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Abstract

This thesis deals with the microstructure effects on the optical properties of (i)
polycrystalline Nd-modified lead-zirkonium-titanate (PNZT) and (i) highly
oriented BaTiO; (BTO) thin films together with the stacking structure influence
on the optical properties of (iii) BaTiO;—SrTiO; (STO) superlattice thin films.
All the films were grown on MgO(001) substrates by pulsed laser deposition.
Different structures were obtained by tuning the thin film processing conditions.

PNZT thin films were deposited at room temperature and different crystallite
size distributions were produced by varying the post-annealing temperature. The
refractive index and electro-optic responses were found to increase with
increasing mean crystallite size.

Oxygen pressure during the film deposition at 700 °C was found to be a very
critical parameter to modify the crystallographic and consequent other physical
properties of BTO thin films as suggested by the dielectric and optical
measurements. Low oxygen pressure films were epitaxial, with elongated lattice
parameters along the surface normal, while increased working oxygen pressure
produced non-epitaxial films with lattice elongation along the in-plane
orientation. An effective electro-optic coefficient of ~21 pm/V was measured for
the BTO films.

Periodic BTO-STO superlattices were deposited with varying stacking
periodicity between 27 and 1670 A. Birefringence decreased with increasing
stacking periodicity, due to relaxation of the lattice strain induced by the layer
interfaces. The electro-optic response was found to reach a maximum at a
specific stacking periodicity and it decreases with both increasing and
decreasing individual layer thickness. The operation of a Mach-Zehnder
waveguide intensity modulator based on the BTO-STO superlattice with
effective electro-optic coefficient of 73 pm/V was also demonstrated.
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List of symbols and abbreviations

a atomic scattering factor

A amplitude of the electric field (Atg, Atm)

c speed of light

Co speed of light in vacuum

d unit cell length

E electric-field

F structure factor

g electrode gap

1 intensity

J Jones matrix

L electrode length

n refractive index

o ordinary refractive index in birefringent crystal

e extraordinary refractive index in birefringent crystal
My z refractive index along the principal x-, y- or z-axis
Ay refractive index along the rotated x’- or z’-axis

Ps spontaneous polarization
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q length of scattering vector

r linear electro-optic coefficient

Vefr effective electro-optic coefficient

R the second order electro-optic coefficient
T rotation matrix

T. Curie temperature

V voltage

Ve voltage inducing a phase shift of  in an electro-optic device
w phase shift matrix

o polarization angle

0An shift in birefringence

€ permittivity

€ vacuum permittivity

& relative permittivity

[0) optical phase retardation

r overlap factor

A wavelength
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AFM atomic force microscope

BST barium strontium titanate (Ba,Sr;,TiOs)
BTO barium titanate (BaTiOs)

CPU central processing unit

CSC chemical solution coating

EO electro-optic

FE ferroelectric

FWHM full width at half maximum

IDE inter-digital-electrode
LNO lithium niobate
MBE molecular beam epitaxy

MOCVD  metalorganic chemical vapor deposition

OEIC optoelectronics integrated circuit

OIC optical integrated circuit

PE paraelectric

PLD pulsed laser deposition

PNZT Nd-modified lead-zirkonate-titanate (Pb; .3y Ndy)(Zr,Ti;)O;
PZT lead-zirkonate-titanate Pb(Zr,T1,.4)O;

RMS root mean square
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SEM

STO

TE

™

XRD

scanning electron microscope
strontium titanate (SrTiO;3)
transverse electric field
transverse magnetic field

x-ray diffraction
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1. Introduction

1.1 Optoelectronics integrated circuits

A typical optoelectronics system consists of three main parts [1, 2]. 1)
Compound semiconductor alloy devices are commonly utilized to generate light.
This is followed by the 2) transmission of light, possibly including also
amplification or signal manipulation, and finally 3) intensity sensing by
semiconductor photodiodes. These systems are utilized, for example, in data
communication and instrumentation applications. A wide range of different
materials are required to perform the required functionalities and conventionally
main approach has been to use discrete components.

In order to produce more functionality with a reduced number of required
discrete components on separate platforms, an optical integrated circuit (OIC) or
optoelectronics integrated circuit (OEIC) concept has been developed. In OEICs,
optical circuits are designed to produce a certain function by integrating the
required devices on a single substrate [1, 2, 3]. An example of integrated-optic
transmitter/receiver device is shown in Figure 1. Light from a laser is guided,
modulated, and coupled into a fiber, while received light is coupled into a
waveguide and directed to a photodiode, where it is detected.

Coupler Coupler Received
light
2 8!
N O P ——
Ti itted
Modulator \ rar;isgrp]{ €

Laser  Photodiode

Figure 1. An example of an integrated-optic device used as an optical
receiver/transmitter [4].
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Ultimately, the operation of all active and passive devices (laser diodes,
switches, modulators, waveguides and detectors) can be produced in a single
material. This is called a monolithic OEIC. Since light generation is required,
monolithic circuits can only be fabricated on substrates capable of producing
light, typically being semiconductors with direct band gap.

Another approach is to use hybrid techniques, in which the OEIC devices are
made of different materials and integrated together allowing more flexible use of
material choices and processes [2, 5]. This can include various techniques, like
thin film vacuum or liquid phase deposition of desired materials. In this case, the
materials compatibility and the coefficients of thermal expansion must be
considered if high temperature processes are used. Another option is to joint
separately processed components on a single substrate, when the processing
conditions can be relaxed. However, very tight alignment accuracy may be
required with components assembly. A typical case is the alignment between a
laser and optical fiber or waveguide when sub micrometer accuracy is preferable
in single mode technology [2, 6].

1.2 Active waveguiding thin films

Waveguiding structures are required in OEICs to transmit optical signals
between devices. Waveguides can be classified into two categories: passive
structures exhibiting static light guiding characteristics, and functional devices
for the active optical wave control [7]. The functionality may include the control
of the optical signal routing or intensity modulation. The activity in guiding
media can be generated for example by acousto-, magneto-, thermo- or electro-
optic effects [8]. So called ferroelectric materials are of interest for active light
guiding devices due to the advantages of many of their functional properties [9].
One example of optical ferroelectric materials is LINbO; (LNO), an electro-optic
(EO) crystal widely used as a substrate for active waveguide devices [10].

Thin film waveguide technology is considered as an attractive alternative for the
discrete component approach in photonics applications, because it can offer an
opportunity to use a wide variety of materials that are not processable in bulk
form and also allowing to achieve a high level of component integration with
reduced size [11]. Ferroelectric thin films have been grown by several
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processing techniques, such as sputtering [12] , chemical solution coating (CSC)
[12, 13], pulsed-laser-deposition (PLD) [12, 14, 15], metalorganic-chemical-
vapor-deposition (MOCVD) [12] and molecular-beam-epitaxy (MBE) [16].
Typically, the physical properties of ferroelectric thin films are moderate as
compared to those in bulk due to the substrate induced strain, stress relaxation
induced crystal defects and film thickness effects [12]. However, devices
demonstrating the feasibility of ferroelectric thin films in photonics applications
have been fabricated, e.g. lead-zirkonium-titanate (PZT) acousto-optic Bragg
reflectors [17] and barium-titanate (BTO) electro-optic waveguide modulator
with potential up to 40 GHz range operation [18].

Important issues in active waveguides, besides the strong externally induced
optical functionality, are the propagation properties and the intensity attenuation
mechanisms setting high quality requirements for the thin films. The attenuation
has several origins including absorption, scattering and the conversion between
wave modes inside the guiding structure with varying propagation properties
[19, 20]. Light with wavelength not inducing interband electronic transitions can
be absorbed in defects either within a crystal or at grain boundaries [19].
Scattering loss is a result of random variation of refractive index contrast and
may occur both inside the guiding film and at surfaces. This is considered the
major loss for many dielectric devices [19]. Inside the film, inhomogeneities
may result from undesired phases among the main crystal phase, the mixing of
anisotropic grain orientation in single-phase film and also at grain boundaries
[20]. Scattering due to surface inhomogeneity is also known to be very sensitive
on surface roughness with RMS level of about 1 nm considered desirable [20].

1.3 Motivation of this thesis

The physical properties of macroscopic bulk PZT and BTO based ceramics have
been extensively studied [21, 22]. In thin film form physical properties are often
very different from the ones in bulk and commonly sensitive on processing
conditions, such as, temperature, deposition rate, working pressure etc. As these
materials have been shown to be promising candidates also in thin film optical
applications, different microstructure effects on the optical properties in these
compounds were studied. BTO-STO superlattices are known to have a very high
tunability of permittivity, and therefore their suitability for the optical
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applications were evaluated. Pulsed laser deposition technique was utilized in
this work to deposit all the thin films having the advantage of the simplicity of
the experimental setup and the possibility to grow films from complex multi-
composition targets. The purpose of this experimental work on the optical
properties of ferroelectric thin films was:

1. The development of fabrication technologies to manufacture electro-optic
waveguiding devices based on the ferroelectric thin films. This includes the
optimization of the thin film growth conditions to obtain optical quality
ferroelectric thin films together with the development of waveguide
manufacturing processes by lithographic techniques.

2. The properties of ferroelectric materials are sensitive to the crystal size
distribution in the media. The understanding of the influence of crystallite
distribution in ferroelectric (PZT) thin film on the optical properties is relevant if
these type of structures are to be used in applications. In this work, the static
refractive index and the electro-optic response change with varying grain size
distribution was studied.

3. The microstructure of pulsed laser deposited BTO thin films depends on
oxygen pressure during the deposition. In addition, BTO has been demonstrated
to be a good material candidate for functional photonics devices. Therefore, the
influence of oxygen partial pressure on the electrical and optical properties of
BTO thin films was studied and the usability of differently processed films in
waveguide devices was evaluated.

