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Abstract Polycrystalline barium titanate thin films have
been prepared with 100 ppm of B-site acceptor dopants Ca,
Mg, and Mn via chemical solution deposition on base
metal substrates. The films are fired in low pO, atmo-
spheres at 900 °C to prevent substrate oxidation. All
dopant species produce low loss, space-charge free mate-
rial without secondary reoxidation anneals. We note that
the dopant concentrations required to compensate for
oxygen non-stoichiometry are substantially greater than
expected by equilibrium thermodynamic calculations. This
observation is rationalized in the context of a composite
oxygen defect model with differing reduction enthalpies
for grain interiors and surfaces.

As particle and grain dimensions approach the nanometer
scale many properties are known to deviate from their bulk
reference states. Many of these changes can be related to an
overall increase in the surface area to volume ratio. For
example, in many oxides the surfaces and interfaces are
known to harbor substantially larger point defect densities
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than the crystal interior, as has been demonstrated in both
CeO, and TiO, [1, 2]. As the dimensions of ferroelectric
crystals decrease several well-documented phenomena
occur including reduced permittivity and decreased phase
transition temperatures [3—6]. Recently, enhanced p-type
conductivity has been observed in nanocrystalline barium
titanate ceramics [7]. It has been suggested that this
enhancement results from a change in the overall reduction
enthalpy as grain sizes decrease and a subsequent oxygen
vacancy concentration increase. This, coupled with oxy-
gen-rich processing environments, results in holes as the
dominant charge carrier. In this article, we explore the
defect mechanisms potentially responsible for this devia-
tion by investigating the effect of acceptor dopants and
reoxidation anneals on the room temperature dielectric
properties in BaTiO3 polycrystalline films. A composite
defect structure model that accounts for these characteris-
tics is proposed.

The ability to deposit complex oxide thin films on base
metal electrodes and use heat treatments similar to those
commonly applied to bulk ceramics has recently been
demonstrated [8—12]. Practically, this requires low oxygen,
partial pressures, and process temperatures greater than
800 °C, and establishes an oxygen point defect concentra-
tion problematic from the perspective of insufficient
insulation resistance. As a result, many insulating oxides
processed under reductive conditions require secondary
reoxidation anneals at higher oxygen pressures and lower
temperatures to minimize electrically active point defects
associated with the intrinsic oxygen non-stoichiometry [13].
To illustrate this, Fig. 1 shows a capacitance—voltage mea-
surement for low pO, processed pure BaTiO; films with and
without reoxidation. The necessity of the secondary anneal
becomes clear when comparing the high field loss tangents.
For a film without a secondary anneal loss tangents exceed
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Fig. 1 Field dependence of permittivity (solid markers) and loss
tangent (open markers) for a 600 nm thick BaTiO; film after a
reoxidation anneal. Inset shows the field dependence without
reoxidation

0.4 (40%) at fields less than 150 kV/cm. Alternatively, a film
reoxidized under the proper conditions yields loss tangents
less than 0.003 (0.3%) at fields in excess of 250 kV/cm. In
many cases, the relative permittivity and tunability also
improve, likely due to a decrease in point defects that pin
domain wall motion.

As an alternative to secondary anneals, acceptor dopants
can be incorporated and the intrinsic oxygen vacancies
formed from processing can be balanced by largely immo-
bile aleovalent dopant ions rather than comparatively mobile
electrons. When properly done, this type of ionic compen-
sation is consistent with low loss tangent, large insulation
resistance values, and excellent reliability [14—18]. The
present work demonstrates the use of Mn, Mg, and Ca as
acceptor dopants on the BaTiOj lattice B-site. In this study,
Ba:Ti cation ratios were controlled at the ppm level to per-
suade dopant site occupancy and ensure that cation ratio did
not predominate compensation. The results are discussed in
context of the defect chemistry in reduced barium titanate
and the effect of fine grain size on the measured properties.

Films were formed using a chemical solution deposition
approach with a chelate chemistry as has been outlined in
previous work [10, 11]. 0.3 molar barium titanate stock
solutions were synthesized with a 100 ppm titanium defi-
ciency. Separate dilute dopant precursor solutions were
prepared by dissolving the acetate hydrates of the metal
ions in either acetic acid or a solution composed of meth-
anol, diethanolamine, triethanolamine, and nitric acid. The
dopant solutions were approximately 0.042M. A digital
microbalance was used to measure and control stoichiom-
etry to approximately a 10 ppm level. Films were spin cast
onto 18 pm thick bare copper foils in 6 layers with a
250 °C hot plate dry and gel consolidation anneal sepa-
rating coatings. The final post-fired film thickness was
600 nm. The gel/foil stack was then fired in a low pO,

atmosphere composed of hydrogen, water vapor, and N,
carrier at 900 °C for 30 min prior to cooling to room
temperature in the same gas composition. An oxygen
partial pressure consistent with copper reduction and
barium titanate oxidation was measured in situ at 900 °C to
be 5x 107 atm [19]. Metal-insulator-metal capacitor
structures were defined using shadow masks and RF
magnetron sputtered Pt top electrodes. Field dependent
dielectric measurements were conducted at 10 kHz with a
0.8 kV/cm oscillator. Frequency dependent measurements
used identical oscillator amplitudes and zero DC bias.

