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resumo SrBi2Ta2O9 (SBT)  e  SrBi2Nb2O9 (SBT)  são  materiais  funcionais  com 
utilização  em  memórias  ferroeléctricas.  Estes  materiais  podem  ser 
sintetizados a partir de procedimentos relativamente simples e “amigos” 
do ambiente.

Neste estudo, investigaram-se métodos de preparação de filmes finos de 
SBT  e  SBN  com  propriedades  melhoradas.  Para  tal  desenvolveram-se 
novas soluções precursoras de SBT e SBN e recorreu-se  à utilização de 
“sementes”  e  de  “dopantes”  para  promover  não  só  a  cristalização  dos 
filmes  a  temperaturas  mais  baixas  como também as  suas  propriedades 
dieléctricas e ferroeléctricas. 

O primeiro resultado a assinalar foi a preparação de pós de SBT e SBN 
por  modificação  de  um um método  baseado  na  tecnologia  sol-gel  por 
forma  a permitir o uso de compostos mais baratos como o Ta2O5 e o 
Nb2O5 como  matérias  primas  e  simultaneamente  permitir  baixar  a 
temperatura de tratamento térmico de pós para 820ºC. Os pós de SBT e 
SBN  obtidos  apresentaram  uma  granulometría  adequada  para  serem 
utilizados como “sementes” na preparação de filmes.

Na síntese  dos  filmes,  iniciou-se  o estudo pela  preparação  de soluções 
estáveis através da dissolução dos catiões necessários em tolueno e ácido 
acrílico. A mistura tolueno-ácido acrílico tem a capacidade de estabilizar  as 
soluções durante um intervalo de tempo de 1 mês; tal como confirmado 
por  estudos  de  espectroscopia  de  IV,  UV-Vis  e  Raman.  Não  se 
observaram  diferenças  no  comportamento  ferroeléctrico  dos  filmes 
preparados com soluções com diferentes tempos de envelhecimento (entre 
1 a 31 dias). Após 31 dias observou-se polimerização da solução de tântalo.

As  possíveis estruturas dos complexos formados por diluição do Sr2+, do 
Bi3+ e do Ta5+ na mistura de tolueno e ácido acrílico foram determinadas 
recorrendo a cálculos de química quântica (DFT).



O tântalo e o bismuto evidenciam a capacidade de formar complexos “half-
sandwiched” que envolvem três unidades de acrilato e uma molécula de 
tolueno. De acordo com os resultados teóricos o estrôncio não forma este 
tipo de complexos más antes o anião triacrilato de estrôncio. Os espectros 
Raman e IR obtidos através de simulação DFT evidenciam concordância 
com os obtidos experimentalmente.

Sendo o tolueno e o ácido acrílico compostos tóxicos, desenvolveram-se 
esforços  para  os  substituir  na  preparação  de  soluções  precursoras.  O 
resultado foi a identificação uma solução estável preparada por dissolução 
de catiões numa mistura de ácido acético e etanol na proporção 1:3. Uma 
vez que o bismuto é aparentemente solúvel em ácido acético, foi necessário 
introduzir  um  agente  complexante:  a  ureia  foi  a  substância  química 
empregue devido à sua natureza não-tóxica.

Utilizando  as  diversas  soluções  precursoras  preparadas  neste  estudo, 
depositaram-se vários tipos de filmes. Filmes finos de SBT e SBN com e 
sem sementes foram preparados para estudar a influência das sementes na 
cristalização e nas propriedades ferroeléctricas dos filmes obtidos.
Uma temperatura de tratamento térmico igual a 720ºC foi suficiente para 
obter a fase pura pseudo-perovesquite em filmes de SBT e SBN preparados 
com sementes. Além disso, as propriedades ferroeléctricas dos filmes com 
sementes  são  superiores  às  dos  filmes  sem sementes  tratados  à  mesma 
temperatura e semelhantes às dos filmes sem sementes tratados a 750ºC 
quer neste estudo quer em outros estudos de outros autores,  já reportados.

A influência da estequiometría  do bismuto e a presença de semente nas 
características  da  interface  filme  fino  de  SBN  (ou  SBT)/platina  foram 
analisadas por Espectroscopia de Retrodispersão de Rutherford (RBS). Os 
resultados obtidos confirmam que as semente actuam como uma barreira à 
difusão entre o filme e o substrato dado que se observam interfaces bem 
definidas com pequenas variações de estequiometría dos vários elementos 
no caso de filmes com sementes quando comparados com a ausência de 
sementes em que se observam variações mais significativas.

Prepararam-se ainda filmes finos dopados de SBT.  A escolha do catião 
“dopante” baseou-se na sua capacidade para  na sua capacidade para criar 
lacunas  e  na  sua  não  toxicidade.  K+,  Ag+ e  Na+  foram  os  dopantes 
escolhidos  para  substituir  o  estrôncio  do site  A entanto  que  W6+ foi  o 
elemento escolhido para a dopagem do site B.



Com o  objectivo  de  compreender  as  diferenças  no  comportamento  da 
cristalização e propriedades ferroeléctricas de filmes quando tratados por 
Rapid Thermal Annealing (RTA) e em forno convencional; realizou-se um 
estudo de modelação  de dois possíveis mecanismos  com base na equação 
de Arrenhius.
Os resultados obtidos confirmam que o mecanismo reaccional nos filmes 
tratados emm forno convencional envolve a sequência precursor-fluorite-
pseudo-perovesquite.

Nos  filmes  tratados  por  RTA o modelo  prevê  que  em paralelo  com o 
mecanismo  anterior  também  possa  ocorrer  a  reacção  precursor-
pseudoperovesquite sem o intermediário fluorite. 



keywords SrBi2Ta2O9 and  SrBi2Nb2O9,  thin  films,   ferroelectric  properties, 
metallorganic decomposition, MOD, cation-complex modelling, complex, 
sol-gel, seeds, film-substrate interface, Arrhenius equation

abstract SrBi2Ta2O9 (SBT) and SrBi2Nb2O9 (SBN) are  materials with applications 
in  ferroelectric  memory  devices.  In  addition,  these  materials  can  be 
synthesized by a relatively easy preparation process and last, but not least, 
all  the  constituents  and  by  extension  the  whole  materials  are 
environmentally safe. In this work a search for SBT and SBN thin films 
with improved quality was made. This search included the development 
of new, and more stable, precursor solutions for SBT and SBN thin film 
preparation, the use of seeds for enhancing thin film crystallization and 
the use of dopants to improve the ferroelectric and dielectric properties.

The first reliable result was the preparation of SBT and SBN powders by 
a modification of a well-known sol-gel method that allowed the use of the 
cheap compounds Ta2O5 and Nb2O5 as starting materials, while lowering 
the  heat  treatment  to  820ºC.  At  the  same  time,  the  SBT  and  SBN 
powders were obtained with adequate grain size to be used as seeds.

In a first approximation, the preparation of a stable, low density precursor 
solution for the synthesis of SBT thin films was afforded by dissolution 
of the necessary cations in toluene and acrylic acid. The acrylic acid is able 
to stabilize the solutions of the cations, while maintaining low viscosity (~ 
1cStk) in a time interval of one month, as confirmed by dynamical studies 
employing IR, UV-Vis and Raman spectroscopies. No differences on the 
ferroelectric behaviour were observed for thin film samples prepared at 
different ageing states (from 1 to 31 days) of the precursor solution .After 
that period polymerization of the solutions was observed. 

The possible structures of the complexes formed by dilution of the Sr2+, 
Bi3+ and Ta5+ in a mixture of toluene and acrylic acid were calculated by 
means of DFT quantum chemical calculations. Tantalum and bismuth are 
able  to  form half-sandwiched complexes  which involves  three  acrylate 
units  and  one  toluene  molecule.  The  theoretical  results  predict  that 
strontium can not be complexed in this way: the more stable structure is 
then the Sr-triacrylate anion. The Raman and IR spectra simulated from 
the  equilibrium geometry  obtained  by  DFT correlates  reasonably  well 
with the experimental ones. 



As  toluene  and  acrylic  acid  have  toxic  issues,  efforts  were  made  to 
substitute both compounds in the preparation of the solutions. The result 
was a stable solution prepared by dissolving the cations in a mixture of 
acetic acid and ethanol in the proportion 1:3.  As this  bismuth is poorly 
soluble in acetic acid, it was needed to introduce a complexing agent. Urea 
was the chemical substance that was employed as complexing agent, mainly 
due to its non-toxic nature.

Using the several previously referred precursor solutions, several thin films 
were prepared. Among them seeded and unseeded SBT and SBN thin films 
were prepared to study  the influence of  seeds  in the  crystallization and 
ferroelectric characteristics of the obtained films. A temperature of 720ºC 
was sufficient to obtain a pure SBT and SBN phases in the prepared films. 
Moreover the ferroelectric properties of the seeded films are superior to the 
properties of the unseeded thin films obtained at the same temperature and 
similar to those obtained for unseeded thin films prepared a 750ºC, in this 
work, as well as those reported previously by different authors.

The influence of the bismuth stoichiometry and the presence of seeds on 
the SBN (or SBT) thin film/platinum bottom electrode interface formation 
were  analysed  by  performing  Rutherford  Backscattering  Spectroscopy 
experiments. The results confirmed the role of the seeds as a barrier for the 
thin film/electrode diffusion as sharper interfaces are obtained and small 
variations of stoichiometry, of all the elements and bismuth in particular, 
are  observed in the  case  of  seeded thin  films when compared with the 
unseeded ones, where important variations were detected. 

Doped SBT thin  films were  also prepared.  The criteria  followed in the 
choice of the dopant cation were mainly its possibility to create hole or 
electron vacancies and their non-toxic nature. K+, Ag+ and Na+ were the 
dopants used to substitute Sr from the perovskite A-site while W6+ was the 
cation used for substitutions in the B-site. 

With  the  purpose  of  understanding  the  differences  in  crystallization 
behaviour and ferroelectric properties reported for rapid thermal annealed 
thin  films  and  conventional  furnace  annealed  thin  films,  an  Arrhenius 
modelling of two possible reaction mechanisms was made. The obtained 
results  confirm  that  the  reaction  mechanism  for  conventional  furnace 
annealed  films  is  given  by  the  pathway  precursor-fluorite-pseudo-
perovskite. For the RTA treated films the model was able to predict that 
two mechanism may occur: a precursor-fluorite-pseudoperovskite pathway 
in parallel to a direct pathway precursor-pseudoperovskite. 
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INTRODUCTION

From the first  electronic  equipments with tenth or  hundredth of  electronic  tubes and 

valves to the miniaturization observed today, a long way was covered by the materials scientists, 

chemists and physicists. Searching for new materials, their testing and the implementation of 

new techniques for miniaturization were the main tasks. This has been, and still is, a hard work. 

Perhaps  one  of  the  most  impressive  progresses  was  the  tremendous  evolution  of  the 

computers.  From  the  original  one,  ENIAC  constructed  at  the  Massachusetts  Institute  of 

Technology with a few operations per second  [1]  and plain extension of several hundred of 

square meters to the actual laptops with millions of operations per second and sizes of few 

square centimetres the change is quite impressive.  Moreover, since the original paper storage 

with a capacity of few bytes per meter until the actual USB pens with hundred megabytes in a 5-

10 centimetre case with high speed and performance,  the evolution has been incomparably 

enormous.

The physical  limits  in  the  miniaturization  of  digital  electronics  have been reviewed by 

Keyes [1] and by Brinkman and Pinto [2][3]. For Keyes [1] the problem is divided among several 

areas: one of these is the need to improve the techniques of fabrication. Other key aspects for 

the further development of these technologies belong to the limits imposed by physical laws: 

power dissipation and other thermal problems are issues of concern.  Moreover, the size limits 

of the devices are, at last, imposed by the electrical and ferroelectrical properties of the specific 

materials. 

For Brinkman and Pinto [2] and for Peercy [4] the scaling in complementary metal-oxide 

semiconductor devices can continue for a maximum of 50 years, perhaps to dimensions around 

0.05  µm, but being this a very difficult task in their opinion. Figure 1 shows the state of the 

situation in the year 2000, as well as the predicted actual situation. Whereas 16 Gb of memory 

and 109 transistor are required per chip, the lithographic techniques must be scaling down to 

half their size. Technical as well as economic or design issues may limit this trend [2][3][4].
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The materials used for computer and electronic device memories are today under intensive 

research. The purpose is to obtain compounds with superior properties to be able to give the 

necessary response in smaller areas. Beside these requirements, materials with easy synthesis 

processes and with higher fatigue endurance are necessary. Moreover these materials must fulfil 

at least two other requirements: to have a low synthesis temperature and to be environmentally 

safe [2][3][4].

Figure  1. Schematic plot of increase in device density compared with the decrease of lithographic feature size  
(from Kingon, Maria and Streiffer  [3]). 

However,  it  must be said that any research in current and new materials will  face the 

resistance  of  the  industry  towards  heavy  technological  changes.  This  of  course  limits  the 

spectrum of possible materials to those whose fabrication methods are not far away from the 

existing ones [3].

The most used and well  known material  employed in  ferroelectric  memories  is  PbZr1-

xTixO3 (PZT). Its structure consists of Ti or Zr-centred oxygen octahedra surrounded by Pb 

atoms  in  what  is  known  as  the  perovskite  type  structure.  Although  presenting  excellent 

properties,  this  material  suffers  from  two  important  problems:   it  is  very  prone  to 

dielectric/ferroelectric fatigue and lead is a very toxic element [5]. Other perovskites like SrTiO3, 

BaTiO3, or CaTiO3 or Ba1-xSrxTiO3 solid solution, only to mention a few ones, have not as good 

properties as PZT. This has been a controversial  fact both theoretically  and experimentally, 
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because against all the theoretical expectations, perovskites do not follow a rigorous structure-

properties  relationship,  i.e.  very  similar  structures  display  different  dielectrical  properties, 

without  a  logical  trend relating  the  theoretical  and experimental  structural  aspects  with  the 

observed properties  [6]. The role of the perovskite family compounds in  modern materials 

science has been a matter of several reviews, not only because of its important ferroelectric 

properties  [6],  but  also  because  they  are  interesting  for  electrocatalysis  [6][7] and  for 

superconductor applications[6]. 

It has been observed in the last years the development of oxide materials based on bismuth 

like Bi3TiNbO9,  Bi4Ti3O12,  SrBi2Ta2O9 (SBT) and SrBi2Nb2O9 (SBN) as representatives of a 

huge list of compounds and their solid solutions [3][8][9]. All these materials have in common a 

bismuth-layer pseudo-perovskite structure, also known as Aurivillius type structure [10] (Figure 

2). 

Figure 2. Structure of perovskites (left) and Aurivillius compounds (right), where A stand for the A site cation  
and B for the B site cation and C is a bismuth oxide layer (from Refs. [6][7][10]).

These materials can be synthesized by solid state reaction of mixed carbonates, oxides and 

salts such as acetates and nitrates treated at high temperatures. Solid state chemistry suffer from 

two  defects:  1)  the  high  temperature  used  promotes  the  partial  volatilization  of  some 

constituents and 2) the solids samples are not easily homogenized  [6][7][10]. Both issues can 

cause chemical inhomogeneities in the obtained compounds and the alteration of the properties. 
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Solid state chemistry is the preferred method when at least one of the elements does not 

have appropriate soluble compounds or when these compounds are unstable or very expensive. 

When  soluble  compounds  are  available  for  all  the  constituents  and  low  temperatures  are 

required, it  is preferred to obtain the material directly from solution either by hydrothermal 

treatment [11] or by co-precipitation [12], which are the most used solution methods. In the first 

case more homogeneous products are obtained generally. A homogeneous co-precipitation is 

sometimes difficult to be obtained and this difficulty increases with the number of elements to 

be co-precipitated. 

An alternative method of synthesis is based on the slow desiccation of soluble salts (or 

complexes) followed by a heat treatment of the dried product at an adequate temperature. This 

method usually requires lower temperatures than the previous ones and the cations are better 

distributed  all  over  the  whole  solid  [13].   All  the  above  referred methods  are  suitable  for 

producing powders of the desired materials. In order to make small sized electronic components 

(with size far below microns) powders are not adequate. For this purpose thin films are more 

appropriate. 

One of the best ways to deposit thin films is by pulsed laser deposition using a ceramic 

pellet of the desired material as a target. This takes advantage from the solid state reaction of the 

usually  inexpensive  oxides for the fabrication  of  bulk  materials  which is  then used for the 

deposition  of  a  thin  film on a  substrate  by  pulsed laser  assisted  evaporation  (or  ablation). 

However  this  method  presents  some  serious  problems:  the  ejection  of  big  (micron-sized) 

particles during ablation leads to multilayer device structures; in the other hand, the attempts to 

control the diameter of the particles ejected promote changes in the film composition. Another 

issue  is  the  uncontrolled  nucleation  of  nanoparticles  when  the  background  pressure  is 

sufficiently  high  for  heterogeneous  nucleation.   The  stoichiometric  transfer  of  target 

composition  is  readily  achieved  for  nearly  any  material,  but  this  does  not  ensure  the 

stoichiometric film growth at elevated temperature if any of the cation species possess a high 

vapour pressure [14][15].

 Fortunately to make thin films only small modifications of the above mentioned chemical 

method are required. The deposition of chemical precursors is thus a matter of synthesizing 

adequate reagent that can decompose giving the desired compounds. Once again there exist 

several alternatives. It is possible to synthesize volatile compounds that can be deposited by 
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vapour deposition (VD) [16], but this makes necessary the use of reagent with the same boiling 

point  (and  low viscosity);  otherwise  the  stoichiometric  control  is  hard  to  accomplish.  The 

volatility of these compounds is a handicap for safe handling [8].

Another  alternative  is  to  prepare  relatively  stable  precursor  able  to  be  deposited 

mechanically onto a substrate. Chemical Solution Deposition (CSD) is a general term used to 

define the preparation of an “homogeneous” chemical solution of several chemical elements in 

appropriate stoichiometric ratio and its subsequent deposition to form a precursor film. The 

deposition of the above referred precursor solution can be deposited as thin layers either via 

dipping (i.e. dipping and removing a substrate at a very slow rate in a solution containing the 

cations) or spinning (high speed rotation of a substrate wetted with a solution containing the 

desired cations) onto a substrate  [17]. The so obtained film is then heat treated to obtain the 

desired final compound.

It  is  the  main  objective  of  this  thesis  to  study  the  preparation  of  SrBi2Ta2O9 and 

SrBi2Nb2O9 (hereafter SBT and SBN, respectively) thin films with adequate ferroelectric quality. 

To accomplish  this  general  task,  several  short  term  objectives  were  pursued.   New stable 

precursor solutions for SBT and SBN thin films depositions, either by dip or by spin-coating 

were studied. For this particular purpose, attempts to optimize a toluene-acrylic acid precursor 

solution were made. Such studies were based on the characterization of the dynamical behaviour 

of several solutions including toluene-acrylic acid precursor solutions and the solution of the 

individual cations (Sr2+, Bi3+ and Ta5+) in three solvents (toluene and acrylic acid and its 1:1 

volume mixture). 

Toluene  and  acrylic  acid  are  very  toxic  substances  and  their  manipulation  and  waste 

disposals are very delicate tasks. For these reasons another concern of this work was to search 

the  preparation  of  the  desired  materials  by  environmentally-friend  methods.  Thus  a 

metallorganic precursor solution, relying on non-toxic and cheap solvents and displaying the 

required stability, was also a goal for the present study.  

It is known that SBT and SBN have only two polar (a and b) axes [18] and for this reason 

good ferroelectric measurements are made only in films grown preferentially in these directions. 

This is a difficult task because the most common substrates for film growing do not promote an 

adequate orientation of the desired systems. Fortunately there exists the possibility of breaking-
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off  this  symmetry  constrain  by  producing  local  heterogeneities  which  can  improve  the 

ferroelectric characteristics.  

One interesting way to obtain these local heterogeneities is by mixing, inside the crystalline 

network, different valences state of the same chemical element occupying equivalent crystalline 

sites. But this needs rather complicated procedures for instance, the use of a carefully controlled 

reducing  or  oxidizing  atmosphere  during  heat  treatment  or  a  selective  and  incomplete 

reduction/oxidation either chemical or electrochemical, of a given (or various) cation(s) after the 

annealing procedure. 

The easiest way to produce such heterogeneities is to alter the stoichiometry or to dope the 

compound. There exist two classic studies on the effect of stoichiometry on the ferroelectrics 

characteristics of SBT thin films [19][20] and recently a third one appeared [21],  but the studies 

of doped systems although a little bit abundant [22]-[27] suffer from the lack of systematization. 

Therefore the second objective of this thesis was to obtain experimental information about the 

behaviour of doped SBT and SBN thin films as an attempt to identify and understand the better 

ways to improve the properties of SBT and SBN thin films.

There exists another approach to favour the growth of the polycrystalline materials in a 

preferred direction which is the use of seeds of the same or of a different material [28][29]. This 

was another objective of this thesis: to prepare seeded and unseeded thin films of SBT and SBN 

and to compare them in terms of ferroelectric properties. With this purpose a procedure to 

prepare SBT and SBN powders (seeds) at relative low temperature starting from the oxides and 

using the Pechini’s-type procedure was developed.

The present thesis is divided into six chapters. Chapter I is dedicated to literature revision, 

with the objective of updating the reader on the following issues: ferroelectricity; SBT (SBN) 

ferroelectric materials: structure, memories application and doping studies. Another objective of 

this chapter was the systematization of the dispersed information related to the chemistry of 

niobium and tantalum, also emphasizing the data about strontium and bismuth too. Important 

aspects of the chemical stabilization of salts in non-aqueous solvents are also focused in this 

chapter. Next, the second chapter describes all the experimental procedures and techniques used 

thorough this work. 
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The obtained results are presented and discussed in Chapters III to VI, divided by different 

areas as follows: Chapter III is devoted to the results respecting the seeds preparation. Chapter 

IV is dedicated to the study of two different metallorganic solutions, the first solution is based 

on a mixture of toluene and acrylic acid, owing to environmentally concerns a second solution 

based on a mixture of acetic acid and ethanol was studied. From these precursors solutions, 

several SBT and SBN thin films were obtained. The obtained films were characterized and its 

properties  were  compared  to  stablish  the  adequateness  of  these  solution  for  thin  films 

preparation. Also discussion of a dynamical study of the toluene/acrylic acid precursor solutions 

is presented. This includes spectroscopic studies on the toluene-acrylic acid based solutions as 

well  as  ab-initio Density  Functional  Theory  (DFT)  modelling  of  the  probable  compounds 

formed during these studies.  

In  Chapter  V  the  results  of  characterization,  including  studies  of  the  films/electrode 

interface,  of  several  seeded and unseeded SBT and SBN thin films prepared with different 

stoichiometry are discussed. In order to improve the ferroelectric characteristics of SBT thin 

films several dopants were introduced in the A- and B- site of the pseudo-perovskite unit: the 

results obtained for these doped-SBT thin films are also discussed in this scope. As differences 

between the properties of SBT thin films obtained by the Rapid Thermal Processing (RTP) and 

by the Conventional Furnace Annealing (CFA) have been reported, Chapter VI is dedicated to 

study on the general reaction mechanism of phase formation based on the Arrhenius theory. 

Finally, the conclusions and some ideas and directions for future studies on this  subject are 

presented. 
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C h a p t e r  I .

LITERATURE BACKGROUND

It is the objective of this chapter to review some basic aspects of ferroelectricity and its 

applications in ferroelectric memories as the main purpose of this work is to study and develop 

ferroelectric  materials.  SBT  and  SBN  are  the  target  materials  of  this  work  and  thus  the 

peculiarities of their crystal structure are also reviewed. Doping is a well known approach for 

improving ferroelectric properties. A systematization of doping schemes, dopant elements and 

respective effects is also presented.

Moreover  as  the  materials  under  study  SBT  and  SBN  thin  films   are  obtained  by 

metallorganic decomposition, the second goal is to review the chemistry (mainly in non-aqueous 

solvents)  of  strontium,  niobium,  bismuth  and tantalum,  in  order  to  understand how these 

cations can be stabilized together in solution. This at first glance may be not straightforward as 

the mentioned elements belong to different groups/periods of the Periodic Table of Elements. 

For instance strontium belong to the 5th Period / IIA group, niobium and tantalum belongs to 

the VA group, being the former in the 5th Period and the latter in the 6th Period.  The last 

element, bismuth, belongs to the 6th Period / VB group. This differentiation predicts a high 

heterogeneity on chemical behaviour and an enormous effort for maintaining these elements 

together in a given stable solution. 

 I.1 Basic principles in ferroelectricity

The phenomenon of Ferroelectricity was discovered by Valasek around 1920, i.e. 85 years 

ago, and a paper on this subject was first published in 1921 [30].  In his work Valasek found out 

similarities with magnetism, making the foundations of the actual theory of ferroelectricity. He 

adequately recognize the correspondence existing between ferroelectricity and magnetism and 

the “equivalence” between Dielectric Displacement (D), Electric Field (E), Polarization (P) and 

Magnetic Force (B), Magnetic Field Strength  (H), Electric Current (I). 
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The main necessary condition for a material to behave as a ferroelectric is that it has to be a 

dielectric.  A dielectric  material is  a substance that is  a poor conductor of electricity,  but an 

efficient supporter of electrostatic fields. If the flow of current between opposite electric charge 

poles is kept to a minimum while the electrostatic lines of flux are not impeded or interrupted, 

an electrostatic  field can store energy. An important property of a dielectric  is its  ability  to 

support an electrostatic field while dissipating minimal energy in the form of heat. The lower the 

dielectric loss (the proportion of energy lost as heat), the more effective is a dielectric material. 

Another consideration is the dielectric constant, the extent to which a substance concentrates the 

electrostatic lines of flux.

When an electric field is applied, cations and anions are attracted to the electrodes. The 

electron clouds also deform causing the formation of electric dipoles. This whole process is 

called dielectric polarization. However, not every dielectric material is a ferroelectric. To be so, 

the  material  needs  to  possess  a  spontaneous  polarization  (i.e.  electric  polarization  without 

applied field), and the polarization hast to be reversible by an applied electric field  [31]. This 

behaviour is characteristic of materials that can undergo small structural changes, in terms of 

atomic positions,  by the applied field.   If  this change is originated by a small  displacement 

around  the  theoretically  considered  equilibrium  (centro-symmetric)  atomic  position  in  the 

materials then it is called a displacive ferroelectric. On the other hand, if this phenomenon is due 

to complex cationic ordering arrangement of several cations occupying equivalent position in 

the crystal lattice the material is designated as being order-disorder ferroelectric. 

A look on the 32 described point groups reveals that 21 of them are non-centrosymmetric. 

From these non-centrosymmetric space groups, there are 20 points groups in which charges are 

generated on the crystal surface when subjected to appropriate stresses. These materials are 

called piezoelectrics [31]. Half of these last 20 point groups display the pyroelectric effect. This is the 

phenomenon  which  is  observed  when  temperature  changes  the  observable  spontaneous 

polarization. Some of these materials do not fulfil the condition reversibility of the spontaneous 

polarization by an applied electric field, so they are not ferroelectric. 

Rochelle salt (NaKC4H4O6 .4H2O) and triglycine sulfate ((NH2CH3COOH)3  . H2SO4) are 

materials belonging to the ferroelectric family [32], but the most important class of compound 

displaying ferroelectricity is the perovskite family. Almost all the perovskites are piezoelectrics 
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but as expected not all of them are ferroelectrics. An example of a ferroelectric perovskite is 

BaTiO3 [32]. 

In Figure 3  the  perovskite-type structure  of  BaTiO3 is  illustrated,  showing the  atomic 

displacement due to an applied electric field. As can be understood from the figure, electrical 

properties  are  anisotropic,  as  they  behave  differently  when  measured  in  different  spatial 

directions.  Usually,  these  preferential  directions  of  displacement  coincide  with  the 

crystallographic axes.

Figure 3 Perovskite type structure of the model perovskite BaTiO3 (from Refs. [31][32]).

A common feature of almost all these materials (except if they decompose before) is the 

Curie  temperature  (TC).  Below  this  temperature  they  are  polar  (or  non-centro-symmetric), 

having two off-centre equilibrium state for the atom occupying the inner position in the oxygen 

octahedron.  One  of  these  equilibrium  positions  is  represented  in  Figure  3  (right),  by  the 

displacement of Ti atom from the centre position coincident with the oxygen atom beneath it. 

The displacement of  the Ti atom causes smaller  displacement in the surrounding atoms as 

represented in Figure 3 (left). 
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Figure 4 Characteristic double-well potential energy as a function of the position of the B cation between the  
oxygen anions in perovskite ferroelectrics (adapted from ref. [32]).

For temperatures above TC these materials become centro-symmetric. The physical 

reason for this change is that at high temperatures the interatomic bonds elongate and 

the potential barrier (see Figure 4) that found the atom occupying the centre of the 

oxygen octahedron to pass from one equilibrium state to the other diminished greatly 

allowing  the  fast  movement  of  that  central  atom between the  previously  preferred 

positions. As a result the material loses the spontaneous polarization and is designated as 

paraelectric [8].

 I.2  Polarization switching

Ferroelectrics are usually synthesized at temperatures far above the Curie temperature. In 

the  subsequent cooling  down procedure,  when passing  through the Curie  temperature,  the 

random positioning of the atoms dictates its “polarization state”. At a rather large scale, the 

atoms are grouped in a neighbourhood in which a given atom shares a similar state with the 

equivalent neighbours This neighbourhood is called a domain. 

Viewed as a whole the material is a poly-domain entity, the domains can be reoriented by 

application of an electric field of enough intensity. This dynamic process is called polarization 

(or domain switching)  [8]. When the external field forces the orientation of a domain in the 

reversal direction, a new domain will  appear inside the existing one and will  expand by two 

complementary processes: nucleation and growth. 

When  a  varying  field  of  sufficient  amplitude  is  applied  to  a  ferroelectric  material  at 

temperatures below TC, a hysteretic behaviour of the polarization is observed, as illustrated in 
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Figure 5. This typical behaviour is called  polarization-electric field (P-E)  hysteresis loop  and is often 

used to identify a ferroelectric material. In Figure 5 the principal identities characterizing a P-E 

hysteresis loop are showed: Pmax is the maximum polarization, this value is also called saturation 

polarization  (Ps). Pr is  the remnant polarization,  which is the value that is  retained after the 

removal  of  the  applied  field.  Psw is  the  switching  polarization  referred  to  the  remnant 

polarization and Psw* is switching polarization referred to the maximum polarization, and  Pns is 

the non-switching polarization and it is due to the differences in the polarization of the material 

before and after suffering an electrical perturbation.

Figure  5 Typical  P-E  hysteresis  loop  characteristic  of  ferroelectric  materials  (adapted  from  ref.  
[8][9][31][32][33]).

The polarization process, as was stated before, is characterized by the orientation of the 

domains. When almost all the domains are switched in the same direction the highest level of 

polarization is attained and this value is name saturation polarization (Ps). The magnitude of the 

field that causes the polarization to vanish is called coercive field (EC).

Not surprisingly, following the above reasoning, the polarization switching depends on the 

temperature and the intensity of the applied field. High temperatures cause a lengthening of the 

bonds, and for this reason the repulsive forces diminishes and the preferred position of the 

atom occupying the central position in the oxygen octahedron is now the centre of the distance 

between the  former equilibrium positions  (see Fig.  4).  Consequently  it  is  observed a lower 

polarization values and the intensity of the electric field needed to reversed the polarization is 

lower.
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 I.3 Bismuth layer structured ferroelectric materials

In  the  last  years  an  increase  in  the  research  of  ferroelectric  materials  has  gained  the 

attention of the research groups around the world. Among these materials, attention is turning 

to lead-free or other compounds with low toxic issues. Bismuth layer structured or Aurivillius-

type compounds (after Aurivillius [10]) is a whole family of compounds that display ferroelectric 

properties. Its general formula can be written as:

−
+−

+ 2
131

2
22 )()( mmm OBAOBi , (m = 1, 2, …, 5)

where  m denotes  the  number  of  BO6 octahedral  layers  in  the perovskite  block  interleaved 

between two (Bi2O2
2+) layers, A can be a mono-, di-, or trivalent ion (Na1+, K1+, Sr2+, Ba2+, Ca2+, 

Pb2+, Bi3+ or some rare-earth elements) and B represents a small ion with relatively high charge 

such as  Fe3+,  Cr3+ ,Ti4+,  Nb5+,  Ta5+ or  W6+.  The  A and the  B site  can  be occupied  by a 

combination of the above enumerated cations. Typical examples of the prototype structure as a 

function  of  the  value  of  m are  shown  in  Fig.  6,  adapted  from  literature  [34][35].  For 

simplification, only half of the unit cell is shown for each case.

In 1960-61, Smolenskii et al.  [36] have predicted the existence of ferroelectricity in these 

compounds since they analysed that the MO6
M+ octahedral layer could behave as the octahedron 

found in the perovskite  compounds. In the above mentioned article  the authors tested the 

validity of their hypothesis and measured the dielectric properties of CaBi2Nb2O9, BaBi2Nb2O9, 

PbBi2Nb2O9, CaBi2Ta2O9, BaBi2Ta2O9, PbBi2Ta2O9 and Bi3NbTiO9. Nowadays most of these 

compounds  have  been  extensively  studied  and  the  vast  majority  is  ferroelectric  at  room 

temperature with a ferrodistortive paraelectric-ferroelectric phase transition in the range of 300-

700 ºC. In a ferrodistortive phase transition, the octahedra are tetragonally elongated, but all 

their long axes are oriented parallel to the c-axis in the tetragonal modification.
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Figure 6. General structure of bismuth-layer perovskites (from Ref.[35]).

 I.4 Ferroelectric memories

Although the physics behind the ferroelectric memories is simple, a ferroelectric material 

by itself it is not sufficient for memories fabrication.  In principle,  to read a memory cell, the 

current measured through a small load resistor in series with the capacitor (memory cell)  is 

compared to that from a reference cell (containing a similar capacitor) previously poled in a 

definite direction [33]. A difference in the measured current between the reference and the read 

capacitor accounts for different states, no differences in the measured currents is an indication 

that  both the read capacitor  and the  reference capacitor  share the same state.  The writing 

procedure is identical than the read procedure but the currents measurements are discarded [33]. 

However, a complex circuit is needed to guarantee the reliability of the memory system. 

The most employed memories designs are the 1 transistor-1 capacitor (1T-1C) design or the 2 

transistor-2 capacitor (2T-2C). The former is much more space effective but the later has better 

working  characteristics.  A common problem of these both design is  the  fact  that  the read 

operation is destructive, so every time a bit is read, it must be rewritten to preserve its state  [9]
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[33]. Another problems like imprint, distribution of reference voltage and reduction of the read 

margin  caused  by  the  noise  between  bit-lines  in  high  density  memories  arrays  has  been 

addressed  and  several  solutions,  while  maintaining  the  same   pass-gate  scheme  have  been 

proposed [9][33][37]-[40].

A possible solution for these problems is to use a ferroelectric field-effect transistor. If a 

metal  gate in a field-effect transistor is  replaced by a ferroelectric,  then a device with non-

destructive readout is obtained[33]. The polarization of the gate could be sensed by monitoring 

the source-drain current magnitude. For this type of device very low remnant polarization are 

needed (~0.5μC/cm2), very low when compared with remnant polarization needed by the pass-

gate-switched capacitor arrays previously described (~10μC/cm2).  Another advantage of this 

design is the decrease of the size of the memory cell [9][33].

 I.5 The structure of  SBN and SBT 

The general structure of SBT and SBN is assumed to have two octahedral layers between 

the bismuth layers. The crystal structure of these compounds from the very beginning has been 

subject  of extensive studies.  Aurivillius  [10] observed that the structure can be described as 

orthorhombic as well as pseudo-tetragonal. In the mentioned work, a D2h
23-F mmm structure was 

proposed. 

In 1992, Rae, Thompson and Withers  [41] studying SBT crystals have concluded that a 

more exact description is made by assigning a structure lying in the  A21am space group as a 

commensurate modulation of an idealized  Fmmm parent structure derived from an  I4/mmm 

structure. Similar results for SBN were described four years later by Ismunandar et al. [42]. Their 

parameters for the description of the unit cell (a= 5.5189 Å, b= 5.5154 Å, c= 25.1124 Å) are 

smaller than those for SBT reported by Rae, Thompson and Withers (a= 5.5306 Å, b= 5.5344 

Å, c= 24.9839 Å) [41]. The values reported by other authors, when studying SBT and SBN, are 

very similar to those reported in the above mentioned articles (see Refs [43]-[46]). 

