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~103! fiber-textured SrBi2Nb2O9 thin films have been grown on Pt-coated Si substrates using a
SrRuO3 buffer layer. High-resolution transmission electron microscopy reveals that the fiber texture
arises from the local epitaxial growth of~111! SrRuO3 grains on~111! Pt grains and in turn
~103! SrBi2Nb2O9 grains on~111! SrRuO3 grains. The films exhibit remanent polarization values of
9 mC/cm2. The uniform grain orientation~fiber texture! should minimize grain-to-grain variations
in the remanent polarization, which is important to continued scaling of ferroelectric memory device
structures. ©2002 American Institute of Physics.@DOI: 10.1063/1.1463697#

Since the discovery of high-fatigue resistance in
bismuth-based layered ferroelectrics~Aurivillius phases1!,
and in particular SrBi2Nb2O9 and SrBi2Ta2O9,2 these mate-
rials have been extensively investigated for ferroelectric
random-access memory~FRAM! applications.3 To achieve
high-storage density with continued feature-size reduction, it
is desired to prepare ferroelectric films in which the rema-
nent polarization (Pr) is not only high, but also equal for
every capacitor in the memory structure.

Previously, we reported4 the growth of SrBi2Nb2O9 thin
films with a Pr of 15.7mC/cm2—over 25% higher than the
highest reported value for randomly oriented polycrystalline
SrBi2Nb2O9 films.5 These~103!-oriented SrBi2Nb2O9 films
were epitaxially grown on~111! SrTiO3 substrates with
~111!-oriented SrRuO3 epitaxial bottom electrodes. Such
ferroelectric capacitors have not only highPr , but also uni-
form Pr across the entire film, since the film is epitaxial.
Preparation of films with these desired ferroelectric proper-
ties have, however, required the use of small and costly
single-crystal oxide substrates. Recently, the growth of non-
c-oriented SrBi2Ta2O9 epitaxial films on~100! Si substrates,
including ~103! SrBi2Ta2O9 films, has been achieved using a
sequence of intermediate epitaxial layers.6,7 The Pr of the
reported films on silicon has, however, been rather low: 5.2
mC/cm2 in the best case.7

In this letter, we show that highPr ~and a concomitant
uniformity in Pr! can be achieved on practical Pt-coated sili-
con substrates using local epitaxy to impart the~111! fiber
texture of a platinum film into a fiber-textured~103!
SrBi2Nb2O9 film.

Previous research has shown that the fiber texture of

Pt-coated silicon is not inherited by SrBi2Nb2O9 or
SrBi2Ta2O9 films when they are grown directly on~111!
fiber-textured platinum.8,9 This is not surprising considering
the differences in crystal structure, lattice constant, electronic
structure, and especially the chemical reactivity of platinum
with these bismuth-based compounds.9–11

Although randomly oriented polycrystalline
SrBi2(Ta,Nb)2O9 films are currently widely used for
FRAMs, thePr of each grain is different. This grain-to-grain
variation in Pr results in severe nonuniformity inPr as the
capacitor area approaches the grain size,12 which poses a
technological scaling problem and results in the measuredPr

~averaged over many grains! to be only about half as high as
it could be in an optimally oriented SrBi2(Ta,Nb)2O9 film.13

In contrast to randomly oriented SrBi2Nb2O9 films, however,
the orientation perpendicular to the parallel-plate electrodes
~for planar capacitor structures! is the same for all grains in
epitaxial and fiber-textured films.

We have investigated the use of an intermediate layer to
achieve orientation control in the growth of
SrBi2(Ta,Nb)2O9 films on Pt-coated silicon substrates.
SrRuO3 works well in this regard. It has an excellent lattice
match to silicon ~Pt has a53.924 Å and SrRuO3 has
a53.925 Å!.14,15 SrRuO3 has been shown to grow in an
oriented fashion on Pt-coated silicon substrates with~111!
SrRuO3i ~111! Pt.16 As SrRuO3 is conductive, its use as a
buffer layer will not affect the hysteresis characteristics of
the ferroelectric. Additionally, unlike the direct deposition of
SrBi2(Ta,Nb)2O9 on platinum, the strong chemical stability
of the Pt/SrRuO3 and SrRuO3 /SrBi2(Ta,Nb)2O9 interfaces
minimizes reaction between the platinum and
SrBi2(Ta,Nb)2O9 layers.

