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Abstract Barium titanate stannate (BaTi;_,Sn,Os;,
0 < x < 0.25) thin films were deposited directly on copper
foil substrates via a chelate chemical solution process. The
films were subsequently crystallized in a reducing atmo-
sphere such that substrate oxidation was avoided and that
the 2-valent state of tin could be stabilized. Despite the
stabilization of the low-melting temperature SnO oxidation
state at high temperatures, the final grain size was smaller
with increased tin incorporation similar to other B-site
substituted BaTiOj3 films. Temperature and field-dependent
dielectric measurements revealed a reduction in dielectric
constant and dielectric tuning with increasing tin concen-
tration. The reduction in permittivity with reduced grain
size is consistent with the well-known trends for ceramic
barium titanate and in combination with a defect-dipole
model involving Sn acceptors, can be used to explain the
experimental trends. Phase transition frequency depen-
dence was studied and for compositions containing up to
25 mole percent tin. No phase transition dispersion was
observed and thus no strong evidence of relaxor-like
character. The phase transition became increasingly diffuse
with deviation from Curie-Weiss behavior, but the
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observed transition temperatures agreed well with bulk
reference data.

Introduction

Barium strontium titanate (BST) and barium titanate zir-
conate (BTZ) thin films have been widely investigated for
applications in tunable electronics, [1-3] dynamic random
access memory, [4, 5] and decoupling capacitors [6].
Barium titanate stannate (BTS) is a chemically similar
perovskite solid solution of the ferroelectric barium titanate
and the linear dielectric barium stannate. Additions of
barium stannate to barium titanate are known to result in a
phase transition pinching effect, where the cubic-tetragonal
transition temperature decreases and the tetragonal-
orthorhombic and orthorhombic-rhombohedral transition
temperatures increase [7-9]. As a result, compositions
containing approximately 10 mole percent and greater
levels of BaSnOj transition directly from cubic to rhom-
bohedral. The phase transition pinching effect has
important implications from a technological perspective in
allowing for a flattened temperature response that is
desirable for many device applications. Additionally, a
transition to a diffuse phase transition with second order
character at a 10 mole percent level followed by relaxor
behavior with clear departure from Curie—Weiss transition
behavior and a frequency dispersive Ty« at the 20 mole
percent level are observed [10-12]. While a wealth of
information exists on BTS in bulk form, [7-11, 13] it has
garnered considerably less attention in the thin film com-
munity. Of the BTS films studied, all display peak
permittivities limited to less than 650, [14-20] and
diminished dielectric tunability. These two features likely
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result from fine grain dimensions and limited processing
temperatures [21]. Decreased grain dimensions may stem
from two sources: (i) low-processing temperature and (ii)
incorporation of tin into the precursor gel, which may alter
nucleation behavior or otherwise limit diffusion and
densification and coarsening.

Recent advancements in base-metal/complex oxide thin
film processing have been afforded by a successful mar-
riage of bulk ceramic controlled atmosphere firing
schedules and thin film deposition techniques. This was
first demonstrated for ferroelectric films by Dawley et al. in
the chemical solution deposition (CSD) of BST on nickel
tapes [22, 23]. Using similar techniques it was shown that
device quality perovskites of the barium titanate family
could be deposited and processed on copper foil substrates
[6, 24, 25]. While successful for preparing high permit-
tivity dielectrics in contact with base-metal substrates, the
temperature response of permittivity for pure barium tita-
nate may be too sharp for many capacitor applications. To
tailor the temperature response, zirconium and hafnium
substitutions for titanium are routinely used in the bulk,
and have been explored in thin films to pinch the phase
transitions and achieve X7R characteristics. While suc-
cessful in shifting the permittivity peak to lower
temperatures and increasing transition diffuseness for thin
film embodiments, a permittivity decrease was observed as
the substituent level increased [24, 25]. This permittivity
decrease was attributed to a grain size reduction [24]. What
is required is a solid solution combination that provides the
necessary phase transition shift, while allowing for the
solid-state diffusion that supports grain growth. We have
recently shown that the addition of fluxing agents including
boron [26] and barium borate [27] can enhance dielectric
properties by enabling grain growth and improving film
crystallinity. We propose that the use of tin oxide, specif-
ically with Sn**, i.e., SnO during densification, may
achieve the desired fluxing effect as well as shift the phase
transition temperature, thereby simplifying the solution
preparation procedures.