Figure 2 shows X-ray diffraction data revealing no
secondary or interfacial copper oxide phases with only
perovskite barium titanate peaks present, consistent with
previous studies [10, 11]. Plan-view and cross-sectional
microstructural characterization by field-emission scanning
electron microscopy (FE-SEM) revealed dense films,
125 nm average grain diameters, and constant grain size
with and without dopants within the concentration range
investigated as shown in Fig. 3.

For each dopant type, the 100 ppm acceptor levels were
sufficient to form insulating material with high-field loss
tangents below 0.01 (1%). Representative field dependent
data for a Mg-doped film is shown in Fig. 4. Analogous
trends were identified for Ca and Mn. Tunability values in
the range of 8:1 and low-field permittivity values near
2,000 are maintained in all cases. Figure 5 shows the fre-
quency dependent dielectric response for (a) an undoped
as-fired film, (b) an undoped reoxidized film, and (c) a Mg
doped as-fired film. No permittivity dispersion or loss
peaks representative of space charge contributions are
present in the reoxidized or doped films. In the undoped
as-fired film, however, a strong loss tangent space charge
contribution is evident [20]. The similar doped and reoxi-
dized results suggest that electronic compensation of
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Fig. 2 0-20 X-ray diffraction patterns for pure and doped BaTiO;
thin films on copper substrates
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Fig. 3 FE-SEM images of (a)
pure BaTiOs, (b) 100 ppm Mg-
doped BaTiOs, (¢) 100 ppm
Mn-doped BaTiO3, and (d)

100 ppm Ca-doped BaTiO;
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Fig. 4 Field dependence of permittivity (solid markers) and loss
tangent (open markers) for a 600 nm thick BaTiO; film doped with
100 ppm Mg on the perovskite B-site fired at 5 x 107" atm O,

oxygen vacancies is responsible for the high loss values
and strong dispersion in the undoped as-fired state. All
acceptor dopants shift the conductivity minimum toward
lower pO, processing conditions and chemical precursors
contain numerous impurities at the ppm levels of present
interest [21-23]. The chemical assays for the precursor
materials reveal approximately 50 ppm acceptor ions.
However, a similar level of donor impurities is also iden-
tified and these two dopant populations should compensate
resulting in a small intrinsic carrier level. Unfortunately,
the thin layers and small sample sizes preclude sufficiently
sensitive post-processing impurity level measurements.
To determine if the doping level used is appropriate for
ionic compensation, films from the same as-cast gels were
processed under higher pO, conditions of 5 x 10~'! atm - a
level still within the copper-barium titanate phase stability
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Fig. 5 Frequency dependence of permittivity (solid markers) and loss
tangent (open markers) for (a) pure BaTiO3 without reoxidation, (b)
pure BaTiO; with reoxidation, and (¢) 100 ppm Mg doped BaTiOs3,
all fired at 5 x 107" atm O,

window. Conceptually, if the dopant quantity is just right,
annealing in a slightly higher pO, will produce fewer
oxygen vacancies, there will be too many cation acceptors,
and holes will be created to achieve electroneutrality.
Voltage and frequency dependence of permittivity and loss
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Fig. 6 (a) Field dependence and (b) frequency dependence of
permittivity (solid markers) and loss tangent (open markers) for
100 ppm Mg-doped BaTiO; processed at 5 X 107" atm O,

are shown in Fig. 6 for a Mg-doped sample fired in more
oxidizing conditions. We begin to see an increase in the
field dependent loss and a strong frequency dependent
space charge contribution likely resulting from p-type
compensation. The outcome of this experiment suggests
one of the following possibilities: (1) The dopants are
incorporated in the lattice and most or all are contributing
to defect compensation such that increases in pO, produce
p-type conductivity, or (2) The dopants are incorporated in
the lattice at a lower level with additional dopant material
phase-separated and not contributing to the overall defect
equilibrium. Though both are possible, we have shown
experimentally by electrical property analysis that higher
dopant concentrations can be achieved for all cations tested
[24]. If a solubility limit were present, the only effect
would be more second phase at a volume fraction which
provides negligible property impact. Consequently, we
hypothesize that the dopants are dissolved into the BaTiO3
lattice and are electrically active. This allows the assertion
that oxygen vacancy levels can be inferred from the
dopant concentration, which produces high insulation
resistance and low dispersion in the absence of reoxidation
annealing.