The means by which the~111! fiber texture of a Pt-
coated silicon wafer can be used to impart~103! fiber texturea!Electronic mail: schlom@ems.psu.edu
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on a SrBi2(Ta,Nb)2O9 film is shown schematically in Fig. 1.
The approach used is analogous to that demonstrated for the
epitaxial growth of~103! SrBi2Nb2O9 on ~111! SrTiO3 ~also
shown in Fig. 1!4 with ~111! Pt taking the place of~111!
SrTiO3 . The epitaxial alignment shown takes place locally
on each grain of~111!-oriented platinum in the~111! fiber-
textured Pt-coated silicon film, leading to a fiber-textured
~103! SrBi2Nb2O9 film on a fiber-textured~111! SrRuO3 film
on the fiber-textured~111! Pt-coated silicon substrate. This
approach is related to the perovskite ‘‘template’’ technique
developed by Rameshet al. for the growth of~001! fiber-
textured ferroelectric17 and colossal magnetoresistance18 per-
ovskite films on silicon substrates.

SrRuO3 thin films were grownin situ by pulsed-laser
deposition ~PLD! using a KrF excimer laser~248 nm,
Lambda Physik EMG 103MSC! in an on-axis geometry. The
SrRuO3 films were grown in 100 mTorr O2 at 600 °C using a
stoichiometric target. A laser pulse energy of 140 mJ, fluence
of 2–3 J/cm2, and a 5 Hzpulse rate were used to grow films
about 0.3mm thick. The same oxygen pressure used for
growth was introduced as the Pt/Ti/SiO2 /(100) Si substrates
were heated above;350 °C to minimize titanium diffusion
from the 20-nm-thick titanium adhesion layer into the plati-
num layer.19–21 The SrBi2Nb2O9 films were grown in 70
mTorr of mixed O3 /O2 ~;O3 8%! at a substrate temperature
of 874 °C. A laser pulse energy of 160 mJ, fluence of 2–3
J/cm2, and a 4 Hzpulse rate were used to grow SrBi2Nb2O9

films 0.5–0.75mm thick. A single target with a Sr:Bi:Nb
atom ratio of 1:2.3:2 was used as the source material. After
growth, the films were quenched in 1 atm of oxygen. Details
concerning target fabrication and optimization of the growth
of these bismuth-based compounds are given elsewhere.22

Heterostructures composed of an overlying~103!-
oriented fiber-textured SrBi2Nb2O9 film on an underlying
~111! fiber-textured SrRuO3 electrode on a~111! fiber-
textured 150 nm Pt/20 nm Ti/1mm SiO2 /(100) Si substrate
were prepared and investigated both structurally and electri-
cally. For electrical measurements, 50mm diam top platinum
electrodes were deposited on the films through a shadow
mask by e-beam evaporation. Ferroelectric hysteresis loops
were traced out by stimulating the sample with a 20 kHz
triangle wave~Tektronix AFG310!, and collecting displace-
ment current using a virtual ground current amplifier~Stan-

ford Research Systems SR570!. This current was integrated
to yield the loop. By monitoring leakage current after switch-
ing had occurred and at the maximum electric field applied
to the sample, it was verified that leakage contributed no
more than 2–3mC/cm2 to the remanent polarization reported
here. The high speed of the test compared to more standard
methodologies was required to separate leakage and polar-

FIG. 2. Cross-sectional TEM image of a~103! fiber-textured SrBi2Nb2O9 /
~111! fiber-textured SrRuO3 /(111) fiber-textured Pt/Ti/SiO2 /(100) Si film.
The underlying~100! Si substrate is not shown.

FIG. 3. HRTEM images of the interfaces~indicated by the position of the
arrows! at either end of a single SrRuO3 grain. ~a! HRTEM image of the
SrRuO3 /Pt interface and~b! HRTEM image of the SrBi2Nb2O9 /SrRuO3

interface. The continuity in the lattice planes across the interfaces indicates
that local epitaxy occurred. These HRTEM images are from the same film as
the TEM image in Fig. 2.

FIG. 1. Schematic showing~a! the established epitaxial orientation relation-
ship of ~103! SrBi2Nb2O9 on ~111! SrRuO3 on ~111! SrTiO3 and ~b! the
local epitaxial relationship a top a single platinum grain for the growth of
~103! fiber-textured SrBi2Nb2O9 on ~111! SrRuO3 on ~111! Pt-coated Si.
The SrBi2Nb2O9 is drawn and its unit cell is outlined in its tetragonal state
above its Curie temperature. The direction of thea and c axes of
SrBi2Nb2O9 ~below its Curie temperature! are indicated.
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ization contributions to the measured displacement current.
A cross-sectional TEM image of the entire~103!

