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Abstract—This paper reports on direct thermal to electrical 
energy conversion by performing the Olsen cycle on 9.5/65/35 
lead lanthanum zirconate titanate (PLZT). The Olsen cycle 
consists of two isothermal and two isoelectric field processes 
in the electric displacement versus electric field diagram. It 
was performed by alternatively dipping the material in hot 
and cold dielectric fluid baths under specified electric fields. 
The effects of applied electric field, sample thickness, electrode 
material, operating temperature, and cycle frequency on the 
energy and power densities were investigated. A maximum en-
ergy density of 637 ± 20 J/L/cycle was achieved at 0.054 Hz 
with a 250-μm-thick sample featuring Pt electrodes and coated 
with a silicone conformal coating. The operating temperatures 
varied between 3°C and 140°C and the electric field was cycled 
between 0.2 and 6.0 MV/m. A maximum power density of 55 
± 8 W/L was obtained at 0.125 Hz under the same operating 
temperatures and electric fields. The dielectric strength of the 
material, and therefore the energy and power densities gener-
ated, increased when the sample thickness decreased from 500 
to 250 μm. Furthermore, the electrode material was found to 
have no significant effect on the energy and power densities 
for samples subject to the same operating temperatures and 
electric fields. However, samples with electrode material pos-
sessing thermal expansion coefficients similar to that of PLZT 
were capable of withstanding larger temperature swings. Fi-
nally, a fatigue test showed that the power generation gradu-
ally degraded when the sample was subject to repeated ther-
moelectrical loading.

I. Introduction

large amounts of waste heat are released from pow-
er generation, heating, refrigeration, and heat pump 

cycles as a direct consequence of the second law of ther-
modynamics. It was estimated that 58% of the energy 
consumed in the United states in 2009 was lost as waste 
heat, which was typically discharged to the environment 
[1]. more than 80% of this waste heat was produced by 
electricity generation and transportation systems. It could 
be advantageous to harvest this free source of energy so 
that the overall energy efficiency of these systems can be 
increased.

The pyroelectric effect consists of directly converting 
thermal energy into electrical energy. In practice, the gen-
erated energy can be harvested by delivering it to an ex-
ternal load or storage unit. For example, the circuit pro-
posed by lallart et al. [2] to harvest dc power produced 
by electrostrictive materials on a load could be adapted. 
a wide range of pyroelectric materials exists which have 
been used for various applications including infrared sen-
sors [3]–[5], optical memory [4], [6], multi-layer capacitors 
[7], [8], and energy harvesters [9]–[34]. an important effort 
in developing pyroelectric energy conversion consists of 
identifying the pyroelectric materials capable of generat-
ing the largest amount of energy and power for a given 
temperature range.

The present study reports experimental measurements 
of the pyroelectric energy and power generation capa-
bilities of 9.5/65/35 lead lanthanum zirconate titanate 
(PlZT). The effects of various operating parameters were 
systematically investigated.

II. background

A. Pyroelectricity

Pyroelectric materials possess a spontaneous polariza-
tion defined as the average dipole moment per unit volume. 
a subclass of pyroelectric materials, known as ferroelec-
tric materials, have the ability to switch the direction and 
magnitude of their spontaneous polarization by reversing 
the applied coercive electric field [35]. a ferroelectric ma-
terial undergoes a phase transition from ferroelectric to 
paraelectric when it is heated above its curie tempera-
ture, Tcurie. The curie temperature is typically defined as 
the temperature corresponding to the maximum complex 
dielectric constant for a specified frequency and applied 
electric field [36]. The spontaneous polarization is a tem-
perature-dependent property, becoming negligibly small 
as the temperature increases beyond Tcurie. Fig. 1 shows 
the unipolar isothermal hysteresis curves between electric 
displacement and electric field (D-E) for a ferroelectric 
material at temperatures Thot and Tcold. The D-E loops 
travel in a counter-clockwise direction upon cycling of the 
electric field within the material while its temperature is 
held constant. The electric displacement D of an isotropic 
material at electric field E and temperature T can be ex-
pressed as [35], [37]

 D E T E T E P T( , ) = ( , ) ( )0ε εr s+ , (1)
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where ε0 is the vacuum permittivity (= 8.854 × 1012 F/m) 
and εr(E, T) is the relative permittivity of the material at 
electric field E and temperature T. The saturation polar-
ization, denoted by Ps(T), is estimated as the displace-
ment in the linear fit of D versus E extrapolated at zero 
electric field. The slope of this linear fit corresponds to the 
product ε0εr(E, T), as illustrated in Fig. 1.

