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We have performed depth profile studies of the structure of £0%ysO; films of different
thicknesses deposited on SrEiGubstrates prepared by pulsed laser deposition, using grazing
incident x-ray scatteringGIXS). The in-plane structure of the films reveals these consist of up to
three domains, onec-axis domain, and twoa-axis domains, denotedl 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 thel 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 Physic§DOI: 10.1063/1.1513195

I. INTRODUCTION the in-plane structure as a function of depth in PZT films
ondestructively. By performing a mapping of the in-plane
cattering profile, we have observed the presence and evolu-
on of a strain distribution in the films in the plane of the
IIm, as a function of depth within the film, and also as a
unction of film thickness.

Our results suggest the and ¢ domains have different

ce parameters in the plane, and indicate the presence of

The lattice mismatch and thermally induced stresses be?
tween a substrate and a ferroelectric film can radicallysf
change the dielectric, ferroelectric, and electromechanic
properties of the ferroelectric film. When the thickness of thef
films exceeds a certain valubd{), the system relieves the
induced stresses through polydomain formation. A tetragon%tti

lattice, with edges equal to(the longestanda, will subdi- . h ) .
vide itself into different polydomains wheizor a alternate two types ofa domains within the films, designated. and

being normal to the substrate’s surface. This polydomairfgh-;?edael tﬂom?r:nnsti)éhﬁ:]?'?_ﬁss (i:%nr:]prr?sssl%nnai 2(;””?{._
structure is a result of minimization of the elastic energy,I raepth withi ms. This compression 1 uni
with three variants, c/a;/c/a;, clayic/a,, and form in the pIa_ne of the film. In addition, thlck_ films exhibit
a,/a,la;la,, wherec is the longest edge of the tetragonal an in-plane azmuthal_angle depgndence, which suggests the
unit cell anda, anda, are the edges of the cube facda, presence of twist grain boundaries along the normal to the

anda, are close to the edga but vary depending on their films, primarily close to the surface of the films.
interaction with the substrate.

Work on PbZ 5Tig §05 (PZT) films deposited on SrTiQ Il. EXPERIMENT
(STO) have shown that the average out-of-plane lattice pa- We have studied samples of PZT deposited (681)
rameter inc-domain films varies as a function of film STO substrates with 500 A LSCO electrode, in a thickness
thickness"® The average tetragonality of the films decreasesange between 600 and 3000 A. The samples were deposited
and approaches bulk values with increasing thickness, with at 650 °C in 100 mTorr oxygen partial pressure, using pulsed
corresponding decrease in the measured spontaneous polgiser depositio. The bulk lattice parameters at 25°C for
ization of the films? In these films, the polydomains men- PZT, STO, and LSCO are shown in Table I. At room tem-
tioned above are not uniform through the thickness of theyerature, bulk PZT has a tetragonal unit cell with a lattice
films, but exhibit a V-shape domain wall, associated with themismatch of 0.5% and 5% for tteeandc axis, respectively,
compressive strain due to the lattice mismatch between PZith STO.
and STO. This result suggests the presence of a distribution The grazing incidence x-ray scatterinIXS) tech-
of lattice parameters within the films. The presence of suchique, illustrated in Fig. 1, combines the principle of total
distribution may affect the dielectric response of the films,external reflection, sample absorption, and diffraction to
which in turn limits the range of thicknesses that may beprobe different depths within a filfi.°> With appropriate
used in a specific applicatich. X-ray energies, regions close to the buried film-substrate in-

We have studied the structural evolution in PZT filmsterface can also be probé?jBy rocking the sample about
grown on STO with a thin LggSrpsCoO; (LSCO) bottom  the azimuthal anglep, the in-plane evolution of the lattice
electrode by pulsed laser deposition, using grazing incidencgarameters can be determined, as well as the scattering dis-
x-ray diffraction (GIXS). This method allows us to measure tribution about the main peaks. The GIXS experiments were
performed at the National Synchrotron Light Source at
dAuthor to whom all correspondence should be addressed; electronic maiBrookhaven National Laboratories, at beamlines X18A, us-
martinez@eng.umd.edu ing 1.307 A, and 1.1@ A x rays, with a wave vector resolu-
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TABLE I. Bulk room temperature lattice parameters for PpAi,Os I1l. RESULTS AND DISCUSSION
(PZT), SrTiO; (STO), and La 5SrysCo0; (LSCO) at room temperature.