SrBi2Nb2O9 /(111) SrRuO3 /(111) Pt/Ti/SiO2 /Si hetero-
structure is shown in Fig. 2. The SrBi2Nb2O9 layer consists
of columnar grains with average diameters of about 150 nm.
Higher-magnification images of the SrBi2Nb2O9 /SrRuO3

and SrRuO3 /Pt interfaces of this same film by HRTEM re-
veal that local epitaxy occurred across both interfaces for
each grain. This is manifested by the continuity of the lattice
planes across both the SrRuO3 /Pt and SrBi2Nb2O9 /SrRuO3

interfaces in Fig. 3. Through local epitaxy the underlying
~111!-oriented SrRuO3 grain in Fig. 3~a! has inherited its
~111! orientation from the underlying platinum grain. Simi-
larly, the SrBi2Nb2O9 grain in Fig. 3~b! has inherited its
~103! orientation from the underlying SrRuO3 grain through
local epitaxy. Local epitaxy was verified on multiple grains
in the TEM and always had the orientation relationship
shown in Fig. 1~b!.

The occurrence of local epitaxy on a macroscopic scale
was revealed by x-ray diffraction scans. Theu–2u x-ray dif-
fraction scan shown in Fig. 4~a! shows that globally the
SrBi2Nb2O9 layer is~103! textured and the platinum layer is
~111! textured. The full width at half maximum~FWHM! of
the 206 reflection of SrBi2Nb2O9 is 0.24° and 2.60° in 2u
andv, respectively. No peaks indicating other orientations of
the SrBi2Nb2O9, SrRuO3, or platinum layers are seen in this
scan. Note that the 111 and 222 SrRuO3 peaks overlap the
111 and 222 Pt peaks. To confirm the macroscopic~111!
texture of the SrRuO3 layer, ax scan of the 110 SrRuO3
peak15 was made and a clear peak with a FWHM of 4.0° in
x was observed. The 110 peak of platinum is forbidden, but
is very intense for SrRuO3, making this a good reflection to
check the macroscopic orientation of the SrRuO3 layer.

The electric displacement–electric field hysteresis of a
~103!-oriented fiber-textured SrBi2Nb2O9 film grown on Pt-
coated silicon is shown in Fig. 5. ThePr and coercive field
(Ec) were determined to be 9mC/cm2 and 150 kV/cm, re-
spectively. Note that these results are for a relatively high-
temperature deposition process~874 °C! optimized for epi-
taxial quality. Improvements in ferroelectric loop shape are
expected from lower-temperature deposition processes.

The authors gratefully acknowledge the financial support
of the National Science Foundation through Grant No.
DMR-0103354 for the work performed at Penn State and
Grant No. DMR-9973801 for the work performed at the Uni-
versity of Wisconsin, the U.S. Department of Energy through
Contract No. W-31-109-ENG-38 for the work performed at
ANL, and use of the ANL Electron Microscopy Center.

1B. Aurivillius, Ark. Kemi 1, 463 ~1950!; 1, 499 ~1950!; 2, 519 ~1951!; 5,
39 ~1953!; B. Aurivillius and P. H. Fang, Phys. Rev.126, 894 ~1962!.

2C. A-P. de Araujo, J. D. Cuchiaro, L. D. McMillan, M. C. Scott, and J. F.
Scott, Nature~London! 374, 627 ~1995!.

3O. Auciello, J. F. Scott, and R. Ramesh, Phys. Today51, 22 ~1998!.
4J. Lettieri, M. A. Zurbuchen, Y. Jia, D. G. Schlom, S. K. Streiffer, and M.
E. Hawley, Appl. Phys. Lett.75, 2827~1999!.

5K. Watanabe, M. Tanaka, E. Sumitomo, K. Katori, H. Yagi, and J. F. Scott,
Appl. Phys. Lett.73, 126 ~1998!.

6H. N. Lee, S. Senz, N. D. Zakharov, C. Harnagea, A. Pignolet, D. Hesse,
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FIG. 4. u–2u x-ray diffraction scan of the same film on which the TEM
image in Fig. 2 was made indicating that the SrBi2Nb2O9 film is ~103!
oriented. The substrate peaks are labeled as~* !. FIG. 5. Electric displacement–electric field hysteresis curve. The displace-

ment current density–electric field response from which the hysteresis loop
was generated is also shown.
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