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J or psi
(a physicist’s four footed sonnet)

Where is the thing beneath the thing?
When can we say we have found it all?
Is there an end or just a string
That dangles down like an endless fall?

Molecules, yes, and atoms too,
Electrons we know, and nuclei;
Neutrons, protons, the particle zoo,
And enter now the J or psi.

Can we not try to knot the string,
To start from the bottom and see what grows?
Plant us a seed and see what we get
When unity doubles and does its thing
And triples, quadruples, quintuples. Who knows
What patterns will show? What world is there yet?

Roger E. Clapp



Abstract

Ferroelectric perovskite thin films for voltage #&lohe applications, namely
(Ba,Sr)Tiy (Barium Strontium Titanate or BST) and (Pb,Sr)diRead Strontium
Titanate or PST), are synthesized via the so-catdayel route. While BST shows the
tendency to severe film cracking, PST can be granack free onto platinised Si
standard substrates and even directly onte, S8\, or bare Si.

The growth kinetics of PST on platinised &8 and directly on SigdSi are studied in
detail using X-ray diffractometry (XRD), scanninig&ron and atomic force microscopy,
SEM and AFM respectively. It is shown that PST begb crystallise at 500°C on Ti/Pt
and 550°C directly on SiDAfter a thermal treatment of 650°C for 15 mintbGims are
fully crystallised with random (100) and (110) atiation and a smooth surface.

The dielectric properties, e.g. dielectric constéogs and tunability, of PST 50/50 are
measured using a standard Ti/Pt bottom electrodb @i/Au top electrodes and a
TiW/Cu bottom electrode on which the PST thin filwas bonded with TiW/Cu top
electrodes. The Cu/PST/Cu system shows an enhgexormance in terms of loss
resulting in a larger device quality factor andgufe of merit (FOM) of 18.25 compared
to 16.6 for the configuration using a Pt bottoncetede. The maximum tunability is 73%
with an applied voltage of 35V and the dielectonstant at zero bias is ~ 420 with a loss
<4 %.

(Phy.4Sro.6)(MN,Ti1 )O3 (Mn doped PST 40/60) thin films with x = 0, 0.@P3, and
0.05 are grown on Ti/Pt coated %8 substrates. The surface morphologies, dietectri
and tunable properties of these films are invesdjas a function of Mn content (x). It is
found that the grain size/roughness, dielectricstammt, loss, tunability and figure of merit
are affected by the Mn doping level. Further as fiound that the ferroelectricity and the
transition temperature between the cubic paraé&eatid tetragonal ferroelectric state
increase with Mn content. The dielectric constanzexo bias reaches a maximum of
1100 and the maximum FOM is 23.96 with 3 mol% Mimeneas the maximum value of
the tunability is 76.72% at 10 V with 1 mol% Mn.

A detailed understanding of the effect of Mn dopisgleveloped and presented. It is
found and explained that a doping level of 2 mol% Msults in optimal properties in
terms of tunability and loss.



Auger spectroscopy is used to study the compositiomange in the interfacial region
between PST and PZT thin films and 8t substrates to understand the growth kinetics
of PST directly onto Si@in more detail. The thin films from both materiale annealed
under the same conditions (temperature and time$. ound that strontium stops the
lead diffusion into Si@ by forming SrSi@'SrSiO, and/or SrOmaintaining a well
defined SiQ region, while PbSi@is formed in the PZT/SiPDsystem. It is shown that
SrO covalently saturates all Si dangling bonds diynfng SrSiQ and/or SsSiO,. This
provides the necessary ionic template towards #nevgkite SrO-terminated SrTiOon
which PST can grow further on.

A single layer of PST is finally used as a buffaydr for the growth of piezoelectric
PZT directly onto Si@ to replace the common Ti/Pt bottom electrode. Titigal
characterisation of PZT device structures showsRZA films with PST as a diffusion
buffer had fully crystallized in the perovskite glkaexhibiting good dielectric and
ferroelectric behaviour. Although the piezoelectriefficients of the PZT films were not
measured directly in this study, it is envisagednifrthe experimental data of the
dielectric constant and hysteresis loop that th&/P&T composite has the potential to
provide good and comparable piezoelectric perfooaaras typically observed in PZT

device structures grown on commonly used Ti/Pt.
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Sol-Gel derived Ferroelectric Thin Films for Voleagunable Applications

Introduction and Motivation

Ferroelectricity was discovered in the beginninghs last century by J. Valasek in
Rochelle salt (potassium sodium tartrate) which waginally produced in France in
1665 by an apothecary Elie Seignette. Rochellevgadt originally used in medicine as a
mild purgative. Crystals of Rochelle salt were agrown and were subsequently used
in piezoelectric devices such as crystal micropkasrad phonograph pickup cartridges.
Historically, ferroelectricity was discovered affgezoelectricity and pyroelectricity. The
ceramic BaTiQ (Barium Titanate), was found by B. Wul and I. Mol@man. This
discovery triggered considerable efforts in seathdditional ferroelectrics having the
same perovskite structure. A significant progresapplications was made possible after
the discovery of Lead Zirconate Titanate - Pb(2Q%ior PZT — which has a very strong
piezoelectric response, and a large remnant femctel polarization. Lead-based
materials have since become the dominant compauantss field.

Later on it was discovered that one could decrdas€urie temperature (ferroelectric-
paraelectric transition temperatureg of pure BaTiQ (T¢c ~ 120 °C) down to room
temperature by adding Strontium (Sr). From therd8en,SrTiO3 (BST) began to rock
the world. The initial interest in BST thin filmsas due to its high dielectric constant,
low dielectric loss, high dielectric breakdown am@mposition dependent Curie
temperature enabling it to be in the paraelectatesas well as in the ferroelectric state,
all of which makes it a candidate for replacing S#&3 charge storage dielectric for
DRAMs (dynamic random access memories), MEMS-swtchnd varactors in phase
shifters.

It is worthwhile to define some basic physical @teristics within ferroelectrics:

1. Pyroelectricity
Pyroelectricty was probably first observed in toalime by ancient Greeks, but
guantitatively investigated only in the eighteeoéimtury, during the early studies
of electrostatics. Sir David Brewster, a Scottisteistist, was the first to use the
term pyro-(fire)-electricity in 1824 when descrigithis phenomena in one of his

numerous and famous contributions to the Encycldiparitannica. Pyroelectric



Introduction

materials have a spontaneous polarization whosditadg changes under the
influence of temperature gradients. The discovefyPdT triggered many
applications based on this phenomenon, such asaradfrdetection, thermal
imaging (absorption of energy resulting in poldi@a changes) and dielectric
bolometers.

2. Piezoelectricity

Piezoelectricity was discovered later, around 1880Pierre and Jacques Curie
who were the first to demonstrate the generatioelegtricity (surface charges)
on well prepared crystals of quartz as a resulhe€hanical pressure. Inversely,
when a voltage is applied across a piezoelectritemad, it can undergo a

mechanical distortion in response. The beginninghef twentieth century gave
birth to most of the classic applications of pideoics, such as quartz
resonators, accelerometers and those already medt@bove. After World War

Il and following the discovery of PZT, the advanceade in material science
allowed the development of numerous applicatiorsetdan tailored piezoelectric

properties.

3. Ferroelectricity

All ferroelectrics are piezoelectric and pyroelegtbut they additionally possess
a reversible, non-volatile macroscopic spontanedectric dipole moment in the
absence of an external electric field. In simpledsoferroelectric crystals can be
seen as an assembly of batteries with a particuli@ntation, which remains
stable unless an external electric field is appledhange its direction. Their
polar state is a consequence of the structurasitran from a high-temperature,
high-symmetry paraelectric phase to a low-tempesatulow-symmetry

ferroelectric phase. These materials also behavéigis dielectric-constant

insulators useful in the development of capaciém energy storage materials.

Ferroelectrics, especially perovskites, are trulyitifunctional materials widely used

in electronic, optical, acoustic and magnetic congmds. The first attempts of microwave
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applications date back to early 1950s. In the passt of the developed microwave
devices have been based on bulk ceramics sucBaag);, SrTiO; and their solid
solutions -BaSn «T103. However, the high microwave losses associated thi¢ poor
quality of the used ceramics limited their applicas in practical microwave devices.
With the advances in modern technology the quatifythe epitaxial thin film
ferroelectrics has been substantially improved mmkihem qualified for industrial
applications. Although there are many other pergslsystems with promising
microwave performanceBaSnTiO; still remains the workhorse for the agile
microwave applications since it is more studiedhbatterms of electrical performance,
manufacturability and reliability. Thin film varamts and bulk acoustic resonators are the
basic components that are used in modern microwaeeits and systems. Ferroelectric
varactors have superior performances, in compangtnthe competing semiconductor
analogues, both in terms of the Q-factor and tuigbespecially at frequencies above
10-20 GHz. Apart from the high tuning speed theyehaxtremely low leakage currents
offering design flexibilities and low control poweonsumption. Today there are several
small, and well established companies marketingroniave components based on
ferroelectrics. Nevertheless the full potentiapexsally their multifunctionality, of these
materials is not yet employed.

This thesis focuses on the synthesis and charsatien of ferroelectric thin films,
namely Barium Strontium Titanate, (Ba,Sr)%ior BST, and Lead Strontium Titanate,
(Pb,SnTiQ or PST, for voltage tunable devices. Ferroelestrshow the highest
tunability in the paraelectric phase close to theri€ temperature. Therefore the
discussion of these materials will be mostly focliea the paraelectric state. The films
were developed via the so-called sol-gel methodn@ared to Pulsed Laser Deposition
(PLD), a method which produces ferroelectric filwigh superior properties, this method
is comparable cheap and allows the deposition @mge substrates. Initially this work
was part of a joined project between the UniversityBirmingham, the Heriot Watts
University Edinburgh and Cranfield University. Bimgham provided BST films made
via PLD for devices designed at Heriot Watts. Gedd$ (and my) task was to produce
BST films made by sol-gel with comparable propertier larger scale production

(Birmingham is restricted to sample sizes 5x53nifherefore this thesis starts with sol-
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gel synthesis and characterization of BST. Reaskmmsa reorientation towards

(Pb,Sr)TiQ, which is a relative new material for tunable #&miions and to a lesser
extent characterized, are given and explained. ¢#&Fs a higher tunability and a lower
loss than BST and has some remarkable propertl@shvare unique, therefore the main
focus in this thesis will be on PST.

This thesis is presented in nine chapters. Chapteteals with the history of
ferroelectrics and sol-gel techniques and revieles gtate-of-the-art of materials for
tunable applications with the main focus on vanactdhe purpose of this chapter is to
give an easy to read introduction in these fieltisatence. The subject of chapter 2 are
physical and chemical issues which did not fith@agter 1 e.g. the theory of the dielectric
response according to the Landau-Theory, a theatéteatment of losses in ferroelectric
crystals, the crystallography of perovskite materand the theory of sol-gel synthesis.
Chapter 3, entitledCharacterisation of Ferroelectric Thin Filmsdescribes the
experimental details within this work.

BaSn«T10sis the subject of chapter 4. Because this matsrial scientific interest for
decades now an individual literature review of gel- prepared BST films and
applications is given here. Despite numerous attentpis material could not be
deposited successfully. Serious crack formatioreveemajor obstacle and led at the end
to a reorientation towards (Pb,Sr)EjOthe subject of chapter 5. Apart from the
crystallisation pathway and dielectric properties RST 50/50 thin films a simple
application is described in this chapter: a vanaoging copper electrodes to boost the
overall quality factor. Chapter 6 deals with théeef of B site doping of PST 40/60.
Three different theories from the literature aregented, one was adopted to explain the
properties of Mn doped PST.

The growth of PST directly on Sj@s the subject of chapter 7. Actually the abibiy
PST to grow crack free on SiQvas discovered by accident while working with a
patterned Pt bottom electrode. BST and PZT crackhdister directly on Si@and the
question “Why does PST grow without an additiomdkilayer like Pt?” led to an in-
depth analysis of the interfacial regions betwe&T/BiG, and PZT/SIQ by Auger

Emission Spectroscopy.

1C
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The multifunctionality of PST is the topic of chap®B, where PST serves as a buffer
layer for piezoelectrical PZT. PST has a similaropskite-type structure and a lattice
mismatch of only ~3% to PZT. The specialty of P&Tgtow crack free on SiOwould
help to incorporate PZT with patterned bottom ebmt#s, a matter which is still fairly
complex and difficult.

The thesis ends with a conclusion chapter that kle&s towards the future and

assesses the ramifications of this research.

11



Introduction

Historical Remarks

1.1 A Short History of Ferroelectricity

It all began with a salt in La Rochelle, a smalt buportant city at the south-west
coast of France. Jehan Seignette, born in 1593itamh protestant, succeeded to run a
pharmacy in spite of serious obstacles opposedntobly the clerics. One of his sons,
Pierre, born in 1623, became a medical doctor atlhiversity of Montpellier and his
younger brother Elie, born in 1632, took over haghér's business. In these years
pharmacy consisted mainly in extracting plants alistilling essences. Apparently
purgatives such as “folia sennae” introduced taoparby Arab medical men in the early
middle age, played an important role. Because gplaasant side effects patients were
very reluctant to take them. This was the reasarSBignette suggested to his brother to
look for some mineral drugs or to make some. Altfodmineralia” were in use for
curing various diseases in eastern countries aire@00 years B.C., Pierres idea was
decisive. As the result of hard work Elie came with a salt in approximately 1665,
which he called “sel polychreste” derived from teekzolvypnoroo, which means a
salt of various utilities. It was a real creatiamdahe way he produced the salt was kept
secret for ever it seems [1].

Only 65 years later the French pharmacist and @te&imon
Boulduc in Paris found out by analysis that selyploteste must be
“some soda” [2]. It is likely that Elie Seignetteded from creme of
tartrate (potassium hydrogen tartrate) he obtain@th wines — so
famous and abound in the Bordeaux region — and wbizh makes
the tartrate soluble in water. The “sel polychréster Rochelle salt
as we know it today - conquered the market in Feaespecially in

Paris and it was in widespread use for more thand@nturies as a

mild drug.

In the nineteenth century — nearly 200 years aftediscovery -

Fig. 1.1: David Brewster

the physical properties of Rochelle salt beganxgte interest. In
1824David Brewster had observed the phenomenon of pyroatégtin variouscrystals,

among which was Rochelle Salt [3] but perhaps itisé $ystematistudies were those of

12
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the brothers Pierre and Paul-Jacques Curi880 [4] This
classic work established unequivocally the existeat the

piezoelectriceffect and correctly identified Rochelle Salt ar

a number ofother crystals as being piezoelectric. They also
noticed that Rochelle salt was by far more acthantquartz
for instance and all the rest of the crystals timwestigated. ;
But the fascinating dielectric features of Rochefalt |
escaped them.

Thomas Alva Edison was maybe the first who used Its
Fig. 1.2: Jacques and Pierre Curie

piezoelectrical effect in a commercial application1899 — | . parents

the phonograph. However, his invention was justiréosity
and far too expensive. At this time Rochelle saswf pure
academic significance.

During World War |, however, physicists and elexfi
engineers showed an increasing interest in its ipalys
properties mainly because of its unusually higlzgatectric
moduli. At the beginning of the war 1914-18 A.M.
Nicholson in the USA [5] and

Paul Langevin in France [6],

former student of Pierre Curie an
Fig.1.3: Thomas Alva Edison

with his phonograph, 1899 a lover of Marie Curie afte

Pierres death, began to perfe
independently an ultrasonic submarine detector. irT
transducers were very similar: a mosaic of thinrguerystals
glued between two steel plates (the composite kgawan

resonant frequency of about 50 KHz), mounted inoasing

they did achieve their goal of emitting a high fueqcy "chirp"
underwater and measuring depth by timing the retgaino.

Fig. 1.4 Paul Langevin

The strategic importance of their achievement wad n

13
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overlooked by any industrial nation, however, amtes that time
the development of sonar transducers, circuitstesys and
materials has never ceased.

Petrus Josephus Wilhelmus Debye, or Peter Debyeealsnow
him today, professor of theoretical Physics at thaversity of
Zirich had carefully observed the work on piezagieity and in
1912 he came up with an idea. To explain the reshdt knew he
brought forth the hypothesis that certain classenalecules carry

a permanent electric dipole momeint analogy to the magnetic

moment of the atoms of paramagnetic substancedowing
Fig.1.5: Peter Debye Langevin’s theory of paramagnetism Debye gave theaton (e-
1)/(e+2)=a+b/T, where a is proportional to the density of the
substance andb to the square of the electric dipole moment [7hisTrelation was
perfectly confirmed later in many cases.

Debye came to a further conclusion. According ®rklation for a critical temperature
Tk=b/(1-a) the dielectric constant reaches infinity. Therefdie proposedx to be the
analogue to the Curie temperature of a ferromadrmt.temperatures lower thaix a
permanent dielectripolarisation ought to be expected even in theratesef an electric
field. To his knowledge, he said, no such a phemameéhad been observed so far. The

basic feature dferroelectricitywas anticipated, however!

Erwin Schrodinger in his “Habilitations-Schrift” smitted
at the University of Vienna late in 1912, the yd2ebye
published his ,Vorlaufige Mitteilung“, went a stéurther. He
elaborated on Debye’s simple model and tried terextt to
solids. If this could be done successfully, Schmgdr
speculated, then all solids should become “feridegzh” at
a sufficiently low temperature [8]. So, in fact,ethterm
ferroelectric or ferroelectricity was coined by &idinger as
early as 1912!

Another major contributor to the early RochelletQedriod

Fig. 1.6: Erwin Schrodi 1933
9 rin Sehrodinger was Joseph Valasek. Born on April 27, 1897 in Qwe,

14
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Ohio, he got his bachelor's degree in physics ateCastitute of
Technology where Prof. D. C. Miller started him ancareer in
physics. His first employment was at the Nationalrdau of
Standards in Washington D.C., where he got famidh various
methods of pyrometry applied in steel industrythis connection he
learned about the phenomenon of ferromagnetism thetbretically
and experimentally. In 1919 he came to the Uniteis Minnesota
in Minneapolis as a graduate teaching assistant.

Under the supervision of Prof. W. F. G. Swann, gspiist known

by his theoretical work in cosmic rays physics higo known to

have a wide overview in many other directions, ¥akabegan a
systematic study of the analogy between the magpetiperties of Fig. 1.7: Joseph Valasek
ferromagnetics and the dielectric properties ofiétle Salt. Joseph 192

Valasek presented his first paper on “Piezoeleand allied Phenomena in Rochelle
salt” at the meeting of the American Physical Siycie Washington in April 1920. He
stated:”... the dielectric displacement D, electric inteysi, and polarisation P ... are
analogous to B, H and | in case of magnetisiiie data ...i5 due to a hysteresis in P
analogous to magnetic hysteresis. This would suggparallelism between the behavior

of Rochelle salt as a dielectric and steel, forragie, as a ferromagnetic substance.

Bearing out this idea, typical hysteresis curves”[ ] =
were obtained for Rochelle salt, analogous to thg” m.-::r:”: /r'
B, H curves of magnetisinThe full version of E ‘ ' _a/_“
his presentation was submitted to Physiceg | r //L/
£ | |
Review in December 1920 [9]. It marks two® » ; ‘ u//
milestones. Here Valasek stated for the first time, g—e= : - S =

ELECTRIE FiCID = vORS pur (owimerer

that “permanent polarisation is the natural state
of Rochelle salt and published the first hysteresi'glg' 1.8: The first published hysteresis curve [9]

curve of a ferroelectric material (Fig. 1.8). Ietbame year he became Master of Arts.
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\ I Valaseks Ph.D Thesis “Piezo-electric activity of
s ]'/ \\ Rochelle salt under various conditions” is date@219
" ! [10]. Perhaps the most history-making graph is tifat
%M . \ the temperature dependence of piezoelectric respons
§6 ! \1 indicating the existence of a relatively narrow
§: \ temperature range of high piezoelectric activity fact

2 \,“g indicating the existence of two phase transitioRgy.(
0w w o 20w e w6 10 ::_n 1.9). Indeed Valasek speaks here for the first titneut

VU
PIEICELECTRIC RESPONSE ve TEMPFRATURE

the existence of two Curie points in Rochelle salt.
Fig. 1.9: Piezoelectric activity of Rochelle  va|aseks studies were to lead later to the firm
salt vs. temperature indicates the
existence of two phase transitions [10]  establishment of the terfarroelectricityto describe this
set of phenomena. Yet it is interesting to obsetivat he never used the word
ferroelectricity. Maybe he never heard about Er&umrodingers proposal. Who knows?
Until now Rochelle salt was the only known matevidth ferroelectric characteristics
and scientist all over the world began to ask,héré are more. Among them Paul
Scherrer, who is well known in the material sciermmenmunity for his formula to
calculate the grain size from the rocking curv&Xefy diffraction measurements (XRD).
Together with Peter Debye he worked at the "Phyisilaes Institut” at the
“Eidgendssische Technische Hochschule” (ETH) ini&lron dielectrics. Scherrer
believed in the molecules of water of crystallisatito be essential
for a material to be ferroelectric. Together witis Btudent Georg
Busch he searched the literature which was stdlresand came
across a paper by Gert Steulmann at the “Instiiutaflgemeine
Elektrotechnik” of the “Technische Hochschule” irreBden [11].
The average dielectric constants of various patassalts had been
measured by an immersion method, amongst othéRPOK K:HP O,
and KHPQ,! Quite normal values of 7.75 and 9.05 respectivety
the first two salts were observed, but for &, a value higher than

30 was found. In view of the orthorhombic symmaedfypotassium-

dihydrogen phosphate this was surprising and ipstpd Busch’s

Fig. 1.10: Paul Scherrer

vague idea, that mobile hydrogen atoms might bporesble for
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ferroelectricity, rather than the water moleculethe hypothesis of his supervisor. That
indeed O-H-O bonds do exist in KIPIO, was shown by J. West at Bragg's laboratory in
Manchester by a quantitative X-ray analysis ofsitsicture [12]. It was Steulmann also
who speculated about the existence of some sodipafles in these crystals without
elaborating further on his conjecture, however.sehieleas proved to be true and early in
March 1935 KHPQO, was found to be ferroelectric with a critical tezngture of about
123 K by Busch and Scherrer [13].

This discovery was a breakthrough in the field efrdelectricity and KEPO, has
become a model substance up to the present. Futheiin his thesis, which appeared in
1938 [14], Busch suggested thgdrogen bonddetween adjacent oxygen atoms to be
responsible for ferroelectricity. The same idea apglied by Slater [15] in 1941, who
gave the first significant molecular theory of feslectricity based on the model of
hydrogen bonds.

After having finished his thesis Busch suggestedvestigate NHH3106, a material in
which hydrogen bonds were known to exist also. Hswshown much later that
ammonium iodate is antiferroelectric. Today manlyssances exhibiting hydrogen-bond-

ferroelectricity are known and ferroelectricityne longer a singularity of Rochelle salt.

September *1 1939: Germany invaded Poland, the beginning of Skeond World
War. This triggered the interest in ferroelectriosainly for sonar systems to detect
submarines and other military applications. Barilitanate, BaTi@, the first man-made
perovskite ferroelectric was discovered in 1942 2044 in the United States, Russia and
Japan. At least in the USA the research was aatetébecause of the war. At that time,
mica was used in most capacitors, but U-boats témed the supplies of mica to the USA
from South America. The initial reports were basaddoping studies of TiQwith BaO,
which produced ceramic materials with enhancededigt permittivities. The mixed
oxides were made by Thurnmaurer and DeaderickeafAtherican Lava Corporation as
early as 1941, the filing date of U.S. Patent Nd29,588 [16]. The high permittivities
were found by measurements made at the Erie Reswmpany, with dielectric
constants exceeding 1000, ten times greater tharother ceramic known at that time,
such as TiQ(g=110).
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The race to understand the nature of the dieleamm@maly in BaO-Ti@Q ceramics
continued, and in 1945 and 1946, von Hippel (US#)d Wul and Goldman (Russia)

demonstrated ferroelectric switching in these ceanil7, 18]. The discovery of

ferroelectricity in BaO-TiQ ceramics was extremely important, as it demoresdradr the

first time that ferroelectricity could exist in gube oxide materials, and it was not always

associated with hydrogen bonding. Bagi® a member of the perovskite family named

Temp > 130°C

Temp <130°C

(b)

F
!

‘; Ba®
© o

® T

Fig. 1.11:The BaTi@
crystal structure above (a)
and below (b) the phase
transition between cubic
and tetragonal

after the naturally occurring mineral perovskite T@». The
simplicity of the structure of BaTi¥)(Fig. 1.11) seduced several
investigations to undertake X-ray diffraction sesli of the
structural changes occurring at the phase transit{@9] and it
enabled the investigation of the most importantotaecal
backgrounds of these materials. A.F. Devonshirecld@ed his
phenomenological model of ferroelectrics on theidad the
electromechanical, structural and thermal propemieBaTiQ in
1951 [20] This approach built upon tlearlier ideas of Landau and
Ginzberg and invoked the point group symmetry aodlinear
elasto-dielectric coupled interactions with elestriction and
piezoelectric coefficients. The resulting Landau@eshire-
Ginzberg Theory (LDGT) of ferroelectrics is stilhe most
powerful tool for the understanding of ferroelecdri

At the end of the war, public disclosure led t@ige interest not
only in academic circles, but in practical marketgparticular high
capacitance, small volume capacitors in early telen and radio
circuits, as well as active elements for phonogragtk-ups,
accelerometers, and ultrasonic generators. ThesBriNavy, for

instance, used some underwater sonar devices basethe

piezoelectric response of BaTy@eramics until the end of the last century. Latéhe

BaTiO; piezoelectric properties have been revisited m fttrm of single crystals and

textured ceramics because of environmental conceiths the lead-based perovskites
based on the perovskite PbZrPbTiO; system (PZT).
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The next significant perovskite with ferroelectric. o _ _ _ |

properties was Barium-Strontium Titanate, (Ba,SDyTi

eiré

300 |

2

or BST. In this system the A site of Bagi3 doped with a

Sr. This alters the Curie temperature of Bagi®ig. % 200 ——

1.12). Below the Curie temperature a ferroelectr]’?: ~
material behaves like a “normal” ferroelectric; tchas | | %ﬂ"_\m
a hysteresis like Valasek observed in Rochelle. &ait 05__2;: 4:? P —\;;&

above the Curie temperature the material becomes SrTi Gy mofe %
paraelectrig the hysteresis can not be observed anymorl(_eig 1.12:Temperature of phase

In terms of tunability (the change of the permitjiwvith  transition in solid solution of (Ba,

an applied voltage) the paraelectric state offdre tggizgiviézg;n position (Rushman and
opportunity for varactors (variable capacitors) ahdse

shifters with a linear change of the permittivitya certain voltage region.

Despite the fact that BST was (and still is) a evatif investigation for over 60 years
now, there are problems with this material. Firétatl the leaked current is high
increasing the loss (t&nof the film. Second, it is difficult to realisecaack free thin film
via the sol-gel method (Chapter 4).

In recent years a new perovskite material, namedgadL Strontium Titanate, (Pb,
Sr)TiO; or PST, has attracted the interest of researcAdtfeough there are health and
environmental concerns with lead-based materiaiss tmaterial has remarkable
advantages compared to BST. It is easy to depomikdree via the sol-gel route, has
relatively low loss and a high tunability (~ 80%)d can even be deposited on SoD
SiNy. Therefore (Pb,Sr)Ti@in its paraelectric state is the main subjechdf thesis.

Coming back to Seignette Salt and the téemoelectric Helen D. Megaw from the
United Kingdom said in 1957: “... perhaps the reasmn for its [i.e. of the name
Seignette-electricity] rejection ... is its failur® ffit comfortably into the English
language. As an adjectivierroelectricis euphonious, whil&eignette-electrigrates on
the ear” [21].
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1.2 A Short History of Sol-Gel

Sol-gel materials encompass a wide range of inacgamd organic/inorganic
composite materials which share a common preparatiategy. They are prepared via
sol-gel processing involving the generation of @idihl suspensions (“sols”) which are
subsequently converted to viscous gels and thenselid materials [22].

Surprisingly this method is very old. To have aifeghow old, this section gives an
I 4 o =5 aﬂw 5

overview about the development of the sol-gel
technigue. The preparation of perovskite materials
is covered in a later chapter.

The earliest use of colloids to prepare
functional materials is seen in the cave painting a
Lascaux in France, dating back 17,000 years. The
pigments used were based on iron oxide, carbon

and clays, ground into fine powders, graded by

Fig. 1.13: Cave paintings in Lascaux

sedimentation and dispersed in water using
natural oils as surface active stabilisers.

Some 8000 years ago firing methods were developedltér the chemistry of the
mineral precursors so as to produce plasters am#tsbrAt Yiftah El in Israel, for
example, we can still see a 188 polished floor, which needed over 2 tons of line a
over 10 tons of wood to fire the kiln [23, 24]. ms example we see the beginnings of
the sol-gel ideas, in that fine powdered or coldichaterial in suspension was moulded
and then dried and densified by chemical actiobydiiring at high temperatures.

Glazing methods were developed next and became spjthisticated in Mesopotamia
by the second century. A very fine haematite-ridlitici clay fraction made by
sedimentation was painted onto vessels and firedraducing atmosphere to reduce the
iron to black magnetite. After sintering of the zgathe atmosphere was made oxidising
by admission of air, thus oxidising the iron in thenglazed areas to a red colour and
producing a shiny black glazed decorative pattera matt red base.

Even earlier (4000BC) in Egypt an aqueous pasterughed sand and a sodium salt

flux and binder was moulded and fired to proditaienceby binding the silica particles
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together with the molten flux. Addition of coppailts to the paste led to migration of
these mobile salts to the surface during firinghviormation of a translucent blue glaze.

