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Abstract

The influence of processing on the microstructure and the dielectric properties of Co—F-codoped BagSry4TiO3 (BST) thick-films has been
investigated. BST powders with different particle sizes were prepared and applied on alumina substrates by screen-printing. The resulting thick-
films were sintered at different holding times and characterized with respect to their microstructure and microwave properties. The microstructure
of the thick-films shows a clear dependency on sintering time and initial particle size. In addition to grain growth, the formation of a secondary phase
is observed at the interface between substrate and BST with increasing sintering time. The dielectric characterization at microwave frequencies
shows an increase of tunability with larger grain size while the dielectric loss is even lowered. This shows the strong influence of the microstructure

on the material properties and the possibility of tailoring the material through specific processing.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferroelectric ceramics are promising candidates for passive
tunable devices such as phase shifters, tunable matching net-
works, tunable filters and tunable antennas.'=3 Currently most
attention is given to the solid solution Ba,Sr;_, TiO3 (BST). This
is due to the fact that the material shows low dielectric loss and
a considerable field dependency of permittivity (i.e. tunability).
In addition, the Curie temperature can be easily adapted to the
application environment by changing the Ba to Sr ratio.

It is well documented that acceptor doping of the perovskite
can be used to remarkably reduce the dielectric loss of BST at
high frequencies.*® However, this usually comes with a reduc-
tion of the material’s tunability. Previous investigations showed
that metal-fluorine-codoping of BST can lead to a decrease of
the dielectric loss while holding the tunability on a level com-
parable to that of undoped BST thick-films.”!? The influence
of acceptor—donor-doping of BST with metal and fluorine is not
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completely understood yet. While the codoping shows a signifi-
cant influence on the properties of the material, the incorporation
of fluorine has not yet been proved directly.”!°

Several metal elements act as acceptor dopants in BST when
occupying the A- or B-site of the perovskite and having a lower
oxidation state compared to the substituted ion. It is reported
that Co is incorporated at the B-site of the perovskite structure
with a oxidation state +3 under oxygen- or oxygen—nitrogen-
atmosphere in BaTiO3.!""!? Assuming that this also holds for
BST, a Co-doping leads to one oxygen vacancy per two incorpo-
rated Co-atoms in the perovskite structure. It is assumed that the
fluorine occupies the oxygen vacancies caused by the acceptor-
doping and thereby reduces the dielectric loss mechanisms. As
doping not only affects the defect chemistry of the material but
also its sintering behaviour, changes in the dielectric properties
have to be considered with regard to the present microstructure.

It is obvious that the effective permittivity of a ferroelectric
thick-film is decreased with increasing porosity. For grain sizes
below 0.7 wm, BaTiO3 shows a reduction of permittivity and
a less discrete phase transition with decreasing grain size.!>!#
For Ba,Sr;_,TiO3 (x=0.3, 0.5, 0.7) similar results are reported
for a frequency of f=100kHz.!>16 So far, there are only few
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reports about microstructural influences on the dielectric prop-
erties of BST thick-films for frequencies above 1 GHz. It was
shown experimentally and confirmed by simulation that permit-
tivity as well as tunability of undoped Bag ¢Srp4TiO3 could be
increased slightly by shifting the median grain diameter from
0.34 to 0.38 um.”

This article deals with the effect of grain size and porosity
on tunability, dielectric loss and permittivity of screen-printed
Bag ¢Srg.4TiO3 thick-films at microwave frequencies. The pow-
der preparation process and the sintering of the thick-films were
varied to achieve a larger range of grain sizes and different
porosities. For the investigations a Co—F-codoping of the BST
was chosen since previous investigations showed the lowest
dielectric loss at lower GHz-frequencies for this composition
when compared to other metal-fluorine codoped and undoped
BST thick-films.!°

2. Experimental

Co-F-codoped barium strontium titanate powders
were synthesized through a modified sol-gel process.
The nominal stoichiometric composition was chosen to
Bag 6Sr9 4Tip.99C00.0103-+Fo.09, where x ensures electric
neutrality depending on the undetermined oxidation state of the
components.

