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Summary

Complex oxides with the perovskite structure offer a variety of phys-
ical properties useful to electronic devices. Among this class of func-
tional oxides, (Pb,La)(Zr,Ti)O3 (PLZT) has emerged as an attrac-
tive material for photonic device applications by virtue of its high
transparency to infrared light and a strong electro-optic response.
Although the properties of PLZT were extensively charted in recent
decades, this ferroelectric compound has not yet found widespread
use in optics. The aim of the present thesis project has been to
explore the case for fabrication of planar electro-optic and photonic
waveguide devices in epitaxial PLZT thin films. Such devices require
films of high crystalline quality and a smooth surface morphology, in
order to minimize scattering losses, as well as precise control with the
cation stoichiometry to ensure homogeneous physical properties. To
this end, on-axis radio frequency magnetron sputtering was adopted
for growth of epitaxial PLZT thin films on SrTiO3(001), MgO(001),
and buffered Si(001) substrates. The composition of PLZT was cho-
sen with 8 % lanthanum substitution for Pb and a Zr:Ti cation ratio
of 40:60, in order to obtain the tetragonal phase with a linear electro-
optic response and a large coercive field, characteristics attractive to
optical devices, such as modulators, switches, and directional cou-
plers.

X-ray diffraction analysis showed c-axis oriented PLZT thin films
grown on these substrates, with a rocking curve full width at half
maximum of less than 0.3° for the PLZT(001) reflection. Tt was
found that the films were prone to formation of the PLZT pyrochlore
phase for substrate temperatures below ~500°C. The surface and
bulk chemical composition of the films were assessed from x-ray pho-
toelectron spectroscopy (XPS) and Auger depth profiling measure-



ments, respectively. The XPS measurements revealed a growing de-
ficiency in Pb with increasing substrate temperature, which spells a
deviation from the perovskite cation stoichiometry at the films sur-
face. The recorded Auger depth profiles showed good composition
uniformity throughout the PLZT layer. Also, the depth profiles sug-
gest that the SrTiO3 buffer layer serves not only as a template for
epitaxial growth, but also as a barrier suppressing Pb-Si interdiffu-
sion between the PLZT layer and the Si substrate.

The ferroelectric characteristics of the films were assessed from
recorded polarization vs. electric field (P E) loops, which showed a
remanent polarization P, ~ 35-40 pm/cm? and a coercive field in
the range E. = 100-250 kV /cm. Moreover, it was established from
atomic force microscopy measurements that the film surface rough-
ness complies with the requirement for low-loss wave propagation
in waveguide devices defined in such films. Optical characterization
by prism coupling and spectroscopic ellipsometry measurements was
carried out in order to check the thickness and determine the refrac-
tive index of the PLZT thin films. For A = 1.55 pm, the refractive
index was measured at ~2.45. The strong ferroelectric response
combined with a smooth surface morphology and a high refractive
index open up perspectives for a number of potential applications
of these epilayers, ranging from integrated electro-optic devices to
non-volatile memory.

The electro-optic properties for PLZT on MgO(001) were inves-
tigated by fabrication of a ridge-type Mach-Zehnder interferometer,
using UV lithography and chemical wet etching. Transverse electric
(TE) polarized light (A = 1.55 ym) was coupled into the waveguide
device by means of tapered lensed fibers. With a co-planar elec-
trode geometry, electro-optic modulation up to 80 % of the guided
light intensity was achieved at a half-wave voltage V, ~ 150 V. The
corresponding Pockels coefficient was estimated at vs5; ~ 8.3 pm/V.

Furthermore, this thesis work includes a theoretical and experi-
mental study of thin film photonic crystals, also known as photonic
crystal slabs (PCSs), which offer a promising potential for miniaturi-
zation of integrated photonic devices. For a hole-type, air-suspended
PLZT PCS with a hexagonal 2D lattice, a photonic band gap for
TE-like modes of ~27 % of the mid-gap frequency was obtained
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from numerical simulations. PCSs and line-defect waveguides were
defined, using focused ion beam etching, in ridge-type waveguides
preprocessed in PLZT on MgO(001). Finite-difference time-domain
calculations showed that out-of-plane structural asymmetry, such as
that introduced by a conical shape of the FIB-etched air holes and
the presence of an underlying substrate, impairs the optical isolation
properties of the PCS.
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Chapter 1

Introduction

Future advances of electronic devices and circuitry for sensor tech-
nology and information processing are set to rely on new materials as
well as on fundamentally new approaches [1]. For example, increased
performance of electronic systems may be realized by integrating
optical circuits and photonic components with current silicon-based
technology |2, 3.

1.1 Perovskite oxides and photonic device
applications

Materials with physical properties responding to external forces and
variables, such as electric and magnetic fields, temperature, pressure,
radiation, etc., are commonly referred to as functional materials.
These include a family of ceramic compounds, known as perovskite
oxides, which offer a number of attractive functional properties [4],
ie.,

e piezoelectricity - the generation of an electric field in response
to applied mechanical stress,

e pyroelectricity - the generation of an electric field in response
to a change in temperature,
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e ferroelectricity - the presence of a spontaneous electric dipole
moment, the direction of which can be switched by application
of an external electric field,

e ferromagnetism - the presence of a spontaneous magnetization,
the direction of which can be reversed by application of an
external magnetic field

e clectro-optic effect - a change of optical properties in response
to an applied electric field.

e non-linear optic effect - the induction of non-linear polarization
in response to an applied electric field.

These functional properties are utilized in a wide variety of electronic
devices and microsystem applications, including nonvolatile memory
(FeERAM, MRAM) [5-9], ferroelectric field effect transistors [10-12],
microelectromechanical systems (MEMS) [13 15|, surface acoustic
wave devices [16 19|, and electroacoustic transducers [20, 21].

Epitaxial integration of perovskite oxide thin films in photonic
microsystems is of major technological interest in terms of increased
design flexibility and reduced production cost for integrated optics,
compared to devices based on bulk crystalline materials. Moreover,
such thin film integration opens up for new device concepts. Follow-
ing recent advances in oxide thin film epitaxy, perovskite oxides have
found use in optical waveguides [22-25|, diffraction gratings [26],
beam deflectors |27, sensors |28, 29|, optical storage 30|, frequency
doublers [31], electroluminescence devices [32], pyroelectric infrared
detectors [33, 34|, and various electro-optic components [35, 36].

By force of their large electro-optic coefficient, ferroelectric crys-
tals are recognized as an important class of materials for device appli-
cations. The electro-optic effect is commonly used for beam steering
and shaping, dynamic focusing, switching, and optical modulation.
LiNbOj3 has long been the material of choice for such applications.
Numerous electro-optic modulators and waveguide components have
been fabricated in LiINbOj3 [37-39]. Other ferroelectrics with a strong
electro-optic response include BaTiO3, KNbO3, K(Ta,Nb)O3, LiTaOs3,
(Sr,Ba)NbyOg, and (Pb,La)(Zr,Ti)Os (PLZT).
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The development of optically transparent PLZT ceramics [40],
with electro-optic properties that can be controlled by adjusting the
cation composition, renders this materials system highly attractive
for optical applications [41, 42|. Ceramic PLZT was first applied in
optical shutter technology [43-46|. In the 1970’s, optical components
based on this principle were commercialized, including eye protec-
tive devices (flash goggles) and linear gate arrays for optical encod-
ing [47-49]. Moreover, PLZT ceramics were studied extensively in
efforts to develop page composers and image storage devices [50, 51].
Land et al. [52] demonstrated that optical images could be stored
(nonvolatile) in PLZT ceramics. The stored data could be erased
and rewritten using a combination of light and an applied bias volt-
age. Lenses with variable focal length and dual focal points were
demonstrated in the 1990’s using PLZT with transparent electrodes
[53-55|. A high diffraction efficiency electro-optic phase grating fab-
ricated on a PLZT ceramic wafer was reported by Song et al. [56].
PLZT ceramics were also introduced in applications such as displays
and optical modulators [57-62].

The successful fabrication of optically transparent, crystalline
PLZT thin films with strong electro-optic effects [63-66| lead to the
development of thin film devices with substantial potential for appli-
cations in integrated optics. Kawaguchi et al. [67| reported thin-film
ridge-type waveguides formed in PLZT, for which the electro-optic
response was investigated by fabrication of a Mach-Zehnder type in-
terferometer. The experiments showed that the magnitude of the
quadratic electro-optic effect was several times larger than that of
conventional Ti-diffused LiNbO3 waveguides. Jin et al. [68] con-
structed a Mach-Zehnder type electro-optic modulator from reversed-
ridge PLZT thin film waveguides. For \y = 1.55 pm, the propagation
losses of the reversed-ridge waveguides were measured at 2.7 dB/cm.
The extinction ratio and the half-wave modulation voltage for the
Mach-Zehnder modulator were reported at 14.4 dB and V;, = 8.5V,
respectively. Wang et al. [69] demonstrated PLZT thin film interfer-
ometers with fast switching and low driving voltage, characteristics
beneficial to spatial light modulators. In a recent work, Fujii et
al. [70] reported a 180 x 180 pixel electro-optic spatial light modu-
lator with 7 ns switching speed fabricated in thin-film PLZT. Optical
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waveguide switches based on the electro-optic effect are promising
devices for the realization of high-speed multiplexers in optical com-
munication networks. A four-port channel waveguide switch with 3
dB modulation depth, GHz switching speed, and switching voltages
less than 5 V was demonstrated in PLZT thin films |71]. Glebov
et al. reported electro-optic planar deflector switches with thin film
PLZT active elements [72, 73].

The developments referred to above have motivated the research
discussed in this thesis on the PLZT materials system. The work
is focussed on epitaxial growth of ferroelectric PLZT thin films for
electro-optic device applications.

1.1.1 Ferroelectricity and the electro-optic effect

The origin of ferroelectricity derives from the crystalline structure
of the material. Only non-centrosymmetric crystals, i.e., crystals
without an inversion center, possess polar properties. All of the 21
non-centrosymmetric point groups (except for point group 432) ex-
hibit the piezoelectric effect. Ten out of these possess a unique polar
axis and exhibit the pyroelectric effect. In such crystals the sponta-
neous polarization vector has two or more equilibrium orientations.
Pyroelectric crystals in which the spontaneous polarization can be
switched between these equilibrium orientations by application of an
external electric field are classified as ferroelectric [4, 74].
Ferroelectric oxides with the perovskite structure possess a unique
polar axis and have the stoichiometric formula ABOj3. Common
examples of such materials include BaTiOj3, BiFeOs, PbTiOg3, and
SrTiO3. Figure 1.1(a) shows a schematic of the ABOj3 unit cell in
the paraelectric cubic phase. The A-cations sit at the corners of
the unit cell, and the B-cation is located in the center. The oxygen
anions (O) are octahedrally coordinated with respect to the smaller
B-cation. In general, ferroelectric materials undergo a structural
phase transition from a high temperature paraelectric phase to a
low temperature ferroelectric phase of lower symmetry. For a perov-
skite oxide, the transition from the cubic paraelectric phase to the
tetragonal ferroelectric phase is associated with a displacement of
the B-cation along the unit cell c-axis, as depicted in Figures 1.1(b)
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Figure 1.1: Schematic of the unit cell of the ABOs perovskite oxide in
(a) the paraelectric phase, (b) the ferroelectric phase with the B-cation
displaced upwards, and (c) the ferroelectric phase with the B-cation dis-
placed downwards.

and (c). The displacement of the B-cation relative to the centrosym-
metric position results in a net charge displacement, i.e., an electric
dipole moment [74].

The direction of this charge displacement, or dipole moment,
depends on the mechanical and electrical boundary conditions im-
posed on the ferroelectric crystal. A region of uniform spontaneous
polarization is referred to as a ferroelectric domain. Domains of
opposite directions are formed during the ferroelectric phase transi-
tion in order to minimize the electrostatic energy of the depolarizing
field, as well as the elastic energy associated with mechanical con-
straints. The reversal of the spontaneous polarization by an applied
electric field is referred to as polarization switching and results in a
characteristic hysteresis behavior for polarization vs. electric field,
also known as a P FE loop. Figure 1.2 shows a typical P E loop for
a crystal with an ideal ferroelectric response. The polarization at
zero applied field (E = 0) is referred to as the remanent polariza-
tion, P, whereas the minimum electric field required to switch the
polarization direction (P = 0) is referred to as the coercive field, E..

The electro-optic response of perovskite oxides has important
implications for devices, as it permits modification of the phase ve-
locity of electromagnetic waves in the material by application of an
external electric field. In general, the propagation of electromag-
netic waves in a dielectric crystal can be described in terms of the
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Figure 1.2: Polarization (P) versus electric field (E) hysteresis curve for
a ferroelectric crystal. Ps, P, and E. denote the saturation polarization,
remanent polarization, and coercive field, respectively. Upon initial poling
of a ferroelectric crystal and subsequent polarization reversals, the trace
of P vs. E follows the hysteresis loop from i to v.

impermeability tensor n = gge~*. The elements 7;; of this tensor

are altered when an electric field E = (E1, B9, E3) is applied to the
crystal, i.e., ;; becomes a function of E. 7;;(E) may be expanded
in a Taylor’s series about £ = 0,

nij(E) = i (0)+ Y vinBEe+ Y sywBrE, i,k 1=1,2,3, (1.1)
K Kl

where v;j; and s;;x; are the linear (Pockels) and the quadratic (Kerr)
electro-optic coefficients, respectively [75].

The Pockels coefficients t;;, form a tensor of third rank. A con-
tracted notation of the index tensor is frequently adopted, i.e., ¢ and
j combine to a single index I, according to a given set of rules.! The
Pockels coefficients of ferroelectric crystals are typically an order
of magnitude higher than those of nonferroelectric materials, which
makes such oxides a favored class of materials for electro-optic de-
vices [40, 76-79]. Moreover, the electro-optic coefficients show a
distinct anisotropy, which derives from the presence of a polar axis.

Lij—1:11—1,22—2, 333, (23,32) — 4, (13,31) — 5, (12,21) — 6.
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An external electric field applied along the c-axis of the crystal gives
rise to a change in the extraordinary (n. — n3) and the ordinary (n,
= ny = ng) refractive indices [75],

1 1
An, = — (5) n§t33E3 and An, = — (5) ngtlzaEs- (1.2)

In absolute terms, the magnitude of the Pockels effect is quite small.
Changes in the refractive index are typically less than 10~%, and thus,
a propagation distance on the order of several thousand wavelengths
(~1 mm) is normally required in order to obtain a phase change
of m radians. In practical terms, this implies that an electro-optic
device requires large dimensions compared to the typical integrated
electronic circuit.

1.2 Photonic crystals

Photonic crystals constitute a novel class of engineered metamate-
rials, with ample potential for photonic device applications. Since
their inception in the late 1980’s [80, 81|, such periodic dielectric
structures have developed into a rapidly growing field of research,
mainly due to their vast potential for device miniaturization and light
manipulation [82]|. The underlying physical concept of a photonic
crystal can be understood by reviewing the fundamental properties
of electromagnetic waves.? The photonic crystal prohibits propa-
gation of electromagnetic radiation of certain wavelengths due to
periodic scattering. This makes their transmission characteristics
the electromagnetic analogue of the electronic band structure of a
crystalline solid, with bands of permitted propagating electromag-
netic states separated by forbidden energy gaps, commonly referred
to as photonic band gaps [83].

The capability of photonic crystals to guide and direct light on
the scale of the optical wavelength by means of coherent localization
of photons, is an important step towards realization of all optical,

2Electromagnetic wave propagation in periodic dielectric media is briefly de-
scribed in Appendix A
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low-loss circuitry for optical telecommunications and high speed op-
tical computers [84 86|. The photonic band gap makes it possible to
construct high-Q cavities for effective radiation sources with zero or
low pumping threshold |87, 88|, negative refractive index metamate-
rials [89] and nano-optical microlenses with ultrashort focal length
[90], as well as micromechanically tunable optical sensors and fil-
ters with a wide range of transmission and reflection coefficients
[91]. Moreover, advanced sensing, enhanced nonlinear effects, and
reduced radiation losses in optical fibers can be realized by incorpo-
rating photonic crystals [92].

Photonic crystals are categorized according to the number of di-
mensions in which the dielectric function is periodic. Figure 1.3
illustrates periodic dielectric structures in one, two, and three di-
mensions. An omnidirectional photonic band gap, i.e., a band gap
exists for propagation of light in all directions, is only possible for
three-dimensional (3D) periodic crystals.

3D 2D 1D

Figure 1.3: Illustration of periodic dielectric structures in one, two, and
three dimensions. Gray color indicate regions of high dielectric constant.

Experimental realization of such 3D periodic structures is a chal-
lenge. However, several promising designs and fabrication strate-
gies have been proposed [93 96]. The strict requirements placed
on alignment and the complex connectivity of 3D photonic crystals
make low-dimensional periodic structures highly attractive, due to
their ease of fabrication. For example, two-dimensional (2D) pe-
riodic structures are utilized in photonic crystal fibers in order to
confine light in the fiber core and diminish the impact of certain ma-
terials phenomena, such as dispersion and non-linear optical effects
[97]. One-dimensional (1D) photonic crystals are commonly utilized
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in multilayered thin film stacks, acting as compact optical isolators
(Bragg reflectors) [98] and stop band filters [99, 100].

Photonic crystal slabs, also known as planar or thin film photo-
nic crystals, are periodic dielectric structures with periodicity in two
dimensions. In the third dimension, i.e., the direction perpendicular
to the plane of the slab, light is confined by index guiding. Such
quasi-2D periodic structures are readily fabricated in dielectric thin
films using standard processing techniques. For this reason, a con-
siderable amount of research has lately been devoted to photonic
crystal slabs [101-104].

1.3 Scope and thesis outline

The key challenge of this work has been to establish experimental
routes to the synthesis of epitaxial thin films of optically transparent
PLZT, intended for applications in integrated photonics and electro-
optic devices. A central issue in this endeavor is to combine such
thin films epitaxially with silicon, the industrially predominant semi-
conductor material. This should greatly enhance the feasibility of
manufacturing integrated devices with ferroelectric oxides. Fabrica-
tion of such devices from monocrystalline thin film epilayers provides
for control and utilization of physical properties which depend on
crystalline direction, such as the linear electro-optic effect.

The final part of the thesis is focussed on the design and fabrica-
tion of photonic crystal slabs and line-defect waveguides, as well as
a ridge-type Mach-Zehnder interferometer, in optically transparent,
epitaxial PLZT thin films. Figure 1.4 depicts a line-defect waveguide,
formed in a photonic crystals slab by a perturbation of the 2D perio-
dicity of the crystal lattice. Compared to conventional thin-film opti-
cal waveguides based on index guiding, line-defect waveguides have
the advantage of low radiation losses and the possibility to bend
and manipulate light on a length scale comparable to the optical
wavelength [105-107|, characteristics important to implementation
of optical circuitry and integrated photonic chips. Besides the po-
tential for device miniaturization with such waveguides, the strong
electro-optic response of PLZT may serve to change the transmission
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properties of the photonic crystal, by applying an external electric
field to modulate the refractive index of the material [108 111].

Figure 1.4: Line-defect waveguide in a photonic crystal slab formed by
removing a row of holes from the 2D crystal lattice. The underlying sub-
strate is removed to form an air-suspended membrane. The slab thickness
and the diameter of the air holes are typically one third of the optical
wavelength.

The outline of this thesis is arranged as follows. The materi-
als system investigated is introduced in Chapter 2, while experi-
mental techniques for thin film growth, materials characterization,
and device fabrication are addressed in Chapter 3. Thin film wave-
guides, photonic crystal slabs, and line-defect waveguides are briefly
reviewed in Chapter 4, highlighting those properties important to
device applications. The synthesis of PLZT thin film epilayers on
various substrates is reported in detail in Chapters 5-7. The results
of numerical simulations of photonic crystal slabs and line-defect
waveguides are discussed in Chapter 8. The design and fabrication
of an electro-optic modulator as well as the processing of photonic
crystal slabs by focused ion beam etching are described in Chapter
9. Chapter 10 holds the main conclusions and an outlook for further
work.
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Chapter 2

Materials system

High performance photonic devices call for materials with attrac-
tive optical properties, such as high transparency, high refractive
index, high photostability, fast response, efficient fluorescence and
electroluminescence, and strong second harmonic generation. The
ferroelectric perovskite (Pb,La)(Zr,Ti)O3 (PLZT) features a number
of these properties, including low absorption at infrared frequencies
[1 3], strong electro-optic and nonlinear effects with subnanosecond
response [4-6], and high remanent polarization [7]. Thus, PLZT thin
films may offer an attractive choice for electro-optic devices and inte-
grated optics, in terms of low power dissipation, high-speed control,
and device miniaturization.

2.1 (Pb,La)(Zr,Ti)O;

The physical properties of La-substituted Ph(Zr,Ti)O3 (PZT) ce-
ramics were identified in the early 1970’s at the Sandia Laboratories
[7, 8]. Optical transparency of this ferroelectric oxide is achieved by
substitution of lanthanum on the A (Pb) sites of the PZT perov-
skite unit cell, ¢f. Figure 1.1. The valence of this dopant (La3")
exceeds that of the substituted Ph?** ions. This type of substitution
is referred to as soft doping, i.e., the optical anisotropy of the crys-
talline grains is reduced, which transforms the ceramic compound
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from opaque to transparent. The general formula for PLZT,
Pblfoaz(ZryTilfy)l—m/4OS7

presumes that charge neutrality is maintained through the formation
of one B site vacancy (Zr,Ti) for every 4 at.% La |7].

The properties and applications of PLZT ceramics are to a large
extent governed by the elemental composition [8, 9. Figure 2.1 dis-
plays the room-temperature phase diagram for the PLZT system.
Compositions from the PbTiOj3 rich end of the solution tend to fa-

PbZrO, PbTiO,

e PLZT 8/40/60

iIU 10/terroelectric ferroelectric/tetragonal
X
< 20
paraelectric/cubic
30 1 1 1 1
100/0 80/20 60/40 40/60 20/80 0/100

Zr/Ti ratio

Figure 2.1: Phase diagram for (Pb,La)(Zr,Ti)Os at room temperature
[7].  The hatched part of the diagram corresponds to a transition re-
gion between the ferro- and paraelectric phases, as well as the ferro-
and antiferroelectric phases. The composition used in this study was
Pbo.ggLaol()gZI‘OATj().603, or PLZT 8/40/60

vor a tetragonal distortion of the cubic unit cell. The composition
of PLZT for the sputter target used in this work, PLZT 8/40/60
(x = 0.08, y = 0.40), crystallizes in the tetragonal ferroelectric phase
and exhibits a linear electro-optic response (Pockels effect). PLZT
with this composition renders hysteresis loops with a large coercive
field E., high remanent polarization P,, and a linear relation between
the index change An and the applied electric field for £ < E,, with-
out causing polarization reversal after initial poling of the crystal.
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Such characteristics near £/ = 0 are useful for optical components
operating without a biasing field.

PLZT 8/40/60 exhibits a high Curie temperature (7. = 250°C),
which implies a stable tetragonal phase for temperatures relevant to
optical and electronic device applications. The a- and c-axis lattice
parameters of bulk PLZT 8/40/60 are 4.029 A and 4.074 A, respec-
tively, and the material density is 7.84 g/cm? [7]. PLZT 8/65/35
has been widely investigated due to its strong electro-optic response
|4, 10-13]. This composition lies near the rhombohedral-tetragonal
morphotropic phase boundary and exhibits a quadratic electro-optic
response (Kerr effect). Lanthanum-rich compositions, e.g., PLZT
14/70/30, show ferroelectric characteristics such as narrow hystere-
sis loops and relaxor behavior [7|, which implies that an applied
electric field will force a transition from the paraelectric (cubic) to
the ferroelectric (tetragonal or rhombohedral) phase at room tem-
perature. Table 2.1 summarizes selected material parameters for
different compositions of bulk PLZT ceramics.

Table 2.1: Selected materials parameters for different compositions of
bulk (Pb,La)(Zr,Ti)Os [7]. k, t., and T, are the dielectric constant, the
effective Pockels coefficient, and the Curie temperature, respectively.

Composition Phase? K ) T. P. E.
La/Zr/Ti pm/V °C nC/ecm?  kV/em
8/40/60 Tetragonal 982 102 250 28 20.7
8/65/35 Rhombohedral 3350 612 120 30 6.8
14/30/70 Tetragonal 1025 112 <100 25 154

Dat room temperature, “Dr, = (n,/n.)ts3 — ti13, where n, and n. denote the
ordinary and the extraordinary refractive index, respectively.

The refractive index of PLZT thin films for the principal commu-
nication wavelength \g = 1.55 pm is reported in the range 2.2-2.5
[2, 14]. Moreover, there is numerous reports on the electro-optic
properties of PLZT thin films of different compositions. Nashimoto
et al. [15] quote a linear electro-optic coefficient of ~50 pm/V for
PLZT 9/65/35 thin films grown by solid-phase epitaxy on Nb-doped
SrTiO3, which is approximately 10 % of the reported bulk value for
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PLZT 9/65/35 (vt. — 612 pm/V) [7]. Haertling [16] cites a Pock-
els coefficient of 53 pm/V for a 600 pm thick polycrystalline film of
PLZT 8/65/35 prepared by dip coating. The electro-optic properties
of PLZT 8/65/35 thin films fabricated by the sol-gel technique [17|
were reported to exhibit a Pockels coefficient similar to that reported
by Nashimoto [15]. A Pockels coefficient of 1000 pm/V was reported
for bulk PLZT 8/65/35, prepared using a two-step annealing pro-
cess [18]. These findings illustrate that the optical and electro-optic
properties for PLZT ceramics are highly dependent on a number of
factors, including the chemical composition, the material form (thin
film vs. bulk), the crystalline structure, and the fabrication process.
Table 2.2 summarizes the refractive indices and Pockels coefficients
reported for other materials commonly used in electro-optic device
applications |19-22].

Table 2.2: Physical properties for common electro-optic materials. The
values pertain to bulk material.

