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Depth profile study of ferroelectric PbZr 0.2Ti0.8O3 films
Y. Li, V. Nagarajan, S. Aggarwal, R. Ramesh, L. G. Salamanca-Riba,
and L. J. Martı́nez-Mirandaa)

Department of Materials and Nuclear Engineering, University of Maryland and Materials Research Science
and Engineering Center, College Park, Maryland 20742-2115

~Received 15 April 2002; accepted 19 August 2002!

We have performed depth profile studies of the structure of PbZr0.2Ti0.8O3 films of different
thicknesses deposited on SrTiO3 substrates prepared by pulsed laser deposition, using grazing
incident x-ray scattering~GIXS!. The in-plane structure of the films reveals these consist of up to
three domains, onec-axis domain, and twoa-axis domains, denoteda1 and a2. GIXS
measurements show the evolution of in-plane compression of the lattice parameter as a function of
depth within the films, particularly in thea1 domains. This strain evolution is accompanied by the
presence of twist grain boundaries in the plane in some films. The measured in-plane lattice
parameters are asymmetric, which suggests an orthorhombic distortion of the lattice in the plane of
the films. © 2002 American Institute of Physics.@DOI: 10.1063/1.1513195#
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I. INTRODUCTION

The lattice mismatch and thermally induced stresses
tween a substrate and a ferroelectric film can radica
change the dielectric, ferroelectric, and electromechan
properties of the ferroelectric film. When the thickness of
films exceeds a certain value (hcr), the system relieves th
induced stresses through polydomain formation. A tetrago
lattice, with edges equal toc ~the longest! anda, will subdi-
vide itself into different polydomains wherec or a alternate
being normal to the substrate’s surface. This polydom
structure is a result of minimization of the elastic ener
with three variants, c/a1 /c/a1 , c/a2 /c/a2 , and
a1 /a2 /a1 /a2 , wherec is the longest edge of the tetragon
unit cell anda1 anda2 are the edges of the cube face;1–3 a1

anda2 are close to the edgea, but vary depending on thei
interaction with the substrate.

Work on PbZr0.2Ti0.8O3 ~PZT! films deposited on SrTiO3
~STO! have shown that the average out-of-plane lattice
rameter in c-domain films varies as a function of film
thickness.4,5 The average tetragonality of the films decrea
and approaches bulk values with increasing thickness, wi
corresponding decrease in the measured spontaneous p
ization of the films.6 In these films, the polydomains men
tioned above are not uniform through the thickness of
films, but exhibit a V-shape domain wall, associated with
compressive strain due to the lattice mismatch between
and STO. This result suggests the presence of a distribu
of lattice parameters within the films. The presence of s
distribution may affect the dielectric response of the film
which in turn limits the range of thicknesses that may
used in a specific application.6

We have studied the structural evolution in PZT film
grown on STO with a thin La0.5Sr0.5CoO3 ~LSCO! bottom
electrode by pulsed laser deposition, using grazing incide
x-ray diffraction ~GIXS!. This method allows us to measu

a!Author to whom all correspondence should be addressed; electronic
martinez@eng.umd.edu
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the in-plane structure as a function of depth in PZT film
nondestructively. By performing a mapping of the in-pla
scattering profile, we have observed the presence and ev
tion of a strain distribution in the films in the plane of th
film, as a function of depth within the film, and also as
function of film thickness.

Our results suggest thea and c domains have differen
lattice parameters in the plane, and indicate the presenc
two types ofa domains within the films, designateda1 and
a2. Thea1 domains exhibit ac-axis compression as a func
tion of depth within the films. This compression is not un
form in the plane of the film. In addition, thick films exhib
an in-plane azimuthal angle dependence, which suggest
presence of twist grain boundaries along the normal to
films, primarily close to the surface of the films.

II. EXPERIMENT

We have studied samples of PZT deposited on~001!
STO substrates with 500 Å LSCO electrode, in a thickn
range between 600 and 3000 Å. The samples were depo
at 650 °C in 100 mTorr oxygen partial pressure, using pul
laser deposition.5 The bulk lattice parameters at 25 °C fo
PZT, STO, and LSCO are shown in Table I. At room tem
perature, bulk PZT has a tetragonal unit cell with a latt
mismatch of 0.5% and 5% for thea andc axis, respectively,
with STO.

