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Abstract

We have performed X-ray diffraction and Raman spectroscopy on three PbTiO;/BaTiO; superlattices (PTO/BTO) from room
temperature (RT) to 600°C. The superlattices were 4000 A thick and the modulation wavelengths A, with equally thick layers of
PTO and BTO, were 136, 187 and 357 A. The samples were laser deposited onto single crystal MgO substrates buffered with 50 A of
SrTiO3 (STO). We observe no X-ray evidence of a phase transition in the PTO layers of these three superlattice samples up to
600°C. This result was reinforced by X-ray modeling of the samples. We also monitored the E(1TO) or “soft * mode by Raman
spectroscopy up to 550°C and found only a linear decrease of mode frequency with temperature for all three superlattices: another

sign that no phase transition is taking place in this temperature range. © 2001 Elsevier Science Ltd.
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1. Introduction

We have recently used the ferroelectric materials
PbTiO3 (PTO) and BaTiO; (BTO) to fabricate a series
of superlattices' with modulation wavelengths A vary-
ing between 48 and 357 A. These were grown on MgO
substrates buffered with 50 A of SrTiO5 so as to pro-
mote c-axis growth and to make the multilayers amen-
able to spectroscopic investigation. In our room
temperature study of these superlattices, we found, by
modelling the X-ray diffraction results and by Raman
spectroscopy, that, surprisingly, the a@-axis of the PTO
layers of the superlattices are oriented perpendicular to
the film surface and so the multilayer structural
arrangement is a-PTO/c-BTO. This is in contrast to thin
films of PTO grown on buffered MgO in which the
orientation is predominantly c-axis. One reason for
constructing artificially modulated structures using
ferroelectrics as constituents, aside from observing
structural anomalies, is to investigate the role that size
plays in the paraelectric to ferroelectric transition.
The role of size is becoming increasingly relevant as
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ferroelectric materials begin to find their way into inte-
grated microelectronic and micromechanical systems.
Specht et al.? have previously investigated KTaO;/
KNbLOj; superlattices in which they observed a suppres-
sion of the Curie temperature as a function of decreas-
ing KNbO; layer thickness. The phase transition
temperature saturated below a certain layer thickness
because, they claimed, interlayer coupling was taking
place. In this work, we investigate, by X-ray diffraction
and Raman spectroscopy, to temperatures well above
the PTO bulk value of 493°C, three anomalously struc-
tured a-PTO/c-BTO superlattices of wavelengths 136,
187 and 357 A. Hence this work, an extension of Ref. 1
to higher temperatures, looks into the possible effects
that artificial structuring has on the phase transition
and what effect, if any, layer thickness has on the phy-
sical behavior of the constituent materials.

2. Experimental procedure

The films were deposited using pulsed laser ablation.
The 50 A STO buffer layer was deposited at a substrate
temperature T of 800°C in a partial oxygen pressure
Po, of 1073 mbar. The PTO and BTO layers
were deposited at T3=640°C and Por,= 0.1 mbar. The
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multilayers were fabricated with nominally equal thick-
ness PTO and BTO. RHEED streaks, indicative of
smooth surfaces, were observed for all films presented in
this study. The Raman spectra were recorded in back-
scattering geometry using a microprobe device, which
focuses the laser beam to a spot of 2 um. The spectral
resolution was set to 3 cm~! and the samples were
heated up to 550°C. The X-ray measurements were
performed using an in-house designed goniometer per-
mitting high resolution measurements up to 600°C.
More details on the deposition and experimental proce-
dures may be found in Refs. 1 and 3 and the references
contained therein.

