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Abstract. When an electric field is applied to a ferroelectric material, the
microwave permittivity undergoes a substantial change. This change in permittivity
can be utilized in microwave devices to produce frequency-agile functions.

This paper is a comprehensive review of the work on ferroelectric materials;

this includes models of the ferroelectric permittivity and loss tangent, as well as
methods of measurement of these properties. New measurements are presented
on thin-film strontium titanate and single-crystal strontium barium titanate
substrates. These results are compared with the model. A brief discussion is given
of the applications of ferroelectric material in microwave devices.

1. Introduction describes the temperature dependence of the dielectric con-
stant for many ferroelectrics. The dielectric constant is
Ferroelectrics have been studied for many years and havegiven by e = scw + Cow /(T — Tew). Herescw, Cew
been found to be particularly important materials for ap- and7,, are constants. In this region the dielectric constant
plication in piezoelectric, pyroelectric, electrostrictive and is most sensitive to the magnitude of the applied electric
linear and nonlinear optical devices. This paper is about field.
the more recent studies on the use of ferroelectrics in the  Ferroelectrics have been studied since the early 1960s
microwave region of the electromagnetic spectrum. The for application in microwave devices [2,3], and their
main interest here is that the dielectric constant of some properties have since been studied extensively. However, it
ferroelectric materials can change substantially with the ap- is only relatively recently that applications are beginning to
plication of an electric field. This paper gives an overview emerge. This recent renewed interest is due to a number of
of the development of ferroelectric materials for microwave factors, one being their compatibility with high-temperature
applications, a review of the current state of the art in both superconductors in terms of their final application and
materials and devices, and some new measurements on thgimilar methods of production. The change in dielectric
properties of thin-film strontium titanate (STO) and single- constant as a function of electric field is the key to a wide
crystal strontium barium titanate (SBT). range of applications.

A ferroelectric material exhibits spontaneous polariza- Examples of applications in the field of microwave
tion. A crystal of such a material consists of positive and engineering include field-dependent capacitors, tunable
negative ions, and in a certain temperature range the postesonators, phase shifters, frequency-agile filters, variable-
itive and negative ions become displaced. The displace-power dividers and variable-frequency oscillators. Non-
ment results in a net dipole moment. The orientation of linear applications such as harmonic generation, pulse
the dipole moment in a ferroelectric can be shifted from shaping, mixing and parametric amplification are also
one orientation to another by the application of an electric a possibility. Such components have a wide range of
field. The appearance of the spontaneous polarization isapplications in many communication and radar systems.
highly temperature dependent and, in general, ferroelectricFor example, variable-phase shifters, one of the first and
crystals undergo phase transitions which involve structural simplest components to be made with ferroelectrics, are
changes. As the temperature decreases from above theised in antenna arrays in order to produce a beam scanning
Curie temperature, a structural phase change takes placéunction. It is possible to integrate ferroelectric materials
and the crystal changes from paraelectric to ferroelectric to produce complex electronically steerable antenna arrays
[1]. An example of such a material is BaTiOwvhich has a  with applications in both military and commercial radar
Curie temperature of 12C. Because of the nature of the and communication systems. Electronically controlled
crystal structure close to the Curie temperature, the thermo-filters can be produced with applications of interference
dynamic properties show large anomalies. This is usually suppression, secure communications, dynamic channel
the case with the dielectric constant, which increases to aallocation, signal jamming and satellite and ground-based
large value close to the Curie temperature. For temper- communications switching. Many new systems concepts
atures above the Curie temperature, the Curie—-Weiss lawwill appear as high-performance materials emerge, and
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these systems will have considerably improved performance
over conventional systems. A non-microwave application
that has received a great deal of interest recently is computer
memory devices.

There are other methods of producing the tunable
components described above. For example, devices
fabricated using ferrite materials have been used for many
years and continue to be investigated; in addition PIN
diodes also produce similar functions. In comparison with
the ferroelectric devices, ferrite devices are generally large,
heavy and slow and have a large power consumption, 0 ' '
although recent interest in using superconductors [4] in K 100 200 300
combination with these devices improves on some of these T (K)
disadvantages. PIN diode devices are inexpensive but have
a high insertion loss and are slower. It is possible to E (kvem”)
produce a phase shifter using superconductors alone since -4 4 8 12 16
the kinetic inductance of the electron pairs increases on 5000 * ' ! '
the application of a dc magnetic field, dc bias current, 25K
increased temperature or optical irradiation. A change
in Kkinetic inductance produces a change in velocity on
a transmission line, giving a phase shift. However the © 3000 4 75K
effect is usually small and also results in an increase
in the loss of the transmission line [5]. Phase shifters
based on arrays of junctions in the form of SQUIDs
have been produced, but the power handling of these
devices is very limited [6]. More recently, interest has 1000
emerged in micro electromechanical systems (MEMS),
where tunability is obtained by the physical movement
of a component, for example to change the capacitance \
of the deVIce._ Such sys_ter_’ns can be very small ‘and Figure 1. Variation of the dielectric constant of STO as a
use electrostatic, electrostrictive, piezoelectric or thermal fynction of electric field and temperature. (The parameters
effects to produce the movement [7]. used to fit these data are as follows: Curie temperature,

