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in epitaxial PbZrg,TiggO5 thin films
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Using high-resolution atomic force microscopy, we have shown extremely high stability of linear
ferroelectric domains in epitaxial PbZr(,Ti;gO5 thin films heated up to 735 °C, a significant
advantage for technological applications. An elevated transition temperature ~785 °C is observed
even in relatively thick (91 nm) films, despite relaxation of in-plane film-substrate
lattice-mismatch-induced strain. We also demonstrate the negligible role of the film surface in
determining the written domain-wall configuration, both by direct comparison of the surface
roughness with domain-wall position at successive thermal cycles, and by measurements of

domain-wall dynamics before and after heating. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2196482]

The diverse electronic and mechanical properties of
ferroelectric perovskites make them particularly interesting
for multifunctional devices in which their piezoelectric and
pyroelectric properties, as well as their switchable ferroelec-
tric polarization, can be exploited. In addition, local control
of polarization by atomic force microscopy (AFM), com-
bined with oxide growth techniques by which epitaxial
single-crystal quality thin films of these materials can be
grown on numerous substrates,l’2 including silicon,3 allows
significant gains to be envisaged in application parameters,
such as frequency or information density. An important con-
sideration for devices is thermal stability. For example, in
surface acoustic wave (SAW) frequency filters, thermal ef-
fects are a primary cause of device failure, and there is great
interest in developing temperature-compensated systems.4
Recently, a prototype SAW filter was fabricated using ferro-
electric domain structures in PbZr,,TipsO; as 1-4 GHz
range “piezoelectric interdigitated transducers” (PIT) (Ref.
5). This material, unlike many standard piezoelectrics, shows
a positive temperature coefficient of delay of the transverse
vibrational mode resonant frequency. Its use in combination
with a negative-temperature-coefficient-of-delay substrate
could thus allow compensation of quasistatic thermal effects,
provided the ferroelectric domain structures remain stable in
the —20—100 °C range particularly important for applica-
tions. Investigating the effects of heating on ferroelectric do-
mains in epitaxial thin films is thus of obvious practical im-
portance. To understand these effects at the nanometer scale
required for miniaturized devices, such studies should focus
in particular on domain walls, whose static and dynamic be-
havior determines the stability and growth of domains in
ferroelectric materials.

We have recently shown that ferroelectric domain walls
in epitaxial thin films are well described as elastic interfaces
in the presence of random bond disorder and dipolar
interactions,6 within the theoretical framework developed for
elastic objects in random media.” In such systems, domain
walls are pinned by disorder, although a thermally activated
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nonlinear response is possible even for subcritical forces.
However, the induced domain-wall velocity decreases expo-
nentially as the driving force goes to zero. For ferroelectric
domain walls, this driving force is due to either externally
applied or internal electric fields, or to line tension of domain
walls with nonzero curvature, all promoting domain-wall
motion and thus the growth or decay of domains. For linear
domains like those used in the prototype PIT-SAW device,
with essentially “straight” domain walls, high stability even
at elevated temperatures can be expected in zero field. How-
ever, thermal fluctuations can also induce domain-wall
roughening, which could affect the performance of devices
requiring sharp definition of the domain structure. We have
previously demonstrated high stability at room temperature
of both linear domains® and of nanoscopic circular domains
in dense arrays,8 which remain unchanged over observation
periods of over one month. In contrast, studies of thermal
domain evolution in PbZr,Ti;_,O; showed an Arrhenius-type
decay of domain size.” Thermally activated decay of natu-
rally occurring domains in cleaved triglycine sulfate single
crystals was also studied at room temperature and under
heating, with independent observation of random-bond
disorder-governed behavior. 0.

In this letter we report the high stability of linear ferro-
electric domains in epitaxial PbZr,,Tiy3O5 thin films up to
temperatures as high as 735 °C, well above the bulk ferro-
electric transition temperature (7,.). We also show that sur-
face deterioration during successive thermal cycles has no
significant effect on the static and dynamic behavior of do-
main walls, demonstrating the high thermal robustness of
this system. Finally, 7,.~785 °C, directly measured as the
temperature at which domains were observed to have disap-
peared, is observed in both thinner (50 nm) and thicker
(91 nm) films, in spite of the relaxation of in-plane compres-
sive strain, suggesting that high stability of domains and of
the ferroelectric phase can be obtained even in thicker films
grown in a similar fashion, an important consideration for
future devices.