3. Results and discussion

In order to appreciate better the multilayer results we
first present X-ray diffraction results on a 2500 A thick
PTO film grown on a STO buffered (100) MgO sub-
strate. Fig. 1 shows the evolution of the lattice para-
meters as a function of temperature up to 600°C. At low
temperatures the PTO is tetragonal and, in addition, c-
and a-domains coexist* in films grown on MgO. Buffer-
ing the MgO with STO reduces the percentage of a-
domains in the PTO film.? Even so, because of the pre-
sence of both domains, we are able to track the a- and c-
axis evolution as a function of temperature using only
6-26 diffractometry. As the temperature is increased the
percentage of a-domains increases at the expense of the
c-domains® and the values of the respective lattice
parameters merge towards a single value. The Curie
temperature marks the transition from the tetragonal to
the cubic phase. From Fig. 1 we can assign a Curie
temperature of about 505°C to this PTO film. This is to
be compared with the 493°C value® for the bulk mate-
rial. We tentatively assign the increase of 7¢ to the
strains produced by the film-STO-buffered substrate
mismatch.
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Fig. 1. Low temperature tetragonal phase and high temperature cubic
phase, determined by 6-20 X-ray diffractometry, of a 2500 A PbTiO3
film deposited on SrTiO; buffered MgO substrate.

BTO films grown on MgO are single phase. We have
determined by an asymmetric rocking curve technique®
that 2500 A thick BTO films at room temperature are
cubic. However, from X-ray diffraction we observe an
anomaly, in the form of a change in slope, in the lattice
parameter at about 120°C, which happens to be the
Curie temperature of bulk BTO. The results® of thin
film BTO and of PTO on buffered MgO will be the
subject of a future publication.

We now turn to the PTO/BTO multilayers. We pre-
sent a typical diffraction pattern of a PTO/BTO multi-
layer in Fig. 2 as an aid to the following discussion on
our designation the average lattice parameter d,y.. In
Fig. 2 we observe a series of satellite peaks in the vici-
nity of the first and second order diffraction peaks of
bulk PTO and BTO. The angular distance between the
peaks is inversely related to the multilayer periodicity A.
Since it is the entire superlattice structure that diffracts,
the Bragg diffraction condition for a periodic super-
lattice is

nix = 2Asiné, (1

where 7 is the order of the diffraction peak, 4 is the X-
ray wavelength and 6, is the angular position of the n'"
order peak. The diffraction order n corresponds to a
value much greater than the orders 1 or 2 usually
encountered in diffraction from the individual species.
For example, the most intense diffraction peak from the
A=187 A multilayer is located at a 26 angle of 22.2°.
For CuK,, radiation, this corresponds to order n=47. In
fact, each superlattice diffraction peak corresponds to a
certain distinct order and its 26 position allows us to
determine the periodicity of the superlattice structure.
Now, by following the temperature evolution of one
satellite peak, we gain access to the temperature depen-
dence of the superlattice wavelength. The wavelength A
is the weighted average of the interplanar lattice spacing
of the constituents, and is given by
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Fig. 2. The room temperature X-ray diffraction pattern of a PTO/
BTO superlattice having a modulation wavelength of 271 A.
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A = Nid; + Nad> (2)

Ny and N, are the number of unit cells respectively of
PTO and BTO, d; and d, are the respective lattice
parameters of PTO and BTO.

Thus any anomaly in the temperature variation of the
interlayer spacings d; and d, should be detected in the
temperature evolution of A. From the angular position
of a satellite peak and using Eq. (1), we define a,,.= A/
n, which is the weighted average of the interplanar lat-
tice spacing of the PTO/BTO superlattice.

Thus, a,v. is what we plot versus temperature in Fig. 3
for the A =136 A PTO/BTO superlattice. There are
two aspects of the curves worthy of note. First, there is
the change in slope of a,,. in the vicinity of 120°C.
Recall that 120°C is the Curie temperature of bulk
BTO. Second is the absence of any anomaly in a,,. at
higher temperatures up to 600°C : there is no indication
of a phase transition in the vicinity of the PTO bulk
value of 493°C. To get an idea of what we should see if
there were a phase transition in the PTO layers, we have
simulated a A=136 A a-PTO/c-BTO superlattice in
which the temperature variations of the lattice para-
meters were those determined experimentally from the
individual 2500 A PTO, for which we do indeed observe
a change in phase near 500°C (see Fig. 1 above) and
BTO thin films (not shown) grown on MgO. In con-
structing this fictional superlattice we have set
N;= N,=17 and we have chosen the order of diffraction
n=734, which is the most intense peak for this wave-
length. Fig. 4 represents the temperature evolution of
a,ve for this fictive superlattice. The contrast is striking
between Figs. 3 and 4 in the vicinity of 500°C, and
strongly indicates that if there were a phase transition
taking place in the PTO layers, we would be able to
detect it using X-ray diffractometry. We observe similar
featureless behavior of a,..(T) for the A= 187 and 357
A superlattices. Thus, we have obtained no evidence

T T T T T T T T T
002 |- II-'~ ]
so0l. PTO/BTO Superiattice A = 136 A ; ]

3,908 |- = .