Comparing SBT with SBN, higher values of the cell parameters are expected for SBT as 

the Ta5+ cation is larger than the Nb5+ cation and because the electronegativity of  Ta5+ is lower 

than the electronegativity of Nb5+. This assumption is confirmed by both experimental [41][42]

[43] and theoretical [47] results. The objective of the last mentioned work [47] was to confirm 
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the theoretical assumptions of the role of the electronegativity in the structure and properties of 

both materials. To accomplish this, the authors performed a Discrete Variational Xα (DV- Xα) 

cluster method to calculate the structure of SBT and SBN, assuming a Fmmm symmetry, i.e. the 

displacement of the ions in the cluster is zero. With these premises they found higher ionic 

charges for Ta5+ than for Nb5+ and lower overlap populations in the M-O bonds for the first 

cation than for the latter. 

For Stachiotti et al. [48]   and for Miura [49] and for Chen an Lee [50] the ferroelectricity of 

SBT and SBN is due mainly to the presence of the Bi2O2
2- layer, but this is not fully reasonable, 

because of the following four reasons: 

1. PZT has  higher  values  of  Pr  than  SBT or  SBN and have  not  bismuth in  its 

structure; 

2. Nb and Ta perovskites like KTaO3 and KNbO3 presents appreciable values of the 

polarization; 

3. SBN has higher Pr values than SBT; and

4. Bi4Ti3O12, Bi3TiNbO9 and PbBi2Nb2O9, members of the bismuth layer family have 

Pr values much higher than those of SBT and SBN.

From these observations it is clear that polarization values are due to specific arrangements 

in the perovskite-like moiety, mainly related with the cation present in the B site. When cations 

bearing lone-s-orbitals occupies the A site, the resulting value of the polarization in Aurivillius 

compounds as well as in perovskites increases when compared with the non-lone pair case [51]-

[57]. This is related with the easiness to change from one stereochemical configuration into the 

other. This phenomenon is related to the well known “umbrella effect” described for ammonia. 

The layer containing lone-electron-pair cations (as the Bi2O2
2- layer in Aurivillius compounds) is 

then an enhancing feature, for the presence of polarization, more than a fundamental one [55]

[56].

The number of polar axes for ferroelectric compounds is calculated from the so-called 

Curie-rule  [18]. This rule establishes a relationship between the numbers of polar axes (Npolar) 
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and the number of crystal symmetry elements in the paraelectric (NPE) and ferroelectric phases 

(NFE):

FE

PE
polar N

NN = (Eq. I.1)

As the structure of SBT and SBN in the paraelectric phase has been described as tetragonal 

(having 16 symmetry elements),  whereas in the ferroelectric  phase it  has been described as 

orthorhombic (having 8 symmetry elements), the number of polar axes is then 2 according to 

Curie rule.

From theory  [46]-[49] and experiments  [58][59] it has been demonstrated that these two 

polar axes corresponds to the  a and  b axes. However as demonstrated by Franke et al.  [18] 

studying optimum (epitaxial) a-axis orientation to obtain a maximum value of the polarization, 

an inclination of the c-axis of 60º in respect to the normal axis of the substrate in these epitaxial 

films, will cause a 50% reduction of the minimum switchable polarization. On the other hand 

for  randomly  orientated  a-axis  films,  the  same  reduction  of  the  minimum  switchable 

polarization is observed if the c-axis angular deviation is 45º.

 I.6  The orientation in SBT and SBN thin films

Ferroelectrics  SBT  thin  films  deposited  on  Pt(111)/TiO2/SiO2/Si  substrate  have  a 

predominant  c-axis orientation.  This  fact can be partially  explained taking into account that 

different cations must interact in different ways with the metallic interface. This idea has been 

experimentally confirmed by the fact that Pt combines with Bi to form a PtBi interface with 

variable stoichiometry whereas inter-metallic compounds of Pt with Sr or Ta are not detected 

[3]. Furthermore, if (hypothetically) Sr and Ta interact repulsively with the substrate, the order of 

orientation will be increased. 

This is intuitively explained in Figure 7. Arrangements like Fig. 7.a results from preferred 

interaction of Bi and Pt. On the other hand, Figure 7.b shows the case in which the SrTa2O7
2- 

moiety interacts preferentially with the substrate. Figure 7.c shows the case of similar degrees of 

interaction of each constituent cation and the substrate, finally, Figure 7.d shows the case of 

repulsive interaction and hence a highly disordered growth of the material. Also, it has been 
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observed that when the film structure pattern is regular, its matching with the homogeneous 

substrate surface is greater.

Figure 7. Possible arrangements of bismuth-layer structures growing on a substrate.

The other argument comes from the fact  that the film will  adopt the orientation that 

minimizes the mismatch with the cell  parameters of the substrate. This is supported by the 

report  of  Lee  et  al.[60] who  have  grown  SBT  thin  films  on  Pt  substrate  with  different 

orientations obtaining different SBT orientations. The weak point of that study is due to the fact 

that in the Pt(111) substrate the deposition was made by MOD, whereas in the Pt (001) the film 

was grown by PLD, and thus the contribution of the deposition method was not taken into 

account in the explanation of the observed results. These authors [60] considered the electrode 

as a static, stable and non-reactive system, contradicting several experimental data that probe the 

reactive character of such interfaces [61]-[66]. 

The orientation of a film obeying the cell parameter constrains of the substrates is much 

likely to occur in low-temperature deposition methods like RF, PLD and MOCVD rather than 

in MOD that requires relatively high temperatures, favouring physical diffusion and chemical 

interaction  of  cations  resulting  in  a  wide,  heterogeneous  substrate-thin  film interface.  This 

supposition  is  confirmed by  the  report  of  Calzada  et  al.  [67] who using  different  thermal 

schemes in the crystallization of SBT thin films on Pt/TiO2/SiO2/Si substrate have obtained 

different and then temperature-profile dependent orientation and  interface composition for the 

prepared thin films. 

Other confirmation of the dependence of the orientation on the chemical processes that 

can occur at the interface is given by the works of Viapiana et al. [21] and Watanabe et al. [68] 

among others. These authors have reported strong dependence of the orientation on the overall 
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stoichiometry of SBT [21] and SBN [68] thin films obtained by MOD. The analysis of these 

results  reveals  that  different  stoichiometry  must  lead  to  different  interface  compositions, 

according with the action mass law. 

 I.7 Doping in SBT and SBN thin films and ceramics

There exists the possibility of breaking-off the symmetry constrains mentioned previously 

in  order  to  produce  local  heterogeneities  that  would  produce  a  significant  impact  on  the 

ferroelectric  characteristics.  Theoretically  speaking,   it  is  possible  to  create  these  local 

heterogeneities inside the crystalline network by the occupation of two equivalent crystal sites by 

the same element in two different valence states. However very specific experimental conditions 

are necessary for achieving  the desired results:  1) the use of a carefully controlled  reducing or 

oxidizing  atmosphere  during  heat  treatment  or  2)  a  selective  and  incomplete 

reduction/oxidation either chemical or electrochemical of a given (or various) cation(s) after the 

annealing procedure. 

Fortunately,  such local heterogeneities may be created by alternative approaches as doping 

or stoichiometry modifications. There exists a large number of reports on doped systems a [23]

[28][50][69]-[75], but with a poor systematization, in the sense that doping studies involving 

different cations in different lattice sites performed under comparable experimental conditions 

are not found. Thus a comparison of different works may be a risky task, because the influence 

of  the  working  environment  (including  equipments),  the  researcher  skills  and  the  chemical 

methods are not taken into account. All these facts do not allow the establishment of the basis 

for theoretical comprehension of the phenomena in the above mentioned works.  

In SBT and SBN structures there are three cationic sites that have been modified (doped): 

the Bi-site in the Bi2O2 layer, the A- and the B-site in the perovskite sub-structure. Modifications 

of the composition of these materials have been carried out for enhancing the ferroelectric 

properties,  mainly the remnant polarization (2Pr) values  [19][76].  As mentioned,  it has been 

shown  [19][20][21] that Sr-deficient  and Bi-rich compositions  present an improved remnant 

polarization  when  compared  with  stoichiometric  samples.  The  most  plausible  explanation 

involves, as will be detailed later,  the higher electrical charge and stereochemical action of the 

lone  electron  pair  of  the  substituting  bismuth atom.  The next  step then,  is  to  extend the 

modifications in all the possible sites trying to obtain better properties. 
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 I.7.1  SBT doping

(i) A site doping

A ) CE RA M I CS

The simplest doping scheme is to substitute some quantity of Sr2+ by Bi3+. Shimakawa et 

al.[43] refined  the structure of  SrBi2Ta2O9 and Sr0.8Bi2.2Ta2O9. The results obtained are only 

comparable with the experimental ones if  the refinements are made assuming the presence of 

vacancies  (here  denoted by  □)  in  the  later  (non-stoichiometric)  composition  which can be 

expressed  as  Sr0.82Bi0.12□0.06Bi2Ta2O9.  At  the  same  time  the   octahedral  tilting  of  the  non-

stoichiometric  sample  is  very  large  when  compared  with  the  octahedral  tilting  of  the 

stoichiometric one. Therefore, they concluded that the observed tilting is a direct consequence 

of  the  vacancies  originated  by  the  deficient  occupancy  of  the  A-site  to  maintain  the 

electroneutrality  of  the  material.  These authors also have found that  the ferroelectric  Curie 

temperature  is  related  to  the  described  structural  distortion  as  the  non-stoichiometric  and 

distorted composition has a maximum of the dielectric  constant  ε at TC= 400ºC while  the 

stoichiometric one showed a maximum value of ε at TC= 300ºC.  

Noguchi,  Miyayama  and  Kudo  [77] have  extended  the  knowledge  in  this  system  by 

studying the compositions Sr1-xBi2+xTa2O9 with x=0, 0.05, 0.11, 0.016, 0.2 and 0.27. Their results 

on the variation of  ε with the extent of substitution of Sr by Bi agree with the previously 

mentioned work of Shimakawa et al.  [43]. The values of 2Pr of the stoichiometric films differ 

greatly from those of non-stoichiometric ones: the values of 2Pr for the former are ~11μC/cm2 

while for the latter they oscillate around 20μC/cm2.  The values of the coercive field have a 

minimum when x=0.11 but increase rapidly when the value of x exceeds  0.2.  

An increase of the a and b lattice parameters were found by Kim et al. [78] when studying 

the system Sr1±xBi2±yTa2O9. For Sr-contents below 0.85 the a parameter is larger than b. In the 

same work the dielectric permittivity variation with temperature follows the tendency already 

described: as the stoichiometric deviation  increases the  ε maximum peak shifts to a higher 

temperature. 
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Jain et al.  [76] have made substitutions of the type Sr1-xBi2+2x/3Ta2O9 with x=0, 0.15, 0.30 

and 0.45) to study the variation of the piezoelectric properties of ceramics. The advantage of this 

substitution scheme is to create nominal conditions for the electroneutrality of the compound. 

Two identical sets of samples were prepared. One of these sets was poled under a dc electric 

field of 3kV/mm at 473K in silicone oil for 10 min. The obtained results show that a minimum 

of the b and c lattice parameters values are found for the composition x=0.3. They did not find 

large differences in the values of these parameters in poled and unpoled samples.  Oppositely, 

the a parameter presents different values when comparing the unpoled and poled compositions 

with  x varying from 0 to 0.45. The minimum value of parameter a is found for x=0.45 for 

unpoled samples and at x=0.3 for poled ones. The authors concluded that the SEM images 

shows uniformly  distributed crystallites  for unpoled samples with composition x=0,0.3. Polling 

of these compositions contributes to the elongation and narrowing of the crystallites.  Samples 

with composition x=0.45, either poled or unpoled,  showed high porosity and poor morphology 

with small crystallites [76]. 

The  anterior  results  by  Jain  et  al.  [76] can  explain  some  observations  by  Noguchi, 

Miyayama and Kudo [77] mentioned above.  In fact the compositions studied are very similar. 

In the formula used  by Jain et al.  [76] when x=0.3 the nominal bismuth composition is 2.2, 

matching exactly one composition studied by Noguchi and co-workers. Moreover, when x=0.45 

[76] the nominal bismuth stoichiometry is 2.3. This value is very close to the  composition with 

bismuth content 2.27 studied in [77] (the difference is around 1.3%).  Taking into account these 

facts, the increase of the coercive field from 60 to 85 kV/cm when the bismuth stoichiometry 

varied from x=2.2 to x=2.27 reported by Noguchi, Miyayama and Kudo [77] can be explained 

by the more irregular  morphology  and higher  porosity  described by Jain  et  al.  [76] of  the 

bismuth-richer sample.

Noguchi et al.  [70][72][74] have made the same kind of stoichiometric substitution (i.e. 

M2x/3Sr1-xBi2Ta2O9 )  of  Sr2+ by  Pr3+,  La3+  and  Bi3+ and  isovalent  substitutions  (i.e.  MxSr1-

xBi2Ta2O9, M = Ca, Ba, Pb ) on ceramics samples. Their overall conclusions points to higher 

coercive field (EC) values when isovalent substitutions are made and lower EC when 3+ cations 

are employed. These lower EC values for the substitution by trivalent cations were  supposed to 

be a consequence of the site vacancies that appeared to maintain the electroneutrality of the 

crystalline structure.  These presence of vacancies also diminishes the Curie temperature of the 
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sample (TC).  Das et al. [79] studied the effect of  several Ca2+ amounts in SBT and have found 

an increase in the Ec value for the substituted compositions. Also the increase of the degree of 

substitution lead to a decrease of the in-plane lattice parameters because of the lower ionic 

radius of calcium when compared with the ionic radius of strontium.

The donor substitution of Fe3+ for Sr2+ in the system Fe0.1Sr0.9Bi2Ta2O9 produces single 

phase according with XRD results. Oppositely to what is expected (considering the previous 

described  findings),  the  enhanced  tilting  of  the  TaO6 octahedra   observed  in  the  doped 

compositions, increases the Curie temperature to around 380ºC  [80]. Apparently these results 

are in agreement with those described previously [43],  but the decreasing radius size is in the 

order Sr>Bi >La >Pr >Fe, in this way Sr substitution by Fe must behave in a similar way that 

substitution by Pr does. However no further conclusions can be made of this behaviour because 

of the lack of data from other characterization techniques.

Melgarejo et. al. [81] have made a XRD and Raman characterization of the system BaxSr1-

xBi2Ta2O9 and found that two of the reflections (111) and (113) have splitted  into doublets. As 

Raman results do not account for changes in the lattice symmetry (no peaks disappear/appear 

with the extent of the substitution) and XRD spectra are not consistent with the presence of 

second phases, they considered these splitting as the result of incommensurate modulation in 

the structure due to displacement of one or several cations in the crystalline cell or substitutional 

disorder.  

The same group has studied the system (1-x)SrBi2Ta2O9 -x Bi3TiTaO9 (with x= 0.0, 0.2, 0.5, 

0.8, 1.0) [82]. The XRD results points to a solid solution with no significant variation of the 2θ 
angle. The slight initial increase of some of the Raman frequencies is a consequence of the lower 

reduced mass of the Ti-O pair when compared with the Ta-O. The ferroelectric characterization 

of all the compositions showed high conductive samples, with well shaped Cole-Cole plots, low 

dielectric constants and poor quality hysteresis loops.

B ) F I LM S

Once again, the simplest doping scheme is to substitute some quantity of Sr2+ by Bi3+. 

Atsuki et al. [19] have made a systematic study of the SrxBiyTa2O9 system and found the better 

properties in terms of the Pr/EC relationship for the composition with x/y ratio of 0.7/2.4. 
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Several authors [19][83] have claimed that different crystallographic orientation can be obtained 

depending on the used levels of bismuth excess. This behaviour seems to be partially due to 

different reactions of Pt with Bi occurring at the electrode as reported by Calzada et al.[67]: once 

the interface is altered, the crystal will growth with different orientations. As a consequence of 

the   increased  orientation  along  the  a axis,  the  ferroelectric  properties  are  improved. 

Nevertheless, the improvements of the properties of thin films prepared with bismuth excess 

are also related to the intrinsic  effect  of the substitution of Sr by Bi as reported for SBT 

ceramics [77].

Solid solutions with the general formula (1-x)SrBi2Ta2O9 -x Bi3Ti(Ta1-yNby)O9 have been 

prepared by Desu et al.[84][85][86]. Actually, this solid solution is a complex substitution. The A 

site is substituted by Bi3+ and the B site is shared by Ta5+ , Nb5+ and Ti4+. All the prepared 

samples showed improved properties when compared with SrBi2Ta2O9 films and the surface 

morphology revealed the presence of large stripes (worm-like grains) and small spherical grains. 

According to the authors, the large grains provide good ferroelectric properties while the small 

grains reduce the leakage currents avoiding electrical breakdown.  

Kitamura  et  al.  [72] studied  the  substitution  of  Sr2+ by  Pr3+ obtaining  Pr  values  of 

15μC/cm2 for c-axis oriented  films 280nm thick. Oppositely to their expectations the 140nm 

thick randomly oriented films have Pr values of 6.51μC/cm2. The authors attribute these results 

to the smaller grain size and non-uniform microstructure found for the 140nm thick films. 

Shi and Tang [87][88] and Zhong, Hu and Tang [71] have found that Sr0.8Ln0.1Bi2.1Ta2O9 

(Ln=La,  Pr)  have  better  properties  (higher  Pr  and  lower  EC than  Sr0.8Bi2.2Ta2O9 but  the 

properties can be further improved by substitution of Ta by Nb in Sr0.8Ln0.1Bi2.1Ta1.5Nb0.5O9.  

Das et al.  [79][89] have doped the A site of  SBT by Ca and the results agree with those 

obtained  for  ceramics  by  Noguchi  et  al.  [74] whose  found  that  Sr2+ substitution  by  Ca2+ 

increases not only the value of Pr but also the value of EC. 

Doping the A site with 15% of Co2+ has shown that not all the cobalt atoms occupy the Sr- 

sites (Bedoya et al. [22]). Therefore, these authors considered around 7% of the Co atoms to be 

involved in the formation of a second unidentified phase. The dielectric measurements of the 



Chapter I. Literature background 25

stoichiometric,  the Co-doped and Sr0.8Bi2.2Ta2O9 showed that the TC temperature of the Co-

doped samples is between the other two compositions. The Co-doped sample revealed to be a 

ferromagnetic material as showed by the differences in the XRD results obtained under applied 

magnetic field in different directions. Based on the displacement of the ions in the cell, these 

authors  have  calculated  (but  not  measured)  the  spontaneous  polarization  to  be  around 

19.81μC/cm2.

A bird's eye on the previous paragraph makes evident that the combination of cations and 

levels  of  doping used by some authors to substitute the A-site  in  ceramics usually  are not 

coincident with those used in thin films. Also, depending on the availability of equipment, each 

authors have used different techniques to characterize their samples. These differences make 

difficult to compare the work done in ceramics or in thin films. However, some general trends 

can be pointed out: A-site doping with divalent cations cause an increase of the coercive field 

whereas  A-site  doping  with trivalent  cations  cause  a  decrease  of  the  coercive  field  and an 

improvement of the 2Pr (or Pr) values.  

(ii) B-site doping

A) CE RA M I CS

A substitution of 10% of Ta5+ by V5+  leads to a single crystalline phase for the doped 

sample with no detectable difference crystalline phase relatively to the undoped one (Wu et al. 

[90]). However the average grain size of the doped sample is smaller than that of the undoped 

one (~1µm against 2µm). Moreover, the doped samples show larger dielectric  constant,  TC 

values and dc conductivity when compared with the undoped ones. 

Palanduz and Smyth [91] have made 1% of Ti4+ acceptor doped SBT and compared it  with 

the SBN counterpart.  They could establish significant differences between the behaviour of 

SBN and SBT. They concluded that the overall ionic conductivity of SBT is predominantly due 

to the ionic conductivity in the bismuth-layer as the electrons are deeper trapped in SBT than in 

SBN. 

Shimakawa et al. [92] have made a systematic substitution of tantalum by niobium and they 

have found a decrease of the a and b lattice parameters and an increase of  the c parameter when 
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increasing  the  niobium content.  At  the  same  time  TC and  the  maximum of  the  dielectric 

constant  increase  with  the  niobium content.  The same behaviour  is  observed for  the  total 

polarization and the calculated polarization (obtained from the displacement of the central atom 

in the octahedron unit). 

Srinivas, Kim and Hong  [93] have made a 1:1 mixture of SBT and BiFeO3.  The XRD 

results showed a SBT-like pattern that led the authors to write the formula as Sr0.5Bi1.5TaFe0.5O6 

This  is  an  oxygen deficient/bismuth  deficient  form of  SBT.  It  was  observed  a  significant 

reduction of the a and c lattice parameters of the calculated orthorhombic lattice. The dielectric 

constant shows a maximum at 340ºC, but the dielectric constant and the Pr values are lower 

when compared with pure SBT ones.

B) F I LM S

Yeon et al.  [94] have made isovalent substitutions of Ta5+ by Nb5+ in thin films. Their 

results points  to better properties  when the stoichiometry is  SrBi2Ta1.5Nb0.5O9,  although the 

magnitude  of the leakage currents are  as high as of 10-3 A/cm2. 

Barz et al. [95] have found that 7% V5+ doping  reduced the volatility of bismuth as they 

found lower Pt/Bi ratios in the electrode interface  for the doped samples than for the undoped 

ones. The binding energy of the Bi 4f7/2 electrons increases in the doped samples and this 

account for higher stability of the bismuth in the SBT matrix. In our point of view, this is an 

expected result as V5+ has higher electronegativity than Ta5+ and this leads to a stronger covalent 

character in the substituted compound. However this substitution decreases the ferroelectric 

properties.  In our opinion the lower ionic  radius of V5+ when compared with that of Ta5+ 

decreases the activation energy for the change from one of the ferroelectric equilibrium position 

to the other. The vanadium atom is then less off-centre displaced when compared with tantalum 

ion and thus causing a decrease in the polarization of the crystalline matrix. 

Zhu et  al.  [96] have performed comparative  studies  between  ceramics and thin films 

having the  formula (1-x)SrBi2Ta2O9 -x Bi3TiNbO9. The measured Pr values show a maximum 

at composition x=0.4 in both ceramics and thin films. Their results show that the Raman bands 

observed in thin films are broader than those found in ceramics. According to the authors, the 

broadening  of the Raman bands observed in thin films suggests the presence of defects and 

stresses in the films. 
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Once again, the differences in the doping elements and stoichiometry levels in the doping 

schemes makes very difficult to compare data from  different works. The worse case is the 

report by Srinivas, Kim and Hong [93], as no comparative data with the pure compounds are 

provided. It has been also generally observed that the  choice for doping for the B-site involves 

isovalent cations of the V-nth group, but also Ti4+ due to the probed ferroelectric properties of 

the TiO6
2- octahedron.

(iii) Bismuth layer doping

A) CE RA M I CS

Kumar and Ye [80] have studied the acceptor substitution of Ca2+ for Bi3+ in the system 

SrCa0.1Bi1.9Ta2O9. In this case the TC value remains approximately the same as that of the pure 

SBT, but the peaks become broader showing a relaxor-like behaviour. The dissipation factor 

(tan  δ) shows dispersion near the Curie temperature when compared to those of SBT. This 

behaviour may be explained if the oxygen vacancies created by the substitutions increase the 

conductivity (and thus resulting in higher dielectric losses) of the doped samples.  

To the best of our knowledge, no other substitutions were found for the B-site in ceramics 

and no substitution were ever made in the B-site of SBT thin films. This fact could be related to 

the  difficulties  inherent  to  the  crystallization  of  the  Aurivillius  phase,  when relatively   low 

quantities of liquid phase promoters (Bi2O3, in this case), are present. Other reasons for the 

small  number  works reported on the dopings  of  the bismuth-layer could be  related to the 

dramatic change in the ferroelectric properties of this layer (and hence of the whole compound) 

when defects (induced by the dopants) are present. 

 I.7.2  SBN doping

The main problem of SBN lies on its high coercive field. This characteristic makes difficult 

to use this material  for low-voltage devices.  The research in this  field has been focused to 

maintain (or improve) the ferroelectric  properties  and at the same time to reduce the high 

coercive field of this material. Here again the modifications are  possible in 3 sites: the Bi-layer, 

the perovskite A- and B-site. All of them have been modified for  SBN
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(i) A site doping

A) CE RA M I CS

Wu et al. [97] studied the substitution of Sr2+ by Ca2+ and Ba2+ and found that the a and c 

lattice constants decrease in Ca2+ substituted composition due to its lower ionic radius when 

compared with Sr2+. In addition to this expected result they observed an increase of these lattice 

constants when the larger ion Ba2+ was used for substituting Sr2+. The TC value for Ca-doped 

samples increases with the amount of dopant. Oppositely this parameter decreases with the 

extension of the Ba doping. The dielectric constant maximum first increases and then decrease 

with the increase of the amount of dopant for both cations.

B) F I LM S

Das et al. [89] have doped the A site of  SBN by Ca2+ and the results agreed with their own 

results for SBT (previously mentioned) [79] and with those results from Noguchi et al.[74] who 

found that Sr2+ substitution by Ca2+ increases the value of Pr but also the value of EC.

(ii) B-site doping

A) CE RA M I CS

Palanduz and Smyth  [91] who prepared Ti4+-doped SBN to be compared with the SBT 

counterpart have established noticeable differences between the behaviour of SBN and SBT. 

They concluded that the overall ionic conductivity of SBN is predominantly due to the ionic 

conductivity of the perovskite-layer. SBN is thought to have a smaller band gap when compared 

with SBT due to the easier reducibility of Nb5+ compared with Ta5+. This explanation has been 

suggested  by Miura too [49].

As stated before, Shimakawa et al. [92] have worked with compositions involving different 

sharing, at different proportions, of the B-site by tantalum and niobium. These authors reported 

a decrease of the  a and  b lattice parameters and increase of the  c parameter in niobium-rich 

composition. Moreover, the value of TC , the value of the dielectric constant at the maximum 

temperature and the total polarization increase with the niobium content. 
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Wu et al. [97] studied the substitution of Nb5+ by V5+ and found the lattice parameters to 

remain unchanged until 15% of doping.  If the levels of substitution exceed 15%, the a lattice 

parameter decreases slightly. The Curie temperature increases with the Va5+ content. However, 

the dielectric constant decreases abruptly at doping levels higher than 10%.  

Moure et al.  [98] have studied ceramic materials with compositions (1-x)SrBi2Nb2O9 -x 

Bi3TiNbO9 x=0.35,  0.65,  1.0.  They  have  found  broad  peaks  in  the  curves  describing  the 

temperature dependence of the dielectric constant which indicate a relaxor-type ferroelectric. 

The TC increases greatly with the extent of the substitution. 

Gu et al.  [99][100] have prepared several mixtures of SBN and BiFeO3. After submitting 

the  samples  to  mechanical  activation  they  have  sintered  them  at  appropriate  temperature 

according to the rule of higher temperatures for higher SBN content.  They found that when 

increasing the fraction of BiFeO3 the grains become bigger and with a more spherical shape. 

The final ceramics show a relaxor-type behaviour,  increasing both the TC and the dielectric 

constant with the increase of the BiFeO3 content.

B) F I LM S

As explained before, Yeon et al. [94] making  isovalent substitutions of Nb5+ by Ta5+, have 

found better  properties  for the  composition  SrBi2Ta1.5Nb0.5O9,  but  with high  values of  the 

leakage current.

The pattern for substituting the B-site of the SBN Aurivillius structure is very similar to the 

SBT case. Titanium and Niobium are the preferred elements used for these substitution, but it is 

interesting the use of  BiFeO3  (Gu et al.  [99][100]), because there exist the possibly that the 

compositions studied  can behave as multiferroics.

(iii) Bismuth layer doping

A) CE RA M I CS

Millán, Ramírez and Castro [101] have substituted Bi3+ by the smaller Sb3+ and Sn2+ cations. 

In each case they have found smaller values for the lattice parameters a and b and higher values 

for  c parameter when compared with the undoped samples. These results are explained taking 
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into account that tin and antimony have a coordination number no greater than 3, oppositely to 

bismuth which  has a coordination number greater than 4. The net result is that the bismuth 

layer grows, separating the intermediate oxygen atoms in two layers, to accommodate the doping 

cations with low coordination number. 

The same group [102] has made an extensive substitution of Tl+ on the bismuth layer of 

SBN ceramics. To study the influence of the oxygen vacancies they used a scheme that can be 

generalized  by  the  following  formulas:  Bi2-xTlxSrNb2O9,  Bi2-zTlzSr1-zLazNb2O9 and Bi2-yTlySr1-

2yLa2yNb2O9, in all the cases single SBN phase was observed. Impedance measurements were 

carried out in Bi2-xTlxSrNb2O9 samples. Ionic conductivity does not increase in these materials 

(when compared with the undoped samples) and these results allow to conclude that oxygen 

vacancies are located probably in an ordered form in the bismuth-thallium-oxygen layer. 

Durán-Martín et al.  [103][104] reported their studies on the Te4+ doping of the bismuth-

layer of SBN ceramics. These authors have compensated the excess of charge associated to the 

doping cation by co-doping with several Group I cations in the A-site [103] or with Zr or Hf  in 

the  B-site  [104].  Their  results  for  different  sodium  or  potassium  co-dopings  show  the 

appearance of additional peaks in the dielectric constant and decrease of TC. The peak at lower 

temperature  is  related  to  a  ferroelectric  phase  transition,  while  the  second  (at  higher 

temperatures) is assigned to a relaxor ferroelectric transition with diffuse phase transition. This is 

confirmed by ferroelectric hysteresis studies at different temperatures showing a fast decrease of 

the Pr values at temperatures above the first maximum. From the two works mentioned above, 

it is concluded by the authors that in these solid solution systems, TC has a value conditioned by 

the electronegativity of the B-site.  

Huang et al. [105] have doped the bismuth layer of SBN using Pr3+. Their results points to 

single phase SBN ceramics. The dielectric properties study shows a decrease of both TC and 

dielectric constant with the extent of the Bi substitution. The doped samples show broad peaks 

characteristic of relaxor-type ferroelectrics. The doping also results in a decrease of both the 

coercive field and the remnant polarization.

It is interesting to remark the relatively numerous reports existing on bismuth layer doping 

for SBN ceramics as to the best of our knowledge nothing similar has been reported for thin 

films.  The above  cited  works  contain  scarce  data  about  ferroelectric  properties  of  Bi-layer 

substituted ceramics.  This fact supports the conclusion pointed above for the Bi-layer doping 
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for SBT section:  difficulties  in the crystallization and  dramatic  changes in the ferroelectric 

properties may limit the use of Bi-layer dopants.    

 I.8 Seeding effects on the crystallization and properties of  SBT and SBN thin 
films.

The effect of seeds on the crystallization and properties have been documented for SBT 

thin  films  from the  late  90’s.  Several  works  have  appeared on the  effect  of  seeds  on the 

properties and crystallization of thin films with different seeding schemes. To the best of the 

author knowledge the first of these reports is that of Hu et al.  [106] who have improved the 

properties of SBT thin films by depositing an initial layer of Bi4Ti3O12 on top of a Pt/Ti/SiO2/Si 

substrate.  This  buffer (or seeding)  layer was preheated at 500ºC for 30 min. and then heat 

treated at 600ºC/10 min. in a RTA furnace. In these conditions the bismuth titanate pyrochlore 

phase was detected but not the bismuth titanate Aurivillius phase. However the deposition of 

the SBT precursor solution on the previous obtained pyrochlore buffer layer and its posterior 

heat treatment at 600, 650, 700 and 750 ºC leads in any case to the formation of pure SBT 

Aurivillius phase. The better values of remnant polarization (2Pr = 28.6 μC/cm2) were obtained 

for the 750ºC heat treated films [107]. 

Wang et al.  [108] have prepared a seed layer of SBT and Bi2SiO5 by deposition of the 

solution  obtained by mixing the individual  SBT and Bi2SiO5 precursor solutions in a ratio of 

10:1.  Several films were obtained by heat treatment of the deposited seed layer at different 

temperatures (575, 600, 625, 650 or 675ºC) in a RTA furnace. The SBT films are then deposited 

and heat treated in a RTA furnace at the same temperature of the previously deposited seed 

layer. The good ferroelectric properties of the thin films obtained at temperatures higher than 

625ºC, are evidenced by its Pr values: 8.6, 11.2 and 14.6 μC/cm2 for the film obtained at 625, 

650 and 675ºC respectively. However the lower value of leakage currents was observed for the 

film heat treated 625ºC [108].

Jung et al. [29] have explained the suppression of the pyrochlore phase formation in SBT 

films grown on SBT seeds by considering two different perspectives: 

a) The  activation  energy  for  nucleation  and  crystal  growth  for  Aurivillius  phase 

formation is lower than that for pyrochlore phase formation and thus kinetics of 

Aurivillius phase formation is much faster. Additionally,  the epitaxial growth of 
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Aurivillius  crystals  from  the  interface  of  Aurivillius  crystals  would  be  more 

favourable than that of pyrochlore, possibly due to low activation energy barrier.

b) The suppression of pyrochlore phase formation in seeded SBT thin films may 

occur due to the diffusion of Bi from the film to the seeded layer.  The pyrochlore 

crystals  present  in  the  seeds  are  transformed  in  Aurivillius  crystals.  This 

transformation is very fast due to the very fine crystal size of the pyrochlore phase. 

The second half of the first argument gains further relevance if the second one is true. If the 

pyrochlore phase can be easily transformed in the perovskite phase then the growth of crystals 

in an existing Aurivillius interface it is easier than in a de novo synthesized Aurivillius interface. 

I.9. The chemistry of  niobium, tantalum, strontium and bismuth.

I.9.1.Niobium and tantalum

Niobium and tantalum are transition elements with a very similar chemical behaviour but 

not identical chemistries as Zirconium and Hafnium, its analogues of the IVA group. Both Nb 

and Ta have very little cationic behaviour but they form many complex with oxidation states I, 

II, IV and V. However in lower oxidation states M-M bonds are fairly common. Niobium is 10-

12 times more abundant in the earth's crust than Tantalum.  Main common mineral sources for 

Ta  and  Sr  are  columbite-tantalite  series  of  minerals,  which  have  the  general  composition 

(Fe/Mn)(Nb/Ta)2O6, the ratios between the cations being highly variable. Niobium can also be 

obtained from pyrochlore  (mixed calcium-sodium niobate  with variable  stoichiometry).  The 

production of both elements and specially its separation is a very complex task [109].

Both metals react with O2 at high temperatures and both are passivated by oxide coating. 

HF and HF-HNO3 are two of the few reagents that attack both oxides. The halides of both 

elements are volatile [110].

The general scheme of reactions for oxide and halide formation is

4M +5O2  2 M2O5  (M= Nb, Ta)

2M +5X2  2 MX5   (M= Nb, Ta;  X= F, Cl, Br and I)
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Cl2 and Br2 can react with oxides giving the respective halides, whereas I2 does not react 

[110].

I.9.2. Strontium

In nature, strontium is widely distributed in minerals and in the form of dissolved salts in 

seawater. The most important strontium-containing mineral is strontianite (SrCO3). Strontium 

or its salts are not of great importance for the living organism neither in the chemical industry as 

other elements of that group like Mg and Ca [110].

Strontium reacts with water forming the hydroxide and liberating H2.  The hydroxide is 

soluble in water in great extent. Moreover Sr dissolves in ammonia giving the hexaammines but 

this compound decomposes slowly to amides

[M(NH3)6]  M(NH2)2 + 4NH3 + H2

When heated Sr combines with O2,  N2,  sulphur and halogens giving  respectively  SrO, 

Sr3N2 , SrS and SrX2 (X= F, Cl, Br, I)

Strontium cation  can  afford  relatively  stable  compounds  with  macrocyclic  ligands  like 

crown ethers and cryptands in aqueous media. In other non-aqueous media complexes with O- 

or  N- donor complexes are possible,  especially when the donor is sterically very demanding 

[110].

I.9.3. Bismuth

Bismuth  is  one  of  the  less  toxic  heavy  metals.  Its  subcarbonate  (BiO)2CO3,  finds 

applications  as  a  drug for treating stomachal diseases,  including  peptic  ulcers  [110] thereby 

accounting for its practical importance.

This element burns in air to form the trioxide being able to combine with halogens. It is 

not attacked by non-oxidizing acids but reacts with concentrated nitric acid to give the trinitrate 

[110].  In spite  of  being  member of  the group 15 having 5 electrons in the outer shell  the 

energetic  difference  between  the  s and  p sub-shells  make  more  feasible  the  formation  of 

compound with valence 3+. This poor reactive  s lone-pair have determinant stereochemical 

characteristics when bismuth atom takes part of a compound in solution [110] or in solid state 

[53][57].
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The  cation  [Bi6(OH)12]6+ is  predominant  in  highly  acidic  aqueous  media.  In  alkaline 

solutions [Bi2O6(OH)3]3+ is formed but this precipitates as Bi(OH)3  [110].

