
A
B
C
D
E
F
G

UNIVERSITY OF OULU  P .O. B  00  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Professor Esa Hohtola

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-0547-2 (Paperback)
ISBN 978-952-62-0548-9 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

OULU 2014

C 502

Jarkko Puustinen

PHASE STRUCTURE AND 
SURFACE MORPHOLOGY 
EFFECTS ON THE OPTICAL 
PROPERTIES OF 
NANOCRYSTALLINE
PZT THIN FILMS

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING,
DEPARTMENT OF ELECTRICAL ENGINEERING

C
 502

AC
TA

Jarkko Puustinen

C502etukansi.kesken.fm  Page 1  Thursday, August 28, 2014  2:50 PM





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
C  Te c h n i c a  5 0 2

JARKKO PUUSTINEN

PHASE STRUCTURE AND SURFACE 
MORPHOLOGY EFFECTS ON THE 
OPTICAL PROPERTIES OF 
NANOCRYSTALLINE PZT THIN FILMS

Academic dissertation to be presented, with the assent of
the Doctoral Training Committee of Technology and
Natural Sciences of the University of Oulu, for public
defence in the Oulun Puhelin auditorium (L5), Linnanmaa,
on 3 October 2014, at 12 noon

UNIVERSITY OF OULU, OULU 2014



Copyright © 2014
Acta Univ. Oul. C 502, 2014

Supervised by
Professor Jyrki Lappalainen

Reviewed by
Doctor Jesús Ricote
Associate Professor Tapio Niemi

ISBN 978-952-62-0547-2 (Paperback)
ISBN 978-952-62-0548-9 (PDF)

ISSN 0355-3213 (Printed)
ISSN 1796-2226 (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2014

Opponents
Doctor Jesús Ricote
Doctor Antti Säynätjoki



Puustinen, Jarkko, Phase structure and surface morphology effects on the optical
properties of nanocrystalline PZT thin films 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering, Department of Electrical Engineering
Acta Univ. Oul. C 502, 2014
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

In this work, phase structure and the surface morphology effects on the optical properties of
nonlinear active nanocrystalline PZT thin films, with the high refractive index (n ≈ 2.5), were
studied.

A preliminary thickness-temperature map of the majority phase was presented, showing the
dependence of room temperature deposited films thickness and post-annealing temperature on the
crystallization and surface morphology. Changes in structural phase and surface morphology were
found to define the optical properties of the films. The optical absorption edge shifted to shorter
wavelengths with decreasing film thickness and post-annealing temperature, which led to an
increase in band gap energies with ΔEg ≈ 0.55eV. Structural phase evolution induced surface
effects caused the definite diffuse elements in the transmission spectra of the films. Low and
evenly distributed scattering amplitudes in k-space were seen for single-phase oriented films with
non-textured surfaces and led to low diffuse transmission values with TD ≈ 5%. Confined and
increased scattering amplitudes in k-space were seen for films with phase co-existence, leading to
microstructure-induced textured surfaces and increased diffuse transmission values with
TD ≈ 50%. Diffuse transmission properties of the films were also calculated from surface profile
data, using scalar scattering theory. The results showed very good agreement with the
experimentally defined values. The difference between modelled and measured values was 3.8%
at the maximum. Also changes in the surface morphology and crystal orientation were found to
modulate the full width at half maximum Δβ values of the TE0 optical mode, indicating a strong
dependence on the surface scattering process. Sharp optical mode widths Δβ ≈ 0.0048 and
Δβ ≈ 0.0006, for single-phase oriented and amorphous-like films, respectively, were found. 

Keywords: optical properties, phase co-existence, PNZT, surface morphology, thin
films





Puustinen, Jarkko, Faasirakenteen ja pinnan morfologian vaikutukset
nanokiteisen PZT ohutkalvon optisiin ominaisuuksiin 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta,
Sähkötekniikan osasto
Acta Univ. Oul. C 502, 2014
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tässä työssä tutkittiin nanokiteisten korkean taitekertoimen (n ≈ 2.5) omaavien PZT ohutkalvo-
jen optisten ominaisuuksien riippuvuutta ohutkalvon faasirakenteesta ja pinnan morfologiasta. 

Rakenneanalyysien perusteella muodostettiin paksuus-lämpötila faasikartta havainnollista-
maan jälkihehkutuslämpötilan ja kalvon paksuuden vaikutuksia huoneenlämpötilassa pulssi-
laserkasvatusmenetelmällä kasvatettujen ohutkalvojen faasirakenteen ja pinnan morfologian
muokkautumiseen. Muutokset kalvon faasirakenteessa ja pinnan morfologiassa määrittivät täy-
sin kalvon optiset ominaisuudet siten, että optinen absorptioreuna siirtyi alemmille aallonpituuk-
sille kalvon paksuuden ja jälkihehkutuslämpötilan pienentyessä, aiheuttaen energiaraon kasvun
(ΔEg ≈ 0.55 eV). Faasirakenteen indusoiman pinnan morfologian muokkautuminen määritteli
myös ohutkalvon sirontaspektrin yksityiskohdat aaltolukuavaruudessa. Tasaisesti jakautunut pie-
nen amplitudin omaava sirontaspektri ja alhainen diffuusi sironta (TD ≈ 5 %) oli ominaista yksi-
faasisille, voimakkaasti orientoituneille ohutkalvoille, kun taas alhaisille aaltolukuarvoille rajoit-
tunut korkean amplitudin omaava sirontaspektri ja lisääntynyt diffuusi sironta (TD ≈ 50 %) oli
ominaista kaksifaasisille ohutkalvoille. Tutkittujen ohutkalvojen sirontaspektrin diffuusi kompo-
nentti laskettiin myös käyttäen skalaaria sirontateoriaa. Ero laskettujen ja mitattujen arvojen
välillä oli maksimissaan 3.8 %. Muutokset ohutkalvojen pinnan morfologiassa ja faasirakentees-
sa havaittiin myös moduloivan optisen TE0 moodin puoliarvoleveyttä. Alhaisimmat pouoliarvo-
leveydet havaittiin yksifaasisilla (Δβ ≈ 0.0048) ja amorfisenkaltaisilla ohutkalvoilla
(Δβ ≈ 0.0006).

Asiasanat: faasirakenne, ohutkalvot, optiset ominaisuudet, pinnan morfologia, PNZT
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List of abbreviation and symbols 

α(λ) wavelength dependent absorption coefficient 

αsurf(λ) surface scattering coefficient 

β propagation constant 

Δβ FWHM of propagation contstant 

2θ Bragg angle 

δ phase shift 

εr relative permittivity 

ε0 relative permittivity of vacuum 

λ wavelength 

λcr critical wavelength 

ν Poisson ratio 

ωLO frequency of optical longitudinal mode 

ωTO frequency of optical transverse mode 

σm effective stress 

Ԑfs probability of atoms of thin film material to bond to the substrate 

Ԑf probability of atoms of film material to bond to the other atoms 

Γ Brillouin zone centre of reciprocal lattice 

 

a,b,c lattice parameters 

B(r) Magnetic field 

d film thickness 

(Δd/d) microstrain 

Eg energy band gap 

E(r) Electric field 

E(x,y) Amplitude of electric field in the z-direction 

E(x,y) Cartesian component of E(x,y) 

E  strain modulus 

f frequency 

fx spatial frequency in x-direction 

fy spatial frequency in y-direction 

GT(x,y) pupil function 

h Planck’s constant 

I Intensity 

Iθ Intensity of light scattered through angle θ 

kext extinction coefficient 
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kx spatial wavevector in x-direction 

ky spatial wavevector in y-direction 

L length of profile 

M number of lines of data points N 

N number of points in a sample 

n0 refractive index of air 

n refractive index 

np refractive index of scattering particle 

nm refractive index of matrix 

p(a) degree of a-axis orientation 

p(c) degree of c-axis orientation 

R reflection  

r particle radius 

R0 ionic radius of anion  

RA radius of A-site ion  

RB radius of B-site ion 

Rq surface roughness 

t tolerance factor 

Ttr transmission 

Tann post-annealing temperature 

Tg glass transition temperature 

TC Curie temperature 

T(λ) wavelength dependent transmission 

Ttot total transmission 

Tmax maximum value of transmission 

Tmin minimum value of transmission 

TD diffuse transmission 

TD,min minimum value of diffuse transmission 

TD,max minimum value of diffuse transmission 

TE transverse electric mode 

TM transverse magnetic mode  

T1u, T2u irreducible presentation of optical modes of vibration 

US surface energy density 

Um strain energy density 

UT(kx,ky) scattering field in k-space 

UT(0,0) scattering field at zero spatial frequency 

x distance in x-direction 
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z height 

zi height of the specific point on sample surface 

z(x) height profile in one dimension 

z(x,y) height profile in two dimensions 

∡(a,b) angle between lattice parameters a and b 

∡(b,c) angle between lattice parameters b and c 

∡(a,c) angle between lattice parameters a and c 

 

1D one dimension 

2D two dimensions 

2D-FFT 2-dimension fast fourier transform 

A amorphous phase 

ADF amplitude distribution function 

AFM atomic force microscopy 

ABO3 perovskite structure 

AO12 A-site cuboctahedron 

BaTiO3 barium titanate  

SrTiO3 strontium titanate 

BAC bearing area curve 

BO6 B-site octahedra 

CaTiO3 perovskite 

CuKα copper Kα radiation 

CMOS complementary metal oxide semiconductor 

DRAM dynamic random access memory 

FESEM field emission scanning electron microscopy 

FeRAM ferroelectric random access memory 

FWHM full width half maximum 

IC integrated circuit 

LTS Lyddane-Sachs-Teller relation 

MPB morphotropic phase boundary 

PZT lead zirconate titanate 

PNZT neodym doped lead zirconate titanate 

PLZT lanthanum doped lead zirconate titanate 

PbTiO3 lead titanate 

PbZrO3 lead zirconate 

PLD pulsed laser deposition 

PSD power spectral density 
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PDF pair distribution function 

Py pyrochlore phase 

RT room temperature 

Rh rhombohedral(trigonal) phase 

SPM scanning probe microscopy 

T tetragonal phase  

XRD x-ray diffraction 
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1 Introduction 

Electrical, optical, and electro-mechanical properties of functional ceramics, such 

as ferroelectric Pb(ZrxTi1−x)O3 (PZT) and Nd-doped Pb(ZrxTi1−x)O3 (PNZT), offer 

a wide variety of applications in microelectronics, nanotechnology, and 

microphotonics. For these fields of information technology, functional ceramics 

can be used as insulators on CMOS circuits, cell capacitors of DRAM and non-

volatile FeRAM devices, microwave oscillators and filters, gate dielectrics of 

field effect transistors, and tunnelling barriers in microelectronics applications, to 

name just a few. On the other hand, in the rapidly developing field of photonics, 

the tunable properties of refractive index of functional ceramics that are 

transparent and possess high refractive index can be used in optical waveguides, 

modulators, and switches [1–3]. In these applications, very high optical quality, 

i.e. flat, surfaces and high transparency are required [1]. 

The integration of the functional ceramics in the form of thin films and 

nanosized structures is an essential part of the development of integrated circuit 

(IC) technology and photonics components in the future [1–3]. On the other hand, 

this also includes thin-film solar cell research, where it was recently noticed that 

even nanometer scale wrinkles and cracks, modulated textures and nanostructures 

in thin film surfaces do increase the efficiency of the components remarkably [4–

8]. Utilization of statistically rough surfaces for laser radiation therapy, biological 

imaging, and remote sensing applications have also found interest in related 

research fields [9,10]. 

The goal of this work is to gain improved knowledge of phase structure and 

the surface morphology effects on the optical and scattering properties of 

nonlinear active nanocrystalline thin films. Most physical and chemical properties 

of solid matter change when particle size is decreased to the nanometer scale. As 

these dimensions become smaller, it is anticipated that changes in the properties 

of the functional ceramic materials, such as Pb(ZrxTi1−x)O3, will become evident. 

For instance, the refractive index and electro-optic coefficients of pulsed laser-

deposited PNZT polycrystalline thin films were found to be dependent on the 

mean grain size of the films (see Fig.1) [11]. The electro-optic coefficients of 

these films were comparable to sol-gel manufactured PLZT films, but smaller 

when compared to sputtered and pulsed laser-deposited and PLZT films, pulsed 

laser-deposited epitaxial BaTiO3 and superlattice BaTiO3-SrTiO3 films [12–15]. 

When the dimensions of the ferroelectric films becomes closer to the critical 

crystallite size where the ferroelectric polar phase transforms to paralelectric 
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cubic phase, it is anticipated that various ferroelectric properties such as remanent 

polarization, low frequency dielectric constant, piezoelectric constants and 

electro-optic coefficients will diminish. This critical size was estimated for 

PbTiO3 to be around 7 nm. However, decay of the properties stars already when 

grain size decreases below 100 nm [16]. An understanding of the finite size 

effects of functional ceramics is essential since these effects effectively define the 

practical lower limit for the miniaturization of devices based on these materials 

[1–3]. 

 

Fig. 1.  (a) Measured birefringence shift and quadratic fit as functions of an applied 

electric field of PNZT thin film. (b) Refractive index and electro-optic coefficient as a 

function of mean grain size of PNZT thin films’ post-annealed at different temperatures 

[11]. (Reprinted with the kind permission from Elsevier B.V.) 