For the synthesis barium acetate (0.42 mol), strontium acetate
hemihydrate (0.28 mol) and trifluoracetetic acid (21.0 mmol)
were dissolved in acetetic acid (29.9 mol) and stirred over night
in a chemical reactor under nitrogen atmosphere. Titanium-
(IV)-isopropoxide (0.70 mol) was added and a clear sol formed.
Cobalt acetate tetrahydrate (7.0 mmol) was dissolved in water
(181.3 mol, specific conductance o <10~ S/m) and added to
the reactor. The diluted sol was filtered (mesh width: 1 pum)
and spray-dried. The obtained metal-organic precursor was cal-
cinated in alumina crucibles in a tube furnace at 900 °C for
1h.

One part of the powder was milled using an attritor, a second
and a third part using a planetary ball mill. The milled powders
were dispersed in terpineol using a dispersant (Hypermer KD1)
and a binder (ethyl cellulose) to obtain suitable screen-printing
pastes. One paste was created using the attriton-milled powder.
A second and a third paste were created using the planetary-
ball-milled powder and a mixture of both types of powders,
respectively. In the latter case, a ratio of 30:70 was chosen for
the proportion of attriton-milled powder to planetary-ball-milled
one. The pastes were dispersed in two steps by using a dissolver
and a three roll mill for each paste. All pastes were printed on
polycrystalline alumina substrates (Rubalit® 710, CeramTec).
After drying at 50 °C for 24 h the specimen were cold isostat-
ically densified at 400 MPa for 3 min to avoid cracking during
sintering. Eventually the thick-films were sintered at 1200 °C
for 1 h, 10h and 24 h, respectively. The thermal treatment in the
tube furnace (calcination and sintering) was done under dried
purified air (molecular sieve and silica gel) with heating rates
and cooling rates of 5 K/min. A schematic plan of powder, paste
and thick-film preparation is shown in Fig. 1.

The stoichiometry of the metal elements in the powders was
measured using X-ray fluorescence spectroscopy (SRS 303AS,
Bruker-AXS). Titration after pyrohydrolysis (at the laboratory
of H.C. Starck GmbH, Goslar, Germany) was used to determine
the amount of fluorine present in the powders. Additionally small
amounts of screen-printing pastes were calcinated under sinter-
ing conditions and analyzed in regard to their fluorine content,
too.

The specific surface area of the powders was determined by
single point BET measurement (FlowSorb II 2300, Micromerit-
ics). Assuming homogeneous monodisperse spherical particles
with neglectable contact area, the BET diameter dggt was cal-
culated and used as an estimation for the primary particle size
of the powders. With the measured specific surface area Aggr
and the theoretical density p it can be calculated after

6
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The size of primary particles and aggregates was determined
by laser diffraction (Horiba LA950, Retsch Technology) in iso-
propyl alcohol (n1pa = 1.378),'® assuming the complex refractive
index of BST: ngst=2.4 — 0.1i.

The phase content of powders and sintered thick-films was
examined by X-ray diffraction (D5000, Siemens, Cu-radiation:
K1 and Ky»). Scanning electron microscopy (Supra 55, Zeiss)
was used to investigate the microstructure of the powders and
the thick-films. Grain size distribution and thick-film height
were determined by image analysis (analySIS pro, Olympus Soft
Imaging Solutions) of several SEM pictures. The porosity P was
calculated through the measured height & and weight m of the
thick-films, the lateral dimensions of the print layout (square,
x=47.5mm) and the theoretical density after

m

P=1 2)

phx?’

The microwave properties of the thick-films were determined
by measuring the scattering parameters (S-parameters) of copla-
nar waveguides (CPW) applied on the top surface of the sintered
films. On each specimen multiple waveguides were realized
through a lithography step on a evaporated Cr/Au seed layer
followed by a galvanic growth of Au. After the galvanization to
a thickness of at least 1.5 wm the photoresist and the remain-
ing seed layer were removed through etching. The S-parameters
were determined by temperature controlled (7=23 °C) on-wafer
measurements using a vector network analyzer in a frequency
range of 0.1-40 GHz at tuning voltages U between 0 and 100 V
(step size 10V). The bias field E was calculated with tuning
voltage and gap width s of the CPWs after E=Uls.