I.9.4. Dissolution of  Bi, Sr, Ta and Nb in solution

One can obtain thin layers of a given material onto a substrate if a deposition of a solution 

of the appropriate  compounds of  the species  (anions  or cations)  is  made.  The most used 

methods to make such deposition are spin-coating, i.e. the application of a few drops of the 

precursor solution onto a substrate and its posterior drying by high speed rotations (several 

thousands rpms) and dip-coating, i.e. dipping and removing a substrate at a very slow rate in a 

solution containing the cations) [17]. The so obtained film is then heat treated to pyrolyse the 

organics This process can be repeated several times until the desired thickness is reached. The 

final step is the annealing of the pyrolyse film at relatively high temperatures in order to obtain 

the desired final compound.

According to Schwartz  [17] Chemical  Solution Deposition(CSD) is a general term that 

designates  a  method  of  obtaining  thin  films.  In  [17] the  most  frequently  used  chemical 

approaches used to prepare solutions are grouped in three categories: 

• sol-gel processes that use 2-methoxyethanol as a reactant and solvent

• chelate processes relying on modifying ligands.

• metallorganic decomposition technique using water insensitive carboxilate compounds. 

Other  approaches  as  Pechini  process,  citrate  route  and  nitrate  method  are  grouped 

together. The above scheme confuses the definitions of ligand and  chelating  agent: in chemical 

terms  ligand is  a  group,  ion,  or  molecule  coordinated  to  a  central  atom or  molecule  in  a 

complex, whereas chelating agent is a substance whose molecules can establish several bonds 

with a single metal ion. In other words, a chelating agent is a multi-dentate ligand.

Other common found error in the scientific  literature deals with the definitions of the 

terms sol and gel: a sol is a suspension of small discrete particles that can transforms into infinite 

three-dimensional network structure spreading uniformly throughout the liquid medium (a gel). 

But, as was pointed out by Kakihana  [13], the term sol-gel is (miss)used for designating any 
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“chemical process which can produce a solid matter or a highly viscous liquid matter with no 

precipitation”.

Therefore the best way to classify the Chemical Solution Methods is to use two different 

categories: 

• sol-gel processes involving the formation of true sol-gel entities, by polymeric routes 

including both: for hydrolysis/cross-linking alkoxides or polycondensation of chelating 

agents bonded to the desired cations. 

• metallorganic decomposition (MOD) techniques using solution of salts or complexes 

of the desired cations

Both preparations can rely on aqueous or organic media.

Unlikely the chemical approach used to obtain other compounds, the CSD chemistry of 

SBT and SBN is mainly a MOD chemistry; the vast majority of the described approaches are 

based on the dissolution-stabilization of carboxilate and/or alkoxides of the involved cations 

(see, for instance [17][19][20][111]-[114]). For this reason an easy method for understanding the 

behaviour of the different solutions (of the cations of interest) is thought to be provide by 

grouping them by solvent categories, because the most important condition in the metallorganic 

chemistry  is  always  the  stabilization  of  the  solution  by  the  intermolecular  forces  between 

solvents and solutes. 

Our discussion will  start analysing the dissociation behaviour of protic  solvents,  taking 

water as an example. The dissociation of a substance is a consequence of its acid-base character. 

The  self-dissociation  of  the  solvents  produces  the  necessary  ions  to  break  out  the  solute 

structure  by  electrostatic  forces.  The  simplified  dissociation  mechanism  for  water  may  be 

represented as:

H
O

H H
O

H H
O

H H
O

H

+ +
-+
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It is well known that the  H3O+ ion interact with other water molecules to form the H9O4
+ 

ion, being this ion recognized as the minimum stable specie that exist in the water dissociation.

 Acetic acid has been extensively studied [115] as a non-aqueous solvent. Its well known 

dissociation equilibrium involves the following ions:

O
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H O
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H O
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The existence of a three-centre π-orbital stabilizes both, the cation and the anion by charge 

delocalization.  These  ions  could  interact  with  several  other  molecules  in  a  similar  way  as 

dissociated water does. Other organic acids dissociate by a similar mechanism but in a different 

extent, the degree of dissociation will depend on the relative stability of the ions formed.

Ethanol although not deeply studied as the other cases (and this may be due to its lower 

ionization degree and to the possibility of being oxidized almost irreversibly) may dissociate as 

indicated:

O H O H
O

H
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The above equilibrium is not favoured in the sense of the ionized products as the ethoxide 

anion is a very strong base that will react with the protonated ethanol ion to form back the 

alcohol.  The  following  reactions  describe  the  majority  of  the  dissolution-stabilization  steps 

followed in the reported CSD process when carried out in non-aqueous media:
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 The first of these reactions represents an interchange of a less stable ion (ethoxide) by an 

alcohol that produces a more stable ion (propoxide). The second one describes the ionization 

and stabilization of the ions formed by electrostatic interaction of solute and solvents as in the 

case  of  a  normal  dissolution/dissociation.  Here  is  shown the  simplest  case,  i.e.  the  “only-

alkoxides” substitution when a less stable alkoxide ion is replaced by the more stable one. The 

previous set of equations may be adapted for describing the process of substitution of alkoxides 

(less stable ion) by carboxilates (more stable ion). 

 In the case of the second reaction, the electrostatic interaction between the hydrogen and 

the oxygen atoms of the attacking alcohol weakens, by interaction with the bonded alkoxide. 

The above referred bond-weakening can be interpreted, in several experimental results, as an 

apparent ionization. In fact there exist reports of the “displacement” of carboxilate groups by 

alkoxide ones when dissolving carboxilates into alcohols, based on spectroscopic shifts of the 

characteristic frequencies of several groups [17], but, in our opinion,  it is a mistake to consider 

this bond weakening and thus lengthening as a real substitution of one or more groups relatively 

more stable by solvents molecules. 

Based on the above considerations one may consider that due to the relative stability of the 

alkoxide  and carboxilate  ions,  to use an alkoxide  dissolved in an organic  acid  is  essentially 

equivalent to start the procedure directly from the salt of that acid, except for the fact, that in 

the former case a small amount of the substituted alcohol will  exist as a component of the 

solvent system thus changing somehow its properties) and in the last case such perturbation is 

absent. 

Remembering  the  old  empirical  rule  “the  similar  dissolves  the  similar”,  higher  success 

probability is envisaged if we dissolve salts of a given anion in the acid of that anion rather than 

in a different solvent. As a consequence the easiness of dissociation and the arrangement of the 

anions into complex spheres containing also solvents as in the case of H2O self-dissociation 

case, determine the readiness of salts dissolution and of the polarization and/or ionization of the 

solvent.

The cations of the Transition Elements can interact favourably with aromatic hydrocarbons 

as  predicted  by  Density  Functional  Theory  (DFT)  [116].  Figure  8  shows  the  equilibrium 

geometries of the interaction of benzene with several cations of the 3rd row reproduced from 
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[116]. It is noteworthy the deformation of the benzene ring, in order to stabilize the charges of 

these cations. This fact account for the orbitalic interaction of the “π-cloud” of benzene with the 

d-orbitals of the cations studied.

Figure  8.  Schematic representation of the benzene--M (M=V, Cr, Mn, Fe, Co, Ni, Cu) complexes. (from  
Ref. [116]).

Basic  solvents  like  pyridine  and  pyrimidine  (aromatics)  and  alkanolamines  (aliphatics) 

deserve some attention as they are promising stabilizing agents. The “π-cloud” in the aromatics 

(as  the previously  discussed case of  aromatic  hydrocarbons)  and the lone electrons  pair  of 

nitrogen may establish an interaction with the d-orbital of transition metal cations in the same 

way  as  that  observed  on  complexation  of  the  metals  by  ammonia.  That  interaction  is 

represented  schematically  below  for  aliphatic  amines,  but  a  similar  interaction  occurs  for 

aromatics ones:

N N+ Ta5+ Ta5+

Generally speaking, the order by which the reagents are added is not important for the final 

results. However, to obtain stable precursor solutions it is needed to take precautions due to the 

different chemical environment produced after the addition of each individual reagent. Assink 

and Schwartz [117] studied, by 1H- and 13C- NMR, the influence of the order in which reagents 
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were added on the final products obtained. They mixed PZT precursor in the order Pb2+, Zr4+, 

Ti 4+ (called the SPA method by the authors) and Zr4+, Ti 4+ and Pb2+ (called the IMO method 

by the authors).  The medium and the reagents  are  constituted mainly  by acid  and alcohol 

radicals, for this reason it is expected the formation of several esters. 

In spite of the very different temperature profiles used the results were sensitively identical. 

The  small  differences  between  the  final  compositions  obtained  by  both  processes  are  a 

consequence  of  the  different  temperature  profiles  used.  The  IMO  treatment  used  higher 

temperatures than the SPA one. These higher temperatures are the cause of the lower total ester 

content detected in the former case as esters are very volatile compounds.  The ester quantities 

formed  are  lower  than  the  expected  from  a  normal  catalysed  esterification  reaction  with, 

seeming that cations did not catalyse that reaction [117].  

However altering the order of addition/mixing may change the solubility, which implies to 

perform one or several additional procedures in order to stabilize the dissolution. These extra 

procedures can be as simply as the addition of a stabilizing agent or by heating, but also can be 

the combination of several steps. For instance, as observed in this work, bismuth acetate can not 

be dissolved in a mixture 3:1 of   ethanol/acetic acid, however, that solution can be afforded by 

dissolution of bismuth acetate in acetic acid and posterior dilution with ethanol. In the same 

way, strontium acetate is more soluble in the above solution than in acetic acid or ethanol or its 

mixture.

In the next  section we analyse several  SBT and SBN precursor solutions,  in  order  to 

evaluate and classify the several strategies for precursor stabilization in a chronological fashion. 

We will start from stabilization in organic media and then we will analysis the stabilisation of the 

precursors as aqueous complexes.

As the properties a film does not depends only on the stability of the precursor solution, 

here will be mentioned several conditions like if the deposition method was spin-coating or dip-

coating, the substrate if specified by the authors, also the drying/pyrolysis temperature will be 

indicated when available and finally, the annealing treatment temperatures and times used as well 

as  the  method  (RTP  or  CFA)  used  in  the  treatment  will  be  mentioned.  As  an  oxygen 

atmosphere diminishes the probability of appearance of oxygen vacancies, its presence will be 

also taken into account when describing the heating procedure.
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I.10. SBT precursor solutions

I.10.1. Organic media

Several  metallorganic  reagents have been proposed to obtain appropriate precursors of 

SBT. The most popular way consists to mix alkoxides and/or carboxilates of the cations or 

simply the metals with a carboxylic acid or an alcohol and dissolve them in a wide variety of 

solvents.

(i) Aromatic Solvents

Paz de Araujo et al.  [118] have reported the reaction of tantalum butoxide and metallic 

strontium  with  2-ethylhexanoic  acid  in  xylene  followed  by  the  addition  of  bismuth  2-

ethylhexanoate. The resulting films are annealed by Rapid Thermal Processing (RTP), with a 90 

seconds anneal to a maximum temperature of 810ºC, or a conventional furnace anneal at 700ºC 

for 60 minutes. Similar results were obtained starting from 2-ethylhexanoate salts of the cations 

dissolved in xylene [20] and by heating the resulting films for 30s at 725ºC by RTP and finally 

annealing at 800ºC for an hour. Chu et al.  [119] made a similar procedure decomposing the 

organics at 550ºC. All the above mentioned variants gave SBT thin films with Pr values around 

5μC/cm2. 

Chen et al.[69], Kim, Lange and Cheon  [120][121]   and Lan et al.  [122] have dissolved 

directly the 2-ethylhexanoates of strontium and bismuth and tantalum ethoxide in xylene. The 

first authors obtained a highly c-oriented thin film by channel stamping deposition on SrTiO3, 

and heat treating at 850°C one hour, but did not report the polarization values. The second 

authors have obtained poor ferroelectric-quality SBT thin films as they sintered the samples at 

700ºC. The same procedure was used by Nagahama et al.[123][124]  who after heat treatment at 

800°C  obtained  epitaxial  (001)  and  (106)  SBT  thin  films.  These  authors  obtained  similar 

properties  of  the  oriented  films (Pr= 1.3  μC/cm2)  when not  oxygen treatment  was  made. 

However in the case of oxygen treatment the properties degraded, being the poorest observed in 

the (001)-oriented film. The results of these experiments contradict the affirmation of several 

authors claiming that an oxygen annealing diminishes the oxygen vacancies and improve the 

ferroelectric properties [9][68][118][125].

Another  route  was  followed  by  Choi  et  al.  [126] who  have  dissolved  strontium  2-

ethylhexanoate, bismuth 2-ethylhexanoate and tantalum ethoxide in a mixture of xylene and 
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methoxyethanol.   In  this  work  the  authors  made  a  comparison  between  post-annealing 

treatments to find out the optimum treatment leading to the best properties. In the case of a 

similar treatment as those described in the previous paragraph, the authors obtained Pr= 5.5 

μC/cm2, not very different from that previously mentioned.

As partial conclusion several aspects must be pointed. Xylene, due to its low polarity, is a 

volatile reagent and then able to be used as solvent for the spin-coating process. Dissolving high 

valence cations in xylene is afforded by the use of long-chain carboxilates that acts no only as 

amphiphillic groups, but also as viscous agents that improve the adherence of the precursor 

compounds to the surface were they are being  deposited.  That is  why in  the former three 

procedures there exists only one type of anion when the precursor solution is prepared:  the 2-

ethylhexanoate group. 

Contrarily, the last procedure [126] will produce a mixed-anions salts: 5 of the initial 9 parts 

of the starting anions are ethoxide groups (from the tantalum ethoxide) that are substituted by 

the most stable methoxyethoxide anion when dissolved in methoxyethanol, as discussed in the 

introductory section.  Some of the methoxyethoxide groups will then interact with strontium 

and  bismuth  ions  as  they  are  displaced  from the  neighbourhood  of  the  tantalum  ion  by 

ethylhexanoate groups, in a statistical fashion. This point that not all the alkoxides groups must 

be substituted in order to stabilize a precursor solution, even when attached to highly reactive 

cation toward moisture as tantalum is.

Amanuma, Hase and Miyasaka  [111] prepared a similar precursor solution to the above 

discussed.  They dissolved strontium isopropoxide  and tantalum ethoxide  in  2-ethylhexanoic 

acid, in this case the stabilization strategy was to transform the alkoxides into salts. The next step 

was to mix that solution with another one containing bismuth 2-ethylhexanoate in toluene. The 

resulting solution was diluted with xylene. The spin-coated films were dried at 250ºC for 10 

minutes and fired at 600-800ºC for 10 minutes. The films appeared to be well-crystallized at 

700ºC, but only the results obtained for 800ºC fired films were presented. Those films showed a 

good microstructure and values of Pr = 10.0 μC/cm2, and dielectric permittivity  (ε) value of 

approximately 400 (in the frequency range 100Hz- 10GHz). 
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Nagahama  et  al.  [123] have  made  a  toluene-based  solution  dissolving  directly  the 

commercially available 2-ethylhexanoates of Sr, Bi and Ta in the solvent. They also obtained 

crystalline SBT thin films though they did not report any value of polarization. 

It  may be concluded  that  the  use  of  toluene  is  equivalent  to  the  use  of  xylene.  It  is 

interesting to note that all the works here reported used large amphiphillic anions. These anions 

can produce micellar aggregates having high valence cations and thus improving its dissolution. 

Furthermore, the carboxilate ion could also serve to raise the viscosity of the solution improving 

the adherence of the solution to the substrate. 

(ii) Basic Aromatic Solvents

A conceptually different process was made by Boyle et al. [112][127] who used strontium 

acetate, bismuth acetate and tantalum ethoxide. In that work bismuth acetate was dissolved in 

pyridine. Tantalum ethoxide was added to the strontium acetate and then was added acetic acid. 

Both, the pyridinic and acetic solutions were mixed and stirred 10mins before utilization. The 

films were treated at 750ºC and showed a Pr of 7-8 μC/cm2. 

The main advantage of using short-chain carboxilates/alkoxides is precisely because that 

avoids the formation of cracks, due to the high volume losses that suffer long-chain organic 

materials, during the different heating/burnout procedures involved in the preparation of the 

films [17]. The method described by Boyle [112][127] was modified by Hu et al. [107] so as to 

dissolve  strontium butoxide,  bismuth acetate  and  tantalum ethoxide  in  a  mixture  of  acetic 

acid/pyrimidine.  The  remnant  polarization  of  the  resulting  SBT  film  in  this  case  was 

approximately 10 μC/cm2 for a film heated at 650ºC and 14.3 for a film heated at 750ºC by 

RTP.

As earlier discussed all the reactions involving alkoxides and carboxylic acids will evolve to 

the  formation  of  alcohols  and carboxilate  ions.  The use  of  basic  solvents  introduces  extra 

stabilizing effects for the sake of producing stable solutions: the complexation with the lone-pair 

electrons of nitrogen allows the formation of stable coordination complexes.. However pyridine, 

pyrimidine,  toluene and xylene have enough health and environmental  concerning  issues to 

promote the search of “softer” reagents.
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(iii) Esters

Atsuki  et  al.  [19] used  strontium  2-ethylhexanoate  and  bismuth  2-ethylhexanoate  as 

strontium and bismuth sources respectively. These were dissolved in isopentylacetate.  Tantalum 

ethoxide was refluxed in 2-methoxyethanol for one hour before mixing. These authors made a 

systematic search of different molar composition (Strontium =0.7….1.0, Bismuth 2.0….2.6). 

The firing temperature was 800ºC for an hour, in oxygen atmosphere, for all the films, and it 

was observed a dependence of the microstructure, the properties and the lattice parameters with 

the stoichiometry.  The values of Pr obtained for a Sr/Bi ratio of 0.7/2.4 was 7.5μC/cm2. A 

similar procedure was followed by Yeon et al. [94] dissolving ethylhexanoates of Bi, Ta and Sr in 

n-butylacetate, and heating the films at 800ºC for 1 hour in oxygen atmosphere. The Pr values in 

this case were as high as 9.79μC/cm2.

 Esters  are  not  as  toxic  as  aromatics  compounds  are.  In  fact  ester  compounds  are 

responsible for the odour of the mature fruits. The main problems using these reagents are the 

volatility and the small polarity displayed by them. Esters as low polar solvents are not adequate 

to stabilize high-valence cations. So, here again is needed to promote that dissolution using an 

amphiphilic carboxilate. The presence of methoxyethanol and ethanol in the former case (Atsuki 

et al.  [19]) allows to obtain the similar results from other strategy. Methoxyethanol is a high 

solubizing  substance  able  to  produce  useful  ternary  solvent  mixtures.  However,  its  toxic 

properties makes it practical industrial use of limited utility.

(iv) Acids

Chen et al. [128][23] have prepared their precursor solutions by mixing strontium, bismuth 

2-ethylhexanoate and tantalum ethoxide in 2-ethylhexanoic acid. The obtained Pr value was 

about 7μC/cm2. 

Zhong, Hu and Tang [71] and Shi and Tang [87] have dissolved strontium acetate, bismuth 

acetate and tantalum butoxide in acetic acid as their purpose was to obtain Nb and La co-doped 

SBT. No properties were reported for pure SBT thin films. A slight modification of this method 

is found in the work by Huang et al.[129]. These authors have followed the same experimental 

procedure but employing tantalum ethoxide instead of tantalum butoxide.
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(v) Alcohols

An entirely alkoxide route was followed by Koiwa et al. [130], who started from strontium 

ethoxyethoxide,  bismuth  butoxide  and  tantalum  ethoxide.  The  main  solvent  used  was  1-

methoxy-2-propanol. The authors claimed that the ethoxyethoxide and 1-methoxy-2-propoxide 

groups provide  stability  enough to avoid the  hydrolysis  and precipitation  of  tantalum.  The 

remnant  polarization obtained for an 800ºC-treated film was approximately  6.5μC/cm2.   A 

variation  of  this  method  was  used  by  Hayashi,  Hara  and  Sawayanagi  [114] who  selected 

strontium di-n-butoxide instead of the ethoxyethoxide and in 2-methoxyethanol as solvent. The 

properties of the resulting film were similar to those obtained by Koiwa et al. [130]. 

Kim  et  al.  [131] followed  a  methoxyethanol  solvent  route,  and  employing  the 

methoxyethoxides of  Sr, Bi and Ta , which yielded good quality films with Pr =9 μC/cm2 after 

treating the deposited layers at 700ºC for 1 hour in oxygen atmosphere. A variation of this 

technique was employed by Jung, Hwang and Sung [29]. The sources of cations were in this case 

strontium isopropoxide, bismuth triamiloxide and tantalum pentaethoxide and the solvent as 

already described was methoxyethanol. Another procedure was that of Iijima [83] who used the 

2-ethylhexanoates of strontium and bismuth and tantalum ethoxide and 1-methoxy-2-propanol 

as solvent.

Yet, Ducombe and Neumayer have patented two procedures [132][133] for the preparation 

of butoxyethoxydes in butoxyethanol as alcoholic precursor solutions for SBT and SBN films.

A) M I XT U RE S  O F  A LCO H O LS  A N D  WAT E R

Contradicting  the  totally anhydrous synthesis  described before,  Kato  [134] reported the 

partial hydrolysis of alkoxides. In his work two pathways were studied: a) dissolution of metallic 

strontium in methoxyethanol and further addition of bismuth and tantalum ethoxides and b) 

dissolution  of  metallic  strontium in  ethanol  and further  addition  of  bismuth and tantalum 

ethoxides. In this last case an extra stabilization step by addition of diethanolamine is needed. 

After  obtaining  the  alcoholic  solution,  partial  hydrolysis  of  the  alkoxides  is  performed  by 

addition of H2O according to the molar ratios 1:18 or 3:18 (H2O:SBT). The obtained films were 

calcined in air or under water vapour/oxygen flux and then fired at 650ºC by RTP. The poor 

results (2Pr=3.8 μC/cm2) that characterize the obtained films may be rationalized as partially 

due to the hydrolysis of tantalum alkoxides leading to the formation of Ta2O5. As a part of the 

film is not ferroelectric, low polarization is naturally expected.
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Yusuf  et  al.  [135] have  used  strontium  butoxide,  tantalum  ethoxide  and  bismuth  n-

propoxide as cation sources. The first two compounds were dissolved in ethoxyethanol under 

refluxing  and  then  the  bismuth  source  and  acetylacetone  were  added.  After  that  a  partial 

hydrolysis of the cations occurs under the addition of H2O and HCl as catalyst, single SBT 

powder phase was obtained at 700ºC, but they did not report the ferroelectric properties. 

It  seems  to  be  hard  to  stabilize  SBT precursor  solutions  composed  by  a  mixture  of 

alkoxides, because of the high reactivity of alkoxides towards water as previously stated. The 

promptness of Ta alkoxides to hydrolyse dictates the main difference between the PZT and SBT 

precursor solution chemistries, the Zr, Ti and Pb aqueous complexes are numerous and well 

studied even in  the PZT precursor gels  see references 16 and 30 in Schwartz´s  work  [17]. 

Contrarily,  for the Ta5+ ion,  even in organic media (hydr)oxide-type sols  are not so readily 

prepared. The main advantage of partial hydrolysis to make a partial oxide network directly from 

solution [136] is lost, as the hydrolysis procedure leads to the precipitation of hydrated tantalum 

oxides, that are easily transformed into the low reactive tantalum oxide.

Alkoxides are highly soluble in alcohols, as suggested by the basic rules for the dissolution 

and proved by the experiments mentioned above; long chain alcohols have enough low volatility 

to  allow  its  practical  use  without  changes  in  the  concentration  by  evaporation.  However, 

alcohols are not the best form to stabilize alkoxides. During ageing, alkoxides compounds can 

react  with  the  air  moisture,  being  hydrolysed  to  oxides  and  hydroxides,  or  at  least  to 

oxoalcoxydes  or  hydroxoalcoxydes,  under  deficiency  of  water,  according  to  the  following 

reactions:

M(OEt)n + n/2  H2O   MOn/2  + n EtOH

M(OEt)n + y  H2O   MOy (OEt)n-2y + 2y EtOH

M(OEt)n +n H2O   M(OH)n  + n EtOH

M(OEt)n +y H2O   M(OH)n (OEt)n-y + y EtOH

The uses of diols  or of highly  stable alkoxide radicals  (as alkyloxyalkoxides)  which are 

harder to be hydrolysed affords the possibility of enhancing the stability these ions. 
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(vi) Mixed alcohols and acids

Turevskaya et  al.  [137] have made a study of  the influence of  several  organic  radicals 

(methoxide,  ethoxide,  isopropoxide  and 2-ethylhexanoate)  when interacting  with Bi  and Ta 

compounds to form bimolecular complexes which in turn are allowed to react with a strontium 

source. Not all the possibilities were tested but the best results were found for a mixture of 

strontium 2-ethylhexanoate and a Bi-Ta mixed-metal ethoxide paste previously prepared using 

2-ethylhexanoic acid as solvent. The porosity of the film was around 10% being that attributed 

to the burning of the solvent. The obtained Pr values obtained, for 700-750ºC treated films, 

were around 4μC/cm2.  

Osaka et al. [138] and Kitamura, Noguchi and Miyayama [72] have prepared SBT films by 

dissolution of strontium di-isopropoxide, bismuth tri-n-butoxide and tantalum penta-ethoxide in 

methoxypropanol. As in the above case, their purpose was to prepare doped films, and they did 

not reported polarization values of pure SBT thin films. 

Desu et al.  [84] have prepared a metallorganic solution by dissolving strontium acetate in 

acetic  acid,  bismuth  2-ethylhexanoate  in  2-ethylhexanoic  acid  and  tantalum  ethoxide  in 

methoxyethanol. These initial solutions were then mixed, all the process being carried out at 

room temperature.

Another  carboxilate-alkoxide  route was  proposed by Zhang et  al.  [139].  In that  work, 

strontium acetate, bismuth methoxyethoxide and tantalum ethoxide were dissolved in a mixture 

of  acetic  acid,  2-ethylhexanoic  acid  and  2-methoxyethanol.  After  substitution  reactions,  a 

mixture of metal carboxilates dissolved in a mixture of alcohols and acids is obtained.  The films 

were heated at  750ºC in oxygen for 1 hour  and the  observed Pr  value  was  approximately 

7.5μC/cm2.  

Watts et al. [140] carried out a highly acid procedure mixing strontium acetate, bismuth 2-

ethylhexanoate  and tantalum ethoxide  using acetic  acid  as  solvent  and methoxyethanol  and 

diethanolamine as stabilizing agents. The obtained Pr value was around 7.5μC/cm2. Zhong et al 

have reported a similar procedure [71] but avoiding the use of the stabilizing organics as already 

described  [140]. As the work was devoted to doping studies of SBT films involving different 

amounts of La3+, the showed results did respect doped films; being the Pr values of substituted 

film with lowest La content (Sr0.8 La0.05Bi2.15Ta2O9) of approximately 4.0μC/cm2. Melgarejo et al 
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[82] used a similar system but employing 2-ethylhexanoic acid instead of acetic acid, but no Pr 

values were reported at all.

A slightly different pathway was reported by Mercurio et al. {Mercurio, 1999 38 /id} who 

dissolved strontium 2-ethylhexanoate in 2-ethylhexanoic acid at 120ºC, followed by the addition 

of bismuth 2-ethylhexanoate, and finally by the addition of tantalum ethoxide diluted in ethanol 

(the previous procedure uses acetic acid). The obtained hysteresis loops for an applied electric 

field of 220 KV/cm shows a Pr of approximately 3μC/cm2. 

Desu et al.  [84] have prepared a metallorganic solution by dissolving strontium acetate in 

acetic  acid,  bismuth  2-ethylhexanoate  in  2-ethylhexanoic  acid  and  tantalum  ethoxide  in 

methoxyethanol. These initial solutions were then mixed, all the process being carried out at 

room temperature. The precursor solution obtained was mixed with a precursor solution of 

Bi3Ti(Ta1-xNbx)O9 to obtain thin films of the solid solution of these two materials.

An interesting work was done by Kim et al.  [141]using strontium acetate and tantalum 

ethoxide dissolved in methanol and bismuth nitrate dissolved in acetic acid and stabilizing with 

an alkanolamine. The films were heated at 260ºC for 5 minutes, at 450ºC for 10minutes and at 

700ºC for 3 minutes after each layer deposition. When the deposition procedure was finished 

the  films  were  annealed  for  1  hour  in  a  tube  furnace  at  800ºC  where  they  were  directly 

introduced. The Pr values of the so produced films was 8μC/cm2. 

A) D IO LS

Calzada  et  al.  [67][142][143][144] prepared  a  stable  solution  in  air  by  the  following 

procedure:  a 1,3-propanediol solution of tantalum ethoxide was refluxed at 110ºC for 8 hours. 

Strontium 2-ethylhexanoate was refluxed at 185ºC for 8 hours in a mixture of 2-ethylhexanoic 

acid and 1,3-propanediol. Bismuth 2-ethylhexanoate was refluxed for 3 hours in 2-ethylhexanoic 

acid. Appropriate aliquots of these solutions were dissolved in 2-ethylhexan-1-ol and stirred for 

12 hours before using. The Pr values of the films obtained by such procedure are ~7.5 μC/cm2. 

The same group made a refinement of the used heat treatment after deposition of the previous 

solution. Two processes, a one step annealing at 650ºC and a two step treatment, first at 550ºC 

and a final annealing at 650ºC. The higher values of Pr (10.2 μC/cm2) were obtained for the 

films submitted to a single treatment at 650ºC [67].
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Acid-alcohol mixtures are the most desirable solvents for the SBT systems. Both types of 

compounds are generally transformed or metabolised by several micro organisms. So, mixtures 

of ethanol and acetic acid are almost environmentally safe.  Nevertheless, such solutions are not 

stable for long periods and thus a stabilizing agent is required. The best stabilizing agents could 

be  alkyl-  or  alkanolamines  due  to  the  possibility  of  being  metabolised  too  and  thus 

environmentally  not  aggressive.  The  use  of  an  ammonium salt  of  the  carboxylic  acid  is  a 

possibility to be taken into account as it is known that the dissolution of cations in acetic acid is 

enhanced when ammonium acetate is added [115].

I.10.2. Aqueous media

Zanetti et al.  [145] have prepared SBT by dissolution of tantalum ethoxide in ethylene 

glycol,  followed by addition citric acid and then adding  ethylenediammine to increase the pH 

up to 7-8. SrCO3 is added to this solution followed by Bi2O3 previously dissolved in nitric acid. 

The films were treated at 150-200ºC to eliminate the solvent, then heat treated at 400ºC for 2 

hours and finally annealed at 800ºC. The films showed a Pr value of 9.2 μC/cm2.

 Nelis  et  al.  [146] developed  a  procedure  consisting  on the  precipitation  of  tantalum 

hydroxide  from a  tantalum oxalate  solution  under  the  addition  of  NH4OH. The  obtained 

hydroxide is dissolved in hydrogen peroxide and added with an aqueous solution of citric acid. 

Bismuth acetate, previously dissolved in an aqueous solution of acetic acid, is mixed with the 

previous peroxidic solution and finally an aqueous solution of strontium acetate added. After 

deposition and annealing at 720ºC under oxygen flow, a Pr value of 5.5 μC/cm2 was obtained 

[147].

Water is naturally the most desirable solvent for making reactions, for reasons of both, 

availability  and lack of toxicity.  However,  stabilizing  tantalum in aqueous solution is a very 

difficult task, requiring the use of several complexing agents. Another matter of concern is the 

comparatively low volatility of water that turns out the films fabrication more complicated as 

more time or higher spinning speed or higher temperatures are required to dry them.

Summarizing, the pathway to obtain SBT precursor solutions consists on a stabilisation of 

the desired cations as carboxilates  or alkoxides,  in a compatible  solvent.  The choice of the 
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solvent is a key matter as the cations are multivalent, and dissolving them is a very complex 

issue.  

We  may  recognize  five  principal  models  to  accomplish  the  dissolution  and  further 

stabilization in organic media:

• Aromatic compounds (toluene and xylene)

• Heterocyclic (basic) aromatic compounds (pyridine, pyrimidine)

• Esters (isopentyl or n-butyl acetate)

• Alcohols (1,3- propanediol, ethanol, methanol and methoxyethanol)

• carboxylic acids

Carbolic acids are mainly used as dissolution promoters and stabilizers rather than solvents 

(if we made the distinction between dissolution promoters and solvents based on the relative 

quantities used), but none impede the use of higher quantities of dissolution promoters and then 

to classify them as solvents. Refluxing carboxylic acids with alcohols give esters and water as 

products, so the interrelation between the above explained categories is not absolute, as some 

reactants  may  be  transformed  in  other  compound  categories  also  used  for  dissolution 

procedures.

The evolution of the synthesis from alkoxides or long-chain carboxilates toward acetates 

and nitrates is a desirable tendency, firstly due to the higher stabilities of these last compounds 

and second because of their lower price. Nitrates and acetates are easily solubilized in relatively 

small quantities of acetic acid and the so obtained solutions can be diluted with ethanol; forsome 

of these compounds dissolution is also possible in ethanol and acetic acid mixtures.

The use of  toluene,  methoxyethanol,  methanol  or isopropanol  is  a probable  source of 

pollution.  The same applies to acrylic acid or the excess of acetic acid. The search for less 

hazardous solvents is needed, and this explains the studies concerning in the stabilisation of 

these salts in aqueous media. However the use of aqueous solution has an important drawback: 

de-wetting the substrate after deposition is more difficult due to the high boiling point of water. 
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The use of some esters as solvents is another desirable alternative, due to the low toxicity of 

these compounds. The nice odour of these compounds also encourages its use.

The order of dissolution and dilution of the compounds, in the same or different solvents, 

for mixing them successively in the same container or as individual solutions, are important 

aspects to consider when developing a stable MOD system. Sr, Bi and Ta cations needs of 

specific acidity and complexing conditions to be stabilized. When changing from a given strategy 

to another, the order of addition may vary, as the reacting medium has different characteristics 

in each case. 

I.11. SBN precursor solutions

The preparation of SBN films are not as widely studied as that of SBT films, at least by 

MOD methods, but the chemical tendencies followed in its preparation are very similar than 

those employed for SBT. This is not surprising because for long time a similarity of the chemical 

behaviour of these elements have been described. 

In opposition to SBN ceramic materials, where clear hysteresis loops are obtained, only few 

studies have reported good ferroelectrics properties for SBN thin films.

I.11.1. Organic media

(i) Aromatic Solvents

Chen et al. [69] have prepared a solution by dissolution of strontium 2-ethylhexanoate and 

bismuth 2-ethylhexanoate, niobium ethoxide and 2-ethylhexanoic acid in xylene. After drying at 

~200ºC and the burnout of organics at 400ºC the films were annealed at 650 and 700ºC. The 

former films displays  very low values of Pr but the one prepared at 700ºC presents values 

around 5μC/cm2. A toluene variant of this synthesis was reported by Nagahama et al.  [123] 

using ethylhexanoates  of the Sr,  Bi and Nb cations,  in a technique mentioned above when 

reviewing the  preparation of SBT films. In brief,  these authors  [123] dissolved directly the 

commercially available 2-ethylhexanoates of Sr, Bi and Ta in the solvent.  

(ii) Esters

Yeon et al. [94] used a n-butylacetate dissolution of ethylhexanoates of Bi, Nb and Sr. The 

prepared films were heated at 700ºC for 1 hour in oxygen atmosphere. The Pr values obtained 

were lower than 5.0μC/cm2,  and the shape of the loop is trapezoidal.  Also related to ester 
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solutions,  Ducombe  and  Neumayer  [132][133] have  patented  a  technique  to  prepare 

butoxyethoxide solutions for the preparation of SBN. 

(iii) Alcohols

Kato et al. [148] prepared SBN thin films by means of a partial hydrolysis of alkoxides. Sr 

was dissolved in methoxyethanol by heating. Bismuth ethoxide and niobium ethoxide were also 

dissolved  in  methoxyethanol  and  then  mixed  together  with  the  Sr  solutions.  After  that  a 

deionized water/methoxyethanol solution was added. The Pr values of the obtained films were 

around 3μC/cm2. Details of this technique were described by the authors for SBT films [134].

