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Chapter 2 
Physics of the Tunable Ferroelectric Devices 

Abstract This chapter gives an introduction to those aspects of the theory of 
ferroelectricity that a microwave engineer needs for understanding the physics be-
hind tunable microwave devices. In spite of the simplicity the provided theory is 
quite useful for designing microwave devices and the interpretation of the experi-
mental results. The crystalline structure of the displacive perovskite ferroelectrics, 
the DC field dependent dielectric permittivity and loss tangent are in the focus. 
The dynamic nonlinearity and acoustic properties are also considered. 

2.1 Introduction 

Crystalline, dielectric and electroacoustic properties of ferroelectrics are briefly 
reviewed in this chapter. The main focus is on crystalline/polycrystalline ferro-
electrics with perovskite structure. Perovskite ferroelectrics are extensively studied 
in the past. They are rather well understood and commonly used in tunable mi-
crowave devices. Ferroelectrics used in tunable microwave devices may have one 
of the following forms: 

• Single crystal (SrTiO3, KTaO3 etc.): 

– Bulk 
– Thin film 

• Single phase (i.e. BaxSr1–xTiO3) and composite (i.e. MgO+SrTiO3) ceramics:  

– Bulk-granular 
– Thick film (HTCC, LTCC)-granular 
– Thin film-granular, columnar 

i.e. they have either single crystal, granular or columnar structure. The amorphous 
ferroelectrics, typically thin films deposited at low/room temperatures, are used in 
passive none tunable MIM capacitors. They are not considered in this chapter. The 
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same ferroelectric composition (i.e. SrTiO3) may have different dielectric proper-
ties depending not only on the structure (single crystal, granular or columnar), but 
also on the mechanical strains. In the past relatively simple dielectric models 
based on thermodynamic and microscopic theories for the uniform single crystal 
(bulk, epitaxial film) ferroelectrics have been developed (Barrett 1952), (Rup-
precht et al. 1961, Vendik and Zubko 1997). These models have been extended 
and applied to ceramics (granular, columnar, composite) ferroelectrics (Tagantsev 
et al. 2005). Quite recently the models based on the density function theory (DFT) 
are considered extensively. The DFT seems to be especially useful when it comes 
to nanostructured ferroelectric films and devices. The interested reader is refereed 
to adequate publications in this field (Chosez and Junquera 2006). 

2.2 Crystal Structure, Non-Polar (Paraelectric) 
and Polar (Ferroelectric) Phases 

The complex metal oxide ferroelectrics, i.e. perovskites such as Titanates 
(CaTiO3, BaTiO3 etc.), Tantalites (KTaO3 etc.), Niobates (KNbO3 etc.) etc. are 
characterized by a common chemical formulae, ABO3, and have the same crystal 
structure (Fig. 2.2.1). Above polar-to-non-polar phase transition temperature their 
crystal lattice has cubic structure (Fig. 2.2.1 (a)). In this phase the crystal has no 
spontaneous polarization. Its permittivity is rather high, DC field, temperature and 
strain dependent. Below the phase transition temperature the crystal lattice be-
comes non cubic, non center-symmetric, the centers of the positive and negative 
charges per unit cell shift as shown Fig. 2.2.1 (b) and the crystal is characterized 
by spontaneous polarization. One for the surfaces of a macroscopic crystal is 
charged positively, while the opposite surface is charged negatively. 

 

 
  (a)    (b) 

Fig. 2.2.1 3D unit cell of ABO3 (e.g. BaTiO3) perovskites in paraelectric (a) and polar-
ferroelectric (b) phases 
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Figure 2.2.2 illustrates the 1D model of a perovskite crystal in paraelectric and 
ferroelectric phases. It is customary to represent the electrostatic interaction faces 
by mechanical springs. In these simplified models, in paraelectric-center-
symmetric phase (Fig. 2.2.2 (a) and Fig. 2.2.2 (b)) the central ion oscillates about 
the equilibrium (x=0) and its free energy is characterized by a parabolic depend-
ence (=kx2, where k is the spring constant) as shown in Fig. 2.2.2 (a). An applied 
external electric field (along x axis) shifts the central ion from its equilibrium posi-
tion inducing an electrical dipole. The ion continuous its oscillations about this 
new position with somehow less intensity (reduced permittivity). The ion comes 
back to its equilibrium position (x=0) as soon as the external field is switched off. 
This is the basic electric field tuning mechanism of the permittivity used, for ex-
ample, in tunable microwave devices. 

In polar, i.e. ferroelectric phase the positive ion is slightly shifted from the lat-
tice center to the left (Fig. 2.2.2 (d)), or to the right (Fig. 2.2.2 (e)). In these two 
new positions the free energy of the crystal is minimum (Fig. 2.2.2 (c)). The ion 
remains in one of these two off-center poisons as far as no external forces (electri-
cal, mechanical, temperature) are applied. It is characterized by an internal dipole, 
i.e. spontaneous polarization. Under external DC field the center ion may be 
switched from its left to its right position-changing the direction of the polariza-
tion vector (direction). Changing the direction of the external field brings the ion 
back to its left position-restoring the direction of the previous polarization. This is 
the main polarization switching/reversing mechanism used, for example, in mem-
ory cells. 

 

 
Fig. 2.2.2 Free energy destitution in 1D unit cells of ABO3 (e.g. BaTiO3) perovskites in paraelec-
tric (a, b) and polar-ferroelectric (c, d, e) phases 

Free energy 

(a) 

(b) 

 
- - + 

Lattice constant, ao 

Distance, x 

Lattice constant, a 

 
- - 

 
+ 

Lattice constant, a 

- - + 

Distance, x 

Free energy 

(c) 

(d) 

(e) 



24 2 Physics of the Tunable Ferroelectric Devices 

2.3 Dielectric Models of the Ferroelectric 
and Paraelectric Phases 

2.3.1 Phenomenological (Thermodynamic) Theory  

This theory is based on the expansion of the free energy of a ferroelectric crystal 
as a function of polarization P (Tagantsev et al. 2005): 
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At this instance the higher order terms in this expansion are ignored. It contains 
only even terms to reflect the fact the free energy of the crystal dose not depended 
on the polarization reversal. The physical meanings of the dielectric permittivity 
and nonlinearity coefficients α and β are disclosed below. Notice that this rela-
tionship holds true both for paraelectric and ferroelectric (polar) phases. The first 
derivative of this function is: 
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From the simple relationship between the electric field and polarization it be-
comes clear that the coefficient α should have a meaning of the inverse permittiv-
ity: α=1/(εεo), where ε is the relative dielectric permittivity and εo is the dielectric 
constant of vacuum. Furthermore, taking into account the experimentally observed 
temperature dependence of the permittivity, i.e. the Curie-Weiss low, ε=C/(T–Tph), 
the coefficient α takes the form: 
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C is the Curie constant and the temperature Tph is equal or lower than the Curie 
temperature Tc. Its meaning will be clear a couple of lines below.  

In polar (ferroelectric) phase the spontaneous polarization, Ps, is found when 
the externally applied electric field E=0, i.e. from (2.3.2) αPs+βPs

3= 
Ps(α+βPs

2)=0. The last equation has two solutions: Ps=0 and (α+βPs
2)=0. From 

the second solution, taking into account (2.3.3), one arrives at: 

)/()( CTTP ophs βε−=    (2.3.4) 

which is valid below temperature T=Tph. At T=Tph the spontaneous polarization 
Ps=0, i.e. Tph is the phase transition temperature. Below this temperature the ferro-
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electric is in polar (ferroelectric) phase with P=Ps. Above the ferroelectric is in 
paraelectric phase with Ps=0. In this case the paraelectric-to-ferroelectric phase 
transition is of the second order and the phase transition temperature is identical 
with the Curie-Weis temperature Tc=Tph. For the first order phase transition 
(Vendik and Zubko 2000) the phase transition temperature is less than the Curie-
Weiss temperature, Tph <Tc. 

The dielectric permittivity is given as: 
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In paraelectric (T>TC=Tph) phase, and without external electric field, i.e. P=0, 
from (2.3.5) and (2.3.3) one gets Curie-Weiss low: 
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For ferroelectric, polar phase (T<TC=Tph) the permittivity is found from 
(2.3.3)–(2.3.5): 
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  (a)    (b) 
Fig. 2.3.1 2nd order paraelectric to ferroelectric phase transition. Temperature dependences of 
the polarization and inverse permittivity (a), and polarization dependent free energy (b)  

The temperature dependences of the spontaneous polarization and inverse per-
mittivity for a ferroelectric crystal with 2nd order phase transition, defined by 
(2.3.4), (2.3.6) and (2.3.7) are depicted in Fig. 2.3.1 (a). Figure 2.3.1 (b) depicts 
the dependences of the free energy on the polarization (2.3.1) for ferroelectric 
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(T<Tc) paraelectric (T>Tc) and phase transition (T=Tc) temperatures. The two 
minima in ferroelectric phase correspond to two equilibrium states of the sponta-
neous polarization, shown previously in Fig. 2.2.2 (c), while the dependence with 
a single minimum (T>Tc) corresponds to the case shown in Fig. 2.2.2 (a).  

