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DC electric field effects on the real part of the relative dielectric constant and the loss factor
of barium strontium titanate for application in phased array antennas have been studied.
The real part of the relative dielectric constant of the specimens decreases with increasing
applied DC field. The loss factor under bias DC electric field is slighter than the real part of
the relative dielectric constant does. The tunability is about 24% for barium strontium
titanate doped with 1 wt% Al2O3 content. Variation of fitted phenomenological coefficients
with Al2O3 contents below 10 wt% is small and a rapid increase of the fitted
phenomenological coefficient occurs above 10 wt%. Variation of field coefficient A and
tunability with Al2O3 contents has the same trend as that of the grain size. The real part of
the relative dielectric constant of Al2O3 doped barium strontium titanate decreases rapidly
before 1.0 KV/cm and slowly after 1 KV/cm compare to the data obtained by the curve
fitting. There is a conduction loss mechanism other than the intrinsic dielectric loss for the
dielectric loss under bias electric field. C© 2000 Kluwer Academic Publishers

1. Introduction
Phased array antennas are currently constructed using
ferrite phase-shifting elements. However, these are very
costly, large, and heavy. In order to make these de-
vices practical for commercial and military uses; better
materials must be developed [1]. The desirable charac-
teristics of a dielectric material for phased array ap-
plications would be low dielectric constant, low di-
electric loss factor and high dielectric tunability. The
tunability of the specimen affects its properties through
changes of the dielectric constant with applied elec-
tric field. The phase-shifting ability is directly related
to the tunability; therefore, higher tunabilities are de-
sirable [2]. Reduction of the dielectric constant re-
duce the overall impedance mismatch. The loss tangent
serves to dissipate or absorb the incident microwave
energy; thus a low loss tangent serves to decrease the
insertion loss [3]. Numerous studies on the dielectric
properties of (Ba1−xSrx)TiO3-based ceramics using the
conventional mixed oxide method have been carried
out. The real part of the relative dielectric constant
of BaxSr1−xTiO3 ceramics varies from 200 to 900,
and the loss factor of BaxSr1−xTiO3 ceramics varies
from 10−3 to 10−2 around 2 GHz [4]. The real part
of the relative dielectric constant of samples doping
with a small amount of phosphor sintered at 1150 and
1200◦C are 6100 and 5500, respectively [5]. Fe2O3-
doped (Ba0.6Sr0.4)TiO3 produced the smallest loss fac-
tor of all the dopants studied included Mn, Bi, Ga, Y,
Nb and Fe [6]. Al2O3-doped (Ba0.6Sr0.4)TiO3 materi-

als exhibit behavior which renders them suitable for
use in phased array antennas. The improved properties
of these samples include a low real part of the relative
dielectric constant, a low loss factor and high tunabil-
ity [7]. Based on the results, further investigations on
(Ba0.6Sr0.4)TiO3 doped with Al2O3 have been made to
produce ceramics with better dielectric properties for
application in phased array antennas. For perovskite
structures (ABO3), doping with small amounts of ac-
ceptor ions on B sites can greatly affect the dielectric
properties [8–10]. Acceptor dopants are defined as ions
with lower valency than the ions they replace, so Al ions
can act as acceptor dopants (Al3+ on Ti4+ sites). Curve
fitting have been used to fit the DC field dependence
of the real part of the relative dielectric constant [11].
A. Outzourhit and J. U. Trefny [11] have investigated
that the deviation from the behavior predicated by the
theory of Devonshire [12] may be attributed to nonuni-
form dielectric constants throughout the samples which
is tandem with the scanning electron microstructures.

