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Pyroelectric response of ferroelectric thin films
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A thermodynamic formalism is developed to calculate the pyroelectric coefficients of ep{tdal
Bag¢Sro4TiO3 (BST 60/40 and PRsZros0; (PZT 50/50 thin films on (001) LaAlOj,

0.29 LaAlO;:0.35(SpTaAlOg) (LSAT), MgO, Si, and SrTi@ 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 Sgl#Dbstrates due to stress relaxation by
misfit dislocations. Large pyroelectric responsesl.l uC/cnfK for BST 60/40 and~0.3
uClen? K for PZT 50/50 are theoretically predicted for films on MgO substrates at critical film
thicknesse$~52 nm for BST 60/40 ane-36 nm for PZT 50/5Dcorresponding 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 LaAlQ LSAT, MgO, and SrTiQ substrates. €2004 American Institute

of Physics. [DOI: 10.1063/1.1649460

I. INTRODUCTION ues of the pyroelectric coefficient obtained for ferroelectric
thin films, as reported in the literature, range between 0.01 to
Application of ferroelectric materials in infrardtR) de- 0.5 uClcn?K.*>®91% The substandard performance of thin
tectors continues to be of importance due to their ability tofilm ferroelectric materials is not specific to only the pyro-
provide economical pyroelectric detectors and thermal imagelectric response but to nearly all their electrical and electro-
ing devices; attributed to their ability to be used successfullymechanical properties. Inferior properties of ferroelectric
at ambient temperatures, thereby eliminating the need fothin films are usually attributed to the presence of micro-
expensive cooling systems? The use of ferroelectric detec- structural and compositional inhomogeneities, defects, and
tors having low thermal masghin film form) with small  internal stresse¥.In homogeneous epitaxial single-domain
specific heat and high sensitivity, enhances their speed dgérroelectric thin films, internal stresses arise due to a variety
response. Optimally, it is desirable to produce low cost, comef reasons, including the lattice mismatch between the film
pact, sensitive, and fast responding IR detector ferroelectricsnd the substrate, the difference in thermal expansion coef-
as large hybrid arrays of ferroelectric IR detectors coupledicients(TECS of the film and the substrate, the self-strain of
with silicon microelectronic elements. In most cases, thishe paraelectric-ferroelectric phase transformation if the ma-
requires integration of ferroelectrics in thin film form with Si terial is deposited above the phase transformation tempera-
integrated circuits. ture, defects such as dislocations and vacancies, and dimen-
Bay ¢Sl 4TiO3 (BST 60/40 and Ply «Zrq sTiO3 (PZT 50/ sjonal changes in the film caused during the deposition.
50) are considered leading candidates as the active materials The effects of internal stresses on the electrical and elec-
for pyroelectric sensors because these compounds providet@mechanical properties have been experimentally and theo-
relatively large response at room temperat(Re&, 25 °Q.%7 retically investigated for a number of ferroelectric systems.
This is because BST 60/40 undergoes a paraelectridcor epitaxial single-domain ferroelectrtésand relaxor
ferroelectric transition close to RT; likewise, minor additions ferroelectric$®** the role of internal stresses on a variety of
of elements such as Nb, Ta, and La brings the paraelectrigghysical, electrical, and electromechanical properties were
ferroelectric phase transformation in PZT 50/50 thin filmsdetermined experimentally. F§001) BST 60/40 thin films
close to RT, thus initiating a nonlinear pyroelectric responseon 0.29 LaAlO5:0.35 (S, TaAlOg) (LSAT) substrates, sig-
at RT for both materials. nificant improvement in the dielectric response was observed
The typical pyroelectric coefficient of a ferroelectric as a function of increasing film thickness, associated with the
single crystal is~1 uCl/cn?K.® However, experimental val- relaxation of in-plane compressive stresses via misfit dislo-
cation formation®> X-ray diffraction and Raman scattering
aAuthor to whom all correspondence should be addressed; electronic maif€vealed a shift in the Curie temperature from 17 to 82°C in
p.alpay@ims.uconn.edu heteroepitaxial(001) BST 70/30 thin films deposited on
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(001) MgO.*® The shift of phase transition temperature is polarization vectors parallel to;, X,, andxz, respectively,
attributed to the two-dimensional compressive stresses inthe applied electric fiel&; (i=1,2,3), and the misfit strain
posed on the film by the substrate. In another study, a gain ah the x;—Xx, plane, defined as,,=(as—ag)/as, whereag
23% in capacitance after removal of residual stresses in BSiE the substrate lattice parameter aaglis the equivalent
70/30 thin films was observed.Li et al® reported an in-  cubic cell constant of the free standing film?as

