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Ferroelectric lead zirconate titanate [Pb(ZrxTi1-xO)3, (PZT x:1-x)] has received considerable interest

for applications related to uncooled infrared devices due to its large pyroelectric figures of merit near

room temperature, and the fact that such devices are inherently ac coupled, allowing for simplified

image post processing. For ferroelectric films made by industry-standard deposition techniques,

stresses develop in the PZT layer upon cooling from the processing/growth temperature due to thermal

mismatch between the film and the substrate. In this study, we use a non-linear thermodynamic model

to investigate the pyroelectric properties of polycrystalline PZT thin films for five different

compositions (PZT 40:60, PZT 30:70, PZT 20:80, PZT 10:90, PZT 0:100) on silicon as a function of

processing temperature (25–800 �C). It is shown that the in-plane thermal stresses in PZT thin films

alter the out-of-plane polarization and the ferroelectric phase transformation temperature, with

profound effect on the pyroelectric properties. PZT 30:70 is found to have the largest pyroelectric

coefficient (0.042 lC cm�2 �C�1, comparable to bulk values) at a growth temperature of 550 �C;

typical to what is currently used for many deposition processes. Our results indicate that it is possible

to optimize the pyroelectric response of PZT thin films by adjusting the Ti composition and the

processing temperature, thereby, enabling the tailoring of material properties for optimization relative

to a specific deposition process. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833555]

I. INTRODUCTION

Pyroelectric materials have long been employed as sin-

gle or multi-element passive infrared (IR) devices for intru-

sion detectors, smoldering fire detectors, uncooled thermal

imagers, radiometers, and gas/laser analyzers.1,2 These

detectors are fabricated from either bulk or thin film ele-

ments.3 The pyroelectric response of such devices is com-

monly used in two different modes of operation. First, for

ferroelectric (FE) materials operated well below the FE

phase transformation (Curie) temperature (TC), a pyroelectric

current is obtained solely due to the change in spontaneous

polarization with temperature. Intrusion detectors and gas

analyzers are most often used in this mode. Such devices fre-

quently are put into a “sleep mode” when inactive, and wak-

ing up upon external stimulus, thereby minimizing power

consumption.4 Temperature variations and their control are

not primary concerns in this mode of operation. Second, the

so-called “dielectric bolometer” mode of operation involves

using a ferroelectric material close to TC, with an electric

bias field applied, which has the effect of stabilizing a steep

temperature dependence of the field induced dielectric dis-

placement and hence induced pyroelectric effect.5,6 The

applied field also reduces the dielectric loss in the region of

TC, which would otherwise be problematic. The bolometer

mode can be advantageous for certain types of device, espe-

cially small element thermal imaging arrays, where the high

dielectric constant in the region of TC provides an element

capacitance that matches the input amplifier. The need to op-

erate close to TC necessitates some degree of temperature

control, although the range of this is determined by the mag-

nitude of the applied field (higher applied fields broaden the

temperature range of optimum operation). Nevertheless, the

need for thermal stabilization for dielectric bolometers is dis-

advantageous in terms of system complexity and power con-

sumption and means that, for most IR sensing applications,

the use of FEs well below TC provides a wider spectrum of

applications.

Ferroelectric materials, when deposited in thin film

form, can exhibit inferior piezoelectric properties compared

to bulk and single crystals due internal stresses, the

presence of defects, and microstructural/compositional

inhomogeneities.7–11 However, it has been shown that it is

perfectly possible to obtain pyroelectric properties in ferro-

electric thin films which compare very well with those of

bulk pyroelectric ceramics,12 presumably because such

properties are intrinsic to the lattice and less dependent

upon extrinsic effects such as domain wall motion than pie-

zoelectricity. Such thin films offer significant advantages in

terms of mass producibility, integration with other micro-

electronic devices, and lower processing costs. The lower

heat capacity of thin films compared to their bulk counter-

parts improves the time response and sensitivity of the

pyroelectric devices because a larger temperature rise is
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achieved for given infrared flux, thereby resulting in larger

