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Abstract. A review of the properties of ferroelectric materials that are relevant to microwave tunable devices is
presented: we discuss the theory of dielectric response of tunable bulk materials and thin films; the experimental
results from the literature and from own work are reviewed; the correspondence between the theoretical results and
the measured properties of tunable materials is critically analyzed; nominally pure, real (defected), and composite
bulk materials and thin films are addressed. In addition, techniques for characterization of tunable ferroelectrics and
applications of these materials are briefly presented.
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1. Introduction

The recognition of the potential usefulness of ferroelec-
tric materials in tunable high-frequency devices dates
back over 40 years [1]. However, due to various rea-
sons related to both device electronics and materials
technology, it is only in the past decade that intensive
development efforts are being made in this direction.
The main driving force for this resurgent interest is the
potential for substantial miniaturization of microwave
(MW) components and systems (accompanied also by
a large cost reduction) and the potential for integration
with microelectronic circuits due to the development of
thin and thick film ferroelectric technology. A number
of review papers [2–5] have appeared recently, cover-
ing different aspects of tunable ferroelectric materials
and their applications. However, the recent theoretical,
experimental and technical developments (e.g. inves-
tigations of tunable composites) necessitate revisiting
the subject. In the present work, we present a com-
prehensive updated discussion of the main issues of
tunable ferroelectric materials.

The desired material properties are quite well
known: a high tunability and low dielectric losses are
required. The underlying physics has been already de-
veloped ( see e.g. [2, 6]), but its applicability to present
day problems is not straight forward; While materials
are being developed, questions arise such as: Is it
preferable to use the tunable material in its paraelectric
phase, in its ferroelectric phase or at about the phase

transition temperature? What is the interplay between
dielectric constant and tunability? Is it possible to have
a material with an intermediate permittivity yet a high
tunability? Can a material be of a high permittivity yet
of low losses? Are high tunability and low loss contra-
dictory? What is the low-loss limit one can expect and
how will it vary with frequency and temperature? Can
mixing of a low loss dielectric and a ferroelectric re-
sult in an overall low loss without deteriorating strongly
the tunability of the composite? Why are thin films of-
ten more lossy than bulk materials of similar composi-
tions? Are loss mechanisms similar in thin films and in
bulk single crystals? Why do films often exhibit lower
permittivity and tunability than bulk materials of a sim-
ilar composition and is this phenomenon general and
inevitable? Other questions are related to the signifi-
cance of the measurement results: Is the measurement
of losses at kHz frequencies useful for the evaluation
of the performance of the material at GHz frequencies?
Is the measured tunability at kHz frequencies indica-
tive of the tunability at MW frequencies? Are losses
measured at zero bias field indicative of losses under
field?

In the following review some considerations and an-
swers to the above questions are presented: First, we
summarize the principal applications of tunable ferro-
electrics in order to estimate the needed performance
and through it the details of the needed properties.
Next, the theory of dielectric response in tunable
ferroelectrics (permittivity, tunability and dielectric
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losses) without and under dc field is presented and dis-
cussed, first for ideal ferroelectrics, then for real mate-
rials (including defects) and for multiphase materials
(composites). The evaluation methods of the relevant
properties are described and the significance of the ob-
tained results is assessed. Experimental work on prop-
erties of modern tunable ferroelectrics is summarized,
based on results reported in the literature and on results
at the authors’ laboratory. These results are discussed
in the context of the theory.

2. Applications

The applications of tunable ferroelectrics in microwave
devices are summarized below in order to estimate the
performance that is required from the materials. A de-
tailed discussion of designs and applications of ferro-
electric based microwave components can be found in
Refs. [2, 3, 5, 7, 8].

For a microwave engineer the main attraction of fer-
roelectric materials is the strong dependence of their di-
electric permittivity ε on the applied bias electric field
E0. This characteristic is commonly described by the
tunability n defined as the ratio of the dielectric per-
mittivity of the material at zero electric field to its per-
mittivity at some non-zero electric field, as expressed
by Eq. (2.1). The relative tunability (nr ) is defined by
Eq. (2.2).

n = ε(0)

ε(E0)
(2.1)

nr = ε(0) − ε(E0)

ε(0)
= 1 − 1

n
(2.2)

An example of dielectric constant—electric field de-
pendence for a bulk ferroelectric material ((Ba,Sr)TiO3

[9]) is presented in Fig. 1.
The dielectric loss in ferroelectrics is not as small

as that of common microwave dielectric materials and
the loss tangent (tan δ) is an important characteristic
of the material, which should be taken into account in
the device design. The temperature dependence of the
dielectric permittivity over the operating temperature
interval is another important issue: this is of particular
concern in the vicinity of the ferroelectric transition
temperature, in which the material exhibits a high but
strongly temperature dependent tunability. The trend
“the higher the dielectric constant, the higher the tun-
ability, loss, and temperature dependence of the dielec-
tric permittivity” is observed for many dielectrics [10,

Fig. 1. Typical field dependence of the dielectric permittivity of a
tunable ferroelectric material Ba0.6Sr0.4TiO3 [9].

11]. This trend can be traced across different materials,
it is illustrated in Table 1.

The correlation between the tunability and the loss
tangent forces designers to choose the material with the
optimal trade-off between these two parameters for best
device performance. This optimal trade-off is found by
an integral parameter called the Commutation Quality
Factor (K ). The commutation quality factor was orig-
inally introduced to characterize the switching prop-
erties of semiconductor two-state microwave switches
(p-i-n diodes [15] and field effect transistors). It was
shown that this parameter does not depend on the char-
acteristics of the passive network that is used together
with the switchable element in the microwave circuit
designs. In other words, the factor K can be consid-
ered as an invariant that characterizes the tunable per-
formance of the material. Later this theory was adapted
to other switchable and tunable components including
ferroelectrics [16]. The Commutation Quality Factor
for ferroelectrics is given by:

K = (n − 1)2

n · tan δ(Umin) · tan δ(Umax)
, (2.3)

where Umax and Umin are the voltages applied in the two
states of the ferroelectric capacitor and n is the tunabil-
ity of the capacitor determined as the ratio ε(Umin)/
ε(Umax).

In theory, all forms of ferroelectric materials, bulk
single crystals, bulk ceramics, thin films, and thick
films can be used in RF and microwave tunable el-
ements. Each of these forms has its advantages and
shortcomings.
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Table 1. Permittivity, temperature coefficient of permittivity and quality factor of some linear dielectrics and ferroelectrics used as the microwave
resonators.

Material εr @ 25◦C TCE (ppm/K) @ 25◦C Q = 1/ tan δ @ 25◦C Loss measured @ f (GHz)

Ba-Zn-Ta-O (1) 30 −18 . . . −26 12600 10

Zr-Sn-Ti-O (1) 37 −7 . . . −45 5800 9

Ba-Nd-Ti-O (1) 88 −8 . . . −46 1100 5

TiO(4)
2 100 −900 14500 3

SrTiO3 300(2) −2000(2) 1000(5) 10(5)

Ba0.6Sr0.4TiO3 4000(3) −40000(3) 50(5) 10(5)

(1) Values taken from the datasheet of Morgan Electro Ceramics company. (2) Values calculated based on the data reported in Refs. [12, 13] ( 3)
Values calculated based on the data reported in Ref. [14]. (4) Values are taken from Ref. [10]. (5) Values taken from Ref. [2]. The temperature
dependence of the dielectric permittivity is given in term of TCE = ε−1∂ε/∂T × 106.

2.1. Bulk Ferroelectrics

Cylinders or cubes of ferroelectric single crystals and
ceramics can be used in tunable dielectric resonators
and tunable filters [17]. The linear dimensions of these
filters and correspondingly their mass are proportional
to the length of the electromagnetic wave propagating
in the ferroelectric medium which in turn is related to
the dielectric permittivity of the material according to
the relation:

l = c

f0 · √
ε

(2.4)

where c = 3×108 m/s is the speed of light in vacuum,
and f0 and l are the frequency and length of the electro-
magnetic wave, respectively. The potential reduction in
dimensions and mass from using a ferroelectric mate-
rial is proportional to

√
ε.

These elements can be used at radio frequencies
(RF) as parallel plate tunable capacitors or varactors.
Presently, the high loss of ferroelectrics (compared to
that of semiconductor varctors at these frequencies)
and mainly the high voltage needed for tuning limit the
use of this kind of bulk varactors in comparison to the
semiconductor ones.

Bulk ferroelectrics can also be used in lens antennas
[8, 18]. Shown in Fig. 2, a lens antenna is a stack of
electroded ferroelectric slabs [18]. The dielectric con-
stant of each slab is controlled by varying the dc electric
field applied. As a result an electromagnetic beam can
be steered by passing through the antenna.

The use of ferroelectric single crystals or bulk ce-
ramics as dielectric substrates for tunable microstrip
or strip line structures is limited because their high
and field dependent permittivity requires an adaptive

Fig. 2. Sketch of ferroelectric lens antenna [18].

impedance matching to 50 � in addition to the high
operation voltage. Some of these problems can be min-
imized by an appropriate design as shown by Flaviis
et al. [19].

At microwave frequencies, the loss in ferroelectrics
can be significanly lower than that in semiconductor
varactors. However, the use of relatively thick bulk fer-
roelectric materials still requires very high voltages for
the tuning, of the order of hundreds of volts to tens of
kilovolts. This limits the applicability of bulk ceramics
and single crystals in tunable devices.

2.2. Ferroelectric Thin Films

Thin films are very attractive for microwave tunable
applications due to the low tuning voltages and the
relatively low production cost. Sapphire, MgO, and
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Fig. 3. Planar (a) and trilayer (b) planar capacitors based on ferroelectric film [2, 20].

LaAlO3 substrates which are frequently used in mi-
crowave circuits are also used as substrates in ferroelec-
tric film based components. These substrates provide
good lattice matching to the perovskite ferroelectrics
whereas the standard Si wafers, which are attractive
substrates when the requirement of 100% compatibil-
ity with IC technology is imposed, do not provide lat-
tice matching, resulting in inferior properties of the de-
posited ferroelectric films. Another problem with the
use of Si for substrates for tunable devices is too high
conductivity of poly-Si.

The simplest tunable passive component based on
thin ferroelectric films is a varactor which can be made
as a planar structure, the co-called “planar capaci-
tor” (Fig. 3(a)), or as a tri-layer “sandwich” structure
(Fig. 3(b)) [2, 20].

For the tri-layer capacitor the dc voltage is applied
across the film thickness and as a result relatively small
dc voltages (1–20 V) are sufficient for effective tuning.
However, because of the high dielectric permittivity
and the small thickness, the varactors have large capac-
itance which limits their high frequency applications.
Moreover, in the parallel plate configuration, the elec-
trodes contribute to the loss tangent of the device much
more than in the case of the planar structure.

For the planar structures, the electric field is applied
along the film across the gap, which is typically more
than an order of magnitude larger than the film thick-
ness. This makes the capacitance smaller, however, the
voltage needed for tuning increases.

Microwave ferroelectric phase shifters are the most
widely studied tunable ferroelectric components. Their
importance stems from the role they could play in
phased array antennas. A phased array antenna con-
sists of thousands of radiating elements which should
be served by thousands of phase shifters. The phase
shifters are used to modify and control the width and
angle of the steered radar beam. At present each phase
shifter is a housed microwave semiconductor module.
The use of ferroelectric films enables the integration of
the phase shifters with the microwave circuits on one

substrate thus substantially reducing the size, mass, and
cost of the antennas.

A simple coplanar line structure patterned on a ferro-
electric thin film coated substrate makes a phase shifter
(Fig. 4(a)) in which the phase velocity of the electro-
magnetic wave that passes through the line is controlled
by the applied dc electric field, Udc (via changing the
permittivity of the film, which in turn controls the wave
velocity) [21]. It is also possible to tune the phase ve-
locity of the electromagnetic wave passed through the
coplanar line by loading this line with tunable ferro-
electric capacitors (by contrast to the previous case
where the coplanar line is homogeneously loaded with
a ferroelectric film) [22].

Another possibility is the so-called digital phase-
shifter which is used only at two values of the tuning
voltage providing a fixed phase shift (e.g. 45◦ or 90◦).
Examples of this kind of phase shifters are presented
in Fig. 4(b) and (c). Figure 4(b) shows a layout of a
periodically loaded line digital phase shifter with two
planar capacitors connected in parallel to the line as
flip chip elements [23]. Another solution is presented
in Fig. 4(c) [24] showing a phase shifter that consists of
a transforming circuit that is terminated by a coplanar 3-
electrode capacitor. The advantage of the digital phase
shifters compared to those based on the simple coplanar
line is that the former can be better optimized. Namely,
better impedance matching with the 50 � external
wave impedance and lower amplitude modulation dis-
tortions at switching can be reached in the digital phase
shifters.

The figure of Merit (Fph) of microwave phase
shifters is the ratio of the phase shift produced by the
phase shifter (�φph) to its insertion loss (LdB). The up-
per bound of the figure of Merit Fph for an optimally
designed one-bit digital phase shifter (not taking into
account conductor and interconnections losses) can be
determined as [25, 26]:

Fmax
PH = 6.6

�ϕ/2

sin(�ϕ/2)
·
√

K , (2.5)
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Fig. 4. Ferroelectric microwave phase shifters: (a) coplanar line analog phase shifter [21], (b) periodically loaded line phase shifter [23], (c)
reflection type digital phase shifter [24].

where K is the commutation quality factor of the fer-
roelectric capacitor used in the circuit and �ϕ is the
desired phase shift.

Values of Fph in the range of 30–100 ( for frequen-
cies of 1–30 GHz) were reported [19, 21–24, 27, 28]
for phase shifters based on ferroelectric films with tun-
ability 1.5–2, loss tangent 0.02–0.05, and with copper
or gold as the conducting layers.

Microwave tunable filters based on ferroelectric thin
films have also been recently demonstrated [29, 30].
The figure of Merit for the tunable band pass filter
(FBPF) is characterized by the ratio between the shift
of the central frequency due to the tuning and the aver-
age bandwidth of the filter. The figure of Merit of the
tunable N -pole filter as a function of the K -factor can
be found in the following form [31]:

FBPF = ω02 − ω01√
�ω1�ω2

= 1

2N 2
·
√

K . (2.6)

where ω01, ω02, �ω1, and �ω2 are the central fre-
quencies and the band widths of the filter in two
inter-switchable states. The layout of a 3-pole filter
and its simulated frequency characteristics are shown
in Fig. 5 [31].

The designs of other microwave active and passive
ferroelectric thin film based components such as mi-
crowave voltage controlled oscillator [27], frequency
modulators [32], parametric amplifiers [9] and tunable
power divider [33] were also reported recently.

2.3. Ferroelectric Thick Films

Screen printed or tape cast thick films are re-
garded as promising ferroelectric elements for hybrid
RF/microwave circuits because of their low production
costs. The principles of design and operation of ferro-
electric thin film based microwave components can be
applied to the thick film devices with only minor mod-
ifications [34]. However, to date, high loss and techno-
logical limitations on the linear dimensions associated
with the thick film technology still impede the use of
ferroelectric thick films in tunable microwave devices.
In addition, the planar microwave devices made of thick
ferroelectric films are expected to have worse tunabil-
ity compared to thin film devices. The reason is that
only a thin upper layer of the thick ferroelectric film
contributes to the effective tuning whereas the contri-
bution of the rest of the film can be regarded as that of a
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Fig. 5. Layout of a tunable 3-pole filter based on ferroelectric planar capacitors (a) and its simulated characteristics at different values of dc bias
voltage (b) where S21 and S11 are the transmission and reflection coefficients, respectively [31].

non-tunable capacitance connected in parallel with the
upper tunable part of the film.

2.4. Requirements Imposed on the Material
by the Device Performance Needs

Generalizing the above discussion, it is of interest to
estimate the needed properties of the ferroelectric var-
actors for various potential applications.

Figure 6(a) shows the calculated dependence of Fph,
the figure of merit for a phase shifter, on the com-
mutation quality factor of the material. For practical
applications, in order to be competitive with semicon-
ductor devices, Fph ≥ 200 is required, which implies
K > 900. Of course this requirement depends also on

Fig. 6. Calculated dependences of the figure of merit of: (a) phase shifters and (b) band-pass filters on the commutation quality factor of
switchable component. (N in figure (b) corresponds to the order of filter).

the frequency used and on the specifics of the applica-
tion of the device.

Figure 6(b) shows the dependence of FBPF (figure of
merit for band-bass filter) on the commutation quality
factor. One can see that, for example, to have a filter
which can be tuned for 5 pass bands (FBPF = 5), the
commutation quality factor of the capacitors should
be more than 8000 for a 3-pole band-pass filter (N =
3) and more than 6 · 104 for a 5-pole band-pass filter
(N = 5).

This means that a competitive ferroelectric varac-
tor should have loss tangent on the level of 0.005–
0.01 and tunability n > 1.5 at the frequencies of the
interest. However, it should be noted that the com-
mutation quality factor is not the only parameter rep-
resenting the properties of the switchable microwave
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element. It is more a qualitative than a quantitative
characteristic of the ferroelectric varactor. It tells us
qualitatively whether the ferroelectric capacitor is po-
tentially suitable for the design of a microwave tunable
component with the required characteristics. Keeping
the commutation quality factor constant it is possible
to have an infinite number of values of the tunability
and loss tangent (see Eq. (2.3)); it may be a combina-
tion of a high loss with a high tunability as well as that
of a low loss with a low tunability. For almost all de-
signs of microwave controllable components, the first
case is preferable because the higher the tunability, the
easier it is to combine the varactor with the passive
microwave circuit to get a better performance. In ad-
dition, there are many methods to reduce the effective
loss tangent and tunability of a varactor by loading
it with various kinds of microwave passive elements.
This also gives an advantage to the more tunable ma-
terials. Another issue is a rather high absolute value of
the relative dielectric permittivity of the ferroelectrics,
which is often not desirable for high frequency devices
(too small dimensions are required). For this reason,
for the same value of the commutation quality factor,
materials with lower permittivity may be preferable.
The typically high TCE of materials with high permit-
tivity also suggests a preferable use of materials with
lower permittivity. The main parameters of a tunable
material (tunability, loss tangent, dielectric permittiv-
ity, and TCE) are dependent one on the other so that the
material optimization has to be done with great care.
The interplay among these parameters is the center of
the rest of this paper.

3. Theory of Dielectric Response
of Tunable Materials

3.1. Dielectric Constant and Tunability
of Ferroelectric Materials

Ferroelectrics are known for their high dielectric con-
stant and high tunability. These features of ferro-
electrics are linked and the general trend “the higher
the dielectric constant, the higher the tunability” gen-
erally holds in ferroelectric materials. It holds for an
“ideal ferroelectric” where the dielectric response is
controlled by the lattice dynamics of the material as
well as for situations where the dielectric response is
essentially influenced by the presence of defects or
inclusions of a low-dielectric-constant non-tunable ma-

terial. Below we will discuss these situations sepa-
rately. The effects of dielectric anisotropy do not usu-
ally play an essential role in the performance of tun-
able materials. For this reason, these effects are not
addressed here so that we will always consider the sit-
uation where the polarization and electric fields are
collinear.

3.1.1. Ideal Ferroelectric

Dielectric Permittivity. The origin of the high di-
electric permittivity of ferroelectrics in the paraelec-
tric phase is a delicate compensation of various kinds
of microscopic forces that maintains the material in a
non-poled state in the absence of a microscopic elec-
tric field. Because of this compensation, the restoring
force opposing the poling action of the applied field is
relatively weak. This results in a high dielectric per-
mittivity of the material. In the ferroelectric phase,
the newly appeared spontaneous polarization is not
very stable either. This makes the dielectric permittiv-
ity high in the ferroelectric phase. In addition to this,
the permittivity may be further increased by contribu-
tions stemming from ferroelectric domains. Since the
present paper is devoted to microwave materials, in the
following discussion, we will address only the para-
electric phase of ferroelectrics (normal or incipient) of
the displacive type; it is believed that only for this case
will a material exhibit a high tunability and a relatively
low dielectric loss at microwave frequencies, a com-
bination of interest for microwave application. Order-
disorder materials are inappropriate since they exhibit a
much smaller permittivity at microwave frequencies,1

which implies a smaller tunability. The situation with
the ferroelectric phase of the displacive ferroelectrics
is not so clear. Though, in the ferroelectric phase, addi-
tional mechanisms (domain related, see e.g. [35], and
quasi-Debye mechanisms, see Section 3.2.1) of the loss
are active, their contributions might not be decisive in
the case of real materials. Thus, the tunable materi-
als in the ferroelectric phase should not be ruled out
outright.

The most straightforward description of the dielec-
tric response of ferroelectrics is given by the conven-
tional Landau theory and is based upon an expansion
of the Helmholtz free energy F with respect to the vec-
tor macroscopic polarization P. For the situation where
the polarization is collinear with the macroscopic elec-
tric field E in the material, the first two terms of this
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expansion read:

F = α

2
P2 + β

4
P4. (3.1)

The equation of state ∂ F/∂ P = E then leads to a
relation between the polarization and electric field:

E = αP + β P3. (3.2)

Equation (3.2) enables us to present the relative dielec-
tric permittivity of the material in the form:

ε = 1

ε0

∂ P

∂ E
= 1

ε0

1

α + 3β P2
= ε(0)

1

1 + 3βε(0)ε0 P2

(3.3)

where ε(0) = (ε0α)−1 and ε0 = 8.85 × 10−12 F/m.
This expression describes the dielectric permittivity
both in the absence of a bias field and under it. In the
first case, one sets P = 0 in Eq. (3.3) to obtain:

ε = ε(0) = 1

ε0α
, (3.4)

whereas, for the situation under the bias, one sets P =
Pdc in Eq. (3.3) (Pdc is the polarization induced by the
bias field).

According to the Landau theory, the coefficient α

is assumed to be a linear function of temperature and
vanishes at the Curie-Weiss temperature T0, the ferro-
electric instability temperature of the material

α = αL = 1

ε0

T − T0

C
. (3.5)

where C is the Curie-Weiss constant. This assump-
tion of the Landau theory2 can be always justified
for |T − T0| /T0 � 1. However, for displacive ferro-
electrics, it has been shown [36] that the coefficient α

can be taken with a good precision in the form given by
Eq. (3.5) for a much wider temperature range: starting
from the temperature of about a fraction of the Debye
temperature θ of the material and up to its melting point.
For real materials, this statement has been checked for
the incipient ferroelectrics SrTiO3 and KTaO3, with the
Debye temperatures of about 400 K, and it was shown
that Eq. (3.5) applies with a reasonable accuracy from
50–80 K up to very high temperatures [12].

Equation (3.5) ceases to work at T � θ where the
quantum statistics of the lattice vibration should be
taken into account. In this regime, the temperature de-
pendence of α strongly slows down. In terms of simple

models, several explicit forms have been suggested for
this dependence. The Barrett theory [37], which models
the lattice dynamics of the ferroelectric with a system
of identical oscillators, yields:

α = αB = TB

ε0C

[
coth

(
TB

T

)
− T0

TB

]
. (3.6)

whereas according to Vendik [38] (who models the lat-
tice dynamics of the ferroelectric with a system of spa-
tially coupled oscillators) the following formula can be
used for a description of the temperature dependence
of α:

α = αV = TV

ε0C

[√
1

16
+

(
T

TV

)2

− T0

TV

]
. (3.7)

Here TB and TV are parameters decreasing the slowing
down of the temperature dependence ofα on decreasing
temperature. Calculations performed in a more precise
model [36] give a temperature dependence of α similar
to these given by Eqs. (3.6) and (3.7).

An essential feature of displacive ferroelectrics is
the typical value of the Curie-Weiss constant C of about
105 K. Such a value of C implies high values of the
dielectric permittivity even far from the Curie-Weiss
temperature T0. Indeed, at T = T0 + 200 K, Eqs. (3.4)
and (3.5) implies ε ∼= 500.