Watanabe et al followed a procedure already described for obtaining SBT precursors [20], 

using the 2-ethylheaxanoates of Sr and Bi and niobium ethoxide dissolved in methanol. The 

films were  dried at  250ºC and annealed  at  700ºC and Pr  values  around 12.5μC/cm2 were 

obtained. 

A) M I XT U RE S  O F  A LCO H O LS  AN D  ACI D S

Yi et al. [149][113] used a 2-ethylhexanoic acid based solution of strontium and bismuth 2-

ethylhexanoates and niobium ethoxide diluted in ethanol. The relative amounts of ethanol and 

2-ethylhexanoic acid were not precised but the final value of the precursor solution viscosity (η 

= 3.6 mm2 s-1), points to an excess of the acid relatively to the ethanol. In this case the obtained 

hysteresis  loops  reveals  poor  ferroelectric  properties  (Pr=  3  μC/cm2)  and  conductive 

phenomena.  

I.11.2. Aqueous media

Zanetti et al. [150][151] have used a Pechini-type synthesis complexing the desired cations 

with citric acid and polymerizing with ethyleneglycol. In the first work cited here the deposition 

was  carried out by  spin-coating  or  by  dip-coating.  In the  first  case  the films showed high 

conductivity and Pr values of 6.72μC/cm2; in the second case no hysteresis loops were showed.

Nelis et al. [152] carried out a citrate synthesis, of SBN powders and thin films, very similar 

to that of  Zanetti et al. [151] but avoiding ethyleneglycol. The obtained results are very similar 

to those of Zanetti et al [151].

Asai et al.  [153] followed a citrate-EDTA route, i.e. complexing Nb with citric acid and 

strontium  and  bismuth  with  ethylenediamine  tetraacetic  acid  (EDTA)  for  obtaining  SBN 
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powders. The similarities  of this procedure with other methods mentioned above allows to 

predict its applicability to SBN thin film preparation. 

From the  precedent  paragraphs  it  is  clear  than  the  techniques  used  to  stabilize  SBN 

precursor solutions  are very  similar  to  those employed in  the SBT case.  In brief,  the vast 

majority of the methods make use of low mass organic liquids as solvents. Moreover, due to the 

reactivity  of  Niobium towards water to form precipitates  of  niobium oxyhydrates,  water  is 

avoided. However, it is very difficult to obtain good ferroelectric properties of SBN films. Even 

more, as demonstrated in the preceding section (doping strategies) these properties are hard to 

be tailored. There is not a simple explanation for these dissimilar Pr values, but it may be related 

specific  interaction of  Niobium with the substrates.  This  is  also the cause of the observed 

conductive characteristic of vast majority of the hysteresis loops reported.



C h a p t e r  I I .

EXPERIMENTAL TECHNIQUES AND PROCEDURES

It is the objective of this chapter to describe the principal experimental methods and techniques 

used during this work. As one of the main objective of this thesis is the sol gel preparation of 

thin films and of powders to be used as seeds, a complete and detailed description of the sol-gel 

techniques developed in this work will be given. For characterizing the produced solids and 

films  techniques  currently  used  including  X-Ray  diffraction  (XRD),  Scanning  Electron 

Microscopy (SEM), Scanning Probing Microscopy (SPM) and the particle size distribution, are 

also presented. For accessing the thermal behaviour of the materials under study, a home-made 

apparatus will be described. 

The  techniques  used  for  the  characterization  of  metallorganic  solutions  such  as  Infrared 

Spectroscopy (IR), Ultraviolet and Visible Spectroscopy (UV-Vis) and Raman Spectroscopy are 

then  revisited.  The   characterization  of  the  electrical  behaviour  of  the  produced  materials 

requires  specific  techniques  which  will  be  also  described.  Finally,  specialized  methods  as 

Rutherford Backscattering Spectroscopy and Quantum Chemical methods are also described.

II.1. Sol-gel techniques

Several techniques for cation stabilization in solution were used for several purposes. It is 

convenient to remind that the term often used in the literature for designating such techniques is 

“sol-gel”. For that reason this term will be used in few occasions referring all these techniques. 

For seed preparation a chelation of tantalum or niobium oxide with citric acid in ethylene glycol 

was employed. The procedure used was as follows: 

II.1.1. Sol-gel preparation of  powders (seeds)

The experimental procedure followed in the preparation of the SBT powder is a modified 

version  of  the  technique  described  by  Asai  et  al.  [153] and  Zanetti  et  al.  [145][150].  The 

modification consisted in the polymerization of ethylene glycol (EG) and citric acid (CA) in the 

very beginning to allow the use of tantalum (or niobium) oxide. The main steps involved in the 

present work include: 1) preparation of the Bi precursor, 2) preparation of Sr-Nb(Ta) precursor 



Chapter II- Experimental techniques                                    54

and 3) heat treatment of the final mixture of the precursors. The entire procedure is summarized 

in the flowchart of Figure 9, and will be called the CA-EDTA route.

Analytical  grade  reagents  were  always  used:   citric  acid  (CA),  bismuth  oxide,  acetic 

anhydride and ammonia from Riedel-de Haën, niobium oxide and ethylenediamine tetra-acetic 

acid (EDTA) from BDH, tantalum oxide from Aldrich,  strontium carbonate,  nitric  acid, 2-

ethylhexanoic  acid  (EtHexCOOH)  and  ethyleneglycol  (EG)  from  Merck,  bismuth 

ethylhexanoate  from ABCR, tantalum ethoxide and Strontium methoxy-ethoxyde from Fluka.

(i)  Preparation of  Bi precursor

Bi2O3 was mixed with a small excess over the stoichiometric quantity of HNO3. required to 

obtain Bi(NO3)3. The so obtained nitrate solution was mixed with EDTA, in a ratio Bi/EDTA 

(1:4),  keeping  the  solution under  stirring.  Then a small  amount  of  NH3 was added to the 

solution to promote the dissolution of EDTA, and when the solution became transparent the 

pH was adjusted to 7 with HNO3.

(ii)  Preparation of  Sr-Ta (or Sr-Nb) precursor

CA is known for its complexing behaviour towards cations and also for its capability to 

form an organic polymer when condensated with EG [13][153]. For the purpose of obtaining 

Sr-Ta (or Sr-Nb) precursor, appropriate quantities of  strontium carbonate and tantalum oxide 

(or niobium oxide) were mixed with CA and EG, in the Sr:Ta:CA:EG molar proportion ratios 

of 1:2:3:5 and refluxed with stirring for 12 hours under anhydrous conditions, leading to a final 

viscous suspension. 

(iii) Heat treatment of  the Ta, Sr and Bi mixed solution

The Bi-EDTA solution and the suspension of Sr-M (M = Ta, Nb) precursor were mixed 

and  heated at 100ºC during 12h, until partial dehydration, leading to the formation of a pale 

viscous suspension. This gelatinous substance was further pyrolised at 300ºC, and finally heat-

treated at several temperatures ranging from 600 to 900ºC for 2 hours. 

A flowchart of the procedure follows: 
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II.1.2. Metallorganic preparation of  thin films

For the preparation of thin films an evolutive pathway was started, trying to improve in 

each successive step the results obtained in previous steps. In this process a symbiosis between 

our results and the principal findings described in the literature was attempted.

The first attempt was to modify the technique described by Paz de Araujo et al. [118] and 

consisted in  the dissolution  of  bismuth ethylhexanoate  and strontium propoxide in  toluene 

containing  2%  of  2-ethylhexanoic  acid.  Tantalum  or  niobium  ethoxide  (thereafter  the 

CH3CH2O- unit will be abbreviate by the symbol EtO-) was then added in a glove box with a 

controlled relative humidity of at maximum 75%. The main reasons to follow this technique is 

its widespread use and the fact that this pathway is one of the earliest reported. Numerous 

Bi-EDTA

Stirring

M
2
O

5
 +SrCO

3
+CA+EG

M/Sr-citrate suspension

Refluxing 12 hrs, 146 ºC

Powder precursor
Heating at 620-920ºC, 2 hrs

Pirolysis 300ºC

gel

SrBi
2
M

2
O

9

Refluxing, 6hr

Figure  9 Flowchart  of  the  experimental  procedure (CA-EDTA route)  used for  preparing SBT and  
SBN powders.EG: ethylenoglycol, CA: citric acid, M:= Ta or Nb.

Bi-EDTA, Sr, M-citrate suspension
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cracks were observed in the films obtained with this procedure. For this reason the generic 

ethylhexanoate pathway was abandoned. 

Secondly, a modification of the route proposed by Nagahama et al.  [123] was followed. 

This  procedure  is  very  simple  and  straightforward.  Briefly,  bismuth  acetate  Bi(CH3COO)3 

(thereafter  the  CH3COO- unit  will  be  abbreviate  by  the  symbol  AcO-),  strontium  acetate 

hemihydrate  were  dissolved  in  a  mixture  of  acrylic  acid-toluene  under  stirring,  at  room 

temperature. No additional heating-steps were made. Tantalum or niobium ethoxide was then 

added in a glove box with a controlled relative humidity (Hr< 75%). The final concentration of 

the precursor solution was fixed at 0.05 mol/l. This procedure is called hereafter the toluene-

acrylic acid route. 

In order to validate the adequateness of the present chemical approach for SBT and SBN 

precursor solutions preparation to both thin film deposition techniques (spin- and dip-coating) 

an adaptation to dip-coating was introduced. For this purpose it was decided to change the 

toluene part of the dissolving mixture by isopropanol (i-PrOH), as the second is less toxic and 

has not such a strong odour as toluene has. This modification is essential for allowing open-air 

operation of the dip-coating apparatus, as it was the case. The overall procedure followed in the 

preparation of  the isopropanol  modified solution is  essentially  the same to those described 

before. This procedure was named the isopropanol route. An elementary flowchart is shown in 

Figure 10.

As all the above reagents including toluene, acrylic acid and isopropanol have toxic issues, 

there was a strong motivation to try to find out another solvent system environmentally safe in 

the present work. At a first glance, water appeared as an obvious choice, and several attempts 

were made to obtain stable aqueous complexes [146][150][151][152][154]. However the aqueous 

complexes of niobium and tantalum are not fully stable. Moreover, de-wetting the substrate 

after deposition is a hard problem to be solved as stated before [17]. Therefore, for the purposes 

of  thin  film processing  and environment  protection  the  choice  of  a  volatile  but  non-toxic 

solvent seemed mandatory. As known, ethanol fulfils these two pre-requisites.

The new approach here described for preparing SBT thin films is based on the dissolution 

of bismuth acetate   and strontium acetate hemihydrate in a minimum quantity of acetic acid, 

because both compounds are not soluble in ethanol. Moreover acetic acid in low quantities is 
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not a hard environment pollutant. The obtained solution is diluted in ethanol. Urea, added at a 

ratio 36:1 related to Sr molar quantity,  is  used here as complexing  agent  [155],  since in its 

absence, sol precipitation occurs. The last step is the addition of tantalum or niobium ethoxide 

in a glove box with maximum 75% relative humidity controlled atmosphere. As before, the final 

concentration of the precursor solution was fixed at 0.05 mol/l

All  the  described  pathways  follow  a  simple  scheme (showed  in  Figure  10):  a  solvent 

(toluene or isopropanol or ethanol) and a complexing agent (hexanoic acid or acrylic acid or 

acetic acid/urea mixture) are allowed to react with the desired cation compounds to complex 

and to stabilize them. All the solvents must fulfils at least one important characteristic: to be 

easily evaporated in order to allow easy spin and dip coating deposition-drying steps. 

 

Figure 10. General scheme for SBT (SBN) thin films preparation.

 Sr2+ +Bi (OAc)3 +
solvent/ complexing agent

stirring

M(OEt)5 (in glovebox) (M = Ta, Nb)

stirring

Precursor solution (transparent)

Spin or dip-coating onto a substrate

Pyrolisis 150-300ºC

Heating 675-750ºC

SrBi2M2O9 
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In the present work (111)Pt/TiO2/SiO2/Si by Inostek were used. These substrate were 

composed by successive layers of as follows:  <100> Si substrate (p-type),  300 nm of SiO2 

obtained by oxidation of the Si surface, 20 nm TiO2 deposited by sputtering and 150nm Pt 

deposited by sputtering. 

The precursor solutions were deposited on the substrate by spin or dip-coating. In the 

former case the substrate were recovered by one drop of the desired solution and then spun at 

3000 rpm for 10 seconds. The spinning processes were carried out in KarlSuss CT 62 spin-

coater unit. In the case of dip-coating, a home made dip-coating station was employed. The 

films are dipped and withdrawn at a speed of 5mm/min. The obtained films were dried at 180 

or 300ºC, in a stirring-heating unit. This procedure was repeated several times until obtaining the 

desired thickness and to avoid the presence of cracks. Generally 20 layers were deposited leading 

to a final thickness of 500nm.

The annealing step was carried out in a conventional tubular furnace using a heating ramp 

of 5ºC/min up to a pre-selected dwelling temperature. Different dwelling temperatures were 

used in the present work: 650, 675, 700, 725 or 750ºC. This final heat treatment was always 

carried out for 30 minutes.

II.1.3. Seeded and doped thin films

When seeding procedures were required that was afforded by direct dispersion of the seeds 

in acetic acid, adding 0.1 grams of seeds to 20 ml of acid. Whenever the dispersion appeared 

unstable, 0.5 ml of ethyleneglycol was added to the dispersion.

Doping procedures were carried out by dissolution of 0.5mMol of the dopant precursor 

(acetate,  hydroxide,  nitrate,  carbonate  or  oxide)  in  50  ml  of  acetic  acid.  This  represents  a 

concentration of 100mM for each doping cation. Then 2 ml of this dopant solution was in turn 

added to 8ml of  0.25M SBT or  SBN precursor  solution.  This  represents  a  10% of  molar 

concentration of the doping cation in the SBT or SBN solution. The formula Dopant0.10(SBT)0.90 

best represents the doping level followed in the present work.  The dopants used in the present 

work were: AgNO3, NaNO3, KNO3 and W(OEt)6.
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II.2. Differential Thermal Analysis (DTA)

Thermal Analysis is a term generally applied to methods and techniques in which a physical 

property of the substance under analysis is measured as a function of the temperature, being this 

temperature subjected to a controlled variation [156].

The Differential Thermal Analysis is a method that measures the temperature differences 

between  one  sample  under  analysis  and  a  reference  substance  submitted  to  the  same 

temperature  variation  regime.  The  measured  temperature  difference  is  related  to  several 

phenomena such as the chemical transformations (from a given reactant or reactants mixture 

into products)  or physical  transformation (as  examples can be mentioned the  crystal  phase 

changes or the variations of the physical state) [156].

In spite of the existing sophisticated equipment dedicated to thermal analysis, for avoiding 

contamination problems in such apparatus, the necessary analysis for the present work were 

carried out in a home-made experimental set-up, using a conventional furnace. For solution 

samples, a previous drying until gellification was done at 60°C under controlled atmosphere in 

order to obtain enough concentration of the reagents allowing the reaction to be detectable by 

the equipment. The gellified samples were placed in a double cell sample holder wired with a 

chromel-alumel thermocouple (see schematic diagram in Figure 11).  The sample holder was 

placed in an alumina-made chamber. The reference substance was alumina previously calcined at 

1000ºC. 

Figure 11 Schematic view of the cell used for DTA studies.

The electrical circuit was designed so as to probe simultaneously the temperature difference 

between the sample and the reference material. The reaction thermocouple was connected to a 

Common wire

Reference wire

Sample wire

Interconnecting common wire



Chapter II- Experimental techniques                                    60

HP- Agilent 2404 multimeter and the reference thermocouple was connected to a Keithley -197 

multimeter. 

These multimeters were connected via a GPIB-USB card to a Pentium IV PC running 

Windows-XP Professional edition. The data acquisition program was made in MicroSoft-Visual 

C++ 6.0 (MS-VC++) language. The DTA experiments covered the interval temperature from 

25ºC to 800ºC, at a rate of 5ºC/min.

II.3. Characterization of  solution dynamics

To characterize the dynamics of the precursor solutions used for preparing SBT thin films, 

Infrared (IR), Raman and Ultraviolet –Visible (UV-Vis) spectroscopy techniques were used. 

Differential thermal analysis (DTA) of the same precursor solutions was also performed to 

follow their crystallization behaviour. For this purpose SBT precursor solutions, as well as the 

solutions of: i) strontium acetate in toluene acrylic acid (Tac), ii) strontium isopropoxide in Tac, 

and iii) tantalum ethoxide in Tac were gellified as explained above. 

II.3.1. IR and Raman analysis

In a simplified approach, the energy E of a molecule can be separated into four additive 

terms that belongs to several type of motions of the molecule:  translation of the molecule, 

electron motion in the molecule (Eel), vibration of the atoms in the molecule (Evib) and rotation 

of the entire molecule (Erot).  The first  of these motions  does not lead to interactions with 

electromagnetic radiation and hence will be not considered in this discussion. The other energy 

terms differ considerably among them fulfilling the following rule: (Eel) >> (Evib) >>(Erot). The 

interactions  observed by the  Raman and IR spectroscopic  techniques  are related only  with 

vibrational and rotational movements [157].

A molecule can interact with electromagnetic radiation when the Bohr-Einstein frequency 

relation  is fulfilled: 

∆E = h υ  with ∆E = Ek – Em. (Eq. II.1)

In the above equation  ∆E represents the energy difference between two allowed energy 

levels k and m, h is the Planck’s constant and  υ the frequency of the absorbed or emitted 

electromagnetic radiation [157]. 
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Although IR and Raman spectroscopy share the same physical fundamentals as they rely on 

the  vibrations  of  the  atoms  that  correspond,  in  quantum mechanics  to allowed transitions 

between different vibrational energy levels, the interaction with electromagnetic radiation is very 

different in both spectroscopic methods. In Raman spectroscopy monochromatic and usually 

visible radiation can be scattered elastically with the same frequency (Rayleigh scattering) or in-

elastically  with  higher  or  lower  frequencies  (Raman  scattering).  In  the  other  hand  in  IR 

spectroscopy specific frequencies of the incident polychromatic radiation are absorbed by the 

sample [158][157].

The selection rules (i.e. if a band is allowed or forbidden) are different for IR and Raman. 

Very often a given transition is observed only in Raman spectroscopy, but some times it is 

observed in  IR direct  absorption  or  by both  methods.  There  exist  transitions  that  are  not 

directly observed either by Raman or by direct absorption, due to its low probability. Moreover 

even when the transition is visible by IR absorption and Raman scattering, intensity factors 

make easier to observe it in one or in the other method. For these reasons Raman scattering and 

direct  absorption  are  considered  as  complementary  rather  than  alternative  methods  of 

investigating transitions between energy levels of molecules [158].

In the present work the IR and Raman measurements were performed as follows:  the 

Fourier transform infrared absorption spectra (FTIR) of the different solutions under study 

were obtained using a Mattson (Madison, WI, USA) 7000 FTIR spectrometer. The FTIR spectra 

databases were recorded between 400 and 4000 cm-1, using 128 scans at 2 cm-1 of resolution. 

Raman  spectra  were  measured  with  a  standard  Bruker RFS  100/S  Raman  spectrometer, 

equipped with a broad-range quartz beam-splitter and  a  diode-pumped, air-cooled Nd:YAG 

laser source completely controlled by the software at the excitation wavelength of 1064nm. The 

measurements were performed at room temperature in a 90° scattering geometry, and recorded 

between 400 and 3600 cm-1 using 128 scans at 2 cm-1 of resolution.

II.3.2. UV analysis

This spectroscopic analysis is also based on the Bohr-Einstein frequency relationship (Eq. 

II.1). Specifically, in the case of the UV-Vis region the observed transitions correspond to the 

electronic states of the atoms and molecules: when the incident energy is enough, the electrons 

in the lowest energetic orbitals can be excited to orbitals of higher energy. This produces a net 

absorption of the incident radiation. The UV-Vis method is based on the direct comparison of 
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the absorbed intensity of a cell containing the molecule or atom under investigation, against a 

blank prepared in the same way but without the target substance.

Most of the applications of UV-Vis analysis lye on the direct relationship between the 

concentration of the target substance and the amount of adsorbed radiation (or allow passing 

throughout). This mathematical relationships is know as the Bouguer-Lambert-Beer law[157] 

and it is written as:

cdII o *** ε= (Eq. II.2)

 where I is the intensity of the transmitted light,  Io intensity of the incident light, d is the 

optical path made by the light, c is the concentration of the absorbing specie, ε is the extinction 

coefficient of the absorbing specie.

Generally,  the UV-Vis techniques are used for detecting organic molecules with a high 

degree of un-saturation, either alone or making part of complexes with many of the elements of 

the Periodic Table of elements. In the present study UV spectra were recorded in an UV 3100 

Shimadzu equipment. All the experiments were run using a blank having rigorously the same 

composition of the solvent used to prepare the solutions under study. 

II.4. X-Ray diffraction

Generally, the structural characterization of the materials begins with their X-ray diffraction 

because it is a versatile, non-destructive technique that reveals detailed information about the 

chemical composition and crystallographic structure of natural and manufactured materials. At 

present it is possible to apply a variety of X-ray techniques for various material classes, each 

revealing specific details of the studied sample [159].

  Standard X-ray diffraction measurement

The development of a simple way to understand and predict the diffraction phenomena by 

a crystal was presented by Henry and Lawrence Bragg in 1913[159]. They introduce the idea that 

a crystal lattice is  a regular three dimensional  distribution (cubic, rhombic, etc.) of atoms in 

space. These are arranged so that they form a series  of  parallel  planes separated from one 

another  by  a  distance  d,  which  varies  according  to  the  nature  of  the  material.  When  a 
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monochromatic  X-ray  beam with  a  wavelength  lambda  (λ)  is  projected  onto  a  crystalline 

material at an angle theta (θ), diffraction occurs only when the distance traveled by the rays 

reflected from successive planes differs by a integer number n of wavelengths. This condition is 

expressed by the well known Bragg´s law:

θλ sin2 hkld= (Eq II.3)

where  d is the space between the planes and (hkl) are the Miller indices. By varying the angle 

theta, the Bragg's law conditions are satisfied by different d-spacing in polycrystalline materials. 

Plotting  the  angular  positions  and  intensities  of  the  resultant  diffracted  peaks  of  radiation 

produces a pattern, which is characteristic of the substance under analysis. In samples, where a 

mixture of different phases is present, the resultant diffractogram is formed by addition of the 

individual patterns [159]. 

The  X-Ray  diffraction  measurements  were  performed  in  a  Rigaku  D-max  X-ray 

diffractometer,  equipped  with  the  MDI  data  scan  3.2  controller  software.  The  data  were 

recorded in Bragg-Brentano geometry in step mode (0.01o/10s) from 2θ = 20º to 2θ = 80º 

using Copper  kα radiation and analyzed with a MDI Jade 6.1 software. The obtained X-Ray 

diffractograms  were  compared  against  the  reference  cards  stored  for  SBT  and  SBN 

polycrystalline  ceramics,  and  when  unknown  phases  were  found,  the  search  included 

compounds having the same elements that as the sample theoretically had.

II.5. Morphology analysis: SEM Analysis and particle size distribution 

Scanning electron microscope (SEM) technique allows to access the morphology (shape 

and size) of particle to be used as seeds and to analyse the thin film grain growth and the surface 

roughness of the observed material. In SEM microscope a fine beam of electrons is formed by 

the source and is then scanned across the specimen. Electrons resulting from the interaction of 

the electron beam with the specimen (secondary or backscattered electrons) are collected and 

displayed on a monitor as a function of position. Magnification is increased by reducing the size 

of the scan on the specimen. 
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To afford the preparation of the powder samples, the same suspension used for seeding 

was deposited on a small crystal piece glued on a SEM aluminum support. After drying for 24 

hours at 60ºC, the samples were ready for carbon deposition. In the case of thin films, the 

samples were cut and pasted in a special sample holder using a conductive carbon paste. The 

samples were pasted with the surface up or lateral up in order to analyze the surface or the 

thickness of the film, respectively. After 24 hour in a furnace at 60oC, the samples were covered 

with a thin layer of carbon in order to improve the image. The carbon deposition process was 

performed using an Emitech carbon deposition chamber (model K950) equipped with a turbo 

pump.

SEM measurements were performed using a field emission scanning electron microscope 

Hitachi S4100. The images were obtained using electron acceleration field of 25 kV and filament 

emission current of 11 µA, and recorded using a variable magnification. To increase the contrast 

between the grains and the boundary the samples were tilted 40 degree of the incident beam. 

This effect was compensated by the microscope tilt compensation controller.

The particle size distribution of the obtained powders was accessed with a Coulter LS-230 

equipment  using  the  principle  of  laser  diffraction.  A sample  placed in  the  fluid  module  is 

circulated through a sample cell at a constant speed. A beam of laser light shone through the cell 

is diffracted by particles within the sample, and the forward scattered (or diffracted) light is 

collected by a series of detectors. The distribution of light falling on the sensors enables the size 

distribution of the sample to be calculated [160].

II.6. Rutherford Backscattering Spectrometry

The  IUPAC  Compendium  of  chemical  terminology[161] defines  Rutherford 

Backscattering, literally as: 

“any technique using high energy particles directed toward a sample, in which the bombarding particles are  

detected and recorded as function of energy and/or angle. The technique is mostly used for determining depth  

distributions of elements based on the energy of the backscattered particle. In general, He+ or H+ particles are used  

at energies in the order of 100 keV to some MeV.

Also referred to as backscattering spectrometry (BSS).”
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The backscattering phenomenon was predicted in 1911 by Lord Ernest Rutherford and for 

that reason his name was assigned to the technique.

RBS  (Rutherford  Backscattering  Spectrometry)  and  the  closely  related  PIXE  (Particle 

Induced X-Ray Emission) analyses were performed using a 2.5 MV Van de Graaff Accelerator. 

RBS spectra were obtained with 2 Schottky barrier detectors placed in IBM geometry at 140º 

and 180º scattering angles, with resolutions of 15 and 25 keV respectively, using a 2.250 and a 2 

MeV He+ beam. Analyses were performed with samples tilted at 0º, 20º or 30º (angle between 

beam direction and sample normal). PIXE measurements were performed with a 2.15 MeV H+ 

beam and  the  X-rays  were  detected  with  a  Gresham Scirus  detector  with  155  eV energy 

resolution placed at 110º to beam direction and at a distance of 25 mm from the samples. The 

PIXE spectra  were  analysed using  the  AXIL  [162] and DATTPIXE codes  [163] and RBS 

spectra with the NDF code[164].

II.7. Dielectric and Ferroelectric characterization

II.7.1. Electrode deposition.

For the dielectric and ferroelectric characterization of the SBT and SBN thin films metallic 

electrodes were used. Au top electrodes were deposited using both a Polaron vacuum sputtering 

system and a RF sputtering system. The electrodes deposition using Polaron vacuum sputtering 

system (SEM coating Unit E5000) were carried out using an argon partial pressure of 2 mtorr, 

an acceleration voltage of 12 kV and an emission current of 12mA.  The shape of the electrodes 

was circular; and was ensured by a home-made square mask with holes of 0.6mm of diameter. 

In general the final thickness of the electrodes was  approximately 120 nm. 

II.7.2. Dielectric characterization

The evaluation of the dielectric constant relies on capacitance measurement. Considering 

the film as a parallel plane capacitor, the relative dielectric constant (ε) may be obtained taking 

into account the thickness of the films (t) and the area (A) of the electrodes. Generally, the 

capacitance measurement is performed at a frequency bellow the mechanical resonance and the 

relative dielectric constant is calculated through the equation:

A
tC

o

p

ε
ε = , Eq (II.4)
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where Cp is the capacitance of the parallel plane capacitor and εο is the dielectric permittivity of 

the vacuum. Ferroelectric materials are not ideal capacitors and, normally, a dielectric loss (tanδ) 

expressed by the ratio of the imaginary  ε´´ and the real part of the permittivity  ε´,  is always 

present. 

´

´´tan
ε
εδ = . Eq (II.5)

The dielectric measurements of the films were performed with a Hewlett-Packard precision 

LCR meter (HP 4284A) using a driving voltage of 100 mV and a variable frequency between 

100 Hz and 1 MHz.  The measurements were carried out at  room temperature or under a 

variable and controlled temperature, using a home-made heating chamber consisting  of a thick 

aluminium islating chamber with a heating unit and cooling by nitrogen flux. The measures with 

that equipment were performed at the Instituto de Ciencias de Materiales de Madrid (ICMM).

II.7.3. C-V measurements

Capacitance variations as function of DC voltage, referred as  C-V measurements, were 

used to study the ferroelectric properties of the SBT and SBN thin films under the DC applied 

voltages. C-V measurements of the thin films were performed using a Hewlett-Packard precision 

LCR meter (HP 4284A) controlled by a home made MS-VC++ 6.0 program.

II.7.4. Ferroelectric Characterization.

(i)  Hysteresis loop measurements

The  hysteresis  loop  measurement  was  performed  using  the  ferroelectric  analyzer  TF 

Analyzer 2000, equipped with ferroelectric module. That equipment detects the current response 

of the device under test collecting the data throughout the so called Feedback method. This setup 

uses a current to voltage converter. The main advantage of this method compared with the 

Sawyer-Tower  measurements  is  that  it  reduces  drastically  the  influence  of  the  parasitic 

capacitance and back voltage that are present in the Sawyer-Tower measurements [165].

The TF Analyzer 200 applies firstly a pre-polarization pulse to establish the negative state 

of relaxed remanent polarization. This pre-polarization pulse is followed by three consecutive 

bipolar  excitation  signals,  each separated by 1  second relaxation  time.  Hysteresis  loops  are 
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measured at pulses 1 and 3. Pulse 1 starts from the negative relaxed remanent polarization and 

increase/decrease the voltage to obtain the ferroelectric polarization cycle. Cycle two is used 

only  to  driven  the  sample  into  the  positive  remanent  polarization  without  sampling  data. 

Finally cycle 3 starts from the positive relaxed remnant polarization and decrease/increase until 

complete the cycle. The data files reports these two cycles plus a third cycle obtained from the 

combination of the second half of the two real measurements.

The  input  parameters  were  selected  in  order  to  control  the  hysteresis  measurement 

including  frequency  (1  kHz),  variable  amplitude  of  the  driving  voltage,  signal  waveform 

(triangular) and number of point recorded to plot the loop (100). The current applied to the 

films was auto-controlled by the acquisition software.

(ii)  Fatigue measurements

The necessary refresh (rewriting information) in the ferroelectric memories makes the fatigue 

measurements one of the most important to be carried out in ferroelectrics thin films [8]. As 

was said in Chapter II, the fatigue is defined as a decrease of the spontaneous or remanent 

polarization with the increase of the number of cumulative switching polarization cycles and it is 

the fatigue endurance that is a major factor which considers a ferroelectric film as a candidate 

for memory applications [9]. 

The fatigue measurements were also performed using the ferroelectric analyzer TF Analyzer 

2000.  The  measurements  were  carried  out  using  cumulative  switching  polarization  cycles 

amplitude  of  three  times  the  coercive  field  (3Ec)  and  a  driving  frequency  of  105Hz.  The 

hysteresis loops were also recorded (three in one decade) using the driving voltage amplitude 

identical to the voltage amplitude used for perform the P-E measurements.

(iii)  Leakage current measurements

The current measurement is used to analyse the conductive behaviour of the materials. In a 

typical measurement circuit,  an applied voltage (V) causes a current (I)  to flow through the 

circuit. Three different techniques could be used to the study of I-V relations [166]: (I) Staircase  

mode: the voltage profile has the shape of a staircase with the steps of equal duration. For every 

voltage step the current-time (I-t) characteristics are collected. The value of the current for I-V 

curves is measured at the end of every step and the step duration could be varied from 10 to 

1000 s; (II) Pulse mode. The voltage profile consists of successive steps separated by intervals of 
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the same duration. During these intervals the sample is kept under short-circuit conditions and 

I-t characteristics of charge and discharge current are collected. The current values for both the 

charge and discharge I-V curves are measured at the end of every measuring step; (III) Single step 

mode: for every voltage step, a virgin electrode is used for each point of the I-V curve.

The leakage current  measurements  of  the  films were  performed using  a  Keithley  617 

programmable electrometer with a  built-in voltage source.  The films were previously  poled 

during 5 minutes and measured using the Step mode with step duration of 100s. This method was 

followed as using it allows one to avoid the contribution of the relaxation current case. The 

control of the experiment and recording of the data were done using a MS-VC++ 6.0 home 

made program.

II.8. SPM loop measurements

Though the scanning probe microscope does not use the Broglie´s principle it has been 

included among the microscopic characterization methods [167][38]. The operation principle of 

a  scanning  probe  microscope  (SPM)  is  based  on  the  detection  of  the  position  of  a  soft 

cantilever-type spring with a sharp tip mounted at its end. The forces acting on the tip after it 

has approached the sample surface cause a deflection of the cantilever describing,  in a first 

approximation, by the Hooke's law  [167]. The cantilever bending is controlled by a feedback 

loop, which regulates the vertical position of the tip with respect to the sample surface. By 

keeping the deflection constant while  scanning the sample,  a three-dimensional  map of the 

surface topography can be obtained.

II.8.1. Topographic measurements

There are two main modes of operation that determine the type of interaction between the 

SPM tip and the sample: contact mode and non-contact mode. In contact mode, the probing tip 

senses the short-range repulsive forces exerted by the surface. The interaction between the tip 

and the sample can be estimated plotting the cantilever deflection against the elevation above 

the surface of the Z scanner, the so-called force distance curve. The long-range forces, usually Van 

der Waals forces, are used in non-contact mode imaging. However, any other type of interaction 

between the SPM tip and the surface of the sample might be included, depending on the used 

tip  and the sample.  This  mode of  operation  is  quite  difficult  to achieve,  and very  easy to 

destabilize. The amount of force available to be used is much smaller than in the repulsive (non-

contact) mode [168].
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II.8.2. Ferroelectric domain imaging

The imaging of the ferroelectric  domains by SPM based methods,  makes use of basic 

properties of ferroelectrics, namely of their ferroelastic or piezoelectric behavior and/or of the 

presence of surface charges, associated with the permanent built-in electric polarization. Nearly, 

each domain is characterized by a given orientation of the spontaneous polarization vector. 

Morphological domain contrast can result as a consequence of different phenomena, according 

to the specific material properties. Topographic features of the sample surface can be imaged 

either in contact or in non-contact mode; the interpretation of the domain images does not 

depend on the type of interaction used to obtain the topographic information. 

A PFM system consisting of a commercial  Multimode atomic force microscope equipped 

with a Digital Instrument Nanoscope IIIa scanning probe microscope controller and a hard silicon 

conducting tip was used to examine the domain structure of SBT and SBN thin films. The force 

constant  and resonance frequency of  the  tip  was  about  k~40 N/m and  w/2π ~340 kHz, 

respectively  [169]. A small ac electric field of variable magnitude and frequency 50 kHz was 

applied between the tip and the bottom electrode to induce local vibration. The AFM tip signals 

(both amplitude and phase), originating from the induced vibration of the film, were detected by 

a lock-in amplifier (Stanford Research Systems, SRS 830). The amplitude of the tip vibration signal 

(A) is proportional to the piezoelectric coefficient, whereas the phase difference between the tip 

vibration  signal  and  the  small  ac  field  indicates  the  polarization  orientation.  Finally,  the 

topography and domain images were processed using WSxM v2.2 software [170].

II.8.3. Local piezoelectric measurements

The local piezoelectric measurement can be only done by the scanning force microscopy. 

Note  that  SFM  setup  could  be  also  used  to  perform  “local”  switching  of  spontaneous 

polarization.

Measurements were done using a system composed by a Sanford Research System lock-in 

amplifier  model SR830,  a  Yokogawa Synthesized multifunction generator model FG120,  and 

Kronh-Hite Wideband  Amplifier  model  7602,  connected  to  the  SFM  and  controlled  by  a 

computer using a Labview program. The measurements were carried out using a driving voltage 

signal of 1V at 50 kHz and a variable dc voltage. 
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II.9. Quantum Chemical studies
The basis of the quantum studies lies on the resolution of the Schrödinger equation [171]

[172] 

Ψ=Ψ EH
^ (Eq. II.6)

where E is the energy of the system, Ψ is the  wavefuction characterizing the system, Ĥ is 

the Hamiltonian operator, i.e. an operator that acts on the wavefunction returning the same 

wavefunction but multiplied by the energy of the state represented by the wavefunction.  The 

resolution of this equation makes possible the description of all the parameters related with a 

molecule in the stationary state [171][172]

To obtain the solution of this equation, the well-known Hartree-Fock formalism is used. 

