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Abstract

The influence of the microstructure of Bag ¢St 4TiO5 (BST) bulk ceramics and thick films on the dielectric properties have been
studied. Thick films have been prepared by screen printing technique on Al,O3 substrates. The powder has been prepared by using
the common mixed oxide technique. In comparison to dense bulk ceramics, the permittivity of thick films is approximately 10 times
less. The effect of temperature on the permittivity and the tunability (change of the dielectric constant with applied voltage) has also
been investigated at low frequency (1 kHz). At microwave frequencies, BST thick films have been characterized by measuring
coplanar waveguides (CPW) at room temperature and utilizing an enhanced quasi-static CPW model for multilayer dielectric sub-

strates. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Phased array antennas with steerable electronic beam
will gain increasing importance in future applications in
radar, satellite and communication systems.! The use of
ferroelectric ceramics, like barium strontium titanate
(BST), for phase shifters could be a cheap alternative to
the commonly used components in such applications.?3
For an application in a beam steering device, the
required properties for the ferroelectric material are: low
dielectric constants &, <50, low losses (tané), high tun-
ability (Ae;/e;) and a low temperature dependence.

It has been shown that the permittivity of barium
titanate can be reduced by increasing the porosity* or by
admixing different materials® and that the temperature
dependence of the permittivity can be decreased by
reducing the grain size.%’

* Corresponding author. Tel.: +49-721-608-7769; fax: +49-721-
608-7492.

E-mail address: frederic.zimmerma@etec.uni-karlsruhe.de (F. Zim-
mermann).

This paper describes the investigation of Bag Srg 4.
TiO5; bulk ceramics with different porosity and grain
sizes, as well as of Bag¢Srg4TiO5 thick films with dif-
ferent porosity printed on alumina (99%) substrate. The
dielectric properties (g;, tan ) of thick films have been
measured at low frequency (I kHz) as a function of
temperature (70 < T/K < 320), applied electrical field
and compared to those of bulk ceramics. Furthermore,
results are presented for a ferroelectric transmission line
phase shifter in coplanar technology at 24 GHz, suitable
for an integration in planar phased array antennas.

2. Material preparation and experimental methods

Disk-shaped dense and porous Bag¢Srg4TiO3 bulk
ceramics were prepared by the mixed oxide method.
BaCO;, SrCO; and TiO, was weighed out in stoichio-
metric proportions, calcined at 1050°C, milled to a med-
ian grain size of dso<0.5 pm. The porous samples were
hand-pressed and sintered at 1280°C. Dense samples
were cold isostatically pressed at 200 MPa before being
sintered at 1300°C. The ceramics were then cut to disks
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of 8 mm diameter and of 1.4 mm thickness. Thin gold
electrodes were sputtered on both faces of the disk to
build a simple capacitor so that the permittivity and the
losses could easily be calculated from the complex
capacity.

In order to build thick film capacitors, a 3 um plati-
num bottom electrode was screen printed on an Al,Os-
substrate and fired at 1340°C. Then a layer of BST was
printed on the top of the platinum electrode and sin-
tered at 1250°C. The average diameter of the grains and
the layer thickness after sintering was determined by
scanning electron microscopy. For the top electrode, a
gold layer of 1.5 pum thickness was printed on the BST
and fired at 900°C. A summary of the examined BST-
ceramics is given in Table 1.

A cryostat was used to cover the temperature range
from 70 to 340 K. The complex permittivity was mea-
sured by a HP4274A LCR-meter (discrete frequencies
from 100 Hz to 100 kHz) which was separated from the
applied high voltage up to 1 kV by low loss capacitors.

Tunable microwave transmission line phase shifters
were realized on BST thick films. The uniplanar concept
of the coplanar waveguide (CPW) was chosen here,
since the electrical field of the CPW is mainly con-
centrated between the line slots, i.e. in the ferroelectric
film.The dielectric constant of the BST film can be con-
trolled by simply applying a dc voltage V4. between the
inner conductor and the ground metallizations of the
CPW, perpendicular to the direction of propagation of
the microwave signal.

Coplanar waveguides have been fabricated on
Ba Srg 4TiO;3 thick films of approximately 5 um thick-
ness on top of 0.635 mm thick alumina substrates using
standard photolithography and thin film technology. A
gold metallization has been electroplated up to a thick-
ness of =3 um. The strip width w and the slot width s
of the CPW were chosen to be w=18 um and s=16 um,
respectively. The scattering parameters of CPW’s on
various BST thick films were measured at room tem-
perature up to 26.5 GHz using a HP 8510B network
analyser and an on-wafer probe station. Since maximum
internal dc voltage of the network analyser was limited to
only V4.=40 V, a maximum electric field strength of
Eax=2.5 kV/mm was achieved in the narrow CPW
slots.