The idea of using chemically-linked particles asnatrix for a composite of other
particulate material led to the development of cetecin about 700BC. For example in

the 260 m aqueduct bridge at Jerwan in Iraq. Stohgsaded

EDDY STONE
st g By

sizes mixed with sand and a binding paste of qumeki(CaO) e

and water formed the first concrete, but requiradaaphalt

lining as the lime cement tended to crumble in watd&he

Romans developed concrete between 200BC and 400/AD a A
discovered that addition of the volcanic ash fromaZioli near o
Mount Vesuvius led to a much stronger concrete watld
even set under water. In fact the ash containedesxiof
aluminum, silicon and iron and the product, simt@modern
Portland cement, proved more durable in underwater
conditions than recently-laid modern concrete ie game

location. Much the same material was rediscovergdhe —

. iy Fhides

British engineer John Smeaton in his search foelahbie
hydraulic cement for the third Eddystone lightho[# in the
English Channel in 1756-9. He found that the besirdwlic

Fig. 1.14: Smeaton's Eddystone

cement was produced by burning limestone with seiag | jghnouse

it

content. His lighthouse can still be seen on théshrpre-
decimal One Penny Coin.

Strangely, many of these early technologies beclastein the Dark Ages after the
decline of the Roman Empire, and probably the rsgificant development was the
discovery of “water glass” by von Helmont in 164%65]. He dissolved silicate material
(stones, sand, flint etc.) in alkali and found tbat acidification a precipitate of silica
equal in weight to the original silicate materiahsvobtained. In 1779 Bergman [27]
reported that if the correct amount of diluted awds used the mixture gelled on
acidification. This preparation of a silica gel lexla series of applications remarkably
similar to those of today’s sol-gel chemistry.
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In the 19" century two major developments occurred which werprove foundation
stones for sol-gel processing: the physical progerf colloids came under intensive
study by such giants as Becquerel and Faradayg(ids sols
were so stable that they are still in existencehat Royal
Institution in London); and the chemistry becameryve
sophisticated. In 1846 Ebelmen [28] prepared thst Gilicon
alkoxides by the reaction between silicon tetractio and
alcohol, observing that the product gelled on prgkx
exposure to atmosphere with normal humidity. In@.8Toost
and Hautefeuille [29] made hydrolysed derivatessibicon
alkoxides. In 1884 Grimaux [30] hydrolysed
tetramethoxysilane to prepare silicic acid solsd anade

colloidal iron oxides from iron alkoxide. Howevéoy the next

Fig. 1.15: Michael Faraday

50 years these developments had little scientifigact for the
development of the sol-gel materials field.

The one notable exception in this period was thekwb W.A. Patrick, who pioneered
the field of silica gel desiccants, catalysts amdoabent materials, starting with the
drying and firing of a homogeneous silica gel attoy00°C to produce a very porous
form of silica [31]. In 1923 he went on to showttivapregnation of the partially dried
materials with metal salts led to the formationsapporting catalysts [32], and by 1930
he had filed many patents for supporting catalystduding the use of sol-gel methods
[33].

This signaled the beginning of an intensive penbtechnological development using
sol-gel methods, which produced a very large nunobbgratents, many useful materials,
and a large body of data and experience. Only,lateth the advent of modern
characterisation methods, could a set of firmlyeolatheoretical principles begin to be
established to interpret all these data. Indeedutd be said that despite the new methods
now available, the subject is still strongly infhwed by this empirical approach. It is
therefore important that the large amount of eartyk in the field is not overlooked,
only to be re-discovered as the topics attractéstefor a new reason, just as was the case

with the Roman cement.
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1.3 Materials for Tunable Applications — State of he Art

The appropriate level of tunability for tunable hggtions 6> 1.5 or n(%) > 0.3, see
Section 2.1.2) is practically achievable in materiwith a relatively high dielectric
permittivity at the frequencies of choice. For mmmposite bulk materials, a value of the
dielectric constant exceeding some 1000 is requivedreas in thin films (where the
application of higher fields is possible) the dattee constant should be lager than some
300. This limitation together with the requiremertrelatively low values of the loss
(below a few percent) narrows the scope of the naddeof interest to the displacive type
ferroelectrics (incipient or regular in the paratie phase). Up to now, many materials
have been addressed as possible candidates fdri¢umaplications, the most attention
has being paid to SrTgand its solid solution with BaTiO3: (Ba,Sr)T4An the present

section the state of the art of this scientifi¢dis reviewed

Motivated by increasing speed and bandwidth reqergs, the 1lI-V semiconductor
industry has recently made considerable progresteugloping transistors with transit
time and maximum oscillation frequencies well abd@® GHz. The traditional digital
silicon industry also, driven by increasing mardetnands and cost constraints, has put
substantial effort in developing analog microwawegts. Silicon based bipolar and
CMOS transistors with transit times and maximumilaéon frequencies above 100
GHz are now available, making it possible to depelmonolithic microwave ICs
(MMICs) for frequencies up to 50 GHz. Along withethransistors, varactors are the
other widely used components used in microwaventaolgy for analog (nondigital)
tuning purposes. In spite of the progress achiewedhe transistor technology, no
semiconductor varactors with high enou@hfactor and tunability are available for
frequencies above 10-20 GHz. Typically, tQefactors of semiconductor varactors
decrease with the increased frequenc®asf ~*, and at 50 GHz it is of the order 10 or
less. There is a lack of varactors with adequatamfatible with the transistors)
performance in this frequency range.

The current progress indicates that, to a certagrek, the “varactor gap” may be filled

in by ferroelectric varactors. After several desadéresearch considerable progress has
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been achieved in tunable permittivity ferroele&rianaking it possible to develop
ferroelectric varactors with performances betteanthrsemiconductor analogs in the
frequency range above 10-20 GHz [34, 35] Thin fferroelectric varactors have a
substantially higheiQ factor at microwave and millimeter wave frequenciegher
tuning speed, and lower drive power consumptiomroééectric varactors, and tunable
devices based on them, have the potential for isdsgration with standard Si and GaAs
processes. Additionally, due to the high dielecypermittivity, the sizes of tunable
components based on ferroelectrics may be smallercomparison with other
technologies. Extra flexibility in terms of tuninggnhanced functionalities, and
performances of tunable devices may be achievecbmpbination of ferroelectrics with
ferrites [36, 37], ferroelectrics with semicondust§38], or ferrites with semiconductors
[39]. Devices based on such multifunctional matsradfer dual, i.e., electric, magnetic
tuning possibility, and extra flexibility in designg and shaping the device performances.
For example, in delay lines it is possible to tihe delay time while maintaining the
input/output impedances at a desired level.

Both ferroelectric (polar) and paraelectric phasey be useful in tunable microwave
devices [40]. However, the paraelectric phasetesnopreferred since it has no hysteresis
associated with the domain walls. In this respblet quantum paraelectrics - SrEjO
KTaGOs;, and CaTiQ[41, 42] - have been given priority for some tirakhough they need
to be cooled down to cryogenic temperatures inrotal@et reasonable tunabilities. On
the other hand in thin film devices based on thesgerials, and especially in the solid
solutions of BST, high electric fields and reasdedbnability may be achieved at room
temperature at relatively low dc voltages. For mgpilons in industrial devices BST
seems to be the material of choice at the momeéns the most studied material at
microwave frequencies, which allows microwave eegms to use the available data
without getting too much involved in a materialadst. In addition, it allows control of
the Curie temperature by simply changing the Bderdn

The performance of ferroelectric devices dependsonty on the composition of the
film but also on the strain, defects, electrodedfelectric interface chemistry, fabrication
method, design, etc. Ferroelectric varactors, aedicds based on them, may have
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parallel-plate or coplanar-plate designs. The forafers smaller tuning voltages, while
the latter offers the possibility of trading tunl#ifor lower losses.

Typical frequency dependencies of the capacitamck(afactor of a parallel-plate

ferroelectric varactor are shown in Fig. 1.1 0.3 . ,

In this case the varactor is fabricated on —ons |

high resistivity (5kQ cm) silicon substrate & oV

with adhesive Ti@ (15 nm) and Pt (100 nm % 021 i
layers. The BgsSfy7sTiOs film is 300 nm E“—H 1 . i -
thick. The bottom and top electrodes a S 01 . 20V L
made of a 0.5 um thick Au film and 50 nm | 0.05

layer. The diameter of the top plate is 10 u 0.1

For comparison, in Fig. 1.16(b), th

performance of varactor based on Pt(200 n
ITiO, ISIO,/Si structure (i.e., thinner botton 100
electrode) is also shown. The use of thick
Au bottom electrode substantially increas

the Q factor of the varactor. The capacitant

Q-factor

and the tunability are fairly frequenc
independent. The tunability of a BST varact

at 25 V, is more than 40% in the frequen

range of 1 MHz—-45 GHz. In the frequenc 10} e L '-

range of 5-40 GHz th& factor of BST (p) ! Frequenc;?GHz]
varactors fabricated on thick bottom Au/Pt

Fig. 1.16:Capacitance (a) and Q factor (b) of
electrode is more than 40, which is varactors vs frequency [35].

competetive with the best semiconductor
analogs, Fig. 1.16(b) [35]. Additionally, ferroelec varactors have symmetriC-V
characteristics, as do heterojunction barrier waradHBVs) [43]

The frequency independent tunability (up to 50%are), high tuning speed (< 1.0
ns), extremely small leakage currents and dc cbptwer, high breakdown field, and
radiation hardness are the main advantages ofelentic varactors. Recently substantial

progress has been achieved in commercializatiotudble microwave components
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based on ferroelectrics [44, 45]. In fact, ferraies are gaining ground for tunable
microwave applications, including lumped elemergvide sizes much smaller than the
microwave wavelength) and distributed element deyicsuch as varactors, phase
shifters, delay lines, tunable filters, antennas,..e Nevertheless, problems such as
hysteresis, temperature dependence of parametersh (as permittivity of the

ferroelectric material), etc., still need adequateatment. One of the fundamental
problems concerning the practical use of tunahiedé&ectric devices has to do with the

strong temperature dependence of the parameters of

tunable ferroelectric devices associated with the

| inherent  temperature  dependence  of the

ferroelectric’s permittivity.

Recently the group around Stamneel. introduced

a new non-ferroelectric material: bismuth zinc

niobate (BZN), which has a cubic pyrochlore

structure [46]. To understand the origin of the

a0 ° tunability of BZN, which would aid in the discovery

180 of new tunable materials, models were developed

>
o
1

that describe the temperature dependence of the

140 tunability of non-ferroelectrics. BZN films thus e

Permittivity
tans (x10™)

1204, a practical advantage over tunable ferroelectric

100 i materials, as they would allow temperature-stable

” M‘r"“'*“’l’-r*'W-W'er-,-wﬂwwwwﬁw
> 1 o 1 3

Field (MV/cm) approximation, at temperatures above the dielectric

0 tunable devices. It was also shown that, in a first

Fig. 1.17:(a) BZN structure with random off- relaxation, the temperature dependence of the BZN

centering of ions (yellow: O, green: Bi). (b) film tunability can be described by a simple moolel
Applied bias field dependence of the permitti ] ] ] ]

MHz [46] This is consistent with the chemical and displacive
randomness of the BZN structure that controls ie&ctric behavior [47, 48]. However,
the origin of the large electric field tunabilityf the permittivity of BZN is not yet

understood.
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Nevertheless, ferroelectrics are the materials ahnmterest for voltage tunable devices
today and BST is, despite the aforementioned pnotlehe most likely candidate to
make the way towards commercially available appbos since it is more studied both
in terms of electrical performance, manufacturapaind reliability.

Against the trend towards lead-free materials a pevovskite ferroelectric material,
namely Lead Strontium Titanate, (Pb, Sr)dji@as attracted the interest of researchers
nowadays. Although there are health and environaheobncerns with lead-based
materials, this material has remarkable advantagmspared to BST or related
ferroelectrics. It is easy to deposit crack-frem tie sol-gel route, has relatively low loss
and a high tunability (~ 80%), and can even be sgiépd directly on Si@or SiN,, facts
that make it very interesting for direct applicasoor the integration of other frequently
used perovskites like PZT which can not be deposiiectly on SiQ.
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I'm on the verge of a major breakthrough, but I'm
also at the point where physics ends and chemistry
begins, so I'll have to drop the whole thing.

Sidney Harris
Statistical and Thermal Physi¢2003)

It would be better for the true physics if theraeve
no mathematicians on earth.

Daniel Bernoulli
The Mathematical Intelligencgd991)

For those who want some proof that physicists are
human, the proof is in the idiocy of all the diéfiet
units which they use for measuring energy.

Richard P. Feynman
The Character of Physical La(2967)
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Theoretical Considerations and Literature Review

2.1 Theory of the Dielectric Response of Tunable Marials

Ferroelectrics are known for their high dielecttmnstant and high tunability. These
features of ferroelectrics are linked and the gan&end “the higher the dielectric
constant, the higher the tunability”. It holds fan “ideal ferroelectric” where the
dielectric response is controlled by the latticaaiyics of the material. The effects of
dielectric anisotropy do not usually play an ess¢émole in the performance of tunable
materials. For this reason, these effects are duarteased here. The following discussion

will always consider the situation where the paation and electric fields are collinear.

211 Dielectric Permittivity

The origin of the high dielectric permittivity oéffroelectrics in the paraelectric phase
is a delicate compensation of various kinds of adorces that maintains the material in
‘zi a non-poled state in the absence of an electrid {seee Fig. 1.11(a)).

Because of this compensation, the restoring fomgosing the poling
action of the applied field is relatively weak. $hiesults in a high
dielectric permittivity of the material. Since thibesis is devoted to
microwave materials, the following discussion waldidress only the
paraelectric phase of ferroelectrics. It is belceteat only for this case
will a material exhibit a high tunability and a a&vely low dielectric

loss at microwave frequencies, a combination adradt for microwave
application.

Fig. 2.1: Lew The most straightforward description of the diaiectesponse of
Dawidowitsch Lande  forrelectrics is given by the conventional Landaeory and is based

upon an expansion of the Helmholtz free endfgyith respect to the vector macroscopic
polarizationP. For the situation where the polarization is cahr with the macroscopic

electric fieldE in the material, the first terms of this expansiead [1]:

F=9p24Bpi Vs _gp [Eq. 2.1]
2 4 6
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The equilibrium configuration is determined by fingl the minimum of, where

o
This equation gives an expression for the eledietd E as a function of the
polarisationP
E=aP+ [P+ )P° [Eq. 2.2].

The linear dielectric susceptibility above the transition can be determined by

differentiation this equation with respectR@and then settin§=0 to obtain

_P_1
X= E=g [Eq. 2.3].

In the Landau-Devonshire theory it is assumeddhaind the Curie point (To)
a=a,(T-T,) [Eq. 2.4]

and the other coefficients in the free energy esmamare independent of temperature.
Combining the last two equations leads to the esgioa for the dielectric stiffness
k=Ltza,(-T,) [Eq. 2.5],
X
which captures the Curie-Weiss behaviog iobserved in most ferroelectrics for TezT
In terms of the dielectric permittivitgze e, with £0=8.8510"% F/m one can find

C
T-T,

[Eq. 2.6]

where C is the Curie-Weiss constant. It should &ked here that the temperature T
wherea changes sign is close but not exactly coincidetit the Curie temperature:T
Including the linear temperature-dependence,déads to the general expression for

the free energy in ferroelectrics:
_1 2,1 a1 e
F==a,T-T,)P"+=[P"+=)P° -EP [Eq. 2.7]
2 4 6
or for the electric field E:
E=a,(T-T,)P+5P° +)P° [Eq. 2.8]

whereog andy are both positive in all ferroelectrics ap@ndy describe the

nonlinearity of the material.
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2.1.2 Tunability

The tunability of a varactor made from high-perivity material is defined as

n=Smex o n(%):@moo [Eq. 2.9],

min max

where Gax IS the capacitance at zero bias ang, @Qvith non-zero bias. With the
expansion for the temperature dependent elecld-fiolarisation relation (see section
2.1.1) and the relationships E=V/d and P=Q/A, whérs the external applied voltage, d

the capacitor thickness, Q the charge and A thee ares can find:

_aMd 5, Ay [Eq. 2.10].

Vv
A A

dQ

The device capacitance is defined @(V):W from which the zero-field

capacitance is found as

c =@| _ A _e0fT)A
" dv IV g(T)d d

[Eq. 2.11].

The result is not surprising — it is the formula @fparallel-plate capacitor with
e0(T)=1/(T) the temperature dependent dielectric permiftiat zero bias.

For the following treatment it is helpful to intnack the normalised variables= Vl

n

Q

max " n

so that the governing equation becomes q+&q° whereé is an

and q:C

empirical constant that is related to the tunapitit Using this equation, the normalised

capacitance is

_CVv)_dg__ 1
c(u)—C do " Traip [Eq. 2.12]

Defining the normalised charge=1 as ¢ the last two formulas require that
qn(1+£q§):1 and n=1+3&?. These can be solved simultaneously to give
(n-1)(n+2)?

£=0
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The equatiorc(v) = . can be made an explicit function of voltage byeiring

2

+34q
v =q+£&° [2] to give

_ yw) (23" _ A%
a(v) TN wherey (v) (9u & +4/12+8%v )‘ .[Eq. 2.13]

This result is exact, but awkwardly shaped. A senglquivalent can be obtained using

the substitutiong = Isinhd. Inserting this intaw = q+ &g° and rearranging gives

sinh® 8+ 5;2 sinh@ - E;:“ =0, [Eq. 2.14].
By comparing this equation with the hyperbolic itign

sinh® H+%sinh9—%sinh3€ =0 [Eq. 2.15],
one finds

5;2 :% and fgs :%sinhSH. [Eq. 2.16].

Combining this term withg = Jsinhé results in the required charge-voltage and,

hence, af) relationship

dg _ 0gaé8 1 1. _l[u 3 }
c)=—= = whered ==sinh™| =/3°¢ |. Eq. 2.17
©) dv 08uv 2cost26-1 3 2 ¢ [Ed ]

Replacing the normalised variables with physicalanmmegful quantities gives the
desired end result

Cora [Eq. 2.18]

cos{2 sinh‘l(zvﬂ -1
3 v,

This formula describes the the nonlinear capaottasfca varactor made from high-

C(v) =

permittivity materials like BST or PST in a sim@ad charming way. The new variable
V, is defined as

v, . [Eq. 2.19]

(n+2Kn-1

and is the "2:1” voltage at which C{#Cnaf/2, an easily measured quantity.

Experimentally there are only two parameters tleding the ideal C(V) curve: fx and
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V,. Once V4 is known for a given device, the last equation barused to determine the
voltage required to achieve a desired tunability.
Looking back to the beginning of this section orma note that the original Landau

expansion can be rewritten as

_3 i Lsint[ 2E
P(E) = 2,*,-“O(T)E2 smr{gsmh (E ﬂ [Eq. 2.20]

2

where B=V,/d is the field at which the permittivity at zer@b is reduced by the factor

two. This is a potentially useful result for elestragnetic simulations.

400

350 -

300 -

250 -

Dielectric Constant

200 -

150 : : :
-20 -10 0 10 20
Bias Voltage [V]

Fig. 2.2: Theoritical curve of the dielectric resmse
(blue) compared to measured values of PST 50/%0 fro
Fig. 5.7, Section 5.2.

2.1.3 Figure of Merit

tunability[%]
S—

losg4%]
allows a good comparison between different ferralethin films for voltage tunable
applications. It combines the two most importagufes (tunability and loss) in just one
number. A useful film for applications should havEOM > 15.

The figure of merit (FOM) used throughout this wasldefined a and

3€



Sol-Gel derived Ferroelectric Thin Films for Voleagunable Applications

2.2 Dielectric Loss in Ferroelectrics

In this study ferroelectrics of the displacive typethe paraelectric state at room
temperature were used. The theory of dielectris kos this type of ferroelectrics was
developed by Gurevich and Tagantsev [3]. For ao&ectric film both the intrinsic
(fundamental phonon loss mechanism) and extrirssds (e.g. due to defects) need to
be considered. The models of the dominant loss amesim in ferroelectric films will be

discussed in this section.

221 Intrinsic Losses

The origin of the fundamental loss is the intexacti
of the ac field with the phonons of the materiaheT tan 8
theory of the loss stemming from this interacticas t [ 2 s
been developed for crystalline materials with alw

defined phonon spectrum, i.e., for materials withee

phonon collisions),7, is much smaller than thei

|
|
|
|
damping of phonons (average frequency of the in :
|
|
[

2
frequencies. According to this theory, in terms E.» -

| A |
guantum mechanics, the fundamental loss mai S 2 |

corresponds to the absorption of the energy quawtur L Q, ®

the electromagnetic fieldio (o is the ac field Fig. 2.3Results of phonon transport thec

Schematic off-scale plobf the frequenc
dependence of the three-quantum (1), four-
which have much higher energies. This large diffeeequantum  (2), and qualebye (3
) ) ) . ) contribufons to the loss tangent due
in the energies makes it difficult to satisfy thinteraction of the ac electric field witkhe
phonons of the soft mode a displacive typ
ferroelectric. Q, and Iy are the softmods
complicated situation there exist three efficiestiesnes frequency and damping, respectivelyé =

, , I'o/Qo. The rangeof applicability of the theol
of absorption of th&w-quanta, which correspond to thisolroo<< Jox ang o <<p?20 (at wt){ending taQ,

three main fundamental loss mechanisms: (1) th'g]e curves are only shown to guide the eye)
guantum, (2) four-quantum, and (3) quasi-Debye.(Fig'

2.3).

frequency) in collisions with the thermal phonor

conservation laws in these collisions. In such
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a) Three-Quantum Mechanism.

The three-quantum mechanism corresponds to a graoeslving azo-quantum and
two phonons. Due to the big difference between #mergy quantum of the

electromagnetic fieldw and those of the thermal phonons, the three-quaptocesses

can take place only in the regions of the wavearespace k-space) where the
difference between the frequencies of two differgfionon branches is small,

specifically, of the order ab and/or of the phonon dampidg These regions are usually

located in the vicinity of the degeneracy linesthié spectrum, i.e. the lines k-space
where the frequencies of different branches araledn the materials of interest for
tunable applications, the phonon spectrum contdowgdying (soft) optical modes
controlling their high dielectric permittivity anthe degeneracy lines formed with
participation of these modes are of primary impwéafor the loss. Since the degeneracy
of the spectrum is mainly controlled by the symmetf the crystal, the explicit
temperature dependence (which does not take irtouat the temperature dependence
of the dielectric permittivity) and frequency degence of the three-quantum loss are

very sensitive to the symmetry of the crystal.

b) Four-Quantum Mechanism.

The four-quantum mechanism corresponds to the-fjglthtum absorption processes
involving three phonons [4, 5]. The conservationefgy and quasi-momentum) laws do
not impose strong restrictions on the type and @nef the phonons participating in

these processes. For this reason, in contrasetthtee-quantum processes, not only the

degeneracy lines but also the whole thermally egcipart of thek -space nearly
homogeneously contributes to the loss. Due to fdus$, the explicit temperature and
frequency dependence of the contribution of thishmaism to the imaginary part of the
dielectric permittivity appears to be insensitieethe symmetry of the crystal. However,
the three-quantum contribution is still leadinghe total balance of the intrinsic loss [3,
6].
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The three- and four-quantum mechanisms are thetadymechanisms which control
the intrinsic loss in centrosymmetric crystals [B].the case of practical interest of the
low-microwave-loss materials, the theory of phonansport is applicable with quite
good accuracy. This means that, possessing the letamipformation on the phonon
spectrum and the constants of inter-phonon andiedd-ghonon couplings, one can
calculate the intrinsic dielectric loss with an @@y equal to the relative damping of the
typical phonons patrticipating in the absorptiorthef ac field [3]. Thus, the result that the
intrinsic loss in centrosymmetric crystals is giviey the sum of the three- and four-

guantum contribution can be considered as perfaethfied.

¢) Quasi-Debye Loss Mechanism.

The origin of this mechanism is the relaxationteé phonon distribution function of
the crystal [3, 7, 8]. In noncentrosymmetric cristéhe phonon frequencies are linear
functions of a small electric field applied to tbeystal. Thus, the oscillations of the ac
field result in time modulation of the phonon frequies; the latter in turn induces a
deviation of the phonon distribution function frata equilibrium value. A relaxation of
the phonon distribution functions gives rise tolet&ric loss in a similar way as a
relaxation of the distribution function of the dips gives rise to the loss in the Debye
theory [9]. This analogy is expressed by the namgas$i-Debye”. The frequency
dependence of the quasi-Debye contribution to diss factor is of the Debye type, the
average relaxation time of the phonon distribufiomction playing the role of the Debye
relaxation time. In microwave materials for tunalapplication, which are typically

centrosymmetric, the quasi-Debye mechanism doescowotribute to the loss in the
absence of the tuning bias. However, under a d&fiséd, E,, it becomes active due to

the breaking of the central symmetry so that ondeigling with thedc field-induced
guasi-Debye mechanisnAn important feature of the quasi-Debye loss hattas a
function of frequency, similar to the Debye logs,dontribution to the loss tangent passes
through a maximum atc C ' . For the materials used in this study, where thenpn

damping/ is of the order of 100 GHz , this means a certiwisng down of the linear
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frequency dependence of the Quasi-Debye loss inidjeer part of the microwave-

frequency range.

2.2.2 Extrinsic Losses

The role of the intrinsic mechanisms in the totalabce of the dielectric loss of a
material is strongly dependent on the dielectricnpiivity of the material and the
measuring frequency: typically, the higher the fregcy and permittivity, the more
important the intrinsic loss. In the case of tueafdrroelectric materials at microwave
frequencies, the intrinsic and extrinsic contribo8 are comparable so that the
dominating contribution to the loss may be extgrai intrinsic depending on the quality
of the material. A kind of extrinsic/intrinsic crgsver in loss may also take place under
the action of a dc bias field, i.e. without thddighe extrinsic contribution dominates the
loss, whereas under the field the intrinsic onesd@enong the known extrinsic loss
mechanisms those listed below are considered a#isamtly contributing to the loss in
tunable microwave materials: (1) loss owing to gedrdefects, (2) universal relaxation

law mechanism, (3) quasi-Debye contribution indusgdandom-field defects

a) Loss Owing to Charged Defects

Motion of charged defects caused by an ac elefigid results in a generation of
acoustic waves at the frequency of the appliedl fi€his brings about an additional
loss mechanism that was proposed by Schiéman {a6hulated for high-dielectric-
constant materials by Vendik and Platonova [11§ daveloped by Garin [12]. The

contribution of this mechanism to the loss tangamt be approximated as follows:

2

tand,, = Fe nd23 @l ! . [Eq. 2.21]
puldn|” (1+a? o)

whereZ andny are the effective charge of the defects and themi& concentratiory

and v; are the density and average transversal soundityeloicthe material;F is a

material-dependent numerical constant of the oadlamity; w. = w/rc wherer. is the

correlation length of the charge distribution ie tihaterial. The physical meaningrgis
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the minimal distance at which the electroneutrafitynaintained. For Schottky defects

is of the order of the typical distance between plositively and negatively charged
defects. This mechanism may play an essentialimalain film based tunable capacitors,
where an elevated defect concentration comparéuetbulk material is expected. In this
case, the effect of semiconductor depletion ofcdueiers from the deep traps (caused by
ferroelectric/electrode contact) [13, 14] will foer increase the contribution of this
mechanism via a strong reductioneaf= v/r.. This occurs in the depleted areas due to a
strong increase af up to the depletion length. An essential featuréhif mechanism is
that its contribution to the loss tangent is projpoil to the permittivity of the material.
This implies that this contribution is inverselypgadent on the applied dc field.

b) Universal-Relaxation-Law Mechanism.

For all of the loss mechanisms discussed aboviegarlfrequency dependence of the
loss tangent is typical at least for microwave freicies and below. In reality, this
dependence is usually observed at microwave antiehigrequencies. For lower
frequencies, a much weaker frequency dependencesuslly observed, which is
consistent with the so-called universal relaxatfin which in turn corresponds to the
following expression for the complex dielectric péttivity £ [15]:

& =G(iw)"™ =G(coshrr/2) —isin(nr/2))w"™* [Eq. 2.22]

whereG is a frequency-independent constant ardrO< 1. In perovskite thin films in
both frequency and time domains, dielectric reliaxatorresponding to this equation (for
n close to but smaller than unity) has been reparpetb the microwave frequency range,
e.g. in (Ba,Sr)Ti@[16]. The physical origin of this behavior is ditrted to a variation in
charge transport barriers, e.g. at the grain baueslfl 7], or to creep of the boundary of
the near-by-electrode depletion layer [18]. No infation is available on the dependence
of G on the dielectric constant of the material.
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¢) Impact of Local Polar Regions

The typically centrosymmetric tunable materials rhaye local polar regions induced
by various defects and structural imperfectionsr Egample, infrared reflectivity
investigations of SrTi@ceramics revealed a clear presence of grain-bowmdduced
polar phase inclusions [19]. Random field defecé @lso be responsible for the
appearance of local polar regions [20]. In all éheslar inclusions, the quasi-Debye
mechanisms is expected to be active. Though themmlfraction of the polar phase is
typically small, this “defects-induced” quasi-Debyechanism may be important due to
its large (compared to other intrinsic loss mecsiasi) contribution per unit of volume.
Though the theory of the “defect-induced” quasi-iElmechanism is not developed,
using the results on the quasi-Debye loss mechaslsmld be strongly-dependent.
According to Ref. [6] in the ferroelectric phase af displacive ferroelectric

tand,, 0 £¥?PZ wherePs is the spontaneous polarization. In the case ofpusar
tunable material with polar inclusions one can sulie the volume average of the local

polarization squared,Rz. ), for P¢ to evaluate the contribution of the “defect-inddite

guasi-Debye mechanism as

tand,q, 0 £¥*(RZ,). [Eq. 2.23]
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2.4  Crystallography of Perovskites

The structural family of perovskites is a large ilgnof compounds having crystal
structures related to the mineral perovskite CaTi®@the ideal form the crystal structure
of cubic ABX; perovskite can be described as consisting of cosharing [B)g]
octahedra with the A cation occupying the 12-faddrclination site formed in the middle
of the cube of eight such octahedra. The ideal ccplerovskite structure is not very
common and also the mineral perovskite itselfighdly distorted. The perovskite family
of oxides is probably the best studied family ofides. The interest in compounds
belonging to this family of crystal structures aria the large and ever surprising variety
of properties exhibited and the flexibility to acmmodate almost all of the elements in
the periodic system. Pioneering structural work merovskites were conducted by
Goldschmidtet al. in the 1920s that formed the basis for further esgilon of the
perovskite family of compounds [21]. Distorted peskites have reduced symmetry,
which is important for their magnetic and electiperties. Due to these properties,
perovskites have great industrial importance, aappgche ferroelectric tetragonal and
paraelectric cubic form of (Ba,Sr)Ti@nd (Pb,Sr)Ti@

2.4.1 The crystal structure of perovskite

a) b)

Fig. 2.4: Outline of the ideal cubic perovskiteustiure SrTiQ that haga) a three
dimensional net of corner sharing [Tidctahedra with(b) SP* ions in the twelve fold
cavities in between the polyhedra. Red = OxygeprgreTi and yellow = Sr.
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If the large oxide ion is combined with a metal wawving a small radius the resulting
crystal structure can be looked upon as close phokggen ions with metal ions in the
interstitials. This is observed for many compouwits oxygen ions and transition metals
of valence +2¢.9.NiO, CoO, and MnO. In these crystal structuresaiygen ions form
a cubic close packed lattice (ccp) with the medal in octahedral interstitials.€. the
rock salt structure). Replacing one fourth of tixggen with a cation of approximately
the same radius as oxygemd. alkali, alkali earth or rare earth element) reduttes
number of octahedral voids, occupied by a smalboatto one fourth. The chemical
formula can be written as ABXand the crystal structure is called perovskites Xften
oxygen but also other large ions such as F andeJp@ssible.