B. Olsen Cycle

The olsen cycle is comprised of four processes as il-
lustrated in Fig. 1. Process 1–2 consists of isothermally 
charging the pyroelectric element (PE) at Tcold by increas-
ing the electric field from El to EH. Then, the sample is 
discharged in process 2–3 as the element is heated from 
Tcold to Thot under constant electric field EH. Process 
3–4 consists of decreasing the electric field from EH to 
El under isothermal conditions at Thot. Finally, process 
1–4 closes the cycle by cooling the sample from Thot to 
Tcold under constant electric field El. This clockwise loop 
encloses the area bounded by the isothermal D-E curves 
at Thot and Tcold. Its area represents the energy gener-
ated per unit volume of material per cycle (in J/l/cycle) 
expressed as [12]

 N E DD d= .�∫  (2)

The power density Pd (in W/l) produced is then de-
fined as

 P N fD D= , (3)

where f is the cycle frequency. It is evident that 1) in-
creasing Thot and decreasing Tcold and/or 2) increasing 

the electric field span (EH − El) results in larger energy 
generated. However, this is limited by the thermoelectro-
mechanical stress that the sample can withstand.

olsen and coworkers designed and built several proto-
typical pyroelectric energy converters implementing the 
olsen cycle [10],[12]–[14], [38]. For example, olsen et al. 
[9], [10], [12]–[14] assembled a regenerative and multistage 
device using 250-μm-thick lead zirconate stannate tita-
nate (PZsT). The electric field was cycled between 0.4 
and 2.8 mv/m. The temperatures of the cold and hot 
sources were 145°c and 178°c, respectively. a piston was 
used to vertically oscillate a working fluid between a hot 
and a cold source [10]. This device achieved a maximum 
power density of 33.9 W/l at 0.26 Hz. moreover, because 
of the high cost of PZsT per watt generated, olsen et al. 
[38] built a device using inexpensive 73/27 mol.% P(vdF-
TrFE) films. The maximum power density output of this 
device was 2.38 W/l at 0.079 Hz, while operating at tem-
peratures between 20°c and 90°c and electric fields be-
tween 23 and 53 mv/m. more recently, nguyen et al. [28] 
assembled and operated a prototypical device using com-
mercial 60/40 P(vdF-TrFE) as the pyroelectric material 
and 50-cst silicone oil as the working fluid. The maximum 
power density obtained was 10.7 W/l at 0.12 Hz between 
67.3°c and 81.4°c and 20.2 and 37.9 mv/m.

C. Dipping Experiments

successive dipping of a PE into hot and cold dielectric 
fluid baths under specified electric fields provides a simple 
and somewhat idealized way to perform the olsen cycle. 
It can be used to assess the energy and power generation 
performance of pyroelectric materials before using them in 
actual devices. Table I summarizes the power density ob-
tained using the olsen cycle for different materials, tem-
perature ranges, operating electric fields, and frequencies 
as reported in the literature.

olsen et al. [9] performed such dipping experiments on 
70- to 100-μm-thick 60/40 P(vdF-TrFE) films in hot and 
cold 100-cst silicone oil baths at 25°c and 100°c to 120°c, 
respectively. The low electric field was kept constant at 
0.2 mv/m and the high electric field EH varied between 
20 and 60 mv/m. a maximum output energy density of 
900 J/l/cycle was reported at 0.125 Hz for Thot = 120°c 
and EH = 50 mv/m. This corresponds to a power density 
of 112.5 W/l. However, it remains unclear whether these 
experimental results were averaged over multiple cycles 
and if they were repeatable.

more recently, Ikura [17] reported a maximum power 
density of 13.3 W/l for 60/40 P(vdF-TrFE) subjected 
to dipping experiments at 0.256 Hz. The operating tem-
peratures were between 58°c and 76°c while the electric 
field was cycled between 4 and 48 mv/m. Khodayari et al. 
[22] performed the olsen (or Ericsson) cycle on [110]-poled 
single crystal PZn-4.5PT and generated 24.4 W/l at 0.1 
Hz for temperatures between 100°c and 160°c and electric 
field between 0 and 1.0 mv/m. meanwhile, navid and 
Pilon [26] performed the olsen cycle on commercial, puri-

Fig. 1. Isothermal unipolar electric displacement versus electric field (d-
E) hysteresis loops for a typical pyroelectric material at temperatures 
Tcold and Thot along with the olsen cycle. The electrical energy gener-
ated per cycle is represented by the area enclosed by 1–2–3–4.
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fied, and porous 60/40 P(vdF-TrFE) films under quasi-
equilibrium conditions. quasiequilibrium refers to opera-
tions in which the electric displacement reached a steady 
state during isoelectric field heating (process 2–3) and 
cooling (process 4–1) before the electric field was varied 
to perform processes 3–4 and 1–2, respectively. The 60/40 
P(vdF-TrFE) films were dipped into cold and hot 50-
cst silicone oil baths at 25°c and 100°c to 120°c, respec-
tively. The low electric field was El = 20 mv/m and the 
high electric field EH varied between 30 and 60 mv/m. 
The maximum power density generated were 58, 36, and 
18 W/l for commercial, purified, and porous films, re-
spectively [26]. In addition, Kandilian et al. [24] studied 
the pyroelectric energy generation of 140-μm-thick single 
crystal Pmn-32PT capacitors poled in the [001] direc-
tion. The material was alternatively dipped into a cold 
silicone oil bath at 80°c and a hot one with temperature 
ranging from 130°c to 170°c. The electric field was cycled 
between 0.2 and 0.9 mv/m. a maximum energy density 
of 100 J/l/cycle was obtained at 0.049 Hz, corresponding 
to a power density of 4.92 W/l, for processes performed 
under quasiequilibrium conditions. mcKinley et al. [25] 
performed the same procedure on [001]-poled PZn-5.5PT 
and generated 11.7 W/l for temperatures between 100°c 
and 190°c and electric field between 0 and 1.5 mv/m.

