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Effect of operating temperature and film thickness on the pyroelectric
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The influence of the operating temperature and film thickness on the pyroelectric prope(@ied of

Bay 6S1p.4TiO3 (BST 60/40 epitaxial films on(001) LaAlO;, MgO, and Si substrates is investigated
theoretically via a thermodynamic model. The results are presented using contour maps that can be
used to identify “design windows” for film thickness and operating temperature for optimum
pyroelectric response. For BST 60/40 on LAO and MgO large pyroelectric coefficiends?(
wCcm 2K~ 1) are observed at near room temperature for moderate film thick68s200 nn.

The pyroresponse of films on Si is suppressed by two orders of magnitude compared to bulk BST
60/40 due to internal stresses. Significant recovery in the pyroelectric coefficient on Si is expected
for lower growth temperatures due to the reduction of thermal stresse200@ American Institute

of Physics. [DOI: 10.1063/1.1762691

The pyroelectric properties of ferroelectriEE) thin  maps for BggSr 41053 (BST 60/40 on Si, MgO, and
films have long been studied for applications in IR detectionLaAlO; substrates. BST 60/40 is chosen because itssPE
most particularly, as the active sensing elements of focalransition(~2 °C) is close to room temperatuf&T, 25 °Q.
plane arrays in thermal imaging systems. For these applica- Consider an epitaxig001) FE thin film deposited in the
tions, electronic charge or current is generated from a FEubic PE state on a thicto01) cubic substrate. The thermo-
capacitor(pixel) element in response to a temperature changelynamic potentialc can be expressed in terms of the polar-
relative to a reference temperature. It is preferable that Fization P;, the applied fieldE;, and the misfit strairu,,
films be integrated on-chip with the silicon readout elements= (as—ag)/as, as">’
so as to form a two-dimensional hybrid array in which the
pixel elements are scanned electronically by IC readouE:
elements.

The pyroeleqtric response of FE. materials in thin film +a’l*3(PiP§+ p§p§)+a*l¥2pip§+ agy( p?+ pg+ pg)
form, however, is significantly inferior to those of bulk
single-crystal FEs due to the presence of internal stresses. +au1d (P1(P5+P3)+P3(Pi+P3)+P5(Pi+P3)]

Our preliminary studies have shown that internal stresses Y

ha_lve_a pronounced effect on the pyroelectrl_c response of FE +a123p§p§p§+ S +"‘S —(E{P;+E,Py+EzP3). (1)
thin films and there may be orders of magnitude variation in 117 P12

its value? It has been further shown that for epitaxial thin

films the pyroelectric coefficient can be tuned by varying theag is the substrate lattice parameter andis the equivalent
misfit strairf which can be controlled through the selection cubic cell constant of the free standing film. We define a
of a substrate material and/or by varying the film thickriess. Cartesian coordinate system with//[ 100], x,//[010], and
Typically, an enhancement is expected at a critical misfix;//[001]. The renormalized expansion coefficients of the
strain corresponding to the paraelecti®E)«—FE phase tran- free energy functional are:

sition.

In this letter, the effects of the film thickness and oper- Qy+ Q1
ating temperature on the pyroelectric coefficients of epitaxial aj=a;— Uy o——=—
FE thin films is investigated using the theoretical approach
developed previousfy*® taking into account epitaxial
stresses, the self-strain of the PREE phase transformation, 1 1
and the thermal stresses due to the thermal expansion mis- aj;=ant 2 ﬁ
match between the film and the substrate. The pyroelectric =2
response is calculated as functions of the operating tempera- X[(Qiﬁ Q%z) S11—20Q11Q1,S:5],
ture and film thickness and the results are presented contour
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wherea, is the dielectric stiffnessa;; and a;j, are higher
order stiffness coefficients at constant str€gs are the elec-
trostrictive coefficients, an§;; the elastic compliances of the

film. Tensor quantities are given in the Voigt matrix notation.

The temperature dependence of the dielectric stiffizgsis
given by the Curie—Weiss law; = (T—T¢)/2¢,C, whereC
is the Curie—Weiss constant of a bulk FE, aeglis the

permittivity of free space. The mechanical boundary condi-
tions imposed by the epitaxy condition result in the forma-
tion of six different phase$The stable phases for epitaxial

BST 60/40 films are theparaelectric phase P;=P,=P;
=0), the ¢ phase P;=P,=0, P;#0), aa phase
(Py=P,#0, P;3=0), and ther phase P,=P,#0, P3#0).
The pyroelectric coefficienp along [001] can be ex-
pressed in terms of the applied electric fi&ler E5, the out-
of-plane spontaneous polarizatié?y, the out-of-plane di-
electric response, and the operating temperatufeas

9P
=—4
P=57

Jde
T 3

Psis given by the minimization of Eq1) with respect to the
out-of-plane polarizatioP;=Pg:8

¢ phase: Pg=\—a}/2a3,, (4)
2ajAT —2aj;a3 —arA;
hase: Pg= \/ , 5
[ PSP N daagr oaat 2al)
aa phase and paraelectric phasez=0. (6)
The dielectric coefficient as a function of the applied fiEld
is
- PG\ ! 1
€ = 5 = Ll
¥\ op2]  2[a%+alyPi+ P+ 6akPl]
(7

whereP; are given by the equations of the sta!é/aPizo
[Egs.(4)—(6)].

