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Abstract The influence of codoping of Fe, Co, Ni, Cu
as acceptors and F as donor on the dielectric prop-
erties of screen-printed BagSrp4TiO; ceramic thick-
films has been investigated. The undoped and codoped
Bag 6S194TiO3; powders were synthesized through a sol-
gel route. The thermal gravimetric analysis revealed
the difference of the thermal decomposition behaviour
between the undoped and codoped precursors. The
ceramic powders were characterized with x-ray dif-
fraction, scanning electron microscopy and BET mea-
surements. Larger crystallite sizes of the codoped
powders were observed. The densification behaviour of
the powders was recorded by dilatometry and indicated
that codoping influences the sintering mechanism. The
permittivity, dielectric loss and tunability of the un-
doped and codoped thick-films were characterized with
coplanar waveguide structures up to 30 GHz.
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1 Introduction

Barium strontium titanates (BST) are promising can-
didates for applications in tunable microwave devices.
Such devices include phase shifters, tunable matching
networks, tunable filters, tunable antennas, as well as
frequency agile oscillators and modulators [1-7]. The
tuning of the different devices using BST is based on
the large field dependence of the dielectric permittiv-
ity, which results in a passively tuning of the capaci-
tance or phase velocity in the device, allowing it to be
adjusted in real time for a particular application [8].
These devices can be realized on screen-printed BST
thick-films on alumina substrates and allow to scale the
tuning voltages and device linearity in regards to the
applications requirement [6]. But the relatively high
dielectric losses of the BST thick-films, especially at mi-
crowave frequencies, have precluded their use. It is well
documented that small amounts of doping materials
such as Mg, Mn, Fe, Co and Ni can remarkably reduce
the dielectric losses of BST [9-15], but the tunability
of BST is also lowered at the same time [9, 13-15].
Paul [13] has reported that Fe-F codoped BST thick-
films show not only reduced dielectric losses, but also a
higher tunability compared to the undoped thick-films
at 10kHz and ambient temperature.

In this study, we investigated the effects of acceptor-
donor-codoping with Fe, Co, Ni, Cu as acceptor-
dopants and F as donor-dopant. The dielectric
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constants, dielectric losses and tunabilities of the
codoped BST thick-films were characterized by copla-
nar waveguides (CPW) at microwave frequencies.

2 Experimental

Undoped and doped barium strontium titanate pow-
ders were synthesized through a modified sol-gel
process. According to the empirical formula Bagg
SI‘Q_4Ti0,99MCQ,0103,XF0.09(M€=F€, CO, Nl, CU), the
nominal compositions of all the prepared ceramic
powders are listed in Table 1. Barium acetate
(Ba(CH;COO0),), strontium acetate (Sr(CH3COO),)
and titanium-(IV)-isopropoxide (Ti(OCH(CHj),)4)
were used as starting materials. Acetic acid was
selected as solvent. Barium acetate and strontium
acetate were initially dissolved in acetic acid and
stirred over night at room temperature. The titanium-
(IV)-isopropoxide was added in the solution under
vigorous stirring. An exothermic reaction occurred
and the temperature rose to approximately 30°C. In
case of doped powders, the trifluoroacetic acid (TFA,
CF;COOH) was dropped in the acetic acid before
the addition of titanium-(IV)-isopropoxide and the
dopant with metal element was added into the clear
and colorless solution after the exothermic reaction.
After the solution was diluted with ultrapure water
it was spray-dried. The spray-dried metal-organic
precursor was calcined in alumina crucibles in a tube
furnace under dried purified (molecular sieve and
silica gel) air at 900°C for 1h. Screen-printing pastes
were prepared with calcined BST powder, vehicle and
dispersant and were finally printed on polycrystalline
alumina substrates (Rubalit710, CeramTec). In order
to avoid crack formation during drying, screen-printed
thick-films were cold isostacically densified (CIP) at
400 MPa before sintering. Finally, the thick-films were
sintered in a tube furnace under dried purified air at
1200°C for 1h with a heating rate and cooling rate of
5°C/min respectively.

