure).

6.5 Fabrication of Zinc Indiffused Waveguidesin PPLN

In order to create a standardised route towards creating high-quality zinc-diffused
waveguides in z-cut eectric field poled PPLN crystals, two fabrication routes were
investigated. The first route involves fabricating the zinc indiffused waveguide before
poling the waveguide sample; while the second route is poling the sample first and

then indiffusing the zinc waveguide afterwards.
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6.5.1 Poling after Zinc-diffused Waveguide Fabrication
Initial investigations were carried out based on the assumption that it would be
possible to periodically pole the lithium niobate crystals after the zinc indiffusion

process (an approach analogous to that used in titanium diffusion).

Four 500um thick, LiNbOs; samples, 20mm by 35mm, were spin coated by
photoresist, patterned by zinc film strips for waveguide formation and indiffused in
the tube furnace following the process described in previous sections of this chapter.
Then the waveguide samples were patterned for PPLN fabrication of 6-12um period
gratings following the method described in section 4.1.3 of chapter 4. Finally the
samples were etched in HF:HNOs solution (1:2 by volume) at room temperature to

reveal the domain structure.

Figure 6.10 show the poling result revealed by wet etching, the period of the PPLN is
10pm and the width of the waveguide is 6um. From this figure, it can be seen that the
zinc indiffused area is under poled while the other area is completely over poled, the
grating in the waveguide area is poor, and it appears that the nucleation of the inverted

domainsis affected by the presence of Zn ionsin the waveguide region.

Figure 6.10. Poling after thermal diffusion. Periodically poled grating on zinc indiffused
waveguide viewed under the microscope after wet etching, the period of the PPLN is 10um,
the width of the waveguide is 6um. The inset figure is an enlarged picture.
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To investigate this, two further LiNbO3; samples were deposited with 80nm of zinc
film as shown in Figure 6.11, zinc film was deposited on whole -z face of sample 1
and only on half -z face of sample 2. Then the two samples were thermally indiffused.
The two samples were then patterned with gratings with periods of 10um, and poled
using the method described in chapter 4.

Figure 6.11. Schematic drawings of the two LiNbO; samples that were patterned and
poled. Zinc films were deposited and indiffused on whole -z face of sample 1, and on half
the -z face of sample 2.

After poling, it was found that in sample 2, the region without zinc indiffusion poled
first (and the grating was totally over poled), followed by the boundary region
between the diffused and non-diffused region, then the region that zinc was diffused
(the grating itself was almost unpoled). In sample 1, even though the grating was
poled (with a dightly higher poling voltage), it appeared that the domains did not
follow the grating pattern, and the quality of the PPLN was very poor.

From the above mentioned experiments, it is believed that the poor PPLN structure
within the waveguide areais due to the presence of athin Li»O out-diffusion induced
domain-inverted layer on the +z face which is similar to the case of Ti-diffused
LiNbOs. This thin layer will block the electric field poling and result in a poor
periodic grating. From Figure 6.10, it is clear that nucleation first happens in non-
diffused areas, and the poling electric field for the zinc diffused region is a little
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higher than for the non-diffused region, so it is difficult to get good uniformity
gratings when poling sample with zinc indiffused regions. Thus route one (poling
after diffusion) is not a good solution, and route two, fabrication of Zn waveguide on
existing PPLN, was investigated. This method involves poling the sample first, and
then fabricating the zinc waveguide afterwards. The detailed procedure is described in

following section.

6.5.2 Poling before Zinc-diffusion Waveguide Fabrication
This route towards fabricating zinc indiffused PPLN waveguides involved poling the

samples with PPLN gratings and then afterwards diffusing in the zinc waveguides.

Six 500um thick, 18mm by 35mm, congruent lithium niobate samples, were first
patterned with gratings of 6-12um period, and then poled using the technique
described in section 4.3.3 of chapter 4. After poling, the samples were completely
cleaned by acetone solution in order to remove all the photo-resist, and the conductive

gel that could cause contamination and influence the thermal diffusion process.

Channel waveguides of widths 2-10pum, with 100pum separation, were then thermally
indiffused on the -z face of the PPLN samples in the tube furnace following the steps
outlined in section 6.4.3. The diffusion parameters were 80 minutes at 900°C and
930°C respectively. After thermal indiffusion, the residual stresses caused by the
formation of PPLN gratings were not clearly visible under a crossed polariser
microscope. It is most likely that the stresses in the crystal at the switched domain
boundaries were annealed out due to the high temperatures experienced during
diffusion. Figure 6.12 shows a picture of the zinc indiffused waveguide on PPLN

substrate without etching under the microscope through crossed polarizers.

In order to make sure that the PPLN is still present after these high temperature
treatments, three samples with indiffusion temperature from 900°C to 930°C were
etched in a solution of HF:HNOs (1:2) for approximately 10 minutes to reveal the
domain boundaries. Figure 6.13 show the wet etching result of a 6um wide zinc-

diffused waveguide on PPLN with 10um period gratings under the microscope.
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Figure 6.12. Poled before thermal diffusion. Zinc indiffused waveguide on PPLN under a
crossed polarizer microscope, the period of PPLN is 6.5um and the waveguide width is
around 3.6um.

Figure 6.13. Poled before thermal diffusion. Zinc indiffused waveguide on PPLN under the
microscope after wet etching, The period of PPLN is 10pm and the waveguide is around
6um. Indiffusion temperature is 930°C.

It was found that the diffusion process had not altered the PPLN structure even though
the temperature was as high as 930°C. The uniformity of the preserved domain
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structure of PPLN is not changed over the entire length of the poled sample after the
thermal treatment. This result confirms that the periodically inverted domain structure

of the PPLN substrate maintainsits original form during the diffusion processes.

After waveguide fabrication, the waveguide PPLN samples were cut and the end faces
polished to alow optical characterisation. The systematic measurement and

characterization of these devicesis described in following chapter.

This chapter has reviewed the different fabrication methods of channel waveguides in
lithium niobate. Successful fabrication of Zn-diffused waveguides in lithium niobate
substrates and formation PPLN waveguides were demonstrated. Various fabrication
conditions were investigated, the periodically inverted domain structure and
nonlinearity of the PPLN substrate was demonstrated to survive the thermal diffusion
processes. The linear and nonlinear optical characterization of the zinc indiffused

channel waveguides will be described in chapter 7.
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Chapter 7

Characterization of Zinc Indiffused Waveguideson PPLN

This chapter covers the characterization of the linear and nonlinear optical properties
of the zinc indiffused channel waveguides in PPLN. Systematic measurements of the
PPLN channel waveguides were made, including mode profiles, numerical aperture
(NA), propagation loss, second harmonic generation conversion efficiency and
photorefractive effect using a variety of laser sources. Such characterization is vital
for optimization and also to allow accurate measurement of nonlinear performance.

7.1 M easurement of the Mode Profile versusthe I ndiffusion
Condition

The first measurement made for any waveguide is the mode profile at visible
wavelengths. This allows for a rapid measurement of mode size and approximate NA.
It also provides a simple visual means of assessing scattering loss, by observation of

the waveguide surface.

Characterisation of the zinc indiffused channel waveguides was carried out by using a
He-Ne laser (4 = 632.8nm) beam which was fibre-butt coupled into the channel
waveguides. Before measurements were made the samples were diced into
rectangular samples and end polished to provide a high quality launch.

Figure 7.01 show the schematic diagram of the characterization set up. The 10mwW
power He-Ne laser was coupled into a single-mode optical fibre (core diameter of
6um) by using a microscope objective 1 ( f =x40), a tuneable attenuator was used to
control the power of the input beam. The output beam from the fibre was butt coupled
into the zinc indiffused PPLN channel waveguide located on the trandation stage 1.
The output mode was collected by lens 2 ( f =x10) and was split into two sub-beams
using a beam splitting cube, one sub-beam was focused into the CCD camera 2 which
was connected to the video monitor. Another sub-beam was focused into CCD camera
1 which was used to detect the mode profile. Bespoke software was used to measure

the mode profile, the spot size of the waveguide and the NA, etc. CCD camera 2 isa
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conventional video rate CCD, while CCD camera 1 is a slow scan CCD with good
linearity and digital output. This combination allows both rapid focussing and high
precision measurement. CCD camera 1, CCD camera 2, the beam splitter cube and
lens 2 were mounted on a common tranglation stage in order to fix their relative
positions. This makes the alignment easier. Tranglation stage 2 can be moved along
the beam propagation direction so that the near and far field modes profiles and spot

sizes can be monitored by CCD camera 2 and recorded by CCD camera 1.

Figure 7.01. Schematic diagram of the set up for characterization of mode profile, spot size
and numerical aperture (NA).

Table 7.01 Parameters of thermal indiffusion

No. Thickness of Thickness of Diffusion Time Comment
Ni film (nm) zinc film (nm) Temp. (°C) (min)

1 10 80 600 240 No guide

2 10 80 700 180 Very weak guide
3 10 80 800 120 Weak guide

4 10 120 800 120 Week guide

5 10 80 900 80 Good guide

6 10 120 900 120 Good guide

7 10 80 930 80 Good guide

8 10 120 930 120 Good guide

The zinc indiffused channel waveguide samples fabricated under the different
indiffusion conditions, see Table7.01, were end face polished and characterized. The
width of the waveguide (strictly the width of the zinc stripe) ranges from l1um to

10pum with a step of 1um, the length of the samples are around 10mm, the waveguide
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mode profiles were recorded by the video monitor and characterized by the beam
profile analyzer software.