The hysteresis (Fig. 2.3.2 (a)) with the two equilibrium polarization states is 
used to utilize nonvolatile memory cells. The corresponding permittivity-field de-
pendence (computed using the derivative in (2.3.5)) is shown in Fig. 2.3.2 (b), 
where the maximums in permittivity appear at coercive field ±Ec. In principle, this 
type of “butterfly” permittivity-field dependence may be used in analog tunable 
microwave varactors provided that the associated losses are small and the required 
tuning speeds are not high. In this case the bias field has to be increased from zero 
or decreased from Emax in order to establish the required permittivity on the given 
branch of the ε(E) dependence. The polar phase with ε(E) hysteresis may be used 
also as a microwave switch if the ratio εm/εn of the permittivity at the points m and 
n (Fig. 2.3.2 (b)) is sufficient for the targeted application. Additionally, in polar 
phase all ferroelectrics also are piezoelectric and, as such, some of them are used 
in acoustoelectronic devices. 

 

 
Fig. 2.3.2 Polarization (a and c) and permittivity (c and d) dependences on the applied electric 
field for ferroelectric (a and c) and paraelectric (b and d) phases 
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polarization (Fig. 2.3.1 (b)) as it appears in (2.3.5). The P(E) dependence in this 
phase is again nonlinear but without hysteresis loop (Fig. 2.3.2 (c)). The ε(E) per-
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P 

E 

ε(E) 

E(b) 

(c)

(d)

(a)

P 

-Ec 

+Ps 

-Pr 

+Ec 

ε(E) 

E +Ec -Ec 

m 

n 

-Ps 

+Pr 



2.3 Dielectric Models of the Ferroelectric and Paraelectric Phases 27 

the relationship between polarization and applied field, P=εoε(0)E, one gets from 
(2.3.5): ε(0)=1/(αεo). By using this results in (2.3.5) one arrives at 
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where the temperature dependence of the permittivity at zero bias field, ε(0,T), is 
given by (2.3.6). 

2.3.2 Microscopic Theory 

In general, the thermodynamic theory considered in the previous section does not 
care about the microscopic, ionic structure and chemical composition of the ferro-
electric crystal. The change in crystal symmetry at phase transition is the only 
concept which the thermodynamic theory considers. The microscopic theories 
consider the chemical/ionic structure of a ferroelectric crystal and thermal oscilla-
tions (vibrations) of the ions about their equilibrium positions, and their interac-
tions. The microscopic, dynamic theory of ferroelectrics is based on the vibrations 
of the ions in the crystal considered by (Cochran 1969, Vendik and Zubko 1997). 
It was rather successfully used in the past for interpretation of dielectric and ferro-
electric properties of ferroelectrics. At present there are a number of different ap-
proaches (Dawber et al. 2005), and among them the density function theory is the 
most powerful (Chosez and Junquera 2006), which, with the advances of com-
puters, will enable to solve such a complex problem as synthesis of ferroelectrics 
with the desired properties. Here the main features of the dynamic theory will be 
considered. It does not result completely correct temperature and frequency de-
pendences of the dielectric properties. However, it helps to understand the essence 
of the dynamic theory and introduce the “soft” mode frequency, often used in the 
dynamic theory of the ferroelectrics. 

 

 
Fig. 2.3.3 Longitudinal (a) and transversal (b) oscillations in a chain of ions 
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In a simple one dimensional model of an ionic crystal shown in Fig. 2.3.3 the 
interactions between the ions is represented by mechanical springs allowing 
propagation of the oscillations along the ionic chain. The ions may oscillate along 
the chain (longitudinal phonons) and perpendicular to the chain (transverse pho-
nons). In terms of quantum mechanics the thermal oscillations are regarded as 
phonons characterized by energy hv, where h is the Plank’s constant and v is the 
frequency of the oscillations. The ferroelectric properties of the crystal are ex-
plained by instability of thermal oscillations (vibrations) of the ions, i.e. phonons. 
The motion of the ions is controlled by long range Coulomb interaction forces and 
inertial (Newton) forces. In contrast to non ferroelectric crystals, to characterize 
the ferroelectric phase transformation, in a ferroelectric crystal the non-Coulomb 
(short range) inharmonic interaction forces are also taken into account. 

 

 
Fig. 2.3.4 Frequency dependencies of the real and imaginary parts of the permittivity following 
from (2.3.9) for two damping coefficients γ 
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where εDC and εopt are permittivity at low, ω<<ωTO, and optical, ω>>ωTO, fre-
quency limits. Typically εopt<< εDC and εopt may be ignored at microwave fre-
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quencies. It is shown that the frequency of the transverse optical mode, ωTO~(T–
Tc), i.e. it goes to zero at phase transition (Curie) temperature. The frequency dis-
persion of the permittivity given in (2.3.9) is known as dumped resonance disper-
sion, where γ is the damping coefficient. The frequency dependences of the real 
and imaginary parts of the permittivity corresponding to (2.3.9) are shown in 
Fig. 2.3.4. With no damping, i.e. γ=0, the real part of the permittivity ε'→0 at 
ω=ωTO. At very low frequencies (for SrTiO3 f< 0.5–1.0 THz) the real part of the 
permittivity is constant. At frequency ω=ωTO, known as the “soft” mode fre-
quency, the real part of the permittivity is zero (Fig. 2.3.4 (a)). With increasing 
damping, γ2>γ1, the resonant feature (increase in real part of permittivity, 
Fig. 2.3.4 (a)) disappears and the dispersion of the permittivity, below ωTO, similar 
to Debye relaxation. 

When the forces (destabilizing the symmetric phase) in the unit cell of a dielec-
tric crystal tend to displace a ferroelectrically active ion (i.e. Ti in BaTiO3) from its 
position of symmetry it is said the crystal becomes instable. In other words the 
forces lead to appearance of a dipole moment in the unit cell. At the same time the 
crystal tends to stabilize its symmetric phase, which causes fluctuations of the 
ferroelectrically active ions about their equilibrium positions. In the case these 
fluctuations result in dynamic stabilization of the symmetric phase the crystal is 
said to be virtual (incipient) or quantum paraelectric. They do not stabilize in 
ferroelectric-polar phase at any temperature. There are only a few quantum 
paraelectrics (Lemanov et al. 1999): SrTiO3, CaTiO3, KTaO3, TiO3 etc. On the 
other hand the polar ferroelectric phase in these (incipient ferroelectric) crystals 
may be induced/stabilized by extra external forces like strain (Haeni et al. 2004) 
and electric field (Hemberger et al. 1995). In some crystals the destabilizing (the 
symmetric phase) are so strong that they do not undergo paraelectric phase transi-
tions up to the melting point. These crystals are said to be pyroelectrics. 

2.4 Engineering Models of the Dielectric Permittivity 

2.4.1 Barrett’s Formula. Bulk Single Crystals 

The first useful formula for temperature dependence of the permittivity was pro-
posed by Barrett (Barrett 1952): 
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For perovskites, known as quantum paraelectrics or incipient ferroelectrics, the 
parameters involved in the above formula are given in Table 2.4.1 (Lemanov et al. 
1999). 



30 2 Physics of the Tunable Ferroelectric Devices 

Table 2.4.1 Parameters of Barett’s model for incipient ferroelectrics  

 ε(300K) ε(0K) A C, 104K To, K T1,K 

CaTiO3 168 331 43.9 4.77 –111 110 
SrTiO3 305 20 000  8 35.5 80 
KTaO3 239 3840 47.7 5.45 13.1 56.9 
TiO2 170 257     

2.4.2 Rupprecht–Bell–Silverman Model. Bulk Single Crystals 

Later, based on the experimental results, Rupprecht et al. (1961) proposed an em-
pirical formula for the temperature and DC electric field dependent permittivity 
for STO: 
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where the temperature dependent permittivity at zero bias field is given by (2.3.6): 
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(2.4.2) is valid for temperature range 90–230 K and is essentially the same as 
(2.3.8) where the experimentally defined coefficients A characterize the anisot-
ropic static nonlinearity: 
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These anisotropic nonlinearity constants are frequency and temperature inde-

pendent, but have noticeable dependences upon the orientation of the applied 
external electric field E with respect to crystallographic axes. These formulae 
predict some anisotropy above structural phase transition temperature 110 K, in-
dicating the slight deviation from ideal cubic structure, observed at room tem-
perature becomes enhanced with the reducing temperature and leads to cubic-to-
tetragonal structural phase transition. Similar anisotropy in single crystal STO 
above phase transition temperature 110 K is observed in other experiments (Eriks-
son et al. 2003). As it is shown below, this anisotropy has a stronger impact on the 
loss tangent. 
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2.4.3 Vendik’s Model. Bulk Single Crystals 

A phenomenological model for the DC filed and temperature dependent permittiv-
ity, for paraelectric phase BxSr1–xTiO3, proposed by Vendik and Zubko (2000); 
takes into account also the defects in the crystal: 
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where 
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DN=4.2 C/m2. The involved in the above expressions parameters for BxSr1–xTiO3, 
SrTiO3 and KTaO3 are given in Table 2.4.2 (Vendik et al. 2002). 