@ ) The idealised cubic structure is realised in er§.i@s. The
latter can be described as*Sand G ions forming a cubic
close packed lattice with ¥fiions occupying the octahedral
holes created by the oxygens. The perovskite streidhas a
three dimensional net of corner sharing [dJi©Octahedra with
SP* ions in the twelve fold cavities in between theybeidra,
see Fig. 2.4. If the position of the®Sion (A) is vacant the
remaining framework is that of the RgQRhenium(IV)oxid)
type. Partial occupation of the A position occumsthe cubic
tungsten bronzes,M/O; (A = alkali metal, 0.3 x <0.93). The
ReQ; structure type can be converted to a more densldrnua
by rotating the octahedra until a hexagonal cloaeking is
obtained of the RnH{Rhodium(lll)fluorid) type. The void in the
centre has then an octahedral surrounding. If dlotshedral

hole is occupied we have the ilmenite structureli®g Fig.
Fig. 2.t Crystal structure of the
RhF; (a) and ilmenite type (b) 2.5.

The perovskite structure is known to be very fléxiand the
A and B ions can be varied leading to the large emof known compounds with
perovskite or related structures. Most perovslatesdistorted and do not have the ideal
cubic structure. Three main factors are identifisdoeing responsible for the distortion:

size effects, deviations form the ideal compositod the Jahn-Teller effect.
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It is rare that a distortion of a certain perowslkibmpound can be assigned to a single
effect. In most cases several factors act on thetsire. As an example of the complexity
BaTiOs; has three phase transitions on heating: rhombahedr—90°C— orthorhombic
— 5°C — tetragonal — 120°G> cubic, Fig. 2.6.
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Fig. 2.6: Dielectric constant vs Temperaure of BagJj Merz 1949 [22].

a) Size effects

In the ideal cubic case the cell axasjs geometrically related to the ionic radid,(rs,
and p) as described in the following equation:

a=~2(ry+rg) =2(rg +r1y5) [Eq. 2.24]

The ratio of the two expressions for the cell léngt called the Goldschmidt's
tolerance factor &and allows us to estimate the degree of distortiois. based on ionic
radii i.e. purely ionic bonding is assumed, but can be reghm@e an indication for
compounds with a high degree of ionic bondings diéscribed in the following equation:

_(ratro)
J2(rg +1,)
The ideal cubic perovskite SrTitast=1.00, h=1.44 A, §=0.605 A, and¢=1.40 A. If

the A ion is smaller than the ideal value thdmecomes smaller than 1. As a result the

[Eq. 2.25]
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[BOg] octahedra will tilt in order to fill the spaceoiever, the cubic structure occurs if
0.89 <t < 1 [23]. Lower values of t will lower the symmetoy the crystal structure. For
example GdFe@[24] with t=0.81 is orthorhombic {=1.107 A andg=0.78 A), see Fig.
2.7a. Also the mineral perovskite itself, CaZji@as this structure. With values less than

0.8 the ilmenite structure is more stable.

Fig. 2.7:(a) Low values of the tolerance factowill lower the symmetry of the crystal
structure. GdFe@witht = 0.81 have tilted [Feg) octahedra and crystallize in the
orthorhombic system {r 1.107 A and g= 0.78 A).(b) If tis larger than 1 due to a large A
or a small B ion then hexagonal variants form @& prerovskite structure. Thealue for

BaNiOsis 1.13 (o= 1.61 A and g= 0.48 A).

On the other hand ffis larger than 1 due to a large A or a small Btleen hexagonal
variants of the perovskite structure are stabtg tiee BaNiO; type structures. In this case
the close packed layers are stacked in a hexagoaaher in contrast to the cubic one
found for SrTiQ, leading to face sharing of the [NjJCoctahedra, see Fig. 2.7b. The
value for BaNiQis 1.13 (k=1.61 A and §=0.48 A). Since perovskites are not truly ionic
compounds and since thevalues also depend on what values are taken forothie

radii, the tolerance factor is only a rough estamat

b) Changing the composition from the ideal ABO

An example is the family of compounds Srkg@.5< x < 3). The valency of the Fe

ions can be changed by heating a sample in eitheroxadising or a reducing
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environment. As a result the oxygen content cary varbetween 2.5 and 3. In for
example SrFegx;ssome Fe ions can be assigned to the oxidation s8atnd others to
+4. The oxygen vacancies order so that Ssquare pyramids are formed, see Fig. 2.8.

The SrFe®@compounds are examples of defect perovskites.

Fig. 2.8: Ordering of oxygen vacancies in Srbg(=SrsFes0.5). Fe
ions are located in both square pyramids and irabetra.

Their chemistry can be described according to tmadiogous series 8,031, N = 2—
. Several other types of vacancy orderings are kn@uag.the structures of G&In,Os

and LaNi,Os having n = 2 are shown in Fig. 2.9a-b.

b)

Fig. 2.9: Ordering of oxygen vacancies(& Ca,Mn,Os having [MnQ] square pyramides
and(b) La;Ni,Os having [NiQ] octahedra and [Ni@ square planes.
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3. Jahn-Teller effects

In some perovskites the distortion of the structae be assigned to Jahn-Teller active
ions at the B position. For example in LnMa@n = La, Pr or Nb) with M# ions the
3d" electrons divide up into 3 &ind 1 g electron. The odd number of electrons in the e

orbital causes an elongation of the [MshOctahedron.

2.4.2 Electronic and Magnetic Properties of Perovstes

Perovskites with transition metal ions (TMI) on Besite show an enormous variety of
intriguing electronic or magnetic properties. Thigriety is not only related to their
chemical flexibility, but also and to a larger extteelated to the complex character that
transition metal ions play in certain coordinatiomsh oxygen or halides [25]. While
magnetism and electronic correlations are usuelpted to unfilled 3d electron shells of
the TMI, pronounced dielectric properties are cated with filled 3d electron shells.
Multiferrocity, a coexistence of spontaneous feleotic and ferromagnetic moments, is
a rare phenomenon due to the small number of lomAsgtry magnetic point groups that
allow a spontaneous polarisation [26]. Neverthelessthe presence of competing
interactions [27], canted moments [28, 29] or inmposites [30] large magneto-
capacitive couplings have been reported.

In the following examples of materials properties discussed in which transition
metal perovskites and related structures proveetouistanding. To some extend these
aspects also touch application areas, asagacitors, transducers, actuators, sensors and

electrooptical switches.

a) Dielectric and ferroelectric perovskites

High dielectric permittivity §) or ferroelectric materials are of enormous imaoce as
electroceramics for engineering and electronicso\R&ites, e.gtitanium or niobium
perovskites, BaTi@and LINbQ, have been intensively studied in the past [31arfec

is based on collective polar displacements of tle¢ahions with respect to the oxygen
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sublattice and is a highly nonlinear and anisotrgqghienomenon. The phase transition
that leads to ferroelectricity is usually descrilbgta soft-mode model [32].

To optimize dielectric and mechanical propertiegesal routes have been followed
from the structurally simple BaT#via the solid solution system Pb(Zr, Tp@ other
distinct families of materials. These routes expidake into account the flexibility for
chemical manipulation and “docility” of the peroitsls [31]. One of them is the relaxor
ferroelectric. It is genuinely based on a multireémt substituted Pb titanate (Pb3)O
with the composition A(B'B”)Q with a random occupation of the A and B sites by
metal ions of different valence.

Relaxor ferroelectrics show enormously large dielecconstants, a pronounced
frequency dispersion and variationsoés function of temperature. These effects are due
to slow relaxation processes for temperatures alaogtass transition [33]. The length
scales of fluctuating composition and spontanealarization are 2-5 nm, i.e. the effects
are based on electronic inhomogeneities and thgtezxde of polar nanoregions. The
lattice part of the response is considered to becal softening of transverse-optical
phonon branch that prevents the propagation of-Weagelength (g = 0) phonons. It is
interesting to note that the fundamental limit, #gerparaelectric state, is still not
reached for such small length scales [34]. Gereet@nples for relaxor ferroelectrics are
PZN: Pb(Zn;sNby3)0s3-PbTiO; and PMN: Pb(MgsNb,3)Oz-PbTiOs, with PZN having
a higher temperature scale compared to PMN.

Incipient ferroelectrics or quantum paraelectriaa be regarded as almost ferroelectric
crystals [35]. Examples are KTg@nd SrTiQ [36]. Pronounced quantum fluctuations of
ions suppress the phase-transition into the fezobet state and stabilize the soft
transverse optical mode. The dielectric suscefititshows a divergence in the limit T to
0 K together with pronounced phonon anharmonic[®€3. In these systems even minor
substitutions or doping can induce phase transtimmo ferroelectric states. Finally,
perovskite related oxides with giant dielectric stamts (GDC) where no evidence for a
ferroelectric instability exists should be mentidn&hese nonintrinsic permittivities are
attributed to barrier layers and surface effec.[Examples are Ca@Ti4O;,, [38] and
the Li-ion conductor material baAio25Tio.75Al0.2503 [39].
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b) Magnetism and electronic correlations

Magnetism or orbital (electronic) ordering phenomeiivarious kinds are observed in
perovskites with TMI that have unfilled 3d electrehells (see Fig. 2.10). Electronic

level 1 correlations [40] of such 3d states

Q 1z .
N are generally strong, as the ratio
level 2 .
QES {}2.0 UJW of the Coulomb repulsion
|eve|3 Qas % - %aa energy U vs. the bandwidth W is
IMM : - larger compared to other electronic
not accupied by any
Q4S % = %M @4" B’O/U,"d-ﬂa‘”'ectmﬂs states, i.ethey have a more local

IWEIS st %5;, %53 % 5g / character and a tendency for

insulating states or metal-insulator
level & Qﬁs % 6p @Ed 6 &g 6h g
transitions [41]. Hopping and
level 7 )
QTS % ?F‘ e w19 Th " superexchange of these electrons
© 2007 Eneyelopsdia Eritannica, Inc. takeS place Via Oxygen SiteS due to
Fig. 2.10: An electron shell representation frore th the overlap of the respective wave
Encyclopaedia Britannica ) )
function. Thereby, the properties and
phase diagrams of a perovskite strongly dependoostoichiometries and even more on
tilting or distortions of the [Bg) octahedra. Further aspects rely on order/disorder
processes of the orbital part of the 3d wave famctcharge doping and charge/orbital
inhomogeneous states that lead to colossal respems® external magnetic fields [42].
Before, however, considering such effects the ptogseof the system are given by a
hierarchy of energies based on the electronic tstreici.e.the number of 3d electrons,
the Hund’s Rule coupling, the crystalline elecfiedd or Jahn-Teller splitting of the 3d

electron states and finally due to exchange engrgie

c) Cuprates, Jahn-Teller distortions and high terapg&re superconductors

This hierarchy of energies is well established tmprates with Cif in a 3d
configuration. The hole in the d shell h@séy2 symmetry and contributes to an s = 1/2
spin moment. The orbital moment is quenched dubdarystalline electric field of the
surrounding oxygen. Thegeelectron is Jahn-Teller active, i.éocal or collective
configurations with oxygen in distorted octahedra energetically preferable. Extreme
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limits are pyramidal [Cu€) or even a planar [CuD configuration of the oxygen
neighbors. Thereby the superexchange and magne&iactions between the s = 1/2 spin
moments are restricted to a plane or, if buildingcks are shifted by half a unit cell
within the plane, to a quasi-one dimensional pathere are numerous realizations of
such low-dimensional magnetic systems as pC&D; (Spin chain system) or Srgldg
(spin ladder system) [43]. Due to the small coartion number of the spin moments in
one dimension and pronounced quantum fluctuatiefeged to the small magnitude of
the spin, such compound do generally not show tange ordering. Strong fluctuations
are evident as broad maxima in the magnetic subdéptand continua in inelastic
neutron scattering.

Superexchange and electronic correlations redfritbea two dimensional, weakly
doped plane are the key ingredients of high tenmperasuperconductors. The crystal
structure of the prototype and perovskite rela@mamound is YBgCuO;.« For x= 1 the
resulting Ca@" with s = 1/2 moments show long antiferromagnegicge ordering with a
Néel temperatureof more than 500 K. This high ordering temperatutarks the
exceptionally large energy scales and strong adrogls involved in these materials.
With smaller x doping is induced that leads to astic drop of the Néel temperature and
the onset of high temperature superconductivitye Tinaximum superconducting
transition temperature ischae= 92 K for this system.

Electronic correlations are essential to understhedeffect of doping. The electronic
structure of cuprates in the vicinity of the Fetevel is given by an occupied low-energy
and an unoccupied, high energy band, the lowertlamdipper Hubbard band, separated
by the Coulomb repulsion energyqUof the 3d electrons. High temperature
superconductors are charge transfer insulatorgheeoxygen is included in this scheme
as an occupied, nonbonding 2p band separated Inyalles charge transfer energy
from the upper Hubbard band & Uy). The doping process consists of introducing a
novel correlated electron state, the Zhang-Ricglasirstate [41], in the proximity of the
oxygen band. This state of hybridized Cu and Oattar leads to a transformation from

a long range Néel state to a high temperature sapéuctor. Although the number of

! The antiferromagnetic Curie point is called theeNémperature in honour of the French physicistiso
Néel, who in 1936 successfully explained antiferagmetism.
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known high temperature superconductors seem to abge | (of the order of 20
compounds) they all rely on this scheme of a doped,dimensional perovskite related

structure with pronounced electronic correlatiotis, 44, 45].

d) Cobaltates, spin state transitions and oxygedic@acy

If the above mentioned hierarchy of energies is wetl defined, the compound
chooses certain ways to lift degeneracies of thetinic system. Important are spin state
transitions or crossover behaviour, a partial niistlon of 3d electrons, or charge
disproportionation of the TMI sites. Perovskites
based on cobalt and vanadium serve as model
systems for such effects and the resulting intgrpla
of electronic and structural degrees of freedom. In
the following two cobaltates are discussed briefly
to give an example for the resulting complexities.

In the cobalt perovskite LaCaQuith the same
crystal structure as is shown in Fig. 2.4 all three
spin states of Cb (3cf) are close to degenerate.
As these states correspond to slightly different
ionic radii, with decreasing temperatures a

crossover of the dominant populations from high

spin (s = 2), intermediate spin (s = 1) to low sfsin
Fig. 2.11: The cobaltite GdBa@0sshas a _ + . .
perovskite related structure were 1/12 of the 0) Co™" 3¢ states takes place. This process is
oxygen atoms are missing leading to thamainly controlled by temperature and has no
50% of the Co atoms have square pyramidal . . )
[CoOf coordination and 50% of the Co evident collective character. The magnetic
atoms have octahedral [Ce[coordination.  g,sceptibility shows a broad maximum and a
Ba atoms are yellow and Gd atoms are grey.
strong decrease at low temperatures [46]. The
different ionic radii of the spin states also cauphe electronic configurations of the
TMIs only weakly to other properties of the compdun
An ordered oxygen deficiency leads to a multiplmatof the unit cell volume. It has
also profound influence on the electronic and magmeoperties of the compound [47].

Due to the smaller coordination number of some Eids the respective bandwidth is
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reduced and with increasing electronic correlatitims tendencies for charge/orbital
ordered states is enhanced. In Fig. 2.11 the petevsobaltite GdBaCMs sis depicted.
Oxygen defects form chains of [CgOpyramids and [Cog) octahedra along the
crystallographi@a-axis. Compared to the ideal perovskite Lagadfe behaviour is rather
complex and highly collective. The phase diagramt&@ios a metal-insulator transition
and three different magnetic phases that includestpte ordering [48, 49].

e) Manganites and orbital degrees of freedom

In the manganite (La,Sr)MnQhe ratio LA"/Sr* determines the oxidation state of Mn
and thus the ratio Mi¥Mn**. This corresponds to the number of Mn sites witingle
3d g orbital occupied. Double exchange describes theatson where these states
simultaneously hop via Mfiions. The remaining 34electrons on each Mn ion sum up
to s=3/2 due to Hunds rule coupling and form aidrigackground’. The band width and
charge transport solely given by eg states depésdenthe spin and orbital orientation
of the exchange partners.

As function of composition different magnetic grodustates and orbitally/charge
ordered structures are observed. These degreesedin react rather cooperative due to
the strong interlink of the octahedra in the pekaesstructure [50]. Pronounced effects
are observed in all physical quantities. Howevensimspectacular is the colossal
magneto-resistance (CMR) at the borderline betweeerromagnetic insulating and

ferromagnetic metallic phase

53



Theoretical Considerations and Literature Review

2.5 Sol-Gel Chemistry

There are many methods for ferroelectric thin fpneparation, such as metal organic
chemistry vapour deposition (MOCVD), pulsed lasepakition (PLD), magnetron
sputtering and sol-gel. Thin films with high propes could be fabricated by all this
methods, and comparatively perfect processing peatenh were formed. The RF
magnetron sputtering and sol-gel processing amgively simple preparation methods
while PLD produces films with superior quality. Hever, the drawback of PLD is the
restriction to small sample sizes. The main adygntd the sol-gel method is the ease of
doping (substitution of atoms on the A- and/or & sif the perovskite crystal) without
purchasing new sputtering targets, and flexibiitywcerning the substrate size.

In this chapter the sol-gel processing of ferragiex is reviewed. The underlying
chemical and physical aspects of the sol-gel dépaosiof these materials will be
discussed, with a focus on understanding solutiepgration, film deposition, and phase

transformation (to the crystalline ceramic) whick accuring during film synthesis.

25.1 Solution Preparation

The general principle involved in the sol-gel depos of perovskite films is to
prepare a “homogeneous” solution of the necessatiprc species that may later be
applied to a substrate. The fabrication of thimélby this approach involves four basic
steps: (1) synthesis of the precursor solutiongdéposition by spin-coating where drying
processes usually begin depending on the solvénip\y-temperature heat treatment for
drying, pyrolysis of organic species (typically 3@@0°C), and the formation of an
amorphous film; (4) higher temperature annealimgdfensification and crystallization of
the coating into the desired oxide phase (600-1@p0°

Solution preparation of perovskite materials gelheranvolves the use of
metalloorganic compounds that are dissolved inmangon solvent. The starting reagents
are typically metal alkoxide compounds, M(QR¥here M is a metal and R is an alkyl
group, metal carboxylates, M(OOGR) and metal  p-diketonates,
MO,(CH3COCHCOCRH),. The selection of the starting reagents is didtdg solubility
and reactivity considerations and the type of smfufprecursor species desired. The
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synthetic strategy used will define solution prescurproperties such as equivalent solids
content, extent of oligomerisation and cation iattion, degree of homogeneity and
reactivity, type and number of modifying ligandsydaprecursor size, structure, and
shape. The solution route used will also deterrtiieetemperature at which pyrolysis of
organic species occurs, the weight loss assocvaitedoxide formation, the densification
and crystallisation behavior of the film, and s¢relevelopment within the film. While
some of these effects are now well understood et less clear, partly because of the
difficulty in characterizing the solution precursand the resulting amorphous film. In
addition to precursor characteristics, film prooegdehavior, such as substrate wetting,
can also play a role in determining the solutioeralstry that must be developed. Film
properties that can necessitate changes in solut@mistry include poor thickness
uniformity (striations), crack formation, crystabition behavior and phase purity, and
compositional nonuniformities [51, k2

In this study a modified sol-gel route was usedolwhis a mixure of two classical
approaches:

1) Sol-gel processes that use 2-methoxyethanol asciaré and solvent [53 -
55].
2) Chelate processes that use modifying ligands ssiettetic acid [56 — 58].

Although other alcohols have been utilized, thevesol 2-methoxyethanol (GH
OCH,CH,OH), is most extensively used in the chemical sgsith of perovskite
materials. Processes based on 2-methoxyethanol 388, are most appropriately
considered sol-gel processes and the key reacteading to the formation of the
precursor species are hydrolysis and condensafidheoalkoxide reagents, in which
metal-oxygen-metal (M-O-M) bonds are formed:

a) Hydrolysis:
M(OR)x + H,O — M(OR)y.1(OH) + ROH [EqQ. 2.26]

b) Condensation (alcohol elimination):
2M(OR).1(OH) — M20(OR)y.3(OH) + ROH [Eq. 2.27]
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c) Condensation (water elimination):
2M(OR),.1(OH) — M,O(OR)y.2 + H,O [Eq. 2.28]

Another key reaction in the use of this solventhis alcohol-exchange reaction that
results in a decrease in the hydrolysis sensitwitgtarting reagents such as zirconiom

propoxide and titanium isopropoxide used in thedpobion of PZT films:

d) Alcohol exchange:
M(OR)x + xR'OH — M(OR’)x + ROH [Eq. 2.29]

where OR is a reactive alkoxy group and OR’ is tless water sensitive
methoxyethoxy group. 2-Methoxyethanol has also bieeimd to be beneficial in the
dissolution of carboxylate precursors such as badate. In this case, by refluxing the
lead acetate precursor in 2-methoxyethanol, onehef acetate groups is replaced,
resulting in the formation of the soluble lead prsor,
Pb(OOCCH)(OCH,CH,OCH;)-0.5H,0. Lead carboxylate compounds are usually
employed due to the instability of lead alkoxidesd atheir limited commercial
availability. A typical process involves refluxinggad acetate and the alkoxide
compounds in methoxyethanol in separate reactiossele. This is followed by
combining the solutions, further refluxing, disdtiion, and dilution to the desired volume.
Prior to film formation, the stock solution preparéy the above process is then
hydrolysed to promote oligomerisation.

Solution processes based on the use of methoxydtham perhaps the most widely
used of any of the CSD routes, primarily due todbdity of this solvent to solubilise a
variety of starting reagents. When properly caroet, sol-gel processes offer excellent
control and reproducibility of process chemistrpdanonhydrolysed solutions exhibit
minimal aging effects. Thin films with excellentgmerties have been prepared by
sol-gel for a number of materials including PZT,gth dielectric constant and
ferroelectric hysteresis) [54], LiNkQ(electrooptic coefficient) [59, 60], BaTi(high
dielectric constant) [61], and YBCO (high criticalrrent capabilities) [62]. However, for

the nonchemist, the procedures involved in solusgnthesis can be rather complex.

5€



Sol-Gel derived Ferroelectric Thin Films for Voleagunable Applications

Thus, while control over precursor characteristicgood, process simplicity is low. In
addition, 2-methoxyethanol is a known teratogenjcivipresents a significant safety
concern and inhibits its use in most manufactufaugities.

Recently, the replacement of methoxyethanol bypig@anediol in this process has
been reported [63 - 65]. As with the original pregethe key reaction that defines the
nature of the precursor species is alcohol excheggeen propanediol and the original
alkoxy groups. Unlike 2-methoxyethanol, which ibidentate nonbridging ligand, 1,3
propanediol is believed to act as a cross-linkiggna in this process, resulting in the
production of large oligomeric species. The ratin@ique properties of 1,3-propanediol
also have an effect on film processing behavior,stmootably in changing the
characteristics of the deposited film. Due to theimal volatility of this solvent at room
temperature, aggregation of the precursor spedéies spin-casting is inhibited and film
instability results. Rapid thermal treatment of #eedeposited layers serves to induce
stability, resulting in films with good dielectrand ferroelectric properties [66]. Another
key advantage of the diol sol-gel process is tlgle depositions result in layers
between 0.5 and 1.0m, rather than the 0.0m thickness typically obtained with other
sol-gel routes. Thicknesses in this range aretefést for manufacturing devices such as
decoupling capacitors since these devices utilz@yskite layers that arel.0 pm in
thickness, and the films can thus be prepared with or two deposition and heat
treatment cycles [67].

A second class of solution synthesis approaches,the “hybrid” or “chelate” routes,
also utilize alkoxide compounds as starting reayémt the B-site species. Unlike true
sol-gel routes, these routes rely heavily on théemdar modification of the alkoxide
compounds through reactions with other reagentseha chelating ligands, such as
acetic acid, acetylacetone (acac, 2,4-pentanediome)amine compounds. Chelate
processes share several common attributes withoxytthanol-based sol-gel deposition,
most importantly, the formation of small oligomespecies during solution synthesis.
The most commonly used chelate processes are lmmselde solvent/chelating agent
acetic acid, and although several steps are typicafuired for solution synthesis,

solution preparation generally requires less thar{@8].
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While hydrolysis and condensation reactions agkiy @ role in chelate routes, the key

reaction is chelation of the metal alkoxides, whgHlustrated here for acetic acid:

M(OR)y + XCHsCOOH— M(OR),x(OOCCH), + XROH [Eq. 2.30]

The primary reason for using chelating agents i®tiuce the hydrolysis sensitivity of
the alkoxide compounds, resulting in solutions theg more easily handled in air.
Chelating agents thus serve a similar function ahwoxyethanol. Chelation also results
in molecular modification of the alkoxide compoundsd chelating reagents thus also
dictate the structure and properties of the resyldpecies. Since ligands such as acetate
and acac have different decomposition pathways doaalkoxy ligands, other important
changes in precursor properties, such as pyrdbgiavior, also result.

Compared to the 2-methoxyethanol process, chelategses offer the advantages of
relatively simple solution synthesis; involved diation and refluxing strategies are not
required. The addition of the chelating agent te #tkoxides is typically carried out
during the initial process stages. Although thecpss eventually produces solutions that
are water-insensitive, the initial phase of thecpss is usually still carried out under inert
atmosphere conditions. As for 2-methoxyethanol @semg, in the production of PZT
films, lead acetate is used in conjunction witlcanmium and titanium alkoxides. Either
lead acetate is added to acetic acid for dissalufimlowed by addition of the titanium
and zirconium alkoxides [51], or the alkoxides fwrgt chelated by acetic acid, followed
by addition of lead acetate [56]. Alcohol and watsr then typically added for control of
solution viscosity and stability [51].

While chelate processes are simple and rapid, b@mistry involved in solution
preparation is quite complex due to the numbereattions that occur. Key reactions
were found to be chelation, esterification, andrblysis and condensation [69]. The
complexity of the reactions results in a diminisfamlity to control precursor structure
compared to true sol-gel approaches. The gaindogss simplicity thus comes at a cost.
However, precursor properties are still typicalceptable for film formation. While
characterization of the precursor species formethigiprocess is not as complete as for

the methoxyethanol route, studies of crystals geadrfrom the reactions of acetic acid
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and titanium isopropoxide would tend to indicatattthey are small oligomers [70, 71].
Further information regarding the nature of thecprsors was obtained through the
addition of pyridine to a typical chelate solutig2]. Concentrating this solution resulted
in the isolation of lead—pyridine crystals, indicat that as for the methoxyethanol
sol—gel process, the lead species remain isolated the titanium and zirconium. The
precursors are thus chemically heterogeneous atoanc scale.

Another drawback of chelate processes is that moed reactivity in the precursor
solution following synthesis can result in a chaimg@recursor characteristics over time
(weeks to months) and thereby in a degradationlnm groperties. This occurs because
substituent groups such as acetate, while lessegtisle to hydrolysis than alkoxy
groups, may still be attacked by water, resultim@ ichange in molecular structure. This
reaction, continued esterification of the solutiand other reactions result in continued
oligomerisation and realkoxylation of the specesntually causing precipitation [73].

Combining these two approaches leads to an inaesseosity of the solution,
resulting in a thicker single film thickness andiacreased stability of the thus prepared

solution.

2.5.2 Film Deposition

After the coating solution has been prepared, filnms are typically formed by spin-
casting or dip-coating, and the desired ceramic@lsobtained by heat treatment. At the
laboratory scale, deposition is usually achievedinyply depositing a few drops of the
solution onto a cleaned, electroded Si wafer usirgyringe with a 0.2um filter. The
wafer is typically flooded during a static dispengeor to spinning at 17000—-8000 rpm.

An as-deposited film is amorphous and typicallyiret a significant organic fraction.
Its nature at this stage is highly dependent orchi@acteristics of the solution precursor
species and the solvent. The reactivity of the ymsars is determined by the starting
reagents, the type of modifying ligands used, dmel @éxtent of modification. Three
general classes of films may be described accordirige type of precursor interactions
and the film gelation behavior. They are chemi@lfgms (i.e., significant condensation

during or shortly after deposition), physical géing (i.e., a physical aggregation of
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precursor species that leads to film stability)d amongelling films (i.e., minimal
precursor interactions due to low precursor redgtand low solvent volatility). For the
production of high-quality films, it was found thaither chemical or physical gelation is
important. For nongelling films, condensation reatd that lead to film stability and
improvements in processing behavior can be indubgda heat-treatment step
immediately after deposition. The nature of thelegesited film, which is defined by the
precursor properties and aggregation behavior guté@position, is important since it not
only provides insight into the nature of the preous but also influences film
densification during heat treatment.

