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Growth and piezoelectric properties of Pb „Yb1Õ2Nb1Õ2…O3ÀPbTiO3 epitaxial
films

Takeshi Yoshimura and Susan Trolier-McKinstry
Materials Research Institute, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 18 January 2002; accepted for publication 15 July 2002!

Epitaxial films of (12x)Pb(Yb1/2Nb1/2)O32xPbTiO3 ~PYbN–PT,x50.4,0.5! with SrRuO3 bottom
electrodes were prepared on (100) LaAlO3 , (100) SrTiO3 , and (111) SrTiO3 substrates by pulsed
laser deposition. It was found that vacuum annealing of the SrRuO3 before the deposition of
PYbN–PT facilitated growth of perovskite PYbN–PT. With optimized growth conditions,~001! and
~111! PYbN–PT epitaxial films with good phase purity were obtained in a range of 650–660 and
600–620 °C, respectively. The ferroelectric and transverse piezoelectric properties of these PYbN–
PT films were investigated. In the~001! PYbN–PT~50/50! film, the highest remanent polarization
~;30mC/cm2) and e31,f piezoelectric coefficient~214 C/m2) were observed. The transition
temperature of the~001! PYbN–PT~50/50! film was near 380 °C. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1505997#
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I. INTRODUCTION

The development of appropriate processing technolo
has led to considerable interest in microelectromechan
systems~MEMS!.1–3 Piezoelectric thin films are one mean
of incorporating sensing and actuation functions in MEM
devices. Ferroelectric films are especially attractive, si
films such as Pb(Zr,Ti)O3 ~PZT! possess larger piezoelectr
charge coefficients than~001! ZnO and AlN films. Therefore,
PZT films have been widely studied and a number of devi
using PZT films have been fabricated.4–6 The reported piezo-
electric properties for PZT films, however, appear to be li
ited to those of hard PZT ceramics. It is known that appro
mately half of the piezoelectric response of soft P
ceramics is from extrinsic contributions which are attribut
to non-180° domain wall motion.7–9 In thin films, however, it
is believed that non-180° domain wall motion is limited d
to small grain size, clamping by the substrate, high de
concentration, etc.

Recently, very large piezoelectric responses have b
reported in single crystals of relaxor ferroelectric–PbTi3

solid solutions such as Pb(Mg1/3Nb2/3)O3– PbTiO3 ~PMN–
PT! and Pb(Zn1/3Nb2/3)O3– PbTiO3 ~PZN–PT!.10 In rhom-
bohedral crystals, a piezoelectricd33 coefficient of ;2500
pC/N has been obtained along their pseudocubic^001& direc-
tion. From crystallographic considerations and th
hysteresis-free strain vs electric field behavior, it is sugges
that non-180° domain wall motion does not contribute to
piezoelectric response for̂001& oriented rhombohedra
single crystals~below the field-forced rhombohedral to te
tragonal transition!, because there is no driving force fo
non-180° domain wall motion.

Therefore, oriented relaxor-PT films are interesting fro
the viewpoint of piezoelectric films, since in these materi
non-180° domain wall motion is not necessary to obtain h
piezoelectric responses. Although there are several repor
the deposition and properties of relaxor-PT films, most
these studies focus on materials such as PMN–PT that
3970021-8979/2002/92(7)/3979/6/$19.00
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relatively low transition temperatures~typically ,200
°C!.11–13For MEMS applications, since temperature stabil
of the piezoelectric properties is also important, ferroelectr
with high transition temperatures are attractive. Of t
known relaxor ferroelectric–PbTiO3 solid solutions, (1
2x)Pb(Yb1/2Nb1/2)O3–xPbTiO3 ~PYbN–PT! has the high-
est transition temperature~;360 °C! near the morphotropic
phase boundary~x;0.5!.14,15 In PYbN–PT bulk ceramics,
relaxor ferroelectric behavior at compositions in the ran
from x50.2 to 0.49 and remanent polarizations as high
32.8mC/cm2 have been observed.16,17The growth and ferro-
electric properties of PYbN–PT epitaxial films have be
reported by Bornandet al.18–20We have investigated the pi
ezoelectric properties of PYbN–PT epitaxial films.21 Since
the piezoelectric properties of relaxor-PT single crystals
pend on the orientation and composition, in this article
piezoelectric properties of epitaxial~1–x!PYbN–xPT ~x
50.4, 0.5! films with ~001! and~111! orientations were char
acterized.

