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Abstract

Based on piezoelectric constitutive equations and Bragg law, we proposed an extended model, in which the piezoelectric coupling
factor determined by the elastic, dielectric and piezoelectric constants is introduced, to evaluate the residual stress in ferroelectric
thin film with X-ray diffraction (XRD). Pb(Zr 5, Tip43)O3 thin films with thickness 0.05, 0.5, and 1.0 um were grown on Pt/Ti/
Si(00 1) by pulsed laser deposition (PLD) at the substrate temperature 650 °C and oxygen pressure 40 Pa. D500 goniometer and
sin?  method were used to measure the residual stress in PZT thin films. The origin of residual stress was theoretically discussed
from the epitaxial stress, intrinsic stress, thermal stress, and transformation stress. The results show that the theoretical results are
closer to the experimental results evaluated by the extended model, and the residual compressive stress evaluated by the extended
model is larger than that evaluated by the conventional model due to the consideration of the piezoelectric coupling effects.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid growth of the field of microelectrome-
chanical systems (MEMS) has generated intense re-
search activities [1-3] to develop techniques for the
characterization of the mechanical properties such as
elastic modulus, hardness, interface adhesion, and re-
sidual stress for thin film materials [4-6]. Lead-zirco-
nate-titanate Pb(Zr,Ti; _ )O3 (PZT) is considered to be
an important ferroelectric thin film material and has
developed rapidly in recent years due to its potential
applications [7,8], since it has high piezoelectric coeffi-
cients and low dielectric coefficients [9,10]. The residual
stresses will be produced inevitably in thin film due to
the structural misfit and thermal misfit of the thin films/
substrate and the process from high temperature to low
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temperature during the deposition of thin films [11,12].
Much research has shown that the residual compressive
stress may cause the film delamination from the sub-
strate and the residual tensile stress may cause the sur-
face crack in films [13,14]. Obviously, residual stress in
thin films has important effects on the film’s service life,
and the determination of residual stress in ferroelectric
thin films is indispensable.

Several techniques such as nano-indentation fracture
method [5], X-ray diffraction [6], and Raman spectros-
copy [15] were used to measure residual stresses in PZT
thin films. However, as we know, it is possibly incorrect
to evaluate the residual stresses in ferroelectric thin films
by the conventional model of XRD measurement [6,16],
where thin films are assumed as isotropic and the pie-
zoelectric coupling effects are neglected. In the paper, we
proposed an extended model to evaluate residual stres-
ses in ferroelectric thin films with X-ray diffraction. In
order to understand the effects of anisotropy and pie-
zoelectric coupling of ferroelectric thin films on residual
stress, the measured results of the extended model were
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compared with that of the conventional results for PZT
thin films grown on Pt/Ti/Si0,/Si(00 1) by PLD. On the
other hand, the theoretical models [11,12], in which thin
films are considered as isotropic materials, were used to
discuss the origin of residual stress in ferroelectric thin
film. It is very important to answer whether there are
larger residual stresses in ferroelectric thin films due to
the anisotropy and piezoelectric coupling effects, and
whether the measured residual stresses of the extended
model are closer to the true values than that of the
conventional model.

2. Model
2.1. Bragg diffraction

X-ray techniques provide one of the non-destructive
methods of measuring residual stresses [6,16]. X-ray
stress (strain) analysis is based on the Bragg diffraction
equation

nA = 2dsin 6, (1)

where n is an integer (diffraction order), A the wave-
length of the incident X-ray, d the interplanar spacing of
the polycrystalline material under consideration, and 6
is the Bragg angle (see Fig. 1). A change in the inter-
planar spacing Ad will produce a corresponding change
in the Bragg angle, A0, such that lattice strain can be
expressed from

% =& = —cot(0)A0 = — cot(0) @, (2)

where d, is the unstrained lattice spacing, ¢ is the me-
chanical strain, and A6 is the change in Bragg diffraction
orientation due to the strain. When diffraction occurs,
Egs. (1) and (2) relate lattice strain in the arbitrary
orientation defined by angles  and ¢ of Fig. 2 to the
change in Bragg diffraction orientation Af. The atomic
planes defining the gage length are perpendicular to the

