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A thermodynamic formalism is developed to calculate the pyroelectric coefficients of epitaxial~001!
Ba0.6Sr0.4TiO3 ~BST 60/40! and Pb0.5Zr0.5O3 ~PZT 50/50! thin films on ~001! LaAlO3 ,
0.29 LaAlO3 :0.35(Sr2TaAlO6) ~LSAT!, MgO, Si, and SrTiO3 substrates as a function of film
thickness by taking into account the formation of misfit dislocations at the growth temperature. The
role of internal stress is discussed in detail with respect to epitaxy-induced misfit and thermal
stresses arising from the difference between the thermal expansion coefficients of the film and the
substrates. It is shown that the pyroelectric coefficients steadily increase with increasing film
thickness for BST 60/40 and PZT 50/50 on LSAT and SrTiO3 substrates due to stress relaxation by
misfit dislocations. Large pyroelectric responses~;1.1 mC/cm2 K for BST 60/40 and;0.3
mC/cm2 K for PZT 50/50! are theoretically predicted for films on MgO substrates at critical film
thicknesses~;52 nm for BST 60/40 and;36 nm for PZT 50/50! corresponding to the ferroelectric
to paraelectric phase transformation. Analysis shows that the pyroelectric coefficients of both BST
60/60 and PZT 50/50 epitaxial films on Si substrates are an order of magnitude smaller than
corresponding films on LaAlO3 , LSAT, MgO, and SrTiO3 substrates. ©2004 American Institute
of Physics. @DOI: 10.1063/1.1649460#
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revealed a shift in the Curie temperature from 17 to 82 °C in
I. INTRODUCTION

Application of ferroelectric materials in infrared~IR! de-
tectors continues to be of importance due to their ability
provide economical pyroelectric detectors and thermal im
ing devices; attributed to their ability to be used successf
at ambient temperatures, thereby eliminating the need
expensive cooling systems.1–4 The use of ferroelectric detec
tors having low thermal mass~thin film form! with small
specific heat and high sensitivity, enhances their spee
response. Optimally, it is desirable to produce low cost, co
pact, sensitive, and fast responding IR detector ferroelec
as large hybrid arrays of ferroelectric IR detectors coup
with silicon microelectronic elements. In most cases, t
requires integration of ferroelectrics in thin film form with S
integrated circuits.5

Ba0.6Sr0.4TiO3 ~BST 60/40! and Pb0.5Zr0.5TiO3 ~PZT 50/
50! are considered leading candidates as the active mate
for pyroelectric sensors because these compounds prov
relatively large response at room temperature~RT, 25 °C!.6,7

This is because BST 60/40 undergoes a paraelec
ferroelectric transition close to RT; likewise, minor additio
of elements such as Nb, Ta, and La brings the paraelec
ferroelectric phase transformation in PZT 50/50 thin film
close to RT, thus initiating a nonlinear pyroelectric respon
at RT for both materials.

The typical pyroelectric coefficient of a ferroelectr
single crystal is;1 mC/cm2 K.8 However, experimental val

a!
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ues of the pyroelectric coefficient obtained for ferroelect
thin films, as reported in the literature, range between 0.0
0.5 mC/cm2 K.3,6,9,10 The substandard performance of th
film ferroelectric materials is not specific to only the pyr
electric response but to nearly all their electrical and elec
mechanical properties. Inferior properties of ferroelect
thin films are usually attributed to the presence of mic
structural and compositional inhomogeneities, defects,
internal stresses.11 In homogeneous epitaxial single-doma
ferroelectric thin films, internal stresses arise due to a var
of reasons, including the lattice mismatch between the fi
and the substrate, the difference in thermal expansion c
ficients~TECs! of the film and the substrate, the self-strain
the paraelectric-ferroelectric phase transformation if the m
terial is deposited above the phase transformation temp
ture, defects such as dislocations and vacancies, and dim
sional changes in the film caused during the deposition.