Point group Refractive Pockels coefficient
Material symmetry index pm/V
BaTiO3 [19] 4mm ne = 2.412 vz = 12
Ne = 2.360 T33 = 110
T51 = 1300
KNbO3 [20] mm2 n, = 2.280 vz =34
ny = 2.330 T33 = 64
ne = 2.168 t3o = 450
LiNbO3 [21] 3m ne, = 2.286 ty3 =38
ne = 2.202 tg3 = 31
T51 = 28
(Sr,Ba)NboOg [22] 4mm ne = 2.312 ti3 = 67
ne = 2.273 t33 = 1340
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2.2 Substrate materials for thin film de-
position

The growth of epitaxial oxide thin films is influenced by several fac-
tors, such as the growth parameters (substrate temperature, ambient
pressure, growth rate, etc.) and the lattice structure and thermal
expansion of the substrate. Controlling the crystalline orientation
during thin film growth is vital for a number of reasons. For op-
tical device applications, single-crystal growth is desirable in order
to prevent light scattering at grain boundaries. Moreover, the phys-
ical properties of most complex oxides are anisotropic, and thus,
epitaxial growth is favorable to fabrication of devices with a strong
electro-optic response [23|. Other important criteria for introduc-
tion of PLZT in planar photonic devices include compatibility with
established processing techniques and materials, as well as optical
confinement, i.e.; the light must be kept inside the PLZT layer by
index guiding.

In recent years, epitaxial and textured PLZT thin films were
grown on various oxide and semiconductor substrates, including fused
silica |5, 24|, quartz [14, 25, 26], sapphire [9, 27|, glass [28-30], mag-
nesium oxide [31 33|, strontium titanate |3, 34 36|, gallium arsenide
[32], and silicon [10, 13, 37, 38|. In the present study, PLZT thin
films were grown on SrTiO3(001), MgO(001), and Si(001) substrates.
SrTiO3 has a modest (3.1 %) lattice mismatch with PLZT. However,
the use of SrTiOj for thin film waveguide devices is hampered by
the relatively high refractive index of this substrate. MgO on the
other hand has a low refractive index, a prerequisite for strong op-
tical mode confinement in the PLZT active layer. Epitaxial growth
is, however, complicated by the comparatively large (4.6 %) lat-
tice mismatch between MgO and PLZT. Silicon is the predominant
semiconductor material in integrated electronic circuits. Thus, inte-
gration of ferroelectric oxide thin films with silicon is of considerable
interest [39-41]. Epitaxial growth of such oxides on silicon is chal-
lenging, however, due to the formation of an amorphous SiO, surface
layer, which implies that the crystallinity of the substrate is discon-
tinued. For this reason, the introduction of a buffer layer is generally
required in order to achieve epitaxial growth [33].
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2.2.1 Buffer layers for epitaxial growth on Si

There are a number of binary oxides that are thermodynamically
stable in contact with silicon, such as CaO, MgO, SrO, HfO,, ZrO,,
AlgOg, GdQOg, LllgOg, SCQOg, Sm203, and Y203 [42] Yttria-stabil-
ized zirconia, (Y203),(ZrO3);_, or YSZ, is thermodynamically sta-
ble in contact with silicon [43] and is widely used as a buffer layer
to facilitate epitaxial growth of complex oxides on silicon [44-48].
The lattice parameters of YSZ depend on the composition and in-
crease with the amount of added yttria [49]. The phase is cubic for
yttria contents in excess of 5 mol%, whereas a tetragonal phase pre-
vails for an yttria content less than 5 mol% [50]. (001)-oriented YSZ
thin films were previously reported to grow with a cube-on-cube epi-
taxial relationship with Si(001), even without stripping the silicon
wafer of its native surface oxide prior to deposition |51-54], i.e., for
a native oxide layer already present on the silicon substrate surface,
zirconium reacts with SiOy to produce zirconia and SiO according
to

Zr + 25109 — ZrO4 + 2Si0.

This reaction is irreversible and is followed by surface desorption of
SiO [55].

A large lattice mismatch remains between YSZ-buffered silicon
and PLZT, however, which complicates further epitaxial growth. For
this reason, CeOy is commonly combined with YSZ to provide a mul-
tilayer buffer structure that facilitates epitaxy of perovskite oxides
[56-58]. The perovskite unit cell is a close match with the in-plane
diagonal of the CeQOy unit cell (a — b — ¢ — 5.410 A). Moreover,
CeOs serves as a barrier to oxygen diffusion, thus preventing ther-
mal oxidation of silicon at the YSZ/Si interface during subsequent
oxide thin film growth [59]. It was previously reported that growth
of (001)-oriented CeOs thin films is not possible on a bare Si(001)
substrate [58]. This is due to formation of amorphous SiOs and the
presence of CesO3 on the substrate surface [53], i.e., CeOy is not
thermodynamically stable in direct contact with silicon.

SrTiOs-buffered silicon substrates have been extensively investi-
gate in recent years. Growth of SrTiOz on Si(001) using molecu-
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lar beam epitaxy shows that commensurate heteroepitaxy between
Sr'Ti03 and silicon is established via a controlled layer-by-layer depo-
sition [60]. This implies that the crystalline interface is stabilized by
the sequencing of five monolayers. In order to develop such hetero-
epitaxy, energy minimization consistent with layer-by-layer thermo-
dynamic stability is required, which may be accomplished by in-
troducing an alkaline earth silicide layer between the alkaline earth
oxide plane of the perovskite and the silicon substrate. Thus, the
role of Sr in enabling oxide heteroepitaxy between SrTiO3 and sili-
con has received much attention. Theoretical studies suggest that for
epitaxial oxide growth the optimal coverage of Sr on the Si surface is
1/2 monolayer [61]. The stability of SrTiO3 films on Sr-covered sili-
con has been calculated from first principles |62, 63|. Experimental
studies have shown that a Sr coverage between }1 and % monolayer
is sufficient for epitaxial growth of SrTiO3 on Si(001) [64].

2.3 Electrode layers for device applications

The ferroelectric perovskite StRuO3 has metallic properties and is
widely used as an electrode layer in multilayered devices [48, 65-68|.
The chemical stability and perovskite structure of SrRuOj3 allows
for epitaxial integration with various ferroelectric oxides 33, 69, 70].
In order to ensure adequate conduction properties, the thickness
of the StTRuOj electrode layer should be at least ~20-30 nm [71].
The unit cell of SrTRuO3 has an orthorhombic structure, with lattice
parameters ¢ — 5.53 A, b = 5.57 A, and ¢ = 7.85 A. However,
the StTRuOg3 unit cell is commonly described as a slightly distorted
pseudocubic structure with lattice parameters a = b = ¢ = 3.93 A
|72].

2.4 Overview of structural and optical pro-
perties

The structural and optical parameters of the PLZT 8/40/60 mate-
rials system and the substrates, buffer layers, and electrode layers
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discussed in this chapter are summarized in Table 2.3.

Table 2.3: Crystal structure, lattice parameters, lattice mismatch, and
refractive index for PLZT 8/40/60, substrates, buffer layers, and electrode
layer. The values pertain to bulk material.

Crystal a,b c Lattice n'
Material structure A A mismatch?
PLZT 8/40/60 Perovskite  4.029 4.074 - ~2.4
StRuO4" Perovskite  3.930  3.930 2.5 % ~3.21)
CeOs Fluorite  5.410 5.410 51 % 2.31%)
YSZ (12 % Y20s3) Fluorite 5.125 5.125 272 % 2.11
SrTiO3(001) Perovskite 3.905 3.905 31 % 2.30
MgO(001) Rocksalt 4216 4.216 4.6 % 1.71
Si(001) Diamond  5.430 5.430 47 % 3.48

For the in-plane lattice parameter with respect to that of PLZT 8/40/60 (for
Si and CeOs the in-plane diagonal of the unit cell is assumed), Wfor A = 1.55
nm, “Yassuming a pseudocubic unit cell, " metallic properties [73], “for A = oo

[74].
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Chapter 3

Experimental techniques

3.1 Thin film growth

The preparation of optically transparent, perovskite PLZT epilayers
requires careful fabrication procedures. A pyrochlore phase is prefer-
entially formed at insufficient substrate temperatures, whereas a Pb
deficient secondary phase appears for excessive substrate tempera-
tures. Moreover, an insufficient O, partial pressure in the growth
chamber during deposition may result in oxygen deficiency in the
thin film. This implies that the range of substrate temperatures and
O, partial pressures for which the perovskite phase of PLZT can be
obtained is limited, placing strict demands on control of the process
parameters during growth. A number of deposition techniques have
been adopted for synthesis of PLZT thin films, including growth
from chemical solution [1|, pulsed laser ablation [2]|, metal-organic
chemical vapor deposition [3|, sputter deposition [4, 5|, spin-coating
pyrolysis [6], and sol-gel processing [7]. In this work, PLZT thin film
epilayers were grown using radio frequency (RF) magnetron sputter-
ing.

3.1.1 Radio frequency magnetron sputtering

Sputter deposition is a physical process, in which atoms are dislod-
ged from a target material by bombardment with high-energy argon
(Ar™) ions and subsequently migrate through a plasma to settle on
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the substrate. Argon is used for sputtering due to the large momen-
tum of the Ar* ions and their inert character. A schematic of the
RF magnetron sputter apparatus used in this work is shown in Fig-
ure 3.1. The growth chamber is filled with argon gas, and sputtering

vacuum chamber

off-axis target \ heater \
(SrRuO3)

substrate

magnetic
field lines

on-axis target
(PLZT)

cathode (+)

magnets

13.56 MHz (1)

Figure 3.1: Schematic of the RF magnetron sputtering system used for
deposition of PLZT and SRO thin films.

vacuum pump‘

'

is initiated by applying an electric field between the electrodes (cath-
ode and anode). This causes high-energy electrons to collide with
argon atoms, detaching their outermost electrons to form a plasma
(ionized gas). A self-biased electric field established by the poten-
tial difference between plasma and cathode accelerates the Ar™ ions
towards the target.

Thin film sputter deposition is carried out both with DC and AC
voltage applied between the electrodes. DC sputtering allows for de-
position of conducting materials only, since the electrodes become
insulating and charge when coated with a dielectric, which implies
that the plasma cannot be sustained. To overcome this problem for
deposition of insulating thin films, RF sputtering is adopted. A ca-
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pacitively coupled RF field is applied to the cathode. This assures
that the glow discharge is sustained, since only the highly mobile
electrons respond to the AC field. Ar* ions are attracted by the
self-biased negative potential developed at the cathode. Thus, the
Ar? ions are accelerated towards the target during one half-cycle,
whereas charge neutrality is obtained from continuous ionization by
the electrons emitted upon ionic impact in the other half-cycle. In
order to enhance the efficiency of this ionization process, a magnetic
field is commonly used to confine the electrons to regions near the
target. This technique is referred to as magnetron sputtering. Mag-
nets placed inside the cathode (cf. Figure 3.1) increase the ionization
rate in the plasma near the target, allowing more ions to take part
in the sputtering process. This results in increased deposition rates.

A customized magnetron sputtering system from Kurt J. Lesker
Co., equipped with Torus magnetron cathodes, was used for deposi-
tion of PLZT and SrRuOj3 thin films. The substrates were radiatively
heated in situ, and their surface temperature was measured with an
optical pyrometer. The vacuum chamber base pressure was 5 X
108 Torr, and the overall gas pressure was controlled with a man-
ually operated gate valve. The flow of Ar and Oy (both of 99.9999
% purity) was regulated by mass-flow controllers. The SrRuOj3 and
PLZT targets were both 3 inch diameter Praxair (99.9 % purity),
solder bonded to a copper alloy disc. The RF (13.56 MHz) power
was tuned to 90 W for deposition of PLZT and 100 W for SrRuOs.
The SrRuOj3 epilayers were deposited in a 90° off-axis sputter geo-
metry, which has been proven advantageous to complex oxide thin
film growth [8], with a target center to substrate separation of ~100
mm. In order to achieve sufficient growth rates of films suitable
for optical waveguide applications, i.e., with a typical thickness of
~0.5 pm or more, the PLZT epilayers were deposited in a planar
(on-axis) sputter geometry. The magnetron holding the PLZT tar-
get was mounted on a linear translation stage in order to allow for
multilayer deposition.

45



3.1 Thin film growth Chapter 3

3.1.2 Electron beam evaporation

Electron beam (e-beam) evaporation involves heating the source
material to be deposited with a high-energy beam of electrons in
a vacuum chamber. The modest process hazard and cost of e-beam
evaporation render this technique convenient for contact metalliza-
tion and coating, e.g., of anti-reflection and protective dielectric lay-
ers [9, 10]. A schematic of the e-beam evaporation system used
in the present work is shown in Figure 3.2. Electrons are therm-

vacuum chamber

heater | quartz crystal

rotation stage ,{ oscillator
oy substrate
$
o’l«
@ vaporized material
_m tungsten
leak \ / filament
valve electron beam
il
crucible
vacuum pump
'

Figure 3.2: Schematic of the e-beam evaporation system used for depo-
sition of CeQO2/YSZ buffer layers and for contact metallization.

ionically emitted from a tungsten filament. The emitted electrons
are accelerated by an electrostatic potential, i.e., several kilovolts
are applied between target and filament, and magnets are used to
deflect the beam of electrons onto the crucible holding the source
material. The focused e-beam evaporates material from the target,
which in turn deposits on the substrate surface. The source material
is normally in the form of sintered pellets, single crystals, or a melted
ingot placed in a chemically inert crucible. Maintaining a high va-
cuum during the process is imperative in order to secure a sufficient
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mean free path for the evaporated material to reach the substrate.
A high power density makes it possible to evaporate materials with
a high melting point and with good control of the evaporation rate.
Moreover, films can be grown with low risk of source contamination.
Dissociation of compounds during e-beam evaporation is a common
challenge, which may lead to non-stoichiometric transfer of material
from source to substrate. Introducing oxygen to the vacuum cham-
ber during growth of oxide layers may suppress this complication.

A customized e-beam evaporation system, Pfeiffer Vacuum Clas-
sic 500, equipped with an EV M-8 multitarget electron gun from
Ferrofluidics, was used for deposition of CeOy and YSZ buffer layers,
as well as for contact metallization. The chamber base pressure was
maintained at ~5 x 107® mbar. The target materials were placed in
20 ¢cm? graphite liners (Ferrotec), with a target-to-substrate separa-
tion of ~30 cm. An acceleration voltage of 8 kV was applied to the
crucible, using a HVP5-2 high-voltage source (Ferrofluidics). For
epitaxial growth of CeOy and YSZ thin films', the substrate was
radiatively heated using a ceramic heater. The flow of Oy (99.999 %
purity) was controlled using a manually operated leak valve. Con-
tinuous rotation of the substrate was adopted during growth. Film
thickness and deposition rate were measured in situ by means of a
quartz crystal oscillator (6 MHz), cf. Figure 3.2.

3.2 Materials characterization

The physical properties of thin films are investigated using a wide
range of techniques, which provide valuable feedback to the process
of high-quality thin film growth. Important attributes for applica-
tion of PLZT epilayers in photonic waveguide devices include crystal-
line orientation, phase purity, composition uniformity, surface rough-
ness, film thickness, ferroelectric behavior, and electro-optic res-
ponse.

!The experimental details are given in Chapter 5.2
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3.2.1 X-ray diffraction

X-ray diffraction (XRD) is used to address most issues related to
the crystalline structure of bulk solids and thin films, including crys-
talline orientation, phases, size effects, defects, and strain. Figure 3.3
shows a schematic of the interaction between an incident beam of
x-rays scattered from a crystalline solid. For a set of atomic lattice

OO0 O0-O~O0-0-0-0-0On=4

st

c alline structure
~0~-0~-0~0~-O~-0~-0~-0-0-0-C

Figure 3.3: Scattering of incident x-rays off atomic lattice planes. Con-
structive interference occurs when the total phase shift (A1 + Az) equals
an integer multiple of the x-ray wavelength, .

planes with separation d, the scattered x-rays will interfere construc-
tively in such directions which satisfy the equation,

2dsinf = nA, (3.1)

known as the diffraction condition or Braggs equation. Here, 6 is
the angle of incidence, n is an integer which represents the order of
diffraction, and A is the x-ray wavelength.

Figure 3.4 shows a schematic of the x-ray goniometer along with
the different angles relevant to the XRD analysis of thin film samples.
26 corresponds to the angle between the detector and the incident
beam, whereas w corresponds to the angle between the plane of the
thin film sample and the incident beam. Information about the
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Figure 3.4: The 20, w, and ¢ angles of the x-ray goniometer.

crystalline structure can be obtained by performing different types
of angular scans, such as the 6-20-scan, during which the detector
moves an angle 26 while the sample is rotated through an angle 6, the
w-scan, which is performed by scanning the angle w while keeping
26 fixed, commonly referred to as rocking curve, the p-scan, which
is performed by in-plane rotation of the sample while keeping the
angles w and 26 fixed, and reciprocal space mapping, which involves
assembling #-20-scans with different w offsets.

The thickness of crystalline thin films can be determined from
x-ray reflectivity (XRR) measurements, provided that the film thick-
ness is less than ~50 nm. This involves performing #-26-scans at a
grazing angle, e.g., ~0 3°. Figure 3.5 shows the XRR scan for a ~25
nm thick PLZT epilayer grown on STO(001). The overall decline in
intensity with increasing 20 and the amplitude of the intensity os-
cillations are correlated with the roughness of the film surface and
the substrate interface, e.g., increased surface roughness results in a
reduced oscillation amplitude and a steeper slope for the reflected
intensity. The layer thickness is estimated from a numerical fit to
the recorded XRR curve |11].

3.2.2 Atomic force microscopy

Atomic force microscopy (AFM) provides high resolution topography
data for thin solid films |12|. The basic principle of the microscope is
depicted in Figure 3.6. A probe tip is brought in close proximity to
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20

o Measurement
Numerical fit

Intensity (log)

Figure 3.5: X-ray reflectivity scan for a PLZT thin film grown on SrTiOs.
The film thickness is estimated by running a numerical fit (solid line) to
the recorded reflectivity data [11].

the sample surface, inducing atomic force interactions which deflect
the probe. While raster scanning the sample with a piezoelectric
actuator, a HeNe laser beam reflected off the probe cantilever is
monitored with a split photodiode detector and used to measure the
probe deflection. From these measurements, three-dimensional topo-
graphic images of the sample surface are constructed, with typical
resolution on the nanometer scale. Precise control of the tip-sample
separation is achieved using a feedback loop, which is required in
order to prevent the tip from crashing into the surface during raster
scanning. Specific sample preparation is generally not required, and
the measurements can be performed in vacuum, air, or a liquid am-
bient.

In the present work, the film surface topography was examined
with tapping mode AFM. This implies that the probe oscillates near
its resonance frequency during scanning, lightly tapping the sam-
ple surface on each oscillation. This technique reduces the risk of
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damage to soft samples. Moreover, common problems associated
with conventional contact mode AFM, such as friction, adhesion,
and electrostatic forces, are more easily overcome.

0%

9/16 split
) photodiode
8
2

probe
tip
sample
PR
z  piezoelectric | feed-i
actuator ! back !
y e

Figure 3.6: Schematic of the atomic force microscope.

3.2.3 Auger electron spectroscopy

Auger electron spectroscopy (AES) utilizes the emission of electrons
emanating from Auger processes to determine the elemental com-
position of solid surfaces. The sample is scanned with an energetic
beam of electrons with a spot size of ~10 nm. Hence, AES provides
excellent lateral resolution for detection of surface elemental concen-
trations less than 1 %. The inelastic mean free path of electrons in a
solid is typically 5 50 A [13]. Thus, elastic Auger electrons can only
escape from the first 5-10 subsurface monolayers, which makes AES
a highly surface sensitive technique [14].

The Auger process

The Auger process refers to the relaxation of an ionized atom by
emission of a second electron. This process is depicted in Figure 3.7
and involves the following steps:

1. Excitation of an inner shell electron, e.g., from the K-shell, to
form a vacancy.
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Figure 3.7: Schematic of the basic steps in Auger emission.

2. Recombination with the excited core hole by an electron from
a higher shell, e.g., an L electron, with the energy released in
this process excitation of a third electron from an outer shell,
e.g., the Ly s-level.

3. With sufficient kinetic energy, this third electron, referred to
as an Auger electron, is emitted from the atom. The kinetic
energy of the Auger electron is independent of the energy of
the incident electron beam.

For the Auger process specified above, the emitted electron is re-
ferred to as a KLL Auger electron, from the three electron energy
levels involved in this process. An Auger process involves a minimum
of three electrons, which implies that hydrogen and helium cannot
be detected by AES.

The Auger spectrum

The kinetic energy of the Auger electron is unique to the atom from
which it originates. Figure 3.8(a) shows a typical Auger spectrum
recorded on a PLZT thin film surface. The surface elemental com-
position is thus determined from the energy positions of the Auger
peaks. Figure 3.8(b) shows the corresponding differentiated spec-
trum. The differential peak minima are used for accurate determi-
nation of the Auger kinetic energies, as they provide a more precise
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Figure 3.8: (a) Auger spectrum from the surface of a PLZT thin film and
(b) the corresponding differentiated spectrum.

reference point than can be readily determined from the integrated
spectra.

Auger depth profiling

The variation of elemental concentration with depth below the sur-
face of a sample can be assessed by Auger depth profiling. Depth
profiles are obtained using a beam of inert ions (usually Ar') to
gradually remove (sputter) material from the analyzed surface re-
gion. Alternate sputtering and AES analysis are adopted to con-
struct a depth profile of the elemental composition, with a typical
depth resolution of a few nanometers. Auger depth profiling is well
suited to examine the interfaces of multilayer thin films [15].

3.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron
spectroscopy for chemical analysis (ESCA), is a surface analytical
technique based on the photoelectric effect. XPS involves irradiation
of a sample with x-rays, resulting in the emission of photoelectrons

53



3.2 Materials characterization Chapter 3

from the topmost surface region [14]. The photoemission process is
shown schematically in Figure 3.9. The kinetic energy of an elasti-

photoelectron
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Figure 3.9: Schematic of the photoemission process. An energetic pho-
ton (x-ray) is absorbed by a core level electron. The excited electron is
transported to the surface and may escape from the material in the form
of a photoelectron.

cally emitted photoelectron, measured with respect to the vacuum
energy level (Ey,.), is given by

KE = hv — ¢ + BE, (3.2)

where hv is the photon energy, ¢ is the work function of the analyzer,
and BE is the binding energy of the electron. The emitted photo-
electrons are collected with an electrostatic lens and passed through
an energy analyzer, which allows for precise determination of their
kinetic energies.

Figure 3.10 shows a typical XPS survey scan of a PLZT thin film
surface. Elements are identified by the binding energy at which the
XPS peaks appear. The peaks represent photoexcited core level elec-
trons having escaped from the surface of the sample without energy
losses from inelastic scattering. The characteristic background of the
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XPS spectrum, i.e., the reduced background count rate with decreas-
ing binding energy, originates from emission of secondary electrons
which suffered inelastic scattering before leaving the sample.

0o O1s

Intensity (arb. units)

1200 1000 800 600 400 200 0
Binding energy (eV)

Figure 3.10: XPS survey scan of a PLZT thin film surface.

3.2.5 Prism coupling measurements

The prism coupling technique provides easy access to the optical
properties of thin films [16]. A schematic of the prism-film coupler
used in the present work is shown in Figure 3.11. The thin film
sample is pressed firmly against the base of a prism in order to reach
a prism-film separation dy of less than \g/4 |17]. Light directed into
the prism undergoes total reflection at the prism base. Reflected
light emerging from the right face of the prism is projected onto a
detector screen. Propagating optical modes are excited in the optical
thin film at certain angles of incidence 6;,, via overlapping evanescent
fields [18]. The energy losses associated with this excitation can be
visually observed as a pattern of streaks, referred to as m-lines, on
the detector screen, revealing the mode spectrum of the optical thin
film. The fundamental equations of the prism-film coupling are given
in Appendix B.
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Figure 3.11: Schematic of the prism-film coupler. The incident focused
laser beam is totally reflected at the base of the prism. At certain angles
of incidence 0,, guided optical modes are selectively excited, and energy
is coupled into the film by optical tunneling. This prism-film coupling
is observed as m-lines on the detector screen. The m-lines are used to
estimate numerically the thickness d and refractive index n of the optical
thin film.

The prism coupling technique places certain requirements on the
components of this setup. The prism material must be hard and op-
tically transparent, with a refractive index which is higher than that
of the film. Thus, for characterization of high-index films there is a
limited selection of prism materials available. The most commonly
used materials are SrTiOz, TiO, (rutile), Si, Ge, and high-index
glasses. The surface roughness of the prism base should be less than
Ao/2. For accurate determination of the film parameters, the film
must be sufficiently thick in order for two or more optical modes to
be supported. Furthermore, it is imperative to keep the coupling
spot stationary during rotation of the prism. The prism-film coupler
arrangement used in this work, cf. Figure 3.11, consists of a HeNe
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laser, a focal lens (f = 250 mm), a polarizer, a rotary stage, and a
rutile prism. The specifications of the rutile prism and the laser are
provided in Table 3.1.