Ferroelectric devices are fast, small and lightweight Tc =25 K; sublattice ‘Debye’ temperature, © = 152 K,
and, because they work using an electric field, have low z‘laergt'rtii”?ig‘ﬂatt_ure_plerwtg‘r’r'ﬁ_53?s:elr§ig?]0;:g;‘;'ézr'”g
power consumptipn. Th.e range of tuning is quite Iarg.e and characteriziﬁg ,Svample inhom(;gengity, £y g 0.8.) '
devices are relatively simple in nature. The small size of
the ferroelectric components, mainly as a result of the high
dielectric constants involved, can produce a high conductor temperatures; there is no Curie temperature above 0 K.
loss in circuits, but if superconductors are the conductor Some thin films and amorphous ceramic forms show a
loss is essentially eliminated in such small devices [5]. The low-temperature peak in the dielectric constant, implying
main problems currently being addressed are the relativelythat the Curie temperature is above 0 K, probably because
high loss tangents of the practical ferroelectric materials and of stresses or impurities in the films. For SBT, as the
the large bias voltages required. The latter can be tackledvalue ofx varies from 0 to 1, the Curie temperature varies
by novel device structures, provided that the breakdown from the value of pure STO to about 400 K, the Curie

5000

oV

200V

o

50K

| T T T
-50 0 50 100 150 200

strength of the materials is sufficiently high. temperature of BaTiQ(BTO). This allows tailoring of the
Curie temperature; generally a valuexof= 0.5 is used to
2. Materials optimize its properties for room temperature, and a value

of around 0.1 used when the material is to be used in

Some materials which have shown a variable permittivity conjunction with HTS films.
with electric field are SrTi@ (Ba, Sr)TiQ, (Pb, SnTiQ, The electric field and temperature dependences of
(Pb,Ca)TiQ, Ba (Ti,Sn)Q, Ba (Ti,Zr)0; and KTaQ. the dielectric constant of an §&§;Bago3TiO single-crystal
Dopants are introduced into pure STO to attempt to improve substrate are plotted in figure 1. These data were generated
the microwave properties, and there has been some successsing the phenomenological model developed by Vendik
at reducing the loss tangent [8-10]. [11], described later in this paper, with material parameters

By far the most studied material for microwave chosen to reflect the dielectric constant extracted from
applications is Sr.Ba,TiO3 (SBT), where x can coplanar resonator measurements presented later and shown
vary from 0 to 1. SrTiQ (STO) is of particular in figure 9. The very large values of the permittivity should
interest because of its crystalline compatibility with high- be noted.
temperature superconductors (HTSs) and its properties There are a number of different forms of ferroelectric
at low temperature. Pure STO is paraelectric for all materials that are of interest for applications. Single
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Figure 2. Measurement of low-frequency properties of films by (&) coplanar capacitor and (b) parallel-plate capacitor.

crystals have been studied for many years [12], and moreThe loss tangent of STO single crystals is of the order
recently thin films of the materials have been studied; 2 x 10™* at 77 K [24], but in the thin-film forms this
these films are almost exclusively made by laser ablationis much bigger and almost all manufacturers quote loss
and are usually less than am thick. The films are  tangents in the range 0.01-0.1 [17,19]. This high loss
also predominantly deposited on LaAl®ubstrates and are  tangent also applies to SBT thin films, irrespective of
usually single layers, with an HTS or a normal conductor their composition [15, 18, 19, 23, 25]. This is probably the
placed on the top surface. However, trilayer films have main area of concern in the development of ferroelectric
also been produced, forming an HTS/ferroelectric/HTS films for microwave applications, where the losses need
structure. Films on sapphire have also been produced with ato be reduced further if such films are to be used in
CeQ, buffer layer to compensate for the lattice and thermal the widespread applications mentioned previously. The
expansion mismatch [13]. In addition, non-crystalline tunability at low frequencies also varies between different
bulk ceramic forms have been produced; for example, the film manufacturers, but can be 50% and above. This
microwave losses and dispersion of the dielectric constantoccurs with low voltages with the trilayer structure, but
of polycrystalline BTO were studied extensively in the larger voltages are required in structures where the applied
1960s [14]. However, the Curie temperature of BTO voltage is across a larger distance. A similar tuning range
is rather large for practical applications. The sol-gel has also been observed in SBT thin films [18] and sol-
technique [15] for producing BST has been developed more gel produced [15] material at room temperature; here the
recently. This technique is able to produce material that is materials have approximately equal amounts of strontium to
of the order of 0.1 mm thick. A promising material has barium in order to increase the Curie temperature. Problems
also been developed which is a combination of SBT and with the quality of the thin films have been put down