74 =2d sin@

\

Fig. 1. Bragg diffraction at point p.
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Fig. 2. Stress and stress ellipsoids at point p.

incident and diffracted beam bisector, while it is the
normal strain along this bisector that is measured at
point p of Fig. 1. If d, and d,, are the measured spacing
of atomic planes parallel to the surface and with orien-
tations  of the z—x plane in the strained state, the strain
normal to the surface and the normal strain in the z—x
plane are

dy — dy

4 —dy and ¢4y = ——
do Wy

respectively [6,17]. Then

dy—d, _dy—d _ —(0, —0,)cotby, (3)
doy d.

where 0, and 0, are the measured Bragg diffraction
angles at = 0 and  # 0, respectively. cott, is con-
sidered as a constant.

&1 =& = &0 =

8¢‘// — &3 =

2.2. Stress—strain analysis

Stress and strain at point p under investigation can be
obtained from X-ray data with the aid of the stress and
strain ellipsoids (Fig. 2). Principal strains & and &, are
assumed to lie in the plane of the material and ¢; normal
to the plane. From strain transformation and the angles
of Fig. 2, the normal strain &gy in the z—x plane is given
by

2 2 2
Epy = 100 + &30 + €303, 4)
where the direction cosines are given by
o = Ccos ¢ siny,

0 = sin ¢ sin i, (5)

a3 = cosy = 4/ 1 —sin* .
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Eqgs. (4) and (5) are combined to give
Epy — &3
sin®
Similarly, the stress component ¢4 in the plane of the

material (¥ = m/2) can be written in terms of the prin-
cipal stresses oy, g,, and in-plane angle ¢ as

+ &3 = & 0% ¢ + &y sin” . (6)

6y = 0 C0S% ¢ + o, sin’ . (7)

2.3. Piezoelectric constitutive relationship

We first present a general theory for the transversely
isotropic piezoelectric solids, governed by the following
constitutive equations [5]:

01 = c1181 + c128y + C1383 — e31E,

0y = C1281 + c118 + C1383 — e3 1B, (8)
03 = c1381 + 138 + C3383 — ek,
D, = e3181 + e31& + e3383 + €33k,

where D., E. are the electric displacement and electric
field in the polar direction z normal to the plane,
ci1, ¢, C13, ¢33 are the elastic constants, e, es; are the
dielectric constants, and €33 is the piezoelectric constant,
respectively. At a stress-free surface of the thin film, the
stress and electric boundary conditions are given as

D. =0. 9)

Substituting them into last two equations of Egs. (8)
yields

0'320,

E — (033631 - 633013) &, (10)
(essesr + ci3es3)
(cxe3 +e3;) . (n
(ci3€33 +esiess)
Egs. (8), (10), and (11) are substituted into Eq. (7),
resulting in (see Appendix A)

(&1 +&)=—

2 2 2

S cia(eness + e33) + 3,033 — 2c13€31633 — C15€33 .

® 3
Ci13€33 + e31e33

= (e11 — cnn) (e cos® ¢ + & sin’ o) (12)

so that Egs. (6) and (12) can be expressed as

(c11 —ci2)(egy — &)

sin®
=04+ [((012(6’33633) + €§3) + €§1033 —2cp3e31€33 — C%3€33)
/(6’13633+€31€33)—Cl1+012]83~ (13)

Substituting Egs. (10) and (11) into first two equations
of Egs. (8) yields (see Appendix B)
01402
=[4cize31€33 +2C%3€33 - 2631033 —(e11+c12)(e33€33 +€§3)]
/(c1zezz+esress)es. (14)

2.4. Residual stress of ferroelectric thin film

It is assumed that the surface of a transversely iso-
tropic thin film has been subjected to prior mechanical
and/or thermal loading which include: (i) non-uniform
cooling from the processing temperature; (ii) deposition
of a surface coating or a thin film on a substrate by
thermal spray, sputtering, physical vapor deposition
(PVD), chemical vapor deposition (CVD) or molecular
beam epitaxy (MBE); and (iii) phase transformation.
Such history is assumed to result in an equal-biaxial
state of residual stress (tensile or compressive) whose
magnitude at the surface is uniform over a certain in-
dentation depth [17,18]. Then

o) = 03 = 0y. (15)
Substituting Egs. (14) and (15) into Eq. (13), one can
obtain (see Appendix C)
(8gy — &)

gy = , 16

x sin’ Vi (16)
where the piezoelectric coupling factor is defined as
(c11+c12)(c33€33 + €3;) —4cisesiess — 2¢i5€33 + 2€3,033

2(c13€633 +ey1e33) + (c3e33 +€3;) .