Furthermore, lee et al. [33] studied the energy gen-
eration capabilities of relaxor ferroelectric 8/65/35 PlZT 
using the olsen cycle. a maximum energy density of 
888 J/l/cycle was generated at 0.0178 Hz, corresponding 
to a power density of 15.8 W/l, for operating tempera-
tures between 25°c and 160°c and electric field cycled 
between 0.2 and 7.5 mv/m. This represents the largest 
energy density measured repeatedly over multiple cycles 
for a pyroelectric material.

Unfortunately, the power density achieved with 
8/65/35 PlZT was limited by slow dipole relaxation dur-
ing process 4–1, requiring the olsen cycle to be operated 
at low frequencies. In fact, Kamba et al. [39] estimated 
that the energy barrier required to activate and reorient 
the polar nanodomains of 9.5/65/35 PlZT was lower than 
that of 8/65/35 PlZT by approximately 25%. a lower 
energy barrier may reduce the duration of the isoelectric 

field processes 2–3 and 4–1 required for quasiequilibrium 
conditions to be reached. This would enable operation of 
the olsen cycle at higher frequencies, therefore achiev-
ing larger power density from 9.5/65/35 PlZT than from 
8/65/35 PlZT. consequently, the present study intends 
to assess the power generation capabilities of relaxor fer-
roelectric 9.5/65/35 PlZT using the olsen cycle.

D. 9.5/65/35 PLZT

The material investigated in this study is a quadratic 
electrostrictive ceramic composed of 9.5 mol.% lanthanum 
doped into a 65 mol.% lead zirconate and 35 mol.% ti-
tanate solid solution [Pb0.905la0.095(Zr0.65Ti0.35)0.976o3], 
denoted hereafter as 9.5/65/35 PlZT. The replacement 
of lead ions in PZT with lanthanum dopant counteracts 
the p-type conductivity of PZT and increases the electri-
cal resistivity of PlZT materials by at least three orders 
of magnitude [40]. at room temperature, 9.5/65/35 PlZT 
features rhombohedral crystal symmetry and exhibits slim 
d-E loops [41], [42]. The material is a relaxor ferroelec-
tric that undergoes complex phase transitions depending 
on the applied electric field, temperature, and frequency 
[36], [43]–[45]. It transforms from the paraelectric cubic to 
ergodic relaxor phase when cooled below the burns tem-
perature of about 350°c [39], [46]. relaxor ferroelectrics 
possess large dielectric and piezoelectric constants in the 
ergodic relaxor phase resulting from distortion in the crys-
tal structures caused by interactions between randomly 
oriented polar nanodomains [47]. The material transforms 
from the ergodic relaxor to the ferroelectric rhombohedral 
phase upon cooling below the curie temperature Tcurie 
[44]. note that the ferroelectric phase cannot be estab-
lished in 9.5/65/35 PlZT upon cooling under zero bias 
fields [44], [45]. However, the ferroelectric phase can be 
induced from the ergodic relaxor phase by applying an 
external electric field E greater than a critical electric field 
Ecr(T). This behavior was also observed in lead magnesium 
niobate Pb(mg1/2nb2/3)o3 relaxor [48]. bobnar et al. [43] 
established that the ferroelectric phase could be formed 
in 9/65/35 PlZT under an applied electric field greater 
than Ecr = 0.5 mv/m and at temperatures above −23°c. 

TablE I. summary of maximum Power density obtained Using the olsen cycle for different 
materials, Temperature ranges, operating Electric Fields, and Frequencies. 

material
Tcold 
(°c)

Thot 
(°c)

El 
(mv/m)

EH 
(mv/m)

f 
(Hz)

Pd 
(W/l) ref.

PZsT 156.8 177.4 0.4 2.8 0.26 33.9 [48]
73/27 P(vdF-TrFE) 23.0 67.0 23.0 53.0 0.079 2.38 [49]
60/40 P(vdF-TrFE) 25.0 120.0 20.0 50.0 0.125 112.5 [47]
60/40 P(vdF-TrFE) 58.3 76.5 4.0 48.0 0.256 13.3 [22]
60/40 P(vdF-TrFE) 67.3 81.4 20.2 37.9 0.12 10.7 [43]
60/40 P(vdF-TrFE) 25.0 120.0 20.0 50.0 0.13 58.0 [41]
PZn-4.5PT 100.0 160.0 0.0 1.0 0.10 24.3 [25]
PZn-5.5PT 100.0 190.0 0.0 1.5 0.10 11.7 [38]
Pmn-32PT 80.0 170.0 0.2 0.9 0.049 4.92 [24]
8/65/35 PlZT 25.0 160.0 0.2 7.5 0.0178 15.8 [32]
9.5/65/35 PlZT 3.0 140.0 0.2 6.0 0.125 55.3 Present study
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The authors showed the dependence between Tcurie and 
Ecr for 9/65/35 PlZT in an E-T phase diagram [43]. Un-
fortunately, Tcurie and Ecr(T ) for the PlZT composition 
9.5/65/35 have not been reported in the literature. There-
fore, we will assume that the ferroelectric-relaxor phase 
transitions for 9.5/65/35 PlZT are similar to those for 
9/65/35 PlZT reported in [43].

at temperatures above Tcurie, the isothermal d-E 
curves for 9/65/35 PlZT degenerate into narrow and lin-
ear loops [36]. Then, the remnant polarization Pr(T), cor-
responding to the polarization under zero applied electric 
field, is negligibly small in the relaxor state with respect 
to its value in the ferroelectric state [49]. Therefore, the 
relaxor-ferroelectric phase transition is accompanied by a 
large change in electric displacement D. The curie tem-
peratures of 8/65/35 and 9.5/65/35 PlZT at 1 Hz and 
zero bias field were reported to be 113°c [50] and 65°c [51] 
at 1 kHz, respectively. This suggests that the 9.5/65/35 
PlZT material should be operated over a narrower tem-
perature range than 8/65/35 PlZT for optimum perfor-
mance.

