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ABSTRACT

The character of extrinsic contributions to the dielectric and pyroelectric properties of Pb0.99[(Zr0.52Ti0.48)0.98Nb0.02]O3 (PZT) films on Ni
foil and Si wafers was explored using Rayleigh analysis, third harmonic phase angle, and Preisach analysis from 15 K to 296 K. The tempera-
ture dependence of the domain structure, domain wall mobility, and domain switching influenced the intrinsic, extrinsic, and secondary
contributions to the pyroelectric coefficients. This, in turn, produced markedly different room temperature pyroelectric coefficients of
∼250 μC/m2 K and ∼100 μC/m2 K, respectively, for films on Ni and Si. At room temperature, the dielectric irreversible Rayleigh parameter
αray was 15.5 ± 0.1 and 28.4 ± 1.6 cm/kV for PZT on Si and Ni, respectively. The higher αray value for the Ni sample suggests more domain
wall motion at room temperature, which was attributed to the lower stiffness on the Ni foil compared to the ∼500 μm thick Si substrate.
Below 200 K, αray for the PZT Si sample exceeds that of the Ni/PZT sample. This is believed to arise from differences in the energy land-
scape of pinning centers for the domain wall motion. It is proposed that the residual stresses not only set the preferred domain structures
but also the barrier heights for domain wall motion and domain switching.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0014405

INTRODUCTION

Pyroelectric thin films are used in infrared imagers,1–4 thermal
energy harvesters,5–7 and detectors of thermal infrared radiation.2,8–12

The performance of these devices depends on the pyroelectric coeffi-
cient, π, of the film, which is determined by the change in polarization
with temperature.12 At the zero applied field (which is the condition
for this paper), the change in polarization (or dielectric displacement,
D) with temperature (T) depends on several factors as follows: 13,14

πtotal ¼ @D
@T

� �
x

þ @D
@σ

� �
T

@σ

@x

� �
t

@x
@T

� �
σ
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The primary pyroelectric response is due to the change in the
magnitude of the spontaneous polarization (Ps) with temperature.

There is also a secondary term due to a stress (σ) induced response
due to the piezoelectric response of the film, which induces a
polarization due to the change in dimensions (x = strain) associ-
ated with a temperature change.7,13,15 Finally, there also can be an
extrinsic contribution from the motion of domain walls or phase
boundaries.16 In the case where heating is not uniform, an addi-
tional term is also possible,14 but this is typically negligible for
thin films clamped to substrates with good thermal conductivity
(such as Si and metallic substrates),13 and so it is not included in
Eq. (1). The combination of the secondary and extrinsic contri-
butions can account for up to a third of the pyroelectric coeffi-
cient17 with tuning of strain in the film. Studies show that
changing the epitaxial strain and the thermal expansion mis-
match between the film and substrate can increase the pyroelec-
tric coefficient significantly.7,17–19
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It is important to recognize, however, that thermal stresses
will also modulate other contributions to the net pyroelectric effect.
In particular, the thermal expansion mismatch stress between the
film and the substrate influences the percentage of out-of-plane “c”
and in-plane “a” domains in {001} oriented perovskite films with a
significant tetragonal phase fraction.20,21 This changes the primary
pyroelectric coefficient. Additionally, changes in temperature and
stress also influence the domain populations and types of domain
walls present in the films, and hence, the extrinsic contributions to
pyroelectricity.7,17,22,23 Finally, local stresses in the film may pin
certain types of domain walls24 and determine the domain wall
density22 and domain structure.17

In PZT films, the extrinsic contribution to the pyroelectric
coefficient is hard to predict due to the complex domain structure
and various degrees of clamping. For example, a substrate’s stiffness
and thickness influence the degree of in-plane clamping experi-
enced by the film25,26 and thereby alter the extrinsic contributions
to properties. Changes in the film’s stress state can significantly
alter the amount of domain wall motion; this has been demon-
strated by the reduction of stress through releasing the films from
the underlying substrate,27,28 as well as by varying epitaxial
strains.17 However, to date, the relationship between stresses and
domain wall pinning sites is not fully understood. This complicates
the prediction of the functional pyroelectric, dielectric, and piezo-
electric responses of ferroelectric thin films and reduces the accu-
racy of calculations on the high field response of sensors and
actuators.