The relative effective permittivity ;¢ and dissipation factor
tan§ of the thick-films were extracted from the measured S-
parameters by conformal mapping model based method. This
method allows the extraction of the values for each measuring
point taking into account the geometry and the properties of
the substrate and the waveguides.'>2° The CPW geometry used
allows to extract reliable dielectric properties in the frequency
range 5-40 GHz.
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Fig. 1. Process plan for powder, paste and thick-film preparation. Milling of the calcinated powder was done with a attritor (- - --AT) and planetary ball mill (- - --PM),
respectively. The ratio for the powder mixture was chosen to 0.3:0.7, the sintering times for each paste to 1, 10 and 24 h, respectively.

The relative permittivity of the material &; gsT (without influ-
ence of porosity) was estimated after the spherical inclusion
model simplified for a large effective permittivity (eyefr>> 1)
after

3p\ !
Er,BST = 1- 7 Er,eff- 3)

Strictly speaking, this equation holds only for small porosities
(P« 1) and separated spherical pores. Nevertheless, Wersing
etal.”! showed thatit is a good approximation even for porosities
up to P~ (.5. Eventually, the relative tunability t of the thick-
films was calculated with the extracted permittivity values after

Sr,eff(E =0, /) - Er,eff(Ev b
8r,eff(E =0, /)

To compare different materials in terms of their tunable
performance and, hence, their capability for microwave appli-
cations, the material’s figure of merit n is used.?2 With the
tunability T and the dissipation factor tan § in tuned state it is
calculated after

©(E, f)
tan 8(E, f)’

(E, f) = “

n(E, f) = )

All microwave properties given in this publication were
determined by measuring at least 10 test structures for rela-
tive permittivity and dissipation factor and 3 test structures for
tunability and material’s figure of merit per sample.

3. Results and discussion
3.1. Characterization of powders and pastes

To verify the chemical composition, the powders were ana-
lyzed by X-ray fluorescence spectroscopy (XRF) and titration
after pyrohydrolysis. Table 1 shows the results of the XRF
analysis. The measurements confirm that the amount of metal
elements in the calcinated powders is almost the intended one.
However, all powders show a small excess of A-site elements
(Ba and Sr) to the B-site elements (Ti and Co) of the doped
perovskite whose origin remains undetermined.

The results of titration after pyrohydrolysis are shown in
Fig. 2 and in Table 3. The analysis reveals that the amount of
fluorine in the powders after calcination is about 34—42% below
the nominal value of the synthesis. After sintering for 1 h the flu-
orine content of the pastes is approximately half the initial value.

/h

Lcalcination

0 1
]

fluorine content y, of the BST Precursor (-3-),
the calcinated powders () and the sintered
pastes (-O-), assuming a composition of

Bag 510,41, 99C00,0103.,F,

fluorine content y,

h

txintering/

Fig. 2. Measured fluorine content of the calcinated powders and the pastes sin-
tered at different holding times. The value given for the BST precursor is the
initial amount for the synthesis. The gray area indicates the calcination at 900 °C
whereas the white area represents the sintering process at 1200 °C.

For sintering times of 10 h and more the fluorine content drops to
about 21% and less of the initial amount. Fig. 2 illustrates that the
decrease of the fluorine content x per time is lowered with higher
sintering times and indicates that there might be a threshold value
Xt > 0. This would support the assumption that flourine occupies
the oxygen vacancies caused by acceptor-doping. This, however,
does not explain where and how the remaining flourine is incor-
porated into the material for higher values. In addition there is
no direct relation of the fluorine content to the particle and grain
sizes of the powders and thick-films, which are presented below.
In this publication the discussion of the microwave properties
of thick-films sintered for 1 h is carried out neglecting the dif-
ferences in fluorine content. This is based on the assumption
that only a limited value of fluorine below the measured values
is incorporated into the perovskite structure and the remaining
amount is located at grain boundaries with a minor effect on

Table 1
Results of the XRF analysis of BST powders calcinated at 900 °C and milled by
attritor (AT) and planetary ball mill (PM), respectively.

