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a b s t r a c t

Pb(ZrxTi1−x)O3 films with different Zr/Ti ratios were prepared on Pt/Ti/SiO2/Si substrate by sol–gel tech-
nique. By X-ray diffraction method, the residual stress of PZT films with texture was studied. The results
show that there exist mixed textures with (1 1 1) and (1 0 0) textures in all the Pb(ZrxTi1−x)O3 films. For
ccepted 30 June 2010
vailable online 7 July 2010
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the PZT films with mixed textures, residual compressive stress and tensile stress coexist in the films. The
residual stress for (1 1 1)-oriented grains is compressive and that for (1 0 0)-oriented grains is tensile. The
residual stress depends on both the lattice mismatch between the film and substrate and the spontaneous
polarization direction of PZT films.

© 2010 Elsevier B.V. All rights reserved.
hase composition

. Introduction

Pb(ZrxTi1−x)O3 (PZT) system ferroelectrics have been exten-
ively studied because of their high piezoelectric and ferroelectric
roperties [1,2]. It has been shown that the properties of PZT films
re influenced greatly by the Zr/Ti ratio (x value), texture and resid-
al stress. In general, crystalline orientation and residual stress
lways exist in thin films [3]. For the characterization of film tex-
ure, both the relative intensity measurement [4] and rocking curve
f X-ray diffraction (XRD) have been employed in previous litera-
ures [5]. Owing to film texture is influenced by many factors, mixed
extures may coexist in one film, i.e., different textures coexist in
ne film. In the case of mixed textures, quantitative analysis of the
exture component is significant due to the strong anisotropy of
ZT materials for the analysis of the film properties.

Residual stress can be induced by lattice mismatch, differ-
nt coefficients of thermal expansion between film and substrate,
rowth stress, and so on [6–8], and affects properties [9,10] and
hase transition behaviors of ferroelectric films [11–13]. In the var-

ous methods for the characterization of residual stress of the films,
he XRD method is the most convenient and accurate. Some theo-

ies [14–16] of residual stress measurement using XRD have been
ut forward on the basis of Reuss [17] and Voigt [18] conditions. The
haracterization of residual stress using XRD is complex because
f the existence of texture and grain interaction in polycrystalline

∗ Corresponding author. Tel.: +86 451 86418647; fax: +86 451 86418647.
E-mail address: wdfei@hit.edu.cn (W.D. Fei).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.06.170
films. On the basis of various grain interaction models, the residual
stress in films with single texture has been characterized [15,16].
However, few studies have been reported on the residual stress in
films with mixed textures.

In the present study, we report that mixed textures can be
formed in PZT films with different Zr/Ti ratios on the highly (1 1 1)-
oriented Pt substrate. The residual stress and mixed textures are
investigated by XRD method, and the relationship between the
residual stress and mixed textures is also discussed.

2. Experimental

Films used in this study were prepared on the highly (1 1 1)-oriented
Pt/Ti/SiO2/Si substrate using sol–gel method. Lead acetate trihydrate, zirconium
n propoxide and titanium isopropoxide were used as raw materials and 2-
methoxyethanol [2-CH3OCH2CH2OH] as the solvent. The 10 mol% excess Pb solution
was used to overcompensate for any Pb loss during high temperature annealing, and
the Zr/Ti ratios were controlled as 51/49, 52/48, 54/46, 55/45, and 58/42, respec-
tively. The concentration of final solution of PZT can be diluted to 0.4 M. The PZT
precursor solution was firstly spin-coated on the substrate with the spin rate of
4000 rpm for 9 s, and then the wet films were pyrolyzed at 500 ◦C on a plate-hot for
2 min. The above two processes were repeated for seven times to attain the desired
film thickness. Finally, the films were crystallized at 650 ◦C for 3 min through rapid
thermal annealing technique in O2 ambient. The thickness of PZT films is about
350 nm, and the size of samples is 10 mm × 10 mm. Pt dots as top electrodes with
the diameter of 0.2 mm were deposited on the surface of films using magnetron
sputtering system in Ar ambient.

To characterize the phase composition, texture and residual stress of PZT films,

the �–2� scan, ω scan and  scan XRD were carried out on Philips X’pert diffrac-
tometer with Cu K˛ radiation. During the measurement of X-ray Diffraction, X-ray
beam size is 2 mm in width and 8 mm in length. The scheme of optics is shown in
Fig. 1, and there is no changing of X-ray optics in the measurement process of all
samples. In addition, the (1 1 0) peaks at different  were correct by the powder
diffraction.

dx.doi.org/10.1016/j.jallcom.2010.06.170
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Schematic diagram of -scan XRD. In a given tilt angle ( ), the (1 1 0) diffrac-
ion peak was measured using �–2� scan XRD.