crease in the dielectric constant with increasing in-plane-

— Q% 2 2 * p2 * 4 4 * p4
compressive stress, which in turn decreased with increasinﬁ_""l(PlJr P2)+azP3tan(Pi+Py)+agPs;

thickness of BST 50/50 thin films grown ¢f01) MgO. At +a*(P2P2+ P2P2) + a*.P2P2+ a. . P+ P8+ P8
low temperatures, a high valuecrease of~90%) of tun- 18 PiP5+ PoPy) + PPt (Pt Po+ Pg)
ability was observed, attributed to a tensile stréim the +ay,4 (P1(P5+ P3)+ P3(Pi+ P3)+ P3(P{+ P3)]

direction of the applied electric fieldnh epitaxial SrTiQ thin
films deposited on metal-insulator-oxide Au/SriO
SrRuQ,/LaAlO; heterostructure®. The electromechanical
properties of PD((NDo.o#ro26Tloed Os (PNZT) epitaxial = oo imaiized expansion coefficients of the free energy
films were recently studied and a remarkable recovery in th?unctional are

piezoelectric coefficient associated with the relaxation in in-

ternal stresses was theoretically predicted and experimentally Q11+ Q12 . 2Q1;

verified for ferroelectric “islands” delineated via focused ~ 81 =&1 " Ung Z°g 7" @3= &1~ Ung g 7

2
m

25252
+ay,P2P2Pi —
12i3 5+,

—(E1P1+E;P,+E3P3). (D)

ion-beam milling?>%!
Theoretically, the effect of epitaxy-induced internal 1 1
stresses on the phase transformation characteristics and ai;=aii+ 5 F[(Qiﬁ Q)Su
physical properties has been analyzed using a Landau- 11 ~12
Devonshire(LD) thermodynamic modéf Using this for- Q2,
malism, the role of internal stresses on the dielectric proper- —2Q11Q1,S15],  az;=aynt S 1o (2
ties and the tunability of barium strontium titanate fifth&" 1tz
as well as the piezoelectric properties of lead zirconate titan- 1
ate (PZT) epitaxial thin film$® has been discussed. af,= a1~ 55— [(Q%+ Q52 S1,~2Q11Q1.511]
In a recent article, we have developed a thermodynamic S~ Sk
model to analyze the effect of internal stresses on the pyro- 2
electric response in epitaxial ferroelectric fil&isOur pre- I S QlZ(Ql—1+QlZ)

v @iz=agg Tt
liminary findings show that the pyroelectric coefficient is 2544 SutSi

strongly dependent on the misfit strain. A large pyroelectriGynere a, is the dielectric stiffnessa;; and a;; are higher
coefficient of 0.65uClen?K was predicted o001 BST  order stiffness coefficients at constant strésare the elec-
60/40 at a critical misfit strain of 0.05%. The aim of this yrostrictive coefficients, an8; the elastic compliances of the
article is to extend the theoretical model and analyze thgjm (the tensor quantities are in the contracted notation
combined effect of the internal stresses due to lattice anghroughout. The temperature dependence of the dielectric
thermal expansion mismatch between film and substrate aftiffness a, is given by the Curie—Weiss lawa,=(T
epitaxial single-domaif001) BST and PZT thin films as a —~To)/2€,C, whereT¢ and C are the Curie—Weiss tempera-
function of film thickness Quantitative estimations of the tyre and constant of a bulk ferroelectric, respectively, and
pyroelectric response for films on different substrates as & the permittivity of free space. The parameters used for