The tetragonal PbZr,,Tiyg05 films used in the study
were grown on metallic Nb-doped single-crystal (001)
SrTiO; substrates by off-axis radio-frequency magnetron
sputtering, as detailed in (Ref. 12). To investigate thermal
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FIG. 1. (Color online) (a)—(f) PFM images of line domains taken at room
temperature in a 50-nm thick PbZr,,Ti;3O5 film after heating to the indi-
cated temperatures, with insets showing the topographical image for the
corresponding area of the sample, all at the same 5-nm grayscale. The ar-
rows indicate nanoscale features which remain stable in spite of the heating
cycles, and increasing deterioration of the surface quality [inset (e), (f)].
Small scale thermal roughening of domain walls is visible especially after
heating close to T,.~ 785 °C. The different orientations of the images are a
result of the manual positioning of the sample in the AFM and scanner drift.

domain stability, the samples were first patterned to define
specific areas which could be reliably located using the op-
tical positioning system of the AFM. In these areas multiple
10X 10 um? arrays of linear domains with 1 um linewidth
were written by alternate application of =12 V while scan-
ning a metallic AFM tip in contact with the surface of the
ferroelectric film, and imaged by piezoforce microscopy
(PFM). The samples were then heated to progressively
higher temperatures in air at atmospheric pressure. For each
heating step, the tube oven used was first stabilized for 1 h to
+2.5 °C precision, before the sample was placed inside and
heated for 3 h, then quenched to room temperature on a large
copper block.'® High-resolution images of the domain struc-
tures were acquired at room temperature after each heating
step to measure any domain evolution.

As can be seen in Fig. 1, showing a series of PFM im-
ages of the line domains in a 50-nm film taken after succes-
sive heating steps, we found that domain structures remained
stable and well defined after being heated well above the
bulk ferroelectric-paraelectric transition temperature of
~460 °C. In fact, even relatively fine features of the domain
configuration, such as the 10-nm lengthscale kink and the
100-nm lengthscale shoulder indicated by the arrows in each
image, remain clearly visible between successive heating
steps. This high stability of the ferroelectric domains is even
more remarkable when the film surface deterioration during
the thermal cycling is taken into account. As shown in the
inset topographical images for the corresponding region of
the domain structures (each topographical scan mapped at
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FIG. 2. (Color online) (a) The sample remains ferroelectric, allowing well-
defined domain structures to be written, in spite of significant deterioration
of surface quality after heating beyond 7.~ 785 °C. (b) 6-26 x-ray diffrac-
tion around the PbZr, ,Ti) O3 001 reflection reveals finite size effect peaks,
demonstrating continued high-crystalline quality after heating to 785 °C
(black points), which disappear after the sample is heated beyond 885 °C
(gray points). The difference in intensity is a result of different acquisition
times.

the same 5-nm grayscale), the surface roughness remains
relatively unchanged [0.4—-0.5 nm root-mean square (rms)
over 3X3 um?] for moderate temperatures (up to
~635 °C), but increases significantly (1.1-1.7 nm rms) for
high temperatures. In addition, multiple small particles be-
come apparent once the sample is heated beyond 635 °C,
and congregate on the surface of the “up-polarized” domains
(polarization vector directed towards the film surface), pos-
sibly due to the surface charge redistribution which takes
place during heating as a result of the pyroelectric properties
of the material. In spite of this, the ferroelectric domain
structure appears to be largely unaffected, with only a small
scale increase in the domain-wall roughness. After heating to
785 °C, further surface deterioration was observed, giving a
surface roughness of 7.1 nm rms, and the line domains were
observed to have disappeared. However, the sample itself
was still ferroelectric after cooling back to room temperature,
and allowed well-defined domain structures to be written, as
shown in Fig. 2(a). X-ray analysis of the film after heating to
785 °C revealed the PbZr(,Ti, 305 001 reflection with mul-
tiple size effect satellite peaks, demonstrating the continued
high-crystalline quality of the sample [see Fig. 2(b)]. After
heating to 885 °C, the sample quality deteriorated (surface
roughness of 15.1 nm rms) to the point at which we were
unable to write and image ferroelectric domains clearly. Al-
though the surface layer appeared largely paraelectric, PFM
response and switching could be detected in between surface
particles. X-ray analysis showed the continued existence of
the PbZr,,Ti;gO5 001 reflection, and no other phases, but
the absence of size effect satellite peaks suggests deteriora-
tion of the crystal itself.