Figures 2 and 3 show the results of in-plane azimuthal

Bulk lattice constants at room temperature . c . . )
scans at different incidence angles obtained in PZT films

Compound a(A) c(®) grown on LSCO/STO substrates. These two-dimensional
PbZry 5Tig 605 3.935 4.135 scans are obtained by combining a number of diffraction
SITiOs 3.905 scang26) at specific azimuthal angles. The corresponding
Lag 5S1h sC00; 3.83

depths are shown on each panel. The films’ thicknesses are
1000 and 3000 A, respectively. The measurements were
taken at 1.191 A for the 1000 A sample, and 1.307 A for the
3000 A sample. We show tHR0G} region for both samples.

tion of Aq=0.00215 A~L. The x-ray beam had a spot size Figures 2 and 3 show the presencea@ndc domains in the

of 2x 1 mn?. The beam has a horizontal convergence of 6plane of the sample. The 3000-A-thick sample exhibits two

mrad and a vertical convergence of 1.2 mrad. Diffraction isclearly distinguishable peaks, whereas the 1000 A sample,

done with the detector moving in the vertical plane DepthexceDt at the surface, consists of a main peak and a tail
within the films was controlled by varying the incidence which extends to smaller angléfarger lattice parameters

angle of the beam between 0° and 0.6°, using a Huber goni-l--he 1000 A film has a very small peak at higher anigiet

ometer head with an angular step resolution of 0.025°. Th showr), which s close to the LSCO Igttlce parameter of 3.83
. . . : . This peak represents4% of the film, and it may corre-
error in the penetration depth is mostly due to the error in the

. Spond to a small quantity of LSCO that mixes with the
angular step. In moving from an angie to another angle sample when it is deposited. It is unlikely to be a strained
a1+ Aea, all depths from 0 tay; and from 0 toa; + A« are P P ’ y

) X portion of the PZT since this represents a 2.6% compression
integrated exponentially. L

i ) . for the short edgéa), which is large.
The depth within the films was calibrated by a measure- Figure 4 shows the evolution of the in-plane lattice pa-
ment of the critical angle of the films obtained from the rameters for the 3000, 1000, and 600 A films as a function of

reflectivity curve for the film$° This latter measurement > ) )
was performed before the in-plane measurements and servggpth within the film. The_ values h"’?"e been plotted in the
ame scale to emphasize the differences between the

to align the surface of the film with respect to the x-rayS . . . .
beam. The measured critical angle was lower than the exs_amples. AI.I films COD.S'St of a numberoof m-plape domains,
pected value based on the bulk density of PZT. These meé:_orres_pondmg _to pairings O.f axes 9.0 apart in the plane,
surements indicated that the density of the films was 7‘3hnclud_|ng _the thinner 609 A film. Previously, the presence of
g/cn®, or about 94% of the bulk density of 7.8 g/énThis doma!ns in the BOO.A films had not begn obser%’dhesg
lower density can be caused by a variety of parameters, irgomams are not uniform through the thickness of the films.

cluding the presence of pinholes and vacancies in the filmd" the following description, we denote the domains by their

Hence the penetration length within the films is larger tharcorresponding out-of-plane terms: for exampleg-axis do-

expected. The reduced density results in a decrease the lind3f!" co_rrespo_nds to a domain where tar ang axis of the
absorption coefficieng of the films. This variation in this PZT unit .ceII lies qlong thg normal t‘? the film. .
guantity is more difficult to determine. The depths measured The first domain congsts of two m-plan_e axes with val-
using GIXS varied between 30 and 1800 A. MeasurementY€S close to the PZd axis and the STO lattice parameters.
taken at angles corresponding to depths exceeding the thick€S€ correspond to thedomains and can be seen in Fig.