Titania films serve as a good model system for tstdading the processing behavior
of perovskite films such as BST, PST, and PZT bsedhe film-processing behavior in
these more complex systems is strongly influengethbe behavior of the B-site species
(here, Zr and Ti). While numerous processing sintiéss have been observed between
the single component and the perovskite systenesupsor effects have been studied in
much greater detail for titania and zirconia; henbes discussion will focus primarily on
these two materials. There is sufficient data tdidate that the processing/property

relationships discussed hold for perovskite thim-forocessing.

@) (b)
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A 2/1 Acac/Ti e ©° o
o 1/1 Acac/Ti ggp ooo @
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Fig.2.12: Consolidation behavior of titania thitnfis at room temperature immediately after
deposition. (a) Ellipsometry results for thicknesaad (b) refractive indexes as a function of
time. Solution precursors were prepared by reactibii(OBU), and acac; modifying ligand
ratio (r) indicated in legend [74

To investigate the effects of precursor propemiesggregation and film consolidation

behavior, butanol-based solutions of titanium bigexwith varying amounts of the
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modifying ligand acac were prepared [74]. Films evéren fabricated by spin-casting at
3000 rpm for 30 s, and immediately following depiosi, the variations in film thickness

with time (at room temperature) were studied bygleirwavelength ellipsometry. Results
of this analysis are presented in Fig. 2.12 forwheations in film thickness, shrinkage
and the initial refractive index. As the level obdification is increased from a molar
ratio of 0 to 2 mol of acac/mol of Ti, the initilim thickness increases dramatically, and
concurrently, the initial refractive decreases.

The observed results may be explained by consigliétinthe effect of the acac ligand
on precursor nature, (2) the properties of the fyodj ligand compared to the parent
groups (butoxy), and (3) the physical processessdbeur during film formation. During
the spin-off stage of deposition, as the concentradf the precursor species increases
dramatically, they come together and begin to aderPrecursor properties governing
this interaction include size, shape (fractal rgturand reactivity [75]. Since the
viscosities of the solutions are similar, it isibeéd that the increase in initial film
thickness with acac addition is due to a decreagacking efficiency of the more highly
modified precursors during aggregation, most likedg a result of increased
precursor/oligomer steric bulk. Another indicatiointhe lower packing efficiency of the
more highly substituted precursors is the obsedemlease in initial refractive index.

Film consolidation behavior also depends on prexursactivity. Precursors that are
less reactive (toward hydrolysis and condensataa)termed “transparent”, since they
interpenetrate during aggregation and consolidatioose that tend to react are referred
to as “opaque” [68, 74]. As greater amounts of ar&cused, less reactive, more highly
transparent precursors are formed. This is not dasy to the fact that the acac ligand is
less susceptible to hydrolysis than the butoxynthf6], but being sterically demanding,
it can inhibit accessibility to any remaining (réae) alkoxy species. Films prepared
from more highly modified precursors should therefoonsolidate to a greater extent
than those prepared from more reactive (unmodifspacies, because the precursors are
more transparent and do not cross-link to as gaaagxtent following deposition. An
indication of this behavior may be the fact thagrevthough, initially, the = 2 film is
significantly thicker than the = 0 orr = 1 films, after drying at 25°C for about 2 h, the

films display similar thicknesses (see Fig. 8)tHa present case, even more pronounced
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differences in film consolidation may not have bedserved because the butoxy ligand
itself is fairly insensitive to hydrolysis and cardation, much less so than many
typically used alkoxy groups, e.g., ethoxy or isggxy. It is also worthwhile to note that

variations in film consolidation behavior can beluced through the use of different

chelating ligands (acetate versus acac, etc.)erathan by changing the reaction

stoichiometry as in the present example. Thesatanis can lead to films that are more
chemical gel in nature than physical gel [74, 77].

Film consolidation following deposition is thus @stgly related to the nature of the
precursor species. Films that ar£000 A in thickness after crystallization may rarge
thickness from 2000 to 6000 A immediately after asion. Shrinkage during
processing is thus extensive, and it occurs at reemperature because of capillary
forces, during organic pyrolysis, and through th@umne change that accompanies
crystallization. Film shrinkage can also generatesses in the films well in excess of
100 MPa. The magnitude of the stress, and wheilnercfacking occurs will depend, in
part, on the reactivity of the precursors: lessctiga precursors do not tend to form
“solid” films as rapidly, and hence, the solventhche removed without producing
significant stress [78]. Consolidation is most monced at room temperature and during
organic pyrolysis, where the film may shrink in theckness direction by 50-70%. Since
films with thicknesses ranging from 0.5 to 2uh are required for many applications,
they are typically fabricated by a multilayering papach, wherein deposition is
immediately followed by pyrolysis, and then eachelais crystallized before the next
deposition. Alternatively, multiple layers are dspped and pyrolysed prior to a single
crystallization anneal.

In addition to precursor properties, solvent chagcan important consideration. As an
example, consider the recent work to develop déipasprocesses to form thicker layers
that is based on the use of 1,3-propanediol [68,-6@] . It has been demonstrated that
films between 0.5 and 1jdn/deposition can be prepared by this approach. Mexen
the preparation of films by this approach, as-deeddilms appear liquid and tend to
dewet the substrate surface, resulting in nonumiftes and a degradation in film
quality. In this instance, the viscosity of thev&slt is such that precursor interactions,

either physical or chemical, are inhibited. Thecoity of propanediol is40 mPs, while
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more commonly used solvents ar®.5-1.0 mFs. The extremely low volatility of this
solvent at room temperature also plays a role biting precursor interactions. In
contrast, for films deposited from high-volatiligolvents, vaporization of the solvent
results in film drying, which forces interactiongtiveen the precursor species. These
interactions are, at minimum, physical in naturel am some instances chemical, as
condensation reactions may occur. While chemiddiilges are not always desired, some
level of aggregation seems critical to the prepamabf stable films that will remain
uniform throughout subsequent processing. For lolatility solvent systems such as
propanediol, film dewetting can also become a mabtlue to the lack of either chemical

or physical gelation during spinning [66].

25.3 Gel to Ceramic Conversion

In this study the two-step approach has been eraglayost of the time to convert the
as deposited film into the crystalline perovskiteage. In this method, the as deposited
film is first subjected to a separate pyrolysigpspeior to the crystallization anneal. The
film is typically placed on a hot plate held at 20@0°C for burnout of the organic
species. While it might be expected that this tgpeapid heat treatment would cause
cracking, in reality, it appears that this is ofthe best approach. It has been proposed
that this procedure allows for the removal of thgamic constituents prior to the collapse
of the amorphous network, which minimizes crackamgl blistering. Lakemaet al.[79]
have studied the rearrangements that occur withénfilm during pyrolysis and the
development of the amorphous structure. As-dembstieatings were found to be
amorphous but possessed short-range order. Fotjopymolysis, the development of
medium-range order was observed, and chemicaldgeeeity at the nanometer length
scale was evident. The degree of heterogeneityolasrved to decrease with higher
heat-treatment temperatures [79]. Films that haaenlpyrolysed may also still contain
small amounts of residual organic and hydroxyl gsedyrolysed films are subsequently
heated to higher temperatures (500- 700°C) fortalyzation, at heating rates that have
ranged from 5 to 7500 °C/min. These latter ratas een obtained using rapid thermal

annealing furnaces [80, 81].
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| stand at the seashore, alone, and start to think:

There are the rushing waves
mountains of molecules
each stupidly minding its own business
trillions apart
yet forming white surf in unison.

Ages on ages
before any eyes could see
year after year
thunderously pounding the shore as now.
For whom, for what?
On a dead planet
with no life to entertain.

Never at rest
tortured by energy
wasted prodigiously by the sun
poured into space.
A mite makes the sea roar.

Deep in the sea
all molecules repeat
the patterns of another
till complex new ones are formed.
They make others like themselves
and a new dance starts.

Growing in size and complexity
living things
masses of atoms
DNA, protein
dancing a pattern ever more intricate.

Out of the cradle
onto dry land
here it is standing:
atoms with consciousness;
matter with curiosity.

Standing at the sea, wondering: |
a universe of atoms
an atom in the universe.

Richard P. Feynman
“Classic Feynman - All the Adventure of a curiobsuacter... ©
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Characterisation of Ferroelectric Thin Films

(Ba,Sr)Tiy and (Pb,Sr)Ti@thin films were deposited on pieces of prime-gradsi-
wafers with 200 nm thermal oxide. For the charasation of electrical and physical
properties of the ferroelectric thin films a stardlarocedure, which was developed for
Pb(zr,Ti)O; (PZT), was adopted. In this scheme a Ti/Pt, 8nfrii) bottom electrode
was deposited on top of the oxide layer. It is canrknowledge that this metallisation
layer enhances the crystallisation of PZT and gealfl other ferroelectrics. In a later
chapter we will see that this is not necessaryfsr.

However, after the sol-gel deposition and
XRD- , AFM-, and SEM-characterisation of
either BST or PST Cr/Au dots were
evaporated through a shadow mask. Electrical
properties, e.g. permittivity, loss and
. tunability, were measured on a probe station
with a Wayne Kerr precision component
analyser 6425, the hysteresis was measured
using a RT66 ferroelectrics test system
(Radiant Technologies, USA), and the

Fig. 3.1: The Wayne Kerr precision compon . .
analyser 6425 with probe station and power supmly fPermittivity-temperature dependence (Curie-

the measurement of the tunability temperature) was characterised with the help

of a poling-rig, which could operate in a temperattange of —40°C to +60°C while
keeping the sample under constant vacuum to avortlensation of water. Auger
analysis of the PST-, PZT-Sinterface was the last experiment with remarkabeilts
in this study.

In this chapter some of these methods and techsigpeedescribed in more detail.
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3.1 Sputter deposition and Thermal Evaporation

3.1.1 Sputter Deposition

Sputter deposition involves the bombardment ofrgetawith energetic ions in order to
generate a vapour that subsequently deposits ostibstrate. In this study two types of
sputtering were used: DC magnetron sputteringHerdeposition of Pt (target: Pi-KEM,
UK 99.9% purity) and RF magnetron sputtering far tleposition of Ti (target: Pi-KEM,
UK 99,7% purity). The basic principle behind bo#thniques is the same and begins
with the evacuation of the process chamber bel®1a® Pa, into which Ar gas is
introduced at low pressure of 1.3 Pa. A glow-disghaplasma is struck between the
target (cathode) and an adjacent shield (anod&pblying either a steady voltage (DC
sputtering) or an AC voltage (RF sputtering). ResiAr ions are accelerated towards the
target and “sputter” atoms, through momentum exgbaout into the chamber. Those
that hit the substrate condense to form a thin.flBacondary electrons are also emitted
through the bombardment of the target and thesataiaithe plasma by ionising further
Ar atoms. Permanent magnets behind the target &otoroidal field that confines the
plasma to a ring close to the target. Because #tle fgngth of electrons within the
plasma is increased, the minimum gas pressurediaiguthe plasma is reduced. This
helps to boost sputtering rates since the sputi@iauds are subjected to fewer collisions
on their way to the substrate. RF sputtering isaathgeous for insulating targets or
targets with reduced conductivity as it prevenigrgh build up and also reduces the drive
voltage necessary to maintain the plasma.

A Nordiko 2000 sputtering system was used during ifivestigation. This machine
was equipped with three magnetrons (two for RFtepng and one for DC sputtering).
Samples were loaded onto one of six substrate tslaich, in turn were fitted to a
motorised central spindle. A computer was usedotate the samples into the correct
position above the relevant target. A 10 min prettgp was employed to remove surface
oxide and/or contaminations from the Ti targetcése of Pt, a shorter, 2 min pre-sputter
was used that took into account the reduced rafct¥ the material and its significant
monetary value. The standard procedure involvedsigpg an 8 nm Ti adhesion layer,

followed by 100 nm of Pt, without breaking the vaou Adhesion layers are used to join
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layers in a thin film system that would otherwiseibcompatible. Since Ti is a relatively
reactive metal it can break the Si-O bond on theu$fiace to form a Ti-O or Ti-Si bond.
Conversely, Pt, being a noble metal, cannot doahts thus has limited adhesion to Si.
However, Pt can form strong metallic bonds with xidsed Ti. Hence, with an

intermetallic reactive layer, Pt can be made tceagllvell to the Si-substrate.

3.1.2 Thermal evaporation

Thermal evaporation was used to deposit Cr/Au fept®des onto the ferroelectric
thin films. The technique is very simple and invedvheating an evaporating source under
vacuum, by passing a large current through it @aifect). Refractory metals, metals
with a high melting point, such as W, Ta and Mo examples of commonly used
evaporating sources. The evaporant, which has arlavelting point, is inserted into the
source and the chamber is evacuated. As the cusremdreased, the evaporant vaporises
and condenses on a substrate placed above thesWaum pressures below 1.B3°
Pa are necessary to prevent oxidising of the aiartise vapor before coming in contact
with the substrate and to ensure a large mean
free path.

The amount of heat generated through the
Joule heating is’R, where R is the parallel
resistance of the source and evaporant at the
evaporation temperature. This temperature is
nonuniform because some heat is conducted
down the electrodes. Therefore, unlike sputter

deposition, it is essential to monitor the

evaporation rate in situ as it is highly variable.

Fig. 3.z The Edwards E480 thermal evaporator

One common method is to use a crystal rate
monitor. This utilises the resonant properties ieizpelectric quartz wafers to detect a
vapour flux and give an estimate of the amount afemal that is deposited on a substrate
during the evaporation. The quartz wafer generategscillating voltage across itself

when vibrating at its resonant frequency. Metatteteles on opposite faces of the wafer
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act as electrical coupling. During a deposition side of the wafer is exposed to the
vapour flux and proceeds to accumulate mass, wsutisequently reduces the resonant
frequency of the crystal. By comparing the redudeshuency with the resonant
frequency of a reference crystal, located in th&rod unit, the mass of the deposit can be
calculated. Measurements of any quantity relativeat reference value of similar
magnitude is always more accurate than making aolaie measurement and such the
instrument has a submonolayer resolution.

An Edwards E480 thermal evaporator was used. Thesywas pumped down to a
pressure below-30* Pa before the evaporation. A W wire source wasl ts@vaporate
Cr granulates and a Mo boat for Au. Top electradere produced by evaporating 15 nm

of Cr (adhesion layer) and 100 nm of Au throughhad®w mask with hole-areas of 0.48
mn¥.

3.2 Analysis

3.21 X-ray Diffraction Analysis (XRD)

The phase composition and degree of preferentiaht@tion in the ferroelectric thin
films were determined by X-ray diffraction (XRD)ing the Bragg-Bentano goniometer

geometry, Fig. 3.3.

40.0% THETA

400" THETA

Fig. 3.3: The Bragg Brentano Theta:Theta setup
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In this geometry the sample is moved through arteghg/hilst the detector is scanned
though an angle ®— producing a so-calle@-20 scan. At values of @2for which the
lattice spacing d satisfies the Bragg conditids2dsird a peak appears from which d
can be derived. The peak intensity gives a quaidameasure of the preferential
orientation.

In this study a Siemens D5005 diffractometer waslder all the XRD measurements.
The X-ray tube emitted CuKradiation {=1.5406 A) at 40 kV and 30 mA. In gener,
20 scans were conducted between 20 and 60° in inertsnoé 0.04° with a dwell time of
1 sec per increment. The main peaks in the XRDtspet both BST and PST were the
(100), (110) and (111) lattice planes. The lattee was hidden under the strong Pt (111)
peak. By knowing the position of these peaks on#dcoharacterise the crystallisation of
the perovskite thin film.

3.2.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was the primanaging technique used
throughout this study. Its many benefits includenimal sample preparation
requirements, a wide magnification range and thigyato resolve features below 10 nm.
The system used during the investigation was arSiXL30 Schottky Field Emission
Gun (SFEG) SEM. This type of SEM utilises a sh&upgsten-based tip at which a very
high electric field concentrates (> 10/m). Under these circumstances electrons can
tunnel through the reduced potential barrier aredthen accelerated up to the required
beam voltage. Field emission SEMs have a very bigihtness (current density per solid
angle) compared to conventional therionic emitt&tgs means that they can provide a
high electron density over a smaller spot areagioiotg high resolution (better than 1.5
nm under ideal conditions) at relatively low accat®n voltage (5 kV).

Samples inspected under the SEM were preparedcim suway as to minimise the
effect of charging on the image. Wafers and flahgas were attached to the sample
holder using double sided adhesive conductive catapes. Cross sections were holded
by a metalic spring. For low resolution imaging &000) an Everhart-Thornley

secondary electron detector was used. Higher résotuwere achieved by setting the
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working distance ta< 5 mm and using the through-the-lens secondaryrefecetector
(TLD). This detector was mounted within the lensd areceived electrons in the

immediate vicinity of the scanned ares.

3.2.3 Polarisation Hysteresis Measurement

An RT66A Standardised Ferroelectric Test System waed to analyse the
ferroelectric hysteresis properties of some oftthie films produced during this study.
This instrument combines the features of a functienerator, an electrometer and a
digital oscilloscope in a single PC controlled uritetails of the sample, such as
thickness and electrode size, are inputted intostifevare, which then executes the
appropriate hardware commands and collects andegses the data. The results are
displayed in form of polarisation vs. electric dieturves.

The system can produce polarisation hysteresisesurv two ways: the conventional
Sawyer-Tower circuit mode or the virtual groundcuit mode. The Sawyer-Tower
circuit consist of a linear sense capacitor coreteat series to the sample. The voltage
across the sense capacitor measures the charge storthe sample, which is related
back to the polarisation. This is a simple techaidput requires an accurately known
sense capacitance of far greater magnitude thasaimple capacitance. In contrast, the
virtual ground circuit is composed of a currentegrator connected in series with the
sample. By measuring the charge collecting onrtkegrating capacitor, the polarisation
is easily calculated. This circuit improves reprathlity and allows smaller capacitances
to be measured with greater accuracy than the Saligger method. All measurements
in this study were made using the virtual groundwt mode.

The inbuilt power supply of the system can applynaximum of + 20 V across a
sample. If the thickness of a sample exceeds 1hemit is likely that this drive voltage
will not be able to overcome the coercive field.this circumstances a high voltage

interface can be used in combination with a TreBBamplifier.
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3.24

Atomic Force Microscopy (AFM)

A Digital Instruments Dimension 3000 AFM was useul dnalyse the surface

topography of samples. Contact mode was used te rhagh-resolution topographical

images. The tips used during this study were coeghad boron-doped p-type Si and
manufactured by NANOSENSORS (Nano World AG).

3.2.5

Curie Temperature Measurement

For the measurement of the Curie temperature, thesition point between

ferroelectric tetragonal and paraelectric cubic,
of PST the Poling Rig, build within the

Nanotechnology Centre, was used. It was
constructed to pole ferroelectric PZT samples

, under different temperatures in a vacuum

== atmosphere to avoid the condensation of

water around 0°C. The temperature range was
limited by the plastic materials inside the
vacuum chamber and not by the heating
(peltier and electrical stage heating) or
cooling (peltier or liquid nitrogen) system. A
safe temperature range was from —40 to
+60°C. The transition point of the materials
used in this experiment, Mn doped PST 40/60
(40% Pb and 60% Sr), is under but close to
room temperature, thus the temperature range
of the rig was sufficient. However, it was not
build for this purpose. High losses, time
consuming and relatively complex calibration

of the system and other side effects, e.g. an

Fig. 3.5 The opened vacuum chambeéthva fitted tes €ver increasing trend of the permittivity with

sample
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temperature, make the results of these measuremlnisrable. But still, a peak in the
permittivity is a peak. As a reference the permiilfi vs. temperature curve of bulk
BaTiO; was measured, Fig. 3.6, and compared with the kmellvn results from Merz,
Fig. 2.6.
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Fig. 3.6: Permittivity vs Temperature of bulk BaTi®leasured in the Poling Rig.

The result shows that the peaks in permittivity iaréhe right position compared to
Merz measurements. Therefore this method can bd tsemeasure the transition

temperature qualitative without doubts.

3.2.6 Auger Emission Spectroscopy (AES)

Auger Emission Spectroscopy (AES), or Auger Analyss a technique used in the
identification of elements present on the surfatethe sample. AES involves the
bombardment of the sample with an energetic printeegm of electrons. This process
generates, among other things, a certain clasecdfens known as Auger electrons.

The mechanism by which an Auger electron is retkasarts with an electron being
ejected by the primary electron beam from its sheally, the K-shell. Another electron

from an outer shell (say, the L1-level) of the saat@m emits energy in the form of a
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photon in order to go down to the K-shell positiacated by the ejected electron. The
photon released by the second electron will eitegrlost or eject yet another electron
from a different level, say, L2. Auger electrone atectrons ejected in this manner, such
as the third electron from L2 in the example. Thhs, generation of an Auger electron
requires at least three electrons, which in themga above are the K, L1, and L2
electrons. In this example, the emitted Auger ebects referred to as a KLL Auger
electron. Hydrogen and Helium atoms have less these electrons, and are therefore
undetectable by AES.

The energy content of the emitted Auger electromnisjue to the atom where it came
from. Thus, AES works by quantifying the energy teo of each of the Auger electrons
collected and matching it with the right element.

The energy of Auger electrons is
usually between 20 and 2000 eV. The
depths from which Auger electrons are
able to escape from the sample without
losing too much energy are low,
usually less than 50 A. Thus, Auger
electrons collected by the AES come
from the surface or just beneath the

surface. As such, AES can only provide

compositional information about the

Fig. 3.7: The VG ESCAlab MKAES-Lab in Cranfield surface of the sample. In order to use
AES for compositional analysis of matter deep itite sample, a crater must first be
milled onto the sample at the correct depth byspuattering.

AES has the ability to provide excellent lateraai@tion, allowing reliable analysis of
very small areas (less than 1 micron). It also reffeatisfactory sensitivity, detecting
elements that are less than 1% of the atomic composf the sample.

The output of AES is referred to as an Auger spettrThis spectrum would show
peaks at Auger electron energy levels correspontdirthe atoms from which the auger
electrons were released [1] (sometimes called bgndnergy).
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3.3 References

1. http://www.siliconfareast.com/augeranalysis.htm
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| love fools' experiments. | am always making them.

Charles R. Darwin
In Francis Darwins The Life of Charles Darwin’1902

Kohn's Second Law: An experiment is reproducible
until another laboratory tries to repeat it.

Alexander Kohb
In N SreedharangQuotations of Wit and Wisddn2007

You make experiments and | make theories. Do you
know the difference? A theory is something nobody

believes, except the person who made it. An

experiment is something everybody believes, except
the person who made it.

Albert Einstein
In Gerald Holtons, The Advancement of Science, and Its
Burdens”, (1986),
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Barium Strontium Titanate (BST)

It should be well known by now that BaTy@ a ferroelectric perovskite and has been
well studied in bulk ceramic form where the meadupermittivities are well in the
thousand (see Fig. 2.4). By substituting the theitA-atom (Ba-atom) with Sr the Curie
temperature, d, can be shifted down from 120°C to around roompieraturgFig. 1.12).
The linear drop of 'is ca. 3.4°C per mol%. Therefore, 30 mol% Sr (8FWould bring
the Tc of Ba xSKTiO3 down to room temperature. Due to this fact BST arad still is an
attractive candidate for voltage tunable devicke lraractors, phase shifters, DRAMs
etc., where the ferroelectric crystal or thin fighould be in the paraelectric state viz. the
operating temperature should be aboye T

BST films are, like PST, polycrystalline. Their pesties heavily depend on
composition, stoichiometry, microstructure (graiizes and size distribution), film
thickness and homogeneity of the film. The BST ma/&ST thin film growth method
significantly affects the composition, stoichionyetcrystallinity, and grain size of the
film and, consequently, its dielectric properti@svariety of techniques have been used
to deposit these films (see introduction sectionhapter 2.4).

BST 60/40 was chosen as a starting material in shisly because it is widely
investigated and used for voltage tunable thindili wide range of publications makes
it relatively easy to gain access in this topic.

In this chapter a short review of BST depositiomiigen, followed by the description
of the synthesis and characterisation of BST titinsfdeveloped in the beginning of this
study. It concludes with a comparison between tiflerént approaches of BST sol-gel
synthesis, pointing out the dominant role of theerfacial layer and the capacitance-
density.
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4.1 A Short Review of BST Deposition

The beginning of success in sol-gel deposition 8T Bhin films seems to be the early
1990s. D. Tahart al. [1, 2] wrote two papers in 1995 and 96 where helistlthe
effects of composition and processing parametdrs.sbl was prepared by dissolving an
appropriate ratio of barium and strontium acetate acetic acid under nitrogen
atmosphere. This was followed by the addition efachiometric amount of titanium 1V
isopropoxide. Ethylene glycol was added to a portbthis solution, in an acetic acid to
ethylene glycol ratio of 3 to 1. This ratio allowdtk acetates to dissolve easily, along
with increased solution stability. This solutionsmhen heated at 90°C for approximately
1 hour to permit reaction between the acetic acitithe ethylene glycol. Both the acetic
acid and the acetic acid/ethylene glycol solutioveye studied in terms of solution
stability, crystallisation temperature and film tiya

Films were prepared by spin coating the solutidng580 rpm for 90 sec onto Si and
PUTI/SIO)/Si substrates. The films were heated on a hote pt 300°C to dry and
pyrolyse the organics, followed by a heat treatmerair or oxygen at 550°C to 750°C.
This process was repeated to produce multilayesfil

Upon comparing the acetic acid solution to theiaaatid/ethylene glycol solution, it
was noticed that the former solution yielded a wiptecipitate after only a couple of
days, while the latter remained stable to predipita The perovskite BST began to
crystallise at 600°C and 500°C for films made frametic acid and the acetic
acid/ethylene glycol solution, respectively. It whereby found that ethylene glycol is a
necessary component of the solution, increasingtdtality of the sol and decreasing the
film crystallisation temperature. Yet al. (1988) [3] and Giridharaet al. (2001) [4]
pointed out that ethylene glycol also helps to oedsignificantly the tendency of film
cracking during annealing at high temperaturesath °b(Zr,Ti)Q and BST. The cause
of the film cracking is due to the large volume @ when the wet solution is fired to
inorganic oxides. The high boiling point and lateaat of vaporization of ethylene glycol
retains the atom mobility and helps to get a cfes thin film.
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However, Taharet al. did not mention cracks. The dielectric constanthef thin film
was approximately 400 with a barium content of 801% (ferroelectric state) and a
thickness of 400 nm, with a dielectric loss (8rhess than 0.05 (5%).

Also in 1995 Nazaret al. [5] reported the fabrication of 2 um thick BSTrtHilm at
700°C on Pt foil from an alkoxide-isopropanol smat However, even after firing at
700°C these films showed poor crystallinity. Seefaal. [6] reported the fabrication of
cerium doped BST thin films between 700-725°C ia same year. These films were
derived from Ba/Sr acetates and titanyl acetateypsers dissolved in 2-methoxyethanol
and ethylene glycol.

1997 Paiket al.[7] used barium hydroxide, strontium hydroxide aitahium butoxide
to derive a BST thin film on Pt/Si with a dielectdonstant of 450 and a tarof 0.039 at
10 kHz. The film was annealed at 800°C.

It was soon noticed that the lattice constant a53$4310 A) does not match the lattice
constant of BST (3.96 A) very well and MgO (4.13, Axpphire AIO3 (4.748 A) and
LaAlO3 (3.821 A) became the substrates of choice for robste researchers. In 2001
Majumderet al. [8] prepared the first phase shifter device usioggel derived BST on
LaAlO3; (LAO). In this study barium and strontium acetatesre codissolved in acetic
acid. Ethylenglycol was added to completely dissdhese precursors. The solution was
heated slightly above room temperature for compkisolution of the precursor
materials. Ti isopropoxide was dissolved in acatic and the solution was added to the
Ba-Sr complex solution at 50°C. The sol was themest for 30 min for complex
formation. For thin film deposition the sol wasuliédd to a concentration of 0.35 Miby
adding acetic acid. Films were deposited by spmritronto LAO substrates at a 3000
rpm for 5 sec. Just after deposition, the filmsevaserted into a preheated furnace kept
at 600°C and fired for 5 min for the removal of amgs. The coating and firing cycles
were repeated ten times to attain a film thickredsgbout 350 nm. The films were finally
annealed at 1100°C for 6 h in air for crystallisati At zero bias field the estimated
dielectric constant at 100 kHz was found to be &bbd00, while maintaining a
dissipation factor (tafl) as low as 0.004. The tunability was 7% (E ~ 0342//pum) and
the figure of merit FOM = (ECy)/(Cotardy) was 12.67. In terms of phase shift
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applications the maximum phase shift obtained & 81z was 320.4°, and the insertion
loss was 8.435 dB, leading to a FOM of 37.98°/dB.

It should be noted that the reported values ofdileéectric constant of thin film BST
rarely exceed 800. The higher dielectric constan¥lajumders paper was attributed to
the highly oriented nature of the film.

Probably the latest achievement in the sol-gel gnagmn of BST for applications is
described in a paper from M. Jahal.[9] in 2004, who was working in the same group
as Majumder at the University of Puerto Rico on BSTase shifters. Therefore he
adopted his slightly modified synthesis of BST, hatused a BST:MgO layer sequence
for the preparation of heterostructured BST filmke film was prepared by depositing
thin, single coatings of both MgO and BST altewlil, with MgO as the initial (on the
LaAlO3; substrate) and BST as the terminating layer, thatlted into a BST:MgO
volume ratio of 68:32. After annealing at 1100°C 6h his phase shifter achieved a
record FOM of 96°/dB at 16 GHZ he room temperature dielectric properties ofpghee
and heterostructured BST:MgO films measured at 1zMHRd an applied electric field of
25.3 kV/cm are listed below:

Film Dielectric constant tan Tunability FOM (%)
Pure BST50 2714 0.0215 51.87 24.08
BST50:MgO 1277 0.0052 28.48 55.12

Table 4.1: Room temperature dielectric propertiethe pure and heterostructured BST:MgO
films measured at 1MHz and applieectric field of 25.3 kV/cm [!