The current investigation presents a methodology for
depositing BTS thin films onto base-metal copper substrates
via CSD. In doing so, the structure-property relationships are
discussed in the context of developing a dielectric/substrate
embodiment offering large grain size and an engineered
temperature-dependent dielectric response sufficient for use
in embedded passive technologies.

Experimental procedure
Dielectric compositions of Ba(Ti,Sn;_,)O3; with (0 < x <

0.25) were prepared using a CSD technique. Precursor
solutions containing barium, titanium, and tin were

prepared via a chelate chemistry [28, 29]. Tin n-butoxide
and titanium isopropoxide were combined and reacted with
2.4 pentanedione and diethanolamine as a chelating agents
in a 1:2 ratio. Barium acetate was separately dissolved in
glacial acetic acid and the two precursors were combined in
an equimolar ratio, where solution stoichiometry was
controlled by the constituent masses. The resulting solution
was 0.3 M as referenced to barium concentration. The
solution was spin cast onto 18-um thick copper foils at
3,000 RPM for 30 s. The films were subsequently placed
on a hotplate at 250 °C for 7 min and 30 s for solvent
evaporation and gel consolidation. This process was repe-
ated five times, resulting in films with an as-fired thickness
of approximately 625 nm.

Films were heated at 30 °C/min to 900 °C, held for
30 min for crystallization and subsequently cooled to
150 °C before removal from the furnace. To protect the
copper substrate from oxidation during the high-tempera-
ture crystallization anneal and to stabilize the 2-valent state
of tin, a sufficiently reducing atmosphere must be
employed. Figure 1 shows the pO,—temperature equilib-
rium phase diagram for each of the metal species, oxygen,
and the metal oxides [30]. The atmosphere-temperature
space available to reduce copper and oxidize barium, tita-
nium, and tin while stabilizing the SnO phase is
highlighted. To tailor the atmosphere to the required con-
ditions an equilibrium reaction established by hydrogen,
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Fig. 1 Richardson-Ellingham diagram representing the equilibrium
reactions of each of the metals, oxygen, and metal oxides in the
barium titanate stannate on copper system. The shaded region
represents the equilibrium pO,-temperature conditions for SnO,
BaO, TiO,, metallic Cu, and O,
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oxygen impurities in carrier gases, and water vapor was
achieved by flowing nitrogen from a liquid source and
hydrogen containing forming gas through an H,O bubbler
at room temperature. Upon heating to 900 °C, this mixture
results in an atmosphere containing a pO, of 10~ atm
with a total pressure of 1 atm, which is sufficient to oxidize
all film species and protect the copper substrate in addition
to stabilizing the Sn** state. The pO, was monitored in situ
with a solid-state oxygen sensor (Australian Oxytrol Sys-
tems) to ensure proper conditions. A reoxidation anneal at
550 °C and 1077 atm O, for 30 min was used to minimize
electrically active point defects resulting from the low pO,
and high-temperature crystallization anneal [31, 32]. We
note that this reoxidation anneal should promote conver-
sion of residual Sn** to Sn** and remove the potential for
acceptor-like behavior of Sn on the B-site. 40 nm thick
platinum top electrodes (~107* cm?) were deposited
through a shadow mask via DC magnetron sputtering to
define metal-insulator-metal capacitor structures.

Phase assemblage in the film/foil stack was studied with a
Bruker AXS D-5000 X-ray diffractometer equipped with a
Hi-Star area detector. The film microstructures were char-
acterized by atomic force microscopy (AFM) using a CP
Research Thermomicroscopes Scanning Autoprobe in con-
tact mode and by field-emission scanning electron
microscopy (FE-SEM) with a JEOL 6400F instrument.
Dielectric properties were studied as functions of electric
field and temperature using a HP 4192 impedance analyzer
and a modified MMR Technologies cryogenic temperature
stage. Permittivity—field measurements were conducted at
room temperature from —15 to 15 volts at 10 kHz with a
0.05 V oscillator. Phase transition behavior was studied by
measuring the permittivity and loss tangent of the films from
100 Kto450 Kata5 K/minramp rate and zero DC bias with
oscillator conditions ranging from 1 to 100 kHz and 0.05 V.

