
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 11, NOVEMBER 2001 2117

Do We Really Need Ferroelectrics in Paraelectric
Phase Only in Electrically Controlled

Microwave Devices?
Spartak S. Gevorgian, Senior Member, IEEE,and Erik Ludvig Kollberg, Fellow, IEEE

Abstract—Typical paraelectric materials (e.g., SrTiO3, KTaO3,
Ba Sr1 TiO3, 0 5) and electrically tunable microwave de-
vices based on these materials are briefly reviewed. The analysis
shows that in spite of the recent year’s extensive efforts, no con-
siderable improvement in the microwave losses in thin paraelec-
tric films has been achieved. Thin films, regardless of fabrication
method and substrate type, have much lower dielectric permittivity
than bulk single crystals, and the loss tangent at microwave fre-
quencies ( 10 GHz) is of the order of 0.01 (at zero dc-bias
field) at room temperature. Nevertheless, quite promising compo-
nent and subsystem level devices are successfully demonstrated.
Use of ceramic (bulk and thick film) ferroelectrics in tunable mi-
crowave devices, currently considered for industrial applications,
offer cost reduction. In this paper, explicitly for the first time, we
consider possibilities and benefits of using ferroelectrics in polar
phase in electrically controllable microwave devices. Examples of
using ferroelectrics in polar state (e.g., Na0 5K0 5NbO3, SrTiO3 in
antiferroelectric phase) in electrically tunable devices are reported.

Index Terms—Ferroelectrics, paraelectrics, tunable microwave
devices.

I. INTRODUCTION

SINCE THE late 1960’s and early 1970’s, ferroelectrics
have been regarded as attractive for applications in

electrically tunable microwave devices, and a number of
practical devices have been demonstrated over the past several
decades [1]–[4]. It is generally assumed (even if not stressed
specifically in some publications) that, for applications in
electrically tunable microwave devices, ferroelectrics should
be in a paraelectric phase. Ferroelectrics in polar phase have
not been considered for applications in tunable microwave
devices. The reason is that most of the ferroelectrics in polar
phase are also piezoelectric, and piezoelectric transformations
cause large losses at relatively low microwave frequencies
(typically less than 10 GHz). Additional losses in polar phase
and at low frequencies are associated with the domain wall
movements. Hysteresis, which appears in permittivity–dc field
dependence, was another reason hindering the applications of
a ferroelectric in a polar phase. Hence, no practical attempts
have been undertaken in the past to make electrically tunable
microwave devices utilizing the ferroelectric phase. In this
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respect, piezoelectric devices [both surface acoustic wave and
bulk acoustic wave (including bulk and thin film)] are excep-
tions, and will not be addressed in this paper. On the other hand,
some recent experiments indicate that such” discrimination” is
not valid. For example, rather low microwave losses along with
substantial tunability [defined as ]
of the dielectric permittivity is observed in ferroelectric (piezo-
electric) Na K NbO (NKN) films at frequencies up to
50 GHz [5]. This indicates that, at millimeter-wave frequencies,
the domain wall movements and piezoelectric transformations
do not contribute to the microwave losses, and polar phase
ferroelectric may be used in tunable microwave devices if
they have substantial tunability. Additionally, theoretical and
experimental investigations in the past couple of years show
that thin films, typically regarded as paraelectrics, may be in
a polar, i.e., strain induced ferroelectric phase [6]–[8]. Conse-
quently, a question arises as to why one should not consider
other typical ferroelectrics in polar phase for applications
in microwave devices. Applications of ferroelectrics in polar
phase may offer additional functionalities and design flexibility.
A digital (switchable) filter and compensation of temperature
dependences in ferroelectric devices are examples discussed in
this paper.

Thecomparison between ferroelectricand semiconductor var-
actors show [9] that the frequency range, where the ferroelectric
varactorsmaysuccessfully competewith semiconductor analogs
laysabove10–20GHz,where thequality factorofsemiconductor
varactors decrease drastically , while the factor of
ferroelectric varactors my remain rather high and, in some cases,
even increase with frequency [5]. However, at low frequencies
( GHz) where the factor of semiconductor varactors
is rather high, i.e., typically above 50, applications of ferroelec-
tric varactors may be limited since the semiconductor counter-
parts have the advantageof better integrationwithmonolithic mi-
crowave integrated circuits (MMICs).

Tunability and loss tangent are the basic parameters char-
acterizing ferroelectrics for applications in tunable microwave
devices. Perhaps the losses are the most critical issue in de-
vice applications, and most of the efforts in recent years have
been devoted to the optimization of film fabrication processes
in terms of microwave loss reduction. However, no substantial
reductions of losses have been achieved thus far. For this reason,
at least at present, the application of epitaxial ferroelectrics in
low-loss narrow-band filters with steep skirts is somehow lim-
ited, while they can be successfully used in other tunable mi-
crowave devices.