. Results and discussion

.1. Phase composition and texture

The phase compositions of PZT films with different Zr/Ti ratios
re investigated using �–2� scan XRD, and the results are presented
n Fig. 2. It can be seen that all films are composed of pure perovskite
hase, and no other phase can be found in the XRD curves. For
onvenient discussion, the perovskite phase in all films is indexed
ith respect to pseudocubic coordinate system. From Fig. 2, only

1 0 0) and (1 1 1) diffractions of the PZT films can be seen and the
ntensities of the two diffractions are very high, which implies that
he preferred orientations along 〈1 0 0〉 and 〈1 1 1〉 directions coexist
n PZT films, i.e., there exist mixed textures in PZT films.

The angle (˛) between lattice planes (h1 k1 l1) and (h2 k2 l2) in
ubic coordinate system can be calculated by the following equa-
ion:

os˛ = h1h2 + k1k2 + l1l2√
h2

1 + k2
1 + l21

√
h2

2 + k2
2 + l22

(1)

According to the equation, the angle between (1 1 0) and (1 1 1)
◦ ◦
lanes is about 35 , and it is about 45 between (1 1 0) and (1 0 0)

lanes. In order to quantitatively analyze the mixed textures in PZT
lms, (1 1 0) diffractions of PZT films at different tilt angles ( ) were
easured (denoted as -scan XRD, is the angle between the nor-
al of diffraction plane and normal of the films). For the case of the

Fig. 2. �–2� scan XRD curves of PZT films with different Zr/Ti ratios.
Fig. 3. Relationship between the film coordinates (O–S1S2S3) and experimental
coordinates (O–L1L2L3).

(1 1 1) texture, (1 1 0) plane normal direction is distributed on the
generatrices of the cone with the angle of about 35◦ to the S3 axis
(S3 shown in Fig. 3 represents the normal of the film surface), and
about 45 ◦for the case of the (1 0 0) texture [19]. When  is about
35◦, the XRD peak intensity of (1 1 0) plane is proportion to the ori-
entation probability of (1 1 1) plane, and that is corresponding to
the orientation probability of (1 0 0) plane for  angle of 45◦ [19].
According to the above analysis, the integral intensity (I )–sin2 
curve must exhibit two peaks at about = 35◦ and = 45◦, if (1 1 1)
and (1 0 0) textures coexist in the film. As shown in Fig. 4, two peaks
can be clearly found in I –sin2 curves at about = 35◦ and = 45◦

for all films, which confirms that both (1 1 1) and (1 0 0) textures
coexist in PZT films. In Fig. 4, it can be found that the (1 1 1) texture
is dominant in PZT films (owing to the higher intensity at about  
angle of 35◦). In addition, the content of (1 0 0)-oriented grains in
PZT films are shown in Fig. 5, which is calculated from Gauss fitting
of I – curves (not shown in the present study). In Fig. 5, I –35 and
I –45 are defined as integral intensity of Gauss fitting peaks at about
 angles of 35◦ and 45◦ in I – curves, respectively. From Fig. 5, it
can be seen that the content of (1 0 0)-oriented grains increases
roughly with the Zr/Ti ratio increasing. Because the lattice mis-
match of the atom arrangements between (1 1 1) plane of PZT and
(1 1 1) plane of Pt is only 2.8% [20], (1 1 1) texture in PZT film can
be induced by (1 1 1) oriented Pt substrate. In addition, (1 0 0) tex-
ture has also been found on (1 1 1)-oriented Pt substrate by some
authors [21–23], which suggests that the (1 0 0)PZT//(1 1 1)Pt is pos-
sible in point of interface energy.