The effects of internal stresses on the electrical and e
tromechanical properties have been experimentally and th
retically investigated for a number of ferroelectric system
For epitaxial single-domain ferroelectrics12 and relaxor
ferroelectrics13,14 the role of internal stresses on a variety
physical, electrical, and electromechanical properties w
determined experimentally. For~001! BST 60/40 thin films
on 0.29•LaAlO3 :0.35•(Sr2TaAlO6) ~LSAT! substrates, sig-
nificant improvement in the dielectric response was obser
as a function of increasing film thickness, associated with
relaxation of in-plane compressive stresses via misfit dis
cation formation.15 X-ray diffraction and Raman scatterin
heteroepitaxial~001! BST 70/30 thin films deposited on
il:

8 © 2004 American Institute of Physics
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t,
~001! MgO.16 The shift of phase transition temperature
attributed to the two-dimensional compressive stresses
posed on the film by the substrate. In another study, a gai
23% in capacitance after removal of residual stresses in B
70/30 thin films was observed.17 Li et al.18 reported an in-
crease in the dielectric constant with increasing in-pla
compressive stress, which in turn decreased with increa
thickness of BST 50/50 thin films grown on~001! MgO. At
low temperatures, a high value~increase of;90%! of tun-
ability was observed, attributed to a tensile strain~in the
direction of the applied electric field! in epitaxial SrTiO3 thin
films deposited on metal-insulator-oxide Au/SrTiO3 /
SrRuO3 /LaAlO3 heterostructures.19 The electromechanica
properties of Pb1.0(Nb0.04Zr0.28Ti0.68)O3 ~PNZT! epitaxial
films were recently studied and a remarkable recovery in
piezoelectric coefficient associated with the relaxation in
ternal stresses was theoretically predicted and experimen
verified for ferroelectric ‘‘islands’’ delineated via focuse
ion-beam milling.20,21

Theoretically, the effect of epitaxy-induced intern
stresses on the phase transformation characteristics
physical properties has been analyzed using a Land
Devonshire~LD! thermodynamic model.22 Using this for-
malism, the role of internal stresses on the dielectric prop
ties and the tunability of barium strontium titanate films23,24

as well as the piezoelectric properties of lead zirconate ti
ate ~PZT! epitaxial thin films25 has been discussed.

In a recent article, we have developed a thermodyna
model to analyze the effect of internal stresses on the p
electric response in epitaxial ferroelectric films.26 Our pre-
liminary findings show that the pyroelectric coefficient
strongly dependent on the misfit strain. A large pyroelec
coefficient of 0.65mC/cm2 K was predicted for~001! BST
60/40 at a critical misfit strain of 0.05%. The aim of th
article is to extend the theoretical model and analyze
combined effect of the internal stresses due to lattice
thermal expansion mismatch between film and substrat
epitaxial single-domain~001! BST and PZT thin films as a
function of film thickness.Quantitativeestimations of the
pyroelectric response for films on different substrates a
function of the film thickness is provided, thereby serving
a guide for the selection of film and substrate materials
well as appropriate growth conditions for future experime
tal work.

II. THERMODYNAMIC THEORY

Consider a thin single-domain ferroelectric film that u
dergoes a cubic@Pm3̄m# to tetragonal@P4mm# phase trans-
formation upon cooling, deposited on a cubic substrate s
that (001)film //(001)substrate at a growth temperatureTG

higher than the phase transformation temperature. We de
a Cartesian coordinate system with the principal a
x1 //(100)film , x2 //(010)film , andx3 //(001)film . If the thick-
ness of the substrate is much larger than the film thickn
the internal stresses are concentrated in the film and the
strate is stress free. For such a configuration, the LD po

J. Appl. Phys., Vol. 95, No. 7, 1 April 2004
tial can be expressed in a renormalized form as an expansi
in terms of the polarizationPi ( i 51, 2, 3 corresponding to
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polarization vectors parallel tox1 , x2 , andx3 , respectively!,
the applied electric fieldEi ( i 51,2,3), and the misfit strain
in the x12x2 plane, defined asum5(aS2a0)/aS , whereaS

is the substrate lattice parameter anda0 is the equivalent
cubic cell constant of the free standing film, as22

G̃5a1* ~P1
21P2

2!1a3* P3
21a11* ~P1

41P2
4!1a33* P3

4

1a13* ~P1
2P3

21P2
2P3

2!1a12* P1
2P2

21a111~P1
61P2

61P3
6!