0018–9480/01$10.00 © 2001 IEEE
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TABLE I
MICROWAVE LOSSES ANDTUNABILITY OF TYPICAL FERROELECTRICS

II. TYPICAL MICROWAVE PARAELECTRICS

Incipient ferroelectrics SrTiO(STO), KTaO (KTO), and
Ba Sr TiO (BSTO, in paraelectric phase, ) have
been traditionally used in electronically controlled microwave
devices. These materials are used in the form of single crys-
tals (bulk [10], [11], epitaxial film [11]–[19]), or ceramics (bulk
[1]–[3], film [20]) with normal metal or superconductor elec-
trodes. Very little is known about the microwave properties of
other ferroelectric materials and microwave devices based on
them. Losses and tunability for paraelectrics widely used at mi-
crowaves are summarized in Table I. Usually the tunability of

the capacitance rather than the
tunability of permittivity is used to estimate parameters
of devices and, in some cases, to estimate the effective param-
eters of the materials. For sandwich-type capacitors (bulk and
thin film) is approximately the same as , while
it is smaller than for planar capacitors in the form of a
gap between electrodes on the surface of a ferroelectric film.
For a planar device, a tradeoff is possible between the tunability
and losses. The width of the gap between the planar electrodes
relative to the thickness of the ferroelectric film (e.g., in a var-
actor) may be designed so that the losses are kept low at the
expense of reduced tunability. A more complete assessment of
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tunable devices for microwave application may be done using a
figure-of-merit introduced in [38].

Measurement of the loss tangent in bulk single crystal in-
cipient ferroelectrics have been carried out by using samples
without electrodes [30], [31] and with electrodes in a sandwich
configuration [10]. In the case where superconductor electrodes
are used [10], [11], the losses associated with the electrodes may
be ignored. Hence, the loss tangent given for single crystal fer-
roelectrics in Table I characterize the paraelectric material itself
and may be used to estimate the quality of ceramics and epi-
taxial ferroelectric films.

Microwave measurements of the dielectric properties of epi-
taxial films represented in Table I are mainly done using planar
electrodes applied to one surface of the film only. No contact-
less microwave ( GHz) measurements of ferroelectric
films have been reported thus far, which makes it difficult to
distinguish between the losses in the bulk of the film and at
the film/ferroelectric interface. Measurement of zero-bias losses
tangent at microwave frequencies (up to 20 GHz) in a “sand-
wich” Pt/BSTO/Pt structure is reported in [36] (see Table I).

Presented in Table I are the experimental results obtained at
microwave ( GHz) frequencies only. It is neither com-
plete nor perfect since the publications are spread over a large
variety of interdisciplinary journals, and often do not specify
material parameters explicitly. In contrast to the sandwich-type
capacitor structures, in planar capacitors (with the electrodes
on one surface of the ferroelectric film), a considerable part of
the microwave field is outside the ferroelectric film, i.e., in air
or in low dielectric-loss substrate. The field outside the ferro-
electric film is larger for larger gaps between the planar elec-
trodes. This means that measured effective dielectric constant,
tunability, and loss tangent shown in Table I are lower than the
permittivity, tunability, and loss tangent of the film itself. Note
that the loss tangent values given in Table I also include the
losses in the electrodes (except for a single-crystal STO [30],
[31]). In most cases, these losses may be ignored since they are
usually smaller in comparison with the losses in the ferroelectric
films. The analysis of the previous publications and the results
given in Table I show that no substantial improvement in the film
quality is achieved despite extensive efforts in the past decade.
Although, in some cases, the effective is somehow closer
to the of the bulk single crystals, the actual losses in the
bulk of the films are still much higher in comparison with the
bulk single crystals, especially at room temperature.

Bulk and thick-film ceramic ferroelectrics offer advantages
of low cost in mass production. Efforts to apply ceramics in
microwave devices had been made in late 1960’s [39] and early
1970’s [1]. Lower losses, in comparison with the epitaxial films,
are observed in ceramic materials, where low-loss nonferroelec-
tric dielectrics are used as additives. Such additives decrease
both the losses, dielectric permittivity, and its tunability [32],
[33], [37].

In bulk single-crystal paraelectrics (i.e., STO and KTO), the
losses increase with the applied dc field [10], which has been
theoretically explained by a quasi-Debye relaxation mechanism
[40]. On the other hand, in most cases, the losses in the ceramics
and epitaxial films go down with the applied dc field. This may
lead to a desire to use smaller tuning ranges at higher dc fields.