Tunability. The dependence of the dielectric permit-
tivity on the applied dc bias electric field E0 can be de-
termined from Eq. (3.3). There are two parameters used
for characterization of this dependences: tunability

n = ε(0)

ε(E0)
, (3.8)

and relative tunability

nr = ε(0) − ε(E0)

ε(0)
= n − 1

n
. (3.9)

The aforementioned trend—the higher permittivity
ε(0), the higher the tunability (for a given value of the
bias field E0) can be clearly traced. In the limit of weak
nonlinearity, i.e. at nr � 1, this trend is really strong.
Indeed, in this case, according to (3.3), we have:

n = ε(0)

ε(E0)
= 1 + 3βε(0)ε0 P2

dc ≈ 1 + 3β(ε(0)ε0)3 E2
0 .

(3.10)
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That means that the relative tunability is a very fast
function of ε(0), specifically, nr ∝ ε(0)3. With in-
creasing bias fields this dependence slows down. In the
limit of ultrahigh fields where n 	 1, one readily finds
ε(E0) ≈ β−1/3 E−2/3

0 /(3ε0). This implies n ∝ ε(0). It is
instructive to give an expression for the field En needed
to achieve a given tunability n:

En =
√

n − 1(2 + n)

ε0
√

27βε0

1

ε(0)3/2
. (3.11)

Thus, it is seen that a high dielectric permittivity of the
material is really essential for its tunable behavior.

For the description of the dielectric non-linearity at
an arbitrary dc field, one can use equation (3.3) where
the polarization P is calculated from the solution of
cubic equation (3.2). A convenient form for calculation
of the dependence of the permittivity on the dc bias field
has been suggested by Vendik [38, 39]:

ε(T, E0)

= ε00

[(ξ 2 + η3)1/2 + ξ ]2/3 + [(ξ 2 + η3)1/2 − ξ ]2/3 − η
;

(3.12)

ε00 = C

T0
; η = ε00 αε0;

ξ = ξB = E0

EN
; (3.13)

EN = 2√
27βε3

00

.

The field dependence of dielectric permittivity dis-
cussed above is illustrated in Fig. 7 for two values of
ε(0) and the value of β = 8 × 109 JC−4 m−5 (typical
for SrTiO3). The regimes of small and high tunability
are shown together with the asymptotic dependences
of ε(E) in these regimes.

3.1.2. Ferroelectric with Random Field Defects

The thermodynamic model discussed in the previous
subsection was extended by Vendik and Zubko [40] to
the case of materials containing random built-in elec-
tric fields (or random built-in polarization). These fields
can naturally come from the presence of dipolar or
charged defects and should result in a suppression of
local dielectric permittivity. The calculation of the di-
electric response of a ferroelectric containing random

Fig. 7. Field dependence of the dielectric permittivity according to
Eq. (3.12) plotted for β = 8×109 JC−4 m5 and for the values of ε(0)
2000 and 1000. The regimes of small and high tunability are shown
together with the asymptotic dependences of ε(E) in these regions.

electric field is a difficult task for an exact theoretical
treatment. Vendik and Zubko treated the problem in an
approximation equivalent to a model where the mate-
rial is presented as a system of layers perpendicular
to the applied field. The layers differ by the values of
their built-in random electric fields, a Gaussian distri-
bution of the latter being assumed. It was shown that
the results obtained this way for the temperature and
field dependence of the dielectric permittivity can be
reasonably well approximated by Eq. (3.12) where the
parameter ξ , which controls the field effect, is set in
the form:

ξ =
√

ξ 2
B + ξ 2

St . (3.14)

In this framework, parameter ξSt controls the suppress-
ing effect of the random fields on the dielectric permit-
tivity of the ferroelectric material. The ratio ξB/ξSt has
the physical meaning of the ratio between the applied
field and the typical value of the random field.

This model was used for the description of the di-
electric response in a number of materials of interest
for tunable applications. For these maratials, the model
parameters entering Eqs. (3.7) and (3.12–14) are listed
in Table 2.

3.1.3. Ferroelectric Containing Inclusions of Low-
Dielectric-Constant Non-Tunable Material

There are some situations where the tunable material
can be treated as a ferroelectric/dielectric composite.
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Table 2. Parameters of the Vendik’s model for KTaO3 and SrTiO3

crystals and (Bax Sr1−x )TiO3 ceramics [2, 41].

SrTiO3 Bax Sr1−x TiO3 KTaO3

T0 (K) 42 Tc(x) = 42 + 439.37 · x 32.5
− 95.95 · x2

C × 10−5 0.86 C(x) × 10−5 = 0.86 + 1.1 · x2 0.45

Tv (K) 175 175 170

ε00 2080 ε00(x) = C(x)/Tc(x) 1390

EN (kV/cm) 19 EN (x) = 8.4/(ε0(3ε00(x))3/2) 15.6

ξs 0.018 0.3 0.02

These situations occur due to the presence of near by–
electrode layers or secondary phases at grain bound-
aries as well as when a ferroelectric/dielectric com-
posite is deliberately used as a tunable material. The
dielectric permittivity and tunability of the materials
are strongly affected by the presence of the “passive”
component. Since no exact general theory of the di-
electric constant and tunability of composites is avail-
able,3 we will overview some results obtained for three
models of bi-component ferroelectric-dielectric com-
posites. These models correspond to different struc-
tures illustrated in Fig. 8. In addition to the models
shown in this figure, the so-called “brick-wall” model
is often addressed in the literature (see e.g. [44]). It
consists of a regular structure of cubes of one phase
equally separated in three dimensions by thin layers
of another phase. We will not specifically address this
model since, in the case of the ferroelectric tunable
composite (the cubes are of a ferroelectric and the lay-
ers are of a dielectric), this model is very close to the
layered model (shown in Fig. 8(a)) with a 3 times re-
duced concentration of the dielectric.

We start from the layered model (Fig. 8(a)). This
case can be described as the in-series connection of
several capacitors corresponding to the different layers
of the composite. Electrically, this system is equivalent

Fig. 8. Schematic of models of bi-component composite: (a)—layered model, (b)—columnar model and (c)—spherical inclusion model. 1—
ferroelectric component, 2—dielectric component.

to the in-series connection of only two capacitors which
correspond to the two components of the mixture. The
effective dielectric permittivity of such a composite can
be found as:

1

εmix (q)
= 1 − q

ε f
+ q

εd
(3.15)

where q is the volume concentration of the dielectric
phase in the composite. εmix, ε f , and εd are the di-
electric constants of the composite, ferroelectric and
dielectric, respectively.

The field dependence of the composite dielectric
constant originates from that of the dielectric constant
ε f (E f ) of the ferroelectric component, where E f is
the electric field in the ferroelectric. This dependence
ε f (E f ) can be obtained by applying Eqs. (3.2)–(3.4)
to the ferroelectric component of the composite to get

ε−1
f (E f ) = ε0α + 3β ε0 P2

f (3.16)

β P3
f + α Pf − E f = 0. (3.17)

To find the dielectric constant of the composite material
as a function of the bias field E0 and concentration
q one appends Eqs. (3.15–17) with the condition of
continuity of electrical displacement:

ε0εb E f + Pf = ε0εd Ed (3.18)

and the equation for the voltage drops across the com-
posite components:

E f (1 − q) + Ed q = E0. (3.19)

Here Ed is the electric field in the dielectric and εb is
the background dielectric constant4 of the ferroelectric,
which describes the contribution of the hard (“non-
ferroelectric”) optical phonon modes and the electronic
degrees of freedom to the permittivity of the material.
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Using Eqs. (3.15–19) the solution of the problem can
be presented in the form [45]:

β P3
f + α∗ Pf − E∗

f = 0, (3.20)


α∗ = α + q

ε0εbq + ε0εd (1 − q)

E∗
f = E0

εd

εbq + εd (1 − q)

, (3.21)

ε−1
mix(q, E0) = ε0α

∗ + 3βε0 P2
f − q2(εb − εd )

εd [εbq + εd (1 − q)]

− qε0(α + 3β P2
f ). (3.22)

In the limit of small concentration of the dielectric ma-
terial in the mixture (q � 1) and when ε f /εd 	 1,
the last three terms in the Eq. (3.22) can be neglected
and the renormalized electric field E∗ in Eq. (3.20) be-
comes equal to the electric field E0. Thus, Eqs. (3.20)
and (3.22) become identical to the equations for the
permittivity and polarization of the pure ferroelectric
material, Eqs. (3.2) and (3.3), but with the coefficient
α replaced by α∗. One can easily see that, in this case,
the behavior of the composite is identical to that of
the pure ferroelectric whose coefficient α is increased,
which corresponds to an effective decrease of the Curie-
Weiss temperature of the material.

The second model, the columnar structure shown in
Fig. 8(b), is clearly much simpler to analyze [43]. This
system is equivalent to the parallel connection of two
capacitors corresponding to the two components of the
mixture. The effective dielectric permittivity of such
composite can be presented as:

εmix (q) = ε f (1 − q) + εd q. (3.23)

In the case of parallel connection of the composite com-
ponents, the electric field is the same in all parts of the
composite, being equal to the applied field E0. This
means that the field dependence of dielectric constant
of the composite is simply given by Eq. (3.23) where
ε f is given by Eqs. (3.2) and (3.3).

The spherical inclusion model shown in Fig. 8(c)
consists of a random distribution of dielectric spheres
in the ferroelectric host medium. The well-known elec-
trostatic solution of the problem for a dielectric sphere
embedded into a dielectric medium gives the electric
field distribution in the sphere and in the medium. This
solution also enables the calculation of the effective
dielectric permittivity of a two-component material in

the limit of low concentration of the spherical inclu-
sions (q � 1) [46]. For this dielectric-ferroelectric bi-
component system, the dielectric constant εmix and the
electric field in the ferroelectric matrix �E f read [46]:

εmix(q) = ε f + 3 q ε f
εd − ε f

εd + 2ε f
, (3.24)

�E f (�r ) = �E +
N∑
i

εd − ε f

εd + 2ε f

R3

|�r − �ri |3
↔
G �E, (3.25)

where R is the radius of the dielectric inclusions, N
is the total number of the dielectric spheres distributed
in the composite, and �ri is the radius-vectors pointing
to the center of the i th spherical inclusion. The matrix↔
G reads

Gts = 3n + ns − δts

where �n = (�r − �ri )/|�r − �ri | and δ is the Kroneker
symbol. where ϕ and θ are the azimuthal and polar
angles of the vector �r − �ri .

In the limit where εd � ε f these expressions can
be reduced to:

εmix(q) = ε f

(
1 − 3

2
q

)
, (3.24a)

�E f (�r ) = �E − 1

2

N∑
i

R3

|�r − �ri |3
↔
G �E . (3.25a)

This solution takes into account a non-uniform distri-
bution of the electric field in the host material but does
not take into account its dielectric nonlinearity. Once
this nonlinearity is taken into account, the problem be-
comes much more complicated. A very rough solution
of this problem, in the case of weak dc fields corre-
sponding to a small relative tunability, nr � 1 (a typi-
cal situation in bulk ceramics), is available in Ref. [45].
In this solution, when calculating the dielectric nonlin-
earity of the composite the second term in Eq. (3.27)
is neglected so that in the ferroelectric matrix one set
�E f ≈ �E . Thus, in this approximation, to calculate the
effective dielectric permittivity at a non-zero E0 one
still use Eq. (3.24a), where ε f = ε f (E0). This implies
that, at small q, the concentration dependence of the
relative tunability is very weak (the linear term in q
is absent)). Further calculations performed beyond this
approximation (analytical and finite element analysis
FEMLABTM) confirmed the weakness of this depen-
dence, however, with a non-vanishing linear term in q.
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Specifically, it is obtained [47] for the relative tunabil-
ity of the composite nr,mix that

nr,mix = (1 + 0.2q)nr . (3.26)

where nr,mix is the tunability of the ferroelectric at the
same value of the applied field. This result is quite
unexpected since it predicts an increase (though weak)
of the tunability as of a ferroelectric with delusion it
with a non-tunable dielectric. However, it agrees with
the prediction that could be drawn from the theories
of other authors on the optical [48] and dielectric [49]
nonlinearity of composites.

The presented above analysis enables a comparison
of the concentration dependences of the tunability for
the three model for the ferroelectric/dielectric compos-
ite. These dependences are shown in Fig. 9(a) (the re-
sults for the spherical inclusion model being valid in the
limit nr � 1 and q � 1). Here it is of interest to note
that the tunability calculated for the spherical inclusion
model does not lay between the results obtained for
the “in-series” and “parallel” models. This fact might
be considered as unexpected, however, in contrast to
the case of dielectric permittivity, there is no reason to
consider the “in-series” and “parallel” models as those
giving upper and lower bound for the tunability of the
composite.

Fig. 9. Tunability n of ferroelectric/dielectric composites as a function of dielectric concentration q (a) and dielectric constant of the material
ε (b) (black solid line 1—layered model, grey solid line 2—columnar model, and triangles 3—spherical inclusions model). For comparison,
the ε dependence of tunability n is also given for a pure ferroelectric (grey dashed line 4 with squares) and ferroelectric with random-field
impurities (black solid line 5). Modeling was performed for material parameters of SrTiO3 given in Table 2. In the case of a pure ferroelectric;
the permittivity is influenced by a temperature variation, in the case of a ferroelectric with random-field impurities it is influenced by a variation
of the random-field intensity, and in the case of composites it is influenced by a variation of the concentration of dielectric inclusions.

3.1.4. Tunability as a Function of the Permittivity

When discussing the tunability of the ideal ferroelectric
we have seen that the tunability is an increasing func-
tion of the permittivity of the material. This trend does
not always hold for ferroelectric materials containing
imperfections or inclusions of non-tunable dielectrics
substantially varying from one system to another. The
knowledge of this dependence for a given system may
be useful for various purposes. First, when working
with a “non-ideal” ferroelectric, the comparison of the
measured n vs. ε dependence with those simulated for
various models may provide information on the char-
acter of the imperfection of the material. Second, de-
pending on the application, a combination of a high
tunability with larger ε or smaller ε is desirable. Thus,
the knowledge of possible n vs. ε dependences may
help in tailoring properties of the material.

In Fig. 9(b), the results of simulation of the n vs. ε

dependence for a pure ferroelectric, a ferroelectric
with random field impurities, and various ferroelec-
tric/dielectric composites are shown. It is seen that
these dependences may be very different from each
other (for material parameters use in the simulation
see Table 5). A feature to mention is that the behavior
of the layered composite is very close to that of pure
ferroelectric in the whole interval of the permittivity.
Remarkable is the behavior of the columnar composite
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(and the spherical model composite in the limit of
small q and nr ) where an essential reduction of the per-
mittivity may take place without essential reduction of
the tunability or even with a slight increase of the latter.

3.2. Dielectric Loss in Ferroelectrics

Materials used for microwave tunable applications are
incipient or regular ferroelectrics (in the paraelectric
phase) of displacive type. For the frequencies of in-
terest both fundamental phonon loss mechanisms and
extrinsic mechanisms (owing to the coupling of the
microwave field with defects) are relevant. Below we
discuss these contributions as well as the loss in ferro-
electric/dielectric composites and the impact of dc bias
electric field on the loss.

3.2.1. Intrinsic Loss

The origin of the fundamental loss is the interaction of
the ac field with the phonons of the material. The the-
ory of the loss stemming from this interaction has been
developed for crystalline materials with a well defined
phonon spectrum (see for a review [6]), i.e., for materi-
als where the damping of phonons (average frequency
of the inter-phonon collisions), �, is much smaller than
their frequencies. According to this theory, in terms
of quantum mechanics, the fundamental loss mainly
corresponds to the absorption of the energy quantum
of the electromagnetic field h̄ω(ω is the ac field fre-
quency) in collisions with the thermal phonons, which
have much higher energies. This large difference in the
energies makes it difficult to satisfy the conservation
laws in these collisions. In such a complicated situa-
tion there exist three efficient schemes of absorption
of the h̄ω-quanta, which correspond to the three main
fundamental loss mechanisms: (1) three-quantum, (2)
four-quantum, and (3) quasi-Debye.

Three-Quantum Mechanism. The three-quantum
mechanism corresponds to a process involving a h̄ω-
quantum and two phonons. The theory of this con-
tribution has been developed by different authors [6,
50–53]. Owing to a very big difference between the en-
ergy quantum of the electromagnetic field h̄ω and those
of the thermal phonons, the three-quantum processes
can take place only in the regions of the wave-vector
space (�k-space) where the difference between the fre-
quencies of two different phonon branches is small,

specifically, of the order of ω and/or of the phonon
damping �. These regions are usually located in the
vicinity of the degeneracy lines of the spectrum, i.e.
the lines in �k-space where the frequencies of different
branches are equal. In the materials of interest for tun-
able applications, the phonon spectrum contains low-
lying (soft) optical modes controlling their high dielec-
tric permittivity and the degeneracy lines formed with
participation of these modes are of primary importance
for the loss. Since the degeneracy of the spectrum is
mainly controlled by the symmetry of the crystal, the
explicit temperature dependence (which does not take
into account the temperature dependence of the di-
electric permittivity) and frequency dependence of the
three-quantum loss are very sensitive to the symme-
try of the crystal. Depending on crystalline symmetry,
temperature interval, frequency range and some param-
eters of the phonon spectrum, the temperature and fre-
quency dependence of the imaginary part of the dielec-
tric permittivity can be described by power laws [6], i.e:

ε′′ ∝ ωnT m (3.27)

where n = 1–5; m = 1–9.
For microwave high-ε and tunable materials, which

are typically centrosymmetric, cubic or pseudocubic,
the T -, ω-, and ε-dependence of the three-quantum loss
can be evaluated in an analytical form. The calculations
made for a model, in which the dielectric response is
assumed to be controlled only by the lowest polar trans-
verse optical (TO) mode (�TO is the frequency of this
mode at �k = 0), give for T ≥ h̄�TO/kB [52, 54, 55]:

ε′′ ∼= Aω

[
ln

(
�2

LO

ω2 + 4�2

)
+ ω

�
tan−1

(
ω

2�

)]
;

A = µ�ε2

12�2
LO

(
ε

ε∞

)x−2

, (3.28)

where � is the damping of these phonons (� ∝ T )
and �LO is the typical frequency of longitudinal opti-
cal phonons; ε∞ is the optical permittivity; µ is the
small anharmonicity parameter [6, 56], which can be
evaluated as kB T/Mv2 (M and v are the average mass
of the atoms and the average sound velocity in the crys-
tal). The parameter x has been calculated for two lim-
iting cases: (i) for the case of a strong dispersion of the
TO mode (the typical case for ferroelectric soft modes)
and (ii) for the case of a negligible TO mode disper-
sion (the case close to the situation in non-ferroelectric
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crystals). In these cases, x = 2.5 and x = 5 have been
found, predicting a fast growth of dielectric loss with
increasing permittivity.5

For high-ε but non-ferroelectric materials, the the-
oretical result has been compared to the data of sub-
millimeter frequency studies of dielectric loss in a sys-
tem of complex perovskites Ba(M(I)

1/2 M(II)
1/2)O3 (M(I) =

Mg, In, Y, Gd, Nd and M(II) = W, Ta, Nb) [55, 57].
These are cubic non-ferroelectric (pseudo-cubic) cen-
trosymmetric materials with the relative dielectric per-
mittivity ranging from 20 to 40. In this frequency range
the imaginary part of dielectric permittivity is expected
to be controlled by the intrinsic contribution given by
Eq. (3.28). A value of x close to 5 is expected due
to the non-ferroelectric nature of these materials. The
comparison of the theory to the experiment is shown in
Fig. 10. This figure shows that the experimental data
on ε′′ measured at 300 GHz do reveal a strong correla-
tion between ε′′ and ε, which can be approximated as
a power law with the exponent close to 4. This value is
close to the upper theoretical bound for this exponent.
The difference between the upper bound for x and its
measured value is attributed to a small but appreciable
dispersion of the optical modes in the studied materials.

For the case of a tunable material with the ferro-
electric soft mode, the theory was tested [6, 54] by us-
ing the experimental data on microwave dielectric loss
in SrTiO3. In this case, Eq. (3.28) with x = 2.5 and
ω � � leads to tan δ ≡ ε′′/ε ∝ ωT 2ε1.5. As shown

Fig. 10. Imaginary part of the dielectric permittivity plotted vs. its
real part for Ba(Mg1/2W1/2)O3 (BMW), Ba(In1/2Ta1/2)O3 (BIT),
Ba(Y1/2Ta1/2)O3 (BYT), Ba(Y1/2Nb1/2)O3 (BYN), Ba(Gd1/2-
Ta1/2)O3 (BGT), Ba(Nd1/2Ta1/2)O3 (BNT), Ba(Gd1/2Nb1/2)O3

(BGN), and Ba(Nd1/2 Nb1/2)O3 (BNN) measured at ω = 300 GHz.
The best fit ε′′ ∝ εx ; x = 4.1 K [55, 57].

Fig. 11. Temperature dependence of the loss tangent in SrTiO3 crys-
tals at the ac electric field frequency 9 GHz: points—experimental
data [58], curve—the prediction of the phonon theory [54] tan δ ∝
ωT 2ε1.5. The theory also correctly predicts the order of magnitude
for the proportionality coefficient in this relation.

in Fig. 11, this expression is in good agreement with
experimental data reported for crystalline SrTiO3 by
Buzin [58].

Four-Quantum Mechanism. The four-quantum
mechanism corresponds to the field-quantum absorp-
tion processes involving three phonons [59–61]. The
conservation (energy and quasi-momentum) laws
do not impose strong restrictions on the type and
energy of the phonons participating in these processes.
For this reason, in contrast to the three-quantum
processes, not only the degeneracy lines but also the
whole thermally excited part of the �k-space nearly
homogeneously contributes to the loss. Due to this
fact, the explicit temperature and frequency depen-
dence of the contribution of this mechanism to the
imaginary part of the dielectric permittivity appears
to be insensitive to the symmetry of the crystal. For
T ≥ h̄�TO/kB , this mechanism provides ε′′ ∝ ωT 2;
whereas at lower temperatures its contribution to the
loss drastically decreases with decreasing temperature,
e.g., for T � h̄�TO/kB , this mechanism provides [6]
ε′′ ∝ ωT 9.

This theory is quite applicable to the materials of in-
terest for tunable applications. In this case, for the high
temperature situation of practical importance where
T ≥h̄�TO/kB , one finds [60, 61] tan δ ≡ ε′′/ε ∝
ωT 2ε1.5 for the four quantum contribution to the loss.
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This dependence is identical, to within a logarithmic
factor, to result for the three-quantum contribution at
ω ≤ � (see Eq. (3.28) with x = 2.5). However, based
on order-of-magnitude estimates [6, 54], one expects
that, in these materials, the three-quantum contribution
is still leading in the total balance of the intrinsic loss.

Fundamental Loss Mechanism in Centrosymmetric
Crystal. The three- and four-quantum mechanisms
are the only two mechanisms which control the intrin-
sic loss in centrosymmetric crystals [6]. In the case
of practical interest of the low-microwave-loss mate-
rials, the theory of phonon transport, which has been
used to obtain the results reviewed in the two previous
sections, is applicable with quite good accuracy. This
means that, possessing the complete information on the
phonon spectrum and the constants of inter-phonon and
ac field-phonon couplings, one can calculate the intrin-
sic dielectric loss with an accuracy equal to the relative
damping of the typical phonons participating in the ab-
sorption of the ac field [6]. Thus, the result that the in-
trinsic loss in centrosymmetric crystals is given by the
sum of the three- and four-quantum contribution can
be considered as perfectly justified. However, in prac-
tice, when discussing the intrinsic microwave loss, two
models differing from that discussed above are often
used. These two models are the Vendik model [38, 61]
and the so-called damped oscillator model [62]. Let us
discuss the correspondence between the results of the
phonon transport theory and of these models.