Table 3.1: Specifications of the rutile prism and laser used in the prism-
film coupler set-up

Specifications

Prism ADT-6 rutile prism, 45°-45°-90°, 6 x 6 mm? base,
refractive index: n, — 2.58, ne — 2.87 (A — 632.8 nm)

Laser Melles Griot LP-230, HeNe, P = 5 mW (CW), A = 632.8 nm

3.2.6 Spectroscopic ellipsometry

Spectroscopic ellipsometry is commonly used to determine the com-
plex refractive index, the extinction coefficient, and the thickness
of optical thin films [19, 20]. The technique is based on observ-
ing the relative phase change of polarized light reflected from the
film surface, and is a non-destructive technique, suitable for in situ
studies. A schematic of a spectroscopic ellipsometer is shown in
Figure 3.12(a). The set-up consists of a broadband light source, a
monochromator for single wavelength selection, a polarizer, an ana-
lyzer, and a photodetector. In general, the phase shift caused by
reflection of linearly polarized light from a surface is different for
p- and s-polarization. This results in elliptical polarization of the
reflected wave. Thus, for a known polarization of the incident light,
the optical properties of the thin film can be obtained by measuring
the state of polarization of the reflected light. This implies that rela-
tive changes in the polarization are measured rather than absolute
intensities.
The fundamental equation of ellipsometry is given by [21]

rr iA
p= = tan We'=, (3.3)

where r? and r° represent the Fresnel reflection coefficients for the
p (parallel) and s (perpendicular) polarization, respectively (cf. Fig-
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Figure 3.12: (a) Schematic of a spectroscopic ellipsometer. (b) The
refraction of polarized light from a thin film structure. The p- and s-
polarization correspond to an electric field vector parallel and perpendic-
ular to the plane of incidence, respectively.

ure 3.12(b)), and ¥ and A represent the ellipsometric parameters
extracted from experimental measurements. More specifically, tan ¥
corresponds to the ratio of the amplitudes for parallel and perpen-

dicular polarization,
rP
tan U = u, (3.4)
I
whereas A corresponds to the difference in phase () between the
parallel and perpendicular polarization,

A - (S,«p - 57«5. (35)

For reflection of light from a single interface between air (medium 0)
and a solid (medium 1), with complex refractive indices ng = ng+ikg
and n; = ny +iky, respectively, the Fresnel reflection coefficients can
be expressed on the form,

Tg cos By — 1y cos b

rbo= |rP|err = 3.6
o =1’ N cos B + nq cos by (3.6)

and . P 9
s Tcosby — nqgcosb

roy = [role = = : . (3.7)
N cos by + nq cos by

For reflection of light from a thin film on a substrate (medium 2),
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cf. Figure 3.12(b), the total reflection coefficient (reflectance) for the
p and s polarization become,

P P —i28
o1 T 7126

2
PP —i2
1+ rgyriye0

(3.8)

and

R =) = o1+ Tf2€__l?ﬁ ’ (3.9)

1+ 7§ rie 28
respectively, where 3 = 27 (d;/\g) 1y cos ) is the phase change for
a wave propagating from the top surface to the bottom interface of
the thin film. Here, d; denotes the film thickness (medium 1) and
Ao the wavelength in medium 0. Eqs. 3.4-3.9 are coupled, which
implies that by measuring the ellipsometric parameters (A, V), d;
and 17 can be obtained numerically, as long as the complex refractive
indices of the surrounding media are known.

3.3 Device fabrication

The introduction of PLZT thin films in optical waveguide devices
requires a thorough understanding of their electro-optic response,
which calls for fabrication of a functional device. This section de-
scribes the fabrication of a thin film Mach-Zehnder interferometer,
as well as the processing of photonic crystal slabs using focused ion
beam etching.

3.3.1 Photolithography and chemical wet etching

Ridge-type waveguides, including the Mach-Zehnder interferometer,
were defined in PLZT thin films using UV photolithography and
chemical wet etching, according to a recipe proposed by Zheng et
al. |22]. The different processing steps and the processing parameters
are summarized in Table 3.2. A Karl Suss MA56 mask aligner (i-line,
A = 365 nm) was used to expose the photoresist through a chromium
mask from Compugraphics Photomask Solutions in contact mode.
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Table 3.2: Processing steps and corresponding parameters used for fab-
rication of the ridge-type Mach-Zehnder interferometer.

Process step Parameters

Rinse Acetone with ultrasonic agitation, rinse with TPA
Dehydration 100°C for 10 minutes on hot plate

Primer Hexamethyl disulizid (HMDS), 4000 rpm for 20 s
Resist (pos.) Microposit S1818 G2 (Shipley), 4000 rpm for 20 s
Resist (neg.) ma-N 1420 (Micro Resist Technology), 4000 rpm, 20 s
Soft bake 100°C for 60 s on hot plate

Exposure 22 s (neg.) and 6.2 s (pos.) at 10 mW /cm?
Develop (pos.) Microposit MF-86 MX for 45 s, rinse in deionized water
Develop (neg.) ma-D 533 for 85 s, rinse in deionized water

Hard bake 130°C for 120 s on hot plate

Etchant [22] (1IBHF:2HCL:ANH4Cl:4H20):H,0 = 1:19, rate = 6 nm/s
Residue removal NHO3:HoO = 2:1 for 30 s

Resist stripping Acetone with ultrasonic agitation, rinse with IPA

IPA = isopropyl alcohol, BHF = buffered HF

Metallization and lift-off

In order to define the co-planar electrodes of the Mach-Zehnder inter-
ferometer, metal layers of Pt (10 nm) and Au (200 nm) were depo-
sited by e-beam evaporation. Negative resist was used for the sub-
sequent patterning, which was carried out with the parameters listed
in Table 3.2. The Pt layer was introduced in order to improve adhe-
sion. Lift-off was carried out by ultrasonic agitation in acetone for 10
minutes, with a subsequent rinse in isopropyl alcohol. A microscope
image of the Mach-Zehnder interferometer processed in PLZT on an
MgO substrate is shown in Figure 3.13.

Mechanical polishing of waveguide facets

The waveguide end facets were mechanically polished using a Multi-
Prep System from Allied High Tech Products. In order to prevent
delamination of film and substrate upon polishing, a 28 pm thick
glass plate was attached to the sample surface using hot mounting
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Figure 3.13: Microscope image of ridge-type Mach-Zehnder interfero-
meter with co-planar electrodes.

wax. Diamond lapping (Allied High Tech Products) with particles
ranging from 0.5 to 30 pm in diameter was used for this polishing,
which was performed in a unidirectional fashion, perpendicular to
the sample surface from the substrate towards the glass plate. The
mounting wax was subsequently removed from the sample surface
using acetone.

3.3.2 Focused ion beam etching

Focused ion beam (FIB) etching has become an increasingly im-
portant tool for high-resolution imaging and device processing |23
25]. The capability to image, mill, and deposit material with lateral
resolution down to ~5 nm has lead to widespread use of FIB in
technological applications, such as micro- and nanomachining, cir-
cuit editing, sample preparation for tunneling electron microscopy,
and materials analysis. The main merit of FIB for fabrication of
nanoscale structures is maskless etching, i.e., removal of material
from a selected localized area without using a patterned mask [26].
This enables rapid device prototyping without the need for a resist,
an etching mask, or the development of a complicated etching recipe.
The FIB technique also allows for direct processing of non-planar and
prepatterned samples.

FIB etching is commonly used to define structures of high aspect
ratios, e.g., deep narrow trenches or holes. However, the sputtered
atoms tend to adsorb upon collision with nearby surfaces. Hence,
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some of the ejected material is redeposited on the processed surface.
As the trenches are made deeper, this effect becomes increasingly
severe until the rate of redeposition equals the rate of sputtering.
Redeposition depends on a number of physically and chemically con-
trolled variables, such as the scanning pattern, the geometry of the
processed feature, the sticking coefficient and sputtering yield of the
target material, and the dynamics of the ejected molecules [27]. As-
pect ratios (i.e., depth to width) in the range 5:1-10:1 have been
reported for photonic crystal structures defined by FIB etching |28
30].

In the present study, thin film photonic crystals were prepared
using a FEI Strata 235DB FIB/SEM system, containing both an
ion beam column and a high resolution field emission scanning elec-
tron microscope (SEM) column. Figure 3.14 shows a schematic of
the dual-beam FIB/SEM system, which allows for fast and accurate
alignment of the photonic crystal structures to a pre-patterned opti-
cal waveguide, as well as for real-time inspection of the FIB-etched
patterns. The residual pressure in the vacuum chamber was main-
tained below 5 x 107° mbar. Gallium ions from a liquid metal ion
source (LMIS) were accelerated to 30 kV and focused to a spot size of
~5-10 nm diameter by electrostatic lenses. A set of blanking aper-
tures of different diameter defined the spot size to yield ion beam
currents in the range ~10-2000 pA. In general, the resolution is in-
creased by reducing the beam current, at the expense of prolonged
processing times. The energy transfer resulting from bombardment
of the surface by Ga™ ions results in sputter etching of the sample
as well as generation of secondary ions and electrons. This ion-beam
induced secondary emission is collected in the detector for in-situ
monitoring of the processed surface. The purpose of the electron
column is to enable non-destructive, high-resolution imaging, e.g.,
for alignment and inspection of the sample surface. The erosion of
a given target material depends on a number of factors, including
beam current and energy, incidence angle, and the geometry of the
ion-etched structures. Moreover, the manner in which the ion-beam
is scanned across the sample matters, dependent on parameters such
as the beam dwell time, magnification, spot overlap, and milling se-
quence.
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Figure 3.14: Schematic of a dual-beam FIB/SEM system along with the
components of the ion beam column.

3.4 Electro-optic measurement set-up

The experimental set-up for end-fire coupling of infrared (IR) light
(Ao = 1550 nm) into the thin film waveguide device is depicted in
Figure 3.15. The device and the polarization conserving, single-mode
tapered lensed fibers are mounted to a flexure stage, allowing for indi-
vidual alignment of device and fibers along the x, y, and 2z axes. The
polarization of the input light is controlled with an in-fiber polarizer,
i.e., the light is linearly polarized, the direction of which can be
rotated in the y—z plane. The transmitted intensity at the wave-
guide output is measured with an IR photodetector connected to a
digital oscilloscope. Contact needles attached to probe-head mani-
pulators are used to apply a modulation voltage to the electrodes of
the Mach-Zehnder interferometer.
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Figure 3.15: Schematic of the optical measurements set-up for coupling
of IR light into the thin film waveguide device.

A microscope objective coupled to an IR video camera is mounted
above the device in order to monitor light propagation along the
waveguide. Figure 3.16 shows an IR image of out-of-plane scattered
intensity from light propagating through the Y-junction of a ridge-
type Mach-Zehnder interferometer, defined in PLZT on MgO. The
equipment used in the optical measurements set-up is listed in Table

3.3.

s = o —— g |

T

Figure 3.16: IR image of out-of-plane scattered intensity from light (Ao
= 1550 nm) propagating (from left to right) through the Y-junction of a
ridge-type Mach-Zehnder interferometer.
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Table 3.3: Equipment used in the optical measurements set-up.

Component

Manufacturer & model

CW distributed feedback lager
Laser driver

Laser temperature controller
Signal generator

Single-mode tapered lensed fibers
XYZ flexure stage

In-fiber polarizer

IR video camera

IR photodetector

Digital oscilloscope
Probe-head manipulators

Anritsu GB-5A-016
Newport Model 505
Newport Model 325
Hewlett Packard 33120A
Nanonics Imaging
Elliot Scientific Ltd. MDES881
Chiral Photonics IFP-155D-SM
Xenics XEVA-FPA-1.7-640
InGaAs-PIN
Tektronix TDS2004B
Siiss MicroTec PH100
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Chapter 4

Guided optical modes in thin
film waveguides and photonic
crystal slabs

Planar optical components and integrated optics rely on the confine-
ment of light in thin film waveguides. Conventional optical wave-
guides are based on index confinement, i.e., light is guided by total
internal reflection. For line-defect waveguides in photonic crystal
slabs (cf. Figure 1.4), in-plane localization of the light is ensured by
the surrounding periodic dielectric structure, which prohibits propa-
gation of light for wavelengths within a photonic band gap.

4.1 Ridge-type waveguides

Figure 4.1 shows a schematic of a ridge-type waveguide in an optical
thin film on a substrate. The most common processing technique for
definition of such waveguides is UV lithography followed by selective
etching of the thin film surface. The film thickness h is typically
on the order of the optical wavelength (~1 pm). For an optically
transparent thin film to support propagating modes, the refractive
index of the film, ng,,, must be larger than that of the substrate,
Nsub, 1.€., light coupled into the thin film is confined by total internal
reflection when

69



4.1 Ridge-type waveguides Chapter 4

70

0 <sin'y/n2  — n2., (4.1)

where 6 is the angle of incidence relative to the film plane.

The capability of the ridge to confine propagating modes laterally
is determined by the height d and width W of the ridge. The wave-
guide is referred to as single-mode when only the fundamental mode
is supported and multi-mode when a finite number of modes are sup-
ported [1]. The cutoff frequency is defined as the lowest frequency
for which a specific mode will propagate in the waveguide, i.e., be-
low the cutoff frequency the mode is not confined to the waveguide
and becomes radiative. The cutoff frequency is determined by the
geometry of the ridge (W, d, and h) as well as the optical properties
of the thin film and substrate. Rigorous three-dimensional analysis
of mode propagation in such waveguides requires numerical calcula-
tions, i.e., the wave equations cannot be solved analytically.!

etched ridge etched
surface surface

Figure 4.1: Schematic of the ridge-type waveguide. W, d, and h de-
note the ridge width, ridge height (i.e., etch depth), and film thickness,
respectively.

IThe design of ridge-type waveguides and a Mach-Zehnder interferometer in
PLZT thin films on MgQ substrate is presented in Appendix C
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Electro-optic waveguide modulators utilizing phase retardation
of propagating modes are key components in integrated optics. The
electro-optic properties of perovskite oxide thin films are highly an-
isotropic |2|, which implies that the characteristics of an electro-
optic device processed in such films will depend on a number of
factors, including waveguide orientation, polarization of the propa-
gating modes, crystalline orientation of the thin film, and direction of
the applied electric field. A sketch of the electric field distribution for
a ridge-type waveguide with planar and co-planar electrode geometry
is shown in Figures 4.2(a) and (b), respectively. The planar electrode
geometry provide for a high electric field in the active layer, compati-
ble with low-voltage operation. However, cladding layers (hatched in
Figure 4.2(a)) are normally required to reduce optical absorption in
the metallic electrodes. The incorporation of such layers complicates
fabrication of the device. Hence, the co-planar electrode geometry,
which can be readily processed using established UV lithography
techniques, is commonly adopted to ensure low optical absorption.
The drawback is the larger separation between the electrodes for this
geometry, which implies a reduced electric field for a fixed applied
voltage compared to that for the planar electrode geometry.

+ 2 —
s e
——— —
N
electrode | 7
substrate substrate
(a) (b)

Figure 4.2: Electric field distribution for (a) planar and (b) co-planar
electrode geometry. Also shown is the intensity distribution of the funda-
mental mode propagating in the ridge-type waveguide.
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4.2 Photonic crystal slabs

Thin film photonic crystals, also referred to as photonic crystal slabs
(PCSs), provide new and unique ways to control and manipulate
light. PCSs are 2D periodic dielectric structures of finite thickness,
i.e., they do not provide for an omnidirectional photonic band gap,
cf. Chapter 1.2. However, from a device application perspective such
quasi-2D photonic crystals are attractive, since they may be manu-
factured using established thin film processing techniques. There
are two distinct types of PCSs, i.e., the rod-type for which regions
of high refractive index are surrounded by regions of low refractive
index, and the hole-type for which regions of low refractive index
are surrounded by regions of high refractive index. Schematics of
the rod- and hole-type PCS are shown in Figures 4.3(a) and (b),
respectively. The present work addresses the hole-type PCS only.

(@) (b)

Figure 4.3: Schematic of a (a) rod-type and (b) hole-type photonic crystal
slab. The center-to-center separation of nearest-neighbor rods or holes is
referred to as the lattice constant, a.

The optical properties of the hole-type PCS are mainly governed
by the slab thickness, the dielectric constants of slab and background
(i.e., the media surrounding the slab), and the size, shape, and peri-
odic arrangement of the (air) holes. For optical modes to be guided
in the PCS, the slab refractive index n must exceed that of the
background.
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Classification of guided modes

2D photonic crystals are invariant under reflections through the mir-
ror plane bisecting the crystal lattice. This results in formation of
linearly polarized optical modes propagating in the mirror plane.
Modes with the electric field parallel and the magnetic field perpen-
dicular to the mirror plane are classified as transverse electric (TE),
whereas modes with the magnetic field parallel and the electric field
perpendicular to the mirror plane are classified as transverse mag-
netic (TM). PCSs lack translational symmetry in the direction per-
pendicular to their mirror plane. Hence, the modes are not purely
TE or TM polarized. For such quasi-2D photonic crystals, the modes
are rather classified as even or odd [3] according to the direction of
the electric field vector E upon reflection through z — 0, as depicted
in Figure 4.4. Due to the close resemblance of these modes with the
TE and TM modes for genuinely 2D photonic crystals, the lowest
order even and odd modes are commonly referred to as TE- and
TM-like modes, respectively [4].

z . E
E
/
>
e z=0
y X T

even (TE-like) odd (TM-like)

Figure 4.4: For a dielectric slab with a mirror plane at z = 0, modes
with electric field vectors that are virtually parallel to the mirror plane are
labeled even, whereas modes with electric field vectors that are virtually
perpendicular to the mirror plane are labeled odd.
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The band diagram

The photonic band diagram for a PCS is a two-dimensional plot of
eigenfrequencies w versus wave vector k. In general, it is not neces-
sary to solve the wave equation (cf. Appendix A) for every k in the
Brillouin zone, since this equation is invariant under all symmetry
operations for the actual 2D periodic lattice (i.e., rotation, inversion,
mirror reflection). Thus, the symmetry properties of the photonic
crystal is exploited to compute the eigenfrequencies for a limited set
of wave vectors E, i.e., those which are not related by a symmetry
operation of the 2D lattice. This region of E—space is commonly re-
ferred to as the irreducible Brillouin zone. Figures 4.5(a) and (b)
show the first Brillouin zone of a square and hexagonal 2D crystal
lattice, respectively. Also shown are the corresponding irreducible
Brillouin zones (shaded) with their high-symmetry points, I', X, M,
and K.

X M M K
r r

& &)
(a) (b)

Figure 4.5: The first Brillouin zone of a (a) square and (b) hexagonal 2D
crystal lattice, along with the high-symmetry points (I', X, M, and K) of
the irreducible Brillouin zone (shaded).

A typical band diagram for a hole-type PCS with a hexagonal 2D
lattice is shown in Figure 4.6 for normalized frequency units c/a,
where ¢y is the speed of light in vacuum and a is the lattice constant.
The solid line in this diagram depicts the light line, w = cok. The
continuous region above this line contains all possible frequencies
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for the slab background. Modes that lie below the light line are
guided in the PCS; i.e., they do not couple to the background modes.
Hence, the discrete bands are the frequency dispersions of guided
modes, which extend infinitely in the plane of the slab and decay
exponentially into the background.

0.7 :
] . even modes
% 0'6__ odd modes
> 0.5 ji :
% 1% even mode fossnnssese® !
=1 0.4 -y band gap
GLJ -
".c', 0.3+ .
3 | .
N '
T 0.2 :
g T 1
§ 0.1
0.0 :
T M K r

Figure 4.6: Band diagram for a hole-type PCS with a hexagonal 2D
lattice of air holes and air background. A slab thickness 0.8a, hole radius
0.38a, and dielectric constant € — 6 were used in the calculations for this
slab.

Since radiation modes exist at all frequencies, the band gap of the
photonic crystal slab refers to a frequency range in which no guided
modes exist [4], i.e., the band gap is incomplete and does not include
modes above the light line [3]. The diagram in Figure 4.6 shows that
the PCS exhibits a band gap for guided even modes (shaded) in the
range from 0.37 to 0.48¢o/a. There are additional (minor) gaps in
this photonic band diagram for both even and odd modes.

75



4.2 Photonic crystal slabs Chapter 4

76

4.2.1 Line-defect waveguides

In-plane localization of light in a PCS can be achieved by modifying
the 2D lattice to form line-defect waveguides |5]|, with the poten-
tial to guide light around sharp bends with high transmission effi-
ciency [6 12]. Figure 4.7 shows a schematic of line-defect waveguides
in a hole-type PCS, formed by removing rows of nearest-neighbor
holes from the square and hexagonal 2D lattice. For applications in
integrated optics and photonic devices, such line-defect waveguides
should ideally meet the following criteria [13]:

e True guided modes are supported by the waveguide.
e The waveguide is single-mode in the relevant frequency range.

e The guided mode lies within the band gap of the PCS.

Conventional waveguides based on total internal reflection can be
designed so as to comply with the first two criteria, whereas the
third criterium is unique for the line-defect waveguide. Hence, the
waveguide modes are localized to the line-defect by the surrounding
2D crystal lattice and do not couple to the guided modes of the PCS,
i.e., the waveguide modes are evanescent in the 2D crystal lattice.

(a) (b)

Figure 4.7: Schematic of a hole-type PCS, in which line-defect waveguides
(dashed lines) are formed by removing rows of nearest-neighbor holes from
the (a) square and (b) hexagonal 2D lattice.

Calculations of the dispersion relation for line-defect waveguides
involve projecting the guided modes of the PCS onto the direction
of the line-defect [13]. Figure 4.8(a) depicts a line-defect waveguide
defined in a hole-type PCS and Figure 4.8(b) shows the hexagonal
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reciprocal lattice of the PCS. The points denoted m’ are the projec-
tions of the reciprocal lattice points m onto the I'—K axis of the pho-
tonic crystal reciprocal lattice. The projection of M onto I'-K is la-
beled K’. The periodicity a of the line-defect waveguide implies that
IT—K’|= |T—M]|cos 30° = 7/a, since by definition |I'—M|= 27/a+/3.

m m
¢ ?

: M|
_y__ IS_.*._-
m' m'

° °

(a) (b)

Figure 4.8: (a) Line-defect waveguide in a hole-type PCS. (b) The hexa-
gonal reciprocal lattice of the PCS (black dots) is projected onto the '—K

axis [13].
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Chapter 5

Epitaxial (Pb,La)(Zr,Ti)O3
thin films on buffered
Si(001) by on-axis radio
frequency magnetron
sputtering

NORDSETH, ., TYBELL, T., AND GREPSTAD, J. K., Thin Solid
Films, vol. 517, pp. 2623-2626, 2009.

Abstract: In this study, we discuss the case for integration of epi-
taxial (Pb,La)(Zr,Ti)O3 (PLZT) thin films with silicon for electro-
optic device applications. PLZT films, approximately 500 nm thick,
were grown by on-axis radio frequency magnetron sputtering on
CeO2/YSZ-buffered Si(001) substrate with a STRuOj electrode layer
embedded between CeOs and PLZT. The structural properties and
surface topography of the different oxide layers were examined with
x-ray diffraction analysis and atomic force microscopy. The perov-
skite thin films were predominantly (001)-oriented, with a (002)
rocking curve halfwidth of approximately 0.3° and a surface rough-
ness compatible with requirements for application in optical devices.
The PLZT cation stoichiometry was assessed from quantitative x-
ray photoelectron spectroscopy. These measurements uncovered a
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substantial depletion of lead in the film surface for layers deposited
at substrate temperatures above ~600°C, whereas the surface con-
centration of La, Zr, and Ti remained virtually unaffected over a
wide range of growth temperatures.

5.1 Introduction

In order to meet the increasing demand for high performance, low-
cost integrated circuits in optical communication systems, introduc-
tion of novel materials with versatile functional properties is be-
ing explored |1 6]. The perovskite oxide (Pb,La)(Zr,Ti)O3 (PLZT)
offers several functional properties attractive to optical device ap-
plications, such as a large electro-optic coefficient and high trans-
parency at optical frequencies |7|. The electro-optic properties of
PLZT are mainly governed by the chemical composition. The PLZT
target used in the present study was (Pb;_,,La,)(Zr,,Ti;_,)O3, with
x = 0.08 and y = 0.4, which exhibits tetragonal ferroelectric phase
at room temperature and linear (Pockels) electro-optic characteris-
tics |8]. This composition renders hysteresis loops of high coercivity
and linear electro-optic response for applied fields below the coer-
cive field. Such characteristics near zero applied field are considered
attractive for optical devices operating without a biasing field, such
as light modulators.

The properties of ferroelectric perovskite thin films are strongly
dependent on the crystalline structure. In order to facilitate epitax-
ial growth of PLZT on Si(001), a buffer layer structure of CeO5 and
yttria-stabilized zirconia (YSZ) is commonly adopted [9 11]. More-
over, to add functionality to this thin film stack, a layer of STRuOg
is interposed between CeOq and PLZT |12|. The metallic properties
of StTRuOj3 provide an electrode for subsequent polarization of the
PLZT film. The perovskite structure of STRuQOj3 ensures an epitax-
ial relationship between this layer and PLZT.

For applications of PLZT in optical devices, it is essential that
highly crystalline and uniform films can be prepared with sufficient
thickness to support propagation of optical modes. A number of
deposition techniques were adopted to this end, such as chemical
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solution processing [13|, pulsed laser ablation [14], metal-organic
chemical vapor deposition [15], ion beam sputtering [16], magnetron
sputtering [17], spin-coating pyrolysis [18|, and sol-gel processing
[19]. In the present communication, we report on deposition of epi-
taxial (Pb,La)(Zr,Ti)O3 thin films on buffered Si(001) using radio
frequency (RF) magnetron sputtering. An on-axis target geometry
was adopted in order to attain high deposition rates, compared to
that for films deposited by off-axis sputtering in a preceding growth
effort [20]. Deposition of homogeneous films with several hundred
nanometer thickness, required for application in integrated optics, is
demonstrated. Moreover, it is shown that the cation stoichiometry
of such films, notably their lead content, depends critically on the
substrate temperature during growth.

5.2 Experimental

Buffer layers of YSZ (13 mol% Y203) and CeOy were initially de-
posited on n-type Si(001) wafers (Siltronix) by electron beam eva-
poration. The silicon wafers were single-side polished, with a thick-
ness of 350 pm and resistivity 2-20 Q-cm. A 200 nm thick tita-
nium layer was predeposited on the reverse of the polished silicon
wafers to allow for radiative heating of the substrate during oxide
film growth. The wafers were cut in 20 x 20 mm? dies, which were
cleaned ultrasonically in acetone and subsequently rinsed with iso-
propanol. The substrates were heated in high vacuum at 800°C in
a multi-target e-beam evaporation chamber. YSZ and CeO, buffer
layers were grown on the polished Si(001) surface at a partial oxy-
gen pressure of 1 x 10~* mbar, without removing the native oxide
and without breaking the vacuum between deposition of the two
oxide layers. The introduction of oxygen in the evaporation cham-
ber at the initial stage of YSZ deposition was delayed by ~30 s, in
order to allow for dissociated Zr ions to reduce the native surface
SiO, layer |21, 22]. The growth rate was approximately 0.3 nm/s
for both layers, with typical thicknesses of 40 and 10 nm for CeO,
and YSZ, respectively. These CeO,/YSZ-buffered Si(001) substrates
were then subdivided into 5 x 5 mm? dies and rinsed in acetone and
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isopropanol.