3.2. Residual stress

To characterize the residual stress in PZT films, interplanner
spacing of PZT (1 1 0) planes at different tilt angle were measured,
which is defined as d . Because both (1 1 1) and (1 0 0) textures
coexist in PZT films, the (1 1 0) diffraction with higher intensity and
well shape can be obtained at the angle of 25–50◦. The d –sin2 
curves for PZT films with different Zr/Ti ratios are shown in Fig. 4,
and the non-monotonic relationship between d and sin2 can be
clearly seen. In general, d –sin2 curve is used to the analysis of
residual stress on the base of various grain interaction models, and
monotonous increasing/decreasing of the d –sin2 curve is cor-
responding to tensile/compressive stress in the films. In Fig. 4, it
can be found that the linear decreasing fraction of the d –sin2 
relations are mainly corresponding to the (1 1 1)-oriented grains
and the linear increasing fraction are mainly corresponding to
the (1 0 0)-oriented grains. The non-monotonic relationships in

d –sin2 curves may be caused by following reasons. The lattice
mismatch between (1 1 1)PZT and (1 1 1)Pt can induce compressive
stress in (1 1 1)-oriented PZT grains in the sample frame. For (1 0 0)-
oriented grains, lattice mismatch between (1 0 0)PZT and (1 1 1)Pt is
complex, the residual stress tend to be balance with that in (1 1 1)-
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ig. 4. Integral intensity of (1 1 0) diffraction peak characterized by �–2� scan and
= 0.52, (c) x = 0.54, (d) x = 0.55, and (e) x = 0.58.

riented grains in point of elastic energy, so the residual stress of
1 0 0)-oriented grains in the sample frame may be tensile. Because
he residual stress in PZT films is closely related to the lattice mis-

atch, Voigt [18] model can be employed to analyze the residual
tress for both (1 1 1)- and (1 0 0)-oriented grains.

For the simplification, the textures in PZT films are assumed as
deal ones, i.e., the misorientation of the textures is ignored. We
ssume that all grains with the same orientation have the same
train tensor in O–S1S2S3 system [19]. According to Voigt model,
hen the crystal structure is simplified as cubic and (1 1 0) plane

s given as measurement plane, the relationship between strain ε
nd stress � can be calculated from the following equation [16]:
ϕ =
∑

i,j

Fij(ϕ, )〈�Sij〉ϕ , i, j = 1,2,3 (2)
lanner spacing (d ) at different tilt angle  as functions of sin2 , (a) x = 0.51, (b)

whereϕ and are the azimuth angles of the L3 axis of the O–L1L2L3
coordinates (experimental coordinates) in O–S1S2S3 coordinates,
L3 axis is parallel to the normal direction of the measured (1 1 0)
plane, as shown in Fig. 3. 〈 〉 represents the average for all grains
with the same orientation, and �S

ij
is the stress tensor. The meaning

of Fij(ϕ, ) is an orientation distribution function (ODF), and it is the
same with that in Ref. [16]. In the case of ideal texture, the ODF can
be assumed as Dirac’s delta function, and Eq. (2) can be simplified
greatly. Because the average stress in the film is axis symmetry to
S3 axis, Eq. (2) can be simplified as

ε = ε0 +M�S‖ sin2  (3)
where ε is the strain measured at the tilt angle  , constant M
is related to the elastic coefficient of PZT ceramics, and �S‖ is the
average stress parallel to the film surface for (1 1 1)-oriented and
(1 0 0)-oriented grains in the sample frame. Because M is related to
the orientation, M values are different for different oriented grains.
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ig. 5. Relationship between the content of (1 0 0)-oriented grains and Zr/Ti ratios.

ased on the elastic coefficients given in Ref. [24], the M values
an be calculated for PZT with x = 0.52, and M is 0.324 × 10−10/Pa
or (1 1 1)-oriented grains, and 0.260 × 10−10/Pa for (1 0 0)-oriented
rains. Eq. (3) can be written as follows:

 = d0ε0 + d0M�
S
‖ sin2 = d0ε0 +M′�S‖ sin2 (4)

here d0 is the lattice constant of stress free sample, and M′ = Md0.
t is clear that the slope of d –sin2 curve is constant for both
1 1 1)- and (1 0 0)-oriented grains. Therefore,

S
‖ = K

M′ (5)

here K = ∂ d /∂ sin2 is the slope of d –sin2 curve. The M′ val-
es of PZT is only related to its elastic constants for ideal texture,
nd the changes of elastic constants in the range of x = 0.51–0.58 are
ot big according to the reference [25]. As a qualitative comparison,
he difference of M′ values for PZT films with different x values can
e negligible in the present study. Therefore, the K value represents
he magnitude of the residual stress in every PZT film, and the K as
he function of x value is shown in Fig. 6. It can be clearly found that
he residual stress is compressive in (1 1 1)-oriented grains and ten-
ile in (1 0 0)-oriented grains. As shown in Fig. 6, with x increasing,
he compressive residual stress in (1 1 1)-oriented grains decreases
hen x ≤ 0.54, increases at the range of 0.54 ≤ x ≤ 0.55, and tends

o be almost changeless when x ≥ 0.55. The tensile stress in (1 0 0)-
riented grains increases with x increasing.