1a112[ ~P1
4~P2

21P3
2!1P3

4~P1
21P2

2!1P2
4~P1

21P3
2!#

1a123P1
2P2

2P3
21

um
2

S111S12
2~E1P11E2P21E3P3!. ~1!

The renormalized expansion coefficients of the free ene
functional are

a1* 5a12um

Q111Q12

S111S12
, a3* 5a12um

2Q12

S111S12
,

a11* 5a111
1

2

1

S11
2 2S12

2 @~Q11
2 1Q12

2 !S11

22Q11Q12S12#, a33* 5a111
Q12

2

S111S12
, ~2!

a12* 5a122
1

S11
2 2S12

2 @~Q11
2 1Q12

2 !S1222Q11Q12S11#

1
Q44

2

2S44
, a13* 5a121

Q12~Q111Q12!

S111S12
.

wherea1 is the dielectric stiffness,ai j and ai jk are higher
order stiffness coefficients at constant stress,Qi j are the elec-
trostrictive coefficients, andSi j the elastic compliances of th
film ~the tensor quantities are in the contracted notat
throughout!. The temperature dependence of the dielec
stiffness a1 is given by the Curie–Weiss law,a15(T
2TC)/2e0C, whereTC and C are the Curie–Weiss temper
ture and constant of a bulk ferroelectric, respectively, ande0

is the permittivity of free space. The parameters used
calculating the renormalized coefficients are listed in Table
and II for BST 60/40 and PZT 50/50.23,25,27

TABLE I. The parameters for the calculation of renormalized coefficien
Data compiled from Refs. 22–27.TC : Curie temperature, C: Curie constan
ai j : stiffness coefficients,Si j : elastic compliances, andQi j : electrostrictive
coefficients.

BST 60/40 PZT 50/50

TC (°C) 5 392.6
C(105 °C) 1.22 4.247
a11(106 m5/C2F) 2.16T1462(T in °C) 4.764
a12(108 m5/C2F) 7.98 1.735
S11(10212 m2/N) 5.12 10.5
S12(10212 m2/N) 21.65 23.7
S44(10212 m2/N) 5.86 28.7
Q11 (m4/C2) 0.1 0.0966
Q12 (m4/C2) 20.034 20.046

3619Sharma et al.
onQ44 (m4/C2) 0.029 0.0819
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The formation of six distinct phases due to the change
the symmetry as a result of the mechanical boundary co
tions is predicted theoretically, compared to only thr
phases in single crystals.22 These six phases are theparaelec-
tric phase (P15P25P350), the c-phase (P15P250, P3

Þ0), the a-phase (P1Þ0, P25P350), the ac-phase (P1

Þ0, P250, P3Þ0), theaa-phase (P15P2Þ0, P350), and
the r-phase (P15P2Þ0, P3Þ0). The unusual phases~the
a-phase,aa-phase,ac-phase, andr-phase! are in essence
orientational variants of the tetragonal and the orthorhom
ferroelectric phases that are observed in bulk BaTiO3 ceram-
ics and single-crystals in succession with decreasing t
perature with the exception of ther-phase. Thec- and
a-phases are tetragonal~space groupP4mm), the aa- and
ac-phases are orthorhombic~space groupAmm2) and the
r-phase is monoclinic~space groupPm) compared to the
rhombohedral phase withP15P25P3Þ0 ~space group
R3m).

In Fig. 1, we present the temperature-misfit strain ph
diagrams for BST 60/40 and PZT 50/50 epitaxial films. T
details regarding the construction of these phase diagr
are discussed elsewhere.22,23,25 The stable phases in BS
60/40 films at RT are thec-phase, theparaelectricphase, and
theaa-phase@Fig. 1~a!#. In the case of PZT 50/50 films, th
stable phases at RT are thec-phase, ther-phase, and the
aa-phase@Fig. 1~b!#.