4. Ferroelectric-paraelectric superlattice thin films possess stacking periodicity
dependent nonlinear permittivity. High tunability of the permittivity has been
obtained by optimizing the stacking structure. As very little data was available
on optical properties of superlattice thin films, the studies on these materials
were included in this thesis. The studied structures were BTO (ferroelectric) —
STO (paraelectric) superlattices.
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2. Some properties of ferroelectrics

2.1 Polarization and dielectric properties

Dielectric materials possessing spontaneous polarization state that can be shifted
from one state to another are called ferroelectrics [21]. A ferroelectric crystal
possesses an actual ferroelectric phase only below a specific temperature. At
high temperatures, the crystal is paraelectric phase. The crystal undergoes a
structural phase transition from paraelectric (PE) non-polar phase to a polarized
ferroelectric (FE) phase, when the temperature decreases through the Curie
temperature (T.). The exact transition temperature is dependent on crystallite
size, rate of temperature variation, stress condition and purity of the material
[22]. Typically PE-FE transition is followed by several FE-FE phase transitions
with decreasing temperature [9, 21]. An example of this is BaTiO; (BTO) that
commonly serves as a model ferroelectric [21-24]. BTO is a ferroelectric
material, which is widely studied both theoretically and experientially. It
possesses excellent functional properties that offer applications in
microelectronics and photonics. It has a Curie temperature between 120 and
130 °C, where the paraelectric cubic crystal structure changes to tetragonal
structure with electrical polarization along the tetragonal axes as shown in
Figure 2 [21-25]. The structure is the perovskite structure that is very typical for
a family of ferroelectric materials and all the materials studied in this work have
this perovskite structure.
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(b)

Figure 2. The crystal structure of BaTiOj;: (a) above the Curie temperature, the
unit cell is cubic with lattice constant a,; (b) below the Curie temperature, the
cell is tetragonal with lattice constants a and c¢. Ba’" and Ti"" ions are now
displaced relative to O ions along the z-axis [24].

At about 5 °C BTO transforms to an orthorhombic phase and finally to a
rhomboedral phase below —90 °C. Physical properties show large anomalies near
the transition temperatures. This is illustrated in Figure 3(a), where the
permittivity is plotted as a function of temperature in the vicinity of PE-FE phase
transition temperature and in (b) and (c) the behavior of polarization as a
function of electric field is described above and below the transition

temperature, respectively.

(a) (b) (c)

Paraelectric phase Ferroelectric phase

T Polarization Polarization
r'y

cParaeIectric / V

Electric field /" Electric field
Temperature

Figure 3. (a) Typical evolution of permittivity in the vicinity of paraelectric-
ferroelectric transition Curie temperature Tc. (b) and (c) show polarization
behavior as a function of electric field in ferroelectric material above and below

the Curie temperature Tc, respectively [26].

Ferroelectric

Permittivity
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Below the Curie temperature 7, alignment of dipoles occur in the direction of
tetragonal axis in a certain volume of a crystal called a ferroelectric domain. An
important characteristic of ferroelectrics is the hysteresis between the
polarization and electric field as illustrated in Figure 3(c). When the external
electric field is removed, the domains maintain partly their orientation and a
stable remanent polarization remains.

Especially Sr-modified BTO compounds Ba,Sr;,TiO; (BST) have been widely
studied due to their high nonlinearity of permittivity, which can be utilized in
tunable microwave circuits. BST can be categorized as a solid solution of BTO
and STO. While STO is a paraelectric material with no ferroelectric transition,
the Curie temperature of the BST solution can be tuned. The room temperature
phase is ferroelectric when x>0.5-0.7 [27, 28]. Also, increased thermal stability
can be obtained by combining paraelectric and ferroelectric layers with opposite
drift of permittivity as a function temperature [29]. Besides the electronics
applications, BST has been also considered as an interesting material in thin-film
electro-optic devices [30]. So-called relaxor ferroelectrics consisting of nano-
domains without permanent macroscopic polarization are attractive in electronic
and optical applications due to their very high and nonlinear polarization
properties [9, 31, 32]. A large hysteresis of some ferroelectric compounds are
utilized in non-volatile memory devices [9, 33].

2.2 Optical properties

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
crystals exhibit, such as optical birefringence, electro-optic activity and
nonlinear effects. In isotropic dielectric medium, the electric permittivity ¢ is
defined as

E=¢,8, (1
where ¢ is the permittivity of free space and ¢, the relative permittivity. The

permittivity describes the material polarizability under external electric field and
the net polarization in dielectric material consists of several frequency dependent
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mechanisms illustrated in Figure 4, where a typical polarizability for a dielectric
is plotted as a function of frequency.

Polarizability

2 10* 10° 10® 10" 102 10" 10 10%®

Frequency

Figure 4. Polarizability as a function of frequency [34].

Since light is an alternating electromagnetic wave with electric and magnetic
field vibration directions mutually perpendicular to each another, the electric
field induces an electric polarization in a dielectric crystal, and the light itself is
influenced by the crystal [9]. The frequency of light is in the range of 10'*-10"
Hz so only the electronic polarization can follow the electric field modulation
[34].

Refractive index n is defined as the ratio of the speed of light in vacuum ¢, and
in dielectric media ¢

n="=le . )
C

Typical refractive index values are between 2 and 2.5 in electro-optic crystals
[35]. When an external electric field is applied to a ferroelectric crystal, ion
displacement is induced and the refractive index is changed [36, 37]. The linear
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shift of the refractive index under external electric field E is called the Pockels
effect and can be expressed as [38]

An =%n3rE, 3)

where 7 is the first order electro-optic coefficient. Correspondingly, second order
electro-optic effect (Kerr effect) is described by

1
An=—n’RE*, 4)
2
where R is the second order electro-optic coefficient.

Microscopically ferroelectrics are non-isotropic due to the internal polarization
resulting in direction depended refractive index. The light propagation
characteristics in anisotropic media can be described by index ellipsoid defined

as [35]
[niz}cz + [niz]yz + (nizjzz =1, %)

where the directions x, y and z are along the unit cells axes. As shown in Figure
2, 90° rotation of the BTO crystal around the polarization direction (z-axis)
leaves the crystal invariant in the case of the ferroelectric structure due to
tetragonal phase. Therefore, the crystal structure is uniaxial with refractive
indices ny=ny,=n, and n,=n. . The index ellipsoid is then written as

Bl
no no n@

and it is illustrated in Figure 5. At room temperature, the BTO lattice constants
are 4.038 A and 3.994 A along and perpendicular to the polarization vector (Ps)
direction, respectively [25]. The most dense directions in crystals have the
highest refractive index [39] resulting in the smaller refractive index n.=2.360
along the elongated unit cell direction and 7,=2.412 perpendicular to the
polarization direction [40].
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Figure 5. index ellipsoid of tetragonally distorted ferroelectric BaTiO; single
crystal.

Under applied electric field the index ellipsoid deforms having the form [35]

1), | | | 1 |
(—ZJ X +(—2j y2 +(—2J Z2 +2(—2J yz+ 2[7) XZ+2(—2J XyZI (7)
n ), n ), n ), n ), n s n )
with linear changes in the coefficients due to the electric field E defined by

A(sz =1k, (8)

n 1

where Ej describes the electric field components with E=E\, E,=F, and E3=E,.
The ry is called electro-optic tensor. Nonvanishing r;-elements of tetragonal
BTO are r3=ry;, 33 and ryp=rs; [35, 41, 42]. The shifts of the index ellipsoid
coefficients are obtained from the equation
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and the index ellipsoid is described by the equation

(n_lz +,33EZ}2 J{n—lz +r13EZ]y2 +[n—12 +r33EZ]22 + 21, e+ 2y Exz=1. (10)

[ 0 e

If the electric field is applied along the polarization direction (E.#0, E=E,~0)
the equation has the form

1 1 1
(n—2+ ’”nEszz +(n—2+ rlSEszz +(n—2+r33Ezjz2 =1. (11)

e

By using the approximation [38, 41]

3
n

1
An ——TA(n—Z), (12)

new expressions for the index of refraction along the principal directions are
[41]

3

—p —o
n,=n rsE

13
o o 2 z ( )
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3

n,=n —%rBEZ (14)

e e

in accordance with the form of Expression (3) for the linear Pockels effect.
Schematically the deformation of the index ellipsoid is illustrated in Figure 6(a).
In the case of perpendicular electric field (E.#0,E,~E,=0), the equation of the
index ellipsoid has the form of

[szxz + (szyz + (%)zz +2rp,E xz =1 (15)
n() n() n&'

with non-zero xz-element. The index ellipsoid is rotated around the y axis by an

angle o [41]
2r, E
tan 2 = Ll (16)
2 2
n() ne
with new index values
: 1
n,=n, —5n0r42Ex tan o (17)
, 1
n,=n, +Ener42Ex tano . (18)

The rotation of the index ellipsoid due to the electric field perpendicular to the
polarization direction is illustrated in Figure 6(b). In Ref. [41], Expressions (17)
and (18) were approximated at low field to have the forms

: 1 , H,n

n=n ——n (r,E €2 19
x 0 2 0(42 x) l’lez—l’lf ( )
v 1 5 2 nfnj

n, :n0+5n0(r42Ex) f—nf . (20)

An important consequence is the second order response in respect to the electric
field strength in Equations (19) and (20).
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Figure 6. The deformation of the index ellipsoid of ferroelectric tetragonal
BaTiO; in two cases, where applied electric field is (a) along the polarization
direction and (b) perpendicular to the polarization direction.

The implications of Expressions (14)—(20) are now illustrated in the Mach-
Zehnder intensity modulator device based on the bulk BTO single crystal. The
device configurations are shown in Figure 7. Under an applied electric field, the
phase shift is induced between beams propagating in different Mach-Zehnder
arms, and the intensity at the output varies as a function of applied voltage.
Figure 7(a) shows the device configuration, where the external electric field is
along the spontaneous polarization vector direction corresponding to the
situation in Figure 6(a). Figure 7(b) represents the arrangement, where the
electric field is perpendicular to the polarization vector and the index ellipsoid is
deformed as shown in Figure 6(b).
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Figure 7. Mach-Zehnder modulator devices based on the BTO single crystal,
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where external electric field is (a) along and (b) perpendicular to the
polarization vector Ps.