Figure 7.02. The mode profiles of the zinc indiffused LiNbOs; waveguide for different
thermal indiffusion conditions.
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Figure 7.02 show the recorded 3-D mode profiles from zinc indiffused channel
waveguides for different indiffusion conditions.

The mode profiles are dependent on the zinc film thicknessz , the diffusion time t,
diffusion temperature T, waveguide width w and operation wavelength 1. From Figure
7.02, the following conclusions can be drawn:

1) Well confined single-mode channel waveguides for a wavelength of 633nm were
obtained under the conditions of Figure 7.02(a), (d). When the width of the
waveguide increased, the guided beam changed from single-mode to multi-mode,
see Figure 7.02(b), (c), (e), (f).

2) Well confined multi-mode channel waveguides were achieved at an indiffusion
temperature of 800°C for a 3um width waveguide, see figure 7.02(g). As the width
of the waveguide increases, weak multi-mode waveguides were obtained, see
Figure 7.02(h), (i).

3) Very weak multi-mode waveguides were observed for thermal diffusion at a
temperature of 700°C, under this temperature the zinc is not fully indiffused into
the surface of the LiNbO;3, see Figure 7.02(j), (k), (I).

4) No channel waveguides were observed at a thermal indiffusion temperature of
600°C, even though the indiffusion time was extended to 240 minutes. Under this
temperature, the zinc film ssimply cannot be indiffused into the lithium niobate.

7.2 Characterization of Polarization Dependence

The polarization dependence was characterized using a polarized 1552.4nm laser

source, Figure 7.03 show the schematic diagram of the characterization set up.

Figure 7.03. Schematic diagram of the set up for characterization of polarization dependence.
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A 10mW 1552.4nm wavelength semiconductor laser diode with a polarization
maintaining pigtailed fibre was connected to a polarization controller using a standard
FC connector, an optical U-bench was inserted between the launch fibre and the
polarization controller. The polarization direction of the launched beam was modified
and controlled by the polarization controller and the polarizing sheet inside the U-
bench. An attenuator was used to keep the beam power constant for the TE mode
(polarization direction horizontal to the surface of sample) and TM mode
(polarization direction normal to the surface of sample). The mode profiles were
observed on the monitor, and the output powers were measured by using a power
meter.

Figure 7.04. The mode profile of the TM and TE modes for zinc indiffused
waveguides fabricated under different conditions.

As 1550nm is the most important wavelength for telecom applications, an effort was
made to optimize for this wavelength for single-mode operation. The polarization
measurements also concentrated on this wavelength. Figure 7.04 shows the TM and

TE mode profiles for different indiffusion conditions. From Figure 7.04, it is clear that:
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1. Both TE and TM mode are guided in the zinc waveguides thermally indiffused
at temperatures of 900°C or above. The spot size of the TE mode is slightly
larger than that of the TM mode, see Figure 7.04(a), (b).

2. Only the TM mode is confined in the zinc waveguide thermally indiffused at a
temperature of 800°C. The TE mode is not guided at all, see Figure 7.04(c).

3. No well confined TM mode is guided in the zinc waveguide indiffused at a
temperature of 700°C or lower. Again, the TE mode is not guided at all.

The above experiments show that the zinc indiffused waveguides support both TM
and TE mode at 1550nm wavelength when the indiffusion is carried out at, or above,
900°C. Below this temperature, but above 800°C, only the TM mode is confined in

the waveguide.

7.3 Measurement of the Spot Size and Numerical Aperture
The numerical aperture (NA) of a step index waveguide is defined by following
equation [1]:

NA = (nf -n’ )1/2 7.01

Where n;,n, represent the refractive index at the core and the substrate of the

waveguide respectively. From the above equation, a representation of the refractive
index profile in the core can be obtained through the measurement of the numerical
aperture (NA).

Figure 7.05. Far-field technique for the measurement of NA of zinc indiffused PPLN
waveguide.
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A direct measurement of NA can be obtained by measuring the mode profile at the far

field of the waveguide (see Figure 7.05). WhenD >> d / A%, the NA isgiven by [1]:

7.02

NA=sng, =25
D? +w

Where, D is the distance of the measurement point to exit facet; d is the width of the

waveguide; w; isthe half width of 5% intensity spot size at adistanceD from the exit

facet; 6 is the angle between the axis and the 5% intensity point.

The spot size and NA of the waveguide were characterized using the set up shown in
Figure 7.01 at 633nm wavelength. The trandation stage 2 was moved along the beam
propagation direction so that the spot sizes were measured through the near field
technique and the NAs were measured using the far field technique, see Table 7.02.

Table 7.02. NA and spot size of waveguide versus indiffusion condition, A=633nm, Width=2um

No. Time Thickness Diffusion Width  Spotsize  Spot size NA NA

(min) _ (m)  Temp.(°C) (Um)  -y@m)  z@m) -y -z
1 80 80 930 2 4.09 3.26 0.079 0.105
2 120 80 930 2 474 351 0.074 0.094
3 150 80 930 2 6.34 371 0.064 0.082
4 180 80 930 2 6.87 3.96 0.050 0.080
5 80 80 900 2 4.34 311 0.093 0.104
6 120 100 930 2 4.43 3.23 0.080 0.109
7 120 120 930 2 381 3.14 0.089 0.115
8 120 150 930 2 3.49 3.06 0.090 0.120

Figure 7.06 shows the TM and TE mode profiles for a specific channel waveguide
(No.2in Table 7.02). Here, the width of the deposited zinc was 2.0um, the waveguide
was single moded and supports both TM and TE mode at 633nm wavelength.

The width (w;) of the far-field mode profile of this waveguide was recorded at

different distancesD , the NAs were then calculated using Eq.(7.02) and are listed in
Table 7.03. The value for nyat 633nm is based on Eq.(3.02) and n; is calculated based
on Eq.(7.01).
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D Wsy — Ws2Z NA NA n, Ny-y N,z An An
(Um)  (um)  (um) -y -2 (633nm)  (633nm)  (633nm) -y -z
0 35 25

254 5 4 0193 0156  2.2027 22111 22082  0.0084 0.0055
508 6 55 012 0107 22027 2.2059 22052 00032 00025
762 7 8 0091 0104  2.2027 2.2045 22051 00018 0.0024
1016 92 10 009 0097 22027 2.2045 22048 00018 0.0021
127 11 13 0086 0101  2.2027 2.2043 22050  0.0016 0.0023
254 214 256 0084 0.1 2.2027 2.2043 22049 00016 0.0022

Figure 7.06. TM and TE mode profiles of waveguides on sample No 2, the width of the
deposited metal strip was 2.0um, the guide is single mode with a spot size of 4um iny
direction and 2.5um in z direction for TM mode and 4.3um in y direction and 3.5um in z

direction for TE mode.

Figure 7.07 shows the dependence of the spot size (for sample No.2) on the

distance D . Obvioudly larger distances lead to larger spots, and, in turn, give a better
estimate of the NA. When the distance D >> d (core size of waveguide), the NA

tends to be a constant figure which is 0.08 in y direction and 0.11 in z direction. This

indicates that the refractive index change Anof sample No.2 is around 0.0015 in the

y-direction and 0.0025 in the z-direction, Figure 7.08.
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Figure 7.07. Dependence of the spot size and the calculated NA on distance between the
measurement point of CCD camerato the focusing point of output beam.

Figure 7.08. Dependence of the calculated refractive index and the refractive index change
on distance between the measurement points to the focusing point of the output beam.

To provide a cross check for the numerical aperture data, the effective refractive index
of the zinc indiffused waveguide was also measured using a prism coupling method.

This gave a n, value of 2.2062 for TMO mode and 2.2045 for the TM1 mode at

633nm wavelength. This figure is dlightly higher than that measured by the NA
method, a possible explanation is that prism coupling selects a particular mode (the
fundamental mode) whereas the NA measurement looks at the average of al the
modes at 633nm. As the fundamental mode has the highest refractive index, it is

plausible that the NA measurement should be lower.
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Figure 7.09. Dependence of FWHM spot size and NA on diffusion times.

Figure 7.09 shows the dependence of the full width half maximum spot size (FWHM)
and the NA on diffusion time, which varied from 80min to 180min. In all cases, the
thickness of the Zn films were 80nm and the diffusion temperature was 930°C.
Longer diffusion times give larger spot sizes and asmaller NA. It is observed that the
gpot size change in the z direction with longer diffusion times is smaller than it isin
the y direction, the reason for thisis not clear and would require further study.

Figure 7.10. Dependence of FWHM spot size and NA on thickness of the Zn film.

The dependence of the FWHM spot size and the NA on the thickness of the Zn film
(which varied from 80nm to 150nm) was also characterized, see Figure 7.10. The

samples were indiffused at a temperature of 930°C for 120min. The dependence of
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the width of single mode channel waveguides for different wavelengths as a function
of diffusion time at a fixed diffusion temperature of 930°C is shown in Figure 7.11,
with aZn film that was 120nm thick.

Figure 7.11. Dependence of the width of the single mode waveguide for different
wavelengths on the diffusion times.

From Figure 7.10, it is clear that when athicker Zn film is deposited, a smaller mode
spot size is obtained with better confinement in the waveguide. Thisin turn leads to a
higher optical intensity confined within the waveguide core. However, a thicker Zn
film results in a rougher surface due to the Zn remnant (which is probably caused by
Zn—LiNbOs reaction in the air), so resulting in a higher propagation loss due to the
scattering of light on the waveguide surface. When the Zn film is over 150nm, the

remnant on surface is much rougher than that occurring with 120nm of zinc.