II. EXPERIMENTAL PROCEDURE

PYbN–PT films and SrRuO3 bottom electrodes were
prepared by pulsed laser deposition on (100) LaAlO3 ,
(100) SrTiO3 , and (111) SrTiO3 single crystal substrate
~MTI corporation!. ~Note that in this article, the Miller indi-
ces of LaAlO3 , SrRuO3, and PYbN–PT are given in term
of a pseudocubic unit cell.! A KrF excimer laser~Lambda
Physik Compex 102! with a 248 nm wavelength was used
ablate the target materials. The specific deposition conditi
of the SrRuO3 bottom electrode and PYbN–PT films a
given in Table I. SrRuO3 bottom electrodes were deposite
using stoichiometric SrRuO3 ceramic targets~Target Materi-
als Inc.!. Details on the epitaxial growth of SrRuO3 films are
given elsewhere.19,22 PYbN–PT films were deposited usin
sintered ceramics of PYbN–PT with~50/50! and ~60/40!
compositions, including 25 wt % excess PbO to compens
for lead loss during growth.11 Oxygen and ozone gases we
9 © 2002 American Institute of Physics
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introduced to the deposition chamber using a commer
ozone generator~PCI!. After deposition, the films were
quickly cooled in a 200 Torr oxygen/ozone atmosphere
room temperature.

The crystalline phases and structure of the films w
characterized by x-ray diffraction~XRD! using CuKa radia-
tion. u–2u, v, andf scans were performed using a Scint
Pad V diffractometer and an X’PERT Phillips four circ
diffractometer. To characterize electrical properties, Au
dot electrodes~area5 0.04020.128 mm2) were fabricated by
thermal evaporation and photolithographic processing.
dielectric constant and loss were determined using an imp
ance analyzer~Hewlett Packard 4192A!. Polarization hyster-
esis loops were measured by a Radiant Technologies RT
standard ferroelectrics tester at 100 Hz. The piezoelec
properties of PYbN–PT films were characterized in terms
effective piezoelectric transverse coefficients~e31,f). Since
thin films are clamped on a substrate, the directly measu
piezoelectric coefficient of the thin films is not the free p
ezoelectric coefficient but an effective coefficient.1,23 The
e31,f coefficient for thin films is

e31,f5
d31

s11
E 1s12

E
, ~1!

where d31 is the transverse piezoelectric coefficient~C/N!
and si j

E are the elastic compliance coefficients of the fi
~ N/m2) at constant electric field. The value of thee31,f co-
efficient calculated by Eq.~1! using bulk ceramic data fo
PZT ~52/48! is 29.6 C/m2.24 To date, the highest value o
the e31,f coefficient reported in PZT thin films is
212 C/m2.2

The e31,f coefficients were measured using the wa
flexure method described previously.25,26 For the measure
ment, the PYbN–PT coated substrates were glued to a 3 in.
~100! Si wafer. The Si wafer was suspended over a cav
and flexed periodically by changing the pressure inside
cavity. The biaxial stress generated in the film induced
charge via the piezoelectric effect. The charge and the st
generated at the film surface were measured by a loc
amplifier ~Model 7260 EG&G Instrument! and a strain indi-
cator ~Model 3800, Vishay measurement! using a strain
gauge ~KFG-1N-120-C1-11L3M3R, Omega Engineerin
Inc.! attached to the samples. Thee31,f is determined by the
charge and the strain as

TABLE I. Deposition conditions for SrRuO3 and PYbN–PT epitaxial films.

