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B. H. PARK", E. J. PETERSON?, J. LEE”, X. ZENG®, W. Si°,
X. X. Xi% and Q. X. JIAY,

a) Superconductivity Technology Center, Los Alamos National
Laboratory, Los Alamos, NM 87545; b) Department of Materials Engineering,
Sung Kyun Kwan Univ., Suwon 440-746, Korea; ¢) Department of Physics,
Pennsylvania State Univ., PA 16802

We deposited epitaxial Bay ¢Sty 4TiO3(BST) films having thickness of 400 nm
on MgO(001) substrates, where a 10 nm thick Ba;.,Sr,TiO; (x = 0.1 - 0.7)
interlayer was inserted between BST and MgO to manipulate the stress of the
BST films. Since the main difference of those epitaxial BST films was the
lattice constant of the interlayers, we were very successful in controlling the
stress of the BST films. BST films under small tensile stress showed larger
dielectric constant than that without stress as well as those under compressive
stress.  Stress relaxation was investigated using epitaxial BST films with
various thicknesses grown on different interlayers. For BST films grown on
Bay 7St 3TiO5 interlayers, the critical thickness was about 600 nm. On the
other hand, the critical thickness of single-layer BST film was less than 100

nm.
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INTRODUCTION

Ba,; S, TiO; (BST-x) can be used for many electronic devices due to its large
dielectric permittivity and electric field dependent dielectric permittivity.!'™!
For example, the large dielectric permittivity makes it attractive for dynamic
random access memory devices.! On the other hand, the electric field
dependent dielectric permittivity makes it a good candidate for electrically
tunable microwave devices, which need large capacitance change ratio under a
DC bias.!*"

However, it is well known that BST-x thin films show much different
physical properties from those of corresponding bulk materials.*”) In 1998,
Pertsev et al. theoretically showed that misfit strain between a film and a
substrate induced a drastic difference between the dielectric properties of thin
films and bulk crystals." According to their calculations, BaTiOs films must
show dielectric anomaly at the phase boundary where a polarization
component along the measurement direction changes from zero to a finite
value.!™
Recently, several research groups have tried to experimentally
investigate strain effects on the dielectric properties of BST-x thin films.”'"!

To change strain states of films, the most logical approaches are either

variation of substrate materials or variation of deposition conditions, such as
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oxygen pressure. However, it is very difficult to systematically control the
strain states by varying substrate materials due to the limitation of crystal
substrates which have the desired lattice constants and thermal expansion
coefficients. In addition, variation of deposition conditions such as oxygen
pressure can induce oxygen vacancies, which strongly affect dielectric
properties through changes in chemical compositions as well as strain
states.|' ']

In this paper, we report our experimental approach to investigate the
strain effects on dielectric properties of Bag¢Sr94Ti03 (BST-0.4) films. By
inserting a very thin BST-x (x = 0.1 - 0.7) interlayer between an epitaxial BST-
0.4 thin film and a MgO substrate, we could systematically control the strain
states, i.e. the lattice distortion ratio (D = in-plane lattice constant/out-of-plane
lattice constant) of the BST-0.4 films. In order to investigate strain
relaxations, we also deposited BST-0.4 thin films with different thicknesses

on various BST-x interlayers.

EXPERIMENTAL

We grow bi-layers of a very thin BST-x (x = 0.1 - 0.7) and a relatively thick
BST-0.4 on MgO(001) substrates at 750 °C under 200 mTorr oxygen using
pulsed laser deposition. Since films could not accommodate large strain
imposed by substrates and relax even for very thin films, we used MgO

substrates in order to minimize the effects of substrates.'”!

13]

[In our early
experiments,!'”) BST-0.4 films grown on MgO substrates under these
conditions showed very close lattice constants to those of a bulk
Bag ¢S1p.4T105, similar to others' results.“o’m]]

In order to study the dependence of the lattice constants of BST-0.4
main layers on the composition of interlayers, we performed x-ray diffraction

(XRD) 0-20 scans using a SIEMENS DS5000 x-ray diffractometer. To
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measure the dielectric properties of the BST films, we also fabricated coplanar
capacitors by depositing gold on top of film surface. Each gold electrode had
a rectangular shape with a width of 200 um and a length of 2 mm. The
separation between gold electrodes for each capacitor was 5 um. We
measured the capacitance at | MHz and room temperature using a HP4194A
impedance analyzer. The dielectric constant was calculated using a simplified

coplanar waveguide model.!"”!

RESULTS

Lattice Distortions of BST-0.4 Main Lavers

Figure 1 shows the XRD normal ( = 90°) 6-26 scan data of BST-0.4/BST-0.3
and BST-0.4/BST-0.5 bi-layers, where the interlayer BST-x and the main layer
BST-0.4 have thicknesses of 10 nm and 400 nm, respectively. Since these
data do not show peak separation or extra broadening, we argue that the
BST(200) peaks mainly result from BST-0.4 main layers due to the large
difference in the film thickness between the interlayer and the main layer

(1/40).
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FIGURE 1. XRD normal (} = 90°) 6-20 scan of BST-0.4/BST-0.3 and
BST-0.4/BST-0.5 on MgO substrates.