At RT, bulk BST 60/40 is paraelectric and does not e
hibit spontaneous polarization while PZT 50/50 is ferroel
tric; however for the latter, the crystal structure of the fer
electric PZT phase is still not completely understood.25,28,29

According to theoretical predictions, epitaxial films of BS
60/40, however, may be ferroelectric depending on the m

TABLE II. Lattice parameters and respective TECs of BST 60/40 and P
50/50 and substrates at RT~from Refs. 23, 25, and 27!.

Film/Substrate Lattice parameter~nm! TEC (31026 °C)

BST 60/40 0.3960 10.50
PZT 50/50 0.40155 7.26
LaAlO3 0.3787 10.00
LSAT 0.3865 11.00
MgO 0.4211 13.47
SrTiO3 0.3904 11.00
Si 0.5431 2.60

3620 J. Appl. Phys., Vol. 95, No. 7, 1 April 2004
strain as shown in Fig. 1~a!. Similarly, for epitaxial PZT
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the reorientation of the spontaneous polarization vector, g
ing rise to a series of phase transitions from thec-phase to
the aa-phase with increasing misfit strain@see Fig. 1~b!#.

The polarization component perpendicular to the fil
substrate interface may be obtained by minimizing Eq.~1!
with respect to out-of-plane polarization,P35PS

T

FIG. 1. Phase diagrams of~a! ~001! single-domain BST 60/40 and~b! PZT
50/50 epitaxial films on a cubic substrate.

Sharma et al.
50/50 films, internal stresses may result in c-phase: PS5A2a3* /2a33* , ~3!

ac-phase: PS5A~2a11* a3* 2a13* a1* !/~a13*
224a11* a33* !, ~4!

r -phase: PS5A~2a13* a1* 22a11* a3* 2a12* a3* !/~4a11* a33* 12a12* a33* 22a13*
2!. ~5!
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In the presence of a uniform applied electric fieldE3

normal to the film substrate interface, the pyroelectric
sponsep along thex3-direction is given as the sum of th
variation of the spontaneous polarization and the dielec
permittivity e alongx3 with the temperature4

p5S ]D

]T D
E

5
]PS

]T
1E

]e

]T
, ~6!

whereD is the dielectric displacement.
For thec-phase

]PS

]T
52

A2

4
~2a3* a33*

3!21/2S a33*
]a3*

]T
2a3*

]a33*

]T D , ~7!

for the ac-phase

]PS

]T
5

1

2
@~2a11* a3* 2a1* a13* !~a13*

224a11* a33* !3#21/2

3H ~a13*
224a11* a33* !F2a3*

]a11*

]T
12a11*

]a3*

]T

2a13*
]a1*

]T G24~2a11* a3* 2a13* a1* !

3Fa33*
]a11*

]T
1a11*

]a33*

]T G J ~8!

and for ther-phase

]PS

]T
5

1

2
@~2a1* a13* 22a11* a3* 2a12* a3* !~2a11* a33* 1a12* a33*

2a13*
2!3#21/2H ~2a11* a33* 1a12* a33* 2a13*

2!

3F2a13*
]a1*

]T
22a3*

]a11*

]T
2~2a11* 1a12* !

]a3*

]T G
2~2a1* a13* 22a11* a3* 2a12* a3* !F ~2a11* 1a12* !

]a33*

]T

12a33*
]a11*

]T G J . ~9!

The out-of-plane dielectric permittivity in the presen
of E3 is

e~E3!5S ]2G̃

]P3
2D 21

5
1

2@a3* 1a13* ~P1
21P2

2!16a33* P3
2#

,

~10!

where the components of the spontaneous polarization
given by the equations of the state,]G̃/]Pi50, such that

]G̃

]P1
52~a1* 1a13* P3

21a12* P2
2!P114a11* P1

32E150, ~11!

