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Abrupt PbTiO 3/SrTiO3 superlattices grown by reactive molecular
beam epitaxy
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PbTiO3/SrTiO3 superlattices were grown on~001! SrTiO3 substrates by reactive molecular beam
epitaxy ~MBE!. Sharp superlattice reflections were observed by x-ray diffraction. High-resolution
transmission electron microscopy of a@~PbTiO3!10/~SrTiO3!10#15 superlattice revealed that the
PbTiO3/SrTiO3 interface structure is atomically sharp. The superlattice interfaces are fully coherent;
no misfit dislocations or other crystal defects were observed in the superlattice by transmission
electron microscopy. Selected area electron diffraction patterns indicated that the PbTiO3 layers are
oriented with thec axis parallel to the growth direction. The dimensional control and interface
abruptness achieved in this model system indicate that MBE is a viable method for constructing
oxide multilayers on a scale where enhanced dielectric effects are expected. ©1999 American
Institute of Physics.@S0003-6951~99!02919-8#
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Ferroelectric and dielectric superlattices have been
tensively studied in recent years, due to their scientific
portance and technological promise.1–7 Fabrication of such
superlattice structures, particularly when controlled on
atomic-layer level, can explore predictions of giant dielect
constants8,9 over a wide temperature range9 and be used to
fabricate new functional devices, e.g., those involving a
signed grading of composition in one direction on an atom
scale.10,11 Just as the ability to fabricate semiconductor s
perlattices with unit cell precision enabled the investigat
and exploitation of many new electronic and photonic d
vices, so too should the ability to assemble ferroelectric
dielectric materials at will be expected to lead to improv
fundamental understanding of ferroelectric coupling and
proved devices that utilize ferroic effects. Lead titana
PbTiO3, together with its solid solutions, is a candidate co
pound for making superlattices with promising properti
Calculations suggest that a Pb~Zr, Ti!O3/SrTiO3 multilayer
with layer thicknesses in the 46–140 Å range will exhi
giant dielectric response over a broad temperature range9

Lead titanate is a perovskite with a cubic structure ab
its Curie temperature (TC) of 490 °C.12 Below TC , PbTiO3

is ferroelectric with a tetragonal unit cell, lattice constan
a53.904 Å andc54.152 Å at room temperature, and a d
tortion (c/a ratio! of 1.063.12 It is difficult to grow superlat-
tices containing PbTiO3 ferroelectric layers due to the vola
tility of lead. PbTiO3 and SrTiO3 mixtures form a solid
solution over their entire composition range.13 Thus,
PbTiO3/SrTiO3 superlattices are metastable; it is energe
cally favorable for the two materials to dissolve into ea
other, forming a solid solution. In the present work, sup
lattices of PbTiO3 and SrTiO3 layers have been fabricated b
reactive molecular beam epitaxy~MBE! and their interfaces
investigated by high-resolution transmission electron micr

a!Corresponding author. Electronic mail: panx@umich.edu
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copy ~HRTEM!. The interfacial abruptness and superlatti
coherence exceed those of previously reported superlat
containing PbTiO3.

The MBE experimental setup is described elsewher14

In short, molecular beams of the constituent elements
supplied to the film surface from thermal sources. Purifi
ozone is used as the oxidant, which is supplied to the film
a directed inlet nozzle. The SrTiO3 is deposited by the se
quential deposition of SrO and TiO2 monolayers as shown in
Fig. 1, where each monolayer dose of strontium is contro
by feedback from an atomic absorption spectroscopy mon
and each titanium monolayer is supplied using feedb
from reflection high-energy electron diffraction~RHEED!
intensity oscillations.15 The PbTiO3 layers are deposited us
ing adsorption-controlled growth conditions. An excess
lead ~;3 times greater than the titanium incident flux! is
supplied to the surface of the film while the titanium is su
plied in monolayer doses, as shown in Fig. 1. A detai
description of the adsorption-controlled MBE growth
PbTiO3 has been reported elsewhere.16 For the growth of the
superlattice described below, the substrate temperatur
maintained at 580 °C and the ozone background pressu
maintained at 231025 Torr.