III. Experiments
A. Samples

Hot isostatically pressed 9.5/65/35 PlZT ceramics 
with grain diameter around 5 μm were obtained from 
aura ceramics Inc. (new Hope, mn). six samples with 
10 × 10 mm rectangular cross-sections were cut from 
bulk blocks using a diamond blade. The samples were 
then polished by applying figure-eight strokes on sand-
paper to achieve thicknesses ranging from 190 to 500 μm. 
rectangular gold (au) or platinum (Pt) electrodes were 
sputtered onto opposite faces of the samples about 1 to 
2 mm from the edges. The electrode area was chosen to be 
smaller than the overall sample area to reduce electrical 
conduction around the sample edges [33]. Electrical wires 
were bonded to the electrodes using silver epoxy. silicone 
conformal coating was also applied to both faces of the 
samples and cured at 65°c for one hour to increase their 
dielectric strength [52]. Table II summarizes the thick-
ness and cross-sectional area of the six 9.5/65/35 PlZT 
samples investigated in this study.

B. Electrical and Thermal Subsystems

The electrical subsystem used to measure isothermal 
d-E loops and to perform the olsen cycle consisted of a 

modified sawyer-Tower bridge circuit. It was used to ap-
ply the required electric field across the pyroelectric ele-
ment and to measure the charge Q across the electrode 
surfaces. details of the circuit used in the present study 
were provided in previous studies [24], [26], [33] and need 
not be repeated.

The thermal subsystem consisted of two beakers con-
taining dielectric fluids dow corning (midland, mI) 100-
cst silicone oil or Fluorinert Fc-70 (3m, st. Paul, mn) 
maintained at Tcold and Thot by temperature-controlled 
hot plates [24], [26], [33]. dow corning oil was used for 
temperatures above room temperature. Fluorinert was 
used for temperatures near 0°c. Each beaker contained a 
magnetic stirrer to ensure uniform temperature. For tem-
peratures below room temperature, the cold beaker was 
placed in an ice bath. oil temperatures were monitored 
using K-type thermocouples.

C. Experimental Procedure

1) Isothermal D-E Loops: Isothermal bipolar d-E loops 
were measured by immersing the samples in silicone oil 
baths maintained at temperatures Tcold = 23°c and Thot 
= 140°c. The d-E loops were collected by applying a 
continuous triangular voltage signal across the sample at 
0.1 Hz. This frequency corresponded to that of the iso-
thermal electric field changes occurring in processes 1–2 
and 3–4 of the olsen cycle. d-E loops were measured with 
increasing electric field span. The applied electric field 
EH was increased in 1.0 mv/m increments from 3.0 to 
6.0 mv/m and then in 0.25 mv/m increments as EH ap-
proached 6.75 mv/m.

2) Olsen Cycle: The olsen cycle was performed on all 
samples under various electric fields, temperatures, and 
frequencies to investigate their respective effects on the 
energy and power generated. The energy density Nd gen-
erated by the olsen cycle and given by (2) was numeri-
cally estimated using the trapezoidal rule. The power den-
sity was computed according to (3). Preliminary tests (not 
shown) indicated that the energy density Nd reached a 
maximum for low electric field El = 0.2 mv/m. There-
fore, all measurements reported in the remainder of this 
study correspond to El = 0.2 mv/m. However, the high 
electric field EH was varied from 2.0 to 6.75 mv/m. simi-
larly, the cold source temperature Tcold was either 3 or 
23°c and the hot source temperature Thot was equal to 

TablE II. Thickness and cross-sectional area of six different 9.5/65/35 PlZT samples  
and Their Electrodes Investigated in this study. 

sample
Electrode 
material

Thickness 
(μm)

sample size 
(mm × mm)

Electrode size 
(mm × mm)

1 au 250 10.07 × 9.75 9.51 × 8.55
2 au 275 8.35 × 8.13 7.62 × 7.42
3 au 500 7.57 × 6.94 5.28 × 4.70
4 Pt 250 7.43 × 7.02 6.35 × 6.28
5 Pt 250 7.43 × 7.02 6.19 × 6.50
6 Pt 190 7.43 × 7.02 6.10 × 7.34
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140°c. as discussed earlier, decreasing Tcold should re-
sult in a larger energy density. between Tcold and Thot ≥  
Tcurie, the 9.5/65/35 PlZT samples underwent a phase 
transition from ferroelectric to ergodic relaxor accompa-
nied by a significant decrease in electric displacement D. 
Therefore, large energy densities could be achieved near 
the ferroelectric-relaxor phase transition temperature  
Tcurie reported to be below 0°c [53]. However, the tem-
perature Tcold was physically limited to 3°c. between  
Tcold = 3°c and Thot = 140°c, the 9.5/65/35 PlZT sam-
ples featured a significant difference in electric displace-
ment D but only in the presence of an electric field.