PLZT and SrRuQOj thin films were deposited on the buffered
Si(001) substrates by on-axis and off-axis RF magnetron sputtering,
respectively. For epitaxial growth of PLZT the buffered substrates
were radiatively heated to temperatures in the range 500-750°C,
as measured with an optical pyrometer. The films were grown in
a mixed atmosphere of oxygen and argon (Oz/Ar — 4:10) at a
total pressure of 100 mTorr. The separation between the 3-inch
Pb10alag.0sZro4Tip 603 target (Praxair Surface Technologies) and
the substrate was 48 mm, with a corresponding deposition rate of
approximately 2.5 nm/min. The PLZT target contained 20 mol%
excess lead, to compensate for non-stoichiometric transfer of lead in
the sputter deposition process. The SrRuOj layer was deposited at
a substrate temperature of approximately 810°C, a total pressure of
175 mTorr, and an Oy/Ar ratio of 4:9. The PLZT films were grown
both directly on CeOs/YSZ-buffered Si(001) and with StRuO; em-
bedded in the multilayer stack. The growth conditions for PLZT
were the same in both cases.

X-ray diffraction (XRD) measurements were performed in order
to establish the phase and crystalline orientation of the different
layers, using a Bruker D8 Discover x-ray diffractometer. The topo-
graphy of the film surface was examined by tapping mode atomic
force microscopy (AFM), using a Veeco MultiMode V scanning probe
microscope. In order to determine the elemental composition of the
PLZT films, quantitative x-ray photoelectron spectroscopy (XPS)
analysis was carried out using a VG Escalab MKII system equipped
with an Al/Mg twin anode and a hemispherical electron energy ana-
lyzer. The electron scattering length in these measurements renders
a sampling depth of 2.0£0.5 nm for this material [23|. The recorded
peak energies were corrected for electrostatic sample charging by as-
signing a Cls core level binding energy of 285.0 eV to emission from
adventitious surface carbon.
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5.3 Results and discussion

Figure 5.1 shows 6-26 x-ray diffractograms for PLZT thin films grown
on buffered Si(001), with and without a SrRuOj electrode layer.
The scan in Figure 5.1(a) pertains to a 150 nm thick film grown
on CeOy/YSZ-buffered Si(001) at a substrate temperature of 670°C.
This diffractogram shows that the e-beam deposited CeO and YSZ
buffer layers grow with (001) crystalline orientation, which is also the
predominant orientation of PLZT. The PLZT(002) diffraction peak
at 20 = 44.4° corresponds to a c-axis lattice parameter 4.077 A, close
to the reported bulk value of 4.074 A for Pbo_ggL&QogZI’o_;}Tio_ﬁOg [7],
which indicates that the (001)-oriented PLZT film is relaxed. The
diffractogram also reveals formation of minor domains with different
crystalline orientation (cf. the PLZT(111) diffraction peak in Fig-
ure 5.1(a)), which serve to accommodate the large lattice mismatch
(> 5 %) between the PLZT and CeOs unit cells.

() ' " PLZT(002)
Ce0,(002)

PLZT(001)  [YSZ(002)

Intensity (log)
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0 — 20 (deg)

(b) S}Ruos(oo1) ' PLZT(002)

PLZT(110)
PLZT(001

4

SrRuO,(111)

¢ SrR

Intensity (log)
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Figure 5.1: 6-20 x-ray diffractograms of PLZT thin films grown on
(a) CeO2/YSZ/Si(001) and (b) SrRuOs3/CeOy/YSZ/Si(001). The PLZT
layer shows predominant (001) orientation in both cases.

85



5.3 Results and discussion Chapter 5

86

Figure 5.1(b) shows the #-20 scan for PLZT grown on buffered
Si(001) with a 20 nm SrRuQOj electrode layer. This data unveils
formation of more than one crystalline orientation for both PLZT
and SrRuOj3. However, the PLZT film remains predominantly (001)-
oriented. We find that a pyrochlore phase of PLZT prevails for
films grown at substrate temperatures below 520°C, as previously
observed for sputter-deposited thin films on SrTiO3(001) [20]. The
presence of pyrochlore has been reported to degrade the dielectric
and optical properties of PLZT thin films |24|.

Rocking curves recorded for the leading diffraction peaks of each
layer in the PLZT /SrRuQO3/CeOy/YSZ thin film heterostructure are
shown in Figure 5.2. The rocking curves for CeO5(002) and YSZ(002)
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| SRO(001)
Ce0,(002)
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®
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PLZT(110)
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©
N
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Figure 5.2: Rocking curves recorded for the leading diffraction peaks of
the different layers in the PLZT /SrRuQOs/CeQO2/YSZ thin film stack.

demonstrate good crystalline quality for these e-beam deposited buf-
fer layers, with a full width at half maximum (FWHM) of approxi-
mately 1°; in close correspondence with rocking curves previously re-
ported for such layers [25, 26]. The FWHM of the SRO(001) rocking
curve was measured at ~1.3°, and the rocking curve FWHM of the
PLZT(002) and the PLZT(110) diffraction peaks were measured at
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0.3° and 1.7°, respectively. Thus, the PLZT films grown on buffered
Si(001) exhibit good crystalline quality for the (001)-oriented phase,
with noticeably poorer quality for (110)-oriented domains. The crys-
talline quality of the 001-oriented PLZT is comparable to that re-
ported for films grown by sputter deposition on SrTiO3(001) [20].
The narrower rocking curve for the PLZT(002) compared to that
of the buffer layers may be attributed to the much larger thickness
of the PLZT layer. The PLZT(002) rocking curve FWHM is ob-
served to decrease with increasing thickness of the PLZT layer, due
to strain relaxation. We note that the FWHM of the PLZT(002)
rocking curve is not appreciably affected by introduction of a STRuO3
electrode layer in the multilayer thin film stack.

Figure 5.3(a) shows @-scans of a PLZT thin film grown directly
on CeOy/YSZ-buffered Si(001). The fourfold rotational symmetry

' 45 deg. PLZT(111)
- l <_i | PLZT
§ : Ceo,020  perovskite) © Pb, La
S l l 5 l o Zr, i
% ¥SZ(111)] e O
5 (uorte) ° e
= Si(111) ]

0 90 180 270 360
¢ (deg)
(a) (b)

Figure 5.3: (a) ¢-scan diffractograms of a PLZT film grown on
CeOq/YSZ-buffered Si(001). (b) The perovskite unit cell of PLZT is ro-
tated 45° with respect to the unit cell of CeQOs.

shows that the perovskite unit cell of PLZT is rotated 45° with
respect to the CeOs lattice. This implies in-plane epitaxial align-
ment of PLZT[100] with CeO5[110|, as depicted in the sketch in
Figure 5.3(b). The ¢-scans also show that the YSZ(111) reflections
coincide with the corresponding reflections of the silicon substrate,
which implies that the YSZ layer grows cube-on-cube with Si(001).
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Such growth is also observed for the CeO, layer, in agreement with
the lattice alignment reported by Méchin et al. [26] and by Kondo et
al. [27]. These p-scans and the 6-26 scans in Figure 5.1 demonstrate
that the PLZT films are highly oriented with a distinct in-plane
alignment, and moreover, that (001)-oriented YSZ can be grown
epitaxially on Si(001) without stripping the substrate of its native
surface oxide prior to growth 21, 28].

Figure 5.4 shows a reciprocal space map (RSM) of the CeO,/YSZ-
buffered Si(001) substrate. The RSM reveals that the YSZ(113) re-
flection is shifted relative to that of Si(113) by Ah = 0.06, which im-
plies relaxed growth of YSZ. Furthermore, the shift of the CeO2(113)
reflection relative to that of YSZ(113) implies relaxed growth of CeO,
on YSZ. These findings suggest that the buffer layers grow cube-on-
cube on Si(001).

3.20¢

3.15;

! YSZ(113
3.10 CeO,(113) (113)

1 [001]

0.95 100  1.05 1.10
h [110]

Figure 5.4: Reciprocal space map for the (113) lattice planes of the
CeOy/YSZ-buffered Si(001) substrate.

Figure 5.5 displays typical 1 x 1 pm? AFM scans of (a) the buf-
fered Si(001) substrate and (b) a PLZT film grown on CeOy/YSZ/
Si(001). The CeOy surface appears smooth, with no pronounced
texture and a measured root mean square (RMS) surface roughness
of ~1 nm. By comparison, the RMS roughness of the polished sub-
strate surface was measured at ~1.5 A for a 1 x 1 pm? scan.
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Figure 5.5: 1x1 pm? AFM scans of (a) the e-beam evaporated CeOs/YSZ
buffer layer on Si(001) and (b) the PLZT/SrRuOs/CeO2/YSZ/Si(001)
multilayer stack, with a corresponding RMS surface roughness of 1.0 nm
and 4.1 nm, respectively.

The RMS roughness of the PLZT film surface in Figure 5.5(b) was
measured at approximately 4.1 nm. This is close to the presumed
upper bound on the surface roughness for propagation of light in such
films with moderate optical scattering [29, 30|, a prerequisite for their
use in optical waveguide applications. The RMS roughness of the
PLZT film surface was found to increase with the film thickness, e.g.,
the RMS surface roughness of a PLZT film with thickness 150 nm
was measured at ~1.8 nm. The PLZT film surface appears dense and
uniform with no visible voids or cracks, as measured with scanning
electron microscopy (SEM).

Numerical simulation of light propagation in the PLZT /SrRuO3;/
CeO3/YSZ/Si(001) heterostructure suggests that increasing the thi-
ckness of the dielectric buffer layers will substantially improve the
confinement of horizontally propagating light to the PLZT layer
[data not shown]. CeOy and YSZ both have a lower refractive index
than PLZT, and these layers will reduce optical absorption in the
semiconductor substrate if sufficiently thick. AFM analysis shows
that increasing the CeOs layer thickness to 500 nm does not signifi-
cantly affect the surface roughness of the PLZT film.

XPS data taken on the PLZT films uncovers no surface contami-
nation beyond the presence of adventitious surface carbon. The mea-
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sured Pb 4f7 /5 (138.0 eV), La 3ds5/2 (834.7 eV), Zr 3ds5/, (181.2 eV),
and Ti 2pg/, (458.1 V) binding energies are in close agreement with
the values previously reported for PLZT [20] and PZT [31, 32|. The
recorded core level spectra suggest a single oxidation state for the
PLZT cations. The La 3d spectrum shown in Figure 5.6 displays
a multiplet structure with two distinct peaks characteristic of an
a1[3d714f% + ay[3d~'4f'L) final state of photoemission, where L
denotes a hole in a ligand O 2p orbital from charge transfer to the
La 4f shell |33, 34|.

Intensity (a.u.)

860 850 840 830
Binding energy (eV)

Figure 5.6: La 3d XPS core level spectrum of the PLZT thin film surface.

Figure 5.7 shows the surface cation stoichiometry of sputter-
deposited PLZT films vs. substrate temperature during growth, as
obtained from XPS analysis. The core level peak intensities were
estimated from least-squares fits of Voigt lineshapes to the recorded
spectra, after subtraction of a Shirley background [35]. Empirical
atomic sensitivity factors [36] were used to obtain the relative cation
concentrations. The plot in Figure 5.7 reveals a substantial decrease
in the (Pb+La):(Zr+Ti) ratio with increasing substrate temperature
from 500°C to 750°C, while the La:(Zr+Ti) ratio remains fixed at
approximately 0.1.
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Figure 5.7: Surface cation stoichiometry of PLZT films grown on
CeOq/YSZ-buffered Si(001) as a function of substrate temperature during
growth.

The loss of Pb in the film surface at high growth temperatures
can be attributed to a high volatility of the Pb ions. As a result, the
perovskite stoichiometry of PLZT is not preserved, which may lead
to films with degraded dielectric and ferroelectric properties [37].
The target used in this experiment had 20 mol% excess Pb to com-
pensate for the loss of Pb during growth. The XPS analysis suggests
that this is not sufficient to prevent growth of Pb-depleted films for
substrate temperatures above ~630°C. The lanthanum content of
the PLZT films is important both to their optical transparency and
dielectric response. The optical transparency of PLZT is reported to
deteriorate for material with less than 8 at.% La |7]. The measured
XPS intensities (cf. Figure 5.7) indicate that this should be of no con-
cern for films grown at substrate temperatures between 500°C and
750°C. Moreover, the Zr:Ti ratio is found to remain fixed at approx-
imately 40:60 for this entire temperature range, in close agreement
with the target stoichiometry. The (Pb-+La):(Zr+Ti) atomic ratio
for PLZT films grown at higher chamber pressures (up to 150 mTorr)
was also analyzed with XPS. The measurements indicate that the
recorded loss of Pb is slightly diminished by increasing the oxygen
partial pressure during deposition.
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5.4 Conclusions

Epitaxial PLZT thin films were grown on CeOs/YSZ-buffered Si(001)
substrate by on-axis RF magnetron sputtering. The films are prefer-
entially (001)-oriented with a rocking curve FWHM of approximately
0.3° for the PLZT(002) diffraction peak. ¢-scans show that the unit
cell of PLZT is rotated 45° with respect to that of CeO,, confirm-
ing an epitaxial relationship. Films of several hundred nanometer
thickness exhibit smooth surfaces, with an RMS surface roughness
of ~4 nm. The crystalline quality and surface roughness is deemed
sufficient for application of such films in electro-optic and photonic
devices. Quantitative XP§S analysis reveals a substantial loss of Pb in
the film surface and thus, a deviation from the perovskite cation stoi-
chiometry, with increasing substrate growth temperature. In con-
trast, the surface concentrations of La, Zr, and Ti remain constant
throughout the investigated temperature range, which holds good
promise for growth of thin films with the desired dielectric response
and electro-optic properties.
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Chapter 6

Sputter-deposited
(Pb,La)(Zr,Ti)O3 thin films:
Effect of substrate and optical
properties

NORDSETH, ., RoYysSET, A., TYBELL, T., AND GREPSTAD, J.
K., J. Vac. Sci. Technol. A, vol. 27, pp. 548553, 2009.

Abstract: Optically transparent (Pb,La)(Zr,Ti)O3 (PLZT) thin
films were sputter-deposited on SrTiO3(001) and MgO(001) sub-
strates with a STRuO3(110) bottom electrode. X-ray diffraction ana-
lysis showed epitaxial growth of monocrystalline PLZT, with (001)
rocking curve full width at half maxima of ~0.03° and ~0.3° for
films deposited on Sr'TiO3 and MgO, respectively. In-plane epitax-
ial alignment of the SrRuO3s and PLZT epilayers was verified from
p-scans. It was established from atomic force microscopy measure-
ments that the PLZT surface roughness meets the requirement for
optical waveguide applications. Recorded P-F loops for films grown
on both substrates showed a remanent polarization of ~36 pC/cm?.
The refractive index of the PLZT layer was estimated from rutile
prism coupling measurements at ~2.56 for A = 633 nm, consistent
with data obtained by spectroscopic ellipsometry. The ferroelectric
and optical characteristics of the films, as well as their surface rough-
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ness, were not appreciably different for the two substrates. This
makes MgQO the preferred choice of substrate for optical waveguide
devices due to its low refractive index compared to that of Sr'TiOs.

6.1 Introduction

The large family of perovskite oxides offers a rich variety of func-
tional properties |1], such as pyro-, piezo-, and ferroelectricity, ferro-
and antiferromagnetism, and electro-optic effect, which render these
materials attractive for a wide range of device applications [2-4].
These include nonvolatile memory, ferroelectric field effect transis-
tors, transducers, and sensors [5, 6. The transparent perovskite
(Pb,La)(Zr,Ti)O3 (PLZT) is recognized as a useful material for op-
tical device applications, mainly by virtue of its low propagation
losses at visible and near infrared wavelengths combined with a
strong electro-optic response [7]. The addition of lanthanum to
Pb(Zr,Ti)O3 diminishes the optical anisotropy in the material [§],
resulting in substantially reduced light scattering for a La content in
excess of 6 at.% |9]. The electro-optic characteristics of PLZT de-
pend on the cation stoichiometry and may be classified as "linear",
"quadratic", or "memory" according to the ferroelectric hysteresis
behavior [10, 11]. In this work, PLZT with 8 % La substitution for
Pb and a Zr:Ti cation ratio of 40:60 were chosen in order to obtain
a linear electro-optic response (i.e., Pockels effect). A linear rela-
tion between refractive index and applied field is a prerequisite for
electro-optic devices such as modulators and switches [12].

The application of thin films in integrated optics places strict re-
quirements on homogeneity and film thickness, as well as on surface
morphology, to prevent losses from optical scattering [13]. Moreover,
the electro-optic properties of thin films will be affected by the crys-
talline quality and orientation, residual stresses, grain boundaries,
and the film-electrode interfaces [14]. In this study, we discuss epi-
taxial growth of PLZT/SrRuO; (SRO) bilayers on SrTiO5(001) and
MgO(001) substrates using radio frequency (RF) magnetron sputter-
ing. The thin SRO epilayer, grown prior to PLZT, was introduced to
serve as bottom electrode for subsequent dielectric and ferroelectric
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measurements [15]. This planar electrode geometry renders a high
electric field in the PLZT layer compatible with low-voltage opera-
tion, advantageous to electro-optic modulation. The SrTiOs sub-
strate offers good lattice match with a wide selection of perovskite
oxides. However, the relatively high refractive index of SrTiO3 (n
— 2.38) restricts the use of this substrate in thin film waveguide de-
vices. MgO on the other hand has a low refractive index of n — 1.74,
a prerequisite for strong optical mode confinement in the PLZT ac-
tive layer. The MgO substrate has a larger lattice mismatch with
PLZT, however, which tends to complicate epitaxial growth. This
paper analyzes and compares the crystalline, ferroelectric, dielectric,
and optical properties of Pbg.gslag0sZrp.4Tip O3 thin films grown on
these two substrates.

6.2 Experimental

6.2.1 Thin film growth

Polished, (001)-oriented crystalline wafers of SrTiO3 (Shinkosha Co.,
Ltd.) and MgO (MTI Crystal) were cut in 5x 5 mm? dies, cleaned ul-
trasonically in acetone, and subsequently rinsed with isopropyl alco-
hol. The substrates were fixed to a 2 in. diameter Inconel sample
holder by silver paste, before introduction in the sputter chamber
(Kurt J. Lesker Co.), equipped with Torus magnetron cathodes. The
substrates were radiatively heated in situ, and their surface tempera-
ture was measured using an optical pyrometer with the emissivity
set at 0.7. The vacuum chamber base pressure was 5 x 10~8 Torr.
The overall gas pressure was controlled with a manually operated
gate valve, and the flow of Ar and Oy (both of 99.9999% purity)
was regulated by mass-flow controllers. The SRO and PLZT targets
were both 3 in. diameter (Praxair, 99.9% purity), solder bonded to
a copper alloy backing plate. The RF (13.56 MHz) power was 90 W
for deposition of PLZT and 100 W for SRO.

The SRO epilayers were deposited in a 90° off-axis sputter geo-
metry [16], with a target center to substrate separation of ~100 mm.
The layers were grown in a mixed ambient of Oy:Ar = 4:10 at a total
pressure in the growth chamber of 100 mTorr. The substrate tem-
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perature was ~630°C. The typical thickness of the SRO electrode
layer was 20 nm, as determined from x-ray reflectivity measure-
ments [17], and the deposition rate was approximately 0.4 nm/min.
Prior to deposition of PLZT, the substrate temperature was low-
ered and stabilized within the range 490-570°C, without breaking
the vacuum. In order to achieve sufficient growth rates of films suit-
able for optical waveguide applications, i.e., with a typical thickness
of 0.5 pm or more, the PLZT epilayers were deposited in a pla-
nar sputter geometry. The composition of the PLZT target was
Pby 104Lag.0sZ1r0.4Ti0603, i.e., with 20 mol% excess lead to compen-
sate for a disproportionate loss of lead from the film surface during
deposition. The gun holding the PLZT target was mounted on a
linear translator in order to allow for multilayer deposition. Opti-
mum growth conditions for PLZT were established for a target-to-
substrate separation of 48 mm. The films were grown in a mixed
ambient of Oy:Ar = 4:10 at total pressures of 100 mTorr and 165
mTorr for deposition on SrTiO3(001) and MgO(001), respectively.
The deposition rate under these conditions was approximately 2.5
nm/min. The samples were allowed to cool to room temperature in
their growth ambient before being removed from the growth cham-

ber.

6.2.2 Materials characterization

X-ray diffraction (XRD) measurements were carried out on a Bruker
D8 Discover diffractometer to establish phase and crystalline orien-
tation of the individual thin film layers. The x-rays were CuK«
(A — 1.54 A) radiation, with the source operating at 40 kV and 40
mA. The film surface morphology was examined by tapping mode
atomic force microscopy (AFM) using a Veeco Multimode V scan-
ning probe microscope. The resonance frequency of the tips used was
in the range 310 490 kHz, and the force constant varied between 22
and 91 N/m. The scan area was typically 5 x 5 pm?, with a scan
rate of 1 Hz. In order to investigate the ferroelectric and dielectric
properties of the PLZT layers, circular Au(200 nm)/Pt(50 nm) top
electrodes, 100 pm in diameter, were deposited on the perovskite
thin film surface using e-beam evaporation. Polarization hysteresis
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and capacitance-voltage loops were measured on as grown films at
2 kHz with a small signal amplitude of 0.4 V using an Aixacct TF
Analyzer 2000 system. The dielectric properties were analyzed for
frequencies from 20 Hz to 1 MHz, at a bias level of 1 Vgys, with an
HP 4284A Precision LC'R meter.

Polarized light from a A — 633 nm HeNe laser (Melles Griot 25-
LHR-151) was coupled into PLZT layers with a thickness of ~650
nm, for films grown on both Sr'TiO3 and MgO, without the SRO elec-
trode layer, using an ADT-6 rutile prism pressed against the perov-
skite film surface. This setup, commonly referred to as a prism-film
coupler [18-20], is used to determine the thickness and refractive
index of optically transparent thin films by running a numerical fit
to the observed m-lines [21|. A schematic of the prism-film coupler
is shown in Figure 6.1. Light directed into the prism undergoes to-
tal reflection at the prism base. Reflected light emerging from the
right face of the prism is projected onto a detector screen. Propa-
gating optical modes are exited in the PLZT layer at certain angles
of incidence 6;,, via overlapping evanescent fields [18], i.e., provided
that the air gap dy between prism and film is less than ~\/4 [22].
The energy losses associated with this excitation can be visually
observed as a pattern of streaks (m-lines) on the detector screen, re-
vealing the mode spectrum of the optical thin film. Complementary
ellipsometric data for PLZT films grown on both SrTiO3 and MgO
was obtained using an MM-16 (Horiba Jobin Yvon) spectroscopic
ellipsometer. The measurements were carried out with a 2 nm in-
crement in wavelength over the full 430-850 nm range. The angle of
incidence was 65°. A commercial software package (DeltaPsi2) was
used to obtain a numerical fit to the recorded data, adopting the
Levenberg-Marquardt nonlinear least-squares algorithm [23] and a
single oscillator Sellmeier model for the refractive index dispersion,
[24, 25]

2
n?(\) —1= &2,
1= (Xo/A)

where Sy and \g represent the average oscillator strength and posi-
tion, respectively.

(6.1)
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Figure 6.1: Schematic of the prism-film coupler. The incident focused
laser beam is totally reflected at the prism base. Wave guided modes in
the optical thin film are excited selectively at certain angles of incidence,
Oin. The m-lines appearing on the detector screen are used to estimate
numerically the thickness d and refractive index n of the optical thin film.

6.3 Results and discussion

6.3.1 Thin film crystalline structure and topo-
graphy

Figures 6.2(a) and (b) display typical 6-20 x-ray diffractograms for
the PLZT/SRO bilayer for deposition on SrTiO3(001) and MgO
(001), respectively. The diffractograms show (110)-oriented SRO
and (001)-oriented PLZT. For films grown on SrTiOs, purely (001)-
oriented perovskite PLZT was obtained for substrate temperatures
in the range 490 570°C, whereas a pyrochlore phase was found to
prevail for substrate temperatures below ~490°C. For films grown on
MgO, domains of different crystalline orientations were commonly
observed, dependent on the substrate temperature as well as the
overall gas pressure. In order to prevent the formation of pyrochlore
for films grown on MgQ), an increased ambient pressure of 165 mTorr
was required, compared to 100 mTorr for films grown on SrTiOj.
Purely (001)-oriented PLZT could be grown on MgO at this total
pressure (165 mTorr) for a limited range of substrate temperatures,
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Figure 6.2: 6-20 scans of a PLZT/SRO bilayer grown on (a) SrTiOz(001)
and (b) MgO(001). The diffractograms show purely (001 )-oriented mono-
crystalline PLZT and (110)-oriented SRO on both substrates. The insets
show the rocking curves for the PLZT(001) diffraction, with a FWHM of
~0.03° and ~0.3° for films grown on Sr'TiQOs and MgQ, respectively.

For films grown on SrTiOs, the rocking curve full width at half
maximum (FWHM) for the PLZT(001) and SRO(110) diffraction
peaks were measured at ~0.03°, comparable to that of the substrate
(001) Bragg reflection. The FWHM of the corresponding rocking
curves for PLZT and SRO deposited on MgO was measured at ~0.3°
and ~1°, respectively. In Figure 6.2, the rocking curve recorded for
the PLZT(001) reflection is shown in the inset of each 6-26 scan.
The FWHM for PLZT on SRO/MgO(001) is comparable to that
previously reported for deposition on CeOy/YSZ-buffered Si(100)
[4], and smaller than that reported for deposition on Pt/MgO(001)
[26, 27]. The larger mosaic spread of PLZT and SRO grown on MgO,
as compared to films grown on SrTiOs, is attributed to the larger
lattice mismatch with the substrate. For PLZT, these mismatches
for growth on MgO and SrTiO3 are 4.6 % and 3.1 %, respectively.
The XRD data confirms that the crystalline quality of the PLZT
film is not appreciably affected by incorporation of a thin SRO layer
in the heteroepitaxial thin film stack.
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For PLZT grown on SrTiO3(001) without the SRO electrode
layer, a minimum (001) rocking curve FWHM of ~0.03° was ob-
tained for a substrate temperature of 530£10°C. For films grown at
substrate temperatures above 550°C the crystalline quality of the
sputter-deposited PLZT film deteriorates, as judged from the rock-
ing curve FWHM, presumably due to loss of Pb, as was previously
observed with x-ray photoelectron spectroscopy for films deposited
at elevated substrate temperatures [4].

Figure 6.3 shows typical ¢-scans for a PLZT /SRO bilayer on (a)
SrTiO3(001) and (b) MgO(001). The fourfold symmetry of these
azimuthal scans is evidence of in-plane alignment of the PLZT and
SRO layers, with the [100] crystalline axis of PLZT parallel to that
of the substrate.