However, one has to take into account that, at high dc fields,
some irreversible changes (electrocoloration due to the ion mi-
gration [41], [42]) may take place in the ferroelectric where the
dc field is kept high at elevated temperature for a long time.

Recent theoretical predictions [6], [43] and experimental re-
sults [7], [8] show that the strain in the films caused by substrate
clamping and interfacial charges lead to induced polarization in
thin STO films. It then becomes questionable if the epitaxial
films regarded as paraelectric are really in paraelectric phase,
and if the data shown in Table I should be regarded as related
to paraelectric phase. Furthermore, a low-loss polar state is ob-
served even in bulk single crystals of STO at microwave fre-
quencies [10], [11], which traditionally has been regarded as an
incipient ferroelectric, i.e., not having polar phase. These ob-
servations make it reasonable to study the possibilities of using
(in electrically controlled microwave devices) ferroelectrics not
only in the paraelectric, but also in the polar phase.

III. FERROELECTRICDEVICES AND SYSTEMS

In this section, we will very briefly review reported tunable
devices and systems based on ferroelectrics. In all published
devices, ferroelectrics are regarded as being in a paraelectric
phase, although, judging form the above arguments, these state-
ments may not always be true. In most cases, due to the lack of
relevant data, it is impossible to distinguish whether the mate-
rials used are in paraelectric or polar phase.

A large number of ferroelectric microwave ceramic compo-
nents, such as varactors, tunable filters [4], and phase shifters
[2], [3], [20] have been demonstrated in the past. Some ba-
sics of physics and device design are given in [1]. A-band
phase shifter based on thin-film trilayer Pt/BSTO/Pt varactors
has been reported recently [14], which seems to be the first pub-
lication where sandwich-type varactors are used at these high
frequencies. The main advantages of a thin-film trilayer (“sand-
wich”) design are small dc voltages (5 V) and high tunability
( ). The other event worth mentioning is that a
startup company is already marketing cost-effective tunable fer-
roelectric filters and duplexers.

Recently, electronically scanned phased arrays based on fer-
roelectric phase shifters have been demonstrated. A commer-
cial -band two-dimensional phased array for one-dimensional
(1-D) scanning of the beam has been demonstrated by Paratek.1

The phase sifters in this array are based on sections of mi-
crostrip lines fabricated on bulk ceramic ferroelectric substrate.
A -band eight-element linear phased array based on thick-film
ferroelectric varactors (planar electrodes) has been also reported
[16]. An experimental -band 16 element linear phased array
using thin BSTO film phase shifters have been demonstrated in
[15]. Phase shifters in this system are realized on coupled mi-
crostrip lines fabricated on top of 0.3-m-thick BSTO films epi-
taxially grown on an MgO substrate by laser ablation.

No tunable microwave devices utilizing polar phase ferro-
electrics (at least regarded as such) are reported thus far. In Sec-
tion IV, we will discuss a couple of examples to demonstrate
the possibilities and advantages of using ferroelectrics in polar
phase.

1[Online]. Available: http://www.paratek.com
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Fig. 1. DC-field dependence of the dielectric permittivity of a bulk
single-crystal STO at 77 K.

IV. DEVICESBASED ONPOLAR PHASE FERROELECTRICS

A. Switchable Frequency Resonators

A double hysteresis loop in the dielectric permittivity of
single crystal STO at 1.0 kHz and temperatures below 62 K was
first reported in [44]. The result was explained theoretically
assuming the crystal undergoes an antiferroelectric-to-paraelec-
tric phase transition. The authors observed this phase transition
in a specially temperature-treated STO where the cooling was
done with short-circuited electrodes. Later similar experimental
results have been published at about 1.0 [10] and 1.5 GHz [11].
These experiments show that the paraelectric-to-antiferroelec-
tric phase transition in cooled bulk single-crystal STO may
be induced by a dc electric field even at a higher temperature
(77 K) regardless of the cooling conditions (i.e., cooling with
or without short-circuited electrodes). The dielectric hysteresis
at 77 K and 1.5 GHz in an STO single crystal is shown in Fig. 1
[11]. In this experiment, high-temperature superconducting
(HTS) electrodes are used to apply the dc field.

The loop in the dielectric permittivity in Fig. 1 makes an
analog dc control of a microwave device problematic. On the
other hand, the hysteresis loop in the field-dependent permit-
tivity may be utilized in digitally controlled microwave devices.
An example of the dc-bias-dependent resonant frequency and
unloaded factor for a disk parallel-plate resonator based on
a single-crystal STO with superconductor electrodes is shown
in Fig. 2(a) [10]. In this experiment, the STO disk was 10 mm
in diameter and 0.5-mm thick with HTS electrodes. As follows
from Fig. 2(a), there are two distinct resonant frequencies for
the same dc field, corresponding to two branches of the
curve. The resonant frequency is less sensitive to the changes of
dc bias near points 1 and 2. Fig. 2(b) shows the resonant curve in
two states, corresponding to points 1 and 2 in Fig. 2(a). An im-
portant feature of such a digitally switched resonator is that the
losses ( factors) are practically the same at the two resonant
states. Switchable rather than analog control may be advanta-
geous in many practical applications.