function of the film thickness is provided, thereby serving asca|culating the renormalized coefficients are listed in Tables |
a guide for the selection of film and substrate materials agnd || for BST 60/40 and PZT 50/58:25:%7

well as appropriate growth conditions for future experimen-
tal work.

TABLE I. The parameters for the calculation of renormalized coefficients.
II. THERMODYNAMIC THEORY Data compiled from Refs. 22—-2T: Curie temperature, C: Curie constant,
a;; : stiffness coefficientsS; : elastic compliances, ar@;; : electrostrictive
Consider a thin single-domain ferroelectric film that un- coefficients.
dergoes a cubicPm3m)] to tetragona] P4mm] phase trans-
formation upon cooling, deposited on a cubic substrate such
that (001} //(001)gpstrare @t @ growth temperaturdg — Tc(°C) 5 392.6

BST 60/40 PZT 50/50

higher tha_m the pha;e transformation_ temperatu_re._ We deﬁn%ifozgslczlz) ;féH 462(T in°C) :'72;17
a Cartesian coordinate system with the principal axes (10f mb/C2F) 7.98 1.735
X1 11(100)im , X2//(010);y, , @andxz//(001)5, . If the thick-  s,(10722m2/N) 5.12 105
ness of the substrate is much larger than the film thickness;,(10"*?m?/N) —-1.65 -3.7
the internal stresses are concentrated in the film and the suf«(10 **m*/N) 5.86 28.7
strate is stress free. For such a configuration, the LD pote Q“g%gzg 78'33 4 78'8‘?:6
tial can be expressed in a renormalized form as an expansiqli’ c?) 0.029 0.0819

in terms of the polarizatio®; (i=1, 2, 3 corresponding to
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TABLE Il. Lattice parameters and respective TECs of BST 60/40 and PZT a)
50/50 and substrates at Rifom Refs. 23, 25, and 27 80 1
Film/Substrate Lattice paramet@rm) TEC (X10 8°C) a ] paraelectric
BST 60/40 0.3960 10.50 ~ 40 _
PZT 50/50 0.40155 7.26 o 1 cphase aa phase
LaAIO; 0.3787 10.00 a8 1
LSAT 0.3865 11.00 C ol ]
MgO 0.4211 13.47 e i g —~
SrTiO; 0.3904 11.00 E P
Si 0.5431 2.60 (] ]
= ~40- -
#]
) »5
-80

The formation of six distinct phases due to the change in 03 02 01 00 01 02 03
the symmetry as a result of the mechanical boundary condi- Misfit strain, u_(%)
tions is predicted theoretically, compared to only three
phases in single crystaféThese six phases are tharaelec-
tric phase P,=P,=P3;=0), thec-phase P;=P,=0, P,
#0), the a-phase P,;#0, P,=P3=0), the ac-phase P,
#0, P,=0, P;#0), theaa-phase P,=P,+#0, P;=0), and b)
the r-phase P;=P,#0, P;#0). The unusual phasdge
a-phase,aa-phase,ac-phase, and-phase¢ are in essence
orientational variants of the tetragonal and the orthorhombic
ferroelectric phases that are observed in bulk BgTi€ram-
ics and single-crystals in succession with decreasing tem-
perature with the exception of thephase. Thec- and
a-phases are tetragon@pace groug?4mm), the aa- and
ac-phases are orthorhombispace groupAmn®2) and the

800

C)
=28
8

0

£

(=4

o
1

Temperature (
N
3

r-phase is monoclini¢gspace groupgPm) compared to the

rhombohedral phase withP;=P,=P3;#0 (space group ;