Calculations based on the Jones matrix have been used to evaluate the device
operation [43]. Jum1 and J,mp are defined as Jones matrices describing the shift in
phase and polarization state of the light when transmitted through the two
different arms. Arm 2 is denoted as the active arm between electrodes Figure 7.
After the interference of two beams with Jones vectors J; and J,, the output
Jones vector is [42, 44]

J=J

arml

A
Jin +Jarm2Jin = Jl +J2 = (ATE j (21)

™
Jin describes the Jones vectors of the input light and Azz and Aty describes the
amplitudes of the two orthogonal polarization states of the output light. The
output intensity is

I =|4n|" +|4n]". (22)

Assuming TE-polarized light, the input polarization state is described as

1
g, = [OJ. (23)

If the external electric field £ is along the direction of the polarization vector Ps
in BTO, as shown in Figure 7(a), the rotation of the index ellipsoid does not
occur, and the device operation can be evaluated by analyzing the effect of the
phase difference between two arms according to
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oY (24)
J, = N
By summing J; and J the output Jones vector is
l+e™/?
J= ( 0 J (25)

from two interfering light beams with the same polarization state, and the
intensity (22) now has the form [45]

=1, cos’ (g) (26)

with phase retardation difference @ due to the electro-optic effect in the arm 2.
According to Expression (14):

27 1
¢)=7ﬁ*5n3r33E*l, 27)

where / is the length of the active arm in the Mach-Zehnder device.
Now, the situation in Figure 7(b) is analyzed. As mentioned above, external

electric field perpendicular to the polarization vector rotates the index ellipsoid.
J1 is defined in the case of TE-polarized light as:

—jnoz%l
J=|¢ (28)
0

while J; includes now both the shift and rotation of the index ellipsoid:
J,=T~a)WT(a)J,, (29)

where
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w=|¢ 2, (30)
0 e 7
includes the phase retardation in both TE and TM polarization directions.
Rotations of the principal axis are taken into account by the rotation matrix

T(@) =( 31)

cosa  sin a]

—sina cosa

Modified refractive indices in (30) are obtained from Equations (17) and (18)
and the rotation angle of the principal axis from Equation (16). The results are
illustrated in Figure 8 by using values in Ref. [41] for the single crystal BTO
(1335=23 pm/V, 14,=820 pm/V), wavelength /=1550 nm and by using the arm
length of 10 mm. The shifts of the indices as a function of electric field are
plotted in Figure 8(a) in two cases, where the electric field is along and
perpendicular to the polarization vector. It is important to note that though 74,
has a high value of 820 pm/V, its influence is dependent on the initial values of
n, and n.. Therefore, values of effective electro-optic coefficients in Expressions
(3) and (4) are commonly used to describe the observed net effect instead of the
tensor elements [18]. Figure 8(b) shows the intensity modulation of the Mach-
Zehnder device as a function of electric field according to Equation (26) in the
case of parallel electric field and polarization directions. The linear shift of the
refractive index produces, naturally, periodically oscillating intensity as a
function of electric field. Correspondingly, Figure 8(c) illustrates the intensity
modulation in the cases, where electric field and spontaneous polarization are
orthogonal (Figure 7(b)). The values are obtained from Equation (22) and
applying Expressions (28) and (29). The non-linear shift in the refractive index
produces now intensity oscillation with decreasing periodicity as a function of
electric field. The rotation of the principal axis, see Equation (16), at the electric
field of 1 V/um is about 6° producing only a low decrease in modulation depth.
Therefore, the rotation of the index ellipsoid can be neglected when
approximating the device operation [44]. Now, the phase shift method used in
the first case (Equations (24)—(26)) can be used with the phase difference

¢=7*%n3r42Etana*l, (32)
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where the index shift is obtained from Expression (17).

(a)

(b)
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Figure 8. (a) Shift of the refractive index in BTO single crystal, when an electric
field is applied along and perpendicular to polarization vector. Electro-optic
modulation in the Mach-Zehnder device when the electric field is along the
polarization vector (b) and perpendicular to the polarization vector (c).

The approach described above applies to well defined bulk crystals. The
situation in thin films with not so well defined polarization vector orientation
and with stress effects induced from the substrate on the crystal structure may be
such that electro-optic modulation is induced in both directions and the
measured net response can be a combination of the first and second order
responses though the origin of the activity is the Pockels effect [46].
Furthermore, in polydomain structures electric field can induce also domain
reorientation that can contribute in addition to the non-linearity in the EO effect.
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3. Studied microstructures

3.1 Polycrystalline Pb(Zr,Ti; )O3 thin films

Pb(Zr,Ti; )O3 (PZT) ceramics posses several phases including paraelectric,
ferroelectric and antiferroelectric phases depending on the temperature and Zr-Ti
ratio. Technologically, the most interesting composition range is 0.49<x<0.64.
The morphotropic phase boundary (MPB) locates within this region with
ferroelectric tetragonal phase at Ti rich compositions and ferroelectric
rhomboedral phases at Zr rich compositions [22]. At compositions near the MPB
physical parameters such as dielectric constant, piezoelectric constant and
electro-optic  coefficient reach their maximum values. Electrical,
electromechanical and optical properties of PZT offer a wide variety of
applications in microsystems. A strong electro-optic response together with
optical transmittance of PZT thin films can be utilized in functional optical
applications [17]. The modification of PZT ceramics with different elements like
La and Nd further improves the properties of the ceramics. For example, La-
modified PZT ceramics (PLZT) have been reported to have excellent optical
properties also in the form of thin films and they are utilized, in a lot of different
applications like in acousto-optic deflectors [17].

Grain size effects in ferroelectric ceramics give an important ability to influence
the physical properties [47, 48]. In the case of thin films on different substrates
and having also different film thicknesses, their optical properties are greatly
affected by crystal structure, orientation of crystals, grain size distribution,
packing density, and morphology of the film surface. Some of these factors
depend strongly on the deposition of the films and on thermal heat-treatment
processes. In the case of polycrystalline PZT films grown by PLD, the films are
typically composed of nanograins. In this work, the influence of the heat-
treatment process on the grain size and subsequently on the optical properties of
the Nd-modified PZT thin films was studied. Especially, the dependence of
refractive index and electro-optic response was investigated as a function of
grain size distribution. Characterized PZT films were deposited from a Nd-
modified PZT target by using PLD process. The effect of Nd-addition on the
properties of PZT is comparable to that of La-addition [49].
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3.2 Epitaxial and nearly epitaxial BaTiO; thin films

Many values of the vital physical properties of BTO films commonly differ from
bulk values, being often degraded, but in some cases even enhanced, such as the
increased remanent polarization in strained BTO films due to substrate induced
stress [50]. Both experimental and theoretical studies suggest that significant
increases in phase transition Curie temperature may result from strains induced
by lattice mismatch or from differences between the coefficients of the thermal
expansion of epitaxial film and substrate [50-58]. Furthermore, theoretical
studies [52, 55-57] suggest that the room temperature phase need not necessarily
be tetragonal as is the case in the bulk sample, but also other phases are possible,
depending on the amount of stress and its character, i.e., tensile or compressive.

One demonstrated possibility to modify the lattice parameters of perovskite thin
films is to vary the oxygen working pressure during the film growth [59-65].
Several mechanisms have been suggested to influence the changes in crystal
structure and in values of lattice constants, such as lattice mismatch [50, 66],
difference of thermal expansion coefficients between the substrate and film [67,
68] and deviation in both stoichiometry [60, 64] and deposition kinetics [59].
When epitaxial thin films are deposited on near lattice-matched substrates large
intrinsic strains may be created since the film lattice attempts to follow the
substrate lattice periodicity. As a result, strain-induced structural changes can
have a significant effect on the film properties. The lattice constant of cubic
MgO is 4.21 A [69] and for tetragonal BTO lattice constants have the values
c¢=4.038 A and @=3.994 A [25]. This would lead to tensile stress in an epitaxial
BTO film on MgO. On the other hand, strain due to the thermal expansion
difference between the film and substrate also affects the structure of the
deposited film during cooling from the deposition temperature down to room
temperature. For example, it was estimated that during the cooling process from
a typical deposition temperature of 700 °C to room temperature, the parallel to
substrate surface strain is —0.28% between BTO film and MgO substrate [68].
This may create a compressive stress for in-plane directions in BTO film
favoring a condition where the ¢ axis of the BTO in the tetragonal phase aligns
itself parallel to the surface normal [67, 68].

The lattice of an oxygen deficient perovskite film expands beyond that of the
corresponding bulk ceramic [64] as a result of the shifted nearest neighbor

32



distance, due to the reduced Coulomb attractive force between cations and
anions in an oxygen deficient lattice. Oxygen vacancies are also proposed as a
mechanism which affect the internal stress state change in perovskites (from
compressive to tensile with increasing oxygen pressure). As a result of the shift
in lattice parameter mismatch between the film and substrate, the stress state can
be changed. This can result in a change in the preferred orientation of the film
[59, 60, 62, 64, 65] and even in the crystal structure, e.g., between the
paraelectric and ferroelectric phases, depending on the working pressure [70].

The control of oxygen partial pressure during the film growth by PLD has been
shown to be a means for tuning the structure and dielectric properties of
perovskite thin films. Since BTO has been demonstrated as a potential material
choice in optical waveguide modulators with promising electro-optic responses
[42, 71], our motivation was to study the influence of oxygen partial pressure
during BTO film deposition on the physical properties of the films which are
important for the realization of electro-optic waveguide devices.

3.3 Ferroelectric-paraelectric superlattices

Research efforts have been focused on attempts to improve the properties of
BTO thin films, mostly permittivity, by the formation of solid solutions and
multilayer structures with SrTiO; (STO). For example in Ba,Sr;TiO; (BST)
solid solutions, the tunability of the permittivity can be up to 80% [72]. Another
approach is to deposit alternating layers of these materials to form composite
superlattice structures with unique properties [73]. Interestingly, their physical
properties can be quite different from those in compositionally equivalent solid
solutions. In the case of oxide superlattices of BTO and STO, stacking structure
has been shown to be an important parameter to engineer permittivity and its
nonlinearity with tunability values as high as 94% in the optimized structure [74,
75].