MgO in a ceramic form [16]. to compositional inhomogeneities and interface effects,
including stresses and internal fields in the materials,

3. Low-frequency properties producing an asymmetry in the positive and negative bias
response.

There are essentially two structures for measuring the dc or ~ Modelling the microwave dielectric properties of
low-frequency properties of films; the coplanar capacitor ferroelectric materials, and in particular the physical
or the parallel plate capacitor. Figure 2 shows these mechanisms underlying the temperature, electric field and
two geometries, although in the literature there are somefrequency dependences ofand tar$ has been discussed
variations in the exact configurations. Single-crystal and extensively since the late 1950s [26,27]. It is not our
ceramic plate measurements adopt similar geometries, withintention to discuss these models here. A phenomenological
larger thickness and of course no substrate. model of the permittivity and losses of ferroelectrics has

The shape of the surface electrode is important for been developed by Vendik [11] and subsequently discussed
determining the capacitance of the structure, and for by Gevorgiaret al [28]. The model produces the following
the parallel-plate configuration it is generally square or expression for the relative dielectric constarts a function
rectangular. The capacitance is usually fairly large owing of temperaturel’ and small electric field::
to the thickness of the ferroelectric film being small. For .
the coplanar structure [17-20] the electrodes need to be e(E,T)= 0 1)
close together to maximize the field within the ferroelectric. ®(E,T)
An interdigital finger structure can be used to increase the \ypere
capacitance [21,22]. The properties of the ferroelectric
materials can be extracted from the measured capacitancéD(E’ T) = [ +n)Y2 + 6177 + [€° + 02 —£]%°—n
and dielectric losses using a conformal mapping technique, E \? 2 12
such as that described below [23]. §(E) = [(a) + gst]

There have been quite a large number of capacitive or1 7\2Y/2
measurements of the dielectric properties of SBT and STO ;(T) = 7[7 + (7) :| -1
from a range of groups worldwide. Measurements of To 16 ®
the dielectric constant and loss tangent of STO and SBT Here, Ey is the normalizing bias fieldg,, the rate of
thin films and single crystals are not necessarily very crystal strain, a measure of the density of defe@tsthe
consistent between manufacturers, owing to the differing Curie temperaturesg is a constant analogous to the Curie
quality of the materials. Measurements are typically constant and® the Debye temperature. It is possible
performed at frequencies between 100 kHz and 1 MHz. to use these parameters to fit experimental measurements
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to the model. The change ef with frequency is small

. . . 0.6
in the microwave frequency range. The losses in a 1 fund 0
ferroelectric crystal are more difficult to analyse since ov 2 o amental losses
L . residual polarisation
they originate from three predomlqant sources [11,29], 3 total losses
namely (1) a fundamental loss associated with multiphonon 0.4 -
scattering, (2) a loss associated with the conversion of <«
the microwave field into acoustic oscillations by regions & 3
with residual ferroelectric polarization and (3) a loss due &
to charged defects converting the microwave field into ~ (.2 - 1
acoustic oscillations. The loss tangent is given by the sum Sl
of these different loss mechanisms [29], i.e.
Ar/’z

tand = tand; + tand, + tands. 2 0.0 ; 1
The individual loss tangents with respect to the above list 0 100 200 300
of loss mechanisms are T(K)
ans. — A (T )2 1 (@)
anoy = A1\ = | = 3z

To) ®(E,T)% E (kvem™)

T wop @
whered; = —— — 0 4 8 12 16
8 Wy WO 06 | | |
1 1 fundamental losse
_ 2 50 K S
tand; = ALY (E, T) ®(E,T) 2 residual polarisation
’ 3 3 total losses

tandz = Asng———

OE,T)

where

10° tand

Y(E, T) = [(€*+ )2+ ]2+ [(€2 + n®)Y2 — ]2

Here A1, A,, Az are material parameters,is a normalized
parameter of the ferroelectric polarization ang is the
density of charged defects. For high-quality crystalssgan

is small and the other two loss mechanisms dominate;

however, for thin films the defect density may be significant 0 50 100 150 200
and this term becomes more important. \Y