@ ' " PLZT(101) (b) PLZT(101)
E SRO(112) 5 SRO(112)
g ‘
= 2
5 &
2 2
S SITiOs(101) 2 190(202)

0 90 180 270 360 0 9 180 270 360
¢ (deg) ¢ (deg)

Figure 6.3: -scans of a PLZT/SRO bilayer grown on (a) SrTiOs and
(b) MgO. The observed fourfold symmetry verifies in-plane alignment of
the PLZT and SRO layers.

Figure 6.4 shows a reciprocal space map of the PLZT/SRO bi-
layer on SrTiOs. The recorded h and [ coordinates of the (332)
reflection of the orthorhombic SRO unit cell (a = 0.5532 nm, b =
0.5572 nm, ¢ = 0.7850 nm) |28] imply that the SRO layer is com-
pressively strained from isomorphic growth on the SrTiO3 substrate.
The SRO unit cell will expand accordingly, perpendicular to the film
surface. The recorded (220) diffraction from SRO at 26 — 45.78° in
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Figure 6.2(a) corroborates this finding. The measured 26 angle corre-
sponds to an out-of-plane lattice constant ¢ — 0.3961 nm, exceeding
that of the pseudo-cubic lattice constant for bulk SRO (0.3928 nm)
by approximately 1 %. The reciprocal space map also shows that
the PLZT(103) reflection is shifted relative to that of SrTiO5(103)
by Ah — 0.029. This translates into a PLZT in-plane lattice para-
meter of ~0.4020 nm, as compared to a = b = 0.4029 nm for bulk
PboigzLao.OSZr()ATiOﬁOg [9] The PLZT(002) reflection at 20 — 43.85°
in Figure 6.2(a) implies an out-of-plane lattice parameter ¢ = 0.4126
nm, consistent with the measured in-lattice parameters, to render
a PLZT unit cell volume of 66.7 A3, in good agreement with that
of bulk Pb0,92L30,08Zr0,4Ti0,603. Similar measurements for PLZT
on MgQO yielded in-plane and out-of-plane lattice parameters of a
= 0.4021 nm and ¢ = 0.4108 nm, respectively, suggesting partially
relaxed growth of PLZT for these ~500 nm thick films also on the
MgO substrate.

30 SITiO,(103) -
SRO(332) &
5}
229
PLZT(103). ik
2.8
0.9 0.95 1 1.05
[h0O]

Figure 6.4: Reciprocal space map of a PLZT/SRO bilayer on
SrTi0O3(001). The PLZT(103) peak is shifted by Ah = 0.029 relative
to that of the orthorhombic SRO(332) and SrTiOs3(103) Bragg peaks.

AFM scans of the PLZT /SRO bilayer showed that the root mean
square (RMS) surface roughness of the PLZT films increases with
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layer thickness for films grown on SrTiO3(001) and MgO(001) alike.
For PLZT films 150, 300, and 500 nm thick, the RMS surface rough-
ness was measured at 0.9, 1.5, and 2.3 nm, respectively. Their surface
roughness was not appreciably affected by introduction of an SRO
electrode layer. Hence, the surface roughness of films with sufficient
thickness for optical waveguide applications meets the requirements
for light propagation with moderate losses from surface scattering,
(i.e., an RMS surface roughness less than ~2-4 nm) [29]. This sug-
gests that the surface topography of the sputter-deposited PLZT is
adequate for application in optical waveguides and integrated optics.

Inspection of the film surface with scanning electron microscopy
shows uniform PLZT layers with no visible voids or cracks. More-
over, the measured surface roughness of ~80 nm thin PLZT layers
grown by on-axis sputter deposition is comparable to that previously
reported for films grown on SrTiO3(001) in the off-axis sputter geo-
metry [30]. This observation suggests that the target geometry has
little impact on the surface roughness of the sputter-deposited PLZT
films.

6.3.2 Ferroelectric and dielectric measurements

The ferroelectric hysteresis behavior of PLZT films grown on SRO/
SrTiO3 and SRO/MgO is displayed in Figure 6.5(a). The P-E
loops show an average remanent polarization P, = 36 pC/cm? and
a coercive field E. = 230 kV/cm for PLZT on SrTiOs and corre-
sponding values P, = 36 pC/cm? and E. = 140 kV/cm for PLZT
on MgO. The measured remanent polarization and coercive fields
are larger than that previously reported for Pbggsl.ag.0sZro.4 Tig6Os3
thin films (26 pC/cm?, 37 kV/em) and bulk crystals (28 pC/cm?,
21 kV/cm) [9, 31]. The distinct hysteresis loops suggest that the
sputter-deposited PLZT films are well suited for optical waveguide
devices, for which a linear electro-optic response is desired.

The inset in Figure 6.5(a) shows the corresponding C-V switch-
ing curve for PLZT on SrTiOs. We observe that the P-E and C-V
loops are shifted toward a negative bias, as was previously reported
for Pb(Zr,Ti)O3 and PLZT thin films |32, 33|. The different work
functions for the Pt (¢®,, = 5.5 ¢V) [34] and SRO (¢®,, = 5.2 V)
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[35] top and bottom electrodes contribute to this bias |36, 37|. A®,,
cannot entirely account for the observed negative bias (~90 kV /cm),
however. Trapped charges near the film-electrode interfaces and de-
fects may also contribute to the observed bias shift [38].

(a) — PLZT/SRO/SITIO,
80| = - PLZT/SROMgO

Polarization (pC/cmz)
o

[y
-20} <
3
-40} <
-60 g
= - T 0
-80; == © "5 0 5
Bias (V)
-1000 =500 0 500 1000

Applied field (kV/cm)

(b) —~a PLZTISRO/SITIO, 1.5

—1m-PLZT/SRO/MgO

tan &

Frequency (Hz)

Figure 6.5: (a) P-E hysteresis loops and (b) frequency responses of the
dielectric constant es3 (filled symbols) and the loss tangent tan 6 (open
symbols) for PLZT thin films grown on SRO/SrTiO3 and SRO/MgO. The
inset in (a) shows the measured C-V curve for the PLZT/SRO/SrTiO3
sample.
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Figure 6.5(b) shows the room temperature dielectric frequency
responses of PLZT grown on SRO/SrTiO3 and SRO/MgO, respec-
tively. The dielectric tensor component £33 was estimated from the
measured capacitance, assuming an ideal parallel-plate geometry.
For frequencies below 100 kHz, €33 is larger for PLZT on MgO, as
compared to films deposited on SrTiO3 substrate. At 10 kHz, e33 is
measured at ~600 and ~400 for films grown on MgO and SrTiOsg,
respectively. These values are comparable to the dielectric constant
(e = 982) reported for bulk Pbg gaLiag 0sZro4Tig6O3 [9]. The loss tan-
gent (tan J) is measured at ~0.2 for frequencies below 10 kHz and
increases rapidly around 100 kHz for PLZT thin films grown on both
substrates. Similar behavior was previously reported for capacitance
measurements on PLZT, Pb(Zr,Ti)O3, and (Pb,La)TiO;3 thin films
|39, 40|, and attributed to a resonance in the measurement setup
[41].

6.3.3 Optical characterization

In Figure 6.6, the laser beam angle of incidence 6, (cf. Figure 6.1)
is plotted versus mode order for the observed m-lines of transverse
electric (TE) and transverse magnetic (TM) polarized light coupled
into a PLZT film grown on MgO substrate. The continuous cur-
ves in this plot are best fits from corresponding model calculations
relating 6;, to mode order for TE and TM polarized light of A =
633 nm. The optically transparent thin film layer in this simulation
had a film thickness of d = 640 nm, refractive index of n = 2.57,
birefringence of An — nrg — ny — 5 x 1073, and an opening angle
of a = 45° of the rutile prism. Corresponding fits to the m-lines
observed for PLZT on SrTiO3 rendered a refractive index n = 2.56,
consistent with that reported for bulk PbggsLaggsZrgsTiggO3 at A
= 633 nm [42]. In these model calculations, the refractive index of
the substrate was set at ng — 2.38 for Sr'TiO3 and ng, — 1.74 for MgO
[43, 44].

Figure 6.7(a) shows the recorded ellipsometric parameters U and
A for the PLZT thin film on MgO, along with a numerical fit to the
data. A surface roughness of 2 nm (RMS) for the PLZT layer was
implemented in the model, adopting an effective medium approxima-
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Figure 6.6: Measured interdependence of the laser beam angle of inci-
dence 0, and the mode order m for rutile prism coupling measurements
(cf. Figure 6.1) of a PLZT thin film on MgO for TE and TM polarized
light. The best fit for TE (dashed line) and TM polarization (solid line)
suggests a refractive index n = 2.57 and a film thickness d = 640 nm for
the actual wavelength of A = 633 nm.

tion [45, 46]. The fit in Figure 6.7(a) corresponds to Sp = 1.05 x 10
m~% and A\g = 215.1 nm (of Eq. 6.1), which suggests a film thickness
of ~650 nm and a refractive index n ~ 2.55 for A = 633 nm, in good
agreement with the data obtained from the prism coupling measure-
ments. These values for the single Sellmeier oscillator match those
previously reported for PLZT thin films [47 49]. Figure 6.7(b) shows
the calculated dispersion of the refractive index for PLZT grown on
SrTiO3 and MgO for wavelengths spanning the 450-1600 nm range.
We note that there is no major difference in the calculated disper-
sions for PLZT films on these two substrate materials. At the main
communication wavelength of A — 1550 nm, the refractive index of
the PLZT layer is n ~ 2.45.
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Figure 6.7: (a) Spectrometric ellipsometry data (¥, A) with best fit
from model calculations for a PLZT thin film on MgO. (b) Calculated
dispersion of the refractive index for PLZT /SrTiOs and PLZT /MgO.

6.4 Conclusions

PLZT and SRO thin films were grown epitaxially on SrTiO3(001)
and MgO(001) substrates by RF magnetron sputtering. The recorded
rocking curves suggest that the PLZT epilayers are of good crys-
talline quality on both substrates. In-plane epitaxial alignment was
confirmed from ¢-scans, and the RMS surface roughness was mea-
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sured at ~2 nm for PLZT films of ~0.5 pm thickness, sufficient to
meet, the requirements for low-loss optical mode propagation in such
films. The measured P-FE hysteresis loops showed good ferroelectric
behavior for films grown on both substrates, with a large coercive
field and an average remanent polarization of P, = 36 1C/cm?. The
dielectric constants (£33) at 10 kHz were measured at ~600 and ~400
for films deposited on MgO and SrTiOgs, respectively. Film thick-
ness and refractive index were determined by rutile prism coupling
and were found to be consistent with values derived from spectro-
scopic ellipsometry measurements. The dispersion of the refractive
index was computed by means of a single oscillator Sellmeier model
and was estimated at n ~ 2.55 for A — 633 nm and n =~ 2.45 for
A = 1550 nm for PLZT epilayers grown on both substrates. The
ferroelectric and optical characteristics of these PLZT thin films, as
well as their surface roughness, were not appreciably different for the
two substrates. This finding favors MgO as the preferred choice of
substrate for optical waveguide applications due to its low refractive
index compared with SrTiOj.
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Chapter 7

Growth and characterization
of (Pb,La)(Zr,Ti)O3

thin film epilayers on
SrTiOs-buffered Si(001)
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Abstract: Ferroelectric Pbggoliag osZro4Tio O3 (PLZT) thin films
were deposited on SrTiOs-buffered Si(001) substrate by on-axis radio
frequency magnetron sputtering. X-ray diffraction analysis revealed
epitaxial growth of monocrystalline PLZT films, with an (001) rock-
ing curve full width at half maximum of ~0.3°. ¢-scans showed
45° in-plane orientation of the perovskite unit cell relative to that
of silicon. The elemental composition of the thin film heterostruc-
ture was examined by Auger sputter depth profiling measurements.
The recorded profiles suggest that the SrTiOgz buffer layer serves
not only as a template for epitaxial growth, but also as a barrier
suppressing Pb-Si interdiffusion between the PLZT layer and the Si
substrate. The surface roughness of the PLZT layer was measured
at ~4 nm for films with ~500 nm thickness. Wavelength dispersions
for the refractive index (n) and the extinction coefficient (k) were
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obtained from spectroscopic ellipsometry measurements, with n ~
2.48 at the main communication wavelength A\ — 1550 nm and £ <
0.001 for A > 650 nm. Recorded polarization vs. electric field (P-E)
loops for the PLZT epilayer, with a StRuO3; electrode layer inter-
posed between PLZT and SrTiOgs, showed a remanent polarization
P, ~ 40 nC/cm? and coercive field E. ~ 100 kV/cm. These find-
ings suggest that the sputter-deposited PLZT thin films retain the
functional properties critical to ferroelectric and electro-optic device
applications, also when integrated on a semiconductor substrate.

7.1 Introduction

Perovskite complex oxides offer a variety of functional properties
[1], which render these materials attractive for a broad range of de-
vice applications, including capacitors [2], nonvolatile memory |[3],
and electro-optic components [4]. The possibility to combine such
oxides epitaxially with common semiconductor materials is intrigu-
ing from the prospect of integrating these materials with Si-based
technology. Epitaxial growth of high quality perovskite thin films
on silicon is a challenge [5-8], on account of lattice mismatch, for-
mation of amorphous surface oxide, and cation interdiffusion at the
film/substrate interface. Deposition of a Sr'TiO3 (STO) buffer layer
on Si(001) by molecular beam epitaxy (MBE) has been shown to fa-
cilitate subsequent growth of monocrystalline perovskite thin films
on this substrate [9-12]. Moreover, the STO buffer layer may serve
as a diffusion barrier, to prevent chemical reactions with the Si sub-
strate during perovskite thin film growth and processing [13].

The ferroelectric perovskite (Pb,La)(Zr,Ti)O3 (PLZT) is recog-
nized as an attractive material for thin film waveguide applications,
with high transparency at visible and infrared frequencies, strong
linear electro-optic response (Pockels effect), and large spontaneous
polarization [14, 15]. For low-loss waveguide devices, monocrys-
talline thin films are desired, since propagation losses are expected
to be lower than in those prepared with polycrystalline films, in
which the grain boundaries cause optical scattering |16, 17|. Op-
tical losses in thin film waveguides also have other causes, such as
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scattering from defects and pores, material absorption, and surface
scattering [18]. For monocrystalline thin films, the predominant
loss mechanism is surface scattering governed by the film surface
morphology. In order to satisfy the requirement of low scattering
losses (1-2 dB/cm) in electro-optic thin film devices, the root mean
square (RMS) surface roughness should not exceed ~2-4 nm [19].
Moreover, the electro-optic properties of perovskite oxides are highly
anisotropic [16]. This implies that the optimum configuration of an
electro-optic device, such as waveguide orientation, polarization of
the propagating optical modes, and direction of the applied elec-
tric field, will depend on the crystalline orientation of the thin film.
Thus, good control of the growth orientation is an important concern
for device applications.

In this study, we report growth of monocrystalline PLZT thin
film epilayers on STO-buffered Si(001) by radio frequency (RF) mag-
netron sputtering. The chosen composition of PLZT, with 8 % lan-
thanum substitution for Pb and a Zr:Ti cation ratio of 40:60, is
known to crystallize in a tetragonal phase with linear electro-optic
response and a large coercive field |14, characteristics attractive to
a variety of optical devices (e.g., electro-optic switches, modulators,
detectors). The structural, ferroelectric, and optical properties, as
well as the surface morphology of these Si-integrated PLZT epilay-
ers were investigated. Furthermore, the PLZT interface with STO-
buffered Si(001) was examined by means of Auger sputter depth
profiling and compared with the PLZT/Si(001) interface, i.e., with-
out the STO buffer layer.

7.2 Experimental

A 2 in. diameter Si(001) wafer with an 8 nm thick STO(001) buffer
layer grown by MBE methods [9, 20] was cut into 5 x 5 mm? dies
before introduction in the sputter deposition system (Kurt J. Lesker
Co.). The growth chamber base pressure was 5 x 1077 Torr. A
manually operated gate valve was used to control the overall gas
pressure during deposition, and the flow of argon and oxygen (both
6.0 purity) was regulated with mass-flow controllers. The surface

123



7.2

Experimental Chapter 7

124

temperature of the radiatively heated substrate was measured using
an optical pyrometer (IR-CAI, Chino Corp.), with the emissivity
set at 0.7 (A = 1.55 pm). The PLZT films were deposited in a
conventional planar sputter geometry, in order to achieve sufficient
growth rates for optical waveguide applications [21], i.e., films with
a typical thickness of ~0.5 pm. A composite target with 20 mol%
excess lead, i.e., Pbyjo4l.ag.0sZ10.4Tig 603 (Praxair, 99.9 % purity),
was used to obtain a cation make-up close to the desired compo-
sition, PbggolagsZro4Tigs03. The separation between target and
substrate was kept at 48 mm, and the substrate surface temperature
was controlled within the range 450-600°C. The sputter deposition
ambient was a mix of oxygen and argon (Og:Ar — 4:10) with a total
pressure of 165 mTorr, and the RF (13.56 MHz) power was 90 W,
yielding a deposition rate of ~1.7 nm/min. In order to provide a bot-
tom electrode for ferroelectric measurements, a thin (~40 nm) con-
ducting SrRuO3 (SRO) epilayer was deposited on the STO/Si(001)
substrate prior to PLZT growth. This layer was deposited in a 90°
off-axis sputter geometry, advantageous to complex oxide thin film
epitaxy [22], at a substrate temperature of ~650°C. The total pres-
sure of the growth ambient was 100 mTorr, and the RF power was
100 W, with a deposition rate of ~0.5 nm. The PLZT/SRO bi-
layers were grown without breaking the vacuum. After deposition,
the samples were left to cool to room temperature in the growth
ambient, before being removed from the sputter chamber. The cool-
ing rate was measured independently at ~40 K/min for a substrate
temperature of 500°C and a chamber pressure of 170 mTorr.

In order to establish the phase and crystalline orientation of the
different layers, x-ray diffraction (XRD) measurements were carried
out with a Bruker D8 Discover x-ray diffractometer. Grazing in-
cidence measurements were accomplished with the x-ray source ro-
tated through 90°, in order to increase the diffraction intensity from
sets of vertically oriented low-index planes in the ultra-thin STO
buffer layer. The surface composition of the STO/Si(001) substrate
was examined with x-ray photoelectron spectroscopy (XPS), using
a VG Escalab MKII spectrometer, and compared with data recorded
for HF-etched STO(001) substrates (Shinkosha Co. Ltd.). The XPS
data were taken in normal emission as well as for a photoelectron
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take-off angle (TOA) of approximately 30°, for enhanced surface
intensity. The core level peak intensities were estimated using least-
squares fitting of Voigt lineshapes to the recorded spectra, adopting
CasaXPS ver. 2.3.14 [23|. The binding energies were corrected for
electrostatic sample charging by setting the C 1s core level binding
energy for emission from adventitious surface carbon to 285.0 eV.
Auger depth profiling measurements were carried out with a JEOL
JAMP-9500F Auger microprobe to examine the elemental composi-
tion of the thin film epilayers, with a special focus on interdiffusion
at the film-substrate interface. The argon ion partial pressure in
the Auger microprobe during sputter profiling was controlled at 6
x 107! mTorr, and the ion beam voltage and current were set at
500 V and 6 x 107 A, respectively. Under these conditions, the
etching rate of the PLZT layer was estimated at approximately 1.6
nm/min. Element concentrations were assessed from the measured
Auger peak intensities, using tabulated elemental sensitivity factors
[24]. To investigate the ferroelectric properties of the PLZT films,
Au(200 nm)/Pt(10 nm) electrodes of 100 pm in diameter were de-
posited on the sample surface by electron beam evaporation. Po-
larization vs. electric field (P-E) and capacitance-voltage (C-V)
hysteresis loops were measured with an Aixacct TF 2000 analyzer.
The applied bias voltage in the P E measurements was varied from
—7 V to +7 V, and the capacitance was measured at 2 kHz with a
small-signal amplitude of 0.4 V. The film surface morphology was
examined with tapping mode atomic force microscopy (AFM), us-
ing a Veeco Multimode V scanning probe microscope. A variable
angle spectroscopic ellipsometer (J. A. Woollam Co.) was employed
to obtain the refractive index and extinction coefficient, as well as
a measure for the thickness of the PLZT films. The measurements
were carried out for wavelengths A = 350-1700 nm, with a 10 nm
increment and 45° angle of incidence. Numerical fits to the recorded
ellipsometry parameters (WU, A) were obtained using a commercial
software package [25].
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7.3 Results

7.3.1 Structural characterization

To help assess the growth conditions for PLZT epitaxy on the STO/
Si(001) substrate, separate XRD measurements were carried out
on the STO buffer layer. Figure 7.1(a) shows a 6-20 scan of the
STO(002) diffraction peak for the STO/Si(001) substrate. The STO
(002) reflection is centered at 20 — 46.33°, which corresponds to a
c-axis lattice constant of 3.916 A, i.e., slightly stretched compared to
the lattice constant of bulk crystalline STO (3.905 A). The rocking
curve full width at half maximum (FWHM) of the STO(002) reflec-
tion was measured at ~0.1°. The STO buffer layer thickness was
determined at ~15 unit cells, from a numerical fit to the measured
oscillation fringes of the STO(002) reflection [26], shown by the solid
curve in Figure 7.1(a).
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Figure 7.1: (a) 6-20 scan the STO(002) diffraction from the STO/Si(001)
substrate, with a numerical fit to the recorded finite thickness oscillation
fringes. (b) Grazing incidence in-plane 0-20 scans for the STO(200) and
STO(220) reflections of the STO buffer layer with the adjacent Si(220)
and Si(400) reflections, respectively.

Figure 7.1(b) shows the STO(200) and STO(220) reflections re-
corded in grazing incidence, with the adjacent Si(220) and Si(400)
reflections. The measured 260 diffraction angles, as obtained using

Gaussian fits, correspond to an in-plane lattice constant a — 3.898
A and a = 3.902 A for STO(200) and STO(220), respectively. This
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implies a small in-plane compressive strain compared to the crystal
lattice of bulk STO, which is corroborated by the measured out-of-
plane (c-axis) lattice constant.

The 6-20 x-ray diffractogram of a PLZT thin film grown on
STO-buffered Si(001) is shown in Figure 7.2. This diagram shows
PLZT(00!) reflections, only, which implies that the layers are mono-
crystalline with no perceptible impurity phases or grains of a differ-
ent crystalline orientation. Such growth was observed for substrate
temperatures in the range 490-570°C, whereas a pyrochlore phase
of PLZT prevailed for growth temperatures below ~490°C. Diffrac-
tion from the ultrathin STO buffer layer (nominally 15-20 unit cells
thick) could not be clearly discerned in this #-26 scan, suppressed by
the far thicker PLZT thin film layer. For PLZT/SRO bilayers de-
posited on STO/Si(001), the 6-26 scans also showed (hh0) diffraction
peaks of the orthorhombic SRO unit cell.

Si(004)

PLZT(002)
PLZT(001)

Intensity (arb. units)

20 30 40 50 60 70
20 (deg)

Figure 7.2: 0-20 x-ray diffractogram of a PLZT epilayer deposited on
STO/Si(001). The PLZT thin film is [001]-oriented with no sign of py-
rochlore or domains of different crystalline orientation.

The c-axis lattice constant of the PLZT epilayer, as obtained
from the measured (001) diffraction angle 26, is plotted in Figure
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7.3 for films grown directly on STO/Si(001) at different substrate
temperatures. The data shows that this lattice constant attains a
maximum value of ~4.0940.01 A for substrate temperatures in the
range 500-550°C. Also shown in Figure 7.3 is the corresponding rock-
ing curve FWHM for the PLZT(001) reflection. A minimum FWHM
of ~0.3° was obtained for PLZT grown at a substrate temperature
of 520°C410°C. For growth temperatures above ~550°C, the rock-
ing curve halfwidth increases, presumably due to loss of lead, as was
formerly seen in XPS measurements on films grown at elevated sub-
strate temperatures [8]. Moreover, the XRD analyses show that the
crystalline quality of the PLZT film is not appreciably affected by
introduction of an SRO electrode layer between STO and PLZT.

0.410

0.405

¢ (nm)

0.400

0.395

450 500 550 600
Substrate temperature (°C)

Figure 7.3: Substrate temperature dependence of the c-axis lattice para-
meter and the rocking curve FWHM for films grown on STO/Si(001), as
obtained from the PLZT(001) reflection.

Figure 7.4(a) shows typical ¢-scans of a PLZT thin film grown on
STO/Si(001). The four-fold symmetry and alignment of the peaks
in these diffractograms are evidence of in-plane epitaxial growth of
PLZT, with the (100) crystalline axes of PLZT parallel to that of
Si[110], as depicted in Figure 7.4(b). Also, the p-scans demonstrate
that the STO unit cell is rotated by 45° in the surface plane with
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respect to the low-index crystalline axes of the Si(001) wafer. This
implies in-plane epitaxial alignment of STO[100] with Si[110], cf. Fig-
ure 7.4(b), consistent with previous reports for thicker films of STO
grown on Si(001) substrates [12, 13, 27].
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Figure 7.4: (a) ¢-scans of the PLZT(101), STO(101), and Si(111) reflec-
tions for a thin film epilayer grown on STO/Si(001). The STO(101) scan
was obtained from measurements on the STO/Si(001) substrate. (b) The
perovskite unit cell of the thin film layers is rotated 45° with respect to
the [001]-axis of the Si substrate unit cell.

A reciprocal space map of the PLZT(103) reflection for a film
grown on STO/Si(001) is shown in Figure 7.5, superimposed on a
corresponding map of the PLZT(103) and STO(103) reflections for a
film grown on single-crystal STO(001) [28]. Both films were ~100 nm
thick, grown at a substrate temperature of ~520°C. The reciprocal
lattice parameters of the (103) reflection for the PLZT epilayer on
STO/Si(001) translates to an in-plane lattice constant a = b = 4.024

and an out-of-plane lattice constant ¢ = 4.085 A. This implies
a unit cell volume of 66.15 A3, in close correspondence with that
previously reported for bulk PbO,QQLaO.()gZI“OATiO'GOg [14]
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Figure 7.5: Reciprocal space map of the (103) reflection for PLZT grown
on STO-buffered Si(001) (grey) and PLZT grown on a single-crystal
STO(001) substrate (black). The (103) reflection for the bulk STO sub-

strate is also shown.