These superlattices have been fabricated with a very accurate control of the
stacking periodicity, down to the order of a unit cell length, by different methods
like molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) [74, 76].
Relatively large stresses are induced in such superlattice structures due to the
mismatch between the stress-free in-plane lattice parameters of 3.994 A and

33



3.905 A for BTO [25] and STO [77] respectively. Stresses are relaxed by the
formation of dislocations, the density and distribution of which depend on the
thickness of the film. As a result, strain can be controlled by adjusting the layer
thicknesses of the superlattice [73]. Besides the mechanical coupling, another
factor affecting the dielectric properties is the electrostatic coupling between the
ferroelectric and paraelectric layers, when a polarized ferroelectric layer tends to
induce dipoles also in paraelectric materials [78, 79].

While the majority of research on oxide superlattices has been focused on the
dielectric properties, significant enhancements in second-harmonic generation
upon optimization of the stacking periodicity in BTO-STO superlattices [80]
have been observed. This technique has also been utilized to study the internal
dipole structure of these composite structures [81]. Likewise, enhancements in
the electro-optic response in relaxor oxide superlattice structures have been
reported [82]. The aim in this work was to study whether BTO-STO based
superlattices can be used to produce structures with high electro-optic
coefficients in the same method that the tunability of the permittivity could be
enhanced by the use of superlattices.
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4. Experimental

4.1 Pulsed laser deposition of thin films

All the thin films in this work were deposited by pulsed laser deposition (PLD).
In PLD, high intensity laser pulses are absorbed by the target material, causing
the evaporation and the ablation of atoms, ions and clusters forming a thin
plasma layer on the surface of the target [14]. During the laser pulse exposure,
the emitted particles absorb energy from the laser beam, resulting in plasma that
expands in a perpendicular direction to the target surface, and can be collected
onto a substrate.

In the case of crystalline oxide materials, the film growth can be carried out
mainly by two methods [14, 49]. Substrate heating is utilized during 1) in-situ
process with typical temperatures between 400-1000 °C and an oxygen gas
working atmosphere leading to a direct crystallization of the ablated species
reaching the substrate surface. Deposition can be made also in a vacuum without
substrate heating. In this case amorphous as-deposited films can be crystallized
with 2) a post-annealing treatment. Both in-situ and post-annealing techniques
were applied in this work to produce different types of microstructures. When a
nearly lattice-matched material is grown in-situ on the substrate, typically high
growth of highly preferred crystal orientation (epitaxial or nearly epitaxial)
occurs. A post-annealing technique produces polycrystalline samples as a result
of randomly distributed nucleation centers. The final microstructure of the film
is commonly very sensitive to processing conditions. This property is applied
during this work in the manufacture of the thin films.

Two different deposition systems were used in this work. The main difference
between these systems was the used excimer laser wavelength. The other system
was equipped with XeCl laser (located at the University of Oulu) operating at a
wavelength of 308 nm and the other laser system (located at Massachusetts
Institute of Technology) with KrF 246 nm wavelength laser.
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4.1.1 Polycrystalline Pb(Zr,Ti)O; thin films

The pulsed XeCl-excimer laser and Pb¢7Ndg 02(Z1¢.55T19.45)O5 target were used to
deposit amorphous Nd-modified lead-zirconate-titanate (PNZT) thin films on
MgO(100) substrate. The deposition was carried out without substrate heating at
room temperature at a pressure of 6 x 10™ mbar. In order to achieve films with
different grain size distribution, the PNZT thin films were annealed at 700 °C,
800 °C and 900 °C, respectively, for 20 minutes under an inverted zirconia
crucible together with some PNZT powder after the deposition. The same
heating and cooling rate of 400 °C/h was used in every temperature profile.

4.1.2 Highly oriented BaTiO; thin films

Highly oriented BTO thin films were grown onto single crystal MgO(001)
substrates. The deposition system was equipped with a KrF (248 nm) excimer
laser, with its beam focused onto the nominally stoichiometric BTO pressed and
sintered target. All films were grown by using a laser repetition rate of 5 Hz. The
substrates were heated up to 700 °C at a rate of 10 °C/min before deposition
with oxygen partial pressure being the only varied process parameter. Oxygen
pressures of 1.5, 10, 15, 20, 25 and 30 mTorr (2 x 107, 1.3 x 10% 2 x 1072, 2.7 x
102, 3.3 x 107 or 4 x 10™ mbar) were used respectively, during depositions and
the samples were cooled down to room temperature at a rate of 5 °C/min.

4.1.3 BaTiO;-SrTiO; superlattices

BaTiO;—SrTiO; thin-film stacks with periodicity between 27 and 1670 A were
deposited onto single crystal MgO(001) substrates by alternately focusing the
laser beam on nominally stoichiometric BTO and STO targets. The thickness of
each layer was controlled by tracking the number of laser pulses during the
deposition with known deposition rates. In the study that was published in Paper
IV, the deposition system equipped with XeCl laser was used to grow the BTO-
STO stacks with varying stacking periodicity. A substrate temperature of 800 °C
and total oxygen working pressure of 5*10~ mbar were maintained during the
deposition. At first, a BTO seed layer with thickness of 20 nm was grown on the
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substrate followed by the periodic pairs of BTO-STO layers with a total film
thickness of about 360 nm.

The BTO-STO superlattices used in the modulator devices (Paper V) were
grown by KrF-laser setup. A substrate temperature of 700 °C and total oxygen
working pressure of 15 mTorr were maintained during deposition. A BTO
interfacial layer with thickness of 30 nm was grown on the substrate before the
deposition of BTO-STO layers with a total film thickness of 180 nm.

4.2 X-ray diffraction studies

The crystal structure of the thin films was examined by x-ray diffraction (XRD)
measurements. The crystal structures, grain size distributions and preferred
orientations in films were characterized from 6-26 scans. The mean grain size of
polycrystalline PNZT films was calculated by using the Warren-Averbach
method (WinFit software) [83].These scans were also utilized to calculate the
out-of-plane lattice parameters of the BTO films. The MgO reflections were
used as an internal reference to make 26 corrections. When characteristic
material reflections were observed, as it was the case with single layer BTO
films and BTO-STO superlattices of long stacking periodicity, the lattice
parameters were determined from fitted diffraction peaks (JADE and WinFit
software). Non parallel-to-surface planes of BTO films were mapped (Bruker D8
equipment) to identify the symmetry of the crystal planes and to calculate the in-
plane lattice parameter with the help of §-26 scan results.

The characteristic reflections of BTO and STO were not observed in the case of
short periodicity superlattices, when out-of-plane lattice parameters were
estimated by a simulation method taking into account angle dependent x-ray
scattering factors of different ions in stacked perovskite structures and the
Lorentz-polarization factor [84, 85]. In single layer BTO or STO film, the
structure factor can be expressed as

Farosto = Za(j)eiqz ) (33)
J
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where a(j) are the atomic (ionic) scattering factors and sum j runs over the ions
in perovskite unit cell. The films were epitaxial/nearly epitaxial with (00m)
orientation, so only the z-direction (out-of-plane) was included in calculation. In
this expression the scattering vector length ¢ is

g = 227”sin(9) . (34)

In superlattices the crystal periodicity is the length of the supercell, which
consists of BTO and STO perovskite cells illustrated in Figure 9(a).
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Figure 9. (a) The supercell structure in periodic BTO-STO superlattices. The
lowest pattern in (b) represents the simulated XRD 6-20 patterns of the
superimposed BTO and STO single layer structures. Above is illustrated the
formation of satellite reflections in superlattices with 3 and 12 unit cell
periodicities, respectively.
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The supercell structure factor is expressed now as

_ iqd gro/sTO
Fsuperceu = z Frosto® > (35)

where the summation consists of the phase modified BTO and STO structure
factors Fgros sto. The perovskite cell length dgrosto is along the out-of-plane
direction. Figure 9(b) illustrates the influence of the stacking periodicity on the
XRD 6-26 patterns. The lowest plot presents the superimposed BTO and STO
simulation patterns with characteristic (001) materials reflections. In two upper
plots are shown the simulated curves of the BTO-STO superlattices with
periodicities of 3 and 12 unit cells. The characteristic BTO and STO diffraction
peaks are now replaced by the bundle of the superlattice reflections with the
number on the peaks representing the order of the satellite reflections. The
periodicity of the satellite reflections depends on the stacking structure with
increasing angle spacing with decreasing stacking periodicity according to the
Bragg equation.

4.3 Dielectric properties

A micro-probe station, equipped with an HP 4192A impedance analyzer, was
utilized in the dielectric measurements. Relative permittivity and its tunability,
i.e. change in permittivity as a function of applied bias electric field, were
characterized with a platinum inter-digital-electrode (IDE) configuration, which
was sputter deposited onto the film and lift-off patterned.

The error in permittivity due to the geometrical variation of electrodes was
estimated by fabricating IDE capacitors with 10 pm (52 fingers) and 20 pm (26
fingers) widths and separation and length of 800 um. By using Farnell’s analysis
[86] and applying a stray circuit model to take into account a finite impedance of
cables, probes and electrodes, less than 9% deviation was observed in
permittivity between different electrode configurations on the same film. Prior to
dielectric measurements, the electroded samples were heated up to 500 °C and
cooled down to room temperature to avoid potential electrode destabilization
effects during actual measurements. The sample temperature was monitored by a
thermocouple attached to the sample during elevated temperature permittivity
studies.
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4.4 Waveguide fabrication

To confirm the suitability of the BTO single layer and BTO-STO multilayer
structures in optical guided wave devices and to characterize the electro-optical
properties, Mach-Zehnder waveguide intensity modulator structures were
fabricated. Recently, directly etched ridge [42, 87] and strip-loaded [18] type
optical waveguide structures based on ferroelectric thin film technology have
been demonstrated. A strip-loaded type device was chosen, since this allows for
the use of easily patterned materials for the guiding structure rather than having
to pattern the superlattice stack itself. A fabricated structure on a MgO substrate
(n=1.70) is shown in Figure 10. Si,Ny layers with thickness of 270 nm were
grown by plasma enhanced chemical vapor deposition (PECVD) and
lithographically patterned and etched by reactive ion etching (RIE). A refractive
index of 1.79 was measured at 1550 nm wavelength for a Si\Ny slab film
prepared in the same manner as the above Si Ny layer. Al electrodes adjacent to
the active arm were sputter deposited and lithographically patterned and etched
with standard aluminum wet etchant.