(17)

From Egs. (3) and (16), the change of strain g4, — &3 is
liner with sin® , and the relationship between the slope
0(20)/8(sin> /) and the residual stress o, is

n 220
360 9(sin” )

with angle 0 expressed in degrees. Experiments show
that the relationship between 20 (ore,, — &) and sin”
is indeed linear. Practically by measuring different dif-
fraction line displacement under different i, and plot-
ting 20 as a function of sin”, the residual stress in the
thin film can be obtained by the slope of 20 — sin”  line.

O'(/):XCOtQ() (18)

3. Experimental
3.1. Sample preparation

In the deposition of PZT thin films, the PZT bulk
ceramic with morphotropic composition Zr/Ti= 52/48
was used as a target, KrF pulsed laser as an evaporate
source, oxygen as ambient gas in the vacuum chamber.
The irradiation was performed in a stainless steel vac-
uum chamber and the laser beam from KrF laser, with
wavelength of 248 nm, pulsed width of 30 ns, frequency
of 5 Hz, and laser energy of 1.5 J/cm?, was focused on
the PZT ceramic target. Pt/Ti/Si(00 1) substrate with
plane-sizes 10 x 10 mm? was composed of Pt bottom
electrode (thickness 200 nm), Ti transition-layer (thick-
ness 150 nm), and Si(00 1) substrate (thickness 2 mm).
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The distance between target and substrate was fixed at
60 mm. The laser beam was incident on surface of the
target at an angle of 45°. During irradiation, the target
was rotated with a constant speed of 5 r/min in order to
avoid crater formation. The oxygen pressure was about
30 Pa and the substrate temperature was set as 650 °C.
PZT thin films with different thickness 0.05, 0.5, and
1.0 um were prepared by controlling the deposition time.
In order to determine the c-axis lattice constant of PZT
thin film in tetragonal phase at room temperature, the
deposited thin films with different thickness were an-
nealed at 650 °C with 10 min. After X-ray diffraction
analyses, the sample surfaces were eroded by the diluted
hydrochloric acid in order to observe the grain sizes.

3.2. Measurement of XRD and surface profile

The Siemens D500 X-ray diffractometer with Cu Ko
radiation was used to analyze the crystalline phases in
PZT thin films before and after annealing. The X-ray
radiation source of Cu Ka with a wavelength of 1.5406
nm was adopted at 36 kV and 30 mA. The scanning
angle was in the region of 20-70°, the (110) and (002)
planes of PZT thin films were scanned at 4°/min and the
degree increment was 0.02°. D500 texture goniometer
equipped with a Cu tube and an open Eulerian cradle
was used to measure angles 6 and their changes with
orientations . The (202) planes of PZT thin films were
scanned at 0.25°/min and the degree increment of 0.01°
using XRD with a monochromatic Cu Ko generated at
40 kV and 40 mA. The sample surfaces eroded by the
diluted hydrochloric acid were observed by S-750 scan-
ning electron microscopy (SEM).

3.3. The determination of parameters

To determine necessary parameters for XRD mea-
surement of residual stresses in PZT thin films, we used
the elastic, piezoelectric and dielectric constants from
[5]. Generally, the higher the diffraction angle 20, the
more accurate the measurement is. Typically, residual
stress is measured by diffractions that occur at more
than 130° in 20 angle to evaluate the residual stress. In
the tests, when the scanning angles were in the region of
0-140°, the diffractions occurred at around 22°, 30°, 40°,
44°, 54° 57°, 65° and 70° in 20 angle. Because of the
polycrystalline nature and the effect of substrate