The Vendik model, as was mentioned in the origi-
nal paper [61], is a version of the theory of the four-
quantum mechanism. It gives correct dependences of
the four-quantum-contribution to the loss tangent on
frequency, temperature and dielectric permittivity for
the temperature range of practical importance.

In the damped oscillator model, the loss is calcu-
lated by using the expression for the shape of the far-
infrared absorption lines (associated with transverse
optical branches) at the ac field frequency, which is
much below the resonance frequencies. In this frame-
work, the contribution to the complex dielectric per-
mittivity from one branch (with frequency �TO) is pre-
sented in the form [62]:

ε∗ ∝ 1

�2
TO − ω2 + 2iω�

(3.29)

and used at ω � �TO for the description of the dielec-
tric loss. The analysis in terms of the phonon transport

Table 3. Functional dependence of the loss tangent tan δ = ε′′/ε of
a cubic incipient ferroelectric according to different models used for
the description of the intrinsic loss.

Frequency Phonon Vendik Damped
range transport theory model oscillator

ω ≤ � ωT 2ε3/2 [1 + b ln (�TO/�)] ωT 2ε3/2 ωT ε

ω 	 � ω2T ε3/2 – ωT ε

theory shows that the use of this formula for calculat-
ing the dielectric loss at ω � �TO is not justified [6],
except for crystals of symmetry 4

m and 6
m . Thus, the

damped oscillator model, in general, is not supported
by the comprehensive theory. Table 3 compares the pre-
dictions of the two aforementioned models with these
of the phonon transport theory. The comparison is per-
formed for the case of a cubic incipient ferroelectric at
T ≥ h̄�0/kB where �0 is the soft-mode frequency (like
SrTiO3 or KTaO3 at T ≥ 20–30 K). One concludes
from this table that, for the frequency range ω ≤ �

(for SrTiO3 or KTaO3 that means ω ≤ 100 GHz), to
within the logarithmic factors, the Vendik model gives
correct functional dependences of the loss tangent on
the frequency, temperature and the dielectric permittiv-
ity,6 whereas the prediction of damped oscillator model
substantially differs from that of the comprehensive
phonon theory.

Quasi-Debye Loss Mechanism. The origin of this
mechanism is the relaxation of the phonon distribu-
tion function of the crystal [6, 51, 62, 63]. In non-
centrosymmetric crystals, the phonon frequencies are
linear functions of a small electric field applied to the
crystal [51]. Thus, the oscillations of the ac field re-
sult in time modulation of the phonon frequencies; the
latter in turn induces a deviation of the phonon dis-
tribution function from its equilibrium value. A relax-
ation of the phonon distribution functions gives rise to
dielectric loss in a similar way as a relaxation of the
distribution function of the dipoles gives rise to the loss
in the Debye theory [64]. This analogy is expressed by
the name “quasi-Debye”. The frequency dependence
of the quasi-Debye contribution to the loss factor is
of the Debye type, the average relaxation time of the
phonon distribution function playing the role of the
Debye relaxation time. The contribution of the quasi-
Debye mechanism to the tensor of the imaginary part
of the relative dielectric permittivity of a crystal, ε′′

αβ ,
can be expressed in terms of phonon dispersion curves,
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� j (�k) phonon damping, � j (�k), and the so-called vec-
tor of electrophonon potential, �� j (�k). Here the index
j designates the phonon branches and �k is the phonon
wave-vector. Calculated in the relaxation-time approx-
imation ε′′

αβ can be presented in quadratures [6]:

ε′′
αβ = ε−1

0

∑
j

∫
d3k

(2π )3
N j (N j + 1)

×h̄2�2
j�

(α)
j �

(β)
j

kB T

2� jω

4�2
j + ω2

(3.30)

where ε0 and N j = [exp(h̄� j/kB T ) − 1]−1 are the
permittivity of free space and the Planck distribution
function; the integration volume is the first Brillouin
zone. The electrophonon potential �� j (�k) is defined as
the relative change of the phonon frequencies per unit
of the applied electric field [6]:

�� j (�k) = � j (�k)�(α)
j (�k)E (α) or

(3.31)

�
(α)
j (�k) = 1

� j (�k)

∂� j (�k)

∂ Eα

.

One can notice an analogy between Eq. (3.30) and the
expression for the Debye loss contribution [64]:

ε′′ ∝ p2

kB T

τω

1 + (τω)2 (3.32)

(p is the dipole moment of the Debye dipoles) as well
as between Eq. (3.31) and the expression for the change
of energy of a dipole in an electrical field:

�U = −p(α) E (α), (3.33)

with a correspondence p ⇔−h̄�� and τ ⇔ 1/2�. Ap-
parently, in non-centrosymmetric crystal, the phonons
behave similarly to the Debye dipoles, as far as the
dielectric loss is concerned [51].

An important feature of the quasi-Debye mechanism
is that, once allowed by symmetry, it can be easily a
few orders of magnitude greater than that of three- and
four-quantum mechanisms. To give an idea about the
strength of this mechanism, rough estimates for the
three-, four-quantum and quasi-Debye contributions to
the loss tangent tan δ = ε′′/ε′ are presented in Fig. 12.
Specifically, this figure schematically shows the con-
tributions arising from the interaction of the ac field

Fig. 12. Results of phonon transport theory. Schematic off-scale plot
of the frequency dependence of the three-quantum (1), four-quantum
(2), and quasi-Debye (3) contributions to the loss tangent due to
interaction of the ac electric field with the phonons of the soft mode of
a displacive type ferroelectric. �0 and �0 are the soft-mode frequency
and damping, respectively. ξ = �0/�0. The range of applicability
of the theory is �0 � �0 and ω � �0 (at ω tending to �0, the
curves are only shown to guide the eye).

with the soft-mode phonons of a perovskite-type ferro-
electric in the ferroelectric phase. It is seen that in this
material the quasi-Debye contribution dominates the
intrinsic loss in the frequency range ω ≤ � (for SrTiO3

and KTaO3 at T ≥ 20–30 K that means ω ≤ 100 GHz).
In microwave materials for tunable application,

which are typically centrosymmetric, the quasi-Debye
mechanism does not contribute to the loss in the ab-
sence of the tuning bias. However, under a dc bias
field, �E0, it becomes active due to the breaking of the
central symmetry so that one is dealing with the dc-
field-induced quasi-Debye mechanism. The contribu-
tion of this mechanism has been modeled for SrTiO3,
(Ba,Sr)TiO3 and KTaO3 using the above formulae and
the available information on the material parameters
and parameters of the phonon spectrum of these ma-
terials [65–67]. It was shown that for not too high fre-
quencies (ω ≤ �), the contribution in question can be
presented as:

tan δQD (E0) = A ω · I (E0) · nr (3.34)

where the function I (E0) → 1 in the limit of small
relative tunability nr = ε(0)−ε(E0)

ε(0) � 1. The theoreti-
cal estimates for the parameter A are given in Table 4
together with the experimental data available in the lit-
erature [2, 7] (see also Section 5 of the present paper).
The agreement between the theory and experiment can
be considered as reasonable despite significant spread
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Table 4. Experimental and simulated data for A in Eq. (3.34) for
KTaO3, SrTiO3 and Ba0.6Sr0.4TiO3.

A × 10−3(GHz−1)

KTaO3 SrTiO3 Ba0.6Sr0.4TiO3

(T = 50 K) (T = 80 K) (T = 300 K)

Experiment [2, 7] 23 17 –
Calculation 8–27 5–19 0.7–1.4

of the theoretical estimates, which is related, first of all,
to the lack of reliable information on the damping of
the phonons participating in the microwave absorption.

For dc fields corresponding to small relative tunabil-
ity nr , Eq. (3.34) suggests a quadratic field dependence
of the dc field induced contribution to the loss tangent,
tan δQD(E0). For higher fields, the tan δQD vs. E0 depen-
dence deviates from this simple law and appears to be
different for different materials. The result of simula-
tions of this dependence for SrTiO3 and Ba0.6Sr0.4TiO3

crystals is shown in Fig. 13. In this simulation, only
tan δQD(E0) was modeled whereas tan δ (0) was taken
from experimental data [2, 68]. For the case of SrTiO3,
the value of the A parameter was set to fit the experi-
mental tan δ (E0) dependence [2] at smallE0.

The striking difference between the field depen-
dences of the loss in SrTiO3 and Ba0.6Sr0.4TiO3 shown
in Fig. 13 is attributed to the difference in the strength
of the flexoelectric coupling between the soft mode
and acoustic branches in these materials. The non-
monotonic field dependence of the loss tangent in

Fig. 13. Simulated field dependence of the loss tangent (solid lines) plotted together with experimental data [2] (black squares) for SrTiO3 (a)
and Ba0.6Sr0.4TiO3 (b) crystals; ASrTiO3 = 17 × 10−3 GHz−1, ABa0.6Sr0.4TiO3 = 0.7 × 10−3 GHz−1. The values of tan δ(0) are taken from Refs.
[2] and [68], respectively.

SrTiO3 is related to the contribution of the acoustic
phonon to the quasi-Debye loss, which is activated by
this flexoelectric coupling [65, 66]; in Ba0.6Sr0.4TiO3,
where the flexoelectric coupling is much smaller, this
contribution is small and cannot be seen.

The above analysis implies that the contribution
of the field-induced quasi-Debye loss can be a ma-
jor contribution to the total loss in a material, espe-
cially in the case of thin films where high dc fields
are readily achievable. For instance, for SrTiO3 at and
Ba0.6Sr0.4TiO3 @ Edc = 100 kV/cm & ω = 25 GHz,
according to Fig. 13 and Eq. (3.34) one expects tan δQD

about 0.1 and 0.02 at T = 80 K and T = 300 K,
respectively.

An important feature of the quasi-Debye loss is that
as a function of frequency, similar to the Debye loss, its
contribution to the loss tangent passes through a max-
imum at ω ∼= � (see Fig. 11) For the aforementioned
materials, where the phonon damping � is of the order
of 102 GHz , this means a certain slowing down of the
linear frequency dependence of tan δQD, Eq. (3.34), in
the higher part of the microwave-frequency range.

3.2.2. Extrinsic Loss

The role of the intrinsic mechanisms in the total balance
of the dielectric loss of a material is strongly depen-
dent on the dielectric permittivity of the material and
the measuring frequency: typically, the higher the fre-
quency and permittivity, the more important the intrin-
sic loss. In the case of tunable ferroelectric materials
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at microwave frequencies, the intrinsic and extrinsic
contributions are comparable so that the dominating
contribution to the loss may be extrinsic or intrinsic
depending on the quality of the material. A kind of ex-
trinsic/intrinsic crossover in loss may also take place
under the action of a dc bias field, i.e. without the field,
the extrinsic contribution dominates the loss, whereas
under the field the intrinsic one does. Among the known
extrinsic loss mechanisms those listed below are con-
sidered as significantly contributing to the loss in tun-
able microwave materials: (i) loss owing to charged
defects, (ii) universal relaxation law mechanism, (iii)
quasi-Debye contribution induced by random-field
defects.

Loss Owing to Charged Defects. Motion of charged
defects caused by an ac electric field results in a gen-
eration of acoustic waves at the frequency of the ap-
plied field. This brings about an additional loss mecha-
nism that was proposed by Schlöman [69], formulated
for high-dielectric-constant materials by Vendik and
Platonova [70], and developed by Garin [71]. The con-
tribution of this mechanism to the loss tangent can be
approximated as follows:

tan δch = Fε
nd

ρv3
t

Z2

4π
ω ·

[
1 − 1(

1 + ω2
/
ω2

c

)2

]
(3.35)

where Z and nd are the effective charge of the de-
fects and their atomic concentration; ρ and vt are the
density and average transversal sound velocity of the
material; F is a material-dependent numerical constant
of the order of unity; ωc = vt/rc where rc is the cor-
relation length of the charge distribution in the mate-
rial. The physical meaning of rc is the minimal dis-
tance at which the elecroneutrality is maintained. For
Schottky defects rc is of the order of the typical dis-
tance between the positively and negatively charged
defects. This mechanism may play an essential role in
thin film based tunable capacitors, where an elevated
defect concentration compared to the bulk material is
expected. In this case, the effect of semiconductor de-
pletion of the carriers from the deep traps (caused by
ferroelectric/electrode contact) [72, 73] will further in-
crease the contribution of this mechanism via a strong
reduction of ωc = vt/rc. This occurs in the depleted
areas due to a strong increase of rc up to the depletion
length. An essential feature of this mechanism is that
its contribution to the loss tangent is proportional to

the permittivity of the material. This implies that this
contribution is inversely dependent on the applied dc
field.

Universal-Relaxation-Law Mechanism. For all of
the loss mechanisms discussed above, a linear fre-
quency dependence of the loss tangent is typical at
least for microwave frequencies and below. In real-
ity, this dependence is usually observed at the mi-
crowave and higher frequencies. For lower frequencies,
a much weaker frequency dependence is usually ob-
served, which is consistent with the so-called universal-
relaxation law which in turn corresponds to the follow-
ing expression for the complex dielectric permittivity
ε∗ [74]:

ε∗ = G(iω)n−1 = G(cos(nπ/2) − i sin(nπ/2))(ω)n−1

(3.36)

where G is a frequency-independent constant and 0 <

n < 1. In perovskite thin films in both frequency and
time domains, dielectric relaxation corresponding to
this equation (for n close to but smaller than unity) has
been reported up to the microwave frequency range,
e.g. in (Ba,Sr)TiO3 [75]. The physical origin of this
behavior is attributed to a variation in charge transport
barriers, e.g. at the grain boundaries [76], or to creep of
the boundary of the near-by-electrode depletion layer
[77]. No information is available on the dependence of
G on the dielectric constant of the material.

Impact of Local Polar Regions. The typically cen-
trosymmetric tunable materials may have local polar
regions induced by various defects and structural im-
perfections. For example, recent infrared reflectivity
investigations of SrTiO3 ceramics revealed a clear pres-
ence of grain-boundary-induced polar phase inclusions
[78]. Random field defects can also be responsible for
the appearance of local polar regions (see e.g. [4]). In all
these polar inclusions, the quasi-Debye mechanisms is
expected to be active. Though the volume fraction of the
polar phase is typically small, this “defects-induced”
quasi-Debye mechanism may be important due to its
large (compared to other intrinsic loss mechanisms)
contribution per unit of volume. Though the theory of
the “defect-induced” quasi-Debye mechanism is not
developed, using the results on the quasi-Debye loss
in the ferroelectric phase [54] one can conclude that
the contribution of the “defect-induced” quasi-Debye
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mechanism should be strongly ε-dependent. Accord-
ing to Ref. [54] in the ferroelectric phase of a dis-
placive ferroelectric tan δQD ∝ ε3/2 P2

S where PS is the
spontaneous polarization. In the case of non-polar tun-
able material with polar inclusions one can substitute
the volume average of the local polarization squared,
〈P2

loc〉, for P2
S to evaluate the contribution of the “defect-

induced” quasi-Debye mechanism as

tan δdQD ∝ ε3/2 · 〈
P2

loc

〉
. (3.37)

We can also use the relation between the ferroelec-
tric correlation length ξ and 〈P2

loc〉 [78]: 〈P2
loc〉 ∝ ξ 3−d

where d is the dimension of the defect, i.e. d = 2 for
a planar defects like grain boundaries, d = 1 for linear
defects, and d = 0 for point defects. Finally, making
allowance that ξ ∝ √

ε we arrive at a rather strong
ε-dependence of the contribution of this mechanism,
namely:

tan δdQD ∝ ε4.5−d . (3.38)

3.2.3. Loss in Tunable Composites

As we have mentioned above there are some situations
where the tunable material can be treated as a ferroelec-
tric/dielectric composite (see Section 3.2.2). Clearly,
not only the dielectric permittivity and tunability of the
materials are strongly affected by the presence of the
“passive” component but the dielectric loss is affected
as well. Since “normal” low-ε dielectrics typically ex-
hibit much lower loss tangent than ferroelectrics, a re-
duction of the loss in composites may be expected with
increasing volume fraction of the dielectric. Recently
performed simulation of the problem for a number of
simple models of the composite showed that this trend
does not necessarily take place [45]. In what follows
we will review the results of these simulations which
were performed for the layered, columnar and spheri-
cal inclusion models already discussed in Section 3.1.3
and illustrated in Fig. 8.

First of all an important remark should be made.
Mixing a tunable ferroelectric with a linear dielectric
modifies the electrical properties of the material due
to following effects: (i) the effect of mutual doping of
the composite components (inter-diffusion), (ii) effects
of inter-component bondaries, (iii) effects of mixing-
induced modification of microstructure of the ferro-
electric component, and (iv) the effect of the electric
field redistribution between the different components

of the mixture. In the following we will address the
last but not least effect, which can be treated in terms
of electrostatic considerations. Thus, when discussing
the composite effects on the electric parameters of a real
material, the result presented below should be applied
together with arguments related to the other aforemen-
tioned effects.

The calculation of the imaginary part of the permit-
tivity of the composite, ε′′

mix, can be performed based
on the equation of the balance of the dissipated energy
in the material7

ω

2
ε′′

f

〈
Ẽ2

f

〉
(1 − q) + ω

2
ε′′

d

〈
Ẽ2

d

〉
q = ω

2
ε′′

mix Ẽ2 (3.39)

where Ẽ is the applied ac field amplitude whereas
〈Ẽ2

f 〉 and 〈Ẽ2
d〉 stand for the averaged squared am-

plitudes of the ac field in the ferroelectric and di-
electric, respectively; q is the volume fraction of the
dielectric.

In the case of columnar and layered composites,
where the ac fields in the ferroelectric and dielectric
remain homogeneous, the loss tangent of the mixture
can be readily expressed (using Eqs. (3.39), (3.15), and
(3.23)) in term of the volume fraction and permittivity
of the components, namely:

tan δcol
mix = tan δ f ε f (1 − q) + tan δdεdq

(1 − q)ε f + εdq
(3.40)

for the columnar composite and

tan δ
lay
mix = tan δ f εd (1 − q) + tan δdε f q

(1 − q) εd + ε f q
(3.40a)

for the layered composite. Here tan δ f and tan δd are
the loss tangent of the ferroelectric and dielectric. These
expressions can also be used for calculation of the loss
tangent of the composites in the presence of a dc bias
field E0. In the case of the columnar composite un-
der dc bias, the permittivity and loss tangent of the
ferroelectric in Eq. (3.40) should be set equal to their
values corresponding to dc field equal E0, i.e. ε f (E0)
and tan δ f (E0). In the case of the layered composite,
these parameters should be set equal to ε f (E f ) and
tan δ f (E f ) where the field seen by the ferroelectric E f

is to be calculated by taking into account the field redis-
tribution between the components (see Section 3.1.3).
Due to this, in the latter case, the fraction q dependence
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of the loss tangent is more complicated than the explicit
q-dependence of Eq. (3.40a).

In the case of the spherical inclusion model, the
field in the ferroelectric matrix is not homogeneous (see
Eqs. (3.25) and (3.25a)) so that the extra contribution
to 〈Ẽ2

f 〉 arises due to the inhomogeneous component
of the field. This essentially complicates the problem.
Below we will present some results of calculations per-
formed for the case of small volume concentration of
the dielectric spherical inclusions (i.e. q → 0) and
small relative tunability of the composite. In these cal-
culations, it was also assumed that the real and imag-
inary parts of permittivity are much greater in the fer-
roelectric matrix than in the dielectric inclusions (i.e.
εd � ε f , ε′′

d � ε′′
f ), which is true to the real exper-

imental situation. In this case, using Eqs. (3.39) and
(3.25a) one finds for the imaginary part of the compos-
ite permittivity [45]:

ε′′
mix,sph ≈ ε′′

f

(
1 − 3

2
q

)
, (3.41)

This result essentially differ from those for columnar
and layered models which give in the same limiting
case (εd � ε f , ε′′

d � ε′′
f , and q → 0):

ε′′
mix,col ≈ ε′′

f (1 − q), (3.42)

ε′′
mix,lay ≈ ε′′

f

(
1 − 2

ε f

εd
q

)
, (3.43)

respectively. It is instructive to compare the above re-
sults for the imaginary part of permittivity with the
predicted concentration dependences of the real part of
permittivity

εmix,col ≈ ε f (1 − q), (3.44)

εmix,lay ≈ ε f

(
1 − ε f

εd
q

)
, (3.45)

εmix,sph ≈ ε f

(
1 − 3

2
q

)
. (3.46)

and loss tangent

tan δcol
mix ≈ tan δ f , (3.47)

tan δ
lay
mix ≈ tan δ f

(
1 − ε f

εd
q

)
, (3.48)

tan δ
sph
mix ≈ tan δ f . (3.49)

which are evaluated in the same limiting case. A re-
markable feature of these results is that the dilution

Table 5. Characteristics of the composite components.

Dielectric constant ε

Material E = 0 E = 7.3 kV/cm
Loss tangent
(tan δ)

Ferroelectric (β = 7.37× 3300 2640 10−2 ε(E)
ε(0)

109 JC−4 m−5)
Linear dielectric 8.4 8.4 10−4

effect on the loss tangent can be much less pronounced
than for the real part of the permittivity as it is seen
in the columnar and spherical inclusion models. That
actually means a rather weak tan δ vs. ε dependence
which is absolutely untypical for the loss mechanisms
in “non-composite” materials discussed in the preced-
ing sections. This result holds for the case of higher
concentrations of the dielectric as it is seen from the
modeling performed in a wide range of the permittiv-
ity variation. The results of this modeling are presented
in Fig. 14 where the loss tangent of the composites is
plotted as a function of their permittivity and the con-
centration of the dielectric. The material parameters
used in the modeling are listed in Table 5.

3.3. Commutation Quality Factor
of Tunable Materials

As was discussed in Section 2 the Vendik’s Commuta-
tion Quality Factor of the ferroelectric K (introduced
by Eq. (2.3) is a most suitable parameter for character-
ization of performance of tunable ferroelectric materi-
als. It is instructive to consider the implication of the
theoretical results reviewed above on the K -factor of
tunable materials. Two issues will be addressed below:
the limitation on the K -factor imposed by the dc field
induced quasi-Debye mechanism and the expected im-
pact on the K -factor of the dilution of ferroelectrics
with a low-permittivity-low-loss dielectric.

The dc-field-induced increase of the loss tangent of
a tunable material imposes intrinsic limitations on the
K factor. Since the field induced contribution to the
loss tangent may be comparable to its typical values,
this contribution ought to be taken into account when
evaluating the intrinsic limitations on the K -factor of
various materials. The intrinsic limit for the K -factor
can be evaluated by using the result on tunability from
Section 3.1.1, Eq. (3.34) for the contribution of the
field induced quasi-Debye mechanism to the loss, and
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Fig. 14. Calculated loss tangent of ferroelectric/dielectric composites, tanδmix, as a function of volume concentration of dielectric q (a) and
dielectric constant of the composite material εmix (b). (Black lines—layered model; grey lines—columnar model; triangles—spherical inclusion
model) [45].

Fig. 15. Calculated field dependences of the quality factor K for SrTiO3 (a) and Ba0.6Sr0.4TiO3 (b) ferroelectrics at frequencies of 10 GHz
(grey lines) and 30 GHz (black lines). The calculations were performed for the same material parameters as those used for plotting the graphs
in Fig. 13 [67].

the data on the intrinsic component of loss tangent. The
latter can be presented as tan δ (0) = A0ω where A0 is
a frequency independent constant. This gives

K = n − 1

A0 Aω2 I (E0)
. (3.50)

The K -factor calculated this way for SrTiO3 (a) and
Ba0.6Sr0.4TiO3 (b) [67] is presented in Fig. 15 as a func-
tion of the tuning bias dc field E0.