The optical properties and quality of functional ceramics thin films with a high 

refractive index (n ~ 2.5) and transmittance are greatly affected by film thickness, 

crystal structure, and orientation, grain size distribution, and morphology. These 

properties are also found to deviate from bulk material properties in 

nanostructured systems as a result of size effect, lattice defects and disorder, 

residual stress, and phase co-existence. Crystalline state (amorphous, 

polycrystalline, epitaxial) and the crystal structure of the ceramic thin films can 

be tailored by changing the processing parameters. Even epitaxial, highly 

oriented, and single-crystal functional thin films’ possessing extremely high 

optical quality, e.g., atomically flat surfaces, may not be the best structures from 

an application point of view because of their moderate functional properties due 

to straining and the mechanical clamping effects of substrate [3]. In comparison 
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to epitaxial thin films, the advantage of amorphous, nanocrystalline, and 

polycrystalline thin films are a low processing temperature and ease of deposition 

on various substrates, which simplify their integration considerably. By 

combining the low loss optical waveguiding properties of the amorphous-like and 

functionality of the crystalline thin films, it can be possible to fabricate new types 

of photonics components (see Fig. 2). From an application point of view, to 

optimize the performance of the optical structures based on functional ceramics, it 

is essential to understand the origins of the optical losses in order to minimize the 

scattering and absorption of the polycrystalline thin film structure.  

 

Fig. 2. Sketch of the integrated-optical phase modulator, combining the waveguiding 

properties of amorphous-like film and the electro-optic effect of crystallized film. The 

integrated-optical modulator image modified after Saleh & Teich [17]. 
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2 Background of ferroelectrics 

2.1 Polarization, domains, and hysteresis 

Most of the materials are paraelectric. When an external field is applied to 

paraelectric material, positive and negative ions move from their origin in 

opposite directions thus polarizing the material. When an external field is 

switched off, positive and negative ions return to their initial state and 

polarization vanishes. The ferroelectric material, on the other hand, possesses 

spontaneous polarization below a certain temperature when there is no external 

field present. This polarization state can be reoriented between two, or more, 

crystallographically defined states, as determined by potential wells, by using an 

external field [18].  

The most important feature of this spontaneous polarization in ferroelectric 

materials is that it results in a permanent electric dipole. These permanent dipole 

moments in the unit cells are aligned according to the crystalline potential well 

and dipole moments in the neighbouring unit cells that line up to build a net 

polarization that extends over many unit cells [19]. Ferroelectric materials are 

mostly ionic crystals, and polarization is due to the non-symmetric displacement 

of the ions respect to each other. Crystal is said to lack inversion symmetry, and 

when inversion symmetry is not present in the crystal, it is possible for the crystal 

to have one or more polar axes. Due to the non-symmetric displacement of the 

ions, the material goes through a process called phase transition at a certain 

temperature, called Curie temperature TC. Below this critical temperature, 

ferroelectric material can possess a spontaneous dipole moment even without an 

applied external field [19]. 

The spontaneous alignment of dipoles in crystal over many unit cells, results 

in the formation of ferroelectric domains. These domains can be spontaneously 

aligned in random directions without an external field, thus leading to zero net 

polarization. By the application of a sufficiently high external field, ferroelectric 

domains can be oriented or poled. While randomly oriented domains cannot be 

perfectly aligned with this field, their polarization vectors can be aligned. Due to 

a resistance to domain switching along external field direction, leads to the 

hysteresis behaviour of the polarization as the external field changes its polarity. 

Optimizing the size and shape of the hysteresis loop for such properties as 

piezoelectric strain, optical birefringence, and dielectric constant is an important 
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aspect of the engineering of ferroelectric materials [18,19]. Ferroelectric materials 

are also piezoelectric, even though not all piezoelectric materials are ferroelectric. 

Piezoelectricity is a process in which applied external field induces a change in 

the lattice constant of the crystal and conversely applied stress results in the 

generation of a voltage across the crystal [20]. 

2.2 Ferroelectric phase transition 

In crystals, atoms vibrate around their origin even at a temperature of 0 K. As the 

temperature increases the amplitude of the vibration also increases, causing 

fluctuations that overcome the potential barrier between two (or more) wells, i.e., 

two or more polarization states. There exist two normal vibration modes in the 

crystals with more than one type of atom in the unit cell. These modes are called 

acoustic and optical phonons. Both vibration modes include one longitudinal and 

two transverse modes. Acoustic phonons originate from the coherent movements 

of atoms from their equilibrium positions in the unit cell of the crystal, while the 

optical phonons are out-of-phase movements around their equilibrium positions in 

the unit cell of the crystal. From these phonons only optical introduces 

polarization in the crystal [20,21]. The relation between the materials dielectric 

constant and the frequencies of the optical phonons is called Lyddane-Sachs-

Teller (LTS) relation and can be written, near the centre of the Brilloiuin zone, as 

 
2

2
0

,LOr

TO


 

  (1) 

where 2
LO  and 2

TO  represent frequencies of longitudinal and transverse optical 

modes, respectively. When approaching the so-called critical temperature from 

above, the dielectric constant increases, and the frequency of the transverse 

optical mode has to decrease and become zero when the compensation effect 

between the elastic (short-range lattice forces) and the electric forces (long-range 

electric field) is complete. This leads to a situation where the structure becomes 

unstable and transforms into a stable crystal structure with spontaneous 

polarization [22]. 
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2.3 Perovskite ABO3 structure 

Perovskite ABO3 structure-based compounds are the basis for a large fraction of 

the existing electronic, electro-optical, and electro-mechanical applications of 

ceramics due to the existence of a permanent electric dipole moment, which 

allows coupling between an applied electric field and the dielectric, mechanical 

and optical properties of the crystals. Typically piezoelectric ceramics, like 

BaTiO3, Pb(ZrxTi1−x)O3, etc., crystallize to a perovskite structure as shown in Fig. 

3 [23]. 

 

Fig. 3. Simple ABO3 structure, showing the BO6 octahedra. 

The name perovskite refers to a large family of crystalline ceramics with 

structures based on the natural mineral CaTiO3. In the ideal cubic structure, the 

perovskite ABO3 can be described as consisting of corner-sharing BO6 octahedra 

with A-cation occupying the site in the middle of a cube of eight BO6 octahedras 

[24]. The ideal cubic perovskite structure is not very common, and thus many 

oxides with an ABO3 stoichiometry adopt the slightly distorted perovskite 

structure. The oxygen octahedron formed around the B-cation is larger than 
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necessary, which is expanded by the large A-cation’s nearest neighbours. This 

leads to a situation, where B-cation is somewhat unstable and can be easily 

displaced from the body-centred position, causing a change in the crystal 

symmetry [25,26]. Due to the flexibility of the crystal structure, the A-cation site 

ion and the B-cation site ions can be vary leading to a large number of known 

compounds with perovskite or related structures [25]. The ideal cubic perovskite 

structure, which is paraelectric, can be expressed by the equation 
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where RA and RB represent the ionic radii’s of cations and R0 the ionic radius of 

anions in the ABO3 structure, respectively. For an ideal perovskite structure, the 

length of the crystal axes are equal (a = b = c), and the angles between crystal 

axes are  (a,b) =  (b,c) =  (a,c) = 90°. Most perovskites are built of slightly 

distorted BO6 octahedra, in order to minimize lattice energy, and the crystal 

symmetry is reduced from cubic to tetragonal, orthorhombic, monoclinic, or 

rhombohedral (trigonal) based on temperature [26]. These distortions have a 

significant effect, for instance, on the dielectric properties. Below the Curie-

temperature TC, the structure of the ABO3 transforms to a tetragonal (a = b ≠ c, 

 (a,b) =  (b,c) =  (a,c) = 90°, orthorhombic (a ≠ b ≠ c,  (a,b) =  (b,c) = 

 (a,c) = 90° and rhombohedral (trigonal) (a = b = c,  (a,b) =   (b,c) = 
(a,c) = 89.5°) structure depending on the temperature, with spontaneous 

polarization along (001) directions (tetragonal), along (110) directions 

(orthorhombic), or along (111) directions (rhombohedral(trigonal)) [27]. 

2.3.1 Structure and properties of lead zirconate titanate (PZT) 

PZT ceramics are a solid solution of PbTiO3 and PbZrO3 with a perovskite ABO3 

structure. A-cation sites are occupied by Pb2+-ions and random B-cation sites are 

occupied by either Zr- or Ti-ions at all phases and compositions. The chemical 

formula of PZT is usually written as Pb(ZrxTi1−x)O3, where x can have values 

between 0 and 1 and (x/(1 −x)) defines the relation of Zr4+- and Ti4+-ions in the 

alloy. As many as six structural phases of Pb(ZrxTi1−x)O3 have been observed at 

ambient pressure and the phase diagram of the Pb(ZrxTi1−x)O3 system is shown in 

Fig. 4. These structural phases are an antiferroelectric orthorhombic phase for 

composition near PbZrO3, ferroelectric low-temperature and high-temperature 
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rhombohedral (trigonal) phases for Zr-rich alloys, a monoclinic ferroelectric 

phase near Pb(Zr0.48Ti0.52)O3 composition, a tetragonal ferroelectric phase for Ti-

rich alloys, and a cubic paraelectric phase for all compositions at high 

temperature above TC [23]. 

 

Fig. 4. PbTiO3-PbZrO3 phase diagram. Modified from Jaffe et.al. [23]. 

All the above-mentioned phases are generated by distortions from a high-

symmetry cubic structure and are distinguished by differing lattice parameters and 

by directions of the structural distortions, which give rise to the average 

polarization of the material. The boundary between tetragonal and rhombohedral 

(trigonal) ferroelectric phases is nearly independent of temperature and is called 

morphotropic phase boundary (MPB). The MPB is not a sharp boundary but 

rather it is a temperature-dependent composition range where there is a mixture of 

tetragonal, rhombohedral (trigonal), and monoclinic phases. At room temperature, 

these phases co-exist over a range of 0.45 < x < 0.48 [28–31]. 

PZT ceramics possess high piezoelectric properties. Piezoelectric coupling 

coefficient and dielectric permittivity peaks at the MPB, which makes 
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electroceramics based on ferroelectric PZT of great importance in engineering 

and electronics. A large dielectric permittivity in perovskites, such as PZT, is 

based on collective polar displacements of metal ions with respect to the oxygen 

octahedral. Also, as the Curie-temperatures of PZT are high, their piezoelectric 

properties are stable at a broad temperature range, as well. Pure PZT is a p-type 

semiconductor due to deficit of electrons in the valence band. This deficit of 

electrons in the valence band introduces oxygen vacancies into the crystal 

structure of PZT, which then stabilize the oppositely oriented domains. This 

oxygen vacancy induced domain stability restricts to some extent the movement 

of oppositely oriented domains in the presence of external fields, which leads to 

the poling of PZT being quite hard, dielectric loss being relatively high, and 

overheating of the sample even at a low frequency being possible [32]. 

The electronic band structure of the simple cubic ABO3 structure is formed, 

so that the filled valence band originates from oxygen 2p-orbitals while the lowest 

lying conduction band originates from B-cation d-orbitals. This assumption 

applies to at least qualitatively to a broad class of oxygen-octahedra ferroelectrics 

due to the fact that the size of BO6 octahedra is approximately the same, the BO6 

units are always joined together, and the valence charge of B-cation is reduced by 

a charge transfer between O-anion and the B-cation [33]. Higher lying conduction 

bands are shown to deviate from one oxide to another since the energy band 

critically depends on the A-site cation. In Pb(Zr,Ti)O3, the valence band edge 

consists of hybridized lead Pb2+ s-states and oxygen O2− p-states at all 

compositions and conduction band minimum changes from a titanium Ti4+ d-like 

state to a lead Pb2+ p-like state with increasing Zr content [33–36]. The change in 

energy gap Eg of the bulk Pb(Zr,Ti)O3 with Zr content is relatively small (Eg = 

3.5–3.8 eV), due to a band crossing of Ti/Zr d-level and Pb p-levels [34,37]. 

Ferroelectric oxides, such as PZT, have high band gap energies (Eg > 3 eV) 

and high refractive indices (n > 2). These materials also tend to have large values 

of birefringence and large second-order susceptibilities that are responsible for 

their useful electro-optic and nonlinear optical properties. The two main electro-

optic effects in ferroelectric materials are the linear Pockels and quadratic Kerr 

effects, where the refractive index n of the material changes linearly or 

quadratically with the applied field [38]. 
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Nd-modified lead zirconate titanate (PNZT) 

Nd-modified lead zirconate titanate is an alloy wherein trivalent neodymium 

(Nd3+) is introduced to ceramic Pb(ZrxTi1−x)O3 and works as an A-site donor. The 

chemical formula of the neodymium doped PZT can be expressed as 

Pb1−3y/2Ndy(ZrxTi1−x)O3, where y defines the ratio of Nd3+-ion in the alloy. The 

neodymium Nd3+-ion replaces the lead Pb2+-ion, thus introducing excess electrons 

to the structure. The neodymium acts as a donor dopant and is compensated by 

cation vacancies, thus reducing the oxygen vacancies that are typical for pure 

PZT alloy. Due to the compensation of oxygen vacancies by cations vacancies 

movement of the domain wall becomes easier, and thus poling and remanent 

polarization stabilizes quickly as a function of the electric field. Also, as the ionic 

radii of the Nd3+-ion is smaller than the Pb2+-ion, the space of the A-cation in the 

ABO3 structure increases, and due to weaker bonding of Nd3+-ions and vacancies, 

the Curie-temperature tends to decrease. Due to similarities between the ionic 

radii of nedynium (Nd3+) and lanthanum (La3+) their effect on the doping of the 

PZT alloy is quite the same, and they can be used in the production of transparent 

PLZT and PNZT ceramics for electro-optic applications, where changing the 

polarization state of the under applied field is needed [32]. 
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3 Thin film growth and surface evolution 

3.1 Pulsed laser deposition of thin films 

Pulsed laser deposition is an effective method to grow oxide thin films, where 

short and intense laser pulses are used to evaporate and ablate the surface of the 

target material. In this process, a high intensity laser pulse ensures that the 

stoichiometry of the target material is preserved in the interaction [39]. The basic 

schematic description of the PLD system is shown in Fig. 5. 