Table 1
The materials parameters of PZT thin film
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Si(004), the diffraction peak occurred at around 70° in
20 angle was inappropriate to evaluate the residual
stress. Therefore, Bragg’s angle 20, at diffraction peak in
the samples without residual stress is considered as a
constant of 64.68°. They are listed in Table 1. In the
theoretical analysis and discussions, ferroelectric thin
films were assumed as isotropy and without piezoelectric
coupling effects [11,12]. Poisson’s ratio, elastic modulus
and the thermal expansion coefficient of PZT thin film
are obtained from [5,19] and the thermal expansion
coefficient of substrate Si from [11], all of them are also
listed in Table 1. The c-axis lattice constant of PZT thin
film in tetragonal phase at room temperature before and
after annealing are, respectively, calculated by the peaks
on (002) plane of the sample in the investigation. The
a-axis lattice constant of PZT thin film with thickness
1.0 um before annealing is approximately 4.017 A, same
as bulk PZT materials [20,21]. Because the lattice con-
stants of ferroelectric thin film are larger than those of
bulk materials [11], they are assumed as 4.029 and 4.030 A
for PZT thin films with thickness 0.5 and 0.05 pm,
respectively. The lattice constants of PZT film at cubic
structure, electrode Pt and substrate Si are obtained
from [11,21,22], respectively. All those lattice constants
are listed in Table 2.

4. Results and discussions
4.1. Microstructure, orientation and surface profile

The XRD patterns of PZT thin films deposited by the
PLD method are shown in Fig. 3. The obvious diffrac-
tion peaks of PZT perovskite structure in the range of
XRD resolution indicate that a lot of perovskite crystals
are formed in PZT thin film with different film thickness
of 0.05, 0.5 and 1.0 um. In fact, it is very difficult to
determine the crystal structure of PZT thin films near
the morphotropic phase boundary (MPB). The splitting
peaks such as (00 1)/{(100)(010)}, {(101)(011)}/(110),
(002)/{(200)020)}, (102)/{(201)210)}, {21 DH(A21)}/
(112), and {(202)(022)}/(220) doublets are often ob-
served on XRD patterns of tetragonal structure for PZT
thin films. However, the peak splitting is disappeared at
the different orientations such as (100), (110), (002),
(201), (112) and (202) on the XRD diagrams of the
PZT thin films Zr/Ti=52/48. Similar to experimental

Elastic coefficients Piezoelectric coefficients Dielectric Thermal expansion Poisson’s  Elastic modulus

(10" Nm™) (Cm™?) coefficients coefficients (107%/K) ratio (10" Nm~2)
(107 Fm™)

Cu €33 €13 C12 €is €13 €33 €33 of Xs Ve E;

13.9 11.5 743 7.78 12.7 =52 15.1 15.1 7 3.5 0.3 13
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Table 2 .
The lattice constants (A) of PZT thin film and substrate
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c-axis a-axis [11,20,21] Film at cubic structure [21] Substrate

Before annealing After annealing Pt [22] Si[11]

hy = 0.05 pm 4.0958 4.0896 4.030 4.05 3.950 5.431

h, = 0.5 pum 4.0861 4.0804 4.029 4.05 3.950 5.431

hy = 1.0 pm 4.0817 4.0774 4.017 4.05 3.950 5.431
T(110)  [Pr(111) SI(W‘“ From Fig. 3, PZT films deposited by PLD on Pt/
.‘ ‘ Ti0,/Si0,/Si(00 1) are polycrystalline and the X-ray
PZT(202)‘ diffraction scans show the contribution of several film
_:'é? PZT(100)‘ PZT(002) PZT(112) | d orientations, namely (100), (110), (002), (201), (112),
5 1.0um | [ and (202). The overlapped peaks lead to peak broad-
2 ")WWWW w 1 | ening. These films possessed preferential crystal orien-
% "‘W'WN tation and the preferred (110) orientation decreased
D 0.5um ) .|||. \ with increasing film thickness. The relative domain
§ IWWW WW“ MWWA(W\ population corresponding to the (k/m)-oriented area,
. 1 which represents the degree of different orientation, can

0.05.m) OH \V 4 \ ’ be represented as follows [24]:
Pyimy = (I(klm))/(I(100)+17(110)+1(002)
20 30 40 50 70

20 (degree)

Fig. 3. XRD patterns of PZT thin film with different film thickness.

results given in [23], this splitting can be described as
simple peak splitting of the cubic structure appearing at
a temperature higher than the Curie temperature,
therefore the films were considered as tetragonal in the
paper. It is obvious that there is a lack of precision in the
structural data obtained from PZT52/48 thin film dif-
fractograms due to very low tetragonality of its structure
hidden by the effect of size defects (peak broadening).