From Figure 7.09 to Figure 7.11, it is clear that fabrication of channel waveguides for
different wavelengths requires different diffusion conditions, samples with a thicker
Zn film diffused for a shorter time are better for the fabrication of single mode
channel waveguides with strong confinement and small spot size, but thinner Zn films
and longer diffusion times are better for single-mode channel waveguides with
smaller NAs and larger spot sizes. The trade-off of diffusion conditions for fabrication
of single mode channel waveguides for wavelengths of  980nm, 1064nm and 1550nm
arelisted in Table 7.04.
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Table7.04 Trade off diffusion conditions of Waveguide fabrication for different wavelengths.

Wavelength Thickness of Diffusiontime  Diffusion  Deposited zinc strip

(nm) zinc layer (nm) (min) Temp. (C°) width (um)
633 80 80 930 2.0
980 80 80 930 3.2

1064 80 120 930 3.6

1550 120 120 930 6.4

7.4 M easur ement of the Propagation L oss
The cut back method was used to measure the propagation loss. Normally, the total
insertion loss of a waveguide (L;) includes the coupling lossLc, the propagation
lossL, and the reflection loss L at both end-faces of waveguide. This can be
presented as Eq.(7.03) [2].

Ly =Lc +Lp + Ly 7.03

First we measure the total loss of the waveguide L., of asample with length S , then
we cut and polish the sample along a line parallel with end face, and then re-measure
the total loss L., with length S,, the length of section being cut is S, , see Figure
7.12, based on Eq.(7.03), we can get the propagation |oss:

Ly =L+ Le+Les Lo =Ley+ Lpy + Liys

Due to: Lot ® Lepy Lg = Ly,

(assuming the quality of the polish issimilar)
We Have: Ly =L, =Lp —Lp, =Lpg 7.04
Propagation |oss: a=Lg!S; 7.05

Figure 7.12. The cut back techniques for measurement of propagation loss of zinc
indiffused PPLN waveguide.
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Obvioudly, the more sections the sample is cut into, the more accurate the propagation
losswill be. The calculated results are listed in Table 7.05.

The reason for the high propagation loss of waveguides on sample No.1, 4, 5, 6 is that
after the thermal indiffusion, metal remnants were left on the surface of the sample,
and it is difficult to remove these remnants. The remnant can be reduced by increasing

the indiffusion temperature and decreasing the thickness of the zinc film.

Table 7.05 The propagation loss of zinc indiffused waveguide.

No. Time  Thickness Diffusion Width Wavelength LossLp Length

(min) (nm) Temp. (°C)  (um) (nm) (dB/cm)  (mm)
1 80 80 900 6.4 15524 12 20
2 80 120 930 6.4 15524 0.9 20
3 120 120 930 6.4 15524 0.85 20
4 120 150 930 6.4 15524 122 20
5 120 180 930 6.4 15524 13 20
6 120 200 930 6.4 15524 135 20

Table 7.06 Comparison of the propagation |osses between the different methods

Method A (nm) L oss (dB/cm) Ref.
Metallic Zinc indiffused waveguide 1550 0.85~1
Vapor phase zinc indiffused waveguide 1550 1 [3]
Ti-indiffused waveguide 1550 0.15 [4]
Annealed proton exchange waveguide 1550 0.35~0.4 [5]
Soft proton exchange waveguide 1550 0.3 [6]

Table 7.06 shows the comparison of the propagation loss of the zinc indiffused
waveguide with Ti-indiffused and proton exchange waveguides. The propagation |0ss
of our zinc indiffused waveguides at 1550nm wavelength is higher than that of Ti-
diffused and proton exchange waveguides in lithium niobate, and so zinc indiffused
waveguides are not suitable for integrated OPO devices which require very low |osses,
but maybe acceptable as “low loss” waveguides for SHG devices.

7.5 SHG Conversion Efficiency

In the preceding sections results on waveguide mode size, NA and loss have shown
how compromises must be made to achieve low losses and reasonable modal
confinement. In this section these optimised waveguides are characterized for

nonlinear conversion efficiency.
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A DFB singlemode laser diode with a polarization maintaining pigtailed fibre
(central wavelength of 1552.4nm) was used to study how effectively periodic poling
would be preserved inside the Zn waveguide after thermal diffusion, which is a

necessity for quasi-phase-matched second harmonic generation (SHG).

18524 NM pump laser Polarizer U-Bench  PM Fibre

/ i
% ™~

PM Pigtail Fibre

" .\ T~

Power Metre Lens aen Zn-diffused PPLN Waveguides

Figure 7.13. Schematic diagram of the set up for characterization of SHG for the 1552.4nm
wavelength.

A schematic diagram of the set up is shown in Figure 7.13. The incident beam was
TM polarized in order to take advantage of the nonlinear susceptibility coefficient dss.
Fibre was used to couple the incident beam into the channel waveguide in the PPLN
samples which were put in a temperature tuneable oven. The mode profile of the SHG
(776.2nm) from the waveguide was recorded using a CCD camera and the output
power of the SHG was measured as a function of temperature. NA and refractive
index change An of the PPLN waveguides samples listed in Table 7.07 have been
measured and calculated based on the methods described in section 7.3 of this chapter.
The periods of PPLN varied from 18.05um to 18.70um with a step of 0.05um and the
width of the waveguide ranged from 5.6um to 6.6um with a step of 0.2um. All

samples were cut and end polished.

Table 7.07 Fabrication parameters of PPLN waveguide samples

No. Time Thickness Diffusion Width of GratingA Length NA-z  An
(min)  (nm)  Temp(°C) waveguide(um)  (um) (mm)
1 120 120 930 5.6-6.6 18.05-18.6 10 0.115 0.003
120 120 930 5.6-6.6 18.5-18.7 10 0.112 0.003
3 80 120 930 5.6-6.6 18.5-18.7 10 0.082 0.002

The waveguides in above mentioned samples are single-mode waveguides for the
fundamental beam (2 = 1552.4nm) and multi-mode waveguides for the SHG beam (4
= 776.2nm), the number of modes and the mode profiles can be ssimulated based on

the effective index method described in chapter 5.
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Figure 7.14. Three-layer channel waveguide structure model.

In order to simplify the simulation, a three-layer channel waveguide structure model,
see Figure 7.14, has been built based on the parameters listed in Table 7.08, this
waveguide model was used only to predict the number of the SHG modes and the
mode profiles supported in the waveguide, the theoretical value of the SHG
conversion efficiency was calculated based on the Hermite-Gaussian fitting [10]
which gives a more accurate result. The transverse electric field profiles of the
fundamental mode and the different SHG modes along the y-direction and the z
direction supported by the waveguides are shown in Figure 7.15 and Figure 7.16
respectively. The 2-D intensity distribution of the electric field for the modelling of
the fundamental mode and the different SHG modes are shown at the right side of the
Figure 7.19. The index values used in this model were determined “by hand” to give a
qualitative fit to the measured data.

Table 7.08 The modelling parameters:

Index n Thickness (um)

Cover 1 /

Layer3 2.184 2

Layer2 2.181 3

Layerl 2.180 2
Substrate 2.178 /

Wavelength 1552.4nm 776.2nm
Total Depth of 3-layer 7um
Width 6.6um

Figure 7.17 and Figure 7.18 show the different SHG powers and mode profiles based
on tuning the temperature for different periods of PPLN waveguide. SHG quasi-phase
matching (QPM) curves as a function of temperature were recorded for the TM0OO
mode at the fundamental wavelength to the different phase-matching modes at the
SHG wavelength.

TMOO, TMO1 and TMO2 of the SHG modes were recorded for sample No.1, TM10,
TM11 and TMO2 of the SHG modes were obtained for sample No.2. The quasi-phase

matching temperature for the TM0O, TMO01, TM10 modes for SHG for sample No.1
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were 14.8°C, 32°C and 58°C respectively, the QPM temperature for the TM02, TM 10,
TM11 modes for SHG for sample No.2 were 173°C, 183°C, 197 °C respectively.

Figure 7.15. The transverse electric field profiles of fundamental mode and different SHG
modes along y-direction.

Figure 7.16. The transverse electric field profiles of fundamental mode and different SHG
modes along z-direction.
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Figure 7.17. SHG power of different modes based on the QPM temperature for sample
No.1, see Table 7.07. The inset pictures are the measured mode profiles of the different
SHG modes.

Figure 7.18. SHG power of different modes based on the QPM temperature for sample
No.2, see Table 7.07. The inset pictures are the measured mode profiles of the different SHG
modes.

The maximum SHG output power was recorded for the fundamental TMOO mode to
SHG TMO00 mode at 14.8°C in sample No.1, the SHG output power of the TMO1 or
TMO02 mode is far lower than that of SHG TMOO mode. Indeed, it is has to be the case

because of the symmetric refractive index profile along the horizontal direction, the
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interaction overlap between the fundamental TM0OO mode and SHG TMO0O mode is
bigger than that between the fundamental mode and other modes, see Figure 7.15. In
fact in a horizontally symmetric waveguide there should be no overlap between the
TMO0O0 mode of the fundamental and the TM01 mode of the second harmonic. The fact
that this mode was excited indicates that the channel waveguides are not uniform
structures due to the thickness variation of the zinc film along the width and the
length of the waveguides, thus resulting in an asymmetry in either the refractive index

change or the nonlinear coefficient in the waveguides.

