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Abstract

Ferroelectric oxides are a group of advanced electronic materials with
a wide variety of properties useful in applications such as memory devices,
resonators and filters, infrared sensors, microelectromechanical systems, and
optical waveguides and modulators.

Among the oxide perovskite-structured ferroelectric thin film materials,
sodium potassium niobate or Na0.5K0.5NbO3 (NKN) has recently emerged as
one of the most promising materials in radio frequency (rf) and microwave
applications due to high dielectric tunability and low dielectric loss.

This thesis presents results on growth and structural, optical, and electri-
cal characterization of NKN thin films. The films were deposited by rf-mag-
netron sputtering of a stoichiometric, high density, ceramic Na0.5K0.5NbO3

target onto single crystal LaAlO3 (LAO), Al2O3 (sapphire), SrTiO3, and
Nd:YAlO3, and polycrystalline Pt80Ir20 substrates. By x-ray diffractometry,
NKN films on c-axis oriented LaAlO3, SrTiO3 and Nd:YAlO3 substrates were
found to grow epitaxially, whereas films on r-cut sapphire and polycrystalline
Pt80Ir20 substrates were found to be preferentially (00l) oriented. The surface
morphology was explored using atomic force microscopy.

Optical and waveguiding properties of the Na0.5K0.5NbO3/substrate het-
erostructures were characterized using prism-coupling technique. Sharp and
distinguishable transverse magnetic and electric propagation modes were ob-
served for NKN thicknesses up to 2.0 µm. The extraordinary and ordinary
refractive indices were calculated together with the birefringence of the NKN
material. The electro-optic effect in transverse geometry was measured in
transmission, where the effective linear electro-optic response was determined
to reff = 28 pm/V for NKN/Al2O3 with an applied dc field up to 18 kV/cm.

The ferroelectric state in NKN films on Pt80Ir20 at room temperature
was indicated by a polarization loop with saturated polarization as high as
33.4 µC/cm2 at 700 kV/cm, remnant polarization of 10 µC/cm2, and coercive
field of 90 kV/cm. Current-voltage characteristics of vertical Au/NKN/PtIr
capacitive cells and planar Au/NKN/LAO interdigital capacitors (IDCs) show-
ed very good insulating properties, with the leakage current density for an
NKN IDC on the order of 30 nA/cm2 at 400 kV/cm. Rf dielectric spec-
troscopy demonstrated low loss, low frequency dispersion, and high voltage
tunability. At 1 MHz, NKN/LAO showed a dissipation factor tan δ = 0.010

and a tunability of 16.5% at 200 kV/cm. For the same structure the frequency
dispersion was ∆εr = 8.5% between 1 kHz and 1 MHz.

Key words: ferroelectrics, sodium potassium niobates, thin films, rf-magne-
tron sputtering, waveguiding, refractive index, prism-coupling, electro-optic
effects, dielectric tunability
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Sammanfattning

Ferroelektriska oxider tillhör en grupp avancerade elektroniska material
med en stor blandning av egenskaper som gör dem attraktiva i tillämpningar,
såsom datorminnen, resonatorer och filter, infraröda sensorer, mikroelektro-
mekaniska system, samt optiska vågledare och modulatorer.

Bland ferroelektriska tunnfilmsmaterial med perovskitstruktur har nat-
rium-kalium-niobat eller Na0.5K0.5NbO3 (NKN) nyligen trätt fram som ett
av de mest lovande materialen för radiofrekvens- och mikrovågstillämpningar
tack vare hög dielektrisk avstämbarhet och låga dielektriska förluster.

Den här avhandlingen presenterar resultat runt framställning och struktu-
rell, optisk och elektrisk karakterisering NKN-tunnfilmer. Tunnfilmerna till-
verkades med rf-magnetronsputtring av en stökiometrisk Na0.5K0.5NbO3 ke-
ram av hög densitet på olika enkristallina (LaAlO3 (LAO), Al2O3, SrTiO3

och Nd:YAlO3) och polykristallina (Pt80Ir20) substrat. Röntgendiffraktion an-
vändes för att bestämma filmernas kristallstruktur och ordning. Filmytornas
jämnhet mättes med hjälp av atomkraftsmikroskopi.

Optiska och vågledande egenskaper hos Na0.5K0.5NbO3/substrat-hetero-
strukturerna undersöktes med en prism-kopplingsteknik. Skarpa, urskiljbara
transversella magnetiska och elektriska moder observerades. Det ordinära och
extraordinära brytningsindexen beräknades, så även materialets dubbelbryt-
ning. Den elektrooptiska effekten i en transversell geometri mättes i trans-
mission, där den effektiva linjära elektrooptiska koefficienten bestämdes till
reff = 28 pm/V för NKN på Al2O3 med elektriskt dc fält upp till 18 kV/cm.

Att NKN är i ett ferroelektriskt tillstånd vid rumstemperatur visades med
en polarisationkurva. Ström-spänningskarakteristik av en NKN kondensator-
struktur indikerade mycket god isolerande förmåga. Rf-spektroskopi demon-
strerade låga förluster, låg frekvensdispersion och hög avstämbarhet.

Nyckelord: ferroelektrika, natrium-kalium-niobater, tunnfilmer, rf-magne-
tronsputtring, vågledning, brytningsidex, prism-kopplingsteknik, elektroop-
tisk effekt, dielektrisk avstämbarhet
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Symbols

c speed of light
c0 speed of light in vacuum (2.9979 · 108 m/s)
C Curie-Weiss constant
D electric displacement
d piezoelectric coefficient tensor
E electric field
Ec coercive electric field
H magnetic field
h film thickness
I light intensity
k wave vector
M Jones matrix
m mode number
n refractive index
ne extraordinary refractive index
no ordinary refractive index
∆n birefringence (ne − no)
N effective refractive index of modes
P electric polarization
Pr remnant electric polarization
Ps spontaneous electric polarization
Q dissipation factor, 1/tan δ
r electro-optic tensor
rij electro-optic coefficient
rc common linear electro-optic coefficient
reff effective linear electro-optic coefficient
R quadratic electro-optic coefficient
S strain
T mechanical stress
T temperature
T0 Curie-Weiss temperature
Tc Curie point
β propagation constant
Γ phase shift
ε permittivity tensor
εr relative permittivity
ε0 vacuum permittivity (8.8542 · 10−12 As/Vm)
λ wavelength
µ0 vacuum permeability (4π · 10−7 Vs/Am)
χ susceptibility
ω angular frequency
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Abbreviations

AFM atomic force microscopy
BTO barium titanate, BaTiO3

CCD charge-coupled device
CVD chemical vapor deposition
DRAM dynamic random access memory
EA electro-absorption
EO electro-optic
FeFET ferroelectric field-effect transistor
FeRAM ferroelectric random access memory
FWHM full width at half maximum
HMDS hexamethyldisilazane
IDC interdigital capacitor
KTN potassium tantalum niobate, KTaxNb1−xO3

LAO lanthanum aluminate, LaAlO3

LPE liquid-phase epitaxy
MBE molecular-beam epitaxy
MPB morphotropic phase boundary
MEMS microelectromechanical systems
NKN sodium potassium niobate, Na0.5K0.5NbO3

NLO nonlinear optics
OEIC optoelectronic integrated circuit
PLD pulsed laser deposition
PLZT lanthanum-modified lead zirconate titanate,

Pb1−xLax(Zry,Ti1−y)1−0.25xO3

PVD physical vapor deposition
PZT lead zirconate titanate, Pb(Zrx,Ti1−x)O3

QWP quarter-wave plate
rms root mean square
rpm rotations per minute
SAW surface acoustic wave
SBN strontium barium niobate, SrxBa1−xNb2O6

SHG second harmonic generation
SPM scanning probe microscopy
STO strontium titanate, SrTiO3

TE transverse electric
THG third harmonic generation
TM transverse magnetic
VPE vapor-phase epitaxy
XRD x-ray diffraction
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Chapter 1

Introduction

The development in microelectronics and optoelectronics over the past decades has
been remarkable, if not to say astonishing. The density of transistors in computer
processors is still increasing according to Moore’s law1 and the speed of transmis-
sion over optical fibers is growing rapidly. For this development to continue, new
approaches and new materials are needed.

Ferroelectric oxide materials possess several unique properties and are expected
to be of use in many fields:

• Ferroelectric thin films as high dielectric permittivity dielectrics in dynamic
random access memories (DRAMs).

• Thin films in non-volatile ferroelectric random access memories (FeRAMs)
and ferroelectric field-effect transistors (FeFETs), which make use of the non-
linear hysteresis response of ferroelectrics.

• Ferroelectrics in integrated optical thin film modulators that explore the
electro-optic properties and high optical transparency of ferroelectric films.

• Ferroelectric films in transducers for converting electrical signals to mechani-
cal responses and vice versa by using their piezoelectric properties.

• Thin films that make use of the pyroelectric effect for infrared (IR) detection.

• Ferroelectric thin films as high dielectric tunability and low dielectric loss
materials at room temperature for microwave phase shifters, tunable filters,
and varactors.

My main interests are the optical and electro-optical properties of a fairly newly
developed class of ferroelectric niobate thin films with potential applications in
optical communication.

1Moore’s law can be expressed for several different quantities and describes an exponential
growth over time of, for example, the number of memory cells per chip. Gordon Moore, one of
the founders of Intel Corporation, formulated the law already in the 60s.

1



2 CHAPTER 1. INTRODUCTION

1.1 Thin Films in Optoelectronics

We encounter many optoelectronic devices in our daily life, for example self-lumi-
nous displays, CD players, and various types of optical communication links. Within
the area of fiber-optic communication, the focus is on photonic devices, which are
much faster than their electronic counterparts. Very simplified, a fiber-optical link
consists of a transmitter that generates light pulses through a semiconductor laser
diode, an optical fiber where the signal is propagating and amplified (e.g. through
an erbium-doped fiber amplifier), and finally an optical receiver that detects the
light pulses and converts them to electrical signals.

Thin films play a decisive role in optoelectronic integration, which is the combi-
nation of electronic and optoelectronic devices into compact optoelectronic circuits.
The integration can either be monolithic or hybrid. Monolithic integrated circuits
with electronic and optoelectronic devices are commonly referred to as optoelec-
tronic integrated circuits or OEICs. A typical example of an OEIC is an optoelec-
tronic transmitter and receiver consisting of a diode laser source, a light intensity
modulator, a light intensity detector, a multiplexer, a demultiplexer, and intercon-
nection waveguides, on a single substrate. This OEIC has optical input/output
at one end and electrical input/output at the other end. Advantages with OEICs
include a more compact, stable system working at high speeds, low power con-
sumption, and potential cost reduction. Complications lie in the integration and
manufacturing, as will be discussed below.

In hybrid integration, different components are made using different substrates
and then mounted together on a carrier. Generally, hybrid integration implies lower
chip manufacturing costs, but high chip mounting costs and problems with electric
parasitics on the chip interconnects.

Thin films are used for most of the components in OEICs. In particular, ferro-
electric films are of interest for optical modulator applications.

1.1.1 Optical modulators

The optical modulator is an important component of a fiber-optical system. An op-
tical modulator can modulate the laser output light (intensity, frequency, phase or
polarization) at high speeds. Light modulation, which is the process of converting
data (analog or digital) in electronic form to an optical signal, can be performed ei-
ther by direct modulation of the laser or by external modulation through a modula-
tor. Generally, external modulation is advantageous compared to direct modulation
due to low chirp and high speed. Also, intensity modulation is the most popular
choice for fiber-optic communication systems, primarily due to the simplicity of
envelope photodetection [1]. Most of the modern wide-bandwidth modulators are
based on either of two types of physical effects; one is the linear electro-optic (EO)
effect and the other is the electro-absorption (EA) effect. Both effects depend on
the applied electric field, which makes the modulators voltage-controlled devices.
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Figure 1.1 Conceptual drawing of a Mach-Zehnder waveguide modulator, fab-
ricated with thin film technology on Si, here using BaTiO3 as the electro-optic
material. Until now, no such device has been completed [2].

Electro-optic modulation

Electro-optic modulation utilizes the electro-optic effect, which for an anisotropic
electro-optic material implies changes in the refractive indices with applied electric
field. The index change leads to a change in phase, which can be converted into
intensity modulation in, e.g., a Mach-Zehnder interferometer.

Buchal et al. have described the physics of optical modulators and give exam-
ples of different modulator concepts [2]. Commonly used today are transparent,
bulk electro-optic crystals, such as LiNbO3 [3, 4]. These are obviously not suited
for highly integrated OEICs, where the electro-optic material should be in thin
film form on a common substrate. One of the most promising ideas is the use of
a ferroelectric thin film heterostructure in the form of an interferometric Mach-
Zehnder waveguide modulator, as shown in Fig. 1.1. The ferroelectric material is
electro-optically active. If an electric field is applied across one of the arms in a
Mach-Zehnder modulator, a phase difference is introduced, and constructive or de-
structive interference can be created on the output channel, as seen in Fig. 1.2. Two
waveguide modes with a phase difference of π rad/s couple into an antisymmetric
higher mode, which will not be sustained by a single-mode waveguide, but instead
will be radiated to the substrate. Thus it is possible to modulate the light between
on and off states by applying or not applying an electric field.
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Figure 1.2 Illustration of constructive and destructive interference patterns in a
Mach-Zehnder waveguide modulator. Only if the outgoing waveguide is single mode,
the resulting antisymmetric mode will be totally radiated into the substrate [2].

Developing a thin film heterostructure on semiconductor substrates, as the one
in Fig. 1.1, is quite complicated. Due to the high indices of refraction for Si and
GaAs, an oxide buffer layer of lower index is needed. This buffer layer should
have lower refractive index than the ferroelectric thin film, so that waveguiding will
be supported. In addition, this buffer layer must permit epitaxy,2 because device
applications of ferroelectric films require that properties similar to those found in
bulk material will be maintained in deposited films. Promising results in recent
publications include SrTiO3 and MgO buffers on GaAs [5–7] and SrTiO3 buffers
on Si [8].

Advantages with bulk EO modulators include very low optical losses, high power
handling capability, broad bandwidth, and temperature insensitivity. Disadvan-
tages are the large size, bias drifting, high driving voltages, polarization sensitivity,
and complications in integration with other components. For thin films, the driving
voltages would be lower and the size much reduced.

The main objective of my research is to synthesize and characterize ferroelectric
sodium potassium niobate (Na0.5K0.5NbO3) thin films as an electro-optic waveguid-
ing material in optical communication applications.

2Epitaxy implies growth of a single-phase film oriented according to the crystallographic struc-
ture of the substrate, see Sect. 2.3.3.
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Figure 1.3 a) Conceptual drawing of an electroabsorption intensity modulator.
b) Franz-Keldysh effect for bulk semiconductor material using band diagram. The
EC and EV lines represent the electron energy level in the conduction and valence
band, respectively, and hν is the photon energy. With an applied electric field, the
absorption increases for a specific wavelength as the band gap shifts to a longer
wavelength.

Electro-absorption modulation

In semiconductors, the photon absorption coefficient rises very steeply if the band
gap energy is reached. This absorption threshold is shifted slightly to lower energies
if a strong electric field is applied to the semiconductor – a phenomenon known as
the Franz-Keldysh effect. The effect can be utilized in electro-absorption modu-
lators. To perform modulation, the photon energy of the incident light has to be
slightly less than the band gap of the intrinsic active layer. In the absence of an ex-
ternal electric field, the active layer has low light absorption, whereas with electric
field applied the absorption coefficient increases rapidly, as shown in Fig. 1.3. In a
semiconductor quantum-well structure, the quantum-confined Stark effect accounts
for the change in absorption coefficient with applied electric field. The induced
absorption change is much larger than that of the Franz-Keldysh effect [1].

Advantages with electro-absorption modulators include small size, well-estab-
lished processes for laser integration, polarization insensitivity, and low driving
voltages. On the other hand the modulators exhibit high losses, low saturation
power, narrow bandwidth, and temperature sensitivity.
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1.1.2 Other waveguide applications

Except for electro-optic modulators there are many other functional waveguide de-
vices using ferroelectric thin films, such as directional couplers, optical wavelength
filters, Bragg deflectors, and mode converters [9]. A specific branch of applica-
tions utilize the acousto-optic effect in ferroelectrics. Surface acoustic wave (SAW)
devices include mode converters, tunable wavelength filters, modulators and deflec-
tors. Ferroelectrics often show strong second harmonic generation, see Sect. 2.2.4,
which could be useful in wavelength converters for generation of shorter wavelength
laser light [10,11].

1.2 Outline

This thesis contains five chapters, including this introduction. Chapt. 2 introduces
the ferroelectric materials. First basic physical properties are described, focusing
on the optical and electro-optical effects. Then ferroelectric materials, interesting
for optical applications, are presented, paying special attention to the material,
Na0.5K0.5NbO3, which has been the subject of my research. Chapt. 3 presents the
two growth techniques that have been used to make our thin films, as well as a short
description of some processing techniques including lithography. Chapt. 4 describes
the structural, electrical, and optical characterization techniques that were used in
this work. Finally, the publications and manuscripts appended to this thesis are
summarized in Chapt. 5. This chapter also includes a short outlook for the future.



Chapter 2

Ferroelectric Materials

Ferroelectrics are a group of advanced electronic materials that possess a unique
mixture of dielectric, piezoelectric, pyroelectric, and electro-optic properties. Ferro-
electric materials are often called functional or "intelligent" materials in the sense
that they can generate useful output to a simple input signal. For example, a
piezoelectric material will generate an electric field with the input of stress, or vice
versa.