spontaneous voltage. Furthermore, it is possible to operate

thin films (as dielectric bolometers) at high bias fields due

to their relatively higher dielectric breakdown strengths and

coercive fields.13–16

In order to integrate FE films into standard silicon-based

integrated devices, the selected synthesis method through

which the pyroelectric films are deposited should be compat-

ible with conventional integrated circuitry (IC) as a post pro-

cess, which means depositing the films below 500 �C.17,18

While there have been significant advances in industry-

standard thin film growth techniques such as rf-sputtering,

metal-organic chemical vapor deposition (MOCVD), and

metal-organic solution deposition (MOSD); IC compatibility

and cost considerations require that these films be deposited

onto fully processed and metallized Si as end-of-line proc-

esses. This restriction may give rise to substantial material

performance problems due to the relatively large thermal

expansion coefficient (TEC) mismatch between a typical

perovskite pyroelectric and Si. For example, in-plane ther-

mal strains from the TEC difference may lead to cracking or

delamination. In addition, excessively high post-processing

temperatures for too long, a period of time may degrade the

aluminum metallization or result in doping migration in the

active silicon layers. The choice of temperature-time budget

for the PZT annealing step in the fabrication of fully inte-

grated pyroelectric arrays thus requires some care, but it is

feasible and fully working sol-gel fabricated integrated pyro-

electric arrays have been demonstrated.13

The total polarization (spontaneous and induced) and its

temperature dependence, defined through the pyroelectric

coefficients, are intimately coupled with internal strains

within the materials.14,19 As such, the electrical and mechan-

ical boundary conditions are determined by the choice of a

particular pyroelectric material, the substrate, the electrode

configuration (top and bottom electrodes in a planar configu-

ration or interdigitated electrodes), and processing condi-

tions. There have been numerous theoretical and

experimental studies that demonstrate the impact of residual

strains which may result in deleterious effects on the FE thin

film properties.7,8,20–24 Prior work also shows that the pyro-

electric properties of FE thin films can be optimized through

engineering misfit and thermal strains.14,19,25,26 For example,

theoretical studies of barium strontium titanate

(BaxSr1-xTiO3, BST) films on Si and sapphire substrates indi-

cate that the pyroelectric response of these films may vary

with film composition, the substrate material, and the proc-

essing temperature.6,14

Lead zirconate titanate [Pb(ZrxTi1-xO)3, (PZT x:1-x)] thin

films with x� 0.5 are of particular interest for IR devices due

to their relatively large bulk pyroelectric properties at room

temperature (RT¼ 25 �C).27,28 Indeed, it has been demon-

strated that the pyroelectric properties of PZT films for Ti-rich

compositions are strongly affected by the Ti composition, the

domain structure, and residual strains.14,29 Secondary pyro-

electric effects due to TEC mismatch can also be quite large

for mono- and polydomain epitaxial PZT depending on the

composition and may impact the overall pyroelectric

response.29–31 The pyroelectric properties of PZT thin films

can also be tailored through doping. In Table I, we summarize

the typical room temperature pyroelectric coefficients of poly-

crystalline PZT thin films on Si or metallized Si substrates for

Ti-rich compositions.13,32–45 Specific details corresponding to

the Ti composition, synthesis method, processing tempera-

tures, film thickness, and texture are provided in this sum-

mary. Table I shows that PZT 30:70 films that have a

predominantly (111) texture yield the highest pyroelectric

coefficients corresponding to �0.02 lC cm�2 �C�1.12,13,40

To understand: (i) why PZT 30:70 films have the strong-

est pyroelectric response, (ii) what the role of processing

TABLE I. Summary of pyroelectric properties of typical polycrystalline PZT thin films on Si substrates (Ti-rich compositions). Also included in the list are

the deposition method, deposition parameters, texture, and film thickness.