Figure 10. Cross section scanning-electron-microscope image of the active arm
of the Mach-Zehnder modulator with Si,N, strip-loaded waveguide structure on
BaTiO; thin film.

By using the expression [71]

Ag

y, =— 36
LY (36)

the values of effective linear electro-optic coefficient r. can be extracted. The
electrode length L and the separation g between the electrodes were 3 mm and
9-15 um, respectively. V, is the voltage required to cause a 180° phase shift. I" is

40



an overlap factor describing the portion of the light in the active layer
experiencing the electro-optic effect and was obtained by using a commercial
simulation software (FIMMWAVE). The induced electric field was assumed to
be homogenous in the vicinity of the guiding SiNy strip due to relatively large
electrode separation, and this was also supported by simulations (COMSOL
MULTIPHYSICS). The thicknesses of the active films in this work were
between 180 nm (Paper V) and ~400 nm (Paper III) with estimated values of the
overlap factor between 0.39 and 0.74, respectively.

4.5 Characterization of optical properties

The refractive index » and extinction coefficient £ of the polycrystalline PNZT
films were determined by spectral UV-VIS-NIR transmission method [Paper I].
SCI Film Spectrum software was utilized to fit n and k with measured data. An
example of this kind of measurement data is shown in Figure 11(a). The relative
high modulation in transmittance is due to the high refractive index contrast
between the film (2.25-2.5) and substrate ~1.7—-1.72.
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Figure 11. Transmission (a) and prism-coupling (b) methods used in this work to
characterize the static optical properties of the films.

Refractive indices of single layer BTO films and BTO-STO superlattices were
measured by the prism coupling method (Metricon 2010) [88, 89]. The setup
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was equipped with a polarization state shifter allowing the determination of
refractive indices along both in-plane and out-of-plane directions. Figure 11(b)
illustrates a typical result of the prism coupling measurement of an epitaxial
BTO film. In this measurement, the thin film sample is pressed against a high
index prism. A laser sourced beam is directed towards the base of the rotating
prism, and normally the beam experiences a total internal reflection due to index
contrast between the prism and the sample. However, at certain discrete incident
angles, light couples via an evanescent field into the film as a guided optical
mode, resulting in a sharp drop in the reflected intensity.

Electro-optic responses of the slab films were measured with a similar setup
used, e.g., by Adachi et al. [90] and illustrated in Figure 12(a). In order to study
the electro-optic response evolution with increasing crystallite size in
polycrystalline PNZT films and with stacking periodicity of the BTO-STO films,
Cr electrodes were deposited on the top of the film by using e-beam evaporation
with physical masking. In this arrangement an He-Ne laser (633 nm) sourced
beam was directed into the gap between electrodes. The polarization state angle
of the incoming beam was at 45° relative to the applied electric field direction.
In-plane induced shift in birefringence dAn due to electro-optic effect causes the
phase retardation ¢ between perpendicular field components and can be
expressed as

0= 27” SAnd (37)

where A is the wavelength and d the film thickness. By using a quarter wave
plate the polarization state is returned back to linear, but with slightly different
angle a from 45° and this shift was measured. The phase retardation shift ¢ due
electro-optic effect can be obtained by doubling the polarization angle shift in
this measurement arrangement [90]. The setup was equipped with a polarization
splitting prism and the polarization angle was determined by measuring the
intensity difference between the orthogonal components IX=EX2=E2cosz(a) and
Iy=Ey2=Ezsin2(a) with two oppositely coupled photo detectors i.e. Iy — I, = E?
[cos (@) — sin® (a)] — (I - Iy, )/I = cos (2 a ). The setup was equipped with a
phase lock amplifier that was frequency matched with a chopper modulating the
laser light. Figure 12(b) illustrates a typical measurement result of the
birefringence shift in PNZT as a function of applied electric field.
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Figure 12. (a) The measurement setup used to characterize the electro-optic

response in slab film and (b) a typical measurement result of birefringence shift
as a function of applied electric field.

Figure 13(a) shows the measurement setup used to characterize the waveguide
properties of BTO and BTO-STO based devices and Figure 13(b) and (c) show
characterization results obtained with this arrangement. A fiber coupled laser
operating at 1550 nm wavelength was used as a light source in the waveguide
device measurements. The intensity was modulated with a chopper located
between two free space optical fiber connectors. The measurement setup was
also equipped with a fiber coupled polarization state controller. The correct
polarization at the input fiber was confirmed with the external polarizator before
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the actual waveguide measurement. TE polarized light was end-fire coupled into
the Mach-Zehnder waveguide modulator from the lensed input fiber. Proper
waveguide operation was verified by imaging the output intensity distribution
with a microscope objective coupled infrared camera (see Figure 13(b)). During
the electro-optic measurements, a voltage sweep was applied across the
electrodes, and the microscope objective collected light was directed to an
optical power meter instead of the camera. The intensity was read from a phase
lock amplifier that was frequency matched with the chopper. Figure 13(c)
illustrates the intensity variation during the voltage sweep. The observed
intensity modulation depth varied between about 2 and 9 dB. The variation in
modulation depth was assumed to be due to defects near the waveguides
inducing scattering and non-ideal intensity splitting/coupling in the test
structures.
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Figure 13. (a) The measurement setup used to characterize the Mach-Zehnder
device waveguiding and electro-optic properties. In (b) and (c) are illustrated
data obtained by using this setup: (b) intensity distribution at waveguide output
facet and (c) intensity modulation as a function of applied voltage.
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5. Results and discussion

5.1 Grain size effects in polycrystalline PNZT thin films

According to the XRD studies the mean grain size of Pbg¢7Ndg02(Z1¢.55T10.45)O;3
(PNZT) thin films varied between 91 and 213 A with increasing post-annealing
temperature from 700 °C to 900 °C [Paper I]. Both refractive index and electro-
optic coefficients were found to increase with increasing mean grain size, as is
shown in Figure 14. The shift in birefringence followed nearly the second order
response as shown in Figure 12(b) and Expression (4) was used to evaluate the
strength of the electro-optic effect.
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Figure 14. Refractive index n and electro-optic coefficient R as a function of
mean grain size of the PNZT thin films post-annealed at temperatures from 700
°C to 900 °C [Paper 1].

Values of the second order electro-optic coefficient R increase from 0.37x10™*
m’/V? to ~2x10" m*V? with increasing mean grain size in Figure 14.
Corresponding birefringence shift spans now from 1.4 x 10” to 12 x 10 at the
electric field of 25 kV/cm. These values of R are small compared to the electro-
optic coefficient of relaxor PLZT (8.8/65/35) with the value of 8x10™° m*/V? for
bulk ceramic [91] and for sputter prepared epitaxial PLZT thin films with
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compositions of (9/65/35) and (28/0/100), values of 1.0x10"°m*V? and
0.6x10™"° m*/V* have been reported, respectively [17]. However, the values are
comparable to the ones in sol-gel deposited PLZT films [92, 93].
Correspondingly, the value of the refractive index increased from 2.28 to above
2.45 with increasing mean grain size in Figure 14. In the films with mean grain
size above 200 A, the refractive index approaches typical bulk values of PZT
with various compositions [94].

The critical crystallite size where the ferroelectric tetragonal phase transforms to
paraelectric cubic phase in PbTiO; was estimated to be around 70 A by
Chattopadhyay et al. [95]. Experimental works suggest that the critical size can
vary depending on the composition and stress [47]. PbTiO; thin films maintain
ferroelectricity down to the film thickness of 7-14 nm. This size effect
suppresses various properties like remanent polarization, dielectric constant and
piezoelectric constants. Because the mean grain size of the films with weak
electro-optic coefficients was found to be around 100 A, a part of the grains is
assumed to be already in the paraelectric cubic phase reducing thus the electro-
optic effect. The cubic crystal structure can have an influence on the refractive
index due to different unit cell structure. Furthermore, the volume occupied by
the amorphous grain boundaries increases in the films with decreasing grain
size. Since the total dielectric constant of the film is a combination of dielectric
constants of grain boundaries and various crystallite phases, the electric field
induced birefringence shift is assumed to be lower in films with smaller grains.

5.2 Highly oriented BaTiO; thin films

5.2.1 Lattice strains and orientation

Figure 15 shows the results of XRD 6#-26 measurements of BTO films on
MgO(001) substrate deposited at different oxygen pressures [Paper II]. Only the
(001) peak and its multiples are seen in the patterns from the thin films grown at
oxygen pressures <10 mTorr. The diffraction peaks from the thin films shifted
towards lower diffraction angles as compared to characteristic bulk BTO (00m)
angles, implying an enlargement of the out-of-plane Ilattice parameter as
compared to the corresponding bulk c-axis value. The main peaks shifted
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between the characteristic bulk BTO (00m) and (m00) angles as the oxygen
pressure was increased during deposition, indicating a change in preferred
orientation from (001) to (100) orientation. When the oxygen pressure exceeded
15mTorr, reflections from (110)/(101) oriented planes were also seen in the 6-260
patterns together with (m00) main peaks indicating a change from hetero
epitaxial film to a polycrystalline structure. As the oxygen pressure reached 25
mTorr, minor non-characteristic tetragonal BTO phases were also observable in
the 6-20 pattern.
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Figure 15. X-ray diffraction 6-260 patterns of BaTiO; films deposited at different
oxygen pressures. Dashed lines near 260 = 100° represent bulk BaTiO; (004) and
(400) reflections at room temperature. Underlined labels represent the
(00m)/(m00) reflections, which are from the preferred orientation planes in
BaTiO; films [Paper I1].
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The asymmetric peaks may imply non-uniform microstrains in the films.
Analysis of Ka, radiation removed patterns revealed that, in films deposited at
1.5 and 10 mTorrs, the peaks are more spread to higher angles towards the
characteristic c-axis peak position, possibly due to strain relaxation. The 15
mTorr sample has the most symmetric peaks, indicating uniform stress level.
The peaks of films deposited at 20, 25 and 30 mTorrs are non-symmetrically
spread towards the lower angle. Related strains have been also observed in PZT
films experiencing c—a axis reorientation as a function of film thickness and
having the highest level of microstrain in a-axis oriented films near the
reorientation point and local minimum in microstrain on the c-side of the
reorientation point [96].