Finally, the overall cycle frequency was defined as f = 
(τ12 + τ23 + τ34 + τ41)−1 where τij corresponds to the 
duration of process i-j. It was varied between 0.025 and 
0.16 Hz by changing the duration of the isoelectric field 
heating process 2–3 and cooling process 4–1 denoted by 
τ23 and τ41, respectively. For example, the times τ23 and 
τ41 varied between ~1 and ~10 s. However, the durations 
of the isothermal processes 1–2 (τ12) and 3–4 (τ34) were 
kept constant at ~1.5 s. quasiequilibrium conditions were 
achieved when the electric displacement reached steady 
state, i.e., (∂D/∂T) = 0, during processes 2–3 and 4–1 
before the electric field was varied in processes 3–4 and 
1–2, respectively. operating the olsen cycle under quasi-
equilibrium conditions resulted in the maximum energy 
density [25]. on the other hand, to maximize the power 
density, the olsen cycle was performed at higher frequen-
cies by reducing the duration of isoelectric field processes 
2–3 and 4–1.

Iv. results and discussion

A. Isothermal D-E Loops and Olsen Cycle

Fig. 2 presents typical isothermal bipolar d-E loops 
measured with sample 4 at Tcold = 23°c and Thot = 140°c 
between 0.2 and 4.0 mv/m at 0.1 Hz. The sample ex-
hibited the slim-loop relaxor behavior at 140°c typically 
observed in x/65/35 PlZT ceramics with x = 9 to 10% [9]. 
note that the bipolar d-E loops were similar among sam-
ples for any given temperature. Upon a decrease in tem-
perature below Tcurie, the remnant polarization of relaxor 
ferroelectric materials typically increases from around 
zero in the relaxor state to finite values in the ferroelectric 
state. The curie temperature was reported to be between 
−50°c and 0°c for 9.5/65/35 PlZT [53]. Fig. 2 shows that 
9.5/65/35 PlZT did not exhibit remnant polarization at 
23°c or 140°c, indicating that the material remained in 
the relaxor state in this temperature range. However, the 
material became polarized under an applied electric field, 
and then an absolute difference in electric displacement 
was observed.

moreover, Fig. 2 depicts an experimental olsen cycle 
performed under quasi-equilibrium conditions at f = 
0.038 Hz, for the same sample, at temperatures between 
Tcold = 23°c and Thot = 140°c and electric fields cycled 

between El = 0.2 mv/m and EH = 4.0 mv/m. Process 
3–4 follows the decreasing electric field path of the iso-
thermal d-E loop at Thot. However, process 1–2 did not 
follow the increasing electric field path of the isothermal 
d-E loop at Tcold. The fact that the olsen cycle did not 
span the electric displacement between the isothermal bi-
polar d-E loop corresponding to Tcold may be attributed 
to the existence of mixed ferroelectric and ergodic relaxor 
phases [3], [54] when the applied electric field increased 
from El to Ecr(T) during the olsen cycle. These phases 
co-exist likely because of slow stabilization of the ferro-
electric phase from the relaxor phase caused by parasitic 
interactions between defects and polar nanoregions [54].

Furthermore, note that points 4 and 4′ of the olsen 
cycle do not coincide. The offset was attributed to leak-
age current across the PlZT ceramic often observed at 
high temperatures and/or large electric fields [15], [26], 
[38], [55]. additionally, the change in electric displace-
ment was negligibly small in isoelectric cooling process 
4′-1 from Tcold = 23°c and Thot = 140°c, indicating that 
this process can be performed on 9.5/65/35 PlZT near-
ly instantaneously. This was made possible by operating 
at temperatures corresponding to the relaxor phase with 
small remnant polarization. Indeed, for 8/65/35 PlZT, 
this was a long process in the olsen cycle [33] caused by 
slow dipole-dipole relaxation [56].

B. Effect of High Electric Field EH

Fig. 3 shows (a) the energy density and (b) the power 
density generated by samples 1 to 4 under quasi-equilib-

Fig. 2. D-E diagram of isothermal bipolar D-E loops and olsen cycle per-
formed under quasiequilibrium conditions for a 250-μm-thick 9.5/65/35 
PlZT sample (sample 4). The temperatures Tcold and Thot were 23°c 
and 140°c, respectively; the electric field was cycled between El = 
0.2 mv/m and EH = 4.0 mv/m. The olsen cycle was vertically dis-
placed to coincide with the isothermal D-E curve at Thot.
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rium conditions for cycle frequencies between 0.029 and 
0.057 Hz. The high electric field EH ranged from 2.0 to 
6.75 mv/m while the low electric field El was maintained 
at 0.2 mv/m. The cold and hot source temperatures were 
23°c and 140°c, respectively. Each data point corresponds 
to the average over five olsen cycles; the error bar cor-
responds to two standard deviations or 95% confidence 
interval. Fig. 3 indicates that the largest sample variation 
in energy density was found for EH = 3.0 mv/m with 
a maximum relative difference among samples of 23%. 
meanwhile, sample variability was the lowest for EH = 
5.0 mv/m, with a maximum relative difference among 
samples of 6%. These results establish the consistency and 
repeatability of experimental measurements not only from 
one cycle to another but also from one sample to another.