In the future, smart ferroelectric materials in thin film form are expected to
have a considerable impact in a variety of areas such as memory devices (DRAMs
and non-volatile FeRAMs) [12, 13], infrared (IR) sensors, optical waveguides and
modulators, resonators and filters, actuators and microelectromechanical systems
(MEMS) [14]. This chapter will introduce the basic physics behind ferroelectricity,
with main focus on optical properties. Furthermore, the most common ferroelectric
materials will be introduced, addressing Na0.5K0.5NbO3 in more detail.

2.1 Basic Physics

Ferroelectric materials belong to the group of dielectric materials. If an electri-
cal field is applied to a dielectric material, it will be electrically polarized. This
polarization can be generated by one or more polarization mechanisms:

1. Electronic polarization which occurs due to distortion of the electron density.

2. Ionic polarization due to elastic deformation of ionic bond lengths or angles.

3. Orientational polarization due to changes in orientation of permanent dipole
moments.

4. Space charge polarization due to spatial separation of charges within the
material.

The first three mechanisms are shown in Fig. 2.1. A sub-group of the dielectric
materials show the property of spontaneous polarization. For these materials the

7
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Figure 2.1 Schematic description of electronic (A), ionic (B), and orientation (C)
polarization [15].

centers of positive and negative charges do not coincide even without an applied
electrical field. When the spontaneous polarization of a dielectric can be reversed by
an electrical field of magnitude less than the dielectric breakdown of the material,
it is called a ferroelectric material.

2.1.1 History

Ferroelectric crystals have been known for almost a century. The discovery was
preceded by the discovery of two related phenomena: piezoelectricity and pyroelec-
tricity. Pyroelectricity was known since ancient times because of the ability of such
materials to attract objects when they are heated, and in 1880, Jacques and Pierre
Curie discovered the piezoelectric effect. In 1894, Pockels reported the anomalously
large piezoelectric constants of Rochelle salt (NaKC4H4O6·4H2O) [16]. The ferro-
electricity of this salt was discovered in 1917 by A. M. Nicolson, J. A. Andersen,
and W. G. Cady [17]. In 1920, Valasek observed the ferroelectric hysteresis loop of
the crystal [18,19]. 15 years later, Busch and Scherrer discovered ferroelectricity in
KH2PO4 and its sister crystals [20]. Now it was realized that ferroelectricity was
not a property of some isolated materials, but rather a more common phenomenon.
With the discovery of ferroelectricity in BaTiO3 (Wul and Goldman 1945, 1946) [21]
a number of "firsts" were established: first ferroelectric without hydrogen bonds,
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first ferroelectric with more than one ferroelectric phase, and first ferroelectric with
a paraelectric phase. In addition, the material was very stable and had a simple per-
ovskite crystal structure, which facilitated the theoretical progress at microscopic
level. In the 40s, 50s and 60s, many new ferroelectric materials were discovered,
and the research focused on the most promising materials, such as the perovskite
and Tungsten Bronze structure oxides and ferroelectric polymers. With the im-
proved thin film deposition techniques, attention has partly moved from ceramics
and single crystals to ferroelectric thin films.

The name ferroelectricity originates from the similarity of the fundamental con-
cepts to those in ferromagnetic materials, such as magnetization, magnetic domains,
and magnetic hysteresis loop. However, the physics behind these phenomena are
completely different from those in ferroelectric materials. While magnetism can be
understood as an intrinsically quantum mechanical phenomenon, ferroelectricity in
general may be described by means of classical physics.

2.1.2 Symmetry, piezo-, pyro-, and ferroelectricity

Structural symmetry affects physical properties of crystals, such as dielectric, elas-
tic, piezoelectric, pyroelectric, ferroelectric, and nonlinear optical properties. De-
pending on their geometry, crystals are commonly classified into seven systems.
These systems can further be divided into point groups, so that the lattice struc-
ture of all existing crystals can be described by 32 point groups. 21 of these groups
do not possess any center of symmetry. All noncentrosymmetric point groups,
except for the (432) point group, show piezoelectric effect along a unique axis di-
rection [21–23].

Piezoelectricity is a phenomenon where positive and negative charges are gen-
erated on the crystal surface when appropriate stresses are applied. The effect is
linear, with reversal of the stimulus resulting in a reversal of the response. The
term piezoelectricity (pressure electricity) was first suggested by W. Hankel in 1881
and the effect is extensively used in applications [24,25].

Ten of the noncentrosymmetric groups have a unique polar axis. This implies
one unique rotation axis, and along this axis the atomic arrangement at one end
is different from that at the other end. The crystals belonging to these groups are
called polar crystals since they exhibit spontaneous polarization or, equivalently ex-
pressed, electric moment per unit volume. Polar crystals exhibit the phenomenon of
pyroelectricity, which is a temperature dependence of the spontaneous polarization.
As the temperature is changed, electric charges corresponding to the change of the
spontaneous polarization appear on the surface of the crystal.

If the spontaneous polarization of a pyroelectric crystal can be reversed by an
electric field, it is called ferroelectric. Considering ferroelectrics as a subgroup of
the pyroelectric class it follows that ferroelectric character cannot be determined
solely from crystallographic characterization.
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2.1.3 Ferroelectric domains and the hysteresis loop

The physical quantity that describes the stored electric charge per unit area is called
the electric displacement vector D and it is expressed as

D = Ps + εE + dT , (2.1)

where Ps is the spontaneous polarization, ε the dielectric tensor, E the electric
field, d the piezoelectric coefficient tensor and T the stress.

Most pyroelectric crystals exhibit spontaneous polarization in a certain tem-
perature range and the direction of Ps can be reversed under the influence of an
external electrical field, that is they are also ferroelectric crystals. From another
standpoint one can say that ferroelectric crystals are those crystals that have one or
more ferroelectric phases. The origin of spontaneous polarization is most easily un-
derstood using an energy explanation. The total energy is a combination of dipole
interaction energy, elastic energy, and entropy. It turns out that for ferroelectric
crystals, in specific temperature ranges, the energy minimum occurs for a polarized
crystal (positive and negative ions are displaced).

Ferroelectric domains

In general, uniform alignment of electric dipoles only occurs in certain regions of a
crystal. These regions are called ferroelectric domains and the boundary between
two domains is called the domain wall. The domain walls are typically thin (1-10
lattice parameters across) and can be regarded as abrupt changes in the polariza-
tion direction. Domain walls are characterized by the angle between the directions
of polarization on either side of the wall. Generally, domains are formed to reduce
the energy of the system. The size and structure of the domains depend on many
factors including the crystal symmetry, the electrical conductivity, the defect struc-
ture, the magnitude of the spontaneous polarization, the grain size, as well as the
sample geometry and the history of sample preparation. In strained epitaxial thin
films, stable domain structures depend on substrate and film lattice parameters,
differential thermal expansion coefficient between the film and substrate, cooling
rate, and depolarizing fields and electrode geometry. Considering these dependen-
cies, stable domain structures can be expressed in temperature-dependent stability
maps [26,27].

Ferroelectric domain structures can be revealed by various methods:

• Optical birefringence. Using a polarizing microscope to observe birefringence
induced by mechanical stress or by an applied electric field [28,29].

• Second-harmonic generation. The intensity of the second-harmonic light de-
pends on the optical interaction length within a single domain. Crossing a
domain wall, the second-order non-linear coefficient changes sign and phase
cancelation of the second harmonic occurs [30].
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Figure 2.2 A typical P -E hysteresis loop for a ferroelectric material [15].

• Electron microscopy. Using a scanning electron microscopy to observe the
surface of chemically etched samples [31,32].

• X-ray topography. Using x-rays to get a map of the crystal texture [33].

• Powder techniques. Applying the powder pattern method, where differently
colored powders are carrying positive or negative charges. A mixture put
on the ferroelectric will show a pattern depending on orientations of the do-
mains [34,35].

• Liquid crystal method. Using liquid crystal displays, where the liquid-crystal
molecules align relative to the ferroelectric domains [36].

A just grown ferroelectric crystal always has a polydomain structure. This structure
can be transformed to a single domain structure by applying an external electric
field of high strength – a dynamic process called domain switching.

Ferroelectric hysteresis loop

A very important characteristic of ferroelectrics is the ferroelectric hysteresis loop,
which means that for low field strengths, the polarization P is a double-valued
function of the applied electric field. A typical P -E hysteresis loop is given in
Fig. 2.2.



12 CHAPTER 2. FERROELECTRIC MATERIALS

-750 -500 -250 0 250 500 750
-40

-30

-20

-10

0

10

20

30

40

Au/NKN/Pt
80

Ir
20

 

 

P
ol

ar
iz

at
io

n 
P

 [µ
C

/c
m

2 ]

Electric field E [kV/cm]

Figure 2.3 P -E hysteresis loop for a ferroelectric Au/NKN/PtIr vertical structure.

As the field strength increases from zero, the polarization increases until all the
domains are aligned in one direction (1 to 3). In this state of saturation the crystal
is composed of single-oriented domains, and it has spontaneous polarization, which
will be denoted by Ps. When the field strength then is reduced, the polarization
will generally decrease, but it does not return to zero. At zero field (4) a net
polarization will remain and the crystal exhibit remnant polarization Pr.

The remnant polarization in the crystal will not be removed until the electric
field in the opposite direction reaches a certain value (5). This electric field required
to reduce the polarization to zero is called the coercive field, Ec. The cycle is
completed by increasing the negative field to saturation (6) and then reversing the
field direction once again. As shown in the figure, the polarization will not return
to its virgin state (1) of randomly oriented domains.

Often the polarization will not saturate when increasing the electric field, but
rather increase monotonically due to small additions of electronic and ionic po-
larizations, see Fig. 2.3. The spontaneous polarization will then be estimated by
extrapolation of the saturated polarization back to zero field.

The area that is enclosed within the ferroelectric hysteresis loop is a measure of
the energy required to reverse the polarization twice. Thus for low-loss applications
with fixed Pr, a small value of the coercive field is desirable.

2.1.4 Ferroelectric Curie point and phase transitions

A ferroelectric crystal is normally ferroelectric only in a specific temperature range.
At high temperatures the crystal is in a paraelectric phase. When the temperature



2.2. OPTICAL AND EO PROPERTIES OF FERROELECTRICS 13

decreases through the Curie point Tc, the crystal undergoes a structural phase
transition to a ferroelectric phase. If there are two or more ferroelectric phases the
Curie point only specifies the temperature at which the transition from para- to
ferroelectric phases occurs.

At temperatures in the vicinity of the Curie point, thermodynamic properties
(such as dielectric, elastic, optical, and thermal properties) of ferroelectric crystals
show large anomalies. Some of these anomalies can be used in applications, as will
be explained later in this chapter.

In most ferroelectrics, the temperature dependence of the dielectric constant
above the Curie temperature can be described reasonably accurately by the Curie-
Weiss law :

ε = ε0

(

1 +
C

T − T0

)

, T > T0 (2.2)

where C is the Curie-Weiss constant, T the temperature, and T0 the Curie-Weiss
temperature. T0 can actually be different from the Curie point, Tc. In the case of a
first-order phase transition,1 T0 < Tc, whereas for a second-order phase transition2

T0 = Tc. When T is close to T0, the temperature-independent first term inside the
parenthesis can be neglected, since it is much smaller than the C

T−T0
term.

2.1.5 Antiferroelectricity

As in the case of magnetism, the neighboring electric moments in a polarized
medium may orient themselves in a parallel or antiparallel fashion. The materials,
in which antiparallel orientation of the spontaneous dipoles lowers the dipole-dipole
interaction energy, are called anti-polar crystals. If the dipoles can be aligned in
parallel by applying an external electric field or mechanical stress, the material is
called antiferroelectric.

An antiferroelectric material exhibits a double hysteresis curve. For a low electric
field the induced polarization is proportional to E, and when E exceeds a certain
threshold value Ec, the crystal becomes ferroelectric, and the polarization shows
hysteresis with respect to E. After removal of the electric field, the crystal returns
to its anti-polar state, and hence, no spontaneous polarization can be observed
as a whole. Thus an applied electric field can induce a ferroelectric phase in an
antiferroelectric material.

2.2 Optical and Electro-optical Properties of Ferroelectrics

Ferroelectric materials are interesting from many points of view in the field of
optics. This interest is based on the multitude of phenomena that ferroelectric

1In a first-order phase transition, a discrete jump in Ps appears at Tc and ε exhibits a finite
maximum.

2In a second-order phase transition, the polarization goes continuously to zero at Tc and ε

becomes infinite.
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Figure 2.4 Typical frequency dependence of the relative permittivity for a dielec-
tric [15].

crystals exhibit, such as optical birefringence, electro-optic effect, non-linear optic
effect, photo-elastic effect, and photo-refractive effect.

2.2.1 Refractive index in ferroelectrics

The general definition of refractive index is

n =
c0

c
, (2.3)

where c0 is the speed of light in vacuum and c the speed of light in the material [37].
The refractive index is related to the dielectric constant (or relative permittivity)

through the relation

εr = n2. (2.4)

This relationship is only valid when the interacting electric field has a frequency on
the order of THz or higher, and in an isotropic material.

A general behavior of condensed matter in an alternating electric field is that
moving charges cause a frequency-dependent phase shift between applied field and
charge displacement. Mathematically this is expressed by writing the relative per-
mittivity as a complex function,

εr = ε
′

r + iε
′′

r , (2.5)
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where the real part (ε
′

r) characterizes the displacement of the charges and the
imaginary part (ε

′′

r ) the dielectric losses. The loss tangent is defined as

tan δ ,
ε
′′

r

ε′

r

. (2.6)

The relative permittivity is dependent on frequency, as shown in Fig. 2.4.
Since light is an alternating electromagnetic wave with the electric and magnetic

field vibration directions mutually perpendicular to one another, the electric field
induces an electric polarization in a dielectric crystal and the light itself is influenced
by the crystal. The alternating frequency of light is so high (λ = 500 nm corresponds
to a frequency of approximately 600 THz) that only the electronic polarization
can follow the electric field change. Thus the relative permittivity of an optically
transparent crystal is small, typically smaller than 10.

At lower frequencies many ferroelectric materials can exhibit dielectric constants
in the order of 5 000 or more. From this we understand that all the mechanisms
(except electronic polarization) leading to high polarizability and high dielectric
constant, that is ionic, dipolar, and space charge, are effectively clamped at optical
frequencies.

That the refractive index is a function of wavelength is known as material dis-
persion at optical frequencies. For consistency the wavelength has to specified when
stating the refractive index.

2.2.2 Optical birefringence

In a microscopically anisotropic medium, the refractive index is different in differ-
ent crystal directions. Ferroelectric materials can be both optically isotropic and
optically anisotropic. Ferroelectric ceramics are an example of the former type;
their isotropic behavior is due to the random orientation of the grains they possess.
The latter type can be divided into optically uniaxial and optically biaxial crystals.
Let a coordinate system be chosen to coincide with the three principal axes of a
crystal. Then we have the following relations

εx = n2
x, εy = n2

y, εz = n2
z. (2.7)

The optical anisotropy of a crystal is characterized by an index ellipsoid (or
optical indicatrix ) defined as

x2

n2
x

+
y2

n2
y

+
z2

n2
z

= 1, (2.8)

where nx, ny, and nz are the principal refractive indices, as shown in Fig. 2.5. The
index ellipsoid is mainly used to find the two indices of refraction associated with
the two independent plane waves that can propagate along an arbitrary direction
k in a crystal. The idea is as follows: Find the intersection ellipse between a plane
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Figure 2.5 Optical indicatrix or index ellipsoid for a uniaxial crystal, nx = ny 6=

nz . The optic axis is parallel to the z-axis.

through the origin that is normal to the direction of propagation k and the index
ellipsoid. The two axes of the intersection ellipse are equal in length to 2n1 and
2n2, where n1 and n2 are the two indices of refraction [38].

In the case of a biaxial system the refractive indices are different in all three
principal directions, nx 6= ny 6= nz, and there are two optical axes.3

For the common situation of a uniaxial crystal, we have nx = ny = no and
nz = ne, where no and ne are the ordinary and extraordinary refractive indices,
respectively. The refractive index along the optic axis corresponds to the extraordi-
nary index, ne, and the refractive index perpendicular to the optic axis corresponds
to the ordinary index, no.

The existence of two rays with different indices of refraction is called optical
birefringence. The birefringence is usually defined as

∆n = ne − no. (2.9)

Since the value of ne may be either higher or lower than no, birefringence may take
on positive or negative values. If ∆n > 0, the crystal is said to be positive, whereas
if ∆n < 0, it is said to be negative.

3The optic axis is the line in a birefringent crystal, in the direction of which no double refraction
occurs. A uniaxial crystal has one such line, a biaxial crystal has two.
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For light that is propagating in a direction different from the principal axes in a
uniaxial crystal, the situation becomes a somewhat more complicated. A light wave
with the wave vector k, as shown in figure 2.5, will have an the ordinary index that
is constant, whereas the extraordinary refractive index is dependent on the angle θ
as

1

n2
e(θ)

=
cos2 θ

n2
o

+
sin2 θ

n2
e

. (2.10)

2.2.3 Electro-optic effect

When an external electric field is applied to a ferroelectric crystal, ion displacement
is induced and the refractive index is changed (birefringence is induced). This is the
electro-optic effect, which is one of the nonlinear optic (NLO) effects ferroelectric
materials may exhibit.