Composition

(Zr:Ti) Orientation/texture Substrate Method

Processing

temperature (�C)

Pyroelectric coefficient

(lC cm�2 �C�1)

Thickness

(nm) References

30:70 Highly (111) Si/Ti/Pt Sol-gel 510 0.030 1000 13

30:70 �500–510 0.020–0.029

25:75 510 0.022

20:80 510 0.018

15:85 (111)–80% Si/Ti/Pt Sol-gel 580–650 0.022 1000 32

(100)–48% 0.019

25:75 (111) Si/Ti/Pt Sputtering 450 0.020 400–1000 33 and 34

30:70 Highly (111) Si/Ti/Pt Sol-gel 530 0.021 700 35

30:70 Random Si/Ti/Pt Sol-gel 650 0.001 @50 �C 500 36

30:70 Random Si/Ti/Pt Sol-gel 600 0.040 550 37

40:60 (110)–93% Si/LNO/Pt Sputtering 650 0.078 (avg.) 0.109 (max.) 500 38

30:70 Random Si/Ti/Pt Sol-gel 600 0.025 550 39

30:70 Highly (111) Si/Ti/Pt Sol-gel 480 0.018 800 40

30:70 Random Si/Ti/Pt Sol-gel 640 0.029 450 41

30:70 (100)/(111) Si/Ti/Pt Sol-gel 530 or 560 0.032 1000 42

30:70 Random Si/Ti/Pt Sol-gel 560–700 0.010–0.017 450 43

30:70 N/A Si/Ti/Pt Sol-gel 650 0.018 @ 260 �C N/A 44

25:75 (100)/(111) Si/Ti/Pt Sol-gel 750 0.021 N/A 45

(111) Sputtering 600 0.020

204101-2 Kesim et al. J. Appl. Phys. 114, 204101 (2013)



temperature (which determines the magnitude of the in-plane

thermal strains) is, and (iii) how the pyroelectric coefficients

of PZT films are related to film texture, we employ here a

non-linear thermodynamic model based on Landau theory of

phase transformations for FEs to account for the thermal

strains in the thin film configuration. Our methodology pro-

vides quantitative predictions of the pyroelectric properties

of (001)-textured polycrystalline PZT thin films on Si sub-

strates as functions of film composition and processing tem-

perature. The results suggest that the maximum pyroelectric

response should be obtained for PZT 30:70 composition with

a (001) texture, with tensile strains further enhancing the

pyroelectric properties.

II. THEORETICAL METHODOLOGY

We consider here a (001)-textured, monodomain PZT

film on a Si substrate deposited/processed at a growth/an-

nealing temperature TP and then cooled to RT. We note that

while polydomain states are formed in many thin films

experimentally, these calculations serve as a useful end

member prediction. The excess free energy of such a system

in the FE state can be expressed via6

~GðP; T; uT ;EÞ ¼ ~a1P2 þ ~a11P4 þ a111P6 þ u2
T

S11 þ S12

� EP;

(1)

where P is the out-of-plane polarization, E is the externally

applied electric field, and uT is the in-plane thermal strain.

This Landau expansion of the excess free energy of a uniax-

ial FE incorporates the internal elastic energy due to the me-

chanical boundary conditions in a thin film configuration

given by r1¼r2 and r3¼ r4¼ r5¼r6¼ 0, where ri are in-

ternal stresses in the contracted notation. The normalized

dielectric stiffness coefficients in Eq. (1) are defined through

~a1 ¼ a1 � uT
2Q12

S11 þ S12

; (2)

~a11 ¼ a11 þ
Q2

12

S11 þ S12

; (3)

where a1, a11, and a111 are the dielectric stiffness coefficients.

a1 is given by the Curie-Weiss Law such that, a1¼ (T �
TC)/2e0C, where e0 is the permittivity of vacuum and C is the

Curie-Weiss constant, Q12 is the electrostrictive coefficient,

and S11 and S12 are the elastic compliances of the film at con-

stant polarization. The thermodynamic, elastic, and electrome-

chanical data used in calculations can be found in Table II.46,47

Equi-biaxial in-plane thermal strains that develop in the

film due to the differences in TECs between PZT (aPZT) and

Si (aSi) upon cooling from TP can be expressed as

uTðTGÞ ¼
ðTP

RT

aPZTdT �
ðTP

RT

aSidT: (4)

PZT films are usually deposited on substrate stacks with

SiO2 and/or Si3N4 acting either as etch-stops or sacrificial

layers. Such dielectrics also function as stress compensation

membranes during device release so as to keep the sus-

pended PZT flat and thus normal to the incident radiation.