 

Fig. 5. Basic schematic description of the PLD system. 

The typical PLD process has following stages: (1) laser-target interaction in a 

vacuum; (2) formation of highly forward directed plasma plume; and (3) growth 

of the target material on the rigid substrate. For the growth of oxide materials, two 

process routes, namely, ex situ or in situ PLD, can be used. In ex situ PLD, the 

substrate is held at room temperature in a vacuum during deposition. The growing 

film is amorphous, and crystallization accomplished using a post-annealing 

process, which leads to typically polycrystalline films due to randomly distributed 
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nucleation centres. The crystal and phase structure of the growing film is 

determined by the temperature profile. With the in situ PLD process the substrate 

is held at a certain temperature, and the ablation plume interacts both chemically 

and physically with background ambient, and the film crystallizes directly even 

epitaxially on the substrate. The adjustable experimental parameters in PLD, 

which induces the appropriate phase structure, crystal structure and quality, and 

morphology, include laser fluence, wavelength, target material and composition, 

background ambient, substrate properties, and temperature [39,40]. 

For oxide materials, the selection of substrate material is an essential part of 

any PLD experiments. The growth process begins by selecting the suitable 

substrate and the suitable substrate preparation process. This choice will ensure 

the production of high quality oxide thin films, layers, and heterostructures with 

minimized stress and defects due to any differences in lattice parameters and 

thermal expansion coefficients between the growing film and the substrate. 

Substrates for the growth of PZT thin films can be divided into two groups: 

Insulating substrates (Al2O3, MgO, SrTiO3, LaAlO3, etc.) and conducting metal or 

oxide substrates (GaN, ZnO, SiC, Si, Pt, Ir, Ru, etc.) [39,41]. In this current effort, 

insulating MgO substrates were used due to their relatively small lattice mismatch 

with PZT (~ 4%), high optical transparency, and a large band gap.  

3.2 Growth of thin films 

Thin film growth process starts immediately, when deposited material from the 

target impinges on the substrate. The nucleation and growth process of the thin 

film can be described by three models: Volmer-Weber, Frank-van der Merwe, and 

Stranski-Krastanov. Thermodynamics and interface energies between growing 

film and the substrate determine the model by which the film starts and continues 

to grow. The final structures of the growing film can range from amorphous, 

polycrystalline, and highly oriented columnar, all the way to epitaxial or even 

single-crystal, depending on the processing parameters and the substrate 

temperature. When the substrate is held at a very low temperature and the atomic 

diffusion barrier on the substrate surface is high, then atoms stick to the substrate 

surface where they arrive, and the film grows as an amorphous or very fine 

grained polycrystalline structure. In this situation, low substrate temperature 

prevents the atoms from seeking equilibrium positions, while the opposite is true 

when the substrate temperature is high, and the atoms settle to their equilibrium 

position where the film can grow partially or as highly epitaxial [42]. 
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The typical parameters, that determine the growth model to distinguish 

between Volmer-Weber, Frank-van der Merwe, and Stranski-Krastanov, are the 

probability of the atoms of the film material to bond to the substrate (Ԑfs), and the 

probability of the atoms of the film material to bond to the other atoms of the film 

material (Ԑf). When the Ԑfs > Ԑf, the film growth continues in a layer by layer 

mode, which is the Frank-van der Merwe growth mode. When the Ԑf > Ԑfs, it is 

more favourable for the atoms to grow in three-dimensional clusters or islands 

and the growth mode is Volmer-Weber mode. The Stranski-Krastanov growth 

mode combines the features off both the Fran-van Merwe and the Volmer-Weber 

modes. In the first step, Ԑfs > Ԑf, and the film material preferentially attaches to the 

growth surface rather than being a formation of clusters. After a few monolayers 

of planar growth, atoms tend to gather into clusters than to continue planar 

growth, and thus Ԑf > Ԑfs [43]. 

Grain growth in thin films starts at the same time at random positions of the 

film when the post-annealing process is used. Film growth with the Wolmer-

Weber growth model tends to form a polycrystalline structure, as the grains are 

growing in a random crystallographic orientation. As the film growth continues, 

the microstructure of the film evolves through island growth, island-to-island 

contact, and coalescence into larger islands and finally forms a continuous film. 

Once the islands are formed, they grow into the external phase and laterally on 

the substrate, leading to impingement and coalescence of the crystals and the 

formation of grain boundaries that define the grain structure characteristics of the 

formed film. The minimization of grain boundary area and energy determines the 

process for how grain growth proceeds. In the Ostwald ripening process, the small 

grains are shrinking due to diffusion, leading to an increase in the larger grain 

surface area in the films. Also surface and interface energies have their own role 

in the grain growth process, but dependent on the crystallographic orientation of 

the film. Grain orientation that minimizes the energy of the surface and the 

interface-energies and intrinsic and extrinsic stresses originating from the 

growing process of the material is optimal for grain growth. The combination of a 

minimization of these energies, together with strains, dislocations, and secondary 

grain growth, defines the grain orientation, grain size and the distribution, texture, 

and surface quality of the growing film [42,43]. 
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3.3 Evolution of surface morphology of post-annealed thin films 

The growing film is never free from stresses, and the combination of these 

stresses is one of the main driving forces for the evolution of the surface 

morphology. For instance, any thin film bonded to a substrate supports a certain 

state of residual stress based on the scale of its thickness. These film stresses can 

be divided into two categories, namely, intrinsic and extrinsic stresses. Intrinsic 

stresses originate with the materials involved, while extrinsic stresses originate in 

the changes that take place in the physical properties of the films microstructure 

during and after growth [43,44]. For these cases, the difference between intrinsic 

and extrinsic stresses is that extrinsic stresses can be considered as reversible 

while intrinsic stresses are not [44]. 

One of the main extrinsic stresses present in the growing film is the stress that 

originates from the lattice mismatch between the substrate and the film. This 

stress can be compressive or tensile, depending on the materials used. For 

instance, in the heteroepitaxial film growth process, under specific deposition 

conditions, films grow almost as a one-to-one correspondence in plane with the 

substrate. When there is a difference in lattice parameters between the film and 

substrate, the atoms in the film will be displaced from the equilibrium, and the 

misfit stress is then induced into the system [42–44]. Misfit stress is typically 

neglible in nanocrystalline and polycrystalline thin films, as studied in this current 

work. The other main origin of extrinsic stresses in thin film growth is the 

difference between the thermal-expansion coefficients of the film material and the 

substrate. If the substrate and the growing film are coherently bonded across the 

interface of the system, for that continuity to hold, there are displacements across 

the interface, and the atoms are forced to move away from their equilibrium 

positions. When the substrate is much thicker than the growth film, as is usually 

the case in the thin film growth process, then the substrate dominates the system, 

and the film dimensions are forced to match it [44]. Thermal stress is typically the 

most important form of stress in nanocrystalline and polycrystalline thin films, as 

studied in this work [43]. 

The intrinsic stresses arising during the growth process of the films are 

typically density changes induced by changes in the microstructure of the film, 

grain growth and coalescence, and defect formation during the growth of the film. 

In the first stages of the film growth prior to island coalescence, the stress 

component arises from the action of the surface and interface stresses due to a 

difference between the lattice parameters of the small isolated crystallites and the 
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substrate. Firmly attached crystals on the substrate, can relax their internal strains 

as the growth in clusters continues. The surface radius of the clusters becomes 

larger, and correspondingly, the internal stress smaller. The stress from the 

coalescence of islands can become largely relaxed during growth interruptions, 

such as dislocations, point defects, phase boundary, etc. As the growth of the thin 

film continues, another stress component is introduced to the growing film due to 

the closing of small gaps between adjacent grains to form grain boundaries 

[44,45]. 

The phase transformation and evolution in growing film, also has a great 

effect on the evolution off the film surface. In the post-annealing process, the 

diffusive mass transport along the surface of polycrystalline films is fast and 

causes the morphology of the surface to evolve continuously over time. Variations 

in strain energy and the surface energy of the films are the dominant 

thermodynamic forces that control the morphological evolution of the growing 

films [44]. During the grain growth process and phase evolution, a grain and 

phase boundaries with a different composition induce a new stress component to 

the total macroscopic compressive stress of the polycrystalline materials. 

Relaxation of the phase boundary stress leads to an increase in the localized 

curvature of the films due to a mass transfer between the phases. This instability 

of the surface leads to a roughening of the surface of the films. An increase in the 

localized curvature of the films can be described by the critical wavelength λcr, 

which can be expressed by the equation 
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where Us is surface energy density, Um is strain energy density, ν is the Poisson 

ratio, E strain modulus, and σm effective stress. According to the Gibbs-

Thompson relationship, the surface energy density Us, is inversely proportional to 

the curvature of the film surface. As the curvature of the films exceeds λcr, the 

surface of the films become unstable, as the chemical potential is lower at the 

surface peak than at the surface trough. The atoms are transported away from 

valleys into peaks, thus increasing the perturbation of the surface. This process 

leads to a surface roughening of the film due to a mass transfer between the 

phases at the phase co-existence region with a different orientation and structure 

of the films. When the curvature of the films is below λcr, then the chemical 

potential is higher at the surface peak than at the surface trough, and the surface 
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diffusion tends to smooth the wavy surface by transporting matter from the peaks 

to the valley [43,46–48]. 

3.3.1 Atomic force microscopy 

Atomic force microscopy is one of the several methods of scanning probe 

microscopy (SPM), which covers a lateral range for imaging from several 

hundred micrometers to picometers. Due to the assumption that forces between 

the atoms at the probing tip apex and the surface atoms of the sample being 

studied determine the resolution of the SPM, the method is commonly called 

atomic force microscopy (AFM). In the basic AFM configuration, as shown in 

Fig. 6, the sample is mounted on a XYZ-piezoscanner and the tip height is 

controlled, so that the force between the tip and the sample is constant and is 

capable of determining the morphology of any surface. Depending on the 

interaction of the tip and sample (short-range/long-range), a variety of surface 

properties, such as morphology, electrical, magnetic, and the nanomechanical 

properties of the sample, can be studied. The tip is mounted on the end of the 

cantilever, which then serves as a force sensor and either the static deflection of 

the cantilever or the change in its dynamic properties due to the tip-sample forces 

can be monitored and exploited. 

 

Fig. 6. Basic set up of AFM. Modified from Meyer et.al. [49]. 

Beam deflection method is usually used to detect the small bending of the 

cantilever. In this method, a four-segment photodiode monitors the light reflected 

from the back side of the cantilever, which allows for the detection of the normal 

bending and the torsion of the cantilever caused by lateral forces acting on the tip. 
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The feedback electronics access different signals to control tip oscillation and the 

position, depending on the imaging mode, to produce the height image. The 

operation modes of the AFM can be divided into static and dynamic modes, 

where static bending or the dynamic properties of the cantilever is measured, 

respectively, whether the tip is in contact or not. When the tip is in contact with 

the sample and the operation mode is static, and when the tip-sample distance is 

controlled to maintain a constant cantilever bending, the operation mode is called 

contact mode [49,50]. Throughout the surface morphology experiments in this 

current work the contact mode operation mode was used. 

3.3.2 Surface roughness parameters 

Surface roughness describes the deviation of the surface from planarity, and it has 

an effect on the optical, electrical, and mechanical properties of the thin films. 

Two different kinds of surface roughnesses in thin films exist, and they differ in 

their length scales. These scales are waviness, which originates from small 

deviations of the surface normal on a large scale (~ 100 nm) and microscopy 

roughness, which originates from large deviations of the surface normal on an 

atomic scale (~few nanometers). Surface roughness parameters can be calculated 

from a single line or from the area of the surface morphology measured using 

AFM [51]. The surface roughness parameters used throughout the topography 

experiments in this work were amplitude distribution function (ADF), bearing 

area curve (BAC), root mean square roughness (Rq), and power spectral density 

(PSD). 

The most important surface statistic parameter is Rq, which is defined as the 

root mean square deviation of the surface from the mean surface level. For a 

single line of profile, the Rq can be expressed by equation 
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where z is the mean height of the measured points in the sampl, zi is the height of 

the specific point on the sample surface, and N is the number of points on the 

sample. Typically, using AFM or an optical profiler, the Rq value is calculated 

from an area map of the surface instead of a single line, so there exists a number 

of M lines of data points N. The ADF represents the distribution histogram of 

profile height z. For surfaces with random roughness, the ADF would be a 
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Gaussian distribution of surface heights and be linked with Rq values according to 

the equation 
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where Rq is the root mean square of surface roughness, and z is the amplitude of 

height z. From the ADF it is possible to calculate the BAC, which represents the 

cumulative coverage of the sample surface area at a certain value of a sample 

surface height, or amplitude distribution, using the equation 
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where ADF(z)tot is the total area of the surface and ADF(zi) is the sum of the area 

of heights from z1 to zi [52]. 