Table 2.4.2 Modal parameters for BxSr1–xTiO3 (x<0.5) 

 SrTiO3 BxSr1–xTiO3 KTaO3 
Tc, K 42 Tc(x)= 42+439.37x–95.95x2 32.5 
C 0.86 C(x)= (0.86+1.1x2)105 0.45·105 
Θ, K 175 175 170 
εoo(x) 2080 = C(x)/Tc(x) 1390 
EN(x), kV/cm 19 EN(x)=8.4/{εo[3εoo(x)]3/2} 15.6 
ξs 0.18 0.3 0.02 

 

The defects induce local fields and cause statistical dispersion of the external 
DC bias field. The local fields may be associated with the residual polar phases 
and/or charged defects. In oxides, including the perovskites, the oxygen vacancies 
are the most common positively charged defects. They induce local mechanical 
strain and electric field around them. 

Not only charged, but also neutral defects may cause local polar phases and as-
sociated local fields in single crystal paraelectrics. The parameter ξ(E) in the 
above formulas takes into account these effects via statistical averaging of the ap-
plied DC and local electric fields. 

Notice once more, that the above formulae are valid for paraelectric phase, 
where ξ(E)2+η(T)3>0. It is shown in (Vendik and Zubko 2000) that in a ferroelec-
tric (excluding incipient ferroelectrics) the ferroelectric phase transition Tph, the 
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Curie temperature Tc, and the temperature of the permittivity maximum, Tm, are 
related as: Tph <Tc<Tm. The temperature dependences of the permittivity of SrTiO3 
and B0.5Sr0.5TiO3 computed using the above expression (2.4.4) is shown in 
Fig. 2.4.1. 

 

 
Fig. 2.4.1 Permittivity vs. temperature for at DC bias fields 0, 5 V/μm/ and 10 V/μm 

2.4.4 Granular Ceramics and Composites 

Ceramic ferroelectrics consist of nanometer-micrometer sized and tightly packed 
grains. Typically the surfaces/interface layers of the grains have different than the 
cores of the grains dielectric properties. For the modeling purposes the structure of 
the ceramics (bulk, thick or thin film) used in tunable microwave devices is repre-
sented by simplified models (Fig. 2.4.2). The simple single phase ceramics consist 
of tightly packed nano or micro sized ferroelectric grains (Fig. 2.4.2 (a)) and col-
umns (Fig. 2.4.2 (d)), perhaps with some ferroelectrically active or passive (“dead 
layer”) grain boundaries. The ceramic composites may consist of the grains of 
more than one ferroelectric composition (or/and phase) and may contain non-
ferroelectric grains (Fig. 2.4.2). The thin films may have composite layered struc-
ture (Fig. 2.4.2 (c)), columnar ceramic (Fig. 2.4.2 (d)), and composite columnar 
(Fig. 2.4.2 (e)) structure. Figure 2.4.3 shows an experimental example of how add-
ing a non-ferroelectric MgO transforms Ba0.8Sr0.2TiO3 from simple ceramics to 
doped and finally to composite ceramic structure (Su and Button 2004). The mod-
els of simple granular ceramics (with grain boundaries) and composite ceramics 
have been considered in the past (Tagantsev et al. 2005). The analysis of the re-
ported performances show that the microwave performances (loss tangent, tune-
ability) of the granular ceramics (thin, thick film, bulk) are not as good as the per-
formances of the single crystals and columnar epitaxial films. 
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 (a) (b) (c) (d) (e) 
Fig. 2.4.2 Models of ceramics: (a) granular single phase, (b) granular composite, (c) layered 
composite, (d) columnar single phase, and (e) columnar composite 

 
Fig. 2.4.3 The effect of MgO on permittivity of Ba0.8Sr0.2TiO3 (Courtesy of T. Button, University 
of Birmingham, UK)  

The apparent permittivity of two-phase composite layered, Fig. 2.4.2 (c), and 
columnar, Fig. 2.4.2 (e), are given by: 
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In these expressions p=t1/(t1+ t2) and q=A1/(A1+ A2) are the relative content 
(concentrations) of the phases, where t1 and t2 are the thicknesses of the phases 1 
and 2 (Fig. 2.4.2 (c)), while A1 and A2 are the areas of the two phases 
(Fig. 2.4.2 (e)). In general one of the phases may be passive, i.e. non-ferroelectric. 
In the case of single phase ceramics the interfacial/inter-columnar non-ferro-
electric (“dead”) layers may be considered as one of the phases appearing in 
(2.4.5) and (2.4.6). 
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2.4.5 Columnar Thin Film Ceramics and Composites 

In contrast to granular ceramics, the performance of the columnar films (losses, 
tuneability etc.), especially in parallel-plate varactors, is close to the single crystals. 

 

 
  (a)   (b)   (c) 

Fig. 2.4.4 Cross-sectional SEM (a) and in-plane TEM (b, c) images of a laser ablated 
Ba0.25Sr0.75TiO3 film 

The cross-sectional scanning electron microscope (SEM) photo (Fig. 2.4.4 (a)), 
and in-plane transmission electron microscope (TEM, Fig. 2.4.4 (b) and (c)), im-
ages of a columnar BSTO film are shown in Fig. 2.4.4. The column boundaries are 
amorphous, and in some cases contain voids (Fig. 2.4.4 (c)). A distorted region 
near the electrode/ferroelectric interface at the bottom electrode and amorphous 
regions at the grain/column boundaries are clearly seen. The analysis of the micro-
structure and the C-V performance shows that the interfacial distorted layer is 
about 50–100 nm thick and it is strained.  

Figure 2.4.5 represents a simplified model of the columnar film. Each nano-
column consists of single crystal core, column boundaries, and an electrode/ferro-
electric interface layer. Typically the interfacial layer has lower permittivity due to 
the dislocations, strain, etc. The grain boundaries play a substantial role both in di-
electric properties and reliability of the devices based on ferroelectric varactors. 

The lower permittivity and tuneability in paraelectric films, in comparison with 
the bulk single crystal and ceramics of the same composition, have been attributed 
to the stresses, “dead” layers at the interfaces with the electrodes, non-stoichio-
metry, voids in the granular/columnar structure, etc. Besides, there are also fun-
damental effects associated with the surfaces/interfaces. For example, the near sur-
face layer of pure bulk single crystal STO, (which has no ferroelectric phase at any 
temperature), undergoes a structural phase transition (ferroelectric phase) at about 
45 K above the structural phase transition (at about 110K) of bulk single crystal 
STO (Mishina et al. 2000). With decreasing the film thickness, the contribution of 
the interface properties increases, relative to the bulk properties and, in nano-size 
limits, may dominate over the bulk properties.  
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Fig. 2.4.5 Simplified out-of plane (a) and in-plane (b, c) cross sections of a ferroelectric column 
in a parallel-plate varactor, and its equivalent circuit (d). Reprinted with permission from 
Wiley©2008  

 
Fig. 2.4.6 C-V of the core with the inflection point (a) and fraction q vs. thickness of the grain 
boundary for circular shaped cylindrical column. Reprinted with permission from Wiley©2008 
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The in-plane cross section of the predominantly cylindrical nano-columns 
(Fig. 2.4.4 (a)) may be modeled by circular (Fig. 2.4.5 (b)), or triangular 
(Fig. 2.4.5 (c)) shapes. In general, all three regions of the nanograin (Fig. 2.4.5 (a)) 
may have different properties (due to stress, compositions etc.), and they experi-
ence different changes under the applied to the plates voltage. The integral change 
in the capacitance under the applied electric field is a result of changes taking 
place in all three parts of the nano-column. These parts of the nano-column may 
be represented by equivalent capacitances, as shown in Fig. 2.4.5 (d). Then the ca-
pacitance of the grain is ( ) ggap tATEC 0, εε=  , with εap being the apparent 
(measured) permittivity defined as: 

int

int

)1(
)1(

εε
εε

εε
pp

qq
gc

gc
gbap −+

−+=    (2.4.7) 

q=Agb/Ag, p=tint/g, where Ag=(Agc+ Agb) and tg=tgc+tint, Agc, and Agb are correspond-
ingly the areas of the grain core and boundary, tgc and tint are correspondingly the 
thickness of the grain core and interfacial layer (Fig. 2.4.5). The first term in 
(2.4.7) is due to the grain boundary, while the second term is due to grain core and 
interface. In this simplified model the grain boundaries and the interface layer of 
the films are assumed to have DC field independent permittivity, εgb and εint. The 
apparent permittivity (2.4.7) may be rewritten in a simpler form: 

effgbap qq εεε )1( −+=      (2.4.8) 

where εeff is the effective permittivity of the layered column (“composite”) consist-
ing of a grain core (εgc) and interface (εint): 

int

int

)1( εε
εε

ε
pp gc

gc
eff −+

=    (2.4.9) 

An analytic expression for εeff may be found in (Tagantsev et al. 2005). An al-
ternative approach, given here, is based on (2.3.8) and modified Curie-Weiss low 
(Rupprecht and Bell 1964) representing the zero bias temperature dependence of 
the permittivity in bulk single crystals as: 