The break down of epitaxy was observed also in rocking curve measurements of
(002)/(200) reflections and ¢@-scan measurements of (103)/(301) planes when
samples were rotated by 360° as shown in Paper II. FWHM value increased due
to epitaxy break down in rocking curve measurements and in @-scans each
sample showed 4-fold symmetry along the MgO crystal direction. In the films
deposited at low pressures < 15 mTorr, the intensity between peaks was very
low, further supporting the hetero-epitaxial film structure. The films were
textured, when the oxygen pressure was 20 mTorr or higher. Peaks were broader
and a slight intensity remained at all ¢ angles, presumably due to the randomly
oriented grains between the substrate-aligned columns. For the 30 mTorr
sample, the peaks became sharper, correlating with rocking curve measurements,
and indicating a stronger influence of substrate on the crystal orientation of the
film.

Figure 16 shows the evolution of the lattice parameters as a function of the
oxygen pressure during film growth. As the gas pressure increases, the out-of-
plane lattice constant decreases. At low oxygen pressures the lattice constant
was significantly larger than that of the BTO single crystal ¢c=4.038 A [25]. The
c-axis values of 4.09 A and 4.07 A were determined for the films deposited at
the oxygen pressures of 1.5 and 10 mTorr, respectively. Epitaxial BTO films
with c-axis orientation can possess a significantly strained out-of-plane axis
from the bulk BTO value when grown on various substrates [50, 66]. It was also
suggested that the in-plane lattice constant does not necessary differ remarkably
from the corresponding bulk value with fluctuating out-of-plane parameter. This
was also observed in this study in the samples deposited at low oxygen
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pressures, where the in-plane lattice parameter was close to the bulk BTO crystal
value. The oxygen pressure range between 15 and 20 mTorr is particularly
interesting since it reflects the range where the crystal orientation changes from
c-axis to a-axis oriented. A similar c—a reorientation of Ba,Sr;TiO; (BST)
films on MgO substrate has also been reported where a nearly cubic structure
was found at a specific oxygen pressure [64, 65, 70]. The preferred orientation
of sputter deposited polycrystalline BTO thin films on amorphous quartz, with
changes from (100)/(001) to (110) orientation with increasing sputtering
pressure has also been observed [59].
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Figure 16. Out-of-plane and in-plane lattice parameters of BaTiOj thin films on
MgO(001) substrates as a function of oxygen pressure during deposition.
Dashed lines present the values of a- and c-lattice parameters of bulk BaTiO; at
room temperature [Paper I].

The identity of the crystal phase in coherent hetero-epitaxial ferroelectric films
has recently attracted much theoretical interest. Although some controversy
remains with respect to the nature of the detailed temperature dependent strain-
phase diagram, agreement exists with general behavior illustrated in Figure 17.
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Figure 17. Theoretically obtained diagram illustrating the temperature
depended phases in coherent epitaxial BaTiOj thin film on a substrate inducing
a biaxial stress [56].

The substrate induced compressive biaxial stress favors the tetragonal c-phase
with polarization vector along the <0,0,+1> direction (see for example Ref.
[56]). Near the strain free region, the ferroelectric 7-phase is monoclinic and the
polarization vector points to the <n,n,m> direction. Under tensile biaxial stress,
the coherent epitaxial film is in the aa-phase (orthorhombic) with polarization
vector along the <+1,+1,0> direction. High temperature phases are non-polar
paraelectric p-phases.

The films deposited at oxygen pressures >15 mTorr were not epitaxial, though
highly oriented. Therefore, it is assumed that the substrate influence was partly
relaxed due to the polycrystalline structure. In XRD off-axis measurements of
the g-oriented films, i.e., the elongated unit cell axis is along the surface,
reflections from (202) and (220) planes were undistinguishable. A similar lack
of tetragonal peak splitting is reported for the epitaxial a-axis oriented BTO
films on MgO(001) substrate [54]. This was attributed to a slightly different
orthorhombic phase in the film from the orthorhombic phase in the bulk. In the
film, the pseudocubic phase has a square in-plane lattice due to substrate
constraint, while in the bulk, the unit cell is elongated along the face diagonal
direction [54]. In this work, the lack of observable tetragonal splitting could also
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be due to strain relaxation, so the actual phases can not be determined
conclusively. However, if coherent epitaxy is maintained without defects in
crystal, then the crystal phases would follow the c—r—aa chain along with
increasing oxygen working pressure during the deposition. Potentially, 1.5 and
10 mTorr samples have a c-phase structure, while the 15 mTorr sample is closer
to the aa-phase structure possessing either the c- or r-phase structure. Further
pursuit of the phase evolution is not clear due to breakdown of epitaxy, but the
tendency for g-axis orientation is observed with increasing oxygen pressure.

Figure 18 shows an AFM surface images of the samples deposited at different
oxygen pressures. At low oxygen pressure, the surface is smooth with a RMS
surface roughness value of unit cell order [Paper II]. The 10 mTorr oxygen
pressure produced a film having a generally smooth surface with a bimodal type
morphology. As the pressure was further increased, the RMS surface roughness
value increased sharply when the oxygen pressure exceeded 15 mTorr but then
plateaued at about 25 nm at high deposition pressures. These measurements
together with XRD measurements indicate a change in the film growth
mechanism from epitaxial towards polycrystalline.
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Figure 18. AFM-imaged surface morphologies of the BaTiO; thin films
deposited at oxygen pressures of 1.5, 10, 15, 20, 25 and 30 mTorr, respectively
[Paper 11].

5.2.2 Dielectric properties

Figure 19(a) shows the normalized tunability of the relative permittivity at
1 MHz as a function of electric field for the produced BaTiO; films. During
measurements, electric fields up to 3.4 V/um were applied with no observation
of the saturation of tuning. The 1.5 mTorr sample had a tunability of 5% at
maximum field with a slight hysteresis behavior. The highest tunability of 9%
was measured for the 10 mTorr sample. A tunability of 6% was observed for the
15 mTorr sample which exhibited a unique tunability curve characterized by the
most open hysteresis loops, and a clear increase in permittivity at small electric
fields. This may be explained by domain re-orientation due to the external
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applied field. The slope at high fields was similar to that exhibited by the 10
mTorr sample. The hysteresis loops of the a-axis oriented films (20, 25 and 30
mTorr) had nearly identical tuning curves with a field insensitive region at low
fields and ~5% tunability at maximum applied field with some hysteresis.
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Figure 19. Normalized relative permittivity at 1 MHz as a function of bias field
measured in BaTiO; films deposited at different oxygen pressures (a) before and
(b) after a poling treatment [Paper 11].

Figure 19(b) shows the same permittivity tuning curves after a poling treatment
of these samples. In this treatment the samples were heated up to 300 °C with a
DC electric field of 8 V/um applied across the IDE finger pairs during the
cooling step. As a result, the symmetric tuning curves before poling became
asymmetric and generally the tunability increased. Samples deposited at 1.5 and
10 mTorr pressures exhibited <5% and 10% tunability opposite to and along the
poling electric field directions respectively. The 15 mTorr sample had about
15% tunability in both directions. Along the poling direction, the hysteresis loop
opening was very narrow, but the loop opened considerably in the opposite
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direction. The samples deposited at 20, 25 and 30 mTorr showed also
asymmetric tuning behavior after poling. The tuning curves along the poling
field were almost linear with a slight hysteresis. These measurements support the
observations of the polarization reorientation suggested by the XRD
measurements. Generally, the c-oriented films were only slightly polarized after
poling and the tuning curves for a-oriented films became nearly linear as a result
of the poling treatment. The strong effect of poling on the 15 mTorr sample
supports the assumption that it also has a polarization component along the
surface, i.e. it can potentially be in the r-phase, which is also supported by the
reduced tetragonality according to XRD measurements.

5.2.3 Optical properties

Figure 20(a) shows the in-plane and out-of-plane refractive indices at 633 nm. In
samples deposited at 1.5, 10 and 15 mTorr oxygen pressures, the in-plane
refractive index was ~2.34 while the out-of-plane value increased slightly with
increasing oxygen pressure from 2.30 to 2.33. As the oxygen pressure exceeded
15 mTorr, the refractive indices decreased significantly, down to about 2.11—
2.15. This is attributed to the breakdown of epitaxy as suggested by the XRD
measurements and related to observations on the influence of grain size
distribution on the refractive index in polycrystalline films. Figure 20(b) shows
the birefringence (defined as the difference in refractive indices between the in-
plane and out-of-plane values) and lattice distortion from the cubic phase
(defined as 1 — [in-plane lattice parameter]/[out-of-plane lattice parameter]) as a
function of oxygen pressure during film growth. The films deposited at 1.5 and
10 mTorr were strongly c-axis oriented with a high degree of birefringence.
Increasing oxygen pressure decreased the tetragonal crystal distortion correlating
well with reduction in birefringence. It is interesting to note the region between
15 and 20 mTorr where both the crystal distortion and birefringence change their
sign as a consequence of the c—a axis crystal reorientation.
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Figure 20. (a) In-plane and out-of-plane refractive indices at 633 nm
wavelength in BaTiOj; films deposited at different oxygen pressures. (b) Optical
birefringence and lattice distortion from cubic structure determined from x-ray
diffraction measurements in BaTiO; films as a function of oxygen pressure
during film deposition [Paper I11].

Due to the observed crystal reorientation between 10 and 20 mTorr oxygen
pressure, Mach-Zehnder waveguide modulators were fabricated with samples
deposited at 10, 15 and 20 mTorr oxygen partial pressures yielding BTO films
with both c- and g-axis orientations, respectively. A localized intensity peak was
observed at the output facet of devices fabricated with samples deposited at 10
and 15 mTorr oxygen pressures. The output intensity of the 20 mTorr sample
was unlocalized, presumably due to scattering from the relatively rougher
surface or from the grain boundaries in polycrystalline media. The intensities at
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the Mach-Zehnder interferometer output on 10 and 15 mTorr BTO films as a
function of applied electric field are plotted in Figure 21(a). The intensity curves
are nonperiodic, as a function of electric field, which is a characteristic feature in
the case of BTO films due to the influence of the Pockels coefficient ry, together
with the domain poling effect as described in Section 2.2.
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Figure 21. (a) Measured optical intensity at Mach-Zehnder waveguide
modulator output facet as a function of applied electric field [Paper Ill]. (b)
Calculated intensity modulation in a device based on the BaTiO; bulk single
crystal with different r; values.