In this paper, we have synthesized Al2O3-doped
(Ba0.6Sr0.4)TiO3 powders using the conventional solid-
state reaction. The (Ba0.6Sr0.4)TiO3 doped with differ-
ent amount of Al2O3 have been found to be different
from those of undoped (Ba0.6Sr0.4)TiO3. Curve fitting
is used to fit the DC field dependence of the real part of
the relative dielectric constant and the loss factor of all
specimens. As the fitting is finished, the data obtained
by measuring and curve fitting are compared and they
may reveal more physical insights.
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2. Experimental procedure
The starting raw chemicals were high-purity BaCO3,
TiO2, SrCO3 and Al2O3 powders. The composition pre-
pared was (Ba1−xSrx)TiO3 with x= 0.4, hereafter re-
ferred to as BSTO. BSTO was doped with 0.5 wt%,
1.0 wt%, 1.5 wt%, 2.0 wt%, 5.0 wt%, 10 wt%, 15 wt%
and 20 wt% Al2O3, these being referred to as shown
in Table I. Specimens were prepared using the con-
ventional mixed-oxide method. The raw material was
weighed out in stoichiometric proportions, ball-milled
in alcohol, dried and then calcined at 1150◦C for 3 h.
The obtained powders were then crushed into a fine
powder of less than 325 mesh and axially pressed into
pellets having a diameter of 9.8 mm and thickness of
1.6 mm, prior to sintering at 1450◦C for 3 h. After
sintering, the scanning electron microstructures (SEM)
was employed to examine the microstructures of the
specimens. Then the average grain size was determined
from the microstructures of the specimens, as shown in
Table I. The dielectric properties of the ceramic body
were measured using a HP4194 impedance/gain phase
analyzer. With the capacitance of the sample measured,
the real part of the relative dielectric constant can beε′r
calculated as

ε′r =
Cd

Aε0
, (1)

whereC is the capacitance,d is the thickness,A is the
area andε0= 8.8542× 10−12 F/m. The % tunability is
determined using the following equation

% tunability= ε′r(0)− ε′r(Vapp)

ε′r(0)
, (2)

whereε′r(0) is the real part of the relative dielectric
constant without DC bias andε′r(Vapp) is the real part of
the relative dielectric constant bias withVapp. The tun-
ability measurements were considered with the applied
electric field which ranged from 0 to 1.5 KV/cm for all
specimens.

Curve fitting is used to fit the DC field dependence of
the real part of the relative dielectric constant and the
loss factor of all specimens with Equations 3 and 5.
The curve fittings employed are based on the least
square method. In this method, the square of the de-
viation from the theoretical expectation to the exper-
imental trend was calculated while varying the phe-

TABLE I Sintered densities and grain sizes for all specimens (? data
unavailable for these specimens)

Al2O3 Content Density Grain size
Sample (wt%) (g/cm3) (µm)

BSTO 0 5.589 3.94
BSTO1 0.5 5.383 10.58
BSTO2 1.0 5.210 25.71
BSTO3 1.5 5.147 19.93
BSTO4 2.0 5.059 11.23
BSTO5 5.0 4.993 8.95
BSTO6 10.0 4.506 7.2
BSTO7 15.0 4.410 ?

BSTO8 20.0 3.892 ?

nomenological coefficient. The fitting process is ended
as the deviation is minimized at the specific value of
the phenomenological coefficient.

3. Results and discussion
The sintered densities and grain size of all the speci-
mens investigated are shown in Table I. The density and
the grain size of the specimens were plotted as func-
tion of the Al2O3 doping contents as shown in Fig. 1.
The density of the specimen decreases with increasing
Al2O3 content, the grain size of specimens increases
with Al2O3 content≤1 wt% and decreases with Al2O3
content>1 wt%.