( )
c

k
Lgc TT

CT
−

+= εε ,0     (2.4.10) 

where the temperature independent term Lε  is the background permittivity, i.e. 
the permittivity at very high (“infinite”) temperature where there is no soft mode 
contribution. The extrapolation, using (2.4.10), gives εL in the range 39–58 for 
typical perovskites like BaTiO3, SrTiO3, CaTiO3, KTaO3 (Rupprecht and Bell 
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1964). However this extrapolation seems questionable sine it is based on the soft 
mode permittivity whereas the permittivity of the crystal at extremely high tem-
peratures may be associated with other phonons. Typically εL is assumed to be 
about 7–8 (Noeth et al. 2007). For applied DC voltage V the electric field devel-
oped in ferroelectrically active core of the column is: 

( )
( ) gcgc

gc t
V

pp
pE

−+
−=

1
1

int

int

εε
ε    (2.4.11) 

where εgb and εint are DC bias and temperature independent. The temperature and 
the DC bias dependences of εgc are given by (2.4.10) and (2.3.8). Finally, the ap-
parent permittivity of the film is: 
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εε ,  (2.4.12) 

where Ei(T) is the field corresponding to the inflection point in the C-V depend-
ence of the bulk single crystal (Fig. 2.4.6 (a)): 

( )[ ]3,03

1

T
E

gco

i
εεβ

=    (2.4.13) 

(2.4.13) is easy to deduce by taking the second derivative of (2.3.8) vs. field. The 
nonlinearity coefficient β itself is temperature dependent. For SrTiO3 β ≈8⋅109 
JC−4 m−5 at room temperature. (2.4.12) may be used to develop scalable field and 
temperature dependent capacitance of parallel-plate varactors. Required for mod-
eling parameters: p, q, εgb and εint, Ck, Tc, Lε , β, T and V, where p, q, εgb and εint, 
are ferroelectric film (fabrication method) specific-available from experiments, 
while Ck, Tc, Lε , β are fundamental parameters for the given ferroelectric.  

2.5 Models of the Loss Tangent 

2.5.1 Loss Mechanisms and Early Models of the Loss Tangent 

In the past, loss has been a major problem hindering the commercialization of tun-
able microwave devices based on ferroelectrics. Although recently a considerable 
progress has been achieved, especially in thin film ferroelectrics, the problem of 
loss is still an issue for some demanding applications, and needs further theoretical 
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and experimental treatments. In this section the main loss mechanisms are consid-
ered briefly. Ferroelectrics in only paraelectric phase are considered. A rather 
comprehensive overview of the losses in microwave ferroelectrics is given by 
Tagantsev etc. (Tagantsev et al. 2005). There are two major groups of microwave 
losses in paraelectric phase ferroelectric; intrinsic and extrinsic (Fig. 2.5.1). In  
a perfect, single crystal paraelectric, the dissipation (losses) of the microwave 
power is associated with the absorption of the (microwave) electromagnetic waves 
by the thermal oscillations of the ions, and by the free charge carriers. In ideal sin-
gle crystals ferroelectric (e.g. SrTiO3, KaTaO3, BaxSr1–xTiO3 etc.) without defects, 
used in tunable microwave devices, these fundamental-intrinsic losses are typi-
cally very small and may not be eliminated or reduced. These losses define the 
minimum value of the loss tangent which a given paraelectric may have. In real 
crystals, and especially in thin films, the dissipation of the microwave energy is 
associated with the defects and may be much higher. These are externally imposed 
losses and may be reduced or, in an ideal case, eliminate by synthesis of crystals 
with the reduced defect density. They are especially high in ceramics and thin 
ferroelectric films. The reduction of the defect density, especially in thin epitaxial 
films used in integrated tunable microwave devices, was and remains a challeng-
ing problem.  

 

 
Fig. 2.5.1 Brief classification of the loss mechanisms in paraelectrics  

Both the theoretical and experimental study of the loss in ferroelectrics is a 
more complex problem that that of the permittivity. In the past, a systematic ex-
perimental study of the dielectric properties, and particularly the losses has been 
carried out by (Bete 1970), (Rupprecht and Bell 1962) etc. 
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Rupprecht–Bell–Silverman model of the nonlinear loss tangent, which is based 
on experiments using single bulk crystal STO, reads: 

Fo δδδ tantantan +=     (2.5.1) 

The field dependent part of it: 

25 )0,()/(tan ETCBkklF εωδ =    (2.5.2) 

The anisotropic nonlinearity constants are field, frequency and temperature in-
dependent. For (100)STO 227

100 /,108.4 VsKmB −⋅= . The empirical formula for 
the temperature dependent term 

[ ] )/(tan 2
Co TTTT −++= γβαδ    (2.5.3) 

For a single crystal STO α=0, β=6.53·10–4, γ=2.54·10–6K–1. 
Vendik’s (1998) model is theoretical, based on four quantum mechanism, and 

predicts qualitatively correct frequency, temperature and permittivity dependence 
for the loss tangent discussed below. However, the electric field dependence pre-
dicted by this model does not explain the experimentally observed increase in the 
loss tangent in single crystal paraelectrics STO and KTO. This field dependent 
loss tangent explained by quasi-Debye mechanism considered in the next section. 

2.5.2 Models of the Main Loss Mechanisms 

Regardless the mechanisms, the losses, in general, are additive, i.e. the total loss 
tangent of a paraelectric crystal is a sum of the loss tangents of all involved 
mechanisms: ∑=

i
iδδ tantan , where i denote the loss of a specific loss mecha-

nism, partly discussed below and indicated in Fig. 2.5.1. 

Intrinsic Losses  

The ferroelectrics used as tunable dielectrics are typically good dielectrics with ex-
tremely small density of the free electrons and holes. The mobility of these carri-
ers is also small. Hence the losses associated with the absorption of the electro-
magnetic energy by the free charge carriers may be ignored in most of the cases 
(Gevorgian et al. 1997). The fundamental losses are associated with the interac-
tions of the electromagnetic (microwave) energy with the thermal oscillations 
(phonons hv, h is the Plank’s constant, v is the oscillation frequency) of the ions. 
Most of the following discussions are based on (Tagantsev et al. 2005). 

In homogeneous perfect bulk single crystal paraelectrics, such as displacive 
ferroelectrics with a center-symmetric cubic crystal structure (e.g. SrTiO3, 
KaTaO3, BaxSr1–xTiO3 etc.) the fundamental losses are associated with the interac-
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tions of the microwave field with the phonons. The loss tangent deduced from 
simple damped resonance (dispersion) model gives the following temperature and 
frequency dependences: tanδ~ωεT, which, due to used simplifications and as-
sumptions, does not reflect the experimentally observed slopes of the temperature 
ε(T) and frequency ε(ω) dependences. 

Microwave energy is absorbed by thermal phonons of the crystal and the dissi-
pated energy heats the crystal. In fact, the energy of phonons, hv, in the crystal is 
much higher then the quantum hf of the microwave field, hv> hf. Here f is the fre-
quency of microwave field. In terms of quantum mechanics the absorption takes 
place via three and four quantum mechanism. In the first case the absorption proc-
ess involves one microwave quantum hf and two phonons. In microwave and mil-
limeter wave and near room temperature regions this theory predicts the following 
frequency and temperature dependence: 

22/3tan Tph ωεδ ∝     (2.5.4) 

ε is the relative permittivity of the ferroelectric. 
In the case of four-quantum process one microwave quantum hf interacts (dis-

sipated) with three phonons of the crystal. In the same temperature and frequency 
regions this theory predicts frequency and temperature dependences of loss tan-
gent similar to three-quantum one (2.5.4). However, for the typical paraelectrics 
(BTO, STO), KTO) the three quantum dissipation is dominant. The four phonon 
mechanism is applicable to crystals with non-center symmetric structure, e.g. 
ferroelectrics in polar phase. 

In perfect crystals, besides the fundamental phonon losses discussed above, ex-
tra microwave losses appear due to free charge carries and under the external elec-
tric field. The external fields, both DC, and even high power microwave fields 
break the symmetry of the crystal structure of the paraelectric phase by virtue of 
electrostrictive effect. In a crystal with a symmetric lattice structure (i.e. cubic as 
in SrTiO3, KaTaO3, and in paraelectric phase BaxSr1–xTiO3) the external field shifts 
the centers of the positive and negative charges. The induced non-center symmet-
ric unit cell of the crystal lattice becomes polarized with an external field depend-
ent dipole moment. The microwave field experiences microwave losses typical to 
actual non-center symmetric crystals, although the crystal is still in paraelectric 
phase. In an extreme case the external DC field may cause paraelectric to ferro-
electric phase transformation (Hamburger et al. 1996), resulting in a rapid increase 
of microwave losses. 