In figure 3 the loss tangent is plotted, calculated using (b)
equation (1) and equation (2). Figures 3(a) and 3(b) show
the temperature and electric field dependences of the loss E (kvem™)
tangent, where the model parameters are chosen to reflect 0 2 4
the coplanar resonator measurements of arR7BBgyo3TIO 3 1 i
single-crystal substrate (see figure 9). In this case, 50K ,4 1 fundamental losses
contributions to the loss tangent due to fundamental losses / 2 residual polarisation
(multiphonon scattering) and acoustic oscillations due to 3 charged defect losses
residual polarization are plotted, together with the total 2 - 4 total losses

loss tangent. The material fitting parameters used were
A1 =10"*and A, = 4 x 10~*. In figure 3 (c) the electric
field dependence of the loss tangent is plotted, where the
material parameters are chosen to represent the coplanar
resonator measurements of thin-film bilayers (see figure 9).
Here we have included the effects due to charged defects.
The material fitting parameters used wdre= 0.6, A, = 1
and A3 = 2, yielding a total loss tangent over three orders
of magnitude larger than that found for the single-crystal
substrate plotted in figure 3(b). We also note that the bilayer
and single-crystal data display an opposite dependence on
the electric field, arising from the interplay of the competing
loss mechanisms. In each case, other material parameterdigure 3. Modelled loss tangent for an SBT single crystal.
have been set at those used to simulate the dielectric
constant data shown in figure 1.

For the permittivity, this model predicts the same the permittivity as that reported for the SBT single-crystal
form for the bias field and temperature dependence of measurements, shown in figure 1. However, thin-film
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the velocity ¢ of the wave on the coplanar transmission
line sincec = 1/(e.rre0n)Y/? which in turn is related to
the resonant frequency of the resonafor= c/2/ or the
delay along a coplanar transmission lifye of length /.
In general, the effective length of the transmission line is
longer than its physical length owing to fringing field effects
which result from the extension of the electromagnetic field
past the end of the resonator. Uncertainties in parameters
extracted from such measurements can be eliminated by
performing multiple measurements using several device
geometries. Conformal mapping techniques have been
Figure 4. Coplanar resonator on the surface of an STO used to analyse coplanar waveguides on the surface of a
thin film. semi-infinite dielectric sheet and have proved successful in
developing expressions for the effective dielectric constant
measurements yield absolute values foaround a factor  and impedance of a coplanar transmission line [35-39].
of 5 lower than those for the single-crystal measurements. More recently, these techniques have been developed for
Such differences undoubtedly arise from crystalline defects, the determination of the properties of the coplanar line
which are usually much more prevalent in the thin-film shown in figure 4 [40-43].
samples. Wide variations in absolute valuesspfwhich An expression for the effective dielectric constant for
we have determined experimentally for thin-film and single- the structure with dimensions defined in figure 4 is given
crystal samples, will be discussed in the following section. by [41]

. . =14 q1(e1 — 82) + ga(e2 — 1)/2. 3
4. Measurement of microwave properties Eel! qu(e1 — €2) +qz(e2 = 1)/ )

) ) ) _ The dielectric filling factors for the ferroelectric film & 1)
Measurements of the dielectric properties of ferroelectrics 5nq the substrate & 2) are given by

at microwave frequencies are performed by the use of either
resonators or transmission lines. When using a resonator, o K (k;) K (kp)

observing the centre frequency and quality factor provides " K(k)) K (ko)

information about the dielectric constant and loss tangent. ) o ] .
When using a transmission line, observing the delay andWhere K is the complete elliptic integral of the first kind
line attenuation provides similar information. The key to With

these meafsuremhents is the deconvolutio_n of rt]he rf?sonat(f)r . % sinh(r W /2h;)

geometry from the measurement, removing the effects o 0= Wis/o = Sinhbc(W/2 o

other dielectrics in the resonator, as well as other loss +5/ br(W/2+ 0)/2hi]
mechanisms. A number of different types of resonator have and
been used based on the coplanar or microstrip structures k= 1—kHY2
with cross-sections similar to those in figure 2, and these
are discussed briefly below.

i

Some computational difficulties may be encountered when
attempting to evaluate dielectric filling factors for the
ferroelectric layers, where the ratio of the line dimensions

4.1. Coplanar geometry to the layer thickness becomes extremely large. In this case
The coplanar geometry is probably the most widely used the limiting form

characterization tool for ferroelectric films and substrates T K (k)