The pyrolysis of the precursors was investigated by
thermogravimetric analysis in a Netzsch STA 449C

thermal analyzer in air up to temperatures of 1200°C
with a heating rate of 10°C/min. The sintering behav-
iour of the BST powders was studied by dilatome-
try (Netzsch DIL 402C) by heating uniaxially pressed
powder compacts in flowing air at 5°C/min up to
1450°C. The chemical composition of the powders was
measured using x-ray fluorescence spectroscopy (XRF,
Bruker-AXS, SRS 303AS) and titration after hydro
pyrolysis (laboratory of H.C. Starck GmbH, Goslar).
In order to evaluate the fluorine concentration in the
thick-films after sintering, small amounts of the corre-
sponding screen-printing pastes were calcined accord-
ing to the sintering conditions of the thick-films, i.e.
in the tube furnace under dried purified air at 1200°C
for 1h, with a heating and cooling rate of 5°C/min.
The concentration of fluorine in the calcined pastes was
also measured using titration after hydro pyrolysis as
described above. The BET surface was determined with
a Micromeritics FlowSorb 11 2300. The crystallographic
structure of BST powders and thick-films was ana-
lyzed using x-ray diffraction (Siemens D5005, Cu K,
radiation). The morphology of the powders and thick-
films was investigated via scanning electron microscopy
(Zeiss Supra 55).

For the characterization of the tuning field depen-
dent permittivity coplanar waveguide (CPW) struc-
tures were realized on top of the BST thick-films. The
metallization of the CPW was processed by a single
lithography step on a Cr/Au evaporated seed layer and
strengthened by an Au galvanic step. The transmission
line characteristics of the CPWs, which are dependent
on tuning voltage, were determined by temperature
controlled on-wafer S-parameter measurements using a
vector network analyzer and sweeping the tuning volt-
age in a range from 0 V to 100 V. From the transmission
line the complex capacitance per unit-length was com-
puted using an inductance per unit-length calculated
by Conformal Mapping (CM) methods. Based on the
remaining complex capacitance value, the permittivity
of the BST film was extracted using the iterative charac-
terization method using a 2D-Finite-Difference Time-
Domain method (2D-FDTD) based electromagnetic
field solver adapted to the nonlinear material [16]. This

Table 1 Nominal Sample name

Nominal molar composition relative to BST

compositions of the prepared

ceramic powders and used Ba St Ti Fe Co Ni Cu F

dopants_ Undoped 0.60 0.40 1.00 - . - . -
Fe-F codoped  0.60 0.40 0.99 0.01 - - - 0.09
Co-F codoped  0.60 0.40 0.99 - 0.01 - - 0.09
Ni-F codoped  0.60 0.40 0.99 - - 0.01 - 0.09
Cu-F codoped  0.60 0.40 0.99 - - - 0.01 0.09
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Fig. 1 TG curves of the undoped and codoped BST precursors
recorded with a heating rate of 10°C/min under flowing synthetic
air (20.5% O, in Ny, 100 ml/min)

method considers the inhomogeneous tuning field dis-
tribution in the BST thick-film and further the related
inhomogeneous tuned permittivity.

3 Results and discussions
3.1 Characterization of BST powders

Thermal gravimetric analysis The TG curves of un-
doped and doped BST precursors heated from ambient
temperature up to 1200°C are shown in Fig. 1. The TG
curves of undoped as well as doped BST indicate that
there are three apparent decreases in sample weight,
which coincide with the decomposition behaviours of
barium-titanium acetate gel precursors [17] and BST
gel precursors [18-20] described in the literature. The
first step begins at 100°C and ends at 220°C. This step
can be explained with the vaporization of water and
acetic acid which remained in the precursor after spray-
drying. This corresponds to a weight loss of 6-8% in
the TG curve. The second step ranges between 250
and 400°C and corresponds to a weight loss of about

36-45%. Refering to the literature, the metallorganic
precursor turns to metastable oxycarbonate as an in-
termediate phase in this step with the combustion of
decomposition products. The third step starts at ap-
proximately 550°C and ends at 650°C with a weight
loss of about 9-12%. It is believed that in this region
the metastable oxycarbonate decomposes to barium
strontium titanate accompanied by its crystallization.
As shown in Fig. 1, the dopants have a slight influ-
ence on the thermal decomposition of BST acetate
gel precursors. The weight loss of the second step of
the Cu-F codoped BST precursor is lower than that
of the undoped precursors, while the other codoped
BST precursors show higher weight losses compared
to the undoped precursor. Furthermore the third step
of the decomposition reaction of the codoped BST
precursors, in which the intermediate phase converts to
BST, takes place at lower temperatures compared to
the undoped BST precursor. This is most pronounced
for the Fe-F codoped and Cu-F codoped precursors.