Sample name Molar composition relative to BST

Ba® Srt Ti® CoP
Powder-1-AT 0.598 0.404 0.988 0.010
Powder-2-PM 0.600 0.405 0.984 0.010
Powder-3-PM 0.603 0.404 0.982 0.010

2 Standard deviation <1.5 x 1073,
b Standard deviation <10~4.
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Table 2
Results of BET surface measurements on the milled powders. dggt represents a
calculated diameter assuming monomodal spherical particles and a theoretical

density of p=5.69 g/cm?.10

Sample name Aggr (m*/g) dgeT (m)?
Powder-1-AT 19.8 0.05
Powder-2-PM 7.3 0.14
Powder-3-PM 4.3 0.25

2 Calculated according to Eq. (1).

the dielectric properties. The X-ray diffraction patterns shown
in Fig. 3 reveal that the predominant phase of all powders is
the cubic BagSrp4TiO3 phase. Additionally, a small amount
of (Ba,Sr)F; is formed, which is indicated by a weak reflex
at 20~ 25° for the planetary ball milled powders. The forma-
tion of (Ba,Sr)F, is known from former investigations.!? It is
assumed that an excess of Ba and Sr in the composition sup-
ports the additional phase. This is in good agreement with the
results from XRF analysis, where the planetary ball milled pow-
ders showed a larger ratio of A-site elements to B-site elements
than the attriton milled one.

Compared to the planetary ball milled powders, the attriton-
milled one shows broader reflexes. This indicates smaller
crystallite sizes. To further investigate the primary particle size
and to determine the agglomeration state of the powders, BET
measurements and laser diffraction were carried out. Further-
more, SEM micrographs of the milled powders were taken and
compared to the measurements.

Table 2 shows the results of the BET surface measurements.
The specific surface of the attriton-milled powder is about 3-5
times larger than the planetary ball milled ones, which holds
vice versa for the BET diameter. The micrographs of the pow-
ders shown in Fig. 4 support this result. In addition to the larger
size of the primary particles in the planetary ball milled pow-
ders, powder-3-PM shows large aggregates, which states the
smaller surface area of this powder. This could be led back to
different conditions during the milling process, where the wet
grinding time of powder-3-PM was shorter than for powder-
2-PM due to a unintended evaporation of the liquid carrier
(acetone). Laser diffraction showed that powder-3-PM has about

(110) (200) 1)

7 (111)
(100) (220)  (310)
| 210) @21)

powder-3-PM

Intensity (arbitary units)

powder-2-PM
mltw Wy
powder-1-AT
......... RRAREENE RS L En s s R e R R R T
20 30 40 50 60 70 80 24 26
20/° 20/°

Fig. 3. X-ray diffraction patterns of powders calcinated at 900 °C and milled
by attritor (AT) and planetary ball mill (PM), respectively. ‘(hkl)’ marks the
lattice planes of cubic BageSrp4TiO3 (d=3.964 A),10 ¢ corresponds to cubic
(Ba,Sr)F,.

Table 3
Results of titration after pyrohydrolysis on calcinated powders and pastes sin-
tered at 1200 °C for 1, 10 and 24 h, respectively.

Sample name Fluorine content x*

Initial powder 1h 10h 24h
P1-AT-- .. 0.060 0.052 0.017 0.012
P2-AT/PM-. - - 0.049 0.042 0.017 0.009
P3-PM-- - - 0.056 0.044 0.019 0.016
& Calculated from measured mass fraction, assuming

Bag.6S10.4Tip.99C00.01 03— Fy.

80 vol.% particles or aggregates with a diameter above 0.5 wm.
For the other powders this value was about 25 vol.% (powder-1-
AT) and 40 vol.% (powder-2-PM), respectively. For all powders
the remaining volume fraction showed a maximum between
0.05 and 0.10 wm, which is in good agreement with the size
of the primary particles seen in the micrographs. Both Laser
diffraction and SEM showed that the milling processes were
not sufficient to break up the aggregates formed during calci-
nation completely. However, it is assumed that the remaining
aggregates were mostly destroyed during paste preparation on
the three roll mill, as they could not be seen when checking the
pastes with a grindometer.