The Si substrate on which the stack is formed has a high

thermal conductivity and must be thermally decoupled from

the PZT to yield optimum pyroelectric response; hence, for

very low cost long-wave IR detectors, the Si is removed

through a back-etch process at the end of device fabrica-

tion.27,37,48 It should be emphasized that the PZT film is de-

posited prior to these latter back-etch processes, and thus the

biaxial thermal strains will still present after PZT release

through the removal of the Si. The TECs of pseudocubic

PZT are taken to be dependent only on the film composition

while aSi changes as a function of temperature.49 The data

for aPZT for PZT compositions 50:50, 30:70, and 0:100

(PbTiO3, PT) were obtained from the literature.19,49–52 TECs

for other compositions employed in our calculations were

then calculated from a polynomial curve fitting such that

aPZTðxÞ ¼ ð11:51� 17:36xþ 17:71x2Þ � 10�68C�1; (5)

where x is the mole fraction of Ti. Values for aPZT and aSi

that were used in our calculations are provided in Table III.

The condition for thermodynamic equilibrium is derived

from the equation of state

@ ~G

@P
¼ 2~a1Pþ 4~a11P3 þ 6a111P5 ¼ E: (6)

The spontaneous polarization (PS) of films can then be deter-

mined from @ ~G=@P ¼ 0 (E¼ 0) and the pyroelectric coeffi-

cient along [001] can be expressed as

p ¼ dPS

dT
þ
ðE

0

@e
@T

� �
E

dE: (7)

The second term in Eq. (7) represents the contribution

of the temperature dependence of the dielectric permittivity

to the total pyroelectric coefficient and can be neglected

around RT for the FE-PZT films considered in this study.

As an example, for bulk PZT 20:80 at 200 kV/cm;

dPS/dT¼ 0.031 lC cm�2 �C�1, whereas the |p| defined

through Eq. (7) including both terms is 0.033 lC cm�2 �C�1.

TABLE II. Bulk thermodynamic, elastic, and electromechanical coefficients

of PZT.

PZT

40/60

PZT

30/70

PZT

20/80

PZT

10/90

PZT 0/100

(PT)

TCð�CÞ 418.4 440.2 459.1 477.1 492.1

Cð105 �CÞ 2.664 1.881 1.642 1.547 1.500

Q11 (m4/C2) 0.08116 0.07887 0.08142 0.08504 0.08900

Q12 (m4/C2) �0.0295 �0.0248 �0.02446 �0.02507 �0.02600

s11 (10�12 N/m2) 8.6 8.4 8.2 8.1 8

s12 (10�12 N/m2) �2.8 �2.7 �2.6 �2.5 �2.5

a11 (107 N m6/C4) 3.614 0.6458 �3.05 �5.845 �7.253

a111 (108 N m10/C6) 1.859 2.348 2.475 2.518 2.606

204101-3 Kesim et al. J. Appl. Phys. 114, 204101 (2013)



III. RESULTS AND DISCUSSION

Figure 1(a) shows the temperature dependent out-of-plane

polarization of polycrystalline bulk PZT. PZT 40:60 and 30:70

exhibit second order phase transitions as dictated by the posi-

tive signs of the quartic dielectric stiffness coefficients (Table

III). Conversely, the order of the phase transition changes for

high Ti compositions (PZT 20:80, PZT 10:90, PZT 0:100). It

is also seen that increasing the Ti composition enhances the

polarization and shifts the phase transition to higher tempera-

tures, for the case of single domain state films. Strain-induced

shifts in the phase transition temperature of FEs have been

determined theoretically and experimentally.6,8,53,54 The

polarizations of (001)-textured PZT films on Si as a function

of temperature are plotted in Figure 1(b) at a TP of 550 �C.

From Figure 1(b), the phase transitions of PZT films shift to

lower temperatures compared to their bulk counterparts and

become second order for all compositions due to modification

of the quadratic dielectric stiffness coefficient as given through

Eqs. (1) to (5). Such shifts have also been predicted via phase

field models.55 The thermal strains are tensile in nature, since

the TEC of PZT films are higher than Si for all compositions

in the temperature range (25–800 �C) investigated in this study.