[30-33]. This is because it requires only one layer of qi

ol . . . ~ In(16 hi K (k
metallization. A simple coplanar resonator [34] is shown in (16 + 75/ (ko)

figure 4, which consists of a length of coplanar transmission can be employed, which is accurate to better than 1% for
line open circuit at both ends. There is a ground plane at W/h; > 1.
each side of the central conductor. This metal or HTS The losses in the ferroelectric film can also be deduced,
structure is deposited on the surface of the thin film of assuming that the losses in the HTS and substrate do not
ferroelectric, which in turn has been deposited on the contribute significantly to the overall loss, which is usually
surface of the substrate. In order to apply a dc bias, thethe case.
ground planes can be electrically separated and a voltage It has been pointed out that the high dielectric constant
applied between them; alternatively an external fiasan of the ferroelectric materials can increase the current
be used. crowding effect on coplanar lines supported by thin-film
The key to the determination of the dielectric properties ferroelectrics [44]. Current crowding at the edges of
of the ferroelectric thin film depicted in figure 4 is the the transmission line increases the conductor losses of
calculation of the effective dielectric constant, which is the line. As the thickness of the film decreases, the
a combination of the dielectric constant of the air above field is more confined into the gap between the central
the resonator, the ferroelectric film and the substrate conductor and the ground plane [45], further increasing
material. This effective dielectric constasnt, determines  the current crowding. In addition to an increase in losses
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due to current confinement at the conductor edges, current
crowding effects may also lead to the onset of nonlinearities
in HTS film. Such nonlinearities will give rise to increased
dissipation and spurious harmonic generation.

It should be noted that the extraction of the dielectric
constant from the above expressions is only accurate when
both the microwave field and the dc electric field are small.
The application of a constant voltage to produce the change 0.5mm
in permittivity does not cause the whole of the thin film
to have the same permittivity. The bias voltage causes
an uneven dc electric field distribution which causes an
associated uneven permittivity distribution. A complete
calculation of this nonlinear field distribution is required
to extract correctly the permittivity and loss tangent values
for the higher bias values. Figure 5. Microstrip disk resonator

10mm

YBCO

STO

YBCO

4.2. Microstrip geometry Ferroelectric film

A number of microstrip resonators have been used for the
measurement of the dielectric properties of ferroelectrics.
There are three principal types: (1) resonators constructed
using a single-crystal substrate with a ground plane
deposited on the lower side of the substrate and the signal
line on the upper side; (2) a trilayer consisting of a non-
ferroelectric substrate, a thin-film conductor ground plane,
a thin-film ferroelectric and a thin-film upper conductor;
(3) a series capacitor made of thin-film ferroelectric in the Figure 6. Microstrip resonator with ferroelectric capacitor.

centre of a microstrip line. Each of these is discussed briefly

below.

An example of one of the few microstrip resonators [5 50,51]. This follows since the conducting signal strip
based on a single-crystal substrate is shown in figure 5has to be wider than the/Am thickness of the ferroelectric
[46-48]. It consists of a circular disk of STO with film for practical patterning purposes. A number of tri-layer
HTS deposited on each side. The lowest-order resonantthin resonators and transmission lines have been constructed
mode is TM1o which resonates at about 250 MHz for and measured [52-55].
the dimensions shown [48].Q is about 400 at 40 K, An interesting variation on the use of a microstrip
which is limited by losses in the STO film.Q values transmission line for the measurement of the microwave
as high as 1D can be expected for good films on good- properties of ferroelectrics is to fabricate a capacitor only
quality single-crystal STO. The tunability of the mode at the centre of the transmission line rather than along the
with the dimensions shown is about 43% for a bias field whole line [56-58]. This resonator is shown in figure 6.
of 8 kv cm™t. Calculation of the fields and resonant Because of the sinusoidal longitudinal current distribution
frequency can be based on the assumption that all the fieldson the microstrip line, a change in the capacitance of the
are confined within the dielectric; however, although the ferroelectric structure with applied bias only occurs when
electric field is confined because of the very high dielectric odd-order resonant modes are excited, leaving the even
constant of the ferroelectric, the magnetic fringing field modes relatively unchanged.
becomes the dominant error in this assumption. There have been a number of measurements of the