These aforementioned statistical parameters are only sensitive to vertical 

structures of the sample, giving only information along the vertical direction and 

not fully representing the surface of the sample. The PSD is very useful in any 

surface roughness analysis, because it also takes into account the horizontal 

direction and provides a representation of the amplitude of the surface roughness 

as a function of spatial frequency of that roughness. It offers a convenient way to 

represent direct space periodicity and amplitude of roughness. PSD also gives 

information on the surface spatial frequencies that are responsible for scattering 

of light. The PSD in one dimension (1D) and in two dimensions (2D) can be 

expressed by the equations 
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where L is the profile length, z(x) and z(x,y) represent the height profile in 1D and 

2D, respectively, and fx, fy, are the spatial frequencies for the x and y directions 

[53].  
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4 Phase structures of post-annealed PNZT thin 
films 

The phase structures of the post-annealed thin films were studied using both x-ray 

diffraction and Raman spectroscopy methods. X-ray diffraction gives information 

about the geometry of the crystals with a long-range order (orientation of the 

atoms in ordered form), while Raman spectroscopy gives information about the 

optical crystal vibrations, near the centre of the Brillouin zone of the crystal. Thus 

a combination of the two methods is an ideal tool for studying the crystal and 

phase structure of solid state matter [25]. The studied phase structures were 

amorphous, pyrochlore, tetragonal, and rhombohedral (trigonal) of PNZT thin 

films. 

4.1 Amorphous structure 

When ex situ PLD and the post-annealing method, the growing film is initially 

amorphous after a deposition consisting of the elements present in the target. The 

structure of the amorphous thin film can be described as a disordered structure 

with no long-range order on lattice and producing an amorphous halo in x-ray 

diffraction. The disorder of the structure leads to the opaque nature of the film. 

Even though the structure is disordered, it is possible to analyse the amorphous 

material using the pair distribution function (PDF), which describes the 

distribution of distances between pairs of particles contained within a given 

volume [54]. When the post-annealing temperature is gradually increased, the 

first important point is the glass transition phenomena. The supercooled liquid 

state, where atomic mobility is increased, plays an important role in the formation 

of nanophase crystallites that serve as nucleation centres for the growth of crystal. 

At this temperature range, around the glass transition temperature Tg, the physical 

properties of the materials change dramatically. In the glass forming perovskite 

oxides and polymers, glass transition has been seen clearly to improve their 

optical properties by changing the opaque nature into a transparent one, leading to 

high quality optical surfaces with minimal surface roughness. Also, at this 

temperature region, amorphous halo has been observed to change its nature, 

which is an indication of change in the pair distribution function, leading to an 

assumption about the initiation of the crystallization [55,56]. Pontes et al. have 

reported in their studies that a clear response from the disordered BO6 and AO12 

structure is seen in the FT-IR spectra of the chemical solution deposited 
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PbZr0.4Ti0.6O3 thin films at post-annealing temperature of 400 °C, even though no 

traces of crystallization from XRD or Raman measurements were observed [57]. 

4.2 Pyrochlore phase 

Before the as-deposited film changes from an amorphous to pure perovskite 

structure, as the post-annealing temperature is increased, the film goes through an 

intermediate phase called the pyrochlore phase with a theoretical density of 

7.55 g/cm3. This phase happens in the temperature range of 400–600 °C [58–60]. 

The general formula of the pyrochlore phase can be written as A2B2O7 while the 

space group of the ideal pyrochlore is Fd3m with eight molecules in a unit cell. 

The pycochlore structure can be viewed as an ordered defect fluorite structure 

with the exception that two cation sites and one-eighth of the anions are absent 

[61]. In the structure, the larger A-cations are located within distorted cubes that 

contain six equally spaced oxygen-ions at a slightly shorter distance from the 

central cation. The smaller B-cations are located within a trigonal antiprism with 

all six anions located at equal distances from the central cation [62]. 

4.3 Tetragonal and Rhombohedral (Trigonal) phases 

When the post-annealing temperature is Tann > 600 °C, the film transforms to the 

pure perovskite phase. Thermodynamics, post-annealing temperature, and the 

thickness of the deposited film, determine the final crystal and phase structure. 

The crystalline phases studied in this work were tetragonal and rhombohedral 

(trigonal), and these structures are shown in Fig.7. For the tetragonal structure, the 

x-ray diffraction pattern differs from a cubic structure pattern, so that the 

reflection of (100), (110), and (200) crystal lattice planes splits into two peaks 

with indices (100), (001) and (110), (011), and (200), (002), respectively, due to 

the difference between the lattice constants a and c. Also the reflection from the 

crystal plane (111) remains single under the symmetry transformation, from cubic 

to tetragonal. 
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Fig. 7. (a) Tetragonal and (b) rhombohedral (trigonal) structures with space groups 

P4mm and R3m, viewed from the (011) crystal direction. (a) The lattice parameters of 

the tetragonal phase are a = b = 4.07 Å, c = 4.10 Å, and the angles between the crystal 

axes  (a,b) =  (b,c) =  (a,c) = 90°. (b) Lattice parameters for the rhombohedral 

(trigonal) are a = b = c = 4.09 Å, and the angles between the crystal axes  (a,b) = 
(b,c) =  (a,c) = 89.5° [31]. 

For the rhombohedral (trigonal) structure, the x-ray diffraction pattern differs 

from the cubic structure pattern, so that the (100) crystal plane reflection stays 

unsplit but instead the reflection from the crystal plane (111) can be split. This 

situation corresponds to the stretching occurring along the body diagonal of the 

cubic structure, as the angle between lattice constants a, b, and c is slightly less 

than a right angle (~ 89.5°) [25,63]. 

According to group theory, the irreducible representation of the optical modes 

of vibrations for the cubic structure is Γ = 3T1u + T2u. In the rhombohedral 

(trigonal) ferroelectric phase of PZT, each T1u mode transform as an E + A1 and 

T2u mode as E + A2, while in the tetragonal ferroelectric phase of PZT, each T1u 

transforms as an E + A1 and T2u mode as E + B1. The allowed Raman modes for 

these structures are A1(TO), A1(LO), E(TO), E(LO), and B1 + E(TO). The origin 

of these allowed phonon modes are a stretching vibration for A-cation-Oxygen in 

AO6 octahedra, an Oxygen-A-cation-Oxygen bending vibration, and A-cation-O3 

torsional vibrations [64–66]. As the Raman modes were used mainly to identify 

the main phase in the PNZT thin films, the theory is kept as simple as possible. 
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5 Optical properties of thin films and surfaces 

5.1 Transmission, reflection, and absorption of light in thin films 

When an electromagnetic wave, such as light, interacts on the surface of the non-

absorbing thin film (nfilm ≠ nsubstrate) it experiences reflection and transmission. 

Light experiences reflection and transmission from every interface (air-film, film-

substrate) losing intensity gradually. There exists a phase difference between the 

reflected light from the air-film interface and transmitted light from a film-air 

interface, due to the path difference between light rays that travelled in the film. 

This phase difference determines whether light experiences constructive or 

destructive interference [67]. For non-absorbing film the reflection, and 

transmission can be expressed by the equations 
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where n0, n1, and n2 are refractive indices of air, film, and substrate, respectively 

and δ1 is the phase difference [68]. 

When light propagates in an absorbing medium with interfaces, the light can 

be reflected and transmitted, according to the previous equations, and also 

absorbed. The intensity decay for the light propagating in absorbing material can 

be expressed as 

  
0

dI I e   , (11) 

where α(λ) represents the wavelength dependent absorption coefficient of the 

material and d the thickness of the thin film. The intensity attenuation of light 

according to equation (11) is called extinction, and it can be divided into two 

groups of phenomena, namely, absorption and scattering as follows: 

      extinction absorption scattering
       . (12) 

The absorption of light is a transformation of the energy of light into another 

form, such as heat and excitation [67]. For light to totally be absorbed into a 

material it needs to have energy larger than an optical band gap; otherwise, the 
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light passes through the material although experiencing some scattering from 

irregularities present in that material. When the energy of the photon is above the 

band gap of the material, it can excite electrons from the valence band to the 

conduction band, thus totally losing its energy. The optical band gap of the 

material can be calculated from the reflectance, transmittance, or even diffuse 

reflectance and transmittance values, using an appropriate Tauc-plot analysis, 

which shows the absorption coefficient as a function of the photon energy. The 

relation proposed by J. Tauc can be expressed as 

    1/n

ghf C hf E   , (13) 

where α is the absorption coefficient of the material, hf the energy of the photon, 

and Eg the optical band gap. The value of the exponent n denotes the nature of the 

transition, and the allowed values are 1/2, 3/2, 2, and 3, corresponding to direct 

allowed, direct forbidden, indirect allowed, indirect forbidden transitions, 

respectively. By plotting the absorption coefficient as a function of the energy of 

the photon, the resulting plot shows a distinct linear region, which denotes the 

onset of the band-to-band absorption [69,70]. The Tauc plots throughout this 

current work were derived from calculated values of the extinction coefficients 

kext from the transmission spectra using the expression  

   4
α extk


 , (14) 

Attenuation of light by scattering can be divided into two categories of volume 

and surface scattering. Volume scattering is caused by structural irregularities that 

leads to continuous or discontinuous variations in the refractive index within the 

volume of the material [71]. The effect of volume scattering for intensity I0 can be 

expressed by Rayleigh’s expression 
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, (15) 

where Iθ, np, r, x, and λ are light scattered through angle θ, the refractive index of 

the scattering particle in the matrix with the refractive index nm, particle radius, 

the scattering intensity measurement distance from the particle, and wavelength 

of the light (r < λ). Volume irregularities much smaller than the wavelength of 

light, have typically a minor effect on the scattering properties of material, which 

is indeed true for dense and homogenous ceramic materials with small grain sizes 
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[32]. The surface scattering of the thin films, on the other hand, originates from 

height irregularities due to intrinsic roughness (short random roughness, 

waviness, and periodicity) originating from the material crystallization or due to 

substrate effects, such as a replication of substrate-film interface roughness [71]. 

5.2 Modelling of surface scattering properties 

When the electromagnetic wave interacts with a thin film, whose surface 

properties deviate from planar, it is expected that the wave will be scattered. The 

direction and amplitude of the scattered field is dependent on the wavelength and 

incident angle of the electromagnetic wave and the surface height profile [72]. 

Electromagnetic wave scattering from the rough surface can be modelled using 

rigorous numerical solutions of Maxwell’s equations, or by a simple scalar 

scattering theory. The scalar scattering theory has been proven to be a sufficiently 

precise tool for estimating the scattering properties of large-scale applications 

when compared to rigorous numerical approaches, which demand tremendous 

computational resources [73,74]. Advancement of the implementation of scalar 

scattering theory is that surface roughness can be implemented directly into the 

model through a surface height function in k-space, i.e. in reciprocal space using 

wave vectors k defined as k = 2π/λ by wavelength λ [74]. In the scalar scattering 

theory, the polarization of the electromagnetic wave is not taken into account. 

Surface profile induced scattering of the electromagnetic wave can be expressed 

simply by using a parameter called surface a scattering coefficient or by Fourier 

transform using grating or phase model [75–78]. In the grating model, the surface 

profile is described as a superposition of periodic grating, while in the phase 

model not only the morphology, but the variations of the collected phase from the 

light waves due to the different refractive index are used to extract the light 

scattering properties [79]. 

By using the simple surface scattering coefficient approach the transmittance 

losses resulting from surface scattering can be expressed by the equation 
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, (16) 

where Ttot, n1, n2, λ, Rq are a total transmittance of the film, refractive indexes of 

film and air, respectively, wavelength, and surface rms roughness, respectively. 
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From Eq. 16, the so-called surface scattering coefficient αsurf(λ) can then be 

approximately expressed as 

     2

1 22 q
surf

n n R
 


 

  
 

, (17) 

[80,81]. On the other hand, by using the Fourier transform and grating model, 

light is described as a complex scalar field U(r), instead of an electric field E(r) 

and magnetic field B(r), and the two dimensional scattering field in the k-space is 

constructed using the pupil function GT, when only transmittance is taken into 

account. The scattering field in k-space UT(kx,ky) is given by the two-dimensional 

Fourier transform of the pupil function GT 
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where the pupil function GT is expressed as 
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and where k0 is the wavenumber in the vacuum, n2 and n1 are refractive indexes of 

the thin film and air, respectively [77]. The morphology of the thin film is 

contained in the height function z(x,y) and the constant is chosen so that the total 

amount of light flowing through the aperture of area A is equal to the total 

transmittance Ttot. Using paraxial approximation only the k-vectors lying in the 

circle with a radius 
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correspond to the transmitted light, as illustrated in Fig.8. The light diffusively 

transmitted through a thin film with a morphology defined by height function 

z(x,y) is then calculated using the equation 
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, (21) 

where |UT(0,0)|2 represents the scattering intensity at zero spatial frequency, i.e., 

specular transmission [77]. 
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Fig. 8. (a) Illustration of the scattering of light from a thin film surface. (b) Section 

image of the topography of the thin film shown in (a) [V]. (Reprinted with the kind 

permission from Springer Science+Business Media B.V.) 

5.3 Optical guiding modes in thin films 

5.3.1 Prism coupling 

Optical energy can be coupled into waveguides and thin film structures by using 

transverse couplers, prism couplers, grating couplers, tapered couplers, or fiber to 

waveguide coupling [82]. Throughout the optical guiding experiments in this 

work, the prism coupling method was utilized. Using this method, 

monochromatic light is guided into the film through one side of the prism pressed 

against the film surface, and reflected light from the film is detected with 

photodiode, placed on the other side of the prism. The angle of incidence of the 

monochromatic light on a prism is varied and at a certain discrete incidence 

angles light couples via the evanescence field into the film as a guided mode, 

resulting in a sharp drop in reflected intensity. Reflectivity dips at a certain value 

of the propagation constant β, which corresponds to the excitation of coupling 

modes, called m-lines, according to the order of the coupled mode [82–85]. The 

propagation constants of the waves in the prism and waveguide have to be the 

same for the coupling to occur [82]. Characteristics of the guiding mode spectrum 

include that the number of guiding modes increases with thickness, all exited 

modes propagate with their unique propagation constant, and full widths at half 
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maximum (Δβ) of the modes are sensitive to the microstructure of the thin films. 