350

+1(201) +1(112) +1(202)), (19)

where I(k Im) represents the XRD intensity of the (k /m)
reflection. The peaks on (110) and (00 2) planes of PZT
thin film before annealing are given in Figs. 4(a) and (b).
The relative domain population Py, corresponding to
(100), (110), (002), (201), (112) and (202)-oriented
area can be determined by XRD diagrams such as
Figs. 4(a) and (b), and the results are listed in Table 4.
The peaks on (002) plane of PZT thin films with dif-
ferent film thickness after annealing are given in
Fig. 4(c). According the XRD data, the c-axis lattice
parameters of PZT thin film before and after annealing

600

250F
~ ~
= =
= =
= e
2 S
2z >

= = 150}
w)
= =]
D I3
*E ~
= =

50+

P BT RS S B 0 PR

100
0.051um

(002)

300 N_

350
(002)

300
1.0um

250

0.5um

Intensity (count)
(4]
o

-
o
o

D

0.051m

290 . 29.5
(a) 20 (degree) (b)

30.0 30.5 31.0

43.8 44.0 442 44.4 44.6 44.8 45.0
20 (degree)

0
43.8 44.0 442 44.4 44.6 44.8 45.0
(c) 20 (degree)

Fig. 4. XRD peaks of (a) PZT (1 10) plane before annealing, (b) PZT (00 2) plane before annealing, and (c) PZT (00 2) plane after annealing for PZT

thin film with different thickness.
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were calculated by extrapolation method and the results
are listed in Table 2.

The representative SEM micrographs of PZT thin
film with different thickness are shown in Fig. 5. It is
obvious that the density variation of the tiny white spots
indicates the phase transition between the trigonal and
the tetragonal phase, and the amount of each phase is
close because of the ratio of Zr/Ti= 52/48 in the sosoloid
solid solution of binary system PbZrO;—-PbTiO;. How-
ever, one cannot identify which phase the tiny white
spots belong to from the SEM micrographs. On the
other hand, the increase of crystal grain size with film
thickness is visible.

4.2. Residual stress evaluated by XRD
The incidence angle of X-ray is adopted as y = 0°,

15°, 30° and 45°, and the diffraction spectrum for PZT
thin film with different thickness is shown in Fig. 6.

89a141 15KV

(a)

(b)
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Taking 20, and sin’ Y as ordinate and abscissa axis, the
XRD data are plotted in Fig. 7 and the slope of
20y — sin”  straight line is obtained by the least square
approximation. The relationship between sin” i and the
corresponding 20y, is linearly simulated using the ORI-
GIN standard software and the results are listed in
Table 3. According to the materials parameters given in
Tables 1-3, the extended model described by equation
(18) was used to evaluate the residual stress in PZT thin
films with different thickness. On the other hand, the
residual stress was also evaluated by the conventional
model [6], in which the piezoelectric coupling effects are
neglected. Fig. 8 shows the residual stresses in PZT thin
films with thickness of 0.05, 0.5, and 1.0 um are differ-
ent, and the residual compress stresses in PZT thin films
evaluated by the extended model are larger than those
evaluated by the conventional model. It indicates that
the conventional XRD measurement of residual stress
may be inappropriate for the design and analysis of

350 " ~
350 -_/\\ll=45_ 350 | y=45
300
300 |- 300
250 =30° =30°
250 - \Q 250 _/\W_
€ 200 g g
§ § 200 § 200 -
= - - \V:
2 150 £ 150 2150}
[7] [7] [7]
g S S
E 100 g 100 g 100 |-
o
y=0
50 50 50 |
0 L 0 ! 0 L
64 65 64 65 64 65
(a) 20 (degree) (b) 20 (degree) (c) 20 (degree)

Fig. 6. XRD peaks of PZT (202) plane for three types of film thickness with different X-ray incident angles ¥: (a) 0.05 pum, (b) 0.5 pm, (c) 1.0 pm.
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64.665 |-
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N

64.645 |-
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0.0 0.1 0.2 0.3 0.4 0.5
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0.3 0.4 0.5
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64.720 (]
64.715@
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64.700

64.695 -
()

64.690 [
0.0 0.1 0.2 0.3 0.4 0.5
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Fig. 7. Plots of 20, — sin? for PZT thin films with different thickness (a) 0.05 um, (b) 0.5 pm, and (c) 1.0 pm.