The microstrip trilayer is probably the most interesting properties of materials at high frequencies based on the
and most difficult microstrip transmission line or resonator above resonator techniques. The results are similar to
to produce. It is built up as shown in figure 2(b), the low-frequency measurements described above. Around
with the ground plane, ferroelectric and signal plane all 50% tunability can be obtained at both low temperature
composed of thin films. The conducting materials need to [32,48,58,59] and room temperature [15,53,54] but the
be superconductors in order to keep the conductor lossedoss tangents of the films are generally quite high (in the
as low as possible. Ultraminiature components can berange 0.01-0.1). A combination of SBT and MgO appears
made this way, since the ferroelectric thickness is typically to be promising, with a dielectric constant of 100 and loss
only of the order of 1um. Miniature microstrip filters  tangent of 0.008 at X-band [60]; a tunability of 25% has
have already been successfully manufactured using non-been observed.
ferroelectric, high dielectric constant, dielectric thin films Examples of measurements performed at the University
[49]. The theory required to calculate the velocity and of Birmingham using a coplanar resonator will now be
impedance on multilayer microstrip structures is fairly presented. The resonator structure is shown in figure 4.
straightforward since the transmission line can usually The signal line of the resonator is 8 mm long with a width
be considered wide with no fringing field at its edges of 200um; the gap between the ground plane and the signal

- coplanar capacitor
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Brass housing

Resonator

-

Dielectric platform

connector

Coupling Glass bead
pin

Figure 7. Brass package used to house the coplanar resonator samples.

line is 73 um. The ground planes are isolated from each

other and the outer packaging, so that a dc voltage can 500 o
be applied across them; this potential is dropped across a Y
total distance of 146um. The microwave signal is applied 400 — "Aﬂé

. " . . . . ey o LAS569 55nm
via capacitive coupling, which is weak in order to allow o LAS574 110nm
accurate determination of the unloaded quality factor. The - 300 e & LAS711650m
packaging of the resonator is shown in figure 7. It consists g S
of a brass box with the device located by a spring ontoa 2
ridge. K-connectors are used for the input and output paths 5 200
for the microwave signals, with the connector pin forming
the capacitive coupling.

All the films described below were made by pulsed 100 4

laser deposition. The films were deposited on ? g0
polished substrates with (100) orientation. The films were 0
deposited at 808C in 400 mTorr of oxygen. The STO 0 20 40 60 80 100

layers were deposited using approximately 1.7 J<haser
fluence at 5 Hz. The YBCO was deposited using 1.5 3%m
laser fluence for 10 min at 10 Hz, reSUlting in films about Figure 8. Variation of the unloaded quality factor of the
300 nm thick. Samples were cooled in 1 atm of oxygen YBCO films using a dielectric resonator at a frequency of
with a temperature sweep of 3G min~?, 15 GHz. At 40 K the Q shown corresponds to a surface

A number of films of Varying thickness have been ;easrlnstflensce of 0.5 me, Increasing to 0.8 mQ at 77 K for all
deposited and their properties measured. Prior to patterning pies.
of the films into coplanar resonators, the surface resistance
(Rs) of the YBCO films was measured at 15 GHz of the ferroelectric layer were extracted from the measured
using a dielectric resonator placed on the surface of theresonant frequency. For a fixed resonant length, absolute
unpatterned film [5]. In the dielectric resonator geometry, values of the resonant frequency are determined by the
the microwave fields are effectively screened from the value of the effective dielectric constart,;;. s is
ferroelectric layer by the HTS film above. Therefore, over dependent on the thickness and dielectric constants of the
much of the temperature range, loss measurements aralielectric €p) and ferroelectric ) films, and can be
expected to be dominated by the response of the YBCO expressed in terms of these quantities using a conformal
and not the ferroelectric and dielectric layers beneath it. mapping technique as explained above.
Figure 8 shows the temperature dependence ofxifi@ctor Absolute values ofr can be determined by comparing
and the correspondings values at a frequency of 15 GHz. the absolute resonant frequency of the bilayer structure with
The graph indicates that all the films are similar and are of that of a film on a bare substrate. Given a single absolute
good quality, irrespective of the STO layer thickness. value ofer, equation (3) is solved farr at different electric
Once the quality of the HTS films has been established fields (or temperatures) so that measured and theoretical
the coplanar resonator was patterned and measurement&actional frequency shifts coincide.
made on the ferroelectric thin film. The electric field Figure 9 shows the fractional frequency shift and values
and temperature dependences of the relative permittivity of e, Q factor and ta@d for typical bilayer films with

T(K)
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Figure 9. The measured variation in Q, tan s, ¢, and frequency shift for (@) 12 nm thick SBT film, (b) 110 nm thick SBT film
and (c) 3% barium doped SBT single crystal.