The induced electric dipole initiates two extra mechanisms of the microwave 
losses: i) DC filed induced Quasi-Debye, and ii) Microwave to acoustic transfor-
mations. The field induced Quasi-Debye mechanism is proposed by Tagantsev 
(Tagantsev et al. 2005) and for small tuneability (T(E)=((ε(0)–ε(E))/ε(E))<<1) the 
losses associated with this mechanism are characterized by the following func-
tional dependences of the loss tangent on the frequency and electric field: 

)()(tan ETEAIQD ωδ =    (2.5.5) 
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where T(E) is the tuneability of the dielectric permittivity: 

)0(
)()0()(

ε
εε EET −=     (2.5.6) 

A is a material related constant. Experimental values of A for single crystal 
STO and KTO are accordingly 23·10–3/GHz and 17·10–3/GHz, I(E)≈1 for small 
tuneability, T(E)<<1. For small tuneability, using (2.3.8), (2.5.4) may be reduced 
to:  

[ ] 23)(3tan EEA oQD ωεεβδ =    (2.5.7) 

i.e. the functional dependence on E and ω coincide with (2.5.2). The parabolic de-
pendence of tanδQD measured at about 0.8 GHz at 40 K, for a bulk single crystal 
[100] STO (Eriksson et al. 2003), is shown in Fig. 2.5.2. The maximum applied 
DC field is 1.0 V/μm. At fields below about 0.2 V/μm [T(0.2V/μm)<0.1] the de-
pendence is to larger degree parabolic. However, at about 0.5 V/μm the losses 
reach maximum and start reducing slightly, as predicted by Quasi-Debye mecha-
nism at high electric field (and larger tuneability, Astafiev et al. 2005). In thin 
SrTiO3 films devices the applied fields are typically much higher, up to 100 V/μm 
and above. Hence this loss mechanism should result in slight reduction of the 
losses, at least above 10.0 V/μm. For Ba reach compositions the field dependence 
of the Quasi-Debye losses is weaker. 

 

 
Fig. 2.5.2 DC field dependence of the loss tangent of [100] STO at 52 K and about 0.8 GHz 

The electric field induced microwave to acoustic transformations in a homo-
geneous bulk single crystal paraelectric is associated with the electrostriction and 
inverse piezoelectric effects. Due to these two effects the electromagnetic field 
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generates acoustic waves with the same frequency as the microwave signal itself. 
In a non-ferroelectric piezoelectric (i.e. Quartz) the amplitude of the acoustic 
waves generated by electrostriction is proportional to E2, while the converse 
piezoeffect generates acoustic waves with amplitudes proportional to E. However, 
in a paraelectric with induced dipole moment this dependence is more complex, 
since the dipole moment itself depends on the applied DC field. In homogeneous 
paraelectric crystals the losses of the microwave energy are associated with the at-
tenuation of the acoustic waves. In a crystal with a limited sizes (e.g. by electrodes) 
the acoustic waves may additionally attenuated in the interfacing materials. On the 
other hand, the limited sizes of the crystal may cause reflections resulting in acous-
tic waves resonances and resonant absorption (peaks in loss tangent) of the micro-
wave energy. Typically, the resonant peaks in loss tangent associated with the 
acoustic resonances are visible in experiments where the density of the defects is 
very low and the extrinsic losses are smaller. In crystals much larger than the 
acoustic wavelength (i.e. in STO disk resonator (Eriksson et al. 2003) these reso-
nances may form a quasi-continuous spectrum. In thin films a clear discrete spec-
trum is observed (Gevorgian et al. 2006). The losses in resonant absorption should 
increase linearly or quadratic with the increasing external DC field depredating on 
the relative contributions of the induced piezoelectric and/or electrostriction 
effects. In general, the field induced transformations of microwaves into acoustic 
waves are negative for analog tunable microwave devices. On the other hand this 
effect may be utilized in DC field tunable TFBARs (Berge et al. 2008). 

Typically, especially in thin films, all intrinsic losses are “screened” by higher 
contributions from extrinsic losses discussed below. However, in high quality 
bulk, and recently in epitaxial films, the intrinsic and extrinsic losses appear to be 
comparable. With decreasing the density of the defects the intrinsic losses start 
dominating. In an ideal paraelectrics crystal without defects, where all extrinsic 
losses are removed, the electric field induced quasi-Debye losses and the losses 
associated with the microwave to acoustic transformations will limit the achie-
vable minimum losses. 

Extrinsic Losses 

In crystals with defects there are extra losses associated with the defects in the 
crystal structure. The extrinsic losses are the main trouble makers, and they are 
much higher then the intrinsic losses. However, in contrast to the intrinsic losses, 
these losses may be reduced by reducing the density of the defects. Given below is 
a brief overview of the main loss mechanisms, caused by defects. 

Universal (Curie-von-Schweidler) relaxation mechanism is the most common 
defect related mechanism for all dielectrics in general, including paraelectrics. 

n
ur Rωδ =tan     (2.5.8) 

n=0–1 depredating on the material nature of the defects in it. 
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Charged defects are one of the most common defects. Both in chemically pure 
bulk single crystals, ceramics and thin films ferroelectrics any charged point 
defects and charged dislocations create local static electric field. Even the neutral 
defects may locally distort the crystal symmetry and create local dipoles and static 
fields around them. The oxygen vacancies seem to be the most common positively 
charged point defects in chemically pure crystals. In such local felid both electro-
strictive (Vendik and Platonova 1971) and converse piezoelectric effects are active 
and the electromagnetic (microwave) waves generate acoustic waves. From these 
point sources (in contrast with the defectless case discussed above) the acoustic 
waves travel in the crystal taking with them some energy from the electromagnetic 
waves, i.e. causing loss of the microwave signal. Some local increase in the loss 
tangent also may be expected by virtue of the quasi-Debye mechanism. The loss 
tangent associated with the charged defects is approximated by: 
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nZF

ωωπρν
εωδ ,  (2.5.9) 

where F≈1 is a material specific constant, Z the effective charge (C) of the defect, 
n is the density (m–3)of the defects, ρ is the density of the crystal (kg/m3), vt is the 
acoustic velocity, ωc=vt/rc, rc is the correlation length of the charge distribution, 
i.e. the distance at which the electro-neutrality in the crystal is restored. As it fol-
lows from (2.5.8) the loss tangent in this case is proportional to the permittivity, 
indicating that it follows the same temperature and field dependences. For a 
paraelectric this means a reduction of the losses with increased field and tempera-
ture. The charged defects may be uniformly distributed in the bulk of the crystal 
and/or concentrated at the interfaces with the grains and electrodes. Recent publi-
cations indicate that oxygen vacancies are the main charged defects and, in some 
cases, the main contributors to the losses in thin ferroelectric films.  

Notice that in contrast to external DC field induced microwave and acoustic 
transformations considered above as a part of the intrinsic losses, the losses in this 
case associated solely with the defects, i.e. they have extrinsic nature, and may be 
reduced by eliminating the defects. On the other hand the losses associated with 
the external filed induced acoustic transformation in perfect, defectless crystal are 
more of intrinsic nature. They are “hidden” in the perfect crystal, and appear as 
soon as an external field is applied. Under an applied DC bias both these intrinsic 
and extrinsic losses contribute in the total losses of a tunable ferroelectric device. 
After removing the external field, only the extrinsic part associated with the 
charged defects contribute.  

Other Sources of Extrinsic Losses: Local polar regions occur in normally 
paraelectrics (Hubert et al. 1997) at the interfaces between the phases, grains/ 
columns, electrodes and other layers (i.e. dielectric and metallic buffer layers). No 
reports are available on the losses associated with these defects. 
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In paraelectric phase single crystals (e.g. SrTiO3, KTaO3 etc.) the quasi-Debye 
mechanism (2.5.7) dominates, as it is seen from the experimental result shown in 
Fig. 2.5.2. It is characterized by linear frequency dependence and a field depend-
ence which at low field strengths may be approximated by a quadratics function 
(2.5.2). The temperature dependence is similar to the temperature dependence of 
the permittivity as in (2.5.7). One expects to have similar frequency, field and 
temperature dependences in high quality defect free thin films. However, the ex-
periments reported until now indicate that the losses in the thin films increase line-
arly with the frequency and decrease with the electric field as it is predicted by 
(2.5.9), i.e. it seems the losses associated with the charged defects dominate. At 
the same time the losses in the reported paraelectric phase decrease with the in-
creasing temperature, as one also expects from the temperature dependent permit-
tivity in (2.5.9). 

2.6 Dielectric Nonlinearities 

2.6.1 Nonlinear Performance of Paraelectrics 

Ferroelectrics are essentially nonlinear materials. In some applications (i.e. har-
monic generators, pulse compressors, limiters) the nonlinearity is a desired effect, 
however, in most of the applications nonlinearities cause serious problems such as 
harmonic generation and intermodulation distortion (known as IP3). 