R3m). -200 +—————r—
In Fig. 1, we present the temperature-misfit strain phase -0.02 -0.01 0.00 0.01 0.02

diagrams for BST 60/40 and PZT 50/50 epitaxial films. The Misfit strain, u, (%)

details regarding the construction of these phase diagrams
are discussed elsewhére>?® The stable phases in BST
60/40 films at RT are the-phase, the@araelectricphase, and
the aa-phasd Fig. 1(a)]. In the case of PZT 50/50 films, the
stable phases at RT are tligphase, ther-phase, and the
aa-phas€gFig. 1(b)].

At RT, bulk BST 60/40 is paraelectric and does not ex-the reorientation of the spontaneous polarization vector, giv-
hibit spontaneous polarization while PZT 50/50 is ferroelecdng rise to a series of phase transitions from thghase to
tric; however for the latter, the crystal structure of the ferro-the aa-phase with increasing misfit strajsee Fig. 1b)].
electric PZT phase is still not completely understéotf:?° The polarization component perpendicular to the film-
According to theoretical predictions, epitaxial films of BST substrate interface may be obtained by minimizing Bg.
60/40, however, may be ferroelectric depending on the misfiwith respect to out-of-plane polarizatioRg=Pg
strain as shown in Fig. (&4). Similarly, for epitaxial PZT
50/50 films, internal stresses may result in c-phase: Ps=/—a3/2a3, ()

FIG. 1. Phase diagrams @) (001) single-domain BST 60/40 and) PZT
50/50 epitaxial films on a cubic substrate.

ac-phase: Ps=\/(2a},a% —a¥al)/(ali—4akaky), (4)

r-phase: Ps= \(2a%al —2a%a% —ala%)/(4akai,+2akak,—2ak?). (5
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In the presence of a uniform apphed electric f|£g TABLE lII. Critical thickness for dislocation formation of BST 60/40 and
normal to the film substrate interface, the pyroelectric re-PZT 50/50 films on different substrates.
sponsep along thexs-direction is given as the sum of the

variation of the spontaneous polarization and the dielectric

Critical thickness for
dislocation formationnm)

P . Substrate
permittivity e alongxz with the temperatufe aterial BST 60/40 57T 50/50
p= (@) =‘9_PS+ Eﬁ 6) LaAlO, 2.6 1.40
aT £ aT aT’ LSAT 2.0 2.92
MgO 15 2.91
whereD is the dielectric displacement. SITiO; 11.8 4.45
For thec-phase Si 1 1

L Ja3 | dag
ajy——a
BT BT

aT 4

* A%
(—azazs

07PS_ \/E 3)1/2( ' 7)

for the ac-phase

dPs 1 B
—7 = 5L(2a1a3 —araiy(aig — 4ajialy)°] 2
* *
X | (a¥?—4a%a%,)| 2a3 B, 2a¥ i
13 1193 3 oT 11 oT
* aa;'c * * * *
—aig g | ~4(2an8; —arAr)

* *
L 0ap  , dag
a33(9—_|_ +a

8 T

] 8

1
> [(2a}aj;—2aj,a; —aj,a3)(2a7,a3,+ a7,a3,

and for ther-phase

dPs
oT
2

*2\37—1/2 * A% * A% *2
—ag3)°] ((2"7111‘5‘33+ ajAzz—aig)

* * *

a; dag, 3
1o (2attal) o

*
X|2ajs T 2a; T

*
a3z

—(2ajaj;—2aja; —araz)|(2ag;+a) T

IIl. RESULTS AND DISCUSSION

In epitaxial films, the magnitude of the internal stress is
a function of the film thicknesh. This is due to the relax-
ation of lattice mismatch-induced stresses by the formation
of misfit dislocations during the film growth. Based on a
thermodynamic model, Matthews and Blake¥geredict a
critical film thicknessh, corresponding to the onset of misfit
dislocations. At the deposition temperaturg, the equilib-
rium linear misfit dislocation density is given a$®