For example, stresses may affect the extent of domain wall
motion at low fields and domain nucleation and growth at higher
fields. Therefore, the influence of stresses should be explored using
both low and high field methods. At lower fields, the dielectric
non-linearities of many ferroelectrics can be described through the
Rayleigh law29,30 as

εr ¼ εinit þ αRayEac, (2)

where εinit captures the response due to reversible domain wall
motion and intrinsic contributions and αRay quantifies the irrevers-
ible domain wall motion (αRay) to the permittivity. Analysis of the
Rayleigh response for films on various substrates23,25 suggests that
films with flexible substrates exhibit higher domain wall contribu-
tions to the properties than more fully clamped films on rigid sub-
strates. Because the domain wall motion is thermally activated,
temperature dependent Rayleigh measurements can provide one
means of quantifying the depth of the potential wells pinning
domain walls, since at low temperatures, mobile interfaces can be
frozen out of the response.31

To confirm Rayleigh behavior at lower temperatures, the
phase angles (δi) of the higher harmonics of the dielectric response
can be used to determine the Rayleigh regime.31,32 In particular, δ3
should be at −90° (note a change in sign convention between
Refs. 33 and 34 and Ref. 32). It has been shown that the phase
angle may require a threshold field to reach the Rayleigh regime at
some temperatures, which can give insight into the energy barrier
ranges for the domain wall motion.

Additionally, Preisach distributions [or more generally first
order reversal curve (FORC) distributions]35–37 describe the

switching distributions over a much wider range of fields than is
described by Rayleigh behavior.37 These models describe switching
in terms of a distribution of hysterons, where each hysteron has a
characteristic positive switching field (Ef ) and negative switching
field (Eb).

37 It is assumed that Ef is greater than Eb. While this
model does not illuminate the detailed mechanisms for switching,
it does allow the temperature dependence of the switching distribu-
tions to be described. This is useful as the local coercive fields
depend on the pinning of domains through imprint38,39 and the
variation in stresses40,41 and clamping41,42 of the films. Since the
FORC distribution covers a higher field range, it probes a broader
distribution of pinning centers, which may lead to different ideal
poling conditions of films under different stress states. Determining
these differences in energy barrier height for low field and high
field conditions is necessary to fully quantify and exploit the extrin-
sic response of the film to optimize various properties.

In this work, the link between extrinsic contributions and the
dielectric and pyroelectric properties based on stresses in 0.6 μm
thick Pb0.99□0.01[(Zr0.52Ti0.48)0.98Nb0.02]O3 (PZT) (note □ repre-
sents lead vacancies) films on Ni and Si substrates were explored.
Nb doped PZT was used since it has good piezoelectric and pyro-
electric coefficients, a low leakage current, and is used in many
commercial applications.43–45 Rayleigh and Preisach analysis as
well as δ3 values were used to compare the domain wall motion at
low fields and switching behavior at high fields from 10 K up to
room temperature (296 K). From these results, working models of
the potential energy landscapes and domain structure were devel-
oped to convey the differences in extrinsic contributions from one
PZT thin film to another, based on residual stresses.

EXPERIMENTAL PROCEDURE

The PZT films used in this study were grown through chemi-
cal solution deposition (CSD) using a 2-methoxyethanol based sol-
ution23,25,46 to a thickness of 0.6 μm on double-sided polished
500 μm Si 〈001〉 Nova Electronic Materials wafers with a 1 μm
thick thermal oxide and 50 μm 99.98% pure Sigma Aldrich Ni foils
that had a HfO2 buffer layer to prevent diffusion along with oxida-
tion.25 A bottom electrode of lanthanum nickelate was used and a
Pt top electrode. These films on both substrates had a morpho-
tropic phase boundary composition with a preferred {001} orienta-
tion, and dense columnar grains, without the presences of any
secondary phase. These films were used in a prior study,23 and
x-ray diffraction patterns and SEM images of these films can be
found elsewhere.23