7.3.2 Film surface topography analysis

The RMS surface roughness of ~120 nm thick films of PLZT on
STO-buffered Si(001), as obtained from 5 x 5 pm? AFM scans, is
plotted as a function of substrate temperature in Figure 7.6. This
data reveals that the PLZT surface roughness is strongly dependent
on the substrate temperature during growth. A minimum surface
roughness of ~1.0 nm is obtained for growth temperatures in the
range ~500-540°C. The inset in Figure 7.6 shows a 5 x 5 pm? AFM
scan for the surface of a PLZT epilayer grown on STO/Si(001) for
a substrate temperature of ~520°C. This surface roughness is com-
parable to that of the STO/Si(001) substrate, with an RMS value
measured at ~0.8 nm for a 10 x 10 pm? AFM scan. For temperatures
above ~550°C, the film surface roughness increases, which could de-
rive from depletion of Pb [8]. The surface roughness of the PLZT
epilayer was not appreciably affected by introduction of an SRO bot-
tom electrode layer, but was found to increase with the PLZT film
thickness, e.g., the RMS surface roughness of PLZT layers with 520
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nm thickness was measured at 4.5 nm. In comparison, the RMS sur-
face roughness of ~520 nm PLZT thin films deposited on HF-etched
STO(001) substrate was measured at 2.3 nm [28]. Inspection of the
PLZT film surface with scanning electron microscopy (SEM) showed
uniform layers with no visible voids, pores, or cracks.
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Figure 7.6: RMS surface roughness versus substrate temperature, as
obtained from 5 x 5 pm?® AFM scans on the PLZT/STO/Si(001) surface.
The inset shows a 5 x 5 pm? scan of the PLZT surface for a 120 nm thick
film grown at a substrate temperature of 520°C.

7.3.3 Electron spectroscopy analysis

XPS analysis of the STO/Si(001) and the HF-etched STO(001) sub-
strates unveils some distinct differences between the two growth sur-
faces, apparent in the recorded oxygen and carbon core level spectra.
Figure 7.7(a) shows the O 1s spectrum of the STO/Si(001) substrate,
recorded in normal (solid curve) and oblique emission (TOA = 30°,
dotted curve). The predominant peak at 529.4 eV is attributed to
oxygen in the perovskite STO lattice. The high binding energy shoul-
der at ~531.5 eV, which prevails in the spectrum recorded at oblique
emission, appears to derive from carbonate impurities. This is con-
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cluded from the presence of a minor peak in the C 1s core level
spectrum of this substrate at ~290 eV binding energy, cf. Figure
7.7(b), which is a clear signature of carbonate.
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Figure 7.7: (a) O 1s core level spectra for STO/Si(001), recorded at
photoemission take off angles (TOAs) of 30° and 90°. (b) C 1s core level
spectra for STO/Si(001) and single-crystal STO(001) recorded at TOAs of
30° and 90°. The asterisks denote corresponding spectra after annealing
at 600°C for 1 hour.

The C 1s spectra in Figure 7.7(b) are normalized to show iden-
tical count rates for emission from adventitious surface carbon at
~285.0 eV binding energy. The high binding energy features in the
O 1s and C 1s spectra both virtually disappear when the sample
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is annealed (dashed curves) for 1 hour at 600°C in ultra high va-
cuum (~1072 Torr). Figure 7.7(b) also shows the corresponding C
Is spectrum for a HF-etched monocrystalline STO(001) substrate.
The prominent, C 1s peak at ~281 eV in the STO spectrum (TOA
= 30°) suggests the presence of superficial carbide, presumably TiC
[29]. No signature of surface carbide was found in the C 1s spectrum
of STO/Si(001). Conversely, no trace of carbonate was found in the
XPS data from the HF-etched (TiOs-terminated) STO(001) sub-
strate. The integrated peak intensities of the Sr 3ps/, and Ti 2p3/s
core level spectra show a noticeable enrichment of strontium at the
surface of the STO/Si(001) substrate (Sr 3ps/o:Ti 2pg/o peak inten-
sity ratio — 1.55), compared to HF-etched single-crystal STO(001)
(Sr 3ps/2:Ti 2p3/s = 1.06). Annealing of the STO/Si(001) substrate
had little impact on the measured Sr 3ps/2:Ti 2p3/2 peak intensity
ratio, suggesting that the measured enrichment in Sr cannot be at-
tributed to superficial SrCOg3 impurities [30]. Also, the recorded
Sr 3d core level spectra of the STO/Si(001) substrates showed no
chemical shift.

Figure 7.8(a) and (b) show composition depth profiles, recorded
with Auger electron spectroscopy, of two 100 nm thick films of PLZT
grown on Si(001) and STO-buffered Si(001), respectively. The two
films were deposited in the same growth run, with a substrate tem-
perature of 520°C. For the sample without an STO buffer layer (Fig-
ure 7.8(a)), the Auger depth profiles unveil noticeable interdiffusion
of Si and PLZT cations at the film-substrate interface. Si is found
to an approximate depth of 20 nm in the PLZT layer, whereas Pb
cations diffuse ~30 nm into the Si substrate. In contrast, the depth
profiles of the PLZT/STO/Si sample in Figure 7.8(b) show only
negligible amounts of Si diffusion into the PLZT epilayer. Moreover,
the concentration of Pb is slightly higher throughout the PLZT layer
than that measured for the sample in Figure 7.8(a).
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Figure 7.8: Auger depth profiles of a 100 nm thick PLZT thin film grown
on (a) Si(001) and (b) STO/Si(001).

7.3.4 Ferroelectric and optical characterization

The room temperature ferroelectric response of a PLZT epilayer
grown on SRO/STO/Si(001) is displayed in Figure 7.9. The recorded
P-FE loop exhibits a remanent polarization B, ~ 40 nC/cm? and
coercive field E. ~ 100 kV/cm. The inset in Figure 7.9 shows the

80
£ 40
9
o
= o~
5 ° £, ’
® 8 1
= -40 £ 1
S g1
S g ]
-80 g0 1
O -8-4 0 4 38
_ Bias (V)

-500 -250 0 250 500
Applied field (kV/cm)

Figure 7.9: P-E hysteresis loop for a PLZT epilayer grown on
SRO/STO/Si(001). The inset shows the measured C-V switching curve.
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corresponding C' V' switching curve for the PLZT layer.

Figure 7.10 shows the wavelength dispersion of the refractive in-
dex (n) and the extinction coefficient (k), as obtained from a numeri-
cal fit to spectroscopic ellipsometry data (U, A) for PLZT grown on
STO/Si(001). The optical constants were modeled using a Cauchy
dispersion with an Urbach absorption tail [31|. The surface topogra-
phy of the PLZT layer was modeled using the Bruggemann effective
medium approximation [32]. The calculated dispersion curves in
Figure 7.10 render a refractive index n ~ 2.48 for the PLZT epi-
layer at the main communication wavelength, A = 1550 nm, in good
agreement with the estimated refractive index for films grown on
STO(001) and MgO(001) [28], and an extinction coefficient k& < 0.001
for A > 650 nm, in keeping with the k£ vs. A dispersions previously
reported for PLZT films |31, 33, 34|.
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Figure 7.10: Calculated dispersion of the refractive index n and extinc-
tion coefficient k for a PLZT thin film on STO-buffered Si(001). The inset
shows the recorded spectroscopic ellipsometry data (¥, A) for a ~117 nm
thick PLZ'T epilayer.
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7.4 Discussion

It is established from the XRD analysis that the sputter-deposited
PLZT thin films are epitaxial, with their in-plane low-index crys-
talline axes aligned with those of the STO buffer layer. The ~4.09
+0.01 A c-axis lattice constant measured for films grown at the
optimum substrate temperature of 520°C compares to 4.126 A for
films grown on single-crystal STO(001) 28] and to 4.074 A [14] for
unstrained bulk PhggolagosZrg4TigeO3. The distinct shift in reci-
procal lattice parameter of the PLZT(103) reflection in Figure 7.5
is evidence of a smaller unit cell tetragonality for PLZT thin films
deposited on STO/Si(001), ¢/a = 1.014, compared to that for films
grown on single-crystal STO(001) substrates, ¢/a = 1.026. The rock-
ing curve FWHM of the PLZT(001) reflection for films grown at
the optimum substrate temperature of ~520°C is Aw ~ 0.3°, com-
parable to that previously reported for sputter-deposited PLZT on
CeO2/YSZ-buffered Si(001) [8], but larger than for films grown on
STO(001), Aw ~ 0.03° [28]. This goes to show that the crystalline
perfection of the PLZT epilayers grown on STO-buffered silicon does
not quite match that of films grown on HF-etched monocrystalline
STO(001). This may be explained by the presence of excess stron-
tium at the substrate surface. The lower Sr 3p3/2:Ti 2pz/2 XPS core
level peak intensity ratio measured for HF-etched STO(001) is not
unexpected, since this substrate is TiOs-terminated [35]. From a
simple model calculation, assuming an STO buffer layer composed
of alternate layers with SrO and TiO,, each half a unit cell thick,
the thickness of the Sr-rich termination layer for the STO/Si(001)
substrate was estimated at ~2.5 A.

For PLZT grown on Si(001) without the STO buffer layer, XRD
measurements show that the thin film growth is deranged by forma-
tion of a pyrochlore phase, which adversely affects the ferroelectric
and optical properties of the PLZT thin films [36, 37]. Moreover,
diffusion of PLZT cations into the Si substrate may be detrimen-
tal to the performance of integrated silicon-based electronic devices
and circuits |38]. Comparison of the Auger depth profiles for films
grown directly on Si(001), Figure 7.8(a), and on STO/Si(001), Fig-
ure 7.8(b), shows that this ~8 nm thick STO buffer layer serves as an
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effective barrier to diffusion of Pb into the semiconductor substrate,
thus suppressing formation of the pyrochlore phase [39]. This result
is in agreement with previous Auger depth profiles of Ph(Zr,Ti)O3
gate oxides on STO/Si(001) [40]. Moreover, waveguide device ap-
plications place strict requirements on material uniformity in or-
der to ensure homogeneous physical properties and prevent optical
scattering from local variations in composition [41]. The recorded
depth profiles in Figure 7.8(b) indicate good composition uniformity
throughout the PLZT epilayer.

The ferroelectric measurements confirm that PLZT(001) epilay-
ers with the selected composition, integrated on silicon, exhibit a
ferroelectric response with high remanent polarization and a large
coercive field. The measured values for P, and E. are actually larger
than those previously reported for Pbg goLiag gsZr9.4Tig.6O3 bulk crys-
tals [14] and thin films |28, 42|. The refractive index obtained for
the PLZT epilayer suggests sputter-deposited thin films with a high
density [43], and the sharp drop of the extinction coefficient with
increasing wavelength implies low optical absorption in the near in-
frared range [44]. The somewhat inferior crystalline quality of PLZT
grown on STO-buffered silicon, compared to those grown on single-
crystal STO(001) substrate, thus appears to have little impact on
the ferroelectric response and the refractive index [28].

The surface roughness of the ~500 nm PLZT epilayers on STO-
buffered Si(001) (RMS ~ 4.5 nm) is comparable to that measured
for films grown on CeO2/YSZ-buffered Si(001) (RMS ~ 4.1 nm)
[8]. These values for the surface roughness exceed those recorded for
films of comparable thickness grown on STO(001) and MgO(001)
(RMS ~ 2.3 nm) |28]. However, an RMS surface roughness of ~4 5
nm remains within the confines required for low-loss wave propa-
gation, which suggests that the films grown on STO/Si(001) are fit
for integrated electro-optic device applications. The [001] crystalline
orientation of PLZT in combination with the planar electrode geo-
metry, offered by epitaxial integration of an SRO bottom electrode,
implies that high electric fields can be applied along the optical axis
of the PLZT thin film. This device configuration provides for strong
electro-optic coupling, which is highly desirable for device miniaturi-
zation, i.e., it reduces the required interaction length [45].
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7.5 Conclusions

Monocrystalline perovskite PLZT thin films were grown on STO-
buffered Si(001) substrate by on-axis RF magnetron sputtering. Epi-
taxial growth of the tetragonal phase with excellent in-plane align-
ment was confirmed. Composition depth profiles recorded with Au-
ger electron spectroscopy demonstrate good composition uniformity
throughout the film and show that the STO buffer layer serves as an
effective diffusion barrier against interdiffusion of Pb and Si. Films
of several hundred nm thickness exhibit an RMS surface roughness
less than 5 nm, thus satisfying the requirements for low-loss light
propagation. A strong ferroelectric response combined with a high
refractive index, low absorption for near infrared wavelengths, and
a smooth film surface open up perspectives for potential applica-
tions of these Si-integrated PLZT epilayers, ranging from nonvolatile
memory and nano-electro-mechanical systems (NEMS) to integrated
electro-optic devices.
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Simulation of photonic band
gap waveguldes in lead-
lanthanum zirconate-titanate
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ern Optics Conference Proceedings, pp. 51 54, Bergen, Norway, 14
16 June 2006.

Abstract: Simulations of photonic crystals slabs (PCSs) in thin
films of lead-lanthanum zirconate-titanate (PLZT) show band gaps
larger than 27 % of the mid-gap frequency for a hexagonal hole-type
photonic crystal. The vertical asymmetry caused by the introduc-
tion of electrode and buffer layers in a thin film stack, required for
epitaxial growth on silicon, does not appreciably affect the photonic
crystal properties. Waveguides can be formed in the PCS by re-
moving rows of holes from the crystal lattice. We find that the
propagation losses in such waveguide are strongly affected by the
thickness and optical attenuation coefficient of the electrode layer,
and that the transmission through a 60 degree waveguide bend can
be substantially increased by introduction of additional defects.
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8.1 Introduction

Recent progress in combining ferroelectric perovskites and conven-
tional semiconductors epitaxially renders feasible the incorporation
of such materials in silicon-based nano-electronics and photonic de-
vice applications. Thin films of the ferroelectric perovskite lead-
lanthanum zirconate-titanate (PLZT) features a number of prop-
erties attractive to integrated optics, such as a high electro-optic
coefficient and propagation losses of less than 1 dB/cm at infrared
frequencies [1-3]. Photonic band gap (PBG) waveguides may be fab-
ricated in a hole-type photonic crystal slab (PCS) by introducing line
defects in the periodic lattice [4]. Such waveguides have attracted
noticeable attention over the last decade, mainly for their capability
to guide light through sharp bends with low losses |5, 6].

8.2 Photonic crystal slab design and pho-
tonic band gaps

The simulations reported in this section pertain to PCSs (PCSs),
defined in a multilayered thin film structure of (001)-oriented PLZT
grown epitaxially on strontium ruthenate (SRO), serving as the met-
allic electrode for polarization of the PLZT layer, and cerium oxide
and yttria-stabilized zirconia (YSZ) buffer layers, required for the
epitaxial growth of perovskites on a silicon wafer |7]. Figure 8.1
depicts this multilayer thin film structure.

In order to design photonic crystals and waveguides in this thin
film structure, numerical simulations of the photonic band struc-
ture were performed by computing the eigenmodes of the periodic
dielectric system, assuming a linear, time invariant, lossless dielec-
tric medium. To this end, a full vector 3D frequency-domain (FD)
method, based on a preconditioned block-iterative solution of the
Maxwell equations in a plane wave basis [8], was used. In order to
compute the dispersion characteristics of the line-defect waveguide,
a supercell approach was adopted. The extension of the supercell in
the y-direction was set to 7 periods, where one period corresponds
to a\/3/2, whereas the extension of the air background above and
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Figure 8.1: Photonic band gap waveguide in a PLZT photonic crystal slab
with SRO electrode and CeQs, YSZ buffer layers, required for epitaxial
growth on silicon. h, a, and r are slab thickness, lattice constant, and hole

radius, respectively.

below the slab was set to 2a. Mode propagation and transmission
data were calculated using 3D finite-difference time-domain (FDTD)
algorithms, with perfectly matched layers employed as the absorb-
ing boundary condition to terminate the computational domain. A
Gaussian pulse was adopted for excitation of transverse electric (TE)
polarized light. The computational resolution was 32 points per lat-
tice constant.'

The principal design parameters for a hole-type PCS are the
thickness and dielectric constant of the slab materials, as well as hole
radius and lattice configuration. Initial simulations showed that for
a slab with dielectric constant € — 6, the appropriate value for PLZT
at infrared frequencies, a hexagonal lattice of holes result in larger
PBGs compared to a square lattice. Therefore, the hexagonal lattice
was implemented in the analytical study presented in the following.
First, a symmetric PCS is considered, i.e., a slab without the ver-
tical asymmetry introduced by the metallic SRO and the dielectric
CeO4y and YSZ buffer layers. Figure 8.2 shows the size of the largest

1A detailed description of the computational techniques is provided in Ap-
pendix D
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band gap in percent of the mid-gap frequency, versus slab thickness
for various hole radii of a PLZT PCS suspended in air. The graphs
pertain to a hexagonal hole lattice. A band gap larger than 27 %
was obtained for a slab thickness of 0.8a and hole radius of 0.38a,
where a is the lattice constant of the PCS. For a slab with excessive
thickness, i.e. h > 0.8a, there is a small energy barrier for higher-
order modes to form via a horizontal nodal planes. These modes may
populate the band gap, resulting in a reduced or completely closed
gap. Moreover, a slab with insufficient thickness will not be able
to provide strong confinement for the fundamental mode, with the
outcome that the periodicity of the 2D lattice becomes insignificant

[9]-

Gap size (%)

=@ =r=0.35a

—t— =0.38a
10} owenr=041qa

0.4 0.6 0.8 1
Slab thickness (a)

Figure 8.2: The largest band gap in even (TE-like) modes versus slab
thickness for various hole radii. The maximum gap is obtained for a slab
thickness of 0.8a and hole radius of 0.38a.

The photonic band diagram in Figure 8.3 displays the guided
even (TE-like) and odd (TM-like) modes of the PLZT PCS, opti-
mized with respect to the size of the band gap, i.e., a slab of thick-
ness 0.80a and hole radius of 0.38a. The largest band gap is found
between the first and second even mode bands, marked with grey
shading in Figure 8.3. Tt has a mid-gap frequency of 0.43cq/a, where
co i1s the speed of light in vacuum. Conversely, a lattice constant of
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Figure 8.3: Photonic band diagram for a symmetric PLZT PCS, showing
the frequency dispersions of even (TE-like) and odd (TM-like) propaga-
ting modes for low-index symmetry axes of the 2D Brillouin zone of a
hexagonal, hole-type lattice. The mid-gap frequency of the largest band
gap (shaded in grey) is 0.43co/a.

a = 0.43)\ places the corresponding wavelength ()g) in the middle
of this band gap. There are additional (minor) gaps in this photonic
band structure for both even and odd modes. However, none of
these overlap in frequency. For comparison, the maximum band gap
obtained for a PLZT PCS with a square lattice of holes was found
to be approximately 15 %, cf. Figure 8.4.

The photonic band diagram of the asymmetric PCS shown in
Figure 8.1 was calculated and compared to that of the symmetric
PLZT PCS. The frequency band dispersions of the asymmetric slab,
with metallic electrode and dielectric buffer layers, are shown in Fig-
ure 8.5, along with the even and odd mode bands of the symmetric
PLZT PCS (cf. Figure 8.3). In these calculations, the dielectric losses
in the thin film layers were disregarded. The dielectric constant was
set at € = 10 and 4.7 for the SRO and the two dielectric buffer lay-
ers, respectively, their appropriate values at infrared frequencies [10],
[11|. The layer thicknesses were 0.71a for PLZT, 0.05a for SRO, and
0.02a for the CeOy and YSZ buffer layers, adding up to an overall
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Figure 8.4: Photonic band diagram for a symmetric PLZT PCS, showing
the frequency dispersions of even (TE-like) and odd (TM-like) propagating
modes for low-index symmetry axes of the 2D Brillouin zone of a square,
hole-type lattice. For a slab thickness 0.50a and hole radius 0.30a, the
mid-gap frequency of the largest even mode band gap (shaded in grey) is
0.58¢o/a.

film thickness of 0.80a. The holes defining the translation symmetry
of the PCS were extended through the full stack of the multilayer.

The band diagram in Figure 8.5 shows that the guided modes of
the PCS are shifted only slightly in frequency by introduction of the
metallic electrode and the two dielectric buffer layers. The modes
become hybridized however, which perturbs the characteristic trans-
mission properties of the PCS [9], since there are no longer genuine
band gaps for even and odd modes. Still, the FDTD simulations
presented in the following show that introduction of vertical asym-
metry in the thin film slab has little impact on the optical trans-
mission properties, compared to the symmetric slab. An effective
PBG is still present and waveguiding thus remains possible with the
asymmetric PCS.
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Figure 8.5: Photonic band diagram of the asymmetric PLZT PCS, in-
cluding metal electrode and buffer layers. Also shown are the even and
odd modes of the symmetric PCS. The propagating modes of the asym-
metric PCS structure become hybridized.

8.3 Photonic band gap waveguiding and
light propagation

Rows of adjacent (nearest neighbor) holes in the PCS were removed
to form a linear PBG waveguide in the (10)-direction of the 2D crys-
tal lattice. Figure 8.6 shows the even mode frequency dispersions
of the PLZT PCS projected onto the I'-K direction of the corre-
sponding 2D reciprocal lattice [12], along with guided even modes
(green diamonds) for frequencies in the PCS band gap, assuming a
symmetric slab. In the vertical direction, the guided modes are con-
fined to the thin film waveguide by index guiding. We note that the
PBG waveguide is multi-mode. However, the guided bands do not
overlap in frequency. Thus, the waveguide can remain single-mode
when operating in a narrow band of frequencies.

The propagation characteristics of the PBG waveguide for the
asymmetric PLZT PCS were computed using FDTD analysis. In
these simulations, optical absorption in the metallic SRO layer is
accounted for by introduction of an attenuation coefficient, «, which
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Figure 8.6: Frequency dispersions for the even (TE-like) modes of the
symmetric PLZT PCS projected onto the ' K direction of the 2D recipro-
cal lattice (blue circles). Three modes supported by the waveguide (green
diamonds) fall inside the gap in the projected bands for all k, and are
thus guided. The straight solid line shows the dielectric continuum light

cone.

can be derived from the simple relation between a and the optical

skin depth,
1 [ 2
0=—= (8.1)
« Woo

where w = 27 f is the angular frequency, o is the electrical con-
ductivity, and pg is the magnetic permeability of vacuum [13]. The
conductivity of SRO at optical frequencies can be assessed at o —
1 x10° 5x10% Q7 'em™! [10, 14]. The corresponding attenuation
coefficient o was estimated at 8.7 x 10* — 2.0 x 10°> em~!. This es-
timate seems reasonable, when compared to tabulated values of «
for excellent conductors such as gold, platinum and silver, which all
have attenuation coefficients in the range 5 x 10° — 8 x 10° cm™! at
optical frequencies.

Table 8.1 summarizes the attenuation of \g = 1.55 pm opti-
cal pulses propagated through a straight PBG waveguide. Intrinsic
losses in the PLZT thin film, estimated at 1 dB/cm [1, 2] have no
appreciable impact on this data. Such losses, as well as losses in the
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Table 8.1: Propagation losses in a photonic band gap waveguide for
different electrode thicknesses and attenuation coefficients.

Thickness Waveguide attenuation (dB,/pm)
(nm) a=3x10* em~!  a=1x10% cm~! a=5x10% cm~' a=1x105 cm™!

0 0.038 0.038 0.038 0.038
20 0.273 0.966 0.978 0.501
40 0.673 2.085 0.875 0.471
60 1.295 3.033 0.811 0.463
80 2.231 3.466 0.783 0.462
100 3.494 3.436 0.770 0.462

dielectric buffer layers, were thus ignored in the present simulations.
The table shows calculated propagation losses for various attenua-
tion coefficients and thicknesses of the SRO electrode layer. With no
metallic electrode incorporated in the PCS structure and all dielec-
tric layers assumed to be lossless, a propagation loss of 0.038 dB/pm
was obtained for this waveguide. The data show that the thin film
thickness dependence of the propagation losses is more prominent at
low attenuation coefficients, & < 5 x 10% em™!. For higher attenu-
ation coefficients, the propagation losses in the waveguide decrease
and become less dependent on the electrode layer thickness. This is
due to the reduced penetration depth of the metal electrode. For a
moderately good conductor such as SRO, we should thus keep the
electrode layer at minimum thickness. Experiments suggest that the
thickness of the SRO electrode layer must be on the order of 20-30
nm to ensure adequate conduction properties [15].

Figure 8.7 shows the photon flux distribution in the vertical cross-
section of a PBG waveguide for different attenuation coefficients «
of a metallic electrode with thickness ¢ = 100 nm. The PLZT and
dielectric buffer layers were assumed to be lossless. When the at-
tenuation coefficient is less than 5 x 10° em™!, an increasing portion
of the total flux passes through the metallic electrode layer, which
leads to reduced waveguide transmittance. The simulated flux dis-
tributions in Figure 8.7 attest to the importance of a thin electrode
layer in the actual PCS thin film stack.
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Figure 8.7: Calculated flux distribution in the vertical cross-section of
a PBG waveguide for various attenuation coefficients « of the metallic
electrode layer. The thickness of this layer was fixed at 100 nm. The
horizontal lines indicate the vertical extension of the individual layers of
the PCS thin film stack.

Figure 8.8 displays the propagation of a continuous wave of A\g =
1.55 pm coupled into a PBG waveguide with two 60 degree bends,
defined in the asymmetric PLZT PCS. In these simulations, all mate-
rials, including the electrode layer, were assumed to be lossless. At
this wavelength, the PBG is maximum for a lattice constant a =
0.43)\g = 666 nm, which implies an optimal thickness for the PCS
of 533 nm with a hole radius of 253 nm for the hexagonal crystal
lattice. Figure 8.8 (a) shows that the intensity of the guided wave
drops sharply at the first bend, due to strong reflection.