Generally, an applied optical or static electric field E will rearrange the charge
distribution in the crystal. In an macroscopic context the electro-optic effect can
be described starting from a power series expansion of the polarization P [39]

Pi = P 0
i + ε0(χ

(1)
ij + χ

(2)
ijkEk + χ

(3)
ijklEkEl + · · · )Ej , (2.11)

where χ(1) is the linear susceptibility and χ(2) and χ(3) are the second- and third-
order nonlinear susceptibilities of the material.

In the limit of low electric field, Eq. (2.11) can be truncated linearly as

Pi = P 0
i + ε0χ

(1)
ij Ej , (2.12)

which for an isotropic material gives

n2 = ε = ε0

(

1 + χ(1)
)

. (2.13)

This describes the linear optical properties of a medium, as stated earlier.
When a static field is applied to a second-order NLO material, the term in χ(2)

in Eq. (2.11) will result in a change in the complex refractive index, proportional to
the field – the linear electro-optic effect. This effect is also called the Pockels effect
and describes a linear relationship between the induced change in birefringence
(∆n) and the electric field (E).

In the same way the term χ(3) leads to a change in refractive index which is
quadratic in the applied field – the quadratic electro-optic effect or the DC Kerr
effect.

Returning to the linear electro-optic effect, this effect can be described by rota-
tion and deformation of the index ellipsoid. Since the propagation characteristics in
crystals are fully described by means of the index ellipsoid, the effect of an applied
electric field is most conveniently described by changes in the constants 1/n2

x, 1/n2
y,
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and 1/n2
z. Due to the rotation of the ellipsoid, cross-terms have to be included. Fol-

lowing the notation in [9], the equation for the index ellipsoid in the presence of an
electric field is

B11x
2 + B22y

2 + B33z
2 + 2B23yz + 2B31zx + 2B12xy = 1, (2.14)

where the parameters Bij are functions of the electric field E. In order to couple
the six constants Bij to three components of E, 18 coefficients in the form of a
6 × 3 matrix are needed
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The 6 × 3 matrix is called the electro-optic tensor r, with the elements rij called
the electro-optic coefficients. The symmetry and physics of the crystal frequently
reduce the complexity of Eq. (2.15).

The electro-optic coefficients for a materials is usually determined experimen-
tally, but very recently Veithen et al. have presented a method to predict the linear
EO coefficients of periodic solids using first principle calculations, explicitly taking
into account the electronic, ionic and piezoelectric contributions [40].

An example – LiNbO3

On of the most common electro-optic materials, LiNbO3, belonging to the trigonal
3m point group, has electro-optic tensor in the form

r =

















0 −r22 r13

0 r22 r13

0 0 r33

0 r51 0
r51 0 0
−r22 0 0

















. (2.16)

It is often possible to avoid the complications of the cross-terms by applying the
external field parallel to one of the main orientations of the crystal and by choosing
the corresponding polarization of the light. Applying the electric field along the
c-axis of the LiNbO3 crystal (E = (0, 0, E)), nx and ny are identical to no, while
nz = ne propagates the extraordinary beam. Eqs. (2.14) and (2.15) reduce to

(

1

n2
o

+ r13E

)

(x2 + y2) +

(

1

n2
e

+ r33E

)

z2 = 1. (2.17)
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In this case the principal axes of the indicatrix only change their lengths, but the
indicatrix is not rotated (no cross terms are included). This new index ellipsoid
gives for no(E) and ne(E)

1

n2
o(E)

=
1

n2
o

+ r13E, (2.18)

1

n2
e(E)

=
1

n2
e

+ r33E, (2.19)

which, using the approximation 1√
1+a

≃ 1 − a
2 , gives

no(E) = no −
1

2
n3

or13E, (2.20)

ne(E) = ne −
1

2
n3

er33E. (2.21)

The observed index changes are generally very small. As the electrical breakdown
of LiNbO3 limits the usable fields to approximately 10 V/µm, a maximum index
change of around 1.65 × 10−3 is possible [41].

Sometimes the linear electro-optic effect of a material is characterized by a
common linear electro-optic coefficient rc stated as

rc = −2∆n

n3E
. (2.22)

The quadratic relationship between ∆n and E is similarly characterized by the
quadratic electro-optic coefficient R given as

R = − 2∆n

n3E2
. (2.23)

More importantly, the quadratic dependence of E implies that also an oscillating
(optical) field induces changes in refractive index with a constant component. With
third-order NLO materials, it is therefore possible to build all-optical or opto-optical
applications [39].

2.2.4 Second harmonic generation

Substitution of a strong, sinusoidal electric field, E = E0 cos ωt, along the z-axis
into the second order term of Eq. (2.11) reveals a contribution to the induced
polarization

P
(2)
i = ε0χ

(2)
izzE

2
0(cos ωt)2 =

1

2
ε0χ

(2)
izzE

2
0(1 + cos 2ωt), (2.24)

which contains a dc component and a component twice the applied frequency.
The second term shows that the induced dipole will also have a 2ω component.

This oscillating macroscopic polarization acts as a source of radiation at 2ω. In a
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macroscopic noncentrosymmetric medium, this leads to the generation of a coherent
beam at 2ω. This is the frequency doubling or second-order harmonic generation
(SHG), which is employed in wavelength converters for generation of shorter wave-
length laser light [10, 11, 42–44]. Analogously, the third-order term will lead to
contributions at 3ω, leading to third-order harmonic generation (THG) [45].

2.2.5 Photo-elastic effect

The photo-elastic effect (also called elasto-optic or piezo-optic effect) in a material
couples mechanical strain to the optical index of refraction. The effect is char-
acterized by a strain-optic tensor and may occur in all crystals, including non-
ferroelectrics and ferroelectrics. The effect has significant practical importance,
since it allows for the interaction of acoustic and optic waves and makes possible
the acousto-optic modulation of light. Particularly, the effect is important for mate-
rials with a morphotropic phase boundary (MPB),4 around which the piezoelectric
coefficients and the electromechanical coupling factors are anomalously large. This
is because the polar vector of domains changes orientation spontaneously when
the ferroelectric phase boundary is crossed, and thus for compositions close to the
boundary it is quite easy for an electric field to tilt the polar vector [46]. Around the
MPB, field-induced strain enhances the refractive index change via the photo-elastic
effect.

Photo-refractive effect

The photo-refractive effect refers to optically induced changes of refractive index
which occur in many spontaneously polarized materials [21]. The effect was first
reported in LiNbO3 and LiTaO3 using focused laser beams in the blue and green
regions of the spectrum [47]. Chen proposed that free carriers excited in the il-
luminated regions of a crystal were displaced along the polar axis of the crystal
to trapping cites, where the resulting space-charge fields are giving rise to an in-
dex change via the electro-optic effect [48]. Thus the necessary conditions for the
photo-refractive effect in an electro-optic host are:

• A suitable combination of incident wavelength and absorbing centers which
are photoionized by the radiation. This requirement is fulfilled either by
extrinsic impurities or defects, e.g., doping, or by intrinsic absorption across
the band gap.

• Suitable trapping cites. This is satisfied by multivalent impurities.

• Free carrier transport to generate the internal fields. This implies that the
free carriers are sufficiently mobile to reach the trapping cites before recom-
bination.

4A morphotropic phase boundary is in general considered as a special transitional region
between the tetragonal and rhombohedral phases, where both the phases are observed.
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Figure 2.6 Schematic description of different types of defects in deposited oxide
thin films [15].

The photo-refractive effect has also been observed in, e.g., BaTiO3, K(Ta,Nb)O3,
Pb1−xLax(Zry,Ti1−y)1−0.25xO3 and SrxBa1−xNb2O6 [21].

2.2.6 Optical absorption

In fact, there is no medium which is totally transparent in the entire range of
the electromagnetic spectrum. Among the ionic crystals which are transparent in
the visible range, some may be transparent in the infrared region but opaque in
the ultraviolet region. Crystals composed of oxygen octahedra (e.g. titanates and
niobates) are good examples of this case [22]. Some ionic crystals, especially the
doped ones, exhibit a few narrow absorption peaks in an otherwise transparent
region (the frequencies of the absorption peaks in the infrared region correspond to
the lattice vibration frequencies). Absorption in films may also result from oxygen
deficiency, leading to mixed valencies and charge-transfer electronic transitions,
and other stoichiometric defects [49]. The optical absorption is naturally of high
importance for optical applications.

2.2.7 Optical scattering

Optical scattering is a serious problem in the integration of dielectric oxide materials
in applications, as it is the predominant loss mechanism. Scattering can be subdi-
vided into volume and surface scattering. Surface scattering losses are attributed
to both light scattered from the film surface and the film/substrate interface, where
the main contribution comes from the film surface. For waveguide applications it
has been estimated that the surface rms roughness needs to be of the order of 1 nm
or below to achieve low (below 1 dB/cm) surface scattering losses [50,51].

Volume losses originate from scattering due to imperfections such as point de-
fects, dislocations, vacancies, and grain boundaries, found in the bulk of the wave-
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guide [50]. Fig. 2.6 depicts different defects that can occur in deposited films. There
is a demand for high crystalline quality, since polycrystalline materials frequently
show strong scattering due to grain boundaries.

2.3 Materials

Several hundred ferroelectric and antiferroelectric materials have been reported [52,
53]. By varying the compositions of these materials virtually thousands of materials
have been investigated. These materials can be divided into three main types:

• Compounds with corner sharing oxygen octahedrons, which are ionic crystals.

• Compounds containing hydrogen bonded radicals, where ferroelectricity is
created by a preferential occupation of the hydrogen sites within the hydrogen
bonds.

• Organic polymers.

These main types can then be divided into several subgroups, see Tab. 2.1 [22,54–
56].

Ferroelectric materials may exist as single crystals, in ceramic form, or as poly-
crystalline or epitaxially grown thin films. The material properties depend on the
form of the material. The rest of this chapter will focus on thin films for opti-
cal applications, but it will include some notes about single crystals and ceramic
materials as well.

2.3.1 Single crystals

Single crystalline is the purest form in which a material can exists. The micro-
and macroscopic ordering is perfect in all three dimensions, except for impurities,
vacancies, interstitials, and different forms of dislocations. The production of most
single crystals is a difficult process requiring significant technical skill.

The crystal growth process can be summarized by the following basic steps [39]:

• Transport of growth units in the growth medium.

• Diffusion and incorporation of growth units on the interface.

• Advancement of the interface leading to crystal growth.

The growth methods can be divided into two groups: heat transfer methods and
mass transfer methods.

The heat transfer method uses temperature gradients to control the growth.
This can be performed either by moving the crucible (Bridgeman-Stockberger Tech-
nique) or by moving the crystal (Czochralski Crystal Pulling Technique).

The mass transfer method is using a concentration gradient to control the
growth. This is performed by for example physical and chemical vapor transport,
and solution growth.
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Table 2.1 Examples of ferroelectric materials, and their Curie temperatures and
spontaneous polarizations. The three types are (from the top) corner sharing oxy-
gen octahedrons, compound containing hydrogen bonded radicals, and organic poly-
mers [22,54–56].

Type Chemical formula Tc (K) Ps (µC/cm2)
(Temp, K)

Perovskite BaTiO3 407 25 (296)
PbTiO3 763 76 (293)
KNbO3 712 30 (473)
SrTiO3 110

PbZr0.52Ti0.48O3 660 50
LiNbO3 LiNbO3 1483 71 (298)

LiTaO3 891 50 (273)
Tungsten-Bronze K3LiNb5O15 653 22 (298)

Ba2NaNb5O15 833 40 (298)
Ba2Sr3Nb10O30 78 34

Pb5Ge3O11 Pb5Ge3O11 488 4.8 (293)
Aurivillius Bi4Ti3O12 948 a-axis 50 (298)

c-axis 4 (298)

Triglycine sulfate (NH2CH2COOH)3·H2SO4 322 2.8 (293)
(TGS)

(ND2CD2COOD)3·D2SO4 335 3.0 (293)
(DTGS)

Rochelle salt NaK(C4H4O6)·(4H2O) 255 ∼ 297 0.27 (278)
NaK(C4H2D2O6)·(4H2O) 251 ∼ 308 0.37 (279)

Potassium KH2PO4 123 5.3 (296)
dihydrogen KD2PO4 213 9
phosphate RbH2PO4 147 5.6 (90)

KH2AsO4 96 6 (80)

PVDF (CH2CF2)n ≈ 470 13 (298)
FLC Chiral Smectic C ≈ 0.1
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2.3.2 Ceramics

A ceramic consists of randomly oriented crystallites. The properties of ceramic
materials are strongly influenced by the manufacturing process.

In general fabrication of ferroelectric oxide ceramics includes the following steps:

• removal of crystal water

• weighing of raw materials

• ball milling

• calcining

• secondary grinding

• shaping by mould-pressing or roll-pressing

• sintering

• poling

The first step of the process is to weigh the raw powders in stoichiometric propor-
tions. The raw materials are often highly purified oxides. The purer the powder,
the easier to control the quality of the resulting ceramic.

The powders are then mixed and ball-milled to form an intimate mixture at
very fine particle size. The drawbacks here are that the milling process does not
effectively give particles of size less than approximately 1 µm and that there will
be some contamination from the milling media.

After mixing and grinding, the mixture is usually pressed into lumps and cal-
cined at elevated temperatures (in the range of 1000 ◦C) to produce the desired
compound by combination reaction. The compound so obtained must be ground a
second time in order to be homogenized before shaping and sintering.

Various methods, such as mould-pressing, roll pressing, or hydrostatic pressing,
may be employed to create the desired shapes. Usually an organic binder is added
to simplify shaping. The binding agent is then removed by slowly heating the
sample. Finally, the material is sintered at elevated temperature (higher than the
calcining temperature) to form the final ceramic. For oxides it is necessary to have
an oxidizing atmosphere or air during the sintering process.

A measure of the quality of the ceramic sample is given by a comparison to
the theoretical density. The density of the sample is measured and compared with
the value for the corresponding single crystal. Generally, the closer to theoretical
density, the better prepared ceramic sample.

Coprecipitation is an alternative method to form ceramics. The method includes
adding a precipitate into a liquid solution of mixed metal salts, which produces a
homogeneous precipitate. Then thermal dissolution forms homogeneous powders
from the precipitate.
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Yet another method is the alkoxide hydrolysis, or sol-gel method. Metal alkoxides
are mixed in alcohol in appropriate proportions. When water is added, a hydrolytic
reaction produces alcohol and metal hydroxide. The metal hydroxide is filtered,
dried and heated to produce the ceramic oxides. The method can produce very fine
powder of high purity and thus high-performing ceramics, and it is even used to
make thin films.

2.3.3 Thin films

Thin film technology is the backbone of modern electronic material manufacturing.
As the name suggests, very thin layers of material are deposited on or prepared onto
a thicker, stabilizing substrate, which often is a single crystal of some other material.
The thickness of the thin films is on a scale of micrometers or less. In order to make
high-performance materials, it is often crucial to grow epitaxial films, where bulk-
like properties can be achieved. Epitaxy is a process where a single crystal layer
is deposited on a single crystal substrate. The word epitaxy is derived from two
Greek words: epi, which means "upon", and taxis, which means "arranged". Thus,
epitaxy is the arrangement of atoms on an ordered substrate, which act as the seed
crystal. It is not necessary for the film and substrate to be of the same material.
When the layer and the substrate are not of the same composition, the deposition
is called heteroepitaxy.

Several ferroelectric thin films have been investigated for a wide variety of elec-
trical and optical applications in the past three decades. Some of the reasons for
the increasing importance of ferroelectric thin films are:

• The trend toward miniaturization of electronic components. This also effects
ferroelectric devices, where a thin film device has just a fraction of the vol-
ume compared to bulk ceramics or single crystals. Thin film materials offer
the potential for increased speeds, reduced driving voltages, and enhanced
efficiencies.

• Thin films have design advantages, such as large geometrical flexibility, com-
pared to single crystals. They also offer the potential for monolithic integra-
tion with electronic and optoelectronic devices and systems.

• Thin films are generally not as expensive as single crystals.

• New areas of application are being identified that utilize new device concepts,
exploiting properties that are unique to both thin films and ferroelectric ma-
terials.

There are a wide variety of techniques to grow thin films on single crystal sub-
strates. A few of these techniques are reviewed in Chapt. 3.
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Figure 2.7 (a) A cubic ABO3 perovskite-type unit cell and (b) three-dimensional
network of BO6 octahedra [22].

2.3.4 Perovskite-based materials

Perovskite is the name of the mineral calcium titanate (CaTiO3). Many useful
ferroelectric materials share the perovskite-type structure. These oxide materials
have the general formula ABO3, where O is oxygen, A represents a cation with
a larger ionic radius, and B a cation with smaller ionic radius. Fig. 2.7 shows
a perovskite-type unit cell. Often, this group of materials is simply denoted as
perovskites.

Most of the ferroelectrics with perovskite-type structure are compounds with
either A2+B4+O2−

3 or A1+B5+O2−
3 -type formulae.