The electric field (V,/g) needed to induce peak to valley intensity modulation at
high electric fields was 3.3 V/um and 2.7 V/um for 10 mTorr and 15 mTorr
BTO film devices, respectively. In the tested structures, the overlap factor was
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about 0.69 for the 10 mTorr BTO sample and 0.74 for the 15 mTorr sample. The
refractive index n of the samples was approximately 2.24 at this wavelength. By
substituting the appropriate terms into Expression (36), an effective electro-optic
coefficient of 20 and 23 pm/V was obtained for the 10 and 15 mTorr BTO films,
respectively.

Figure 21(b) shows the calculated intensity modulation as a function of an
electric field obtained by using the assumption that the applied electric field is
perpendicular to the polarization vector as shown Figure 7(b). The in-plane
index value of 2.24 was used as #n, and n.=2.22, which were measured values at
1550 nm for the film deposited at oxygen pressure of 10 mTorr. In calculations,
the overlap factor I' was taken into account by multiplying the phase shift by the
value of 0.69. By using rs value of about 110 pm/V the calculations
approximate the modulation in Figure 21(a) at low electric fields. Instead at
higher fields, measured periodicity of the modulation does not decrease as fast as
suggested by the calculations. This indicates that though the periodicity
decreases with increasing electric field, the shift in refractive index is smaller
than the second-order response as assumed in calculations. This can possibly be
due to substrate induced clamping preventing the rotation of the polarization.

The influence of domain structure and stress effects in BTO films has been
shown to be a very significant factor in the performance of microelectronics and
microphotonics devices. Substrate stabilized c-orientation is preferred in
memory elements, where the film is sandwiched between electrodes. In electro-
optic devices based on films containing a-oriented domains are desired enabling
reduced driving voltages for the intensity modulation [60]. The reported
effective electro-optic response values in BTO films consisting of partly in-plane
(a-oriented) domains vary between 38 [71] and 360 pm/V [97].

5.3 Superlattices

5.3.1 Influence of stacking periodicity on lattice strain

Figure 22 shows a low angle region of the XRD #-26 diffraction patterns of five
BTO-STO superlattice structures. The formation of periodic satellite peaks due
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to the superlattice structure is shown in patterns from samples with short
stacking periodicity in Figure 22(a). From the patterns it was possible to
calculate the periodicity of the BTO-STO superlattices by the simulation of the
XRD patterns shown below the measured plots in Figure 22(a). The periodicity
values of 27, 49 and 105 A were obtained with the out-of-plane lattice
parameters of 4.20-4.22 A for BTO and 3.91 A for STO. In terms of super cells
consisting of BTO and STO unit cells this would lead to the stacking
periodicities of [BTO]3.4-[STO]3.4, [BTO]s-[STO]s and [BTO];3-[STO];3 for the
films with 27, 49 and 105 A periodicities, respectively. This indicates the mixing
of 3 and 4 unit cell stacking structures in the supercell of the shortest periodicity.
The mixing was also suggested by the broadening of the measured —1 satellite
reflection over the two simulated satellite reflections of the [BTO];-[STO]; and
[BTO]4-[STO], structures. The c-lattice parameter of BTO bulk is 4.038 A,
which implies a highly strained lattice in these superlattices [25]. On the
contrary, the STO lattice parameter was relatively close to the bulk value of
3.905 A [77].
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Figure 22. Measured and simulated x-ray diffraction 6-260 patterns of the BTO-
STO thin film stacks with varying stacking periodicity. (a) Measured and
simulated patterns of the superlattices with periodicity of 3 & 4, 6 and 13 unit
cells of both BTO and STO in the supercell. The numbers above the peaks
represent the multiples of the superlattice satellite reflections. In the lowest
simulation pattern, —1 satellite reflection is shown for two supercells having 3
and 4 unit cells of both BTO and STO, respectively. (b) The measured patterns
of the superlattices with periodicity of 314 and 1670 A. [Paper IV]

When the layer thickness increased, the satellite peaks were no longer observed.
Instead, only the characteristic BTO and STO reflections were observed, and the
periodicity was estimated by comparing the number of deposited layers with the
measured total film thickness resulting in the periodicities of 314 and 1670 A.
Calculated lattice parameters in the short periodicity films were also supported
by the measurement results of the films with 314 and 1670 A periodicities. In
these patterns BTO peaks were broad, indicating a strong relaxation of the out-
of-plane lattice parameter. In the film with 314 A periodicity the BTO (001)
reflection shows a double peak form in Figure 22(b). This is attributed to the
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relaxation of strained crystal from the lattice parameter of 4.21 A to 4.08 A
supporting the results of highly shifted BTO out-of-plane lattice parameter in
superlattices of short stacking periodicity due to interface induced stress. Similar
strain relaxation was also observed in BTO-STO stack of 1670 A periodicity. In
this structure, the maximum XRD peak intensity corresponds to the lattice
parameter of about 4.08 A implying that most of the BTO lattice volume is
partly relaxed. Similar type behavior of a highly strained BTO out-of-plane
lattice parameter, and of a more stable STO parameter, were also observed in a
previous study [73]. In this work, the high strain could also partly originate from
the MgO substrate with the large temperature expansion coefficient that can put
the stack in compressive stress favoring c-axis orientation as described in
Section 3.2 [68].

The evolution of the epitaxy breakdown in stacks with thin layers is also worth
noting. In the films of long periodicity (314 A and 1670 A), no other than (001)-
based reflections were observed, while in films of short periodicity the intensity
of (110)/(101) peaks increased with decreasing stacking periodicity. This is
assumed to be related to the number of BTO-STO interfaces, which increases
with decreasing layer thickness.

5.3.2 Optical properties

Figure 23(a) shows the out-of-plane and in-plane refractive indices at 633 nm
wavelength as a function of stacking periodicity. In superlattices of short
periodicity, the in-plane index is about 2.33 and out-of-plane index about 2.30.
Their difference, i.e. birefringence, is plotted in Figure 23(b). It shows a slightly
decreasing trend with increasing periodicity and a steeper decrease between 314
and 1670 A stacking periodicity. This can be explained by the results of XRD
measurements. The measured refractive index is an average value across the
film. In 1670 A periodicity film, most of the BTO volume was at least partly
relaxed, resulting in a decrease in ion distances and thereby in an increase in out-
of-plane refractive index.
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Figure 23. (a) In-plane and out-of-plane refractive indices of BTO-STO
superlattices at 633 nm wavelength as a function of stacking periodicity and (b)
corresponding birefringence behavior. The dashed line represents the trend line
of the birefringence with increasing stacking periodicity [Paper IV].

Figure 24(a) shows the electro-optic response induced in-plane birefringence
shift 3An as a function of applied electric field. The curves are plotted with the
offset value of 5*10° for the purposes of clarity.
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Figure 24. (a) Birefringence shift 0An of BaTiOs;—SrTiO; superlattices at 633 nm
as a function of electric field. The dashed lines represent the region used to
extract the effective linear electro-optic coefficients that are plotted as a function
of stacking periodicity in (b) [Paper 1V].

The shift is non-linear with a rather plateau region at low fields followed by a
steeper increase. The measurements were carried out with an electric field sweep
between —3 to 3 V/um, but only the positive side is shown in Figure 24(a), since
the curves were centrosymmetric. The commonly used first order effective term
in Expression (3) was used to compare the strength of the electro-optic response
obtained by using the linearized part between 2.5 and 3 V/um (region between
the dashed lines in Figure 24(a). Calculated r values as a function of stacking
periodicity are plotted in Figure 22(b). As the stacking periodicity decreased
from 1064 A to 106 A the effective electro-optic response was increased from 12
up to 51 pm/V. After reaching a maximum point, the  value decreased again
with the decreasing periodicity.

The mechanism present in this behavior of the electro-optical response is not
well understood. It can be related to observations of the permittivity and its

62



nonlinearity reaching maximum value at a certain stacking periodicity. Some
reported superlattice stacking structures that exhibited maximum permittivity
values in these superlattices are collected in Table 1. In Refs. [98, 99 and 100],
the permittivity decreases with both increasing and decreasing stacking
periodicity around the maximum point. Also rather monotonically increasing
permittivity with decreasing stacking periodicity have been reported in
experimental works [73, 75, 82, 101, 102]. In Ref. [82] an electro-optic response
was also studied as a function of the stacking periodicity, and it was found to
increase more than an order in magnitude when permittivity increased by 50%.

Table 1. Reported stacking structures of different superlattices having the
maximum permittivity value in each studied group of superlattices (see text).

Material Stacking periodicity Measure- Epitaxial/ Ref.
for max permittivity ment Poly-
direction crystalline
BaTiO3-SrTiO3 2 % 10 unit cells In-plane Epitaxial [98]
BaTiO3-BaZrO3 2 x 10 unit cells In-plane Epitaxial [99]
BaTiO3-SrTiO3 2 x 20 nm Out-of-plane  Polycrystalline [100]
BaTiO3-SrTiO3 2 x (3-5) unit cells Out-of-plane - [75]
BaTiO3-SrTiO3 2 x (2—4) unit cells Out-of-plane Epitaxial [73]
BaTiO3-SrTiO3 2x1nm Out-of-plane Epitaxial [101]
Bao gSro2TiOs- 4 unit cells Out-of-plane Epitaxial [102]
Bap.4SroeTiO3
Pb(Mg1/3Nb23)O3 10 nm Out-of-plane Epitaxial [82]
PbTiO3

Whether BTO or STO layer gives a major rise in the enhancement of the electro-
optic response in BTO-STO superlattices is not known. Permittivity in STO is
not tunable at room temperature in bulk, but it has been shown that in a thin film
after manipulation of the stress state its tunability can increase significantly even
in a single layer STO film [103].
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Though the trend line of the electro-optic response as a function of stacking
periodicity in Figure 24(b) resembles the observations of reported permittivity
along the in-plane direction, the response can be influenced by the internal
dipole structure. In this work, the electric field inducing the electro-optic
response was along the in-plane direction.
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Figure 25. (a) Weak and (b) strong coupling between ferreoelectric layers in
ferroelectric (FE) — paraelectric (PE) superlattice [79]. (c) Polarization

orientation in BTO-STO multilayers. SrTiO3, BaTiO3 and interface cells are
labeled as S, B and I, respectively [104].