The modeling of impact of the dilution of fer-
roelectrics with a low-permittivity-low-loss dielectric

on the K -factor is motivated by the current activity
on the tunable performance of ferroelectric/dielectric
composites [68, 79, 80]. The calculations performed
in Sections 3.1.3 and 3.2.3 enable such modeling.
Figure 16 shows the results of this modeling performed
for a ferroelectric/dielectric composite whose parame-
ters are listed in Table 5. The three types of the com-
posite illustrated in Fig. 8 are addressed. The field
dependence of the loss in the ferroelectric is set as
tan δ f (E) = tan δ f (0) ε f (E)

ε f (0) , which is consistent with
the trend known for the extrinsic contributions to the
loss in real materials as will be discussed in Section 5.2.
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Fig. 16. Calculated quality factor of composite, K , as a function
of its dielectric constant εmix. (Black lines—layered model; grey
lines—columnar model; triangles—spherical inclusion model).

Several features of the results shown in Fig. 16 are
to be commented upon.

First, in contrast to the case of linear dielectric re-
sponse, the result for the spherical inclusion model does
not lay between those for the layered and columnar
models. Second, the results for the spherical inclusion
model shows that the composite effect may result in an
increase (though slight) of the K -factor owing to dilu-
tion of a ferroelectric with non-tunable dielectric. Of
interest is that this effect takes pace due to an increase
of tunability rather than decrease of the loss tangent.
Concerning these results one should also mentioned
that these were obtained only for a very limited case
of small relative tunability and small concentration of
the dielectric. Thus, the problem of tunability of a fer-
roelectric composite remains open for theoretical stud-
ies. Third, considering the above results of modeling
from the practical point of view, one can state that,
in ferroelectric/dielectric composites, the dilution of
the ferroelectric may lead to a substantial reduction of
the composite permittivity having, at the same time, a
minute effect on the K -factor.

The above analysis enables us to conclude that, at
least due to the considered effect of the field redistribu-
tion, it is difficult to expect a substantial improvement
of the tunable performance of a ferroelectric material
by using a composite. At the same time, one cannot
exclude an appreciable increase of the K -factor caused
by the addition of a dielectric in the ferroelectric, which
is due to a kind of doping effect, e.g. due to a doping

induced reduction of the loss in the ferroelectric matrix.
In addition, the composite effect may be advantageous
for the tunable applications where a lower dielectric
permittivity of the active material is desirable. This ad-
vantage is coming from the aforementioned possibility
to have in composites a lower permittivity for the same
value of the K -factor.

3.4. Dielectric Response of Tunable Thin Films

The theory reviewed in the preceding section is equally
applicable to bulk and film forms of tunable materials.
However, in the case of films, there exist additional ef-
fects that may substantially influence the tunable per-
formance of the material. These effects are responsi-
ble for the difference between the tunable performance
of the films and bulk samples having nominally the
same chemical composition. Specifically, the films typ-
ically exhibit lower dielectric permittivity and higher
loss than the bulk materials of similar composition (see
Section 5 for a discussion of experimental results). In
the case of films thinner than a few micrometers, which
are commonly called thin films and which we are going
to approach below, this difference is always significant,
at least when the permittivity of the material exceeds
1000. The origin of this difference relates to two groups
of factors. First, the processing conditions for bulk ma-
terials and thin films are different (e.g., a difference in
the processing temperature, a possibility for a substan-
tial loss of a volatile component, etc). Second, even if
the bulk and film counterparts are chemically identical
(the same compositions and defect populations), one
can expect a difference in their properties due to sev-
eral physical size effects. In the present section we give
an overview the physics behind these effects.

3.4.1. Passive Layer Effects

Several reasons may cause a ferroelectric thin film to
exhibit identical or similar dielectric response to that of
a perfect ferroelectric film with a thin dielectric layer at
its surfaces. The simplest possibility is the presence of
a secondary phase at the surface of the films. This situ-
ation can be excluded by proper processing control. In
addition, there exist two intrinsic reasons for this kind
of dielectric behavior of the films. The first one is a
near-by-surface variation of the polarization (field in-
duced or spontaneous). This situation was theoretically
addressed by Kretschmer and Binder [81] in a general
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manner and further analyzed by Vendik and Zubko [40,
82]. Second, if the dielectric response of a film is mon-
itored by using a parallel plate capacitor, this response
is affected by the fact that the free charges in the elec-
trode form a finite thickness layer that behaves as a
capacitor connected in-series with the material of the
films [83, 84]. Treatment of the electron gas in the elec-
trode in the Thomas-Fermi approximation [85] shows
that this capacitor has the capacitance per unit area of
ε0/ ls where ls is the Thomas-Fermi screening length.
This evidentially leads to the following expression for
the apparent out-of-plane dielectric permittivity in the
film:

ε−1
eff = ε−1 + 2ls

h
. (3.51)

The two models mentioned above have an essential
common feature, namely, the in-plane and out-of-plane
components of the dielectric permittivity are differently
affected by the considered effects. In the case of the
“electrode effect”, only the out-of-plane component is
affected since it is this component that is measured us-
ing the plate-capacitor set up. For the “near-by-surface
variation effect”, the out-of-plane component is more
strongly affected than the in-plane one, however this is
less obvious than in the case of the “electrode effect”.
This issue will be addressed below following the results
from Refs. [40, 81, 82]. However, these results will be
corrected by the impact of the background dielectric
permittivity of the ferroelectric, which was ignored in
these papers.

The starting point of the model is the assumption
that the surface value of the polarization in a ferroelec-
tric is not affected by the electric field as strongly as that
in the bulk. This is consistent with the microscopical
arguments that the ferroelectric softness of the lattice is
somehow suppressed near to the surface. The simplest
modeling of this point is performed in the framework
of the continuous Landau theory for a situation where
the polarization at the two surfaces of the film is com-
pletely blocked. This corresponds to the equation for
the polarization:

E = αP − κ
∂2 P

∂x2
(3.52)

with the boundary conditions

P(0) = 0 and P(h) = 0, (3.53)

the surfaces of the film being at x = 0 and x = h.
In the following treatment we will also take into ac-
count that the relative dielectric permittivity of the ma-
terial is always large, i.e. ε = (αε0)−1 	 1.

In the case of the in-plane component of the effective
permittivity of the system, which is actually monitored
in the planar capacitor setup (shown in Fig. 3a) hav-
ing the gap g much greater than the film thickness h,
the expected inhomogeneity of polarization across the
film does not create depolarizing field. Thus, the field
E entering Eq. (3.52) is equal8 to the “applied field”
Eext = U/g, where U is the voltage applied to the gap.
In this case, the distribution of the polarization across
the film (i.e. in the direction of the film normal) can be
readily found in the form

P(x) = Eext

α

(
1 −

cosh x−h/2
ξ

cosh h
2ξ

)
(3.54)

where

ξ =
√

κ

α
(3.55)

is the so-called correlation length having the meaning
of the scale on which the polarization changes near the
surfaces. Typically, ξ rarely exceeds a few nm. For the
case of practical interest where h 	 ξ , Eq. (3.54) leads
to the following value of the average polarization in the
films:

P̄ = 1

h

∫ h

0
P(x) dx = Eext

α

(
1 − 2ξ

h

)
. (3.56)

This corresponds to effective dielectric permittivity of
the system:

εeff = ε

(
h − 2ξ

h

)
. (3.57)

This equation means that, effectively, two layers of
thickness ξ have the dielectric constant much smaller
than ε so that they, actually, do not contribute to the
polarization response. Alternatively, these layers can be
considered as connected in parallel with ferroelectric
films of thickness h − 2ξ .

In the case of the out-of-plane component of the ef-
fective permittivity of the system, which corresponds to
the situation in the parallel plate (“through thickness”)
capacitor, the polarization is normal to the plane of the
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films so that its variation does create a depolarizing
field. This is a crucial difference compared to the pre-
ceding case. The relation between the “applied field”
Eext = U/h, where U is the voltage applied across
the films, and the field seen by the ferroelectric can
be found from the Poisson equation. Taking into ac-
count the background contribution to the displacement
ε0εb E , where εb � ε is the contribution to the electric
permittivity of the non-ferroelectric lattice modes of
the crystal, the Poisson equation reads in our case as
d(ε0εb E + P)/dx = 0 leading to the sought relation:

E = Eext − 1

ε0εb
(P − P̄). (3.58)

Using this relation, Eq. (3.52) can be rewritten as

Eext = αP − κ
∂2 P

∂x2
+ 1

ε0
(P − P̄). (3.59)

The solution of this equation that satisfies the boundary
conditions Eq. (3.53) reads

P(x) = Eext

α

(
1 −

cosh x−h/2
ξ1

cosh h
2ξ1

)
1

1 + 2ε
ξ1

h tanh h
2ξ1

(3.60)

where ξ1 = ξ/
√

1 + ε/εb ≈ ξ/
√

ε/εb = √
εb

√
κε0

has the meaning of the scales on which, in this geome-
try, the polarization changes near the surfaces. Note that
ξ1 is yet smaller than ξ so that, for any case of practical
interest, ξ1/h � 1. Under this conditions, Eq. (3.60)
leads to the expression for the effective dielectric per-
mittivity of the film:

ε−1
eff = ε−1 + 2ξ1

h
. (3.61)

This relation corresponds to the in-series connection
of the ferroelectric film with two dielectric layers of
thickness ξ1 and dielectric permittivity εd = 1.

Thus we see that the surface region with partially
suppressed dielectric response behaves as a passive
layer, however in contrast to a real dielectric layer its
thickness is essentially different for in-plane and out-
of-plane geometries.

The above theoretical treatment of the problem has
been presented for the situation where the polarization
at the surfaces of the films is completely blocked. The

more general situation where the blocking is not com-
plete can be simulated by using the mixed boundary
conditions

P(0) − λ
∂ P

∂x

∣∣∣∣
x=0

= 0 and P(h) + λ
∂ P

∂x

∣∣∣∣
x=h

= 0

(3.62)

instead of (3.53). These conditions interpolate the sit-
uation between the blocked (at λ = 0) and free (at
λ → ∞) polarization at the surfaces of the films. Un-
der this modification the above results, Eqs. (3.57) and
(3.61) hold however with the substitutions

ξ ⇒ ξ

1 + λ/ξ
and ξ1 ⇒ ξ1

1 + λ/ξ1
. (3.63)

Thus, as one can expect, a weakening of the surface
blocking leads to a reduction of the effective passive
layer thickness, the effect vanishing in the limit of free
polarization at the film surface (λ → ∞).

It is instructive to illustrate schematically the dif-
ference between the spatial distribution of the polar-
ization for the “in-plane” and “out-of-plane” situations
(Fig. 17). In the “in-plane” situation where there is
no impact of the depolarizing effects, the polarization
reaches exponentially fast the value that is expected

Fig. 17. Schematic distribution of polarization across a film of thick-
ness h for out-of-plane (a) and in-plane (b) cases. �Pα/Eext =
2εξ1/h where ξ1 = ξ

√
εb/ε (see Eq. (3.60)). Here, ε is the dielec-

tric constant of the material, εb its background dielectric constant, h
is the thickness of the film, ξ is the correlation length, and Eext/α is
the “bulk value” of the polarization.
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in the bulk sample for the same value of the applied
filed. On the other hand, in the “out-of-plane” situation,
due to the depolarizing effects the polarization changes
yet faster with the distance from the electrode, how-
ever finally reaching a value which is smaller than the
polarization reached in the bulk situation. This figure
also illustrates the geometrical meaning of parameter
λ as the so-called extrapolation length.

All in all, the two models predict an increasing thick-
ness dependence of the dielectric permittivity of the
films, Eqs. (3.51), (3.57), and (3.61). Let us now ad-
dress the applicability of these predictions to a real
experimental situation in (Ba,Sr)TiO3. To do so, some
information on the correlation length ξ in the material
is needed in addition to its known dielectric parame-
ters. This information may be extracted from data on
the dispersion of the soft mode. Using the data from
Refs. [86, 87], the temperature independent parameter
ξ/

√
ε = √

κε0 is evaluated9 as 0.03 Å for BaTiO3 and
0.08 Å for SrTiO3. For ε = 1600, this leads to the
estimates for the correlation length 1.2 Å for BaTiO3

and 3.2 Å for SrTiO3.This estimate enables us to make
important conclusions:
(i) For situations of practical interest, the expected

thickness dependence of the in-plane component
of the measured permittivity is very weak. Accord-
ing to Eq. (3.57) the expected relative correction to
the bulk permittivity is about 2ξ/h. For 200 nm
thick films, this makes a 1% correction at most.
However, this result may be taken only as quanti-
tative since the theoretical situation corresponds to
the limit of the range of applicability of the contin-
uous Landau theory; the latter is applicable if the
typical scale of the polarization variation (ξ in this
case) is essentially larger than the lattice constant
of the material (4 Å in the case of (Ba,Sr)TiO3).

(ii) For the out-of-plane component of the measured
permittivity, a much stronger impact of the sur-
face blocking of the polarization is found. Accord-
ing to Eq. (3.61) the expected relative correction
to the bulk permittivity is about 2ξ1ε/h, that is
some

√
ε/εb times stronger than in the case of the

in-plane component. On the other hand, assuming
εb

∼= 10 the scale ξ1 = √
εb

√
κε0 (i.e. 0.1–0.2 Å)

is much below the value of the lattice constant of
the material, so that the use of the theoretical pre-
diction, even as an order-of-magnitude estimate,
cannot be justified. However, the physics behind
Eq. (3.61), namely the in-series connection of the

surface passive layer with the “bulk” ferroelectric
part of the film looks reasonable. In this context,
Eq. (3.61) might be used as a semi-empirical rela-
tion, ξ1 being a fitting parameter. An analysis of the
thickness dependence of the in-plane component
of dielectric constant in terms of Eq. (3.61) per-
formed by Vendik and Zubko [82] for (Ba,Sr)TiO3

thin films yields the values of ξ1 in the range 0.2–
2.5 Å.

One more useful qualitative conclusion can be done
on the basis of the above modeling for the out-of-plane
component of the permittivity. Namely, its thickness
dependence may be sensitive to the electrode material
since the effective thickness of the surface dead layer is
a function of the boundary condition at the electrodes,
which in turn may be dependent on the electrode mate-
rial. Here two hypotheses for the relation between the
boundary condition in question and the electrode ma-
terial should be mentioned. First, it was suggested that
the surface blocking of polarization is much less pro-
nounced in the case of a similarity between the ferro-
electric and electrode, specifically, when the electrode
is oxide and the ferroelectric is an oxide perovskite
[40]. The second hypothesis is that in the case of oxide
electrode, the effective surface passive layer is short-
circuited [88]. Thus, both hypotheses imply that ferro-
electric capacitors with oxide electrodes are expected to
exhibit a weaker thickness dependence of the measured
dielectric constant compared to those with metallic
electrodes, which according to Vendik and Zubko is
compatible with the existing experimental data [40].

Thus, though not being quantitatively justified, the
mechanism relating the size effect to the surface
blocking of the polarization looks relevant to the ex-
perimental situation in ferroelectric thin films. On the
other hand, the “electrode” mechanism should not be
discarded. Its prediction Eq. (3.51), which is strictly
justified mathematically, is identical to that of the “sur-
face blocking” model where ξ1 is replaced by screening
length ls . The experimental data [82] for (Ba,Sr)TiO3

thin films correspond to ls in the range 0.2–2.5 Å, which
is comparable to the typical value of Thomas-Fermi
screening length, ≈ 0.5 Å.

The presented analysis is readily extended to the
description of the tunability of a ferroelectric capacitor
containing the aforementioned effective or real pas-
sive layers. In the case of a real dielectric layer or
the “electrode” effect, the film will obviously exhibit
the tunable behavior of a layer composite, which was
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discussed in Section 3.1.3. In the case of the “surface
polarization blocking” scenario, the situation with the
out-of-plane component of the permittivity is also of
this type of tunable behavior. The physical reason10 for
that is that the spatial scale ξ1 weakly depends on ε

which is the only field dependent parameter of the sys-
tem. Thus, in all these cases, the field dependence of
the measured permittivity of the films is controlled by
the simple “in-series-capacitor” formula:

ε−1
eff (E) = ε−1(E f ) + l

h
(3.64)

where l is a constant that is independent of E and
h (c.f. Eqs. (3.15) and (3.21)). As was mentioned in
Section 3.1.3, the impact of the passive layer on the
polarization response (permittivity and tunability) is
identical to that of a lowering of the Curie-Weiss tem-
perature of the material. Thus, all the passive layer
models addressed above predict the polarization re-
sponse of the films identical to that of an ideal film
with a modified value of the Curie-Weiss temperature.

Concluding the discussion of the passive layer ef-
fects it is instructive to give a table for the thickness
of a dielectric layer with εd = 1, which influence the
dielectric permittivity of the film identically to a given
passive layer effect.

3.4.2. Depletion Effect

Electrochemical interaction of conductive electrodes
with electronic carriers of the ferroelelectric may result
in the so-called depletion effect i.e. the removal of the
carriers from narrow near-by-electrode regions so that
charged regions of bare impurities are formed near the
electrodes. In the case of a wide gap and heavily com-
pensated semiconductor, which is the case of typical
ferroelectrics used for tunable applications, this built-
in charge is related to deep trapping centers and oxy-
gen vacancies [72]. It can be considered as immobile
during electrical measurements at room temperatures
and homogeneous inside the depletion layers [73]. The
depletion phenomenon is characterized by the parame-
ter W called depletion layer thickness, which is a func-
tion of the electrochemical parameters of the electrode-
ferroelectric interface. If the film thickness h is larger
than 2W , the film contains two space-charge layers at
the two electrodes and a neutral region in the middle.
This is the case of partial depletion. If h < 2W , the
film is homogeneously filled with space charge. This is

Fig. 18. Space charge distributions of partially (a) and fully (b) de-
pleted films. The distributions of the build-in polarization (c) and (d),
in these cases, respectively.

the case of the so-called full depletion. For the two case
discussed above, the charge density distribution ρd (x)
across the films is shown in Fig. 18(a) and (b).

This space charge can influence the ferroelectric
and dielectric properties of the films [89, 90]. The
impact of the depletion effect on the effective dielec-
tric permittivity of a parallel plate capacitor contain-
ing a ferroelectric which is subjected to the deple-
tion effect of the electrodes can be elucidated using
the following simple arguments. The built-in depletion
charge results in a certain built-in electric field which
in turn creates the built-in x-dependent polarization
Pb(x), x being the coordinate normal to the plane of
the film. For the dielectric response of the film, this
implies a local x-dependent permittivity of the films
whose out-of-plane component according to Eq. (3.3)
reads:

εloc(x) = 1

ε0

1

α + 3β P2
b (x)

. (3.65)

Taking into account the “in-series” geometry of the
problem the effective dielectric constant of the system
can be found by averaging 1/εloc(x) across the film
thickness, namely

1

εeff
= 1

h

∫ h

0

dx

εloc(x)

= 1

ε
+ 3βε0

h

∫ h

0
P2

b (x) dx . (3.66)

The exact value of Pb(x) can be obtained form a rather
cumbersome solution of a set of equations: the Poisson
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equation

d(ε0εb E + Pb(x))/dx = ρ(x), (3.67)

where ρ(x) is the density of the built-in charge and the
equation of state for the ferroelectric, Eq. (3.2). This
solution should also obey the condition

∫ h

0
Edx = 0. (3.68)

A good approximation for the built-in polarization
can be readily obtained if, in Eq. (3.67), one neglects
the term ε0εb E . This approximation is justified by a
large value of the dielectric permittivity of the ferro-
electric (i.e. ε 	 εb). Then, Eqs. (3.67) and (3.68)
yield

Pb(x) = (x − h/2)ρ0 (3.69)

for the full-depletion case and

Pb(x) = (x − W )ρ0 0 < x < W

Pb(x) = 0 for W < x < h − W

Pb(x) = (x − h + W )ρ0 h − W < x < h
(3.70)

for the case of partial depletion. Here ρ0 is the space
charge density in the depleted regions. The profiles
given by Eqs. (3.69) and (3.70) are illustrated in
Fig. 18(c) and (d).

Using this result for the built-in polarization and
Eq. (3.66) we find that the depletion leads to a reduction
of the effective dielectric permittivity of the film. In the
cases of the full and partial depletion, one finds

1

εeff
= 1

ε
+ 4ε0βρ2

0 W

h

3

(3.71)

and

1

εeff
= 1

ε
+ ε0βρ2

0 h

2

2

, (3.72)

respectively. Equations (3.71) and (3.72) imply that,
for the effective dielectric permittivity of the film, the
depletion effect is equivalent to the in-series connection
of the ferroelectric with a linear capacitor. In the case
of the partial depletion, this capacitance is independent
of the film thickness so that the film behaves like a
film with a real passive layer. However, in the case of

Table 6. Thickness of a dielectric layer with εd = 1, which impacts
the dielectric permittivity of the film identically to a given passive
layer effect or depletion effect.

In-plane Out-of-plane
permittivity permittivity

Real layer with εd = 1 d d

Full surface blocking
of polarization

ξ ξ1 = ξ

√
εb
ε

Partial surface blocking
of polarization

ξ
1+λ/ξ

ξ1
1+λ/ξ1

Electrode effect – ls

Partial depletion effect, h > 2W – hd = 2ε0βρ0W 3

Full depletion effects h < 2W – hd

(
h

2W

)3

h—film thickness; d—thickness of the layer; ξ—correlation length;
ε and εb—permittivity and background permittivity of the ferro-
electric; λ—extrapolation length for the polarization boundary con-
ditions; ls—Thomas-Fermi screening length; β—coefficient of the
dielectric non-linearity, ρ0—space charge density in the depletion
layer; W —depletion layer width.

the full depletion, according to Eq. (3.72) this series
capacitance goes up with decreasing thickness as h3.
Comparison of the “passive layer” performance of the
depletion effects with that of other passive layer effects
is presented in Table 6.

It is instructive to evaluate the possible impact of
the depletion effect on the permittivity. Numerically, it
is not strong but, it is, however, comparable with that
of the effective passive layers discussed in the previous
section. For values of W andρ0 compatible with the data
on ferroelectric perovskite with metallic electrodes,
W = 0.2 µm and ρ0

∼= 1.6 × 10−19 × 1018 Ccm−3 =
0.16 Ccm−3 [72, 89, 91] one finds that, in the case of
partial depletion (where h > 2W ), a single depletion
layer works as a dielectric layer with εd = 1 and thick-
ness hd = 2ε0βρ2

0 W 3 ≈ 0.2 Å . In the case of full
depletion, the depletion effect on the permittivity can
be readily identified by a drastic reduction of the effect
with decreasing film thickness (see Eq. (3.72)). It is also
worth mentioning that, as for any “in-series model”, the
impact of the depletion on the dielectric constant of a
ferroelectric material in paraelectric phase is formally
equivalent to a lowering of its Curie-Weiss temperature
[90].

The modification of tunability by the depletion ef-
fect has not been addressed theoretically so that, at
present, it is not clear whether under a dc bias electric
field a depleted film still behaves as in-series connec-
tion of ferroelectric and a dielectric layers.
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There is another obvious effect of the depletion: the
built-in polarization will induce the quasi-Debye loss
mechanism. However, theoretical treatment which can
provide reliable estimates for the magnitude of the di-
electric loss induced by this effect is not available in
the literature.