No SHG of the TM0O mode was found in sample No.2 and No.3, this is because the
QPM temperature for SHG of the TM0O mode converted from 1552.4nm is out of the

temperature tuning range of the oven used in this experiment.

Figure.7.19. Different SHG modes converted from the fundamental mode at 1552.4nm
wavelength through Zn-PPLN waveguide samples at different QPM temperatures. The mode
profiles on the left side were recorded through experiments, the mode profiles on the right
side were obtained through simulation based on the modelled waveguide structure.

The left hand side of Figure 7.19 shows all the recorded SHG modes profiles
converted from the fundamental beam of sample No.1 and No.2 which are in good
agreement with the mode profiles of the simulations based on the waveguide structure
model, see Figure 7.14.
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It can also be seen from sample No.2 that, for the same input power, the conversion
efficiency from the TMOO of the fundamental beam to the TM10 mode of the SHG
was higher than that of the TM02 or TM 11 modes of the SHG beam. We believe that
this is because the overlap area between the fundamental TM0OO mode and the TM 10
mode of the SHG is larger than that between the fundamental and the TM02 mode or
the TM11 mode of the SHG due to the asymmetric profile of the refractive index
along the vertical direction, see Figure 7.16.

Figure 7.20. SHG power vs. QPM temperature for PPLN waveguide ( A = 18.05um), the
solid line corresponds to a sinc-square function. The inset picture is the mode profile at
776.2nm (TMOO mode).

Figure 7.21. Second harmonic power as a function of the pump power, the solid line is the
best quadratic fit to the measured data points.

A maximum output external SHG power of 5.2uW was recorded for an internal pump

power of 3.2mW of the fundamental beam at 14.8°C, allowing for 14% reflection loss
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a the two end faces, a conversion efficiency of 59%W™.cm™ was achieved, see
Figure 7.20. The output SHG power as a function of the input pump power was also
measured, see Figure 7.21. In comparison to prior techniques, this conversion
efficiency is lower than the 150%W™.cm™ achieved in Reverse Proton Exchange
(RPE) waveguides [7] and 130%W.cm™ achieved in Soft Proton Exchange (SPE)
waveguides (not in SHG) [6], similar to the 65%W™.cm™ achieved in APE PPLN
waveguides [8] and much higher than the 9.4%W™.cm? achieved in titanium-

indiffused waveguides [9].

The experimental normalized conversion efficiency was also compared to the

theoretical value. The normalized SHG conversion efficiency n,,,, defined by
P2a) = Mnor LZP{uZ’ isgiven by [10] :

872d?, 7.06

(R e Al

~+00+00

L= Um d(zy)[E, (z Y)]'E,, (z y)dzdy 7.07

where d is the effective nonlinear coefficient (d =2d,,/7), n is the effective

index of the transverse mode at the fundamental frequency, misthe order of the QPM,

v is the overlap integral of the interacting waveguide modes, A, is the fundamental
wavelength, c is the vacuum speed of light, &, is the permittivity of free space.

E(X, y) represents the normalized spatial profiles of the transverse waveguide modes
at the two wavelengths defined by ”E(z, y)?dzdy =1, d(zy) is the nonlinear

coefficient in the zinc indiffused waveguide normalized to the nonlinear coefficient in
the bulk lithium niobate (and thus ranging from O to 1).

To calculate the overlap integral in our device, based on our measured mode profiles,
a Hermite-Gaussian fit as proposed by Campbell [11] was applied to the measured
fundamental and second harmonic field distributions to represent normalised spatial
mode profiles at each wavelength. From our experimental data the offset in peak
power intensity between the fundamental and SHG fields was measured to be 1um
vertically (z-direction) and Oum horizontally, such that the second harmonic was
generated dlightly offset to the fundamental mode. Subsequent analysis of the

normalised modal overlap (between the Hermite-Gaussian fitted fundamental mode
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and the SHG mode) yields a predicted maximum SHG conversion efficiency of
177%W ‘cm™? (see the Matlab code in Appendix A), about 3 times larger than the
measured efficiency. This difference is attributed to the asymmetric nature of our real-
life mode profiles with their larger offset between overlapping field intensities, and

also the potential for local zinc-induced changes in the nonlinear coefficient.

Based on the same mode profile fitting model and the equation used by Franco [12],
the coupling efficiency from single mode fibre to the zinc indiffused channel
waveguide was calculated. Subsequent simulation and analysis of the normalised
modal overlap between the Gaussian fitted mode from single mode fibre (the mode
field diameter for 1550nm wavelength is 10.4um) and Hermite-Gaussian fitted
fundamental mode of the zinc indiffused channel waveguide yields a predicted
maximum coupling efficiency of 64.4% which is similar with our measured coupling
efficiency of 52% (see the Matlab code in Appendix A). The coupling efficiency
between the fibre and the channel waveguide can be improved through modifying the
mode field diameter (MFD) of the fibre, see Figure 7.22.

Figure 7.22. The coupling efficiency between optica fibre and zinc-diffused channel
waveguide dependence on the mode field diameter (MFD) of the launched optical fibre.
The wavelength is 1550nm

In addition, the photorefractive effect induced by visible radiation was characterized
using an argon laser at 514.5nm. 100puW laser power was coupled into the waveguide
using x 20 optic lens at 140°C. The photorefractive effect will cause the output power
to drop and fluctuate, after 1 hour of launch, the ratio of the average output power

(within 1 minute) to the input power (P,,/P,) and the ratio of the output power
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fluctuation (within 1 minute) to the input power (AP, / P,,) were measured to be 93%

ut
and 5% respectively for PPLN waveguide, 75% and 12% respectively for bulk PPLN
sample. This indicates that the influence of the photorefractive effect is indeed
reduced by the presence of zinc in the PPLN substrate.

7.6 The Quasi-Phase-M atching Curve ver sus Wavelength

In order to get more information regarding the nonlinear properties of zinc indiffused
PPLN waveguides, the quasi-phase-matching (QPM) curve versus the wavelength,
was characterized. A tunable laser source with wavelengths range from 1540nm to
1565nm was connected to erbium doped fiber amplifier (EDFA) through a standard
G652 single mode fiber, and then coupled into the zinc PPLN waveguide sample
which was located inside the oven, a lens was used to focus the output beam from the
channel waveguide into the detector. The polarization direction of the launched beam
could be modified and controlled by the polarization controller. The SHG power was
measured using a power meter. Figure 7.23 show the schematic diagram of the

characterization set up.

The period of the PPLN was 18.05nm and the diffusion condition is the same as for
sample No.1l. Before characterizing the quasi-phase-matching curve versus the
wavelength, the fundamental powers of the different wavelengths at point B and point
C, see Figure 7.23, have been measured in order to make sure that the incident power
at different wavelengths is stable. Figure 7.24 shows that the power variation of
different wavelengths at points B and C are less than 3%, the insertion loss of the

polarization controller isaround 1dB.

Figure 7.23. The schematic diagram of the characterization set up for measurement of QPM
curve versus the wavelength.
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In order to take advantage of the maximum nonlinear coefficient dss, the polarization
of the fundamental beam was rotated to be in the TM direction by using a polarization
controller. The power ratios of the TM component to the total power of incident beam
at different wavelengths were measured by using the 1550nm polarizer sheet inserted
at point A. Figure 7.24 shows that the power ratio of the TM component to the
fundamental beam after the polarization controller is over 99.5% for different
wavelength ranging from 1550nm to 1560nm. This is important for relative SHG

characterization based on different wavel engths.

The output power of the SHG beam from the channel waveguide was measured for
different wavelengths at room temperature, the quasi-phase-matching wavelength for
this sample was recorded as 1552.03nm at a temperature of 21.4°C. A maximum

output power of 10.5uW was generated from the 7.5dBm power of fundamental beam.

Figure 7.25 shows that the bandwidth of FWHM (Full Width of Half Maximum) is
around 0.7nm which islittle broader than cal culated acceptance bandwidth of a 10mm
long waveguide (0.35nm). This is because that the waveguide is not homogeneous
along the whole interaction length (this effect is modeled and shown in Figure 8.12)
and the temperature is not uniform along the length of the waveguide, either another
reason is that the periodically switched domain ratio is not a perfect 50:50 or some
domains were merged together during the poling and thermal indiffusion processes
resulting in a slightly shorter effective interaction length for the waveguide compared
to the physical length of the device.

Figure 7.24. Showing that the power variation at different wavelengths at point B and C
are less than 3%.
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Figure 7.25. The SHG power dependence on the fundamental wavelength. The bandwidth
(FWHM) is 0.7nm.

The variation of the maximum SHG power at different wavelengths was also studied,

Figure 7.26 shows that the QPM wavelength shifts to the infrared side when the
temperature is increased, the maximum of the SHG power converted for different
fundamental wavelengths varied from 10.5uW at atemperature of 21.4°C to 9.7uW at
a temperature of 150.3°C, the reason for the SHG power drops when the pump
wavelength shifts to the infrared side is that the SHG conversion efficiency is
proportional to frequency square of the incident beam (77 o« @), the variation of the
SHG power is around 8% for the measured temperature range of 128.9°C. The

variation of the pump power over thisrange islessthan 1.5%, see Figure 7.24.