When considering nonlinearities one has to distinguish between the static and 
dynamic nonlinearities. The static nonlinearity appears in DC dependent permit-
tivity and microwave losses tangent. In this case the level of the microwave probe 
signal is low and does not cause any measurable nonlinearity. The dynamic 
nonlinearity is characterized by substantial dependence of the permittivity and loss 
tangent on the level of the RF/microwave power, even without any applied DC 
field. Theoretically, for paraelectric phase for BaxSr1–xTiO3 and similar ferroelec-
trics, the dynamic nonlinearity is four times smaller then the static nonlinearity 
(Tagantsev and Glazunov 1998). The field and temperature dependence of a ferro-
electric in paraelectric phase, based on the thermodynamic theory of Landau, may 
be represented as (2.3.8):  
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where β is the coefficient of the dielectric nonlinearity, and the temperature de-
pendence of the permittivity is given by Curie-Weiss low (2.3.6): 
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Under a small electric field, the static (i.e. under DC bias) and the dynamic 
(Tagantsev and Glazunov 1998) nonlinear coefficients are given by: 
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where ΔεDC=ε(0)–ε(EDC) and ΔεAC=ε(0)–ε(EAC) EAC is the amplitude of the mi-
crowave signal (E=EACCos(ωt)). The relative changes in permittivity may be 
given as: 
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It follows from the above expressions that at EDC=EAC the microwave signal 
causes four time smaller changes in the permittivity. In other words the widely 
speculated concern (which is based on the DC dependent permittivity) about ne-
gative effects associated with the nonlinearities seems to not be justified. More-
over, in tunable microwave devices the DC field is much higher then the AC field: 
EDC>EAC, i.e. while designing a ferroelectric varactor/device one may reduce the 
nonlinear effects by trading the low nonlinearity against the higher tuning voltages. 

Apart from appearance of undesirable harmonics in microwave systems, in 
some passive device applications the transformation of a part of microwave power 
into the higher order harmonics may be seen as extra loss, i.e. some useful micro-
wave power ”lost” in generated harmonics. Fortunately the dynamic nonlinearity 
of ferroelectrics is much lower in comparison with the semiconductors and its im-
pact may be effectively reduced by scaling the sizes of the devices and using smart 
device designs. Some ways of decreasing the nonlinearities and increasing the 
power handling capabilities are discussed in Sect. 4.7. 

2.6.2 Nonlinearity and Power Handling Capability 

In general, the power handling capability may be defined as the maximum power 
level at which the performance parameters of the devices are still in the specified 
limits. The performance indicators are device/application specific. As a universal 
criterion one may compare the amplitude of the microwave signal and the applied 
DC voltage, i.e. The system/device application limit/specify the maximum am-
plitude of the microwave field, EAC, with respect to the maximum DC field, EDC, 
i.e. the EAC/EDC ratio the system may tolerate. The EAC/EDC ratio may be limited 
by tolerated maximum i) heating, ii) power of higher order harmonics and/or 
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iii) losses. In general, the ferroelectric varactors are characterized with higher 
than semiconductor analogs power handling capability. In contrast to semicon-
ductor competitors, the ferroelectric devices may be easily scaled to support 
higher microwave powers by i.e. increasing the thickness of the ferroelectric film 
in parallel-plate varactors and the gap in coplanar plate varactors. Moreover, the 
varactors may be cascaded allowing low DC control voltages and at the same 
time supporting higher microwave powers (see Sect. 4.7). 

2.7 Thin Films vs. Bulk  

2.7.1 Thin Film vs. Bulk Single Crystal 

The simple models considered in previous sections (e.g. (2.3.8)), in general, are 
valid for the bulk single crystals. They are useful for understanding the physics of 
the tunable ferroelectric devices, and in many cases, for modeling of the micro-
wave devices with a reasonable accuracy. In single crystal paraelectric phase 
perovskites, the deviations from ideal cubic structure cause anisotropy in dielectric 
properties. For example, the bulk single crystal STO has only very slight tetrago-
nality at room temperature and remains in paraelectric phase at all temperatures up 
to near 0 K (Muller and Burkard 1979). With the decreased temperature the per-
mittivity increases, and below the phase transition temperature 110 K it becomes 
tetragonal, with clear anisotropy in the dielectric permittivity. The microwave 
losses undergo similar changes with the reduction of the temperature, and below 
phase transition temperature become essentially anisotropic. Figure 2.7.1 shows 
the measured at microwave frequencies anisotropy in the dielectric losses in bulk 
single crystal STO (Eriksson et al. 2003). 

Although chemically the same, the dielectric properties of the thin ferroelectric 
(epitaxial, textured) films are substantially, sometimes even drastically, different 
from their bulk counterparts. The experiments with a 75 nm thick free standing sin-
gle crystal BaTiO3 film, cut from a bulk single crystal, reveal (Saad et al. 2004) that 
with the ideally symmetric electrodes and with no substrate the dielectric properties 
of the film are identical with the single crystal. Typically, in the thinner films the 
lower permittivity and tuneability, in comparison with the bulk single crystal, are 
attributed to the low permittivity dead layers at the interfaces with the electrodes. 
The thickness of the dead layer assumed to be of the order of several nanometers 
(Stengel and Spaldin 2006). Naturally, its effect will be more pronounced for the 
films that have thicknesses comparable with the thickness of the dead layer. In thin 
films grown on host substrates and ceramics the misfit strain (mismatch in lattice 
parameters and thermal expansion), non-stoichiometry, voids in the granu-
lar/columnar structure etc., may have drastic effects on the dielectric and acoustic 
properties of the films. These factors appear in different degrees in the films pro-
duced by different laboratories and methods. Besides, there are also fundamental 
effects associated with the surfaces/interfaces. With decreasing the film thickness, 
the contribution of the surface properties, relative to the bulk properties increases 
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and, in nanostructure limits, may dominate over the bulk properties. The surface of 
the ferroelectric may have drastically different properties in comparison with the 
bulk of the crystal. For example, pure bulk single crystal SrTiO3 has no ferroelec-
tric phase at any temperature. On the other hand, a structural/ferroelectric phase 
transition, at about 155 K is observed in a near surface layer in bulk single crystal 
STO, (Mishina et al. 2000). Polar gain boundaries in undoped SrTiO3 ceramics are 
detected by Raman scattering (Petzelt et al. 2001). It is shown, in this work that the 
polarization is perpendicular to the tetragonal c-axis, and it is temperature inde-
pendent. This polarization may be associated with the fundamental effects at the in-
terfaces/surface considered above (Mishina et al. 2000), tilted grain boundaries 
(McGibsson et al. 1996), ad/or charged defects (i.e. oxygen vacancies) at the grain 
boundaries. Donor type space charge is reported at the grain boundaries (Hagen-
beck and Waser 1999). These observations indicate that similar polar phases may 
be in thin films with granular and columnar structure. 

The in-plane anisotropy is even more pronounced in thin the STO and para-
electric phase BSTO films. Under interfacial/misfit strain the lattice of STO and 
BSTO films are strongly distorted and, in most cases, have tetragonal structure, 
although being in paraelectric phase. In these films one should expect a substantial 
anisotropy in the permittivity and microwave losses similar to bulk STO shown in 
Fig. 2.7.1. Attempts to measure the orientation dependent in-plane anisotropy in 
the permittivity and losses tangent in strained ferroelectric films have been reported 
recently. For example, in a parallel plate varactor the films with [110] and [111] 
orientations are preferable. BSTO films with surface normal orientations (001), 
(011) and (111) epitaxially grown (001), (011) and (111) oriented MgO substrates 
(Moon et al. 2003) had slight in-plane anisotropy in permittivity. The in-plane 
Q-factor (=1/tanδ) measured at 9.0 GHz is substantially higher for (111) film. In 
another experiment (Chang et al. 2005), STO films epitaxially grown on (110) 

Fig. 2.7.1 Orientation dependent dielectric losses in bulk single crystal STO. Reprinted with 
permission from AIP©2003 
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DyScO3 substrate, measured in plane [100], [010], [110] and [–110] orientations 
had substantially different permittivity and tuneability in these orientations, largest 
in in-plane [010] orientation. 

The effect of the misfit strain becomes dominant with decreasing the film 
thickness (grain sizes). In relatively thicker films the strain is released and it has 
no substantial effect in the bulk of the film, thicker than strain released transition 
layer. The strain may cause ferroelectric to paraelectric (and vice versa) phase 
transitions (Pertsev et al. 1998). An extreme case of induced ferroelectric phase 
transition in strained epitaxial STO film has been demonstrated experimentally 
(Haeni et al. 2004). Hence, the size associated ferroelectric to paraelectric phase 
transition is associated with the shift in Curie temperature due to misfit strains. For 
a given film (composition) the shift depends on the film composition, the differ-
ence in the lattice and thermal expansion coefficients between the film and inter-
facial layers/substrate, the temperature, and the film thickness. 

The strong anisotropy in the dielectric losses has to be taken in practical appli-
cations of STO, especially in thin film. For example, the gap between the elec-
trodes in coplanar-plate varactors has to be normal to the in plane orientation with 
the largest tuneability and smallest losses (for example [010], as in (Chang et al. 
2005). The films in parallel plate varactors should have [110] and [111] orienta-
tion normal to the plates to ensure highest tuneability and smallest losses. 