3.4.3. Strain Effects

Ferroelectric films deposited onto dissimilar substrates
are subjected to in-plane deformation. This deforma-
tion modifies the dielectric permittivity of the films as
well as its temperature dependence due to the elec-
trostrictive coupling. This effect can be readily de-
scribed in terms of the Landau expansion for the free
energy of the material. Let us address it for the case
of a (001) film of a cubic ferroelectric perovskite
in the paraelectric phase. To do that we will gen-
eralize Eq. (3.1) by making allowance for the elec-
trostrictive coupling and crystalline anisotropy of the
material:

F = α

2

(
P2

1 + P2
2 + P2

3

) − q11
(
u11 P2

1 + u22 P2
2

+ u33 P2
3

) − q12
[
u33

(
P2

1 + P2
2

) + u22
(
P2

3 + P2
1

)
+ u11

(
P2

2 + P2
3

)] − 4q44(u12 P1 P2 + u23 P3 P2

+ u13 P1 P3) + · · · (3.73)

where ui j are the components of the strain tensor. Typ-
ically, the films are isotropically strained laterally so
that u11 = u22 ≡ um and u12 = 0 whereas in other di-
rections they are mechanically free, the latter implying
u13 = u23 = 0 and u33 = −umη/(1 − η) where η is
the Poisson ratio of the ferroelectric. In this case, on
the lines of Section 3.3 one readily finds:

ε−1
11 = ε−1

22 = ε−1 − 2ε0um

[
q11 + q12 − 2η

1 − η
q12

]
(3.74)

for the in-plane and

ε−1
33 = ε−1 − 2ε0um

[
2q12 − 2η

1 − η
q11

]
(3.75)

for the out-of-plane components of the dielectric per-
mittivity of the film, where ε = (αε0)−1 is the dielec-
tric permittivity of the non-strained ferroelectric. The
in-plane deformation of the film, usually called misfit
strain, is mainly controlled by two contributions: the

strain that appears during the film crystallization and
the thermal strain due to the difference between the
thermal expansion coefficients of the substrate and fer-
roelectric.11 In the simplest case of liner thermal expan-
sion of the substrate and ferroelectric, the temperature
dependence of um reads

um = um R + (αs − α f )(T − TR) (3.76)

where αs and α f are the thermal expansion coefficients
of the substrate and ferroelectric, um R being the misfit
strain at a certain temperature TR . When the dielec-
tric permittivity of the ferroelectric obeys the Curie-
Weiss law ε = C/(T − T0), relations (3.74)–(3.76) im-
ply a renormalization of the Curie-Weiss constant and
Curie-Weiss temperature of the films [93, 94]. Clearly,
the renormalized values of C and T0 will be different
for the in-plane (Cin, Tin) and out-of-plane (Cout, Tout)
components of the permittivity:

C−1
in = C−1 − 2ε0

[
q11 + q12 − 2η

1 − η
q12

]
(αs − α f ),

(3.77)

C−1
out = C−1 − 2ε0

[
2q12 − 2η

1 − η
q11

]
(αs − α f ),

(3.78)

Tin = T0
Cin

C

[
1 + 2Cε0

(
q11 + q12 − 2η

1 − η
q12

)

× [um R + (αs − α f )TR]

]
, (3.79)

Tout = T0
Cout

C

[
1 + 2Cε0

(
2q12 − 2η

1 − η
q11

)

× [um R + (αs − α f )TR]

]
. (3.80)

The strength of the impact of the mechanical effect on
the dielectric response of the ferroelectric films can be
assessed from the relations for the value of misfit strain
u R that is required to shift the Curie-Weiss temperature
to a given temperature, namely

u R = TR − T0

2Cε0

[
q11 + q12 − 2η

1−η
q12

] (3.81)
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for the in-plane and

u R = TR − T0

2Cε0

[
2q12 − 2η

1−η
q11

] (3.82)

for the out-of-plane polarization instabilities.
Let us evaluate the strength of the effects discussed

above using the numerical values of the parameters
for SrTiO3 (T0 = 42 K, C = 86000 K, q11 = 2.2 ×
1010 m/F , q12 = 0.2× 1010 m/F , α f = 11× 10−6 K,
η = 0.24 [95]) and typical substrates (MgO αs = 13×
10−6 K; Al2O3 αs = 6 × 10−6 K; Si αs = 4 ×
10−6 K).

From Eqs. (3.81) and (3.82) we find that to shift
the in-plane ferroelectric instability temperature up
to room temperature, the in-plane tensile deforma-
tion of some 0.7% is required whereas, for the out-
of-plane instability, it is the out-of-plane compressive
deformation of some 1.5%. Note that the in-plane de-
formation results in opposite shifts the Curie-Weiss
temperatures of the in-plane and out-of-plane compo-
nents of the permittivity. This seems to be a general
feature of perovskite thin films (see also Refs. [96,
97]).

The impact of the mechanical effects on the Curie-
Weiss constant depends on the relation between αs and
α f . If αs > α f , the in-plane Curie-Weiss constant is
larger whereas the out-of-plane Curie-Weiss constant
is smaller than the original value of the Curie-Weiss
constant. This is the case of MgO substrate where (Cin−
C)/Cin ≈ 0.07 and (Cout − C)/Cout ≈ −0.03. If αs <

α f , the opposite relation takes place. This is the case
of Al2O3 and Si substrates, for which (Cin − C)/Cin ≈
−0.17 and (Cout−C)/Cout ≈ 0.08 and (Cin−C)/Cin ≈
−0.24 and (Cout − C)/Cout ≈ 0.11, respectively.

All these estimates show that the mechanical effects
in tunable thin films are large enough to be measured
experimentally and to influence the behavior of film
based tunable devices.

Concluding this section, important reservations are
to be made:

(i) The above consideration was aiming at the elu-
cidation of the basic trend related to the impact
of the misfit strain effects on the dielectric per-
mittivity of the ferroelectric thin films. On the
other hand, the real parameter of interest of thin
films is their tunability. To obtain information on
the latter, an analysis of the impact of the me-
chanical effects on the coefficient of the dielectric

non-linearity is required. Such analysis is avail-
able in recent papers on the subject [96–98]. It
predicts a certain renormalization of these coeffi-
cients which, for tunable materials of interest like
(Ba,Sr)TiO3 does not seem to be significant. Thus,
the impact of mechanical effects on the tunability
of the films is actually reduced to a change of
the initial permittivity. This corresponds to the re-
placement of α in the equation of state Eq. (3.2)
with the 1/(ε0εcor) where εcor is the permittivity of
the films in the absence of a dc field corrected by
the mechanical effects, i.e. ε11 or ε33 in Eqs. (3.74)
and (3.75).

(ii) The relations derived above are quantitatively
valid when the permittivity of the ferroelec-
tric obeys the Curie-Weiss law; the validity of
Eqs. (3.77)–(3.80) also requires the linearity of
the thermal expansion in the ferroelectric and the
film. If it is not the case, e.g. at low temperatures,
Eqs. (3.74) and (3.75) still can be used , however
using the real temperature dependence of ε(e.g.
from Eq. (3.7)) and values of um evaluated tak-
ing into account the temperature dependence of αs

and α f .
(iii) The mechanical effects may also influence other

structural instabilities of the ferroelectric which
in turn can modify the dielectric response of the
system. This is the case for SrTiO3 where an an-
tiferrodistorsive phase transition at 105 K takes
place. A theoretical treatment of the resulting
two-instability system has been offered in Ref.
[98]. Though, a focused theoretical treatment of
the tunability in this situation is still missing, the
analysis of the result obtained in this paper sug-
gests that the additional instability does not affect
the tunable behavior of the material in a crucial
manner.

4. Measurement Techniques

In this section we address the methods and techniques
that enable the measurements of the complex dielectric
permittivity and tunability of different forms of ferro-
electric materials.

All measurement techniques require two steps. First,
the electrical characteristic of a ferroelectric containing
device is monitored. Second, the dielectric permittiv-
ity and loss tangent of the material are evaluated from
the obtained data. Thus, the problem of determination
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of the complex dielectric permittivity of the material
can be divided into two: measurement problems and
evaluation problems.

All measurement methods can be divided into three
groups:
– direct methods where either the capacitance and loss

tangent of a capacitor containing the investigated ma-
terial are measured using an impedance analyzer, or
else the scattering matrix [99] of the ferroelectric
capacitor is measured by a network analyzer,

– waveguide methods in which the scattering matrix of
the ferroelectric containing waveguide is measured
using a network analyzer.

– resonance methods where the characteristics of a res-
onator which contains the investigated material are
measured.
The choice of the measurement method and corre-

spondingly the type of the measurement setup strongly
depends on the frequency range and on the form of
the ferroelectric material (thin film, thick film or bulk
sample). For frequencies below some tens or hundreds
of megahertz (radio frequencies), the tunable capacitor
which is made of any form of ferroelectric material is
regarded as a lumped element since its dimensions are
much less than the wavelength of the electromagnetic
signal. The capacitance and loss tangent of this capac-
itor can be measured directly by a standard impedance
analyzer.

At higher frequencies, direct measurements of the
capacitances are less applicable because, at higher fre-
quencies, the dimensions of the capacitors become
comparable with the length of the electromagnetic
wave and they cannot be considered any more as
lumped elements. Moreover, the impedance of the ca-
pacitors becomes very small in comparison to the reso-
lution of the impedance analyzer. Thus, these methods
are to be replaced by filled-waveguide characterization
techniques and resonance methods.

Fig. 19. Different types of ferroelectric capacitors: (a) parallel plate capacitor, (b) array of thin/thick film parallel plate capacitors, (c) interdigital
capacitor, (d) air gapped planar capacitor (in all pictures black color represents conducting electrodes, grey—ferroelectric material and white
color-substrate).

4.1. Lumped Capacitance Measurement Methods

Capacitors used for the characterization of tunable
materials can be fabricated by depositing electrodes
onto the parallel sides of a ferroelectric bulk sample
(Fig. 19(a)) or by making a set of small top elec-
trodes on a ferroelectric film with a common bottom
electrode (Fig. 19(b)). Capacitors with lower capac-
itance values, which are more suitable for high fre-
quency measurements, can be made from thick- or thin-
ferroelectric films by forming an interdigital electrode
pattern (Fig. 19(c)) or rectangular electrodes with an
air gap in between (Fig. 19(d)). In the two last types of
capacitors, often called “planar capacitors”, only the
top side of the film is subjected to metallization.

Parallel Plate Capacitors. At low frequencies the
ferroelectric parallel plate capacitor (Fig. 19(a) and (b))
is described by a simple electrical equivalent circuit
consisting of a capacitance (C p), a frequency depen-
dent resistance (Rp) connected in parallel, and a series
resistance (Rs) corresponding to the conducting losses
in the electrodes [100–102]. Measurements up to a few
megahertz can be done by an impedance analyzer, di-
rectly giving the values of the capacitance and loss tan-
gent. Higher frequencies require the use of a network
analyzer to measure the complex reflection coefficient
(S11). In this case, the loss tangent and capacitance of
the ferroelectric capacitor are calculated using the fol-
lowing equation:

tan δ · ωC + jωC = 1

Z0

(
1 − S11

1 + S11

)
(4.1)

where ω is the angular frequency of the a.c. field, C and
tan δ are the measured capacitance and loss tangent,
respectively; Z0 = 50 �.
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The loss in the electrodes (represented by Rs), which
is often not negligibly small, is to be taken into account.
This can be done by subtracting the conducting loss
using the following equation:

ε′′

ε
= tan δe = tan δmeas − ωRsC p (4.2)

where tan δe and tan δmeas are the loss tangent of the
ferroelectric material and measured loss tangent of the
capacitor, respectively. The parameter Rs can be evalu-
ated analytically [100, 101] or determined experimen-
tally [102]. For parallel plate capacitors, the relative
dielectric permittivity of the ferroelectric material can
be extracted from the measured capacitance using the
simple formula:

ε = Ct

ε0S
, (4.3)

where C is the measured capacitance, t is the thickness
of the sample and S is the electrode area.

The so-called quasi-lumped approach to the char-
acterization of a capacitor made of a ferroelectric
bulk ceramics was proposed by Li [103]. This ap-
proach allows expanding the frequency range of the
measurements up to 2 GHz, while the conventional
lumped approach does not work at so high fre-
quencies because the dimensions of the sample are
comparable to the wavelength in the ferroelectric ma-
terial. In this approach, the measured sample is mod-
eled as an equivalent electrical circuit consisting of
two parts: the first part of this circuit is a lossy trans-
mission line of a length equal to the thickness of
the sample. This line is terminated by a lumped
capacitor. Measuring the reflection coefficient from
the sample, one can calculate its complex dielectric
permittivity.

Planar Capacitors. Modeling of the planar capac-
itor structures (Fig. 19(c) and (d)) is more com-
plicated and should take into account the electric
field distribution between the ferroelectric layer, sub-
strate and air. Based on the conformal mapping tech-
nique, mathematical models for the capacitance of
the interdigital structure [104] and air-gapped elec-
trodes structures [105] were developed. For the lat-
ter case (Fig. 19(d)), the capacitance can be calculated

as [105]:

C = ε0w

[
2

π
ln

(
4l

s

)
+ ε3 − 1

π
ln

(
16

h3 + h2

πs

)

+ ε2 − ε3
s

h2
+ 4

π
ln 2

]
, (4.4)

where ε2 and ε3 are the relative dielectric permit-
tivities of the ferroelectric film and the substrate
respectively, h2 and h3 are the thicknesses of the fer-
roelectric film and the substrate, respectively, l is the
length of the capacitor, s is the gap between the elec-
trodes, and w is the capacitor width (see Fig. 19(d)).
This equation was derived for a situation typical for
ferroelectric capacitors. According to Vendik et al.
[105] it provides some 1–2% accuracy on condition
that h2 < s ≤ 10 h2, s ≤ 0.25 l, s ≤ 0.5 h3,

ε2
ε3

> 100.
However, a numerical simulation of the problem per-
formed by Delinev [106] showed that this formula still
can be used with an accuracy better than 5% on a re-
laxed condition s ≤ 100 h2.

4.2. Waveguide and Transmission Line Methods

Filled Waveguide. The waveguide method is one of
the first developed methods for characterization of
dielectric materials at microwave frequencies. This
method, described in detail by Altschuler in Ref. [107],
involves the measurements of the scattering matrix of a
waveguide filled with the investigated dielectric. This
method can be readily used for the characterization
of materials with relatively low dielectric permittivity
but it is less suitable in the case of very high dielec-
tric permittivity materials, because of the problem of
impedance matching.

Transmission Line. The transmission line method is
a special case of the waveguide method. It consists of
the measurement of the scattering matrix of a trans-
mission line which is patterned onto the ferroelectric
film. The coplanar transmission line structure shown in
Fig. 20(a) is often used for the characterization of both
thick and thin ferroelectric films. The microstrip line
structure with the bottom electrode shown in Fig. 20(b)
can be used only for the characterization of thick ferro-
electric films (thicker than 50µm). Only in this case can
the microstrip line have a value of the wave impedance
comparable to 50 �.



Ferroelectric Materials for Microwave Tunable Applications 37

Fig. 20. Coplanar line (a) and microstrip line (b) structures patterned
on the ferroelectric films (black color represents conducting layers).

The full wave analysis of such structures [108] or
models developed by the conformal mapping tech-
nique [109] enable the extraction of the parameters
of the ferroelectric material from the measured scat-
tering matrix. To minimize the error in the deter-
mination of the loss tangent of the ferroelectric, the
conduction loss of the electrodes is to be taken into
account when calculating the parameters of the ma-
terial from the measured frequency characteristics
[110, 111].

4.3. Resonance Methods

Hakki-Coleman Method and Its Modifications. The
last group of measurement techniques is represented
by various resonance methods. These methods are
well developed for both bulk samples and films (thick
and thin).

The classical Hakki-Coleman method [112] consists
of the measurement of the resonance frequency and
quality factor of the TE01n mode, excited in a dielectric
rod which is placed between two metal discs (L = h in
Fig. 21(a)). To reduce the influence of loss in the metal
discs, Krupka [113] proposed to keep the distance be-

Fig. 21. Sketch of resonance measurement setups for characteriza-
tion of dielectric bulk materials: Hakki-Coleman setup (Fig. 21(a),
L = h), modified Hakki-Coleman setup (Fig. 21(a), L 	 h), and
metal cavity with the dielectric resonator (b). 1—dielectric resonator,
2—coaxial cables terminated with coupling loops, 3—dielectric sup-
port, 4—metal cavity, 5—metal plates with the diameter much bigger
than that of the sample [113].

tween the discs much greater than the sample thickness
(L 	 h in Fig. 21(a)).

Another frequently used modification of this method
is shown in Fig. 21(b). It employs a metal cavity with
dimensions 2–3 times greater than those of the dielec-
tric sample. The cavity has two coupling loops to feed
the microwave power to the resonator. It was shown
that in this structure the resonance frequency and the
quality factor of the system are identical to those of the
dielectric resonator in a free space [114].

Measuring the parameters of the resonator, the di-
electric permittivity (ε) and loss tangent (tan δ) of the
sample can be evaluated [112, 113].

As in the case of the waveguide method, the
dielectric resonator method is very difficult to use for
ferroelectrics because their high dielectric constant
and relatively high loss impede effective excitation of
the resonator.

Characterization Techniques Based on the Excita-
tion of the Transverse Magnetic Field (TM) Res-
onance Modes. Another resonance technique was
used by Vendik et al. [115]. It consists of excitation and
characterization of the TMmn0 resonances in a cylindri-
cal sample placed in a break of the central conductor of
a coaxial line. To match the impedance of this line with
that of the network analyzer a set of quarter-wavelength
coaxial lines with different wave impedances is used
(Fig. 22). The dielectric permittivity and loss tangent
can be simply evaluated from the resonance frequency
and Q-value of a TMmn0 mode of the resonator using
the following equation [115–117]:

ε =
(

k0nc

2πr f0

)2

, tan δ = 1

Q0
− Rsurc

120π2h f0
, (4.5)

where k0n is the n-th root of the Bessel function, c =
3 · 108 m/s, r is the radius of the cylinder, Rsur is the
surface resistance of the electrode, h is the thickness of

Fig. 22. Sketch of the coaxial line based measurement setup (1—both
sides metallized dielectric resonator, 2—set of quarter-wavelength
coaxial impedance transformers, 3—microwave connectors).
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Fig. 23. Measurement setup for excitation of resonator by using
microwave pins [119].

the resonator, f0 is the resonance frequency, and Q0 is
the unloaded quality factor.

The unloaded quality factor (Q0) can be calculated
from the loaded (or measured) one either analytically
or numerically. An alternative simple and fast numer-
ical method of determination of the unloaded quality
factor has been proposed by Kaifez [118]. This method
enables the evaluation of the loaded and unloaded qual-
ity factors as well as the coupling coefficient only from
the measured scattering matrix of the resonator, not
involving an analysis of the resonator itself.

The excitation of the lowest TMmn0 modes in the
cylindrical resonator can also be done through gal-
vanic couplings where the pins of the microwave con-
nectors are in direct contact with the top conductive
electrode [119] while the bottom electrode is grounded
(Fig. 23). This method, potentially, can be applied to the
characterization of thick films deposited on conductive
substrates.

4.4. Resonance Perturbation Techniques

Another group of resonance measurement techniques
employs the resonance perturbation approach. In these
methods the sample is introduced into a high-Q reso-
nance cavity or a high-Q resonator is loaded with the
sample. The sample can be either a piece of bulk dielec-
tric or a thin film deposited onto the dielectric substrate
with known dielectric characteristics. The presence of
the sample in the resonator leads to a shift of the reso-
nance frequency (� f0) and to a decrease of the quality
factor (�Q0). The complex dielectric permittivity of
the material can be evaluated from these two parame-
ters and the sample dimensions.

Rectangular Cavity. The cavity perturbation tech-
nique was described by Altschuler in [107] and adopted

Fig. 24. Rectangular cavity with a dielectric sample to be inserted
into it through the slot [120, 121].

for high dielectric permittivity materials by Dube et al.
[120, 121] for the setup shown in Fig. 24.

For this setup, the real and imaginary parts of the
material dielectric permittivity can be evaluated by us-
ing the following relations [121]:

ε = f1 − f2

f2

2Vc

b
[
1 + L

nπ
sin

(
nπl
L

)] [
c + a

π
sin

(
πc
a

)] + 1

, (4.6)
ε′′ = Q1 − Q2

Q1 Q2

Vc

b
[
1 + L

nπ
sin

(
nπl
L

)] [
c + a

π
sin

(
πc
a

)]

where f1 and Q1, f2 and Q2 are the resonance fre-
quencies and quality factors of the cavity without and
with the measured sample; a, b, and L are the dimen-
sions of the cavity; Vc is its volume and c and l are
the dimensions of the sample having the shape of a
parallelepiped.

Microwave Scanning Microscopy. Recently, a new
method of characterization of dielectric materials based
on a near-field imaging technique, the so-called mi-
crowave scanning microscopy, has been developed.
Conceptually this method is the cavity perturbation
methods. A microwave scanning microscope consists
of a coaxial resonator with a very sharp central con-
ductor at the end which is used as a microwave probe
tip. The dielectric sample under test plays the role of
a load for the coaxial resonator (Fig. 25) [122, 123].
Comparing the resonance frequency and Q-values of
the unloaded coaxial resonator with those of the res-
onator loaded with the ferroelectric, one can evalu-
ate the dielectric permittivity and loss tangent of the
investigated material. An important feature of this
method is that it provides information of the local
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Fig. 25. A schematic description of the near-field microwave micro-
scope [123].

values of the dielectric parameter of the material,
a lateral resolution better than 1 µm being readily
achieved.

Transmission-Line Resonator Methods. The most
often used resonance method for the dielectric char-
acterization of ferroelectric films is the so-called
transmission-line resonator method. This method origi-
nates from the cavity perturbation method and employs
transmission line resonators to characterize ferroelec-
tric film based capacitors. Different transmission lines
(microstrip lines, lines on the suspended substrate, slot
lines) can be used in this method.

One practical realization of this method is a half-
wavelength microstrip resonator interrupted at its cen-
ter by a narrow air gap filled with the ferroelectric
thin film [124] or by a ferroelectric planar capacitor
mounted as a flip-chip element [125] (Fig. 26). The
capacitance of the ferroelectric capacitor and loss tan-
gent of the ferroelectric material are calculated from
the measured resonance frequency and Q-value of the

Fig. 26. Microstrip half wave resonator with the ferroelectric planar
capacitor (see Fig. 19(d)) mounted as a flip-chip element with the
gap centered between two parts of the resonator [125].

system by using the following formulas [125]:

C =
[

2Z0ω cot

(
ω

√
εeffleff

c

)]−1

,

tan δ =
(

1

Qm
− 1

Qref

)
· ζ,

ζ =
[

1

2
+ Z0

Xc

(
1 + X2

c

4Z2
0

)
(4.7)

×
(

nπ − arccot

(
Xc

2Z0

))]−1

,

Xc = 1

ωC
,

where Z0 is the wave impedance of the microstrip
resonator, εeff and leff are the effective dielectric per-
mittivity and length of the resonator respectively, c =
3·108 m/s, Qm and Qref are the measured and reference
unloaded quality factors (the latter can be determined
by measuring the Q-factor of the resonator loaded with
a low loss capacitor with known parameters), ζ is the
inclusion coefficient of the ferroelectric capacitor into
the resonator, n is the number of the harmonic of the
resonator. The dielectric permittivity of the ferroelec-
tric film is calculated from the obtained capacitance
using Eq. (4.4).

4.5. About the Precision and Limits
of Measurement Techniques

All sources of the errors appearing in different char-
acterization techniques can be divided into measuring
errors and evaluation errors.

As described above, it is either the capacitance of
the ferroelectric capacitor (at radio frequencies) or the
elements of the scattering matrix of the ferroelectric
containing device (at higher frequencies) that are mea-
sured by the corresponding equipment. The relative in-
strument error of these measurements does not exceed
1–2% and depends on the quality of calibration and cal-
ibrating standards. Table 7 contains the measurement
precisions and limitation for the different measuring
techniques.