Fig. 3(a) also indicates that raising the electric field 
span (EH − El) resulted in larger energy densities. For 
example, the energy density generated by a 250-μm-
thick sample increased by 38.4% from 240 to 332 J/l/
cycle when the high electric field EH increased from 3.0 to 
4.0 mv/m. However, the maximum value of EH was lim-
ited by the samples’ dielectric breakdown. For example, 
beyond an electric field threshold, cracks formed within 
the sample. The formation of cracks may be attributed to 
mechanical stresses in the material along the grain bound-
aries because of spatially variant electric fields causing 
preferential domain wall motion [57]. microcracks may 
then propagate along the grain boundaries of the sample 
under the cyclic electric field loading. This phenomenon 
was previously observed in 9.4/65/35 PlZT for applied 
electric fields around 0.3 mv/m [58]. additionally, the 
crack lengths of vicker’s indentation test under zero field 
have been shown to increase with increasing temperature 
[35]. Thus, the combination of cycling high temperature 
and high electric field caused the samples to fracture.

C. Effect of Sample Thickness b

The dielectric breakdown strength of ceramics was re-
ported to increase with decreasing sample thickness [59]. 
consequently, the effect of sample thickness on the energy 
and power densities was investigated with samples 1 to 
3 whose thicknesses were 250, 275, and 500 μm, respec-
tively. Fig. 3 shows that a reduction in sample thickness 
enabled larger electric fields to be applied across the sam-
ple without causing electrical breakdown. In fact, samples 
with thickness 500 μm (sample 3) and 250 μm (sample 1) 
had electric field breakdown of 6.0 and 6.75 mv/m, re-
spectively. This resulted in a maximum energy density of 
427.8 and 636.9 J/l/cycle, for samples 1 an 3, correspond-
ing to a power density of 13.6 and 22.7 W/l, respectively. 
The increase in breakdown field can be explained by the 
presence of fewer domains in thinner samples. Therefore, 
thinner films had fewer grain boundaries and lower occur-
rences of crack formation. This, in turn, enabled larger 
energy and power densities to be achieved.

Furthermore, using PlZT thin films offers advantages 
including 1) a substantial reduction in the applied voltage 

delivered to the electrical circuit during the olsen cycle, 
2) faster thermal response, and 3) smaller size and lower 
weight for easier integration into devices. For example, as 
the specimen thickness was reduced from 500 μm (sample 
3) to 250 μm (sample 1), the power density was found to 
increase by 26% from 13.56 to 17.15 W/l for high electric 
field EH = 6.0 mv/m. This may be explained by a reduc-
tion in the thermal time constant associated with thinner 

Fig. 3. (a) Energy density and (b) power density generated by 9.5/65/35 
PlZT (samples 1 to 4) as a function of high electric field EH between 
2.0 and 6.75 mv/m under quasiequilibrium conditions. The low electric 
field El was 0.2 mv/m; the cold and hot source temperatures were Tcold 
= 23°c and Thot = 140°c, respectively.
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films and the increase in cycle frequency f from 0.030 to 
0.035 Hz. In addition, only 12 v applied across a 20-μm 
thin PlZT film would be required to achieve an electric 
field of 6.0 mv/m instead of 1140 v required across a 
190-μm-thick sample (sample 6).

D. Effect of Electrode Material

large mechanical stresses may be induced at the in-
terface of two distinct materials subjected to large tem-
perature variations if their thermal expansion coefficients 
feature large mismatch. Thus, the electrode material may 
affect the performance of pyroelectric materials. To inves-
tigate this effect, Pt or au electrodes of identical thick-
ness were deposited on 9.5/65/35 PlZT samples. The 
thermal expansion coefficient in the thickness direction 
of 9.5/65/35 PlZT, platinum, and gold were reported to 
be equal to 5.4 μm/m/°c [41], 8.8 μm/m/°c [60], and 
14.2 μm/m/°c [60], respectively. Fig. 3(b) indicates that 
9.5/65/35 PlZT samples of the same thickness with gold 
(sample 1) or platinum (sample 4) electrodes had similar 
power density for all frequencies. However, the samples 
with Pt electrodes (samples 4–6) were capable of sustain-
ing larger temperature swings (Thot − Tcold) than the 
samples with au electrodes (samples 1–3). These results 
establish that it is important to utilize the electrode mate-
rial which has the closest thermal expansion coefficient to 
that of the selected pyroelectric material. This may reduce 
the susceptibility of a pyroelectric material to thermome-
chanical breakdown upon repeated cycling with large tem-
perature differences.