3.2. Characterization of thick-films

3.2.1. Microstructure

The grain size distribution of the thick-films was determined
by image analysis of SEM micrographs taken in top view of the
specimen. For each sample 2-5 pictures were analyzed, so that at
least 500 grains per thick-film could be evaluated. The counted
grains were sorted according to the largest diameter of each grain
(i.e. largest distance of two boundary points). Fig. 5 shows eval-
uated SEM micrographs of each specimen type (3 pastes x 3
sintering times). For better illustration, the grains were partly
arranged into different diameter classes and coloured. The pic-
tures clearly show the increasing grain size with sintering time
in each row (left — right). In addition, the influence of different
powder preparation and powder mixing can be seen by compar-
ing the three rows: As expected from powder characterization,
the specimen prepared with the attriton-milled powder (upper
row) show the smallest grain diameters, whereas the specimen
with planetary ball milled powders (lower row) show the largest
ones. The samples with powder mixture (middle row) have a
minor amount of small grains beside the large ones and alto-
gether the median grain sizes lie in between the ones of the other
samples. Fig. 6 shows the obtained sum curves for all specimen.
For further understanding of the influence of grain size on the
dielectric properties, the median grain size ds of each specimen
was derived from the curves. The values are presented in context
with the microwave properties later on (see Table 4).

The height of the thick-films was determined by evaluation
of 5 SEM micrographs of breaking edges for each specimen (see
also Fig. 5). For the samples sintered for 1h, the micrographs
show a clear boundary between BST and the Al,O3 substrate.
With increasing sintering time the interface gets less sharp and
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Table 4
Characteristic values for the microstructure and the microwave properties of the thick-films prepared with different pastes and sintered for 1 h at 1200 °C, respectively.
Sample name Microstructure Microwave properties

dso (wm) P (%) Ereff” &r,BST" tan 6 tan §° 7 (%)° n°

P1-AT-1h 0.26 309 £ 3.2 207 + 11 386 + 40 0.028 £ 0.002 0.027 £ 0.0002 13.6 £ 0.1 5.01 £ 0.04
P2-AT/PM-1h 0.40 246 £ 14 260 £ 9 413 £ 20 0.025 £ 0.002 0.026 £ 0.0004 20.0 £ 0.1 7.63 £0.11
P3-PM-1h 0.48 316 £ 1.3 220 £ 7 419 £ 21 0.019 £ 0.002 0.018 £ 0.0001 222 4+£0.2 12.36 £+ 0.02

% For f=10GHz, E=0 V/pm.
b For f=10GHz, E=10 V/pum.

;’Sﬂ
P=32%

powder-3-PM

Fig. 5. SEM micrographs of sintered thick-films for different pastes and sintering times (top view and breaking edges). For better illustration of the grain sizes, the
pictures were graded and partly coloured. Gradation: light red — light green — blue — yellow — turquoise — pink — dark red — dark green — dark blue —

purple. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 6. Sum curves of the grain size distributions of the specimen prepared with
3 different pastes and sintered for 1, 10 and 24 h, respectively.

the BST seems to be smeared into the substrate. This is supposed
to be due to the formation of a secondary phase. The diffusion
of Ba and Ti in Al;O3 and the formation of secondary phases
are known from literature.>3-2® Whereas the determined phase
composition varies between the publications, all agree that the
effect gets severe for temperatures of 1250 °C and higher. With
the determined thickness of the films, the porosity of the sam-
ples was calculated according to Eq. (2). Specimen P1-AT-1h
and P3-PM-1h show porosities of 31% and 32%, respectively,
whereas the porosity of P2-AT/PM-1h is 25%. These results
are in good agreement with former investigations based on sim-
ilar paste formulations and sintering conditions.>> The lower
porosity of P2-AT/PM-1h shows the effect of powder mixing on
particle packing known from literature.?”28 For the samples with
sintering times above 1h no reliable determination of porosity
was possible due to the formation of the secondary phase and
the resulting mass loss of BST.