The theoretical analysis is carried out for epitaxiz01)
BST 60/40 on(001) Si, MgO, and LaAlQ with RT lattice
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FIG. 1. (Color) Pyroelectric coefficientin xC cm 2 K™1) as a function of
film thickness and operating temperature @01 BST 60/40 film on(001)
LaAlO;.

Since the pyroresponse reaches a maximum near the
phase transformation temperature, it is worthwhile to esti-
mate the change il as a function of the misfit strain. The
variation inT¢ with u,, follows from a3 =0 and is given by

Q12

ATc=4¢,C—"U,.
¢ 0~ S+S, ™

®

Compressive in-plane strains should increase the transition
temperature £ T>0 since bothu,,,<0 andQ,,<0) and ten-

sile in-plane strains should result in lowering of the transfor-
mation temperature and thus stabilizing the PE phase. The
in-plane strain is reduced via misfit dislocation formation at
T and the extent of the relaxation depends on the film thick-
nessh as well asTg. AT is, therefore, function ofu,,
which itself is a function oh andTg. With increasing film
thickness, it is expected that the magnitudeAdi- should
decrease.

Figures 1-3 plot the calculated absolute values of pyro-
electric coefficient as a function of the film thickness and
operating temperature for BST 60/40 films on LaAlO
MgO, and Si substrates, respectivElyzor films on LaAlG,
and MgO substrates, a maximum pyroresponse~@¥.7
uCcem 2K~ 1 is to be expected nedf.. Internal stresses

parameters 0.5431, 0.4211, and 0.3787 nm, respectively, due to lattice mismatch are relaxed by increasing film thick-
Ts=800 °C. When compared to the RT lattice parameter ohess and thuA T.—0 and a maximum pyroresponse in rela-
BST 60/40(0.3960 nm), these substrates result in a wide tively thicker films can be obtained in the vicinity of the
spectrum of internal stress states. For pseudomorphic filmsinconstrained single-crystal BST 60/40 FE transformation
Si and MgO should induce in-plane tensile stresses wheredaemperature. For relatively thin film$~10-70 nm on
LaAlO; gives rise to in-plane compressive stresses in BSTaAlO5 (Fig. 1), the maximum pyroresponse is predicted at
60/40. Assuming Matthews—Blakeslee type relaxation bytemperatures higher than 100 °C. Due to high internal stress
misfit dislocations® the critical film thickness for misfit dis- in this thickness regime, small variations in the film thick-
location generation in the BST 60/40 layer at the film growthness or temperature may shifg drastically and thus signifi-
temperaturel ;=800 °C is found to be 1, 1.5, and 2.6 nm, cantly reduce the pyroelectric coefficient. With an increase in
respectively, for Si, MgO, and LaAlQsubstrates, respec- the film thickness, the region of maximum pyroresponse
tively. broadens and shifts to lower temperatures thus providing a
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FIG. 2. (Colorn Pyroelectric coefficientin uC cm 2K 1) as a function of  FIG. 4. (Colon Pyroelectric coefficientin xC cm™2K~1) as a function of
film thickness and operating temperature @®1) BST 60/40 film on(001) film thickness and operating temperature @®1) BST 60/40 film on(001)
MgO. Si, T¢=500 °C.

The overwhelming majority of experimental results re-
ported in the literature are for polycrystalline BST films on
t coated Si substrates yielding pyroelectric coefficients in
he range of 0.01-0.04C cm 2K~ 11412 However, even
these modest values were obtained for ferroelectric materials
erated above the Curie temperature in the bolometric
ode in the presence of small bias fields to yield field-
duced polarization in the paraelectric state of the material.

wider “design window” for processing ferroelectric IR de-
vices.

Due to the large magnitude of tensile lattice and therma
mismatch, the P& c-phase transition of BST 60/40 films on
Si (Fig. 3 occurs at extremely low temperatures. In the in-
vestigated thickness and temperature range, BST 60/40 is P
and the rather low pyroelectric response is due to the variai-n

tion in the electr_lc field |.nduced. polarlzatlon. with To minimize noise in an actual focal plane array; however,
tempergturé.Apprommately a fivefold |mproy§ment IS €X° one must usually apply substantial bias, greatly decreasing
pected in the pyrorespcins_e when the doepos_ltlon temperatU{ﬁe pyroelectric coefficiert There has been, to our knowl-

IS decreas_ed f_rom 800°(Fig. 3 to 500 (;(.F'g' 4 due to dge, no significant pyroelectric response from ferroelectric
th_e reduction in the the_rmal stresses arising from the TE in films operated below the Curie temperature; as the spon-
mismatch between the film and the substrate. taneous polarization and its change with temperature is often
much less than even 0.04Ccm 2K~ in such circum-
stances.
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