In the paraelectric state, the structure is cubic, with the A cations at the cube
corners, O2− ions at the face centers, and a B cation at the body center. The
structure can also be regarded as a set of BO6 octahedra arranged in a simple cubic
pattern and linked together by shared oxygen ions, with the A cations occupying
the spaces in between [57,58]. Below the Curie temperature, the structure is slightly
elongated, that is, tetragonal. The A and B cations are displaced relative to the
oxygen ions, thereby developing a dipole moment and potentially ferroelectricity. As
the temperature is further decreased, new phase transitions may occur, e.g., forming
an orthorhombic unit cell, and at even lower temperatures the lattice symmetry
may change from orthorhombic to rhombohedral. Generally the O6 group can be
thought of as a hard unit in the sense that it is only little distorted from a regular
octahedron even when other distortions of the whole structure are considerable.

The following subsections present some of the perovskites that are of interest
for electro-optic applications. Generally, the following criteria hold for good EO



2.3. MATERIALS 27

Figure 2.8 Phase diagram of the PbZrO3-PbTiO3 (PZT) solid-solution series [60].

crystals: a large EO effect, small optical-induced refractive index change and a
high optical stability damage threshold, high optical homogeneity and temperature
stability of birefringence, a small dielectric loss factor, appropriate transparent
wavelength ranges, and good surface workability [59].

Pb(Zrx,Ti1−x)O3 (PZT)

Lead zirconate titanate (Pb(Zrx,Ti1−x)O3, PZT) is one of the most widely used
ferroelectric materials. PZT adopts a distorted perovskite structure with Ti4+ ions
and Zr4+ ions occupying B-sites at random over the entire solid solution range.

By examining the phase diagram (Fig. 2.8) of the PZT pseudo-binary system [41,
60], particularly interesting compositions can be determined. The Tc-line is the
boundary between the cubic paraelectric phase and the distorted ferroelectric phase.
A morphotropic phase boundary divides the region of the ferroelectric phase into
two parts: a tetragonal phase region at the Ti-rich side and a rhombohedral phase
region at the Zr-rich side. At room temperature the ratio between Zr and Ti is
53/47 at this point. Along the MPB both phases are observed, leading to a highly
polarized state, where the material shows anomalous dielectric and piezoelectric
properties, which are interesting for applications [46]. The material can be tailored
by choosing Zr/Ti ratios for specific requirement of the application.

In the region where Zr/Ti lies between 100/0 and 94/6, the solid solution is in
an antiferroelectric orthorhombic phase exhibiting no observable piezoelectric effect.



28 CHAPTER 2. FERROELECTRIC MATERIALS

Around both Zr/Ti 94/6 and 53/47, PZT shows high pyroelectric coefficients.
Doping PZT material with donor or acceptor ions changes its properties dra-

matically, see for example the PLZT materials below.
Synthesis of PZT thin films has been performed using a variety of techniques

such as sputtering, metalorganic chemical vapor deposition, pulsed laser deposi-
tion, sol-gel deposition, and liquid phase epitaxy. The resulting properties have
been studied extensively, see for example [61–63]. In particular the electro-optical
properties have been reported by Land [64] and Potter et al. [65]. PZT films have
also been deposited on Si using a SrTiO3 template layer [8].

There are many potential applications for thin film PZT materials including non-
volatile memory elements, electro-optic waveguide modulators, and pyroelectric IR
detectors. As ceramic, the material is widely used in piezoelectric sensors and
actuators.

Pb1−xLax(Zry,Ti1−y)1−0.25xO3 (PLZT)

Lanthanum-modified lead zirconate-titanate, Pb1−xLax(Zry,Ti1−y)1−0.25xO3 or PL-
ZT, is an interesting class of materials because of its pronounced electro-optic char-
acteristics and high optical transparency [37,66,67]. For simplicity the compositions
are designated by the proportional parts x/y/z of the constituent La/Zr/Ti ions.
The material has been investigated both in bulk and thin film form. Thin films
have been deposited on various oxide and semiconductor substrates using differ-
ent deposition techniques such as magnetron sputtering, ion beam sputtering, and
pulsed lased deposition. Strong second-harmonic generation has been reported at
1.06 µm incident wavelength [43].

Many groups have investigated the electro-optic properties of PLZT thin films
grown on sapphire [68,69], fused silica [70], glass [71,72], and silicon substrates [73,
74]. Field-induced birefringence shifts as large as ∆n = 1.8 × 10−2 have been
reported. Nashimoto has reported on very low propagation loss (<0.1 dB/cm)
bilayer optical waveguide with an effective electro-optic coefficient of 45 pm/V at
λ = 1.55 µm [75].

PLZT has also been suggested in a thin ferroelectric interferometer for spatial
light modulators [76].5

BaTiO3 (BTO)

Barium titanate (BaTiO3, BTO) was the first ferroelectric perovskite to be dis-
covered (in 1945), and it is up to present the most investigated ferroelectric mate-
rial [77]. Bulk photo-refractive barium titanate single crystals are currently used
in a wide range of non-linear optical applications. The interest in this material is

5The spatial light modulator (SLM) is an electro-optical device that can convert an incoherent
image to a coherent image. The SLM is used for object recognition such as finger print matching,
optical computing, optical communications, and adaptive optics.
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due to its very large electro-optic coefficient r51 = 1640 pm/V, which is one of the
largest values known for any material [78].

BTO thin films have been grown on MgO using metalorganic chemical vapor
deposition [79] and pulsed laser deposition [80]. The choice of MgO as substrate
is due to its lower refractive index and its optical transparency. For PLD-made
films the optical birefringence has been estimated to ∆n = 0.014, which is lower
than the bulk value of approximately ∆n = 0.05. The losses in a 600 nm thick
film has been evaluated to 2.9 dB/cm. BTO has been deposited directly on Si [81]
by molecular-beam epitaxy and recently also by pulsed laser deposition on GaAs
substrates using a MgO buffer layer [7, 82,83].

Choi et al. have shown that biaxial strain in BTO films deposited on closely
lattice-matched substrates can significantly enhance the ferroelectric properties of
the material [84]. This strain engineering can be used to tailor the ferroelectric
phase transition temperature and improve the EO coefficients.

Closer to applications, Gill et al. have made a channel waveguide modulator on
MgO with reff ≈ 50 pm/V at dc fields and reff ≈ 18 pm/V at 5 MHz for λ around
1.55 µm [85]. More recently, a Mach-Zehnder optical waveguide modulator has been
fabricated by ion-beam etching of BaTiO3 thin films on MgO substrates [86, 87].
The optical waveguide propagation losses were 2-3 dB/cm and the field-induced
electro-optic Pockels coefficient r51 = 86 pm/V was extracted by modeling at λ =
633 nm. Similarly, a single mode strip-loaded waveguide design with low losses
(≈1 dB/cm) has been fabricated by Tang et al., showing an effective electro-optic
coefficient up to 162 pm/V at λ = 1.55 µm [88]. The waveguide structure consisted
of an epitaxial BTO film on MgO, with a 4 µm wide and 125 nm thick Si3N4 strip on
top to confine the light, and a pair of coplanar electrodes (8 µm apart) [89,90]. With
this structure broadband modulation out to 40 GHz has been observed together
with a low effective dielectric constant of εeff = 20.8 [91].

KNbO3

Perovskite structure niobates form one of the promising groups of ferroelectric mate-
rials showing versatile dielectric, piezoelectric, pyroelectric, and electro-optic prop-
erties.

Among the ferroelectric oxides, potassium niobate (KNbO3) has been shown to
have excellent electro-optic, nonlinear optic, and photo-refractive properties [78].
High quality single crystals have been grown by various methods, such as the top
seed solution growth technique [22].

Several techniques have been used to deposit KNbO3 on oxide substrates, such
as ion-beam sputtering [92,93], rf-diode sputtering [94], pulsed laser deposition [95],
and metalorganic chemical vapor deposition [96,97]. A problem with sputtering of
a pure KNbO3 target is a severe deficiency of potassium in the resulting films. This
deficiency is due to the high volatility of potassium ions at elevated temperatures,
and can be reduced by using potassium-enriched targets.
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The linear electro-optic coefficient of epitaxial KNbO3 on LaAlO3 substrates has
been determined to 12 pm/V at λ = 632 nm and 100 kHz by Hoerman et al. [97],
whereas Graettinger et al. measured a quadratic-like dependence of birefringence
shift on applied electric field [92]. The dynamic response of the EO effect has
also been analyzed [98]. Combining the low dielectric constants of KNbO3 with
the electro-optic coefficients which are comparable to PLZT, makes KNbO3 films
better suited for high-speed switching applications.

KTaxNb1−xO3 (KTN)

The system of solid solutions KTaxNb1−xO3 (KTN) is ferroelectric for x . 0.95
and exhibits several ferroelectric phases. By choosing the composition carefully, it
is possible to make films close to the ferroelectric phase boundary.

Hoerman et al. have investigated KTN thin films on spinel (MgAl2O4) substrates
by varying the tantalum concentration [99]. The effective electro-optic coefficient
was measured to as high as 40 pm/V (λ = 632 nm and 100 kHz) at concentrations
corresponding to room temperature phase boundaries of the KTN thin film system.
KTN has also been successfully deposited on GaAs using buffer layers [6].

Recently, NTT Advanced Technology Corporation in Japan have developed a
growth technique to produce high-quality KTN single crystals. The crystals exhibit
very large quadratic electro-optic effect with reasonable bias voltage [100]. The
crystal has been used to form a buried waveguide phase modulator [101,102].

NaNbO3

Sodium niobate (NaNbO3) is probably the most complex perovskite ferroelectric
known [21]. The high-temperature phase above 640 ◦C is a simple cubic perovskite
as in the other perovskites in this section. Below 640 ◦C, a whole series of struc-
tural transitions ensues as the temperature is lowered, finally reaching a monoclinic
ferroelectric phase below about -100 ◦C. At room temperature NaNbO3 is in an
orthorhombic antiferroelectric phase, but a ferroelectric state can be induced by
the application of a strong electric field.

2.3.5 Na0.5K0.5NbO3 (NKN)

Ferroelectric sodium potassium niobate, NaxK1−xNbO3, is the continuous solid so-
lution of KNbO3 and NaNbO3, and is perovskite structured for x < 0.97. Bulk
ceramic NaxK1−xNbO3 exhibits a complicated phase diagram with several struc-
tural phase transition as shown in Fig. 2.9 [52, 103, 104]. In the vicinity of one of
its morphotropic phase boundaries, when x = 0.50, Na0.5K0.5NbO3 (NKN) shows
the highest electromechanical coupling coefficient and moderate dielectric suscep-
tibility [105,106].

The ceramic properties have been studied in detail [105,107–109]. Tab. 2.2 shows
a summary of the physical properties of air fired and hot pressed NKN ceramic
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Figure 2.9 Na0.5K0.5NbO3 phase diagram. The symbols are P: paraelectric, F:
ferroelectric, A: antiferroelectric, C: cubic, T: tetragonal, O: orthorhombic, R: rhom-
bohedral, MON: monoclinic and M: multiple cell [52].

materials, taken from [107,108]. The remnant polarization reaches a maximum for
the 50/50 composition and decreases towards the both end members, whereas the
coercive field has its minimum for the 50/50 composition [106]. In Na0.5K0.5NbO3

ceramics, the dielectric permittivity peaks at around 400 ◦C exhibiting values on
the order of 4000 [105], whereas the values are moderate at room temperature,
as shown in Tab. 2.2. The material also shows high electromechanical coupling
coefficient, high remnant polarization and Curie temperature.

Due to the absence of lead in the compound, it has attracted interest in biotech-
nology. In 1999 these ceramics were patented as a biocompatible implant material
by Pacesetter AB [110]. The company is now a part of St. Jude Medicals. One
suggested application is NKN as part of a pressure sensor in pacemakers.

More recently, NKN thin films have attracted interest due to large piezoelectric
coefficients and high electric field tunability of εr with comparatively low dielectric
losses suitable for rf and microwave applications [111–117]. Also, the relatively high
remnant polarization and high Curie temperature makes NKN films interesting as
the information-carrying material in FeRAMs.

Relaxor ferroelectrics exhibit a high dielectric constant and a high strain across
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Table 2.2 Some physical properties of air-fired and hot-pressed ceramic
Na0.5K0.5NbO3 at room temperature [107,108].

Physical Quantity NKN NKN
(Air-fired) (Hot-pressed)

Dielectric permittivity, εr 290 (100 kHz) 420 (100 kHz)
Specific resistivity, ρ [Ωm] ≈1010 ≈1010

Young’s modulus, Y [GPa] 104 104
Density, ρ [g/cm3] 4.25 4.46
Piezoelectric constants:

d31 [pC/N] 32 49
d33 [pC/N] ≈80 160
g31 [mVm/N] 12.6 13.1
g33 [mVm/N] ≈31.5 43

Electromechanical coupling
coefficients:

kp 0.36 0.45
k31 0.22 0.27
k33 ≈0.51 0.53

Spontaneous polarization, Ps [µC/cm2] 22
Remnant polarization, Pr [µC/cm2] 18

a broad temperature range, and are therefore attractive for a variety of applications.
Typical relaxor-like dielectric properties, such as broad frequency dispersion in the
complex dielectric constant, have been detected in the lead-free Na0.5K0.5NbO3–
SrTiO3 ceramic system [118].

Very recently, Saito et al. have reported on a new system of lead-free piezoelec-
tric ceramics consisting of the solid solution of Na0.5K0.5NbO3 and LiTaO3 with
electric-field-induced strain comparable to typical actuator-grade PZT [119].

Growth of Na0.5K0.5NbO3 thin films

NKN thin films have been prepared by different techniques on various substrates.
In the late 80s Margolin et al. reported rf cathode sputtering of a NKN powder
target to grow films on stainless steel substrates [120]. Wang et al. have grown
NKN on LaAlO3 (001) and polycrystalline Pt80Ir20 substrates using rf magnetron
sputtering, where a Na- and K-enriched target was used [111,121]. Low temperature
deposition was studied by Kugler et al. [122]. Cho et al. have made NKN films by
metalorganic chemical vapor deposition [123].

In our research group NKN thin films have been fabricated by pulsed laser depo-
sition on single crystal LaAlO3 and MgO, Pt80Ir20, SiO2/Si(111), and quartz sub-
strates [112,113,124–126], and by rf magnetron sputtering on single crystal LaAlO3,
r-cut Al2O3 (sapphire), SrTiO3 and Nd:YAlO3, and polycrystalline Pt80Ir20 sub-
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strates [116,127–130].

2.3.6 Other corner sharing octahedra

There are a few ferroelectric oxide materials that have other corner sharing octa-
hedrons than in the perovskite structure. The most prominent are lithium niobate
and lithium tantalate [21, 22], where the crystal can be described by a hexagonal
cell structure belonging to the 3m point group. In practice, the orientation of the
crystal samples are referred to a Cartesian coordinate system x, y, z as follows: the
x-axis is along the a-axis of the hexagonal crystal cell, the z-axis is along the c-
axis of the cell, and the y-axis is perpendicular to both the x- and z-axes. For
electro-optic application tetragonal Tungsten Bronze-type SrxBa1−xNb2O6 is also
of great interest. The Tungsten Bronze-type structure is more complicated than
the perovskite structure, as described in [21].

LiNbO3

Among all the ferroelectric materials, linear and non-linear electro-optic effects,
and photo-refractive effects have been studied most extensively in lithium niobate
(LiNbO3). The single crystal is uniaxial with no = 2.286, ne = 2.200 at λ =
632.8 nm, and has high optical transparency in a wide frequency range. Compared
to for example BaTiO3, LiNbO3 has a relatively small electro-optic coefficients
(r33 = 30.9 pm/V, r51 = 32.6 pm/V).

High quality LiNbO3 single crystals are grown from a melt by the Czochralski’s
technique. The diameter of the pulled crystal can be larger than 60 mm. The
pulled crystal usually has a polydomain structure, which is made single-domain by
a poling process.6

LiNbO3 thin films have been successfully grown on sapphire substrates by sev-
eral different deposition techniques, such as molecular beam epitaxy, liquid phase
epitaxy, rf- and magnetron sputtering, metalorganic chemical vapor deposition, sol-
gel deposition, and pulsed laser deposition, see e.g. [131–133]. The main obstacle in
growing LiNbO3 is keeping high crystal (and thus optical) quality when the thick-
ness exceeds 250 nm, mostly because of the large vapor pressure gradient between Li
and Nb. To get around this a multi-step process has recently been proposed [133],
where waveguide losses for a 630 nm thick film were calculated to 1.2 dB/cm at
λ = 632.8 nm. LiNbO3 has also been deposited on Si [134] and GaAs [135] with
and without a MgO buffer layer.

A quadratic electro-optic behavior has been measured in pulsed laser deposited
LiNbO3 films on sapphire substrates [136].

6In a poling process the domains are aligned using an applied electric field.
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SrxBa1−xNb2O6 (SBN)

Strontium-barium niobate (SrxBa1−xNb2O6, 0.25 ≤ x ≤ 0.75, SBN) crystals can
be grown in excellent optical quality [78]. The crystals exhibit very large EO coef-
ficients; in fact they are about ten time larger than those for LiNbO3. Thin films,
preferably on MgO substrates for epitaxial growth, have been prepared with vari-
ous techniques, such as liquid phase epitaxy, rf sputtering, metalorganic chemical
vapor deposition, sol-gel deposition, and pulsed laser deposition [78]. SBN75 on
MgO has shown very high diagonal Pockel’s coefficient, r33 = 844 pm/V [137],
and pronounced SHG [138]. SBN has been deposited by pulsed laser deposition on
SiO2-coated Si [139].