The pyroelectric coefficient of PZT on Ni and Si were mea-
sured by heating the substrates using a cartridge heater powered by
a 50% duty cycle square wave while monitoring the temperature
and sample current. Equation (3) relates the pyroelectric coefficient,
π, to heating/cooling and sample properties,

π ¼ Iπ
A dT

dt

� � , (3)

where A is the current collection area, IΠ is the pyroelectric
current, T is temperature, and t is time.
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For the temperature measurement, a co-located, surrogate thin
film platinum resistive thermal device (RTD) was used to estimate
the pyroelectric thin film temperature. The thermal properties of
the Ni and Si substrates were modeled to ensure the accuracy of the
surrogate RTD chip.18 Additional electrical characterization of the
films was performed using a Lakeshore Cryotronics 8400 series
temperature-controlled probe station from 10 K to 296 K. Samples
were adhered to the stage using a thin layer of GE varnish to
ensure good thermal contact. A Cernox thin film RTD cryogenic
temperature sensor on a glass substrate was adhered on the stage
using a thin layer of GE varnish near the samples to monitor the
temperature. Measurements as a function of temperature were
made on heating from 10 K.

First, polarization–electric field (P–E) hysteresis loops were
measured using a custom-built electric field loop system using a
AC voltage amplifier (790 series power amplifier Piezotronics Inc.)
described elsewhere.38,47 One set of loops was measured up to
400 kV/cm at 100 Hz, and the coercive field (Ec) and remanent
polarization (Pr) were recorded. Since Ec drastically increases with
decreasing temperature, polarization hysteresis loops were repeated
at 4 × Ec to obtain fully saturated loops.

Low field measurements of permittivity of PZT on Ni and Si
were acquired using a Hewlett Packard LCR meter at 1 kHz and
30mV AC signal.34 The first, second, and third harmonics of the
permittivity and their respective phase angles at 1 kHz were deter-
mined using a lock-in amplifier as an AC voltage source, which
was swept up to half the coercive field at each temperature.34

Rayleigh measurements of the permittivity were taken at 1 kHz
using the LCR meter and AC signals up to 25 kV/cm. The Rayleigh
parameters were determined by a linear best fit in the Rayleigh
regime.28

To probe the dielectric response at higher fields, First Order
Reversal Curves (FORCs) were measured using 40 loops that
increased linearly in the field up to four times the coercive field, as
described elsewhere.38,47 The field range probed was from −4Ec to
+4Ec at each temperature. The Preisach distribution was deter-
mined from these loops, as described elsewhere.38,47

RESULTS AND DISCUSSION

At room temperature, the pyroelectric coefficients of PZT
films on Ni and Si substrates were found to be −251 and −106 μC/
(m2 K) respectively, with ±25% standard deviation. The higher
value for the film on Ni is a function of the fact that this PZT film
is under compressive stress and so has a higher remanent polariza-
tion.19,20,23 The Curie temperatures, Tc, were measured to be
∼320 °C for both films, see the supplementary material for more
details. This suggests domain structure may alleviate some of the
residual stresses, which is plausible given the complex domain
states.29,48

There are several important points to note from the tempera-
ture dependence of the P–E hysteresis loops of PZT on Ni
[Fig. 1(a)] and PZT on Si [Fig. 1(b)]. At 4Ec, the P–E loops of PZT
on Si above 150 K are not well saturated. For temperatures above
150 K, saturated loops of PZT on Si at higher fields were used for
the Pr and Ec values in Figs. 1(c) and 1(d), respectively. As
expected, both films showed a decrease in the Pr and Ec with an

increase in temperature as shown in Figs. 1(c) and 1(d), respec-
tively. Ec at 15 K was −257 kV/cm and 221 kV/cm for PZT on Ni,
and −117 kV/cm and 104 kV/cm for PZT on Si, and at room tem-
perature dropped to 43 kV/cm for PZT on Ni and 36 kV/cm for
PZT on Si. Over the temperature range, Ec for PZT on Ni was
roughly twice that of PZT on Si, as indicated by the dashed line.