The PbTiO3/SrTiO3 superlattice described was grown o
a SrTiO3 ~001! substrate that was etched with a buffered-H
solution prior to growth, exposing a TiO2-terminated
surface.17 The thickness of the PbTiO3 and SrTiO3 layers in
the superlattice was controlled to be ten unit cells, i.e.,

FIG. 1. Timing diagram showing the flux supplied from the molecu
beams as a function of time for the growth of the PbTiO3 and SrTiO3 layers
of the @~PbTiO3!10 /~SrTiO3!10#15 superlattice.
1 © 1999 American Institute of Physics
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target thicknesses of the PbTiO3 and SrTiO3 layers were 41
and 39 Å, respectively~assuming bulk lattice constants!. The
target thickness of the entire superlattice was 1200 Å~15
repeats!. The structure of the superlattice can be described
@~PbTiO3!10/~SrTiO3!10#15. Before growing this superlattice
a buffer layer consisting of a 1000 Å thick La-doped SrTi3

layer followed by a 500 Å thick PbTiO3 layer was grown on
the SrTiO3 substrate. On top of the@~PbTiO3!10/
~SrTiO3!10#15 superlattice, another thin PbTiO3 layer was
grown.

Figure 2 shows au-2u four-circle x-ray diffraction scan
of the heterostructure. Sharp 00l superlattice reflections ar
clearly visible and indicate excellent regularity of the pe
odic structure. The superlattice constant (83.760.2 Å, deter-
mined using a Nelson–Riley18 analysis of the 00l reflections!
is slightly longer than the attempted period of 80.5 Å. Th
discrepancy indicates either a slight error in the strontium
titanium doses supplied to the film or a deviation of t
lattice constants of these materials from their bulk valu
when fabricated as ultrathin layers.

For HRTEM analysis, cross-sectional slices were o
tained by cutting the PbTiO3/SrTiO3 heterostructures alon
the @010# direction of SrTiO3 and then gluing the film sur
faces of the slices face to face. Cross-sectional HRT
specimens were prepared by mechanical grinding, polish
and dimpling, followed by Ar-ion milling at 5 kV. HRTEM
studies were carried out within a JEOL-4000 EX microsco
operating at 400 kV, which has a point resolution of 0.
nm.

A cross-sectional view of the heterostructure is shown
Fig. 3~a!. The layers in the image from bottom to top corr
spond, respectively, to the SrTiO3 substrate, the 1000 Å thick
La-doped SrTiO3 and 500 Å thick PbTiO3 buffer layer, the
@~PbTiO3!10/~SrTiO3!10#15 superlattice, and the final PbTiO3

thin layer. A selected area electron diffraction~SAED! pat-
tern taken from the area including the lower PbTiO3 and
La-doped SrTiO3 buffer layers is shown in Fig. 3~b!, which
was recorded with the electron beam direction parallel to
@100# zone axis of the SrTiO3 substrate. It is identified to be
a superposition of a@100# zone SAED pattern of cubic
SrTiO3 and a @100# zone SAED pattern of tetragona
PbTiO3. The elongated shape of diffraction spots in the d
fraction pattern indicates that thea andb axes of tetragona
PbTiO3 lie in the plane of the interface and that thec axis lies

FIG. 2. A u-2u x-ray diffraction scan of the multilayer containing th
@(PbTiO3!10/~SrTiO3)10#15 superlattice. The 00l reflections of the superlat
tice are labeled, P denotes the location of the 001 reflection of the t
PbTiO3 layers, and the 001 reflection of the SrTiO3 substrate is marked by
an asterisk~* !.
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parallel to the growth direction. This conclusion is also tr
for the thin PbTiO3 layer above the @~PbTiO3!10/
~SrTiO3!10#15 superlattice according to the HRTEM studie

In the superlattice region of Fig. 3~a!, layers with higher
intensities~bright! and lower intensities~dark! correspond to
the SrTiO3 and PbTiO3 layers, respectively. A constan
thickness is seen for each of the individual layers. The c
responding SAED pattern of the@~PbTiO3!10/~SrTiO3!10#15

superlattice structure is shown in Fig. 3~c!, which is taken
with the electron beam direction parallel to the@100# axis of
the SrTiO3 substrate. Equally spaced satellite reflections c
responding to a periodicity of;80 Å along the growth di-
rection are seen in the inset, which is an enlarged view of
circled spot in Fig. 3~c!.

Figure 4~a! is a HRTEM image of the@~PbTiO3!10/
~SrTiO3!10#15 superlattice. The individual PbTiO3 and
SrTiO3 layers show highly perfect single crystalline stru
tures. Thec axis PbTiO3 thin layers in the superlattice regio
have the parallel to the growth direction. The tetragona
(c/a ratio! of the PbTiO3 layers is about 1.06, measure
from the HRTEM images.