The value can be used as a light coupling quality factor for waveguiding 

materials. Both transverse electric (TE) and transverse magnetic (TM) modes can 

be exited depending on the crystal properties of the thin films [83–85]. 

5.3.2 Optical modes in planar waveguide structure 

A simple way of expressing the propagation modes of light in a waveguide is to 

consider the three-layer planar waveguide structure. In this structure, the 

waveguide is constructed from layers of air, film, and substrate, with refractive 

indexes n1, n2, and n3, respectively. The three layers are planar boundaries parallel 

to the x direction and infinite in the lateral directions y and z. For monochromatic 

waves, the solutions to Maxwell’s equation for wave propagating in a forward 

direction, i.e., z-direction has the form 
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which can be written separately for three regions in x (air, film, substrate) 
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where E(x,y) is one of the Cartesian components of E(x,y) and n1, n2, n3, are 

refractive indexes of air, film, and substrate, respectively and β propagation 

constant [82,86]. The modal solutions for the Equations (23–25) are either 

sinusoidal or exponential functions, depending on sign of (k2ni
2 − β2), i = 1, 2, 3. 

For the optical mode to propagate the boundary conditions for E(x,y) and (E(x)/

 x) at the interfaces of the layers needs to be satisfied. For a three-layer planar 

waveguide, only the modes with propagation constants between kn3 < β < kn2 can 

be supported. These discrete values of β correspond to the various transverse 

modes TEj (j = 0,1,2,…) or TMk, (k = 0,1,2,…) [82]. For a wave to travel through 

the waveguide without losing its optical energy, the total phase change of the 

wave front from the n2 − n3 interface to the n2 − n1 interface and back must be a 

multiple of 2π, which leads to the condition 
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 2 23 212 sin 2 2 2mkn d m      , (26) 

where d is film thickness and θm, δ23, and δ21 are angle of reflection and phase 

changes at interfaces, respectively. For each allowed modes there is propagation 

constant given by 

 2 2sin sinm m mkn kn     (27) 

[82]. 
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6 Experimental 

6.1 Pulsed laser deposition and post-annealing process 

A pulsed XeCl-eximer laser (Lambda Physics COMPex 201) with wavelength of 

308 nm and Pb0.97Nd0.02(Zr0.55Ti0.45)O3 target with density of 7.49×103 kg/m3 were 

used to deposit amorphous PNZT thin films with thicknesses ranging from 50 nm 

to 500 nm on MgO (100) substrates. The depositions were carried out at room 

temperature at a background pressure of 6–7×10−5 mbar. The angle of incidence 

of the laser beam on the target surface was 45° and the substrate was placed 

parallel with the target at a distance of 35 mm. The repetition rate of laser pulses 

was 5 Hz, pulse duration was 25 ns, and the laser fluence at the target surface was 

1.5 J/cm2. 

After deposition, thin films were post-annealed in ambient air at temperatures 

ranging from 400 °C to 1000 °C for 30 min under an inverted zirconia crucible 

with some extra PNZT powder. The heating and cooling ratio of 5 °C/min were 

used for every temperature profile. Atomic zirconium content x = Zr/(Zr + Ti), of 

PNZT films stays around x ~ 0.51 in a morphotropic phase boundary and atomic 

lead content Pb/(Zr + Ti) ~ 0.95 is constant when these processing parameters are 

used [87,88]. This procedure ensured that the samples have the same 

stoichiometry. Also some samples were left as deposited amorphous, and others 

were post-annealed in ambient air at temperatures ranging from 100 °C to 400 °C 

to study the glass transition process of the films. 

6.2 X-ray diffraction 

Crystal structures of the post-annealed thin films were studied using x-ray 

diffraction (XRD) measurement (Philips MW1380) using CuKα radiation with a 

wavelength λ = 1.54 Å. The x-ray diffraction intensities were recorded with a 

constant speed of 1°/min between 2θ angles from 10° to 80°. The instrumental 

broadening was obtained using a large-grain polycrystalline silicon sample as a 

standard specimen. The mean grain size and the microstrain (Δd/d) of post-

annealed polycrystalline PNZT thin films were calculated using the Warren-

Averbach analysis for the (001) and (011) reflections of the θ-2θ measurements 

[11,25,63]. 
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6.3 Raman Spectroscopy 

Raman spectroscopy (Labram-HR 800) was also used to study the crystal 

structure of the thin films. The spectra were recorded with an integration time of 

20 s between wavenumbers 50–1500 cm−1 using the 488 nm wavelength of the 

Argon-ion laser. 

6.4 Atomic Force Microscopy 

Surface morphology of the post-annealed PNZT thin films was studied using 

atomic force microscopy (AFM) (Veeco Dimension 3100) in contact mode. In 

order to evaluate the morphology of the thin films, bearing area curves (BAC), 

the values of rms roughness Rq, and Power Spectral Densities (PSD) in 1D and 

2D were calculated from the AFM micrographs.  

6.5 Field Emission Scanning Electron Microscopy 

Cross sections of the thin films were studied using field emission scanning 

electron microscopy (FESEM) (Zeiss ULTRA Plus). Before the analysis, a 

platinum layer was sputtered on top of each sample to ensure sufficient 

conduction in the otherwise insulating samples mounted on a metal sample 

holder. 

6.6 Spectrophotometry 

Optical transmission spectra and diffuse transmission spectra in wavelength range 

from 180 nm to 3000 nm and from 180 nm to 2000 nm, respectively, were 

measured using a spectrophotometer (Varian Cary 5000) with unpolarised light. 

An integrating sphere at normal incidence was used for the diffuse transmission 

spectra measurements. Refractive index n and extinction coefficient k were 

calculated from the transmission data fitted with the multiple Lorentz-oscillator 

model using SCI Film Spectrum software. The values of the band gap energy Eg 

were calculated using Tauc-plot analysis. Also, the surface-induced phase grating 

properties of the post-annealed thin films were analysed using 2-dimensional fast 

Fourier transform (2D-FFT) analysis with Matlab, in order to calculate the diffuse 

scattering properties of the films. 
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6.7 Prism coupling technique 

The optical wave guiding properties of amorphous and polycrystalline PNZT thin 

films were measured using a prism-coupler (Metricon model 2010), in which a 

laser beam with a wavelength of 632.8 nm was coupled into the films using a 

prism pressed against the thin film surface, and photodiode was used to detect 

reflected light from the films. From the prism-coupler measurements, the full 

width at a half maximum (FWHM) value Δβ of the TE0 coupling mode was 

determined for each sample. The values of the refractive index calculated from 

the prism-coupling measurement were in comparison with values calculated from 

transmission measurements. 
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7 Results and discussion 

7.1 Crystal structures by x-ray diffraction 

An evaluation of structural changes occurring in as-deposited and post-annealed 

films as a function of post-annealing heat-treatment temperature was studied 

using conventional θ–2θ XRD and Raman measurements. A thickness-

temperature map of the majority phase, based on the XRD and Raman 

measurements, of the PNZT thin films with thicknesses from 50 nm to 500 nm 

and post-annealed at temperatures of 400–1000 °C, is presented in Fig. 9, 

showing a rough sketch of the dependence of the films’ crystalline phase on 

thickness and the post-annealing temperature. 

 

Fig. 9. A thickness-temperature map of the majority phase of Nd-modified PZT thin 

films [II]. (Reprinted with the kind permission from Taylor & Francis Group, LLC.) 

Areas are labelled according the majority phase present in a particular area. The 

XRD patterns of some of the analyzed thin films are presented in Fig. 10. From 

the phase diagram, it can be seen that below a temperature of 450 °C, films were 
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mainly in the amorphous phase. The XRD pattern in Fig. 10(a) indicated broad 

peak in the region of 2θ ≈ 30° originating most likely from the amorphous phase 

of PNZT [II]. The XRD patterns measured from one as-deposited PNZT thin film 

and five films post-annealed at temperatures of 100 °C, 200 °C, 300 °C, 350 °C, 

and 400 °C, are shown in Fig.11(a). It is clear from these patterns that no 

crystalline phases of perovskite PNZT or pyrochlore are present in the films. The 

amorphous peak position varies to some extent even at low temperatures of RT, 

100 °C, and 200 °C, but when the post-annealing temperature is further increased, 

the peaks start to move toward smaller 2θ-angles, and get narrower. This tendency 

was found systematically in all samples with different thicknesses of 200 nm, 300 

nm, and 500 nm [V]. The 2θ-angle positions for the fitted amorphous peaks and 

their FWHM values are shown in Fig.11(b).  

 

Fig. 10. X-ray diffraction patterns of PNZT thin films representing different phase areas 

in Fig. 9. Thickness and post-annealing temperatures of the films are a) 500 nm, 

400 °C, b) 100 nm, 500 °C, c) 500 nm, 500 °C, d) 150 nm, 900 °C, e) 300 nm, 800 °C, and 

f) 500 nm, 800 °C. The strong peak around 43° originates from the MgO(002) crystal 

plane [II]. (Reprinted with the kind permission from Taylor & Francis Group, LLC.) 

Graphs clearly show how 2θ-angles and FWHM values have a minimum between 

the annealing temperature 250 °C and 350 °C. On average, amorphous peaks are 

shifted ~ 0.65° downwards and FWHM values decrease about ~ 0.5° when the 

post-annealing temperature increases from RT to 350 °C. These changes actually 
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implement and indicate that the interatomic distances and their distribution in the 

films have decreased, although there is no evidence of formation of any 

crystalline order, and the films are still amorphous [V].  

Fig. 11. (a) XRD patterns, and (b) 2θ-angle positions of amorphous peaks and their 

FWHM values of as-deposited at temperatures from 100°C up to 400°C post-annealed 

PZT films with a thickness of 500 nm [V]. (Reprinted with the kind permission from 

Elsevier B.V.) 

When the post-annealing temperature was further increased to 400 °C, both 2θ-

angle and FWHM values started to increase again. In the case of films with 

thicknesses of 200 nm and 300 nm, this increase could be related to an initiation 

of the growth of low temperature intermediate phases, such as α-PbO and β-PbO 

that also affected the amorphous volume still present in the films [89].  

A highly oriented, low-temperature pyrochlore phase was present at films 

annealed at a temperature of 500 °C with thicknesses of 50 nm, 100 nm, 200 nm, 

and 400 nm, indicating that the films pass through an intermediate phase before 

transforming into the ferroelectric perovskite phase [58–60] (Fig. 9). In the XRD 

patterns in Fig. 10(b,c), strong peaks originating from the pyrochlore phase with 

2θ-angles of 13.6° and 27.4° were present on films with thicknesses of 100 nm 

and 500 nm, and also peaks with 2θ-angles of 17.9° and 36° were present at films 

with thickness of 500 nm post-annealed at temperature 500 °C [II]. Assuming that 

the pyrochlore phase has a structure A2B2O7 and a space group Fd3m, peaks (2θ = 

13.6°, 27.4°, 36°) could be originating from (111), (311), and (331) crystal planes 

[90–92]. Phase co-existence of the pyrochlore, tetragonal, and rhombohedral 

(trigonal) phases, area (Py+T+Rh), were clearly present, as shown in the XRD-
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pattern in Fig. 10(c), on films with thicknesses above 300 nm in a temperature 

range of 500–600 °C.  

Tetragonal and rhombohedral (trigonal) phases co-existed in films so that 

films with thicknesses above 300 nm had strong rhombohedral (trigonal) 

orientation at temperatures above 600 °C, as shown in Fig. 10(f), while films with 

thicknesses from 50 nm to 300 nm were tetragonal oriented above a post-

annealing temperature of 700 °C, as shown in Figure 10(d) [II]. Films with a 

thickness of 50 nm had only (011) and (110) plane reflections, while films with 

thicknesses from 100 nm to 300 nm had (001), (100), (011), (110), (002), and 

(200) plane reflections present in XRD patterns indicating tetragonal structure 

[II]. The degree of the c- or a-axis grain orientation of the tetragonal phase 

showed a dependence on the post-annealing temperature so, that as the post-

annealing temperature increased, a c-axis orientation was preferred This result is 

clearly seen in Fig.12. For the tetragonal crystal structure, the values of lattice 

constant a = 4.08237 Å, 4.0548 Å, and 4.1123 Å, and c = 4.1186 Å, 4.11224 Å, 

and 4.1583 Å were calculated using a tetragonal lattice symmetry model for films 

with thicknesses of 150 nm and post-annealed at temperatures 700 °C, 800 °C, 

and 900 °C, leading to tetragonal distortion values c/a = 1.00887, 1.01667, and 

1.01119, respectively [I]. 

 

Fig. 12.  X-ray diffraction patterns of thin films with thicknesses of (a) 150 nm and (b) 

300 nm post-annealed at temperatures 700 °C, 800 °C, and 900 °C, respectively [I]. 

(Reprinted with the kind permission from Elsevier B.V.) 

