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Thin films of complex perovskites have a number of potentially important applications. Of major
scientific and practical concern is the scaling of properties as film dimensions are reduced. This paper
describes a satisfactory relationship between bulk and thin film dielectric properties of (Ba,Sr)Ti03.

Relative contributions of strain, A:B cation stoichiometry, and interface are separated to explain
temperature dependent dielectric behavior.

1. IIVIRODUCTION

(Ba,Sr)Ti03 @.ST) thin films represent an

important dielectric system for application in high
density DRAMs, as well as for backend capacitors
integrated onto the Si chip. There has been significant
development over the past six years, such that
incorporation into 4Gb DRAM appears likely.’

One of the disappointments regarding BST
films has been the very substantial lowering of the
dielectric constants of thin films relative to their bulk
analogues. An example of experimental thin film
dielectric permittivity versus temperature data, in
comparison with polycrystalline bulk data of the same
Ba/Sr ratio is shown in Fig. 1. This behavior is of
concern, as it may limit the extendability of BST
through future generations. There has been scattered
speculation regarding the origin of the lowered dielectric
constant. The effect has been linked to film strain,
intrinsic ferroelectric size effects through grain size or
film thickness scaling, and extrinsic interface effects.
No satisfactory description of the dielectric behavior of
the perovskite films has been presented, nor have
relative contributions of different phenomena to the
dielectric function been discerned.

As a result, we have investigated the dielectric
response of a series of {100) fiber-textured

(BaxSrl-x)Til+y03+z samples deposited by liquid-

source metal-organic chemical vapor deposition onto
Pt/SiOJSi, as a function of the two most commonly
varied microstructural parameters, viz film thickness
and Ti nonstoichiometry (y). The thickness dependent
data allows us to extrapolate to obtain the thickness
independent dielectric susceptibility, and thus examine

directly the effect of composition ( ie y, the Ti non-
stoichiometry) on the “bulk” film properties.
Thereafter, we discuss the effect of biaxial strain
originating from the thermal mismatch with the silicon
substrate on the temperature-dependent dielectric
susceptibility. The approach allows us to examine the
relative contributions to the lowering of the dielectric
permittivity.

&r

I

--AFerroelectric Paraelectric

I
— Bulk

Thin Film> I

Tc T

Figure 1: Typical permittivity versus temperature
dependence for a BST thin film’ compared to a bulk
ceramic sample with the same Ba/Sr ratio3,

2. EXPERIMENTAL
All films were BST with Ba/Sr=70/30

deposited by liquid source MOCVD under the auspices of
the US DRAM Consortium. Experimental procedures
have been described previously4’5.

3. RESULTS AND DISCUSSION

3.1 Empirical Description of the Dielectric Data

It has been shown in earlier work that the field
dependence of the dielectric response of these BST thin
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films is well described by the familiar free energy
expansion!

where Eapp is the apparent field applied to the dielectric

in the thickness direction, the a’s are the empirical
dielectric stiffnesses, and P refers to the polarization. It
has also been demonstrated that the dielectric stiffness
lx’3 in the first order term carries ahizost all the

temperature and thickness dependence. This term can
therefore be decomposed into:

(2)

where ~ is the thickness dependant and y the thickness

independent portions of the dielectric stiffness.

The experimental dielectric data for several
thicknesses and compositions have also been examined
in Curie - Weiss form, with typical data for y=O.04 (ie
51%Ti) shown in Fig 2. Besides the thickness
dependence, it can be seen that the films fit Curie-Weiss
behavior above a temperature of about 380K. Below this
temperature, for ail film thicknesses and compositions,
there is a deviation from the classical behavior. By
utilizing only the data above this temperature, an
effective Curie-Weiss constant (C’) and extrapolated
Curie temperature can be obtained. The Curie constant is
almost thickness independent, but strongly
stoichiometry dependent. The composition closest to
stoichiometry is closest to the bulk value. We deduce
that the apparent thickness dependence of the Curie-
Weiss temperature (see Flg 2) is simply a manifestation
of the shift of the curves along the temperature axis.
This is possibly best deduced by rearranging equations
(l), (2) and the Curie-Weiss expression, to yield’:

T3(t)=e–
2&oc’p

t
(3)

where T3 is an extrapolated intercept (effective Curie

temperature) for a given thickness.
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Fig 2: Inverse susceptibility versus temperature for BST
jilms of dl~erent thickness, and one Ti stoichiometry.

3.2 Removing the TMckness Dependence T1
Stoichiometry

The dielectric properties can be stripped of
their thickness dependence by fitting the data to
Equation (2), for rdl temperatures. This yields the
dielectric stiffness or the susceptibility of the bulk of
the films as a function of temperature, as well as the
parameter ~ of Eqn 2. The data is plotted in Fig 3, for
two different compositions. Notice again the deviation
from Curie-Weiss behavior at about 380K, as well as the
strong dependence upon the TI content. Fig 4 shows the
data plotted as relative dielectric constant for the “bulk”
of the films at 300K as a function of TI stoichiometry.
(Also shown for comparison is the measured relative
permittivities for the same films of 30nm thickness).
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Fig 3: Inverse susceptibility versus temperature,

stripped of jilm thickness dependence, ie described by

2fiT) in Eqn 2.
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Fig4: Effective relative permittivity values calculated
from the e~erimental data, as afinction of the Ti
stoichiometry (y).