The Hartree-Fock formalism establish that the solution can be simplified if the Hamiltonian (Ĥ) 

of the system is separated in one- and two electron terms (the so-called Hartree-Fock operator) 

in the form:

)(
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j KJhF −+= ∑

=

(Eq. II.7)

where ĥ s the one electron operator and ^
J and ^

K  are two electrons operator called the 

coulomb and exchange operator respectively.

The simplest way to resolve this equation is to use the electronic density rather than the 

electronic wavefunction. This is known as the Density Functional Theory developed by Kohn 

and Sham [171], and it is expressed as [173]:

[ ] [ ] [ ] ( ) ( ) NNee VrdrrVTE +++= ∫ 3
0υρρρρ (Eq. II.8)

where E is the energy,  ρ is the electron density,  Vee is the electron-electron interaction 

energy functional, VNN is the nuclear-nuclear repulsion energy, ∫d3r is the volume integral and T 

is the kinetic energy functional. The programs dealing with these equations make an iterative 

search trying to find the density matrix corresponding to the lower energy. The calculations are 

finished when two successively calculated values of energy or when two successively calculated 
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density matrix are similar for a given accuracy threshold.  Once the energy of the system is 

determined, all the other properties of the system can be calculated.

To simulate the structure of the molecules characterized by IR and Raman spectroscopies, 

a short theoretical study was carried out. This study uses the GAMESS-US program [174] in the 

Windows adaptation and extension made by Granovsky [175], within the limits of the ab-initio 

Density Funcional Theory (DFT) formalism  [171][172].  This is a less precise method when 

compared with the Hartree-Fock (HF) method, but since it uses the density matrix to evaluate 

the energy instead of the direct evaluation of the electron integrals made by the HF method, it 

has the advantage of being faster.

The Stevens/Basch/Krauss/Jasien/Cundari (SBJKC) orbital basis sets were employed for 

Ta, Bi and Sr [174]. The main reason for this choice is that no other basis sets schemes having 

simultaneously data for Ta, Sr or Bi were founded. As these metal basis are minimal ones and 

the present work interest is  to identify trends rather than to obtain very precise results, the 

obvious choice is to use small basis for the remaining elements too. For C and O minimal 6311-

G basis  were  used.  For  hydrogen  was  used  a  631-G basis  set.  The  use  of  effective  core 

potentials was specified to alleviate the calculations, by elimination of the inner electron shells 

and speeding up the calculations.  The Raman and IR spectra were simulated by the internal 

subroutine of PC-GAMESS.

The  final  structures  were  drawn  using  the  RASMOL  program  (version  2.6-ucb  for 

Windows)  [176] and the Infrared (IR) and Raman spectra were calculated and represented by 

the  Runpcg script [177].
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C h a p t e r  I I I .

SBT AND SBN SEED PRODUCTION

III.1. SBT powders

To perform a comparative study between the new preparation method developed in the 

present  work,  the  Citric  acid-EDTA route  (CA-EDTA)  route  and  other  SBT  preparation 

methods,  an already reported chemical  method (here named the alcoxide-carboxilate or AC 

route) [19] and the conventional solid-state reaction (SS) route [10] are also used in this work to 

obtain SBT powders. The AC route starts from Sr(i-OPr)2 and Ta (OEt)5  that are reacted with 

Bi (2-Et-HexCOO)3. in 2-Et-HexCOOH as described in the experimental section for sol-gel 

preparation by the ethylhexanoate pathway .

The DTA of the gel obtained by the CA-EDTA method is shown in figure 12. Strong 

exothermic  peaks,  attributed  to  the  decomposition  of  the  organics,  are  displayed  in  the 

temperature  range  200ºC-400ºC.  A  similar  exothermic  behaviour  was  reported  for  SBT 

precursor gel prepared via AC route  [19] and was assigned to the decomposition of organics. 

Moreover, the burnout of organics in this temperature range has currently been suggested as the 

source of exothermic features during the heating of SBT and SBN precursor gels produced by 

other chemical procedures involving organics [19][111][150].

After organics  decomposition,  in spite  of  the apparent smoothness of  the DTA curve 

(figure  12),  the  formation  of  different  crystalline  phases  effectively  occurs  as  temperature 

increases. XRD patterns of the powders obtained by treating the gel at different temperatures 

are  presented  in  Figure  13 and  show that,  at  720ºC  SBT peaks  are  already  displayed.  As 

temperature increases SBT peaks intensity increases too, indicating an enhanced crystallinity. 

The  temperature  evolution  of  other  crystalline  phases  may  be  followed  in  figure  13,  too: 

bismuth strontium oxide and tantalum oxide present well defined peaks that gradually disappear 

as temperature increases; at 820ºC they are no more detected. Bismutotantalite is also identified 

at 620ºC and stands up to 820ºC. Since at 820ºC only SBT peaks are displayed, the crystalline 

phases above refered can be regarded as precursors of SBT.
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A suitable amplification of the flat portion of DTA diagram  (see amplified detail in figure 

12) allows to identify two exothermic broad peaks: one, ranging from ~675ºC to 720ºC, which 

is ascribed to SBT crystallization from the starting gel; the second and more intense is suggested 

to describe the thermal effects of the SBT precursor oxides reaction. 

The results here described involved the used of lower amounts of  citric acid per mole of 

strontium than the optimum found other authors  (3 mole in this work  versus 7 mole in the 

work of Li et al. [178]), but this can be due to the presence of EDTA, each molecule supplying 

twice the quantity of chelating groups provided by the citric acid molecule.

Figure 13 XRD patterns of SBT precursors prepared by the CA-EDTA route.
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Figure 12 DTA of the gel produced by the CA-EDTA route.
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The AC route  also  leads  to  crystallization  of  SBT but  following  a  different  pathway. 

According to the XRD patterns shown in figure 14, the crystalline phases detected at 650ºC 

include bismuth oxide, a bismuth tantalum oxide and SBT, whose peaks become sharper and 

more intense with increasing temperature. At 750ºC, only SBT is identified. These results are in 

agreement with the temperature range of 650ºC-750ºC already reported for SBT crystallisation 

by this method [19][111][150].

Using  the  SS  route,  SBT  crystallization  is  observed  at  higher  temperature  than  that 

observed in the two chemical  methods previously mentioned.  As seen in figure 15, SBT is 

detected only at 830ºC. Several compounds crystallize when temperature increases. At 680ºC 

tantalum oxide, strontium carbonate, strontium bismuth oxide and bismuth oxide are detected. 

At 730ºC new tantalum compounds are present, namely bismutotantalite and bismuth tantalum 

oxide. Tantalum oxide peaks and strontium carbonate peak intensities have decreased while 

bismuth oxide peaks remain almost unchanged. At 830ºC, SBT peaks are now also identified in 

XRD spectra.

Figure 14 XRD patterns of the SBT precursors obtained by the AC route.
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The DTA corresponding to SS route, presented in figure 16, shows an exothermic peak at 

720ºC followed by an endothermic peak at 820ºC and a shoulder at 880ºC. According to the 

XRD data, the exothermic peak is attributed to the crystallization of compounds containing 

tantalum. 

In which concerns the endothermic peak, it is suggested that it is related to the melting of 

the  existing  Bi2O3 (melting  point  of  Bi2O3:  825ºC),  since  Bi2O3 is  detected  at  780ºC  but 

disappeared at 850ºC. The presence of such a liquid phase is thought to promote the reaction 

between the precursor’s oxides, leading to the perovskite phase formation that is detected at 

830ºC.  The  endothermic  shoulder  at  880ºC  is  assigned  to  the  carbonate  decomposition, 

according  to  a  DTA performed on the  SrCO3 reagent  and this  agrees  with  the  results  of 

Moitinho et al. [179]. 

Pure SBT is obtained only after a heat treatment at temperatures far above 900ºC . It has 

been already reported that SBT can be synthetized by direct reaction between bismutotantalite 

and strontium carbonate at 800ºC . The solid-state synthesis here presented seems to involve a 

10 20 30 40 50 60 70 80

+o
oo

o

A
rb

it
ra

ry
 u

n
it

s

730ºC

830ºC

900ºC

1130ºC

SBT reference

-

-

-+

- -

- --

-

-

-*
+

+ +

-
+
* * *- - **

 *
* - -- ++

+

- BiTaO4 (Bismutotantalite)
* SrBi4O7 (Strontium Bismuth Oxide)
o Bi3TaO7 (Bismuth Tantalum Oxide)
      + Ta2O5

+

2θ

Figure 15 XRD patterns of the SBT precursors obtained by the SS route.
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more complex mechanism in view of the large diversity of precursor crystalline phases that were 

identified. 

Figure 17. Particle size distribution of the powders obtained by the CA-EDTA and AC methods.
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Figure 16 DTA of the oxides mixture (SS route).
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The particle size distributions of the powders produced by the two chemical routes were 

evaluated and are presented in Figure 17. A bimodal particle size distribution was obtained for 

the  powder  produced  by  CA-EDTA  method,  revealing  the   existence  of  submicrometric 

particles.  SEM analysis of the same powder (Figure  18) allows distinguishing  between large 

particles aggregates and individual submicrometric platelet shaped particles

Concerning SBT powder produced by the other chemical method, AC route, its particle 

size distribution (Figure 17) indicated an average particle size lying above 10µm. Since in this 

case no bimodal size distribution was observed, it is concluded that the particles obtained by this 

method  are  generally  assembled  in  larger  aggregates  than  those  produced  by  CA-EDTA 

method. 

In view of producing SBT powders with suitable characteristics to be used as seeds, it is 

important to control the morphological characteristics of SBT powders, particularly its particle 

size and size distribution. As a significant fraction of the produced SBT powder by the CA-

EDTA method consists of small sized and non-aggregated particles, it seems appropriate for 

seeds production purposes.

III.2.SBN powders

A similar study was made for the preparation of SBN seeds. The DTA of the gel obtained 

by the CA-EDTA method is presented in Figure 19. Strong exothermic peaks are observed in 

the  temperature  range  of  200-400ºC,  and as  in  the  case  of  SBT powders  those  peaks  are 

A B

Figure 18 SEM image of the powder obtained by the CA-EDTA method.
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attributed to the burning of  organic material  employed in  a Pechini-type method   and by 

chemical synthesis. 
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Figure 19 DTA of the gel produced by the CA-EDTA route.

At temperatures above 400ºC, the DTA of figure 19 shows small broad peaks attributed to 

the crystallization of different (not assigned) compounds as the heating proceeds. XRD patterns 

of the powders obtained by treating the gel at different temperatures are presented in figure 20 

which shows the presence of SBN peaks at 720ºC. 

The intensity of these peaks increases with temperature, indicating the enhancing of SBN 

crystallinity. Figure 20 also shows the evolution of the crystalline phases: at 620ºC two complex 

oxides, SrNbO6, SrBi2O4, and Nb2O5 are seen to account for the observed XRD patterns.  For 

SBN the same ratio of complexing ions (citric acid/EDTA) as that respecting for SBT was 

employed.

The DTA of  the  oxides  mixture  used  in  the  SS  route  is  presented in  Figure  21.  An 

exothermic peak appears at 725ºC followed by an endothermic one at ~880ºC. XRD patterns 

corresponding to the heat treated oxides mixture at several temperatures are presented in Figure 

22. It is seen that the starting reagents are still detected at 685ºC but disappear with increasing 

temperature, giving place to new precursor oxides. 
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According to the identified XRD patterns, it is suggested that the crystallization of niobium 

strontium oxide may be related to the exothermic peaks observed at 720 and 800ºC. Concerning 

the endothermic peaks, Bi2O3 melting may be assigned to the endothermic shoulder at ~830ºC 

and the sharp peak at 880ºC is attributed to the carbonate decomposition, according to a DTA 

performed on the SrCO3 reagent. Both phenomena promote the reaction of SBN precursors 

since  SBN peaks  become  well  identified  at  temperatures  above  900ºC.  Pure  SBN is  only 

obtained above 1000ºC. 
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Figure 20 XRD patterns of SBN precursors prepared by the CA-EDTA route.

The particle size distributions of SBN powders are presented in figure 23. SBN particles 

produced by SS route are larger (average size ~75 μm) than those obtained by CA-EDTA 

method (20 μm). SEM characterization of the powders allowed distinguishing agglomerates 

from individual particles and showed that by the CA-EDTA method individual particles with 

nanometric sizes are obtained (Figure 24).
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As  previously  referred,  to  produce  high  quality  seeds  it  is  desirable  to  control  the 

morphology of the SBN powders, particularly its particle size and size distribution which may be 

appropriate to be used as seeds.  
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Figure 21  DTA of the oxides mixture (SS route).
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Figure 23. Particle size distribution of the powders obtained by the two methods.

Figure 24 SEM image of the powder obtained by the CA-EDTA method.

Comparing the results of the CA-EDTA method applied to SBT and to SBN powders 

preparation a similar behaviour is observed. The method allows obtaining both compounds at a 

temperature below 900ºC while using Ta2O5 or Nb2O5 as starting reagents.



C h a p t e r  I V .

SBT (SBN) THIN FILMS PREPARATION BY METALLORGANIC SOLUTION 
DECOMPOSITION (MOD)

As described in Chapter I, several methods have been employed for the stabilization of 

Sr2+, Ta5+ and Bi5+ in solution [19][111][142][145]. In the first attempts of SBT and SBN thin 

films fabrication, aromatic solvents were used. In these media, several acids are introduced with 

the  purpose  of  the  employed  alkoxides  stabilization.  In  the  present  work  toluene  and  2-

ethylhexanoic acid were firstly used as solvent.  No good quality films were obtained as the 

mentioned acid highly increased the viscosity of the solutions. These conditions favoured the 

formation of cracks as showed in Figure 25. These  cracks are thought to be caused by the high 

viscosity of the precursor solutions, which is attributed to the  2-ethylhexanoic acid. 

Figure 25. Some defects (cracks) observed in thin films synthesized by MOD employing viscous solutions.

For  this  reason  2-ethylhexanoic  acid  was  replaced  by  acrylic  acid,  a  shorter-chain 

unsaturated  acid.  The  unsaturation  in  the  acrylic  acid  chain  allows  stronger  intermolecular 

interactions between its molecules than those observed for example in its similar but saturated 
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acid, the propionic acid. The π-cloud is also able to establish interactions with the empty orbitals of 

a neighbour cation. This process may allow the formation of coordination complexes with the Sr2+, 

Bi3+ and Ta5+ cations and consequently the stabilization of the solution [116]. 

IV.1. SBT synthesis by the toluene-acrylate route

Two different SBT precursor solutions were prepared, each one using a different initial Sr2+ 

source.  The  first  case  uses  strontium  acetate  [Sr(OAc)2]  and  the  second  case  uses  strontium 

isopropoxide  [Sr(i-OPr)2]. As several authors claims for different results when different reagents are 

used [17][117], the purpose of the used of two different Sr sources is to test the validity of such 

assumptions. The solutions were prepared by dissolving the salts in a toluene/acrylic acid mixture 

under stirring.

In parallel the individual remainder constituents (Bi3+ and Ta5+) were dissolved in the same 

toluene/acrylic acid mixture. Small portions of all the mentioned solutions were slowly desiccated at 

50ºC until  gel  formation.  These samples were submitted to DTA analysis using the equipment 

described in the Experimental section. The results of the DTA characterization of the formed gels 

are showed in the Figure 26. The labels M and Mi correspond to the precursor solution prepared 

from Bi(OAc)3, Ta(OEt)5 and one of the two strontium source: Sr(OAc)2 or Sr(i-OPr)2, respectively.

Bismuth complex gel behaves as observed by Logvinenko et al. [180] having a low temperature 

decomposition revealed by the endothermic peak at 250-270ºC, followed by oxidation at 400ºC. In 

the mentioned study of Logvinenko et al. [180] bismuth complex decomposition was accompanied 

by cation reduction to the metal. Besides that, the oxidation reaction occurs at higher temperatures 

(500ºC) and this can be explained by the differences in the experimental conditions: the present 

study was carried out in open air conditions, whereas helium atmosphere was used by the previous 

authors [180]. 

In the case of the two strontium complexes prepared from different sources, both samples 

show the same trend. A big endothermic peak accounts for solvent evaporation in the interval 70-

200ºC. A second feature, an exothermic peak, appears in the region 300-400ºC, being attributed to 

pyrolysis of the organics. These results agrees with those of Moitinho et al.[179], although these 
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authors also pointed out the thermal decomposition of the strontium carbonates starting at 850ºC, 

which was not revealed by any significant peak in the present study. 
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Figure 26 DTA of precursor SBT solutions made from different strontium source and of bismuth and tantalum  
complexes (left) and of both strontium complexes (right). Symbols explained in the text.

Concerning tantalum complex, it is observed to exhibit an endothermic and an exothermic 

peak as well.  The endothermic peak at 150ºC is attributed to the loss of solvent,  whereas the 

exothermic peak starting at ~500 and ending at ~700ºC may account for  pyrolysis and carbonate 

decomposition as above 650ºC only Ta2O5 was detected in the experiments described above (Figure 

26).

Regardless  the  strontium source  used in  the  studies,  the  thermal  behaviour  of  the  mixed 

solutions M and Mi  were very alike, in spite of some intensity differences which are thought to be 

due to a different extent of the drying process in each case: endothermic peaks accounting for the 

solvent loss followed by strong broad exothermic bands extending up to ~700ºC are observed in 

both  cases  (M and Mi).  SBT perovskite  phase  was  confirmed at  T=720ºC indicating  that  the 

mechanism of SBT crystallization does not imply a previous decomposition of strontium carbonate 
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which was reported to occur at higher temperatures [179]. Considering that besides strontium other 

cations are present,  a possibility  exists of complex carbonates, i.e.  Carbonate groups sharing its 

valence with two different cations, being involved in different bond breaking mechanism thereby 

requiring different temperatures. In terms of peak number, position and relative intensity it may be 

concluded too that the present results are very similar to those discussed respecting the preparation 

of powders in Chapter 3. 

The X-Ray diffraction patterns of the films obtained at 720ºC from SBT precursor solutions M 

and Mi are showed in Figure 27. Again, in this case, a similar behaviour is observed regardless the 

strontium source used.
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Figure  27  X-Ray diffraction patterns of SBT thin films prepared from different strontium precursor. (left):  

strontium isopropoxide, (right): strontium acetate. Note: substrate peaks are labelled with (*).

The microstructures of  the films prepared with M precursor are shown in Figure 28.  All 

micrographs show dense films, regardless the precursor solutions age. All of them are characteristics 

of SBT films prepared by this MOD method. Sometimes the growth of big structures is observed 

due to the coalescence of small grains into “islands”.  Similar results are observed for thin films 

prepared from the Mi solution. These structure were also observed by Viapiana et al. [181] for SBT 
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thin  films prepared  with  different  Bi  stoichiometries.  However,  for  these  authors  the  material 

surrounding the lamellar type structure is a “void-phase matrix” that disappears with the increase of 

the content of Bi, indicating an improved nucleation with the increase of the Bi content. 

Figure 29 shows the ferroelectric hysteresis loops obtained for SBT films prepared from the M 

and the Mi precursor solutions. As observed no significant ferroelectric property differences either 

in  terms  of  remnant  polarization  or  of  coercive  field  are  observed.  The  remnant  polarization 

polarization (Pr) of  ~7.5μC/cm2 and the coercive field of ~65 kV/cm are quite comparable with 

the results reported for SBT thin films obtained by other MOD procedures [111][182]. From the 

point  of  view of  the  ferroelectric  properties  required  by  microelectronic  applications  the  SBT 

preparation methods  under discussion  are as  suitable  as  other  MOD methods reported in  the 

literature.

 A  B

C D
Figure 28 SEM micrographs of SBT thin films which were deposited from M precursor solution with (A) 0  

days, (B) 1week, (C) 2 weeks and (D) 3 weeks aged solutions.

However, the metallorganic solutions prepared as described previously are not fully  stable. 

Some times a gellification is observed after a certain period of time, being this gel useless for thin 
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film deposition.  Handling difficulties related with the stability of metallorganic solutions are well 

known in the thin films research community. To the best of our knowledge studies on the stability 

of SBT precursor solutions are very scarce thereby addressing the interest of possible contributions 

on this matter. For this reason, a study of the cation dynamics of these solutions was conducted 

aiming at to clarify the causes of the observed gellification.
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Figure 29. Hysteresis loops of the films obtained from M and Mi precursor solutions. 

IV.2. Dynamics of  the toluene-acrylic acid systems containing Sr, Bi and Ta cations.

The dynamical behaviour of Sr, Bi and Ta cations in the solvent media was studied with the 

purpose of predicting the stability and possible side-reactions. This study involved vibrational and 

electronic spectra. Sr(OAc)2 and Sr(i-OPr)2 were used as Sr source, Bi(OAc)3 and Ta(OEt)5 were the 

only sources for Bi and Ta. The behaviour of the pure solvents and of their mixtures was also 

followed for comparative purposes.

IV.2.1. Strontium solutions

The electronic spectroscopy (or UV-VIS) is a useful tool to study unsaturated compounds as 

well  as  the  formation  of  complexes  of  unsaturated  compounds  with  several  cations.  As  its 

quantitative results are mathematically described by the Bouguer-Lambert-Beer law [157], it can be 

used (after a calibration procedure) to quantify the amount of a given substance in solution. In the 
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present study this technique is used to check the possible transformations as a function of time 

suffered by the initial reagents. As UV spectra is strongly dependent on solvent-solute interactions, 

no efforts will be made to fully explain the characteristics of the observed bands. Similarly, the 

appearance and the transformation of the bands will be used as indicative of complex formation or 

substance transformation in the bulk of the solution.

As usual, the electronic spectra were recorded taking the solvent as a blank (background signal) 

in a double-beam spectrophotometer,  allowing eliminating  the peaks due to the solvent.  When 

Sr(OAc)2 is dissolved in acrylic acid, a three peaks pattern is observed. These peaks have maximum 

at 237, 250 and 260 nm, respectively (Figure 30). When the solution is aged the peak centred at 237 

nm the one almost unaltered,  as  all  the others  peaks including the shoulder at  280nm present 

evident intensity variations with the time. 

Figure 30. UV ageing behaviour of strontium acetate dissolved in acrylic acid.

The electronic spectra  of  Sr(i-OPr)2 complex dissolved in acrylic acid (Figure 31),  shows only one 

important difference as compared to that of Sr(OAc)2: the absence of the 280 nm shoulder associated to the 

band observed at 270nm, while a band appears at approximately 290nm. In both solutions, Sr(i-OPr)2 and 

Sr(OAc)2  the UV pattern of the more aged complexes are almost undifferentiated from the initial 

spectra. Therefore, it is concluded that both strontium complexes here studied, remain unchanged 

along the time.  
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Figure 31. UV ageing behaviour of strontium isopropoxide dissolved in acrylic acid.

The spectrum of Sr(OAc)2 dissolved in toluene (Fig. 32) shows a three peak pattern, situated 

approximately at 240, 250, and 280nm, being this last peak accompanied by a shoulder at 260nm. 

The aged solution spectra do not differentiate relatively to that of the first day. Only a little increase 

of the maximum intensity is observed when ageing the solution. This increase perhaps accounts for 

a slight reordering of the solvation layers around the cation and the acetate ion. 
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Figure 32 UV ageing behaviour of strontium acetate dissolved in toluene.
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Figure 33. UV ageing behaviour of strontium isopropoxide dissolved in toluene.

The toluene solution of Sr(i-OPr)2  (Figure 33) shows only two main peaks. The less intense 

one is situated at approximately 260nm, but disappears after 20 days. The strongest peak appears at 

310nm approximately, showing a decreasing intensity with ageing.  This decrease and thinning of 

peak intensity can be explained as due to several factors that alters the interaction of bulk solvent 

with the solvate: 1) the first factor is the slow evaporation of the isopropanol formed in the alcohol-

by-acid substitution, 2) the formation and/or evaporation of isopropylacrylate could be a second 

factor, this specie would result from the slow esterification of the acid and the alcohol; 3) the last 

factor might be the formation of water product in the esterification reaction.  

As known from the basic organic chemistry, the esterification reaction is normally carried out 

at moderate temperatures (usually ~80ºC) with the presence of a catalyst. In the system under study 

the temperature is kept at room temperature; on the other hand to the best of our knowledge, Sr2+ 

has not been reported as catalyst. For these reasons it is expected that the esterification reaction in 

this system proceeds very slowly, being needed weeks to observe the effects of such reaction. From 

this analysis the factors (2) and (3) would have minor contribution to the change of the intensity 

peaks centred at 300nm.
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Figure 34 Ageing behaviour of strontium acetate dissolved in toluene/acrylic acid.

However, in the case of dissolution of strontium acetate in a mixture of toluene and acrylic 

acid, the growth of a peak with maximum intensity at 295 nm that must correspond to a slowly 

formed complex is observed (see Figure 34). It can be concluded that a truly complex is formed 

when the samples are 15 days old. 

This behaviour is consistent with the low reactivity of the strontium salt in that solvent. The 

substitution of the acetate ion by the acrylate ion although favoured thermodynamically  by the 

higher stability of the latter ion when compared with the former, is not kinetically favoured. It has 

to be clarified that the only procedure used to mix the solvent and the solute is stirring; no heating 

was used. For this reason no acceleration of the possible reactions was promote by temperature 

increase in this case. As additional information it is worth saying that during the initial development 

of this method  several dissolution temperatures were tested but in every attempt were observed 

gellification and/or precipitation.  For this reason heating was eliminated in the techniques here 

described. 
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Figure 35 UV ageing behaviour of strontium isopropoxide dissolved in toluene/acrylic acid.

Concerning the solution of strontium isopropoxide into toluene-acrylic acid (Figure 35) its 

spectra after ageing are very similar to those obtained when toluene is the employed solvent (Figure 

33).  The band at  approximately  260nm disappears  after  20 days  as  in  the former  case.  Faster 

reactivity  towards  the  initial  complex  formation  (complex  formed at  day  0)  is  observed  when 

compared with the  similar  Sr(OAc)2 solution  (see Figure 34).  This  fact  agrees with the  higher 

reactivity of the isopropoxide ion when compared with carboxylic acids. 

As explained before, a study using vibrational spectroscopy was carried out in parallel to 

UV studies.  Such  study  allows  following  the  behaviour  and  transformation  of  the  existing 

functional  groups,  thereby making possible  to reveal  the modification of  precursor solution 

stability. In this way IR and Raman spectroscopies are complementar techniques with respect to 

UV spectroscopy for characterizing the precursor solutions dynamics during ageing. 

Figure 36 shows the IR behaviour of Sr(OAc)2 toluene solutions after different ageing periods, 

were  no  differences  between  the  strontium  solutions  and  the  pure  solvent  are  seen. Peaks 

corresponding to: methyl C-H stretch in the region 2965-2875 cm-1, aromatic C-H stretch at 3000 

cm-1, aromatic overtone combination bands at 2000-1667 cm-1, C=C  ring stretch at 1465-1600 cm-1, 
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in plane C-H bend at 1060-1020, out of plane >C-H bend at 740 cm-1, are visible in figure 36 and 

correspond to those expected for toluene[183]. 
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Figure 36 Evolution of the IR spectrum of Sr(OAc)2 dissolved in toluene with ageing time.
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Figure 37 IR spectrum of Sr(OAc)2 dissolved in toluene, after 28 days.
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This behaviour is attributed to the very low concentrations of the Sr compounds,  0.05mol/l. 

In so dilute solutions the solvent is almost undisturbed by the presence of the cations and anions. 

Therefore the observed spectra is mainly due to the solvent-solvent  interactions in the solutions. 

Apparently, the oldest solution has suffered transformations, as it spectrum is somewhat displaced 

from the normal trend followed by the other curves. This seems not to be true when analysed in a 

full  scale  graphs  as  showed  in  Figure  37.  Therefore,  the  observed  differences  in  the  curve 

representing  the  solution  aged  for  28  days  are  due  to  variation  of  external  conditions  at  the 

experiment time, like humidity or temperature.

When strontium acetate  is  dissolved  in  acrylic  acid,  a  similar  situation  arises.  The spectra 

(Figure 38) seem to be those of the pure solvents: The following peaks are identified: broad O-H 

stretch band at  3300-2500 cm-1, being superimposed by the band due to the =C-H stretch at 3050 

cm-1, the normal dimeric carboxylic C=O stretch at 1720 cm-1, the C=C stretch (conjugated with 

C=O) at 1640 cm-1.  Several  structural C-H and C-C bands appear below 1500, confirming the 

features already described [183]. The solution is always stable over the studied time interval.
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Figure 38 Evolution of the IR spectrum of Sr(OAc)2 dissolved in acrylic acid with the ageing time.

Figure  39  illustrates  the  ageing  behaviour  of  strontium  acetate  when  dissolved  in  the 

toluene/acrylic acid mixture. Once again the use of this solvents mixture (acrylic acid/toluene - 1:1) 

produces spectra very similar to those of the pure solvents. As observed with the pure solvents 

used, Sr(OAc)2 is stable when dissolved in the mixture of toluene/acrylic acid. This is an expected 
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behaviour as no possible reactive species are foreseen to be generated in this solvents solution, 

neither in the pure solvents.
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Figure 39 Evolution of the IR spectrum of Sr(OAc)2 dissolved in toluene/acrylic acid with the ageing time.

The described behaviour of  Sr(OAc)2 solutions is also found in the case of Sr(i-OPr)2- based 

solutions: all the solutions match the spectra of the pure solvents and no significant changes are 

observed during the period of time under study, as can be seen in the Figures 40-42. 
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Figure 40 Evolution of the IR spectrum of Sr(i-OPr)2 dissolved in toluene with the ageing time.
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Figure 41 Evolution of the IR spectrum of Sr(i-OPr)2 dissolved in acrylic acid with the ageing time.
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Figure 42 Evolution of the IR spectrum of Sr(i-OPr)2 dissolved in toluene/acrylic acid with the ageing time.

The close  similarity  between the  behaviour  of  Sr2+ solutions  obtained  from different  Sr2+ 

sources  and  when  using  toluene,  acrylic  acid  or  their  mixture  as  solvent  is  due  as  previously 
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explained to the fact that diluted solutions of salts in IR absorbing solvents are very similar to the 

pure solvent. 

No significant differences are found after a reasonable time, when the solvent and the solute 

share the same fundamental unit. As in this case the acrylate group is part of   both the dissolved 

salt and the solvent, only a small shift from the initial (acid related) peaks are expected, due to the 

changes in the initial intermolecular associations. The 3-d arrangements of such bridges, in very 

dilute solution, resemble closely the behaviour of pure solvents as was explained in Chapter I. Then 

the use of solvent mixtures composed by acrylic acid/toluene produces spectra very similar to the 

pure solvents, more specifically strong O-H and C=O bands are visible. 

As stated before, a theoretical study  based on the Density Functional Theory (DFT) was 

carried out to understand the possible geometry of the cations in solution. Relatively small basis sets 

for the purpose of orbital description were used:  SBKJC (for Sr, Bi and Ta), 6-311G (for C, O) and 

6-31G for H. These basis were selected as the main interest of the present study is to identify the 

trends more than to achieve fully accurate results. The initial geometry for Sr2+ was set as a cation 

sandwiched between a plane formed by three acrylic ions and another plane formed by the toluene 

molecule. This geometry resembles the structure of the 3-D complex niobium compounds like 

those reported by Antiñolo et al.[183]. extending  the studies of Molina et al.  [184].  The acidic 

hydrogens were eliminated due to three reasons: 1) to diminishes the total charge of the system and 

thus a better treatment of the data by the program, 2) to eliminate the substitution reaction of the 

hydrogens by strontium (and the hypersurface associated to this reaction) making possible to reach 

easily the equilibrium state and 3) because to stabilize the free protons generated by the substitution 

reaction, extra acrylic acid molecules are needed, making bigger the calculation effort.

The  theoretically  calculated  equilibrium  configuration  of  the  strontium  ion  in  acrylic 

acid/toluene has a structure as that represented in the figure 43: the Sr2+ ion is surrounded by the 

acrylic anions whereas the toluene molecule is orientated to establish spatial interactions with two of 

the acrylic ions surrounding the Sr2+ ion but without interacting with the strontium ion or the other 

acrylate ion observed at the bottom-right side of the figure, thereby confirming that a true complex 
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is  not  formed. As observed no bonds  are drawn between the Sr  cation and the acrylate ions, 

meaning that the distances between them are too large so that no direct intermolecular interactions 

are visible. 

Figure 43 Equilibrium geometry of the Sr2+-acrylic acid – toluene complex. colour code: carbon gray, hydrogen-
white, oxygen-red, strontium-pink.

After obtaining the equilibrium molecular geometry further calculations are needed, namely the 

Hessian  or  Force  matrix  (i.e.  the  second  derivative  of  the  energy  with  respect  to  the  atomic 

positions), and then the absorption band positions.  With these band positions the Runpcg script 

[177] calculates the band intensity and displays the results.

The calculated IR spectrum (Figure 44) calculated from the force matrix of the final strontium-

complex geometry agrees reasonably well with the experimental results (i.e. with Figure 42). As the 

calculation model does not includes the acid protons (from the acrylic acid units) the observed 

broad band due to the O-H vibration is not observed (as in the case of dissolution on acrylic acid), 

but the fine structure around 3000 cm-1 in Figure 39-41 is reproduced in the theoretical spectrum, as 

well as the skeletal bands down 1750 cm-1. From here on the description of the bands below 1400 

cm-1 will  be  taken as  a  very  rough trend,  because  a  precise  description of  that  region is  very 

complicated due to the numerous factors that take part in the interatomic forces described in that 

region. 
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Figure 44. Calculated IR spectrum of the solution of Sr2+ in toluene/acrylic acid.
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Figure 45. Evolution of the Raman spectrum of Sr(OAc)2  and Sr(i-OPr)2 dissolved in toluene with the ageing  

time.

Raman spectra confirm the results obtained from IR spectroscopy. Figure 45 shows the Raman 

spectra of both strontium compounds dissolved in toluene for 1 and 14 days: as can be seen an 

exact  coincidence is  shown between both spectra.  The bands around 3000 cm-1 and the  band 

around 1650-1700cm-1 accounts for the different vibrations related to the >C-H and the C=O 
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groups respectively. These results are in agreement with those obtained after 28 days, for strontium 

solutions prepared from both strontium sources (Sr(i-OPr)2 and Sr(OAc)2) using either acrylic acid 

or the toluene /acrylic acid the mixture of solvents (Figures 46 and 47). 
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Figure 46 Evolution of the Raman spectrum of Sr(i-OPr)2 dissolved in acrylic acid with the ageing time.
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the ageing time.
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The Raman spectrum is fully reproduced by the theoretical calculations (see Figure 48). With 

the exception of the intensity of the band appearing at 1000 and 750 cm-1 all the other bands are 

adequately  reproduced.  It  is  needed  to  remind  here,  that  the  area  below 1500  cm-1  is  a  very 

complicated region, as the vast majority of the compounds have signals appearing in this region, as 

skeletal bands or as overtones of the fundamental bands. The calculation of this region is thus very 

inaccurate, being possible to under- or over-estimate the intensities and form of the bands.

As observed, regardless the cation source, the final Sr2+ solutions are spectroscopically similar 

and are thus  expected to present a similar chemical behaviour. In the conditions described here, the 

strontium cation does not promote the polymerization of acrylic acid. This make possible to use this 

acid for strontium stabilization in the presence of several cations, an assumption being made that 

these cations do not polymerize acrylic acid. 

For the purpose of our work, complexes formation (provided these complexes do not alter the 

rheology of the solution and do not cause precipitation) are desirable, because complexes are hard 

to dissociate and difficult to hydrolyse, being stable in solution for long periods of time.

Figure 48. Calculated Raman spectrum of the solution of Sr2+ in toluene/acrylic acid mixture. 
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IV.2.2.Tantalum solutions

In parallel to the studies performed with strontium solutions prepared with different solvents, 

similar studies were also carried out with tantalum ethoxide solution. According to the UV-VIS 

analysis of the results obtained for the tantalum solutions several differences between the behaviour 

of different solvents are observed.

The tantalum/acrylic acid solution has four well-defined bands centred at 230, 250, 260 and 

290nm (Figure 49). Most of them remain practically unchanged after the first day. As observed with 

strontium compounds dissolved in acrylic acid,  the absence of changes in the spectra indicate the 

absence of reactions in this system. 

In the case of the tantalum/toluene solution (figure 50), the main band centred at about 310 

nm suffers a continuous change in its shape: after a first growing, the band becomes wider after the 

day 13 and after 20 days a strong decrease is observed. It is noteworthy that the bands centred at 

240nm and 260 nm disappear after 20 days.
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Figure 49. UV ageing behaviour of tantalum ethoxide dissolved in acrylic acid.