B. Varactors Based on Ferroelectric NKN Films

As was mentioned above, very little is known about the mi-
crowave properties of ferroelectrics in polar phase. The dielec-

(a)

(b)

Fig. 2. DC-field dependence of the: (a) resonant frequency and (b)Q factor
and resonant curves corresponding to two states (1: off and 2: on).T = 52 K
and dc field is 1.2 kV/cm.

tric properties of polar NKN films on LaAlOsubstrates have
been studied experimentally [45]. The results were quite encour-
aging in terms of microwave losses and tunability. Recently,
more experiments have been published with NKN films de-
posited on oxidized silicon substrates [5]. Bulk NKN is char-
acterized by a ferroelectric phase transition at about 600 K, i.e.,
one should expect that the films at room temperature are in a
polar phase. Indeed, thin films on silicon substrate have distinct
hysteresis loops with remnant polarization about 10Coul/cm
[46].

Fig. 3 show the microwave performance of thin NKN film
varactor deposited on a high-resistivity silicon substrate [5].
The gapwidth between the planar Au/Ti electrodes [see inset
in Fig. 4(b)] is 2 m. The details of the NKN film deposition
are given in [46]. Fig. 4 shows dc-bias dependences of the ca-
pacitance and factor of an NKN varactor. As can be seen in
Fig. 4(b), a substantial tunability (10%) is available at frequen-
cies up to 50 GHz, and the factor increases with increased
frequency and dc bias [see Fig. 3(b)]. The rather high tunability
observed at low frequencies ( GHz) is due to the sur-
face barrier at the Si/SOinterface, i.e., the tunability at low
frequencies is mainly due to the metal–insulator–semiconductor
(MIS) capacitor [47] with an additional ferroelectric layer [48].
At higher frequencies ( GHz), the MIS structure is prac-
tically not tunable, and the observed tunability is due to the fer-
roelectric film [48]. It is important to note that, in comparison
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(a)

(b)

Fig. 3. (a) Capacitance and (b)Q factor of Au/Ti/NKN/SiO =Si planner
structure versus frequencyT = 300 K. NKN film thickness is 0.4�m.

(a)

(b)

Fig. 4. (a) Capacitance andQ-factor and (b) tunability of an interdigital
capacitor. Finger length is 12�m, finger width and spacing are 2�m,
T = 300 K.

with semiconductor analogs, the factor of this not yet opti-
mized varactor is rather high at 40 GHz.

The in Fig. 4(a), measured at 40 GHz , show a typ-
ical butterfly shape, which is distorted (reduction of zero-bias
capacitance after bias reversals) due to charge accumulation at
interfaces and at the grain boundaries in the bulk of the film. In
further optimization of the film and devices, this effect has to
be reduced. However, the butterfly performance is an inherent
property of the polar phase, and it is observed in most epitaxial
film ferroelectric varactors, delay lines, and filters. It has been
shown theoretically [6], [43] and experimentally [8] that there
is only a narrow temperature range where the films are in para-
electric phase, and the butterfly performance does not appear.
The substrate/film type, deposition process, and post deposition
treatment may be adjusted to have this temperature range in the
desired interval. In other cases, the problem can be taken care
of electronically if the butterfly type is not distorted and
is repeatable.

C. Temperature-Compensated Varactor

The temperature dependence of the dielectric permittivity,
which is an inherent property of ferroelectric materials, is a
major problem in practical implementations of tunable ferro-
electric devices. One can overcome this problem by using fer-
roelectrics in polar phase if the losses at frequencies of interest
are sufficiently low and the tunability of the dielectric permit-
tivity is sufficiently large. Fig. 5(a) shows an example of how
this problem can be solved in a planar BSTO capacitor made of
two ferroelectric films with different ratios of Ba/Sr. In the ex-
perimental results presented in this paper, Ba/Ti and 1/3 is
used [see Fig. 5(a)]. The films are separated by epitaxial MgO
to avoid chemical interaction/interdiffusion. The temperatures
( and ) [see Fig. 5(a)] where the permittivities peak are
different for the two BSTO films with the different Ba/Ti ra-
tios. The losses of the individual films also peak at temperatures