STO layers 12 nm and 110 nm thick and for a film grown for a number of different-thickness STO films and the
on a single-crystal $p7Bagp3TiO3 substrate. We note  single-crystal SBT. As expected, the thicker films show

that, although a similar functional dependencespf on a greatly reduced?, owing to most of the electric field
electrical field is observed for all samples, there is a wide being in the lossy ferroelectric; however, in this case a
variation in the absolute value ef-. Large values ok larger frequency shift is available. The converse is true,

are observed for samples 1 and 3, where a correspondingwith a thin film giving a very small frequency shift. It is
overall reduction in theQ factor with electric field is possible, using this information, to determine an optimum
observed. Considerably smaller valuesspfare observed  thickness of film for a particular application.

for sample 2, where an increase @ with electric field

is observed. This might lead us to conclude that samples
such as sample 2, which display low values of permittivity
and an increase i@ with applied E field, are dominated

by the non-intrinsic properties of the ferroelectric layers. Despite the large potential of this technology there has been

However, the electric field dependent fractional frequency few demonstrations of useful devices. There are a number
shift is similar to that expected using the empirical form of of reasons for this

er(E) discussed above.

Figure 10 shows how the film thickness influences the (i) The large loss tangents of the practical ferroelectric
unloaded quality factor and the maximum frequency shift materials result in low@ resonators and lossy delay lines.

5. Device examples
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5.2. Filters

00| e Lanm Despite frequency-agile filters being of paramount impor-
tance in microwave systems, surprisingly few ferroelec-
tric filters have been produced. Figure 11 shows three
frequency-agile filters based on the use of ferroelectric thin
films. Filters have been demonstrated with coplanar, mi-
crostrip and waveguide [70] technologies.
s5nm Figure 11(a) shows the principle behind a three-pole
uB coplanar filter using thin-film STO 1.2m thick on the
400 ®  ionm g surface of an LaAL@crystal [66]. The conductor is YBCO
us 165nm ® and the whole filter fits in an area of 1 émwith a centre
"‘UB frequency of 2.5 GHz and bandwidth of 2%. Tuning is
0.01 01 4 available on all coupling capacitances and the frequency
%Af of each of the three resonators. Results give about a 15%
change in centre frequency with an applied voltage of 125 V
Figure 10. The unloaded quality factor versus the (4 x 10° V m~1). However, the insertion loss is quite high
frequency shift with a bias of 50 V (3.5 kV cm™*) for a at 77 K and zero bias(16 dB), although this improves at
number of different-thickness films. 4 K and maximum bias~<2 dB).
Figure 11(b) shows a bandstop filter based on a
conventional transmission line coupled to a single-crystal
(i) The large dielectric constants result in low- STO resonator with YBCO deposited on both sides [67].
impedance transmission lines and problems with surface The resonator is square rather than the circular one

T=55K

T 800

wave modes. described above. The size is 2 mm square with a thickness
(iii) The design of complex bias networks is difficult. ~ of 0.5 mm, and it can be used as a dual-mode resonator.
(iv) Large bias voltages are required. The fundamental resonant frequency is 1 GHz. The

. o configuration shown in figure 11(b) is a bandstop filter with
However, a number of microwave circuits have been gn equivalent circuit of a series resonant element; more
produced and these are discussed below. elements can be mounted on the line if a more complex filter
is required. The centre frequency showed a 50% change
with a 500 V bias.
5.1. Phase shifters Figure 11(c) shows the layout of a two-pole filter with
a 19 GHz centre frequency and a 4% bandwidth [68].
The phase shifter is by far the simplest component that The filter is produced in microstrip. The structure has
can be produced by ferroelectric materials and hence it hasa gold ground plane, 0.01 in thick LaA{Osubstrate, a
been reported by a large number of laboratories. It simply 300 nm thick laser-ablated layer of STO and 350 nm of
consists of a ferroelectric transmission line of appropriate YBCO patterned into the shape shown in figure 11(c).
length. The transmission line must be matched to the Bias is applied via the points labelled A-C. Because
external 50Q system and have a low loss; it must also of the nature of the construction, application of bias

have large phase shifts, preferably of 36@wvith low pred_ominantly changes the coupling betvv_een the resonant
applied voltage. Depending on the application, the power Sections. However, a centre frequency shift of 12% can be
requirements may be severe. obtained with at+400 V bias at 30 K. The insertion loss is