ness of the films contain information of the entire films plus#(® & at ‘1’:1800_1%10* anc at ¢:°269°_,271,°; in Fig.
the substrate background. 4(b), aandal at¢=0° anda at »=90°, and in Fig. 4c), a
at $=0° and$=90°. The in-plane cross sectional area for

this domain remains almost constant through the thickness of
the films on all films as can be seen in Table II.
A second domain consists of a lattice parameter close to
) the PZTa axis and a longer axis that evolves as a function of
depth in the film. The in-plane cross sectional area for this
domain decreases as a function of depth in the film as we see

incoming beam in Table Il. These correspond tat 179°—180° anch at

A 269°—271° for the 3000 A film; andshoulat 0° anda at 90°
. for the 1000 A. We note that we cannot distinguish whether

/ H f,‘:zfr";g thea axis belongs to the or a domain. For the 1000 A film,

( y <1 this cross section near the bottom of the film is close to that
of the ¢ domains described above. The trend toward a
/ diffracted beam smaller in-plane cross section is also present in the 3000 A
film. Further reduction in the cross section is not observed

FIG. 1. Geometry of the GIXS technique:is the x-ray beam incidence becausg depth measur_ements on the 3000 A film are Ilmlted
angle, q is the in-plane scattering wave vector, agdis the azimuthal ~ tO the f_|r5t half of the film O_nIY- The Obs_erVEd compressive
rocking angle. stress is coupled to the azimuthal rotation as the depth in-
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creases, illustrated in Fig. 2. We note that the lattice comef the long axis is constant throughout this film. Its value of
pression continues after the two regions line up along the.15 A constitutes a 0.3% expansion of the balaxis pa-
azimuth of the film. These domains correspon@iaxis do- rameter for PZT. This latter domain also corresponds to an
mains near the surface of the film and transform iofaxis  a-axis domain, which we will denote g2. The value of the
domains as the interface is approached, probably by the dé-plane unit cell cross section for this domain does not vary
velopment of defects in the films. Figures 3 ar(h)4or the  significantly as a function of depth in the 600 and 3000 A
1000 A film show that relaxation of the lattice parametersfilms, and varies slowly for the 1000 A film. The average
begins within the first 200-300 A above the interface of thevalue for the longc-axis) lattice parameters of this domain
film. This number agrees closely with the theoretically esti-in the 1000- and 3000-A-thick films is close to the average
mated value of 100 A for the critical thickness of the fillrfs.  value between the room temperature lattice parameter of
Figure 4c) shows that this domain is not present in the 6004.135 A and the estimated lattice parameter 1 °C below the
A film. Curie temperature of 4.023 AA comparison with the bulk

A third domain observed consists of two dissimilar lat- a-axis parameters in this temperature range, 3.935 and 3.977
tice parameters whose values vary as a function of the thickd and Figs. 4a) and 4b), indicates that for this domain, the
ness of the film. These are the regionst 271° anda at ¢ axis expands by a similar amount as thaxis contracts.
179°-181° in the 3000 A filnfFig. 4@)]; c (designated by Finally, a fourth domain can consist of a unit cell cross
cl to distinguish it fromcshoulin Fig. 4(b)] at 90° andaat  section made up of two longlike axes in the plane of the
0° in the 1000 A film[Fig. 4(b)]; and thec at 0° anda at 90°  film. However, thermodynamic models as well as previous
in the 600 A film[Fig. 4(c)]. The long axis for this domain observations indicate that this domain is not favored
represents a 1% compression of the PZT hulkxis in the  energetically:? The films can be viewed as consisting of
3000 and 1000 A films, respectively, coupled to a short axighree physically consistent domains, oaeand two a do-
which is close to the PZT bulk value. The value of the longmains,al anda2, one which evolves as a function of depth
axis parameter varies through the thickness of the 1000 Aal), one which remains fairly constant through the film
film, as can be seen in Fig(@). The short axis for the 600 A (a2).
film is close in value to the lattice parameter of the STO  Table Il shows the values of the corresponding unit cell
substrate, corresponding to a 0.6% compression. The valugoss sections for the domains described above, using the
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values in Fig. 4. The above discussion indicates that the lat- We have noted that it is very difficult to associate the
tice evolution is asymmetric with respect to the equivalentattice parameter as belonging to thelomain or to thea
in-plane axes in the plane of the films, and results in ardomain. This makes it difficult to put exact numbers on the
orthorhombic distortion of the unit cell of the films. The ratio of thea domains toc domains, based on the relative
observed compression in tlledomains above is consistent intensities of the peaks. It is somewhat easier for the direc-
with the fan-like structure exhibited by the 90° domains intion where the peak is changing valuese Fig. 3 for the
PZT/STO films, observed using transmission electron mi-1000 A samplg because the peak only shows at a particular
croscopy (TEM).® The twin lines associated with the do- depth. In that case we can say that theomain is disap-
mains join close to the interface as thaxis contracts?and  pearing in favor of the domain, but we can still not assign
the particular in-plane direction becomes maraxis ori- a number since tha parameter can belong to tleedomain
ented and more pseudomorphic with the STO substrate. Thir to thec domain.