However, low loss substrates like MgO or LAO arkatieely expensive, small and
components mounting techniques to fabricate a Hybmicrowave-integrated circuit
using these substrates are not so simple [10hdftéchnology of tunable ferroelectric
microwave devices is to be realized, materialstewiuallowing the optimal properties in
economical or manufacturable embodiments must belolged.

One solution is to go back to Si and lock for aeotlype of metallization scheme since

the noble metals which are normally used in BSTedaand other thin film perovskite
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devices like Pt and Au have a high resistance ahgjlaloss in the microwave region.
Copper could be the material of choice. A Cu etat#r exhibits a much lower bulk
resistivity (1.7 |f2cm) than Pt (10.8 Qcm), which can greatly reduce the total device
loss (see section 5.3 for details) and boost thteking speed of BST thin film devices
for high-frequency applications. Fat al. [11, 12]introduced a TiAl/Cu/Ta electrode on
Si for BST devices in 2003. The Ta layer servedaadiffusion barrier to inhibit
deleterious Cu diffusion into the Si substrate,levthe TiAl layer provided an excellent
barrier against oxygen diffusion into the Cu layerinhibit Cu oxidation during the
deposition and annealing of the BST thin film. Aseault they deposited 160 nm BST
with a relatively high dielectric constant (280)aalow loss (0.007).

But despite all the research and sophisticatedldewrents in both, solution chemistry
and device integration, BST has never made thetstepmmercial available applications
up to now because there are four major limitatiikin BST thin films:

1. The relative large leakage current density limite use of thinner films in
DRAMSs.

2. The relative high growth temperature is detrimerftal the integration to
semiconductor devices.

3. High losses, especially in the microwave regios,existing.

4. Crack formation during the sol-gel processing araagor obstacle as we will

see in the next section.

4.2  Synthesis and Characterisation of BST

The multicomponent BST precursor solution was megbaising high purity barium
acetate, Ba(C§C0O,),, strontium acetate, Sr(GHO,), and titanium butoxide,
Ti(OC4Hg)4. First the strontium acetate and barium acetatee wmixed in a
stoichiometric ratio in acetic acid. Heating wasaed to help the dissolution of the
precursors. After a while titanium butoxide was edidunder constant stirring. The
solution was then stirred for 2 hours at room terajee. Finally ethylene glycol was
added to prevent cracking and to stabilise thetisoiu
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The solution was then spin coated on Pt/TilS8Dat 3000 rpm for 30 sec. The as
deposited wet films were heated in a three-stepirfge@rocess using two different hot
plates and a furnace. In the first heating stdpvattemperature of 300°C for 40 seconds
the gel was dried and subsequently pyrolysed atG30r 2 minutes on a second hot
plate. These steps were repeated several timestainahe necessary thickness. At the

end the film was inserted into a furnace for anngahnd crystallisation. The annealing

Pt(111) * BaCO;
m perovskite BST

(200) (211)

1(c)m I m

Intensity (arb. Units)

20 30 40 50 60
2-Theta [?]

Fig. 4.1: X-ray diffractograms of BST (a) pyrolisad550°C; annealed at (b) 600°C, (c) 700°C,
(d) 800°C. and (e) 900°C for 30 minut

time was 30 minutes at different temperatures f6@®°C up to 900°C to get information

about the lowest crystallisation temperature.

Fig. 4.1 shows that the dry gel first begins tostailise into barium carbonate, Bag; @

the pyrolysing step at 550°C [8]. During the animgpbake at 600°C the peroskite BST
(110) phase begins to crystallise while the Baphase is still present. Finally, after
700°C the BST is fully crystallised. The (100), 0),1(200), and (211) phases are present
and the BaC@phase has vanished. A further increase in theaimgetemperature has

no visible effect in the X-ray diffractograms.
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That the crystallisation of the film is relativetiyne independent at these temperatures
shows Fig. 4.2. The BST thin film is fully crystiakd after 30 minutes at 700°C and

there is no change detectable in the X-ray difrgcm after 1 hour or even 2 hours.
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Fig. 4.2: X-ray diffractograms of BST annealed @97C for (a) 30 minutes, (b) 1 hour, and (c)
2 hour:

However, annealing in a furnace has two major deskb, dramatically film cracking

and contamination with particals from the furnaémy(4.3).

Acc¥ SpotMagn Det WD Exp 1 60m AccV  Spot Magn  Det WD Exp ———— 1oum
12.0KkY 3.0 452x SE 1601 10.0kY 3.0 3230x SE 1471

Vi N

Fig. 4.3:Cracks in and particles on BST thin filafter annealing in a furnace
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From these results it was decided to use a thitdolate at 700°C for the annealing
bake after each deposition step to reduce filmkmgcand contaminations from the

furnace. The optimised deposition process wasdl@nfing:

Spin coating 3000 rpm 30 sec
Drying 330°C 2 min
Pyrolyse 600 °C 5 min
Annealing 700 °C 10 min

Table 4.2: Optimised deposition parameters for BST.

Fig. 4.4 presents SEM-images of the best BST tifim Wwhich was realised in this
study. Single BST layers with a thicknesss<dd0 nm are visible in the cross section. The
white layer is the platinum bottom electrode wittheckness ofs 100 nm. While cracks
are still clearly visible in the top view, it wagsible to characterise the dielectric

properties of the film indicating that no shortsrevpresent.

" "AccV Spot Magn Det WD Exp — Bpm AccV SpotMagn Det WD Exp 1 500nm

" 200kv 3.0 6260x SE 99 0 12.0kv 30 51144x SE 231 1

Fig.4. 4: Top view and cross section of BST tHindiannealed at 700°C on a hot plate

Fig. 4.5 shows the dielectric constant and theedtat loss versus frequency and the
tunability versus an applied bias field of a 500 thick BST thin film. The dielectric loss
increases sharply after 100 kHz while the dieleatanstant remains relatively stable up
to this frequency but decreases afterwards. Thability was 14% under an applied
electric field of ~ 50 kV/cm.
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8000 71 Tunability vs. Bias Field
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Fig. 4.5: Dielectric properties of BST 60/40. Léitlectric consant and loss vs. frequency, righttility
vs. an applied electric field.

4.3 Discussion

Fig. 4.6 shows the frequency dependence of thedar@ constant and loss of a 250
nm thick BST 50/50 film prepared by sol-gel depositand rapid thermal annealing at
700°C for 5 minutes on platinised Si with -

thin Ti adhesion layer [13]. Ny — q08

The behavior of the loss is relative tf‘%
same: Stable around 10% until ~100 Kkt

500 - 08

400

with a strong increase afterwards. This can
300

Dielectric const

attributed to the three- and four quantum Ic

Loss tangent tans

mechanism in thin films. The dielectri
100 | o0

constant in Fig. 4.6 decreases nearly line

: oy . . —
10° 10° 10* 10° 10°

with increasing frequency until ~ 1 MH. Frequency (Hz)

while it seems to be rather stable up to 3(

Fig. 4.6: Frequency dependence of dielectric
kHz in Fig. 4.5. However, the dielectric constant and loss of a BST capacitor rapid thermal

constant in Fig. 4.6 is remarkably higher the annealed at 700°C for 5 min [13]
in Fig. 4.5 (nearly twice as high at 10 kHz). Why?

Film thickness has been established to impact #re bias permittivity through a
thickness dependence of the first order coefficenthe Landau-Ginzberg-Devonshire

approach [14, 15]. The dependence of the inversbeofero bias capacitance density of
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BST thin film to its thickness is often attributéal the presence of a constant-valued
capacitance density, /8, represented by the nonzero intercept, in sewdh the
thickness-dependent capacitance density of theddfulke film. The constant capacitance
is usually thought to represent some type of iat2al layer between the dielectric and
one or both of the electrodes (sometimes calktl laye), and might arise from surface
contaminations of the BST, nucleation or reactayets at the film/electrode interfaces,
or changes in the defect chemistry at the dieleetiectrode interfaces. The apparent

capacitance density at zero bias may then be esquiess

A:A+A:t_i+m [Eq41]
C C C, ¢g& &5

app i
where A is the area, &, the apparent capacitance,tie interfacial capacitanceg the
bulk film capacitancess the film bulk permittivity,e; the interfacial layer permittivityo
the permittivity of free space, the total film thickness andl the interfacial layer
thickness. The nonlinear, ferroelectric responsz lisng range cooperative phenomenon
and the true permittivity may quite well changehwitim thickness. Nohet al. [16]
suggested that the observed thickness dependertbe ofystallisation in BST might be
' related to the film substrate interfacial
behavior during crystallisation. In thin films,
the amorphous phase first transforms to an
intermediate metastable phase (see Fig. 4.1).
Since the energy barrier from the metastable
phase to the perovskite phase is higher than
that from the amorphous to the perovskite

phase, the crystallisation temperature in the

Fig. 4.7: Cross-sectional SEM micrographs af (a) thin films is higher. In thick films, the

BST thin film rapid thermal annealed at 700°C for amorphous phase transforms directly to the
5 min and (b) BST thin film annealed at 700°C for ) ] ]
60 min with 5°C/min temperature ramp rate [13] perovskite phase at relatively low annealing

temperature.
Cross-sectional SEM micrographs of BST films, dedivirom different annealing
processes, are shown in Fig. 4.7(a) and 4.7(b)B&ar films rapid thermal annealed at
700°C for 5 minutes, the interface between BST &ndubstrate is clear and sharp, as
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shown in Fig. 4.7(a). No apparent inter-diffusicaare observed, indicating a relatively
small interfacial layer. However, in Fig. 4.7(bhetinterface between Si substrate and
BST films crystallised by conventional annealing 7410°C for 60 minutes with a
temperature ramp rate of 5°C/min is not sharp asotie shown in Fig. 4.7(a). Several
large grains across the interface can be seenainalica relatively huge interfacial layer.
The better BST/Si interface prepared by RTA comemfshorter annealing time, which
results in less inter-diffusion.

The existence of an interfacial layer between B8t &nd the Pt bottom electrode was
confirmed by high resolution TEM (HRTEM) by Paekal [17]. The interfacial layer
appeared to have crystallinity different from bdtle BST thin film and the Pt bottom
electrode which resulted in variation of the irderél states between BST and Pt. As the
thickness of the BST film decreased from 300 tan&@ the thickness of the interfacial
layer increased from 9.5 to 11 nm. The dielectimstant of the interfacial layer
calculated from its measured overall capacitanakthitkness, confirmed by HRTEM,
was ca. 30. This low-dielectric constant interfa¢dyer has been shown to affect the
electrical degration of BST thin films with decremgthickness. The role of the interface
becomes increasingly dominant in the overall elealticonduction process when the film
thickness is typically < 100 nm.

Back to the present example. Fig. 4.8 show

close-up view of the top view in Fig. 4.4. T
BST thin film has cracks and is porous but t
dielectric loss in Fig. 4.5 indicates that there ¢
no shorts within the film viz. the overall densi
of the 500 nm thick BST film is low resulting in
thinner effective thickness and thicker effecti

AccV Spot Magn Det WD Exp 1 500nm

interfacial layer, odead layer The Cross sectiorf s aaiEaE tiu SEa N

in Fig. 4.4 confirms the physical existence Fig. 4.8: A close-up view of the top view of Fig.
defects and porosity. Additional the thickness 4-4- The BST film has cracks and is porous

the interfacial layer in [13] is decreased due w
less inter-diffusion at the BST/Si-interface by thse of RTA, which offers shorter

annealing times. Thus, the resulting capacitancesitiein the BST prepared in this study
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is lower as the one off Wat al, resulting in a lower dielectric constant whiletloss

remains unaffected.
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The most exciting phrase to hear in science, thee on
that heralds new discoveries, is not 'Eureka!" (I
found it!) but 'That's funny ...'

Isaac Asimov (1920 - 1992)
Equipped with his five senses, man explores the
universe around him and calls the adventure

Science.

Edwin Powell Hubble
The Nature of Scienc&954

In physics, you don't have to go around making
trouble for yourself - nature does it for you.

Frank Wilczek
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Lead Strontium Titanate (PST)

It may be not surprising that (Pb,Sr)Ei®ehaves very similar to (Ba,Sr)TOIn

general all the physical properties discoveredHBS8iT in previous chapters hold on for

PST. The Curie temperature for the cubic to

tetragonal transition, for instance, can be adgus
over an exceedingly large temperature range
varying the Pb/Sr ratio (Fig. 5.1). The reasontfis

behaviour is the change of the lattice parameter:
the a- and c-axis of the perovskite crystal stnect
(Fig. 5.2). With increasing Sr-content, the a-a
gradually increases and the c-axis largely decsga
resulting in a decrease of the cell volume. At roc
temperature the c/a-ratio reaches unity in the estha
region — this is the cubic to tetragonal transitoea

at room temperature. This result, confirmed by
Du et al and M. Jainet al [3, 4] later on, will

become important in a later chapter.

[5] studied tt
SrTiOs:PbTiO; solid solution system in 1955. The

found an easy and crack-free formation of go

Nomura and Sawada

homogeneous compositions, and observed only
phase transition in the PST system, as compare
three transitions in the case of BST or Baif{€ee
Fig. 2.3).

investigated intensively in terms of tunability ar

PST, doped or undoped, has be

dielectric loss, the best achieved values wererato

50% and 1% for the tunability and loss, respecyivel
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Curie temperature (°C)

—200 -
i

|
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Fig. 5.1: Phase diagram for (Pb,Sr) Ti{1]
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Fig. 5.2: Lattice parameters for (Pb,Sr)TiO
vs. Sr content [2]

Therefore, Cross and co-workers suggested 46 wdtmsNomuras and Sawadas work,

PST with its higher tunability and lower loss fanable microwave applications [6]. Not

only the general performance of PST is better ttieat of BST in such applications,
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moreover, the processing temperature is lowerad-leased materials compared to BST,
which offers an additional advantage. This signdlexlbeginning of extensive research
and the number of papers about PST are rocketimag SCross’s suggestion. Maybe an
other case like roman cement (see section 1.2).

In the following chapters the synthesis, charas#ion, some realised applications and
benefits of PST 50/50 and 40/60, doped and unda@edjescribed and investigated.

5.1 Synthesis and Crystallisation of PST

The multicomponent PST precursor solution was pegpaising high purity lead
acetate, PDb(CHC0O,),, strontium acetate, Sr(GHO,), and titanium butoxide,
Ti(OC4Hy),. First lead acetate and strontium acetate wereanix a stoichiometric ratio
in 8 ml acetic acid and 5 ml 1.3 propanediol. Hagtivas needed to help the dissolution
of the precursors. After a while titanium butoxid#ijuted in 15 ml acetic acid to
minimise reaction with humidity, was added undeanstant stirring. The so-called parent
solution was then stirred over night at room terapee. Finally, 2-methoxyethanol was
added up to ~ 46 ml (0.4 M) to stabilise the soluti

The solution was then spin coated on Pt/TiiS8Dat 3000 rpm for 30 sec. The as
deposited wet films were heated in a three-stefifgeprocess using different hot plates.
In the first heating step the gel was dried atmaperature of 350°C for 30 seconds and
subsequently pyrolysed at 600°C for 5 minutes ge@nd hot plate. These steps were
repeated several times to optain the necessargndgss. Finally a third hot plate was
used to crystallise the film at different temperatufor 15 minutes to investigate the
crystallisation pathway.

Fig. 5.3 shows that the dry gel begins to crystalinto the perovskite PST (110)-phase
in the pyrolysing step at 500°C. The (100)-, (20@prd (211)-phases start to appear at
550°C and are increasing in intensity until 650%&fter 650°C the film is fully
crystallised. The peak, which appears after aivelgt low annealing temperature of
400°C around 33° is often related to the (200) gbigst peak”. A peak which arises
sometimes by destructive interference in case of(180) standard substrates at

approximately 32.9°. However, the behavior of fhesk is strange in this case.
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Pt (111) * SrCOy
(100) (110) (200) m perovskite PST

(211)

Intensity [arb. Units]

(b) \ L LT
@) ety
s

20 25 30 35 40 45 50
2-Theta[9

Fig. 5.3: X-ray diffractograms of PST after 15 ntiggiat (a) 350°C, (b) 400°C, (c) 450°C, (d) 500¢«),
550°C, (f) 600°C and (g) 650°C.

The peak seems to increase in intensity with irgtngatemperature up to 500°C.
Thereatfter its intensity decreases and it vanisteasly completely at 600°C. In exactly
this temperature range the PST (100)-, (200)-,(2dd)-peaks arise and the PST (110)-
peak increases.

The Si-“ghost peak”, being a result of destructimgerference, is not effected by
temperature and/or annealing time (see Fig. 4.BncH a second experiment was
designed. The temperature was kept at 450°C, attéiperature the peak was clearly
visible without a distracting PST peak, and theeating time was varied from 5 to 20
minutes. Fig. 5.4 shows the result.

It shows clearly that the peak is increasing withealing time. With other word3his

peak can not be a Si-“ghost peakt.must be a second phase peak, which crystallises
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SIco,

(d)

(©)

(b) LA
(a) Pt
"t

Intensity [arb. Units]

20 25 30 35 40 45 5
2-Theta [

Fig. 5.4: X-ray diffractograms of PST annealed 802C for (a) 5 minutes, (b) 10 min, (c) 15 min, &dp20 min

lower temperatures and transforms into the pert$¥ST phases at higher temperatures.
Unfortunately it is not possible to identify thensposition of this peak from the X-ray
diffractogram. But from the crystallisation pathwaly BST (Fig. 4.1), where identical
solvents and chemicals were used, and where tlumdqihase belongs to Bagt is
most likely that this peak represents SgCO

Additional XRD results from SrCOnanorods [7 — 9] show a Srg@eak at exactly
this position confirming the result presented hétewever, F. Duet al. identified this
peak to be SrC€X121) [7], whereas S. lat al. labeled this peak as (201) [8] and G.S.

Guoet al.as (012) [9] making it unclear which phase weisdhe present study

However, the above discussed PST films were faeacgout of practical and
experimental reasons) with only one annealing hzksix single layers, which gave a
total PST film thickness of approximately 300 nnhiet in turn resulted in a good XRD

response, at the end of the process. Due to tbkness of the film, the induced thermal
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stress during the annealing bake resulted in ménacks, Fig. 5.5. To realise a total
crack-free film over a large area, viz. an entitevhfer, a layer by layer annealing step

was adopted. In addition it was observed that thelgsing step at 600°C is not

A

necessary for PST. The optimised proce

flow for the deposition of PST, which is use
throughout this study from now on (unle
stated) is listed in Table 5.1.

Fig. 5.6 shows 3-dimensional AFM imag
of the thus prepared film. The rms-roughne
was 1.334 nm for the 2x2 um scan and 1.1 5 o
nm for the 1xlpum scan, indicating a ve V?EF‘Z‘(?O" EE‘S -
smooth surface. The single grain size can Fig. 5.5: SEM image of the surface of six layers

estimated from the -1um scan. A value of PST. Only one annealing bake was carried out at
) the end. Minor cracks are visible on the upper tigh
approximately 150 nm seems reasonable.  corner of the image.

Spin coating 3000 rpm 30 sec
Drying 350 °C 10 min
Annealing 650 °C 15 min

Table 5.1: Optimised deposition parameters for PST.

Fig. 5.6: AFM images of PST thin films. RMS rougiméleft) 1.334 nm, (right) 1.154 nm
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5.2 Dielectric Properties of PST 50/50

Fig. 5.7 shows the permittivity and dielectric lafsPST 50/50 versus frequency and

under bias at low frequencies (10 — 300 kHz).
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Fig. 5.7: Permittivity and dielectric loss of PST/50 versus frequency and bias.

The permittivity is higher than 370 up to 300 kHmahe dielectric loss is under 3% in
the measurement region. The tunability was measumdér a frequency of 100 kHz and
has a maximum value o0 33.2% under a bias of +11¥ @.7 V/um) which results in a
FOM of 16.6.

Measurements from 10 MHz up to 110 MHz were caroed at the University of

Birmingham and the results are presented in F&yahd 5.9
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Fig. 5.8: Permittivity and dielectric loss of PST/50 from 50 to 110MHz
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Fig. 5.9: Permittivity and dielectric loss of PSU/50 from -3V to +3V at 10MHz

To measure the permittivity and dielectric lossthis frequency range by using the

equipment the University of Birmingham offers, a &P with all the involved

advantages and disadvantages (substrate lossegndrifields etc. ...), was build upon

the PST thin film. The dielectric constant and

loss were measured twice, at the end auf tt Loss, end
CPW and in the middle. The variance of th Eié e

dielectric constant of both measurements we "} Loss, middel
found to be negligible, whereas the extractiol E o e

of the true loss needed a more profoun ] - Loss, real
mathematical treatment, Fig. 5.10. For ¢ o

detailed description of the measurement an TR * Freq (I\QI;HZ) o L

the physical background see Ref. 15. Fig. 5.10: Comparison of measured losses on a CPW.

The permittivity was measured between 3
and 360 with a little decrease up to 110 MF

tano

real end

-4 tanod,, e — Etand
3 3

this compares well with the measurement at lowueagies. The dielectric loss is with

measured 7 % approximately 5 % higher comparetiéddw frequency range. But the

2 CPW (Coplanar Waveguide). A short and good intatidn is given at:

www.microwaves101.com/encyclopedia/coplanarwavegafch
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behavior of the loss is very stable, no increagé Wwequency is observable. This may
indicate that the additional 5 % in loss are de@FPW measurement technique.

However the voltage dependence of the PST thindiinto + 3 V is well comparable.
At 3 V the tunability was both ~8 % at low and higbquencies.

By taking all these results into account one cartlsat the dielectric properties of PST
are stable in a relatively large frequency rangeéoupl0 MHz and that measurements in
the low frequency range, which are less complicataditime consuming, are sufficiently
enough to characterise the properties of PST. Heweat much higher frequencies, e.g.
in the GHz-region, where the effect of phonon dargp~100 GHz for PST, begins to
play a role, the Quasi-Debye loss has to be tak®enaiccount.

Coming back to Fig. 5.9. A little hysteresis in ttielectric response of the PST thin
film can be observed. According to Fig. 5.2 theagbnal-cubic transition area of PST
50/50 is exactly at room temperature. The hystersebws that PST 50/50 does not
behave like an ideal cubic-paraelectric matertak has a “little” tetragonal-ferroelectric
characteristic. Being a “bit” ferroelectric meanavimg additional losses due to the
switching of dipole moments. Shifting the transitipoint to lower temperatures by

reducing the Pb-content will help to reduce theraNéoss, as we will see later on.

5.3 PST 50/50 Varactors with Copper Electrodes

The above discussed PST 50/50 thin film was usedfaactional dielectric layer in a
voltage tunable parallel-plate capacitor (varacteijh copper electrodes [10]. As
mentioned in Section 4.1, the commonly used Pobbhottlectrode is, from the electrical
point of few, not ideal. The desirable propertiésPt, such as chemical stability and
ability to withstand the high-temperatures and w@d) conditions during film
deposition, comes with the cost of a relativelyhhigjectrical resistivity and loss at
microwave frequencies. By looking at a data sheetife bulk electrical resistivity, one
can find that Pt has a bulk resistivity of 10.8qm. Compared to the bulk resistivity of
Au (2.2 )acm) or even Cu (1.7¢cm) this value is more than five times higher.

The total device loss for a varactor can be defingdrms of quality factors Q, as:
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! -t . 1 iho 1

- electrode —
Qdevice Qdielectric Qelectrode aRSC

with Rs the series resistance of the electrodes. It shiogldlear that a low electrode

tand, [Eq. 5.1]

evice —

resistivity means a high electrode quality factod éhus a low total device loss.

Fanet al.[11, 12] has confirmed this concept as describeskation 4.1. However, his
realisation of a Cu bottom electrode for BST wdatieely complicated due to the fact
that different diffusion barrier layer were neededeither sides of the Cu electrode: a Ta
diffusion barrier on top the Si substrate to inh@®u diffusion, and a TiAl layer as barrier
against oxygen diffusion into the Cu layer to inhi®u oxidation during the deposition
and annealing of the BST thin film.

A layer transfer method was used in this exampthe Method relies on the transfer of
a ferroelectric film from an auxiliary- to a devisabstrate, and thus completely prevents
the exposure of the bottom electrode to high teatpees and destructive reactive
atmospheres. Here, the bottom electrode no loregges as a seed layer for ferroelectric
film growth and therefore can be freely chosen.sTémables the use of low resistivity
materials like Au and Cu, which due to their thermatability and corrosive properties
are not commonly used in conventional parallelgtdpacitors.

However, the initial process steps are the samaeasribed above. A 4”-Si- wafer,
with a Ti/Pt seed layer and 10 layers of PST 50Fsf. adhesion purposes, a thin TiW
layer (10 nm) was sputtered on top of the PST orchvl 650 nm thick Cu bottom

4 >

Si suhstrate
1000 nm SiO; Cu
W 100 nm Pt Tiw
i
660 nm PST
650 nm €L 660 nm PST
Tw 650 C 650 C
660 nm PST SSELUEe ALY
100 nm Pt Ti 1000 nm SiO2 1000 nm SiO-
|
Si suhstrate i\}*“\‘,? Ouarty
Quartz

Fig. 5.11: Schematic illustration of the fabricatiof Cu/PST/Cu varactors
by layer transfer
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electrode was deposited, followed by another Tii f{20 nm). SiQ was grown by
plasma enhanced chemical vapor deposition (PEC\WOpwa thickness of 1000 nm and

Fig. 5.12: Bright-field TEM of the
Cu/PST/Cu varactor

was subsequently planarised by chemical-

mechanical polishing. Layer transfer to a 100 mm

| quartz substrate was achieved by vacuum bonding at

room temperature and the bond was subsequently
strengthened by heating at 200°C for two hours. The

' auxiliary silicon substrate was then thinned by

» grinding to < 100um which then automatically
peeled off along the Pt/PST interface. Finally,58 6
nm thick Cu top electrode with a 20 nm TiwW
adhesion layer was sputtered and patterned by photo
lithography for electrical characterization. These
process steps are schematically illustrated in Fig.
5.11.

Dielectric measurements were performed with anexgit294A precision impedance
analyzer and a HP-8720D network analyzer. The ctgaest structures were connected

to the analyzers by Cascade microprobes wherebyobribe legs contacted a well-

—~~
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n (@) — o
c — — N
(O] — i —~
— ~ ~ —
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Fig. 5.13: X-raydiffractogram of PST on Cu

defined small electrode and the other a much |aagea
that efficiently coupled to the continuous bottom
electrode. Standard tape tests on the final mydila
stack revealed good adhesion between the individual
layers.

Fig. 5.12 shows a bright-field transmission elattro
microscopy (TEM) image of the PST parallel-plate
capacitor with Cu bottom- and top electrodes. T8& P
film consists of several distinctive granular lager
which are the result of multiple spin coating amyiy
steps during the sol-gel deposition process. The

randomly distributed PST grains are polycrystallase

illustrated by the X-ray diffractogram, Fig. 5.IBhe magnetron sputtered Cu layers, on
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the other hand, contain some misoriented grains (&it1) and (100) out-of-plane texture
and electron diffraction patterns (not shown) iatkcthe presence of twins, defects that
are quite common in Cu. No clear epitaxial relahip between the PST film and the Cu
electrodes does exist.
More detailed bright-field TEM images of th

electrode/oxide interfaces are shown in Fig. 5
and 5.15. The Cu bottom electrode and the PST
are separated by a rough interlayer with dz
contrast. This layer corresponds to TiW that, w
grown on top of the relatively rough ferroelectrid
film, diffused into the PST grains. In contrastet
interface between the PST film and the Cu t Cu bottom electrode
electrode is sharp. This clearly indicates that
original PST/Pt interface on the sacrificial suattr

was relatively smooth. Moreover, limited adhesi Fig. 5.14: TEM image of the Cu bottom
between Pt and PST films facilitated the complegeCtrOde/PST interfa

removal of Pt after layer transfer. Finally, suhsag sputtering of the Cu top electrode

on the newly exposed PST film did not introducenounced interface roughness. There

is a relatively sharp interface observable between

the PST layers that were formed during the firgt &
second sol-gel spin-coating step. The differenéfa Cu top electrode
morphology is due to dissimilarities between t
films onto which these layers were spun, i.e. R §
PST, respectively.

Fig. 5.16 shows the bias dependence of
dielectric properties of a Cu/PST/Cu parallel-pla
capacitor at a frequency of 1 MHz. The zero-b
dielectric constant at room temperature is 420 ¢
the dielectric tunability reaches 73% at a breakulo #u—==
voltage of 35 V. The dielectric loss (not shown)sw

Fig. 5.15: TEM image of the PST/Cu top
3.8%, leading to a figure of merit of 19.21. electrode interface
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Fig. 5.16: Permittivity vs bias voltage at 1 MHz at
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Since the electrode loss scales with the
size of the capacitor, the quality factors
of the PST film and electrodes can be
determined separately by measuring the
loss tangents as a function of capacitor
area [13]. The experimental results at a
frequency of 1 GHz are shown in Fig.
5.17. In this case, taw is defined as
1/Qpst + Al(Qele), fitting the data give
Qps= 26 andQeieA = 3.79-10 um”. The
quality factor of the electrodes is very
large, which is mainly due to the use of
high-conductivity Cu on both sides of the
PST film. For a capacitor with a diameter
of 10 um, for example, it is nearly 5000
at 1 GHz. Moreover, aQeec [ 1/f, the
quality factor of the electrodes is
anticipated to remain larger than 100 up
to a frequency of about 50 GHz. This
clearly demonstrates the potential of the
layer transfer method for the fabrication
of ferroelectric parallel-plate capacitors
with low-loss electrodes, which holds a
great promise for microwave device
applications. In addition, it enables
measurements of true losses in
ferroelectric films at high frequency.