Lattice constants for 300 nm thick film post-annealed at 700 °C, were a( = b = c) 

= 4.0303 Å using a rhombohedral (trigonal) lattice symmetry model. Lattice 

constants for 300 nm thick films post-annealed at temperatures of 800 °C and 

900 °C were a = 4.071 Å and 4.0698 Å and c = 4.10163 Å and 4.10677 Å, 
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respectively, using the tetragonal lattice symmetry model and corresponding c/a-

ratios were 1.00752 and 1.00908. Values quantifying the degree of the c- or a-axis 

grain orientation of the films were defined by comparing the sum of intensities of 

(001) and (002) (c-axis orientation, p(c)) and (100) and (200) (a-axis orientations, 

p(a)) reflections to the sum of all peak intensities of the XRD patterns. For films 

post-annealed at 900 °C, the values of p(c) = 0.56598 and p(a) = 0.11026 for 150 

nm thick film were defined to show that tetragonal c-axis orientation dominates, 

as shown in Fig.12. For 300 nm thick film the value of p(a) = 0.42638 was 

calculated using the tetragonal lattice symmetry model. As the thickness 

increased above 300 nm, a strong (110) singlet peak was present indicating 

rhombohedral (trigonal) orientation of the films. Also, when post-annealing 

temperature increased, the intensity of the (011) and (110) peaks were diminished 

in films with a thickness of 50 nm, indicating that film has no crystal planes 

parallel to the surface due to agglomeration. According to the Warren-Averbach 

analysis, average grain sizes of the films increased from 6 nm to 22 nm with an 

increasing post-annealing temperature from 600 °C to 900 °C [I–III]. As the 

average grain size is close to the critical crystallite size, where the polar phase 

transforms to a cubic paraelectric phase, it is anticipated that some of the 

ferroelectric properties of these films might be diminished as part of the grains are 

assumed to be in a paraelectic phase.  

7.2 Phase structure by Raman spectroscopy 

Raman spectra of films with thicknesses of 150 nm, 200 nm, 300 nm, and 500 nm 

post-annealed at temperatures of 700 °C, 800 °C, 700 °C, and 800 °C, 

respectively, are shown in Fig.13. The Raman modes are labeled according to 

Burns and Scott [93]. A Raman spectrum shows the typical vibration modes of 

polycrystalline PNZT ceramics. Both tetragonal and rhombohedral (trigonal) 

phases were present in the films. The main phase of the films changed from 

tetragonal to rhombohedral (trigonal) as the thickness of the films increased from 

150 nm to 500 nm, seen in Fig. 13 as an increase in intensity of E(1LO) mode 

peak around ~ 144 cm−1 and that Raman peak around ~ 580 cm−1 became more 

symmetric. For the tetragonal oriented films, the intensity of the E(1LO) mode 

was lower and peak around ~ 580 cm−1 more asymmetric, which might originate 

from splitting of the peak into E(3TO), and A1(3TO) modes [III]. Raman peak 

intensity typically decreases with decreasing film thickness due to decreasing 

volume but also Raman peak intensity decreases due to phase co-existence in the 



 58

films. Both tetragonal and rhombohedral (trigonal) phases co-existed equally in 

300 nm films and Raman peak intensity was lower compared to other samples, as 

shown in Fig. 13. Phase co-existence was also found to decrease the intensity of 

the crystal plane XRD reflections [III]. This aspect is obvious from the data 

presented in Figs. 10 and 12. Nevertheless, Raman spectrum confirmed that 

rhombohedral (trigonal) (Rh), tetragonal (T), and phase co-existence (Rh+T) 

films depicted in Fig. 9 are of pure perovskite phase. 

 

Fig. 13. Raman spectra of PNZT thin films with thicknesses of 150 nm, 200 nm, 300 

nm, and 500 nm post-annealed at temperatures of 700 °C, 800 °C, 700 °C, and 800 °C. 

Intensity of the 300 nm and 150 nm films are multiplied by a factor of 10 and 5, 

respectively [III]. (Reprinted with the kind permission from Elsevier B.V.) 

7.3 Surface morphology analysis 

7.3.1 Surface roughness 

AFM micrographs of the films whose XRD data is presented in Fig. 10 are 

presented in Fig. 14 together with diagonal surface profiles. Scanning area in the 

micrographs is 10 µm×10 µm.  
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Fig. 14. AFM micrographs and corresponding surface profile line graphs of films 

shown in Fig. 10 [II]. (Reprinted with kind permission from Taylor & Francis Group, 

LLC.]  

The effect of the post-annealing temperature and thickness on the morphology of 

the films is clearly seen. Micrographs represent every phase regions noted in the 

map of the majority phase in Fig. 9. The amorphous film shown in Fig. 14(a) had 

a typical smooth surface, which is clearly seen in the corresponding diagonal 

surface profile. In Fig. 15(a), there is AFM micrograph of the 200 nm thick film, 

post-annealed at 250 °C shown, and in Fig. 15(b) the surface roughness Rq values 

of PNZT films with thicknesses of 200 nm, 300 nm, and 500 nm post-annealed at 

various temperatures are presented. From the micrographs, it can be concluded 

that the 200 nm film annealed at 250 °C is very flat with the surface roughness Rq 

≈ 0.22 nm. On the other hand, for films with a pyrochlore phase or a mixture of 

pyrochlore and perovskite phases, as shown in Fig. 14(b,c), it was possible to 

define separate regions of pure pyrochlore and perovskite areas at the surface of 

the films. The background of the micrographs consisted of either amorphous or 

perovskite phases, depending on the thickness of the film, and the top layer 

consisted of pyrochlore phase. For these films, diagonal surface profile graphs 
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showed steep hills on top of a smooth background which is an indication of phase 

segregation, as shown in Fig. 14(b,c) [I,II]. 

 

Fig. 15. (a) AFM micrograph of 200 nm thick films post-annealed at 250 °C, and (b) 

surface roughness Rq values of PZT films with thicknesses of 200, 300, and 500 nm 

post-annealed at various temperatures. An approximate division of phase 

development as a function of temperature is also shown [V]. (Reprinted with the kind 

permission from Elsevier B.V.) 

Of the perovskite phase regions, the highly oriented films, as shown in Fig. 14(f), 

had a smooth surface profile, while for films with tetragonal and rhombohedral 

(trigonal) phase co-existence, the surfaces tended to be much rougher, as clearly 

seen from the diagonal surface profiles in Fig. 14(d) and (e). Small nanograins on 

the film surface in Fig. 14(e) are possible nucleation centres of the perovskite 

phase [I,II]. It was also possible to define tetragonal and rhombohedral (trigonal) 

oriented areas on the surface of the films belonging to the phase co-existence area 

(T+Rh) of the phase diagram in Fig. 9. The background of the films consisted of 

rhombohedral (trigonal) oriented grains and rosette-like structures were tetragonal 

oriented grains, similar to those observed in other studies [94–96]. 

Values of Rq for some perovskite films with different thicknesses and post-

annealing temperatures are shown in Fig. 16. From the graph, it can be clearly 

seen that for films with high orientation, the Rq values were small, actually Rq < 

10 nm, while those films with phase co-existence or the pyrochlore phase had 

much higher Rq values Rq > 25 nm. Values for the Rq increased from 4.1 nm to 

20.4 nm, from 7.7 nm to 15.4 nm, from 4.7 nm to 23.8 nm, from 1.8 nm to 13.1 



 61

nm, from 12.0 nm to 26.9 nm, from 3.4 nm to 13.2 nm, and from 6.4 nm to 12.6 

nm, with an inaccuracy of ± 0.05 nm, for films with thicknesses of 50 nm, 100 

nm, 150 nm, 200 nm, 300 nm, 400 nm, and 500 nm, respectively, as the post-

annealing temperature increased from 400 °C to 900 °C [I,II]. 

 

Fig. 16. Surface rms roughness Rq values for PNZT thin films with thicknesses of 50 

nm, 100 nm, 150 nm, 300 nm, and 500 nm post-annealed at temperatures between 

400–1000 °C [II]. (Reprinted with the kind permission from Taylor & Francis Group, 

LLC.) 

To compare with the typical Rq values of the perovskite films, the Rq values of 

amorphous samples with thicknesses of 200 nm, 300 nm, and 500 nm post-

annealed between temperatures RT–400 °C, are shown in Fig.15 (b). A minimum 

of Rq values of amorphous PNZT films with different thicknesses, Rq ≈ 0.22 nm, 

was found to coincide with the minimum values of 2θ-angle and FWHM values, 

as seen in Fig.15 [V]. Flattening of the sample surface takes place typically due to 

a melting process or the glass transformation process [55]. The glass 

transformation temperature Tg, also characteristically decreases with decreasing 

film thickness under certain critical values due to the enhanced presence of the 

free surface compared to the volume of the film [55]. By combining the data on 

Fig.11 and Fig.15, it is possible to conclude that glass transformation takes place 

on amorphous PNZT thin films at the annealing temperature range Tg ≈ 250–

350 °C [V]. When the post-annealing temperature increased above 400 °C, the 

surface roughness started to increase due to growth of the crystalline structure and 

the increasing size of the grains, and reached values Rq ≈ 10–20 nm typical for 

ferroelectric PNZT films with composition near MPB consisting both 

rhombohedral (trigonal) and tetragonal grains, as summarized in Fig. 16 [II,V]. 
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7.3.2 Bearing area curves (BAC) 

Bearing area curves (BAC) for films with thicknesses of 50 nm and 300 nm are 

presented in Fig. 17 and show surface evolution of the films at various post-

annealing temperatures. BAC describes the cumulative coverage of the film 

surface area at a certain value of film surface height or amplitude distribution 

[50]. Steep BAC indicated good surface morphology, i.e., symmetric and narrow 

surface height amplitude distribution function (ADF), as seen by comparing the 

Rq values and the BAC curves of the films. Curves stayed steep all the way to a 

post-annealing temperature of 800 °C. Extra tail in the curve of film post-

annealed at temperature of 500 °C was due to the pyrochlore phase being present 

in the film. In the case of 300-nm film curve stayed steep until the post-annealing 

temperature increased to 700 °C. At this temperature, phase co-existence was 

strongly present, and BAC got gentler and the surface became very rough [II]. 

 

Fig. 17. Bearing area curves of thin films with thicknesses of (a) 50 nm and (b) 300 nm 

at different post-annealing temperatures [II]. (Reprinted with the kind permission from 

Taylor & Francis Group, LLC.) 

In general, BAC curves for films with thicknesses from 100 nm to 500 nm, had a 

tendency to get gentler as the post-annealing temperature increased above 800 °C. 

From this observation, it can be concluded, that the co-existence of tetragonal and 

rhombohedral (trigonal) phases leads to higher surface roughness. During the 

grain growth process and phase evolution, the grain and phase boundaries induce 

a new stress component to total macroscopic stress in polycrystalline material. 

Relaxation of phase boundary stress leads to an increase of localized curvature in 

the films due to mass transfer between the phases. This action causes a 
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roughening of the surface. Increase in the localized curvature in films can be 

described by the critical wavelength λcr, which can be expressed by the equation 
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where US is surface energy density, Um is strain energy density, ν is the Poisson 

ratio, E  the strain modulus, and σm effective stress. According to the Gibbs-

Thomson relationship, surface energy density US, is inversely proportional to 

curvature of the film surface [43]. As the curvature of thin films exceeds λcr, the 

surface becomes unstable, and Rq increases due to a mass transfer in the phase co-

existence regions of the PZT thin films. Films with phase co-existence, areas 

labelled with (T+Rh) and (Py+T+Rh) in Fig. 9, had rough surfaces and increased 

curvature, while films with higher orientation, rhombohedral (trigonal) (Rh) or 

tetragonal (T) in Fig. 9 had low roughness and curvature, as can also be seen in 

Fig. 14, 16, and 17 [II]. 

7.3.3 Amplitude distribution function (ADF) and cross-section 

images 

Figs. 18 (a), (b), and (c) show surface micrographs, amplitude distribution 

functions (ADF), and field emission scanning electron microscopy (FESEM) 

cross-section images of the films with a thickness of 150 nm and a major 

tetragonal phase, 300 nm and phase co-existence, and 500 nm and rhombohedral 

(trigonal) major phase post-annealed at 800 °C. From surface micrographs in Fig. 

18 (a) it can be seen that morphology of the films will greatly differ as the 

thickness and main phase of the films changes from tetragonal to rhombohedral 

(trigonal). Film with tetragonal orientation (tf = 150 nm) showed a smooth 

background, together with a rosette-like structure, while films with strong 

rhombohedral (trigonal) (tf = 500 nm) orientation showed a smooth surface with 

evenly distributed grains. For films with tetragonal-rhombohedral (trigonal) phase 

co-existence (tf = 300 nm) the surface micrograph showed increased deviation 

from a smooth surface topography. Surface roughness Rq values of the films in 

Fig. 18 (a) were 11.2 nm, 21.5 nm, and 17.1 nm, for 150 nm, 300 nm, and 500 nm 

films, respectively. Amplitude distribution functions (ADF) in Fig. 18 (b) for the 

films showed that single Gaussian height distribution was clearly present in films 

with a thickness of 500 nm, while separated bimodal Gaussian height distribution 
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was present in films with thicknesses of 150 nm, and smeared bimodal Gaussian 

height distribution in films with a thickness of 300 nm. Changes in the 

morphology of the films were also seen from cross-section images in Fig. 18 (c). 

A cross section of the 150-nm film showed uniform film structure, while a 

double-layer structure was clearly seen in 500-nm film [IV]. As the ADF of the 

films changed from separated bimodal Gaussian height distribution to a smeared 

one, the double layer structure started to grow, as can be seen in a cross-section of 

300-nm film. 

 

Fig. 18. (a) AFM surface micrographs, (b) ADF, and (c) FESEM cross-section 

micrographs of films with thicknesses of 150 nm, 300 nm, and 500 nm post-annealed 

at temperatures of 800 °C [IV]. (Reprinted with the kind permission from Springer 

Science+Business Media B.V.) 