The simulations show that less than 1 % of the incident opti-
cal power is transmitted at the far end. The transmission through
the waveguide bends can be substantially improved by introduction
of additional defects, i.e., holes with a radius r4ef — 275 nm posi-
tioned as depicted in Figure 8.8(b). The optical transmittance of
this waveguide is approximately 70 % of the input power, an in-
crease by a factor close to 80, compared to the waveguide in Figure

8.8(a).
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Figure 8.8: Optical transmission through a PBG waveguide with two 60
degree bends. The materials of the asymmetric PLZT PCS are assumed
to be lossless. (a) Most of the energy is reflected at the waveguide bends.
(b) Defects (added holes) at the waveguide bends substantially improve
the transmission through the bends compared to the waveguide shown in

(a)-

8.4 Conclusion

The simulations show that large photonic band gaps can be obtained
in photonic crystals of PLZT thin films perforated in a hexagonal lat-
tice configuration. Optical waveguides can be realized in these PCSs
by removing rows of holes from the hexagonal 2D lattice. Waveguide
propagation losses for an asymmetric PCS with a metallic electrode
layer are strongly dependent on the thickness and the attenuation
coefficient of this layer. The transmission through 60 degree wave-
guide bends can be improved by introduction of added defects. The
simulations reported in this work demonstrate that there is a case
for ferroelectric perovskite PLZT in PCS applications.
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Chapter 9

The case for electro-optic

wavegulde devices from
ferroelectric (Pb,La)(Zr,Ti)O3
thin film epilayers
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pp. 73810F-1-73810F-13, 20009.

Abstract: (Pb,La)(Zr,Ti)O3 (PLZT) thin films were grown epitax-
ially on MgO(001) substrate by radio frequency magnetron sputter-
ing. Different ridge-type waveguides, including a Mach-Zehnder
interferometer with co-planar metal electrodes, were defined in the
PLZT epilayer using standard photolithographic techniques. The
propagation losses for transverse electric polarized infrared light (Ao
= 1550 nm) in these ridge-type channel waveguides were measured
at ~10 dB/cm. Electro-optic modulation was demonstrated with a
half-wave voltage V. ~ 150 V for a 3 mm interaction length, corre-
sponding to a Pockels coefficient t5; ~ 8.3 pm/V. Photonic crystal
slabs (PCSs) were defined by etching a hexagonal two-dimensional
lattice of holes in prepatterned ridge-type waveguides, using a focus-
ed ion beam. The sidewalls of the etched holes were inclined by an
angle of ~10°. The impact on the transmission properties of these
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PCSs caused by out-of-plane structural asymmetries, such as devi-
ation from a cylindrical shape of the FIB-etched air holes and the
presence of a substrate with refractive index different from that of
air, was investigated by numerical simulation. Auger depth profiling
was used to investigate Ga™ ion implantation into the PLZT epi-
layer during FIB processing. The measurements suggest that such
implantation of Ga™ is confined to the uppermost ~50 nm of the
sample surface.

9.1 Introduction

The perovskite oxides offer a comprehensive selection of physical
properties, such as dielectric, semiconducting, and metallic behavior,
superconductivity, ferromagnetism, ferroelectricity, and electro-optic
effects, which make them attractive for device applications. More-
over, these materials permit engineering of epitaxially integrated thin
film devices. The ferroelectric perovskite (Pb,La)(Zr,Ti)O3 (PLZT)
has been recognized as a promising material for electro-optic de-
vices, with high transparency at visible and infrared frequencies and
large electro-optic coefficients |1, 2]. In bulk crystalline PLZT, Pock-
els and Kerr coefficients up to 107 m/V and 1071 m?/V? have
been reported [3], exceeding those of commonly used electro-optic
materials such as LiNbO3 and KTiOPO, (KTP) [4]. By virtue of
these characteristics, PLZT has the potential to reduce the physi-
cal size and driving voltage of electro-optic devices. For PLZT thin
films, the electro-optic properties depend on several factors, includ-
ing chemical composition and crystalline quality and orientation,
with different reported values for the electro-optic coefficients [5—
7|. Thus, the introduction of PLZT thin films in optical waveguide
devices requires a thorough understanding of their electro-optic res-
ponse. From a device perspective, it is important to measure the
electro-optic characteristics of the thin film material, which calls for
fabrication of a functional device [8-10].

Photonic crystals provide a new way to control and manipulate
light with potential benefits to integrated opto-electronics |11, 12].
By domain engineering using a local probe [13, 14| or by taking
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advantage of the electro-optic effect to modulate the refractive in-
dex [15, 16], photonic crystals defined in thin films of PLZT may
be put to use in high density, ultra-compact photonic circuits, as
well as active optical devices with an intrinsic response in the giga-
hertz range |17, 18]. Quasi-two-dimensional photonic crystals, also
referred to as photonic crystal slabs (PCSs), hold substantial promise
for application in integrated optics, since they allow excellent con-
trol of in-plane light propagation and may be fabricated using estab-
lished thin film processing methods [19-21|. In order to explore the
potential of PLZT for planar photonic devices, reliable techniques
for synthesis of high quality thin films as well as the fabrication of
photonic nanostructures in such material are required.

In this study, we discuss the case for introduction of ferroelec-
tric PLZT thin films, sputter-deposited on (001)-oriented MgO sub-
strate, in electro-optic device applications. MgO(001) permits epi-
taxial growth of perovskite PLZT, and its low refractive index at
infrared frequencies makes this substrate suitable for planar wave-
guiding |22, 23]. Magnetron sputter deposition allows for the growth
of high-quality PLZT thin film epilayers with good control of the
cation stoichiometry. The composition of the sputter target was
chosen so as to obtain a linear electro-optic response (Pockels ef-
fect) and ferroelectric hysteresis behavior with large coercive fields,
characteristics favorable to electro-optic devices operating without a
biasing field [24]. A ridge-type Mach-Zehnder (MZ) interferometer
was designed and processed to allow for experimental investigation
of the electro-optic properties of the PLZT thin films. Furthermore,
we have explored the possibilities offered by focused ion beam (FIB)
etching to define PCSs in these PLZT epilayers. The impact on
the transmission properties of the PCS from out-of-plane structural
asymmetries, such as those arising from the presence of the MgO sub-
strate and deviations from the ideal cylindrical geometry of the ion-
milled air holes, has been explored by numerical simulation. More-
over, we discuss possible effects of gallium ion implantation in the
PLZT epilayer upon FIB processing.
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9.2 Waveguide, photonic crystal slab mod-
elling

Ridge-type channel waveguides and a MZ interferometer were de-
signed! using a commercially available computer software package
(FIMMWAVE ver. 4.61, Photon Design Ltd.). The waveguide pro-
file and the MZ interferometer geometry are depicted in Figure 9.1(a)
and (b), respectively. The numerical analysis pertains to propaga-

D S—
outer electrode

syI ““. center electrode .»
-rée

MgO substrate 7= 1.72| 4 ¥
(a) Y (b)

Figure 9.1: Schematic of (a) a ridge-type channel waveguide and (b) the
Mach-Zehnder interferometer defined in PLZT thin films on MgO.

tion of the fundamental transverse electric (TE) mode (Ag — 1550
nm) in a lossless dielectric material. The refractive index of the
PLZT film was set at n = 2.45, as obtained from spectroscopic ellip-
sometry measurements |25|, whereas the refractive index of the sub-
strate was set at n = 1.72, corresponding to that reported for MgO
at infrared wavelengths [26]. For a ridge-type waveguide of width
W =~ 2 3 ym and height d ~ 75 100 nm, defined in a PLZT epi-
layer of thickness h = 500 nm, the two lowest order TE modes are
supported. The Y-junctions of the MZ interferometer were designed
with a bend extension s, — 1 mm and a separation s, — 100 pm
between the branches. The absorption coefficient of the electrode
material was set at o — 7.98 x 10° cm~!, corresponding to that of
gold at infrared wavelengths. The thickness and length (L) of the
electrodes were 250 nm and 3 mm, respectively, which implies an
electro-optic interaction length of 3 mm for the device. The gap
between the center electrode and the outer electrodes was g, — 8

!The numerical analysis is presented in Appendix C
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pm. With these design parameters, the overall losses for propaga-
tion of the fundamental TE mode through the MZ interferometer
were estimated at ~5-6 dB.

The design of a hole-type PCS in an air-suspended PLZT mem-
brane was previously established by numerical simulation [27] using
the MIT Photonic-Bands (MPB) software package [28|. The essen-
tial design parameters for this PCS include the refractive index of
the slab material (n), the slab thickness (h), the air hole radius (r),
and the configuration and lattice constant (a) of the 2D air hole
lattice. The photonic band diagram in Figure 9.2(a) displays the
guided even and odd modes of the air-suspended PLZT PCS for a
hexagonal lattice of air holes. For a dielectric slab with refractive in-
dex n = 2.45, a hexagonal lattice typically leads to a larger photonic
band gap than that of a square lattice. The largest band gap (shaded
in grey) is found between the first and second even mode bands and
extends from 0.358 to 0.485 in normalized frequency units (a/A).
Maximum band gap, Af/f. — 27 % (where Af is the size of the gap
and f. is its center frequency), is obtained for a slab thickness h =
0.8a and a hole radius r = 0.38a [27|. Figure 9.2(b) shows the even
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Figure 9.2: (a) Photonic band diagram of an air-suspended PLZT PCS
for a slab thickness h = 0.8a, a hole radius r = 0.38a, and a hexagonal
configuration of holes. (b) Even mode frequency dispersions (green dia-
monds) of a line-defect waveguide in the 2D crystal lattice, as depicted in
the inset.
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mode frequency dispersions of a line-defect waveguide, defined in the
PLZT PCS by removing a row of adjacent (nearest neighbor) holes
from the 2D crystal lattice (cf. the inset). Only waveguide modes
that fall inside the even mode band gap of the PCS are shown. The
frequency dispersions of the PLZT PCS are projected onto the I'"K
axis of the hexagonal 2D reciprocal lattice [29], cf. the left inset in
Figure 9.2(a). The calculated frequency dispersions show that this
single-row line-defect waveguide supports three even modes in the
photonic band gap.

Transmission data for the PLZT PCS was obtained from 3D
finite-difference time-domain (FDTD) simulations (CrystalWave ver.
4.0, Photon Design Ltd.) with uniaxial perfectly matched layers used
as boundary conditions for termination of the computational domain
[30].2 A sinusoidally modulated Gaussian pulse was adopted to rep-
resent excitation of TE polarized light. Wave propagation in a linear,
time-invariant, lossless dielectric medium was assumed, with a com-
putational resolution of 32 points per lattice constant. Figure 9.3(a)
shows the calculated TE transmission spectrum for an air-suspended
PLZT PCS, with A = 0.8a and cylindrical air holes of radius r =
0.38a. This spectrum shows that the transmission stop band coin-
cides with the calculated band gap for even modes, shown in Fig-
ure 9.2(a), with a maximum attenuation of ~37 dB in the frequency
range 0.41-0.47a/\o.

PCSs defined in a PLZT epilayer on MgO substrate are asym-
metric with respect to the plane bisecting the PLZT film. FIB-
processed PCSs exhibits an additional asymmetry with respect to
this plane, as will be discussed in section 9.4.2, due to the non-
cylindrical shape of the etched air holes. Figure 9.3(b) shows the
calculated transmission spectrum for a PLZT PCS on MgO sub-
strate for h = 0.8a, r = 0.38a, and an air hole taper angle 6 = 10°
(cf. inset in Figure 9.3(b)). The calculations show that maximum
attenuation for TE polarized light (~29 dB) is significantly reduced
compared to that of an air-suspended PLZT PCS with cylindrical air
holes. Hence, this numerical analysis demonstrates that the optical
isolation properties of the PLZT PCS are impaired by the vertical

2A detailed description of the computational techniques is provided in Ap-
pendix D



Chapter 9 9.3 Experimental

) o -10
2 2
[ @
Q Q
| [ -
s S 20
§ 5 30 — )
= = tooi  PLZT PCS
4 oMgO substrate
H H 28 L )
: . 40 . - -
0.3 0.4 0.5 0.6 0.3 0.4 0.5 0.6
Normalized frequency (a/xo) Normalized frequency (3/7‘0)
(a) (b)

Figure 9.3: Calculated TE transmission spectrum for (a) an air-
suspended PLZT PCS with cylindrical air holes and (b) a PLZT PCS
with tapered air holes (8 = 10°) on MgQO substrate.

structural asymmetry introduced by the non-cylindrical air holes and
the underlying MgO substrate. These findings are in good agreement
with previous studies of structural asymmetries in PCSs [31-33|, and
can be ascribed to TE-TM mode coupling [34].

9.3 Experimental

9.3.1 Thin film growth and device processing

Pbo_gQLao'ogzI'()ATio_GOg thin film epilayers with thickness h =~ 500
nm were grown on (001)-oriented MgO substrate by on-axis radio
frequency magnetron sputtering. The details of the growth are de-
scribed in section 6.2.1. Figure 9.4(a) displays a typical 0-20 x-ray
diffractogram of PLZT on MgO(001). The scan shows monocrys-
talline (001)-oriented PLZT of good crystalline quality, as judged
by the rocking curve full width at half maximum (FWHM) of the
(001) Bragg reflection. Figure 9.4(b) shows typical ¢-scans of the
PLZT(101) and MgO(202) reflections. The fourfold symmetry and
in-plane alignment of the diffraction peaks confirm epitaxial growth
of PLZT, with the |100| crystalline axis of PLZT parallel to that
of the substrate. Atomic force microscopy (AFM) measurements
showed a root-mean-square (RMS) surface roughness of ~2 nm for
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the PLZT thin film, which should be adequate for optical waveguides
in terms of low scattering losses [35]. Ferroelectric hysteresis loop
measurements showed a remanent polarization P, ~ 36 1C/cm? and
a coercive field £, ~ 140 kV/cm. The refractive index for Ay =
1550 nm was estimated at n ~ 2.45 from spectroscopic ellipsometry
measurements [25].

PLZT(O01) " Mg0o(02)] ’ ’ "~ PLZT(101)]
PLZT(002) 1
El 4 35
3 PLZT(001) F
2> FWHM = 0.3° > ;
@ i MgO(202)
5] o
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Figure 9.4: (a) Typical 0-20 x-ray diffractogram of PLZT on MgO(001).
The inset shows the rocking curve recorded on the PLZT(001) reflection.
(b) @-scans of the PLZT(101) and MgO(202) reflections.

Ridge-type channel waveguides were defined in the PLZT epi-
layer using conventional photolithography and chemical wet etch-
ing. The etchant was prepared according to the recipe proposed by
Zheng et al. [36], which implies mixing buffered hydrofluoric acid,
hydrochloric acid, ammonium chloride and deionized (DI) water,
with a volume ratio HF:HCI:NH,CIl:H>O = 1:2:4:100. The samples
were subsequently immersed in NHO3:H,O = 2:1 for 30 s in order to
remove chemical residues. Co-planar electrodes were defined by elec-
tron beam evaporation of a metal bilayer of 10 nm Pt and 200 nm Au,
followed by a lithographic lift-off process. AFM measurements were
used to determine the etch rate for PLZT (~6 nm/s) and to examine
the topography of the fabricated ridges. The waveguides were ori-
ented parallel to the [100]-direction of the MgO substrate, and their
facets were mechanically polished to an RMS surface roughness of
~4 nm.
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9.3.2 Focused ion beam processing of photonic
crystal slabs

FIB etching was used to process hole-type PCSs and line-defect PCS
waveguide structures in ridge-type waveguides preprocessed in the
PLZT/MgO thin film sample. The structural parameters of the
PCSs were chosen so as to place the fundamental band gap for TE-
like modes around the telecommunication wavelength A\g — 1550 nm.
From numerical analysis we obtain an optimum PCS lattice constant
a = 660 nm, a slab thickness A = 528 nm, and a hole radius » = 250
nm for the hexagonal hole-type PLZT PCS. The corresponding (cal-
culated) band gap for TE-like modes spans a range of wavelengths
from 1400 to 1700 nm. Figure 9.5 shows a scanning electron micro-
scope (SEM) image of a hexagonal 2D lattice of air holes defined
in the PLZT epilayer. The lattice constant a, the hole radius r,

Figure 9.5: Top-view SEM image of the hexagonal array of cylindrical
air holes in the PLZT epilayer, processed by FIB etching.

and the crystal symmetry directions I' M and I' K are indicated on
the image. The FIB processing was carried out using a FEI Strata
235DB dual-beam FIB/SEM system. Ga™ ions from a liquid metal
ion source were accelerated to 30 kV in high vacuum (~1 x 107°
mbar), providing a spot size of approximately 10 nm for the focused
beam. The best results were obtained with sequential milling of the
air holes, using a probe current of ~115 pA. Each hole was etched for
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5 s and the etching rate was estimated at ~0.16 pm?/s. Initial charg-
ing problems were overcome by coating parts of the PLZT/MgO
sample surface with colloidal graphite paste. After FIB processing,
this paste was readily removed by an ultrasonic rinse in isopropyl
alcohol.

In order to look for possible implantation of Ga™ ions in the
PLZT epilayer, Auger depth profile measurements were carried out
using a JEOL JAMP-9500F FE Auger microprobe. Prior to this
analysis, the sample surface was coated with a thin (~5 nm) Pt
layer to prevent electrostatic charging.

9.3.3 Optical measurement set-up

The experimental set-up for end-fire coupling of infrared (IR) light
(Ao = 1550 nm) from a CW distributed feedback laser (Anritsu GB-
5A-016) into the ridge-type waveguides is depicted in Figure 9.6(a).
This set-up allows for precise alignment of the sample stage and the

IR
camera

oscillo-
scope

fiber polarization
controller

e
=

A =1550 nm device

IR detector

tapered lensed fibers

(C) (b)

Figure 9.6: (a) Optical measurements set-up for end-fire coupling of IR
light into the thin film waveguide device. (b) Microscope image showing
alignment of the tapered lensed fiber with the input waveguide close to
the polished facet of the device.

polarization-conserving single-mode tapered lensed fibers (Nanon-
ics Imaging), as shown in the microscope image in Figure 9.6(b).
The input fiber is mounted on a rotation stage, and the polariza-
tion of the light input is controlled with an in-fiber polarizer (Chiral
Photonics IFP-155D-SM). Light propagation along the waveguide is
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monitored with a microscope objective coupled to an IR video cam-
era (Xenics XEVA-FPA-1.7-640) mounted above the device. The
transmitted intensity at the waveguide output is measured with
an IR photodetector connected to a digital oscilloscope (Tektronix
TDS2004B). Contact needles attached to probe-head manipulators
(Siiss MicroTec PH100) were used to apply a modulation voltage to
the electrodes of the M7 interferometer.

9.4 Results and discussion

9.4.1 Device characterization and optical
measurements

Low propagation losses are essential to the use of thin film wave-
guides in integrated optics. The main sources of such losses are
material absorption and optical scattering from defects and surfaces.
Figure 9.7 shows (a) an AFM image (5 x 5 ym?) and (b) a cross-
section line-scan of a ridge-type channel waveguide defined in the
PLZT epilayer by UV lithography and wet etching. The ridge-top
RMS surface roughness was measured at ~4 nm, as compared to ~2
nm for the surface of the as-grown film, whereas the RMS surface
roughness of the ridge sidewalls was measured at ~20 30 nm.

The theoretical work of Payne and Lacey relates scattering losses
to the sidewall roughness of optical waveguides [37|. For the 3 pm
wide PLZT ridge-type waveguide, with a sidewall roughness of ~20-
30 nm, the scattering losses were estimated at ~5 dB/cm for the
fundamental TE mode. The impact of sidewall roughness on scatter-
ing losses decreases with increasing ridge width. Propagation losses
caused by sidewall roughness can thus be reduced by increasing the
ridge width. However, this also increases the probability that the
waveguide turns multimode. Moreover, various etching techniques,
such as inductively coupled plasma (ICP) etching, reactive ion etch-
ing (RIE) followed by thermal oxidation, and chemically assisted ion
beam etching (CAIBE), were adopted in order to produce thin film
optical waveguides with modest sidewall roughness [38-40].

Propagation losses for excitation of the fundamental TE mode
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Figure 9.7: (a) AFM image (5 x 5 pm?) and (b) line-scan across a ridge-
type channel waveguide processed in the PLZT epilayer by UV lithography
and chemical wet etching.

(Ao = 1550 nm) in a ridge-type waveguide (/W = 3 um) were evalu-
ated by measuring the out-of-plane scattered intensity. The recorded
intensity vs. propagation distance in the waveguide is shown in Fig-
ure 9.8(a). The slope of the measured decrease in scattered light in-
tensity renders a power loss of 13.4 dB/cm. Figure 9.8(b) shows the
dependence of the measured propagation losses on the ridge width
for Ay = 1300 nm and Ay = 1500 nm IR light. This data reveals
that the losses decrease with increasing ridge width, suggesting that
scattering from the waveguide sidewalls affects the overall propaga-
tion losses. By subtraction of calculated scattering losses caused by
sidewall roughness from the measured losses, the propagation losses
for the 3 pm wide PLZT ridge-type waveguide are estimated at ~10
dB/cm. These losses are comparable to those previously reported
for pulsed laser deposited PLZT thin films [41]. Moreover, we find
that the measured propagation losses are noticeably higher for \g
— 1300 nm, compared to A\g — 1550 nm. This difference was previ-
ously observed for a PLZT reversed ridge waveguide, and attributed
to reduced Rayleigh scattering for longer wavelengths [42].
Preliminary data from electro-optic modulation experiments on
the ridge-type MZ interferometer (cf. Figure 9.1(b)) is shown in Fig-
ure 9.9. The applied modulation voltage and the resulting modu-
lation of the optical intensity (I) at the output of the MZ inter-
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Figure 9.8: (a) Out-of-plane scattered intensity as a function of propa-
gation distance along the ridge-type waveguide in Figure 9.6(b). (b) Prop-
agation losses vs. ridge width for A = 1300 nm and A = 1550 nm.

ferometer for TE polarized light are shown in Figure 9.9(a). The
data shows a distinct electro-optic response, with ~80 % intensity
modulation (I/[.x). The corresponding plot of intensity modula-
tion vs. applied field for 10 different periods is shown in Figure 9.9(b).
The observed offset of this curve (~20 V with respect to zero appli-
ed voltage) is tentatively ascribed to asymmetries in the modula-
tor design and fabrication, cf. Figure 3.13. A phase retardation
difference 7 between the two arms of the MZ interferometer was ob-
tained for a first half period voltage Vi, — 150 V, which translates
to a Pockels coefficient? t5; = 8.3 x 1072 m/V for a birefringence
|no —me| — 0.005. For anisotropic crystals with 4mm symmetry, such
as Pbo.gaLag psZro4Tig 603, the Pockels coefficient t5 (equal to tgs)
is normally large. However, the c-axis orientation of the PLZT epi-
layer combined with the co-planar electrode geometry implies that
electro-optic modulation will not be very effective unless the ferro-
electric thin film is uniformly poled perpendicular to the film plane,
i.e., along the optical axis. In this experiment, the MZ interfero-
meter was processed in as-grown PLZT films, without additional
poling. Moreover, the modulation field was applied across one of the

3Using the expression ty5 — (% -2|n, — ne|), cf. Ref. 43.
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Figure 9.9: (a) Time dependence of applied voltage and intensity modula-
tion for the ridge-type MZ interferometer. (b) Corresponding plot of inten-
sity modulation vs. applied voltage for 10 periods, with a half-wave voltage
Ve =150 V.

two interferometer branches only. Further electro-optic modulation
experiments will investigate the effect of post-deposition poling of
the films, as well as applying an electric field across both branches
of the MZ interferometer.

9.4.2 Focused ion beam processed photonic crys-
tal slabs

Figure 9.10(a) shows an ion beam scanning image of a waveguide
structure defined in the PLZT epilayer by FIB etching. The micro-
graph demonstrates that the PCS patterns are accurately reproduced
and may be precisely aligned with preprocessed features, implying
that maskless FIB etching is well suited for processing of PCS lat-
tices and nanostructured waveguides in perovskite thin films. Drift
of the ion beam was not significant over the time period required to
process large patterns and devices.

Figure 9.10(b) displays a cross-section SEM image of air holes
perforating the PLZT epilayer and the Mg(O substrate. The image
shows that the sidewalls are inclined by an angle 6 of approximately
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Figure 9.10: (a) Scanning ion beam image of photonic crystal waveguide
structure processed in the PLZT epilayer by FIB etching. (b) Cross-
section SEM image of the 2D photonic crystal lattice of air holes. The
hole sidewall angle 0 is approximately 8-12° off the film surface normal.

8-12°, measured with respect to the film surface normal and de-
creasing slightly with depth into the PLZT layer. This deviation
from ideal vertical sidewalls is caused by sputter redeposition during
FIB etching, and has been reported in previous studies using FIB
processing for definition of PCSs |43, 44]. Moreover, the hole profile
in Figure 9.10(b) shows that the etched air holes fully perforate the
~500 nm thick PLZT layer. Extending the air holes of the 2D crystal
lattice into the substrate will lower the effective refractive index in
the region of the substrate where guided modes have a non-negligible
field amplitude [45]. Numerical analysis of the PLZT PCS on MgO
shows that the effective TE stop band broadens and offers increased
attenuation when the air holes are extended into the substrate by
a depth equal to the lattice constant. In this case, modes that are
localized in the slab will couple less strongly to the background and
the expansion of the TE stop band suggests that the TE-TM mode
coupling is suppressed. Moreover, construction of air-bridged slabs,
providing out-of-plane structural symmetry and strong vertical con-
finement of the light, can be achieved by removing the underlying
substrate, e.g., fabrication of air-suspended PLZT PCSs may be re-
alized by deposition of thin films on silicon substrate (cf. Chapter
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7), for which etching techniques capable of controlled removal of the
substrate support are known.

The propagation of TE polarized light (A¢ = 1500 nm) through
a PCS waveguide structure defined in the PLZT epilayer was inves-
tigated experimentally by observation of the out-of-plane scattered
intensity. Figure 9.11 shows an IR image (dashed frame) superim-
posed on an optical microscope image of a double 60° waveguide bend
formed by omitting three rows of holes from the 2D crystal lattice.
The distribution of scattered light in the recorded IR image suggests
that the incoming waves are guided through the first 60° waveguide
bend (upper left) and subsequently arrive at the second bend, recog-
nized by the increased amount of scattered intensity at the corner of
this bend. The inset in Figure 9.11 shows the recorded out-of-plane
scattered intensity as a function of position along the indicated line
segment bisecting the waveguide structure. The plot shows that the
scattered intensity is significantly lower at the second bend com-
pared to that at the first. This suggests that transmission of light
through these PCS waveguide bends is not very efficient. Moreover,
the measurements reveal an increased level of scattered intensity at
the transition regions between the PCS structures and the ridge-type
waveguides, which indicates substantial reflection losses in these re-
gions.