]G̃

]P2
52~a1* 1a13* P3

21a12* P1
2!P214a11* P2

32E250, ~12!

]G̃ 2 2 3

J. Appl. Phys., Vol. 95, No. 7, 1 April 2004
]P3
52@a3* 1a13* ~P11P2!#P314a33* P32E350. ~13!
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III. RESULTS AND DISCUSSION

In epitaxial films, the magnitude of the internal stress
a function of the film thicknessh. This is due to the relax-
ation of lattice mismatch-induced stresses by the forma
of misfit dislocations during the film growth. Based on
thermodynamic model, Matthews and Blakeslee30 predict a
critical film thicknesshr corresponding to the onset of misfi
dislocations. At the deposition temperatureTG , the equilib-
rium linear misfit dislocation densityr is given as15

r5
um~TG!

a0~TG! S 12
hr

h D , ~14!

whereh is the film thickness. If no additional dislocation
form during cooling, then an ‘‘effective’’ substrate lattice p
rameter,āS can be defined as

āS5
aS~T!

raS~T!11
, ~15!

which can then be used to calculate the misfit strain inst
of the actual lattice parameter.

To study the pyroelectric effect of different substrat
with varying film thickness the following substrates we
chosen: LaAlO3 , LSAT, MgO, SrTiO3 , and Si. Table II lists
the lattice parameters and TECs of film and substrate m
rials at RT. Deposition temperatures are taken as 800
600 °C for BST 60/40 and PZT 50/50 thin films, respective
For BST 60/40 and PZT 50/50, the theoretical Matthew
Blakeslee critical thickness is calculated for the five su
strates and is listed in Table III. Figures 2~a! and 2~b! show
the misfit strain as a function of the film thickness for BS
60/40 and PZT 50/50 films, respectively. For all cases
steep decrease in the magnitude of strain is predicted du
the formation of misfit dislocations at the critical thicknes
LaAlO3 , LSAT, and SrTiO3 exert compressive stresses wh
MgO and Si exerts tensile stresses on pseudomorphic fi
With increasing film thickness, the magnitude of the intern
stresses is reduced significantly to a level corresponding
remnant stress state determined by the TEC difference.

Figures 3~a! and 3~b! reveal the behavior of out-of-plan
spontaneous polarization as a function of film thickness
BST 60/40 and PZT 50/50 thin films. A large drop in spo
taneous polarization is predicted at the critical film thickne
for BST and PZT thin films on LaAlO3 , LSAT, and SrTiO3

substrates. This is due to the relaxation in the magnitude

TABLE III. Critical thickness for dislocation formation of BST 60/40 an
PZT 50/50 films on different substrates.

Substrate
material

Critical thickness for
dislocation formation~nm!

BST 60/40 PZT 50/50

LaAlO3 2.6 1.40
LSAT 2.0 2.92
MgO 1.5 2.91
SrTiO3 11.8 4.45
Si 1 1

3621Sharma et al.
the compressive stress experienced by various substrates. For
substrates exerting compressive stresses, the calculated value
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of the out-of-plane spontaneous polarization for PZT 50
for ultra-thin films~;10 nm! is more than the bulk value o
spontaneous polarization. This is in agreement with the
perimental values reported by Fosteret al.,31 thus substanti-
ating the enhancing role of compressive strain on the po
ization in epitaxial films. Close examination of Figs. 3~a! and
3~b! further reveals that in the case of MgO as the substr
there is no out-of-plane spontaneous polarization up to a
tain thickness~52 nm for BST 60/40 and 35 nm for PZ
50/50!, after which a steep rise is expected. This is due to
interplay between the relaxation by misfit dislocations a
the thermal stresses. Initially, tensile stresses are domi
due to the larger lattice parameter of MgO compared to B
60/40 and PZT 50/50. But after the formation of misfit d
locations, tensile stresses due to the lattice mismatch ar
laxed and compressive stresses due to difference in T
dominate, resulting in a net compressive stress at RT, w
in turn generates an out-of-plane spontaneous polariza
Figure 3~a! also shows a state of zero out-of-plane sponta
ous polarization in BST 60/40 on a LaAlO3 substrate after a
thickness of;250 nm. This can be explained by simila
arguments as in the case of MgO, but here the TEC dif
ence between film and substrate generates tensile str

FIG. 2. Variation of misfit strain as a function of film thickness at roo
temperature~RT525 °C! for ~a! BST 60/40, and~b! PZT 50/50.