The field dependence of the real part of the dielec-
tric constant for all specimens were shown in the up-
per part of Fig. 2. The symbols for the data obtained
by measuring and the lines for the data obtained by
curve fitting. From the results of Fig. 2, the real part
of the relative dielectric constant of the samples de-
creases with increasing the DC field. The tunability of
the samples at 10 MHz, 20 MHz, 30 MHz, 40 MHz
are listed in Table II. The tunability is defined as the
changing percentage of the real part of the relative di-
electric constant at 1.5 KV/cm. Variation of tunability
with Al2O3 contents measuring at different frequencies
is illustrated in Fig. 3. The tunability of the specimen in-
creases with increasing Al2O3 contents for Al2O3 con-
tents lower than 1 wt% and then decreases with increas-
ing Al2O3 contents above 1 wt%. This is due to the fact
that Devonshire’s [10] theory assumes a stress free con-
dition. However there is internal stress among grains

TABLE I I The tunability at 10 MHz, 20 MHz, 30 MHz, 40 MHz for
all specimens

Composition 10 MHz 20 MHz 30 MHz 40 MHz

BSTO1 10.11% 12.80% 12.91% 13.10%
BSTO2 10.83% 12.87% 17.04% 24.02%
BSTO3 10.09% 10.97% 11.27% 11.92%
BSTO4 8.35% 8.47% 8.11% 8.00%
BSTO5 3.91% 5.87% 7.89% 11.34%
BSTO6 3.96% 6.01% 5.91% 7.02%
BSTO7 2.94% 3.72% 2.59% 2.63%
BSTO8 2.60% 2.70% 2.80% 2.66%

Figure 1 Density and grain size of the specimens as a function of Al2O3

doping content.
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(a) (b)

(c) (d)

(e) (f)

Figure 2 Dielectric constant and loss factor of all the specimens vs DC field at 10 MHz, 20 MHz, 30 MHz, 40 MHz. (a) BSTO1; (b) BSTO2;
(c) BSTO3; (d) BSTO4; (e) BSTO5; (f) BSTO6; (g) BSTO7; (h) BSTO8.(Continued).
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(g) (h)

Figure 2 (Continued).

Figure 3 Variation of tunability (defined at 1.5 KV/cm) with Al2O3

content measuring at different frequencies.

affects the dielectric properties. The internal stress de-
creases with the increase of grain size. As a result of the
grain size of BSTO2 is largest and the internal stress
effect on BSTO2 should be smallest, the BSTO2 has
maximum tunability. The samples with larger grains
have larger tunability.

The real part of the relative dielectric constantε′r in
paraelectric states was represented as [12]

ε′r
ε′r0
= 1(

1+ aε′3r0E2
)1/3 , (3)

whereε′r0 and ε′r are the real part of the relative di-
electric constant under zero bias field and under bias
field E; respectively;a is the phenomenological coef-
ficient. Theε′r of the samples decreases with increasing
the bias field. The phenomenological coefficients ob-
tained by curve fitting with Equation 3 are summarized
in Table III.Variation of fitted phenomenological coeffi-
cients with Al2O3 doping contents at different frequen-
cies is illustrated in Fig. 4. At Al2O3 doping contents
below 10 wt%, the variation of fitted phenomenological
coefficients with Al2O3 contents are small. At Al2O3
contents above 10 wt%, a rapid increase of the fit-
ted phenomenological coefficient occurs. The value of
fitted phenomenological coefficient is influenced by
the real part of the relative dielectric constant under

Figure 4 Variation of fitted phenomenological coefficients with Al2O3

content measuring at different frequencies.

zero bias field. At high Al2O3 contents, such as above
10 wt.%, where the suppression ofε′r0 is remarkable.
Therefore, the fitted phenomenological coefficient of
samples with smallerε′r0 is larger to keep aε′3r0 being a
reasonable value.