The grazing incidence x-ray scattering~GIXS! tech-
nique, illustrated in Fig. 1, combines the principle of tot
external reflection, sample absorption, and diffraction
probe different depths within a film.7–9 With appropriate
x-ray energies, regions close to the buried film-substrate
terface can also be probed.10 By rocking the sample abou
the azimuthal anglef, the in-plane evolution of the lattice
parameters can be determined, as well as the scattering
tribution about the main peaks. The GIXS experiments w
performed at the National Synchrotron Light Source
Brookhaven National Laboratories, at beamlines X18A,
ing 1.307 Å, and 1.190 Å x rays, with a wave vector resolu
il:
2 © 2002 American Institute of Physics
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tion of Dq50.002qO Å 21. The x-ray beam had a spot siz
of 231 mm2. The beam has a horizontal convergence o
mrad and a vertical convergence of 1.2 mrad. Diffraction
done with the detector moving in the vertical plane. Dep
within the films was controlled by varying the incidenc
angle of the beam between 0° and 0.6°, using a Huber g
ometer head with an angular step resolution of 0.025°.
error in the penetration depth is mostly due to the error in
angular step. In moving from an anglea1 to another angle
a11Da, all depths from 0 toa1 and from 0 toa11Da are
integrated exponentially.

The depth within the films was calibrated by a measu
ment of the critical angle of the films obtained from th
reflectivity curve for the films.7–10 This latter measuremen
was performed before the in-plane measurements and se
to align the surface of the film with respect to the x-r
beam. The measured critical angle was lower than the
pected value based on the bulk density of PZT. These m
surements indicated that the density of the films was 7
g/cm3, or about 94% of the bulk density of 7.8 g/cm3. This
lower density can be caused by a variety of parameters
cluding the presence of pinholes and vacancies in the fil
Hence the penetration length within the films is larger th
expected. The reduced density results in a decrease the l
absorption coefficientm of the films. This variation in this
quantity is more difficult to determine. The depths measu
using GIXS varied between 30 and 1800 Å. Measureme
taken at angles corresponding to depths exceeding the th
ness of the films contain information of the entire films pl
the substrate background.

TABLE I. Bulk room temperature lattice parameters for PbZr0.2Ti0.8O3

~PZT!, SrTiO3 ~STO!, and La0.5Sr0.5CoO3 ~LSCO! at room temperature.

Compound

Bulk lattice constants at room temperature

a ~Å! c ~Å!

PbZr0.2Ti0.8O3 3.935 4.135
SrTiO3 3.905
La0.5Sr0.5CoO3 3.83

FIG. 1. Geometry of the GIXS technique:a is the x-ray beam incidence
angle, q is the in-plane scattering wave vector, andf is the azimuthal
rocking angle.
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III. RESULTS AND DISCUSSION

Figures 2 and 3 show the results of in-plane azimut
scans at different incidence angles obtained in PZT fil
grown on LSCO/STO substrates. These two-dimensio
scans are obtained by combining a number of diffract
scans~2u! at specific azimuthal anglesf. The corresponding
depths are shown on each panel. The films’ thicknesses
1000 and 3000 Å, respectively. The measurements w
taken at 1.191 Å for the 1000 Å sample, and 1.307 Å for t
3000 Å sample. We show the$200% region for both samples
Figures 2 and 3 show the presence ofa andc domains in the
plane of the sample. The 3000-Å-thick sample exhibits t
clearly distinguishable peaks, whereas the 1000 Å sam
except at the surface, consists of a main peak and a
which extends to smaller angles~larger lattice parameters!.
The 1000 Å film has a very small peak at higher angle~not
shown!, which is close to the LSCO lattice parameter of 3.
Å. This peak represents,4% of the film, and it may corre-
spond to a small quantity of LSCO that mixes with th
sample when it is deposited. It is unlikely to be a strain
portion of the PZT since this represents a 2.6% compres
for the short edge~a!, which is large.

Figure 4 shows the evolution of the in-plane lattice p
rameters for the 3000, 1000, and 600 Å films as a function
depth within the film. The values have been plotted in t
same scale to emphasize the differences between
samples. All films consist of a number of in-plane domai
corresponding to pairings of axes 90° apart in the pla
including the thinner 600 Å film. Previously, the presence
domains in the 600 Å films had not been observed.6 These
domains are not uniform through the thickness of the film
In the following description, we denote the domains by th
corresponding out-of-plane terms: for example, ac-axis do-
main corresponds to a domain where thec or long axis of the
PZT unit cell lies along the normal to the film.

The first domain consists of two in-plane axes with v
ues close to the PZTa axis and the STO lattice parameter
These correspond to thec domains and can be seen in Fi
4~a!, a at f5180° – 181°, anda at f5269° – 271°; in Fig.
4~b!, a anda1 atf50° anda at f590°, and in Fig. 4~c!, a
at f50° andf590°. The in-plane cross sectional area f
this domain remains almost constant through the thicknes
the films on all films as can be seen in Table II.