Besides the obvious advantage of high-

Fig. 5.17: Measured dielectric loss as a functioh Oconductivity bottom and top electrodes,

Cu/PST/Cu capacitor area at 1 GHz. The upper raynd
lower right graphs show the variation of the eleck
quality factor as a function of capacitor size abHz and

frequency for a capacitor with a diameter of 10 pum.
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substrates. Thick electrodes that are normallyzetil to minimize substrate losses are
therefore no longer a prerequisite for low-lossrapen at high frequencies. In particular
silicon, a popular substrate choice for conventioparallel-plate capacitors, will
contribute to dielectric losses if the electrodeickhess is smaller than the
electromagnetic penetration length or so-callea slapth. For Pt and Cu electrodes, for
example, the skin depth at a frequency of 10 GHabisut 1.648um and 0.66Qum,
respectively. By transferring the ferroelectrierfibnto a microwave compatible substrate
like quartz, the substrate losses are small everelatively thin metallic electrodes.
Finally, the auxiliary substrate and seed layers loa chosen such that their thermal
expansion characteristics mimic those of the féeaigc film. This limits the formation
of cracks and the build-up of thermal strain afiggh-temperature film growth, features
that tend to reduce the performance of parallekeptapacitors [14]. As the auxiliary
substrate and seed layers are removed after lagesfér, their selection is not

compromised by their high-frequency properties.

5.4 References

1. T. Fujii and M. Adachi, “Preparation of (Pb,Sr)Ei6ilms by Sol-Gel
Technique”, Japanese Journal of Applied Physics, 44 No. 1B, 2005, pp.
692—-694

2. D.H. Kang, J.H. Kim, J.H. Park, and K.H. Yoon, “Caeteristics of (Pb
xSh) TiO3 thin film prepared by a chemical solution procegsi Materials
Research Bulletin 36 (2001) 265-276

3. P.Du, X. Li, Y.Liu, G. Han, and W. Weng, “ Effeat La doping on tunable
behavior of so6-gel-derived PST thin film”, Jouroéthe European Ceramic
Society 26 (2006) 2147 — 2150

4. M. Jain, S.B. Majumber, R.Guo, A.S. Bhalla, and.®K&tiyar, “Synthesis and
characterization of lead strontium titanate thim$é by sol-gel technique”,
Materials Letters 56 (2002) 692 — 697

5. S. Normuna and S. Sawada, J. Phys. Soc. Jpn. 58)(1068

107



Lead Strontium Titanate (PST)

(o2}

. Y. Somiya, A.S. Bhalla, and L.E. Cross, “Study Bb(Sr)TiQ ceramics on
dielectric and physical properties”, Int. J. Inokgater., 3 (2001) 706 — 714

7. F.Du and L. Shi, “Solvothermal growth of singlesstal hexagonal prismatic
SrCQ; microrods”, Cryst. Res. Techndl2, No. 3, 216 — 220 (2997)

8. S. Li, H. Zhang, J. Xu, and D. Yang, ,Hydrothermghthesis of flower-like
SrCQ; nanostructures”, Materials Letteés8 (2005) 420 — 422

9. G.S. Guo, F.B. Gu, Z.H. Wang, and H.Y. Guo, “Lownfeerature Growth of
Single-crystal SrC@Nanoneedles” Chinese Chemical LettesNo. 8, 1101 —
1104 (2005)

10.T. Riekkinen, T. Mattila, S. van Dijken, A. LUkd&D, Zhang, P.B. Kirby, A.M.
Sanchez; “Ferroelectric parallel-plate capacitoith wopper electrodes for high-
frequency applicationsAppl. Phys. Lett91, 252902, 2007

11.W. Fan, S. Saha, J.A. Carlisle, O. Auciello, R.Eltang, R. Ramesh; Layered
Cu-based electrode for high-dielectric constantiexhin film-based devices;
Appl. Phys. Lett. 82, 9 (2003) 1452

12.W. Fan, B. Kabius, J.M. Hiller, S. Saha, J.A. Galj O. Auciello, R.P.H. Chang,
R. Ramash; Materials science and integration bfasdabrication of (BgSr;.

x) T1IO3 thin film capacitors with layered Cu-based eledésy J. Appl. Phys. 94, 9
(2003) 6192

13.D.C. Dube, J. Baborowski, P. Muralt, and N. Sefiére effect of bottom
electrode on the performance of thin film basedacéprs in the gigahertz region;
Appl. Phys. Lett74, 3546 (1999)

14.T.R. Taylor, P.J. Hansen, B. Acikel et al., ApghyB. Lett.80, 1978 (2002)

15.P Bao, T J Jackson and M J Lancaster, Dielectacadterization of a

ferroelectric film in the sub-GHz region, J. Phips.Appl. Phys41 (2008)

185410

108



Sol-Gel derived Ferroelectric Thin Films for Voleagunable Applications

There are no physicists in the hottest parts of, hel
because the existence of a 'hottest part' implies a
temperature difference, and any marginally
competent physicist would immediately use this to
run a heat engine and make some other part of hell
comfortably cool. This is obviously impossible.

Richard Davisson

That theory is worthless. It isn't even wrong!
Wolfgang Pauli
Science is facts; just as houses are made of stones
so is science made of facts; but a pile of stoees i
not a house and a collection of facts is not

necessarily science.

Henri Poincare (1854 - 1912)
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B Site Doping of PST 40/60

In section 5.2 it was discovered that the Curieperature of PST 50/50 is too close to
room temperature, resulting in increased lossestaum®main switching. By decreasing
the Pb-content down to 40% the transition tempeeas pushed to lower temperatures.
No other change in the preparation of the solutipdeposition procedure is necessary,
one of the big advantages of the so-gel depositietihod.

It has been shown for BST that some dopants inetuMg’*, Ni*, Fe*, Mn?*, Mn*",
Co?*, Co™, AI**, " and BFf*, which can occupy the B site of the AB@erovskite
structure and behave as electron acceptors, caer ltve dielectric loss, enhance the
dielectric constant and thus the tunability andifegof merrit [1 — 10]. For PST, being a
relatively new system under increasing investigafiar voltage tunable devices, only a
few paper on B site doping can be found [e.g. 1B}-and the shown results are not very
clear and satisfying. Manganese has been usedritabuo improve successfully the
ferroelectric and pyroelectric properties of sol-derived PZT thin films [14 — 16]. The
aim of the study in this chapter is to improve thaterial performance of PST further
more by doping of the B site with manganese {l}jrwhich has an ionic radius of 0.67
A, comparable to that of Ti(0.68 A), and to gain a deeper understandinge®gffect of
doping.

6.1 Synthesis and Characterisation of (P§s,Sro6)(Ti1.,Mn,)O3

To prepare a 40/60 composition of (Pb,Sr) Ji®ith, for example, 3 mol% of
manganese, 1.591 g of lead acetate and 1.177 tgootiam acetate were dissolved in a
mixture of 5 ml 1.3 propanediol and 8 ml aceticda@tirring and slightly heating helped
to get a clear solution. Meanwhile 3.245 g of fiwam butoxide and 0.0495 g of
manganese acetate were mixed in a glove box antediwith 15 ml acetic acid. Both
solutions were mixed and stirred at room tempeeatwer night. The final solution was
diluted with 2-methoxyethanol up to a volume ofrBbto adjust the concentration of the
solution to 0.4 M.
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Intensity [arb. Units]

Intensity [arb. Units]

Fig.

The thus prepared precursor solution was deposii@dspin coating onto silicon

substrates using a spin spin speed of 3000 rprBdmeconds. In each trial the sample

was placed on a hotplate at 350°C for 10 min tgekate the solvents, and annealed

either on a second hotplate at 700°C for 15 mimma RTA (rapid thermal anneal) at

700°C for 2 min. The single film thickness was ap@gmately 50 nm and to obtain

thicker films the process was repeated severaktime
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6.1: X-ray diffractograms of (Bl Si¢)(Ti1-Mn)Os. (a) x=0, (b) x=0.01, (c) x=0,03 and (d) x=0.05.

Fig. 6.1 shows the X-ray diffractograms of PST @0d®ped with 0, 1, 3 and 5 mol%
Mn. The films are randomly (100) and (110) orieathind no big differences between

the different compositions are detectable. Howefrem the X-ray diffractograms of
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section 5.1 it can be said that the films are wg}stallised. SEM (Fig. 6.2) and AFM

pictures (Fig. 6.3) can confirm this.
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Fig. 6.2: SEM images of (B Si.¢)(Ti1,Mn)O0s. (a) x=0, (b) x=0.01, (c) x=0,03 and (d) x=0.05

It is quite obvious that the increasing Mn contbas a remarkable influence on the
microstructure of (Pb,Sr)TiD The clearly visible grains in 6.2(a) have an agergrain
size of 150 nm. With increasing Mn content the mgabecome smaller, ~ 80 nm in
6.2(b), and indistinct in 6.2(c), finally in 6.2(bdhe microstructure has a sponge-like
appearance.

The AFM images indicate a decrease of the roughnébsincreasing Mn content
from 3.37 nm for pure PST down to 1.69 nm for PSthw mol% Mn. Sumat al. [17]
have doped the A site of BST with" Kand showed a clear relationship between grain
size/surface roughness and dielectric properties B&T thin films. Both, the

roughness/grain size and dielectric constant irsereavith the doping level up to 7.5
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mol% K’ and decreased afterwards. However, no such nesdtip could be found for B
site Mn doped PST, Fig. 6.4.

RMS = 3.37 nm RMS =2.97 nm

RMS =2.09 nm RMS = 1.69 nm

Fig. 6.3: AFM images of (Rh,Siy.¢)(Ti1,Mn)Oa. (a) x=0, (b) x=0.01, (c) x=0,03 and
(d) x=0.05. Scan size:2um
The dielectric constant increases with increasing NKobntent viz. decreasing
roughness/grain size. But there is a sharp deciedbe dielectric constant after 3 mol%
Mn while the roughness/grain size is still decnegsiThe dielectric constant of PST with
5 mol% Mn is even lower (~300) than of pure PSTné¢ethere is no clear evidence that
the film roughness/grain size is related to thdedieic behaviour in B site doped PST

like Sunet al reported for A site doped BST.

113



Relative diel. Constant

B Site Doping of PST 40/60

1200

1000 -

200 -

20

18 -
16
14 -
12 1
10

—+—P5T pure

—=— 1 mol% Mn
—&— 3 mol% Mn
—=—5 mol% Mn

loss [%0]

O N A O @

T T T T T 1

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Frequency [kHz] Frequency [kHz]

Fig. 6.4: Dielectric Constant and loss vs. fregoyeforPST 40/60 with different Mn content

Li et al have doped the B site of PST 40/60 with®MfL2]. They found that the
dielectric constant increases with increasing dppéwel up to 3 mol% M with a sharp
decrease afterwards. They attributed this behavikourthe generation of oxygen
vacancies.

Generally, oxygen vacancies are generated by meatntent under non-oxidising
atmosphere. In thin films, which were annealed nb@nt atmosphere, they also form
the so-called dead-layer at the interface of théobwo electrode and the ferroelectric thin
film. In the case of Mg doped PST Kigeplaces Ti in the PST lattice due to a similar
ionic radii of Mg (r = 0.72 A) and T§ (r = 0.68 A), hence B site doping. The defect
reaction equation can therefore be written as

MgO O fir - Mg;, +V5 +0O, [Eq. 6.1]
whereVJ is an oxygen vacancy with two singly positive gt controlled by the Mg
content. That means, according todtial: “When the Mg substitutes for Ti ion in the
PST thin film system as x < 0.03, the positive ghaof the [intrinsic] oxygen vacancies

is balanced by the negative charge induced by Mipénstructure. The phase formation

ability is therefore increased with increasing Mg to 0.03. As x > 0.03, excessive Mg

3 Kréger-Vink nomenclature [18}\'/(;' : main character: chemical species, V = vacandysaipt: site (for

example, O = regular oxygen site); superscriptrghaelative to perfect lattice; o, ‘, x correspdodsingly
positive, singly negative, and neutral effectivarge.
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doping brings out more negative charge defects @ud excessive oxygen vacancies.
The lattice distortion of the perovskite phase witrease and then the formation ability
will decrease with the increase in Mg

In other words: proper Mg addition (0 < x < 0.08)Rky 4Srp.eMgxTi1xO3 thin films
could be used as acceptors in the AB@rovskite structure. It induces a negative charge
and thus balances the positive of the oxygen vaesndhen with the charge being
compensated, the lattice distortion ratio in thetey decreases, viz. the lattice structure
of Phy 4SiheM0xTi1.xO3 becomes more perfect (cubic). According to therttoetynamic
theory, the phase formation ability of the cryssakherefore increased with increasing
Mg content up to 0.03. At the same time, more eddion path may be provided when
the lattice structure becomes more perfect. Sodik&ectric constant of the film is
correspondingly increased.

However, with further Mg doping, excessive oxygaecancies would be created in the
system. The lattice distortion ratio of the perateskhase structure of the film would be
increased and then the phase formation ability eds@d. The dielectric constant is
degraded with increasing Mg doping.

At first glance the explanation from Et al.for the behaviour of the dielectric constant
in Mg doped PST may as well fit for Mn doped PSTutBvn is a “freakish”,
multivalence ion — it can appear as ¥ = 0.67 A), Mi* (r = 0.61 A) and MY (r =
0.53 A), all with different impacts on the chargsdmce of the crystal.

As mentioned before the ferroelectric and pyroelecproperties of PZT were
improved via MA" doping [14 — 16] in our Lab and it has been sutggkshat the
formation of oxygen vacancies is facililated by domversion of T4 to Ti**

2Ti* - 2Ti% +Vv° [Eq. 6.2].
By adding Mri* ions (and some oxygen from e.g. the atmospherehayefind
1

Eo2 +Mn* +VS - Mn* +0/ [Eq. 6.3]
or
%Oz +Mn* +%V(;' - Mn* +%O§ [Eq. 6.4].

Combining these two reactions we obtain two posdittial reactions [19]:
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2Ti“++Mn2++%O2 o 2Ti* +Mn* +0] [Eq. 6.5]
or
2Ti*" + Mn** +%O2 o 2Ti* + Mn* +%O§ [EqQ. 6.6].

In other words: MA" doping actually consumes oxygen vacancies in P8I raay
reduce the possibilities of their segregation atdlectrode interface. This result is quite
different from the second conclusion ofdtial, where additional oxygen vacancies were
created with further doping (x > 0.03) to balanhbe total system. However, the first
conclusion from Liet al was perfectly right, it was just seen from a etiéint point of
view.

What is happening here for x > 0.03? As we coutdM&’™* needs oxygen vacancies to
get incorporated as MiMn*" at the Ti* site of the P§.SreMnyTi1Os perovskite
crystal structure. It is easy to imagine that, @ine point, no oxygen vacancies are
available anymore. J.Yangt al described what happened thereafter [13]. Theyedop
PST 50/50 thin films with up to 5 mol% Mn and intrgated the dc conductivity and the
dielectric response at various temperatures. Tiesinlts reveal that there are obvious
hopping conductions and dielectric relaxationsoat Frequencies, which can only be
ascribed to the thermal-activated short range mappf localised charge carriers through
trap sites separated by potential barriers witfedght heights, namely, localised electron
hopping between M, Mn** and Mit*. They specified the activation energy for the dc-
conductivity and charge carrier hopping to be (add 0.47 eV, respectively. Far to low
for the oxygen vacancies hopping, very common inoyskite-type oxides, whose
activation energy is reported to be ~ 1 eV [20, 21]

The hopping conduction due to the hopping of thargh carriers between Mn sites
begins to occur in 2 mol% Mn doped PST, and thesoilpes distinct in 5 mol% doped
films. This type of hopping process is thereforsoagated with a certain amount of Mn
dopant and more Mn amount can provide more path¥aaybe total hopping process. It
has been reported elsewhere that the activationgieiseof carrier hopping between
mixed valence Mn sites are about 0.4 — 0.5 eV inddped perovskite-type oxides like
LaGaQ and ByPbSgCaCwO3 glasses [22, 23], which is in agreement with thkue
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given by Yanget al The evidence that there are multivalence Mn igrasnely Mn?*,
Mn®* and Mrf) in 0.2 — 1 mol% Mn doped BaTiChas been extensively observed by
electron-spin-resonance spectrum [24]. Moreoverchilet al. have studied Mn-doped
SrTiO; using electron paramagnetic resonance (EPR) nmevasuts [32] and Raman
spectroscopy [33]. They found that finsubstitutes for i and Mrf* for SF*. In
addition they sintered SraldsMng osT1O3 ceramics in @and N atmosphere. Sintering in

ﬁ+/3+

0, favors the formation of Mii, whereas sintering in \poromotes M on the B site,

typically compensated by, . However, they assumed an ionic radius of ~1.2fbi
Mn?*, a value which is nearly twice as much as repaetsewhere.

For the purpose of this thesis the theoretical wwdsented by J.Yargg al.is adopted
and it is believed that the hopping conduction tu¢éhe hopping of the charge carriers
between Mn sites lowers in the end the dielectnicstant and increases the loss in PST

thin films.
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6.2 Enhanced Tunability and Ferroelectricity in Mndoped PST

Fig. 6.5 confirms the rule of thumb for tunablaréelectrics “a high dielectric
constant gives a high tunability”. It shows theahility and loss vs. electric field at 150
kHz of (Pl .4,Srh.6)(Mny,Ti1,)Os thin films with different Mn content. The overadiss
remains under 7.5% for x = 0, 0.01, and 0.03 anteases for x = 0.05. The increase is
attributed to the hopping conduction due to thepg of the charge carriers between
Mn sites which begins to occur at x = 0.02. Theahility seems to reach a maximum of
78% for x = 0.03 and an applied field of 350 kV/¢10.5 V).
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Fig. 6.5: Tuanability and loss vs electric field180 kHz of (Pg4,Shk.)(Ti1,Mn)0s. (a) x=0, (b) x=0.01, (c) x=0,03 and (d)
x=0.0¢
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Unfortunately the Cr/Au top electrodes of the feamples blistered away at different

fields, making a direct comparison of the showradatFig. 6.5 rather complicated. The

blistering could be a result of different adhesstrengths due to contaminations of the

surface of the ferroelectric thin films prior toetldeposition of the electrodes or an

insufficient vacuum during the evaporation. To g@etclearer picture the formula

developed in section 2.1.2 was fitted to the mesbdata. The result is plotted in Fig. 6.6

100
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80 ] i
70 —pure calc.
A 1% Mn calc.
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Fig. 6.6: Comparison of the measured and calculdtedbility of (P 4,S6.e)(Ti1x,Mn)Os.
The fitting parameters [nF]/V[V] are: pure 9.5/5.1; 1% 15/3.5;3% 13.8/4.5; 5% B.5

The result shows that the tunability ofoR28rpgMng piTio o3 is slightly higher than

that of Plg.sSip.eMngo3Tio.970s. Actually no surprise as we discovered in the &esition

that the hopping of the charge carriers betweerMhesites begins to occur in 2 mol%
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Mn doped PST. As a consequence the perovskite BSTatis already slightly degraded
with a Mn content of 3 mol%, as it can be seenign €.2.

It is quite interesting to note that the measuretaiour of PksSryedMng oslio 9703
with negative bias is comparable to the theoretimaé of PBsSrH.eMnopiTio.odOs.
Altogether the measured data fits better to ther#tecal curves with positive bias.
Maybe that indicates a systematical error in thasueements.

However, the decrease in the oxygen vacancy coratiEmt due to the generation of
higher valance Mn ions leads as well to a restrdorhain pinning, and in turn to an
improvement of ferroelectric properties becausegexyvacancies are always considered
as the major pinning cause of ferroelectric donveéi motions [25]. The enhancement
of ferroelectric properties in RS eMngTi1xO3 with increasing Mn content is shown in
Fig. 6.7.

pure
1%Mn
3%Mn
5%Mn

Polarisation [uC/cm?]

Bias Voltage [V]

Fig. 6.7: Hysteresis loops of RIBr sMn,Ti1Os. The film is paraelectric with x=0 and the ferreetricity improves with
X.

The polarisation-voltage hysteresis loop of pur@ B&/60 shows a typical paraelectric

behaviour — a straight line at room temperaturethWicreasing Mn content both the
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remnant polarisation and the coercive field incee@asdicating the enhancement of
ferroelectricity. It should be noted that only fivst loop of the hysteresis was measured.
The hysteresis loops are very slim compared toetlobgeal ferroelectric materials like
PZT (see chapter 8) and are similar to those obdarvrelaxors. Relaxors are a kind of
ferroelectric material in which the dielectric ctar# maximum does not correspond to a
transition from a non-polar phase to a ferroelegtolar phase, such as observed in Lead
Magnesium Niobate (PMN) [26]. The other distincatie@es in the relaxor ferroelectrics
are frequency dispersion of the dielectric maximshm-loop hysteresis, and an optical
isotropy at the temperatures below the dielectaximum when there is no external field
[27]. On the fundamental science side it is stilhallenge to develop an understanding
of the many interesting and peculiar features by #ind of materials, because the
interactions responsible for the relaxor ferroglegbhenomena are on the macroscopic
scale. On the application side, this class of nedteoffers a high dielectric constant and
high electrostriction, which are attractive forradd range of devices [27].

Hua Xu et al [34] deposited RS sTiO3 ferroelectric films onto PUTI/SigSi
substrates by pulsed laser deposition. The statbeofilms was described as a mixed
state, with both ferroelectric and relaxor-liketteas. The films exhibited high dielectric
constant and tunability at room temperature. AtkH2, the dielectric constants of the
200-nm- and 400-nm-thick films were 771 and 971thwhe tunability of 60.2% and
70.9%, respectively. The temperature-dependenedid properties were studied and
the relaxor-like behavior was observed in bothtthiener and thicker PST films, which
could be established in terms of diffuse phasesitian characteristics and Vogel—
Fulcher relationship. In addition, the contributiohthe film—electrode interface layer to
the dielectric properties was evaluated and the dralectric properties of the films were
reconstructed. Consequently, the relaxor-like dattaraof the PST films was mainly
ascribed to the effect of the film-electrode indeds.

That the film-electrode interface has a strongatfée the characteristic of ferroelectric
thin films was already discussed in section 4.388iT but needs to be verified for PST
as well as the relaxor-like characteristic of sel-derived PST. The interface between
SiO, and PST is the topic of the next chapter.
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However, measurements of the permittivity versumpterature revealed an other
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Fig. 6.8: Normalised Permittivities vs temperatofePhy ;Sto M, Ti; O3

interesting feature of Mn doped PST, Fig. 6.8.

In this graph the individual permittivities wherermalised for simplicity. It shows the
change of permittivity at 150 kHz with temperatofePST with a Mn content of x = 0,
0.02, 0.03, and 0.05. First of all a shift of thansition temperature to higher
temperatures with increasing Mn content is cleatdgervable. This is contradictory to
most papers which reported a shift of the Curieperature due to doping of BST or
PSZT, a mixture of PST and PZT, lo lower tempeesji7, 28 — 30]. Suet al., Liou et
al., and Lianget al [17, 28, 29] pointed out thaatceptor ions occupying the*Tiion
site result in oxygen vacancies and lead to a “lifeaf the cooperative vibration of the
Ti-O chains and therefore shift the BST systerowet Curie temperaturésRemaet al.
[30] observed an increase of ih Mn doped PSZT for a doping level equal or l8sk
mol% and attributed this to an incorporation of te”" ion into the A site of the
perovskite crystal at a very low doping levels.

However, following our discussion of the decreakéhe oxygen vacancy concentration

due to the generation of higher valance Mn ions thiedthus resulting enhancement of
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ferroelectrics properties in Mn doped PST thin §jman increase of the transition
temperature is only a logical consequence and prthetheory developed in the former
section.

The second remarkable feature in Fig. 6.8 is tbadning of the peak for 3 mol% and
the double peak for 5 mol% Mn. This could be anotheication of an increasing relaxor
behavior of PST with increasing Mn content. Unfastely the home-made measuring
equipment was not sensitive enough (see sectior6)3td measure the frequency
dispersion of the dielectric maximum, which would B clear indication of relaxor
ferroelectrics.

Anyway, relaxor or not, from Fig. 6.8 it is cleahwthe tunability of PST doped with
5 mol% Mn is degraded. The dielectric maximumy fbr ferroelectrics or J for
relaxors, is higher than room temperature, ~25 &a@j the crystal is therefore not
anymore in the paraelectric cubic state, the tdityabliecreases.

At the end of this chapter it is worth pointing dhiat localised electron hopping
between mixed-valence Mn ions provides a possjtiiitinduce double exchange effects
of Mn** and Mrf* or Mn** and thus brings about magnetic properties [13is Titay be
the mechanism behind the magnetic effect in Mn ddpeTiQ observed by Kumar et al.
[31]. The coexisting of ferroelectric and ferromatio properties in a single PST thin

film would provide a fresh method to obtain multigcs.
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Neutrinos, they are very small.

They have no charge and have no mass
And do not interact at all.

The earth is just a silly ball

To them, through which they simply pass,
Like dustmaids down a drafty hall

Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,

Cold shoulder steel and sounding brass,
Insult the stallion in his stall,

And, scorning barriers of class,

Infiltrate you and me. Like tall

And painless guillotines they fall

Down through our heads into the grass.
At night, they enter at Nepal

And pierce the lover and his lass

From underneath the bed—you call

It wonderful; I call it crass.

John Updike

From TELEPHONE POLES AND OTHER POEMS, 1960
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PST directly on SiO,

Ferroelectric thin films like PZT and BST often dege metallic like layer on top of the
substrate to promote a crack-free and highly oaitext growth. The most common
metallic layer is Pt due to its high chemical resise, relative good lattice match to the
ferroelectric film, and its stability to the higkenperatures required for the growth of
ferroelectric thin films. Pt is a precious matewmald therefore a not insignificant part of
the cumulative overall costs of ferroelectric degicand applications. Moreover,
sometimes it is beneficial from the technologidte sf view to have the ability to work
with a patterned bottom electrode rather than aimoeous one.

Fig. 7.1 and Fig. 7.2 show examples of realisediegtpons with PST on a patterned Pt
bottom electrode. The Ti/Pt layer was first depabion a thermal oxidised Si substrate
like described in section 3.1.1. Standard

photolithography and a liftoff process wel s

used to define the bottom electrode prior
the deposition of 500 n
Py 4Sto.6Mnp o3Ti0.9/03. To form the specific
capacitor areas and provide access to

bottom electrode, the PST film was the
patterned using a deionized water diluted |

and HCI etch solution. To protect the releva

AccV  Spot Magn  Det WD Exp
20.0kv 30 922x SE 89 0

PST areas, a Shipley S18181 photoresist m
Fig. 7.1: PST on Si, and a patterned Pt bottom
electrode

photolithography. After etching, the resis.

was used, again using standa

layer was dissolved with acetone. A 1.7 um thickksl layer serves as top electrodes.
Fig. 7.1 shows a simple design of a varactor preduhbis way while Fig. 7.2 shows a
more sophisticated varactor design, a slotted tv@arato minimize the variation of the

capacitor area due to mask alignment errors [1].
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cc.Y Spot Magn Det WD 'E.xp :
20.0 KV 3.0 3275x SE 117 0

Det WD Exp FH—— sopm
SE 208 0

Fig. 7.2: A slotted PST varactor to minimise the variatiéthe capacitor areas due to mask alignment
errors.

These two examples show clearly that sol-gel déposof PST directly onto SiQis
possible without any limitations. In the followirgections the growth of PST 40/60
doped with 3 mol% Mn directly onto Sj@s studied in more detail using XRD-, SEM-,
AFM- and Auger analysis.

7.1 The growth of PST on SiQ

X-ray-diffractograms of PST deposited directly or8@, and annealed at different
temperatures from 350°C to 650°C are depicted gn Fi3. These are diffractograms of
just one layer PST (~ 40-50 nm), therefore the a@Vémtensities are lower than in Fig.
5.3 for 6 layers. It is believed that if one layercrystallised the subsequent layers will
crystallise as well using the same deposition m®cthus the study in this section is
limited to one layer PST only.

It can be seen that the PST deposited directly &i@» begins to crystallise around
550°C into the (110) phase. That is approximatélyCshigher compared to PST on
Ti/Pt. No other orientations of the perovskite taystructure are visible. But that can be

a result of the low intensities.
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Fig. 7.3: Xray diffractograms of one layer of PST depositedally onto SiQYSi and annealed for 15 minutes
(a) 350°C, (b) 400°C, (c) 450°C, (d) 500°C, (e) 850(f) 600°C and (g) 650°C.

Further information can be obtained from AFM- anBMs analysis, Fig. 7.4. The
roughness is increasing with annealing temperdtora 0.686 to 7.905 nm for 550 and
650 °C respectively, indicating an increase inahgstallinity. The little pools which are
seen in Fig. 7.4(a) have a depth of approximatehnand their number is increasing
with annealing temperature while their size is dledecreasing. This could be described
by an gradual crystallisation with temperature.abfinthe PST thin film can be regarded
to be fully crystallised after an annealing bake 680°C since no changes in the
morphology were observable with higher temperatupe® 750°C.

Before discussing the formation of the interfaceshart review of the clean silicon
surface and its change due to O and Sr adsorptigghtnbe helpful. On the
unreconstructed silicon surface the atoms formuasgarray. Owing to a lack of upper
bonding partners, each atom has two singly occugéling bonds pointing out of the
surface. Pairs of silicon atoms dimerise, usingpop dangling bond per atom to form a
dimer bond. This is called the “dimer row” recomstion and is shown in Fig. 7.5(a). A
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second rearrangement leads to the “buckled rowdngtcuction, Fig. 7.5(b), in which
one atom of each dimer lifts up and the other shdfiwn, resulting in a buckled dimer.
This buckling causes both electrons to localisehiem upper silicon atom of a dimer,
whereas the other silicon atom with the empty daggbond prefers a more planar
arrangement [2].