and . In the temperature interval between the peaks, the
film with the larger Ba/Ti ratio is in a polar phase and, with the
increased temperature, its permittivity increases. At the same
time, the other film is in the paraelectric phase and its permit-
tivity decreases with the increased temperature. The resultant ef-
fective permittivity measured between the plates of the varactor
(Fig. 5) will depend on the geometry, i.e., thickness and permit-
tivity of the layers, ratio between the total thickness of the films,
and the width of the gap between electrodes. The geometry and
parameters of the films may designed to yield a desired tem-
perature coefficient of the capacitance. It may be particularly
designed to be independent of temperature in a certain temper-
ature interval. In this case, the device is designed so that the de-
creased permittivity of the paraelectric film is compensated by
the increased permittivity of the film in ferroelectric phase [see
Fig. 5(a)]. The results of such experimental temperature com-
pensation are shown in Fig. 5(c). Since the losses of the indi-
vidual films also peak at temperaturesand [see Fig. 5(a)],
one should expect a maximumfactor between these two tem-
peratures where the capacitance is not temperature dependent,
as can be seen from the experimental results [see Fig. 5(c)]. In
the experiments shown in Fig. 5(b) and (c), the total thickness
of all epitaxial layers is 0.4 m, plates are 125 125 m , and
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(a) (b)

(c)

Fig. 5. Concept (a) structure (b) and experimental verification of temperature stabilization.

“fingers” are 12- m long, 4- m wide, and 4-m apart (gap-
width).

A similar approach can be used to design temperature-com-
pensated phase shifters and other ferroelectric components.
While optimizing the design of temperature-compensated
ferroelectric components, one should remember that the tem-
perature where the permittivity peaks depends not only on the
composition of the ferroelectric film, but also on the strain
interfacial charges [8].

V. CONCLUSIONS

In many cases, the epitaxial ferroelectric films, regarded as
paraelectric, may be in strain and/or interface charge-induced
ferroelectric phase; nevertheless, they have been successfully
used in tunable microwave devices. Given this fact, and refer-
ring to the experiments with polar phase ferroelectrics discussed
above, ferroelectrics in polar phase should also be considered
for microwave applications in tunable microwave devices. Ap-
plications of polar ferroelectrics in tunable devices seem to be
more practical at frequencies above 10–20 GHz since, at these
frequencies, domain wall motions are frozen and there is no
piezoelectric transformation of microwave signals, i.e., there
are virtually no microwave losses associated with these effects.
Moreover, this is a frequency range where ferroelectrics may
compete with semiconductors since, above these frequencies,
ferroelectrics offer substantially higherfactors in comparison
with semiconductor varactors.

Consideration of the polar phase substantially increases the
number of ferroelectrics available for tunable microwave appli-

cations and may lead to the use of new ferroelectrics with lower
losses and higher tunabilities. It also offers flexibility in device
design, as in the case of a temperature-compensated varactor.
Besides standard analog tuning, ferroelectrics in polar phase
offer a possibility of digital control. The switchable resonant fre-
quency resonators may particularly be used in switchable filters
in modern microwave communication systems filters. In a view
of switchable resonator discussed above, it seems interesting to
study microwave performance of bulk and thin-film antiferro-
electrics.

Hardening of the soft mode in thin epitaxial film [7] is yet
another factor speaking in favor of the application of polar phase
ferroelectrics at millimeter-wave frequencies. It seems that, due
to the hardening of the soft mode, one may expect substantial
ferroelectric activity and tunability in polar phase at microwave
frequencies.

ACKNOWLEDGMENT

The BSTO films were fabricated by Dr. P. Petrov,
Dr. Z. Ivanov, and Prof. T. Claesson at the Swedish Nanometer
Laboratory, Göteborg, Sweden.

REFERENCES

[1] O. G. Vendik, Ferroelectrics in Microwave Technology(in Rus-
sian). Moscow, Russia: Sov. Radio, 1979.

[2] R. W. Babbitt, T. E. Koscica, and W. C. Drach, “Planar microwave elec-
trooptic phase shifters,”Microwave J., pp. 63–79, June 1992.

[3] V. K. Varadan, D. K. Ghodgoankar, V. V. Varadan, J. F. Kelly, and P.
Glikerdas, “Ceramic phase shifters for electronically steerable antenna
systems,”Microwave J., pp. 118–127, Jan. 1992.



GEVORGIAN AND KOLLBERG: DO WE NEED FERROELECTRICS IN PARAELECTRIC PHASE IN MICROWAVE DEVICES? 2123

[4] S. Das, “High power tunable filters use HTS ferroelectrics,”Microwaves
RF, pp. 93–102, Sept. 1991.

[5] S. Abadei, S. Gevorgian, C.-R. Cho, A. Grishin, J. Andreasson, and T.
Lindbäck, “DC field dependent properties of NaK NbO =Si struc-
tures at millimeter-wave frequencies,”Appl. Phys. Lett., vol. 78, pp.
1900–1902, 2001.