Both computational [79, 104, 105] and experimental [81] works suggest that the
internal dipole structure is sensitive to the stacking periodicity. For long stacking
periodicity each ferroelectric layer has an independent domain structure with
depolarization fields, and layers are said to be weakly coupled, which is
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illustrated in Figure 25(a). Below a critical layer thickness, the layers are
coupled via electric field arising from ferroelectric layers, and then the
superlattice structure behaves as an uniform material [79] as illustrated in Figure
25(b). First-principle computational studies predict that the BTO-STO
superlattices of short periodicity behave as a homogenous material with a
temperature dependent phase diagram resembling that of pure BTO film shown
in Figure 17 [105]. Instead, in the superlattices of longer periodicity, the
polarization reorientation from out-of-plane to in-plane occurs in STO layer with
increasing stacking periodicity [104]. This is explained by the larger lattice
parameter of BTO than that of STO, resulting in a tensile stress in the STO layer
and a more compressive stress in the BTO layer. Figure 25(c) shows calculated
polarization distributions in BTO-STO superlattices illustrating the possibility of
different polarization distributions in BTO and STO layers.

In addition, decreasing compressive stress originating from the MgO substrate
results in a reorientation of the polarization first in STO. Further increase of the
tensile strain leads to the disappearance of out-of-plane polarization also in the
BTO layer, in favor of the in-plane aa-phase. Computational studies also
indicate that both the out-of-plane and in-plane permittivity can increase
significantly along with the strain shift maximum value near the polarization
reorientation point [105, 106]. The stress state relaxation observed in this work
with increasing stacking periodicity can possibly also influence the increase of
the tuning properties. Potentially, a certain stacking structure can thereby lead to
an optimal response for a specific electric field direction. It is also possible that
the grain boundaries, due to the breakdown of epitaxy, can reduce the external
electric field penetration inside the superlattice columns.

The suitability of BTO-STO superlattices for the waveguide applications were
evaluated by manufacturing and characterizing waveguide Mach-Zehnder
devices [V]. According to the XRD measurements, each layer in the superlattice
consisted of 11 unit cells. The cross section of the active arm of the intensity
modulator and some measurement results with it are shown in Figure 26. The
localized near field intensity distribution at the output facet of the device shown
in Figure 26(b) confirmed the proper waveguiding operation and possibility to
use ferroelectric-paraelectric superlattices in planar optical applications. An
applied electric field across the active arm of the Mach-Zehnder device caused
an intensity modulation shown in Figure 26(c). An effective electro-optic
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coefficient of 73 pm/V was obtained for the BTO-STO superlattice film by
substituting the appropriate terms into Equation (19). Utilizing the same Mach-
Zehnder structure and processing conditions, but substituting the BTO-STO

superlattice with a single layer BTO film, a r.gvalue of only about 23 pm/V was
obtained as explained in Section 5.2.3.

(a) (b)

SiN,

BTO-STO | =
Al ] Al

MgO

)
(®)
N—"
—
(@
N—"

©c o o o
© © © o
& 0o © =]
7 1 ) N

Intensity [a.u.]
T
>
<
=
3

o

©

N
)

Normalized capacitance [a.u.]

o
©
o

o
N
N
w4
IS
3]
w

3 2 4 o0 1 2 3
Electric field [V/pm] Electric field [V/um]

Figure 26. A demonstration of ferroelectric-paraelectric superlattice waveguide
device. (a) Cross section SEM-image of the device and (b) an intensity
distribution image taken at the Mach-Zehnder waveguide output facet. (c) The
intensity at the Mach-Zehnder modulator output as a function of the applied
electric field and (d) the normalized capacitance of the device at 1 MHz
frequency as a function of bias electric field. The dashed lines show the
variation in tuning slope in different electric field regions.

The form of the intensity modulation as a function of the electric field is
interesting to note. The modulation periodicity increases at high electric field
values, indicating a reduction in the effective electro-optic response. Figure
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26(d) shows the normalized capacitance of the device at | MHz frequency as a
function of the electric field. A trend for the saturation was observed at high
field values due to reduced capacitance tuning behavior. At the used 1 MHz
measurement frequency, ions can follow the field. As the ion displacement
induces a refractive index shift, it is believed that this indicates the correlation
between the low frequency (1 MHz) and optical frequency tunability, i.e., the
shift in refractive index due to displaced ions. In the case of single layer BTO
films no sign of saturation in capacitance or optical modulation was observed
with used electric fields.
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6. Conclusions and outlook

The motivation for this work was to gain improved understanding of the micro-
and nanostructure influence on the optical properties of active ferroelectric thin
films with the view towards the manufacture of functional devices for photonics.
Three micro- and nanostructure effects were studied in this thesis: i) grain size
effects, ii) crystal orientation related properties in both epitaxial and
polycrystalline films and iii) some influences of superlattice periodicity.
Different micro- and nanostructures were obtained by tuning the processing
conditions in the fabrication of thin films by pulsed laser deposition (PLD).

Different grain size distributions in PNZT thin films were produced by pulsed
laser deposition on MgO(001) substrates at room temperature and post-annealing
at temperatures between 700 °C — 900 °C. Both the refractive index and electro-
optic coefficient of the films were found to increase with increasing mean grain
size. The value of the electro-optic coefficient increased from 0.37x10™"* m*/V?
up to ~2x10™"® m*/V? and the value of the refractive index increased from 2.28 to
2.46 with increasing mean grain size from 91 A to 213 A, respectively.

The crystal structure of BTO thin films grown on MgO(001) substrates at
700 °C by PLD was found to be strongly influenced by the oxygen partial
pressure used during growth. According to the x-ray diffraction measurements,
low oxygen pressures produced c-axis oriented films and roughness only of the
order of a unit cell length. With increasing oxygen pressure, the out-of-plane
lattice parameter decreased, while the in-plane value increased resulting in
reorientation to the g-axis orientation with a concomitant increase in
polycrystallinity and surface roughness up to RMS values over 20 nm, which are
too high, e.g., for optical devices.

This thesis includes the first electrical poling and optical birefringence studies on
the BTO lattice strains and on the direction of the polarization as a function of
background oxygen pressure during the pulsed laser deposition. In poling
experiments, the non-linear permittivity was characterized before and after the
poling treatment at elevated temperature. Poling altered only a slightly the form
of the tuning curves in c-oriented samples. Instead, in a-oriented samples the
tuning curves became almost linear as a result of the situation where the main
electric field component was applied along the polarization direction, because of
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the IDE electrode configuration. The influence of the crystal reorientation
resulted in the change of the sign of the optical birefringence correlating well
with XRD and electrical measurements. The surface roughness of the c-oriented
films was sufficiently low making possible the fabrication of Mach-Zehnder
waveguide modulators. The measured operation of the devices was compared
with the calculated operation of similar devices based on the bulk BaTiO;. The
calculations approximate the modulation at low electric fields. Instead at higher
fields, measured periodicity of the modulation in thin film device does not
decrease as fast as suggested by the calculations. Effective electro-optic
responses of ~21 pm/V were obtained for BTO films.

This thesis includes also the first studies on the directional dependent refractive
index, and the electro-optic response in BTO-STO superlattices with varying
stacking periodicity. These superlattice thin films with periodicity between 27
and 1670 A were grown on MgO(001) substrates. XRD measurements suggested
a highly strained out-of-plane lattice constant of 4.20—4.22 A in BTO layers due
to interface induced stress. On the contrary, the value of the STO lattice constant
was found to be relatively close to the bulk value. The stress in BTO layers was
relaxed as the layer thickness increased. The influence of strain relaxation in the
BTO layer was also found in optical birefringence measurements as the
birefringence decreased together with crystal strain relaxation. The electro-optic
response was found to increase with decreasing stacking periodicity in
superlattice stacks of BTO-STO and obtained a maximum value of 51 pm/V in a
superlattice stack of 105 A periodicity. A further reduction in stacking
periodicity resulted in a decrease in effective electro-optic coefficient. The
suitability of these superlattices for in planar waveguide devices was evaluated
by fabricating Mach-Zehnder devices as the first published device application of
these superlattices [Paper V], and their operation was confirmed by observing
proper waveguiding and intensity modulation due to the electro-optic effect.
Effective electro-optic coefficient value of 73 pm/V was obtained for the device
fabricated on the BTO/STO stack with 11 BTO and STO unit cells in a super
cell.

In this work, the processing conditions were found to be an important parameter
in the tuning of the optical properties of ferroelectric thin films. Recently,
substrate induced stress issues have been a notable topic in manipulating the
general physical properties of these materials in thin film forms. Since, all the
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films in this study were grown on MgO(001) substrates, it would be beneficial to
study how the manipulation of the properties by the processing conditions are
transferred to films with different substrate-originated stress states. Also, further
computational studies are required to explain comprehensively the observations
of the microstructure and superlattice effects on the dielectric and optical
response.

Technologically important issues include the integration of ferroelectrics on
semiconductor substrates to combine the superior electrical and light generation
properties of semiconductors and the electric-field induced activity of the
ferroelectrics [107, 108]. Another important research topic is the study of the
high-frequency responses of the films. This would require a careful design of
both optical and RF-electronics devices besides the optimized fabrication
processes [18]. Pulsed laser deposition is mainly used in research purposes due
to its relatively low equipment costs and versatility in depositing a wide range of
materials and multilayer structures. It has, however, drawbacks limiting its use
in volume production. This includes the difficulty to cover large areas of wafers
uniformly and without particulates of target material [14]. If other vacuum
deposition methods are therefore required for larger production volumes, the
studies in this thesis to manipulate the micro- and nanostructures and
consequently physical properties of the films are relevant also for other
processes like MBE or sputtering.
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