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The role of internal stresses on the pyroelectric properties of ferroelectric thin films is analyzed
theoretically via a thermodynamic model. The pyroelectric coefficient as a function of the misfit
strain is calculated fof001) Ba, ¢Sr, 4TiO5 epitaxial thin films. It is shown that this property is
highly dependent on the misfit strain. A very large pyroelectric respgf€s uClcnfK) is
theoretically predicted at a critical misfit strajr-—0.05% corresponding to the ferroelectric to
paraelectric phase transformation. The analysis shows that internal tensile stresses are particularly
not desirable with significant degradation close to an order of magnitude in the pyroelectric
response. ©2003 American Institute of Physic§DOI: 10.1063/1.1576503

In recent years, there is a continuing growth of interestpyroelectric response of ferroelectric thin films. In this letter,
in pyroelectric materials for IR detection and thermal imag-we study the role of the epitaxy-induced internals stregses
ing applications. Unlike semiconductor or photon detectors, the misfit straif on the pyroelectric properties of epitaxial
pyroelectric IR detectors can operate at ambient temperaingle-domain(001) BST films. We extend the theoretical
tures, thereby eliminating the need for expensive multistagenethodology first developed by Pertseval® based on a
thermal regulation systems. The task of designing more ecd-andau—Ginzburg—Devonshire phenomenology to analyze
nomical IR detection devices with a better performance haghe pyroelectric response of ferroelectric thin films. This ap-
led to the use of ferroelectric thin films as potential candi-proach has recently been applied to investigate the dielectric
dates as the operational component of such devicem response and the tunability of epitaxial BST fil<zor this
particular, the integration of hybrid arrays of ferroelectric analysis, we concentrate on &1 4TiO; (BST 60/40
thin films detectors with silicon readout integrated circuitswhich is a promising pyroelectric material due to the prox-
(ICs) can offer a high performance for infrared imagity.  imity of its Curie temperatureTc=2 °C) to RT (25°C),

Compared to bulk ceramic or single crystals, ferroelec+esulting in a high IR response at RTThe aim of this letter
tric materials in thin film form are characterized by the pres-is to provide a quantitative estimation for the dependence of
ence of compositional and microstructural inhomogeneitiesthe pyroelectric properties on epitaxy-induced internal
defects, and internal stresses. These factors are believed to $igesses as to serve as a guide for future experimental studies.
the reason for the inferior electrical and electromechanical Consider a single-domai001)-oriented ferroelectric
properties observed in ferroelectric thin films. For epitaxialfilm deposited in the cubic paraelectric state on a tfi@kL)
single-domain ferroelectric thin films, the role of internal cubic substrate. The thermodynamic potenGatan be ex-
stresses on the electrical and electromechanical propertiggessed in terms of the polarizatién, the applied fielcg; ,
has been determined experimentalyit was shown that the and the misfit straim,,= (as—ag)/as, whereas is the sub-
dielectric and piezoelectric response strongly depends on irstrate lattice parameter areg is the cubic cell constant of
ternal stresses. Indeed, close to an order of magnitude varighe free standing film, and is given By
tion in these properties has been observed when the internal
stress levels were systematically altered upon using various

substrate materials with a variety of film thicknés€ Ferro- G=a*(P2+P2)+a%P2+a(Pi+ Pl +atP!
electric thin films also exhibit a significantly inferior pyro-
electric behavior compared to their bulk ceramic or single +a¥y(PIP3+ P2P3) + ak,P2P3

crystal counterparts of the same composition. Recent experi-

6 6 6 4,52 2
mental studies show that the pyroelectric coefficients rou- +ain(Pr+ P+ Pg)+and Py(Po+Py)

tinely .observed. in the barium ;trontium titand@ST) and' +PA(P2+ P2)+ P4(P?+ P2)]+a,,5P2P2P2
lead zirconate titanat@ZT) thin films for IR detectors are in
the range of 0.03—0.aC/cn? K, %31 12nowhere close to the uz,
; ; ; L + = (E{P1+E;P,+E3P3). (1)
theoretically predicted pyroelectric coefficients of BST and Si1+ S

PZT single crystalgtypically above 1uCl/cnfK near the
Curie temperatune

It is, therefore, of great technological and scientific im-1g yector and tensor quantities are defined in a Cartesian
portance to understand the role of internal stresses on the)ginate system such that for exampl@,li[100]
P,Il[010], and P3ll[001]. The renormalized coefficients of
dE|ectronic mail: p.alpay@ims.uconn.edu the free energy expansion in Ed.) are
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U I A i ] in the detector temperature thereby resulting in a change of
16\ ¢-phase { PE |  aa-phase ] polarization equivalent to the flow of a surface charge. The
' dielectric or the dielectric bolometer mode requires the IR
i detector to operate above or close to the transition tempera-
E ] ture in the presence of an applied electric field. In this mode,
] the spontaneous polarization is absent or very small and the
| variation of dielectric permittivity by incident heating gives

| ] rise to a detectable signal voltage. BST is best known for its
: infrared detection applications as a dielectric bolometer ma-
terial for barium compositions in the 40%—-70% range. For
example, bulk stress-free BST 60/40 is intrinsically paraelec-
tric with no spontaneous polarization at room temperature.
However, in epitaxial BST 60/40 thin films there may be an
FIG. 1. The spontaneous polarizatiBg as a function of the misfit straim,, intrinsic  pyroelectric response as internal compressive
for BST 60/40 epitaxial thin films in the absence of electric figlo<0) at ~ Stresses stabilize the ferroelectéicphase by shifting the
room temperature. Dashed vertical lines show the stability regions of phasqsaraelectric-ferroelectric phase transition temperature and
with respect to the misfit strai(PE: paraelectric phase thereby giving rise to an out-of-plane spontaneous polariza-
tion P3=Pg at RT. This behavior is illustrated in Fig. 1
where we plot the spontaneous polarizatixas a function