There is an important difference between the
thin films and bulk BST which should be noted. The
solid volubility limit for Ti over-stoichiometry of bulk
BST is known to be small, ie less than y=O.0017, In
contrast, the volubility limit for excess T1 in these thin
films is dramatically larger, around y=O. 18. Excess Ti is
accommodatedin the grain interiors. At Ti excesses as
large as y=O.15 (Ba+Sr/Ti=46.5/53 .5), ‘H can be
observed at the grain boundaries, probably in the form
of amorphous TiOx8. Other properties such as dielectric
loss and degradation correlate strongly with the excess
titanium.g

3.3 Temperature and Stress Dependent Landau-Ginzberg-
Devonshire Description

We have recently undertaken an analysis of the
effect of biaxial stress, due to the thermal mismatch of
the BST film and silicon substrate, on the dielectric
propertiesz’s. The approach extends the thermodynamic
analysis undertaken by Pertsev and coworkers10 and Desu
et al 1‘. The symmetry-breaking imposed by the biaxial
strain implies that one must consider different
orientations of the spontaneous polarization with
respect to the plane as separate phases. The strain
modifies the thermodynamic stability and thus the
Curie-Weiss temperatures of these phases]o. We have
added the temperature dependence of the mismatch
strain, allowing us to calculate the temperatures
corresponding to the transition from the cubic
prototype phase to the phases with the polarization in
the plane 01, and normal to the plane 93, respectively.
The apparent modifications to the bulk Curie constants
can also be calculated. It is clear from the analysis
(consistent with intuition) that the biaxial strain in this
case increases the stability of the phase with in-plane
polarization, and decreases the stability of the phase
with polarization normal to the plane. In addition, as
long as one includes the appropriate coupling terms
between the in-plane and out-of-plane polarization, one

can calculate the full temperature dependence of the
dielectric stiffness (inverse susceptibility), above and
below the the unstrained, bulk Curie-Weiss temperature.
Similarly, the temperature-dependent values of the
spontaneous polarizations can be calculated. The solid
lines in Fig 3 are the calculated values of dielectric
susceptibility (with the thickness dependence stripped
out). The values of strain which were utilized were those
experimentally measured by x-ray diffraction. The
agreement to the experimental is excellent. The
agreement has been shown to extend to far lower
temperatures.

The analysis has several important
implications, which are worth emphasizing. Fkstly, it
provides strong evidence for the role of stress in
modifying the temperature dependent permittivity. The
calculated results also emulate the shape or rounding of
the inverse susceptibility versus temperature curve. In
add]tion, the analysis predicts a phase transition from
the prototype phase to a ferroelectric phase with in-
plane polarization at 131,or 390K. This corresponds to
the measured deviation from Curie-Weiss behavior
observed in all samples. It should be noted that not
hysteresis was observed in the P-E loops at temperatures
between 01 and tl~. However, this is expected, as the
polarization is confined to the film plane, and would
therefore not be observable in the capacitor
configuration utilized.

3.4 Origins of the Thickness Dependence

The thickness dependence is treated
empirically in this work. It has several possible origins
which will yield the observed series or interracial
capacitance. These include:
● extrinsic interface effects, particularly atmospheric

contamination
● compositional changes in the BST adjacent to the

interface, driven by film nucleation effects or by
segregation under thermodynamic equilibrium

● microstructural changes adjacent to the growth
interface

c incomplete polarization screening by the metal
electrodes, or built-in fields due to Fermi level
pinning and charge transfer

● suppression of the soft mode near the interface, ie
the so-called “dead layer” theory12

We have recently presented a discussion of these
various possibilities, concluding that the last
mechanism has attractive features for description of the
available data. Other mechanisms are not excluded,
however. This topic will be discussed in greater detail at
the Workshop.
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4. CONCLUSIONS AND IMPLICATIONS

We find that the overall behavior of these samples
is adequately described by mean-field, Landau-Ginzburg-
Devonshire theory as for bulk ferroelectrics. We have
quantified the impact of three separable factors for these
films that greatly alter the permittivity as a function of
temperature, compared to that found for bulk ceramic
samples at the same Ba/Sr ratio of 70/30: i) Ti
nonstoichiometry; ii) the apparent “interface” effect

which results in a reduction of the dielectric constant
with decreasing thickness; and iii) plane equibiaxial
stress resulting from thermal expansion mismatch with
the Si substrate. When properly considered, these three
factors yield a satisfactory description of the
relationship between the temperature-dependent
dielectric properties of the thin films and the bulk. The
results form a strong basis for making decisions
regarding BST capacitor development,
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Fig 5: Summary showing the relative contributions to the di.+ectric behavior of BST jilms, with the &zta referring to a

typical film with y=O. 15 (Ba+Srfli=46.5153.5) and thickness of 40nm. $1 is thepredicted Curie-Weiss temperature for a

transition j-em a paraelectric phase to a ferroelectric phase with the polarization in the plane of the film.
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