[6] N. A. Pertsev, A. K. Tagantsev, and N. Setter, “Phase transitions and
strain induced ferroelectricity in SrTiOepitaxial films,” Phys. Rev. B,
Condens. Matter, vol. 61, pp. R825–R829, 2000.

[7] X. X. Xi, A. A. Sirenko, A. M. Clark, I. A. Akimov, J. H. Hao, and W.
Si, “Abstracts,” inProc. Mater. Res. Soc. Fall, vol. 99, 1999, p. 459.

[8] S. Gevorgian, P. K. Petrov, S. Abadei, and Z. Ivanov, “Strain induced
ferroelectricity in epitaxial SrTiO films,” Integrated Ferroelect., vol.
33, pp. 311–321, 2001.

[9] D. Galt, T. Rivkina, and M. W. Cromer, “Microwave tuning quality and
power handling of voltage—tunable capacitors: Semiconductor varac-
tors vs. Ba Sr TiO ,” in Proc. Mater. Res. Soc. Fall 1977, 1998, pp.
341–347.

[10] S. Gevorgian, E. Carlsson, E. Wikborg, and E. Kollberg, “Tunable mi-
crowave devices based on bulk and thin film ferroelectrics,”Integrated
Ferroelect., vol. 22, pp. 765–777, 1998.

[11] S. Gevorgian, A. Eriksson, P. Petrov, P. Linner, G. Lovestam, and E. Wik-
borg, “DC field induced antiferroelectric phase transition in bulk single
crystal stronium titanate,”Integrated Ferroelect., vol. 33, pp. 323–329,
2001.

[12] D. Galt and J. C. Price, “Characterization of a tunable thin film mi-
crowave YBaCu O =SrTiO coplanar capacitor,”Appl. Phys Lett.,
vol. 63, pp. 3078–3080, 1993.

[13] A. T. Findikoglu, Q. X. Jia, I. H. Campbell, and X. D. Wu,
“Electrically tunable coplanar transmission line resonators using
YBa Cu O =SrTiO layers,” Appl. Phys. Lett., vol. 66, pp.
3674–3674, 1995.

[14] R. A. York, A. S. Nagra, P. Periaswami, O. Auciello, S. K. Steiffer, and
J. Im, “Synthesis and Characterization of(Ba Sr )Ti O thin
films and integration into microwave varactors and phase shifters,” pre-
sented at the Int. Integrated Ferroelect. Symp., 2000, paper 135 I.

[15] R. Romanovsky, J. Bernhard, G. Washington, V. VanKeuls, F. Miranda,
and C. Cannedy, “AK-band linear phased array antenna based on
Ba Sr TiO thin film phase shifters,” inIEEE MTT-S Int.
Microwave Symp. Dig., 2000, pp. 1351–1354.

[16] A. B. Kozyrev, V. N. Osadchy, A. S. Pavlov, A. Golovkov, M. Sugak, D.
Kalinikos, C. M. Carlson, T. V. Rivkin, P. A. Parilla, J. D. Perkins, D. S.
Ginley, L. Sengupta, L. Chiu, X. Zhang, Y. Zhu, and S. Sengupta, “30
GHz steerable beam antenna based on ferroelectric phase shifters,” in
Proc. Progress Electromag. Res. Symp., vol. 1, July 5-14, 2000, p. 48.

[17] G. Subramanyam, F. Miranda, R. R. Romanofsky, and F. V. W. Van
Kleus, “A ferroelectric tunable microstrip Lange coupler forK-band
applications,” inIEEE MTT-S Int. Microwave Symp. Dig., 2001, pp.
1363–1366.

[18] F. A. Miranda, F. W. Van Keuls, R. R. Romanovsky, and G. Sub-
ramanyam, “Tunable microwave components forKu- and K-band
satellite communications,”Integrated Ferroelect., vol. 22, pp. 789–797,
1998.

[19] Q. X. Jia, A. T. Findikoglu, and D. Reagor, “Improvement in perfor-
mance of electrically tunable devices based on nonlinear dielectric
SrTiO using homoepitaxial LaAlOlayer,” Appl. Phys. Lett., vol. 73,
pp. 897–899, 1998.

[20] F. DeFlaviis, N. G. Alexepolous, and O. M. Staffsudd, “Planar mi-
crowave integrated phase shifter design with high purity ferroelectric
material,”IEEE Trans. Microwave Theory Tech., vol. 45, pp. 963–969,
June 1997.

[21] M. J. Dalberth, R. E. Stauber, J. C. Price, and C. T. Rogers, “Improved
low frequency and microwave dielectric response in strontium titanate
thin films grown by laser ablation,”Appl. Phys Lett., vol. 72, pp.
507–509, 1998.