At 15 K, Pr for PZT on Ni and Si was 47.5 ± 1.4 μC/cm2 and
19 ± 2 μC/cm2, respectively. From phenomenology, it is estimated
that “c” domains for this composition at 15 K would have a sponta-
neous polarization, Ps, of ∼61 μC/cm2 and “a” domains would have
no contribution to the out-of-plane polarization.49 Assuming, as a
first approximation, that these films have only “a” or “c” domains
and that ferroelastic domain switching is absent at 10 K; since Pr
will scale with Ps, the percentage of “c” domains can be estimated.
At 15 K, PZT on Ni has ∼80 vol. % of “c” domains at 15 K, and
PZT on Si has ∼30 vol. % of “c” domains. This is lower than room
temperature reports for percentage of “c” domains of PZT on
Si.23,50 At room temperature, Pr is 26 μC/cm2 (at 4 × Ec) for PZT
film on Ni suggesting only ∼50 vol. % of “c” domains.23,49,50

However, in higher maximum electric fields (900 kV/cm), Pr
further increases to 34.5 μC/, which would suggest ∼65% “c”
domains, which is lower than previous reports.23 See the
supplementary material for more details.

The difference in the volume fraction of “c” domains at 15 K
and room temperature can be attributed to extrinsic contributions,
changes in the domain structure due to domain reorientation with
change in stress with temperature, or a combination of these. The
stress changes in the film due to thermal expansion mismatch
stress (σt) is defined by23,51,52

σ t ¼
Ð Tmax

Tc
(CTEf � CTEs)dT

1 � vf
Yf

þ 1 � vs
Ys

� �
4
tf
ts

� �� � , (4)

where CTE is the coefficient of thermal expansion, v is the
Poisson’s ratio, Y is the Young’s modulus, and t is the thickness for
the film (f) and substrate (s).

For the temperature range used here (15 K–296 K), the CTE
for Ni varies from 0.02 to 13.3 ppm/K53,54 and Si from −0.5 to
2.6 ppm/K.55,56 The CTE for PZT below 273 K has not been
reported, but in the ferroelectric regime, CTE has been reported to
be roughly 2 ppm/K.20,57,58 The volumetric thermal expansion coef-
ficient was estimated from the results in Refs. 59–61 and below
60 K, it is assumed that the CTE for PZT decreases linearly to
0 ppm/K as 0 K is approached for the calculation. Therefore,
approximately −200MPa and −5MPa more stress is added to PZT
on Ni and Si, respectively, when it is cooled from room tempera-
ture down to 15 K. The small change in stress for the sample on Si
produces little ferroelastic switching, such that the volume fraction
of “c” domains is approximately constant at cryogenic tempera-
tures. The Pr of PZT films on Ni is expected to increase by
∼2.5 μC/cm2 under −200MPa,23 which suggests an increase in “c”
domains as the temperature is reduced,49 but additional contribu-
tions must be considered since there are limitations to these phe-
nomenological assumptions.48
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Rayleigh behavior and higher harmonics of the dielectric
constant were investigated down to 10 K to determine the extent
of domain wall motion at lower temperatures. At the onset of
the Rayleigh regime, the phase angle of the third harmonic
switches from −180° to −90° as domain walls begin to contrib-
ute to the permittivity32 (note that the sign of the phase angle
has been changed to be consistent with recent reports33). The
first, second, and third harmonics are reported in the supplementary
material. For perfect Rayleigh behavior in an unpoled sample,
only the odd harmonics should be present.62 However, small
values for the second harmonic were seen and attributed to slight
poling of the samples, which is consistent with previous studies
on PZT films.62

Figure 2 shows that the third harmonic phase angle, δ3, for
PZT on Ni and Si shifts from −180° to −90° on increasing

magnitude of the electric field. Consistent with previous
reports,32 there is a threshold field required to reach −90°, sug-
gesting that the entire energy landscape distribution for domain
wall motion is greater than 0 eV. As the temperature decreases,
the AC field required to reach the Rayleigh-like regime rises. The
field where the third harmonic phase angle first reaches −90 ± 5°
is denoted as Eδ3. It is notable that there is a larger deviation
from the 90° phase angle for films on Si, relative to films on Ni.
The results were reproducible; the origin of this behavior is not
known but may indicate an additional conduction mechanism.
This may cause additional errors with determining Eδ3. PZT on
Ni shows a greater temperature dependence, where at 296 K, Eδ3
is 5.8 ± 0.8 kV/cm and at 75 K, Eδ3 is 19 ± 0.8 kV/cm. For PZT on
Si, Eδ3 is ∼5.8 ± 0.8 kV/cm at room temperature and increased to
∼0.2 ± 0.8 kV/cm at 75 K.