3622 J. Appl. Phys., Vol. 95, No. 7, 1 April 2004
compared to the initial compressive lattice mismatch. Thu
as the film thickness increases, the resulting compressi
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misfit strain decreases below;0.05% at which there is a
phase transition from thec-phase to theparaelectricphase,
thereby resulting in zero out-of-plane spontaneous polar
tion.

The pyroelectric response of BST 60/40 and PZT 50
films on various substrates as a function of film thickness
shown in Figs. 4~a! and 4~b!, respectively, with an applied
electric fieldE3510 kV/cm. The pyroelectric coefficient is
calculated via Eqs.~6!–~13!, taking into account the tem
perature dependence of both the spontaneous polariza
and the dielectric constant in the presence of an applied fi
It should be noted that the role of the applied electric field
the overall pyroelectric coefficient is relatively small due
the overwhelming contribution of the spontaneous polari

FIG. 3. Spontaneous out-of-plane polarization as a function of film thi
ness for~001! single-domain~a! BST 60/40 and~b! PZT 50/50 films.

Sharma et al.
s,
ve
tion within the stability regions of the ferroelectric phases.
For BST 60/40 thin films on LSAT and SrTiO3 substrates,
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the pyroelectric coefficient increases with increasing fi
thickness. The interplay between the stress relaxation
misfit dislocations and the thermal stresses that develop
ing cooling from the deposition temperature results in
change in the stress state at a certain critical film thicknes
BST 60/40 films on MgO~;52 nm! and LaAlO3 ~;264 nm!
substrates and in PZT 50/50 on MgO~;36 nm! substrates.
The change in the stress state gives rise to ac-phase
↔paraelectric phase andc-phase↔r-phase transformation
for BST 60/40 and PZT 50/50 films, respectively@see Figs.
1~a! and 1~b!#, reflected as anomalies in the pyroresponse
shown in Figs. 4~a! and 4~b!. Therefore, significant enhance
ment in the pyroresponse should be expected in BST 60

FIG. 4. Pyroelectric coefficient as a function of film thickness on vario
substrates for~a! BST 60/40 and~b! PZT 50/50 films.

J. Appl. Phys., Vol. 95, No. 7, 1 April 2004
on MgO and LaAlO3 and PZT 50/50 on MgO in the vicinity
of the critical film thickness. The pyroelectric response o

Downloaded 19 Mar 2004 to 137.99.19.188. Redistribution subject to AIP
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BST 60/40 on MgO is relatively weak below 52 nm since t
misfit strain is tensile and thus there is no out-of-plane co
ponent of the spontaneous polarization. Pyroelectric coe
cients for BST 60/40 and PZT 50/50 thin films were al
calculated with~001! Si as the substrate. However, due
large difference in the lattice parameters and TECs of Si
BST 60/40 and PZT 50/50~Table II!, there are high tensile
stresses within these films resulting in no contribution by
out-of-plane spontaneous polarization to the pyroelectric
sponse. The pyroresponse of BST 60/40 and PZT 50/50 o
~not included! increases with film thickness, leveling off a
around 250 nm corresponding to the maximum relaxation
misfit dislocations. The behavior is quite similar to BS
60/40 on SrTiO3 substrate but with a typical pyroresponse
the range of 0.001–0.004mC/cm K depending on the film
thickness.