To understand the changing tendency of residual stress in
1 1 1)-oriented grains, the spontaneous polarization directions

f different phases and the lattice mismatch between PZT and
t must be taken into account. For the first one, according to
bTiO3–PbZrO3 phase diagram [26,27], R phase with rhombo-
edra structure in the Zr-rich region (spontaneous polarization
long [111] direction) and T phase with tetragonal structure in

Fig. 6. Slope of d –sin2 curve as functions of x value.
ompounds 506 (2010) 167–171

the Ti-rich region (spontaneous polarization along [0 0 1] direc-
tion) are separated by a morphotropic phase boundary (MPB). In
the vicinity of MPB (x ≈ 0.52–54 at 300 K), M phase with mon-
oclinic structure has been confirmed by many studies [28–30].
Because the spontaneous polarization of M phase can rotate from
[0 0 1] to [1 1 1] directions in (1̄ 1 0) plane, the spontaneous polar-
ization of PZT rotates from [0 0 1] direction to [1 1 1] direction when
x increases from 0.51 to 0.58. When PZT films are cooled from
high temperature, the phase transition from paraelectric state to
ferroelectric state must take place. The spontaneous polarization
along [1 1 1] direction means that the elongation of lattice struc-
ture is along [1 1 1], so this type spontaneous polarization can
reduce the compressive stress of (1 1 1)-oriented grains. There-
fore, we can deduce that the compressive stress in PZT films
with (1 1 1) texture can be relaxed by the spontaneous polariza-
tion along [1 1 1]. For the second one, because the atomic radius
of Zr is larger than that of Ti, the compressive stress in (1 1 1)-
oriented grains can increase with Zr content increasing. For PZT
films with x ≤ 0.54, the decreasing compressive stress may be dom-
inated by the change of the spontaneous polarization direction
rather than the increasing lattice mismatch between PZT and Pt
with Zr content increasing. For PZT films with x ≥ 0.54, the main
reason why the compressive stress increases at high x value is
converse.

Because the content of (1 0 0)-oriented grains is less compared
with that of (1 1 1)-oriented grains in PZT films, the tensile stress
in (1 0 0)-oriented grains may be mainly determined by stress bal-
ance tendency between the two oriented grains. In this case, the
tensile stress in (1 0 0)-oriented grains exhibits generally the simi-
lar behavior compared with compressive stress in (1 1 1)-oriented
grains with x value increasing.

But in PZT films with the range of x = 0.51–0.54, the tensile stress
of (1 0 0)-oriented grains increases monotonously, which is not
in accordance with compressive stress of (1 1 1)-oriented grains.
Although the stress balance between the two oriented grains can
affect the residual stress, it is not the unique factor to affect the
residual stress, because the residual stress is also affected greatly
by the substrate. In addition, the spontaneous polarization in fer-
roelectric film can also affect the residual stress. According to the
discussion mentioned above, the PZT51/49 locates at the tetrago-
nal phase region with the spontaneous polarization direction along
[0 0 1], so the polarization in (1 0 0)-oriented grains can relax greatly
the tensile residual stress of the grains, correspondingly, the tensile
stress in the (1 0 0)-oriented grains is relative low.

PZT52/48 and PZT54/46 are located in the vicinity of MPB, and M
phase can exist in the films. The spontaneous polarization direction
of M phase lies in (1̄ 1 0) plane between [0 0 1] and [1 1 1]. That is
to say, the spontaneous polarization of M phase in (1 0 0)-oriented
grains is not in-plane, so the relaxation effect of polarization on the
tensile stress in (1 0 0)-oriented grains is smaller than that in the
PZT51/49 film.

4. Conclusions

By sol–gel technique, the highly oriented PZT films with dif-
ferent Zr/Ti ratios can be obtained on highly (1 1 1)-oriented Pt
substrate. The films are found to be mixed textures combined
with (1 1 1) and (1 0 0) orientations, and the main texture is (1 1 1).
With the x value increasing, the content of (1 0 0)-oriented grains
increases roughly. It is found that the residual stress in (1 1 1)-

oriented PZT grains is compressive, and that in (1 0 0)-oriented
grains is tensile. The changing tendency of residual compres-
sive stress in (1 1 1)-oriented grains and residual tensile stress in
(1 0 0)-oriented grains exhibits the similar behavior with x value
increasing.
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