A second domain consists of a lattice parameter clos
the PZTa axis and a longer axis that evolves as a function
depth in the film. The in-plane cross sectional area for t
domain decreases as a function of depth in the film as we
in Table II. These correspond toc at 179°–180° anda at
269°–271° for the 3000 Å film; andcshoulat 0° anda at 90°
for the 1000 Å. We note that we cannot distinguish wheth
thea axis belongs to thec or a domain. For the 1000 Å film,
this cross section near the bottom of the film is close to t
of the c domains described above. The trend toward
smaller in-plane cross section is also present in the 300
film. Further reduction in the cross section is not observ
because depth measurements on the 3000 Å film are lim
to the first half of the film only. The observed compressi
stress is coupled to the azimuthal rotation as the depth
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 2. Two-dimensional contour
mapping of the in-plane diffraction
peaks of a 3000-Å-thick film, at vari-
ous depths within the film. The pen
etration depths are shown in the upp
right corner of each panel. The diffrac
tion peaks rotate with respect to eac
other as a function of depth. The
sample was measured using 1.307
x rays.
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creases, illustrated in Fig. 2. We note that the lattice co
pression continues after the two regions line up along
azimuth of the film. These domains correspond toa-axis do-
mains near the surface of the film and transform intoc-axis
domains as the interface is approached, probably by the
velopment of defects in the films. Figures 3 and 4~b! for the
1000 Å film show that relaxation of the lattice paramete
begins within the first 200–300 Å above the interface of
film. This number agrees closely with the theoretically es
mated value of 100 Å for the critical thickness of the films.1,2

Figure 4~c! shows that this domain is not present in the 6
Å film.

A third domain observed consists of two dissimilar la
tice parameters whose values vary as a function of the th
ness of the film. These are the regionsc at 271° anda at
179°–181° in the 3000 Å film@Fig. 4~a!#; c ~designated by
c1 to distinguish it fromcshoulin Fig. 4~b!# at 90° anda at
0° in the 1000 Å film@Fig. 4~b!#; and thec at 0° anda at 90°
in the 600 Å film @Fig. 4~c!#. The long axis for this domain
represents a 1% compression of the PZT bulkc axis in the
3000 and 1000 Å films, respectively, coupled to a short a
which is close to the PZT bulk value. The value of the lo
axis parameter varies through the thickness of the 100
film, as can be seen in Fig. 4~b!. The short axis for the 600 Å
film is close in value to the lattice parameter of the ST
substrate, corresponding to a 0.6% compression. The v
Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
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of the long axis is constant throughout this film. Its value
4.15 Å constitutes a 0.3% expansion of the bulkc-axis pa-
rameter for PZT. This latter domain also corresponds to
a-axis domain, which we will denote bya2. The value of the
in-plane unit cell cross section for this domain does not v
significantly as a function of depth in the 600 and 3000
films, and varies slowly for the 1000 Å film. The averag
value for the long~c-axis! lattice parameters of this domai
in the 1000- and 3000-Å-thick films is close to the avera
value between the room temperature lattice paramete
4.135 Å and the estimated lattice parameter 1 °C below
Curie temperature of 4.023 Å.5 A comparison with the bulk
a-axis parameters in this temperature range, 3.935 and 3
Å and Figs. 4~a! and 4~b!, indicates that for this domain, th
c axis expands by a similar amount as thea axis contracts.

Finally, a fourth domain can consist of a unit cell cro
section made up of two longc-like axes in the plane of the
film. However, thermodynamic models as well as previo
observations indicate that this domain is not favor
energetically.1,2 The films can be viewed as consisting
three physically consistent domains, onec and two a do-
mains,a1 anda2, one which evolves as a function of dep
(a1), one which remains fairly constant through the fil
(a2).

Table II shows the values of the corresponding unit c
cross sections for the domains described above, using
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 3. Two-dimensional contour
mapping of the in-plane diffraction
peaks of a 1000-Å-thick film, at vari-
ous depths within the film. The pen
etration depths are shown in the lowe
right corner of each panel. The samp
was measured using 1.191 Å x rays.
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values in Fig. 4. The above discussion indicates that the
tice evolution is asymmetric with respect to the equival
in-plane axes in the plane of the films, and results in
orthorhombic distortion of the unit cell of the films. Th
observed compression in thea domains above is consisten
with the fan-like structure exhibited by the 90° domains
PZT/STO films, observed using transmission electron
croscopy ~TEM!.5 The twin lines associated with the do
mains join close to the interface as thec axis contracts1,2 and
the particular in-plane direction becomes morec-axis ori-
ented and more pseudomorphic with the STO substrate.
structure is not expected to exist in films close to the criti
thickness value,1,2 where thec axis is expected to lie entirely
along the normal to the substrate. Hence the absence of
an evolution in the 600 Å films. However, the 600 Å film
does show the presence of domains, but these do not ex
an evolution with depth in the film. The evolution of th
different domain structure is not directly affected by misc
or steps in the substrate surface. In the case of STO
apparent miscut was observed either by TEM5 or by x ray. In
the case of an LaAlO3 ~LAO!, large optically visible miscuts
were observed, but the results for the structures of
domains10,11 were the same. The only difference was the l
tice parameter of the substrate, which is closer to that of P
for the STO substrate.
Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
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We have noted that it is very difficult to associate thea
lattice parameter as belonging to thec domain or to thea
domain. This makes it difficult to put exact numbers on t
ratio of thea domains toc domains, based on the relativ
intensities of the peaks. It is somewhat easier for the dir
tion where the peak is changing values~see Fig. 3 for the
1000 Å sample!, because the peak only shows at a particu
depth. In that case we can say that thea domain is disap-
pearing in favor of thec domain, but we can still not assig
a number since thea parameter can belong to thea domain
or to thec domain.