Smearing of the bimodal Gaussian height distribution and layer growth in 300 nm 

film is an indication of phase co-existence with different morphologies, which 

leads to an increase of localized curvature in the film due to a mass transfer 

between the phases [43,46]. As the double layer structure continued to grow, 

microstrain (Δd/d) showed a minimum value of 0.0076, which is an indication of 
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stress relaxation in film with a thickness of 500 nm. Relaxation of the stress due 

to a double layer structure led to smoothing of the surface of the film, as can be 

seen by comparing the AFM micrographs and FESEM cross section images of 

500 nm film. For film with a tetragonal-trigonal phase co-existence, the 

maximum value of the microstrain 0.0107 was calculated. In Fig. 18 (c), it can be 

seen that the average grain size of the films is clearly below 30 nm, as was also 

observed by XRD data based on the Warren-Averbach analysis [II–IV]. In the 

case of 500 nm-nm film, larger aggloremates of nanosized grains in the two layers 

of the film are also seen.  

7.3.4 Power spectral densities (PSD) 

The surface morphology of the deposited films was also analysed by calculating 

the power spectral densities (PSD) of the films for both one (1D) dimension and 

two (2D) dimensions. In Fig. 19 are 1D-PSD from 90 µm AFM micrographs and 

2D-PSD from 10 µm AFM micrographs of the surface profiles of films with a 

thickness of (a) 100 nm, (b) 150 nm, (c) 200 nm, (d) 300 nm, (e) 400 nm, and (f) 

500 nm post-annealed at temperature of 800 °C. In the figures, the PSD profile 

showed small variations and fell off slowly as the spatial frequency increased in 

films with thicknesses of 100 nm, 200 nm, 400 nm, and 500 nm [IV]. This is an 

indication of an isotropic surface structure with low waviness and without long 

spatial periodicity on the surface of the films [49,52]. These films can be defined 

as films with random roughness and evenly distributed grains [97]. The PSD of 

films with thicknesses of 150 nm and 300 nm showed greater deviations from the 

isotropic surface structure. For instance, the PSD profile of 150 nm and 300 nm 

films fell off much faster as the spatial frequency increased, an indication of 

increased waviness and long spatial periodicity of the surface of these films. Also, 

double slope could be determined from the PSD graph of these films, an 

indication of two co-existing morphologies present on the top of the films [98]. 

These co-existing morphologies are seen in the AFM micrographs as dark and 

bright areas, which correspond to areas of different heights with specific 

periodicity, when compared to Fig. 18 (a) and Fig. 19 (b), (d), (f). Areas extended 

throughout the films, which can be determined from AFM micrographs with 

scanning area of 90 µm × 90 µm [IV]. 
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Fig. 19. 2D-PSD and 1D-PSD profiles of films with thicknesses of (a) 100 nm, (b) 150 

nm, (c) 200 nm, (d) 300 nm, (e) 400 nm, and (f) 500 nm post-annealed at 800 °C [IV]. 

(Reprinted with the kind permission from Springer Science+Business Media B.V.) 

7.3.5 Scattering field images using 2D-FFT 

Scattering field images were constructed using the 2-dimensional fast Fourier 

transform (2D-FFT) method in order to calculate the phase shift introduced to the 

plane wave by the surface profile of the film. The scattering field images for 

different films with thicknesses of (a) 100 nm, (b) 150 nm, (c) 200 nm, (d) 300 

nm, (e) 400 nm, (f) 500 nm are presented in Fig. 20. Surface profile of the thin 

films acts as a phase grating with grating spacing defined by the detailed 

morphology of the films. Phase grating images of the films with thicknesses of 

200 nm and 500 nm showed an isotropic diffuse scattering pattern in k-space with 

low amplitudes, while the 150 nm and 300 nm films showed a scattering pattern 

in k-space and concentrated more on specular direction with higher amplitudes. 

Films with thicknesses of 200 nm and 500 nm grains were evenly distributed 

throughout the films surfaces, while two co-existing morphologies with increased 

waviness were present in 150 nm and 300 nm films [IV]. According to Bennet 
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and Mattson [51], optical scattering in thin films will concentrate more closely to 

the specular direction as the low spatial frequencies, i.e., long spatial wavelength, 

dominate the PSD profile, while optical scattering will be evenly distributed with 

a large radius 2 2
x yk k  in k-space when spatial frequencies, or spatial 

wavelengths, are evenly distributed in the PSD profile. Also, as the radius
2 2
x yk k  of the scattering amplitudes spreads in k-space, scattering at shorter 

wavelength will increase [51,53]. Scattering patterns with tilted ellipsoid shape 

and circles with a truncated ky-axis were also seen in films with thickness of 400 

nm, and 100 nm, respectively, which originated from the highly-textured surface, 

with short spatial wavelengths, of that film. Clearly, these truncated and tilted 

scattering patterns in k-space are indications of nanostructured textures generated 

in the film surfaces due to changes in crystal phase structure and orientation [IV]. 

Scattering field images of these films were found to be consistent with the surface 

profiles also analysed (see Fig.16) [III,IV]. 

 

Fig. 20. Scattering field images of films with thicknesses of (a) 100 nm, (b) 150 nm, (c) 

200 nm, (d) 300 nm, (e) 400 nm, and (f) 500 nm post-annealed at 800 °C [IV]. (Reprinted 

with the kind permission from Springer Science+Business Media B.V.) 

7.4 Optical transmission properties of thin films 

Optical transmittance T(λ) at wavelengths from 180 nm to 3000 nm of the PNZT 

thin films was measured using the spectrophotometry technique. In Fig. 21, there 
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are five T(λ) spectra up to a wavelength of 800 nm, of films with thicknesses of 

50 nm, 150 nm, 300 nm, 400 nm, and 500 nm post-annealed at different 

temperatures, representing every phase region in the phase diagram shown in Fig. 

9 [II].  

 

Fig. 21. Transmission spectra at wavelengths from 200 nm to 800 nm of PNZT thin 

films with thicknesses of 50 nm, 150 nm, 300 nm, 400 nm, and 500 nm post-annealed 

at temperatures of 400 °C, 900 °C, 700 °C, 600 °C, and 700 °C, respectively [II]. 

(Reprinted with the kind permission from Taylor & Francis Group, LLC.) 

Also in Fig. 22, there are transmittance spectra of amorphous 300-nm films post-

annealed at temperatures from RT to 400 °C, for comparison. A well oscillating 

optical transmittance demonstrates that the films have a flat surface and uniform 

thickness, and while the opposite is true, interference maxima and minima are 

modulated due to diffuse reflections.  
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Fig. 22. (a) Transmittance T(λ) spectra, and (b) calculated values of refractive index n 

at UV-vis-NIR wavelengths as-deposited and at various temperatures post-annealed 

amorphous PNZT thin films with the thickness of 300 nm [V]. (Reprinted with the kind 

permission from Elsevier B.V.) 

Modulation of the interference maxima and minima were greatest in films where 

pyrochlore phase and phase co-existence were present, causing diffuse reflection, 

as shown in Fig. 21. Changes in the crystal structure and surface morphology led 

also to changes in the optical transmission properties of the films [II]. In the films 

post-annealed at a temperature of 400 °C, the fall in the transmission spectra near 

the absorption edge was sharp in all the samples. For these films, good 

transmission properties were attributed to formation of chemical bonding between 

the metal (Ti4+, Zr4+, Pb2+) and oxygen (O2−) ions in glass transformation process, 

preferably Pb-O bonds, that later act as nucleation centres for the observed 

nanocrystalline α-PbO and β-PbO phases [89]. Films post-annealed at 400 °C 

were transparent and, for instance, the refractive index n of a 150-nm film 

saturated at NIR wavelengths to a value n ≈ 2.40, which is close to the value n 

≈ 2.35 of a 150-nm film post-annealed at temperature of 700 °C [II,V]. This 

value is also close to the epitaxial BaTiO3 and superlattice BaTiO3-SrTiO3 thin 

films [14,15] 

The fall in the transmission spectra near the absorption edge of oriented 

single-phase films stayed sharp between post-annealing temperatures of 600–

800 °C, which is typical behaviour for oriented single-phase nanocrystalline films 

[99]. In this temperature range, films were either tetragonal, a- or c-axis oriented, 

or rhombohedral (trigonal) with their orientation depending on the film thickness, 

and the grain size of the films varying between 6 nm and 14 nm. Even though the 
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fall near the absorption edge stayed sharp, the interference maxima and minima of 

the transmission spectra were clearly disturbed. Suppression of oscillations in the 

interference of transmission spectra at UV-vis wavelengths was found in every 

film as the post-annealing temperature increased. This result indicates that some 

part of the light is scattered due to surface scattering, thus leading to a 

prolongation of the optical path for the scattered light [100]. In Fig. 23 (a) and (b), 

transmission spectra and extinction coefficients for 150 nm and 500-nm films 

post-annealed at temperatures of 600 °C and 900 °C are shown [I–III].  

 

Fig. 23. (a) Transmission and (b) extinction coefficients of 150 nm and 500 nm films 

post-annealed at temperatures of 600 °C and 900 °C [III]. (Reprinted with the kind 

permission from Elsevier B.V.) 

Transmission spectra showed very weak oscillations in interference for 150 nm 

and 500 nm thick films post-annealed at a temperature of 900 °C. Suppression of 

oscillations in the transmission spectra was clearly seen at UV-vis wavelengths, 

which was an indication of increased scattering due to changes in the surface 

morphology. As for the optical length, i.e. n × z(x,y), the height differences due to 

surface roughness of the films is comparable to the fraction of wavelength λ/2, 

and oscillations in the interference of transmission spectra are suppressed. By 

using one layer, i.e., substrate and film, the Lorentz multiple oscillator model in 

determining the optical parameters, suppression of oscillations in interference 

caused poor agreement with the measured and simulated data [III]. In Fig. 23 (b), 

it can be seen that the modelled extinction coefficients increased as the post-

annealing temperature increased from 600 °C to 900 °C at UV-vis wavelengths. 

Absorption in 150-nm film annealed at 600 °C started already at longer 

wavelengths than the absorption edge, which indicated there are some other 



 71

absorption mechanisms than interband absorption in the film. This might be due 

to absorption by localized energy states in the band gap, that was originating from 

increased disorder, defects, and grain boundary discontinuity [101,102]. 

Transmission at the wavelength of λ = 633 nm decreased from 76.5% to 66.2%, 

while the extinction coefficient increased from 4.1×10−2 to 9.4×10−2 for films 

with a thickness of 150 nm as the post-annealing temperature increased from 

600 °C to 900 °C. Correspondingly for 500 nm thick films, transmission at the 

wavelength of λ = 633 nm decreased from 83% to 51% and the extinction 

coefficient increased from 2.1×10−3 to 2.1×10−2 as the post-annealing temperature 

increased from 600 °C to 900 °C. Due to the increased suppression of oscillations 

in interference, which led to poor agreement of measured and simulated data, the 

Lorentz multiple oscillator model gave exaggerated k values for films post-

annealed at a temperature of 900 °C [III].  

The optical absorption edge started to shift toward shorter wavelengths as the 

thickness of the film decreased, indicating increase in the value of the energy 

band gap Eg. Values of the energy band gap Eg for films with thicknesses from 50 

nm to 500 nm post-annealed at different temperatures are presented in Fig. 24. 

 

Fig. 24. Values of the energy gap of thin films with thicknesses of 50 nm, 100 nm, 150 

nm, 200 nm, 300 nm, and 500 nm post-annealed at temperatures between 400–900 °C 

[II] (Reprinted with the kind permission from Taylor & Francis Group, LLC.) 

This result is a clear indication of a thickness dependent energy band gap [I,II]. 

Increase in Eg value may be due to a quantum size effect in nanocrystalline films, 

an increase in the volume ratio of amorphous grain boundaries and defects, or by 

a reduction of the unit cell volume and atomic separation caused by strong 
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residual compressive stress [103,104]. Values of the energy band gap Eg were 

calculated using Tauc-plot analysis. Tauc-plots were derived from the calculated 

values of extinction coefficients, and using the Eq. 13 where direct allowed 

transition was assumed, to determine the value of the Eg. The values increased 

from 3.85 eV to 4.4 eV, as the thicknesses of the films decreased from 500 nm to 

50 nm, respectively [I,II]. 

The total and diffuse transmission spectra of the films with thickness of 150 

nm, 300 nm, and 500 nm post-annealed at temperature of 800 °C, are shown in 

Fig. 25, at wavelengths from 200 nm to 1000 nm. Interference patterns, even if 

distorted, can be observed in the total transmittance and diffuse transmittance 

spectra for all the samples.  

 

Fig. 25.  Total and diffuse transmission spectra of films with thicknesses of 150 nm, 

300 nm, and 500 nm post-annealed at a temperature of 800 °C [IV]. (Reprinted with the 

kind permission from Springer Science+Business Media B.V.) 

Transmission maximum Tmax and minimum Tmin of the films coincided at the same 

wavelength with diffuse transmission maximum TD,max and minimum TD,min, 

which means that the interfaces (air-film, film-substrate) are uncorrelated, and the 

scattered intensities originating from the two interfaces can be added together 

[105]. In Fig. 25, it can be seen that diffuse transmission is higher when surface 

roughness value is high and the decrease of PSD profile is fast, and it is higher at 

a broader wavelength range when tetragonal-rhombohedral (trigonal) phase co-
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existence is present. This behaviour was already discussed in the context of the 

PSD graphs. The steep rise in the diffuse transmission spectra of film with a 

thickness of 150 nm is due to a periodicity introduced by the rosette-like structure 

at the top of the film, as shown in Fig. 18 (a). Response of the two co-existing 

morphologies induced periodicity on the surface, to the diffuse transmission 

properties of films and it can be seen when comparing the AFM micrographs in 

Fig. 18 (a), 1D-PSD in Fig. 19, and the diffuse transmission spectra of the 150 nm 

and 300 nm films post-annealed at 800 °C. For these films, diffuse transmission 

values increased at wavelengths around ~400 nm and ~600 nm, for 300-nm film 

and around ~400 nm and ~650 nm for 150-nm film, which corresponded to the 

periodicity of dark and bright areas in the AFM micrographs, and further, as high 

amplitudes near k = 0 in 2D-PSD graphs in Fig. 19 (b) and (d) of these films. 