The observed high stability of linear domain structures
fulfills a crucial requirement for their use in devices. Addi-
tionally, the absence of strong correlation between the film
surface quality and the exact position of the domain walls
suggests that the surface plays a relatively small role in de-
termining the random variations in the potential landscape
which can pin domain walls. As a further test, we uniformly
polarized a 7.5X7.5 um? region in the sample after the
735 °C heating step, inside which we wrote arrays of circu-
lar domains with voltage pulses of different durations, allow-
ing us to extract domain-wall velocity as a function of the
electric field applied at the AFM tip (as described in Ref. 13)
and compare it to similar measurements carried out in the
sample before heating. As can be seen in Fig. 3, the room-
temperature dynamic behavior of the domain walls before

and after the heatin% cycles appears remarkably similar,
t, see http://apl.aip.org/apl/copyright.jsp
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FIG. 3. Domain-wall speed as a function of the inverse applied electric field
for the 50-nm PbZr,,Ti,3O5 thick film, as measured prior to the heating
experiments, and after heating to 735 °C. The dynamical exponent u gov-
erning the observed creep behavior v ~ exp[—R/kzT(Ey/ E)*] decreases neg-
ligibly from 0.59 to 0.54 after heating (R is a characteristic energy and E, a
critical electric field).

with negligible difference in the values of the dynamical
exponent u, governing the observed creep relation
between the domain-wall velocity and electric field
(v ~exp[—R/kgT(Ey/ E)*] with R a characteristic energy and
E, a critical electric field), extracted prior to (0.59) and after
(0.54) heating over the same electric-field range, suggesting
little change in the disorder potential governing the observed
creep process. Thus, it is more probable that defects within
the body of the thin film (such as oxygen vacancies) or at the
substrate-film interface provide a dominant contribution to
the disorder potential.

Finally, the disappearance of domain structures after
heating to 785 °C provides a direct measurement of
the high 7. in the epitaxial thin films studied. We note that
elevated T, (as compared to that of the bulk material) was
observed in other perovskites epitaxially grown on rare-earth
scamdates,z’14 where lattice mismatch between the film and
the substrate leads to significant in-plane compressive strain
for films below a critical thickness for relaxation. Follow-
ing Ref. 15, the PbZr,,Ti;gO;—SrTiO5 lattice mismatch
would provide 1.15% strain in unrelaxed films, giving
T.~760 °C by extrapolating the phenomenological predic-
tion for the related perovskite ferroelectric PbTiO5;. How-
ever, we observe a separation between the films and substrate
(113) peaks in x-ray Q-space mapping of both the thicker
(91 nm) and thinner (50 nm) films, with a measured lattice
mismatch of 1.5%, suggesting that other factors are contrib-
uting to stabilize the ferroelectric phase.

This result has important consequences for applications,
allowing similarly high 7. and domain stability to be reason-
ably expected even in the relatively thick films used for de-
vices, epitaxially grown in the same manner.

We also note that the very high stability demonstrated in
these studies was observed for “straight” domain walls, in-
teresting for the PIT-SAW or related applications. For ferro-
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electric information storage, nanoscale circular domains are
of particular interest. In this configuration, the relative im-
portance of line tension versus disorder pinning can have
significant effects on domain stability, which should be stud-
ied in detail, and appropriately taken into account for differ-
ent device applications.

In conclusion, we have shown extremely high stability
of linear ferroelectric domain structures in epitaxial
PbZry,TipgO5 thin films up to temperatures as high as
735 °C, a significant advantage for applications. The in-
creased 7T,~785 °C measured in the films is observed in
spite of partial relaxation of in-plane strain, suggesting that
these results may be extended to even thicker films.
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