2.7.2 Strain 

The strain is defined as a fractional change of the crystal sizes. In terms of the lat-
tice constant, for 1D model, Fig. 2.7.2, it is given as u=Δa/ao. The strain in crys-
tals may be caused by changes in: 

• Temperature – this corresponds to thermal expansion; 
• Mechanical stress – known as elastic deformation; 
• External DC field. In this case one has to distinguish between the converse pie-

zoelectric and electrostrictive effects. 

Thin films deposited on substrates experience a 2D misfit strain due to the lat-
tice parameter and thermal expansion coefficient differences between the film and 
substrate. Both of them cause elastic deformations according to i) and ii) above. 
An extra strain in ferroelectric films used in microwave devices is associated with 
the applied electric field. 

The converse piezoelectric effect may be explained by considering the simple 
1D model shown in Fig. 2.7.2, where the interaction forces between the ions are 
represented by springs. The soft and hard springs represent the different interac-
tion forces between the neighboring ions. In polar phase the external DC field ap-
plied to the crystal causes more changes in the length of the soft spring in com-
parison with the hard spring. As a result the size of the whole unit cell changes, 
and the change, i.e. the strain is proportional to the external DC field: 

dEu =     (2.7.1) 
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where d is the piezoelectric coefficient, and the strain is an odd function of the ap-
plied field E, i.e. the sign of the strain depends on the direction of the external field. 

In paraelectric (cubic, center-symmetric) phase, the positive ion is located in 
the center where its free energy is minimum. In this equilibrium state the springs 
connecting to the neighboring ions are similar, and the external DC field should 
not cause strain. In reality, the forces developed between the ions are not linearly 
related to the external DC field. They are characterized by quadratic dependences 
with the different spring constants for the left and right springs: k1(Δa)2 and 
k2(Δa)2. In fact the spring constant is slightly larger when one tries to push the ions 
closer. This means the crystal is easier to expand than contract (press). The force 
trying to return the ion into the center equilibrium position is then proportional to 
the difference (k1–k2) (Δa)2. This small difference produces a strain which is inde-
pendent of the direction of the external field: 

2gEu = ,    (2.7.2) 

where g is the electrostriction coefficient. Notice that the strain in the case of elec-
trostriction is an even function of the applied field, i.e. it does not depend on the 
direction of the field. This is another feature that may be used to distinguish be-
tween the converse piezoelectric and electrostrictive effects. In thin films the 
thermal, acoustic and electric and electrical properties have mutual coupling. This 
coupling is discussed in the next section. 

 

 
Fig. 2.7.2 1D model of a paraelectric crystal without (a) and with (b) external field 

In tunable microwave devices, based on thin film ferroelectrics, the considera-
tion of the electroacoustic properties is of great importance. In tunable devices the 
films are clamped by substrate, hence they are subject to lattice mismatch and 
thermal expansion mismatch strains. In contrast to free standing bulk counterparts, 
these strains generate stresses, which affect dielectric properties of the films, and 
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may cause large shifts in the Curie temperature and Curie constant, and even result 
in paraelectric-to-ferroelectric phase transitions (Haeni et al. 2004). Additionally, 
via electrostriction and inverse piezoelectric effects, induced strains and stresses 
are generated in the films. The electric filed induced strains are limited in the 
plane of the film. However, in out of plane orientation, films have freedom for 
strains. Besides the dielectric properties the acoustic parameters of the film also 
undergo changes under complex action of misfit and field induced strains. The 
films, otherwise in paraelectric phase, may take field induced piezoelectric proper-
ties. In short, one has to expect substantial differences in both dielectric and acous-
tic (piezoelectric) properties of the ferroelectric films and their bulk single crystal 
counterparts. Due to substrate clamping these properties turn to be more interde-
pendent, and while analyzing the film performances and designing devices one has 
to take these complex interdependences into account. 

2.7.3 The Effects of the Strain on Dielectric Properties 
of the Thin Films 

As it was indicated, the properties of the ferroelectrics are sensitive function not 
only of the electric field and temperature, but also the strain. A thin ferroelectric 
film clamped by the substrate and other interfacing films experience in plane mis-
fit strain, um, associated with the differences in lattice parameters and thermal ex-
pansion coefficients of the interfacing layers. The films are free along out of plane 
direction and are not strained. Under the in-plane strain the lattice of the films un-
dergo certain deformations. For example, normally cubic lattice of a paraelectric 
film may become tetragonal or orthorhombic, i.e. its symmetricity is reduced. 
Then the film, though the same chemically, becomes different physically, with the 
different dielectric and acoustic properties. Particularly the film, otherwise in 
paraelectric phase, may undergo paraelectric to ferroelectric phase transformation 
indicated in the previous section.  

Figure 2.7.3 shows the conventional axis notations used in the following analysis. 

 

 
Fig. 2.7.3 Axis notations 
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The analysis (Tagantsev et al. 2005) shows that, for a film in paraelectric phase 
(cubic lattice), the in-plane misfit strain caused by an isotropic substrates result in 
the following in-plane (εin=ε11=ε22) and out-of-plane (εout=ε33) permittivities: 
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where ε is the unstrained permittivity of the film which practically is the same as 
the permittivity of the bulk single crystal at the same temperature without an ap-
plied electric field, q11 and q12 are elements of the electrostriction tensor. For an 
isotropically strained film the in-plane misfit strain um= u11 = u22: 

( )( )RfsmRm TTuu −−+= αα    (2.7.5) 

Here αs and αf are the thermal expansion coefficients of the substrate and the 
film correspondingly, and umR is the misfit strain at a given temperature (typically 
at room TR). The misfit strain at a given temperature may be measured using a 
grazing angle X-ray analysis: 

o

oR
mR a

aau −= ,   (2.7.6) 

where aR is the measured in-plane lattice constant of the film, ao is the lattice con-
stant of the unstrained film, which is the same as the lattice constant of the bulk 
single crystal at temperature TR. Alternatively, if the out-of-plane lattice constant c 
is available from the XRD analysis one may use the Poisson’s ratio η to compute 
the in-plane strain: 

η
η−= 1

33uumR ,    (2.7.7) 

where u33 is the out-of plane strain: 

o

oR

c
ccu −=33     (2.7.8) 

The numerical values of the parameters for SrTiO3 are given Table 2.7.1 (Ta-
gantsev et al. 2005). 
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Table 2.7.1 Modal parameters for SrTiO3 

Thermal expansion coefficient 
α, K–1 

Ferroelectric parameters η q11, m/F q12, m/F 

SrTiO3 MgO Al2O3 Si 

SrTiO3 0.24 2.2⋅1010 0.2⋅1010 11⋅10–6 13⋅10–6 6⋅10–6 4⋅10–6 

2.8 Electro-Acoustic Properties 

2.8.1 Electrostriction 

The term electrostriction is used describe electric field induced strain, i.e. frac-
tional change of the sizes of a solid under applied electric field (2.7.2). In one di-
mensional case the strain is simply the ratio u=Δa/ao= Δl/lo, where lo the original 
length of the sample, Δl is its change under the electric field. Electrostriction is 
general phenomena for all solids, however in ferroelectrics, especially near phase 
transition temperature, the effect is considerably larger. Electrostriction appears 
both in crystals with centrosymmetric lattice and in crystals without inversion 
symmetry, like ferroelectrics (e.g. BaxSr1–xTiO3) in paraelectric (cubic) and ferro-
electric (tetragonal) phases. If the material is also piezoelectric the acoustic and 
electric properties are coupled via constitutive equations considered in the next 
section. 

2.8.2 Piezoelectricity and Electrostriction 

Ferroelectrics in polar (ferroelectric) phase, including complex oxides with 
perovskite structure, are piezoelectric. The indices used below correspond to axis 
notations shown in Fig. 2.7.3. The out-of plane (i.e. along axis 33) electric field 
displacement D3 (C/m2) and strain S3 developed under the applied electric, E3 
(V/m), field, and stress, T3 (N/m2) are related via constitutive equations (Gonnard 
2002): 

3333333 TdED T += ε    (2.8.1) 

3333333 TsEdS E+=    (2.8.2) 

where P3 is the polarization, the superscripts T and E stand for constant tempera-
ture and electric field (shorted electrodes), ε33 is the dielectric permittivity, s33 
(m2/N) is the elastic compliance, d33 (m/V=C/N) is the piezoelectric coefficient 
along 33 axes. 
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The electric field and strain developed under stress and displacement: 

3333333 DgEsS D +=     (2.8.3) 

3333333 DTgE Tβ+−=     (2.8.4) 

with g33 = d33/ε33 (C/N=m/V). β33 = 1/ ε33 is the stiffness (inverse dielectric permit-
tivity). The longitudinal coupling coefficient is defined as: 

EDET sssdk 33333333
2
33

2
33 /1)/( −== ε    (2.8.5) 

It shows the fraction of the electrical energy that covert into mechanical energy 
(and vice versa). In most of the practical cases the films deposited on a substrate 
are under interfacial (in-plane) strain T1. In this case the associated relationships 
are: 

3311111 EdTsS E +=    (2.8.6) 

3311111 DgTsS D +=    (2.8.7) 

1133333 TdED T += ε    (2.8.8) 

33313313 DTgE Tβ+−=    (2.8.9) 

In the above relationships g31=d31/sT
33, 

EDET sssdk 11111133
2
31

2
31 /1)/( −== ε   (2.8.10) 

The small signal losses are taken into account by assuming the dielectric per-
mittivity, elastic compliance, and piezoelectric coefficient are complex quantities: 

( )djj δεεεε tan1'
33

''
33

'
3333 −=−=   (2.8.11) 

( )mjsjsss δtan1'
33

''
33

'
3333 −=−=   (2.8.12) 

( )pjdjddd δtan1'
33

''
33

'
3333 −=−=   (2.8.13) 

where the real and imaginary parts of the parameters have standard meanings and 
the tanδd, tanδm, and tanδp are dielectric, mechanical (elastic) and piezoelectric 
loss tangents. 