To further investigate the structure of the thick-films X-ray
diffraction measurements were caried out. Fig. 7 shows the pat-
terns of three thick-films prepared with one paste and sintered at
different holding times. The graphs illustrate that the predomi-
nant phase of all thick-films is cubic BST. In addition to the BST
reflexes, all patterns show reflexes of rhomboedric a-Al,O3 due
to the small thickness of the films (5.5-7 wm). Additionally, a

[

| Lok

| e + +
= + N Y b+ o+ + o+ o+
=

=

2 |PI-AT-24h

g

£ |P1-AT-10h

) A

2 | | | \ /] |
% |P1-AT-1h

f BST  o-ALO, BST a-ALO;  BST a-ALO,
=

calculated reflexes of Ba,Ti; (ALO,,

ol l.‘J Ll | \ lm [ I.J..l..l M

T
25 30 35 40 45
20/°

1l

Fig. 7. X-ray diffraction patterns of thick-films sintered at 1200 °C for 1, 10
and 24 h, respectively. The graph in the upper left corner shows an overview
(20=15°...80°) indicating the dominance of the BST phase for all specimen.
The main graph shows a section of the patterns (rel. mag. 16 x). IN addition to the
reflexes of BST and Al O3, the reflexes of one or more undetermined secondary
phases are marked (+). In the lower part of the graph calculated reflexes?®? of
BayTijgAl,Oy7 are shown.

300
Ereff
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Fig. 8. Relative effective permittivity of the thick-films prepared with different
pastes and sintered for 1 h at 1200 °C.

large amount of weak reflexes occurs with increasing sintering
time. The strongest of these reflexes was found at 26 =29° and
can be observed even for the sample sintered for 1 h. Most of the
additional reflexes at higher sintering times match the calculated
pattern for BagTijoAl,O27 (ICSD #15272),%%30 also shown in
Fig. 7. However, due to the prescence of St, Co, F, possible impu-
rities and the incompleteness of the structure database a definite
statement cannot be given at this point. Altogether the X-ray pat-
terns support the results from electron microscopy: For sintering
times above 1 h the formation of one or more secondary phases
gets severe and probably effects the structure of the remaining
BST film.

3.2.2. Microwave properties

The dielectric properties of the thick-films were determined
by measuring the transmission line characteristics of copla-
nar waveguides applied on the surface of the specimen. The
extraction of permittivity and dielectric loss was done by a
conformal mapping method, which considers geometry and
properties of the substrate and the waveguides.'®?" As the
dielectric properties of the secondary phase are unknown, a
reliable determination of the thick-film properties was only pos-
sible for the samples sintered at 1 h. Since the formation of the
secondary phase for larger sintering times probably leads to a
depletion of one or more elements in the thick-film, a determina-
tion of the dielectric properties is not reasonable in this context
anyway.

The relative permittivity of the thick-films & ¢fr in the untuned
state (E=0V/pm) is given in Fig. 8. All thick-films show a
permittivity nearly independent on frequency. The values at
f=10GHz are given in Table 4. The specimen with the lowest
porosity (P2-AT/PM-1h) shows a significantly higher permittiv-
ity compared to the other ones. For the two samples with similar
porosities the one with larger grain size (P3-PM-1h) shows larger
values for permittivity. To figure out the influence of grain size,
the relative permittivity of the material &, gst, independent on
porosity, was estimated according to Eq. (3) for each sample.
The maintained permittivities are given in Table 4. The median
values are between 386 and 419 and indicate the increase of
permittivity with grain size as discussed above.

The dissipation factor tan § of the thick-films in the untuned
state is given in Fig. 9. All three curves show a clear dependency
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Fig. 9. Dissipation factor of the thick-films prepared with different pastes and
sintered for 1 h at 1200 °C.

on frequency, which is known from former investigations.”!°
Comparing the three curves reveals the influence of microstruc-
ture on the dielectric loss: With increasing grain size, the
dissipation factor is reduced over the whole frequency range,
while an influence of the porosity on the dissipation factor is not
noticeable.