SrRuO3 PYbN–PT

Temperature 730–760 °C 600–680 °C
Atmosphere 100% O2 10% O3– 90% O2

Pressure 200 mTorr 400 mTorr
Laser energy density 1.2 J/cm2 1–5 J/cm2

Laser repetition rate 10 Hz 2-5 Hz
Target Stoichiometric 25 wt % excess PbO
Target to substrate distance 80 mm 45 mm
Thickness 300 nm 1000 nm
Downloaded 11 Dec 2002 to 146.186.31.89. Redistribution subject to A
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e31,f5
D3

x11x2
, ~2!

wherex1 andx2 are the in-plane strain components andD3 is
the induced dielectric displacement~C/m2).1,23

III. RESULTS AND DISCUSSION

A. Phases and structure

Optimization of the growth conditions for PYbN–PT ep
itaxial films was performed on (100) SrRuO3 /(100) LaAlO3

substrates using the~50/50! composition target. In the depo
sition of Pb based perovskite films, the formation of a py
chlore phase is common and is mainly caused by either
growth temperatures or lead deficiency. In PYbN–PT epit
ial films, this was also observed. However, another fac
controlling pyrochlore formation was also found. Figure
showsu–2u XRD patterns of PYbN–PT films deposited o
(100) SrRuO3 /(100) LaAlO3 substrates that were anneale
at 700 °C in vacuum~,131025 Torr) for various times.
Subsequently, the PYbN–PT films were deposited using
same conditions~a substrate temperature of 620 °C, a dep
sition pressure of 300 mTorr, a laser repetition rate of 6 H
and a target to substrate distance of 55 mm!. As can be seen
in Fig. 1, the phase of the film changes from pyrochlore
perovskite with an increase in the SrRuO3 annealing time. A
perovskite PYbN–PT film with high~001! orientation was
obtained after vacuum annealing the substrate for 40 m
However, no significant difference in the XRD profile for th
SrRuO3 itself was observed before and after the annealing
is possible that the differences were associated either
surface reconstruction @as has been reported fo

FIG. 1. XRD patterns of PYbN–PT~50/50! films deposited on
(100) SrRuO3 /(100) LaAlO3 substrates. The (100) SrRuO3 /(100) LaAlO3

substrates were annealed at 700 °C in vacuum for~a! 1, ~b! 10, and~c! 40
min. d: Perovskite PYbN–PT;m: SrRuO3 ; j: LaAlO3 ; andl: pyro-
chlore.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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(100) SrTiO3 single crystals27# or volatility of ruthenium
oxide.28 Consequently, subsequent growths were perform
on annealed SrRuO3 electrodes.

To optimize the growth conditions of the PYbN–P
films, the films were deposited at various substrate temp
tures and laser frequencies. The deposition pressure and
get to substrate distance were fixed at 400 mTorr and 45 m
respectively. (100) SrRuO3 /(100) LaAlO3 substrates were
annealed at 790 °C for 40 min just before each depositio
a-PYbN–PT film. The PYbN–PT films were characteriz
by XRD. The growth rates at laser frequencies of 3 and 5
were 60 and 90 nm/min, respectively. Figure 2 shows
quantity of pyrochlore phase and the full width at ha
maximum~FWHM! for the PYbN–PT~002! reflection in the
u–2u andv ~rocking curve! scans as a function of the sub
strate temperature. The quantity of pyrochlore phase was
timated from the ratio of the diffraction peak intensities
the pyrochlore phase~34.7°! to PYbN–PT~002!. The ~001!
PYbN–PT films were obtained at deposition temperatures
to 670 °C at a 3 Hzpulse rate. At 670 °C, however, th
quantity of pyrochlore phase increased to 6%. The FWHM
the u–2u andv scans also increased. Therefore, for grow
with a 3 Hzpulse rate, perovskite PYbN–PT was favored
to 660 °C. In contrast,~001! PYbN–PT films with,0.5%
pyrochlore phase could be achieved for temperatures be
680 °C at a 5 Hzpulse rate. Thus higher growth rates a
required to obtain perovskite PYbN–PT at higher tempe
tures. These results are consistent with increased Pb vo
ization at higher temperatures favoring pyrochlore phase
mation. For higher laser pulse rates, the delivery rate for P
was sufficiently high that the perovskite phase could be
bilized to higher temperature.