Figure 7.26. The QPM wavelength shifts to the infrared side when the temperature
increased, the variation of the SHG power is around 8% for different wavelength.
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7.7 SHG Conversion Efficiency under the High Power Condition

An optical parametric oscillator (OPO) was used to study the SHG conversion
efficiency of the PPLN waveguides under high peak power conditions, the relevant
parameters of the incident beam from the OPO are listed in Table 7.009.

Table 7.09 The parameter of the incident beam from the OPO.

Central wavelength (nm) 1556.0
Bandwidth of the beam (nm) 12
Pulse duration (ps) 5
Pulse frequency (MH2z) 120
Average power (mW) 250
Peak power of pulse (W) 417

Figure 7.27 shows the schematic diagram of the set up. The incident pulse beam from
the optical parametric oscillator (OPO) reflected by mirror 1 and mirror 2 was
coupled into the single mode fibre (for the 1550nm wavelength), then launched into
the PPLN waveguide located inside of the oven. The polarization direction of the
launched beam was controlled by the polarization controller which was inserted
between the lens and the launch fiber. The fundamental beam was TM polarized in
order to take advantage of the nonlinear coefficient ds;. The mode profile and the

power of the SHG beam were measured as a function of temperature.

Figure 7.27. Schematic diagram of the set-up for measuring SHG conversion efficiency
under high power conditions.

With 90mW average power in the fundamental beam from the OPO, 23.25mW
average output power was coupled into the 3.5mm length zinc-indiffused PPLN
channel waveguide ( A = 18.05um), representing 25.8% coupling efficiency.

Figure 7.28 shows the maximum externa average SHG output power (TMOO mode)

of 16.2mW which was recorded for an internal average pump power of 23.3mW at

43.0°C, allowing for the 14% reflection loss on the two end faces, a conversion
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efficiency of 17%W™cm™ was achieved. The average power conversion efficiency
was 81%. The TMO01 and TMO02 modes of the SHG beam converted from TM0O mode
of fundamental beam were also observed at different temperatures, see Table 7.10.
This SHG conversion efficiency using the high power OPO is lower than that using
the low power DFB laser diode. The main reason for thisis that the bandwidth of the
DFB laser (around 3 x10°°nm) is far narrower than the acceptance bandwidth of the
10mm length PPLN waveguide (0.35nm), so amost 100% of the incident beam power
contributes to the process of the SHG conversion. But for the OPO, the bandwidth of
the output beam (1.2nm) is larger than the acceptance bandwidth of the 3.5mm PPLN
waveguide (0.7nm), thus only part of the fundamental beam power plays arole in the
process of SHG conversion. Despite the lower efficiency the higher peak power yields
a much greater overal conversion efficiency of 81% vs. the 0.19% obtained for the
DFB laser.

Figure 7.28. SHG power vs. QPM temperature for PPLN waveguide ( A = 18.05um) under
the high power condition, the solid line corresponds to a sinc-square function fitted to the
measured data points. Theinset picture is the mode profile at 776.2nm (TM 0O mode).

Table 7.10 The QPM temperature and maximum average power of different SHG modes

SHG mode QPM temperature (°C) Maximum aver age power (mW)
TMO00 43 16.2
TMO1 62 2.3
TMO02 90 0.78

This chapter has covered the characterization of the linear optical properties of the
PPLN channel waveguide, such as the mode profile, the NA, the propagation loss and

the polarization dependence, and then the nonlinear process of quasi-phase-matched

150



Chapter 7: Characterization of Zinc Indiffused Waveguides on PPLN

SHG in the PPLN waveguide devices. The SHG conversion efficiency for a 1552.4nm
wavelength was measured, individual modes of the second harmonic were observed
by tuning the temperature, a peak conversion efficiency of 59%W *cm was achieved
at room temperature. Using a short pulse source and an appropriately short waveguide,
second harmonic generation conversion efficiency of 81% was obtained. The use of
PPLN waveguides for visible light generation will be discussed in chapter 8.
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Chapter 8

Visble Second Har monic Generation in Zinc I ndiffused
PPLN Channel Waveguides

8.1 Introduction
Nonlinear optical processes and quasi-phase-matching (QPM) permit the extension of
conventional laser sources to shorter wavelength spectral regions, such as the green,

blue and ultraviolet.

Recently, compact and reliable coherent green, blue and ultraviolet light sources are
becoming increasingly interesting for various applications in fields such as optical
data storage and biomedicine. Quasi-phase-matched second harmonic generation
(SHG) is one of the most attractive methods for achieving such coherent light sources,
because it has the significant advantage of being able to phase match an arbitrary
wavelength and thus allows access to higher nonlinear coefficients using an

appropriate period of the domain inversion.[1,2,3,4].

Air-cooled argon-ion lasers at 488nm are widely used in the biomedical area, as a
blue laser source, they are used for applications such as DNA analysis and cell
analysis using fluorescent microscopy, etc. The concept of frequency-doubling a
semiconductor laser using QPM to create 488nm would be an attractive replacement
for these existing argon-ion lasers due to its potentially smaller footprint and compact
assembly (no external power conditioning, control boxes, or cooling fans would be
required), power stability and better electrical efficiency.

Visible light generation using QPM has been reported for bulk and waveguide type
devicesin LiNbOs [4], LiTaOs [5], and KTiOPO,4 (KTP) [6,7]. Continuous wave (CW)
multiwatt powers of green light have been efficiently generated via intracavity
frequency doubling of a Nd:YAG laser [8,9] using nonlinear crystals. For example,
Nighan et al. [10] reported more than 6W of green light generated with 30%
efficiency in a diffraction limited output beam. Efficient SHG to the green, blue and
ultraviolet has also been performed by using MgO doped lithium niobate. For
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example, S. Sonoda et al.[11] reported the generation of 2.2mW of CW 475nm
radiation with 60%W™*.cm™ conversion efficiency and K. Mizuuchi et al.[12] have
achieved a conversion efficiency of 340%W™ in CW operation showing 22.4mW of
SHG at 340nm wavelength. However, visible light generation in these devices have
suffered some limitations, such as complicated fabrication processes, difficulty in
fabricating uniform nonlinear gratings, and lower resistance to photorefractive

damage.

Zinc indiffused PPLN channel waveguides are one of the most attractive technologies
for blue light generation because of their large nonlinear coefficient [13], high

resistance to photorefractive damage [14] and low cost of fabrication.

This chapter describes work on zinc indiffused PPLN channel waveguides as a
nonlinear material for SHG to the green and blue. The basic fabrication processes for
PPLN and zinc indiffused channel waveguides on lithium niobate crystal have been
described in chapter 4 and chapter 6 respectively. This chapter focuses on the
characterization of the SHG of visible light.

Visible generation provides a far more stringent test of the zinc diffused PPLN
process than 1550nm wavelength doubling, particular scattering losses will be higher,

periods need to be finer and smaller waveguides are needed for single mode operation.

8.2 Green Light Generation in Zinc Indiffused PPLN Channel
Waveguides

500um thick z-cut congruent lithium niobate crystals were patterned by standard

photolithography with a grating period of 6.5um and poled based on the fabrication

processes for PPLN described in chapter 4. Then channel waveguides were indiffused

in the PPLN samples according to the fabrication procedure demonstrated in chapter 6.

A 1064nm Nd:YAG laser was used to study the uniformity of the periodically
switched domain structure outside and inside the Zn waveguide after the thermal
diffusion and assess the efficiency of green light generation through the bulk PPLN
and in the Zn indiffused channel PPLN waveguides. The incident beam was TM

polarized in order to take advantage of the optimal non-linear susceptibility tensor
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coefficient dss, First of all, the bulk PPLN grating outside the channel waveguide area
was assessed through characterization of the SHG conversion efficiency of the bulk,

and then characterization of the PPLN inside the channel waveguide was carried out.

A %10 microscope objective was used to focus the incident beam into the bulk PPLN
and channel waveguide. An end polished PPLN waveguide sample (grating period of
6.5um, 3.6um width waveguide) was put inside a temperature tuneable oven, the
output power of the SHG (532nm) from the bulk PPLN and the zinc indiffused
waveguide were measured using a power meter, a band pass filter (50% transmittance
at 532nm, 0% transmittance at 1064nm) was used to block the 1064nm fundamental
beam. The sample was heated to around 200°C, then cooled down to room
temperature at a rate of 1.0°C/min. A maximum output SHG power of 1.8mW was
recorded for 330mW fundamental power at 1064nm at a temperature of 188.2°C,
which corresponds to a conversion efficiency of 1.84%W™.cm™ for the bulk PPLN
sample. The quasi-phase-matching (QPM) curve versus the tuning temperature is
shown in Figure 8.01 and the curve of SHG power versus the fundamental power is
shown in Figure 8.02.

Figure 8.01. The quasi-phase-matching (QPM) curve vs. temperature for bulk PPLN with a
period of 6.5um. The wavelength of the fundamental beam is 1064nm.

154



Chapter 8: Visible SHG in Zinc Indiffused PPLN Channel Waveguides

Figure 8.02. The curve of SHG power vs. incident fundamental power for the bulk PPLN
with period of 6.5um. The wavelength of the fundamental beam is 1064nm.

Using the microscope objective, around 10% of the fundamental power was coupled
into the channel waveguide. The quasi-phase-matching (QPM) curve versus
temperature for the channel waveguide PPLN shown in Figure 8.03 indicates that the
QPM temperature for the TM0OO mode at the SHG wavelength (532nm) converted
from the TMOO mode of the fundamental beam is around 145.1°C. A maximum
output external SHG power of 150pW was obtained from 30mW of interna pump
power in the fundamental beam, which corresponds to a conversion efficiency of

16.7%W.cm™ for awaveguide length of 20mm.