FIB processing entails collateral ion implantation of the sample,
which may affect the physical properties of the material [46], e.g., for-
mation of an amorphous surface region in ferroelectric single crystals
[47], modified conductivity of ZnO nanorods [48], or increased optical
absorption for implantation of Ga™ ions in hydrogenated amorphous
SiC thin films [49]. Hence, implantation of Ga™ ions may impair the
ferroelectric and optical properties of the PLZT epilayer. The SEM
image in the inset of Figure 9.12 shows a region of the PLZT film
surface, with indication of three different spots for which the film
surface composition was locally analyzed using the Auger micro-
probe. Pos. 1 corresponds to an area scanned with the FIB during
optimization of the PCS fabrication process, i.e., the surface was
continuously scanned to produce an ion beam image used for adjust-
ing focus and stigmatism. Pos. 2 is located inside a processed PCS
structure, whereas pos. 3 corresponds to a surface region that was
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Pasition along line (a.u.)

Figure 9.11: IR image superimposed on an optical microscope image of a
double 60° photonic crystal waveguide bend (green and blue indicate levels
of high intensity). The inset shows the out-of-plane scattered intensity
of IR light vs. position along the line segment bisecting the waveguide
structure.

never exposed to the Ga™ ion beam. The relative concentration of
gallium vs. depth into the PLZT epilayer for positions 1 3 is shown
in Figure 9.12. For pos. 2, the Auger data shows a maximum Ga
concentration at a projection range of ~20 nm, while the tail of the
implantation profile extends ~55 nm into the PLZT layer. Beyond a
depth of 60 nm, the concentration of implanted gallium is negligible
for both positions 1 and 2, suggesting that the implantation of Ga™
ions into the PLZT epilayer is confined to the uppermost ~50 nm
of this layer. The measured Ga concentration in pos. 3 is negligible,
which implies that the ion implantation is restricted to the surface
regions that have been directly exposed to the FIB.
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Figure 9.12: Auger depth profiles of Ga in the PLZT epilayer. The
inset shows the different positions (1-3) locally analyzed by the Auger
microprobe.

9.5 Conclusions

A ridge-type MZ interferometer with an electro-optic interaction
length of 3 mm was processed in a PLZT epilayer on MgO(001) sub-
strate, using UV lithography and chemical wet etching. Electro-optic
response was verified, with a ~80 % modulation of the optical inten-
sity for a half-wave voltage V; ~ 150 V. The corresponding Pockels
coefficient was estimated at v5; ~ 8.3 pm/V. The propagation losses
for ridge-type waveguides were measured at ~10 dB/cm for \g =
1550 nm. FIB etching was used to define PCSs with a hexagonal
hole configuration in the PLZT thin film epilayer. The sidewalls
of the FIB etched holes were inclined by an angle of ~8 12° with
respect to the film surface normal. Numerical simulations showed
that the transmission properties of the PCS are impaired by out-of-
plane structural asymmetries, such as those caused by the presence
of a dielectric substrate and tapered geometry of the FIB etched air
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holes. Propagation of IR light through a 60° PCS waveguide bend
was demonstrated. Auger depth profile measurements showed that
the Ga™ ion implantation was confined to the uppermost ~50 nm of
the PLZT epilayer surface.
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Chapter 10

Conclusions and outlook

Adopting epitaxial (Pb,La)(Zr,Ti)O3 (PLZT) thin films for planar
photonic device applications is motivated by a range of attractive
functional properties of this perovskite oxide, such as strong electro-
optic response, high remanent polarization, and high transparency at
infrared frequencies. Monocrystalline PhggsLag 0sZrg4TigsO3 thin
films were grown on SrTiO3(001), MgO(001), and buffered Si(001)
substrates by on-axis radio frequency magnetron sputtering. XRD
measurements showed that c-axis oriented PLZT epilayers can be
grown on these substrates with high crystalline quality. The mea-
sured surface roughness satisfies the requirements for low-loss op-
tical mode propagation in waveguide devices defined in such films.
Electro-optic modulation up to 80 % of the guided light intensity was
achieved for a ridge-type Mach-Zehnder interferometer processed in
PLZT on MgO(001). Photonic crystal slabs were designed by nume-
rical simulation and defined in the PLZT epilayer by focused ion
beam (FIB) etching. The out-of-plane structural asymmetry, such
as that introduced by the conical shape of the FIB-etched air holes
and the presence of an underlying substrate, was found to impair
the optical isolation properties of the photonic crystal slab.

In conclusion, the most significant results emanating from this thesis
work are:

e Synthesis of optically transparent, ferroelectric PLZT thin film
epilayers of high crystalline quality by sputter deposition.
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e Demonstration of electro-optic response in a PLZT thin film
Mach-Zehnder interferometer, defined by conventional UV li-
thography and wet etching techniques.

e Design and fabrication of planar photonic crystal slabs and
line-defect waveguides in the PLZT epilayers.

These findings promise unprecedented opportunity for application of
such sputter-deposited thin film epilayers in electro-optic and pho-
tonic devices.

Suggestions for further work

The electro-optic measurements unveiled a modest Pockels coeffi-
cient for the PLZT thin film waveguide devices processed in this
study (ts1 ~ 8.3 pm/V). Directions for further work may include:

e Post-deposition poling of the PLZT epilayer. With the present
configuration of the Mach-Zehnder interferometer, i.e., the op-
tical axis of PLZT oriented along the film c-axis (normal to
the film plane) and co-planar electrode geometry, such poling
may affect the magnitude of the electro-optic response.

e Investigating the dependence of the electro-optic response on
the film crystalline orientation, by growing PLZT epilayers
with a different orientation, e.g., (111)-oriented PLZT, cf. Chap-
ter 6.3, or by aligning the waveguide device with co-planar elec-
trodes along the [110] direction of the substrate, rather than
along the [100] direction.

For Si-integrated thin films, a cladding layer with low refractive
index is required between PLZT and the substrate, in order to en-
sure index guiding and to reduce propagation losses due to optical
absorption in the semiconductor substrate. Perovskite oxides which
can be prepared with optical grade, e.g., Pb(Zr,Ti)O3 and BaTiO3,
are suitable candidates for such thin film heterostructures, with a
small lattice mismatch for subsequent growth of the PLZT epilayer.
Thus, further work could involve:
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e Incorporation of a Pb(Zr,Ti)O3 undercladding between PLZT
and the SRO electrode layer. Growth of epitaxial Pb(Zr,Ti)O3
thin films on SRO/STO(001), with a crystalline quality simi-

lar to that of PLZT, was demonstrated in the present study
(unpublished).

e Preparation of a heteroepitaxial thin film stack with BaTiOj3
undercladding. Numerical analysis suggests that a BaTiO;
layer of thickness ~1 pm is sufficient to serve as an under-
cladding. The growth of epitaxial BaTiOj3 thin films of high
crystalline quality on STO(001) substrate by pulsed layer depo-
sition was demonstrated in the present study (unpublished).

e Increasing the thickness of the optically transparent STO buffer
layer to ~1 pm. The 8 nm MBE-deposited STO buffer layer is
not sufficiently thick to serve as undercladding. The thickness
of this layer could be increased by sputter deposition or pulsed
laser deposition of STO on the buffered Si(001) substrate.

e Incorporation of MgO as undercladding, possibly by e-beam
evaporation on STO-buffered Si(001).
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Electromagnetic waves 1n
periodic dielectric media

In general, propagation of electromagnetic waves in a dielectric me-
dium can be described by Maxwell equations [1], which in cgs units
read,

.o 10H (7, 1)
E(Ft) = ———~ Al
V x (T,t) c ot ) ( )
N 10e(F)E(F, 1)
V X H(T,t) = 7J(T,t)+ET, (AQ)
- E(F = —L A.
V- E(7,t) mE (A.3)
V-H(t) = 0, (A.4)

where E(7,t) and H(7,t) are the time-dependent electric and mag-
netic fields, respectively, c is the wave velocity, j(f’, t) is the free cur-
rent density, €(7) is the dielectric function, and p is the free charge
density.

The present discussion is based on the following assumptions; (1)
the dielectric function () is linear, i.e., independent of the electric
field, (2) the dielectric medium is non-dispersive in the frequency
range of interest (optical and near-infrared wavelengths), i.e., £(r)
is real for low-loss dielectric materials, (3) there are no free charges
and currents in the dielectric medium, i.e., the material contains
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no sources of electromagnetic radiation, which implies J = 0, (4)
the medium is non-magnetic, i.e., the relative magnetic permeabil-
ity p1,(7) — 1, (5) there are no sinks or point sources of magnetic and
displacement fields in the medium, which implies that the divergence
of the electric and magnetic fields both equal zero. For transverse
electromagnetic waves, Eqs. A.1 and A.2 can be combined to re-
late the time-dependent electric E(7,¢) and magnetic fields H (7, )
according to,

- 1 - 1 9PH(Rt)

V x (ﬁv X H(T,t)) = —C—QT, (A5)
1 - o 1 0°E(7t)

AV (VREGD) = -5 (A9)

commonly referred to as the wave equations.

For harmonic waves with angular frequency w, i.e., E(F, t) =
E(Pe~ and H(7,t) = H(F)e 7', the eigenvalue equation for the
magnetic field can be written on the form

v x <éﬁ « ﬁ(F)) — @ H () = (E)Qﬁ(f). (A7)
e(r c

This implies that H(7) is completely defined on an infinite domain
by a Hermitian eigenvalue problem for which a complete basis ex-
ists. An important property of Eq. A.7 and the Maxwell equations
is their scale-independent character, i.e., there is no absolute length
scale and no fundamental value for the dielectric constant. Hence,
reducing the magnitude of the dielectric function £(7) by a factor f?
will not affect the harmonic modes, except for scaling of the frequen-
cies by fi. Correspondingly, changing the geometric proportions by
a factor fy results in scaling of the mode frequencies by the same
factor [2].

In contrast to the linear differential operator Oy in Eq. A.7, the
corresponding operator for the electric field,

1 - -
@E—%VXVX, (A8)
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is not self-adjoint (i.e., non Hermitian), which implies that the eigen-
functions are not necessarily orthogonal, and a complete basis is not
guaranteed [3]. The characteristics of the two differential operators
combined with the requirement of a transverse ﬁ(ﬁ t) speak in favor
of solving the eigenvalue problem for H(7) rather than for E(7).

Bloch’s theorem [4], implies that the solutions to Eq. A.7 for wave
propagation in a periodic dielectric medium, e.g., a photonic crystal,
can be chosen on the form

— L7

H(7) = hy(7)e™, (A.9)
where k = klgl + k2§2 + kggg is an arbitrary wave vector in the first

Brillouin zone and hj () is a function with the same periodicity as
the crystal lattice. Substitution of Eq. A.9 into Eq. A.7 yields

(9-+8) s (9 +8) ) = (W@)zﬁgm. (A10)

C

The periodicity of Eg(f’) implies that Eq. A.10 needs only be con-
sidered on a finite domain, resulting in a discrete set of eigenvalues
for this eigenvalue problem [5|. By solving Eq. A.10 numerically, the
eigenfrequencies w can be plotted as function of the wave vector E,
cf. Figure 4.6.
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Basic theory of prism coupling

Assessment of the film thickness d and refractive index ng,y is based
on the measured angles of incidence 6;, for which m-lines appear.
This requires a set of equations which completely describes the coup-
ling of light. The equations relating d, ng,, and 6;, cannot be solved
on closed form, i.e., they must be solved numerically. The range of
propagation vectors that can be excited with a given prism is deter-
mined by the refractive index n, and the opening angle «, cf. Figure
3.11 on page 56. The effective refractive index for a waveguide mode
of order m is given by [1]

Np = sin;, cos o + sin ay /n2 — sin? 6;,. (B.1)

For a mode m guided in the thin film, the total phase shift is |2]

mm — F — ¢upper - Qb]ower’ (Bz)

where I' is the waveguide phase shift, and ¢pper and @iower are phase
shifts resulting from reflection at the upper and lower boundary of
the film, respectively. The waveguide phase shift is defined by

I = kdy/n2, — N2, (B.3)
2

where k = % = = is the free space propagation constant. Corre-

spondingly, the phase shift for the reflection at an interface is given
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by [3]

2p N2 —n2
_ Nfilm m n
@:tanl\/( o) "(NE ) (B.4)

where j denotes the media above or below the film, and p = 0,1
indicates the polarization of the propagating light (TE = 0, TM =
1). By solving Egs. B.1-B.4 numerically, the relation between d,
Nfm, and 6, can be determined. Prism coupling measurements can
also be used to assess the optical anisotropy of thin films [4].
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Design of Mach-Zehnder
interferometer

The relevant design parameters and approximations used in the
numerical analysis were given in section 9.2. Referring to the co-
ordinate axes in Figure 9.1(a), the transverse electric (TE) modes
have fields that are defined by Ey, and H ~ H,, with a small com-
ponent H,. Conversely, the transverse magnetic modes have fields
that are defined by H, and £ ~ E,, with a small component Fi.

An important aspect of the design is to minimize the propagation
losses for the device. Besides material and waveguide dispersion,
light scattering at surfaces and interfaces contributes to the prop-
agation losses. By choosing an appropriate combination of width
and height for the ridge waveguide, scattering from the surfaces can
be minimized. At the same time, the ridge geometry must provide
strong confinement of the propagating (fundamental) mode. Losses
associated with mode propagation through waveguide bends depend
both on the radius of curvature and on the confinement capability
of the ridge. Moreover, the waveguide fabrication process may place
constraints on the design parameters.

The physical dimensions of the ridge-type waveguide were chosen
so as to provide single-mode propagation, i.e., the waveguide sup-
ports the fundamental TEy mode, only. Figure C.1 shows the cutoff
condition for the TE;, TE,, and TE3 modes for various combinations
of ridge height d and width W.
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Figure C.1: Cutoff of TE;, TE,, and TEs for different combinations of
d and W.

The results presented below refer to propagation of the TEj
mode. A schematic representation of the Mach-Zehnder (MZ) inter-
ferometer is depicted in Figure 9.1(b). The parameters s, and s,
represent the radius of curvature for the s-bends, which constitute
the Y-junction of the interferometer. The mathematical function S
used to define the curvature of the bend is given by

S(x) = s, sin’ (ix) : (C.1)
The power loss for the s-bend versus s, for three different ridge
dimensions is shown in Figure C.2. In this analysis, s, was fixed at
100 pm. The data shows that for s, < 0.8 mm the losses increase
rapidly with decreasing s,. Also, for s, larger than ~0.6 mm the
bend losses decrease for increasing ridge height, suggesting enhanced
light confinement.

Metal electrodes were introduced in a co-planar geometry. The
relevant design parameters for the electrodes are shown Figure 9.1(b),
and include the interaction length L and the separation g, between
adjacent electrodes. Figure C.3 shows plots of the propagation losses
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Figure C.2: S-bend power loss vs. sy for three different ridges and s
fixed at 50 pm.

for the ridge-type waveguide, caused by optical absorption in the
electrodes, as a function of g, for (a) W — 2 pym and (b) W — 4
pm. The calculations show that for a given ridge width the losses
increase with decreasing height, and that for a given g, the losses
are larger for W = 4 ym, compared to W = 2 pm. Furthermore,
the analysis reveals that the propagation losses are not significantly
affected by the thickness of the electrodes, as long as it exceeds ~10
nm. The data presented in Figure C.3 pertains to an electrode thick-
ness of 250 nm, and the refractive index and absorption coefficient
for these electrodes were set at n = 0.562 and o = 7.98 x 10° cm ™1,
respectively, corresponding to those for gold at A = 1550 nm.
Numerical analysis (data not shown) reveals that for a given elec-
trode gap the electrode absorption is significantly higher for the TE;
mode (> 20 dB/cm for g, = 8 pm) compared to that for the TE,
mode. Hence, the MZ interferometer functions as a mode filter,
which implies that the geometry of the ridge is not critical in or-
der to achieve single-mode propagation for the device. As for the
electrode gap, there is a trade-off between the magnitude of optical
absorption and the strength of the electric field applied across the
ridge, i.e., a small gap implies a strong field and high propagation
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Figure C.3: Electrode absorption vs. electrode gap g, for different ridge
heights and (a) W = 2 pm, (b) W = 4 pm.

losses.
The phase shift of the MZ interferometer is given by
L
I(E) = T”m?’E, (C.2)
where L is the interaction length, v is the Pockels coefficient, n is
the refractive index, and A is the wavelength. Rearranging this ex-
pression and inserting for V/g. for F lead to an interaction length

_ A
3l

(C.3)

where V. denotes the half-wave voltage, which corresponds to the
voltage required to induce a phase shift m between light in the two
branches of the MZ interferometer. For go = 8 pm, V; =5V, and ¢
— 50 pm/V, Eq. C.3 yields an interaction length L ~ 3 mm.

Based on the data presented in this section, the design parame-
ters shown in Table C.1 were chosen for the MZ interferometer. The
total losses were estimated at ~5 dB for the TEy mode.
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Table C.1: Design parameters for the ridge-type Mach-Zehnder interfero-
meter defined in PLZ'T on MgQO substrate.

Parameter Value
Wavelength A — 1550 nm
Film index Nilm — 2.49
Substrate index Ngub = 1.715
Film thickness h = 500 nm
Ridge width W =2-3 pm
Ridge height d — 50-100 nm
S-bend curvature Sz = 1 mm, s, = 100 pm
Electrode length L =3mm
Electrode gap Je = 8 pm
Electrode thickness 50-250 nm
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Computational techniques

The growing interest in photonic crystals can to a large extent be
ascribed to recent advances in micro- and nanofabrication process-
ing technologies. However, it still remains a challenge to fabricate
structures with a periodicity on the scale of the optical wavelength.
Hence, it is imperative to start with an appropriate design. Quan-
titative predictions for periodic dielectric systems commonly derive
from numerical calculations based on Maxwell equations. A num-
ber of different algorithms have been proposed for simulations of
photonic crystals, including the plane wave expansion method [1, 2],
the beam propagation method [3|, the transfer matrix method [4],
the diffraction grating approach [5|, the scattering matrix method
[6], the multiple scattering technique [7, 8|, the eigenmode expan-
sion method [9], the finite element method [10, 11|, and the finite-
difference time-domain [12, 13] method. In the present work, the
numerical analysis was carried out using the plane wave expansion
(PWE) and the finite-difference time-domain (FDTD) methods.

Plane wave expansion
The PWE method involves expanding the periodic function EE(F) in

a Fourier series and inserting this expansion in Eq. A.10. The Fourier
expansion is truncated to a finite number of terms, N, which yields
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a generalized eigenvalue problem [14]

-

Ah = w?Bh, (D.1)

where £ is the eigenvector and A and B are N x N matrices. Here,
the discretization is chosen so that A and B are Hermitian and B
is positive definite [15]|, whereas the transversality constraint is im-
posed by choosing a basis that is inherently transverse |14|.

MIT Photonic-Bands (MPB) [14] is a freely available software
package! which computes the eigenmodes of periodic dielectric struc-
tures, based on a preconditioned conjugate-gradient minimization
[16] of the block Rayleigh quotient [17] in a plane wave basis. To
this end, expansion in terms of plane waves eiC ig adopted, where
G is the reciprocal lattice vector. An iterative eigensolver algorithm
|18] is used to obtain an initial value for the eigenvector h and to
run a number of recursive steps in order to minimize the electro-
magnetic energy functional, also referred to as Rayleigh quotient
minimization, given by [14]

) htAh

— i = Sy D2
Wy rnlnth (D.2)

where w? is the smallest eigenvalue and 1 denotes the conjugate
transpose.

Finite-difference time-domain

The FDTD method [12] is widely used for numerical simulations of
electromagnetic wave propagation in real space [13|. The algorithm
is based on solving Eqs. A.1 A.4 in a discretized domain, for which
the cells of the computational grid are congruent. This is achieved
by using a uniform Cartesian grid with a rectangular unit cell and
a staircase approximation for features that are not parallel to the
coordinate axes of the grid. Figure D.1 shows a schematic of the
Cartesian grid unit cell in 3D, commonly referred to as the Yee cell
[12].

'Freely available for download at http://ab-initio.mit.edu/mpb/
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Figure D.1: Schematic of the Cartesian grid unit cell in 3D, along with
the electric (E,, E,, E,) and magnetic (H,, Hy,, H.) field components [19].

For a point on this grid,
(i,4, k) = (iAz, jAy, kA2), (D.3)

where i, k, j are integers and Az, Ay, Az are the grid increments in
the x, y, z coordinates, an arbitrary function F'(7,t) can be expressed
on the form,

F(ilAz, jAy, kAz,nAt) = F"(i, j, k), (D.4)

where n is an integer and At is the increment in time. By using
centered finite-difference expressions for the space and time deriva-
tives, the first partial space derivative of F'(7,¢) in the z-direction
becomes,

OF  F"(i+1/2,j,k) — F"(i—1/2,5,k)
or Ax
when evaluated at a fixed time. The corresponding expression for

the time derivative of F(7,t) evaluated at a fixed point in space is
given by

+0[(Ar)?] (D)

OF _ Fr2(, 5, k) = Fr=2(i, 5, k)
ot At

+0[(At)?].  (D.6)
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The complete set of equivalent finite-difference equations for the
Maxwell equations is derived from Ref. 12, where a scheme referred
to as leapfrog is used to obtain the time evolution of E and F[, ie.,
the E-field at a given instant in time is computed and stored, based
on the H-field acquired in the previous time step, and vice versa.
This time-stepping process is lossless, which implies that the waves
do not decay upon propagating through the computational grid, e.g.,
due to a non-physical artifact of the process itself.

It is essential to define an appropriate grid size in order to prevent
significant changes to the electromagnetic field over one increment
in space. For accurate results, an increment in space corresponding
to a small fraction of the wavelength must be adopted. Typically,
at least 10 20 samplings per wavelength are required. Moreover, the
time and space increments are closely interrelated. In order to ensure
numerical stability of the algorithm, this relation must comply with
the following condition [12],

V(Az)2 + (Ay)? + (A2)? > cAt. (D.7)

In the present work, FDTD simulations of photonic crystal slabs
(PCSs) were carried out using commercially available software?. This
package is implemented with a forward difference algorithm, which
implies that the curl of the electric field is computed from the differ-
ence between the field vector in adjacent cells of the computational
grid with a forward increment 0, i.e., AsF = F(x + 0) — F(z),
whereas the curl of the magnetic field is computed from a backward
increment, AsF = F(x) — F(x — §). Numerical stability of the al-
gorithm is ensured by adopting a time interval which complies with
the Courant stability criterion [20].

Boundary conditions
A computational domain of finite size is required for numerical simu-

lations, mainly due to the limited storage capacity (memory re-
sources) of a computer. Thus, boundary conditions must be defined

2CrystalWave ver. 4.0, Photon Design Ltd.
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for the outer perimeter of the computational domain, without intro-
ducing significant error in the computation. In the present study,
periodic boundary conditions were adopted for the numerical analy-
sis in the frequency domain, whereas a perfectly matched layer was
used for the FDTD simulations.

Periodic boundary conditions

MPB makes use of the periodicity of the photonic crystal lattice
by imposing periodic boundary conditions. This implies defining a
computational unit cell which is periodically repeated in all spatial
directions. Thus, the eigenvalue problem (Eq. A.10) can be solved
for this unit cell with general validity for the entire PCS [21|. The
schematic in Figure D.2(a) illustrates periodic boundaries applied
to the computational unit cell for a PCS. The resulting structure
consists of a vertically repeated sequence of PCSs which extends
infinitely in the z-y plane. In order to eliminate coupling between
guided modes in adjacent PCSs, a unit cell with sufficient vertical
size (z-period) is required. In MPB, only the Bloch states (guided
modes) for the infinitely extended structure are calculated, i.e., the
nonguided (leaky) modes are neglected.

Line-defects defined in PCSs break the translation symmetry
of the 2D crystal lattice. By assuming waveguide modes that are
strongly localized to the line-defect, a computational domain con-
sisting of several unit cells, i.e., a supercell, can be defined [18, 22].
Figure D.2(b) shows a schematic of a 1a x 4a supercell constructed
around a line-defect waveguide formed in a hexagonal 2D crystal
lattice. This supercell represents the new unit cell of the system,
and periodic boundaries can be applied at its perimeter. The loca-
lized modes decay exponentially away from the line-defect. Thus,
by increasing the size of the supercell the solution converges expo-
nentially to the desired isolated-defect solution. The periodicity of
the supercell is artificial, which may result in spurious interactions
between neighboring defect sites. The relevance of these interac-
tions decreases exponentially with increasing size of the supercell.
In practice, only a few extra periods of the thin film photonic crys-
tal needs to be included on each side of the line-defect in order to
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Figure D.2: Schematic of (a) a computational unit cell for a PCS repeated
periodically in the x-, y-, and z-direction, and (b) a supercell (la x 4a)
constructed around a line-defect waveguide formed in a hexagonal 2D
crystal lattice. a1 and ag are the basis vectors of the superlattice.

ensure convergence.

Perfectly matched layer

A perfectly matched layer (PML) is a virtual, absorbing material
which is added to the edges of the computational domain in order to
eliminate reflections from outgoing (radiating) waves [23-26]. The
PML allows unbounded electromagnetic problems to be solved with
FDTD simulations [27|. The schematic in Figure D.3 shows a cross-
section of the computational domain adopted in the present FDTD
analysis, with a PML added next to the domain boundary. The
reflectance of a plane wave striking the vacuum-PML interface is
zero for all frequencies and angles of incidence [23].

In the PML medium, the electromagnetic fields are split in two
non-physical fields, a technique referred to as the field splitting tech-
nique, and losses are assigned individually to each field component.
Thus, the PML is an artificial damping layer of finite width, where a
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Figure D.3: Schematic of an absorbing layer (PML) added next to the
boundary of the computational domain, absorbing outgoing waves without
reflection.

modified set of equations have to be solved. It can be shown that for
a TE polarized wave propagating in the z-direction, for which the
electric field vector forms an angle ¢ with the y-axis, the wave func-
tion ¥ for the TE wave and the impedance Z of the PML medium
are given by (23],

_oxcosyp _O'ySinSD

U = Pye/lt(@eosetysing)/e)™ g% ™ e ¥ (D.8)

7z = JH (D.9)
€o
where w is the angular frequency, t is the time, c is the speed of light,
o, and o, correspond to electric conductivities, ji is the free space
permeability, and g is the free space permittivity.
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