A Fourier-filtered HRTEM image of the interface be
tween PbTiO3 and SrTiO3 from the superlattice region is
shown in Fig. 4~b!. It clearly shows different image charac
teristics between the PbTiO3 and SrTiO3 layers. Figure 4~c!
shows a profile of the image intensities along the marked
in Fig. 4~b!. The intensity of the bright spots undergoes
sharp change at the interface. From this study it can be
duced that the structural width of the PbTiO3/SrTiO3 inter-
face is about one unit cell.

In PbTiO3 based heteroepitaxial thin films, tetragon
PbTiO3 layers may be eithera-axis or c-axis oriented, with
frequent twinning~i.e., 90° domain boundaries!.19,20 In the
@~PbTiO3!10/~SrTiO3!10#15 superlattice region of the film
studied, the PbTiO3 layers have a tetragonal structure, a
c-axis oriented, and are free of twin boundaries. The form
tion of such a superlattice structure can be understood
follows. At the growth temperature of 580 °C both structur
are cubic, with bulk lattice constants of 3.967 Å for PbTiO3

k

FIG. 3. ~a! Bright-field TEM image showing the cross-sectional structure
the PbTiO3 /SrTiO3 multilayer. ~b! A SAED pattern taken from the area
including the La-doped SrTiO3 and PbTiO3 layers beneath the superlattice
~c! A SAED pattern from the@~PbTiO3!10 /~SrTiO3!10#15 superlattice region;
the inset shows an enlargement of the circled reflection.
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and 3.929 Å for SrTiO3.
21 The lattice strain between th

SrTiO3 and PbTiO3 thin layers is calculated to be 1% usin
the formula (aPbTiO3

2aSrTiO3
)/aSrTiO3

. For thin layers such
strain can be accommodated through elastic distortion, ra
than being relaxed through the formation of dislocatio
This compressive lattice strain in the cubic PbTiO3 layers is
maintained until the specimen is cooled toTC ~490 °C for
bulk PbTiO3!.

12 When the cubic PbTiO3 transforms to tetrag-
onal PbTiO3 at TC , compressive strain within the PbTiO3

layer leads to a matching of thea-axis of the tetragona
PbTiO3 with thea-axis of SrTiO3 in order to minimize strain
energy. At room temperature, the magnitude of the lat
strain between thea axis of SrTiO3 (a53.905 Å)21 and
PbTiO3 is less than 0.1%, whereas that between thea axis of
SrTiO3 andc axis of PbTiO3 is 6.3%, leading to an energet
preference of the observed orientation. We note that
analysis is based on bulk lattice constants and realize
there may be deviations in the properties of ultrathin PbT3

layers ~e.g., TC , equilibrium lattice constants, ferroelectr
properties, etc.!.

In contrast to PbTiO3/SrTiO3 superlattices prepared us
ing a sol-gel method in which smeared interfaces and sig
cant interdiffusion were seen,22 our MBE-grown superlattice
is more than an order of magnitude thinner and shows v
sharp interfaces. This is clearly shown in the bright-fie
TEM micrograph in Fig. 3~a! and in the HRTEM image in
Fig. 4~a!. Furthermore, the structural width of the interface

FIG. 4. ~a! A HRTEM image of the@~PbTiO3!10 /~SrTiO3!10#15 superlattice
structure taken with the electron beam parallel to the@100# axis of SrTiO3.
~b! Fourier-filtered HRTEM image of the@~PbTiO3!10 /~SrTiO3!10#15 super-
lattice. ~c! A profile of the image intensity from the area marked in~b!.
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deduced to be about one unit cell from the measuremen
lattice spacings of both SrTiO3 and PbTiO3 in the HRTEM
image of the interface shown in Fig. 4~b!. It should be
pointed out that the chemical width of the interface, which
a measure of atomic diffusion across the superlattice in
face, cannot be precisely determined by HRTEM, but may
done using spatially resolved analytical electron microsco

In conclusion, high quality PbTiO3 layers and a
PbTiO3/SrTiO3 superlattice were grown on~001! SrTiO3 by
reactive MBE. The thin PbTiO3 layers are single crystalline
with the @001# direction parallel to the growth direction. Th
interfaces between PbTiO3 and SrTiO3 in this metastable su
perlattice are extremely sharp. Such interfacial abruptn
and layer thickness control are comparable with what
been achieved in the growth of metastable compound se
conductor superlattices23,24 and is desired for studying pre
dictions of enhanced dielectric performance in nanoscale
electric and ferroelectric superlattices.8,9
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