2.3.7 Organic polymers

In a quite different approach, electro-optic organic polymers have been suggested
as a modulator material. They have advantages such as low dispersion in the
index of refraction between infrared and millimeter-wave frequencies. They can
be deposited and will adhere to many substrates including semiconductors, and
they can be integrated into an optical circuit which includes other optical materi-
als [140]. Among the disadvantages are the difficulties in the chemical synthesis.
Electro-optic polymers require highly optically nonlinear chromophores which can
be incorporated into a polymer host, aligned by a poling electric field, and finally
hardened to maintain the alignment.

Among the studied polymer materials, copolymers of vinylidene fluoride and
trifluorethylene, P(VDF-TrFE) have been commercialized [141] and many ideas
how to develop a Mach-Zehnder modulator have been published, see for exam-
ple [142–146]. Strong linear electro-optic effect has been reported in single-crystal
N-(4-nitrophenyl)-(L)-prolinol (NPP) grown by a modified Bridgeman method [147]
and in single crystal 4-dimethylamino-N-methyl-4-stilbazolium (DAST) [148, 149].
Recently, physical vapor deposition of new heteroaromatic-based chromophore as-
semblies showing very large optical nonlinearities was reported [150].

Another group of materials with pronounced electro-optic effects are the ferro-
electric liquid crystals. In a chiral smectic7 C-phase liquid crystal, rod-like mole-
cules are arranged in layers with the long molecular axes (director n) parallel to one
and another but tilted by an angle θ0 from the normal to the layer. The director
n can be switched by applying an external electric field along the smectic layers.
This will change the optical properties as discussed in [22].

7Chiral implies that no mirror symmetry exists in the molecules that forms the liquid crystal.
Smectic is a phase of a liquid crystal, where the molecules are piled in two-dimensional layers.



Chapter 3

Growth Techniques and Processing

The controlled deposition of functional thin-film layers on different substrates is
a very important step in manufacturing integrated circuits in the semiconductor
industry as well as in developing new oxide materials for potential integration with
existing semiconductors. There are a wide variety of techniques to grow thin films
on single crystal substrates. The methods for deposition are dominated by the
deposition from the vapor phase and they fall into three broad categories, namely
chemical vapor deposition (CVD), physical vapor deposition (PVD), and overlap-
ping techniques that combine both physical and chemical processes. In the physical
approach, material is deposited from a vapor or liquid containing atoms or ions of
the material. In the chemical process, there is a chemical reaction at or very near
the substrate or film surface, in which the deposited species are produced.

In semiconductor processing, the major deposition techniques for epitaxial films
are liquid-phase epitaxy (LPE), vapor-phase epitaxy (VPE), and molecular-beam
epitaxy (MBE). For oxide materials, the most common methods are physical vapor
deposition methods such as vacuum evaporation and sputtering. In this chapter, rf-
magnetron sputtering and pulsed laser deposition (PLD), the two techniques used
to deposit our Na0.5K0.5NbO3 films, will be described in some detail. The chapter
also includes a short section on target preparation.

After depositing a thin film, various processing steps have to be made before,
e.g., electrical characterization can be performed. In this chapter, a lithography lift
off process and a metallization process for electrical contacts will be reviewed.

3.1 Rf-magnetron Sputtering

Sputtering in general, and radio frequency (rf) magnetron sputtering in particular,
is considered as one of the physical deposition methods that can be used in industrial
mass production. The basic principle in a sputtering process is acceleration of ions
in an electric field toward a target of material to be deposited, where the ions
sputter target atoms. The sputtered species then deposit onto a heated wafer
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(substrate), which is placed facing the target. In some situations, the substrate
may also be positioned off axis, as discussed later in this chapter. The summary of
the techniques given below is partly based on [41,151].

3.1.1 Sputtering process

The simplest sputtering system is called dc-sputtering. The target and substrate
are put in a vacuum chamber. The system is pumped to high vacuum and an inert
process gas, such as argon, is introduced into the chamber. A potential of several
hundred volts, generated from an external power source, is applied between the
target and substrate. The target will be on the cathode side (negative potential)
and the substrate on the anode side. In some configurations, the substrate is kept
neutral, whereas the walls of the vacuum chamber will have the positive potential.
The high potential between the anode and cathode will cause an ignition of a plasma
discharge through collision with high energy electrons. The positively charged
ions will be accelerated by the electric field towards the target. These accelerated
particles will collide with the target and because of their high energy they will
sputter target material, mainly as neutral atoms. These atoms will arrive on the
often heated substrate surface and, due to their high energy, they will be able
to migrate along the surface to form a dense and smooth film. The discharge is
maintained as accelerated electrons continuously ionize new ions by collision with
the process gas.

As the plasma is well-conducting, there is no major potential drop in the plasma
region and, due to different mobilities of electrons and ions, the main voltage drop
is observed at the cathode. One drawback with the method is the uncontrolled
resputtering of the deposited film by negative ions.

A general advantage with sputtering is that it allows the deposition of films
with the same composition as the target. The sputtering yields are different for
different target atoms, but this difference is compensated by a good self-regulating
mechanism; the sputtering process has a very low penetration depth and thus atoms
that are eroding faster will, after a short initial time, reach lower concentration in
the sputtering region of the target. Therefore, a quasi-equilibrium state is arisen,
where the difference in yield is compensated by enrichment.

3.1.2 Rf-sputtering

Dc-sputtering is working nicely as long as the target has at least a minimum elec-
trical conductivity. For an insulating target this is a problem, since the surface
rapidly will build up a positive charge repelling incoming positive ions. A widely
used technique for oxide thin film fabrication is so called reactive sputtering, where
a metal target is sputtered in presence of oxygen diluted in argon. But if the metal
oxide to be deposited is non-conductive, the target soon will become insulating, thus
dc-sputtering does not work. The remedy to this issue is to use a high-frequency
plasma discharge. A typical radio frequency of 13.56 MHz is capacitively coupled
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Figure 3.1 Rf plasma sputtering system with rf matching network [152].

to the target causing only a small voltage drop across the electrode, as shown in
Fig. 3.1. The target is alternatively bombarded by positive ions and then by neg-
ative electrons which neutralize the charge. Non-symmetries introduced by the
capacitive coupling of the rf generator and fast electrons will build up a negative
potential at the cathode as compared to the plasma potential during each cycle.
Nevertheless, deposition rates are much lower than for dc-sputtering.

3.1.3 Magnetron sputtering

The degree of ionization of the atoms in the plasma is often below 1 %, hence causing
a rather low sputter-deposition rate. One method to improve the ionization rate
is to use magnetic fields, which will capture the electrons in helical paths close
to the target, yielding a much higher ionization probability. This also reduces the
probability of electron-ion recombination at the walls of the chamber. The relatively
large mass of the ions will essentially prevent their trapping in the magnetic field.

A typical arrangement using permanent magnets with corresponding fields is
shown in Fig. 3.2. The magnetron arrangement allows lower gas pressure and
deposition occurs at lower voltages; however one disadvantage with magnetron
sputtering is the inhomogeneous erosion of the target, which is also shown in the
figure.

In our experiments, we have used a combination of rf- and magnetron sputtering
(rf-magnetron sputtering), which makes use of the advantages of each method. We
have a Leybold-Heraeus system with a 1 inch magnetron, and a 2 inches substrate
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Figure 3.2 A typical magnetron sputtering arrangement using permanent magnets.
The corresponding magnetic fields and partial erosion are also depicted.

holder that can be position in both on- and off-axis symmetry. The maximum
rf power is 150 W. A standard operating condition is described as follows: The
background pressure in the vacuum chamber was lower than 10−6 Torr. An oxygen-
argon (1:3) – (1:5) gas mixture was introduced after pumping to build up a total
pressure of 60 mTorr. The rf power was 60 W and the substrate was heated to
650 ◦C during growth. The deposition rate was estimated to 6-7 Å/s. The films
were in situ post-annealed at 540 ◦C in a 700 Torr oxygen atmosphere for 10 minutes
and slowly cooled to room temperature.

3.2 Pulsed Laser Deposition, PLD

Pulsed laser deposition (PLD) is a well developed method for thin film preparation,
and since its success in growing high temperature superconductors, the method has
shown to be especially suited for deposition of oxides and multi-component materi-
als. Conceptually and experimentally, PLD is a simple technique, but the ablation
process is complicated. The setup consists of a target holder and a substrate holder
(heater) inside a vacuum chamber. An external high-power pulsed laser vaporizes
the target materials, creating a plasma plume and a thin film deposits on the heated
substrate. The summary that follows here is mainly based on [41,153].

3.2.1 Description of the PLD system

A schematic picture of our PLD system is given in Fig. 3.3.
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Figure 3.3 Schematic view of a pulsed laser deposition system [15].

Short and energetic laser pulses are focused through an optical system onto the
target. To get high photon absorption with the oxide target, UV wavelengths are
preferred. The most common laser type for PLD is the excimer laser, where the
lasing comes from the transition of excited molecules to the ground state. These
molecules consists of a noble gas atom (e.g. Ar, Kr or Xe) and a halogen atom (e.g.
Cl or F), and can only exist in an excited state. As soon as the molecules return
to the ground state they dissociate. A population inversion is thus easily created
through a high-voltage avalanche electric discharge, and consequently excimer lasers
work in a pulsed mode, where they can achieve high energy transfer to the target.
Our laser is a KrF* excimer laser with wavelength 248 nm and pulse duration 25 ns
(Lambda Physik LPX 305iCC ). The laser pulse repetition rate is usually between
10 Hz and 50 Hz for our depositions. Energy densities on the surface of the target
were between 2 and 5 J/cm2 per pulse. During deposition the target is rotated, so
that successive pulses do not hit the same area.

The laser beam enters the vacuum chamber through a quartz window. Before
deposition the system is pumped down to a pressure of 10−6 mbar and oxygen
(processing gas) is let in to build up a background pressure of approximately 0.4
mbar. As the laser hits the ceramic target, a plasma plume containing energetic
neutral atoms, ions and molecules is created perpendicular to the target surface.
This plasma reaches the substrate, and the thin film is formed. For growth of
epitaxial oxide thin films sufficient ion mobility is needed. This is provided by
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heating the substrate, in our case typically to 650 ◦C.

Merits of PLD

The PLD method offers several advantages in the formation of multi-component
thin films. The most important advantage is the stoichiometric material transfer
from a complex multi-elemental ceramic target to the substrate. This feature allows
preparation of films with complex stoichiometries. With appropriate laser energy
and wavelength almost all materials can be ablated and thin films formed. Also
rather high deposition rates can be achieved and in situ oxygen post-anneal is easily
performed.

Demerits of PLD

Disadvantages with the PLD method includes the formation of droplets and the
lack of uniformity over large areas due to narrow angular distribution of the plume.
Homogeneous laser output is required to deposit high-quality films. Still splashing,
or droplet formation, is present. The plume will not just contain atoms, ions and
molecules, but also small droplets, which will cause rough films and thus problems of
scattering and absorption in optical applications of the thin films. Several methods
have been developed to reduce this effect. Rotation of the target and scanning
the laser beam may reduce the droplet formation. A mechanical velocity filter can
reduce the amount of heavier particles, since they travel at lower speed compared
to light atoms and ions. In off-axis PLD geometry the surface of the substrate is
placed parallel or even 180◦ away from the direction of the plume. The films will
be much smoother but the deposition rate is reduced.

3.3 Na0.5K0.5NbO3 Target Preparation

A high-quality target is essential for achieving single-phase films of correct struc-
ture. The target should have the correct stoichiometry and have density as close
as possible to the theoretical density for a single crystal of the material. The main
steps in the production are milling, calcination, pressing and sintering, see the
section on ceramics (2.3.2).

For our film deposition a 25 mm diameter high-density, single-phase ceramic
Na0.5K0.5NbO3 target was used. It was made of stoichiometric amounts of Na2CO3,
K2CO3 and Nb2O5 that were mixed and calcinated at 940 ◦C to form Na0.5K0.5NbO3

following the reaction

Na2CO3 + K2CO3 + 2Nb2O5 =⇒ 4Na0.5K0.5NbO3 + 2CO2(g). (3.1)

The coarse-grained calcinated powder was ball milled for 24 h, dried, sieved and
pressed with uniaxial and isostatic pressing. The target was sintered with pressure-
less sintering for 4 h at 1125 ◦C, resulting in a final density of 4.3 g/cm3, which is
about 95 % of the theoretical density.
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Figure 3.4 Schematic view of the IDC electrodes used for dielectric characteriza-
tion.

3.4 Processing of Na0.5K0.5NbO3 Films

After deposition, including any post-annealing processes, various characterization
techniques will be applied to the thin film. Some of the characterization, such as x-
ray diffraction, atomic force microscopy, and prism-coupling (see Chapt. 4), can be
performed without further processing, whereas for example electrical characteriza-
tion requires processing of metallic contacts. This section describes the fabrication
of test structures for electrical and electro-optic characterization of Na0.5K0.5NbO3

films.

3.4.1 Lithography

Lithography describes a method where a pattern is defined on a sample. A litho-
graphic system consists of a radiation source, a resist-coated sample and an image-
control system, which regulates what part of the sample that will be illuminated.
The resist is changed by the illumination. Depending on the type of resist, exposed
or non-exposed areas can be removed by selective etching. The pattern in the resist
can now be transferred to the sample, either by a metallization step or by another
etching step.

Optical lithography, with light as radiation source, is the most common type of
lithography. As image control system a mask is usually utilized. Depending on how
the mask is used, one yields contact, proximity or projection lithography. Here an
optical contact mask process will be described, where the mask has a transparent
carrier layer and an opaque absorber layer.
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Figure 3.5 Schematic view of the coplanar electrodes used for electro-optic char-
acterization in transmission.

Since we want to deposit a metal pattern directly onto the film surface, we use
the standard lithography technique of lift-off. The pattern for electrical character-
ization consists of an interdigital capacitor (IDC) structure shown schematically
in Fig. 3.4, and the pattern for electro-optic characterization consists of coplanar
surface electrodes shown in Fig. 3.5.

Process flow

The list below describes the flow for an image reversal lithography process. All the
steps were performed in a clean room environment.

1. Cleaning. The film was cleaned for 5 minutes in an ultrasonic bath of acetone,
then rinsed in iso-propanol and de-ionized (DI) water, and finally dried with
nitrogen.

2. Preparation before resist spinning. To further dry the thin film sample after
cleaning it was pre-baked at 110 ◦C for 2 minutes. Thereafter the sample
was placed in an HMDS (Hexamethyldisilazane) environment for 2 minutes
to create a good adhesion layer for the photoresist.

3. Resist spinning and baking. The film was spin-coated with a image rever-
sal photoresist (AZ 5214E) at 4000 rpm for 30 seconds, resulting in an ap-
proximately 1.4 µm thick uniform layer. The resist-coated sample was then
soft-baked on a hot-plate at 100 ◦C for 1 minute.
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4. Exposure 1. The pattern was defined using a mask inserted into a Karl
Süss MA6/BA6 mask aligner with UV-light exposure for 2 seconds (35-
45 mJ/cm2).

5. Post-exposure baking. The film was baked for 1 minute on a hot-plate at
120 ◦C.

6. Exposure 2. The sample was flooded with UV-light for 20 seconds (150-
500 mJ/cm2).

7. Developing. The exposed resist was developed in a solution containing 1 part
developer (Microposit 351) and 5 parts DI water for 40 seconds and then
rinsed in DI water and dried with nitrogen. The pattern was checked in an
optical microscope.

3.4.2 Metallization

The electrodes consisted of a thin layer of Cr (10 nm) covered by a thicker layer
of Au (500 nm). The chrome layer is acting as an adhesive layer between the
ferroelectric thin film and the gold contact. Gold is chosen because of its high
conductivity and oxidation resistance.

The metal deposition was performed by electron-beam evaporation.

3.4.3 Lift-off

In the lift-off process the remaining photoresist is resolved, thus removing the ex-
cess metal, only leaving the electrodes on the surface of the thin film. To remove
the resist, the film was put in an ultrasonic acetone bath for about 10 minutes,
thereafter rinsed in iso-propanol (about 2 minutes) and DI water, and finally dried
with nitrogen. The result was inspected using an optical microscope. If all the
resist had been removed and the contacts were good, the samples were ready for
testing.





Chapter 4

Characterization Techniques

After the Na0.5K0.5NbO3 thin films have been deposited they have to be thoroughly
investigated regarding structural, electrical, and optical properties to evaluate their
potential usefulness in applications and how to improve their properties. Many dif-
ferent techniques are plausible, however some techniques are inherently destructive
and others are not so easily available, so one always has to make a choice of which
techniques to use for each sample. In this chapter the major techniques used in
this thesis work are described.

4.1 Structural Characterization

Crystalline structure investigations of our Na0.5K0.5NbO3 thin films were carried
out using x-ray diffraction (XRD). The thin film surface morphology was charac-
terized using atomic force microscopy (AFM) as well as using optical microscopy.
Film thickness was estimated with profilometer technique.

4.1.1 X-ray diffraction

X-ray diffraction is a versatile, non-destructive method to get information about the
crystalline structures of single crystals, ceramics, and thin films. X-ray diffraction
can be applied to any crystalline material, but the method is most sensitive to high-
Z elements, since the diffracted x-ray intensity is stronger from heavier nuclei. The
power of XRD lies in the enormous amount of information that can be extracted
from the data. It can easily be used with a resolution in the sub-angstrom range.
However, the disadvantage is that the data has to be analyzed carefully and that
the results are not always clear or unique.