FIG. 1. P–E hysteresis loops for PZT on Ni (a) and Si (b). The remanent polarization (c) and coercive field (d) as a function of temperature for PZT on Ni (red squares)
and on Si (green circles). Ec for PZT on Ni was roughly twice that of PZT on Si for all temperatures measured.
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Figure 3 plots Eδ3 vs Ec. For all temperatures investigated, the
Rayleigh-like behavior begins at a consistent percentage of Ec. For
PZT on Ni. Eδ3 ranges from 7 to 15% of Ec, for both films at the
various temperatures. This slight differences at each temperature
may suggest that there may be some differences in the magnitudes
and distribution of pinning centers. However, it is possible that
multiple mechanisms can affect the onset of the Rayleigh regime,
and the percentage of Ec that corresponds to the onset of the
Rayleigh regime may differ with temperature.

These results were combined with Rayleigh analysis to
understand the differences in the contributions to the dielectric
response. Rayleigh analysis was performed as a function of tem-
perature from 10 K up to 296 K for PZT films on Ni and Si sub-
strates, as shown in Fig. 4. The Rayleigh coefficients were
determined using a linear fit of the permittivity data vs electric
field. The linear fits were taken for a minimum of five points
above the corresponding Eδ3 for that temperature and sample.
The Rayleigh coefficients of εinit [Fig. 4(c)] and αray [Fig. 4(d)]
are plotted as a function of temperature for PZT on Ni (red
squares) and Si (green circles). As thermal energy was added to
the films, εinit increased for both sample sets. However, changes
in these coefficients with temperature occurred at slightly differ-
ent rates for PZT on Si and Ni. PZT on Ni had εinit of 188 ± 0.3

FIG. 2. Third harmonic phase angle, δ3, for PZT on Ni (a) and on Si (b) from room temperature down to 10 K. The field (Eδ3 ), where the phase angle reached −90° ± 5
is used as a proxy for defining when Rayleigh-like behavior was present. As the temperature decreases, Eδ3 increases. This temperature dependence is shown to be
greater for PZT on Ni as seen by the larger electric field required to reach a −90° phase angle.

FIG. 3. Eδ3 vs coercive field for PZT on Ni (red square) and Si (green circle).
From the slope (m) of these lines, it is estimated the Rayleigh regime begins
around 9–14% of the coercive field for both PZT on Si and PZT on Ni.
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at 10 K and 690 ± 8 at 296 K, and PZT on Si had a εinit of
326 ± 0.3 at 10 K and 1065 ± 3 at 296 K.

At room temperature, αray is larger for PZT on Ni than Si,
which may be due to the flexibility of the Ni foil. The Ni foil sub-
strate produces less clamped films compared to PZT on Si, leading
to more mobile domain walls.28 As the temperature decreases, αray
converges to zero near 10 K. The rate at which αray decreases is dif-
ferent for PZT on Ni and PZT on Si, suggesting that irreversible
domain wall motion “freezes out” differently for these two types of

samples. At 10 K, αray is 0.33 ± 0.01 cm/kV for PZT on Ni and
0.56 ± 0.03 cm/kV for PZT on Si. For temperature below 200 K,
αray is higher for PZT films on Si relative to Ni, but this order
reverses near room temperature.