X-ray powder diffraction and microstructure Phase
composition and crystallinity of the calcined powders
were investigated by means of powder x-ray diffrac-
tion. The x-ray patterns were refined with the Rietveld
method using the Fullprof program [21]. As a profile
function the TCH-pseudo-Voigt function was chosen.
To account for the instrumental contribution to the
peak broadening annealed BaF, powder was used as
a standard line profile material. Rietveld refinements
were undertaken based on cubic BajSrg4TiO5; with
space group (SG) Pm3m orthorhombic (Ba,Sr)CO3
(SG Pmcn) or cubic (Ba,Sr)F, (SG Fm3m). Micro-
structural parameters were extracted from the Rietveld
refinements as described in [22]. Lattice parameters,
the apparent volume-weighted size €z and upper-
limit (maximum) microstrain values e obtained by the
Rietveld refinements are listed in Table 2 and the
measured x-ray patterns are shown in Fig. 2. Small
amounts of residual (Ba,Sr)CO; phase can be detected
in the undoped BST powder. The average crystallite

Table 2 Characteristics of the synthetisized BST powders calcined 1h at 900°C obtained by Rietveld refinement: lattice parameters,
crystallite size, microstrain, existing crystalline phases and R-factors (%) of the refinements.

Powder a(A) €g (nm) Microstrain ex 10* Crystalline phases Ryp[Rexp]
Undoped 3.96768 27 25 ¢-BST + BC(2.6) 19.2[15.0]
Fe-F codoped 3.96336 77 2 ¢-BST + BE(1.5) 14.8[9.9]
Co-F codoped 3.96399 96 19 ¢-BST + BF(1.5) 13.8[11.2]
Ni-F codoped 3.96335 98 18 ¢-BST + BF(1.2) 13.6[8.9]
Cu-F codoped 3.96232 - - ¢-BST + BF(1.7) 12.8[9.3]

wt.% of (Ba,Sr)CO;3; (BC) and BaF, (BF) is given in parentheses
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Fig. 2 XRD patterns of the undoped and codoped BST powders
calcined at 900°C. + (Ba,Sr)COs, * (Ba,Sr)F,

size is 27nm with a microstrain of 25 x 107*. The
calcined codoped powders show no carbonate impu-
rities but small amounts of (Ba,Sr)F, (1-2wt.%) as a
secondary phase. The results of the line broadening
analysis indicate larger crystallite sizes in the range

Fig. 3 SEM micrographs of
(a) undoped, (b) Fe-F
codoped, (¢) Co-F codoped,
(d) Ni—F codoped and (e)
Cu-F coped BST powders
calcined at 900°C

@ Springer

between 75 and 100 nm for the codoped powders which
implies an enhanced crystallite growth due to doping.
For the Cu-F doped sample no reliable microstruc-
tural parameters can be extracted due to small line
broadening and the limited resolution of the laboratory
diffractometer.

In Fig. 3 the SEM micrographs of the BST pow-
ders are presented. As can be seen the powders are
highly agglomerated and the agglomerates consist of
much smaller primary particles. A mean particle di-
ameter was estimated from the SEM micrographs for
all samples by measuring about 50 particles and tak-
ing the mean of the measured values. The average
Dsgm values are given in Table 3. They are in good
agreement with the volume-weighted diameters Dg.
The number of crystallites per SEM particle was calcu-
lated according to the relation [(Dsgm/Dg)?] [23]. The
number of crystallites per SEM particle for all samples
lies in the range 0.7-2.2 which is an indication that
the primary particles seen with the SEM are single
coherent diffracting domains. To quantify the degree
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Table 3 Observed surface areas (Sgger), mean BET particle diameter Dggr, mean SEM particle diameter (Dggy) and number of
crystallites per SEM and BET particles (DéEM/D%,D%ET/D%) of the calcined BST powders.