E. Effect of Cold Source Temperature Tcold

as previously discussed, increasing the difference be-
tween Tcold and T hot should result in larger energy density. 
Fig. 4 shows (a) the energy density and (b) the power 
density generated by samples 4 and 5 as a function of 
high electric field EH and frequencies between 0.033 and 
0.057 Hz corresponding to quasiequilibrium. The low elec-
tric field was set as El = 0.2 mv/m. The cold source tem-
perature Tcold was maintained at 23°c (for sample 4) or 
3°c (for sample 5). The hot source temperature was fixed 
at 140°c. Fig. 4 establishes that for a given high electric 
field EH, both the energy and power densities increased by 
an average of 44.6 J/l/cycle (16.7%) and 6.6 W/l (67%), 
respectively, as the cold source temperature Tcold was re-
duced from 23°c to 3°c. note that sample 4 broke before 
we could perform tests for EH larger than 5.0 mv/m. The 
increase in energy density was attributed to the increase 
in electric displacement span ΔD as Tcold was lowered. In 
other words, more free charges were collected at the elec-
trode surface as Tcold decreased from 23°c to 3°c.

moreover, lee et al. [33] observed that as Tcold was 
lowered, the energy density generated by 8/65/35 PlZT 
increased but the power density decreased. This was ex-
plained by the significant increase in time required for iso-
electric field cooling process 4–1 to operate under quasi-

equilibrium conditions. In contrast, this process was short 
in 9.5/35/65 PlZT samples operating in the relaxor phase 
above Tcurie. a reduction in cold source temperature from 
23°c to 3°c had no significant effect on the quasiequi-
librium cycle period. as a result, the power density of 
9.5/65/35 PlZT increased as the cold source temperature 
Tcold was reduced from 23°c to 3°c. note that a reduc-
tion of Tcold from 3°c to −50°c would increase the rem-

Fig. 4. (a) Energy density and (b) power density generated by 9.5/65/35 
PlZT for Tcold = 23°c (sample 4) or 3°c (sample 5) as a function of 
high electric field EH under quasiequilibrium conditions. The low electric 
field El was 0.2 mv/m and the hot source temperature Thot = 140°c.
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nant polarization of 9.5/65/35 PlZT from around 0.01 to 
0.11 c/m2 [53]. This could result in larger energy density. 
However, the duration of isoelectric cooling process 4–1 
would no longer be short because of a significant increase 
in dipole relaxation time for relaxor ferroelectric materi-
als undergoing relaxor to ferroelectric phase transition. 
Therefore, we speculate that decreasing Tcold from 3°c to 
below 0°c will result in a lower power density.

F. Effect of Cycle Frequency f

Fig. 5 plots both the energy and the power densities 
obtained with sample 4 as a function of cycle frequency for 
El = 0.2 mv/m and EH = 5.0 mv/m. The cold and hot 
temperatures were Tcold = 23°c and Thot = 140°c, respec-
tively. The durations of the isothermal processes 1–2 (τ12) 
and 3–4 (τ34) were set at � 1.5 s. meanwhile, the duration 
of isoelectric field processes 2–3 (τ23) and 4–1 (τ41) were 
the same and ranged from about 1 to 10 s. The four dif-
ferent processes in the olsen cycle performed at frequen-
cies below 0.057 Hz corresponded to quasiequilibrium con-
ditions.

Fig. 5 shows that, under these conditions, the energy 
density reached a maximum of 441 J/l/cycle at frequen-
cies below 0.057 Hz and then decreased with increasing 
cycle frequency. Unfortunately, for frequencies below 
0.057 Hz, the energy density decreased because of exces-
sive leakage current. at such low frequencies, the duration 
of isoelectric field process 2–3 was longer than the time 
required for the electric displacement to reach steady state 
and this provided an opportunity for charges at the sur-
face of the PE to conduct through its body. Indeed, leak-
age current increases with increasing time at which the 

PE operates at high electric fields. However, as the cycle 
frequency increased beyond 0.057 Hz, the energy density 
decreased because of a reduction in electric displacement 
span ΔD because the processes were not performed under 
quasiequilibrium conditions.

additionally, Fig. 5 indicates that under these con-
ditions, the power density Pd reached a maximum of 
34.7 W/l at 0.11 Hz. Performing the olsen cycle at fre-
quencies greater than 0.11 Hz led to a smaller power out-
put. This was due to the fact that the dipole realignment 
and phase transitions occurring during the isoelectric field 
processes 2–3 and 4–1 may not have time to be complete 
at higher frequencies. moreover, although the energy den-
sity was smaller at 0.11 Hz than at 0.057 Hz, the smaller 
cycle time resulted in a larger power density. overall, the 
maximum power density can be achieved by considering 
the expression Pd = Nd( f ) f. It is achieved through a com-
promise between a small cycle time (large f ) and large 
electric displacement span ΔD with minimal leakage cur-
rent (large Nd).

Fig. 6 plots the power density generated by sample 5 as 
a function of cycle frequency between 0.10 and 0.16 Hz. 
The low electric field El was set as 0.2 mv/m, whereas 
the high electric field EH was set as either 5.0, 5.5, or 
6.0 mv/m. The cold and hot source temperatures were 
Tcold = 3°c and Thot = 140°c, respectively. Preliminary 
tests (not shown) demonstrated that the change in electric 
displacement was negligibly small during process 4–1. 
Therefore, the duration of process 4–1 (τ41) was set to be 
short at � 1 s. durations of processes 1–2 (τ12) and 3–4 
(τ34) were kept identical and constant at � 1.5 s. However, 
the duration of process 2–3 (τ23) was varied from ~1 to 
4 s. Fig. 6 indicates that the peak power density increased 
with increasing high electric field EH. The increase in elec-
tric field EH in combination with the increase in rate of 
electric field change led to an increase in the enclosed 
1–2–3–4 area (Nd), as shown in Fig. 1, without requiring 
a decrease in the cycle frequency f. In addition, the de-
crease in the duration of process 4–1 (τ41) from ~1 to 10 s 
to ~1 s resulted in an increase in the peak power frequen-
cy from 0.11 to 0.14 Hz.