Cun(Te) [ g)
P ao(Te) (1 h/’ 19

whereh is the film thickness. If no additional dislocations
form during cooling, then an “effective” substrate lattice pa-
rameter,ag can be defined as

e as(T)
S pag(T)+1’

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

To study the pyroelectric effect of different substrates
with varying film thickness the following substrates were
chosen: LaAlQ, LSAT, MgO, SrTiG;, and Si. Table Il lists
the lattice parameters and TECs of film and substrate mate-
rials at RT. Deposition temperatures are taken as 800 and
600 °C for BST 60/40 and PZT 50/50 thin films, respectively.
For BST 60/40 and PZT 50/50, the theoretical Matthews—
Blakeslee critical thickness is calculated for the five sub-
strates and is listed in Table Ill. Figurega?and Zb) show

(15

The out-of-plane dielectric permittivity in the presence yhe misfit strain as a function of the film thickness for BST

. day,
+2a33(9—_|_ . (9)
of Eg is
- 7G| 1 1
6 = — = y
¥\ op2 2[a% +a’y P2+ P2) + 6a%P2]

60/40 and PZT 50/50 films, respectively. For all cases, a
steep decrease in the magnitude of strain is predicted due to
the formation of misfit dislocations at the critical thickness.
LaAlO5, LSAT, and SrTiQ exert compressive stresses while
MgO and Si exerts tensile stresses on pseudomorphic films.

where the components of the spontaneous polarization aMyith increasing film thickness, the magnitude of the internal

given by the equations of the stat&/JP;=0, such that

ﬂé * * D2 * p2 * p3
0—P1=2(a1 +a¥Pi+al,P5)P, +4akPi—E;=0, (11)
(96 * * D2 * D2 * p3
P, =2(aj +ajP3+apP)Py+4ay,P;—E,=0, (12
ﬁé * % /2 2 * p3
0_P3:2[as+313(P1+Pz)]P3+4333P3_E3:0- 13

stresses is reduced significantly to a level corresponding to a
remnant stress state determined by the TEC difference.
Figures 3a) and 3b) reveal the behavior of out-of-plane
spontaneous polarization as a function of film thickness for
BST 60/40 and PZT 50/50 thin films. A large drop in spon-
taneous polarization is predicted at the critical film thickness
for BST and PZT thin films on LaAl@, LSAT, and SrTiQ
substrates. This is due to the relaxation in the magnitude of
the compressive stress experienced by various substrates. For
substrates exerting compressive stresses, the calculated value
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FIG. 2. Variation of misfit strain as a function of film thickness at room g 1 A7 ]
temperaturdRT=25 °C) for (a) BST 60/40, andb) PZT 50/50. @ A
c .1 [ ]
® 101 i
hd d 4
G
of the out-of-plane spontaneous polarization for PZT 50/50 2 o lwad ]
for ultra-thin films(~10 nm) is more than the bulk value of n —

50 100 150 200 250 300
Film thickness (nm)

spontaneous polarization. This is in agreement with the ex- 0
perimental values reported by Fostral.*! thus substanti-

ating the enhancing role of compressive strain on the polar-

ization in epitaxial films. Close examination of FiggaBand FIG. 3. Spontaneous out-of-plane polarization as a function of film thick-
3(b) further reveals that in the case of MgO as the substratd!ess 101001 single-domain@ BST 60/40 andb) PZT 50/50 films.

there is no out-of-plane spontaneous polarization up to a cer-

tain thickness(52 nm for BST 60/40 and 35 nm for PZT

50/50, after which a steep rise is expected. This is due to thenisfit strain decreases below0.05% at which there is a
interplay between the relaxation by misfit dislocations andphase transition from the-phase to theparaelectricphase,

the thermal stresses. Initially, tensile stresses are dominatitereby resulting in zero out-of-plane spontaneous polariza-
due to the larger lattice parameter of MgO compared to BSTion.