The results obtained for the solution  of tantalum ethoxide in the acrylic acid/toluene solvent 

mixture are shown in figure 51. A strong batochromic shift of the main band (centred at 310nm 
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approximately) is visible between the samples measured after the first day and those measured after 

15 days. 
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Figure 50.  UV ageing behaviour of tantalum ethoxide dissolved in toluene.
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Figure 51. UV ageing behaviour of tantalum ethoxide dissolved in toluene-acrylic acid.
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After that time, the band starts to decrease. Moreover, the bands centred at 240 and 260nm 

have disappeared after that time. Perhaps these facts account for the initialization of polymerization 

processes,  as  Ta5+ and  Nb5+ are  cations  with  polymerizing   capabilities  [186][187][188][189]. 

Nevertheless this is not an absolute affirmation as in UV spectroscopy the single bonds formed 

between acrylate molecules in a polymerization reaction are hard to be observed. 

No changes are observed in the main bands of the IR spectra of tantalum ethoxide when 

dissolved in toluene, toluene-acrylic acid and its 1:1 mixture, and this might indicate the stability of 

these solutions up to one month (Figures 52-54). This above affirmation does not contradicts the 

previous  idea  than  an  initial  signal  of  incipient  polymerization  might  be  observed  in  UV 

spectroscopy, because as in the case of strontium compounds, tantalum solutions are very dilute 

and only the vibrational characteristics of the solvent (or mixture of solvents) are detectable in the 

corresponding spectra.   
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Figure 52. Evolution of the IR spectrum of Ta(OEt)5 dissolved in toluene with ageing.
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Figure 53. Evolution of the IR spectrum of Ta(OEt)5 dissolved in acrylic acid with ageing.
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Figure 54 Evolution of the IR spectrum of Ta(OEt)5 dissolved in toluene/acrylic acid with ageing.

The calculated equilibrium structure for the guessed tantalum complex is observed in figure 55. 

This structure is characterized by a slight distortion of the planarity of the toluene ring. The methyl 

group  while  displaced  in  the  direction  opposite  to  the  tantalum  ion,  helps  to  maximize  the 
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interaction of the whole toluene molecule with Ta5+. This distortion results from strong interactions 

of the empty d-orbitals of the tantalum atom with the π-cloud of the aromatic ring. This kind of 

interaction with aromatic  ring is  very common for atoms of the transition elements of  several 

periods/groups [185]-[193]. 

Particularly, Rodriguez et al.  [194] have prepared tantalum complexes with cyclopentadienyl 

type-aromatic molecules, but using tribenzylidenemethane in place of the three individual acrylate 

units used here. Two methyl molecules fulfil the fifth valences of tantalum and give to the whole 

structure an asymmetric character  [194] However, the addition of 2,6-dimethyl phenyl isocyanate 

(2,6-Me2C6H3NC) give a complex with exactly the same geometry here reported. 

Figure 55. Equilibrium geometry of the Ta5+-acrylic acid – toluene complex. colour code: carbon-gray, hydrogen-
white, oxygen-red, tantalum-pink.

In this case the Ta5+ ion is sandwiched between the toluene molecule and the acrylic ions. The 

calculated geometry in this case agrees with the expected one ([186][187]) when a tantalum atom is 

half-sandwiched between an aromatic ring and some ligand. Unlikely to the strontium complex 

(figure 43) it is observed that the tantalum ion appears to be bonded to the acrylate ions, i.e. one 

bond between each acrylate unit and the tantalum ion. This reflects  lower  cation-anions distances 

in the case of tantalum when compared with the strontium complex. The differences between he 

net  charge on the  whole  structure for the  tantalum and the strontium complexes,  2+ and 1-, 
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respectively could be the main reason for the observed differences.  The high charged tantalum ion 

attracts the anions  with stronger forces than the strontium ion does.

The IR calculated spectrum (Figure 56) agrees reasonably well the experimental ones (figure 

54). The most important difference is the presence in the calculated spectrum of a C=O band that 

appears  at  1790  cm-1.  The main reason that  explains  why this  band is  shifted  towards  higher 

frequencies (normally located at 650-740cm-1) is the overall charge of the calculated geometry. The 

overall positive charge due to the neighbour Ta5+ atom, shortened the C=O interatomic distances 

and causes an increase of the C=O bond strength. 

The experimental Raman spectra of Ta(OEt)5 solutions (Figs 57-59) and the calculated ones 

agrees reasonably well with each other. The Caromatic-H stretching at around 3100 cm-1 is visible in the 

spectra of the toluene solution (Figure 57) and replaced by the -OH stretching band in the case of 

dissolution in acrylic acid (Figure 58). The carbonyl band at around 1700 cm-1 is very strong in the 

case of acrylic acid  solution (Figure 58) and of medium intensity in the mixture of solvent (Figure 

59). That difference is expected as the amount of substance absorbing light in the later case is one 

half of those absorbing for the pure acrylic acid. 

Figure 56. Calculated IR spectrum of the dissolution of Ta5+ in toluene/acrylic acid mixture.
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Figure 57 Evolution of the Raman spectrum of Ta(OEt)5 dissolved in toluene.
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Figure 58 Evolution of the Raman spectrum of Ta(OEt)5 dissolved in acrylic acid.
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Figure 59. Evolution of the Raman spectrum of Ta(OEt)5 dissolved in toluene/acrylic acid.

Figure 60. Calculated Raman spectrum of the dissolution of Ta5+ in toluene/acrylic acid.
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As in the case of strontium the calculated Raman spectrum (Figure 60) is very similar to the 

experimental  ones,  being the most critical  issue  the band at approximately  1000cm-1 which is 

underestimated in the theoretical calculations. This fact is attributed to the simplifications of the 

molecule that were  made to diminish the calculations effort, mainly the elimination of the core 

electrons, but also the use of low size basis sets.

However the acrylic acid-tantalum solution is not stable for periods longer than one month: 

tantalum ethoxide seems to catalyse the polymerization of the acrylic acid. After two months the 

solution has reacted evolving to a viscous gel in which, as could be seen in Figure 61, the O-H and 

the Csp2-H bands from 3500 down to 2800 cm-1 are absent. As the C=O band does not disappear 

and C-H bands are not observed, the final polymer is expected to be a complex carboxilate network 

rather than a linear chain. This lack of C-H band in the the spectrum is somewhat unexpected, 

because the α and β hydrogen signals of Csp2 transformed into Csp3 should present a shift to higher 

frequencies with an amplitude of around 30 cm-1, but not disappear as actually happens.
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Figure 61. IR spectrum of the gel formed after 2 months from tantalum ethoxide /acrylic acid solution.

 This  catalytic  behaviour  towards  the  polymerization  of  unsaturated  molecules  has  been 

pointed out for niobium and tantalum as several compounds of both elements have been used for 

catalysis of ethylene reactions [187][188][189].  Szabo et al. [188]  have used a mechanism proposed 
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firstly by Brookhart and Green (see Ref. 3 in the work of Szabo) to explain how metal carbenes 

could be used. The simplified mechanism is showed in Figure 62. 
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Figure 62. Polymerization  mechanism proposed by Szabo et al. for terminal alkenes [188]. M= metal, P= 

carbon chain, Me= methyl.

This  mechanism may  be  adapted  to  acrylate  type  units  either  considering  acrylate  as  the 

molecule being added and/or as the polymeric chain. The migrating hydrogen could be the α-H (i.e. 

the hydrogen attached to the carbon atom next to the carbonyl group), due to its high reactivity but 

also the β-H (the hydrogen attached to the second carbon atom counting from the carbonyl group) 

because  the  above mechanism is  proposed  involving  migration  of  the  terminal  hydrogen.  The 

difference is the final product that in α-H case is head-to-head and in the β-H is a head-to-tail 

polymerization.  

The results of the theoretical calculations (table 1) shows higher charges on the acrylate units 

when the substituting cation is Ta5+ as compared with the other cations. Apparently the high charge 

on the cation is reflected by the increasing charge on the atoms near the carboxylic group.  The 

huge difference in electronic charge between the α and the β carbon atoms, forces the interaction of 

the tantalum atom, exclusively, with the  β centre. This does not happen in the cases of Sr or Bi 

complexes. The interaction proposed by Szabo et al. [188] is also an interaction between a metal and 

a β-centre.  Probably this regiospecific interaction  causes the observed polymerization, but further 



Chapter IV- SBT (SBN) thin films prepared by MOD         113

work is needed to clarify the importance of the lack of the methyl group, when adapting   the 

mechanism of Szabo et al. [188] for this situation.

Table 1.Calculated charges for the α and β centres of the studied compounds

cation Charge on carbons
α β

Ta .345 -.196
Bi -.183 -.334
Sr -.210 -.334

It is  worthy to point  out that all the other solutions (tantalum, strontium, bismuth or their 

mixtures) under analysis maintained the same organoleptic characteristics (viscosity, colour) during 

the studied ageing period. It is possible that in the tantalum solution containing toluene and acrylic 

acid a similar reaction occurs but as gellation was not observed in such solution the study of that 

possibility was not undertaken. 

As we stated previously, this transformation happens slowly because the experimental process 

involves only stirring for ensuring dissolution, no other reaction-promoting procedures being used. 

In this situation the extension of the reactions becomes significant only after a certain time period.

IV.2.3.Bismuth solutions

Following the same procedures referred for the study of tantalum and of strontium complexes, 

IR and Raman studies were carried out for the bismuth complex. In this case no UV-Vis studies 

were  performed  as  no  previous  condensation/precipitation  of  the  solution  during  ageing  was 

observed. It may be reminded here that the objective, in the case of strontium was to study the 

differences and the similarities when using different strontium sources. As for tantalum the main 

interest  of  these  UV studies  was  the  possibility  of  observing  the  formation  of  species  due to 

chemical  condensation.  As  can  be  seen  in  the  obtained  IR  spectra  of  bismuth  triacetate  in 
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toluene/acrylic  acid  shown in Figure 63,  the results  are not significantly  different  from those 

already described for tantalum or strontium, and thus one may assume the stability of the solutions 

under study.
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Figure 63. Dynamic evolution of the IR spectrum of Bi(OAc)3 dissolved in toluene/acrylic acid.

Following  the  procedures  used  for  Sr2+ and  Ta5+,  the  DFT  equilibrium  geometry  was 

calculated for the bismuth-toluene-triacrylate complex. The obtained results predict a structure as 

that shown in the Figure 64.  As in the case of the Ta5+ ion, the bismuth complex is formed while 

taking  place  a  slight  modification  (distortion)  of  the  aromatic  ring.  In  this  case  the  observed 

distortion indicates strong interactions between the empties p orbitals of the bismuth atoms with the 

π-cloud of the toluene molecule.

It  is  interesting to note that in the bismuth complex the acrylate groups are closer to the 

bismuth atom than in the case of tantalum, as evidenced by the shorter distance shown in Figure 64 

showing six bonds formed between the acrylate units and the bismuth atoms, even though the 

nominal charge on the complex is higher in the tantalum case. This means that the coordination 

number (in the simulated solution) in the case of bismuth is higher.
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Figure 64. Equilibrium geometry of the Bi3+-acrylic acid – toluene complex. colour code: carbon-gray, hydrogen-

white, oxygen-red, bismuth-pink.

Figure 65. Calculated IR spectrum of the dissolution of Bi3+ in toluene/acrylic acid. mixture

The calculated IR spectrum of Bi(OAcr)3 in toluene is shown in Figure 65. Once again the OH 

band is missing as the acidic hydrogen atoms were not included to alleviate the calculation effort. It 

is observed a strong peak at 3000 cm-1, as in the previous cases, which is due to the Caromatic-H 

stretching. It is worthy to observe that this peak is less intense in the case of the Ta5+ calculations. 
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This may account for some sort of bond change in the aromatic ring associated to the attraction for 

the cationic specie, which would be stronger in the case of bismuth.

The Raman spectra of the bismuth acetate dissolved in the toluene/acrylic  acid mixture is 

shown in Figure 66. As in the previous case, a steady behaviour is observed during the time period 

corresponding to the ageing.
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Figure  66. Evolution of the Raman spectrum of Bi(OAc)3 dissolved in toluene/acrylic acid with the ageing  

time.

The calculated Raman spectrum (Figure 67) agrees with the experimental ones. All bands are 

reproduced except the one appearing at 100cm-1, which is very strong in the experimental spectra 

but not in the theoretical one. Some final remarks can be made about the studies of the individual 

cations in solution. The behaviour of Sr2+ is different from the behaviour of Bi3+ and Ta5+. In the 

former case the equilibrium position is characterized by the symmetrical arrangement of the acrylate 

units around the strontium cation forming a superstructure which is placed laterally to the toluene 

ring. 

In the other two cases the acrylate units remain symmetrical relatively to the cation but in both 

cases the cation is situated on the top of the aromatic ring adopting a sandwich- like structure 

between the imaginary planes formed by the acrylate ions and the toluene molecule. This behaviour 

is expected because Sr2+ has a low ability to form complexes (a characteristic of the alkali and alkali-
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earth elements), whereas the transition metals and metalloids have higher ability to induce several 

geometrical different complexes.

Figure 67. Calculated Raman spectrum of the dissolution of Bi3+ in toluene/acrylic acid mixture.

From the  point  of  view  of  the  stability  of  the  individual  cation  precursor  solutions,  the 

obtained results allow to conclude that the main problem of these solutions is the presence of Ta5+, 

which in addition to its tendency to precipitate with small water quantities, has a strong ability to 

polymerise small and medium organic molecules.

IV.2.4. SBT Precursor solutions

The  analysis  of  the  precursor  solutions  prepared  with  the  two  sources  of  strontium and 

Ta(OEt)5 and Bi(OAc)3 has shown some similarities and differences relatively to the solutions of 

the single cations. The UV-Vis results show the formation of stable complexes. For the solutions 

prepared with both strontium sources a band located approximately at 260nm disappears.  This 

behaviour was observed when the solvent was the mixture of toluene and acrylic acid (Figure 68-

69). 
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Figure 68. Dynamical behaviour of SBT precursor solutions prepared with Sr(OAc) 2 .
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Figure 69 Dynamical behaviour of SBT precursor solutions prepared with Sr(i-OPr)2.

This may account for slow changes in the solvation sphere formed around the strontium 

cation, as was stated in the previous sections. The individual solvent were not used in the present 

studies as initial studies have suggested that the toluene solution is not stable after 2 days.
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The IR vibrational spectra of both precursor solutions (prepared with strontium acetate or 

strontium isopropoxide)  obtained after periods ranging from 1 to 28 days, are very similar (see 

Figures 70-71). 
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Figure 70. Dynamical behaviour of SBT precursor solutions prepared with  Sr(i-OPr)2.
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Figure 71. Dynamical IR behaviour of SBT precursor solutions prepared with Sr(OAc)2.
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No  significant  differences  are   detected  in  the  showed  spectra,  and  based  on  that  no 

differences are expected in  the chemical  behaviour  of  these  precursor  solutions  prepared with 

different strontium sources. This also indicates that the solution is chemically stable for that period 

of time regardless the constituents used. 
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Figure 72. Dynamical Raman behaviour of SBT precursor solutions prepared with  different strontium sources:  

Sr(i-OPr)2.and Sr(OAc)2..

The Raman spectra of the mixtures obtained from different strontium sources is showed in 

Figure 72. As observed in the IR spectra previously studied no differences between the Raman 

spectra corresponding to solutions made from different strontium sources are evidenced.

In  line  with  the  results  obtained  for  strontium solutions,  it  may  be  concluded  that  SBT 

precursor solutions exhibit the same behaviour regardless the strontium source. This  behaviour is 

in  line  with  the  results  previously  discussed  for  DTA experiments  and  with  the  ferroelectric 

properties of the films obtained from these solutions, which were shown to be rather equivalent.

From the above results, two important partial conclusions can be extracted: first of all, the 

similar  behaviour  of  the  solutions  prepared  with  different  sources  ensure  a  wide  range  of 

possibilities of substituting reagents allowing to obtain the same result. And secondly, the toluene-
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acrylate solutions are a easy-to-prepare and enough stable stock solutions to guarantee its practical 

use when other chemical pathways are not easily employed.

IV.3. A new and environmentally-safe metallorganic method for  Sr, Bi, Nb and Ta 
solutions stabilization

The initial research work was devoted to the stabilization of SBT and SBN precursor solutions 

using a mixture of toluene and acrylic  acid first and then,  due to the high toxicity  of toluene, 

substituting toluene by isopropanol. Although the obtained results were very encouraging in terms 

of solution stability, the use of highly toxic materials was an important drawback to be solved. Some 

attempts were made by other researchers to use water. But the most universal and safe solvent is 

not fully adequate for the long term stabilization of Ta and Nb complexes because of the high 

reactivity of these cations in aqueous media that leads to the precipitation of Ta and Nb hydroxides 

easily transformed into the corresponding, highly insoluble and stable oxides. 

The chemical processing of these cations is thus mandatory to be confined to organic media 

reactions  in  humidity  controlled  atmosphere.  Among the  multiple  possibilities  to  obtain  stable 

precursors, the dissolution of alkoxides or carboxylic salts of the desired elements in alcohols or 

carboxylic acids seemed to be the less toxic variant approach for the preparation of the solutions. 

Low-toxic alcohols and acids are considered to be those that may be integrated into the general 

biochemical (metabolic) pathways.  The obvious criterion for the organic solvent choice is thus to 

have chains with an even number of carbon atoms that could be integrated into the acetate route. 

Taking into account the rule “the similar dissolves the similar” [195], more probabilities to be 

succeeded exist if salts of a given anion are dissolved in the acid of that anion rather than into 

another solvent. As a consequence the easiness of dissociation into ions and of the arrangement of 

the anions into complex spheres conditions the dissolution of salts and the polarization (including 

ionization) of the solvent.

As acetates meet the criteria of being  organic acid salts with low toxicity and of being cheap 

reagents the use of the acetate-acetic acid system is a convenient choice. However pure acetic acid 
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has also toxic issues. In order to lower the acidity of the medium (and then its toxicity) the above 

mentioned system must be diluted in a safe, easy to treat solvent as ethanol is.

It is a common Analytical Chemistry knowledge that attempts to dissolve highly ionic materials 

in a medium with a mild polarity will fail if a di-(or multi-)dentate ligand is not used in order to 

enhance the stability. Thus the choice of the ligand (or ligands) needs to meet the requirements 

stated for the solvents, and this is not a simple task as these ligands must have lone-pair containing 

atoms, as nitrogen or oxygen are. Compounds like alkylamines or di-(or poly-) carboxylic acids have 

these atoms in its structures, but the possibilities  of finding non-toxic compounds within these 

families are very scarce (see for instance references [17-45]).

Based on Molecular Orbitals criteria, it was decided to use urea as a complexing reagent. This 

substance is soluble in acetic acid and ethanol and has a C-O π- system and two hydrogen atoms 

bearing a lone pair of electrons that may establish interactions with the empty d-orbitals of the Ta5+ 

cation, as depicted in the following schema:

N N+ Ta5+ Ta5+

These interactions  could stabilize  the  cations  [196] in  solution  avoiding  the  reaction  with 

moisture. The use of acetates and ethanol as the cation sources and as the solvent, respectively, 

makes the synthesis friendly for the environment. Urea may be seen as a two purpose reagent: as a 

complexing agent [196] and as a carburant substance [197]. This carburant substance may then react 

very  exothermically  with  oxygen  helping  to  reach  high  local  temperatures  that  allow  an  easy 

synthesis. Such ethanol-based solutions modify the actual organic-based solutions and opens new 

windows for using nitrates, making the procedure a classical combustion synthesis which is already 

employed to obtain SBN powders [198].

The acetic acid/ethanol solution was prepared by dissolving appropriate quantity of reagents 

i.e. SrO(Ac)2,  Bi(OAc)3 and Ta(OEt)5 or Nb(OEt)5,  to obtain solutions with a concentration of 

0.05M; the final concentration of urea, here used as complexing agent, was 2.5g/l. These solutions 
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will be thereafter designated as “urea SBT(SBN)” precursor solutions. Figure 73 shows the DTA 

behaviour  of   previously  dried  samples  of  these  solutions,  heated  at  5ºC/min.  from  room 

temperature to 800ºC. The broad endothermic peak which appears at approximately 150ºC is due to 

the remaining solvents loss. After this solvent loss, a temperature interval of exothermic reactions 

follows. 
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Figure 73. DTA results of the slowly desiccated solution.  

The strong thin peak appearing at 210ºC can be attributed to the exothermic combustion 

reaction. This reaction must occur with carbonate and nitrate losses  [196][197]. Unfortunately, as 

bismuth-containing samples are highly poisonous for the commercial DTA-TG apparatus available 

for weight loss measurements  we were unable to obtain the necessary TG data to confirm this 

assumption.  At  250ºC  a  broad  peak  accounting  for  the  remaining  carbonate  and  nitrate 

decomposition is observed. 
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Figure 74 XRD patterns of thin films obtained from urea precursor solutions: SBT films dried at 180ºC (a) or  
at 330ºC (b) and SBN films dried at 330ºC (c).

Figure 74 shows the X Ray Diffraction (XRD) pattern of the SBT and of the SBN thin films 

obtained from urea SBT (SBN) precursor solutions, which match the JCPDS files corresponding to 

each compound. When the used drying step temperature is 330ºC, the films are highly crystalline 

and no seconds phases are observed despite the short  reaction times employed in  the present 

synthesis process. However if the temperature of the film drying step is reduced from 330ºC down 

to 200ºC (Figure 31.a), the intensity of the XRD peaks decreases and some peaks are even scarcely 

detected. These characteristics may be attributed to an incomplete crystallization reaction of the 

perovskite phase. The behaviour observed at 330ºC may be explained by the burnout of urea in the 

presence of nitrates which occurs in the temperature range of 300-500ºC [197][198]: the drying of 
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the  film at  330ºC is  thought  to allow the  thermal  decomposition  of  the urea,  which is  rather 

exothermic  and  thus  induce  high  local  temperatures.  Such  phenomena  which  seem of  crucial 

importance for obtaining pure crystalline perovskite films probably do not occur during the drying 

step at temperatures below 300ºC.  

Figure 75 shows the SEM micrographs of the obtained SBT and SBN thin films surfaces.  As 

observed both films have a uniform and well developed microstructure consisting of typical worm-

like grains, though SBT grains look more elongated as compared to SBN ones. Figure 5 shows the 

ferroelectric hysteresis loops of the obtained films. SBT thin film presents a remnant polarization 

value of Pr= 5.0 μC/cm2 and a coercive field of Ec=50 kV/cm, whereas for SBN, larger values of 

remnant polarization (Pr= 8.0 μC/cm2) and of coercive field (Ec=120 kV/cm) are observed. 

Figure 75 SEM micrographs of SBT (left) and of SBN thin films surfaces (right).

The obtained Pr (Figure 76) values are comparable to those reported for stoichiometric SBT 

(Pr ≈ 3 μC/cm2)  prepared by metallorganic decomposition methods [182], and for SBN thin films 

(Pr ≈ 9 μC/cm2), prepared by pulsed laser deposition [199]. The present results are also consistent 

with the previous observation by Watanabe et al [20] and Kim et al. [200] that SBT and SBN thin 

films obtained from stock solutions of 2-ethylhexanoate metal precursors dissolved in xylene are 

distinguished by the larger Pr and Ec values exhibited by SBN (9.5 μC/cm2 against 7.5 μC/cm2 

presented  by  SBT)  films.  Nevertheless,  it  is  needed  to  remind  here  that  Pr  values  are  highly 

dependent  of  the  nature  of  the  top  electrode  used  as  demonstrated  by  Amanuma,  Hase  and 

Miyasaka [201].
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The  capacitance-voltage  (CV)  characteristic  curves  of  the  produced  films  confirm  their 

ferroelectric behaviour. Typical butterfly-shaped loops were observed (as exemplified in Figure 77) 

for both type of films. The asymmetry of the loops with respect to the capacitance axis has been 

explained as a result of the  differences between the bottom and top electrodes (gold and platinum 

in the present case) which imply different work functions [8]. The capacitance values showed the 

same magnitude as those reported for both type of films [137][202][203].

Figure 77 C-V hysteresis loops of seeded (left) and unseeded (right) SBN thin films.
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Figure 76. P-E hysteresis loops of SBT (left) and of SBN thin films (right).
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The typical leakage current plot for a  SBT and a SBN thin films are shown in Figure 78.  The 

plots are comparable to the reported ones by several researchers  [19][20][204] for both thin film 

materials. The values of the leakage current evidenced at the voltage usually applied (lower than 200 

kV/cm in both cases) are seen to stay below 2 μA/cm2 and 0.1 μA/cm2 for  SBT and SBN thin 

films respectively.  It  may be thus concluded that  the obtained films are suitable  for memories 

applications.  It  may be concluded  that  the  obtained  films by  this  new method (shortly  called 

acetic/ethanolic route) exhibit the required ferroelectric properties for memories application. 

Figure 78. Leakage current plot of the seeded SBT (left) and SBN (right) thin films.

In addition, the present method is in line with the current concern about environmentally safe 

procedures  often  reported  [20][205][206].  As  was  stated  before,  the  methods  relying  on  the 

synthesis of aqueous citrate complexes [207] or polymers [205]  have the disadvantage of being a 

difficult  preparation procedure, with associated wettability  problems and stability  concerns.  The 

method used in the present work has the advantage of lower toxicity  as compared with those 

employed by other researchers concerned with environment quality, as branched alcohols, branched 

acids and diols are not used (see for instance Calzada et al. [206]). 
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C h a p t e r  V .

CHARACTERIZATION AND PROPERTIES OF SEEDED AND DOPED THIN 
FILMS

As was explained SrBi2Ta2O9 (SBT) and SrBi2Nb2O9 (SBN) have promising characteristics 

for Non-volatile Ferroelectric Random-Access Memories applications [19][208]. However, these 

compounds present lower values of the remnant polarization (Pr) when compared to other 

materials  such as  PZT  [209],  which limits  somewhat their  applications  and thus justify  the 

interest on new procedures for properties improvement. Another problem with these materials 

is the high coercive fields needed to switch their polarization. According to J.F. Scott (Private 

Communication) this is the most important issue as the effective value of polarization needed to 

make a FERAM was calculated as 1μC/cm2, but the future memory devices must be able to 

work with less than 2 volts. 

The metallorganic chemistry has proved to be an adequate tool to obtain SBT films via sol-

gel, with acceptable dielectric and ferroelectric characteristics [19][208][210][211]. Although the 

thermal processing involved in this type of method requires lower temperature than the solid 

state reaction method, it is still high enough to affect not only the properties of the materials 

employed in the production of such devices, but also the stoichoimetry of the final compound 

[19][208]. Both problems are inherent to thin films fabrication and some procedures have been 

proposed to overcome these drawbacks in different ways for several compounds, including BLS 

perovskites:  Rapid  Thermal  Annealing  [210],  use  of  bismuth  excess  [212],  use  of  non-

stoichiometric compositions [19][212], laser irradiation [212] and seeding techniques [213][214]

[215][216]. Particularly,  bismuth excess has been used to improve the characteristics of SBT 

both  in  bulk  and  in  thin  films.  When  a  bismuth  excess  (relatively  to  the  amounts  of  the 

remaining  cations)  is  used in  bulk  materials,  it  is  justified  as  supplying  enough quantity  to 

overcome the losses due to evaporation  [217]. In the case of thin films  there are two classic 

studies on the effect of stoichiometry on the ferroelectrics characteristics of SBT thin films  [19]

[20]. However the explanation is  not as straightforward as in the case of the bulk materials, 

because even better characteristics are obtained when part of the quantity of Sr2+ is replaced by 

Bi3+ [19][20]. There are two main tendencies in the use of non-stoichiometric compositions. In 

the first one the electro neutrality is maintained, i.e. x quantity of Sr2+ is substituted by 2x/3 of 
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Bi3+ [19][20][21],   but  this  is  not used as  often as  the addition of more bismuth than that 

required to maintain the electric neutrality [19]. In this case it is normal to find compositions like 

Sr0.8Bi2.2 or Sr0.8Bi2.3 and even higher bismuth to strontium ratios [94].

As the effect of the bismuth excess was extensively studied in the works above mentioned, 

no attempts to obtain Bi-enriched Sr-depleted compositions are made in this work. Instead, an 

approach combining SBT seeds with one SBT precursor solution previously developed (toluene-

acrylic acid route) for lowering the processing temperature of SBT thin films is presented. The 

characteristics of the obtained films are evaluated and processing conditions leading to adequate 

ferroelectric  properties  are  identified.  The  influence  of  the  seed  on  the  development  of  a 

metal/ceramic interface in films with various Sr-deficient stoichiometry is also studied. Finally, a 

study of the effect of several dopant cations on the structure (based on the analysis of X-Ray 

patterns) and ferroelectric characteristics of SBT and SBN thin films is made. The dopants used 

here met the following criteria :

● for Sr2+-site doping (A-site) univalent (K, Na, Ag) cations  were used 

● for Ta5+-site doping  (B-site)  hexavalent (W) cations was used.

The  objective  was  to  check  the  influence  of  donor  and  acceptor  impurities  in  the 

ferroelectric response of SBT. 

V.1.Preparation and characterization of  seeded SBT thin films

The DTA results respecting the gels obtained from seeded and unseeded SBT precursor 

solution may be compared in  Figure 78.  Below 375ºC the  gels  show endothermic  features 

assigned to the final evaporation process of the solvent trapped in the gel structure. After that 

point, exothermic effects associated to organics decomposition reactions describe the thermal 

evolution of the two SBT precursor gels up to 450ºC. When temperature increases further, 

strong exothermic effects dominate DTA curves of both seeded and unseeded samples.  As 

already reported for a similar temperature range the exothermic effects originated from the burn 

out of residual organics and from SBT crystallization reaction may overlap and account for such 

broad and intensive peaks [218][219]. 

The reaction, in the case of the seeded sample is completed at ~740ºC, but it extends up to 

~780ºC for the unseeded one. These results agree with almost all the literature here referred as 
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the vast majority of the reports situate the crystallization temperature for unseeded thin films in 

the  interval  750-800ºC.  The  process  of  elimination  of  organics  during  thermal  treatment 

interplays  with  crystallization  reactions.  The  unseeded  sample  previously  submitted  to  a 

prolonged heat treatment carried out at 450ºC (>1hour) gives place to a quite distinct DTA 

curve (Figure 79) where a single, well defined and small exothermic peak corresponding to SBT 

perovskite phase crystallization is detected at 840ºC as confirmed by XRD analysis (not shown). 

Sung et al.  [220] reported different results after pyrolizing Sr0.7Bi2.4Ta2O9
 precursor solution in 

the same conditions (450ºC, 1h): the crystallization pathway was described by two exothermic 

peaks at 650ºC and 780ºC assigned to fluorite and Aurivillius formation, respectively. 
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Figure 79. DTA analysis of seeded and unseeded precursor gel samples.

It may be thus concluded that the thermodynamic of phase formation mechanism in the 

MOD technique  to  obtain  SBT is  conditioned  by  the  compositional  characteristics  of  the 

organic  precursor solution  (seeds,  possibility  of  combustion)  as  well  as  by  the  temperature 

schedule of its components decomposition reaction. 

Figure 80 shows the XRD analysis of the obtained thin films annealed for 20 minutes at 

different temperatures. The diffraction patterns of both type of films, seeded and unseeded, 

prepared at 700ºC may be ascribed to both fluorite and perovskite phase [208]. 
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Figure 80. XRD patterns of seeded and unseeded SBT films annealed at 700 and 720ºC.

Increasing  the  annealing  temperature  of  the  films,  perovskite  peaks  are  then  clearly 

detected: at 720ºC perovskite coexists with fluorite in the unseeded film but becomes dominant 

in the seeded film. Further temperature increase (>740ºC) was seen to lead to pure perovskite 

phase with preferred [115] orientation in both types of films. Similar results showing that SBT 

may be synthesized at temperatures ranging from 700ºC (when using Rapid Thermal Annealing) 

up to 780-800ºC (when using conventional annealing)  [19][208][212][213][218][219][220] were 

reported. In several systems (including this one) fluorite appears as an intermediate phase that 

easily converts to layered-perovskite as already observed [19][111]. As observed this conversion 

is  improved  by  the  introduction  of  seeds.  As  also  shown  by  the  DTA study,  perovskite 

crystallization is completed at lower temperatures when seeds are used. Other studies on seeded 

SBT thin films have concluded  that  the  use of  seeds lowers the incubation  time and the 

temperature  of  the  fluorite-to-Aurivillius  phase  transformation  while  enhancing  its 

transformation kinetics due to a decrease of its activation energy [213][214][215][216][220]. 

The first attempt in the present work was to include the seeds in the precursor solution 

making a suspension. Figure 82 shows an image of the top surface of the obtained thin films. As 

we can observe  small seeds, typically smaller than 300nm diameter are visible.  The original 

seeds did not produced the expected effects as they did not behaves as nuclei prompt to grow 
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and produce  the  perovskite  grains.  Instead  they  have  grown but  as  excluded  parts  of  the 

precursor mass under crystallization.

Figure  81.  SEM micrographs of a seeded SBT film obtained from a suspension of the seeds in the SBT  
precursor solution.

Though the concentration of the seeds in the prepared solution was very small, the last 

steps  of  the  repeated  deposition  procedure  help  to  concentrate  the  seeds.  At  the  low 

temperatures used in this work, the seeds were not fully incorporated in the structure of the 

film. A diagram of the possible behaviour of this process is depicted in Figure 82, explaining 

why the seeds are not fully  integrated into the film. The volume of the deposited material 

shrinks  due to  drying.  In  this  way the  seeds  are  not  covered by the  “green” mass  of  the 

precursor having little chance to react with that “green” mass. Of course, this incapacity to 

incorporate the seeds into the structure is also a consequence of the high chemical stability of 

SBT. For these reasons, in the remaining experiments, the seed were firstly deposited on the 

virgin electrode surface and  then the precursor solution was deposited. 

SEM evaluation of the films microstructure showed that seeded films generally present a 

more dense structure with better-defined morphology and more elongated grains as confirmed 

by the surface and cross section images presented in Figure 81. As observed in the lateral view 

of the seeded film, the seeds are fully integrated in the structure of the film. The unseeded film 

shows smaller grains size than the seeded one. Moreover a second grain structure is observed. 

This  behaviour  is  consistent  with  XRD  results  that  denoted  incomplete  crystallization  of 

perovskite phase at 720ºC for the unseeded films.
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Figure 82. Diagram of the deposition-drying sequence showing why seeds are not fully integrated in the film.

These results can be  compared with those observed by Viapiana et al. [21] who found that 

bismuth deficient SBT thin films suffer from poor crystallinity and low nucleation characterized 

by a microstructure with small grains grown on a “void” matrix, very similar to that observed in 

the unseeded thin films (Fig. 83 a). 

However these authors found that the increase of Bi content allowed the nucleation and growth 

of a larger amount of perovskite grains leading to a microstructure similar to that of seeded SBT 

thin films (Fig. 83.b). It may be concluded that this study points out the ability of seeds for 
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Figure  83.  Surface  and  cross  section  SEM images  of  SBT thin  films  heat  treated  at  720ºC:  (A)  
unseeded film surface, (B) unseeded film cross section, (C) seeded film surface, (D) seeded film cross section
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improving  the  crystallization  of  SBT  grains.  A  possible  explanation  of  this  behaviour  is 

attempted in the next section.

V.2. Diffusion processes  in  seeded and unseeded SBT thin films with  varied 
stoichiometries 

Several seeded and unseeded SBT films obtained by spin-coating the precursor solution of 

the toluene-acrylic acid route were analysed by Rutherford Backscattering Spectroscopy (RBS). 

Different cation proportions were selected in order to obtain nominal stoichiometric and non-

stoichiometric (Bi-deficient) compositions. For seeded films, seeds were previously deposited by 

spin-coating on the substrate as already described. Table 2 identifies the studied samples. 

In  the  RBS spectra,  the  Sr,  Bi  and Ta backscattering  signals  appear  convoluted,  thus 

impairing a direct determination of the Ta, Sr and Bi concentrations from these spectra. To 

overcome this inconvenient the samples were analysed by Particle Induced X-Ray Emission 

(PIXE).  The  results  obtained  showed  that,  with  the  exception  of  sample  U72-1.5,  the 

composition  of  the  films does  not  deviate  significantly from the nominal  composition.  As 

regards the nominal non-stoichiometric films, which were prepared with specific Bi deficiencies 

(Table 3), the combined PIXE-RBS results confirmed them to be non-stoichiometric, though 

with slight variations from the nominal composition. Selected results are shown in Table 3. 

Table 2. Identification of the studied thin films.  