Table 3
The related diffraction angle with different incident X-ray angles

20 ¥ =0° ¥ = 15° ¥ = 30° ¥ = 45° 0(20)/3(sin )

hy =0.05 um 64.595° 64.610° 64.620° 64.630° 0.063

h, = 0.5 um 64.640° 64.650° 64.650° 64.670° 0.053

hy = 1.0 pm 64.715° 64.690° 64.700° 64.720° 0.028
ferroelectric thin film system, because the contribution 50 —
of piezoelectric coupling on the residual stress has been ol i
neglected in the conventional model. 5ol ]

4.3. Origin of residual stress

In the preparation of laser beam ablation, PZT target
materials were melted and vaporized. The melting and
vaporous materials were deposited on the substrate by
reverse impulse. During the film deposition at elevated
temperature, strain due to misfit between the film and
substrate would be developed. According to the mini-
mum energy principium, there are four stresses in thin
films, i.e., epitaxial stress gcp, intrinsic stress i, thermal
stress oy, and transformation stress gy [11,12]. The total
residual stress o5 in deposited thin film could be written
as

Ores = Ocp + Oin + Ot + Oy (20)

3001 ‘_____’_’/'/r —#—The conventional model results

Residual stress(MPa)
DR
g 8

350 —— The extended model results
| ==@==Theoretical results
-400}- —A&— Intrinsic stress
F —%— Transition stress
450 — 1 . 1. - :
0.0 0.2 0.4 0.6 0.8 1.0

Thin film thickness (lm)

Fig. 8. The residual stress in PZT thin film: the results from conven-
tional model (calculated in [6,27]); the results from extend model (in
this paper); and the theoretical results (intrinsic stress from Eq. (21)
and transition stress from Eq. (24)).
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Since epitaxial strain develops at the growth tempera-
ture, it is reasonable that structural relaxation mecha-
nisms should be active to relieve this stress. Therefore,
epitaxial stress does not contribute to residual stress
[11,25].

The difference of the c-axis lattice parameters before
and after the annealing process was used to calculate the
intrinsic stress as

Er [A(c); — B(e)

_2_Vf B(C)f ) (21)

Oin =
where 4(c); and B(c); are the c-axis lattice parameters of
PZT thin film in tetragonal phase at room temperature,
after and before annealing, respectively. At the film
deposition temperature (T =650 °C), the lattice pa-
rameter of cubic PZT is 4.05 A [21] and that of Pt is
estimated to be 3.95 A [22]. Therefore, the lattice mis-
match in this case, 2.5%, would result in compressive
intrinsic stress. The intrinsic stresses for different film
thickness could be easily calculated by Eq. (21), and the
results are given in Fig. 8.

The thermal stress induced by the difference of ther-
mal expansion coefficients between PZT thin film and
substrate during cooling after deposition can be written
as

E¢
(a0~ (T~ )

+ [(2(0)r — o) (T = To)} (22)

where o(c); and o(¢), are the thermal expansion coeffi-
cients of PZT thin film in the basal plane for the cubic
and tetragonal phases, and they are assumed as
7.0 x 107%/K. g is the thermal expansion coefficient of
the substrate and is taken as 3.5 x 107%/K. T,, T;; and T,
are deposition temperature, phase transition tempera-
ture and room temperature, respectively. During the
cooling from the growth temperature, PZT thin film
undergoes a ferroelectric phase transition from a cubic
phase to a tetragonal phase at 370 °C [26]. In the case of
PZT thin film deposited on Si substrate, it is known that
tensile stress is produced, and thermal stress about 0.398
GPa is not dependent on film thickness.