Several factors are believed to have reduced the SHG conversion efficiency of the
PPLN channel waveguide compared to the 1550nm waveguides. First of al, the
uniformity of the grating through the whole channel waveguide may not be the same,
the mark-space ratio of the PPLN domain grating inside the waveguide was dightly
different from the optimum mark-space ratio of 50:50 outside of the waveguide.
Secondly it was shown, from the visual assessment of etched parts of the samples, that
there were some random fluctuations in the position of the domain walls. Because of
these imperfections the conversion efficiency was more than one order of magnitude
lower that the calculated value for a perfect grating. However the shape of the phase-
matching curve as well as its acceptance temperature range of 0.6°C (temperature

bandwidth of the half maximum SHG power) was close to those expected for a
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perfect grating, indicating that the whole physical length of the waveguide was
contributing to the conversion process and that the random fluctuations in the domain

wall positions was independently distributed.

Figure 8.03. Dependence of the SHG output power vs. temperature. The spots represent
experimental data, while the continuous line represents the theoretical response of the device.
Theinset picture is the mode profile at 532nm (single mode).

In addition, a photorefractive effect induced by the green light is another possible
reason for the low SHG conversion efficiency. It occurs when the bound charge inside
the waveguide is rearranged from the illuminated to the dark regions in response to a
gpatially modulated light pattern of the incident beam, this creates a static space
charge field, and therefore yields, by the electro-optic effect, a pattern in the refractive
index which acts as phase grating, which in turn will degrade the quality of the
waveguide, and results in a poor overlap of the interacting beams inside the
waveguide. The physical mechanism for the photorefractive effect in lithium niobate

has been described in chapter 3.

The photorefractive effect was characterized by using an argon laser, an incident
beam at 514.5nm was coupled into the waveguide by the objective lens, the output
power was measured based at different temperatures and different input powers.
Before presenting the characterization, the following symbols are defined and listed in
Table 8.01.
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Table 8.01 Definition of the symbols used in the characterization of photorefractive effect
Item Definition
P, The output power from the waveguide at the starting measurement time.

P The maximum output power from the waveguide during a period of 10seconds at
the measurement timet.

pmin The minimum output power from the waveguide during a period of 10seconds at
the measurement timett.

P, The average output power from the waveguide at the measurement timet,
P.= (P{™+P™)2.

P./P, The output power change ratio at measurement time't.

AP, The output power variation during 10 seconds measurement timet,
AP =P™-p™",

AP, /P, The output power variation expressed as aratio at the measurement timet,

AP/IP The average output power variation ratio over all sample times,

APIP={ Zn:(APt IP)}in.

t=0

Figure 8.04 shows the average output power variation ratio (AP/P) and its dependence
on temperature at different powers. The dependences of the output power change ratio

(P,/ P,) a different output powers on time at different temperatures were also

measured, see Figure 8.05 and Figure 8.06. Finally the photorefractive effect in a bulk
PPLN sample was investigated to provide a comparison with that in the waveguide
PPLN.

Figure 8.07 shows the dependence of the average power variation ratio (AP/P) for
different output powers ranging from 100uW to 1500uW at a temperature of 20 °C
and 140°C for waveguide and bulk PPLN respectively.

From Figure 8.04 to Figure 8.07, the following conclusions were drawn.

1. The photorefractive effort can be reduced through the zinc indiffusion inside the
waveguide not only at high temperature (140°C), but also at room temperature
(20°C).

2. The photorefractive effort induced by the high power incident beam is much

stronger than that induced by the low power beam.
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3. Increasing the temperature can effectively reduce the photorefractive effort in both
bulk and waveguide PPLN sample.

Figure 8.04. The output power variation ratio (AP/P) dependence on the different
temperatures under the different powers for the Zn indiffused waveguide.

Figure 8.05. The output power change ratio (P,/ P,) at different output powers showing
the dependence on time at atemperature of 20°C for the Zn indiffused waveguide.
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Figure 8.06. The output power change ratio (P,/ P,) at different output powers showing
the dependence on time at atemperature of 140°C for the Zn indiffused waveguide.

Figure.8.07. The dependence of the average output power variation ratio (AP/P) for
different output powers P, ranging from 100uW to 1500uW at a temperature of 20 °C and

140°C for zinc indiffused waveguides and bulk PPLN respectively.

8.3 Blue Light Generation in Zinc Indiffused PPLN Channel
Waveguides

Having investigated green generation we now move on to blue generation. 500um

wide gratings with a period of 8.8um were patterned on —z face of the sample. This

159



Chapter 8: Visible SHG in Zinc Indiffused PPLN Channel Waveguides

period was chosen as suitable for third order QPM frequency doubling to the blue
from an infrared wavelength of approximately 835nm. Poling was carried out by
using the method described in chapter 4. The channel waveguide was then fabricated,
parallel to the x-axis, on the PPLN sample by diffusing Zn strips, 80nm thick and
ranging in width from 1.8um to 2.4um in 0.2um steps at 930°C over a period of 80
minutes, this width of the waveguide was chosen in order to get single mode
waveguides for the fundamental beam at a wavelength of 835nm. The sample was

then cut and polished, yielding 12mm long channel waveguides on the PPLN sample.

Figure 8.08. Schematic diagram of the set up for blue light generation by using a tuneable
titanium sapphire (Ti:Al,Oz) laser.

A tuneable titanium sapphire (Ti:Al,Os3) laser was used for the characterization of the
SHG from the channel waveguides. A schematic diagram of the set up was shown in
Figure 8.08. The incident beam from the Ti:Al,O5 laser was coupled into the PPLN
waveguide sample located inside the oven, the output beam from the channel
waveguide was focused on to the detector by using a microscope objective. The
polarization direction of the launched beam could be modified and controlled by the
836nm half wave plate which was inserted between the lens and the mirror. The
fundamental beam was TM polarized in order to take advantage of the optimal non-
linear susceptibility tensor coefficient ds3, an optical band-pass filter (95%
transmission at 417.5nm, 0% transmission at the 835nm) was used to block the
fundamental beam from the output side of waveguide, the mode profile of the SHG
light from Zn-diffused PPLN waveguide was recorded using the CCD camera and the

power of the SHG was measured by using a power meter at different temperatures.

Figure 8.09 shows the third order SHG output from the waveguide as a function of
temperature. The width of the waveguide was around 2.0um and the fundamental
beam in this case was polarized along the z-direction, i.e. TM polarized, producing an
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interaction with the d,, coefficient. As shown in the figure, phase matched

conversion was achieved from the TM0O0 mode at the fundamental beam to the TM0O0
mode at the SHG beam. The maximum power obtained in the blue was 8.63uW for a
coupled power of 12.1mW, allowing for the 14% reflection loss at each end face of

the sample, the conversion efficiency of third order SHG was 3.52%W™*.cm™?
According to the Eq.(7.06), we haven o« /Iz—inz , Where mis the order of the QPM and

A isthe fundamental wavelength. Thus the conversion efficiency of third order SHG
for the 835nm is equivalent to 19.5%W.cm™? if scaled to 1064nm wavelength and
first order QPM. See Table 8.02.

Figure 8.09. Dependence of the third order SHG output power vs. temperature. The inset
picture is the mode profile at 417.5nm (single mode).

Table 8.02 7 scaled to 1064nm wavelength and first order QPM equivalent

Wavelength 1552.4nm 1064nm 835nm (3" order)

Measured 7 59%W*.cm 16.7%W*.cm™ 3.52%W™*.cm™

n scledto1064nmand o5 gopntem? 16 7%Wlem?  19.5%Wcm?
first order QPM equivalent

From Table 8.02, it can be seen that the scaled conversion efficiency of the third order
SHG in this demonstration device is similar to that achieved for first order second
harmonic green generation but is more than 6 times smaller than that expected from
the scaled SHG conversion efficiency of the device for 1550nm. In addition, the
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bandwidth of the QPM temperature curve (0.4°C) is considerably wider than that
calculated based on theory (0.25°C).

It is believed that variations in the effective index profile aong the length of the
waveguide due to variations in the width of zinc stripe during the lift off patterning
process, have a more detrimental effect on the phase matching in the small core
channel waveguide than in the larger guides used at 1550nm. Moreover the
uniformity of the PPLN grating with larger periods along the whole length of
waveguide is better than that with the small periods.

The variations in the width of zinc strips along the waveguide during the lift off
patterning process and its influence on the SHG conversion efficiency was further
investigated based on the following method. First of all, the widths of the zinc film
strips after the lift off process were measured at the different point (from point A to
point H) along the length of the waveguide by using the Alpha Step, the length of the
sample is 10mm, the width of the waveguides are 2.0pm and 7.0um, see Figure 8.10.
The waveguide width variation is listed in Table 8.03, the standard deviation was
calculated based on Eq.(8.01):

N 8.01
SZ\/(Z(XN -X)*) /(N -1
Where: x=(D_X,)/N.

Then based on the measured data the effective index change inside the waveguide was
calculated, finally the QPM curve as a function of temperature was derived based on
the effective index change and the cal culated shift in the QPM curve.

Figure 8.10. The widths of the zinc stripes after the “lift off” process were measured at
different points (from point A to point H) along the length of the waveguide by using the
Alpha Step.
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Table 8.03 The width variation of the zinc stripe along the waveguide.