Thin film
stoichiometry

  Sample code* Heat treatment 
Temperature (ºC)

Seeds

SrBi1.5Ta2O9 U72-1.5 720 no
SrBi1.7Ta2O9 U72-1.7 720 no
SrBi1.9Ta2O9 U72-1.9 720 no
SrBi1.9Ta2O9 S72-1.9 720 yes
SrBi2Ta2O9 U72-2.0 720 no
SrBi2Ta2O9 S72-2.0 720 yes

 (*) S stands for seeded; U stands for unseeded; 7x indicates heat treated at 7x0ºC;-y.z stands for 

Bi stoichiometry (Biy.z).
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Figure 84. Simulated concentration profiles of SBT thin films based on PIXE/RBS analysis results.

The Ta/Sr and Bi/Sr ratios determined by PIXE were used for simulating the experimental 

RBS spectra, thus allowing the determination of the depth concentration profiles corresponding 

to the different elements to be evaluated (Figure 84). In the case of sample S72-1.9, Fig. 84.d, 

some gold is observed by RBS. This is due to the fact that the analysing beam on this sample 

partly  hit  a  deposited  gold  contact.  This  fact  does  not  influence  the  concentration  values 

obtained in table 2 or the following discussion. 
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Table 3. Combined PIXE/RBS composition results.

Sample Nominal Composition Simulation Results Normalized Results

Sr Bi Ta Sr Bi Ta Sr Bi Ta
U72-1.5 1.0 1.5 2.0 1.0 1.7 2.3 0.9 1.5 2.0
U72-1.7 1.0 1.7 2.0 1.0 1.7 2.0 1.0 1.7 2.0
U72-1.9 1.0 1.9 2.0 1.0 1.9 2.2 0.9 1.8 2.0
S72-1.9 1.0 1.9 2.0 1.0 1.9 2.0 1.0 1.9 2.0
U72-2.0 1.0 2.0 2.0 1.0 1.9 2.0 1.0 2.0 2.0
S72-2.0 1.0 2.0 2.0 1.0 2.0 1.9 1.0 2.1 2.0
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Figure 85. RBS spectra of samples U72-2.0 and S72-2.0. RBS spectra acquired using a 2.0 MeV He+  

beam, with the 140º scattering angle detector and a tilt angle of 30º.

Comparing Figures 84.c) and 84.d and Figures 83.e) and 84.f) it is possible to see that 

sharper  interfaces  between  SBT film  and platinum electrode  are  observed  in  seeded  films 

(Figures 84.d and 84.f) when compared to their unseeded counterparts (Figures 84.c and 84.e). 

These  last  ones  display  a  stepped interface  denoting  some  intermixing  of  Pt  and  film 

components, which may result from the interdiffusion of underlying Pt electrode and the SBT 

thin  film  elements,  due  to  a  solid  state  reaction  amongst  them,  and/or  due  to  interface 

roughness
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As  an  example,  Figure  85  shows  the  RBS  spectra  of  samples  U72-2.0  and  S72-2.0 

(concentration profiles in figures 84.e and 84.f).  A clear difference in the interface region is 

observed.  The concentration profiles  shown on Figure 81 also demonstrate that,  when the 

bismuth content in unseeded films is increased the interface changes become more evident, as 

evidenced by the total amount of Pt in the Pt/film interface (as observed by comparison of 

figures 83.a, 83.b and 83.e). The only exception is sample U72-1.9. This probably reflects small 

and  uncontrollable  differences  in  the  thin  films  processing  conditions  such  as  different 

humidity/pressure conditions that could influence side reactions.

The chemistry  of  interfaces  and surfaces  usually  requires  sophisticated  and  sometimes 

indirect methods to establish the reactions occurring during a given process. More often, these 

methods cannot afford each individual reaction step contributing for the complex process under 

study.  In these cases a  post-mortem analysis of the suspected mechanism is the only source of 

knowledge. In order to frame the discussion of the different diffusion phenomena envisaged for 

SBT/Pt/TiO2/SiO2/Si interface during the thermal processing of SBT thin film on a platinum 

surface, several reaction possibilities involving the metallic atoms are reviewed as follows: 

(i)  Decomposition  of  precursor  cation  carboxilates  under  heating,  leading  to  their 

respective oxides as described by reactions 1-3:

Ta(OOCR)5 + nO2 → TaOy + m CO2 1)

Sr(OOCR)2 + nO2 →SrOv + m CO2  2)

Bi(OOCR )3 + nO2 → BiOx + m CO2              3)

(ii) Combination reaction of the oxides, equation 4:

2BiOx + 2TaOy + SrOv → SrBi2Ta2O(2x+2y+v)      4)

This reaction  is naturally affected by the uptake of elements by other competing parallel 

reactions. 

(iii) Bismuth reduction to metallic bismuth, reaction 4: 

Bi(OOCR )3 → Bi + n C  + m CO2             5)
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This reaction may take place when oxygen is the limiting specie [221], either due to a low 

oxygen  pressure  or  due  to  the  presence  of  long  hydrocarbon  chains  providing  high 

concentration of carbon and hydrogen and/or to other coexisting reducing reagents [221][222]. 

When the  oxygen concentration  is  sufficiently  high,  the  above reduction  reaction  has  little 

chance to occur, as bismuth is highly reactive towards oxidation [223]. In fact metallic bismuth 

has  been  found  in  bismuth  layered  pseudo-perovskite  compounds  processed  at  high 

temperature but only under serious reducing conditions  [221][224]. In their work Alexe et al. 

[224] make the assumption that due to the self-patterning observed in these films, memories as 

high as 1Gbit can still be designed, if these bismuth structures are used as top electrodes.
  

(iv) Interface reaction between Bi and Pt, reactions 6 and 7:  

Pt + Bi → PtBi                                                 6)

Pt + 2 Bi → PtBi2  7)

The synthesis of Pt-Bi alloys (equations 6 and 7) has been achieved in an oxygen-free 

atmosphere at 800ºC for 48h in a sealed tube (also to avoid bismuth evaporation), followed by 

an annealing at 650ºC for 24h [225]. Such prolonged heating process indicates these reactions to 

be most unlikely to occur during the short annealing times (usually 1-2h) used in SBT synthesis. 

Even so, assuming that temporary conditions  including  high local  concentration of metallic 

bismuth  and  low  oxygen  concentration  may  allow  the  synthesis  of  such  intermetallic 

compounds, then some limited diffusion of Bi and Pt species should be considered at the film-

electrode interface [226]. 

(v) Interface reaction between BiOx and Pt, reaction 8:

Pt + BiOx → PtBiOx  8)

This type of interaction between platinum and bismuth oxide was already detected by RBS 

studies during the synthesis of SBT which also showed the presence of PtBix [206][227].

Considering the low melting point of bismuth (271ºC) and that of bismuth oxide (820ºC), 

the heat treatment of SBT films at temperatures ranging from 700 up to 850 ºC is prone to 

diffusion phenomena, either of metallic or of cationic species. So, reactions 6-8 may occur in a 
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rather  significant  extension  when  SBT  synthesis  conditions  include  relatively  high 

concentrations of Bi.  

(vi) Interface reaction between Ta and/or Sr oxides and Pt, reactions 9 and 10:

Pt+SrOx→PtSrOx 9)

Pt+TaOx→ PtTaOx 10)

The diffusion process of Sr towards the platinum substrate was theoretically studied [228] 

to determine the most energetically favourable growth of Pt on a SrTiO3 surface, a moderate 

interdiffusion of these elements being predicted. In line with the above results, Gütleben [229] 

have reported depletion of Sr and Bi in the preparation of thin films on Pt substrates when 

compared  with  the  theoretical  initial  composition.  Although  experimental  errors  might  be 

considered (i.e. reagents with lower purity than expected) larger inter-diffusion distances of Sr 

into Pt than those of Bi and Ta were also found in SBT thin films prepared by PLD at 680ºC 

[230].

Tantalum was experimentally observed to be involved in intermetallic association with Pt 

but only when using an inert atmosphere  [231], because under the used working temperature 

(720ºC) the presence of oxygen readily oxidises Ta. At that temperature the above mentioned 

diffusion reactions may occur at a much slower rate than the bismuth platinum interaction 

described by reactions 6-7.  

   The results presented in table 2 and Figure 84 show that the highly non-stoichiometric 

sample  U72-1.5  does  not  exhibit  any  obvious  depletion  of  Bi  relatively  to  its  nominal 

composition. The slight Ta enhancement seen in this case on the PIXE composition may be just 

an artefact due to an underlying Pt electrode complex interface. The RBS spectra fitting are 

being compatible with this interpretation.  In view of the Bi deficiencies of this composition and 

bearing  in  mind  the  competition  among  the  different  reactions  for  bismuth  consumption 

(reactions 4,6-8), it  is thought that its concentration is insufficient for allowing some of the 

reactions leading to interface Bi compounds to proceed.  

However,  when  increasing  Bi  content  in  unseeded  films,  it  is  generally  seen  that  an 

interface containing Pt, Bi, Sr, Ta and high contents of oxygen is formed (Figure 84), hence 
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indicating reaction products of Pt with SBT film components to be present. Accordingly the 

interface sharpness is now replaced by a stepped Pt concentration profile denoting significant 

Pt/film intermixing, which could suggest some interface reaction.

Based on these fact another interpretation can be made of the presence of Bi2Pt peaks when 

growing SBT on Pt/Ta substrates while they are absent when Pt/Ti substrate are used [232]: the 

higher amounts of Ta in the Pt/Ta substrate forces the migration of bismuth into the substrate 

as a way to decrease the free energy of the interface caused by some amount of interdiffusion 

between  Ta  and  Pt.  This  interdiffusion  of  bismuth  into  a  Pt/Ta  electrode,  although  not 

described by the authors [232] is  reported by Leu et al. [28].

The introduction of seeds modifies significantly the electrode/film interface, contributing 

to restore the interface sharpness, as shown in Figure 84 and table 2 (compare samples U72-1.9; 

S72-1.9; S72-2.0 and S72-2.0). It may thus be concluded that seeded films do not afford suitable 

conditions for interface reactions as their unseeded counterparts do. As mentioned above, a role 

has been proposed for the seeds by Jung, Hwang, and Sung [213] in the framework of perovskite 

crystallization. However the present results address a new perspective for the seeds role as a 

conditioner of the electrode/film interface phenomena. 

As described, the deposition of SBT seeds was followed by a heat treatment at 180ºC. This 

treatment supplies enough energy for the establishment of Van der Waals interactions between 

the platinum layer and the seeds. It is thought that these (weakly) bonded seeds act as a physical 

barrier against the diffusion of the constituents of the deposited solution towards the platinum 

layer. Moreover, once the perovskite phase is crystallized, the (chemical) interaction of platinum 

with the already formed SBT phase would require the following reaction to occur: 

SBT → BiOx + bTaOy + cSrO 11)

or

SBT → BiOx + SrTa2O6                                                                                   12)

These  decomposition  reactions  are  unlikely  to  occur  due  to  the  high  stability  of  the 

perovskite network: the activation energy of reaction 4 was calculated to be 264kJ/mol [213] so 

high  temperatures  are  needed  to  break  out  the  SBT  network  and  reverse  the  reaction. 
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Consequently, in the presence of seeds, reactions 6-8 will occur in a reduced extension, probably 

limited to sites where diffusion processes may proceed easily like   possible cracks or pores of 

the thin film structure. 

V.3.Electrical properties of  seeded and unseeded SBT thin films

Figure 86 illustrates the effects of seeds on the polarization behaviour of the films. After 

heat treatment at the early temperature of 700ºC, ferroelectric behaviour is already displayed by 

both types of films but becomes improved with further heating. The remnant polarization of 

unseeded and seeded films has increased from 2Pr=6.7 and 2Pr=8.9 μC/cm2 ,  respectively, 

when the heat treatment was performed at 700ºC, to 2Pr=9 and 2Pr=16.2 μC/cm2  respectively 

when the  heat  treatment  was  carried  at  720ºC.  A relative  decrease  of  the  coercive  field  is 

observed for these last films. The properties of seeded films treated at 720ºC for 20 min are thus 

comparable to published results obtained after longer treatments (~1h) at higher temperatures 

(750-800ºC) [19][111][233][234]. 

Figure 86. Hysteresis loops of the unseeded and seeded SBT films annealed at different temperatures.
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(a)                                                    (b)

(c)

Figure  87. Hysteresis loops of seeded and unseeded SBT films prepared with different stoichiometries  at  
720ºC.

Figure  87  allows  to  compares  the  ferroelectric  behaviour  of  stoichiometric  and  non-

stoichiometric thin films. The enhancement of the ferroelectric behaviour as the Bi content of 

the thin film increases is clearly observed though the hysteresis loops of the non-stoichiometric 

films are strongly displaced (or shifted) mainly along the V-axis (see Figure 87.a and 87.b). 
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This may indicate space charge at the ferroelectric-electrode interface  [235][236][8].  The 

figure also confirms that the presence of seeds improves significantly the hysteresis loops of the 

thin films as the seeded samples show higher remnant polarization than their corresponding 

unseeded ones. The present polarization results are in line with the differences in the interface 

between seeded and unseeded films discussed before,  thus indicating  that  the thin film/Pt 

electrode interface is of great relevance for the ferroelectric behaviour of the SBT thin film. 

Figure 88. Fatigue behaviour of seeded (left) and unseeded (right) SBT thin films. Inset: the initial and final  
P-E measurements  at a maximum field of 240kV/cm are shown.

The fatigue properties of the synthesized thin films are shown in Figure 88. As can be seen 

the properties of both films do not deteriorate with the repeated switching and no evidence of 

fatigue is observed after 1010 cycles, allowing to consider that both films are fatigue-resistant. 

The  fatigue  measurements  were  conducted  at  12V  i.e.  240kV/cm  and  the  films  were 

polycrystalline and stoichiometric. In these conditions the obtained results are similar to those 

reported for SBT films obtained by MOD  [111][208][237][238]. 

Nevertheless, the seeded film exhibits  less fluctuations of the values of polarization when 

submitted to fatigue conditions. Another observed feature is the slight increase of the value of 

the polarization with the fatigue. The cause of this behaviour may rely in some sort of structural 

(domain  or  stress  related)  reordering  after  electrical  switching  [118][239].  This  structural 

reordering can include some interaction that involves oxygen  (by absorption or desorption) as it 

is known that bismuth is an element with several possible oxidation states that can be altered 
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electrochemically. This chemical explanation complete the physical explanation of the fatigue 

free behaviour of SBT explained by domain evolutions and the concomitant  stress variation 

described by Liu et al. [239] as been caused by the presence of the bismuth oxide layer.
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Figure  89. Frequency dependence of the dielectric permittivity (εr) of seeded SBT thin films having different  
stoichiometries. Inset:  stoichiometric dependence of the dielectric permittivity measured at 1kHz.

The dielectric characterization of the produced SBT thin films was also carried, either at 

room temperature or with increasing temperatures.  Figure 89 shows the dependence of the 

relative permittivity measured at room temperature on the frequencies for several SBT thin films 

prepared with different stoichiometries at room temperature.  As can be seen, the variation of 

the  dielectric  permittivity  as  the  film  composition  approaches  to  stoichiometry  follows  an 

improvement trend as does the ferroelectric polarization. Compared to the stoichiometric SBT 

having a permittivity εr~300, the remaining thin films have lower values of permittivity. The 

lowest value corresponds to the thin film with the higher stoichiometry deviation. The inset of 

figure 89 shows the dependence of the permittivity measured at 1kHz on the bismuth content 

of the samples. This inner graph shows that there exists a slope change at the Bi content of 1.7, 

which may indicate that some kind of critical point is located between 1.7 and 1.9. The study of 
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this vicinity can be important for the understanding of the chemistry behind the physics of 

dielectrics.
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Figure  90 Dielectric constant  (left) and losses (right) dependence with temperature of unseeded (up) and 
seeded (down) SBT thin films.

The curves of the dielectric constant versus temperature corresponding to  the seeded and 

unseeded SBT (Figure 90) reveal that seeded SBT thin films have slightly  higher dielectric 

permittivity than the unseeded ones, being these values lower than those reported for ceramics 

[70][240]. The Curie temperature of seeded (625ºK) is slightly higher then that of unseeded ones 

(610ºK) and for  films, being these values quite close to the ones reported ones ceramics [77]. 

The losses are similar low and similar in both cases.
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Unseeded SrBi1.5Ta2O9 Unseeded SrBi1.7Ta2O9

Unseeded SrBi1.9Ta2O9

Unseeded SrBi2Ta2O9 Seeded SrBi2Ta2O9

Figure  91. AFM analysis of the surface morphology of seeded and unseeded SBT films with different  
stochiometry.

The AFM images of the surface morphology of seeded and unseeded SBT thin films with 

different stoichiometries  are shown in Figure 91.  As observed more irregular structures are 
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shown  for  the  non-stoichiometric  and  unseeded  films  when  compared  to  their  seeded 

counterparts. In the first films the grain sizes are not homogeneously distributed, with big grains 

around 300 nm and some small grains around 10-20 nm while stoichiometric and seeded films 

show a relatively regular grain size distribution and an homogeneous surface microstructure. 

The rms (root mean square) roughness of the films was seen to be in the range of 5 to 17 nm 

without apparent correlation with the composition or the presence of seeds.

Local piezoelectric hysteresis loops of single grain in unseeded and seeded samples were 

measured by PFM. It was observed that seeded film always show higher remnant d33 coefficient 

values  than  those  of  unseeded  films.  This  behaviour  is  illustrated  in  Figure  92  where  the 

obtained typical local piezoelectric hysteresis loops for the seeded and unseeded stoichiometric 

films are presented.  Consistent  with the  above mentioned  results  is  the  assumption of  the 

inhibition of the reaction between film/Pt-layer by seeds which maintained the film composition 

within its stoichiometry and therefore superior electrical properties in microscopic region were 

obtained. 
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Figure 92. Local piezoelectric measurements of seeded and unseeded SBT thin films annealed at different  
temperatures.

V.4.Seeding effects on SBN thin films

The preparation of sol-gel solutions for SBN thin film deposition is based on the acetic/ 

ethanolic route described before. The nominal stoichiometry of these solutions and hence  of 
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the prepared films under discussion in the present chapter is Sr0.8Bi2.2Nb2O9. As already pointed 

out,  Sr0.8Bi2.2Ta2O9 has  been  often  reported  as  the  composition  showing  best  properties. 

Therefore  the equivalent SBN composition has been selected for the present study.

The DTA results  (Figure 93)  show that  seeded and unseeded SBN gels  ,  like  its  SBT 

counterparts  (Figure  78),  also have  broad exothermic  peaks  but  centred  within  a  narrower 

temperature range with a relatively sharp end at 600ºC, confirming also earlier findings by other 

authors  [241][242] using  aqueous  and  organic  gels  respectively.  In  both  cases,  seeded  and 

unseeded  gels,  the  crystallization  reaction  is  not  completed  after  this  exothermic  peak  as 

confirmed by X-Ray measurements (Figure 94.b- Temperature 670ºC). Full crystallisation of this 

material was observed above 700ºC (Figure 94.a) in agreement with the reports by different 

authors [243][244][245].  
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Figure  93 DTA of seeded and unseeded SBN gels obtained by drying SBN acetic acid/ethanol precursor  

solutions.

It is thought that the observed exothermic effect, besides the organics burnout also reflects 

the amorphous to fluorite phase transformation,  rather than a direct amorphous to perovskite 

phase transformation observed in this work for SBT materials. The amorphous to fluorite phase 

transformation was also observed for SBT by Sung and co-workers [246], while the fluorite to 

perovskite phase transformation was not evidenced. As after the burnout of organics only a 
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small quantity of reacting powders is collected from the DTA chamber, it is thought that this 

low  amount  of  powder  was  not  able  to  release  enough  heat  to  be  detected  by  the  used 

experimental set-up,  either in  the work by Sung and co-workers [220] or in the present work. 

Figure  94. Effect of the temperature in the evolution of the SBN crystalline phase: XRD obtained after heat  

treatment of the unseeded films performed at a) 700 and 720ºC and b) at 670 and 700 ºC (2θ = 25...37º) .

From these results it is hard to assign a particular role to the seeds in the crystallization process 

of SBN as both seeded and unseeded gels present a quite similar behaviour in the temperature 

range at which SBN crystallization is supposed to occurs.
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Figure 94.a)  documents the variation of the XRD patterns of unseeded SBN thin films 

heat treated at different temperatures. A first inspection of these results may suggest that the 

perovskite phase is formed at 700ºC, and that higher temperatures promote changes in the thin 

film  orientation.  Such  interpretation  would  contradict  the  results  by  several  authors,  thus 

requiring a deep study of the X-ray results to elucidate the possible doubts about the nature of 

the phase observed at 700ºC. The difficulties for correctly assigning the peaks appearing in the 

XRD patterns obtained at the different stages of SBT and SBN Aurivillius phase formation is 

due to the fact that the lattice parameters of the fluorite  and Aurivillius phases are related as (a, 

b, c) fluorite= (a, b, c/4.5)Aurivillius SBN(T) phase. 

A zoomed image (Figure 94.b) shows the details of the X-Ray 2θ scan in the range 25-40º 

for samples treated at 670ºC and 700ºC. As observed for the 670ºC heat treated sample, the 

peak appearing at 29.1º (which can be assigned to fluorite,  perovskite or pyrochlore related 

structures [247][248]) presents a lower intensity than that appearing at 33.01º. Although at first 

glance, in a full-scale X-ray pattern,  this second peak might be erroneously assigned to the SBN 

diffraction  occurring  at  32.4º  as  referred  by  the  PDF#49-0607 pattern  diffraction  file,  the 

zoomed image (Figure 94.b)  evidences another peak occurring  at 32.47º. 

Figure 95. Comparative X-Ray orientation of SBT and SBN thin films obtained from similar solution and 
identical processes.
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Taking into account the similarities of the cell parameters of the SBN fluorite and Aurivillius 

phases, it reasonable to assign the peak at 32.47º to the  [200/020] diffraction of the fluorite 

structure.  Furthermore, its is our opinion that the peak appearing at 33.01 (T=670ºC) can be 

more exactly assigned to the BiO2-x  [200] peak (32.7º, as referred in the PDF#47-1057  or 33.2º, 

as referred in the PDF#71-0465 pattern diffraction file). This may indicate SBN crystallization 

reaction is  still  incomplete  at this  temperature.  When temperature increases to 700ºC it  is 

thought that BiO2-x is incorporated in the fluorite structure thereby explaining the decrease of 

the peak at 2θ = 33.01. Further temperature increase to 720ºC allows complete crystallization of 

SBN which explains now the increase of the peak  2θ = 33.01 corresponding to [117] diffraction 

of perovskite.

Under the conditions employed here,  noticeable differences were observed between the 

crystal  orientation  of  unseeded  SBT  and  SBN  thin  films,  Figure  95  shows  the  observed 

differences in the crystallographic orientation of SBT,  seeded SBN and unseeded SBN thin 

films  prepared under the same conditions.  As seeded SBT films revealed XRD patterns similar 

to  those  of  the  unseeded  ones,  only  the  unseeded film is  here  presented for  comparative 

purposes. As can be seen, the peak [002] appearing at 2θ=7.025º is visible in both SBN thin 

films but not in SBT. The same behaviour is observed for the peak [004] at 2θ=14.082º. And 

finally the peaks [022], [117] and [0010] appearing in the region 2θ= 32…34º have different 

relative intensities  when compared with the most intense peak ([115], 2θ= 29.1º ), in SBT and 

SBN thin films. The introduction of seeds in SBN films did not alter significatively the evolution 

of XRD pattern with temperature. Instead, the relative intensity of some peaks at 720ºC denoted 

a low but noticeable change as compared to the corresponding ones in the XRD results of the 

unseeded SBN films.  

As  already  addressed  by  literature  reports,  the  dependence  of  the  orientation  on  the 

composition  variations,  for  both  SBN  and  SBT  materials,  is  an  issue  not  completely 

understood:  though SBT and SBN have  similar  crystal  structure,  the  orientation  and  the 

electrical  behaviour is  very different for each material.  For instance the SBN  c-orientation 

dependence upon Sr concentration was shown to be far more dramatic than in SBT. Besides, 

the dependence of the value of 2Pr on SBN Sr contents was proved to be much stronger than 

in SBT as shown in Figure 96 (taken from Watanabe et al.  [245], the three studied SBN films 

have compositions Sr/Bi/Nb = 0.7/2.2/2.0, 0.83/2.2/2.0, 0.92/2.1/2.0). 
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Figure  96. Variation of remnant polarization (2Pr) values with different Sr contents in SBN films  (180 
nm). Data of SBT films (180 nm) are also shown in this graph. Voltages applied to SBN and SBT were 7  
and 5 V, respectively. (After Watanabe et al.  [245]).

The  analysis  of  a  thin  film  chemical  composition  by  Rutherford  Backscattering 

Spectroscopy  (RBS)  after  a  crystallization  reaction  may  elucidate  the  interface  processes 

occurring during the reaction time. Table 4 shows the stoichiometric variation suffered by 

several SBN thin films compositions heat treated at different temperatures. 

Table 4: Stoichiometric variation for several SBN films treated at different temperatures.

Nominal stoichiometry Denomination Temperature Seeds RBS stoichiometry

Sr0.8Bi2.2Nb2O9 SBN1 620ºC No Sr0.62Bi2Nb2O9 (outer layer)

Sr0.73Bi2.8Nb2O9 (inner layer)

Sr0.8Bi2.3Nb2O9 SBN2 650ºC No Sr0.70Bi2.46Nb2O9

Sr0.8Bi2.3Nb2O9 SBN2s 650ºC Yes Sr0.70Bi2.37Nb2O9

Sr0.8Bi2.2Nb2O9 SBN3 750ºC No Sr0.72Bi2.45Nb2O9

Observing the RBS stoichiometry (calculated on the basis of RBS results) a depletion of Sr 

and Nb relatively to Bi is identified for  all the films, no matter the treatment temperature or 

the use of seeds.  This is interpreted as indicating that niobium and strontium diffuse in a 

larger extent towards the platinum electrode than Bi does. These results are in line with those 

of Kim et al.  [200] Who also found a diffuse interface in SBN thin films and the bottom Pt 

electrode either in rapid thermal annealed films or in conventional furnace annealed films at 

the two used annealing temperatures (700 and 800ºC, respectively). In the particular case of 

the  film  treated  at  620ºC  the  RBS  results  distinguish  two  regions  with  different  overall 

compositions:  a  Bi-rich  inner  layer  close  to  the  platinum layer  and a  Nb-rich  outer  layer 
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contacting the environing atmosphere. However, the mean  compositions of these two layers 

is also a bismuth rich composition (Sr0.67Bi2.4Nb2O9). No easy explanation can be given for this 

separation  into  two  very  different  layers,  and  further  studies  (using  TEM,  Augier 

spectroscopy, etc.) may help to elucidate this behaviour. 

Table 4 also demonstrates that the presence of seeds benefits the seeded film composition, 

as the seeded film presents the lower Sr and Nb depletion. The effect of the use of seeds in 

the preparation of SBN thin films  resembles that observed before for SBT thin films, i.e., the 

seeds behave as a barrier limiting the interdiffusion of the thin film and substrate elements 

(Figure  97  illustrates  some  of  the  referred  aspects).  For  this  reason  the  stoichiometric 

deviation observed in the seeded film is smaller when compared with the other samples under 

study. 

at
%

Figure  97.  Simulated  concentration  profiles  of  SBT thin  films  based  on PIXE/RBS analysis  

results.

In all the samples studied in this work the observed  final strontium/niobium ratio has a 

value around 0.7:2, which can be interpreted as an equilibrium ratio in the final Aurivillius 

phase,  being  consistent  with  the  non-stoichiometry  of  the  good  quality  SBT  thin  films 

reported in the literature  [21][232][245][249].  It is known that elevated contents of bismuth 

deteriorates  the  ferroelectric  properties  of  SBT,   particularly  for   bismuth  stoichiometries 

above 2.3 in the system SrxBi2.3+yTa2O9 [232][249][250]. Moreover, it seems that this bismuth 

excess  is  more detrimental  when the Sr/Ta ratio  approaches  1:2  than when Sr  /Ta stays 

around 0.7: 2. In the case of niobium the selected nominal stoichiometry corresponds to the 

ideal one for SBT systems, but the ferroelectric characteristics of these SBN thin films (Figure 
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98) are not as good as those observed for SBT thin films. Even though higher values of 

polarization are observed for unseeded SBN films (2Pr value ~17μC/cm2 ) and the fact that 

SBN seeds improve these values (2Pr ~s 22μC/cm2), much less squared loops are observed in 

both cases.   
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Figure 98. P-E hysteresis loops of the unseeded (left) and seeded SBN thin films.

The poor quality of the obtained SBN thin films when compared with the SBT ones can 

be explained partially by the effect of the bismuth excess explained before. However, a second 

factor to be considered: during years the difficult of separation/isolation of niobium from 

tantalum, the similar oxidation states and similar reactions and products, have fed the idea that 

the chemistry of these two elements can be considered as essentially equal. However, Ueda et 

al.[251] have found differences in the chemical behaviour of Pt-MOx and  Pt-MOx/C (M= 

Nb,  Ta)  catalysts  that  can be  only  explained if   morphological  differences  related  to  the 

contact between Pt and Nb- or Ta-oxides are considered. These Pt-MOx contact is modified 

when a third specie (in this case carbon) is modifying the structure. A similar phenomenon 

may  occur  in  the  case  of  SBT  and  SBN  thin  films  but  further  evidences  are  required. 

Moreover,  an earlier  theoretical  work on the SBT and SBN cells  from Miura and Tanaka 

[252],   using  a  discrete  variational  cluster  method  has  demonstrated  a  higher  covalent 

character in the Nb-O bond when compared with the Ta-O bond. The different covalent 

character  of the Nb-O bond when compared with Ta-O bond may alter the whole electronic 

density  distribution  in  the  unit  cell,  but  further  work  is  needed  to  clarify  its  role  in  the 

conductivity in the shape of the ferroelectric hysteresis loops. 
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The SEM micrographs of the prepared  SBN films presented in Figure 99 show  worm-like 

grains for both unseeded and seeded films. However bigger grains are observed for the seeded 

ones. The cross-sectional view of the seeded films does not show any separation between the 

seeds (deposited as first layer) and the remainder film. This full integration of the seeds into the 

film structure  was also observed for SBT thin films obtained in this work when using this 

seeding procedure.

Figure 99. SEM micrograph of unseeded (left) and seeded (right) SBN thin films. In the centre a cross-section  

view of the seeded film is showed.

Figure 100 shows the AFM images obtained for selected SBN thin films. As already noticed 

for SBT thin films, the surface morphology of seeded films was generally more uniform than 

that corresponding to the unseeded ones. The local piezoelectric loops presented in figure 101 

reveal a clear hysteretical behaviour of d33 coefficient which squareness seems improved in 

seeded thin films. These local properties reflect the benefits of seeds which decrease interface 

reactions between the bottom layer and the thin film as previously demonstrated.

According to the literature working with SBN films by MOD has proved to be very hard, 

as oppositely to over a hundred reports of good quality SBT thin films. Good quality SBN films 

(in terms of ferroelectric properties) are scarcely found in the literature [20][204][238][245][253]. 

Similarly,  several  attempts  to  grow  SBN single  crystals  with  measurable  good  ferroelectric 

properties were only a partial successful task  [254]. Nevertheless, the ferroelectric properties 

shown in the present work are in agreement with some of the best results previously reported 

[20][204][238][245][253]. 

One possible reason explaining the difficulties for obtaining SBN thin films with better 

ferroelectric properties may be related with the substrate, as it has been suggested that SBN thin 
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films can not grow appropriately on Pt substrates. In two  similar works, Mercurio and co-

workers have deposited SBN on RuO2 [243] and Pt [244] electrodes obtaining different results: 

in the case of rutenium oxide the ferroelectric presents less conductive characteristics than in the 

case of the metal electrode. This is an evidence that interface phenomena play a relevant role in 

the electrical behaviour of the film. Other possible alternatives for the bottom electrode must 

include: IrOx  [255], LaNiO3 [256], PtRh and PtRhOx [257].

Figure 100 AFM analysis of the surface morphology of unseeded(left) and seeded(right) SBT films.
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Figure  101 Local  piezoelectric  measurements  of  seeded  and  unseeded  thin  films  made  with  different  

processes.
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V.5. Doped SBT thin films.

As was expressed in Section I.2.1 in the structure of SBT and SBN the number of polar 

axes is considered to be 2 [18],  that is why a careful control of the orientation is needed in order 

to  obtain  reliable  ferroelectric  properties.  However,  as  already  referred,  breaking-off  the 

symmetry constrains in order to produce local inhomogeneities must improve the ferroelectrics 

characteristics.  These  local  inhomogeneities  can  be  obtained  altering  the  stoichiometry  or 

doping the compound. Here the effect of several cations substituting the pseudoperovskite A 

and B sites will be analysed. As early studies on doped systems have include all the possible 

alkaline-earth substitution for  Sr2+ site the interest to repeat such experiments is not addressed 

here.  Rather,  as  will  be seen,  non-isovalent  substitutions  on the referred sites  was done to 

explore  the  capabilities  of  charge  deficiency  or  excess  for  improving  the   ferroelectric 

characteristic. 

IV.3.1.Doping with monovalent cations

The monovalent cations Na+, K+, Ag+ were selected for this study  because of the low 

melting point of its oxides, with the idea that they can help to promote a liquid phase allowing 

better cation diffusion and lowering the formation temperature of SBT. A similar study was 

carried for SBN ceramics by Wang, Fang and Zhu [216]. These authors included a 10% weight 

of Ag2O in their stoichiometric powders to promote low temperature crystallization. To the best 

of our knowledge no doping studies involving monovalent cations in SBT A-site have been 

reported so far.

The doping  procedure  consisted on a 10% mole  substitution  of  Sr  precursors  by  the 

respective nitrates of potassium, silver and sodium. The precursor solutions were prepared by 

the acetic/ethanolic method. The basic nominal composition to be doped was Sr0.8Bi2.2 Ta2O9 as 

this is the SBT composition with best properties [21][232][245][249]. DTA results of the doped 

gels are shown in Figure 102. In the case of potassium doped the exothermic effect seems to 

finish at lower temperature when compared with Ag or undoped samples. When comparing the 

XRD results of these samples, it seems that doping with Ag+ and K+ (Figure 103a) lowers the 

temperature formation of SBT, being the peaks sharper in both cases when compared with the 

undoped sample. The DTA results of the sodium doped sample were not included in the figure 

because they are  very similar to the potassium-doped sample. This is not surprising as it is 
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known  that the oxides Ta2O5 and Nb2O5 may be easily dissolved in a mixture of sodium and 

potassium carbonates. 

Figure 102. DTA results for M+ doped SBT thin films (M+= K+, Ag+).

The X-Ray studies of the monovalent cations doped thin films are shown in Figure 103. 

Ag-doped films are highly  c-axis oriented when compared with Na+ and K+ doped and with 

undoped thin films. The reason for this behaviour is unclear, although some type of favoured 

inter-diffusion between Bi, Ag and Pt may occur with some effects on the geometry of the 

affected substrate and consequently on the growth of the film. The results here presented are 

opposite to those of  Wang, Fang and Zhu [216] who found that after the addition of AgO to 

SBN ceramics,  silver  was  reduced  as  indicated  by  a  silver-related  XRD peak,  observed  at 

approximately 2θ = 65º. The present results suggest that Ag+ integration into the SBN structure 

is fully achieved. 

In the case of Na-doped films a second unknown phase is observed. The results can be 

understood if it is taken into account that sodium salts absorb water from the air. Even though 

the  sodium acetate  used  in  this  work  was  desiccated,  minor  amounts  of  water  may  have 

remained  in  solution.  This  water  can  cause  the  formation  of  Ta(OH)5 (and its  desiccation 

product Ta2O5) or  perhaps  some other phase related with the fast hydrolysis of Ta5+ and of 

Bi3+, as Sr2+ is soluble in this medium and must remain in solution. 
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Figure 103. XRD of the undoped and monocation  (Na+, K+, Ag+)  doped SBT thin films annealed at 720ºC.

The SEM images of  the  doped films (Figure 104) show different results:  whereas the 

doping with Ag+ and K+ elongates the grain when compared with the undoped sample (see for 

instance Fig. 82, page 130) doping with Na+ produces exactly the opposite behaviour, promoting 

Sr0.7Na0.1Bi2.2Ta2O9 Sr0.7Ag0.1Bi2.2Ta2O9 Sr0.7K0.1Bi2.2Ta2O9

Figure 104:  SEM micrographs of the top surface (up) and the side view (down) of selected monocharged  
dopants.
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a more spherical shape of the grain. The cross-sectional view shows apparently dense films with 

homogeneous thickness.  