60/40 and PZT 50/50. But after the formation of misfit dis- The pyroelectric response of BST 60/40 and PZT 50/50
locations, tensile stresses due to the lattice mismatch are rélms on various substrates as a function of film thickness are
laxed and compressive stresses due to difference in TEGhown in Figs. 48 and 4b), respectively, with an applied
dominate, resulting in a net compressive stress at RT, whichlectric field E;=10kV/cm. The pyroelectric coefficient is

in turn generates an out-of-plane spontaneous polarizatiocalculated via Eqs(6)—(13), taking into account the tem-
Figure 3a) also shows a state of zero out-of-plane spontaneperature dependence of both the spontaneous polarization
ous polarization in BST 60/40 on a LaAlGubstrate after a and the dielectric constant in the presence of an applied field.
thickness of~250 nm. This can be explained by similar It should be noted that the role of the applied electric field to
arguments as in the case of MgO, but here the TEC differthe overall pyroelectric coefficient is relatively small due to
ence between film and substrate generates tensile stresghe overwhelming contribution of the spontaneous polariza-
compared to the initial compressive lattice mismatch. Thustion within the stability regions of the ferroelectric phases.
as the film thickness increases, the resulting compressivieor BST 60/40 thin films on LSAT and SrTiOsubstrates,
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— T T T T T T T T T T

BST 60/40 on MgO is relatively weak below 52 nm since the

a)

1.2 —o— LaAlo 1 misfit strain is tensile and thus there is no out-of-plane com-
1 A —o—LSAT ponent of the spontaneous polarization. Pyroelectric coeffi-

1.0 —a—MgO cients for BST 60/40 and PZT 50/50 thin films were also
] —v—SITIO, calculated with(001) Si as the substrate. However, due to

large difference in the lattice parameters and TECs of Si and
BST 60/40 and PZT 50/5QTable Il), there are high tensile
] stresses within these films resulting in no contribution by the
L /EI ] out-of-plane spontaneous polarization to the pyroelectric re-
& ] sponse. The pyroresponse of BST 60/40 and PZT 50/50 on Si
. (not included increases with film thickness, leveling off at
\ ] around 250 nm corresponding to the maximum relaxation by
N o o misfit dislocations. The behavior is quite similar to BST
] oo /'_g__g__gzﬁfg:g'_‘gfg%' %& 60/40 on SrTiQ substrate but with a typlcall pyroresponse in
U0 the range of 0.001-0.004C/cm K depending on the film
; thickness.
. . . The theoretical values of pyroelectric coefficient are in
Film thickness (nm) agreement with typical experimental values. In particular, the
calculated value of pyroelectric coefficient for BST 60/40
films is around 0.2uC/cmK for relatively thick films f
>150nm) at RT except on LaAlD This is in agreement
with the experimentally reported values of 0,248/cm K for

e
o
PR PR

\D‘— D;
PR

o <
»
PR IS T i

e
N
-

Pyroelectric coefficient (1C cm” K”)
@
»

NPNSS I
0 50 100 150 200 250 300

e
=)

b) ¢ 030] & o LaAlo ] 550 nm thick BST 64/36 films deposited on Pt at 36™or
o —o—LSAT 1 PZT 50/50, the theoretical value of pyroelectric coefficient is
g 0.25. —a—MgO ; around 0.07 ,'uC/ch for relativgly thick' films &
(:{ L —v— SrTiO, ] >150nm) which compares well with _experlmentally re-
= ] ported values of 0.0aC/cm K for 1 um thick PZT 50/50 on
T 0.20 l . Pt/Ti/Si0,*° and 0.04uC/cm K for 550 nm thick PZT 30/70
3 B\ ] on PYTi/SkN,/SiO,/Si(100) at RTe
¥ 0.15- ] It should be noted that there would be a shift in the phase
8 ] & transformation temperaturécompared to the material in
3 0.10] \]\ ] single-crystal formfrom the cubicparaelectricphase to the
g 1 Aepp ] tetragonal ferroelectric-phase as a result of the internal
] 0.05.] —g—=g=5= ] stresses. The shift in the Curie temperathfigs==T— T as a
2 ] . function of the misfit strain is given by
2 Wb |
a 000 ] 4Q1,
0 50 100 150 200 250 300 ATc=Ung 5 €C, (16)