Measured point Width of stripe 1 (nm) Width of stripe2 (nm)
A 1880 6900
B 1920 6930
C 1900 7020
D 2020 7080
E 2070 7050
F 2120 7140
G 2060 7080
H 2080 7120
Standard deviation 95nm 98nm

In order to simplify the analysis, a vastly simplified model was used based on a step
index fibre. It was assumed that the zinc indiffused channel waveguide has a same
structure as normal single mode optical fiber used to guide a 1550nm or 835nm laser

beam, the refractive index profile in the core (n,) and the cladding (n,) has a step

profile, other parameters are listed in Table 8.04.

Table 8.04 The parameters of the waveguide for 1550nm and 835nm wavelength.

Diameter of core (um) n, n, Variation of core (nm) A (nm)
2.0 21797  2.1767 +/-100 835
7.0 2.1459  2.1429 +/-100 1550

Based on the above mentioned waveguide model and data listed in the Table 8.03,
modeled QPM curves have been ssmulated using Matlab. Figure 8.11 and Figure 8.12
show the results of simulation of a single mode waveguide for both the 835nm
wavelength and 1550nm wavelength respectively. A comparison of the relevant
calculated data for the two waveguidesis listed in Table 8.05.

Table 8.05 Comparison of the QPM curve shifting due to the waveguide width variation.

Wavelength(nm) 835 1550
Width of waveguide(pm) 2 7

QPM temperature (°C) 117.3 140.5
Bandwidth of QPM temperature (°C) 0.3 1.7
Variation of width (nm) 100 200 100 200
Variation to width ratio (%) 5 10 1.7 34
QPM Temperature shift (°C) 0.4 0.8 0.2 0.4
Shift of QPM bandwidth ratio (%) 133.3 266.6 12 24
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Figure 8.11. The QPM temperature curve shift due to waveguide width variation, the
width of the waveguide is 2.0um, and the wavelength is 835nm.

Figure 8.12. The QPM temperature curve shift due to waveguide width variation, the
width of the waveguide is 7.0um, the wavelength is 1550nm.
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From Figure 8.11, Figure 8.12 and Table 8.05, it is clear that for the same width
variation of the waveguide, the temperature shift of the QPM curve is smaller in
single mode waveguides for the 1550nm wavelength than that in the single mode
waveguides for the 835nm wavelength, thus the width variation has a more
detrimental effect on the efficiency in the small core waveguide than in the larger core
one, resulting in a lower SHG conversion efficiency for the shorter wavelength. The

simple modelling results give a good explanation of the experimental data.

This chapter has described visible light generation by using the PPLN waveguide
devices fabricated based on procedures described in chapter 6. Green light (532nm)
was obtained by frequency doubling incident beams from a Nd:YAG laser through a
PPLN waveguide device and a conversion efficiency of 16.7%W*.cm for first order
SHG was achieved. The photorefractive effect induced by the green light was
investigated. Blue light (417.5nm) SHG was achieved through third order QPM by
frequency doubling a tuneable titanium sapphire (Ti:Al203) laser and a conversion
efficiency of 3.52%W™.cmfor third order SHG was achieved.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

In this research, the fabrication of periodically poled lithium niobate (PPLN) and
MgO-doped lithium niobate (PPMgLN) with grating periods ranging from 30um to
5.0um has been demonstrated. Different poling methods have been tried and
compared, the work also shows that the grating quality of PPLN is determined by
several factors, in particular, supplier variation, grating pattern design, thickness of
the photo-resist, and the UV exposure time have all been investigated and analysed in
detail.

It is widely believed that poling processes are governed by two mechanisms,
nucleation of new domains and domain wall spreading under applied field [1,2,3].
The surface quality of the sample thus directly influences poling quality. Two factors
were considered in this research, conductivity and surface defects, generally low
conductivity is good for poling, because the low conductivity can reduce charge
motion beneath the patterned electrodes [4], and surface defects are undesirable for
forming new domains in term of uniformity. It was found that by carefully baking the
sample after spin-coating the photo-resist can effectively reduce the spontaneous

poling dots on the surface of sample, and, therefore, improve the poling quality.

The photo-resist thickness is more critical for fine period gratings than for longer
period ones, increasing the thickness of the photo-resist was found to greatly improve
the quality of poling. Good quality PPLN samples with fine period gratings were
obtained by using 1.8um thick photo-resist S1813.

The grating pattern design on the mask is crucial for high poling quality of PPLN, a
new mask was designed for different period gratings. During the scope of this project,
it was found that for large period gratings, better poling quality was achieved by using

multiple small openings within each domain of the grating, allowing an increased
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density of edges and corners in the photo-resist. For fine period gratings, narrow
width gratings or a set of narrow sub-sections in the grating structure result in better
poling quality. In addition, the mark-space ratio of the mask is important for poling
quality, for large periods of PPLN, a suitable mark-space ratio is 40:60. For small
periods of PPLN, a 30:70 mark-space ratio is suggested.

There is little difference in outcome between gel and metal electrodes used for the
poling processes, but the gel method does show some advantages in lower electrode
remnant on the surface of the PPLN grating after poling. However, Al electrodes are
much better than gel electrodes in the backswitch poling method [5].

HexLN samples with a spatial period of 18.05um and PPLT bulk samples with
periods ranging from 7.0um to 10um were successfully fabricated. A planar buried
waveguide was fabricated by Dr. Gallo in a HexLN sample using proton exchange.
Second harmonic generation (red light) and third harmonic generation (green light)
for 1536nm wavelength were observed. A PPLT sample was characterized by A. A.
Lagatsky et al., where 40% conversion efficiency was obtained.

A novel process for forming zinc indiffused channel waveguides in PPLN was
demonstrated. Both TE and TM modes are well confined, and guided in the zinc
waveguides thermally indiffused at temperatures of 900°C or above. The SHG
conversion efficiency for a 1552.4nm wavelength was measured, individual modes of
the second harmonic were observed by tuning the temperature, a peak conversion
efficiency of 59%W™*.cm™ was achieved at the room temperature. Using a short pulse
source and an appropriately short waveguide, an SHG conversion efficiency of 81%
was achieved.

Visible light generation by using the PPLN waveguide devices was investigated.
Green light (532nm) was obtained by frequency doubling incident beams from a
Nd:YAG laser and a conversion efficiency of 16.7%W™*.cm? for first order SHG was
achieved. Blue light (417.5nm) SHG was achieved through third order QPM by
frequency doubling a tuneable titanium sapphire (Ti:Al203) laser and a conversion
efficiency of 3.52%W™*.cm™for third order SHG was achieved.

168



Chapter 9: Conclusions and Future Work

9.2 The Future Work

Despite the accomplishments of this research, a great deal remains to be done to
realize the full potentia of electric field periodic poling techniques and zinc
indiffused PPLN waveguide devices. Further investigations are needed to optimize
the waveguide fabrication conditions for different wavelengths. Efforts to achieve
shorter domain periods while maintaining duty cycle uniformity over large areas must
continue. With even finer periods to allow first order operation in the blue and better
power handling capability, greater conversion efficiency for visible lasers can be
realized. The following topics provide important areas for future work.

9.2.1 Segmented Tapered Waveguides

The input coupling efficiency of the waveguides in experiments described in the
previous chapters is around 20-35% which islower than ideal. The main reason is that
the NA and mode size of a launched fibre (or the input beam through the objective
lens) cannot match with that of the zinc indiffused channel waveguide due to the
different refractive index and core size of the waveguide. The mode size of the single
mode zinc indiffused waveguide can be modified to match better that of the fibre
through decreasing the An (refractive index difference) between the core and substrate,
but a small An also results in a waveguide that is more sensitive to the deviation of

core size, hence decreasing the SHG efficiency.

Axial tapering of a dielectric waveguide structure is an effective method in
transforming the mode properties of the input beam. In a tapered waveguide the mode
size can be transformed in different portions of the waveguide. This increases the
input and output coupling efficiency [6,7]. Tapered waveguide structure also allow
effective coupling between single-mode to multi-mode waveguides, which is
important in nonlinear guided-wave mixers, for example SHG device as described

above.

The axia tapering of a dielectric waveguide can be effectively achieved by using a
segmented taper structure which consists of segments that repeat with a period A.Each
segment with the length of | would be zinc indiffused producing an index-change An

and is separated by an un-diffused region [8], Figure 9.01(a) shows a schematic plot

169



Chapter 9: Conclusions and Future Work

of a periodically segmented waveguide. Based on theoretical and experimental
investigations in previous literature [9,10,11,12], the equivalent refractive index in the
segmented waveguide is taken to be: n,, = Anl", where the duty cycle I =1/A.

Figure 9.01. Segmented taper waveguide structure. (a) Schematic picture of a
periodically segmented waveguide; (b) Tapered waveguide using segmented
structure. Duty cycle and the width of segments can be modified simultaneously to
optimize the mode size transformation.

The effective refractive index of the waveguide can be controlled and modified by
changing the physical width and duty cycle of the segmented structure, resulting in
mode size transformation in different portions of the waveguide, as illustrated in
figure 9.01(b).

9.2.2 Further Improvement of Device Efficiency

Although high conversion efficiency has been demonstrated for a 1550nm wavelength
in this research, there is still a need to increase the conversion efficiency especially
for visible light generation. Fine period PPLN gratings are crucial for first order QPM
blue light generation, improving the uniformity of the PPLN grating for fine periods
and the quality of the waveguide could effectively increase the conversion efficiency.
Thus the existing poling techniques need to be improved in order to get fine periods
of PPLN with high quality.