The tunability of the thick-films was calculated from the mea-
sured permittivity values at f= 10 GHz according to Eq. (4). The
measured tunability over bias field is shown in Fig. 10.

Assuming a spherical inclusion model, it is predicted by
simulation!3! for porosities up to P=0.2 that the relative tun-
ability t of a porous ferroelectric material (tunability of the bulk
material: Tpyx) follows the equation:

7= (14 0.2P) tpuik. 6)

This means an increase of tunability with porosity due to
local concentrations of the electrical field. However, assuming
that this holds also for higher values of P, the dependence on
porosity in the studied region is quite weak. Hence the influence
of porosity can be neglected, when comparing the measurements
of specimens with similar porosities. The measured tunabil-
ities confirm this assumption. Within the considered interval
(0.25< P <0.32) no explicit influence of porosity on tunability
can be observed, whereas the influence of grain size is consider-
able: By increasing the median grain size from 0.26 to 0.48 pm,
the tunability at maximum applied bias field (E=10 V/pum)

0.25
£=10 GHz
T
0.20 ]
0.15 ]
0.10]
0.05 & PI-AT-1h
A P2-AT/PM-1h
- P3-PM-1h
0.00 . ; ; Y
0 2 4 6 8 10

E/(V/pm)

Fig. 10. Tunability of the thick-films prepared with different pastes and sintered
for 1 h at 1200°C.

could be raised from about 13.6% (P1-AT-1h) to 22.2% (P3-
PM-1h).

The material’s figure of merit  was calculated according to
Eq. 5. For the sample with smallest grain size a value of 5.01 is
achieved. As the material’s figure of merit is raised with increas-
ing tunability and decreasing dissipation factor, the influence
of grain size is quite immense in this case: For specimen P2-
AT/PM-1h the median value is 7.63, while specimen P3-PM-1h
reaches a value of 12.36.

Table 4 summarizes the results of microstructural inves-
tigations and dielectric characterization of the thick-films at
microwave frequencies. The values given for the microwave
properties are median and standard deviation at a frequency of
f=10GHz.

4. Conclusions

Co-F-codoped Bag¢Srg4TiO3 powders were synthesized
through a modified sol-gel process. Powders with differ-
ent particle sizes were obtained by varying the milling
process after calcination of the metal-organic precursor.
Screen-printing pastes were prepared and printed on alumina
substrates.

Depending on the initial particle size and sintering time a
median grain size between 0.26 and 0.56 um was achieved
in the thick-films. For sintering times above 1h all specimen
showed a severe reaction in the interface of the thick-film
and the substrate. Hence, no reliable determination of poros-
ity and microwave properties was possible in these cases. For
the samples sintered for 1h the porosity varied between 25%
and 31%.

The dielectric characterization at microwave frequencies
showed mean values for the relative permittivity of the thick-
films between 207 and 260, depending on porosity and grain
size. The dissipation factor of the thick-films was reduced for
larger grain sizes over the whole frequency range. An influ-
ence of the porosity on the dissipation was not noticeable. The
thick-films showed no noticeable dependency of tunability on
porosity. The influence of grain size however was remarkable.
On increasing the grain size from 0.26 to 0.48 pm, the tunabil-
ity could be raised from 13.6% to 22.2% at maximum applied
tuning field.

The investigations show the capability of Co—F-codoped BST
thick-films for microwave applications. The achieved dissipation
factors lie below the values of other undoped and metal—fluorine-
codoped thick-films reported in literature.'” However, since the
fluorine content of the thick-films was higher in this publica-
tion and the mechanisms and effects of fluorine doping are
not completely understood yet, further investigations have to
be carried out. By influencing the thick-film microstructure the
tunability of the material was strongly increased while the dissi-
pation factor was even lowered. Hence, in the studied region the
best thick-film properties were achieved for the specimen with
largest grain size. The determined material’s figure of merit was
n=12.36 in this case.
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