Powder Dsgm (nm) DgEM/D?S SBET (mz/g) Dggr (nm) D%ET/D;}
Undoped - - 19.91 53 3

Fe-F codoped 133 22 3.02 349 39

Co-F codoped 145 1.5 232 455 45

Ni—F codoped 117 0.7 2.24 471 47

Cu-F codoped 130 - 2.04 517 -

Assuming spherical crystallites the average diameters (Dg) were derived from the apparent crystallite sizes eg according to the relation

Dﬁ = 4/36/3

of agglomeration of the calcined powders the specific
surface areas (Sggr) were measured and are summa-
rized in Table 3. Assuming spherical particles, a mean
equivalent grain diameter can be estimated using the
relation Dgg = 6 x 10°/pSger, Where p is the theo-
retical density of BST (p = 5.69 g/cm?, the theoretical
density of each BST powder was calculated from the
refined x-ray lattice parameters), Sggr is expressed in
m?/g~! and Dggr in nm. The calculated Dggt values
are listed in Table 3. The Dggr value for the undoped
powder has the same order of magnitude as the x-ray
diffraction diameters whereas the codoped powders
exhibit much larger Dgpr values. If one calculates the
average number of crystallites agglomerated within a
grain [(Dpgr/Dg)?] the high numbers between 39 and
47 for the doped powders are clearly evident. This
suggests that the agglomerates seen in the SEM are
rather dense with distinct sinter necks and closed pores.
This is in contrast with the undoped BST sample where
the average number of crystallites agglomerated within
a grain is about 3. Therefore the agglomerates of this
sample are porous with open pores.

Sintering The effect of the codoping elements on the
densification behaviour of BST powder calcined for 1 h
at 900°C is reported in Fig. 4. Undoped BST exhibits a
one-step sintering behaviour corresponding to a broad
minima at approximately 1240°C in the shrinkage rate
curve. After a temperature of 1450°C the sintering of
the sample is still not completed. The codoped powders
show a completely different densification behaviour.
Here, a two-step sintering mechanism can be observed.
The onset of sintering is shifted to lower tempera-
tures with higher shrinkage rates. At 1450°C sintering
is almost completed. The minima of the first step is
located between 1020 and 1120°C and the second falls
within a range of 1180-1240°C. From the dilatometer
curves it can be concluded that codoping enhances the
sinter activity of BST powder. This corresponds to the
higher observed crystallite sizes and agglomeration as
described in the last paragraph.

Chemical analysis Table 4 shows the results of the
chemical analysis of the undoped and doped BST pow-
ders and corresponding calcined pastes. These results
confirm the intended amounts of barium, strontium, ti-
tanium and the metal elements. The amount of fluorine
in all doped powders is lower than the intended stoi-
chiometry. One reason for the fluorine loss may be the
reaction of fluorine with water which is formed during
the decomposition process of the metalorganic precur-
sor to gaseous HF at higher temperatures. The amount
of fluorine in the calcined screen-printing pastes is also
summarized in Table 4. It is evident that the loss of
fluorine of the pastes after sintering at 1200°C is higher
than the fluorine loss of the pure powders. The fluorine
concentrations of the calcined pastes should be compa-
rable to the actual fluorine content of the sintered thick-
films because the pastes and thick-films were thermally
treated under the same experimental conditions. In
addition to the higher sintering temperature of 1200°C
another possible reason for this larger fluorine loss may
be the additional released water during the decomposi-
tion reaction of the organic constituents of the screen-
printing paste. Wang [24] and Endo [25] reported that
BaTiO; doped with F or LiF exothermically decom-
posed into BaTiO3 and F, gas near 650°C in untreated
air. Makovec [26] observed that the majority of the flu-
orine left the F-doped BaTiOj after sintering at 1360°C
in untreated air, while half of the fluorine remained in
the samples sintered in dried air.