[22] A. B. Kozyrev, T. B. Samoilova, A. A. Golovkov, E. K. Hollmann, D. A.
Kalinikos, V. E. Lginov, A. M. Pruan, and O. I. Soldatenkov, “Nonlinear
behavior of thin film SrTiO capacitors at microwave frequencies,”J.
Appl. Phys., vol. 84, pp. 3326–3332, 1998.

[23] S. W. Kirchoefer, J. M. Pond, A. C. Carter, W. Chang, K. K.
Agarwal, J. C. Horwitz, and D. B. Chrisey, “Microwave properties
of Sr Ba TiO thin film interdigital capacitors,”Microwave Opt.
Technol. Lett., vol. 18, pp. 168–171, 1998.

[24] Petrov, E. Carlsson, P. Larsson, M. Friesel, and Z. Ivanov, “Improved
SrTiO multilayers for microwave applications,”J. Appl. Phys., vol. 84,
pp. 3134–3140, 1998.

[25] E. K. Hollman, S. V. Ivanov, A. B. Kozyrev, V. I. Loginov, P. K. Petrov,
O. I. Soldatenko, A. V. Tumarkin, and O. G. Vendik, “Evaluation of the
tunability and insertion loss of YBCO/STO structures for MW appli-
cations,” inMicrowave Physics Technology, I. Nedkov, Ed. Sozopol,
Bolgaria: NATO, 1997, pp. 339–344.

[26] J. S. Horwitz, W. Chang, A. C. Carter, J. M. Pond, S. W. Kirchoefer,
D. B. Chrisey, J. Levy, and C. Hupert, “Structure/property relationship
in ferroelectric thin films for frequency agile microwave electronics,”
Integrated Ferroelect., vol. 22, pp. 799–809, 1998.

[27] H.-D. Wu and F. S. Barnes, “Doped BaSr TiO thin films for mi-
crowave device applications at room temperature,”Integrated Ferro-
elect., vol. 22, pp. 811–825, 1998.

[28] J. M. Pond, S. W. Kirchoefer, W. Chang, J. S. Horwitz, and D. B. Chrisey,
“Microwave properties of ferroelectric thin films,”Integrated Ferro-
elect., vol. 22, pp. 837–848, 1998.

[29] A. B. Kozyrev, O. I. Oldatenko, T. B. Samoilova, A. V. Ivanov, C. H.
Mueller, T. V. Rivkin, and G. A. Koepf, “Response time and power han-
dling capability of tunable microwave devices using ferroelectric films,”
Integrated Ferroelect., vol. 22, pp. 849–860, 1998.

[30] G. Ruppercht and R. O. Bell, “Microwave losses in strontium titanate
above the phase transition,”Phys. Rev., vol. 125, pp. 1915–1920, 1962.

[31] J. Krupka, R. G. Geyer, M. Kuhn, and J. H. Hinken, “Dielectric proper-
ties of single crystals of Al2O, LaAlO , NdGaO , SrTiO , and MgO
at cryogenic temperatures,”IEEE Trans. Microwave Theory Tech., vol.
42, pp. 1886–1890, Oct. 1994.

[32] J. B. L. Rao, D. P. Patel, and L. C. Sengupta, “Phased arrays based on
bulk phase shifting with ferroelectrics,”Integrated Ferroelect., vol. 22,
pp. 827–836, 1998.

[33] J. Synowczynski, L. C. Sengupta, and L. H. Chiu, “Investigation of par-
ticle size on the 10 GHz microwave properties of BaSr TiO =MgO
composite ceramics,”Integrated Ferroelect., vol. 22, pp. 861–872, 1998.

[34] W. J. Kim, W. Chang, S. B. Cadri, J. M. Pond, S. W. Kirchoefer, D.
B. Chrisey, and J. S. Horwitz, “Microwave properties of tetragonal
distorted(Ba Sr )TiO thin films,” Appl. Phys. Lett., vol. 76, pp.
1185–1187, 2000.

[35] W. Chang, J. S. Horwitz, A. C. Carter, J. M. Pond, S. W. Kirchhoefer, C.
M. Gilmore, and D. B. Chrisey, “The effect of annealing on microwave
properties of Ba Sr TiO thin films,” Appl. Phys. Lett., vol. 74, pp.
1033–1035, 1999.

[36] J. D. Banieki, R. B. Laibowitz, T. M. Shaw, P. R. Duncombe, and D. A.
Neumayer, “Dielectric relaxation of Ba Sr TiO thin films from 1
MHz to 20 GHz,”Applied Phys. Lett., vol. 72, pp. 498–500, 1998.