Ferroelectric measurements of the films doped with the monovalent cations Ag+ and K+ 

cations are shown in Figure 105.  As can be seen in the case of the Ag-doped films the value of 

remnant  polarization (Ag-doped,  2Pr ~14μC/cm2;  K-doped,  2Pr ~12μC/cm2;)  is  improved 

when compared with the unseeded stoichiometric SBT films (2Pr ~10μC/cm2 ,see for instance 

Figure 86, page 139). Lower coercive fields are found for the doped films when compared with 

the  undoped ones  (Ec= 50kV for  Ag-doped film,  Ec= 40kV for  K-doped film and Ec= 

75kV/cm for unseeded film).

The  remnant  polarization  measured  at  higher  electric  fields  (i.e.  until  E=300kV/cm) 

applied to the same films (Figure 106) shows little improvement of the remnant polarization 

obtained  at  lower  field.  In  this  case  the  values  obtained  for  the  K+ doped  film  is 

2Pr~15μC/cm2, and for the Ag+ doped film 2Pr~13μC/cm2.  In any case this is better than the 

results obtained for undoped-stoichiometric films (Pr=10μC/cm2).  The enhanced polarization 

of the  Ag and K doped films may be explained as being due to an increase of the cell parameter 

as the ionic radius of these monovalent cations is larger than that corresponding to strontium 

cation (rAg = 1.42 Å,  rK = 1.65 Å, rSr = 1.32 Å). Accordingly, this increase of the size of the 

crystalline cell would be reflected in a higher atomic displacement of the cell atoms and, as a 

consequence, in a higher value of the polarization [70][72][74].
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Figure  105 Ferroelectric hysteresis loops of Ag-doped (left) and K-doped (right) SBT thin films (5V are  
equivalent to 100kV/cm).
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The film doped with the small-radius cation Na+ apparently has not ferroelectric properties. 

However, as stated before there exist a second factor that must be taken into account as sodium 

salts absorbs water from the air, and in this way it is thought that some amount of water remains 

in solution causing the formation of Ta(OH)5 and after dehydration, Ta2O5 which is a good 

dielectric oxide but not ferroelectric.  Another possibility is the formation of a second phase 

involving Bi3+ and Ta5+ with the same effect on the properties.  
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Figure 106. Ferroelectric hysteresis loops of monovalent cation-doped and undoped SBT thin films. 

The effect of cation hydrolysis on the deterioration of the ferroelectric properties of SBT 

can be seen in detail in the work of Kato  [134] which showed that small quantities of water 

(partial hydrolysis) in the precursor solution leads to poor (or not) ferroelectric properties in 

SBT thin films. It is necessary to clarify that this assumption was not raised by the organoleptics 
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characteristic  of  the  solution,  because no flocculation  or precipitation was observed in this 

precursor solution. 

Figure 107 shows the temperature dependence of the dielectric constant and the associated 

losses for the K-doped films. TC is observed around 550ºK (277ºC) where a maximum dielectric 

constant of 300 occurs at 10kHz. The losses below TC stay below 0.1 but afterwards raise with 

the temperature increase.  K+ induces a decrease of TC, from 600K to 550K (Figure 109). As 

referred before (Chapter I) when Sr is  substituted by a larger ion as is  the case of Ba2+,  a 

decrease of TC is  observed. The same tendency is here reported for K+ which ionic radius also 

exceeds that of Sr2+. In the present case  and in line with the previous arguments it is suggested 

that the substitution of Sr2+ by the larger and less positive cation K+ induces a distortion in the 

SBT structure which is smaller and opposite to that existing in non-substituted SBT compound. 

This less distorted structure has thus a lower transition temperature (TC).
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Figure  107.  Dielectric constant  (left) and losses (right) dependence on temperature for K-doped SBT thin  
films.

The comparison of the dependence of the dielectric constant with temperature measured at 

10kHz among unseeded, seeded and K doped SBT thin films is shown next (Figure 108). From 

these measurements it is concluded that potassium doped thin films show the higher dielectric 

constants. Although the transition temperature is comparatively displaced to a lower value.. 
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Figure 108. Comparison of the dependence of the dielectric constant with temperature  for several doped, seeded  

and unseeded films, measured at 10kHz.

IV.3.2. Doping with hexavalent cations

Another goal of the present work was to exploit the effects of B-site donor-dopants. W6+ 

ion was thought to be a convenient choice for the following reasons: i) W6+ has a higher charge 

and a lower ionic radius when compared to Ta5+. Thus,  having a higher charge density, Ta5+ 

substitution by W6+ is then supposed to induce some shrinking on the oxygen octahedra  which 

might induce benefits  on the ferroelectric  behaviour of the substituted oxides ii)  W is  also 

known  to  form  Aurivillius  compounds.  For  this  reason  Bi2WO6-  and  Bi2W2O9 precursor 

solutions were prepared by the acetic/ethanolic method and used for doping purposes. The 

dopant concentrations were fixed at 5 and 10% molar. The DTA analysis of the doped gels 

shows a behaviour similar to that of the undoped one as typified in Figure 109. These results are 

expected as the reported temperature for the formation of Bi2WO6 [258] and Bi2W2O9 [259] thin 

films are very close to those of SBT thin films. 

The XRD results of the doped thin film are very similar to those corresponding to SBT 

thin films, without any indication of second phases or variation of crystallographic orientation. 

The ferroelectric properties  of W-doped thin films are shown in Figure 110. The W-doped SBT 

thin films here obtained do not show enhanced values of remnant polarization: in fact their 2Pr 

values are even lower than those corresponding to stoichiometric SBT thin films. However,  as 

expressed in Chapter I, a remnant polarization of around  1.0μC/cm2 may be  enough to make 
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the materials useful for NV-FeRAMs. In these doped films the property deserving to be stressed 

is  the coercive  field  which  decrease   by  the  W-doping  from 50kV/cm to ~35kV/cm (for 

Bi2WO6 doping). This result is partially in line with the coercive field reduction in W-doped 

Bi3.35La0.75Ti3O12 observed by Wang and Ishiwara [260] when compared with the undoped BLT 

thin films. For this reduction of the coercive field may contribute the smaller octahedral radius 

of the W6+ when compared with the radius of Nb5+ and Ta5+.  This smaller radius may help the 

tungsten ion to move between the two equivalent ferroelectric equilibrium positions  (see Figure 

4, page 9).  

Figure 109: DTA results of W doped (10% molar) and undoped gels.

For comparative purposes figure 111 shows the P-E hysteresis loops of pure Bi2WO6- and 

Bi2W2O9 thin films obtained by depositing the same tungsten precursor solution used to dope 

the  SBT  thin  films  on  Pt  substrate.   As  can  be  seen  the  ferroelectric  hysteresis  loops 

corresponding to both oxides have a very poor quality with low remnant polarization and very 

large  coercive  fields.  There  exist  few  reports  on  the  ferroelectric  properties  [261] or 

luminescence  properties  of  Bi2WO6 [258] and  Bi2W2O9 [259].  However  the  reported 

polarization for these films was as low as Pr= 0.2 μC/cm2  [261].
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Figure 110. Ferroelectric hysteresis loops of SBT (up) and tungsten -doped SBT (down) thin films (5V are  

equivalent to 100kV/cm).
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Figure  111. Ferroelectric hysteresis loops of Bi2WO6- and Bi2W2O9 thin films  (5V are equivalent to  

100kV/cm).
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As a final conclusion of the present study, it was shown that K, Ag and W dopants are 

adequate elements for improving some of the properties  of SBT thin films:  K and Ag are 

suitable for increasing the value of the remnant polarization while W is recommended to lower 

the value of the coercive field.
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C h a p t e r  V I .

FLUORITE VERSUS PEROVSKITE  CRYSTALLIZATION:  A THEORETICAL 
STUDY

VI.1.Introduction

Generally the preparation of SBT thin films by chemical route requires the deposition of a 

precursor  chemical  solution  on  a  selected  substrate  followed  by  heat  treatment  for  the 

crystallization of the perovskite phase. The precursor solution, the substrate and deposition step 

may be viewed as sets of experimental variables accounting  for:

i) the  type  of  chemical  components  (organic  and  inorganic  reagents,  solvents, 

additives) and respective proportions, in the case of the precursor solution.

ii) the  constituent material and crystallographic orientation of the substrate, buffer 

layer and bottom electrode, in the case of the substrate. 

iii) the spinning  rate and time or the dipping and withdrawal rate, depending on if 

spinning or dipping is the used deposition method.

The results discussed in chapters IV and V reflect the interplay of the particular conditions 

respecting the variables in the present work. As for the heat treatment itself it is also a source of 

experimental variability. Effectively it may be referred that two different heating methods, the 

Conventional Furnace Annealing (CFA) and the Rapid Thermal Annealing (RTA) have been 

reported  as  the  most  frequently  used  ones.  CFA consists  on  heating  at  low heating  rates, 

typically less than 20º/min, in an electrical furnace, while RTA may be described as a heating 

treatment under heating rates exceeding 100ºc/sec, usually using infrarred radiation.

Several  advantages  of  RTA for  SBT thin  film crystallization  have been often reported: 

besides the short processing times, better ferroelectric properties have been referred for the 

RTA processed materials  [130][262].   For the case of  Pb(Zr,Ti)O3 (PZT) thin films which 

exhibit similar RTA benefits, Dang and Gooding [262][263] have proposed two related  Landau 

Free-energy models to describe the perovskite formation reaction by RTA, trying to account for 

the phase purity  and electrical  properties  differences between RTA and CFA obtained thin 

films. While reproducing the experimental trends of perovskite formation by RTA [264], their 



Chapter VI- Theoretical Arrhenius studies 170

models  based  on  long-ranged  interactions  does  not  clarify  the  differences  between  the 

reactions under analysis,  i.e.  reagents-to-perovskite  versus reagents-to-fluorite  crystallization 

reactions. Moreover CFA crystallization doubtly fit into the proposed model. In the course of 

the present work some attempts were made for improving the characteristics of the CFA 

produced thin films though the  properties  of  the  so produced films stayed behind those 

reported for RTA processed films  [130][262][265].  It  has been claimed that the properties 

improvement by RTA is the results of the thin film microstructure control achieved by this 

method [266]. However the exact way such microstructure benefit is reached remains obscure 

to date. Another issue to be clarified is the reason why the very high heating rates implied in 

RTA process  should  improve  or  speed-up  the  desired  crystallization  reactions  while  not 

affecting side reactions.  The main purpose of this study is to develop a model that keeping the 

advantage of simplicity might explain the crystallization reaction processes occurring in both 

CFA and TFA annealing methods, with the objective to understand the differences in the 

synthesis and properties of Aurivillius compound prepared by CFA and RTA. 

VI.2.Theoretical considerations

In the synthesis process of SBT at least three crystalline phases have been found. These 

are the fluorite, the perovskite and the pyrochlore phase. The first one has been considered 

to be an intermediate for the formation of the perovskite phase [73]. The pyrochlore phase 

has been observed in overheated samples and is attributed to bismuth volatilization. The 

present work will be focused on the transformations leading to the fluorite and to perovskite 

phase.

From thermodynamic and kinetic points of view, two possible situations may arise during 

the reaction of raw materials for producing SBT. These situations implies three definite species 

with different potential  energies,  as  illustrated in Figure 113.  The specie  A is  an unstable 

reactive complex, B is the fluorite phase and C is the perovskite phase. 

By the solid-line curve (Fig. 113) two processes are represented:   A→ B describing the 

reaction pathway from the reactive complex towards the fluorite phase and B→ C applying to 

its consecutive transformation into the perovskite phase. Accordingly, the B concentration will 

be decreased by the B→ C subsequent process.
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According to Kwak and Sung who studied the phase formation kinetics in SBT thin films 

using CFA, the reaction pathway A→ B→ C  [73][267] was effectively probed. Moreover the 

activation energy for SBT crystallization in thin films evolved from a fluorite phase previously 

obtained at 600ºC was measured as 264 kJ/mol. 

Figure 112 Variation of Potential Energy (Ep) versus reaction coordinates for two possible mechanisms  

of SBT perovskite phase formation by CFA or RTA. Detailed explanations are offered in the text.

Whether the pathway A→ B→ C  occurs when the samples are submitted to RTA has 

not  been clarified  yet.  However  one  may suspect  it  to  occur  due to the  worse  electrical 

properties and morphology differences which distinguish the two step RTA treated films (a 

first RTA step at 550ºC followed by a second RTA step at 650ºC) from a single step treatment 

at 650ºC by RTA [206]. This point of view is further strengthened if the observed differences 

between CFA and RTA-one step heat treated thin films [265] are attributed to this mechanism. 

The dashed-line curve A→  C represents a direct pathway from the reactive complex to 

perovskite phase, being this the case when no fluorite phase is detected (single step RTA heat 

treated samples)[268].  Following the above reasoning, the observed differences between CFA 

and one step-RTA heat treated thin films can be attributed to different reaction mechanisms.
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Generally the Arrhenius formalism may be used to describe the temperature dependence 

of any chemical reaction rate [269]. For a first order reaction X→ Y it may be stated that the 

rate of transformation of reagents into products (vX-Y) is given by:

v X−Y=−dC X t  /dt=dC Y  t /dt=k X−Y∗C X  t (Eq VI.1)

 where CY(t) and  CX(t) are the product and reagent concentration at time t and kX-Y is the 

Arrhenius constant.  kX-Y may be expressed as: 

 

k X−Y=AX−Y∗e
−Q X−Y

RT
(Eq. VI.2)

where  AX-Y is a factor depending on the mechanism of the  reaction X→Y,  QX-Y  is the 

reaction activation energy which  is  equal to the energy gap between the state X and the 

activate complex X-Y, R is the gas constant and T is the absolute temperature. 

Defining the conversion ratio of the specie X, rX as:

r X=
[C X 0−C X t ]

C X 0
(Eq. VI.3) 

where CX(0) and  CX(t) stand for the reagent concentration at a time 0 and t, respectively, it 

may be stated that

dr X
dt

=− 1
C X 0

dC X t 
dt

(Eq. VI.4)

Taking equation VI.1) into account we may rewrite equation VI.5) as

dr X
dt

= 1
C X 0

∗k X−Y∗C X t dt (Eq. VI.5)

Or , for a finite and small time variation and substituting equation VI. 2)

∆r X−Y=AX−Y
C X t 
C X 0

∗∆ t∗e
−Q X −Y

RT  (Eq VI.6)

where ∆rX-Y is the conversion ratio relative to a given amount of the reactive complex (X) into 

the specific product (Y).
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For a consecutive reaction scheme X→ Y→ Z one may define a net conversion of X (into Y), 

(here shortly called as NetΔrX-Y ) as:

NetΔrX-Y= ΔrX-Y – ΔrY-Z      (Eq VI.7) 

 ΔrY-Z may be calculated by applying equation VI.6 to the reaction Y→ Z.

Similarly for the coupled reaction scheme (  X→ Y→ Z plus  X→ Z ) one may define a net 
conversion of X (into Z ) as 

   NetΔrX-Z= ΔrX-Z + ΔrY-Z      (Eq VI.8) 

   ΔrX-Z and  ΔrY-Z are both calculated through  equation VI.6

The universal application of the Arrhenius classical formalism has been demonstrated by 

studies so widely different as the phase formation kinetics in SBT thin films obtained by CFA 

[73][246][267] or the grain growth kinetics in CaTiO3:xFeO aggregates [270]. 

For the sake of establishing some realistic starting assumptions to support the Arrhenius 

based reactions modelling to undertake in the present work, some experimental facts  [111] 

[265][270][271][268][267][220][73][246]  will be analysed as follows: 

1. The process  A→ B effectively occurs in CFA as the fluorite phase B is visible after 

short reaction times [267][73], though not reported until now in RTA. As mentioned 

before, the reported differences between single step and two step RTA crystallization 

support the assumption that the process  A→ C is predominant in single step RTA 

treated samples [268][265] whereas  A→ B→ C may occur in a significant extent in 

the   two step  heated samples  [270][268][267][272][73].  This  does  not  exclude  the 

simultaneous competing reaction A→ B→ C in a one step heated sample. Therefore 

in the two steps RTA treated samples  A→ B and then  B→ C are presumably the 

occurring transformations as in CFA treated films [267][73][246].

2. Based on the fact that the starting temperature of the formation of the fluorite phase B 
is lower than that respecting the formation of the perovskite phase C (600ºC versus 

700ºC [267][73]) it is assumed that the activation energy of the process leading to the 

fluorite phase (QA-B) is lower than the activation energy needed for the formation of 

the perovskite phase QA-C or QB-C (for processes A-C or B-C, respectively). 
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3. As in  RTA the  crystallization  of  the  perovskite  phase   C is  completed  at  650ºC 

(compare with 600ºC for fluorite formation in CFA) no fluorite (B) being left, it may 

be concluded that the AA-B factor is lower than the AA-C factor.  

4. As  the  fluorite  phase  is  observed  when heat  treatments  are  performed using  low 

heating rates and during short times, the factor AB-C is though not to exceed the AA-C 

factor. 

The above considerations  allow to stablish the necessary inputs  for  the comparative 

studies here described. The simulations that are going to be undertaken include: 

i. The  coupling  of  the  reactions  A→ B→ C and  A→  C.  The  interest  of  this 

coupling  is  to  account  for  parallel  reaction  mechanisms in  the  formation  of  the 

Aurivillius  phase  i.e.  to  not  exclude  the  possibility  of  competing  chemical 

mechanisms that can be favoured by the used heating rate. This coupling will  be 

called the complex process.

ii. The coupling of the reactions A→ B and A→  C. In this case it is considered the 

formation of a sub-product that is unable to react. If existing, this mechanism only 

applies to RTA as in CFA the B→  C reaction was observed [246]. This coupling will 

be called the simple process.

The Arrhenius equation was written into a C language program. The modelling procedure 

was  time-driven,  with  time  steps  of  0.1seconds.  Following  the  experimental  conditions 

currently  reported,  the  heating  rate  was  fixed  as  100ºC/s  for  RTA  simulations  until  a 

maximum temperature of 650ºC, followed  by a dwell at 650ºC during the necessary time to 

complete the reaction, according to the usually reported experimental values [268]. For  CFA 

simulations a heating rate of 5ºC/min. was assumed until achieving a maximum temperature of 

720ºC, followed by a dwell at 720ºC during  the time required for completing the reaction 

[267][246].  The main steps of the modelling are illustrated by the diagram presented in figure 

114.

The necessary data for pursuing the modelling were obtained from the literature,  QB-C= 

264 kJ/mol [267][246], or settled as follows:QA-C is assumed to be nearly the same as QB-C in 

spite of the higher temperature of the B→ C process and of its dependence on the  A→ B 
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process to occur. Taking into consideration that the fluorite phase formation is completed at 

650ºC in CFA experiments,  which is 100ºC lower than the temperature of the complete 

crystallization of the perovskite phase, the value of QA-B was set to 164kJ/mol. This was made 

in order to keep approximately constant the ratio Q/RT at the beginning of each reaction. 

This value somewhat arbitrary is used for a first cycle of calculations. The impact of such 

arbitrariness on the modelling results will be later accessed by varying the QA-B value.

The value of AA-C was estimated by substituting in the kinetic equation (eq. VI.6) the 

activation energy (Q=264kJ/mol) and  temperature (T=700ºC) for a conversion rate of 50% 

(r=0.5 and CX(t)=0.5), with values of  Δt = 0.1sec and CX(0)=1.0 . The AB-C or AB-C  values 

were  set  to  be  10  or  50 times  smaller   than AA-C based on the  considerations  discussed 

previously.  The values of the constants used and the nomenclature of the simulations are 

detailed in Table 5.

Table 5 Nomenclature of the experiments and input data used in the modelling study.

Reaction 
schemes

Name A Q  (kJ/mol) Name A Q (kJ/mol)

Simple 
Process

RTA-S1 AA-B= 10-4

AA-C= 10-3

QA-B= 164 

QA-C= 264 

CFA-S1 AA-B= 10-4

AA-C= 10-3

QA-B= 164 

QA-C= 264 
RTA-S5 AA-B= 10-4

AA-C= 5*10-3

QA-B= 164 

QA-C= 264 

CFA-S5 AA-B= 10-4

AA-C= 5*10-3

QA-B= 164 

QA-C= 264 

Complex 
Process

RTA-C1 AA-B= 10-4

AB-C= 10-4

AA-C= 10-3

QA-B= 164 

QB-C= 264 

QA-C= 264 

CFA-C1
AA-B= 10-4

AB-C= 10-4

AA-C= 10-3

QA-B= 164 

QB-C= 264 

QA-C= 264 

RTA-C5
AA-B= 10-4

AB-C= 10-4

AA-C= 5*10-3

QA-B= 164 

QB-C= 264 

QA-C= 264 

CFA-C5
AA-B= 10-4

AB-C= 10-4

AA-C= 5*10-3

QA-B= 164 

QB-C= 264 

QA-C= 264 
Note: C stands for complex process, S for simple process; RTA for Rapid Thermal Annealing and CFA for  

Conventional Thermal Annealing 
To avoid the problems of mathematical rounding,  the model sets to 1 the probability of 

the reaction occurrence when the value of the ratio Q/RT is lower than  35. In other words, 

the reaction is allowed to start at a temperature which is  25ºC below the usual temperature 

used in all the experimental work here mentioned (see by instance [268]and [246]). This is a 

rational  approximation,  as  this  value  is  ~31 when Q=264 and T= 725ºC (conditions  for 

A
B

C

A
B

C
C
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perovskite  crystallization),  or  ~26  when  Q=164  and  T=  550ºC  (conditions  for  fluorite 

crystallization).

Figure 113 Flowchart of the algorithm used in the modelling calculations.

The end of the reaction is  assumed to be reached when the cumulative sum of the 

conversion ratios produced by all reactions is greater than 0.99 (∑ n
i=1∆ri >0.99) or the sum of 

the species formed in the last  step plus the cumulative sum is  greater  than 1.0  (∑  n
i=1∆ri 

+∆rn+1>1.00). 
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No
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chemical reactions
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Initial, Final Temperature
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Activation Energies 
& velocity constants 
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End

Calculate:
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Calculate: 
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The samples CFA-Sn are included for testing the suitability of the model mainly because 

the absence of the reaction B→ C may contribute to a large increase of the final concentration 

of B contrarily to what is experimentally observed [73][267]. As the  time spent by the system 

to evolve from 650ºC to 750ºC at the normal heating rates employed in CFA experiments (5-

10ºC/min) is longer enough to guarantee the complete transformation of the reagents into the 

specie  B  before  A→  C  becomes dominant, the necessary conditions for testing the model 

suitability are thus ensured . A flowchart of the algorithm used is displayed in Figure 111.

VI.3.Modelling results

In specific instances of the next discussion both terms “conversion” and “concentration” 

will  be used to refer the modelling results under analysis.  The reasons behind this are the 

following: some results are better explained by using the concept of “conversion” while other 

results demand the concept “concentration” for purposes of comparing data with literature. 

The legitimacy for such equivalence of terms may be explained as follows: for two parallel 

reactions  X→ Y plus  X→ Z,  with associated conversions rX-Y and rX-Z, the quotient of the 

final  conversions  is  a  normalized  fractional  amount  (“concentration”)  of  Y  in  Z: 

C Y =
Δr X−Y

Δr X−Z
=
Y t 
X 0

∗
X 0
Z t 

=
Y t 
Z t 

. 

The results respecting the simulation of RTA are shown in Fig. 114. For the case of the 

simple process  (RTA-S1,S5)  the conversion of  A into B  increases linearly  with the time 

whereas in the case of the complex mechanism (A→ C plus A→ B→ C) this tendency is no 

longer observed as the process B→ C takes place. This last reaction originates B consumption 

which is reflected in a slow down of the net conversion to B. As for the perovskite phase (C), 

it is observed that the conversion to C exhibits a very fast initial growth due to the conjugation 

of fast reaction kinetics with a fast temperature increase followed by a linear increase tendency. 

It is noteworthy that in the case of a slow reaction rate (A→ C) for the processes (RTA-S1 and 

RTA-C1), high degrees of A transformation into B are achieved for the simple process (A→ C 
plus A→ B) while for the complex mechanism (A→ C plus A→ B→ C) the positive variation 

of the conversion of A into B due to A→ B runs in parallel to the conversion of B into C due 

to B→ C despite  their  different activation energy values. Therefore the net conversion of A 
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into  B  does  not  vanish. The  different  rates  of  both  B  production  and  B  consumption 

processes are evidenced by the positive inflection of the  Net ΔrA-B  curve.
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Figure  114 Arrhenius simulation of a RTA processing: upper graphs stand for the simple model and  

bottom graphs for the complex model.

The comparison between RTA-S1,C1 and RTA-S5,C5 shows that in the second set of 

processes (RTA-S5 and RTA-C5) the conversion into C achieves a final value of 1 after 2x102s 

which is 1/5 of the time required by the first set of processes (RTA-S1 and RTA-C1) for 

allowing equivalent values of  conversion  to be reached.  This reflects the relation between 

their respective AA-C values, i.e.  AA-C (1) = 1/5 AA-C (5). In the RTA-S5 case the final value of 

the conversion of A into B and thereby of the final B fractional amount is approximately 2x10 -

2  whereas it  is  approximately  8x10-2  for RTA-S1,  which is  an amount detectable  by XRD 

analysis. This fact rules out the model RTA-S1 as an acceptable one as no RTA experiments 

have reported the presence of a second phase; thus if  second phases exist their concentration 

must  be  below the detection  limit  of  the  X-Ray Diffraction  analysis  equipment  which  is 

generally around 5%. Though the elapsed time for the reagents to be converted into products 

in RTA-S1 is comparable with that experimentally reported [Jiménez2002], the equivalent time 

respecting RTA-S5 is too short to be accepted as a real one thus disqualifying this second 

model. These two arguments (reaction time and final value of fractional fluorite amount) seem 
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to indicate that the description of the reaction by a simple mechanism (RTA-S1,S5) is not fully 

correct in any of the two RTA cases. 

For the RTA-C5 and RTA-C1 (complex) processes the final values of the net conversion 

into B are very small (~3x10-4 and ~10-3 respectively), almost negligible, being thus compatible 

with the absence of second phases in the reviewed literature  [142][268]. The reaction time 

corresponding to the RTA-C5 mechanism is too short when compared with the experimental 

ones  [268].  Therefore  the  RTA-C1  mechanism  seems  to  be  the  most  suitable  one  for 

describing the rapid thermal annealing process.

The results describing the conventional furnace annealing (CFA) are presented in Figure 

115. The results after 30 minutes of reaction by the simple pathway (A→ B plus A→ C) reveal 

a very high final value of B concentration which has not been observed experimentally (0,18 

for CFA-S5  and 0,20 for CFA-S1). However in the case of the complex pathways (A→ C plus 

A→ B→ C) low quantities of fluorite remain at the end of the reaction  (10% for CFA-C1 

and 7% for CFA-C5, after 30 minutes of reaction).  It is necessary to remind here than the 

criterion used to stop the calculations after 30minutes was the fact that a new step would 

“transform”   an  amount  of  B  superior  to  that  existing  effectively,  and  thus  physically 

unacceptable.  In other words: our criteria to stop a reaction is purely mathematical and not 

physical; this is made in order to simplify the computational algorithm. The reaction time of 30 

minutes is in line with the time used in this work (see Chapters II and V), but not with the vast 

majority of the reported works. The longer experimental times usually reported (around 45-60 

minutes) must decrease the calculated quantity of the secondary phase (fluorite) down to ~5%, 

in agreement with the results reported by several authors [73][267]. 

It can be concluded that fluorite is associated to a local minimum on the energetic surface 

of the reaction and that the activated system tends to this energy state through a slow structure 

relaxation (small AA-B factor in the Arrenhius equation), despite  the small activation energy. 

Once the system reaches this state, it is energetically expensive to continue the reaction. That is 

the cause of higher temperatures required by CFA treatment
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Figure  115 Arrhenius simulation of a CFA processing: upper graphs stand for the simple model and 

bottom graphs for the complex model.

Contrarily,  from the same initial state (activated complex  A) it is possible to reach an 

energetically higher state, provided the supplied energy is high enough,  leading the reaction to 

the global energetic minimum. This scenario has more importance in RTA treated samples.

In both RTA and CFA a complex (A→ C plus A→ B→ C) pathway mechanism is 

possible and the final modelling results agree with the reported data. Part of the system reaches 

the C state directly from A, due to the the fact that the system has enough potential energy to 

do so, but another part reaches first the fluorite phase (B) and then, after higher temperatures, 

evolves to the perovskite phase C.

VI.3.1. Influence of  the energy of  activation of  the process A-B on the overall behaviour of  the  

system.

The results  obtained  in  the  previous  section  were  calculated  assuming an  activation 

energy for the process A→ B of 164kJ/mol. Two similar simulation runs were made by setting 

two different energies for the process  A→ B,  i.e.  the transformation from a protoreactive 
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phase into the fluorite phase. Table 6 summarizes the final conversion values for each specie, 

obtained for the same simulation process but using two different values of the  activation 

energies for the  A→ B process. In this case the values were  110 and 200kJ/mol, that is 

50kJ/mol below and above   the value assumed initialy.

Table 6 Simulations results of the conversion of A into B or C by using two distinct Activation Energy for the process  
A-B (only the reactions A→B and A→C are shown).

EA-B = 110 kJ/mol EA-B = 200 kJ/mol
A→B A→C A→B A→C

RTA-S1 0.0917 0.8984 0.0908 0.8992

RTA-S5 0.0199 0.9706 0.0197 0.9708

RTA-C1 0.0018 0.9883 8.52E-4 0.9891

RTA-C5 5.12E-4 0.9901 2.91E-4 0.9901

CFA-S1 0.2477 0.7425 0.2450 0.7464

CFA-S5 0.1671 0.8306 0.1650 0.8306

CFA -C1 0.1478 0.8423 0.1489 0.8472

CFA –C5 0.1505 0.8472 0.1484 0.8472

Although  not  coincident,  the  results  obtained  in  both  sets  of  simulations  are  not 

significantly different from the previous ones. The observed similarities of the final results for 

processes  having  different  activation  energies  for  the  initial  step are  somewhat  expected, 

because from the very beginning it was assumed that the formation of the perovskite phase is 

favoured.

From  these  numerical  simulations  it  is  concluded  that  RTA  and  CFA  are  heating 

procedures  implying reaction mechanisms chemically  equivalent.  Two different pathways 

(A→  B  → C and  A→ C)  are  predicted  here  to  be  present  in  fast  and  slow heating 

procedures.  However,  the  heating  rate  favours  the  extension  of  one  of  these  reactions 

mechanism  over  the  other,  possibly  because  the  transition  state   for  the  reaction 

protoreagent→ fluorite is  very similar (geometrically speaking) to the  transition state of the 

reaction protoreagent→ Aurivillius (perovskite). The fast temperature (and energy) increase in 

the RTA process makes easy to pass from a transition state to the other, without passing by 
the  local  energy  minimum represented  by  the  fluorite  phase.  The  observed  experimental 

differences in the quality (or properties) of the materials prepared by these RTA or CFA are 
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possibly originated by chemical contamination of the samples by small quantities of second 

phases (possibly fluorite). 

An additional reasoning may now complete the previous conclusions: as the grain growth 

in the final material starts after the nucleation of the Aurivillius phase [272], and the reaction in 

RTA is several times faster than in CFA, different grain sizes for RTA or CFA processed 

samples are foreseen provided the rest of the experimental conditions are maintained unaltered 

[265]. 



General conclusions and future work

The importance of SBT and SBN thin films as integrand parts of non-volatile  ferroelectric 

random access memories promote the search to improve the thin film properties. A key aspects 

in this field is the stabilization of the precursor solutions while maintaining or improving the 

ferroelectric properties. This work was focused in these aspects, and from the obtained results 

the following conclusions can be withdrawn: 

• Following a modified Pechini-type route, SBT and SBN powders were obtained. This 

chemical  method,  besides being  an alternative  to the conventional  solid  state route, 

allows the use of Nb2O5 and Ta2O5 as starting reagents while maintaining the synthesis 

temperature at 820ºC. The morphology distribution of the obtained powders allowed to 

use them as seeds.

• Ferroelectric SBT and SBN thin films were produced from precursor solutions based on 

toluene and acrylic acid mixtures.

• The  dynamics  of  the  acrylic/toluene  solutions  of  the  individual  cations  and  SBT 

precursor  solutions  was  studied.  Two  strontium  solutions  and  two  SBT  precursor 

solutions  were  prepared using  two different  strontium sources.  These  sources  were 

strontium isopropoxide and strontium acetate. All the studied solutions (solutions of the 

individual cations and SBT precursor solutions) were stable for a period of one month, 

but the tantalum/acrylic acid solution showed a higher tendency towards polimerization. 

No differences were observed in the ferroelectrics properties of the thin films prepared 

from the two precursor solutions containing different sources of strontium. 

• Quantum chemical  Density  Functional  Theory  studies  of  the  interaction  of  acrylic 

acid/toluene with strontium, bismuth and tantalum predicted the formation of half-

sandwiched complexes of tantalum and bismuth. In these complex the cations occupies 

a central position surrounded by an imaginary plane formed by three acrylate units in 

one side and a toluene molecule in the other side.

• A new contribution for lowering the toxicity budget of MOD methods was given by the 

present  work:  new  stable  precursor  solutions  were  prepared  by  dissolution  of  the 
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appropriate cations in a mixture of acetic acid:ethanol (volume proportion1:3). In this 

solution urea was used as stabilizing-complexing agent. SBT and SBN thin films were 

prepared from acetic acid/ethanol precursor solutions. The ferroelectric properties of 

the prepared SBT and SBN thin films were demonstrated to be comparable with those 

found in previous reports.

• The  use  of  the  prepared  powders  as  seeds  to  enhance  the  crystallization  of  SBT 

stoichiometric thin films allows synthesizing good quality ferroelectric SBT thin films 

after annealing at 720ºC. The properties of the seeded thin films prepared at 720ºC were 

similar to those of unseeded films prepared at 750ºC. Furthermore the properties of the 

seeded films are similar to those previously reported by other authors for bismuth-rich 

films. 

• The study of the effects of the use of seed on the interface ceramic/metallic electrode 

indicates  that the seeds act as a barrier against the inter-diffusion of SBT precursor 

cations and atoms of the metallic electrode. This barrier-like behaviour was evidenced 

by  a  diminution  of  the  stoichiometric  variations  in  the  seeded  films  while  in  the 

unseeded films significative stoichiometric variations were found. The barrier role of the 

seeds was also observed in seeded SBN thin films, thereby benefiting their ferroelectric 

properties.

• Several doped SBT thin films were prepared by direct dissolution of the dopant source 

in the toluene/acrylic acid mixture. Improved ferroelectric characteristics were obtained 

for Ag, K and W doped SBT thin films. This doping study revealed new possibilities 

either for increasing Pr or for decreasing the coercive field.

• In order to clarify  the reaction mechanism of the formation of  SBT (and SBN),  a 

modelling of the possible reactions was made based on the Arrenhius formalism. The 

obtained results confirm that the reaction mechanism for CFA films is given by the 

pathway precursor-fluorite-perovskite. In the RTA treated films, this mechanism may 

also  explain  the  observed  crystallization  rates.  However  the  alternative  precursor- 

perovskite direct mechanism is also quite acceptable in RTA thin films as the calculated 

results were unable to find differences between both models
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Future Work

After finishing a research task, several unclarified questions appear thereby raising the need to 

extend and/or complete the work just done. This work is not an exception to this rule. 

• Studies in other substrates than platinum ones are recommended. These studies have 

medium importance in the case of SBT. However, the impossibility  to obtain good 

measurements in SBN thin films prepared on platinum substrate even by using seeds 

makes them very important in the case of SBN. The use of different substrates also 

allows to make comparative studies taking into account that some of the dopants  in the 

case of SBT can interact with platinum. 

• In parallel, quantum chemical studies of the interaction of the substrate (platinum) with 

niobium and tantalum must help to clarify what is the reason of the marked difference 

in orientation and ferroelectric between SBN and SBT thin films. 

• Quantum  chemical  studies  of  the  doped  systems,  which  is  important  to  establish 

structure-property relationships as a way to improve the search for better properties.

• Dynamical  studies  of  the  acetic  acid-ethanol-urea  systems  as  well  as  the  individual 

solution of cations and the precursor solution to allow a fully characterization of the 

stability of these compounds.

• To study the  low-temperature dependence of  ferroelectric  properties  of  seeded and 

doped SBT and SBN thin films, this allows the broadening of the application spectrum 

of these compounds. 
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