3.2 Characterization of the thick-films

Morphology of the thick-films Figure 5 shows SEM
micrographs of fracture surfaces of thick-films sintered
at 1200°C for 1h. It can be seen that the films are not
dense with a large porosity and a thickness between 2
and 5 pm. The grain size of undoped, Fe-F and Ni-F
codoped thick-films is approximately 200 nm. As can be
seen in Fig. 5(c) the Co-F codoped thick-film exhibits
a larger grain size of about 400-500 nm compared to
the undoped, Fe-F and Ni-F codoped. The crystallite
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growth is most pronounced for the Cu—F codoped sam-
ple. These thick-films have the largest grain sizes in
the range between 500 and 1 um (Fig. 5(e)). The x-ray
diffraction patterns of the thick-films (not shown here)
confirm that no secondary phases have been formed.
Additionally, no more carbonate phases and (Ba,Sr)F,
can be detected in the films.

Dielectric properties Figure 6 shows the relative per-
mittivity and the dielectric loss of the undoped and

doped thick-films measured at room temperature as
a function of frequency from 5 to 30 GHz in the un-
tuned state. Due to the high relative permittivity of the
Cu-F codoped thick-film its dielectric loss can not
be reliably extracted from the measurement above
15 GHz. Except for the Ni-doped thick-film the per-
mittivity of the doped thick-films is larger than that of
the undoped thick-film. All doped thick-films exhibit a
lower dielectric loss compared to that of the undoped
thick-film. It is known that the value of the dielectric

Table 4 Results of the Sample name

Molar composition relative to BST

chemical analysis (XRF and

Titration) of BST powders Ba Sr Ti Fe Co Ni Cu F(powder) F(paste)

calcined at 900°C and of the Undoped 059 039 097 - - - - - -

fluorine content of Fe-F codoped 0.60 040 098 0.010 - - - 0.067 0.014

corresponding pastes sintered Co-Fcodoped 0.60 040 098 - 0.010 - - 0.077 0.021

at 1200°C. Ni-F codoped  0.60 040 098 - - 0.010 - 0.066 0.023
Cu-F codoped 0.60 040 098 - - - 0.0099  0.068 0.016
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Fig. 5 SEM micrographs of
undoped (a), Fe-F codoped
(b), Co-F codoped (c), Ni-F
codoped (d) and Cu-F

codoped (e) BST thick-films

constant of ferroelectric films is strongly affected by
microstructure, grain size and doping elements [27]. On
the one hand, a larger grain size results in a larger polar-
ization. Hence, higher values of the dielectric constant
are expected for materials with larger grain size [28].
On the other hand, acceptor dopants like Fe™? ions
and the induced oxygen vacancies construct a strong

Fig. 6 Untuned dielectric

properties of the undoped (a)

900 T T

 sumina)

internal bias field, which degrades the polarization of
the material [29]. Paul [29] reported the dielectric prop-
erties of thick-films doped with different amounts of
Fe3* and thick-films codoped with Fe-F. In this work
the highest dielectric constant was observed for the
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sults in a decreased dielectric constant compared to
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that of the undoped thick-film. It was proposed that the
fluorine ions occupy the oxygen vacancies, which where
generated by the Fe-doping. Consequently the internal
field probably decreases and therefore the dielectric
constant is increased. We believe that the higher per-
mittivity of the Cu-F and Co-F codoped thick-films is
mainly due to the larger grain size of these samples
which is a result of the enhanced crystallite growth
during sintering in the presence of these dopants. For
the Fe-F and Ni-F codoped samples it seems that
doping has a major impact on the permittivity because
these thick-films show comparable grain sizes as the
undoped film (see Fig. 5). However the Curie point
of the doped thick-films was not determined in this
work. For approving the interpretation and better un-
derstanding of the doping effect, more characterization
methods particularly a direct verification of the struc-
tural incorporation of fluorine in the ceramic BST films
are necessary.

Furthermore, it have been reported that Fe?*, Fe**,
C02+, C03+, Mn2+, Mn3+, Ni2+, Mg2+, A13+, Ga”,
In**, Cr**, and Sc** ions, which can occupy the B
site of the perovskite structure as acceptor dopants,
can lower the dielectric loss [9, 30, 31]. Acceptor-type
dopants can prevent the reduction of Ti** to Ti** by
neutralizing the donor action of the oxygen vacancies.
Because the electrons resulting from the generation of
oxygen vacancies can hop between different titanium
ions and provide a mechanism for dielectric losses,
the compensation for oxygen vacancy with the correct
amount of acceptor dopant such as Fe3*, Co?t, Ni**,
Cu?* should in theory help to lower the loss tangent. It
was previously reported that fluorine acts as a donor
dopant [13]. It can prevent the influence of oxygen
vacancies on the dielectric loss without building new
defects in the crystal structure and enhances the dielec-
tric properties of the doped thick-films. The differences
of dielectric loss between the codoped thick-films are
not clearly understood yet and further investigations
are necessary.