The second source of errors is related to the calcu-
lation of the complex dielectric permittivity of the fer-
roelectric from the measured capacitance and loss of
the ferroelectric capacitor or from the elements of the
scattering matrix. Usually the analytical formulas used
for these calculations have their own errors, which are
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Table 7. Basic measurement errors and limits of the different characterization techniques. ωC [1/�] is the reactance of the ferroelectric capacitor.

Methods Instrumental errors(1) Limits(1)

Direct capacitor measurements
Capacitance 0.05–0.1% 10−17 < C [F] < 10
Loss tangent 0.0005–0.001% 10−6 < tanδ < 10

f [Hz] < 106–108

Characterization of the capacitor through the measurements of the reflection coefficient
Capacitance 2–5% (HP8722) 0.005 < ωC < 0.05
Loss tangent 5–6% 0.0005 < ωC tanδ < 0.02

Waveguide and transmission line methods (2)

Absolute error for the phase <5 degrees f [GHz]> 0.5
Absolute error for the transmission coefficient <0.02 length of the line: l[m]> 2

f [GHz]
√

ε

Resonance methods(3)

Capacitance or dielectric permittivity <1% 10−4–10−2 <tanδ < 0.1
Loss tangent ∼ 5% 0.05 < C [pF] < 1

(1) The measurement errors and limits were taken and calculated from the accuracy of the HP4284 LCR Meter and HP8722 Network Analyzer,
(2) The precision of the waveguide methods is basically determined by the quality of the calibrating standards and by the possibility to separate
conducting, radiative and dielectric losses; the absolute errors for the phase and transmission coefficient are to be taken into account when
calculating the parameters of the ferroelectric materials using the measured transmission characteristics of the waveguide or line. (3) The limits
depend on the impedance and quality factor of the non perturbed resonator.

in the range 1–2%. The source of errors is due to the in-
accuracy of the measurements of the linear dimensions
of the sample, which are needed for computations. This
error can reach 5–6% depending on the sample size and
used equipment.

The measurement techniques described in this chap-
ter cover a large frequency range, from some tens of
hertz to some tens of gigahertz. They have different
limitations and precisions and their choice depends on
many parameters. Figure 27 gives an idea of the fre-
quency ranges of applicability of the main types of
these measurement techniques.

4.6. Measurements of Dielectric Permittivity
and Loss as a Function of dc Electric Field

To measure the complex dielectric permittivity of a fer-
roelectric under a dc bias electric field, the experimental

 

 

 

 

 

100 102 104 106 108 1010 f, Hz

Direct measurements
by the impedance 

analyzer

Measurements of the
reflection coefficient
from the ferroelectric

capacitor

Filled waveguide
and resonance

methods

Fig. 27. Frequency range of applicability of the main types of techniques used for dielectric characterization of materials.

setup including the sample itself should satisfy the three
following conditions:

(i) The sample has to be coated with electrodes (the
mechanical contact between the non-metallized
dielectric and the metal plates of the sample fix-
ture is not sufficient because of an air gap which
always exists between two surfaces in mechanical
contact).

(ii) The setup should have a possibility to apply a
dc voltage to the sample without subjecting the
source of the ac signal to danger and short-
circuiting the ac signal with the dc voltage source.

(iii) The distribution of the dc electric field in the sam-
ple is to be homogeneous and/or well modeled;
otherwise it would not be possible to evaluate the
electric field acting in the material.

The first two conditions cannot be satisfied in the
filled waveguide methods and in some resonance meth-
ods where the metal plates should not be in the contact
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with the sample (Fig. 21(a), L 	 h and Fig. 21(b)).
Moreover, the second condition requires the use of an
external blocking circuit consisting of low frequency
LC or RC filters in order to isolate the dc voltage source
from the ac signal and to protect the measuring equip-
ment from high voltage.

The last condition can be satisfied, first, for the par-
allel plate electrode geometry of the active area of the
sample (like shown in Figs. 19(a) and (b), 20(b), 21(a)
(for h = L), 22, and 23). Second, in the planar elec-
trode configurations (Figs. 19(c), (d) and 20(a)) in the
case where the thickness of the sample (actually film) is
much less than the distance between the electrodes. In
such structures, the electric field can be considered as
homogeneous and evaluated directly from the known
values of the dc voltage applied to the sample and the
distance between the electrodes. In the case, where the
field in the varactor is strongly inhomogeneous (like
Fig. 19(c) and (d) for the film thickness larger or com-
parable to the distance between the electrodes), the
evaluation of the tunability requires a solution of the
electrostatic problem with a field dependent permittiv-
ity, which is a very different task.

The precision of all the methods of determination of
the tunability is close to that of the dielectric permittiv-
ity. This holds up to the microwave frequency range.
By contrast, the situation with the field dependence of
the loss tangent is very different. In the RF range, where
the contribution of the conductive loss in electrodes is
not essential; the precision of the determination of the
loss tangent of a material with and without a dc bias
field is roughly the same. However, at higher frequen-
cies, where the contribution of the conductive loss in
electrodes becomes appreciable, the measurement of
the field dependence of the loss tangent of the material
often becomes a much more difficult task than that of
the tunability.

5. Materials for Tunable Applications

The appropriate level of tunability for tunable appli-
cations (n ≥ 1.5 i.e. nr ≥ 0.3 see Section 2) is
practically achievable in materials with relatively high
dielectric permittivity at microwave frequencies. For
non-composite bulk materials, a value of the dielec-
tric constant exceeding some 1000 is required whereas
in thin films (where the application of higher fields is
possible) the dielectric constant should be lager than
some 300. This limitation together with the require-

ment of relatively low values of the dissipation factor
(below a few percent) narrows the scope of the ma-
terials of interest to the displacive type ferroelectrics
(incipient or regular in the paraelectric phase). Up to
now, many materials have been addressed as possible
candidates for tunable applications, the most attention
has being paid to SrTiO3 and its solid solution with
BaTiO3: (Ba,Sr)TiO3. In the present section we will ad-
dress the properties of some these materials. The prop-
erties of bulk materials and thin films will be discussed
separately.

5.1. Bulk Materials

KTaO3 and SrTiO3 Crystals. High quality single
crystals of SrTiO3 (STO) exhibit a high dielectric per-
mittivity (up to tens of thousands) and a low loss factor
at microwave frequencies (below 10−3). This enables
their use in tunable microwave components. As incip-
ient ferroelectric, STO stays paraelectric down to 0 K
and its dielectric constant strongly increases on cool-
ing (see Fig. 28). STO is a cubic (m3̄m) perovskite at
T > TSt = 105 K, and undergoes at T = TSt an an-
tiferrodistorsive phase transition to a centrosymmetric
tetragonal phase (4/mm). In its tetragonal phase, the
crystal becomes dielectrically anisotropic. However,
the anisotropy is apparent only at rather low tempera-
tures, being about 3% at 80 K and more than 100% at
10 K [126]. When cooled below TSt without special pre-
cautions [126], STO crystals typically break into twins,

Fig. 28. Temperature dependence of the dielectric constant of SrTiO3

single crystal measured at 10 kHz in the direction perpendicular to
the tetragonal axis of the 4/mm phase [126].
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so that their dielectric constant represents an average of
its values for the different crystallographic directions.
For this reason, the dielectric constant of different STO
crystals measured below 30 K may substantially differ
due to differences in their twin structures.

Another reason for this spread is a possible differ-
ence in the defect population in differently processed
crystals; as clear from simple thermodynamic argu-
ments, the higher the permittivity of the material, the
stronger the impact of crystal imperfections on it. The
temperature dependence of the dielectric permittivity
of the material reasonably follows the predictions of
the Landau theory [126]. For temperatures above some
50 K, it can be with good accuracy approximated by
Eq. (3.12) with the parameters coming from Table 2
or, alternatively, by Eq. (3.4) and (3.6). However, there
are publications reporting features of the dielectric re-
sponse of STO crystals, which cannot be covered by
the conventional thermodynamic approach that takes
into account the polarization and the order parame-
ter of the antiferrodistorsive phase transition. Namely,
double [7, 127] and single [128] P −E hysteresis loops
were reported for STO crystal. Despite some hypothe-
ses put forward, the nature of these phenomena is still
unclear.

The bulk form for STO (single crystals or ceram-
ics) exhibits a high enough tunability only at rather
low temperatures whereas at room temperatures the
required electric field is unrealistically large . This can
be seen from the following relation for the bias field

Fig. 29. Field dependences of the quality factors of the SrTiO3 (a) and KTaO3 (b) based bulk resonators with lossless superconducting YBa2Cu3O7

electrodes (see Refs. [115] and [7], respectively). The directions of measurements are shown in the figure (b) by the arrows. The dc field applied
to the samples resulted in a small (<20%) variation of the dielectric permittivity of material.

that is required to reach a given value of tunability n:

En = 0.8 · 106

√
n − 1(2 + n)

ε3/2

[
kV

cm

]
. (5.1)

This relation readily follows from Eq. (3.11) with β =
8 × 109 JC−4 m−5. Using this relation one finds that
the tunability of interest (n > 1.5) requires a field >30
kV/cm at 77 K (ε ≈ 1500) and >400 kV/cm at RT
(ε ≈ 300).

In single crystals of STO the loss tangent at 10 GHz
is typically about 10−3 [2] and, as was mentioned in
Section 3, the data for the best quality crystals are
consistent with the theory of the intrinsic phonon loss
mechanisms (three- and four-quantum contributions in
the absence of a bias electric field). Under an electric
field, the theory predicts a steep rise of the intrinsic
dielectric loss with increasing field (the so called field-
induced quasi-Debye mechanism, see Section 3). An
essential prediction is that the field corresponding to
small values of the relative tunability may lead to a
many-time increase of the loss tangent. This behav-
ior was experimentally documented by Vendik et al.
[115]. Figure 29(a) shows a strong decrease of the qual-
ity factor of an STO containing resonator with super-
conductor electrodes, which is due to the quasi-Debye
mechanism.

The properties of KTaO3 (KTO) crystals are very
close to those of STO. This material is also a cubic
incipient ferroelectric whose extrapolated instability
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temperature T0 and Curie-Weiss constant C are some-
what lower than those of STO (see Table 2), whereas the
coefficient of the dielectric non-linearity12 is slightly
larger [129]. Another difference between these two
crystals is that KTO remains cubic down to 0 K. Though
the set of material parameters of KTO and STO are
rather close, the tunablility of KTO is substantially in-
ferior to that of STO. As it follows from the Table 2
and Eq. (3.11), for the same values of tunability n at
T = 77 K, the tuning field in KTO should be three time
larger than for STO. On the other hand the loss level
exhibited in these materials is comparable. According
to Gevorgian et al. [7], at T = 77 K @ ω = 1 GHz,
the crystal of KTO yields tan δ = 0.5 · 10−3. Under the
action of a dc filed, KTO, similar to STO, exhibits an
increasing field dependence of the loss consistent with
the quasi-Debye contribution. The data [7] on the dc
field dependence of the quality factor of a disc resonator
containing KTaO3, which illustrate this phenomenon,
are shown in Fig. 29(b).

An important issue to discuss is the level of the
extrinsic contribution to the loss at microwave fre-
quencies in KTO and STO crystals. Though any sys-
tematic study of the problem is absent, some con-
clusions on STO crystals at cryogenic temperatures
can be done using the available data. The analysis
[54] of the data collected by Buzin [58] strongly sug-
gests that, in STO at T = 77 K, the intrinsic loss cor-
responds to tan δ ∝ ω with tan δ/ω = 0.7 · 10−4

GHz−1 in the frequency range 1–30 GHz. This is to
be compared to the data reported for STO crystals

Fig. 30. (a)—Curie temperature of Bax Sr1−x TiO3 ceramic and single crystal materials as a function of Ba concentration x [82]. (b)—Temperature
dependences of dielectric constant of Bax Sr1−x TiO3 ceramic materials for different Ba concentration x [14].

by other authors: at T = 77 K @ ω = 1–2 GHz, it
was reported that tan δ/ω = 3.3 · 10−4 GHz−1 [7],
tan δ/ω = 1.2 · 10−4 GHz−1 [130], and tan δ/ω =
4.2 · 10−4 GHz−1 [115]. The spread of the reported
values, clearly exceeding the accuracy of the measure-
ments, can be attributed to extrinsic loss contributions.
Thus, tan δ/ω ∼= 10−4 seems to be a reasonable es-
timate for these contributions at T = 77 K @ ω =
1–2 GHz.

The presented parameters of KTO and STO crys-
tals correspond to an excellent tunable performance of
these materials at cryogenic temperatures (T = 77 K).
Taking the tunability n = 1.5 and tan δ = 5 · 10−3

we arrive at the Commutation Quality Factor K ≈
(n − 1)2/(n · tan2 δ) ∼= 7000, which suffices for many
application (see Section 2).

(Ba,Sr)TiO3 Crystals and Ceramics. The solid so-
lution Bax Sr1−x TiO3 (BST) is a very suitable material
for tunable applications. Depending on the barium con-
centration this material exhibits the permittivity max-
ima within the temperature range 0–390 K, behavior
of single crystals and ceramics being very close. The
composition and temperature dependence of the per-
mittivity of BST single crystals and bulk ceramics is
illustrated in Fig. 30. As is clear from Fig. 30(b), for a
given temperature, a high enough value of the dielec-
tric permittivity can be obtained by choosing a proper
barium concentration. The coefficient of the dielectric
non-linearity of BST βBST is expected to be smaller
than that of STO because of a smaller value of β in
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BaTiO3 (BTO)[131], i.e. βSTO 	 βBTO. Approximat-
ing the coefficient of the dielectric non-linearity of BST
as βBST = (1 − x)βSTO + xβBTO ≈ (1 − x)βSTO, from
(3.11) and (5.1), one obtains an estimate for the bias
field required for reaching the given tunability n in
Bax Sr1−x TiO3:

En ≈ 0.8 · 106

√
1 − x

√
n − 1(2 + n)

ε3/2

[
kV

cm

]
; x < 0.7. (5.2)

This relation implies that, for the same permittivity, the
tuning ability of Bax Sr1−x TiO3 decreases with increas-
ing barium content.

The parameter of BST single crystals important for
tunable applications are given in the table (below) of-
fered by Vendik and coworkers [2].

Parameters for BST crystal (after Vendik et al. [2])

Ferroelectric Average value of
instability tanδ at 10 GHz Operational

Barium temperature in operational temperature
concentration (T0, K) temperature range range (K)

0.00 42 0.001 4–100

0.27 125 0.005 150–200

0.34 155 0.007 175–250

0.47 203 0.01 240–300

0.65 260 0.02 300–350

0.87 338 0.05 –

1.0 387 0.1 –

This Table illustrates several essential issues. First,
the operational temperature range does not correspond
to a close vicinity to T0 where the permittivity and tun-
ability are maximal. The reason for this13 is the low
temperature stability of the permittivity at T close to
T0. The upper limit of the operational temperature range
is roughly determined by the condition ε ≈ 1000. Sec-
ond, the trend “the higher the barium concentration, the
higher the microwave loss” is clearly seen. This trend
is consistent with the prediction of the phonon trans-
port theory for the dielectric loss (see Section 3). It is
related to a very big difference between the damping
of soft-mode phonons in the end members of the BST
solid solution. This damping essentially controls the
level of the intrinsic dielectric loss at microwave fre-
quencies. In STO the soft mode is under-damped, e.g.
at T = 77 K, �/�TO

∼= 0.02 [132], whereas in BTO
it is overdamped, e.g. at T = 300 K, �/�TO

∼= 2.3
[133]. On the other hand, the intrinsic loss in cubic

centrosymmetric perovskites like STO follows the es-
timate (3.28) that yields tan δ ∝ � as long as the soft-
mode stays underdamped. Thus, for barium concentra-
tions corresponding to this situation, the intrinsic loss
in Bax Sr1−x TiO3 may be expected to grow steeply with
increasing “x”, which is the trend clearly seen in the
above table. However, for higher barium concentrations
where the soft mode is overdamped, the intrinsic loss
is not expected to grow with increasing �(this can be
checked by using a simple damped oscillator model for
the loss). Thus, the origin of the concentration depen-
dence of the loss at the BTO end of the composition
needs to be further clarified.

The above discussion may have important impli-
cations for the microwave applications of BST. The
intrinsic loss, which steeply increases with increasing
barium concentration “x”, is expected to be the ma-
jor part of the total loss at high barium concentrations.
This actually implies that the higher the “x”, the less
sensitive its microwave loss to the optimization of the
material. At this point one should mention one more
prediction of the phonon theory. Namely, as was dis-
cussed in Section 3, in Ba0.5Sr0.5TiO3 the field-induced
quasi-Debye contribution to the loss is substantially
smaller than in pure STO where it was experimentally
documented. This means that, in BST with intermedi-
ate concentrations of barium, which is of interest for
practical applications, one does not expect a substantial
dc field induced increase of the loss like those reported
for STO and KTO crystals.

Doping and Composite Effects in (Ba,Sr)TiO3

Ceramics. Modification of BST by adding non-
ferroelectric oxides in the range up to very high con-
centrations has been attempted by many workers (see
e.g. [68, 134–137]). However, the full set of parame-
ters needed to evaluate the tunable performance of the
material at microwave frequencies is rarely available
in the literature. A rather complete set of experimental
data of BST-MgO system was reported by Sengupta
and Sengupta [137], namely the permittivity, tunabil-
ity (for a dc field of 20 kV/cm), and loss tangent at
10 GHz were reported for 0.45/0.55, 0.5/0.5, 0.55/0.45,
and 0.6/0.4 compositions of BST with the MgO content
from 0.25 to 60 Wt.% (0.4–70 vol.%). These data are
presented in Figs. 31–33. Despite a substantial spread
of the data and the absence of the information on their
accuracy, these data can be discussed in terms of the
available knowledge in the field.
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Fig. 31. Dielectric constant of ferroelectric-dielectric composite material as a function of weight concentration of the dielectric inclusions in
the mixture for (a)—Ba0.45Sr0.55TiO3/oxide, (b)—Ba0.50Sr0.50TiO3/oxide, (c)—Ba0.55Sr0.45TiO3/oxide, (d)—Ba0.60Sr0.40TiO3/oxide material
compositions. The black triangles are the experimental data, and the solid curves correspond to Eq. (3.24a) εmix(q) = ε f (1 − 3

2 q) with
recalculated values of the concentration of dielectric inclusions q from the volume values into the percents by weight Wt(%). RT data.

As was discussed in Section 3.2.3, mixing a tunable
ferroelectric with a linear dielectric may modify the
electrical properties of the material due to many effects.
Two of these whose physics is rather clear are (i) “dop-
ing effect”,–effect of doping of the ferroelectric lattice
via the substitution of the ions of the host material and
(ii) “composite effect”–effects of redistribution of the
electric field in the material due to the precipitation of
the non-ferroelectric phase at the grain boundaries or
in the bulk of the material. In addition, two more ef-
fects may be active especially in the case of the dielec-
tric loss: (iii) effects of inter-components boundaries,
and (iv) effects of mixing-induced modification of mi-
crostructure of the ferroelectric component. In a real
material and possessing a limited set of experimental

data, the distinction among the contributions of these
effects is a difficult task. In the following discussion,
we will mainly address the first two effects.

The doping effect is limited by the solubility of the
additive. The main impact of this effect is the shift
of the Curie-Weiss temperature T0 of the material. In
the case of the BST-MgO system, the doping effect is
limited at least to the MgO concentration below 2%.
This is illustrated in Fig. 34 where it is seen that, in
Ba0.8Sr0.2TiO3 with increasing MgO content, a shift of
T0 takes place for dopant concentrations below 2 mol%
(0.4 wt%) [138]. Typically, the non-ferroelectric addi-
tives shift T0 down as shown in this figure. If the non-
doped material is in its ferroelectric phase, the progres-
sive doping may lead to a non-monotonic variation of
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Fig. 32. Tunability of ferroelectric-dielectric composite material as a function of weight concentration of the dielectric inclusions in the mixture for
(a)—Ba0.45Sr0.55TiO3/oxide, (b)—Ba0.50Sr0.50TiO3/oxide, (c)—Ba0.55Sr0.45TiO3/oxide, (d)—Ba0.60Sr0.40TiO3/oxide material compositions.
RT data.

the permittivity. Such a behavior is seen in the insert
in Fig. 31(d). The abrupt variation of the tunability at
small MgO concentrations, which is seen in Fig. 32, can
also be attributed to the doping effect. The behavior of
the permittivity and tunability at higher MgO content
is consistent with manifestations of the composite ef-
fect. As seen from the result of modeling for various
ferroelectric/dielectric composites, the impact of the
dielectric component on the permittivity and tunability
of the material should be very sensitive to the geom-
etry of its distribution in the host material. Namely,
layers of the dielectric perpendicular to the direction
of the electric fields impact both the permittivity and
tunability much stronger than sphere-type inclusions or
columns parallel to the field (see Fig. 9(a)). Comparison
of the results of modeling with the experimental data

on BST-MgO system (see Figs. 31 and 32) suggests
that the experimental situation is close to the model
of the spherical inclusion. The supporting arguments
are as follows. First, the concentration dependence of
the permittivity in the range of 1–30 wt% is close to
that given by Eq. (3.46). Second, for not too small
concentrations, the tunability is weakly concentration
dependent in accordance with the prediction of the
model.

The data on the concentration dependence of the loss
shown in Fig. 33 cannot be fully interpreted in terms of
the doping-induced shift of T0 and composition effect.
The fast drop of the loss tangent at small MgO con-
centrations may be at least partially attributed to the
doping-induced shift of T0 as well as to a reduction of
the loss related to the transition from the ferroelectric
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Fig. 33. Loss tangent of ferroelectric-dielectric composite material as a function of weight concentration of the dielectric inclusions in the mix-
ture for (a)—Ba0.45Sr0.55TiO3/oxide, (b)—Ba0.50Sr0.50TiO3/oxide, (c)—Ba0.55Sr0.45TiO3/oxide, (d)—Ba0.60Sr0.40TiO3/oxide material compo-
sitions. RT data.

to paraelectric phase in the case of 0.6/0.4 BST com-
position.14 However, the further reduction of the loss
with increasing MgO concentration (for higher con-
centrations) does not look to be consistent with the flat
concentration dependence of the tunability, as is clear
from the comparison of Figs. 32 and 33 with the re-
sults of modeling the composite effect (Figs. 9(a) and
14(a)). The origin of this disagreement is not clear for
the moment. First, the cited theory for the spherical
inclusion model is strictly applicable only to the case
of small oxide concentrations whereas the experimen-
tal data correspond to rather high oxide concentrations.
Thus, more advance theory might be in better agree-
ment with the experiment. Alternatively the loss reduc-
tion with increasing doping can be attributed to some
non-composite mechanisms. These mechanisms may

be related to a variation of the population of the point
defects of the material with increasing MgO content
and to the impact of the additive on the microstructure
of the ceramics (e.g. grain size). The loss tangent can be
sensitive to these factors. These mechanisms can also
contribute to the drop of the loss tangent at the small
concentrations.

The overall tunable behavior on the BST/MgO sys-
tems under consideration (data from Ref. [137]), as
given by the Vendik’s Commutation Quality Factor K
is illustrated in Fig. 35. The presented K−ε depen-
dences of four different compositions of BST typically
reveal two features. First, the initial drop of ε is accom-
panied by a substantial drop of the K factor, which can
be associated with the shift of T0. Second, the K fac-
tor increases on the further reduction of ε. This effect
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Fig. 34. Temperature dependences of the dielectric constant of
Ba0.8Sr0.2TiO3 ceramics with different levels of MgO content (indi-
cated in mol%) [138].