Thermally induced tensile strains couple with polarization and

suppress it by counteracting to some extent the electrical

dipole separation in the PZT films.

While the pyroelectric coefficient is the slope of the

spontaneous polarization with temperature when operating

significantly below the Curie temperature, a large absolute

value of the polarization is also required to achieve good sig-

nal to noise in the readout IC of an IR focal plane array

(FPA). As seen from Table I, the processing temperature of

PZT films on Si is reported to be roughly in the range

between 500 and 750 �C. Therefore, the behavior of the

polarization must be investigated over a wider temperature

range in order to fully elucidate the effects of thermal strain.

Figure 2 plots the [001] polarization of PZT films on Si as a

function of TP in 25–800 �C range. As expected, the sponta-

neous polarization is greater for lead titanate (PZT 0:100,

PT) films compared to other PZT compositions. The TEC

mismatch between the film and the substrate is more pro-

nounced as the Ti composition is increased and reaches a

maximum for PT films. Accordingly, the polarization drops

more drastically for PT with increasing TP (i.e., the slope of

P vs. TP) due to a build-up of a larger amount of tensile

strain. On the other hand, polarization of PZT 40:60 films is

found to be even more sensitive to TP although it has the

lowest TEC among the films; a fact that can be attributed to

the closer proximity of its TC to RT [Figure 1(b)].

Consequently, it is important to note that the polarization of

PZT films depends on the complex interplay between TP and

the film composition; both of which determine the magnitude

of tensile strains and the phase transformation temperature.

The effects of thermal stresses on the RT pyroelectric

properties of PZT thin films on Si as a function of TP are

TABLE III. TEC of PZT films as a function of composition and TEC of Si.

Film/substrate

TEC, �106

(�C�1, T in �C) Ref.

PZT 50:50 7.26 19

PZT 40:60 7.47 …

PZT 30:70 8.04 50

PZT 20:80 8.96 …

PZT 10:90 10.23 …

PZT 0:100 11.86 51 and 52

Si 3.725 � {1 � exp[�5.88

� 10�3(Tþ 149)]} þ 5.548

� 10�4�(Tþ 273)

49

FIG. 1. Temperature dependent polarization of (a) bulk, polycrystalline PZT

and (b) (001)-textured PZT on Si (TP¼ 550 �C) at various compositions.

FIG. 2. [001] polarization of PZT thin films with different Ti composition as

a function of the processing temperature.

204101-4 Kesim et al. J. Appl. Phys. 114, 204101 (2013)



illustrated in Figure 3. The bulk values of PZT for the same

compositions under zero bias fields are also indicated for com-

parison. Bulk single-domain PZT 40:60 has the highest pyro-

electric coefficient (0.042 lC cm�2 �C�1); with an increase in

Ti composition producing a deleterious effect on pyroelectric

properties. On the other hand, for PZT thin films, there is also

a composition (PZT 30:70) wherein a comparable pyroelectric

response is observed. This latter composition is attractive in

that it offers nearly a 20% larger spontaneous polarization

compared to the 40:60 composition. Figure 3 also reveals that

it is possible to improve upon the pyroelectric performance of

bulk which has been reported for FE films and heterostructures

in previous studies.6,56–58 The high pyroelectric response of the

PZT 30:70 can be explained because the phase transformation

temperature is sufficiently remote from RT to achieve a rela-

tively large polarization, yet at the same time close enough to

allow substantial polarization change with temperature. We

note that experimentally PZT films on Si substrates contain

polydomain microstructures that form so as to relax thermal

stresses due to the TEC mismatch and the transformational

stresses due to the FE-PE phase transformation at TC.59–66

Several studies have been reported which provide a rigorous

analysis of polydomain heterostructures in epitaxial FEs taking

into account these (volumetric) sources of internal stresses as

well as localized strain fields near defects using

thermodynamic models and phase-field approaches.20,55,67,68

Therefore, to describe the experimental observations, more so-

phisticated models need to be developed to describe the effect

of grain and domain boundaries, grain texture, and the extrinsic

contribution to the pyroelectric coefficient resulting from re-

versible domain wall motion.