As shown in the bias equation (Equation 3), the phe-
nomenological coefficient of the DC fieldE is the prod-
uct of aε′3r0. The phenomenological coefficient are used
to determine the effects of the DC field on the real part
of the relative dielectric constant. It is convenient to de-
fine a field coefficient A which represents the strength
of the DC field effect. Thus the bias equation for the
real part of the relative dielectric constant is re-written
as:

ε′r
ε′r0
= 1

(1+ AE2)1/3
(4)

TABLE I I I The phenomenological coefficient× 1012 at 10 MHz,
20 MHz, 30 MHz, 40 MHz for all specimens

Composition 10 MHz 20 MHz 30 MHz 40 MHz

BSTO1 6.33 8.94 10.00 10.89
BSTO2 11.00 14.10 19.47 32.83
BSTO3 9.36 10.73 12.10 13.08
BSTO4 12.56 12.58 12.40 12.42
BSTO5 138.57 220.69 344.67 562.05
BSTO6 7656.90 11850.92 12268.65 15486.36
BSTO7 68039.06 66210.57 62975.62 64926.30
BSTO8 689427.86 731147.39 780713.49 769777.41
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The field coefficientsA are summarized in Table IV. As
shown in Fig. 5, variation ofA with Al2O3 contents has
the same trend as that of grain size as shown in Fig. 1.

The real part of the relative dielectric constant ob-
tained by curve fitting with the bias equation as shown
in the upper part of Fig. 2. The fitting of the measured
dielectric constants by Equation 3 is poor for all the
specimens. For the specimens, the real part of the rela-
tive dielectric constant by measuring is larger than the
data obtained by curve fitting at 1.5 KV/cm and smaller
than the data obtained by curve fitting at 0.5 KV/cm and
1.0 KV/cm. The difference between the data obtained
by measuring and curve fitting at 0.5 KV/cm is larger
than at 1.0 KV/cm.. Compare to the data obtained by
curve fitting, the real part of the relative dielectric con-
stant decreases rapidly with the applied electric field
up to fields at 0.5 KV/cm or 1 KV/cm. The real part of
the relative dielectric constant decreases slowly after
1 KV/cm are observed in the plot.

This is due to the fact that the specimens of Al2O3-
doped BSTO are semi-conductive and the measured
dielectric properties are caused by the space charge
polarization. In the Heywang model [13–16], oxygen
ions are adsorbed on the grain boundaries in a concen-
tration NS (m−2) as shown in Fig. 6. These attracting
electrons from the surface layers of the crystallites. A
surface charge of−2QNS (m−2) is formed, along with
two space -charge layers with a thicknessb= NS/ni

whereni is the bulk electron concentration. The elec-
trical potential9x varies in these depletion layers as:

q9x

K T
= − n1q2

2ε0εrK T
(b− x)2, (5)

TABLE IV The field coefficient A at 10 MHz, 20 MHz, 30 MHz,
40 MHz for all specimens

Composition 10 MHz 20 MHz 30 MHz 40 MHz

BSTO1 0.1933 0.2631 0.2802 0.2920
BSTO2 0.2157 0.2769 0.3796 0.6378
BSTO3 0.1763 0.2019 0.2261 0.2454
BSTO4 0.1571 0.1553 0.1495 0.1477
BSTO5 0.0660 0.1018 0.1515 0.2330
BSTO6 0.0647 0.0984 0.1006 0.1252
BSTO7 0.0500 0.0479 0.0454 0.0465
BSTO8 0.0432 0.0455 0.0485 0.0476

Figure 5 Variation of field coefficient A with Al2O3 content measuring
at different frequencies.

Figure 6 Heywang grain-boundary barrier model [11–14].

whereq represents the positive elementary charge,εr
is the relative dielectric constant andx is the distance
to the boundary.