12+
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P, [uC em’]

04 b -
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o g QutQwr , =~ 2Qn of the misfit strainu, for BST 60/40 epitaxial thin fims in
179 "mg +S,,° 379 "mg +S),’ the absence of an electric field at RT. The parameters used
1 1 for the calculation of the renormalized coefficients for BST
* _ T (D2 2 _ films are obtained by averaging the corresponding param-
T ant Shi— Srfz[(QllJr Q12)Su~2Qu0QuSxl, eters of BaTiQ and SrTiQ.!® Theaa phase, although ferro-
2 electric, does not possess a component of polarization along
aj;=a;+ Qi , (2)  the film-substrate normal. The spontaneous polarizafign
St Sz for the c phase in the absence of an electric field is given
1 by
aj,=a;— < 2 [(Q11+ Q%) S12-2Q11Q1,S4]
Ps=+/—a3/2a3, (3
Qi
+ gt: Unlike bulk BST 60/40, epitaxial BST 60/40 films are intrin-
sically ferroelectric for negative misfit strains larger than
. Q12 Q11+ Q12) —0.05%. Therefore, epitaxial BST 60/40 film under com-
13~ a12 S;+S;, pressive stresses can exhibit intrinsic pyroelectric properties.

Furthermore, a gradual decrease of the spontaneous polariza-
tion is predicted as the misfit strain increases, eventually re-
sulting in ac phase to paraelectric phase transformation
around —0.05%. A sharp increase in the pyroelectric re-
§ponse should be expected at this critical misfit strain due to
the ferroelectric to paraelectric phase transformation.

At a constant applied field along the film-substrate nor-
mal (E=E,3), the pyroelectric coefficierp is given by’

wherea, is the dielectric stiffnessa;; anda;;, are higher
order stiffness coefficients at constant str€gs are the elec-
trostrictive coefficients, an§; the elastic compliances of the

a; is given by the Curie—Weiss lava,;=(T—Ty)/2e,C,
whereT, and C are the Curie—Weiss temperature and con
stant of a bulk ferroelectric, respectively, anglis the per-
mittivity of free space. The change in the symmetry due to
the mechanical boundary conditions results in six possible
phases compared to three phases in ferroelectric single p= (
crystals’® The analysis of stability of various phases yields a

phase diagram in the plane of temperature and misfit strain.

For epitaxial(001) BST 60/40 films, it has been shown that WhereD is the dielectric displacement andis the permit-
only thec phase P,;=P,=0,P;#0), the paraelectric phase tivity. The first term in Eq.(4) for the c phase can be ob-
(P,=P,=P3=0), and theaa phase P;=P,#0, P;=0) tained by taking the first derivative of spontaneous polariza-
are stable at room temperatusee Fig. 1 of Ref. 14 Large  tion given in Eq.(3) with respect to temperature as
compressive stresses favor the formation of thphase,

aD) IPg _ de @

oT) ~ ot "B

while the large tensile stresses stabilize #fagphase. IPs 9Pz V2 . kB 1/ daj aa33
There are two primary pyroelectric modes for infrared T — g1 — 4 ( @3d3s) | sy & T
detection by the ferroelectric film: conventional mode and (5)

dielectric modé, although variations combining the two ef-

fects are also commonly used. The conventional or intrinsiszvhere P5 is the polarization along the film/substrate inter-
mode utilizes the rapid change in spontaneous polarizatioface normal at zero field. It should be noted that the first term
with temperature in the region of the paraelectric-in Eq.(4) for paraelectric phase arah phase are zero since

ferroelectric phase transition. The radiation induces changthere is no out-of-plane spontaneous |Ioolarization component
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sile stresses results. Epitaxial growth cannot be achieved and

C-phase'—~ PE }—”“‘Phase films deposited on Si are usually polycrystalline. Further-
T ' ‘ more, since the film growth is usually carried out at high
igz(l)OkV/cm - temperatures, high tensile internal stresses develop during
_______ E=50 kV/em cooling down to RT due to the very large difference in the
thermal expansion coefficients of S@.6x10 6°C™1)
and BST (10.5<10 6°C™1). Although there are no
] epitaxy-induced stresses for polycrystalline BST films depos-
ited on Si, thermal stresses should result in a variation in the
phase transformation temperature, stabilizing the paraelectric
phase and thereby significantly reducing the pyroelectric re-

Pyroelectric coefficient
p[uC em” K]

et TSR sponse. One way of mitigating the effect of internal stresses
Ol : ] for films deposited upon Si is by depositing one or more

03 -02 01 00 01 02 03 appropriately selected buffer layéfs.The buffer layers
Misfit strain, u_[%)] should be chosen such a way that the ferroelectric film

should be in in-plane compression at the deposition tempera-
FIG. 2. The pyroelectric coefficient as a function of misfit straim,, for ture as to compensate for the tensile thermal stresses that will
BST 60/40 epitaxial thin films at electric fiel#=0, 10, 50 kv/cm at room  develop as the heterostructure is cooled to ambient tempera-
temperature. tures. Another possible solution to this problem would be to

delineate the film into ferroelectric “islands” with lateréh-

plang dimensions less than the film thicknéSsThese is-

for either phase. The second term in E4). can be obtained |ands are virtually stress free and mechanically uncon-
by analyzing the field dependent dielectric permittivdy  strained.
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