Film thickness (nm)
6. 4. Puroelectic coefficient Cnction of fim thick ~ which can be obtained by settim§ =0 in Eq. (2). Accord-
- 4. Fyroelectric coeflicient as a tunction of 1iim thickness on variousingly compressive in-plane strains should stabilize the ferro-
substrates fofe) BST 60/40 andb) PZT S0/50 films. electric phase at RT by shifting the transition temperature to
higher temperaturesA(Tc>0 since bothu,<0 and Qq,
<0). Tensile in-plane strains should result in the lowering of
the pyroelectric coefficient increases with increasing filmthe transformation temperature and thus stabilizing the
thickness. The interplay between the stress relaxation bparaelectricphase. Considering that the pyroresponse is the
misfit dislocations and the thermal stresses that develop duhighest at a temperature in the vicinity of the phase transfor-
ing cooling from the deposition temperature results in amation temperature, it is also possible to obtain enhanced
change in the stress state at a certain critical film thickness ipyroresponse by varying the operating temperature. In addi-
BST 60/40 films on MgQ~52 nm and LaAlQ; (~264 nm) tion, the transformation temperature is a strong function of
substrates and in PZT 50/50 on Mg@ 36 nn) substrates. the film thickness since the extent of reductionup via
The change in the stress state gives rise ta@-phase misfit dislocation formation depends on the film thickness.
«—paraelectric phase andc-phase-r-phase transformation These aspects will be discussed in detalil in a future article.
for BST 60/40 and PZT 50/50 films, respectivébee Figs. In order to emphasize the importance of the thermal
1(a) and 1b)], reflected as anomalies in the pyroresponse astresses that result due to the TEC mismatch, consider a
shown in Figs. 4a) and 4b). Therefore, significant enhance- highly (001)-oriented polycrystalline film on a cubic sub-
ment in the pyroresponse should be expected in BST 60/46trate. If the grain siz® is equal to or smaller than the film
on MgO and LaAIQ and PZT 50/50 on MgO in the vicinity thicknesdh, internal stresses due to lattice mismatch between
of the critical film thickness. The pyroelectric response ofthe film and the substrate are relatively small and can be
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neglected. As the film is cooled frofg, however, thermal ) ' ' I T "]

stresses develop. The thermodynamic potential in(Exfor 5, ] A\ —o—LaAlO, | ]
. . ) ) a) X —O0—LSAT
this case is reduced to a relatively simpler form o 0.16- ‘\ -
£ ] A —4—MgO ]
u2 0 A —~v— Si
= T
G: a; P%“F a§3pg+ alllpg+ ~ | ~ E3P3, (17) g. h L\kA\ 1
Sit S = 0.121 N J
g a
describing the phase transformation characteristics of only o
the cubicparaelectricphase and the tetragonal ferroelectric % 1 1
c-phase. Other phases are unlikely to form, as this would be o 0:081 T
energetically unfavorable. In particular, a rotation of the po- 8
larization vector would result in electrically charged grain o J O
boundaries creating depoling fields as well as elastic fields £ o0.04 O/o_,o_.o——o—O—-O— -
due to the electrostrictive coupling between the polarization § I g:g:c.——n—n—ﬂ—ﬂ—“—”—”—“ 1
and the strain. In the above expressiopjs the strain due to 8 |
thermal expansion mismatch, given by: S, 0.00 == == SEr -
Qo 400 500 600 700 800 900

Ur= (fiim — @supstrad - AT, (18

where g, and agypsirate@le the TECs of the film and sub-
strate, respectively, anfiT is the difference between depo-
sition temperaturd ¢ and RT. The renormalized coefficients
are given by Eq(2), substitutinguy for uy, .