In Fig. 2, ~001! PYbN–PT films with the best crystallin
quality were obtained at 650–660 °C. Figure 3~a! shows a
u–2u XRD pattern for a~001! PYbN–PT film deposited a
650 °C and a laser repetition rate of 3 Hz. Although sm
peaks were present at 31.0° and 34.7°@corresponding to
PYbN–PT ~110! and a pyrochlore phase, respectively#, the
intensity ratio of the small peaks to the PYbN–PT~002!
peak was,0.1%. Using this growth condition, PYbN–P

FIG. 2. The quantity of pyrochlore phase and FWHM of PYbN–PT 0
reflection in theu–2u scan andv scan~rocking curve! for PYbN–PT films
deposited at various temperature and laser repetition rates of 3 and 5
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~50/50! films were deposited on (100) SrRuO3 /(100) SrTiO3

and (111) SrRuO3 /(111) SrTiO3 substrates. Since it is re
ported that the piezoelectric properties of films may depe
on the substrate due to differences in the thermal expan
coefficient,29 not only (100) SrRuO3 /(100) LaAlO3 but
(100) SrRuO3 /(100) SrTiO3 was used. As shown in Fig
3~b!, ~001! PYbN–PT films with good phase purity wer
obtained on (100) SrRuO3 /(100) SrTiO3 substrates also
However, PYbN–PT films deposited o
(111) SrRuO3 /(111) SrTiO3 substrates were not well crys
tallized. In au–2u XRD pattern of the film, only small dif-
fraction peaks from the film were observed. It was found t
~111! PYbN–PT films with good phase purity could be o
tained at 600–620 °C as shown in Fig. 3~c!. Thus, the opti-
mum growth temperature depended on the substrates.

The in-plane orientation of the~001! and ~111!
PYbN–PT films shown in Fig. 3 was investigated byf XRD
scans. The~101! reflections of PYbN–PT, LaAlO3 , and
SrTiO3 were selected for this measurement. The results
shown in Fig. 4. Epitaxial growth of PYbN–PT films wa
confirmed on each of the substrates. In~001! PYbN–PT on
(100) SrRuO3 /(100) LaAlO3 and ~111! PYbN–PT on
(111) SrRuO3 /(111) SrTiO3 , weak peaks corresponding t
misoriented grains~45° and 60° rotations, respectively! were
observed. The amount estimated from the intensity ratio
the diffraction peaks was less than 1%.

In the same way,~001! and ~111! PYbN–PT epitaxial
films with ~60/40! composition were prepared o
(100) SrRuO3 /(100) LaAlO3 , (100) SrRuO3 /(100) SrTiO3 ,
and (111) SrRuO3 /(111) SrTiO3 substrates. The quantity o
pyrochlore phase and FWHM inu–2u, v, and f scans for
the PYbN–PT~50/50! and ~60/40! epitaxial films are sum-
marized in Table II. In theu–2u and v scans for the~111!
films, the PYbN–PT~111! reflection was used. The FWHM
shown for SrTiO3 is indicative of the instrumental resolution

.
FIG. 3. u–2u XRD patterns of ~a! a ~001! PYbN–PT film on
(100) SrRuO3 /(100) LaAlO3 , ~b! a ~001! PYbN–PT film on
(100) SrRuO3 /(100) SrTiO3 , and ~c! a ~111! PYbN–PT film on
(111) SrRuO3 /(111) SrTiO3 . The deposition temperatures were~a! 650,~b!
650, and~c! 620 °C.d: Perovskite PYbN–PT;m: SrRuO3 ; j: LaAlO3 ;
.: SrTiO3 ; l: pyrochlore; and *: Au top electrode.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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B. Ferroelectric and dielectric properties