Fig. 35. Quality factor of ferroelectric-dielectric composite material as a function of dielectric constant of composite for (a)–
Ba0.45Sr0.55TiO3/oxide, (b)–Ba0.50Sr0.50TiO3/oxide, (c)–Ba0.55Sr0.45TiO3/oxide, (d)–Ba0.60Sr0.40TiO3/oxide material compositions. RT data.

is too strong to be explained by the purely composite
effect at least for simple models (c.f. Fig. 16). This
suggests that the change in K with increasing content
of the dielectric in BST relates to other effects than the
composite effect. As in the case of the concentration
dependence of the loss, it may be related to a variation
of the population of the point defects of the material
with increasing MgO concentration and to the impact
of the additive on the microstructure of the ceramics.

The data presented in Fig. 35 correspond to K fac-
tors ≤ 300. These values are not very far from 900
that is required from a material to be of real inter-
est for applications in phase-shifters (Section 2). Since
K ∝ 1/ tan2 δ, for the bulk BST ceramic materials dis-
cussed above, a two-time reduction of the loss level is
actually sufficient to reach the required level of the K
factor.
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Fig. 36. dc electric field dependence of dielectric constant of
Cd2Nb2O7 ceramics measured at 5 kHz at temperatures around
180 K, the paraelectric-ferroelectric transition temperature [139].

Other Candidates for Tunable Applications. Sev-
eral materials with high dielectric permittivity (>1000)
were investigated as possible candidates for the tunable
applications.

The compounds Cd2Nb2O7 [139] and (Cdx -
Pb1−x )2Nb2O7 [140] with the pyrochlore structure have
been recently explored. The material exhibits a very
high tunability below a diffuse dielectric anomaly at
about 180 K (see Fig. 36). However, the lack of infor-
mation on the dielectric loss at microwave frequencies
impedes the assessment of this material as a candi-
date for tunable applications. Actually, the required low

Fig. 37. (a)—Phase diagram of KNbO3 – KTaO3 solid solution [142]. (b)—Dielectric constant vs. temperature for solid solution single crystals
of KTaO3 and KNbO3. The indicated percentage are in moles of KTaO3. Measuring ac field is ∼5 V/cm and 10 kHz [142].

level of the microwave loss may not be achieved due
to the relaxor nature of the main dielectric anomaly in
this material.

Rather high tunability was reported for double sub-
stituted BTO: (Ba(1−x)Ln(x)Ti(1−y)M(y)O3 with donor
doping at A site (Ln = La3+, Sm3+, Gd3+, Dy3+ )
and acceptor doping at B-site (M = Al3+, Fe3+, Cr3+)
[141]. It was found that, with increasing the LnMO3

content T0 shifts downwards. With 4% substitution of
LnMO3 almost all the compositions show T0 near room
temperature, all have values of tunability comparable
to those of Ba0.6Sr0.4TiO3. The lack of information
on the loss at microwave frequencies impedes the as-
sessments of the Commutation Quality factor of these
materials.

As a possible candidate for microwave tunable ap-
plications the solid solution K(Ta, Nb)O3 (KTN) is
worth mentioning. Being a solid solution of an in-
cipient ferroelectric KTO (very similar to STO) and
a ferroelectric KNbO3 (with a sequence of phase tran-
sitions identical to that in BTO) this material repre-
sents a “direct” analog of BST. It exhibits solubility
in the full range of concentrations having T0’s in the
range for 0 to 700 K [142] (see Fig. 37). KTN single
crystals undergo sharp first order phase transitions with
dielectric permittivity as high as a few thousands in a
wide temperature range (see Fig. 37). KTN ceramics
exhibits a smeared dielectric anomaly with a substan-
tial relaxor-type frequency dispersion [143–145]. The
dielectric constant of the ceramics is smaller than in
single crystals but still high (see Fig. 38), the tunability
being even larger than in BST ceramics (for the same
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Fig. 38. Temperature dependences of the relative dielectric permit-
tivity and loss tangent of KTa0.6Nb0.4O3 ceramic at different frequen-
cies [145]. The vertical arrows in the figure indicate the direction of
the frequency changing (from small to high frequency).

value of the permittivity and applied field). For exam-
ple, K(Ta0.6Nb0.4)O3 ceramics at RT and εRT = 1700
shows n = 1.2 at a dc bias field of 11 kV/cm [145]. On
the other hand, in Ba0.65Sr0.45TiO3 ceramics according
to Eq. (5.2), the same values of the tunability and per-
mittivity correspond to a dc bias field of 28 kV/cm. The
matter of concern with KTN ceramics is the relaxor-
like nature of the material, which is seemingly related
to difficulty of processing high-volatility potassium-
containing material. This feature of KTN ceramics may
result in a dispersion of the tunability and high dielec-
tric loss at microwave frequencies.

5.2. Ferroelectric Thin Films

The problem of the high bias voltage required for effi-
cient tuning of the bulk ferroelectric based microwave
components and the interest in a further miniatur-
ization of the ferroelectric based microwave devices
inspired wide investigations of the ferroelectric thin
film materials since the beginning of the 1980s. The
potential to produce in one technological cycle mi-
crowave integrated circuits based on ferroelectric thin
films, thus reducing manufacturing costs, and the pos-
sibility to combine the microwave circuits with well
developed semiconductor integrated circuits have ad-
ditionally motivated an activity in the field of ferroelec-
tric thin films.15

The discovery of high-temperature superconductiv-
ity (HTSC) in complex metal oxides in 1987 has stimu-

lated a special interest in strontium titanate and potas-
sium tantalate thin film ferroelectrics. The structural
and chemical compatibility of the superconductive ox-
ides (in particular, YBa2Cu3O7) with STO and KTO
ferroelectrics assures a high-quality interface between
HTSC electrodes and ferroelectric thin films. This im-
proves the quality of the films from the point of view of
the dielectric loss and offers a substantial scope of the
implementation of cryogenic microwave circuits using
the unique properties of nonlinear dielectrics and su-
perconducting materials.

On the other hand, the complexity of achieving low
temperatures and the cost of the cryogenic plants ne-
cessitated the development of ferroelectric thin film
materials with operating temperatures close to room
temperature. This made BST films attractive. These
films were found to exhibit an excellent tunable behav-
ior even at room temperature (in the case of 40–60%
concentration of barium), however, the properties of
the bulk BST and BST thin films were found to be
rather different. The present section addresses the di-
electric properties of ferroelectric thin films with the
main focus on STO and BST thin films.

The quality of the ferroelectric thin films also
strongly depends on the substrates used for film de-
position. The typical substrates for STO and BST thin
films are single crystal sapphire, lanthanum aluminate,
and magnesium oxide. These substrates have similar
values of the lattice parameters with those of the afore-
mentioned ferroelectrics, which provide the epitaxial
growth of the films on the substrates, and high values
of the thermal conductivity coefficient, which increase
the power handling capability of the high power mi-
crowave devices based on these films [146].

Dielectric Permittivity of Ferroelectric Thin Films.
The dielectric properties of ferroelectric thin films de-
posited onto single crystal substrate usually differ from
those of bulk ferroelectric materials in relative dielec-
tric permittivity and in tunability.

An example of direct comparison of the properties
of the BST thin films deposited by RF magnetron sput-
tering technique and bulk ceramic samples was offered
by Outzourhit et al. [147]. The films were deposited
onto LaAlO3 (100) substrates at 550◦C and showed
(100)-preferred growth orientation. It was found that
the values of the dielectric constants and electrical tun-
ability were more than an order of magnitude lower
than those of bulk samples with the same composition
(see Fig. 39).
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Fig. 39. Electric field dependences of the in-plane dielectric constant of (a) Ba0.1Sr0.9TiO3 film 0.7 µm thick deposited by RF magnetron
sputtering onto LaAlO3 substrate; and of (b) bulk polycrystalline Ba0.1Sr0.9TiO3 sample [147]. Measurement temperatures and maximum
relative tunability achieved are indicated in the graphs.

Fig. 40. (a) Out-of-plane dielectric constant as a function of temperature for SrTiO3 films of difference thickness [148] grown on SrRuO3/LaAlO3

by laser pulse deposition technique and bulk dielectric constant of [100] SrTiO3 single crystal sample [127]; (b) Out-of-plane dielectric constant
as a function of temperature for Ba0.7Sr0.3TiO3 films of different thickness deposited by metalorganic chemical vapour deposition technique
onto Pt/SiO2/Si[149] (in bulk Ba0.7Sr0.3TiO3 material Tc = 305 K [14]).

One should also note that the temperature corre-
sponding to the maximum of dielectric constant of the
film was 70 K which was about 15 K smaller than that
of bulk ceramics samples with the same concentration
of barium (see Fig. 30(b)).

The thickness dependences of properties of ferro-
electric thin films were investigated by several groups.
Li et al. [148] and the group of Kingon [93, 149] investi-
gated the influence of the film thickness on its dielectric
properties. It was found that the dielectric permittivity
of the films can substantially change with the thickness
of the film (see Fig. 40).

The detailed analysis of the dielectric response of
BST thin films of different thicknesses and different
compositions has been performed by Streiffer et al.
[93], Basceri et al. [150], Vendik et al. [82], and oth-
ers. As has already been discussed (see Section 3.4)
and in those works, one of the possible causes for the
suppression of the effective dielectric constant of the
ferroelectric film is the so-called passive layer effect
(see Section 3.4.1). This effect corresponds to a use-
ful formula for the inverse capacitance density, A/C
of a ferroelectric film based parallel plate capacitor
containing (real or effective) passive layers near to the
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electrodes:

A

C
= h

ε0ε f
+ 2δ

ε0εpass
,

where C and A are the total capacitance and area of
the capacitor, h and ε f are the thickness and dielectric
constant of the ferroelectric thin film, δ and εpass are the
thickness and dielectric constant of the passive layers;
the formula is obtained from Eq. (3.64).

It is seen that by measuring the capacitance of the
parallel plate capacitor based on ferroelectric thin film
and plotting the inverse capacitance density A/C as a
function of film thickness h, one can obtain the thick-
ness to dielectric constant ration δ/εpass of the pas-
sive layer, by interpolating the A/C vs. h curve to
zero film thickness. Figure 41 shows the measured
inverse capacitance densities of BST film based par-
allel plate capacitors as a function of film thickness
for different Ti contents (Fig. 41(a)) and different tem-
peratures (Fig. 41(b)). From these figures one read-
ily finds that in both cases the ratio δ/εpass is about
0.5 Å. This value is compatible with the result of the
analysis of the dielectric properties of BST films of-
fered by Vendik (see Ref. [82]). However, based on
these data, one cannot decide which of the mecha-
nisms for this kind of size effect (surface blocking
model, “electrode” mechanism, or depletion effect, see
Section 3.6.1) operates in this material since all these
mechanisms deal with the values of δ/εpass of this
order.

Fig. 41. (a) Film thickness dependences of the inverse zero-bias capacitance density of (Ba0.7Sr0.3)Ti1+yO3+z film based plate capacitors at
different Ti content y [93]; (b) The inverse of the zero-bias capacitance density of Ba0.7Sr0.3TiO3 film based parallel plate capacitors as a function
of film thickness at different temperatures [150].

The dielectric properties of the ferroelectric thin
films become somehow closer to those of bulk ma-
terials when the thickness of the films is higher than 2
micrometers (see Fig. 40). Bearing in mind microwave
tunable applications of the films, an important remark
should be made. These applications usually imply the
planar structure of varactors (see Figs. 19(e), (d) and
20(a)), where the in-plane component of the permit-
tivity matters. As was pointed out in Section 3, this
component of the permittivity is much less sensitive
to the passive layer effects than the out-of-plane one.
Thus, the size effect on the out-of-plane component of
the permittivity discussed above may not be relevant
to the real situation in the microwave devices. To eval-
uate the strength of the size effect on the in-plane com-
ponent of the permittivity, experimental information
on the thickness dependence of this component is re-
quired. The relevant experimental information avail-
able in the literature is very scarce. Data on the thick-
ness dependence of the in-plane tunability in BST films
(h = 22–1150 nm) were recently reported by Bellotti
et al. [151]. The authors found a significant reduction
of the tunability with decreasing film thickness, which
was also accompanied by an increase of the absolute
value of the in-plane strain disregarding to its sign.
The physical origin of this size effect remains unclear,
since none of the presently available theories can pre-
dict such kind of behavior. Clearly, the passive layer
scenario might be summoned however this scenario
would require the existence of an unrealistically thick
passive layer.
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Fig. 42. Capacitance of the planar inter-digital capacitor (capacitive
gap 12 µm) based on SrTiO3 thin film deposited by MBE on (110)
DyScO3 substrate as a function of temperature under different dc
bias applied [152].

Though the situation discussed above where dielec-
tric permittivity of the films is reduced compared to its
bulk counterpart is rather typical, it is not the only one
possible. An example of an alternative behavior was
recently reported by Schlom et al. who investigated
the dielectric properties of STO thin films deposited
by the molecular beam epitaxy technique onto (110)
DyScO3 substrates [152]. They observed a substantial
shift of the phase transition temperature in the film (up
to 300 K, see Fig. 42) and consequently a high tunabil-
ity of planar capacitors based on this film even at room
temperature (C(0)/C(Umax) ≈ 2 at T = 300 K). These
films were reported to be strongly strained exhibiting
at RT an in-plane lattice constant of a = b = 3.92 Å
(the RT bulk value of STO lattice constant is 3.905 Å),
which corresponds to an in-plane misfit tensile strain
of about 0.4%. This value is comparable with the in-
plane misfit tensile strain of 0.7% needed to shift the
transition temperature in STO films up to room temper-

Table 8. 10 GHz dielectric properties of as-deposited and low temperature (≤1000◦C) annealed Ba0.5Sr0.5TiO3 films on MgO and LaAlO3

substrates. (The capacitors have an interdigitated structure with eight fingers with 6 µm gap, 80 µm length, and 10 µm width) [153].

Ba0.5Sr0.5TiO3 on MgO Ba0.5Sr0.5TiO3 on LaAlO3

As-deposited Annealed As-deposited Annealed

C0, pF 0.775 0.387 0.440 1.281

n (E = 67 kV/cm) 1.85 1.53 1.24 2.16

tanδ (E = 0) 0.14 0.07 0.05 0.17

tanδ (E = 67 kV/cm) 0.06 0.03 0.02 0.05

ature (see Section 3.4.3.). Thus, the effect of mechani-
cal clamping of the film by the substrate seems to play
an essential role in the change of the transition temper-
ature and dielectric permittivity of the film compared
to the bulk material.

At present, the effect of the misfit strain is often
considered as the main reason for the difference be-
tween the dielectric properties of the ferroelectric films
grown on different substrates and/or objected to differ-
ent annealing procedures. For example, Chang et al.
investigated the effect of annealing on dielectric prop-
erties of Ba0.5Sr0.5TiO3 thin films deposited by the
pulsed laser deposition technique onto (100) MgO and
(100) LaAlO3 substrates [153], the results are listed in
Table 8.

One can see that the effect of annealing is different
in the case of different substrates. For the same ca-
pacitor geometry, the as-deposited BST film on MgO
shows a higher capacitance than as-deposited BST film
on LaAlO3, which means a higher dielectric constant.
After annealing, the capacitance C and tunability of
BST film on MgO decrease whereas the opposite ef-
fect is observed for films deposited onto LaAlO3. The
authors attributed the large difference in the dielectric
behavior for the BST thin films deposited onto MgO
and LaAlO3 substrates to the difference in the stress
in the films, which in turn is due to a difference in lat-
tice constants and thermal expansion coefficients of the
substrates.

Similar behavior of the ferroelectric film dielectric
properties after post-deposition annealing has been also
observed by Carlson et al. in Ba0.4Sr0.6TiO3 thin films
deposited by laser ablation on MgO and LaAlO3 sub-
strates (see Table 9) [154].

Though the explanation of the impact of annealing
and the substrate material on the lines of the afore-
mentioned “mechanical” scenario is possible, with-
out information on the in-plane lattice constants of
the films this scenario cannot be justified. A recent
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Table 9. Low-frequency (1 MHz) dielectric constants (ε) at 300 K
and at the peak temperature (Tmax) for various Ba0.4Sr0.6TiO3 thin
films [154].

Film ε (300 K) ε (Tmax) Tmax, K

As-dep. BST/MgO 2620 4130 242

Annealed BST/MgO 2290 6020 227

As-dep. BST/LAO 2960 3320 267

Annealed BST/LAO 4660 5170 277

comprehensive study [155] of similar systems actually
questions the importance of the mechanical effects in
this situation. In this study, the influence of annealing
procedure on the dielectric properties of SrTiO3 thin
films deposited by laser ablation onto (100) MgO and
(100) LaAlO3 substrates was addressed. An example
of the temperature dependences of the dielectric per-
mittivity in these films is presented in Fig. 43.

One can see that STO thin films deposited under the
same conditions onto different substrates show com-
pletely different behavior. In the case of LaAlO3 sub-
strate we can see an evident maximum in the temper-
ature dependence of the permittivity, which suggests
the appearance of ferroelectricity in STO thin films,
whereas in the case of MgO substrate the STO thin
films exhibit a monotonic temperature dependence of
the permittivity.

As in the work of Chang et al. [153], an impact of
the annealing procedure on film properties has been
observed for SrTiO3 thin films [155], which was qual-
itatively the same as that reported by Chang et al. for

Fig. 43. Relative in-plane dielectric constant of the SrTiO3 thin film deposited on MgO (a) and LaAlO3 (b) substrates as a function of temperature
measured at 1 MHz [155].

BST films. A post-deposition annealing at 1100◦C in
the oxygen atmosphere during 4 hours results in a shift
of the temperature peak up in the case of LaAlO3 sub-
strate (Fig. 43(b)), which means increase of the film di-
electric constant at certain temperature, and a decrease
of the film dielectric constant in the case of MgO sub-
strate (Fig. 43(a)).

To clarify the origin of the annealing-induced vari-
ation of the permittivity, in addition to dielectric mea-
surements, the crystal cell lattice parameters of these
STO thin films was measured by grazing-angle X-ray
diffraction techniques [156] (see Table 10).

One can see that the annealing procedure results in
an increase of the in-plane lattice constant in the case
of MgO substrate16 and in a decrease in the case of
LaAlO3. As it follows from the thermodynamic theory
for the influence of misfit strain in the film on its dielec-
tric properties and phase transition temperature [98,
157](see Section 3.3.3), the increase of the in-plane lat-
tice constant should lead to an increase of the in-plane
Curie-Weiss temperature and correspondingly, the de-
crease of the in-plane lattice constant should lead to its
decrease.17 It is clearly seen that the behavior of the
dielectric permittivity in these systems, as illustrated
in Fig. 43, is just opposite to this trend. This suggests
that in this case the misfit strain does not play the prin-
cipal role in the shift of the Curie-Weiss temperature
of the films. A possible explanation for the impact of
annealing and the substrate material on the dielectric
properties of these films is non-stoichiometry-driven
shifts of the Curie-Weiss temperature, which are sen-
sitive to the annealing and the substrate material.
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Table 10. The crystal cell lattice parameters for SrTiO3 thin films on different substrates [155].

SrTiO3 on LaAlO3 SrTiO3 on MgO
Crystal cell
lattice parameters (Å) Before annealing After annealing Before annealing After annealing

a 3.903 3.903 3.894 3.899

b 3.912 3.909 3.896 3.902

c 3.905 3.905 3.909 3.909

The maxima in the temperature dependence of the
permittivity mentioned in the discussion of the dielec-
tric properties of STO films [152, 155] are strongly
believed to be a manifestation of a ferroelectric phase
transition. For instance, to prove the presence of ferro-
electricity in the SrTiO3 thin film on LaAlO3 substrate
[155], the hysteresis loops at room and at liquid nitro-
gen temperatures (the temperatures which are higher
and lower than the supposed phase transition tempera-
ture) were experimentally tested (see Fig. 44). In Fig. 44
one can readily see the presence of the remanent polar-
ization at liquid nitrogen temperature whereas at room
temperature the polarization response is linear. Also,
the observed value of the remanent polarization in the
film is in a good agreement with the theoretical esti-
mates which can be obtained from the Landau theory of
STO films [155]. (PR ≈ 5.6 µC/cm2 for (T − Tc) ≈
20 K). It is worth mentioning that the appearance of
the ferroelectricity in STO films is not rare. For exam-
ple, the presence of the ferroelectric phase in SrTiO3

thin films grown by RF magnetron sputtering technique
on (001)-oriented YBa2Cu3O7−x bottom electrode de-

Fig. 44. Hysteresis loops for SrTiO3 thin film based planar capacitors at room (a) and liquid nitrogen (b) temperatures [155].

posited on to an STO substrate has been observed by
Fuchs et al. [158]. They reported a maximum in the
temperature dependence of dielectric constant around
100 K and non-zero remanent polarization in hysteresis
loops at temperatures below 120 K.

Summarizing the discussion of the present section
one may identify three phenomena influencing the di-
electric response of tunable thin films: (i) effects man-
ifesting themselves in a reduction of the permittivity
similar to that caused by a thin dielectric layer at the film
surface (surface blocking model, “electrode” mech-
anism, and depletion effect), (ii) misfit-strain-driven
variation of the Curie-Weiss temperature, and (iii) non-
stoichiometry-driven shifts of the Curie-Weiss temper-
ature. This list should be completed with a defect–
induced suppression of the dielectric permittivity in
ferroelectrics (Section 3.1.2). Being also active in bulk
materials, according to the number of authors [4, 159,
160] this effect seems to be of importance for thin fer-
roelectric films, especially when the suppression of
permittivity is large ( like in Fig. 40(a) at very low
temperatures).
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Fig. 45. Estimated loss tangent of the SrTiO3 single crystal and thin
film as a function of temperature at frequency f = 10 GHz and bias
field E = 0 [2].

Dielectric Loss in Ferroelectric Thin Films. High
values of the dielectric loss in thin films in comparison
with single-crystals and bulk ceramics make a problem
which sets limits to the practical application of ferro-
electric thin films in microwave devices. According to
Vendik et al. [2] and other experimental works [115,
161–163] the dielectric loss in the ferroelectric thin
films are roughly one order of magnitude higher than
those in the bulk samples (see Fig. 45).

Lemaitre et al. have investigated at microwave fre-
quencies (2 GHz) the dc field dependences of the di-
electric constant and loss tangent of the SrTiO3 thin film

Fig. 46. (a) Loss tangent of the SrTiO3 thin film at microwave frequencies (2 GHz) as a function of the in-plane dielectric constant of the film
(the dielectric constant was changing by applying dc bias field to the samples) [163]. (b) Loss tangent of the SrTiO3 thin film at radio frequencies
(10 kHz) as a function of the film dielectric constant (the each points correspond to the different samples with different dielectric constant) [30].

deposited by RF magnetron sputtering onto LaAlO3

substrates [163]. Plotting the loss tangent as a function
of the film dielectric constant taken at the same value
of the electric field, one can find that the loss tangent
increases almost linearly with the dielectric constant
(Fig. 46(a)). A similar behavior has been observed at
radio frequencies (10 kHz) by Moeckly [30] in SrTiO3

thin films deposited by laser ablation technique (see
Fig. 46(b)). The data from Ref. [153] given in Table 8
also confirm the trend: the higher the permittivity, the
higher the loss tangent.