The differential phase shift, A®, of the ferroelectric
CPW-phase shifter at a certain frequency, f;, can be
defined as:

AP = Py — Prin

= i—:ﬁ) (\/ erefr(0) — /. sr,eff(EmaX)) L )

where &; ¢(0) and &, r (Emax) denote the effective dielectric
constants for zero and maximum dc bias, respectively.

Table 1
Bag Sr( 4TiO3 ceramics examined at low frequencies (1 kHz)

System Porosity (%)  Grain size (um)  Thickness
BST60  Bulk <1 <25 1.4 mm
RB20 Bulk 30-40 0.7 1.4 mm
S3 Thick film  30-40 0.7 7 um
S2 Thick film >S3 0.7 8.5 um

Furthermore, ¢y is the velocity of light in free space and
L is the physical length of the transmission line.

According to Eq. (1), the measurement of the phase
shift, @, as a function of frequency makes it possible to
derive the effective dielectric constant, &; ¢, of the thick
film-BST CPW and its tunability. A quasi-static CPW
model for multilayer dielectric substrates was con-
catenated and extended, taking into account finite
metallization thickness, dispersion as well as ohmic con-
ductor losses and dielectric losses, in order to estimate
the relative permittivity, ; gst, the loss tangent, tandgsr,
and the tunability of the BST thick film.® This simple
and fast analytical CPW model has shown quite rea-
sonable agreement with a numerical full wave analysis.

The phase shifter device can be characterized by its
differential phase shift, A®, according to Eq. (1) and
the insertion loss. Excluding the return loss, the intrinsic
loss of a phase shifter is

a = —10log(|S11 > + |S21*)(dB), )

where S;; and S,; are the measured reflection and
transmission coefficients, respectively. Since a high
phase shift and low losses are aimed for a phase shifter,
the figure-of-merit (FoM) of a phase shifter can be
defined as the quotient of the differential phase shift,
A®, and the insertion loss, o:

FoM = %(deg/dB). 3)

3. Results and discussion

Fig. 1 shows the temperature dependence of the per-
mittivity and the loss tangent of the dense and the por-
ous BST bulk ceramics. The dense bulk ceramic clearly
shows the three well-known® phase transitions from
cubic to tetragonal (275 K), tetragonal to orthorhombic
(220 K) and orthorhombic to rhombohedral (175 K),
and a strong increase of losses with decreasing tem-
perature. In contrast, the permittivity curve of the por-
ous bulk ceramic shows only one broad peak and a
strongly reduced permittivity compared to the dense
ceramic. The sharp peak at the Curie point disappears,
and the losses below 280 K show an almost linear
behavior and are smaller than those of the dense ceramic.



F. Zimmermann et al. | Journal of the European Ceramic Society 21 (2001) 2019-2023 2021

The porosity secems to be the main reason for the
reduction of the permittivity,* and the small grain size
causes the Curie-point to be smeared out’

Fig. 2 compares the dielectric properties of the porous
ceramic with the properties of the thick film. The thick
film (S3) which has a similar microstructure as the por-
ous ceramic (RB20) shows significant smaller permittiv-
ity which further decreases by increasing porosity. The
temperature dependence decreases also with the increase
of the porosity, and the more porous sample (S2) has the
lowest temperature dependence and the smallest permit-
tivity of all the shown samples. The maximum of the
temperature curve moves to lower temperatures. This can
result from a shift of the lower two transition points to
higher temperature with a concurrent decrease of the
Curie temperature 7,.'°

The more porous thick film S2 has the lowest losses
(tands; = 0.007) of all the three samples at room tem-
perature at the frequency /= | kHz.