Tunability The effective dielectric tunability 7(FE) is
defined in Eq. 1, where ¢,(E = 0) is the relative per-
mittivity in the absence of a dc bias field E and ¢,(E) is
the permittivity in the presence of a bias field.

Ag, (E) _ &(E=0) —&(E)

=0 E=0" T aE=0

1

The tunability 7(FE) of the undoped and doped thick-
films as a function of the effective tuning field strength
measured at 10 GHz is shown in Fig. 7. The tunabilities
7(E = 5V/um) of Cu-F codoped, Fe-F codoped, un-
doped, Ni-F codoped, Co-F codoped thick-films mea-
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Fig. 7 The tunability of the undoped and codoped thick-film in
function of effective tuning field strength at 5 GHz

sured at 10 GHz at room temperature are 41%, 25%
22%, 18% and 14%, respectively. This indicates that
the Cu-F and Fe-F codoped thick-films have a higher
tunability than the undoped films while the tunability
of the Ni-F codoped and Co-F codoped thick- films are
smaller than that of the undoped film at the same bias
field E. In general, the higher the dielectric constant,
the greater a Ae can be achieved for a given voltage.
Considering the greater permittivity of Cu-F codoped
and Fe-F codoped thick-films shown in Fig. 6, their
much higher tunability compared to the other thick-
films at the same dc bias field is reasonable. On the
contrary, the tunability of Ni-F codoped and Co-F
codoped thick-films is smaller than the undoped thick-
film in spite of their moderate permittivity. The reduc-
tion of tunability in Co-doped BST ceramics [32] and in
Ni-doped BST thin films [15] has also been reported.

4 Conclusions

Undoped, Fe-F codoped, Co-F codoped, Ni-F
codoped and Cu-F codoped BageSrg4TiO3; powders
have been prepared and characterized. The synthesis
of the powders was carried out through a sol-gel
process and spray-drying of the sol. Different acceptor-
dopants like Fe, Co, Ni, Cu have been quantitatively
incorporated according to the XRF analysis. However,
the measured amount of fluorine is lower than the
nominal amount. The thermal gravimetric analysis
revealed that the codoped precursors show a different
decomposition behaviour compared to that of the
undoped. The x-ray diffraction patterns of the ceramic
powders after calcination for 1h at 900°C showed
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the formation of a secondary phase (< 2wt.%) in
undoped and codoped samples. The results of the
line broadening analysis indicated larger crystallite
sizes for codoped powders. The increase of crystallite
size was also confirmed by the SEM micrographs and
BET surface analysis. The dilatometry measurement
showed a two-step sintering behaviour and higher
sinter activity for codoped powders.

The morphology of the thick-films was investigated
by SEM micrographs of the fracture surface. Cu-F
codoped thick-films showed the largest grain size of
all films. The permittivity of the thick-films was almost
frequency-independent, aside from the slight increase
of permittivity of the Cu-F codoped thick-film with
increasing frequency. The codoped samples have a
higher permittivity than the undoped. It is proposed
that the grain growth due to doping and additional
fluoridation have a positive influence on the permittiv-
ity. Furthermore, the dielectric loss of the thick-films
increased with increasing frequency and the codoped
thick-films showed smaller values compared to that of
the undoped. Cu-F thick-films exhibit the highest tun-
ability due to their highest permittivity. The reduction
of tunability with Ni-F codoping and Co-F codoping
can also be observed.

The investigated materials show promising charac-
teristics for tunable radio frequency applications. How-
ever, for an application of such doped thick films in
future tunable components the dielectric properties of
the ceramic material itself, the processing, the integra-
tion of the ceramic film in conjunction with the specific
requirements of each application have to be taken into
account.
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