The main part of the x-ray investigations were carried out with a 3-circle
Siemens D5000 powder diffractometer using Cu-Kα radiation with wavelength
λ = 1.540562 Å for the Kα1 line. Also a Philips X’Pert MRD high-resolution
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Figure 4.1 Geometry for Bragg diffraction of x-rays by a crystal.

x-ray diffractometer was employed. An introductive treatment on the vast topic of
x-ray diffraction can be found in the book by Cullity [154].

Bragg’s law

Diffraction is essentially a coherent, elastic scattering phenomenon of an incident
electromagnetic wave by electronic states of different atoms in the crystal. At
certain angles of incidence the scattered beams will be completely in phase and
interfere constructively to form a high-intensity diffracted beam. By measuring
these angles it is possible to extract information regarding the geometrical ordering
of the atoms in the crystal. In this context, it is important to note that the intensity
of the diffracted beam is extremely small compared to that of the incident beam.

The geometry for diffraction of x-rays by a crystal is given in Fig. 4.1. A beam
of parallel x-rays is impinging on the crystal surface at an angle θ and diffracted
at an exit angle θ. The condition for constructive interference is that the path
difference between the two rays shown in the figure is equal to an integral number
n of wavelengths

AB + BC = d sin θ + d sin θ = nλ. (4.1)
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Figure 4.2 X-ray diffraction θ − 2θ pattern of a rf-magnetron sputtered
Na0.5K0.5NbO3 thin film on a single crystal LaAlO3 (001) substrate. Note the
logarithmic scale in counts per second (cps).

Rewriting this formulates the famous Bragg’s law

nλ = 2d sin θ, (4.2)

where d is the distance between lattice planes and λ is the wavelength of the x-ray
beam. The number n is called the order of diffraction and is conventionally included
in d.

Indexing lattice planes

A workable symbolism for the description of a plane in a lattice is the Miller indices
which are defined as

Miller indices. The reciprocals of the fractional intercepts which the plane makes
with the crystallographic axes.

For example, if the Miller indices of a plane are (hkl), then the plane makes
fractional intercepts of 1/h, 1/k, and 1/l with the axes, and if the axial lengths
are a, b, c, the plane makes actual intercepts at a/h, b/k, and c/l. Parallel to any
plane in any lattice, there is a whole set of parallel equidistant planes, one of which
passes through the origin. The Miller indices (hkl) usually refer to that plane in
the set which is nearest the origin. A negative Miller index is usually denoted by a
bar, e.g. a plane with h = 1, k = −2, and l = 2 has the Miller indices (12̄2).
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Figure 4.3 Definition of angles in the 3-circle diffractometer: Here ω is the tilting
angle of the sample, 2θ the angle of the detector position, and ϕ the rotation of the
sample perpendicular to its surface.

Epitaxial films

In our group, we have adapted a standard set of XRD measurements for a "full
characterization" of epitaxial thin films, as will be explained below.

As discussed in Sect. 2.3.3, a film is called epitaxial if the crystalline axes of
the film coincide in orientation with the crystalline axes of the substrate at every
position in the thin film. A thin film can be epitaxial but not single crystal in
the sense that grain boundaries are compatible with the notation of epitaxy. Even
though neighboring grains often will include a small angle of misorientation, the
film will still be called epitaxial.

θ − 2θ scan

The most common mode of operation in XRD characterization is the θ − 2θ scan,
which can give information about crystalline orientation of the material in the
growth direction (also called "out-of-plane" direction) and distances between lattice
planes parallel to the film surface. In this mode the incident angel θ is varied and
the detector angle for the diffracted beam is simultaneously moved uniformly at
2θ. To collect maximal information, a θ− 2θ scan is usually performed over a wide
angular range, say at least 20◦< 2θ < 100◦.
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Figure 4.4 Schematic description of the origin of broadening of XRD rocking curve
due to grain structure [15].

Fig. 4.2 displays a typical θ − 2θ diffraction pattern of an rf-magnetron sput-
tered Na0.5K0.5NbO3 thin film on a single crystal LaAlO3 (001) substrate in the
range 10◦< 2θ < 120◦. Only integer multiples of (001) reflections for the film and
substrate can be observed, which implies that the film is exclusively (001) oriented
in the growth direction, and that we observe no other phases. Thus the film is
c-axis oriented. If the θ− 2θ scan is used to demonstrate the orientation and phase
of the film, it is preferable to show the data in logarithmic scale, as in Fig. 4.2.

Nelson-Riley extrapolation

In Fig. 4.2, four multiples of the (001) reflection are observed. Using the Nelson-
Riley extrapolation function [154], the out-of-plane lattice parameter c can be de-
termined with high accuracy. The procedure is as follows. First the thin film is
adjusted so that the surface normal coincide as closely as possible with the diffrac-
tometer axis. After that, an accurate θ− 2θ scan is performed and the c parameter
is calculated for each reflection. Finally, the c parameters are plotted versus the
Nelson-Riley function and linearly extrapolated to a value at θ = 90◦. The Nelson-
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Figure 4.5 XRD rocking curve (ω scan) and FWHM of the (001) Na0.5K0.5NbO3

film and LaAlO3 substrate reflections.

Riley function is given by

c = c0 − c0k

(

cos2 θ

sin θ
+

cos2 θ

θ

)

, (4.3)

where c is the calculated lattice parameter from the measured Bragg peak, c0 the
"true" fitted lattice parameter and k a fitting parameter. Note that Eq. (4.3) yields

c = c0 at θ = 90◦, thus in practice c is plotted versus
(

cos2 θ
sin θ + cos2 θ

θ

)

and linearly
extrapolated to θ = 90◦ to determine c0. The origin of the Nelson-Riley function are
systematic errors in the lattice parameter due to misalignment of the instrument,
surface shape of the sample, absorption in the sample, displacement of the sample
from the diffractometer axis (usually the largest single source of error), and vertical
divergence of the incident beam.

Rocking curve – ω scan

An ω scan, or rocking curve, is performed to obtain information about the texturing
or grain structure of the thin film layer. The 2θ angle is fixed corresponding to the
maximum of a Bragg peak and the incident angle is varied ω around the θ angle,
as shown in Fig. 4.3.

Even though a thin film may be single phase with almost perfect orientation
in the growth direction, there can still be small deviations in the orientation of
the different grains that the film consists of. This deviation is measured as a
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Figure 4.6 XRD ϕ scan of the oblique (103) planes of the Na0.5K0.5NbO3 film
and LaAlO3 substrate, with detector positions 2θdet = 74.33◦, 79.97◦ and sample
positions θsam = 56.08◦, 58.73◦, respectively.

broadening of the rocking curve, as given theoretically in Fig. 4.4. The standard
way of comparing rocking curves is to measure the full width at half maximum
(FWHM). The narrower FWHM, the smaller deviation of the grain orientations.

Fig. 4.5 shows the rocking curve for the (001) Bragg reflections of film and
substrate measured in Fig. 4.2, where θ + ω is designated just by θ as often is
done. For a more complete picture, it is always interesting to compare film and
substrate FWHM of rocking curves, since instrumental broadening can affect the
measurements.

(θ + ω) − 2θ scan

The previous methods are only useful for investigating planes parallel to the film
surface. For particular values of (θ +ω)− 2θ reflections from lattice planes inclined
an angle ω can be observed. The diffraction pattern looks similar to a standard
θ−2θ scan, but can only be observed for special angles ϕ, see Fig. 4.3. These planes
are often called oblique planes, and we have to estimate their positions and then
adjust the diffractometer accordingly. By investigating different oblique planes the
in-plane lattice parameters can be estimated.



52 CHAPTER 4. CHARACTERIZATION TECHNIQUES

ϕ scan

In a ϕ scan, the sample is rotated around its surface normal, having the incident
beam and detector positions fixed. From the scan, information of in-plane orienta-
tion of grains, and relative in-plane orientation of grains compared to the substrates,
can be collected. Fig. 4.6 shows a full 360◦ ϕ scan of the oblique (103) planes of
the NKN film and LAO substrate measured in Fig. 4.2. A fourfold symmetry is ob-
served, where the film and substrate peaks overlap to a high degree. This indicates
that rf-magnetron sputtered Na0.5K0.5NbO3 films grow epitaxially cube-on-cube
onto the LaAlO3 substrate.

4.1.2 Atomic force microscopy

Scanning probe microscopy (SPM) refers to all techniques using a mechanism to
scan a sharp tip across a sample surface at a very short distance to obtain 2-
or 3-dimensional images of the surface at nanometer (or better) resolution both
laterally and vertically. Atomic force microscopy (AFM) is one of these techniques
and operates by probing the force between a tip mounted on a special spring and the
surface. It is very sensitive in the vertical dimension and somewhat less sensitive in
the lateral dimension. This section includes a short introduction to the technique.
Part of the information is taken from [41,155].

Theoretical principles

AFM operates by measuring the atomic forces between a probe and the sample.
These forces depend on the type of sample and probe, distance between probe and
sample, and sample surface contamination. In contrast to another common tech-
nique, scanning tunneling microscopy, AFM does not require conducting samples,
and is thus suitable for insulators, such as ferroelectric oxide thin films, as well as
for conductors.

The AFM instrument consists of a cantilever, usually formed from silicon, sili-
con oxide, or silicon nitride, with a sharp tip mounted on its end. The tip is most
commonly made from silicon nitride. Laser light is incident on the cantilever top
and reflected to a segmented, position sensitive photodetector. The cantilever is
brought close to the sample surface and rastered in x−y direction using piezoelectric
scanners. Holding the photodetector signal constant, equivalent to constant can-
tilever deflection, by varying the sample height through a feedback arrangement,
gives the vertical sample height variation compared to a base line.

An AFM can operate in several different modes. In contact mode the tip is
brought in contact with the sample surface. More commonly one uses tapping mode,
where the tip is excited to vertical oscillations close to its resonance frequency. As
the tip approaches the sample surface, the attractive forces increases causing a
resonance frequency decrease. By keeping the amplitude constant, one also keeps
the tip-sample distance constant. The probe exerts negligible frictional force on the
sample and the surface damage is minimal.
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Figure 4.7 AFM image of a 1.0 µm thick rf-magnetron sputtered Na0.5K0.5NbO3

film on sapphire substrate.

An example

The AFM measurements were carried out using a Nanoscope IIIa and a Nanoscope
IVa by Digital Instruments in tapping mode.

Surface scattering due to surface roughness is one of the sources for optical
propagation losses in waveguides. Fig. 4.7 shows a typical 3-dimensional image of
a 1.0 µm thick rf-magnetron sputtered Na0.5K0.5NbO3 film on sapphire substrate.
The rms (root mean square) roughness of the surface was calculated to 8.2 nm using
the software included with the instrument. The AFM instrument can give good
feedback in optimization of the growth process to reduce surface roughness.

4.1.3 Optical microscopy

Often it is sufficient to examine thin film samples by using a standard optical
microscope with reasonable magnification. During characterization and processing
the films have been examined and photos have been taken using a Nikon Optiphot
microscope connected to Hamamatsu C4200 CCD camera. The microscope allowed
up to 1000x magnification. Fig. 4.8 shows an example image of a 1.3 µm NKN film
on sapphire substrate.
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Figure 4.8 Image of a 1.3 µm NKN film on sapphire substrate using optical mi-
croscope with 200x magnification. The image area is approximately 450 × 340
µm2.

4.1.4 Profilometry

To measure film thickness, profilometry is a fast and simple method. A fine needle
is in contact with the sample and it is moved along a straight line. The vertical
movement of the needle is measured by reflected laser light and the trace is recorded
with high accuracy. To measure the thickness of a thin film, part of the substrate
has to be protected during growth. This is most easily arranged by covering a
corner of the substrate with a metal oxide powder (e.g., an Al2O3 suspension).
After thin film deposition, the powder can be easily removed. Film thickness is
then measured over the step.

Generally, ferroelectric oxide films are fairly hard, so the danger of scratching
the films with the needle is low, especially when using a weak contact force. One
disadvantages with this method of measuring film thickness is the fact that the
thickness is measured in a corner of the sample, and not in the center.

For the experiments a Tencor P-10 surface profiler was used. The instrument
is calibrated regularly and the measurement accuracy is about 5%. The setup can
also be used to estimate surface roughness, and by using a series of traces, a 3-D
topographic picture can be achieved.
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4.2 Electrical Characterization

Ferroelectrics are promising for low-loss tunable microwave devices [156, 157]. Ti-
tanate films, such as BaxSr1−xTiO3 [158–160] and SrTiO3 [161, 162], have been
considered the best candidates, but we also believe niobates to be of great interest.
To characterize electrical properties of Na0.5K0.5NbO3 films, the techniques below
were applied.

For NKN films on non-conducting substrates, the measurements were performed
using micrometer size interdigital capacitor (IDC) structures. These IDC struc-
tures were defined photolithographically by a standard lift-off process with a image-
reversal photoresist, as discussed in Sect. 3.4. The IDCs consist of five finger pairs
that are 1 mm long and 10 µm wide, with spacing between the fingers of 2 or 4 µm,
see Fig. 3.4. Details on the theory of interdigital capacitors can be found in the
Ph.D. thesis by J.-H. Koh [15].

With films deposited on conducting substrates, such as PtIr, vertical structures
consisting of circular Au top electrodes (∅ ≈ 0.5 mm) were employed. For a vertical
structure the capacitance is generally described as a parallel plate capacitor

C =
ε0εrA

d
, (4.4)

where d is the thickness of the dielectric layer. Dealing with IDCs the geome-
try becomes much more complicated, but using conformal mapping an analytical
description of the capacitance can be determined [15,163].

This section gives a very brief introduction to each technique. Measurement
results are presented in publications I and II.

4.2.1 P -E loop

The P -E hysteresis loop describes the ferroelectric hysteresis, as is discussed in
Sect. 2.1.3. In non-volatile ferroelectric memory applications, so called FeRAM
(ferroelectric random access memory), it is important to have a large value of
remnant polarization (for reduced memory cell size with same stored charge) and
fairly low coercive fields (for low switching voltages). In microwave applications,
on the other hand, it is better to have a negligible hysteresis, since it reduces the
losses.

The ferroelectric hysteresis loops were traced by applying a continuous tri-
angular-shape voltage at 300 Hz to the IDC fingers or to the electrodes of the
vertical cell, and measuring the charge by a 1 pC resolution electrometer calibrated
with a Radiant Technology RT66A pulse tester.

4.2.2 Dielectric spectroscopy

In dielectric spectroscopy, the capacitance is measured as a function of ac frequency
and from this the relative permittivity εr can be calculated. Also, the frequency
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Figure 4.9 C-V and Q-V characteristics of a Na0.5K0.5NbO3 (1.0 µm)/LaAlO3

IDC measured at 1 MHz.

dispersion of the relative permittivity ∆εr

εr

can be determined in a specific frequency
range.

Dielectric loss is an undesirable characteristic to which all dielectric materials
are susceptible. In a real capacitor, there is a capacitive component describing the
displacement of the charges and a conductive component describing the dielectric
losses. In ideal capacitors, the ac current leads the voltage with 90◦, but in real ca-
pacitor the conductive component slightly reduces this angle. This angle is denoted
δ and in a phasor description tan δ corresponds to the fraction of energy loss per cy-
cle in the medium, as shown in Eq. (2.6). Since this energy loss is dissipated as heat
the factor is also called dissipation factor. Obviously low loss tan δ is sought-after
property, and thus often used as a figure-of-merit describing capacitors. Sometimes
it is more convenient to use the inverse of the dissipation factor, Q = 1

tan δ , as a so
called quality factor.

The dielectric relative permittivity and loss tan δ of the Na0.5K0.5NbO3 thin
films were measured in the frequency range 1 kHz to 1 MHz using an HP4284A
LCR-meter and a Cascade Microtech 1100/MicroChamber probe station.

4.2.3 C-V characteristics

For electrically tunable applications of Na0.5K0.5NbO3 thin film capacitors, it is
desirable to have a large capacitance change as the applied voltage is changed.
Using the same equipment as for the dielectric spectroscopy, the capacitance C and
quality factor Q can be plotted versus applied bias voltage at a specified frequency,
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as shown in Fig. 4.9. The tunability is defined as

tunability , 1 − CV

C0
, (4.5)

where C0 is the capacitance without applied bias and CV is the capacitance with
applied bias V . Another useful figure-of-merit, the K-factor, for highly tunable low
loss materials can be defined as

K ,
tunability

tan δ0
, (4.6)

where tan δ0 is the dissipation factor at zero bias. The K-factor can be used to
compare different dielectrically tunable thin film materials – the higher K, the
more promising is the material as a low loss tunable dielectric.

4.2.4 I-V characteristics

Current-voltage behavior of ferroelectric thin films is important both from funda-
mental and application point of view. The different conduction mechanisms are
quite complex; a brief summary is given in [15].

The current-voltage characteristics of the IDCs were measured using a Keithley
6517A electrometer. The measurements were carried out using a step voltage ramp,
where the current was measured at the end of each voltage step. To eliminate tran-
sient processes, a delay time was employed before the current values were collected.
If the plot shows a linear region, an estimate of the resistivity can be obtained.

The transient currents, corresponding to leakage currents, can be measured in
the time domain by applying a voltage V at t = 0 and measuring the current versus
time.