The influence of microstructural changes in BST
ceramic on the tunability is of particular interest. In
Fig. 3, the tunability 7,
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Fig. 1. Dielectric constant, ¢;, and losses, tané, versus temperature of
dense (BST60) and porous (RB20) Ba ¢Sry 4TiO; bulk ceramic mea-
sured at 1 kHz.
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Fig. 2. Dielectric constant and loss tangent versus temperature of
Bag ¢Sro4TiO5 porous bulk ceramic (RB20), a microstructural com-
parable thick film (S3), and a thick film with increased porosity (S2)
measured at 1 kHz.
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is shown for all the four examined samples. In this for-
mula, &.(0) is the permittivity of the ceramic without
applied external field, and &,(En.x) is the permittivity of
the ceramic with the maximum applied field. Since the
thick films have a thickness of ~8 um in comparison to
~1 mm of the bulks, much higher fields can be applied
with the same voltage so that tunability of thick films
and bulks in Fig. 3 should not be compared directly. In
the ferroelectric region, the tunability of the porous
ceramic is much lower than the tunability of the dense
ceramic. Nevertheless, at room temperature the porous
ceramic shows a tunability of 8% which is almost half
of the tunability of the dense bulk. The thick films,
however, are nearly temperature-independent and show
a very high tunability of 70-80% at the maximum and
about 45-70% at room temperature with an applied
electrical field close to breakdown.
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Fig. 3. Tunability versus temperature of a dense (BST60) and a por-
ous (RB20) Bag Sr( 4TiO3 bulk ceramic and the thick films S2 and S3
at 1 kHz.
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Fig. 4. Loss tangent versus temperature of Bag ¢Sro4TiO5 thick films
S2 and S3 as a function of the applied electrical field (1 kHz).
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Table 2

Dielectric material properties at K-band frequencies and room temperature and performances of a CPW-phase shifter at 24 GHz for a

Bag ¢Sro 4Ti05 thick film ceramic

Material concept BST material data at K-band

CPW phase shifter performance @ 24 GHz

&+ bst tandpst Tunability (%) AP (deg/mm) a (dB/mm) FoM (deg/dB)
at 0 kV/mm at 2.5 kV/mm at 2.5 kV/mm at 2.5 kV/mm
Bag ¢Sr 4TiO5 thick film 321 0.090 9.8 10.26 2.12 4.84

Fig. 4 shows the tané of the thick films S2 and S3 as a
function of temperature with and without an electrical
field. At zero field, both thick films have a strong tem-
perature dependence of tans which disappears with an
applied electrical field. A possible explanation for this
circumstance might be a fixing of the polarization due
to the strong electric field.

Table 2 shows the model-aided estimations of the
dielectric properties of a 5 pm Bag ¢Sty 4T105 thick film.
The results were gained from CPW measurements at K-
band frequencies and at room temperature. In addition,
the measured performance of a CPW phase shifter at
24 GHz is given for this BST-material concept. In com-
parison with interdigital capacitor measurements at
1 MHz, only a slight degradation in &; st and tunability
of the BST thick film is observed at K-band frequencies.
A tunability of nearly 10% was achieved based upon an
applied electrical field strength of 2.5 kV/mm. However,
the BST loss tangent has increased crucially by a factor
of about 10.® These high losses are assumed to be due to
BST-film porosity, imperfections, surface stress, and
interdiffusions at the boundary layer. Due to the dom-
inating losses and the relatively low electrical field
strength, the phase shifter FoM was only about 5 deg/
dB.

For microwave-phase shifter applications, where high
tunability and low losses, i.e. a high figure-of-merit
according to Eq. (3), are desirable, one has to find the
BST-material composition, offering the best trade-off of
both parameters.

4. Conclusions

Dense and porous bulk ceramics with the composition
Ba0.6Sr0.4TiO3 were prepared to show the influence of
porosity and grain size on the dielectric behavior. The
desired effect of reduction of permittivity and of tem-
perature dependence by means of increasing the poros-
ity has been achieved.

Ba0.6Sr0.4TiO;5 thick films prepared by the screen
printing method have similar dielectric properties, low
temperature dependence and low permittivity. The tun-
ability of the more porous thick film S2 at room tem-
perature is t, so~45% and the losses tands; = 0.007 with
an applied electric field of Enaxso=11.8 kV/mm at 1

kHz. Since the losses of the thick films with an applied
bias field are almost independent of the temperature and
the porosity, an application with the operating point
near breakdown would be quite conceivable. Room
temperature measurements of a thick film CPW phase
shifters at K-band frequencies indicated that the tun-
ability values are transferable from the kHz to the GHz
region, but the dielectric loss tangent of BST increases
by an order of magnitude. A material optimization
regarding losses and applying higher electrical field
strengths should allow a distinctly improved figure-of-
merit of the phase shifter device at room temperature.
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