Growth Temperature (°C)

Figures %a) and 3b) show the out-of-plane spontaneous < 0.030- g:\ﬂ\n\n ]
. . L1

polarization calculated for BST 60/40 and PZT 50/50 poly- b) x 1ao M‘U\n\u\n
crystalline films on various substrates as a function of depo- °"E A\A\A\ TO—o—0,
sition temperaturel ¢, respectively. Fof001)-textured BST 6 0.025 A\A\A\A\ ]
60/40 polycrystalline thin films on various substrates only g_ N
MgO substrate exerts significant compressive thermal ~ 0.020 .
stresses to generate out-of-plane polarization during cooling g
to RT. Because of this reason, the pyroelectric coefficient of 7] 0.015 ]
BST 60/40 is considerably higher on MgO compared to & T :c‘:'):":gﬁ'gs _
LaAlO;, LSAT, and Si substrates, for which there is only a *] 1 | —a—mgo ]
contribution from the temperature dependence of the dielec- ‘3 00107\ __ o ]
tric constant to the pyroelectric response. Fad1)-oriented =
PZT 50/50 polycrystalline thin films, compressive thermal g 0.005 - .
stresses are generated when the film is deposited on L.aAIO ° ] v-—v—-V"V"'V/ ]
LSAT, and MgO. Thus, the out-of-plane polarization contrib- e 0.000 ] V_V—V_V—T.—. ' 1
utes significantly to pyroelectric response of PZT 50/50 on & " 400 500 600 700 800 900

LaAlO3, LSAT, and MgO substrates. It should be noted that o
since the TEC of SrTiQis the same as that of LSATTable Growth Temperature ('C)

I, pyroelec’Fnc respons_e O_f pOchrySta”me BST 60/40 andFIG. 5. Pyroelectric coefficient faia) BST 60/40 andb) PZT 50/50 poly-
PZT 50/50 films on SrTiQis expected to be the same as ¢rystaliine thin films on various substrates as a function of growth tempera-

those grown on LSAT under similar conditions. ture Tg .
The limitations of this theoretical approach have been
discussed in detail elsewheéfeOne of the primary param- It should be noted that the developed model could be

eters of the analysis is the critical film thickness for disloca-adapted to describe inhomogeneous distribution of the polar-
tion formation. The misfit dislocation model of Matthews ization due to surface effects as well as compositional varia-
and Blakeslee is the result of a thermodynamic formalisntions by adding a gradien{Ginzburg term of the form
and thus the real critical thickness for dislocation formationA;;,(V;P;- VP) to Eq.(1). This term represents an addi-
and the linear equilibrium dislocation density may differ sig- tional energy from the nonuniform distribution of the polar-
nificantly from the actual observed values because of kinetiization and serves to damp out spatial variations in
factors controlled by how the misfit dislocations are generpolarization>223For gradients in only one direction, the Gin-
ated at the interface. A variation in the critical thickness forzburg term is reduced tA&(dP/dz)? and the coefficienA
misfit dislocation generation should in turn alter the criticalcan be approximated a$|«|, whered is the characteristic
thickness for maximum pyroresponpeigs. 4a) and 4b)] length along which the polarization varies.

but not the value of the critical misfit strain corresponding to

the c-phase-paraelectricphase ana-phase-r-phase tran- IV. SUMMARY AND CONCLUSIONS

sitions for BST 60/40 and PZT 50/50 films, respectiviedge In summary, a theoretical formalism was used to under-
Figs. 1@ and 1b)]. stand the combined effect of lattice misfit and thermal
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