4.3 Optical Characterization

To characterize important Na0.5K0.5NbO3 thin film waveguiding properties such
as refractive index, optical birefringence, absorption, and scattering, the prism-
coupling technique described in this section is very versatile. The method is straight
forward in the sense that the thin film is acting as a planar waveguide, so that no
further processing of the film is needed.

The field-induced electro-optic effect was characterized in transmission using a
transverse geometry as will be described below.

4.3.1 Dielectric waveguides

A waveguide is a structure where electromagnetic waves can propagate. The guiding
of light is relying on the total reflection that can occur when light in an optically
denser medium hits an optically thinner medium. In principle, thin transparent
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Figure 4.10 a) A planar step-index waveguide of thickness h with a guided mode.
b) Wave-vector diagram.

films deposited on a transparent dielectric substrate can be considered as optical
waveguides if the refractive index of the film is higher than the index of the sub-
strate. The general propagation of light in dielectric waveguides is treated in text
books, see for example [9, 38,164]. This section will treat a 2-D optical waveguide,
or planar waveguide, with only one finite space direction (the thickness) and the
other two considered infinite. The treatment will also be restricted to a step-index
waveguide, in which the index changes abruptly along the depth [9].

Planar waveguides

Consider an incident coherent light beam at an angle θ between the wave normal
and the normal to the interface in a step-index planar waveguide, as shown in
Fig. 4.10. From Snell’s law the critical angles of total reflection for the upper and
lower interfaces are given as

θc = arcsin
nc

nf
, (4.7)

θs = arcsin
ns

nf
, (4.8)

where complex-valued nc, nf , and ns are the refractive index of the cladding layer,
guiding layer, and substrate, respectively. Most commonly the cladding layer is air,
thus ns > nc and θs > θc. When θs < θ < 90◦, the light is confined in the guiding
layer by total internal reflection at both interfaces, and it propagates along a zig-zag
path. This is called a guided mode. The larger the difference in refractive index,
the smaller θs and thus the waveguide supports waves that are less parallel with
the waveguide. In wave optics, modes are usually characterized by propagation
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constants. The plane wave propagation constant in the wave-normal direction is
defined as k0nf (Fig. 4.10), where k0 = 2π

λ and λ is the wavelength of light in free
space. For a planar waveguide, the propagation constant β along the z-direction
becomes

β = kz = k0nf sin θ, (4.9)

where the x-direction is the finite space direction. Particularly, for a lossless
waveguide (real nf ) β is equivalent to the plane wave propagation constant in
an infinite medium with an index of nf sin θ. Therefore, the effective index N of
modes can be defined as

β = k0N, or N = nf sin θ. (4.10)

Thus one can say that a guided mode propagating in the z-direction sees the index
N .

Maxwell’s equations for plane waves in an isotropic, lossless dielectric medium
can be written in the form

∇× H̃ = iωε0n
2
Ẽ, (4.11)

∇× Ẽ = −iωµ0H̃, (4.12)

where ε0 and µ0 are the dielectric permittivity and magnetic permeability of free
space, respectively, and ω = 2πc0

λ the angular frequency with the light velocity in
free space c0 = 1√

ε0µ0
. In the orthogonal coordinate system (x, y, z), assume that

the plane wave propagates along the z-direction with propagation constant β. Then
the electromagnetic fields vary as

Ẽ = E(x, y)ei(ωt−βz), (4.13)

H̃ = H(x, y)ei(ωt−βz), (4.14)

where E and H are the electric and magnetic fields in the plane perpendicular to
the propagation direction.

In the step-index 2-D waveguide, the electromagnetic fields are independent of
y. Accordingly, since ∂/∂t = iω, ∂/∂z = iβ, and ∂/∂y = 0, Eqs. (4.11) and (4.12)
yield two different modes with mutually orthogonal polarization states. One state
consists of field components Ey, Hx, and Hz and is called TE mode (transverse-
electric). The other is the TM mode (transverse-magnetic), which has components
Hy, Ex, and Ez. The resulting wave equation from combining Eqs. (4.11) and
(4.12) for TE modes then simplifies to

∂2Ey

∂x2
+ (k2

0n
2 − β2)Ey = 0, (4.15)











Hx = − β

ωµ0
Ey,

Hz = − 1

iωµ0

∂Ey

∂x
,

(4.16)
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and for TM modes
∂2Hy

∂x2
+ (k2

0n
2 − β2)Hy = 0, (4.17)











Ex =
β

ωε0n2
Hy,

Ez =
1

iωε0n2

∂Hy

∂x
,

(4.18)

Let us assume a waveguiding layer of thickness h and a coordinate system as in
Fig. 4.10. Then the field solutions and the boundary conditions at the interfaces
x = −h and x = 0 lead to eigenvalue equations that determine the propagation
characteristics of the TE and TM modes.

The two orthogonal TE and TM modes must be distinguished to discuss dis-
persion characteristics of the guided modes. Here the TE mode will be treated,
but the same analysis can be made for the TM mode. From Eq. (4.15), the field
solutions can be written in the form







Ey = Ece
−γcx, x ≥ 0

Ey = Ef cos(kxx + φc), −h ≤ x ≤ 0
Ey = Ese

−γs(x+h), x ≤ −h,
(4.19)

where φc is a phase constant and the propagation constants in the x-direction are
expressed in terms of the effective index, N , as

γc = k0

√

N2 − n2
c , (4.20)

kx = k0

√

n2
f − N2, (4.21)

γs = k0

√

N2 − n2
s. (4.22)

The boundary condition that the tangential field components Ey and Hz are con-
tinuous at the interface x = 0 yields

{

Ec = Ef cos φc,

tan φc =
γc

kx
. (4.23)

Similarly at x = −h

{

Es = Ef cos(kxh − φc),

tan(kxh − φc) =
γs

kx
. (4.24)

By eliminating coefficients in the preceding equations one ends up with an eigen-
value equation

kxh = (m + 1)π − arctan

[

kx

γs

]

− arctan

[

kx

γc

]

, (4.25)
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where m = 0, 1, 2, . . . denotes the mode number. When the refractive indices of
the waveguide material and the guide thickness are given, kx can be obtained from
Eq. (4.25). Substitution of kx into Eq. (4.21) gives the effective index of the guided
mode. Since the mode number is a positive integer, N must have discrete values
in the range ns < N < nf . In other words, only zig-zag rays with certain inci-
dent angle can propagate as guided modes along the guiding layer. Among guided
modes, the fundamental mode with m = 0 (TE0) has the largest effective index
corresponding to the ray with the angle closest to 90◦.

The waveguide parameters are usually determined on the basis of cutoff of the
guided modes. When the incident angle θ becomes the critical angle θs, the light
is no longer confined in the guiding layer, and instead it begins to leak into the
substrate at the interface x = h. The total number of modes that can be supported
by a waveguide depends on the thickness h, the indices of refraction (ns, nf , and
nc), and wavelength λ of the propagating light. At a given wavelength, the number
of confined modes increases from 0 with increasing h. At some h, the mode TE0

becomes confined. Further increase in h will allow TE1 to exist as well, and so on.
For TM modes, the analysis is similar. Since Hy and Ez are continuous at

the interfaces, however, a square of the index ratio is included in the eigenvalue
equation

kxh = (m + 1)π − arctan

[

(

ns

nf

)2
kx

γs

]

− arctan

[

(

nc

nf

)2
kx

γc

]

. (4.26)

Note that the cutoff thickness of the TMm mode is always larger than that of the
TEm mode, because nc < nf . In a symmetric waveguide (nc = ns) the lowest
order modes TE0 and TM0 have no cutoff and are confined for all thicknesses and
wavelengths.

4.3.2 Prism-coupling

In order to evaluate waveguiding properties of thin films (thickness up to a few
micrometers, but often less than one micrometer), light has to be coupled into the
film. This could be performed from the end face of the film, but more easily from the
top surface using a prism. In the end-coupling (end-fire) method, light is focused
on a high-quality, defect-free end face of the waveguide, prepared by polishing or
cleaving. For waveguide thickness on the order of 1 µm, end-face flatness and
alignment accuracy create practical problems and instead prism-coupling can be
applied.

The prism-coupling method utilizes a high-index prism to excite a guided wave
through phase matching between the incident beam and a guided mode. The
waveguide to be measured is brought in close proximity with the base of a prism
with refractive index np by means of a coupling head, leaving a small air gap of
index nc between the film and the prism, see Fig. 4.11. The propagation constant
β along the waveguide plane of a laser beam incident on the bottom of the prism
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Figure 4.11 a) Schematic arrangement of a prism coupler. b) Vector diagram of
the propagation constant, β.

at an angle γ is given by
β = npk0 sin γ. (4.27)

This expression can through Snell’s law be correlated to the external angle α as

β = npk0 sin

[

ε − arcsin

(

nc sin α

np

)]

, (4.28)

where ε denotes the toe angle of the prism. If there is no waveguide under the prism,
the beam is totally reflected at the prism base, and penetrates as an evanescent
wave into the medium of index nc. In the structures such as in Fig. 4.11, at certain
discrete values of the angle of incidence α, mode angles, β given by Eq. (4.28) equals
the propagation constant of a guided mode, and photons can tunnel across the air
gap into the film and enter into a guided optical propagation mode. Accordingly,
the reflection at the bottom is no longer a total reflection. Measuring the reflected
light as a function of incident angle yields a spectrum with sharp drops in the
intensity of light at mode angles, a so called dark-line detection.

Knowing the refractive index of the substrate and prism as well as the wave-
length of the laser, refractive index and thickness of the waveguiding film can be
calculated from a minimum of two mode angles using Eqs. (4.25), (4.26) and (4.28).
A modified theory also works for waveguiding modes of anisotropic films [165].

m-lines technique

An alternative name for prism-coupling is the m-lines technique [166, 167]. For a
fixed incident angle, where a waveguide mode exists, the reflected light is observed
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Figure 4.12 Schematic description of a prism-coupling setup for optical thin film
characterization.

on a screen. Depending on thickness one or more bright lines will be seen on the
screen. These lines are called m-lines because they display the modes of different
orders m. When the incident angle is changed from a mode angle, the m-lines will
disappear and only the reflected center spot, now with increased intensity, will be
seen.



64 CHAPTER 4. CHARACTERIZATION TECHNIQUES

Experimental setup – Jülich

Fig. 4.12 schematically describes one experimental implementation of a prism-
coupling setup. It is based on the original work of Tien [42], Ulrich and Torge [168],
and has been developed by Professor Buchal’s group at the Institute of Thin Films
and Interfaces, Research Center Jülich, Germany. The setup is preferably built on
an optical breadboard and mounted on a damped optical table.

Two lasers are used, a red He-Ne laser at λ = 632.8 nm and an infrared laser at
λ = 1550 nm. For obvious reasons the red laser is much easier to align, whereas the
infrared laser is working in one of the important wavelength windows for optical
communication and measurement with that laser is thus of interest for applications.
Having the plane of polarization tilted at 45◦, a polarizer can be used to choose
the horizontal or vertical component of the light, so that TE or TM modes of the
waveguide can be excited. The light also passes a lens and a beam splitter before
it enters the prism.

The most complicated part of the setup is the prism tower. The sample is
mounted vertically and pressed against a rutile (TiO2) prism (30◦-60◦-90◦) of high
refractive index (no = 2.584, ne = 2.865 at λ = 632.8 nm). The prism and film are
aligned using two sets of X-Y-Z micro-screws. The whole tower is constructed on a
turntable, which is rotated using a high-resolution step-motor. Another step-motor
will allow real time corrections of the alignment. A bright-line detector, which is
measuring the intensity of the waveguided light, is also mounted on the tower.
The dark-line detector, which is measuring reflected light, is mounted separately as
shown in the figure.

In order to measure absorption and scattering of the guided light for a specific
excited mode, an infrared CCD camera is used. By recording the light intensity
as a function of distance in the waveguide, the loss of the mode can be calculated
assuming an exponential decay. This principle only works when we have scatter-
ing losses transmitted through the film surface. The CCD camera also allows for
characterization of mode profiles at the film edge where the light leaves the film.

A triple-port step-motor controller and a dual-port optometer are connected
through IEEE cables and controlled using a PC with an IEEE card (not shown).

Experimental setup – Metricon

Metricon corporation (www.metricon.com) provides a commercial prism coupler
setup, the Metricon Model 2010. The setup uses a 45◦-45◦-90◦ TiO2 prism and
dark-line detection, as shown schematically in Fig. 4.13. The system has an incor-
porated evaluation software providing dark-line spectra of both internal angle (γ)
and external angle (α), and calculated thickness and refractive indices.

Our measurements

Fig. 4.14 shows two typical bright-line spectra (intensity as a function of external
angle α) for a 2.0 µm thick NKN film on sapphire substrate at λ = 632.8 nm.
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Figure 4.13 Schematic arrangement of the 45◦-45◦-90◦ prism coupler in the Met-
ricon setup.

The guided TE and TM modes are clearly observed and, knowing the index of
refraction for substrate and prism, a least mean square fit can be used to estimate
the refractive index and film thickness.

As shown in the figure, the film is birefringent since the refractive indices for
the two orthogonal polarizations are different. Arguing that nTM corresponds to
the extraordinary refractive index ne, the birefringence was determined to ∆n =
ne − no = −0.031 ± 0.003 [128].

Comparison with ellipsometry

Ellipsometry is a true contactless technique measuring changes in the polarization
state of monochromatic light reflected from a surface. It is predominantly used to
determine thickness of thin dielectric films on highly absorbing substrates, but can
also be used to determine the optical constants of films or substrates [155].

Generally, ellipsometry cannot measure thickness directly. If total film thick-
ness is desired, film thickness must be known a priori or pre-measured using some
other technique to an accuracy of approximately 100 nm. This is not the case for
prism-coupling. Ellipsometry is the technique of choice when measuring really thin
films (below about 500 nm), whereas prism-coupling is advantageous for measuring
moderate to thick films. Refractive index resolution of prism-coupling is a factor of
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Figure 4.14 Bright-line spectra of the TE0-TE5 modes (upper plot, starting from
the leftmost peak) and TM0-TM7 modes (lower plot, starting from the leftmost
peak) for a 2.0 µm thick NKN film on sapphire substrate at λ = 632.8 nm.

five or more better than obtainable with ellipsometry. Prism-coupling is also better
in handling fairly absorbing films without appreciable loss of accuracy.

4.3.3 Electro-optical coefficients in transmission

There are various experimental techniques to characterize electro-optic materials
regarding the induced birefringence, the electro-optic coefficients, and the half-wave
voltage. Aillerie et al. have reviewed the experimental methods used to determine
the electro-optic coefficient in bulk materials [169]. For thin films, the techniques
have to be modified, even though the general evaluation is similar. In this section,
a relatively simple ellipsometric (one-beam) transmission setup will be described.
The apparatus has the well-known Sénarmont geometry, and is a modification of
the setup described by Hoerman et al. [97].

Experimental setup

The experimental setup is shown schematically in Fig. 4.15. The NKN sample to
be measured (patterned with parallel electrodes according to Fig. 3.5) is mounted
on a holder so that the gap between the electrodes is vertically oriented. Light
from a 5 mW Premium Laser Module 1294-13 diode laser (λ = 650 nm) is focused
at a point on the gap between the electrodes, so that the light passes through the
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Figure 4.15 Schematic representation of the electro-optic transmission measure-
ment setup.

film, normal to the surface. For the laser module we built a controller so that it
could run in continuous internal mode or be modulated up to 300 kHz in external
mode. Two polarizers, oriented at -45◦ and +45◦ with respect to the orientation
of the sample electrodes, are mounted before and after the sample, respectively.
Furthermore, as an optical bias, a Thorlabs WPQ05M-633 zero order quarter-wave
retardation plate (QWP), set with its axes at approximately ±45◦ to the vertical
electrodes, is inserted between the sample and the second polarizer. The QWP can
be manually rotated with an accuracy of approximately 0.02◦. The transmitted
light beam is detected by a broad-area photodetector.

The EO coefficients were measured at dc bias, applied with a Keithley 2410
source meter. To measure the small changes in light intensity accurately a SRS
SR850 DSP lock-in amplifier was used. The diode laser was modulated at ap-
proximately 180 Hz, and a reference signal together with the pre-amplified signal
from the photodetector was sent to the lock-in amplifier. The advantage of using a
lock-in amplifier is its high sensitivity combined with the ability to filter out input
signal noise with a band-pass filter.

Measurement procedure

By applying an electric field to an electro-optically active material, a phase change
of the transmitted laser beam is induced. This phase change is converted to an
intensity change by the QWP and the exit polarizer. The changes in polarization
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of each of the optical elements can be modeled, and thus it is possible to convert the
measured intensity into a calculated change in birefringence of the film produced
by the EO effect. The change in induced birefringence will finally give the electro-
optic coefficients. The measurement procedure is divided into two steps. First, the
system is calibrated by measuring the thin film without an applied electric field.
Second, a series of measurements with applied electric field of various strength is
performed.

After alignment of the sample and the laser beam, a measurement of the output
signal of the lock-in amplifier Vdet as a function of the angle of the QWP α for
small angles around the minimum intensity without an applied field to the sample
is performed. This calibration run provides a measure of the detection circuit
sensitivity and incident intensity of the laser source. After the calibration run, the
EO measurement was performed. A dc bias ranging from 3 to 25 V, corresponding
to electric fields from 3 to 25 kV/cm, was applied to the sample, and the output
signal of the lock-in amplifier was repeatedly measured as a function of the angle
of the QWP.