Therefore, from the BST(200) peak positions, we could calculate the out-of-
plane lattice constants of the BST-0.4 main layers. Similarly, from the XRD
tilted (x = 45°) 0-26 scan data, we could determine the in-plane lattice
constants of the BST-0.4 main layers. The BST-0.4 main layer grown on the
BST-0.3 interlayer showed larger in-plane lattice constant (3.971 A) than out-
of-plane lattice constant (3.962 A). On the other hand, The BST-0.4 main
layer grown on the BST-0.5 interlayer showed smaller in-plane lattice constant
(3.965 A) than out-of-plane lattice constant (3.968 A). Since the interlayer is
the only difference of these two BST-0.4 films, we argue that the interlayer
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plays an important role in determining the lattice constants, i.e. the strain

states of the BST-0.4 main layer.
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FIGURE 2. Lattice constants and lattice distortion ratio of BST-0.4 films

versus x values of the BST-x interlayers.

To systematically investigate the effects of the BST-x interlayers on
the structural properties of BST-0.4 films, we have varied the x in the range
from 0.1 to 0.7. Figure 2 shows the dependence of lattice constants of BST-
0.4 films on x value of the BST-x interlayer. As x increases, the out-of-plane
lattice constant of the BST-0.4 film increases and in-plane lattice constant
decreases. In other words, the lattice distortion ratio (D = in-plane lattice

constant/out-of-plane lattice constant) decreases as x increases.
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Dielectric Properties

The dielectric properties of the BST-0.4 are also strongly correlated to the x

value of BST-x interlayer. Figure 3 shows the capacitance vs. surface electric
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FIGURE 3. Capacitance vs. surface electric field of BST-0.4/BST-
0.3/MgO and BST-0.4/BST-0.5/MgO films.

field of two BST-0.4 films; one is BST-0.4/BST-0.3 and the other is BST-
0.4/BST-0.5. A BST-0.4 film grown on a BST-0.3 interlayer shows larger
zero field dielectric permittivity (1180) than that (840) grown on a BST-0.5
interlayer.

Figure 4 shows the zero field dielectric permittivity of the BST-0.4
films as a function of the x value of the BST-x interlayer. The permittivities of
the BST-0.4 films vary between 512 and 1180 for the D value in the range
from 0.9972 to 1.0051. Though the change in the dielectric permittivity is
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smaller than that theoretically expected by Pertsev et al; the dielectric
permittivity of an epitaxial BaTiOs film can change from 300 to 4000 for the
D value in the range from 0.9980 to 1.0040,"™ it follows the similar trends.
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FIGURE 4. Dependence of zero field dielectric permittivity of BST-0.4

films measured at 1| MHz on x values of the BST-x interlayers.

Strain Relaxation

In order to investigate strain relaxation, we deposited BST-0.4 main layers
with different thicknesses on two different interlayers. One is a BST-0.4

interlayer which is expected to provide no additional stress on the main layer.
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The other is BST-0.3 interlayer which is expected to provide tensile stress on
the main layer.

Figure 5 shows the thickness dependence of out-of-plane lattice
constants for these films. The BST-0.4/BST-0.4 film showed out-of-plane
lattice constant of 3.965 A which is very close to the value of bulk BST-0.4
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FIGURE 5. Out-of-plane lattice constant vs. main layer thickness for the
BST-0.4/BST-0.4 and the BST-0.4/BST-0.3 films.

when the main layer thickness is larger than 200 nm. These strain-free
behaviors might come from the very fast strain relaxation due to a large lattice
mismatch between the BST-0.4 film and a MgO substrate (5.9%). However,

further work is necessary to confirm the above assumption.
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On the other hand, the BST-0.4/BST-0.3 film showed smaller out-of-
plane lattice constant than that of a bulk when the main layer thickness is
smaller than 600 nm. When the main layer is thicker than 600 nm, the strain
induced by the interlayer is relaxed. This slow relaxation might be due to a
very small lattice mismatch between the BST-0.4 main layer and the BST-0.3
interlayer.

We also measured the dielectric properties of these films. As shown in
Fig. 6, the dielectric permittivity increases with the thickness of the main layer
for both the strain-free BST-0.4/BST-0.4 film and the BST-0.4/BST-0.3 film
under small tensile strain. On the other hand, the BST-0.4/BST-0.3 film under

small tensile strain shows less dependence of dielectric properties on the main
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FIGURE 6. Dielectric permittivity vs. main layer thickness for the BST-
0.4/BST-0.4 and the BST-0.4/BST-0.3 films.
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layer thickness. This behavior can be qualitatively understood by considering
that a small tensile strain induced by the interlayer may increase the dielectric

permittivity just like in Fig. 4.

CONCLUSIONS

We could systematically control the strain states of a Bag¢Sro4T103 film by
depositing a very thin Ba;.Sr, TiO; interlayer between the main layer of the
Baj 6S194T103 and a MgO(001) substrate. Bag ¢Sr94T103 films showed very
strong dependence of dielectric properties on the strain states. The strain
induced by the MgO substrate was relaxed faster than that induced by an

interlayer.
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