The theoretical values of pyroelectric coefficient are
agreement with typical experimental values. In particular,
calculated value of pyroelectric coefficient for BST 60/4
films is around 0.2mC/cm K for relatively thick films (h
.150 nm) at RT except on LaAlO3 . This is in agreement
with the experimentally reported values of 0.18mC/cm K for
550 nm thick BST 64/36 films deposited on Pt at 30 °C.9 For
PZT 50/50, the theoretical value of pyroelectric coefficient
around 0.07 mC/cm K for relatively thick films (h
.150 nm) which compares well with experimentally r
ported values of 0.06mC/cm K for 1mm thick PZT 50/50 on
Pt/Ti/SiO2

10 and 0.04mC/cm K for 550 nm thick PZT 30/70
on Pt/Ti/Si3N4 /SiO2 /Si(100) at RT.6

It should be noted that there would be a shift in the ph
transformation temperature~compared to the material in
single-crystal form! from the cubicparaelectricphase to the
tetragonal ferroelectricc-phase as a result of the intern
stresses. The shift in the Curie temperatureDTC5T2TC as a
function of the misfit strain is given by

DTC5um

4Q12

S111S12
e0C, ~16!

which can be obtained by settinga3* 50 in Eq. ~2!. Accord-
ingly, compressive in-plane strains should stabilize the fer
electric phase at RT by shifting the transition temperature
higher temperatures (DTC.0 since bothum,0 and Q12

,0). Tensile in-plane strains should result in the lowering
the transformation temperature and thus stabilizing
paraelectricphase. Considering that the pyroresponse is
highest at a temperature in the vicinity of the phase trans
mation temperature, it is also possible to obtain enhan
pyroresponse by varying the operating temperature. In a
tion, the transformation temperature is a strong function
the film thickness since the extent of reduction inum via
misfit dislocation formation depends on the film thickne
These aspects will be discussed in detail in a future artic

In order to emphasize the importance of the therm
stresses that result due to the TEC mismatch, consid
highly ~001!-oriented polycrystalline film on a cubic sub
strate. If the grain sizeD is equal to or smaller than the film

s

3623Sharma et al.
f
thicknessh, internal stresses due to lattice mismatch between
the film and the substrate are relatively small and can be
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neglected. As the film is cooled fromTG , however, thermal
stresses develop. The thermodynamic potential in Eq.~1! for
this case is reduced to a relatively simpler form

G̃5a3* P3
21a33* P3

41a111P3
61

uT
2

S111S12
2E3P3 , ~17!

describing the phase transformation characteristics of o
the cubicparaelectricphase and the tetragonal ferroelect
c-phase. Other phases are unlikely to form, as this would
energetically unfavorable. In particular, a rotation of the p
larization vector would result in electrically charged gra
boundaries creating depoling fields as well as elastic fie
due to the electrostrictive coupling between the polarizat
and the strain. In the above expression,uT is the strain due to
thermal expansion mismatch, given by:

uT5~afilm2asubstrate!•DT, ~18!

whereafilm and asubstrateare the TECs of the film and sub
strate, respectively, andDT is the difference between depo
sition temperatureTG and RT. The renormalized coefficien
are given by Eq.~2!, substitutinguT for uM .

Figures 5~a! and 5~b! show the out-of-plane spontaneo
polarization calculated for BST 60/40 and PZT 50/50 po
crystalline films on various substrates as a function of de
sition temperature,TG , respectively. For~001!-textured BST
60/40 polycrystalline thin films on various substrates o
MgO substrate exerts significant compressive ther
stresses to generate out-of-plane polarization during coo
to RT. Because of this reason, the pyroelectric coefficien
BST 60/40 is considerably higher on MgO compared
LaAlO3 , LSAT, and Si substrates, for which there is only
contribution from the temperature dependence of the die
tric constant to the pyroelectric response. For~001!-oriented
PZT 50/50 polycrystalline thin films, compressive therm
stresses are generated when the film is deposited on LaA3 ,
LSAT, and MgO. Thus, the out-of-plane polarization contr
utes significantly to pyroelectric response of PZT 50/50
LaAlO3 , LSAT, and MgO substrates. It should be noted th
since the TEC of SrTiO3 is the same as that of LSAT~Table
II !, pyroelectric response of polycrystalline BST 60/40 a
PZT 50/50 films on SrTiO3 is expected to be the same
those grown on LSAT under similar conditions.