Electro-optic coefficient analysis

The Jones calculus, introduced by R. C. Jones in 1941 [170], is a very powerful
2 × 2-matrix method for treating polarization states of plane waves. The state of
polarization is represented by a two-component complex vector while each optical
element is represented by a 2× 2 matrix. The overall matrix of the whole system is
obtained simply by multiplying all the matrices for the included optical elements,
and the polarization state of the transmitted beam is computed by multiplying the
vector representing the incoming light with the overall matrix.

The optical elements in the setup (Fig. 4.15) will be modeled as follows. Assum-
ing the incident light to be horizontally polarized, it is represented by the vector

Ein = E0

(

1
0

)

, (4.29)

where E0 is the electric field strength of the optical wave. The field strength is
related to the initial intensity as I0 ∝ E2

0 . The homogeneous linear polarizers are
generally described as

Mp =

(

cos2 θ cos θ sin θ
cos θ sin θ sin2 θ

)

, (4.30)

where θ is the azimuth angle. The homogeneous linear QWP at azimuth angle α
of the fast angle is modeled as

Mq =

(

(1−i)
√

2
(cos2 α + i sin2 α) −i

√
2 sin α cos α

−i
√

2 sinα cos α (1−i)
√

2
(sin2 α + i cos2 α)

)

, (4.31)
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where i =
√
−1. The thin film sample is modeled as a thin slab of a single crystal

acting as a retardation plate with phase shift Γ, and azimuth angle ρ of the fast
axis

Ms =

(

e−i Γ

2 cos2 ρ + ei Γ

2 sin2 ρ) (e−i Γ

2 − ei Γ

2 )(sin ρ cos ρ)

(e−i Γ

2 − ei Γ

2 )(sin ρ cos ρ) e−i Γ

2 sin2 ρ + ei Γ

2 cos2 ρ)

)

. (4.32)

In an electro-optical material the phase shift Γ will be a function of the applied
field E

Γ = Γ0 + Γ(E), (4.33)

where Γ0 is the phase shift due to natural (spontaneous) birefringence ∆n0 of the
film and substrate, and Γ(E) is the field-induced phase shift due to the EO effect.
In the same way, the azimuth angle ρ of the fast axis will be a function of the
applied field implying a rotation of the principal optical axes due to the electro-
optic effect. However, in this treatment ρ is set to be constant. In doing this,
we assume that the change in refractive index of the film is caused entirely by a
change in birefringence, and not a rotation of the optical axes. The analysis could
also be performed with Γ(E) = 0 and using ρ(E) instead. In practice, the electro-
optic effect is a combination of the two effects, but this model cannot discriminate
between them.

The overall vector of the light passing through the system will be given by
matrix multiplication

Eout = Mp2 · Mq · Ms · Mp1 · Ein. (4.34)

Eout represents the optic wave that enters the photodetector and corresponds to
an output intensity Iout given as

Iout ∝ E
T
out · E∗

out, (4.35)

where E
T
out is the transpose and E

∗
out is the complex conjugate. The measured

voltage at the photodetector Vdet will be the product of the output intensity and
the sensitivity Sdet of the detector and lock-in amplifier.

Having the first and second polarizer at -45◦ and +45◦ with respect to the
orientation of the electrodes on the sample, respectively, and assuming the sample
to have the angle of the fast axis ρ = 0 [38], the expression for Vdet simplifies to

Vdet = SdetIout =

SdetI0

[

1

16

(

cos(4α + Γ) + cos(4α − Γ) + 2 sin(2α + Γ)

− 2 sin(2α − Γ) − 2 cos(Γ) + 4
)

]

. (4.36)

The phase shift of the sample is generally given as

Γ =
2πh∆n

λ
, (4.37)
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where h is the thickness of the film and ∆n is its birefringence, assuming the
substrate has no birefringence. ∆n consists of two components

∆n = ∆n0 + δ(∆n)E , (4.38)

where the birefringence change induced by the EO effect is a function of the applied
field E and thus Γ0 and ΓE are given as

Γ0 =
2πh∆n0

λ
, (4.39)

ΓE =
2πh

λ
δ(∆n)E . (4.40)

For linear electro-optic effect, the field-induced change in birefringence is related to
the effective linear electro-optic coefficient reff , as discussed in Sect. 2.2.3, as

δ(∆n)E =
n3reffE

2
, (4.41)

where n is the average index of refraction of the film, which is valid as long as
reffE ≪ 1. The actual measurement is divided into two parts; firstly a calibration
run, without any applied electric field, and secondly a series of measurements with
different applied dc bias to the film.

During the calibration run, measurement of Vdet as a function of α for small
angles around the minimum intensity allowed calculation of the product SdetI0 and
the natural phase shift Γ0 of the sample by fitting the data to Eq. (4.36). In the
measurements two error sources have to be accounted for. Firstly, Vdet is not equal
to 0 for α = ±π/4, ±3π/4. This could be due to imperfections in the sample, in the
polarizers and in the QWP, as well as stray-light into the detector and noise in the
lock-in amplifier. The error is accounted for by adding a term Voffset in Eq. (4.36).
Secondly, there might be some systematic offset in the reading of the QWP rotation
angle which will be accounted for by introducing a small offset.

To measure the change in birefringence with applied field, a dc bias was ap-
plied to the electrodes and once again Vdet was measured as a function of α near
the minimum of the detected signal. The phase shift due to the EO effect, ΓE ,
is obtained by fitting the data to Eq. (4.36) with Γ following the expression in
Eq. (4.33). SdetI0 and Γ0 are given from the calibration run, and subsequently the
change in birefringence is calculated from Eq. (4.40). By performing measurements
and subsequent fitting for several values of applied electric field and plotting δ(∆n)
as a function of applied field Eapp, the linear EO coefficient can be determined from
Eq. (4.41).

Our measurements

Fig. 4.16 shows the change in birefringence as a function of applied field for NKN
films on sapphire and STO substrates. A linear dependence is observed for the NKN
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Figure 4.16 Change in birefringence as a function of applied electric dc field for a
1.3 µm thick NKN film on sapphire substrate and for a 1.0 µm thick NKN film on
STO substrate.

on sapphire. Using the average refractive index for c-axis oriented NKN films, n =
2.22 [128], reff has been determined to approximately 28 pm/V. This value is larger
than the value estimated by free-space coupling (r13 = 18.5 pm/V) [171] and prism-
coupling (r13 = 17.4 pm/V) [172], and compares well to values measured in KNbO3

thin films [97]. Having c-axis oriented films, the measurement geometry suggests
that the r11 or r22 electro-optic coefficients are measured. Thus, according to the
form of the electro-optic tensor elements for different crystal symmetry classes [173],
the measurement indicates a trigonal, or even more distorted symmetry of the NKN
films. To confirm the symmetry class, more extensive x-ray characterization is
needed, and presumably also electro-optic measurements in other geometries. For
these reasons we only call the measured electro-optic coefficient reff .

A quite different behavior is observed for the NKN film on STO substrate, as
shown in Fig. 4.16, where the change in birefringence shows a superlinear depen-
dence on the applied electric field. The non-linear behavior could originate from
the quadratic EO effect of the STO substrate, but could also be due to reorienta-
tion of ferroelectric domain variants in an applied electric field. A combination of
a linear and a quadratic term can be fitted to the data, where the effective linear
EO coefficient of the NKN film has been calculated to around reff = 11 pm/V.





Chapter 5

Summary of Results and Outlook

In this chapter, I will summarize the results in the included publications and man-
uscripts, as well as discussing ideas for future research.

5.1 Structural and Electrical Properties of Na0.5K0.5NbO3

A major part of this thesis work has been devoted to characterization of structural
and electrical properties of the Na0.5K0.5NbO3 (NKN) films.

5.1.1 Growth and crystallographic characteristics Na0.5K0.5NbO3 films

In this thesis, Na0.5K0.5NbO3 films have mainly been grown by rf magnetron sput-
tering with thicknesses ranging from some hundred nanometers to around 2.0 µm
using single-phase, high-density ceramic targets. Several single-crystal oxide sub-
strates have been explored, including LaAlO3 (Papers I, II, and IV), r-cut sapphire
(Papers III–VII), Nd:YAlO3 (Paper V), and SrTiO3 (Paper VII). On perovskite
LaAlO3 (001) and SrTiO3 (001) epitaxial cube-on-cube growth of NKN films with
narrow full width at half maximum (FWHM) in rocking curve of NKN(001) (down
to 0.60◦) has been confirmed by x-ray diffraction (XRD). NKN films with thickness
up to 2.0 µm have been deposited without cracking. NKN films on Nd:YAlO3(001)
exhibit strongly polar axis orientation, with FWHM of rocking curve around 1.8◦.
However, for this substrate growth parameters were not optimized in detail, so bet-
ter performance could be expected. A great deal of attention has been addressed
to NKN films on Al2O3 substrates. Sapphire was chosen as substrate due to its
extended use in microelectronics in general and optoelectronics in particular. Sap-
phire has a pseudo-hexagonal structure, where an r-cut substrate has a reasonable
lattice match with perovskite NKN. Pure perovskite phase films with thicknesses
up to 2.0 µm have been grown, showing preferentially polar axis orientation. The
relative intensity between NKN(001) and NKN(110) diffraction peaks has been cal-
culated to I001/I110 > 260, compared to 0.67 for the NKN ceramic target. FWHM
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of the NKN(001) peak has been measured to as low as 1.6◦. NKN films have
also been deposited on conductive polycrystalline Pt80Ir20 substrates (Paper II),
showing pure perovskite phase.

5.1.2 AFM characterization

The surface morphology of NKN films has been characterized for various substrates
and thicknesses (Papers III–V,VII). Films on LaAlO3 and SrTiO3 substrates were
very smooth, with rms roughness between 1 and 2 nm for thicknesses up to 1.5 µm,
which is on the order of what is needed for waveguide applications [50]. Films on
sapphire show a more complicated behavior. Generally, the rms roughness increases
with thickness (Paper IV), but there is also a tendency that films grown at condi-
tions optimized for large I001/I110 ratio show larger rms roughness. Thus there is a
trade-off in growing smooth films for waveguiding applications and growing highly
preferentially oriented films for electro-optic applications.

5.1.3 Electrical characterization

Most of the electrical characterization is presented in Papers I and II. The ferro-
electric state in NKN/PtIr films at room temperature has been confirmed by po-
larization loops with saturated polarization as high as 33.4 µC/cm2 at 700 kV/cm,
remnant polarization of approximately 10 µC/cm2 and coercive field 90 kV/cm. In
comparison, the NKN/LAO planar structure, where the ferroelectric hysteresis is
measured in the hard (in-plane) direction, has shown lower saturated polarization
23.6 µC/cm2, lower remnant polarization around 2 µC/cm2 and lower coercive field
36 kV/cm. The two different structures showed similar properties regarding low fre-
quency dispersion (∆εr/εr = 9.8 % for NKN on PtIr and ∆εr/εr = 9.0 % for NKN
on LAO between 1 kHz and 1 MHz), relatively low dissipation factor (tan δ ≃ 0.010)
and dielectric permittivity up to εr = 500 at 1 MHz. The tunability of capacitance
between zero field and 200 kV/cm has been calculated to 42.2 % and 17.5 % for
the vertical capacitor and the interdigital capacitor (IDC), respectively. The higher
value for the vertical structure was expected because of difference in film thickness
and capacitor geometry. The IDCs showed very good insulating properties with
leakage current density on the order of 30 nA/cm2 at 400 kV/cm and dc resistivity
ρ = 2.1 × 1013 Ωcm. The resistivity was two orders of magnitude higher for the
IDC structure. This difference can be explained by the defects within the film. In
the vertical structure the electric field is applied in the direction of film growth,
whereas the IDC has the field applied perpendicular to the growth direction. We
believe that the main transport of leakage current occurs along the intergranular
grain boundaries, and thus is more pronounced in the vertical configuration.
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5.2 Optical and Waveguiding Properties of Na0.5K0.5NbO3

Optical and waveguiding properties using the prism-coupling technique were ex-
plored in Papers III–VI. In Paper III, bright-line spectra of up to 2.0 µm thick
NKN waveguides on sapphire substrate exhibited sharp and distinguishable trans-
verse magnetic and electric propagation modes, from which refractive index and film
thickness were calculated using a least mean square fit. The ordinary and extraordi-
nary refractive indices were calculated to no = 2.247±0.002 and ne = 2.216±0.002
for a 2.0 µm thick NKN film at λ = 632.8 nm. This implies a birefringence
∆n = ne−no = −0.031±0.003 in the film. In Paper IV, waveguiding was reported in
NKN/LAO structures. The birefringence was determined to ∆n = −0.054± 0.002,
which is larger than the birefringence for NKN/sapphire. This can be attributed
to the epitaxial quality observed by XRD for NKN/LAO. Other crystallite ori-
entations will reduce the value of ∆n. In Paper V, dark-line spectra in trans-
verse magnetic (TM) and transverse electric (TE) polarized light were reported at
three different wavelengths, including infrared optical communication wavelengths,
λ = 1319 nm and λ = 1549 nm, for both NKN/Al2O3 and NKN on Nd:YAlO3

waveguides. Sharp dips corresponding to waveguide propagation modes in the thin
film layers where observed for both substrates, implying Na0.5K0.5NbO3 as a fea-
sible waveguiding material for integrated optical applications. The dispersion of
the ordinary refractive index in Na0.5K0.5NbO3 is plotted in Paper VI, where it is
shown to approximately follow the one-term Sellmeier expression.

5.3 Electro-optic Effect in Na0.5K0.5NbO3

In Papers VI and VII, investigation of the electro-optic (EO) effect measured in
transmission of NKN films was reported. The thin films were coated with coplanar
surface electrodes, with dimensions 2.0 × 2.0 mm2 separated by a 10 µm wide
spacing, aligned parallel to the [112] axis of the r-cut sapphire and aligned parallel
to the cubic axis of the STO substrate. The effective linear EO response was
determined to reff = 28 pm/V for NKN/Al2O3 with an applied dc field up to
18 kV/cm (Paper VI). A quite different behavior was observed for NKN films on
STO substrate, where the change in birefringence showed a superlinear dependence
on the applied electric field. The non-linear behavior could originate from the
quadratic EO effect of the STO substrate, but could also be due to reorientation
of ferroelectric domain variants in an applied electric field. A combination of a
linear and a quadratic term was fitted to the data, where the effective linear EO
coefficient of the NKN film was calculated to around reff = 11 pm/V.

5.4 Outlook

Ferroelectric thin films are of great interest as a waveguiding electro-optic material
in integrated applications for optical communication, but so far no working inte-
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grated EO modulator prototype on semiconductor substrates has been reported.
The demand for high speed transfer of huge data volumes is increasing rapidly. In
parallel the requirement of lowering the production costs is becoming more and
more important, so the optoelectronics community is longing for a break-through
where the high-speed, low-loss integrated EO modulator is a key component.

This research has focused on evaluating the optical and electro-optical proper-
ties of Na0.5K0.5NbO3 thin films. The choice of material was based on the attrac-
tive functional properties of NKN ceramics (relatively low dielectric permittivity,
high electromechanical coupling coefficient, high remnant polarization and Curie
temperature), in combination with our group’s knowledge of depositing NKN thin
films with high quality. As has been presented in this thesis, we have confirmed
waveguiding in visible light and in the infrared band around the optical communi-
cation wavelengths, as well as measured the effective EO coefficient.

The electro-optic measurements in transverse geometry implies r11 and/or r22
components in the electro-optic tensor. As a next step, it would be elucidating to
determine the actual crystal symmetry of NKN films in detail, e.g., using high reso-
lution XRD in combination with EO measurements. A natural continuation of this
work is to improve the NKN films regarding epitaxial quality and surface roughness,
and in that way reduce the losses and at the same time have a large electro-optic
coefficient. A useful figure-of-merit would be the effective EO coefficient divided by
the optical absorption coefficient of the material ( reff

α ).
Having produced good, low loss waveguiding films, the next step is fabrication of

rib waveguide structures for modulator applications on oxide substrates. The sim-
plest approach would be a phase modulator, but more attractive a Mach-Zehnder
modulator. This modulator should be parameterized regarding half-wave voltage
(Vπ) and extinction ratio. Finally, the whole concept is to be realized on semicon-
ductor substrates (Si, GaAs), which would involve oxide buffer layers to prevent
leakage of the optical wave into the substrate [5, 83,139].

We have also been thinking of combining electro-optic ferroelectric niobate films
with magneto-optic iron garnet thin films. In our group, Dr. S. Kahl defended his
dissertation on magneto-optic photonic crystals [174], so it would be natural to
fabricate a combination of these materials. Such composite waveguides will combine
two effects which do not coexist naturally in a material. The magneto-optical effect
that occurs when the magnetization of the garnet film and the propagation of light
are parallel is called the Faraday effect : The magnetization introduces a circular
optical anisotropy in the garnet material. This leads to a rotation of the polarization
of linear polarized light by the angle of Faraday rotation [175], which in thin film
waveguides corresponds to TE to TM mode conversion.

Also, NKN is promising as a lead-free biocompatible material, where several
interesting medical applications might emerge in the future, including piezoelectric
sensing and actuation.

In conclusion, we have explored ferroelectric Na0.5K0.5NbO3 films in the electri-
cal and optical domain, and demonstrated it as an attractive material for integrated
optics applications.
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