Results and discussion

0—20 X-ray diffraction patterns for each composition are
shown in Fig. 2. Diffraction peaks consistent with a
perovskite phase and the copper substrate are identified in
each composition. No additional peaks attributable to
either tin oxide or copper oxide can be identified, sug-
gesting that tin was fully incorporated into the lattice and
that the reductive conditions were sufficient to protect the
copper substrate. To verify that tin was incorporated into
the lattice, lattice parameter measurements were conducted
by collecting diffraction patterns of the 001, 002, and 003
peaks and calculating the lattice constant using a Nelson—
Riley extrapolation [33] with the results shown in Fig. 3.
The linear lattice parameter increase is consistent with the
incorporation of the larger Sn ion on the perovskite B-site

@ Springer
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Fig. 2 0—-20 X-ray diffraction patterns of BaTi;_,Sn,O;
(0.0 < x < 0.25) prepared and fired at 900 °C on copper substrates.
* denotes substrate diffraction peak
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Fig. 3 Measured lattice parameters of BaTi;_,Sn, 03 (0.0 <x < 0.25)

and indicates full barium stannate solubility for films
containing up to 25% BaSnO;.

Figure 4 shows 3 um x 3 pm topographic AFM scans
for each composition. A grain size decrease is observed,
particularly for the composition containing 25% mole
percent barium stannate. The average grain size was
quantified using a linear intercept method with the results
shown in Fig. 5 illustrating the grain size—composition
relationship. The error bars indicate a 95% confidence
interval in the measured grain diameters [34]. It should be
noted that the decrease is not as pronounced as was
observed in the BTZ [24] and barium titanate hafnate [25]
compositions. This is particularly evident at the 25 mole
percent level where the tin substituted samples had an
average grain size of 95 nm and the zirconium and hafnium
substituted films were 78 nm and 76 nm, respectively. This
difference suggests that the SnO stabilization was
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Fig. 4 3 um x 3 pm topographic AFM scans for (a) BaTiOs, (b)
BaTig.95510,0503, (€) BaTip00Sno.1003, and (d) BaTig 755002503
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Fig. 5 Measured average grain size for BaTi;_,Sn,O3
(0.0 < x < 0.25). Error bars indicate a 95% confidence interval for
each measurement

successful in either limiting the grain size reduction by
fluxing the system, or that the Sn did not change the
nucleation and growth characteristics to the extent of Zr
and Hf, which are suspected to inhibit grain growth via
their refractory nature and to promote nucleation from the
amorphous gel.

The temperature dependence of permittivity and loss
tangent is shown in Fig. 6. Two distinct trends can be
identified with increasing tin level: (i) the phase transition

temperature, T, decreases and (ii) the maximum

Fig. 6 Temperature dependence of permittivity and loss tangent for
BaTi;_,Sn, 05 (0.0 < x < 0.25) composition series

permittivity, €n.x, decreases. The phase transition temper-
ature was plotted versus composition in Fig. 7 along with
values from the bulk work of Smolenskii et al. [9]. The
trend of transition temperature and composition is virtually
identical in both the film and bulk systems further indi-
cating complete solid solution formation. A permittivity
decrease was expected given the grain size reduction,
however the degree observed was more pronounced than in
the Ba(Ti,Zr)O; and Ba(Ti,Hf)O; systems as shown in the
maximum permittivity versus average grain diameter plot
in Fig. 8, compared with a pure BaTiOj3 series [21]. For
compositions containing 5 mole percent and less BaSnO5 a
trend of permittivity and grain size is identical to the pure
system. For films containing 10 mole percent tin and
greater, however, the trend deviates and there is a much
greater permittivity reduction.
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Fig. 7 Phase transition temperature as a function of BaSnO; level for
films on copper and bulk ceramics [9]
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Fig. 8 Permittivity at the phase transition as a function of average
grain size for BaTi;_,Sn,O; and pure barium titanate [21]
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Fig. 9 Field dependence of permittivity and loss tangent for
BaTi;_,Sn,05 (0.0 < x < 0.25)