If the PZT films consist of only ¢- and a-domains, the
phase transition stress can be expressed as in [6,12,27].
However, the contribution of non-(00/) and -(200) arca
to the phase transition stress should be considered for
the polycrystalline PZT films. The contribution of dif-

Oth =

ferent orientation area to the phase transition stress
generated along the principal x-axis o, can be calculated
using the elasticity theory. Using the stress analysis of
Mohr’s circle [12,28], the phase transition stress aifl"”

(x) for each perfect orientation area can be written as
Ok 1m) 7é 4507

(kim) () = Er  [2a9—a(T) — c(T)] cosdoym
tr (1 — l)f) Zao 0082 20‘(klm)
(1 -+ Uf) 2ag cos 205(k1m) ’
Otk 1my = 45°,
E 2a0 —a(T) — (T
afflm)(x) _ f . [ a a( ) C( )]7

(1 —vr) 2ay

where o, are determined as 0°, 45°, 90°, 26.6°, 65.9°,
and 45° corresponding to (100), (110), (002), (201),
(112) and (202)-oriented area. Using Eq. (23), the
phase transition stress afflm)(x) for the perfect a-do-
main, c-domian, non-(00/) and -(A00) area can be
calculated and the results are listed in Table 4 in which
the positive means tensile stress. Considering each
population of the mixed domain structure correspond-
ing to the (k/m)-oriented areas, the phase transition
stress along the principal x-axis can be evaluated with
the following equation:

6
ow = Prmoy " (). (24)
i=1

According to the parameters given in Tables 2 and 4, the
phase transition stress gy, can be calculated by Egs. (23)
and (24), and the results are given in Table 4 and Fig. 8.

4.4. Residual stress of PZT thin films

According to Eq. (20), the total residual stress can be
calculated and the result was described as “the theo-
retical result” in Fig. 8. It clearly indicates that the
differences of evaluated residual stress by conventional
method and extended method are about 20-50 MPa.
The consideration of piezoelectric effect in the extended
model described as Eq. (18) results in the differences,
therefore one can conclude that the piezoelectric cou-
pling factor defined as Eq. (17) plays an important role
in the determination of residual stress in ferroelectric
thin film. In fact, if the piezoelectric effect of PZT thin
film is ignored, the piezoelectric coupling factor will

Table 4
The contribution of different orientation area to the phase transition stress (GPa)
Puoo)/ay " Puig/oy " Pooy/s"” Poon/a;"" Puiny/ay'? Pooyy/ai ") O
h; = 0.05 pm 20.07%/0.221 25.4%/-0.592 12.18%/—-1.404  13.58%/1.823 10.96%/-1.070  15.81%/-0.592  —0.240
hy = 0.5 pm 15.89%/0.359 20.39%/-0.347  19.74%/-1.051  13.14%/1.449 14.14%/-0.971  16.69%/-0.347  —0.226

h; =1.0 pm 10.83%/0.829 23.20%/0.030

22.15%/-0.769  10.84%/1.310

19.93%/-1.206  14.06%/0.030 —-0.168
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become elastic constant and the extended model will
recover to the conventional model. Comparing the the-
oretical results with the experimental results evaluated
by the conventional and extended models, the large
absolute error is about £90 MPa for the former one
while the absolute errors are 55 MPa for the latter one.
It indicates that the piezoelectric effect of ferroelectric
materials should not be ignored and using the extended
method to evaluate residual stresses of ferroelectric thin
film is necessary. Even though the extended method is
used to evaluate residual stresses of PZT thin film, the
large error exists. The large errors may be due to the
small 20 angle in XRD measurement. However, it is
difficult to observe diffraction occurred at a larger dif-
fraction angle in the present XRD technique. Therefore,
improving measurement method and enhancing preci-
sion are key works for the accurate XRD stress mea-
surement. On the other hand, the theoretical results are
very sensitive to the materials parameters such as the
elastic modulus, Poisson’s ratio and thermal expansion
coefficients of PZT thin films. However, the approxi-
mation that the materials parameters of PZT thin film
do not vary with the film thickness is used in the cal-
culation of theoretical residual stress. It may be another
primary origin of the large errors for the calculation of
residual stress.