Park and Payne [17] proposed an equivalent
n− c− i − c− n microstructures at each grain bound-
aries in extending the Heywang barrier modal. A pro-
posed energy band model grain boundary layer (GBL)
capacitors is given in Fig. 7. The diagram is for unbiased
thermal equilibrium. It represents then− c− i − c− n
model for IBL phenomena with the possible forma-
tion of compensation (c) layers between n-type grains
and insulating (i) grain boundaries. The potential bar-
rier (VB) for the junction in this modal is similar to a
Schottky modal.CF

C andCR
C for forward and reverse

bias capacitance per unit area on either side of an in-
sulating barrier of width 2δ. On application of a bias
voltage, the barrier is lowered (VB − V) in the forward
sense and raised (VB + V) in the reverse case. The to-
tal series capacitance (CS) per unit area is given by the
capacitance of the insulating layer (Ci ) and the series
connected forward (CF

C) and reverse (CR
C) biased com-

pensation layers:

1

C
= 1

Ci
+ 1

CF
C

+ 1

CR
C

, (6)

which is expanded as

1

C
= 2δ

ε0Ki
+
[

2(VB − V)

q ND + ε0KC

]1/2

+
[

2(VB + V)

q ND + ε0KC

]1/2

, (7)

Figure 7 Energy band diagram for an equivalentn− c− i − c− ngrain-
boundary barrier model [15].
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whereε0 is the permittivity of the free space,Ki andKC
are the relative dielectric constant of the insulating and
compensation layers,q is the electronic charge andND
is the concentration of uncompensated ionized donors.
At V = 0, for a symmetric barrier,

1

C
= 2δ

ε0Ki
+ 2

[
2VB

q ND + ε0KC

]1/2

, (8)

Below the break point,V <VB, theC-V curve will be
effected by the forward bias capacitance and reverse
bias capacitance. Above theCV break point,V >VB,
the forward biased junction is saturated and reverse bi-
ased capacitance dominates.

1

C
= 2δ

ε0Ki
+
[

2(VB + V)

q ND + ε0KC

]1/2

, (9)

Due to the theory depicted above, the real part of
the relative dielectric constant decreases rapidly below
the break point and decreases slowly above the break
point. The break point of BSTO1 to BSTO8 is between
0.5 KV/cm and 1.0 KV/cm.

The loss factor obtained by measuring and curve fit-
ting with the bias equation as shown in the lower part
of Fig. 2. The symbols and the lines for the loss fac-
tor obtained by measuring and curve fitting. The loss
factor obtained by measuring is larger than the data ob-
tained by curve fitting. The difference between the data
obtained by measuring and curve fitting increases with
increasing applied electric field. The intrinsic dielectric
loss tanδC can be expressed as [12]:

tanδc

tanδco
= 1[

1+ aε′3r0E2
]1/3 , (10)

where tanδCO and tanδC are the loss factor under zero
bias field and under bias fieldE, a is the phenomeno-
logical coefficient. The tanδC of the samples decreases
with increasing the bias field. However, the loss fac-
tor of the specimen by measuring under bias DC field
is larger then that under zero bias field. It is inferred
that there must be another loss mechanism increasing
with increasing the bias field for the dielectric loss. This
can be explained by the capacitor circuit model. With
the capacitor circuit model, there is a conduction loss
mechanism other than the intrinsic dielectric loss. The
loss factor tanδ is expressed as:

tanδ = tanδC+ tanδR, (11)

tanδR = 1

ωRC
, (12)

The tanδR is the conduction loss increasing with in-
creasing the DC field.

4. Conclusions
Composites of BSTO and Al2O3 ceramics have been
fabricated and characterized. The composites have ad-
justable dielectric properties. It is inferred that the tun-
ability of the specimen is affected by the grain size. The
real part of the relative dielectric constant of the samples
decreases with increasing the bias electric field. Phe-
nomenological coefficients is independent with Al2O3
contents below 10 wt.% and a rapid increase occurs
above 10 wt.%. Variation of field coefficient A and tun-
ability with Al2O3 contents has the same trend as that of
the grain size. The curve fitting is only well for BSTO
and poor for others. This is due to the fact that the spec-
imens of Al2O3-doped BSTO are semi-conductive and
the difference between measuring and curve fitting can
be explained by the space charge polarization theory.
There is a conduction loss mechanism other than the
intrinsic dielectric loss for the dielectric loss under bias
electric field.
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