The effect of a biasing electric field on pyroelectric

coefficient of PZT films grown on Si at 550 �C is demon-

strated in Figure 4. An externally applied electrical field

normal to the film/substrate interface changes the free

energy density as defined through Eq. (1). The applied

electric field smears the phase transformation at TC,

thereby reducing the slope of the polarization vs. tempera-

ture curve and hence the pyroelectric response. A summary

of our findings is illustrated in Figure 5 for PZT films on SiFIG. 3. Pyroelectric coefficients of PZT thin films on Si for five composi-

tions as a function of the processing temperature. The arrows indicate pyro-

electric coefficients of bulk PZT under zero bias field.

FIG. 4. Pyroelectric coefficients of (001)-textured polycrystalline PZT films

(TP¼ 550 �C) for five compositions as a function of the applied bias field.

FIG. 5. Pyroelectric coefficient of PZT thin films on Si grown/processed at

(a) 400 �C, (b) 550 �C, and (c) 700 �C as functions of Ti composition and the

applied electric fields.

204101-5 Kesim et al. J. Appl. Phys. 114, 204101 (2013)



processed at 400, 550, and 700 �C, respectively. These

temperatures were selected because they represent the

typical minimum and typical maximum processing temper-

atures thus covering the whole processing temperature

range reported in the literature (Table I). Regardless of the

electric field strength (50–200 kV/cm), PZT 30:70 films

have the highest jpj with the pyroelectric properties of

PZT films optimized by controlling both TP and the Ti

composition.

The calculated RT pyroelectric coefficient for PZT

30:70 grown at 550 �C under zero electrical field is approxi-

mately 0.04 lC cm�2 �C�1; almost two times larger than for

PZT films of other composition processed around the same

temperature. It should be emphasized that the result of the

calculations presented herein is for the films which are

assumed to be perfectly (001)-textured. In addition, many IR

FPAs have partially released air bridge structures which par-

tially diminish the effects of in-plane strains. Finally, many

films grown on platinized Si substrates with titanium adhe-

sion layers adopt a highly textured (111) orientation.13 In

other words, the polarization and pyroelectric vector compo-

nents are along [111] and therefore, lower than the maximum

allowable values obtained from [001].13,24,28,32,40,69–71 In

order to assess the contribution of [111]-aligned dipoles in

our analysis, as a first-order approximation, the calculated

polarization values and pyroelectric coefficients can be nor-

malized by 1/
ffiffiffi
3
p

to account for geometrical considera-

tions.32,72 This simple assumption decreases the computed

pyroelectric coefficient to �0.02 lC cm�2 �C�1 in agreement

with the experimental findings of (111)-textured films listed

in Table I. However, to fully describe the polarization along

[111] with biaxial in-plane strain as defined in Sec. II, a

more complicated thermodynamic analysis taking into

account the anisotropic nature of the mechanical boundary

conditions has to be employed.64,73 It is also obvious that it

is necessary to find synthesis routes that will result in [001]

oriented PZT films on Si to maximize the pyroelectric

response.

IV. CONCLUSIONS

In summary, we utilized a non-linear thermodynamic

model to investigate the effect of thermally-induced strains

on the pyroelectric properties of [Pb(ZrxTi1-xO)3, (PZT

x:1-x)] as a function of film composition (PZT 40:60, PZT

30:70, PZT 20:80, PZT 10:90, PZT 0:100) within a

growth/processing temperature range of 25–800 �C on

IC-compatible Si substrates. We showed that the residual

tensile strains in polycrystalline and monodomain PZT

films enhance the pyroelectric response by altering the tem-

perature dependent out-of-plane polarization and ferroelec-

tric phase transition temperature. It is revealed that the

pyroelectric properties of PZT films can be tailored by

changing the processing temperature and the film composi-

tion both of which determine the magnitude of thermal

strains. The results suggest that PZT 30:70 films offer a rel-

atively large pyroelectric coefficient (0.04 lC cm�2 �C�1)

at a typical deposition temperature of 550 �C. Finally, by

considering the direction of the polarization vector and the

degree of crystal orientation of PZT thin films, it is possible

to predict the pyroelectric response.
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