The limitations of this theoretical approach have be
discussed in detail elsewhere.23 One of the primary param
eters of the analysis is the critical film thickness for disloc
tion formation. The misfit dislocation model of Matthew
and Blakeslee is the result of a thermodynamic formali
and thus the real critical thickness for dislocation format
and the linear equilibrium dislocation density may differ s
nificantly from the actual observed values because of kin
factors controlled by how the misfit dislocations are gen
ated at the interface. A variation in the critical thickness
misfit dislocation generation should in turn alter the critic
thickness for maximum pyroresponse@Figs. 4~a! and 4~b!#
but not the value of the critical misfit strain corresponding
the c-phase↔paraelectricphase andc-phase↔r-phase tran-

3624 J. Appl. Phys., Vol. 95, No. 7, 1 April 2004
sitions for BST 60/40 and PZT 50/50 films, respectively@see
Figs. 1~a! and 1~b!#.
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It should be noted that the developed model could
adapted to describe inhomogeneous distribution of the po
ization due to surface effects as well as compositional va
tions by adding a gradient~Ginzburg! term of the form
Ai jkl (“ i Pj•“kPl) to Eq. ~1!. This term represents an add
tional energy from the nonuniform distribution of the pola
ization and serves to damp out spatial variations
polarization.32,33For gradients in only one direction, the Gin
zburg term is reduced toA(dP/dz)2 and the coefficientA
can be approximated asd2uau, whered is the characteristic
length along which the polarization varies.

IV. SUMMARY AND CONCLUSIONS

FIG. 5. Pyroelectric coefficient for~a! BST 60/40 and~b! PZT 50/50 poly-
crystalline thin films on various substrates as a function of growth temp
ture TG .

Sharma et al.
In summary, a theoretical formalism was used to under-
stand the combined effect of lattice misfit and thermal
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stresses on the pyroelectric response of single-domain fe
electric thin films. Based on a modified LD phenomenolo
cal analysis, the pyroelectric coefficient as a function of fi
thickness was quantitatively calculated for BST 60/40 a
PZT 50/50 on various substrates taking into account
stress relaxation via the formation of the misfit dislocation
growth temperature. The pyroelectric coefficient was fou
to be strongly dependent on the choice of substrate mat
and film thickness. While the analysis in this article is f
cused on BST 60/40 and PZT 50/50, it is evident that suc
methodology can very well be extended to other BST a
PZT compositions and other ferroelectric thin films. The
fore, this work provides the basis for analyzing pyroelect
response of ferroelectric thin films and provides guidelin
for choice of substrate and film thickness with respect
lattice parameter and TEC for obtaining optimum pyroel
tric response.

One of the important conclusions of this article conce
the pyroresponse of ferroelectric films on Si substrates. D
to the large differences in both the lattice parameters and
TECs, ferroelectric films on Si will be highly influenced b
extremely high in-plane tensile stresses. The effect of
difference in the TECs becomes more pronounced espec
if the film growth is carried out at relatively high temper
tures. Even for polycrystalline films on Si, thermal stres
alone should result in a variation in the phase transforma
temperature, stabilizing the paraelectric phase, and the
significantly reducing the pyroelectric response as show
this report. This one-to-two orders of magnitude degrada
in the pyroresponse poses a major challenge to any cu
and potential application of ferroelectrics as any device
plication requires integration with Si ICs. One way of redu
ing the effect of internal stresses is obviously by deposit
one or more appropriately selected buffer layers as
‘‘screen’’ the substrate from the film. The selection of t
buffer layers should be chosen in such a way that the fe
electric film should be in in-plane compression at the de
sition temperature as to compensate for the tensile the
stresses that will develop as the heterostructure is coole
ambient temperatures. Therefore, in addition to the lat
parameter~s! of the buffer layer~s!, the critical parameters
that will eventually affect the stress state and the magnit
of the internal stresses in the film are the thickness~es! and
the TEC~s! of the buffer layer~s!.
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