Figure 5 shows the polarization hysteresis loops
PYbN–PT~50/50! and~60/40! epitaxial films. Well-saturated
hysteresis loops were observed for all films. The reman
polarization, dielectric constant, and dielectric loss for th
films are listed in Table II. In both~50/50! and~60/40! com-
positions,~001! epitaxial films showed lower dielectric con
stants and higher remanent polarizations than~111! epitaxial
films. It seems that in~111! epitaxial films, the polarization
in some regions of the films is largely in-plane and is n
switched by the applied electric field due to limited non-18
domain wall motion.19 In both ~001! and ~111! epitaxial
films, the ~50/50! films have larger remanent polarizatio
than the~60/40! films. The relatively high dielectric losse
~5%–7%! are likely due to the domain wall motion, becau
the dielectric losses decreased to;2% by applying a dc bias
of 20 V.7,30

FIG. 4. f XRD scan profiles of the PYbN–PT films.~101! reflections of
PYbN–PT, SrTiO3 , LaAlO3 were used.~a! A ~001! PYbN–PT film on
(100) SrRuO3 /(100) LaAlO3 , ~b! a ~001! PYbN–PT film on
(100) SrRuO3 /(100) SrTiO3 , and ~c! a ~111! PYbN–PT film on
(111) SrRuO3 /(111) SrTiO3 .
Downloaded 11 Dec 2002 to 146.186.31.89. Redistribution subject to A
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Figure 6 shows the temperature dependence of the
electric constant and loss for the~001! PYbN–PT epitaxial
films on (100) SrRuO3 /(100) LaAlO3 . This measuremen
was performed during heating. For~50/50! and~60/40! com-
positions, the dielectric constant has a maximum near
and 320 °C, respectively. The maximum dielectric const
~at 10 kHz! of the ~50/50! film ~« r;3200) was higher than
that of the~60/40! film ~« r;1900). The behavior of the di
electric constant is consistent with the data obtained in b
ceramics with the same composition.16,17 From these results
it is suggested that theB-site stoichiometry of the~50/50!
and ~60/40! films was nearly that of the targets.

C. Piezoelectric properties

Prior to measurements of the piezoelectric coefficien
PYbN–PT films were poled with a dc electric field at roo

FIG. 5. Polarization hysteresis loops of PYbN–PT~50/50! and~60/40! films
on ~a! (100) SrRuO3 /(100) LaAlO3 , ~b! (100) SrRuO3 /(100) SrTiO3 , and
~c! (111) SrRuO3 /(111) SrTiO3 .
TABLE II. The crystalline quality, electrical properties, and piezoelectrice31,f coefficient for the~12x!PYbN–xPT epitaxial films.

Substrate Orientation x FWHM u–2u,v,f % pyrochlore « r , tand at 1 kHz Pr (mC/cm2) e31,f (C/m2)

LaAlO3 001 0.5 0.23°,0.59°,0.99° ,0.1 900,0.06 29 214
SrTiO3 001 0.5 0.25°,0.52°,0.74° ,0.1 1000,0.04 30 212
SrTiO3 111 0.5 0.26°,0.89°,1.76° ,0.2 1300,0.05 25 23.3
LaAlO3 001 0.4 0.21°,0.53°,0.96° 0.1 950,0.04 27 210
SrTiO3 001 0.4 0.24°,0.56°,0.91° 0.1 1000,0.05 26 29
SrTiO3 111 0.4 0.18°,0.71°,1.48° 0.2 1300,0.07 24 22.5