PAR 1 Gt

(a) AccV  Spot Magn Det WD Exp
100kV 3.0 10000x SE 94 1

1 A0

(b)

Accv SpotMagn Det WD Exp ————— 2pm
10.0kV 30 10000x SE 68 1 o

RMS: 0.777 nm

T

o
3 Q-

AccV SpotMagn Det WD Exp —— 200nm
(C) M150kv 30 100000xTLD 66 1

RMS: 7.095 nm = -

Fig. 7.4: AFM- and SEM imagines of PST on i) annealed at (a) 550°C, (b) 600°C, and (c) 650°C
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Even at room temperature, the buckling patterryrgadhic, with the dimers executing
a kind of "rocking" motion or oscillation aroundetidealized structure of Figure 7.5(a).
As a result the surface dimers are chemically veagtive and can serve as receptors for
certain types of atoms or even molecules.

The most common atom in nature which docks onte $hiucture is O, forming the
native SiQ layer, Fig.7.6. But Sr
ad-atoms will saturate the
dangling bonds of one silicor
dimer with its two valence

electrons as well. A saturate

dimer looses its buckling, sinc

all dangling bonds are filled and

_ (b)
both Si atoms prefer the

tetragonal sp configuration. The
Sr atom first occupies the troug @(J
between the dimer rows, in th

center of four dimers.
. Fig. 7.5: The top surface of silicon; (a), the “dimaw”
C.J. Forstet al. [3, 4] have reconstruction, and (b), the “buckled row” reconsttion [2].

simulated this adsorption proces
of Sr ad-atoms onto Si in mor
detail. The result is shown in Fig
7.7. One of the Sr neighboring £
dimers is unbuckled due to th
electron donation from the ad

atom. The others three dimers a

orientated such that the uppe
and thus negatively charged ¢ig. 7.6: The &SiG; interface. Black atoms are Oxygen

atom points towards the %rion. The energy penalty for placing a lower andsth
positively charged silicon atom next to a Sr advate roughly 0.4 eV. Therefore the ad-

atoms pin the dimer buckling as observed experiatignis]. The filled dimer offers a
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preferred adsorption site in the next valley ascatgd by the open circle. As a result,
diagonal and zig-zag chain structures turn out ¢othee thermodynamically stable
reconstructions at low coverages. At 1/6 monolayse chains condense. It is not
possible to stack them with a separation of onlg instead of three lattice constants
because that would imply that the lower
and thus positively charged Si atom points
towards a Sr ion which involves a larger
energy penalty. This is the reason for a

distinct phase at a coverage of M/6

NUAT
UATV D
NUAT

monolayer. The next stable phase is made

Fig. 7.7: Schematic representation of the adsorption Of double chains at %2 monolayer as shown
process of a Sr ad-atom onto a silicon top surfage [3

in Fig. 7.8.
- = — = (= — == However, at one half monolayer, the Sr
AT =] =) _[> ] ad-atoms occupy all favorable positions in
== |:.[:::= <] l:l.f::' the center of four dimers and all dangling
- ="mm = ':'.:' bonds are saturated. The surface is now
-] =i <] — <] 3

isoelectronic to a hydrogen terminate
= <0 =3 .[;:: — . — < Isoel i hyd ' d
IZI.L‘:D <] 03 |<J IZI.!:I.[::: silicon surface and thus is expected to be
] 1 [= <] = <3 3

chemically comparable inert. And indeed

Fig. 7.8: Chain structures of Sr amems at lov it has been found out that the silicon
coverageslLeft: Condensed diagonal chains of Sr . : ; : ;

coverage of 1/6 ML. Right: Diagonal double chaifisSt surface s exceptionally inert against
at a coverage of ¥ ML [3]. oxidation at ¥2 monolayer of Sr [6].

Above Y2 monolayer, the electrons donated by Srtachs enter the dimer anti-
bonding states leading to a partial breakup of dlmeer bonds. At 2/3 monolayer a
reconstruction with alternating rows of Si dimemslasolated Si atoms was observed by
C.J. Forset al

7.1.1 The interface between SrTiQ and Si

The chemical bonding between silicon and Sgli©fundamentally different. While

silicon is a covalently bonded material, Srfj®eing a perovskite, is an ionic crystal
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with some covalent character in the Ti-f‘@ o e ) e o)
bonds. It is electronically saturated ar @ e @
unable to form covalent bonds. Al

electronically saturated Si-SrT40 stack © © © © ©
must thus exhibit an interfacial layer whic @ @ @
provides a covalent bonding environme © © © © ©
towards the silicon substrate and in additic e @ @

an ionic template compatible with that ¢ © © © © © ©

SITiOs. The only Sr covered surfacFig. 7.9: Charge pattern of the silicon face covere
meetin these  reguirements  is trby % monolayer of SfThe Sr ions have a forn
Ing qui ! charge of 2+, Si of 1ldue to the filled dangling bor

reconstruction at ¥ monolayer [3, 4]. It iThe empty rectangles denote the dimer bond. [3]
the only one which saturates all silico |
dangling bonds and does not have surfe
states in the band gap of silicon. The qua
ionic interaction of Sr with Si furthermore

prepares an ionic template with a form.

charge distribution as depicted in Fig. 7.
The resulting two-dimensional ionic layer i

compatible with the NaCl-type charge of ¢ oxygen O Ssilicon © Titanium @ strontium

SrO-terminated  SrTi® crystal. The _ _
Fig. 7.10: The two relevant interface structuresimen

resulting structure is shown in Fig. 7.10.  silicon and SrTiQ[3]
Depending on growth and anneali

conditions, the oxygen content of t
interface can change. Oxygen can
introduced during growth, or it can diffus
in from the oxide. It first attacks the fillec
bonds of the silicon dimer atoms. T
resulting interface structure is shown in t

right panel of Figure 7.10.

AccV Spot Magn Det WD ——1 200nm
16.0kV 30 100000x TLD 5.6

Experiments have shown that there is
fundamental difference between the growfif: 7-11 PST directly on Si.
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of PST onto Si@ or directly onto Si, where the native oxide wasoged prior to the
deposition via an HF-dip, Fig. 7.11. Furthermongg tb the well known Pb diffusion into
Si or/and SiQ the above described formation of the interfacevbet SrTiQ and
Si/SIO, holds in first approximation for PST as well. Aftae interface is established, the

growth of further layer of PST follows the norméiserved pattern.

7.2  Auger Analysis of PST on Si©Q

Auger spectroscopy allows the study of the compst change in thin films and the
interface to the substrate. One single film of R&E deposited and annealed at 650°C
on a silicon substrate with 200 nm thermal oxidetwgen each measurement the sample
was etched for 100 sec using the ion-sputtering with an ion current of 2kV and
0.75uA (1.5 mW). Fig 7.11 shows the compositiorf@rge in the PST and interfacial
layer.
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Cooygen in PST Cyde2
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Auger Emission Energy [eV]
Fig. 7.11: Auger spectra of one layer PST andriterface to the Si/SiO2 substrate
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The dark blue trace, which is best seen at theofoghe titanium peak at 462 eV,
indicates the first measurement without an etclsieg. At this point only the lead peaks
at 137 and 144 eV, the strontium peaks at 135 &&®¥ and the oxygen peak at 535 eV
are traceable furthermore. The intensities of thp=sks are decreasing with increasing
etching time. After the fifth etching step (the Warosh red trace) the Si-O peaks at 105
eV and 536 eV begin to appear. That marks the beginof the interfacial layer. The
position of these two peaks are shifting to higeeergies and the intensities are
increasing with increasing etching time while titartium, lead, strontium and oxygen
peaks of the PST layer are decreasing. Finallgr afte 14 etching step (the orange
trace) the PST peaks are vanished and the spsatradyi governed by the Si-O peaks —
the end of the interfacial layer.

The SiQ layer is comparable thick. Nearly forty etchingps were necessary to reach
the main Si substrate as depicted in Fig. 7.12rAftat only the main Si-Si bond at ~100

eV is traceable.

@)

| ()

Si-Si

v/ \

Sty

‘l_.. N ol i

Fig. 7.12: Auger spectra of the SiO2 layer (a) éimel interface to the Si main substrate (b).

Fig. 7.13 shows the translation of the these resatb a depth profile. It should be
noted that the unit of the abscissa is etch cyelmber. Different elements and/or
compounds, normally have different etch rates;etfoee it is impossible to make a clear
statement of the real thickness without knowing $pecific etch rates. However, we
know that the Si@layer is 200 nm and the PST layer ~50 nm thickgileg to an etch
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rate of approximately 0.029 nm/(m¥y and 0.033 nm/(mW) for SiQ and PST
respectively.

100
o | /f
l—°| 80 T /
:d:; 70 4 o 2 4 § 8 [ 7 1 / Si
Soo o ) 0/ e
- —25r
[2-]
g 40 —_— 0
- / \
7 \
20 + /
10 + / \\
S —
0 10 20 30 40 50 60
Etch cycle

Fig. 7.13: Depth profile of one layer PST on ,/Si. The interface regions are clearly visible.

The diffusion area of the PST-Sithterface is relatively small. After ten etchingss
the diffusion of titanium and lead stops. Only strom diffuses further on until it is not
traceable anymore after the™.étching step (inset in Fig. 7.13). The siliconfutts
strongly into the PST layer due to the large SirseuThe broad SiQarea is the
dominant feature in this graph and the S8dinterface is clearly distinguishable.

As a comparison a sample with a single layer of RUrEctly onto SiQ/Si was
prepared. It is well known that PZT suffers frorsteong lead diffusion into the substrate,
therefore 10% Pb excess is normally given to tHatism to compensate the Pb loss
during the heat treatment of the thin film. Althtw&ZT needs a lower annealing
temperature and time<(600°C for 5 min, depending on the composition) filre was
annealed at 650°C for 15 min for better comparigdre depth profile of this sample is
shown in Fig. 7.14.
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Fig. 7.14:Depth profile of one layer PZT on SiSi. The interface regions are blurred.

The etch rates in this system are considerablyi@ompared to the PST sample. The
etching parameters were adjusted to 100 s, 2 k\Oah@dA (1.8 mW) for each etch step.
Although that means a higher ion beam output mtole eycles were needed to reach a
comparable depth. Assuming the same layer thicksessmn above this leads to an etch
rate of 0.009 nm/(mVg) for PZT and 0.012 nm/(m'8) for the SiQ interdiffusion layer
The lower etch rate of the latter layer was ex@diby a formation of some lead silicate
(PbSiQ), which is harder to etch than SiGsing the ion sputtering unit [7].

Fig. 7.15 shows the details of the Auger analysigtie Pb, O and Si traces. The first
two traces after etch cycles 15 and 32 (top blwk raagenta in the Pb and O spectra)
show that Pb and O are present in a similar wagyihkFig. 7.11, viz a Pb double peak at
140 and 146 eV and ampg} peak at 536 eV. The Si is not really traceablthis region.
After etch cycle 54 (thick black curve) a secongé&ak begins to appear at 539 eV and
the Si shows two weak peaks at 102 and 107 eVhéisame time the Pb double peak
moves slightly to lower energies and begins to “aleb around with increasing depth
until it vanishes after the $4etch cycle (blue curve). After the Pb is not tedte

anymore O shows only one peak at higher energytla®i only one at lower energy.
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The oxygen peak is decreasing and the Si is inoigaghile shifting again to higher

energies with further etch cycles.

S ¥ ST T80 L

3000

2500

2000

1000

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

Fig. 7.15: Details ofthe Auger analysis for Pb,Xx9ger
and Si in the interfacial region of PZT on SiO2/Si.
Black, thick trace: etch cycle 54.

These results indicate that the region
between the 8%and the 94 etch cycle can be
regarded as the main diffusion area of these
three elements. The appearance of the second
O peak and the Si double peak, together with
the shift of the Pb peak to lower energies
indicate further on a bonding mechanism
between Pb, O and Si. The rocking motion of
the

disappearance of the Si peak at 107 eV may be

the Pb double peak system and
explained by a variable stoichiometric
composition of these three. The formation of
some lead silicate xPbO(1-x)SIOin this
region is the most likely process to explain this
behavior.

However, back to Fig. 7.13 and 7.14. As
expected the Pb diffusion in the PZT system is
higher than in the PST system. Sr diffuses
slightly more into the Si@layer than Ti in
Fig. 7.13, followed by Pb, which diffusion
stops almost immediately, whereas in Fig. 7.14
Pb, Zr and Ti are diffusing to the same extent.
The shift of the Sr peaks in Fig. 7.11 after etch
step 11, 12, and 13 to higher energies indicates

that the Sr changes its bonding partner towards. Siis demonstrates that Sr grows

first on top of the Si@layer and makes it chemically inert to further chgation or

possible reactions with other elements, thus pravgnnterdiffusion in both ways.

Remarkable is the missing of a clear distinct Si€yion in Fig. 7.14. It is assumed that
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the formation of some lead silicate in this regimay be a possible explanation. This
would also explain the lower etching rate in th& F=1O, system.

All these results show again that the Sr conterP8T is the reason for a possible
growth of PST directly onto Si5i. It inhibits the interdiffusion of all componisnof
PST into the SigJSi and vice versa. These offers the possibilityréalise a thin
interfacial layer for future integrations of ferteetrics in all kind of devices like non-
destructive read out ferroelectric RAMs [8, 9, 1Q] or simply as a buffer layer for the
realization of PZT onto Si without the common Tifsdttom electrode. This will be

discussed in the next chapter.
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When you start in science, you are brainwashed
into believing how careful you must be, and how
difficult it is to discover things. There's somathi
that might be called the 'graduate student
syndrome’; graduate students hardly believe they
can make a discovery.

Francis Harry Compton Crick

All science is either physics or stamp collecting.

Ernest Rutherford
in J. B. Birks "Rutherford at Manchester" (1962)

An experiment is a question which science poses to
Nature, and a measurement is the recording of
Nature's answer.

Max Planck
Scientific Autobiography and Other Papet949
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PST as a buffer layer for PZT on SiQ

As mentioned previously the most common and prgbstidied ferroelectric thin film
prepared via sol-gel today is PZT. A huge numbede¥ices and applications, like
FBARs for mobile phones, infrared detectors, sdrersducers for military but also for
medical reasons and so on, have been realisedhistimaterial. As MEMS applications
are concerned, a thin and flexible structural lageemployed with PZT films deposited
onto it and followed by further processing to realion-chip sensing and actuation
depending on specific device design. The most contynased structural material is an
' active Si layer on SOI (silicon-on-insulator)
wafers. Another choice is silicon nitride,;ISk
(SiNy) layer, as it can be prepared with low stress
on standard Si substrates and is used as
membranes in MEMS devices or LIGA
applications. SiNas a structural layer could also

provide better tunablity of stress-induced pre-

bending of PZT cantilever in a well-designed

device structure. Ideally the PZT device

Fig. 8.1: Cracks in a PZT thin film on SiSi structures consist of PZT thin films sandwiched
between two electrodes and usually integrated arfosubstrate, typically resembling a
planar capacitor layer design (see Appendix A). §bality of PZT thin films and its
fatigue behaviour depend on various factors suchthasmal compatibility of the
compositional layers, their interfaces, the miawodures, crystal defects and oxygen
vacancies, thereby influencing the performance aelhbility of the final PZT
microdevices in MEMS applications [1, 2].

A key concern in integrating ferroelectric filmsttse suppression of interdiffusion of
the constituent elements and compositional fluadnain multi-layer stacks forming the
microdevices. It is now established that thermabidity of the electrodes is crucial for
high quality growth of PZT thin film, and platinuiii*t) is widely used as a bottom
electrode because of its stability and good lattietch to PZT films. In addition, Pt also

provides the fleeting formation of a favourableembetallic phase, namely ;Pb,
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promoting nucleation and the formation of preferR&ll (111) perovskite grains during
crystallisation of PZT films on its top [3, 4]. Hewer, a suitable diffusion barrier layer
must be inserted between the bottom Pt electrodeSasubstrate to limit the diffusion of

lead (Pb) during PZT crystallisation &

elevated temperature in an oxidisirt
atmosphere, thereby preventi
microcracks and delamination caused
Pt hillock formation [5], see Fig. 8.1 an
8.2. The buffer layer plays a significa
role in improving interfaces in PZ _
device structures and provides bettiS i
adhesion between the substrate and Frig. 8.2: Pt hillock formation due to high temperes
device layers that should ensure

favourable PZT microstructures development with seerand homogeneous grain
distribution [6]. It is evident that the buffer kycan influence the crystalline phase
nucleation of the PZT by altering the activatiorergyy and the nucleation temperature in
PZT transducer stacks. The structural evaluatiothefdiffusion barrier is, therefore,
necessary to optimise the PZT transducer design emtance the piezoelectric
performance of the PZT microdevices. Until recemtlgst research studies have been
considered with incorporating various oxides artdrmetallic materials as the diffusion
barrier layer to obtain crack-free PZT thin film arSi and Sij structural layer. Barrier
layers studied extensively include TiCZrO,, Al,Os, Ti-Al, Ir(Pt)/TIN and LaNiQ,
produced using a wide range of deposition techrsdies, 7].

The results of the last chapter are encouraginggnto study PST as a buffer layer
between PZT and SPOPST has a similar perovskite-type crystal stmecand a lattice
mismatch of only ~3% to PZT thin films [8] and iw shown here that PST crystallises
crack-free into the perovskite crystal structureSid,. In integrating PZT microdevices
at wafer-scale, it is often desirable to deposiT Pin films on non-uniform surface by
modifying the process layout that allows patternafighe bottom Pt/Ti electrode as the
first step, prior to spin-coating of PZT. This mportant because patterning of the PZT

transducer stacks by plasma etching from the tagrtrelde to bottom substrate
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sequentially may introduce damage to the devicertagnd degrade the properties of the
functional materials. However there is a possiiiit the modified process design that
PZT may suffer from post-annealing issues suchZastRibbling and microcracks during
PZT crystallisation on non-uniform patterned P®I@,/Si substrates. A crack-free PST
layer as a diffusion buffer could prevent PZT butdplduring PZT crystallisation on a
patterned Si substrate and is expected to be loalefd wafer-scale integration of the
PZT microdevices. In addition, high quality PSTm# can be deposited cheaper with
easy composition control using sol-gel techniqumjlar to PZT films deposition, thus

reducing the process complexity, undesired damageZT device layers and overall
process time.

8.1 XRD-Studies

In order to study the growth and quality of PZTnthlms on top of a buffer PST layer,
XRD analysis was carried out on a batch of samplepared with various types of
device layers. These comprised PZT films depodiiegttly on a PST/SigSi template
and PZT on platinised Si substrates suitable fandducer design, for example
PZT/Pt/TI/PST/SIQ'Si composites with PST barrier deposited at diffiérannealing

temperatures. As shown in Fig. 8.3, it was obseiueall the various device structures
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Fig. 8.3: Xray diffractograms of PZT deposited on Pt/Ti/PSDiSi. The PST layer wi
annealed at (a) 550°C, (b) 600°C, (c) 650°C, and/@b°C.
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with bottom Pt/Ti electrode investigated here timat PZT film was preferentially (111)
oriented with a less pronounced (110) orientation.

The peak intensity of PZT (110) phase was lowesinfithe device structure with
underneath PST layer crystallised at 85@&nd gradually became stronger and sharper
with higher annealing temperature of PST films egicted in Fig. 8.3(a-d). However the
PZT (111) peak has still higher intensity than (1f@ak in all the samples revealing the
fact that the piezoelectric properties in theseiaesgtructures will be dominated by the
preferred perovskite (111) grains as expected R film of 30/70 compositions [3]. It
was further noticed that the PZT device layer vbihffer PST crystallised at lower
temperature of 55, as shown in Fig. 8.3(a), exhibited maximum istgnfor preferred
PZT (111) phase along with lowest intensity andadest (110) peak compared to other
samples with PST deposited at higher annealing ¢emtyres. The phase behaviour of
the PZT film was studied further on by estimatidg trelative intensity profile of
dominant PZT (111) grains against the annealingpeature of the underlying PST layer
that is expected to give an insight to the optimergstallisation conditions for the PST
diffusion barrier to promote the preferred graimeotation of the top PZT film. In one
approach the relative intensity of the PZT (111akpevas calculated by setting the
intensity for the PZT stacks with buffer PST depaxbiat 550C as unity and normalising
all other intensity profiles of PZT/Pt/Ti/PST stackvith PST deposited at higher
annealing temperatures to this setting (approadB]1)Yhe relative intensity of the PZT
(111) peak was also estimated by considering thgaatinof the Pt (111) peak on the
nucleation and growth of the PZT film, e.ge; ¥ lpzi/(Ipt + Ipz7) Where bzt and b were
intensities of the PZT (111) and Pt (111) peak eespely (approach 2). The relative
intensity profile of PZT as illustrated in Figure48&xhibited similar nature of the plots
for both types of evaluation techniques. Thesecetei strongest orientation of the PZT
preferred (111) phase with buffer PST layer anmkale550C and a sharp decline in
PZT (111) peak intensity at and beyond PST crys&ibn temperature of 630. It was
observed from initial XRD analysis that the cryl$akion conditions of the underlying
PST layer can be monitored and optimised to obitagh quality PZT films on its top. In
this case annealing of PST diffusion barrier intédmperature range of 550-6@could

promote the PZT preferred (111) phase with a sepagd sharper peak and is, therefore,
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expected to provide favourable growth conditionsHgh quality PZT device layer in

PZT transducer stacks.
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Fig. 8.4: Tle relative PZT (111) intensity calculated by twiedent approaches

A further experimental study was undertaken to cammpghe performance of the PST
layer with other widely employed materials as aibaitn the design of PZT transducers.
In this case Ti@Qwas chosen as a buffer layer, as it was succésgitegrated to realise
PZT FBAR devices (Thin Film Bulk Acoustic Resonatand FBAR filters for mobile
phones [10]. In this study different combinatiorfsstructural layer and barrier were
selected, e.g. PST/SiSi and TiQ/SiN/Si templates with PST and TiCayer deposited
at 550C and 700C respectively to develop a better understandinipe&if influences on
PZT microstructures and grain orientations. Fig @&) and (b) show XRD spectra of
PZT composites without a bottom Pt/Ti electrodedpiced on both types of templates
with a buffer PST and Tig&respectively. XRD patterns of PZT stacks on bothesyof
buffer layers exhibited similar polycrystalline ne¢ of the PZT film having random
orientations that comprised of (100), (110), (11(®00), (210) and (211) peaks and
having low peak intensity. It was noted that theTRZ10) peak has slightly higher
intensity compared to (100) and (111) peaks buadeo whereas the PZT (111) peak

was sharper. It is evident from XRD spectra that BYT stacks were not completely
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crystallised into perovskite structures resultimg d mixture of nanocrystalline and
amorphous phases in both cases. This is not quifgising and reflects the need of a
seed layer, in most cases a Pt seed layer with1R) @rains that enhances the PZT phase
transformation introducing nucleation sites witte tformation of intermetallic phase,

PtPb and reducing the surface energy [3, 11].
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Fig.8.5: Xray diffractograms of PZT on (a) PST/Si(b)TiO,/SIiN, (¢) P/PST/Si®and (d)Pt/TiIQ/SIN

In fact, the XRD analysis of the PZT device stroesuhaving platinised bottom
electrode along with PST and Ti®arrier configurations exhibited a preferred (111)
phase with higher peak intensity and less prefeft@@) peaks that confirmed the well-
crystalline PZT grain formation. It was further edtthat the PZT/Pt/Ti/Ti@SiN stacks
showed also a diminished (100) peak and introdwacstight shift in Pt (111) and PZT
(111) peaks towards lower angles in contrast to/PEZTi/PST/SiQ device structure. The
relative shift in Pt and PZT peak positions refleein incremental change in lattice
parameters, when PZT films were deposited on diffetypes of barrier layer and
templates. XRD patterns of PZT films deposited @THU/Ti/Si templates look very

similar to those obtained from the PZT device gtres incorporating barrier TiQayer.
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Initial results established that the PST film wasfectly crystallised in perovskite phases

on different types of structural layers and tengdate.g. Sig@Si and SiN/Si under

carefully controlled process conditions and promostronger preferred (111) PZT

orientation in PZT transducer stacks.

8.2 Microstructure Evaluation

The surface morphology of the PST and PZT microstines deposited on various types

of templates were analysed using SEM and AFM methodunderstand the impact of

crystallisation process conditions on the film tegt Fig. 8.6 (a) and (b) show optical

micrographs of the surface of PZT films to indicaggin the inherent problems of PZT

Fig. 8.6: PZT directly oi(a) SiQ and(b) SiN

bubbling and cracks across the surface, which
occurred during PZT crystallisation stage
following spin-coating directly on SKlsi and
SiN,/Si membranes without any underlying
electrode and diffusion barrier layers.

The resulting surface is very poor having

| discontinuities with formation of bubbles, pin-

holes and cracks that are well-known phenomena
due to diffusion of Pb from the sol into the $iO
or SIiN layers during crystallisation of the PZT
layer and the formation of lead silicates causing
delamination. However, the PZT film often needs
to be deposited directly on SiSi and SiN/Si
templates, in particular on patterned Pt/Ti bottom
electrode configuration during batch fabrication
of PZT thin film devices at wafer-scale
depending on specific transducer design and
process layout. To prevent the crazing and

delamination of the overlying electrode as

discussed, a suitable barrier layer is, therefmyeymonly incorporated in device structures

prior to PZT coating. As shown in the previous dkagor various types of PST films
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deposited on SigSi substrates under different annealing conditidghe surface of the
films was found to be smooth without any disconties in terms of crazing and
microcracks, see Fig. 7.4, 7.11.

Based on these results and the finding of thedastion, that the XRD analysis of the
PZT/PST composites with underneath PST grown atG@xhibited lower peak intensity
of perovskite (111) phase in comparison to PZT/B&dcture with PST layer at 58D, an
AFM surface analysis of PZT films on platinisedustures, i.e. PtY/Ti/PST/S5i with
buffer PST deposited at 580 was carried out. The result is illustrated inuFe8. 7(a) and
was also compared with PZT surface having f
same PZT film thickness, grown on a differe :
template, in this case a PZT/PUTI/BLIGIN,/Si |
device structure with TiQas a barrier depositer FlE
at 700C as shown in Figure 8.7(b). .

The estimated RMS surface roughness was g (e 14
nm and 0.9 nm in these platinised PZT/PSTSi kS |
and PZT/TiQ/SiNy  transducer  stacks St g At :
respectively. These results indicate that 0 2,50 9.00 pm

homogenous film surface with lower roughne &
can be achieved by employing PST as
diffusion barrier in the PZT device structure
similar to commonly used barrier TiQayer.

The apparent variation in texture of the P:
films in these two device structures as depic

in Figure 8.7 can be explained in terms of t

effect of incorporating different types c&
templates in device structural layer desicl 2,50 5.00pM

properties of the barrier materials, the differerig. 8.7: AFM surface imagines of PZT on Pt/Ti on (a)

deposition techniques and thermal treatrnentPST/SiOZ/Si and (b) To/SiN. The roughness rms is (a)
0.7 and (b) 0.9 nm

the barrier layers which altered the film density,
porosity and crystalline phase nucleation, thusingavan impact on final PZT

microstructures. There are several contributingofacin determining quality of the PZT
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device structures such as lattice mismatch andniddeexpansion coefficient mismatch
between the buffer PST and the substrates, and stréhe film arising during deposition

process [3, 12, 13]. For example, the lattice patam(a-axis) of PST (60/40) composition
Is 0.3919 nm, giving a lattice mismatch of only9%. between PZT (a = 0.4035 nm for
111) and PST whereas the lattice mismatch betwéeéa £ 0.3923 nm) and PST is only
~0.11% [2, 8].