The level of the microwave loss in thin films and
its dependence on the permittivity is compatible with
the existing knowledge on the main mechanisms of di-
electric loss in ferroelectrics reviewed in the previous
parts (Chapters 3.2 and 3.4). The excessive loss in the
films compared to single crystals clearly attests to their
mainly extrinsic origin. The observed increasing per-
mittivity dependence of the loss tangent corresponds to
the theoretical predictions for all loss mechanisms ex-
cept the universal-relaxation–law, which does not look
decisive at microwave frequencies. The increasing per-
mittivity dependence of the loss tangent taken into ac-
count along with the decreasing dc field dependence
of the permittivity readily suggest a decreasing dc field
dependence of the loss tangent. This trend is typically
observed experimentally (see e.g. [163]). However, in
high quality films, it is not always observed. This sit-
uation was reported by Astafiev et al. for the loss tan-
gent at microwave frequencies (8 GHz) in STO thin
films deposited by laser pulse deposition technique
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Fig. 47. Field dependences of the loss tangent of SrTiO3 thin films deposited by laser ablation on to MgO (a) and LaAlO3 (b) substrates [164].

onto MgO and LaAlO3 substrates [164]. It has been
found that when the initial value of the loss tangent (at
zero bias field) is high (more than 0.01) the dielectric
loss decreases with the applied field (Fig. 47(b)), at
the same time, when the loss tangent is small in the
absence of a bias field, one can observe field indepen-
dence or an increasing field dependence of dielectric
loss (Fig. 47(a)). This behavior can be attributed to a
manifestation of the dc-field-induced quasi-Debye loss
(see Section 3.2.1) documented for single crystals of
STO and KTO (see Section 5.1): in better quality (lower
loss) films the contribution of this mechanism, which
rapidly increases with the increasing dc field, can be
seen on the background of the extrinsic loss whereas

Fig. 48. Frequency dependences of the loss tangents of (a) Ba0.7Sr0.3TiO3 thin films [75]; and (b) Ba0.3Sr0.7TiO3 thin films deposited onto
alumina and single crystal sapphire substrates [165].

it is impossible to detect it in the films with a higher
(extrinsic) loss level.

Results on frequency dependence of the dielectric
loss in thin films were offered by Baniecki et al. [75].
They found that the loss tangent of Ba0.7Sr0.3TiO3 thin
film does not depend on the frequency in the range of
radio frequencies (1 Hz–100 MHz). For microwave fre-
quencies (1–20 GHz) their data suggest an increasing
frequency dependence of the loss tangent18 (Fig. 48(a)).
A similar behavior of the loss tangent at microwave
frequencies was observed by Razumov et al. [165] in
Ba0.3Sr0.7TiO3 thin film deposited by RF sputtering
onto ceramic alumina and single crystal sapphire sub-
strates (Fig. 48(b)).
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The frequency dependence of the loss in thin films
discussed above can be rationalized in terms of the
existing knowledge on the loss mechanisms in fer-
roelectrics (see Section 3.2). As it has already been
shown in Section 3.2, for all of the loss mechanisms
(intrinsic and extrinsic) the dielectric loss tangent is
almost a linear function of the frequency, except the
so-called universal-relaxation-law loss mechanism.
The data shown in Fig. 48(a) may be interpreted as
a crossover (around f = 1 GHz) between the almost
flat area, which probably corresponds to universal-
relaxation-law loss mechanism, and an increasing fre-
quency dependences of the loss tangent, which in turn
corresponds to others loss mechanisms. In Fig. 48(b)
one can see a linear frequency dependence of the loss
tangent of BST thin film in the range of 1–30 GHz. It
suggests that the aforementioned universal-relaxation-
law loss mechanism does not contribute much to
the total balance of the dielectric loss at microwave
frequencies.

Dependence of the Ferroelectric Thin Film Proper-
ties on the Film Preparation Conditions and Ways to
Improve the Quality of the Grown Films. Obviously,
many properties of ferroelectric films strongly depend
on the conditions of the film deposition. The proper-
ties relevant to tunable applications are in particularly
sensitive in this respect. Razumov et al., for example,
showed that the dielectric properties of the BST thin
films could be substantially changed only by chang-
ing the deposition temperature (see Fig. 49) [165]. It
is seen in Fig. 49 that, in the case of Ba0.5Sr0.5TiO3

Fig. 49. Dependence of the electrical tunability (a) and loss tangent (b) of the BST thin films based planar capacitors on deposition temperature
[165].

thin film, a change of the deposition temperature by
20% leads to a more than 2 times increase of the
tunability, however, the loss tangent also increases
more than 2 times. This behavior may be attributed to
the influence of the deposition temperature on the film
stoichiometry and defect population in it, which in turn
affect the Curie-Weiss temperature of the material. In
the case of the data presented in the Fig. 49 an increase
of the deposition temperature should result in a shift
of the Curie-Weiss temperature up, which according
to the existing theories (see Section 3) will lead to an
increase of the permittivity, loss, and tunability.

Along with the dependence of the film properties
on deposition conditions there exist problems with
the homogeneity of grown ferroelectric films. The di-
electric response of the films can significantly dif-
fer over the area of the substrate. Steinhauer et al.
investigated by scanning microwave microscopy de-
scribed in Section 4.4 the distribution of the dielec-
tric permittivity and electrical tunability of 370 nm
thick Ba0.6Sr0.4TiO3 films across the LaAlO3 substrate,
where the films were deposited by pulsed laser depo-
sition technique (see Fig. 50) [123]. They found that
there exist regions in the film with a reduced dielec-
tric permittivity and tunability. This was attributed to
a higher density of defects or to smaller thickness of
the film in these regions. It was also shown [123] that
the post-deposition annealing procedure (e.g. 650◦C,
in the air) lead to an improvement of the homogeneity
of film properties and to a decrease of the “bad” regions
with low dielectric permittivity and tunability (see
Fig. 50).
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Fig. 50. Distribution of the dielectric permittivity before annealing (a) and tunability before annealing (c) and after annealing (e) of the
Ba0.6Sr0.4TiO3 thin film along the surface of substrate measured at frequency 7.2 GHz [123].

Another possible way to improve the quality of
ferroelectric thin films from the point of view of its
dielectric properties is doping of the film by differ-
ent dopants like magnesium or manganese. Joshi et al.
have reported the microstructural and dielectric proper-
ties of Mg-doped Ba0.6Sr0.4TiO3 thin films prepared by
the metalorganic solution deposition technique [166].
They observed an increase of the quality factor at
5 mol% content of Mg in the mixture, and a decrease
of that factor with further increasing the Mg content in
the mixture up to 20 mol% (see Table 11).

This behavior substantially differ from that of the
bulk ceramics of the same composition discussed in
Section 5.1 and it can not be interpreted in terms of
simple doping and composite effects.

A different behavior of a multicomponent ferro-
electric film was recently reported by Jain et al. [80]
(see Table 12) for a layered structure of sol-gel-derived
Ba0.5Sr0.5TiO3 thin films and MgO thin layers (four lay-
ers of BST each 70 nm thick and three layers of MgO,
40 nm each). A planar capacitor sturucture was used

Table 11. Effect of Mg doping on the dielectric properties of
Ba0.6Sr0.4TiO3 thin films. (Film thickness: ∼0.26 µm, room tem-
perature measurements at 100 KHz).

Mg (mol%) ε tanδ n (E = 20 V/µm) K

0 450 0.013 1.39 650

5 386 0.007 1.21 730

20 205 0.009 1.09 84

Table 12. Dielectric properties of pure and multilayer MgO:BST
thin films at 1 MHz and room temperature [80].

Film ε tanδ n Tmax, K K

Pure BST 2714 0.0215 2.08 267 1213

MgO:BST layered 1729 0.0049 1.34 258 3593

for the characterization so that, electrically, the system
was equivalent to the columnar (parallel) composite
model (see Sections 3.1.3 and 3.2.3). The composite
film yielded a three times higher value of the quality
factor K than an identically processed pure BST film.
At the same time, a shift of phase transition temper-
ature was not practically observed. This behavior by
no means can be attributed to a manifestation of the
composite effect which predicts for the parallel com-
posite a weakly decreasing ε-dependence of the K -
factor. Specifically, the observed reduction of the loss
is too large to be explained by the composite effect. Two
mechanisms can be invoked to rationalize the reported
behavior of the K factor and loss: a small mutual dop-
ing effect at the borders of layers and an improvement
of the film morphology (e.g, grain size). Indeed, Jain
et al. indicated a better densification of the composite
films.

New Technologies and Alternative Thin Film Fer-
roelectric Materials for Tunable Microwave Appli-
cations. The desire to combine the advantages of
the thin films with the high quality of single-crystals
has inspired the development of a completely new
technique of thin ferroelectric layer production: a
single-crystal separation by hydrogen implantation
or so-called “Smart-Cut” process [167]. The typical
“Smart-Cut” process procedure consists of a few main
steps:

– Ion implantation of hydrogen ions in a single-
crystal STO wafer;

– A bonding at room temperature of the STO wafer
to another wafer, for example to an insulating glass
substrate;

– Two-step heat treatment of the two bonded wafers:
During the first step (400–600◦C), the implanted
STO wafer splits into two parts: a thin layer of
monocrystalline strontium titanate remaining
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Fig. 51. Interdigitated finger capacitor fabrication approach using
separation by hydrogen ion implantation [168].

bonded to glass substrate and the rest of STO
wafer. The second high temperature treatment
phase (>1000◦C) aims to strengthen the chemical
bonds;

– Polishing: after splitting, the thin monocrystalline
layers exhibit a microroughness which makes
chemo-mechanical polishing of the surface
necessary.

Recently, Kub et al. characterized interdigitated pla-
nar capacitors based on a 500 nm thick monocrystalline
strontium titanate layers produced by this technique
[168]. Planar interdigitated finger capacitors were fab-
ricated on the as-hydrogen-split surface with no fur-
ther cleaning or processing steps (see Fig. 51). The
metal electrodes for the interdigitated finger capacitors
consisted of a 20 nm thick chromium adhesion layer,
1.5 µm thick silver layer, and a 50 nm gold cap layer
to ensure a good probe contact and to prevent tarnish-

Fig. 52. Field (a) and frequency (b) dependences of the capacitance and quality factor of the interdigitated planar capacitors based on 500 nm
thick monocrystalline SrTiO3 layer [168].

ing. A capacitor contained six finger pairs with 10 µm
finger width, 6 µm finger gaps, and 80 µm overlap
length.

The properties of the obtained thin ferroelectric
layer based planar capacitor are presented in Fig. 52.
The reported rather low tunability of the planar capac-
itor (ncr ≈ 0.3%) (Fig. 52(a)) is compatible with the
dielectric properties of STO bulk crystals at RT. On
the other hand, the dielectric loss is much higher than
that in STO bulk crystals and the expected increase
in dielectric loss with bias and frequency (like in the
bulk material) is not observed (Fig. 52(b)). The origin
of the elevated loss level in the “smart cut” STO films
remains unclear: it may be an effect of the hydrogen
splitting or a manifestation of the loss induced by the
electrode-ferroelectric interface.

A possible application of materials other than BST
and STO as a part of microwave tunable devices has
been also pursued in the last decade. Shareef et al.
have reported on the effect of dc field on the dielectric
properties of Pb(Zr,Ti)O3 and BTO thin film materials
grown on Al2O3 and LaAlO3 substrates [169]. Even
though the data reported on tunability is promising (up
to 50%), large hysteresis has been observed in the di-
electric constant versus electric field characteristics,
which is disadvantageous for the tunable applica-
tions. The loss tangent of the film at high frequencies
(>1 GHz) were not presented so that one can not assess
the suitability of these materials for microwave tunable
components.

The room temperature phase is monoclinic. One
of the interesting properties exhibited by these
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compounds is their relatively low dielectric loss
(tanδ < 0.002 at 1 MHz) in the ferroelectric phase
[170]. A recent report on ATN films grown on MgO
and LaAlO3 substrates reveals that tunability measured
at 1 kHz is around 6% and the loss tangent varies be-
tween 0.0025 and 0.0034 at 1 MHz [171]. However,
the suitability of these materials for microwave tun-
able components still cannot be assessed because of
the lack of data on microwave dielectric loss.

6. Conclusions

This paper reviewed and analyzed the properties of fer-
roelectric materials that are relevant to tunable devices
at microwave (MW) frequencies. We centered on ef-
fects that can be analyzed in terms of physical mech-
anisms related to ferroelectricity and in terms of inter-
action of the material with electric field. Although very
important, chemical effects such as the inter-diffusion
between different components of the material, or the
mechanisms which relate the processing conditions to
the microstructure were out of the scope of this pa-
per. Yet, experimental results on ‘imperfect’ materials
both from the literature and from authors’ laboratory
were analyzed in light of the theory and often showed
a reasonable agreement with it. However, one should
recognize that the descriptive ability of the existing the-
ory is limited. The theory for the tunability available in
the literature is adequate for the description of real ma-
terials, except for the tunability of composites where
only limited amount of results is reported. The theory
of the dielectric loss is properly developed for the case
of intrinsic phonon loss whereas the available models
for the extrinsic microwave loss do not seem to cover
the spectrum of the loss mechanisms operating in real
materials. More detailed conclusions that can be drawn
from the critical analysis offered in this paper can be
summarized as follows.

Which Materials are Suitable for Tunable MW Appli-
cations? The most interesting materials for tunable
ferroelectric applications are the paraelectric phases
of displacive ferroelectrics (or incipient ferroelectrics).
The high Curie-Weiss constant of displacive ferro-
electrics implies high values of dielectric permittivity
and tunability even far above the Curie temperature.
This also reduces the sensitivity of the permittivity to
temperature changes. The absence of ferroelectric do-
mains helps in keeping the loss level low.

The Relation Between Tunability and Permittivity.
In both the ferroelectric and the paraelectric phases,
the tunability strongly depends on the permittivity: At
low fields the tunability varies cubically with the per-
mittivity, and at higher fields this is reduced to a linear
dependence (Fig. 7).

Real ferroelectric ceramics can be modeled as com-
posites containing a minor dielectric (non ferroelectric)
phase. In the case of a layered composite, e.g. a passive
layer at the ferroelectric-electrode interface, the per-
mittivity and the tunability can be strongly suppressed.
This is particularly important for thin films. In fact, the
behavior of a layered ferroelectric composite is very
close to that of a pure ferroelectric with a decreased
Curie temperature. Two more cases are of interest. The
columnar composite, e.g. a columnar microstructure of
thick films with a passive layer at the grain boundary
(in the case of out-of-plane component of the permit-
tivity) and a composite of a ferroelectric material with
dielectric spherical inclusions, e.g. a parasitic phase at
the triple points. A remarkable feature of both cases
is that while the permittivity can be strongly reduced,
the tunability is much less affected (Fig. 9), though for
the spherical inclusion model this statement should be
taken with a reservation for the roughness of the ap-
proximation used in the calculations.

Intrinsic and Extrinsic Dielectric Loss in ‘Ideal’ and
in ‘Real’ Ferroelectrics. At microwave frequencies,
in contrast to lower frequencies, the intrinsic and extrin-
sic contributions to the losses in tunable ferroelectrics
can be of the same order of magnitude.

The intrinsic dielectric loss of ferroelectrics in the
paraelectric phase increases with the dielectric per-
mittivity. This loss originates from the interaction of
the ac field with the phonons in the material through
3-quantum and 4-quantum mechanisms. The contribu-
tion to losses by the 3-quantum mechanism is expected
to be of a higher importance. In the so-called high-K
dielectrics (low loss paraelectrics with relative permit-
tivity in the 20–100 range), it has been shown both
theoretically and experimentally that tan δ due to the
3-quantum mechanism increases by power of 3–4 with
the dielectric permittivity. In SrTiO3 this power law has
an exponent of 1.5.

Electric field induces an additional loss mechanism
in paraelectrics, the quasi-Debye loss, due to the break-
ing of the center of symmetry. At the frequencies of
interest (<100 GHz) this loss mechanism can be sub-
stantially higher than 3- and 4-quantum mechanisms.
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It varies with the electric field in a complex manner—
having a quadratic dependence on the field at low fields,
and flattening at higher fields. At the higher MW fre-
quency range, a slowing down of the loss dependence
of frequency is expected. As an order-of-magnitude es-
timate, an intrinsic loss of 0.02 was calculated for BST
(60:40) at 25 GHz and 100 kV/cm (see Section 3.2.1).

Extrinsic losses emanating from charged defects
(which are expected to be stronger in thin films) are
directly dependent on the permittivity and inversely de-
pendent on applied field. Local polar regions induced
by defects will also contribute to the losses, with a
strong dependence on the permittivity and on the value
of the local polarization.

Altogether, for the materials of interest, the quasi-
Debye mechanism is the only mechanism that leads to
a higher loss under field, while the other mechanisms,
intrinsic and extrinsic alike are more severe in the zero
field situation where the permittivity is at maximum.
In this way, the quasi-Debye mechanism imposes an
upper limit on the tunable performance as a function
of dc field (Fig. 15). However, it should be kept in
mind that the importance of Quasi-Debye loss varies
from material to material, depending on the phonon
damping and the strength of the fletoelectric coupling.
Because of this, the losses are less field dependent in
BST than in pure STO.

The effect of the addition of a second phase of
a lower permittivity and loss was analyzed in terms
of various composite configurations, layered structure,
columnar structure, and spherical inclusions of the di-
electric phase into the ferroelectric matrix. The electric
field redistribution due to the introduction of the second
phase was considered, while possible chemical mod-
ifications such as inter-diffusion were ignored. While
the layered composite undergoes a strong reduction in
the loss upon addition of a small fraction of dielectric
material, the loss in the columnar and the spherical in-
clusion configurations are much less sensitive to the
second phase addition.

Can the Commutation Quality Factor be Increased by
the Addition of a Dielectric Phase? Combining the
composite effects on the permittivity and the dielectric
loss it was found that, the Vendik’s commutation qual-
ity factor, K , cannot be appreciably increased by the
introduction of a dielectric phase. On the other hand, it
was found that the columnar configuration and spher-
ical inclusions lead to a substantial reduction of the
permittivity, without essential impact on the K factor

(for spherical inclusion model this statement should be
taken with a reservation for the limitations of the ap-
proximations used in the calculations). This may be
advantageous in applications where a lower permittiv-
ity is desired. An important conclusion of the analysis
is that if an improvement in the K factor is gained
by adding a dielectric to the ferroelectric, the reason
for that should probably be sought in chemical or mi-
crostructure effects rather than in the composite effect.
To be more specific concerning this issue, one is to
possess a better theory on the dielectric non-linearity
of ferroelectric composites.

Dielectric Response of Tunable Ferroelectric Thin
Films. The dielectric response of tunable ferroelec-
tric thin films differs from that of bulk materials: their
permittivity is often lower and the loss is higher. Not
all the differences are accounted for so far.

Size effects are responsible for some differences.
The ferroelectric lattice is harder near the surface in
comparison to the bulk. The ferroelectric film can be
therefore considered as a composite of a ferroelectric
layer sandwiched between two dielectric layers of a
very small thickness. The thickness of this effective
dielectric layer varies depending on the measurement
configuration (in-plane or out-of-plane), and it may
also be sensitive to the electrode material. Depletion
effects are also important in thin films. Depletion ef-
fects can be described too in terms of a layer composite
model, though the in-plane and out-of-plane dielectric
response will not be the same as in the previous situa-
tions. The depletion effect has not been studied yet in
detail. Another competing scenario for the explanation
of the size effect in films is related to the finite screen-
ing length in the electrodes (“electrode effect”). The
dielectric-layer, depletio and “electrode” effects all of
them can explain the thickness dependence of the out-
of-plane component of dielectric permittivity of thin
films, however, the reported experimental results do
not suffice for the discrimination between these three
possible scenarios.

Misfit strain may substantially shift the Curie tem-
perature and modify the permittivity. This has been
proven theoretically and experimentally. The effect can
be as strong as to make the normally incipient ferro-
electric STO be ferroelectric at room temperature. In
addition, the Curie temperature for the in-plane and
out-of-plane components of the permittivity should re-
markably differ. Another important conclusion is that
the influence of strain on losses and on the tunability
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is expected to be limited to that obtained indirectly
through the modification in the dielectric permittivity.

The dielectric loss in thin films is roughly one or-
der of magnitude higher than in bulk materials. This
is believed to be of extrinsic origin. A more detailed
investigation revealed that, in well-prepared films (that
have low loss at zero dc field), an increase of loss under
dc field is observed, compatible with the Debye-loss
mechanism.

Additional Practical Conclusions and Needed Work.
The last but not least interesting question is how to
proceed in order to evaluate the potential of ferro-
electrics that have not been studied so far. For displacive
type ferroelectrics the permittivity and tunability at low
frequencies are indicative of these properties at MW
frequencies—this eases the characterization problem.
However, this is not correct for relaxor ferroelectrics
which exhibit a strong frequency dispersion.

In general, the losses measured at rf are not indica-
tive for the loss in high frequencies since the mecha-
nisms involved are different. More information about
MW loss in various ferroelectrics is needed. Thickness
dependence of dielectric properties are needed for both
in-plane and out-of-plane configurations. Finally very
little is reported about the field dependence of MW
loss—these experiments are complex to carry but are
valuable for further development of the subject.
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Notes

1. The dielectric anomaly in order-disorder ferroelectrics suffers
from very strong frequency dispersion already in the radio fre-
quency range.

2. In this article we do not discuss the critical phenomena which
may impact the linear temperature dependence of α very close
to T0 since the available experimental data do not suggest that

this effect is substantial in ferroelectrics.
3. A comprehensive overview of the linear dielectric response of

ferroelectric composites was offered by Hudak et al. [42]. The
problem of the tunability of ferroelectric composite was theoret-
ically approach by Liou and Chiou [43]. However, the analysis
offered in this paper is based on many approximation and as-
sumptions. For these reason in the present paper, we will not
discuss the results of this work.

4. In Section 3.1.1. the difference εb − 1 was neglected because
for the situation treated in that Section this approximation leads
only to a small (about εb/ε f � 1) inaccuracy in the results. In
Eqs. (3.15) and (3.23) the contribution of εb is also neglected to
within the same accuracy.

5. Actually, the ε-dependence in Eq. (3.28) was derived only for
the two aforementioned cases of strong and vanishing dispersion
of the optical mode; for the case of an arbitrary dispersion, the
dependence A ∝ εx with 2.5 < x < 5 should be considered as
an interpolation.

6. This does not contradict the expected leading role of the 3-
quantum contribution in this frequency range. The point is that,
in this range, the these functional dependences for the 3-quantum
and 4-quantum contributions (including Vendik’s model) are
very close, though the 3-quantum one is expected to be numeri-
cally larger.

7. This is not the only way to address this problem, for an alternative
description see Ref. [42].

8. To within h/g � 1.
9. Actually the correlation length is anisotropic, in other words the

parameter κ (from Eq. (3.52)) is different for different orien-
tations of the polarization and its gradient. Since here we are
interested in an estimate, this anisotropy will be neglected.

10. This can also be shown by considering Eq. (3.59) with the non-
linear term β P3.

11. The misfit strain may be also be affected by the formation of
the misfit dislocation in the already crystallized film (see e.g. the
work by Speck and Pompe [92]. We will not address this issue
in the paper, since this effect does not seem to be of practical
importance for the tunable thin films.

12. This statement holds for the case where both ac and dc fields are
parallel to a cubic axis of the material, in the general situation it
may not be the case. Detailed information on the anisotropy of
the dielectric non-linearity can be found in Ref. [129].

13. Elevated values of the loss in the vicinity of T0 does not look
to be a limiting factor for applications of the material in tunable
devices. One can show that, in this temperature range, elevated
values of the tunability will probably compensate the loss in-
crease.

14. Judging from the non-monotonic concentration dependence of
the permittivity shown in Fig. 31(d), at RT, the samples of pure
BST 60/40 studied in this work were in the ferroelectric phase
whereas some Wt.1% mixing with the oxide shifts the transition
temperature below RT. This explains a high loss level in pure
material and a strong reduction of the loss with doping, which
are shown in Fig. 33(d).

15. Here and further the term “thin film” means the film which is
thinner than 2–3 µm.

16. The origin of the anisotropy of the in-plane lattice constants (a �=
b) of the films deposited onto cubic MgO substitutes remains
unclear.
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17. This can be readily checked using Eq. (3.74) and the materials
parameters of STO listed in Section 3.4.3.

18. The interpretation of these data is not clear. According to the
authors of the paper the measured increasing frequency depen-
dence of the loss tangent may be an artifact of the measurement
setup.
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