100 SrTiO3 0.18°,0.20°,0.23°
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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temperature. Figure 7 shows the variation of thee31,f coeffi-
cient for the ~001! PYbN–PT ~50/50! film on
(100) SrRuO3 /(100) LaAlO3 as functions of the poling elec
tric field and time. There was significant asymmetry in t
e31,f coefficient as a function of the poling direction. Th
e31,f coefficient after poling with the negative electric fie
was almost constant. In contrast, when poled with a posi
electric field, thee31,f coefficient increased with poling elec
tric field and time. However, the maximume31,f coefficient
after poling with a positive electric field was lower than th
with a negative electric field. The asymmetric behavior of
e31,f coefficient can be explained by the internal bias elec
field of the films as reported for sputtered PZT films.26,31As
shown in Fig. 5~a!, the hysteresis loops for the~001!
PYbN–PT~50/50! film were shifted 7 kV/cm along the elec
tric field axis, suggesting an internal bias electric field.

Similar asymmetric behavior of thee31,f coefficient was
observed in other PYbN–PT films. When the hystere
loops were shifted towards the positive direction, thee31,f

coefficient after poling with the negative electric field we
higher than those with the positive electric field. The high
e31,f coefficient obtained for each of the PYbN–PT films

FIG. 6. The temperature dependence of the dielectric constant and los
the ~001! PYbN–PT films with~a! ~50/50! and~b! ~60/40! compositions on
(100) SrRuO3 /(111) LaAlO3 . The cooling rate was 2 °C/min.

FIG. 7. The e31,f coefficient for a ~001! PYbN–PT ~50/50! film on
(100) SrRuO3 /(100) LaAlO3 as a function of the poling electric field an
time.
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summarized in Table II. In both~50/50! and~60/40! compo-
sitions, thee31,f coefficients for the~111! films were much
lower than those for the~001! films, even though there are n
large differences in the dielectric constant and remanent
larizations. This result is comparable to that previously
ported for relaxor-PT single crystals.10

Although it has been suggested previously that s
strates of different composition markedly affect the piez
electric properties of PMN–PT epitaxial films,29 only small
differences in thee31,f coefficient were observed betwee
(001) LaAlO3 and (001) SrTiO3 substrates. Since thick
SrRuO3 bottom electrodes~300 nm! and PYbN–PT films~1
mm! were used in this work, and no shift of the transitio
temperature was observed~as shown in Fig. 6!, it is expected
that stresses associated with lattice mismatch are relieve
these PYbN–PT films.

In both ~001! and~111! epitaxial films, the~50/50! films
exhibited highere31,f coefficients than the~60/40! films.
Thus, the higheste31,f coefficient was obtained on~001!
PYbN–PT~50/50! epitaxial films.

IV. CONCLUSIONS

The epitaxial growth and transverse piezoelectric pr
erties of (12x)Pb(Yb1/2Nb1/2)O32xPbTiO3 ~x50.4,0.5!
films deposited by pulsed laser deposition was examined
was found that the surface condition of the SrRuO3 bottom
electrodes, as well as growth temperature and lead d
ciency, affected the phase formation of PYbN–PT.~001!
PYbN–PT perovskite thin films were obtained for a wid
range of deposition rates~60–90 nm/min! and temperatures
~620–680 °C! after vacuum annealing the SrRuO3 bottom
electrodes. In both~50/50! and ~60/40! compositions,~001!
PYbN–PT epitaxial films with good crystalline quality wer
obtained on (100) SrRuO3 /(100) LaAlO3 and
(100) SrRuO3 /(100) SrTiO3 substrates at 650 °C, wherea
the optimum growth temperature of~111! PYbN–PT epitax-
ial films on (111) SrRuO3 /(111) SrTiO3 substrates was
600–620 °C. The~001! films exhibited higher remanent po
larizations and piezoelectrice31,f coefficients than the~111!
films. The transition temperatures of the~50/50! and~60/40!
films were near 380 and 320 °C, respectively~similar to data
obtained on bulk ceramics with equivalent composition!. An
e31,f coefficient of214 C/m2 and a remanent polarization o
;30mC/cm2 were obtained on~001! PYbN–PT epitaxial
films with the ~50/50! composition~near the morphotropic
phase boundary!.
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