A systematic analysis of thermal stress between BAd PST films with various Sr
content and the nature of the resulting stressdmtvthose two, e.g. tensile or compressive
caused by the thermal treatment including its i@hatvith porosity and film density are
still required to develop an in-depth knowledgetlod films and subsequently the device
properties which is believed to be still ongoingréland now only a qualitative analysis of
the PST film as a barrier focusing on the possibtegration in PZT transducer stacks
could be initiated and compared with other commardgd barrier materials such as 7iO
films. The preliminary results on structural evaloa of the PZT/PST composites
demonstrated that among other factors to grow Hugiality PZT thin films, the
crystallisation temperature of the barrier PST tagkays a vital role to optimise the
interfaces of substrate/barrier/electrode strusted ultimately the texture of the PZT
films including its grain orientations. For exampRZT films without a seed layer often
exhibit a texture consisting of rosette-like clust¢hat cause serious problems in the
reliability of the FRAM devices due to inhomogensa@uain distribution of larger size (1-
3 um in diameter) [14]. It is therefore necessargdntrol the microstructure and porosity
of the barrier layer that is expected to develdp amsmooth textured film with fine, dense
and uniform grains under optimised thermal treatmdém particular, PST possesses
perovskite-type structure similar to PZT films hayiower lattice mismatch to PZT and Pt
layers. PST films could provide energetically farahle growth conditions producing
sufficient nucleation sites during its crystallisaton Si substrates that ensure a thermally
stable PZT/PST interface to grow PZT thin film ds top subsequently. A controlled
thermal treatment of underneath PST layer, whickéd apparently in the range of 550-
60C°C at onset of its crystallisation phase, could poeda crack-free smooth crystalline
surface enhancing further the transformation ofgured perovskite phase of top PZT thin

films without degrading the ferroelectric propestiegf PZT device structures.
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8.3 Electrical Characterisation of PZT with a PST luffer layer

The electrical characterisation of PZT/PST devicecsures was performed to assess the
dielectric properties and polarisation hysteresishe PZT composites with underneath
PST film deposited at 58Q. It is to be noted that the capacitor design easprised of
PZT film sandwiched between top Cr/Au and bottomeRictrodes, and its dielectric
properties should not, in principle, be affectedttsy PST film properties, e.g. in terms of
Sr content, tetragonal-cubic phase transformationl aoltage-dependent dielectric
properties typically as observed in PST devicecttines. The electrical performance was
also analysed by comparing the dielectric properté PZT composite having similar
thickness of around 0.5-0.6 pm grown on a differaamplate, in this case
PZT/PHTI/TIO/SIN,/Si with TiO, as a barrier layer. Fig. 8.8 shows the frequency
dispersion of the dielectric constagf) (and loss factor (t&) obtained from both types of

PZT device structures.
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Fig. 8.8: Permittivity and dielectric loss 0ZT on (a), (c) PST and (b), (d) Ti@s a buffer layer
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The frequency range for these measurements waerchmtween 1 KHz to 300 KHz
applying a weak ac voltage excitation of 100 m\pteserve the polarisation state of the
films. The dielectric constants in both PZT samphath buffer PST and Ti® layers
estimated at 1 kHz were 415 and 401 respectively ae quite similar to typically
observed values in PZT films of 30/70 compositiflts]. These results revealed the fact
that the buffer layer, in general, does not contelto the dielectric properties of PZT thin
film capacitors. As the frequency was increased, dielectric constants in PZT samples
with different types of templates exhibited a smadlriation of around 5% only, for
example a higher value ef = 390 at 100 KHz obtained from PZT stacks withf@&uPST.
This can be attributed to the interface effectsdpoed by the different combinations of
buffer layers and templates on PZT films includitige lattice mismatch, thermal
expansion mismatch, grain size and the possibl&ibation of domain structures [16]. In
these particular structures under study, the P8Tfillm annealed at 55C appeared to
consist of mixed phases of nanocrystalline and phwrs structures, whereas Fi@as
fully crystallised into a stable rutile phase thatexpected to influence the PZT film
characteristics apparently. In fact, the dieledogs measurements as illustrated in Fig. 8.8
gave rise to similar indication of interfacial effe showing a slightly higher loss factor,
tand in PZT/PST structures compared to PZT/T8backs. However the dielectric loss was
not significant in either type of structures andswary low only 0.034 and 0.025 at 100
KHz in PZT/PST and PZT/TiPstacks respectively showing good dielectric proeern
agreement with published results obtained fromcy/PZT thin film devices [16, 17]. The
ferroelectric behaviour of the PZT films with undeath PST was assessed by measuring
the polarisation hysteresis loop as shown in Fi§. Bhe saturation polarisation, remnant
polarisation and coercive field were 39 pClc8 pC/crfi and 104 kV/cm respectively at
the maximum applied voltage of 19 V which is cotesis with data obtained from PZT
films on standard platinised substrates [3, 15].tlhes piezoelectric coefficients fdand
ds3) are proportional to the remnant polarisation,lénge value of the remnant polarisation
obtained from the PZT/PST device structures is etgueto produce stronger piezoelectric
effect [17]. The initial characterisation of PZTuvitee structures established that the PZT
films with PST as a diffusion buffer had fully ctsllized in the perovskite phase

exhibiting good dielectric and ferroelectric belwri Although the piezoelectric
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coefficients of the PZT films were not measureedlily in this study, it is envisaged from
the experimental data of the dielectric constard hgsteresis loop that the PZT/PST
composite has potential to provide good and confyparpiezoelectric performances as

typically observed in PZT device structures growm @ommonly used barrier layers.
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Fig. 8.9: PE-loops of PZT 30/70 on a PST buffer layer and @ommon Pt/Ti bottom electrode

8.4 References

1. P. Muralt, “Texture control and seeded nucleatidhnanosize structures of
ferroelectric thin films” J. Appl. PhysVol. 100, p.051605 (1-11), September,
2006.

2. K.H. Park, C.Y. Kim, Y.W. Jeong, H.K. Won, K.Y. Kim].S. Lee, S.T. Kim,
“Microstructures and interdiffusion of Pt/Ti eleatles with respect to annealing in
the oxygen ambient”, J. Material Res., Vol. 10 (/},791-94, 1995

3. Z. Huang, Q. Zhang and R.W. Whatmore, “Low tempertrystallisation of lead
zirconate titanate thin films by a sol-gel method” Appl. Phys., Vol. 85 (10), p.
7355-61, May 1999

153



PST as a buffer layer for PZT on SiO

T. Maeder, L. Sagalowicz and P. Muralt, “Stabilizpthtinum electrodes for
ferroelectric film deposition using Ti, Ta and Zdhesion layers”, Jpn. J. Appl.
Phys., Vol. 37 (4A), p.2007-12, 1998

W.W. Jung, K.S. Choi, S.Y. Kweon, S.J. Yeom, “Riatn (100) hillock growth in

a PU/Ti electrode stack for ferroelectric randoroess memory”, Appl. Phys. Lett.,
Vol. 83 (11), p. 2160-62, September, 2003

B.T. Liu, K. Maki, S. Aggarwal, B. Nagaraj, V. Naggan, L. Salamanca-Riba, R.
Ramesh, A.M. Dhote, D. Auciello, “Low temperaturgeigration of lead-based
ferroelectric capacitors on Si with diffusion barriayer”, Appl. Phys. Lett., Vol.

80 (19), p. 3599-61, May, 2002

. B.G. Chae, Y.S. Yang, S.H. Lee, M.S. Jang, S.J, Bdd. Kim, W.S. Baek, S.C.

Kwon, “Comparative analysis for the crystalline afeiroelectric properties of
Pb(zr, Ti)G; thin films deposited on metallic LaNi@nd Pt electrodes”, Thin Solid
Films, Vol. 410, p.107-113, 2002

M. Jain, S.B. Majumder, R. Guo, A.S. Bhalla, R.Satiiar, “Synthesis and
characterisation of lead strontium titanate thimsi by sol-gel technique”, Mater.
Lett., Vol.56, p.692-97, November 2002

Z. Huang, Q. Zhang and R.W. Whatmore, “The rolanfintermetallic phase on
the crystallisation of lead zirconate titanate ah-gel process”, J. Mater. Sc. Lett,,
Vol. 17, p. 1157-59, 1998

10.P.B. Kirby, E. Komuro, M. Imura, Q. Zhang, Q.X. 8ad R.W. Whatmore; “High

frequency thin film ferroelectric acoustic resomatcand filters”, Integrated
Ferroelectrics, Vol. 41 (1-4), p. 1743-52, 2001

11.S.Y. Chen and I.W. Chen, “Texture development, astucture evaluation, and

crystallisation of chemically derived PZT thin fé&th J. Am. Ceram. Soc., Vol.
81(1), p. 97-105, January 1998

12.G.A. Rossetti, L.E. Cross K. and Kushida K., “S¢reéssduced shift of the Curie

point in epitaxial PbTi@ thin films”, Appl. Phys. Lett. Vol. 5920), p.2524-
26, November, 1991.

13.J. Zhai,X. Yao, Z. Xu, and H. ChethEerroelectric properties of &r; ,TiO3 and

154

its compositionally graded thin films grown on theghly oriented LaNiQ@



Sol-Gel derived Ferroelectric Thin Films for Voleagunable Applications

buffered PUTI/SIQ/Si substrates”, J. Appl. Phys., Vvdli00 (3), p.034108 (1-8),
August, 2006.

14.S.H. Kim, C.E. Kim, Y.J. Oh, “Influence of ADs; diffusion barrier and PbTi©
seed layer on microstructural and ferroelectricabizristics of PZT thin films by
sol-gel spin coating method”, Thin Solid Films, V805, p.321-326, 1997.

15.Y.J. Song, Y. Zhu, and S.B. Desu, “Low temperafat®ication and properties of
sol-gel derived (111) oriented Pb{4Ti)O;3 thin films”, Appl. Phys. Lett., Vol. 72
(21), p.2686-88, May, 1998

16.Haccart, T., Cattan E. and Remiens D., “Dielectiectoelectric abd piezoelectric
properties of sputtered PZT thin films on Si suists: influence of thin film
thickness and orientation”, Semicon. Phys. Quantila. & Optoelectron., Vol.
5(1), p.78-88, 2002

17.F.M. Pontes, S.H. Leal, M.C. Santos, E.R. Leitel &1go, L.B. Soledade, A.J.
Chiquito, M.C. Machado, and J.A. Varela; “Structuaad ferroelectric properties
of PhSKTiO3 thin films”, Appl. Phys. A- Mater. Sc. & Procesgpl. 80 (4),
p.875-80, February, 2005

155



Final Discussion, Conclusions and Future Work

Final Discussions, Conclusions and Future Work

Fig. 9.1 represents the journey we took within thak in terms of the figure of merit
(FOM) and different ferroelectric perovskite thimfs.

10 / \
/ hS
L

BST 60/40 PST50/50 PST50/50 PST40/60 PST40/60 PST40/60 PST40/60
on Pt on Cu +1mol% +3mol% +5mol%
n n Mn

FOM

Fig. 9.1: The figure of merit of different ferroetdéc perovskite thin film
presented in this thes
We started with BST 40/60 thin films with a veryMd-OM of 1.4 which is a result of

severe film cracking during the high temperatuneeating bake. With the change to PST
50/50, a system which is very friendly in termsfiirh cracking, the FOM increased
rapidly up to a value of 16.6. A small improvemafit1.65 could be made with the
change of the electrode from Pt to Cu. This wasdagmed with the lower resistivity of Cu
which increased the quality factor of the overaditemial system. But is was observed that
the response of PST 50/50 to an applied eleceid 8howed a hysteresis (see fig. 5.9)
indicating that the thin film is in the ferroeldactrtetragonal state with a permanent
electric dipole moment which in turn increases libss. By decreasing the Pb content
down to 40% the Curie temperature was ensured teelmav room temperature viz. the
film was in the favoured paraelectric state withaygermanent dipole moment. However,
the FOM decreased slightly. Doping of the B sit¢hwWn altered the charge balance

inside the perovskite film.
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Fig. 9.2: Tunability and figure of merit at 10V adiélectric constant and Curie temperature at Zeids
of PST 40/60 with different Mn content

Fig. 9.2 summarises the effect of Mn doping in mdetail. The dielectric constant
reaches a maximum of 1100 with 3 mol% Mn; the maximvalue of the tunability with
10 V is 76.72% with 1 mol% Mn and the FOM reach898& with 3 mol% Mn. This
compares well with results from Det al. [1], who reported a tunability of 80% and a
FOM of 14.17 in pure PST 40/60 and 70% and 7 inlbped PST, or Suet al.[2], who
achieved a tunability of 69.4% and a FOM of 28.9Rky »5Bap 055l 7) TiOs3.

All these values drop significantly when the Mn ohaplevel exceeds 3 mol% and we
identified two possible reasons for this behavidtirst, Mrf* doping consumes oxygen
vacancies to get incorporated as *Mand/or MA* at the Ti* site of the (Pb,Sr)Tip
perovskite crystal structure. The negative chaigedions balance the positive induced
charge of the oxygen vacancies leading to a moeefépt” (cubic) and electronically
saturated perovskite. At the same time, more Eatan path may be provided when the
lattice structure becomes more perfect. This result an increase of the dielectric
constant, tunability and FOM.

At a doping level of 2 mol% Mn the crystal is tdyadaturated. With further doping a
hopping conduction due to the hopping of the chaageers between Mn sites begins to
occur and becomes distinct in 5 mol% doped filmBisTtype of hopping process is

therefore associated with a certain amount of Mpadbd and more Mn amount can
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provide more pathways for the total hopping proc@&se dielectric constant, tunability
and FOM decrease.

On the other hand the transition temperature fraubicc paraelectric to tetragonal
ferroelectric increases with increasing Mn con&it can be seen in Fig 9.2. The Curie
temperature is above room temperature with a dof@mel of 5 mol% resulting in an
increased loss mechanism due to the permanentrieledipole moment of the
ferroelectric state. This influences the tunabilapd FOM significant. Hysteresis
measurements show the effect of an enhanced fectoel characteristic in Mn doped
PST and give raise to the question whether a relide behaviour is also observable or
not.

All these results indicate that PST 40/60 with am ddntent of 2 mol% should result in
an optimal ferroelectric thin film for voltage turla frequency agile applications at room
temperature. In combination with Cu electrodes sacHevice should have superior

performance with a very high quality factor.

PST was successfully deposited directly onto,Siis is an important and interesting
feature of this perovskite thin film since simifdms like PZT or BST blister without an
additional seed layer. Pt is the most common metddlyer on which these films
crystallise well. It is chemical robust and witheda high temperatures needed for the
crystallisation of ferroelectrics. The drawbackhe price of this noble material and the
relatively high electrical resistivity. The Sr cent in PST makes it possible to grow this
ferroelectric thin film on SiQ SiNx and even bare Si. While Si is a covalentinded
material, PST is an ionic crystal that is unabléoton covalent bonds. An electronically
saturated Si-PST stack must thus exhibit an inteffdayer which provides a covalent
bonding environment towards the silicon substratd e addition an ionic template
compatible with that of PST or SrT40SrO covalently saturates all Si dangling bonds by
forming SrSiQ and/or S§SiO,. This provides the necessary ionic template tosvaing
perovskite SrO-terminated SrT§Oon which PST can grow further on. Up to now it is
unclear why this is not the case for BST, whiclcksaand blisters like PZT on SiO

Furthermore the SrSYBRLSIO, interfacial layer proves to be a fabulous bardger
which stops not only the Pb diffusion into the Bbstrate very efficiently. It inhibits the
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interdiffusion of all components of PST into the@OZBi and vice versa. This offers the
possibility to realise a thin interfacial layer fluture integrations of ferroelectrics in all
kind of devices like non-destructive read out feteatric RAMs [3 - 6] or simply as a

buffer layer for the realisation of ferroelectrimsto Si without the common Ti/Pt bottom
electrode [3, 7 - 9]. A first step was done in ttisdy with PST as a buffer layer for PZT
onto SiQ. A direct comparison between PZT deposited onmangon Ti/PT and a PST

buffer layer revealed no large differences in th&alf electrical and piezoelectrical
properties of PZT. This is a very promising redolt the realisation of piezoelectric

functional thin films without the use of a metalbiottom electrode.

All the above presented result are a good framework further research and
investigations. It would be beneficial to incre#ise viscosity of the actual sol to decrease
the number of single layers to achieve thicker dilrfirst trials to thicken it with an
higher amount of 1,3-propanediol lead to a thigiagle film but poorer performance in
terms of tunability and loss. The measurement fgciento determine the transition
temperature needs to be improved. The homemadesddt in this study was not sensitive
enough to measure the frequency dispersion of tAgima in the dielectric constant
which is an essential characteristic of relaxordelectrics. Our measurements show that
the Curie temperature increases with increasingcbtitent. The peak of the maximum
permittivity broadens with increasing Mn contentdanlevelops a double peak
characteristic with could not be explained at tremant.

A detailed theoretical understanding of the effedi® to Mn doping of PST was
presented. However, Mn is a special kind of dopant a multivalence ion — it can
appear as Mii, Mn** and Mri*. Especially Mfi* substitutes T{ directly and consumes
positive charged oxygen vacancies to get incorpdratherefore it is unclear if one can
catalogue this kind of substitution as donor oregtar doping in the classical sense. It is
necessary to use dopants which can be clearlyif@dehtlike for instance Nb as a donor
or Ni as an acceptor dopant, to develop a fullysestof the effect of B side doping of
PST.
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Furthermore it would be necessary to verify the pdeld theory of the localised
electron hopping between mixed Mn ions using eitlectron paramagnetic resonance
(EPR) measurement, or inelastic neutron-scattenegsurements.

At the end it is worth pointing out that localisetectron hopping between mixed-
valence Mn ions provides a possibility to induceille exchange effects of Mhand
Mn®** or Mn*" and thus brings about magnetic properties [10]is Timay be the
mechanism behind the magnetic effect in Mn dopeti®bobserved by Kumaet al.
[11]. The coexisting of ferroelectric and ferromatia properties in a single PST thin

film would provide a fresh method to obtain multrgcs.
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Appendix A: PZT actuated Diamond Cantilever Technobgy

Diamond cantilever actuators show high resonanequincies but need also high
actuation forces, pointing towards piezoelectrituaton by a PZT/diamond unimorph.
In this study, which was a calloboration betweearfileld University and the University
of Ulm/Germany, lead zirconate titanate (Pb(Zr,Ei)©ZT) layers have been deposited
onto nanocrystalline diamond films by sol-gel defois to realize high-speed MEMS
actuators. The fabrication technology is basedelfatigned patterning and on optical
lithography. A mechanical resonance frequency ®\8Hz has been obtained for 30 um
cantilever length dominated by the nanodiamond YY&imodulus of diamond of
approximately 1000 GPa.

A.1 Introduction

Switches are an essential passive part of anyrielgctircuit. Used on-chip they need
to be manufactured using microtechnology. Howewerintegrated circuits they are
realized by switch transistors in many cases likeexample in transmit/receive (TR)
modules. But the conductivity limit in semicondustavill cause noticeable losses, even
if heterostructure field effect transistors witlghielectron mobility channels are used. In
some cases like phase shift antenna structurealdmyrels may be extremely low and
transistor structures are difficult to integraten Alternative concept is of course to use
mechanical switches, which can be integrated inéosemiconductor circuitry by direct
monolithic integration or hybrid integration. Esply in the last case new materials
may be implemented. However, although switchingdistors have a high insertion loss,
their signal delays may be in the ps-range, whemeast mechanical structures can only
switch with ps-speed. In this investigation nanotad has been investigated as base
material for cantilever switches operating at hsghtching speeds up to the ns-range. As
figure of merit, the mechanical resonance frequemay chosen, which should then reach
into the MHz-range.
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Nanodiamond should provide a high resonance frequei the basic cantilever,
because of its high stiffness and low mass denbityespect to the driving principles,
which may be considered, these are the electrostctrothermal, and piezoelectric
drives [1]. Each one has specific advantages aadaluicks. The electrostatic drive is fast
but needs high driving voltages in combination wstiiff materials, which may then
interfere with the signal path. The thermoelechignetal driving principle can provide
high bending moments, but switching may be limitgdthermal time constants. The
piezoelectric actuation can generate high bendiomemts at low voltages, if a material
with high piezo-coefficients like lead zirconattatiate (Pb(Zr,Ti)@ PZT) can be used
and if high driving fields can be generated withtogses. It may therefore represent an
optimum compromise, if the resonance of the diamoardilever is not degraded by the
mass density of the PZT piezoceramic. In this itigaion a diamond/PZT unimorph has
been investigated, using PZT deposited by a soteginique as described previously
[2]. This bimorph structure was then analysed téecally, manufactured using a self-

aligned patterning technique and dynamically tested

A.2 Design

A2.1 Modes of operation

Typically, two different modes can be used in tesign of a piezoelectrically actuated
unimorph. This is firstly the longitudinal mode sf¢anode; Fig. 1a), where the
polarisation of the piezo ceramic is laterally deped in the deposited film, which is in
direction of the cantilever length. Both associatgttrodes may be placed on top of the
film. An applied electrical field stimulates eloriga or contractioné 1) depending on
the polarization of the stimulating bias. Normatiyntraction is limited by the materials
stability and therefore very limited in use. Elotiga results in downward bending of the
actuator, if the piezoelectric film is depositedtop of the beam.

In the transversal mode jgemode; Fig. 1b) piezoelectrically induced stressnishe
vertical direction and the film is either vertigalstretched and contractes 4, with

stretching being the more stable regime. In thee¢he beam is lifted up.
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In general, the longitudinal piezoelectric straioefficients of PZT (gb) are
approximately twice as large as the longitudina¢éd;) and can reach values up to
630 pm/V [3]; therefore this mode of operation isually preferred. In this study,

however, the transversal mode is used in orderakenuse of a self-aligned fabrication

technology.
_ N ~
&1 &2
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Fig. Al: Longitudinal and tranversal mode of a piezoelecthicimorph. (a
Longitudinal mode: an applied eleical field induces an elongation of the pi
ceramic and leads thus to downward bending of thstilever structure. (t
Transversal mode: an applied electrical field indsica contraction of the pie
ceramic and thus leads to upward bending of thdileser structure.

A.2.2 Resonance Behaviour

Piezoelectric actuators are mostly used in switdresiechanical resonators. In both
applications the mechanical resonance frequenagsepts the first limit in the speed of
deflection. To the first order, the resonance fesgpy f, of a bi-layer system like a
piezoelectric PZT/NCD unimorph is given by [4]:

b

f (Ea. A1)

_ 1875t [Eyy | A%B* +2A2B+3B% +2B°)+1
" 4n® \3p,,;| (1+BC)AB+1)1+B)

where Epzt and ppzt denote the Young's moduli and density of mass ef piezo
ceramic,t andL are the total thickness and length of the cardgildbeamA = Exco/Epzt
are the ratio of the Young’s moduli of NCD and PARdB = tycp/tpz7 the ratio of the
layer thicknesses of NCD and PZT, respectivelyix&d thickness ratio of the NCD/PZT
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results in a reciprocal square law relationshipghvaéntilever length (see also slope of
graphs in fig. A2).

It is seen, that high resonance frequencies areatag for thick and short beams on
the one hand, and for stiff materials with low dgn®f mass on the other hand.
However, in these cases also high deflection foacesneeded. Diamond is best suited as
seen from table Al, and needs now to be combin#ddavdeflection mechanism of high
force, which had already been mentioned in theothiction and is the piezoelectric
PZT/diamond unimorph.

Material NCD silicon SiC Al Pt PZT
Young’s modulus
(YM) ~1000 160 400 70 168 80
[GPa]
Density of masspi)
3 3.52 2.33 3.21 2.70 21.0p 7.50
[g/lcm’]
NYM/ pm
3 16.9 8.4 11.2 51 2.8 3.3
[10° m/s]

Table Al: Materials properties for PZT and variduesse materials.

Fig. A2 illustrates the resonance frequencies, wben be obtained with these various
base materials assuming a beam thickness of 2.@gifunction of beam length using
finite element analysis (FEA). The MHz-range isctead for diamond cantilevers of
approximately 60 um length, whereas in Si this flerwgould need to be below 40 um.

If diamond is employed as base material, the fofgrational actuator would also need
to contain an interfacial adhesion layer between dlamond and PZT ceramic layer,
which is a 100 nm Pt film also serving as the butdectrode, a 0.5 um thick PZT film
and a top electrode, which has been 50 nm Al incase. Fig. A2 shows the resonances
corresponding to each material and the shift duthéoadditional masses added in the

multilayer stack for different cantilever lengtlisis observed, that the PZT film degrades
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100 ¢ ———— ————3 the resonance frequency by only %6 Adding
3 NCD 2 pm ] . . .
Ll PZT 0.5 um/ ] the metallization layer will not cause any
N E NCD 2 E . .. .
I H PZT 1 noticeable additional degradation.
3 1L PZT2um NCD |
g § PZT/PYNCD ]
g t (simulated) |
<= 01k 4 . .
3 AlIPZT/PUNCD N ] A.2.3 Cantilever deflection
§ i (simulated)
3 0,01} : -
o T PZT J . . .
i - ] When applying an electrical field across the
B35 T piezoelectric film, the strain generated between
cantilever length [um] the piezoelectric film and the carrier substrate

Fig. A2: Calculated resonance frequencies (Eq. AlBads to a bending moment, which can either
of single layer cantilevers of 2.0 um PZT and NC .

and multilayer stacks of 0.5 im PZT / 2.0 m NG ause a deflection of the beam or can generate a
Also plotted are three points for the simulation dbrce onto a base plate after the air gap is closed
three complete Al/PZT/Pt/NCD stacks of 50, 100, and .

590 pum length with thicknesses as mentioned in {§€€ Fig. A3).

text; for Young’'s moduli see Table Al.

W _~ electrodes

T;, 777777777 7777777777

X

Fig. A3: Operation of PZT/NCD unimorph. Applied elecfitbad induces cantilevébending until a
initial airgap (g) towards a base plate is closédd); for even higher loads a force (F) onto the ¢
plate is generate

The Data of the bending moment, deflection andefaespectively can be obtained
from Eq. A2 and A3 [4]:

2 2
o= 3L 3 — 2A8(1+ BZ 2 m31 v (Eq. A2)
2t A’B*+2A2B+3B%+2B°)+1 't
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_ SWEEpy 2AB oV
8L D(AB+1)(1+|3) Moy

F : (Eqg. A3)

whereL, t, w are the cantilever length, thicknessA{ + tg), width, d3; the transversal
piezoelectric coefficientV the applied voltageEpzr the Young's modulus of the
piezoelectric layerA = Egi /Epzt the ratio of the Young’'s moduli of diamond and RZT
andB = tgi/tpzr the ratio of the layer thicknesses, respectively.

As actuator in a switch

I . . 20 T ——
application, in the quiescent i 10V ]
condition (without  external 161 ]
electrical field) the switch is 14 L ]
typically in the open condition and 21 12} -
the cantilever separated from the E 10F 7
base plate contact by an airgap. A ~§_ 81 |

. 5 6 .
force onto the base is therefore 4
generated only after the cantilever A 2\ ]
has touched the base plate and the 0 N /A ——
10 100 1000

deflection is equal to the airgap.
. - cantilever length [um]
The diagram in Fig. A4 shows a

Calculatlon Of the generated force F|g A4: Calculatedtlp contact force of PZT/NCD unimor
_ _ depending on beam length for different applied agds
for a 0.2 um airgap as function of (using equations (1) and (2)).

applied voltage (cantilever data:

0.5 pum PZT on 2.0 um NCD, width = 6 um). It canobbserved that the force increases
for shorter cantilevers up to a maximum; for vehprs beams, where the maximum
applicable field (~240 kV/cm; determined by deviadure) results in a voltage which is

to low to close the airgap, no contact force cagdieerated.
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A.3 Technology

The starting material for the cantilever actuatoucture was a 2.0 pm thick NCD film
with a grain size of approx 50 nm deposited on{tQ®)-oriented Si substrate. The film
was grown by MWPECVD with high re-nucleation rabeobtain a stress balanced film
(3D NCD; [5]). Usually the following step is the piEsition of a metallic bottom
electrode. This layer serves also as oxygen ddfusarrier during PZT deposition and
the following post annealing step and as adhesigerlto accommodate the high bending
moments required by the high diamond stiffness. B& be deposited by MOCVD [6],
pulsed laser deposition [7], sputter deposition [BLR-PECVD [9], or sol-gel spin-on
[10]. Most of these methods need a post-annealieg ®r dipole orientation in the
perovskite structure in the range of
550 — 650 °C. In this work a sol-gel

process was used for PZT deposition.

The adhesion layer and bottom
electrode was PVD platinum. The sol-
gel PZT was deposited using a spin-
coater and post-annealed at 570°C in
ambient atmosphere [2]. This method
and material combination benefits

from homogenous and large area

deposition at low thermal budget. A
Fig. A5: Cross section SEM view of a gt derived PZT film ¢ cross sectional view of this material
NCD including Pt adhesion ayer. system is illustrated with Fig. A5.

After realisation of the SI/NCD/Pt/PZT material gtahe Al top electrode is deposited
by evaporation and patterned by lithography to rdefine cantilever geometry. This
pattern serves then as a hard mask for the anpotdry etching of the PZT/Pt/NCD
stack in different atmospheres of Ar and Ar/@spectively, and the undercut isotropic
plasma etching in GFO, of the Si-substrate to release the cantilever béamtherefore
self-aligned and the top electrode covers the ecantilever surface to obtain a uniform

electrical field across the piezoceramic. In a $sp the bottom Pt electrode is contacted
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through a wet chemically etched window. Fig. A6 WBOSEM micrographs of a
processed 50 micron cantilever.

28.8kV X1.5SWK Z@.8uvm

Fig.A6: Fabricated cantilever actuator with 50 pength.

A.4 Results

Fig. A7 shows the PE hysteresis loops obtained afposition of PZT. It can be

observed that PZT indeed shows piezoelectric behawand is well suited for actuator
fabrication.
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Fig. A7: Measured ysteresis curve solgel PZT on NCI
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Additionally, to optimise piezoelectric propertiaad prepare for operation the PZT
film was poled at 120 °C under an electrical fiefd200 kV/cm for 60 min. After this
step DC leakage current density was determinedruandelectrical field of 50 kV/cm to

approximately  2-1A/cm? ~ which

100M ¢ —
g ] corresponds to a resistivity in the
10M measured Al/PZT/Pt/NCD ; Teracm regime.
¥ i To determine the mechanical
2 1M .
= : 150 um NCD resonance, the beams were stimulated by
a% I a sinusoidal signal and the resonance
& 100k
= i oscillation identified visually. To avoid
c
o 10k = . . . .
2 measured PZT/PUNCD i inverse polarity across the piezo ceramic,
i (externally actuated) 1 a DC offset of half of the peak voltage
l L L L PR R S | L L L PR
10 100 was added. Cantilevers of 30, 50, 100 and
length [um]

Fig. A8 Measured resonance frequencies of piezo actu
having different antilever lengths. The 30 um and 50

590 um lengths have been stimulated.

Measured data are compiled in Fig. A8,

beams possess resonance frequencies in the MHE @ where they are compared with their

simulated.

calculated performance using Eqg. Al for
two NCD film thicknesses of 2.0 and 1.0 um. Thigresents the experimental spread of
thickness of the wafer used. It is seen, that tleasured data follow indeed the
theoretical prediction. Accordingly, resonancedhia MHz-range are measured for the
two shortest lengths of 50 um and 30 pm with tlghést resonance of 3.9 MHz for the

30 um cantilever beam.

A.5 Conclusions

Nanodiamond piezoelectric cantilever actuators weedized using a sol-gel spin-on
PZT piezoelectric ceramic film to demonstrate MHechmanical resonance performance.
Indeed cantilevers with 30 um length exhibited 819z resonance frequency, identified
visually when being stimulation by a sinusoidalnsig The result is in full agreement
with calculated and simulated data. Diamond piextgk actuators may therefore be
considered a realistic concept to realize high dpessonators and switches. In

comparison to the thermoelectric and electrostatitiation this concept needs only a
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small actuation voltage without static lossespieginot suffer from snap-in when used in

switches, and pull back when opening the switch fpayaccelerated by reversing the

driving potential.
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