To investigate the differences in the irreversible contribution,
the αRay/εinit ratio was determined for the two samples in Fig. 5.
These differences in αray and αRay/εinit as a function of temperature
could be due to either differences in the domain structure or differ-
ences in the energy barrier height distribution. It is estimated that

FIG. 4. Permittivity as a function of the electric field within the Rayleigh regime for (a) Ni and (b) Si samples. Rayleigh parameters of εinit (c) and αray (d) were plotted as
a function of temperature for PZT films on both Ni (red squares) and Si substrates (green circles). Note: 296 K (i) indicates the permittivity values at room temperature at
the start of the experiment and 296 K (f ) indicates the values at room temperature after the experiment. The lack of clear differences indicates that the sample had
minimal aging through the experiment.
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PZT on Si has roughly 40–60% “c” domains, and PZT on Ni has a
higher percentage of “c” domains (around 80–95%).23,49,63 Thus, it
is likely that PZT films on Si have more non-180° domain walls.
Since any motion of non-180° domain walls produces a large
change in permittivity (as “a” and “c” domains have very different
permittivity values), this could account for the higher αray at lower
temperatures. However, this theory would be inconsistent with
reports of limited amount of ferroelastic domain wall motion in
films.24,27 Therefore, it is more likely that there are lower energy
barrier heights for PZT on Si, allowing for a slightly greater αray at
lower temperatures. This is also supported by the increase in the
magnitude of stress on the PZT film on Ni [calculated by Eq. (4)].
This may cause increase in pinning centers energies of the PZT on
Ni and lead to the larger decay of αray with temperature.

Rayleigh behavior is observed when there is a Gaussian distri-
bution of the restoring forces for domain walls. Presumably, as the
temperature decreases, a smaller fraction of the distribution can be
sampled for a given electric field. As a semi-quantitative approach
to describing this, an Arrhenius-type plot was made for αray to
approximate some average value for a pseudo-activation energy for
domain wall motion at each temperature (see Fig. 6). Above 250 K,
the pseudo-activation energies for PZT films on Ni and Si are
32.4 ± 3.2 meV and 16.9 ± 1.1 meV, respectively. At room tempera-
ture, there is ∼25 meV available, suggesting that without the pres-
ence of electric fields some domain walls are mobile. This
observation is consistent with the common observation of aging of
properties that depend on domain wall motion. Comparing the two
activation energies, PZT on Ni has higher pseudo-activation ener-
gies, which is consistent with the larger Ec and Eδ3. As the tempera-
ture decreased, the pseudo-activation energies also decreased. That
is, when the thermal energy is low, irreversible domain wall motion
from deeper wells may be frozen out in these systems; since only
the shallower wells can be sampled, the pseudo-activation energies
drop with decreasing temperature. As the temperature increases,

deeper wells can be overcome with the increase in thermal energy;
a rise in activation energies and αray value follows. This occurs at a
steeper rate for PZT films on Ni.

The Rayleigh behavior and the phase angles of the dielectric
constant indicate significant differences in the domain wall motion
at modest electrical fields. To investigate higher fields, FORC loops
were measured for PZT films on Ni (Fig. 7) and on Si (Fig. 8) sub-
strates, from 15 K to 296 K. At lower temperatures, the FORC loops
are squarer. As the temperature increased for both films, the polari-
zation of the loops decreased and becomes tilted. PZT films on Si
had lower Pr, which is consistent with the hysteresis loops in Fig. 1.
This is believed to be differences in the residual stresses and the
percentage of in-plane and out-of-plane domains in the two
films.20 The films on Ni are consistently under compressive stresses
and, therefore, will have more out-of-plane domains and the higher
Pr for all temperatures measured.

The reversible (Prev) and irreversible (Pirr) FORC distributions
were determined. Figure 9 shows the reversible Preisach distribution.
Prev is the part of the hysteron distribution that corresponds to the up
(Ef) and down (Eb) switching fields being equivalent. Prev for PZT on
Si was symmetrical around 0 kV/cm; however, this was not the case
for PZT on Ni for all electrodes measured. As the temperature
increased, the peak magnitude increased for both PZT on Ni and Si.
The reversible peak was much larger for PZT on Si than PZT on Ni.
The typical shape of the hysteresis loops confirms this (Figs. 1, 7,
and 8), as PZT on Si has a tilted hysteresis loop compared to PZT on
Ni. The differences in the shape of the loop would suggest some dif-
ferences in the Preisach distributions for the two films.