For a paraelectric film with no piezoelectric effect the piezoelectric coefficients 
d33 = d31 = 0. On the other hand it follows from (2.8.8) that in a polar, piezoelectric 
phase an in-plane strain T1 will induce electric field via piezoelectric coefficient 
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d13 even with no applied electric field, E3 = 0. One may expect a similar effect in 
films with paraelectric composition if a biaxial misfit strain induces piezoelectrici-
ty. Then a strain induced electric field may appear across the film normal to the 
substrate which may cause imprint in a parallel-plate capacitor even if the electro-
de/ferroelectric interfaces (potential barriers) are symmetric.  

2.8.3 Electric Field Induced Piezoelectricity in Paraelectric Films 

In general, one should not expect piezoelectric effect in crystals with center-
symmetric crystal structure. However, the electromechanical study of single crys-
tal STO (Rupprecht and Winner 1967) shows that the slight deviation from the 
ideal centrosymmetric-cubic structure, bulk single crystal STO exhibits a week 
piezoelectric effect with temperature, T, and electric field, E, dependences charac-
terized by ~E/(T-Ta). Moreover, as it is indicated above the crystalline structure of 
the thin films having paraelectric composition (i.e. BaxSr1–xTiO3, x<0.6) is often 
far from being centrosymmetric due to the lattice mismatch and the mismatch in 
thermal expansion coefficients. A clamped by substrate and other interfacing lay-
ers film may experience additional lattice deformation due to electrostriction in-
duced strains. Hence one may expect a substantial induced piezoelectric effect in 
thin films in comparison with the bulk single crystalline cubic counterparts. In 
(Tappe et al. 2004, Gevorgian et al. 2004) the piezoelectric effect in thin paraelec-
tric films manifested itself as resonant absorption of microwave power, i.e. sharp 
increase in loss tangent at certain frequencies under increasing applied DC field. 
In summary, in paraelectric BaxSr1–xTiO3 films, the induced piezoelectric effect is 
associated with the strong electrostrictive effect. In paraelectric films there are no 
acoustic resonances without applied DC field. Under applied DC field the symme-
try of the crystal is broken and for the superimposed RF signal the crystal pretends 
to be piezoelectric. In fact a thin film paraelectric capacitor with induced piezo-
electricity acts as a Thin Film Bulk Acoustic Wave resonator (TFBAR). The sim-
ple theory of induced piezoelectricity in thin STO film given in (Gevorgian et al. 
2006) explains the DC induced absorption peaks in parallel-plate BaxSr1–xTiO3 
varactors. More advanced theories are proposed in (North et al. 2007, Vendik et al. 
2008). 

For an idealized TFBAR, assuming the thicknesses of the electrodes zero (no 
acoustic loading), the series resonance and parallel-resonance (anti-resonance) 
given in (Noeth et al. 2007) may be represented in simplified form: 
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where  
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=   (2.8.16) 

( ) 2
33333 q4 DCbo

oD Pmcc εε+−=    (2.8.17) 

PDC is the polarization under applied DC field EDC, i.e. PDC=ε33(E)εoEDC, co, 
q33, and m333 are corresponding components of the tensors of elastic constants εb is 
the background permittivity associated with the non-ferroelectric (non-soft mode) 
contribution in the dielectric permittivity, ρ is the density of the ferroelectric. The 
DC bias dependent real part of the permittivity, ε33(E)=ε(E, 300) may be calcu-
lated by (2.3.8) and any of appropriate formula given in Sects. 2.3 and 2.4. The 
numerical values of the acoustic parameters depend on the composition of the 
ferroelectric film quality, crystal orientation temperature etc. Currently they are 
being investigated and corrected. One has to keep in mind that the model de-
scribed above is valid for small DC bias and RF fields. A similar model of induced 
piezoeffect is reported in (Vendik et al. 2008) where the second term in the brack-
ets in (2.8.18) is missing. 

 

 
Fig. 2.8.1 Resonant frequencies for 0.5 μm thick SrTiO3 assuming C=8⋅104 K–1, T=300 K, 
Tc=35.5 K, β=8⋅109 JC–4m–5, m333=–0.25⋅1012, co=3.16⋅1011 N/m2, q33=2.53⋅1010 m/F, εb=7, 
ρ=5130 kg/m3 

The current temperature and composition dependent measurements on  
BaxSr1–xTiO3 (Berge et al. 2008) show that depending on temperature and compo-
sition the coefficient m333 may be positive or negative. The DC field dependent 
resonant frequencies calculated using (2.8.14), (2.8.15), (2.3.6) and (2.3.8) for a 
membrane based TFBAR are shown in Fig. 2.8.1. As it is expected from (2.8.15) 
the series resonant frequency is always smaller than the parallel one and its tuning 
is higher since it depends not only on the bias dependent cD, but also on bias 
dependent k2
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The impedance of the idealized (membrane based and infinite thin electrodes) 
TFBAR is: 

( )
⎥
⎦

⎤
⎢
⎣

⎡
−=

φ
φ

ω
tan11 2

tk
Cj

Z    (2.8.18) 

Where φ =kt/2, C is the DC dependent parallel-plate capacitance and t is the 
thickness of the ferroelectric film, and the k is the acoustic wave number: 

Dc
k ρω=     (2.8.19) 

2.9 Bulk Conductivity 

In all ferroelectric devices the electrodes play a major role in their I-V perform-
ance. Additionally, the conductivity in ceramics is heavily affected by the grain 
boundaries. In this section only the basic conduction mechanisms in bulk single 
crystals are briefly outlined. The conductivity of the ferroelectric films and the 
leakage currents in ferroelectric varactors is discussed in Chap. 4, while the asso-
ciated reliability and lifetime are addressed in Chap. 10. 

Chemically (no impurities) and physically (no defects) clean ferroelectrics, i.e. 
BaxSt1–xTiO3, especially the quantum paraelectrics SrTiO3, TiO2, KTaO3, CaTiO3, 
have rather high resistibility, typically more than 108 Ohm cm. To achieve high 
tuneabilities, in microwave devices based on ferroelectrics, the applied DC and of-
ten superimposed RF electric fields are very high. This is a typical situation in 
most thin film parallel-plate varactors. In the past the conductivity of the single 
crystal ferroelectrics studied mainly at relatively low electric fields. Recent ex-
periments using very thin (77 nm) single crystal BaTiO2 plates (Morrison et al. 
2005) allowed to distinguish a number of conduction mechanisms characterized 
by different slops in I-V dependence. 

Typically, below about 10 V/μm the conduction is negligible and the currents 
are dominated by injection of charge carriers over the electrode/ferroelectric bar-
rier characterized by exp(V/2KT) dependence followed by a region with linear (not 
Ohmic) I-V dependence (Morrison et al. 2005).  

Pool-Frenkel Effect: At relatively high temperature and electric field the con-
ductivity may be associated with the Pool-Frenkel effect. The trapped electrons 
and holes are excited into shallow traps or conduction levels, due to the complex 
action of temperature and electric fields. In ferroelectric thin films the Pool-
Frenkel emission becomes dominant above about 10V/μm, both in the surface lay-
ers and in the core of the ferroelectric film (Grossmann et al. 2002). Thus traps for 
electrons are assumed to be neutral when occupied and positive charged when 
empty (i.e., they are donors). Traps for holes are assumed to be neutral when emp-
tied of an electron. Thus besides providing free charge carries the trapping/ 
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detrapping results in changes in the charged states of the defects and hence con-
tribute in the local polarization. 

Hopping: This mechanism in SrTiO3 (Fuchs et al. 2001) consider I(E)=Aexp 
[(–(E/E*)0.25] current dependence where A is a temperature independent constant 
and E* is a critical field. It is assumed that this conduction mechanism is active 
above 100–200 V/μm. 

Space Charge Limited Currents (SCLC): It is shown in (Morrison et al. 2005) 
that in single crystal BaTiO3 above 200 V/μm the currents are predominantly 
space charge limited.  

2.10 Conclusions 

Physics of the ferroelectrics, particularly for microwave applications, is rather well 
understood. The available models for the temperature, electric field and stress de-
pendent permittivity, loss tangent and leakage currents are simple, rather correct 
and useful for development of scalable circuit models for ferroelectric varactors 
and complex microwave devices and systems based on them. At the same time the 
physical models are indispensable for the optimization of the synthesis process of 
the ferroelectric films, composites and fabrication devices.  
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