The permittivity and loss tangent field dependence was
measured at room temperature as shown in Fig. 9. A
similar trend of decreasing low-field permittivity with
increasing tin level is identified. It is important to note that
the high-field permittivity saturates to the same value for
each composition. This indicates that the intrinsic lattice
response is identical and that the extrinsic ferroelectric
response is dampened by the tin addition resulting in
diminished dielectric tunability. Though many factors can
reduce the nonlinear dielectric response, there are two in
the current system that are believed to predominate. The
first is a scaling effect associated with an average grain size
decrease. The second is an increase in the number and/or
strength of domain wall pinning sites. The Ba(Ti,Zr)O;
[24] and Ba(Ti,Hf)O3 [25] systems showed an identical
trend of decreasing permittivity with grain size as the pure

@ Springer

BaTiO; system and the Ba(Ti,Sn)O3 system does not,
suggesting that the second contributor is dominant in films
containing greater than 5% tin. One proposed mechanism is
the presence of Sn** on the normally 4% valent B site,
which could allow for ionic compensation by oxygen
vacancies as shown in Kroger—Vink notation [35] in Eq.
(1). This is a reasonable assumption given the low-satu-
rating loss tangents at high fields for each composition.

BaO + Sn0 "5° Baj, 4+ Sn"1; + 203 + V§ (1)
It is hypothesized that for compositions containing 5%
tin and less that the reoxidation anneal was successful in
filling oxygen vacancies and changing Sn** to Sn** and
thus has allowed for the expected grain size and permit-
tivity trend. Kinetic limitations in samples containing 10
and 25% tin likely resulted in materials with a high con-
centration of Sn**-Vg defect complexes. These defect
complexes could then pin domain wall motion and limit the
extrinsic ferroelectric contributions to permittivity. This
ability of defect dipoles to pin domains and cause aging
effects in ferroelectric perovskites is well known [36].
Both Ba(Ti,Zr)O5; and Ba(Ti,Hf)O5; showed the onset of
relaxor behavior as the substituent concentration increased
[24, 25]. Figure 10 shows the compositional and temper-
ature dependence of permittivity and loss tangent at 1, 10,
and 100 kHz. As the tin level increases, there is an increase
in the phase transition diffuseness. While relaxor behavior
is typically observed at the 20 mole percent level in
Ba(Ti,Sn)O;3 ceramics, [10, 11] no phase transition tem-
perature frequency dispersion is observed in the thin films,
even at the 25 mole percent level. There are two possible
explanations for the observed behavior. First, the 25% level
is close to the minimum concentration necessary to observe
dispersion in the bulk, and it is possible that a higher level
is necessary, especially in systems with such fine grains.
Second, the likelyhood of Sn** remaining in the lattice may
alter the onset and stability of polar-microregions.
Chemical solution deposited BTS thin films were pre-
pared with compositions containing ranging from 0 to 25
mole percent tin. A processing atmosphere was chosen
such that the Sn®* state of tin was stabilized and resulted in
a minimization of grain size reduction in comparison with
BTZ and barium titanate hafnate. X-ray diffraction patterns
reveal single-phase films suggesting tin was fully incor-
porated into the lattice. A decrease in phase transition
temperature and maximum permittivity was observed as
the tin level increased. The decrease in permittivity was
attributed to a combination of a grain size effect in addition
to incomplete stabilization of Sn4+, which resulted in
defect-dipole formation and limited extrinsic ferroelectric
contributions to the dielectric constant. Frequency-depen-
dent measurements did not reveal phase transition
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frequency dispersion. It is hypothesized that the 2-valent
state of tin may sufficiently alter the dielectric response
such that relaxor behavior is not observed.
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