Maximum values of diffuse transmission at a wavelength of λ = 633 nm were 

5.31%, 11.04%, and 3.33%, for films with thicknesses of 150 nm, 300 nm, and 

500 nm, respectively [IV]. 

Modelled diffuse transmission properties of the films were calculated using 

formalism as discussed in section 5.2. Phase grating, which is formed from the 

surface profile data of the films, is thought to be infinitesimally thin. With this 

assumption our proposed model can be used to characterize the surface scattering 

part of the thin films and neglecting volume scattering. The measured and 

calculated diffuse transmission values of films shown in Fig. 25 are presented in 

Fig. 26. The wavelength limit of calculated values was around 300 nm, which 

corresponds to the start of the absorption edge of these films. Due to the 

definition of our model, interference in the diffuse transmission spectra, 

originating from the thickness of the film, was not present. The spectra showed 

very good agreement between measured and calculated values at wavelengths 

from 300 nm to 850 nm, but underestimated diffuse transmission values at 

wavelengths λ > 850 nm. The model takes into account only the surface scattering 

part originating from the height deviation from planar surface. For longer 

wavelengths, the optical path length of height differences due to surface 

roughness, Rq < 25 nm, was no longer comparable to the longer wavelengths, λ > 

850 nm, and the model thus underestimates the diffuse transmission values, 

originating, for instance from waviness with long spatial periodicities that 

correspond to these wavelengths. 
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Fig. 26. Calculated and measured diffuse transmission spectra of films shown in Fig. 

18 [IV]. (Reprinted with the kind permission from Springer Science+Business Media 

B.V.) 

Maximum values of calculated diffuse transmission TD,max at wavelength of λ = 

633 nm were 5.44%, 7.28%, and 2.29%, for films with thicknesses of 150 nm, 

300 nm, and 500 nm, respectively. Values showed good agreement between 

measured values and it shows that the surface morphology, which is due to 

microstructure phase evolution in the range of nanosized grains, dominates the 

optical scattering in these films [IV]. As the average grain size is in nanometer 

scale, the effect of the spatial variations in the dielectric constant due to random 

orientation between grains, on the optical scattering properties is small and grain 

boundary scattering is small, as proposed model for grain boundary scattering 

breaks down at grain sizes below 5 µm [106–108]. According to our previous 

studies of PNZT thin films, also porosity in these films is neglible, when 

processing parameters presented in chapter 6.1 are used [109–111]. 

7.5 Optical waveguiding properties of the films 

Optical waveguiding modes supported by the PNZT thin film structures studied in 

this book were analysed using the prism-coupling method with wavelength of 

632.8 nm. The results are shown in Figs. 27 and 28. Three different TE0, and one 

TM0 modes of PNZT films post-annealed at 400 °C are shown in Fig. 27. 
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Fig. 27. (a) Optical TE0 modes prism coupled to PZT films with thicknesses of 200 nm 

and 300 nm, and TE0 and TM0 modes coupled to 500 nm thick film post-annealed at 

400 °C and (b) fitting and (c) residual of the fit to the TE0 mode of 500 nm thick PZT 

film post-annealed at 400 °C [V]. (Reprinted with the kind permission from Elsevier 

B.V.) 

Also in Fig. 28, there are TE0 modes for a film with a thickness of 100 nm post-

annealed at a temperature of 600 °C, 150-nm films post-annealed at 600 °C and 

800 °C, and 500-nm films post-annealed at temperatures of 600 °C, 700 °C, and 

800 °C, respectively, showing light coupling in polycrystalline PNZT thin films. 

In Fig. 28 it can be seen that the propagation coefficient β of 150 nm and 500 nm 

films increased as the post-annealing temperature increased from 600 °C to 

800 °C, and from 600 °C, 700 °C to 800 °C, respectively, which indicated an 

increase in the refractive index of these films. An increase in the refractive index 

may be due to an increase in the average grain size of the film and the degree of 

grain orientation as well [11]. 
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Fig. 28. TE0 optical coupling modes for films with various thicknesses and post-

annealing temperatures [III] (Reprinted with the kind permission from Elsevier B.V.) 

As the heat-treatment temperature increased from 600 °C to 800 °C, 150-nm films 

changed their orientation from tetragonal a-axis to tetragonal c-axis orientation 

and the average grain size increased from 9.9 nm to 11.6 nm. For the 500-nm 

films rhombohedral (trigonal) orientation was profoundly present and grain size 

increased from 6.1 nm to 13.8 nm as the post-annealing temperature increased 

from 600 °C to 800 °C [I,II]. The full widths at half maximum Δβ of the TE0 

guiding modes for films in Fig. 28 were 0.0144, 0.0123, 0.0631, 0.0048, 0.0189, 

and 0.0114, respectively, and the corresponding Rq values were 3.7 nm, 7.3 nm, 

17.1 nm, 6.9 nm, 13.4 nm and 11.2 nm, respectively. Full widths at half maximum 

Δβ values of the guiding modes were determined by fitting the measured data 

using the Lorentz function [III]. The increase in Δβ values of 150-nm and 500-nm 

films seen in Fig. 28 clearly follows the changes in corresponding Rq values. A 

similar correlation between Rq values and TE0 mode widths was also found in rf-

sputtered LiNbO3 films [85]. The sharpest Δβ value was found for film with a 

thickness of 500 nm post-annealed at temperature of 600 °C, with Δβ = 0.0048, 

which was close to the Δβ value of epitaxial BaTiO3, with Δβ = 0.0011 [III]. For 

films with high surface roughness, Rq > 20 nm, it was not possible to guide light 

to the film due to large surface scattering. Although the TE0 guiding mode was 

used for a mode-width analysis, losses increase rapidly in the higher order modes 
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[82]. This result was clearly observed in films with thicknesses of 300 nm and 

400 nm. The Δβ values of TE1 optical guiding modes for 300 nm and 400 nm 

thick films post-annealed at temperatures of 700 °C and 900 °C were 0.1740 and 

0.1030, respectively [II,III]. Interference maxima and minima were clearly 

suppressed in the UV-vis wavelength range of the transmission spectrum of 300-

nm film post-annealed at 700 °C, and the losses could be attributed to a 

tetragonal-rhombohedral(trigonal) phase co-existence, which led to an increase in 

surface waviness and the values of Rq ≈ 25 nm, causing enhanced light scattering 

from the surface of these films. There was a further increase in the surface 

waviness and surface roughness in 300-nm film post-annealed at 800 °C totally 

blocked mode coupling [I–III]. 

In Fig. 29 (a) and (b), there are surface roughnesses’ together with surface 

scattering coefficients as shown, and in Fig. 30 (a) and (b), there are surface 

scattering coefficients along with TE0 mode widths for films with thicknesses of 

150 nm and 500 nm post-annealed at different temperatures shown. Scattering 

coefficients were calculated using Eq. 17 at wavelength λ = 632.8 nm. From Fig. 

29 (a) and (b), it can be seen that surface scattering coefficients increased, as the 

surface roughness increases, a clear indication of changes in surface morphology. 

This result is similar to the optical scattering studies reported on niobium oxide 

films [81]. 

 

Fig. 29. Surface rms roughness Rq and surface scattering coefficients αsurf values of 

(a) 150 nm and (b) 500 nm thick films post-annealed between temperatures 400–

1000 °C [III]. (Reprinted with the kind permission from Elsevier B.V.) 
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Fig. 30. Surface scattering coefficients (αsurf) and ∆β values of films with thicknesses 

of (a) 150 nm and (b) 500 nm post-annealed between temperatures 400–1000 °C [III]. 

(Reprinted with the kind permission from Elsevier B.V.) 

Values of surface scattering coefficients of 150-nm films were low up to the post-

annealing temperature of 700 °C. As the post-annealing temperature increased to 

800 °C, the values of αsurf increased due to a secondary grain growth process [I]. 

Broadening of the TE0 modes of 150-nm and 500-nm films follows the scattering 

coefficient values quite well, as seen in Fig. 30 (a) and (b). TE0 mode width 

increased for 150 nm thick films from 0.0123 to 0.0631, and the surface 

roughness increased from 7.4 nm to 17.1 nm, as the post-annealing temperature 

increased from 600 °C to 800 °C. The effect of the secondary grain growth 

process is seen in Fig. 30 (a) as an increase in the Δβ value of 150-nm film at 

post-annealing temperature of 800 °C. Smaller changes in Δβ values were found 

in 500-nm films when compared to those in 150-nm films, seen by comparing 

Fig. 30 (a) and (b). This was due to a well-defined microstructure of the 500 nm 

thick films up to the post-annealing temperature of 900 °C, which led to smaller 

αsurf values. The TE0 mode width of 500-nm films increased from 0.0048 to 

0.0156, and surface roughness increased from 6.9 nm to 12.6 nm, as the post-

annealing temperature increased from 600 °C to 900 °C, also showing good wave 

guiding properties up to post-annealing temperature of 900 °C. Average grain 

sizes for films with thicknesses of 150 nm and 500 nm were in the range of 10–18 

nm and 6–14 nm, respectively, but they were small compared to the optical 

wavelength λ = 632.8 nm used in the experiment. This finding means that grain 

size did not have much influence on Δβ values, and did not cause excessive 

scattering. Thus, the increase in Δβ values was mainly due to changes in the 

surface morphology of films, thereby leading to an increase in the surface 

scattering. Values for the refractive index n = 2.381 (TE), 2.378 (TM), giving 
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index difference of 0.003, and thickness 511 nm (TE) and 519 nm (TM) were 

calculated for a film with a thickness of 500 nm post-annealed at temperature of 

600 °C. The index difference indicated intrinsic birefringence in the film. Also, a 

difference in β values between the TE0 and TM0 modes of 500-nm film post-

annealed at 400 °C indicated that there is also a birefringence effect in the films 

involved, probably due to residual macroscopic stresses that were generated 

during the deposition and thermal heat treatment process [II,V]. 
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8 Conclusions 

The motivation for this research was to gain improved knowledge of the structure 

phase and surface morphology effects on the optical and scattering properties of 

nonlinear ferroelectric nanocrystalline thin films deposited from a 

Pb0.97Nd0.02(Zr0.55Ti0.45)O3 target, using pulsed laser deposition at room 

temperature. Deposited films were post-annealed at different temperatures to 

study the different degrees of crystallizations, orientation, grain size distribution, 

surface morphology, and macroscopic stress, and their effects on the optical and 

scattering properties. 

A preliminary thickness-temperature map of the majority phase was 

presented showing a dependence of film thickness and post-annealing 

temperature on the crystallization of the films. Tetragonal and rhombohedral 

(trigonal) phases co-existed in films, so that films with a thickness above 300 nm 

had a strong rhombohedral (trigonal) orientation at temperatures above 600 °C, 

and films with thicknesses from 50 nm to 300 nm were tetragonal oriented as the 

post-annealing temperature increased. Further, separate highly-oriented low-

temprature pyrochlore and an amorphous-like phase were observed in films post-

annealed below 600 °C and 400 °C, respectively. 

Crystal structure had an effect on the morphology of the films, so that highly 

oriented films had low surface rms roughness Rq < 10 nm, and were flat compared 

to films with a pyrochlore phase and tetragonal-rhombohedral (trigonal) phase co-

existence Rq > 20 nm. Also, the morphology of the amorphous-like films were 

found to be significantly improved down to surface rms roughness values of Rq ≈ 

0.2 nm. A multilayer structure was also found in highly oriented films, which led 

to a smoother film surface and lower microstrain Δd/d values. The 2D-FFT of the 

film surface showed low and evenly distributed amplitudes in k-space for highly 

tetragonal or rhombohedral (trigonal) oriented films with non-textured surfaces, 

although increased amplitudes at higher k values, i.e., in the grain size scale were 

indeed observed. Confined and increased amplitudes at k → 0 in k-space were 

seen for those films with nanostructure phase evolution-induced textured surfaces. 

Good optical transmission, guiding properties, and diffuse transmission 

properties with TD ≈ 5% were found in those films with single-phase oriented, 

small grain size around 10 nm, and low surface roughness Rq < 10 nm, thus 

having low surface scattering coefficients. Well oscillating transmission with 

sharp absorption edge near band gap energy was found in highly oriented and 

amorphous-like films. Optical absorption edges were found to shift to shorter 
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wavelengths, as the thickness of the films decreased from 500 nm to 50 nm, 

which led to an increase in the band gap energies by the amount of ΔEg ≈ 0.55 eV. 

Diffuse transmission properties of the films were also calculated from the surface 

profile data, which acted as phase grating, using scalar scattering theory. The 

results showed very good agreement with the experimentally defined values. The 

difference between modelled and measured values was 3.8% in maximum. 

Periodicity in the nanostructured surfaces was seen to cause the elements in 

diffuse transmission spectra. 

Changes in surface morphology and crystal orientation were found to 

modulate oscillations in the interference pattern and modulate the full width at 

half maximum (Δβ) values of the TE0 optical guiding mode indicating strong 

dependence on the surface scattering process. Sharp optical coupling widths Δβ ≈ 

0.0048 and Δβ ≈ 0.0006, for single-phase oriented and for amorphous-like films, 

respectively, were found.  
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