structure is not expected to exist in films close to the critical We note from Table Il that the measured cross section
thickness valué;? where thec axis is expected to lie entirely for all domains is below the expected value for the bulk
along the normal to the substrate. Hence the absence of sutgtragonal lattice in all films, which implies all films are sub-
an evolution in the 600 A films. However, the 600 A film jected to in-plane strain. The presence of three types of do-
does show the presence of domains, but these do not exhibitains in the 3000 and 1000 A films leads to a distribution of
an evolution with depth in the film. The evolution of the lattice parameter values within the films. This is particularly
different domain structure is not directly affected by miscutsthe case for th@l domains in the 1000 and 3000 A films,
or steps in the substrate surface. In the case of STO, nahich exhibit the largest change as a function of depth
apparent miscut was observed either by TEMby x ray. In  within the films, and thea2 domain in the 1000 A film.
the case of an LaAIQ(LAO), large optically visible miscuts According to Table I, the 1000 A film lies in an intermediate
were observed, but the results for the structures of theegime between the 600 A film and the 3000 A film. Like the
domaing®!were the same. The only difference was the lat-600 A film, it exhibits a strained-domain structure. How-
tice parameter of the substrate, which is closer to that of PZBver, this structure in the 1000 A film subdivides into two
for the STO substrate. regions in the center of the film. The corresponding cross
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FIG. 4. Measured in-plane lattice parameters for the films presented in th
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FIG. 5. In-plane lattice rotation as a function of depi#: Location of the
peaks as depth is increased in the 3000 A samfleDifference in the
azimuthal angle for the same sample(@.

sectional area is larger for this second region, indicating the
onset of relaxation within the film.

We now discuss further the process of in-plane lattice
gotation. We show in Fig. 5 the evolution of the separation in
azimuthal angleA¢, as a function of depth for the 3000 A
film. The angle between the domains near the surface of the
3000 A film is approximately 2°, a value close to but smaller

TABLE Il. In-plane unit cell cross sectional area for theal, anda2 domains for films 3000, 1000, and 600
A thick. Information is taken from Fig. 4.

¢ domain a2 domain al domain
Thickness DepthA) (R? (A? (A?
600 A
25 15.42 16.25
58 15.37 16.23
600 15.36 16.23
1000 A
25 15.40 16.15 16.12
60 15.37 16.00 16.04
750 15.35,15.39 15.91 15.99
1000 15.33,15.46 15.56,15.48
3000 A
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

#Double peak.

PDouble peak can be ascribed to either ther a domains.
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than the estimated value for the tilt value of thexis with  such as the permanent polarization of the films can be the
respect to thec axis about the normal to the filRf One  result of the superposition of the different out-of-plarexes
possible explanation for the presence of this angle is th@resent through the film.

tetragonality of the film. As the value of tleeaxis decreases,
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