We note from Table II that the measured cross sect
for all domains is below the expected value for the bu
tetragonal lattice in all films, which implies all films are su
jected to in-plane strain. The presence of three types of
mains in the 3000 and 1000 Å films leads to a distribution
lattice parameter values within the films. This is particula
the case for thea1 domains in the 1000 and 3000 Å films
which exhibit the largest change as a function of de
within the films, and thea2 domain in the 1000 Å film.
According to Table II, the 1000 Å film lies in an intermedia
regime between the 600 Å film and the 3000 Å film. Like th
600 Å film, it exhibits a strainedc-domain structure. How-
ever, this structure in the 1000 Å film subdivides into tw
regions in the center of the film. The corresponding cro
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 4. Measured in-plane lattice parameters for the films presented in
text: ~a! 3000-Å-thick film; ~b! 1000-Å-thick film; ~c! 600-Å-thick film.
the
ler

Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
sectional area is larger for this second region, indicating
onset of relaxation within the film.

We now discuss further the process of in-plane latt
rotation. We show in Fig. 5 the evolution of the separation
azimuthal angle,Df, as a function of depth for the 3000 Å
film. The angle between the domains near the surface of
3000 Å film is approximately 2°, a value close to but smal

he

FIG. 5. In-plane lattice rotation as a function of depth:~a! Location of the
peaks as depth is increased in the 3000 Å sample;~b! Difference in the
azimuthal angle for the same sample in~a!.
0
TABLE II. In-plane unit cell cross sectional area for thec, a1, anda2 domains for films 3000, 1000, and 60
Å thick. Information is taken from Fig. 4.

Thickness Depth~Å!
c domain

~Å2!
a2 domain

~Å2!
a1 domain

~Å2!

600 Å
25 15.42 16.25
58 15.37 16.23

600 15.36 16.23
1000 Å

25 15.40 16.15 16.12
60 15.37 16.00 16.04

750 15.35,15.39a 15.91 15.99
1000 15.33,15.46b 15.56,15.46b

3000 Å
25 15.38 16.12
40 15.38 16.01 16.04

450 15.38 16.01 15.81
800 15.42 16.01 15.73

1800 15.42 16.01 15.62
Bulk cross sections 15.48 16.27 ¯

aDouble peak.
bDouble peak can be ascribed to either thec or a domains.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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than the estimated value for the tilt value of thea axis with
respect to thec axis about the normal to the film.5,6 One
possible explanation for the presence of this angle is
tetragonality of the film. As the value of thec axis decreases
the tetragonality decreases, resulting in a decrease of th
angle. The in-plane rotation suggests the presence of s
dislocations in the films, associated with the lattice relaxat
through the thickness of the films. The axis rotation is ind
pendent of the substrate used, and has been observed in
Å films of PZT grown on LaAlO3 .10,11 However, a more
detailed study of PZT films grown on LAO, indicates th
lattice rotation does not occur on all films in the same thi
ness range, and is probably also associated with the de
tion conditions.10

IV. CONCLUSION

We have observed the structural evolution of the
plane lattice parameters of PZT films grown on LSCO/S
substrates. Films consist of up to three domains, observe
the plane, onec axis and twoa axis. The in-planec axis in
one a1 domain undergoes a compression as a function
depth within the films. This domain transforms into ac do-
main within 200 Å of the interface, which is consistent wi
the calculated value of the critical thickness for these film
This compression may be coupled to a rotation of thea and
c axes with respect to each other. This latter result sugg
the presence of twist grain boundaries in the samples.
c-axis compression is consistent with the fan-shaped st
ture in 90° domains observed using TEM. As a conseque
of the lattice evolution in the films, macroscopic propert
Downloaded 28 Oct 2005 to 134.79.34.54. Redistribution subject to AIP
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such as the permanent polarization of the films can be
result of the superposition of the different out-of-planec axes
present through the film.
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