N
HN

Average lattice parameter(A)
i)

3,986 L ! 1 L ! 1 PR
0 100 200 300 400 500 600

Temperature (°C)

Fig. 3. The average lattice parameter a,,. (see text) versus temperature
for a A=136 A a-PTO/c-BTO superlattice fabricated by laser abla-
tion. The dotted lines are a guide to the eye.

from X-ray diffraction for a structural phase transition
in the PTO layers in the ¢-PTO/c-BTO superlattices.
This startling observation does not stand alone. We will
now present Raman scattering results on these three
superlattices, at temperatures up to 550°C, which fur-
ther support the lack of phase transition.

Raman spectra have been taken for the three multi-
layer samples as well as for the 2500 A PTO sample of
Fig. 1. From our previous (room temperature) study!
we demonstrated from symmetry considerations that
only the a-oriented PTO layers produce detectable
Raman modes from the PTO/BTO superlattices. Here,
we monitor the E(1TO) mode — the so-called soft mode
which pilots the ferroelectric phase transition in the
perovskites’” — up to 550°C. Previous Raman investi-
gations on single crystal bulk PTO show?® that the soft
mode frequency decreases non-lincarly — as (7-T7,)*
where @ <0.5 over a large temperature range — as a
function of temperature and vanishes at the phase tran-
sition. The Raman signal vanishes because of the cubic
symmetry of the high temperature paraelectric phase:
the material is then Raman inactive. Thick PTO films
grown on MgO? also follow similar non-linear behavior
up to a certain temperature, roughly the Curie tem-
perature, before saturating at a certain frequency. This
saturation of the signal is due to substrate-film lattice
strains which prevent the films from attaining full cubic
symmetry: the film remains Raman active.

In Fig. 5 we present the soft mode frequency as a
function of T for both the 2500 A PTO thin film and for
the 136 and 187 A PTO/BTO multilayer samples. The
scatter in the data is related to the small amount of
material available to produce a Raman signal in the thin
film and multilayer materials. Even so, the trends in the
data as a function of temperature are apparent. The linear
decrease with temperature of both multilayer soft mode
frequencies clearly differs from the dependence of the
PTO thin film sample whose behavior is similar to that
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Fig. 4. The average lattice parameter a,,. (see text) versus temperature

for a simulated A =136 A a-PTO/c-BTO superlattice using the a (7))

values of the PTO film of Fig. 1 and the ¢(7) values of a 2500 A BTO

thin film from Ref. 3.
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Fig. 5. The E(1TO) soft mode frequency versus temperature for the
PTO film of Fig. 1 and the A=136 and 187 A a-PTO/c-BTO super-
lattices. The lines are a guide to the eye. In addition to being softer
than the thin film mode, the superlattice soft modes decrease linearly
with temperature up to 550°C, unlike thin film or bulk PTO samples.

for the PTO thick film discussed in the preceding para-
graph. For this 2500 A PTO film we can assign a T, of
about 500°C, which is where saturation of the soft mode
frequency sets in. However, for the multilayer samples,
it would be problematic to assign a T, since the linear
decrease of the soft mode frequency shown in Fig. 5
makes it highly improbable that a phase transition is
taking place. It seems rather that the linear softening of
this mode is simply a reflection of the lattice dynamics
of the multilayers as they are heated. We observe similar
linear decrease of the frequency for the third super-
lattice sample (A = 357 A) investigated in this study.

In conclusion, we have performed X-ray diffraction
measurements up to 600°C and Raman light scattering
measurements up to 550°C on three different a-PbTiO5/
c-BaTiO; superlattices grown on single crystal MgO
substrates buffered with SrTiO5;. We observe no indication
of a structural phase transition in the PbTiOj; superlattice
layers. This is in contrast with our X-ray and Raman

measurements which clearlx indicate that such a transi-
tion taking place in a 2500 A thin film of PbTiO3; grown
on STO buffered MgO.
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