Recently, several poling methods have been reported to pole fine period PPLN, such

as using the corona technique and the atomic force microscopy (AFM) poling method
[13,14]. PPLN sample with periods lower than 1um have been obtained, results show
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Appendix A

M atlab Code

Matlab code for SHG conversion efficiency

%To estimate the overlap integral in our device, the Gaussian fitting was
%used to represent the normalized spatial profiles of the transverse
%waveguide modes at the two wavelength along the y direction.the Hermit-
Gaussian fitting was

%used to represent the normalized spatial profiles of the transverse
%waveguide modes at the two wavelength along the x direction. the hermit
guanssian fitting

%can be expressed as following:

WF(X)=Clxexp(-x."2/(d)."2); x</=d

%F(x)=C2exp(-(x-d)/b); x>d

%Gaussina fit for SHG mode in y direction=exp(-(y-0).72./(2.*1.8.72))
%Hermite-Gaussina fit for SHG mode in x direction.

d=2.6; b=1.15; cl1=1; c2=0.95;

x=0:0.1:2.6;

y=2.6:0.1:20;

fl=cl._*x.*exp(-x."2_./(d.-"2));

f2=c2.*exp(-(y-d)./b);

plot(x,fl,y,f2)

hold on

%Gaussian fit for fundamentalmode in y direction=exp(-(y-0).722./(2.*2.8.72))
%Hermit-Gaussian fit for fundamentalmode in X direction

dd=3.6; bb=1.4; ccl=1; cc2=1.33;

x=0:0.1:3.6;
y=3.6:0.1:20;
ffl=ccl.*x_.*exp(-x."2./(dd-"2));
ff2=cc2.*exp(-(y-dd)./bb);

plot(x,Ff1./1.2,y,FF2./1.2)

%F1 is the normalized spatial profiles of the transverse waveguide modes at
%fundamental wavelength, when x</=3; F2 is when x>3;

%V1l and V2 are the integral of the spatial profiles of the fundamental mode
%when x>/=3 and >3 respectively.

%

cl=1; c2=0.75;97=2;99=1.3;96=4; g8=0.9;
ccl=1; cc2=1.81; gg6=6.5;997=2.5;998=1.25; gg9=3.4;

Fl=inline(" (1.*x.*exp(-(x-3.4).72./(2.5.72)) . *exp(~(y-0) .72./(2.%2.6.72))) .~1")
Vi=dblquad(F1,0,6.5,-10,10)

F2=inline("(1-81.*exp(-(x-6.5)./1.25) . *exp(-(y-0) -~"2./(2-*2.6.72))) -~")
vV2=dblquad(F2,6.5,10,-10,10)

%S1 is the normalized spatial profiles of the transverse waveguide modes at
%SHG wavelength, when x</=2.5; F2 is when x>2.5;

%V11l and V22 are the integral of the spatial profiles of the fundamental mode
%when x>/=2_.5 and >2.5 respectively.

Sl=inline("(1.*x.*exp(-(x-1.3).7"2.7/(2.72)) . *exp(-(y-0) .~"2_./(2-*1.8.72))) .~")
S2=inline("(0.75.*exp(-(x-4)./0.9) . *exp(-(y-0).~2./(2.*%1.8.72))).~1")
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V11=dblquad(S1,0,4,-10,10)
v22=dblquad(s2,4,10,-10,10)

%ef is the normalized constant of the spatial mode profile for fundamental
%wave length

%es is the normalized constant of the spatial mode profile for SHG

%wave length

ef=1._/sqrt(V1+V2)

es=1./sqrt(V11+v22)

%F is the normalized overlap of spatial mode profiles between the
%fundamental mode and the SHG mode

%0.16 is the value of the ef(normalized constant for fundamental)
%0.262 is the value of es (normalized constant for SHG)

Fa=inline("(0.1.72.*1.*x.*exp(-(x-3.4).72./(2.5.72)) .*exp(-(y-
0).72./(2.*2.6.72))) .~1.*0.2.*sqrt(1.*x.*exp(-(x-1.3) .72.7/(2.72)) - *exp(-(y-
0).72./(2.*1.8.72)))")

Fb=inline("(0.1.72.*1.81.*exp(-(x-6.5)./1.25) . *exp(-(y-
0).2"2./(2.%2.6.72)))-M.*0.2_.*sqrt(0.75.%exp(-(x-4) ./0.9) . *exp(-(y-
0).7"2./(2.*1.8.72)))")

%V is the overlap integral of the interacting modes

Va=dblquad(Fa,0,3.4,-10,10)
Vb=dblquad(Fb,3.4,10,-10,10)

V=Va+Vb

a=17e-12; %EFffective nonlinear coefficient

b=V;

c=2.175; %The extraordinary refractive index of lithium niobate at 1550nm
d=8.8542e-12; %Permittivity of free space

T=3e8; %The vaccum speed of light

g=1.55e-6; %Fundamental wavelength

%w Is the normallized SHG conversion efficiency

w=(((a-."2).7/(c.*3)) .*((8.*pi .~2) ./ (F.*d.*g.~2))) .*b."2.*1e8

Matlab code for coupling efficiency from fibre to channel waveguide.

%To estimate the overlap integral in our device, the Gaussian Fitting was
%used to represent the normalized spatial profiles of the transverse
Y%waveguide modes at 1550nm for fiber and mode in waveguide along the y
direction.the Hermit-Gaussian fitting was

%used to represent the normalized spatial profiles of the transverse
Y%waveguide modes at the two wavelength along the x direction. the hermit
guanssian fitting

%can be expressed as following:

%TF(Xx)=Clxexp(-(x-gg9).7"2/(gg7)-"2); x</=gg6

UWF(x)=C2exp(-(x-gg6)/gg8); X>gg6

%Gaussina fit for mode in fiber for 1550nm, the mode field diameter for
%single mode fiber G652 at 1550nm is 10.4um. so the deviation of the
%Gaussian Is 2.6um.

sS=2.6;m=4.2;

x=-10:0.1:20;

y=exp(-(x-m)."2./(2.*s."2));

plot(x,y-*3.8)

hold on

%Gaussian Tit for fundamentalmode in y direction=exp(-(y-0).72./7(2.*2.8.72))
%Hermit-Gaussian fit for fundamentalmode iIn x direction
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ccl=1; cc2=1.45; gg6=6.5;997=2.5;998=1.25; gg9=3.4

.5;
- :20;

=ccl.*x.*exp(-(x-gg9) -"2./(9g97-"2));
Ff2=cc2.*exp(-(y-gg6)./998);

:0.1:6
5:0.1

plot(x,ffl,y,ff2)
%

sS=2.6;m=4.2;
ccl=1; cc2=1.45; gg6=6.5;997=2.5;998=1.25; gg9=3.4;

%F1 iIs the normalized spatial profiles of the transverse waveguide modes at
%fundamental wavelength, when x</=6.5; F2 is when x>6.5;

%V1l and V2 are the integral of the spatial profiles of the fundamental mode
Y%when x>/=3 and >3 respectively.

Flzinline(" (1.*x.*exp(-(x-3.4) ."2_/(2.5.72)) .*exp(-(y-0) .~2./(2.%2.6.72))) .~1")
vi=dblquad(F1,0,6.5,-10,10)

F2=inline(" (1.45.%exp(-(x-6.5)./1.25) .*exp(-(y-0) ."2./(2.%2.6.72))) . 1")
v2=dblquad(F2,6.5,15,-10,10)

%S1 is the normalized spatial profiles of the transverse modes at
%fundamental wavelength inside the fibre,

Si=inline(Cexp(-(x-4.2) ."2./(2.%*2.6.72)) .*exp(-(y-0) ."2./(2.%2.6.72))")
vi1=dblquad(Sl,-5,15,-10,10)

%ef Is the normalized constant of the spatial mode profile for fundamental
%wave length

%es Is the normalized constant of the spatial mode profile for 1550nm
%wavelength inside fibre

ef=1./sqrt(V1i+Vv2)
es=1./sqrt(V11)

%F is the normalized overlap of spatial mode profiles between the
%Fiber and waveguide

%0.1 is the value of the ef(normalized constant for fundamentalmode in
Y%waveguide

%0.15 is the value of es (nhormalized constant for mode in fibre

Fa=inline("0.1.*sqrt(1.*x.*exp(-(x-3.4) ."2./(2.5.72)) . *exp(-(y-
0).2"2./(2.%2.6.72))).*0.15_*sqrt(exp(-(x-4.2) .~"2./(2.*2.6."2)) . *exp(-(y-
0).72"2./(2.*%2.6.72)))")
Fb=inline("0.1.*sqrt(1.45.*exp(-(x-6.5)./1.25) . *exp(-(y-
0).2"2./(2.%2.6.72)))-*0.15.*0.15.*sgrt(exp(-(x-4.2) ."2./(2.*%2.6.72)) . *exp(-(y-
0).722./(2.*%2.6.72)))")

%V is the overlap integral of the interacting modes

Va=dblquad(Fa,0,6.4,-10,10)
Vb=dblquad(Fb,6.4,15,-10,10)

v=(Va+Vb) .~2
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promise that ferroelectric domains can be tailored in sub-micrometer and even
nanometer scale in bulk ferroelectrics, leading to the development of nano-structured

nonlinear photonic devices.
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