By far the most convenient use of ferroelectrics oW (<0.5 dB) with a good return loss<{—20 dB). Good
is the room temperature operation of single crystal or passbanq shape and performange are obtained at 30 K, with
polycrystalline materials. However, there have been only dégradation as the temperature increases to 77 K.
few reports of practical devices [61,62], for the reasons
mentioned above. A number of devices have been 5.3. Nonlinear applications
demonstrated based on thin-film technology [59, 63-65], In the above discussion a dc or low-frequency bias has
where the construction is the same as that described abovebeen assumed to be applied to the ferroelectric material
for the microwave measurements using resonators or delay;, orqer to change its dielectric properties. However,
lines; in fact some of the devices described above doubletggelectric materials respond very rapidly and can react
as phase shifters. The performance of phase shifters is very, ine microwave signal amplitude itself. The application
variable but shifts greater than 166t room temperature  of the microwave signal itself alters the dielectric constant
[63] and low temperature [31,59, 64] have been reported and therefore the propagation conditions of the signal;
in both ceramic and thin film forms. Applied voltages this nonlinear effect causes a distortion. For signals of
remain high but thin film microstrip gives the possibility = small amplitude this effect is small, but for large-amplitude
of a few volts (-8 V) for reasonable phase shifts§0°) signals this may be a significant problem.
[55]. In general, the insertion loss of the phase shifters This nonlinear property of ferroelectrics can be used
remains high owing to problems with wideband matching in principle for many devices, for example harmonic
and connections. generators, parametric amplifiers, limiters, modulators and
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Figure 11. Three ferroelectric filters: (a) coplanar thin-film bandpass filter [66]; (b) single-crystal STO bandstop filter [67];
(c) thin-film microstrip filter [68].

other nonlinear components. For efficient devices, the nonlinear capacitance can be expanded as a Taylor series
nonlinear response of the ferroelectric must be large. A

harmonic generator using SBT was demonstrated as early C(v) = co+ c1v + cv? + - -

as 1961 [71]. This generator operated at a fundamental

frequency of 3 GHz with a conversion to 9 GHz using Where the coefficientso, c¢1, c2... are dependent on
the ferroelectric material. An efficiency of 8.5% with an the ferroelectric material. If voltages, cosw,?) and
input power of 2.2 kW was obtained. Although much of v COSwst) are applied to the transmission line then it can
the recent device work is not concerned with such high be shown that the power converted into the frequencies
powers, the principle of operation of this generator is of @, + ws(w, > w;) is given by [73,74]

interest to the work today.

It is interesting to consider the propagation of a large- P~ 1 Pz 2% Tos (a 2
amplitude microwave signal on a transmission line with a pes 5 Pp Bs ZoBpees s :
ferroelectric material replacing the conventional dielectric
material. If a signal is applied to the transmission line at the Here P represents the input signal powers (assumed equal),
beginning of the microwave cycle, the electric field is small B is the propagation constan is the transmission line
so the signal travels at a velocity= 1/(LC)%?, whereL impedance and the length of the transmission line. It can
andC are the inductance and capacitance per unit length of be seen that even with low power it is possible to obtain
the transmission line. As the voltage increases in the cycle, mixing if the transmission line is long enough. Thin-film
the increased field reduces the dielectric constant of the STO and SBT coplanar transmission lines with HTS and Au
material, having the effect of reducing the capacitance. This electrodes have been shown to produce this mixing effect
reduction in capacitance gives an increase in the velocity at room temperature and 77 K respectively [31, 74].
and hence larger signal levels within the microwave signal
travel faster. The peak of the sine wave therefore travels
faster, thus catching up with the low-level parts. The result
is a distortion of the shape of the microwave signal from
a sine wave towards a shock front [72]. The larger the
propagation distance the larger the effect and the more
distorted the signal becomes. During this process energy
is being transferred from the fundamental frequency into
harmonic frequencies. If two signals are applied to the

2 Wy co

6. Conclusion

The potential of ferroelectric materials (particularly STO
and SBT) for microwave applications has been known
for many decades. However, it is only recently that
interest has developed to a stage that practical devices
have been demonstrated. The reason for the recent activity

transmission line then mixing occurs. is the compatibility of ferroelectrics with HTS materials.
To understand how the nonlinear mixing occurs Although HTS is not necessary for the demonstration of
consider the basic transmission line equations useful devices, integration of the two technologies gives the
) ) potential for a number of miniature and highly functional
9i(z,1) _ [Cv(z, )] e i 1n)] components. A wide range of materials has been produced
0z ot 0z ot and some excellent-quality thin-film, polycrystalline and

where i and v are the microwave current and voltage single-crystal, ferroelectrics have been obtained. The
at distancez and time: on the transmission line. The problem of the high loss tangent still remains the main
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obstacle to exploitation, but the lower loss of single crystals [17]
gives some optimism for a reduction of the loss tangent of
thin films in the future. Work on doping and new materials
will continue, and there is no reason why better materials
cannot be produced.
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