The Pirr distribution (where Ef≠ Eb) is shown in Figs. 10 and 11
for PZT on Ni and Si, respectively. PZT on Ni had a clear peak

FIG. 5. αRay/εinit ratio for PZT on Ni (red squares) and on Si (green circles). FIG. 6. Arrhenius plot of the natural log of αray vs 1/T to determine the ranges
of activation energies for irreversible domain wall motion for PZT on Ni (red
circle) and PZT on Si (green square). From the slope, the calculated activation
energy at higher temperatures (from a linear fit form 225 K to 296 K) PZT on Ni
and Si was 32.4 ± 3.2 meV and 16.9 ± 1.1 meV, respectively.
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FIG. 7. FORC Loops for PZT films on Ni at 296 K, 225 K, 150 K, 75 K, and 15 K. The field range was from −4Ec to +4Ec for each temperature.
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FIG. 8. FORC loops for PZT films on Si at 296 K, 225 K, 150 K, 75 K, and 15 K. The field range was from −4Ec to +4Ec for each temperature.
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FIG. 9. Reversible FORC data, Prev for PZT films on Ni (a) and PZT films on Si (b). Prev for PZT on Si was 2–3 times larger than PZT on Ni.

FIG. 10. Pirrev for PZT on Ni at 296 K (a), 225 K (b), 150 K (c), 75 K (d), and 15 K (e). Ef and Eb are normalized to four times Ec at the reported temperature.
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around Ef = 2 × Ec, Eb =− Ec for each respective temperature. The
location of this peak may be due to imprint in the sample from
poling prior to the FORC loop. As the temperature increased, this
peak broadens and the intensity increased. This suggests that as the
temperature increases, more hysterons can switch. This is consistent
with the increase in the Prev distribution. It is not clear how an indi-
vidual pinning center’s barrier heights change with temperature.
However, the decrease in residual stress at higher temperatures for
PZT on Ni may change individual barrier heights.

PZT on Si (Fig. 11) does not show a clear peak but does show
a wide distribution of hysterons (note the scale difference between
Figs. 10 and 11). This may suggest differences in the distribution of
barrier heights between PZT on Ni and on Si. The center of Pirr on
Si gradually moves closer to the Ef= Eb line as the temperature
increases, producing a more reversible response and a more tilted
hysteresis loop.

These electrical characterization techniques show some
variations in the distributions and barrier heights for domain
wall motion and domain reorientation in films on Ni and Si.

Figure 12 illustrates the differences in this barrier distribution sche-
matically. PZT on Ni and Si exhibit Rayleigh behavior and
Gaussian-like pinning center distribution. However, as indicated by
the δ3, this distribution does not continue to 0 eV, but down to 10–
15% of Ec. It is unlikely that the tail of the Gaussian distribution
reaches 0 as shown in Fig. 12.

PZT on Si has lower pseudo-activation energies, Ec and Eδ3
at each temperature. If it is assumed the same number of hyster-
ons in each sample, then the PZT on Si would be expected to
have more hysterons with lower energies. As a result, the center of
the distribution is shifted to the left for PZT on Si compared to
PZT on Ni. As indicated by the larger pseudo-activation energies,
coercive fields and larger irreversible Preisach density for PZT on
Ni, the center of the barrier height distribution is expected to be
at a higher energy than PZT on Si. The lower energy barrier
heights for PZT on Si allows for a slightly greater αray at lower
temperatures.

Because of the sharp Preisach peak and the large increase in
αRay with temperature, it is anticipated that the PZT on Ni has a

FIG. 11. Pirrev for PZT on Si at 296 K (a), 225 K (b), 150 K (c), 75 K (d), and 15 K (e). Ef and Eb are normalized to 4Ec at the reported temperature.
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narrow distribution. Small increases in thermal energy will
increase the number of switchable hysterons, noted by the
increase in the area under the curve with higher temperatures
(Fig. 12). Higher temperatures, in turn, increase the total energy
in the system, allowing for more barriers to be overcome at the
same exciting electric field. In the schematic Fig. 12, this increase
would be represented by the area under the curved up to the
dashed line, where the dashed line represents the energy available
at each temperature. As the temperature increases, the dashed line
would move further to the right, and more barriers could be over-
come with the available energy. For the same temperature change
(right shift of the dashed line) and the same number of total hys-
terons, the sample with the narrow distribution would see larger
changes in the total number of hysterons that can be switched
and in more domain wall motion. This is consistent for experi-
mental observation of PZT on Ni. Assuming the same number of
hysterons, the intensity of the Gaussian peak would be then larger
for PZT on Ni.