While doping was successful, the levels used are
roughly three orders of magnitude greater than equilibrium
calculations predict are needed for the firing conditions
used. For example, using the bulk barium titanate reduction
enthalpy, —567 kJ/mol, and assuming equilibration at the
firing conditions, 350 ppb oxygen vacancies are expected,;
however, we compensate with 100,000 ppb acceptors [23].
A possible explanation is that these materials have higher
overall vacancy concentrations than would be predicted
using the bulk enthalpy values. A disparity between bulk
and thin film defect chemistry may be expected given that
bulk values were experimentally determined on materials
with grain sizes in excess of 100 um while the thin films
are limited to approximately 100 nm [23]. The dramatic
difference in grain boundary volume fraction cannot be
ignored especially considering the potential for enhanced
defect populations at crystalline surfaces. We suggest a
composite vacancy model where the grain interiors exhibit
the bulk reduction enthalpy, while the grain boundaries,
where there is a greater degree of disorder, exhibit a
reduced reduction enthalpy value. Subsequently, fine-
grained materials with a much higher grain boundary vol-
ume fraction would be expected to have higher overall
oxygen vacancy concentrations. This trend is consistent
with that previously observed by Guo et al. [7] where the
authors suggested a reduction enthalpy lowering in nano-
scale BaTiO3. We build upon their hypothesis by proposing
a composite structure modification with the overall oxygen
vacancy concentration being represented by two popula-
tions: those in the grain interior where a bulk-like reduction
enthalpy largely dominates and those in the grain bound-
aries where the disordered structure results in a different
reduction enthalpy as represented by Eq. (1). Here AHp,
and AHgp are the bulk and grain boundary reduction
enthalpies, respectively, R is the ideal gas constant, and x is
the grain boundary volume fraction. As we are defining the
oxygen vacancy concentration as site fractions, no pre-
exponential constants are necessary [25]. It should be noted
that the actual defect distribution in the grain boundary
region has been shown to be heavily influenced by elec-
trostatic contributions [26]. In this model, we do not
discount this effect, rather we choose to focus on the grain
boundary volume influence on the total defect population.
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As a test for this model, we consider a barium titanate
ceramic with 100 nm spherical grains and assume grain
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Fig. 7 Calculated grain size dependence of grain boundary volume
fraction (solid line) and defect density (dashed line) for BaTiOj
processed at 900 °C and 107" atm O,

boundaries, two unit cells thick—a value that has been
previously measured in well prepared fine-grained
ceramics [27]. For 900 °C and 107" atm O, firing
conditions we empirically identify from the dopant study
that this material has defect densities of approximately
100 ppm. Using this concentration and these parameters, a
calculated grain boundary volume fraction (~0.06 for
100 nm spherical grains with 2 unit cell thick boundaries),
and the bulk reduction enthalpy, we can solve for a grain
boundary reduction enthalpy of —402 kJ/mol using Eq. 1.
This value represents a 30% reduction from the bulk and is
consistent with the magnitude of property differences
between crystal surfaces and interiors. This surface model
and reduced-enthalpy value was applied to bulk materials
with 100 pm grains. The effect on defect density is
negligible, thus our hypothesis is consistent with both
bulk and thin film materials. To illustrate this, a plot
showing the grain boundary volume fraction and predicted
defect concentration using our processing conditions versus
average grain size is shown in Fig. 7 with the values
calculated using our processing conditions and a two unit
cell thick grain boundary. As seen in this figure, as grain
sizes fall below 10 pum, the potential defect contribution
from the grain interfaces are dramatic.

In summary, we have shown the feasibility of using
acceptor dopants in barium titanate thin films processed
under low pO, conditions to compensate for the intrinsic
oxygen vacancies established by low oxygen partial pres-
sure annealing. The necessary dopant levels necessary for
high insulation resistance are orders of magnitude larger

@ Springer

than predicted by existing models. To account for these
differences a composite defect model consisting of bulk
reduction enthalpies for grain interiors and reduced
reduction enthalpies for grain surfaces was developed. An
interface reduction enthalpy 30% lower than the bulk value
will produce defect densities consistent with our experi-
mental observations. This straightforward model illustrates
the importance of surface contributions in nano-scaled
ceramic materials and is relevant to many aspects of oxide
thin film research.
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