5. Conclusions

We proposed an extended model taking into account
the piezoelectric coupling effects to measure the residual
stress in ferroelectric thin films with X-ray diffraction
technique. Based on piezoelectric constitutive relation-
ship and Bragg diffraction equation, the residual stresses
were related to the slope 9(26)/d(sin” ) of straight line
20 —sin* and the coupling factor in terms of the
elastic, dielectric and piezoelectric constants. The resid-
ual stresses of PZT thin films deposited by PLD were
measured by D500 texture goniometer with the extended
model and conventional model, respectively. The ex-
perimental results show the residual compressive stress
evaluated by the former one is stronger than that eval-
uated by the latter one due to the piezoelectric coupling
effects of PZT thin films. According to the minimum
energy principium, the origin of residual stress was
theoretically discussed from the stress contribution to
the total free energy. The analytical results are close to
the experimental results of the extended model.
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Appendix A

Substituting the first two equations of Egs. (8) into
Eq. (7), we obtain
0y = (cr1er + c12é2) 08* @ + (ci2er + c1162) sin”
+ (c1363 — es1 Ez)
= 1181 COS” P + C1o€1 SIN® P + 1282 COS” P
+ ciigxsin® ¢ + (ci383 — e3E.)
= ¢1181 €0S” P + c1261 (1 — cos? ) + c1262(1 — sin® )
+cné sin’ ¢+ (c1383 — e3E.)
= (11 — c12)(81 c08> P + &5 5in” D) + 12 (81 + &)
+ (c1383 — e E;). (A.1)

Egs. (10) and (11) are substituted into Eq. (A.l),
resulting in

dy = (c11 — c12) (&1 €08% ¢ + &5 sin” )

631(033631 - 633013)
(es3esr + cizess)

cia(eness + €§3)

- (c13e33 + e3re33)
= (c11 — ¢12) (&1 cos® ¢ + &, sin” )

B cia(eness + 6’%3) + €§1033 — 2ci3e31e33 — 0%3633 &

C13€33 + €31€33

& + ci383 —

(A.2)
Reforming Eq. (A.2), Eq. (12) can be derived.

Appendix B

Adding the first two equations of Egs. (8) yields
g1 + gy = (C]l =+ 012)(81 + 82) =+ 2(01383 — 631Ez). (Bl)

Substituting Egs. (10) and (11) into Eq. (B.1), one can
obtain

(e + ) (exess + €33)

o1+ 0, =— 8+2C183
(c13€33 + eses3) ’ }
_ 2631(033631 - 6336’13)
(esses) + cizes3)
= [4013631833 + 20%3633 — 26%1033
— (e11 + ) (eness + egg)]/(clsézs + e3re33)és.
(B.2)

Appendix C

Substituting Eq. (15) into Eq. (B.2), one can obtain
01 =03 =20y
= [dcpzesiess + 26’%3633 - 2e§1033 — (11 + ¢12)

X (033633 —+ 853)]/[2(013633 + 631633)}83. (Cl)



3322 X. Zheng et al. | Acta Materialia 52 (2004) 3313-3322

Then
&3
(crsess + esrens)
= (204)/[4c1zez1e33 + 2(2%3633 - 2e§1c33

— (c11 + en)(enseas + €33)]-

(C.2)

Substituting Eq. (C.2) into the right-hand side of
Eq. (13), one can obtain

(e —cia)(egy —83)
sin”
=04+ [c2(cazess +€§3) +€§1C33 —2ci3e31e33 — 0%3633]

/leisess+esiess) —cii+ciles

=04+ [cia(cness +e3;) +€3,033 — 2ci3es1e3 — €363
+(cr2—cn)(czess +esess)]
/l4cizesies; +26’f3633 - 26516’33 —(en+c)(eses +€§3)]20’4)
=[(c12—cn1)(e33€33 +€§3) +2(cip—cnr)(ezess +esress)]
/[4cizesiess +26’f3€33 - 29§1C33 — (e +ca)(essess +e§3)]a¢.

(C.3)

Divide Eq. (C.3) by the factor (c¢;; —c¢2), one can
obtain

oy =[(c11+c12)(ca3€33 +€§3) —4cizesiess — 20%3633 +26§1033]

Egy — &

/[2(013633 +€31€33) + (6’33633 +€§3)]4( ¢.l// 3 3) . (C4)
sin”
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