[37] S. C. Tidrow, E. Adler, T. Anthony, W. Weibach, and J. Synowczynski,
“Evaluating voltage-tunable materials for RF phase shifter technology,”
Integrated Ferroelect., vol. 28, pp. 151–160, 2000.

[38] I. B. Vendik, O. G. Vendik, and E. Kollberg, “Commutation quality
factor of two-state switchable devices,”IEEE Trans. Microwave Theory
Tech., vol. 48, pp. 802–808, May 2000.

[39] K. Bete, “Uber das Mikrowellenverhalten Nichtlinearer Dielektrika,”
Philips, Eindhoven, The Netherlands, Res. Rep. Suppl., vol. 2, 1970.

[40] A. Tagantsev, “DC–electric-field-induced microwave loss in ferro-
electrics and intrinsic limitation of the quality factor of a tunable
component,”Appl. Phys. Lett., vol. 76, pp. 1182–1184, 2000.

[41] S. Zafar, R. E. Jones, B. Jiang, B. White, P. Chu, D. Taylor, and Gille-
spie, “Oxygen vacancy mobility determined from current measurements
in thin Ba St TiO films,” Appl. Phys. Lett., vol. 73, pp. 175–177,
1998.

[42] R. Waser, T. Baiatu, and K.-H. Härdtl, “DC electrical degradation of
Perovskite-type titanates: II single crystals,”J. Amer. Ceram. Soc., vol.
73, pp. 1654–162, 1990.

[43] T. Schimitsu, “The effect of strain on the permittivity of SrTiOfrom
first-principle study,”Solid State Commun., vol. 102, pp. 523–527, 1997.

[44] M. A. Saifi and E. Cross, “Dielectric properties of strontium titanate at
low temperature,”Phys. Rev., vol. 2, pp. 677–684, 1970.

[45] X. Wang, U. Helmesson, S. Olafsson, S. Rudner, L.-D. Wernlund, and
S. Gevorgian, “Growth and field dependent dielectric properties of
epitaxial Na K NbO thin films,” Appl. Phys. Lett., vol. 73, pp.
927–929, 1998.

[46] C.-R. Cho and A. Grishin, “Self-assembling ferroelecrtic
Na K NbO thin films by pulsed-laser deposition,”Appl.
Phys. Lett., vol. 75, pp. 268–270, 1999.

[47] E. H. Nicolian and J. R. Brews,MOS Physics and Technology. New
York: Wiley, 1982.

[48] S. Gevorgian, S. Abadei, H. Berg, and H. Jacobsson, “MOS varactors
with ferroelectric films,” in IEEE MTT-S Int. Microwave Symp. Dig.,
vol. 2, 2001, pp. 1195–1197.



2124 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 11, NOVEMBER 2001

Spartak S. Gevorgian(M’96–SM’97) received the
Masters degree in radio engineering from the Poly-
technic Institute, Yerevan, Armenia, in 1972, and the
Ph.D. and Dr.Sci. degrees from the Electrical Engi-
neering University, S. Petersburg Russia, in 1977 and
1991, respectively.

He is currently a Professor at Chalmers University
of Technology, Göteborg, Sweden. He is also with
Ericsson Microwave Systems, Moelndal, Sweden,
on a part-time basis. His research interests are
microwave devices and components (passive,

semiconductor, ferroelectric, superconductor, photonic, physics, modeling,
design, and experiment). He has authored or co-authored over 170 papers. He
holds 20 patents and patent applications.

Erik Ludvig Kollberg (M’83–SM’83–F’91) has
been a Professor at the School of Electrical and
Computer Engineering, Chalmers University of
Technology, Göteborg, Sweden, since 1980. He
became the Acting Dean (1987–1990) and then the
Department Head of the Department of Microelec-
tronics, Chalmers University of Technology. He
was an Invited Guest Professor at the Ecole Normal
Superieure, Paris, France, and was a Distinguished
Fairchild Scholar at the California Institute of
Technology, Pasadena, in 1990. His research has

comprised low-noise millimeter-wave Schottky diode mixers, varactor diode
multipliers, superconducting quasi-particle mixers, quantum-well devices, sub-
millimeter-wave hot electron mixers, and three-terminal devices such as FETs
and heterojunction bipolar transistors (HBTs). He invented the heterostructure
barrier varactor diode. He has authored or co-authored approximately 250
scientific papers in the above-mentioned areas.

Prof. Kollberg is a member of the Royal Swedish Academy of Science and
the Royal Swedish Academy of Engineering Sciences. He was the recipient of
the Microwave Prize presented at the 12th European Microwave Conference,
Helsinki, Finland and the 1986 Gustaf Dahlén Gold Medal. He received an Hon-
orary Ph.D. degree from the Technical University of Helsinki, Helsinki, Finland,
in 2000.


	MTT023
	Return to Contents