Additionally, there is a temperature-induced stress change for
PZT films on Ni. With decreasing temperature, the magnitude of
the residual stress in the PZT layer increases. This increase in stress
in the film may increase the depth of the potential wells for
domain wall motion and lead to the rapid decrease in αray with
decreasing temperature. Exactly how each individual pinning center
changes with stress is unknown. To schematically represent this,
the Ni pinning distribution could shift to the right with increasing
temperature and reduction in the thermal expansion stress. This
shift in the pinning distribution, the narrower distribution, or a
combination of both would cause αray to increase more rapidly for
PZT on Ni.

With various differences in extrinsic contributions of these
films in mind, the pyroelectric coefficients at room temperature
were further probed. Recalling Eq. (1), and the large differences in
π, the different terms were explored. The secondary contribution,
which combines stress and piezoelectric contributions, manifests in
clamped thin films as Eq. (5) from the work of Zook et al.,15

πsecondary ¼ 2d31(αf � αs)

s11 þ s12
: (5)

For PZT on Ni, πsecondary was calculated to be approximately
−147 μC/m2 K, and for PZT on Si, πsecondary is 45 μC/m2 K. The
observed pyroelectric coefficient is the sum of the primary, extrin-
sic, and secondary term. Therefore, the primary plus extrinsic piece
for PZT on Ni would be around −100 μC/m2 K and for PZT on Si
would be around −150 μC/m2 K. As shown by the larger Pr, PZT
on Ni has more out-of-plane “c” domains and a larger primary
piece. Therefore, for this sum to be smaller, the film on Ni must
have a significantly smaller extrinsic piece. This smaller extrinsic
term may be due to a different density of domain walls or higher
pinning energies, which is suggested by the various electrical char-
acterization techniques used in this study and schematically shown
in Fig. 12.

Overall, this study suggests that the distribution of pinning
centers for PZT films on Ni and Si are different; this induces differ-
ent reversible and irreversible Rayleigh and Preisach distributions
as a function of temperature. Given that the grain sizes are very
similar for these two sets of films, it is believed that the residual
stress accounts for at least some of the differences in the two fami-
lies of films. Large differences in residual stresses will affect the
film’s domain structure, including the percentage of in-plane and
out-of-plane domains and the energy landscape of various pinning
sites for domain wall motion and domain switching. While these
extrinsic contributions are typically considered to account for a
small percentage of the total pyroelectric response, the combined
influence of fabrication, stress, temperature on the domain struc-
ture, and substrate mechanical properties can result in a much
more significant impact than one would expect.

CONCLUSIONS

PZT on Ni has a larger pyroelectric coefficient compared to
PZT grown on Si, which is due to a large secondary contribution.
However, the extrinsic contribution may be significantly reduced
due to the residual stresses. PZT on Si and Ni have very different

FIG. 12. Schematic of distribution of the population of hysterons with certain
pinning energies for PZT on Ni (dashed red line) and Si (solid green curve).
The horizontal dash black line represents the available energy at a given tem-
perature. Any pinning center with lower energy levels is anticipated to be over-
come at that temperature.
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reversible and irreversible Rayleigh and Preisach coefficients. It is
proposed that larger differences in residual stresses drastically change
the film’s domain structure. Stress may allow for differences in the
energy landscape of various pinning sites for domain wall motion
and domain switching. These differences will lead to significant
changes in the film’s properties at various temperatures.
With different energy barriers distributions, these films may
have different optimal poling and driving conditions for high device
performance. Further study should include defect chemistry, compo-
sition, and thickness on the distributions of pinning sites, as well as
designing films/substrate stacks with lower energy barrier for domain
wall motion to further improve the pyroelectric coefficient.

SUPPLEMENTARY MATERIAL

See the supplementary material for the higher harmonics of
the dielectric displacement, permittivity and phase angle plots, esti-
mates of percentage of “c” domains from phenomenology, and
determination of the Curie temperature for films on Ni and Si.
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