Zhu et al. [23] studied the effect of time rate of change 
of the electric field on the energy density generated by 
[110]-poled PZn-4.5PT by performing the olsen (or Erics-
son) cycle. The authors reported that the energy density 
can be increased by decreasing the duration of process 
1–2 and by increasing the duration of process 3–4 in the 
olsen cycle. moreover, a uniform increase in the time rate 
of change of electric field for both processes 1–2 and 3–4 
resulted in a nonlinear decrease in energy density [23]. 
However, the energy density remained nearly constant for 
rates of electric field change between 0.08 and 8.0 mv/
m/s [23]. consequently, it was assumed that the power 
densities presented in Fig. 6 were not influenced by varia-
tions in the time rate of change in electric field from El 
= 0.2 mv/m to EH = 5.0, 5.5, or 6.0 mv/m, correspond-
ing to similar time rates of 3.20, 3.53, and 3.87 mv/m/s, 
respectively.

Fig. 5. Energy and power densities generated by 9.5/65/35 PlZT (sam-
ple 4) as a function of cycle frequency. The cold and hot source tem-
peratures were Tcold = 23°c and Thot = 140°c, respectively. The low 
electric field El was 0.2 mv/m and the high electric field EH was fixed 
at 5.0 mv/m.
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G. Maximum Power Density

Fig. 6 also shows that a maximum power density of 
55.26 ± 7.99 W/l was obtained with sample 5 at 0.125 Hz, 
corresponding to an energy density of 441.0 ± 29.4 J/l/
cycle. The cold and hot source temperatures were Tcold = 
3°c and Thot = 140°c, respectively; the electric field was 
cycled between El = 0.2 mv/m and EH = 6.0 mv/m. 
Fig. 7 presents four consecutive olsen cycles on the d-E 
diagram corresponding to this maximum power density. 
The olsen cycles did not follow a smooth path between 
El and EH during processes 1–2 and 3–4 in the D-E dia-
gram, indicating that the processes were not performed 
under quasiequilibrium conditions. Fig. 7 also shows that 
the D-E paths of the olsen cycles were not closed be-
cause points 4 and 4′ did not coincide. This indicates that 
leakage current was observed across the PlZT ceramic at 
high temperatures and/or large electric fields [15], [26], 
[38], [55].

The maximum power density of 55.3 W/l generated 
by 9.5/65/35 PlZT is an improvement over the 33.9 W/l 
produced by PZsT ceramic [48], 24.3 W/l obtained by 
[110] PZn-4.5PT single crystal [22], 15.8 W/l achieved by 
8/65/35 PlZT ceramic [33], 11.7 W/l generated by [001] 
PZn-5.5PT single crystal [25], and 4.92 W/l produced by 
[001] Pmn-32PT single crystal. The reader is referred to 
Table I for the experimental conditions (Tcold, Thot, El, 
EH, f ) used in these various studies. In addition, the power 
density produced by 9.5/65/35 PlZT is comparable to the 
58 W/l generated by 60/40 P(vdF-TrFE) polymer for a 
similar temperature range [26]. However, using 9.5/65/35 
PlZT offers advantages over 60/40 P(vdF-TrFE) in that 

it 1) possesses low leakage current, 2) does not require 
electrical poling before performing the olsen cycle, and 3) 
requires smaller electric field EH and applied voltages in 
the olsen cycle (Table I).

H. Sample Durability

Pyroelectric materials for energy harvesting applica-
tions are meant to be integrated into devices where the 
olsen cycle is expected to be performed for a very large 
number of cycles. However, large mechanical stresses are 
thermally and electrically induced within the samples 
under repeated thermal and electrical loading [61]. The 
excessive stresses may initiate the development of micro-
cracks along the domain boundaries. These cracks lead to 
the gradual degradation of the material performance.

Therefore, a preliminary fatigue test was performed on 
sample 6 to assess its durability. sample 6 was subjected 
to around 85 successive olsen cycles with operating tem-
peratures between 23 and 140°c and electric field cycled 
between 0.2 and 5.0 mv/m. Fig. 8(a) plots the energy 
and power densities generated by sample 6 as a function 
of cycle number. Five-point moving averages are also plot-
ted to guide the eye. a decrease in the energy and power 
densities was observed at around cycle 72, possibly mark-
ing the onset of stress-induced sample cracking. Fig. 8(b) 
compares the 1st, 10th, and 82nd olsen cycles on a D-E 
diagram. between cycle 1 and cycle 82, the electric dis-
placement span featured similar behavior at high electric 

Fig. 6. Power density generated by 9.5/65/35 PlZT (sample 5) as a 
function of cycle frequency. The cold and hot source temperatures were 
Tcold = 3°c and Thot = 140°c, respectively. The low electric field El was 
0.2 mv/m. The high electric field EH was equal to 5.0, 5.5, or 6.0 mv/m.

Fig. 7. Electric displacement versus electric field diagram containing four 
experimental olsen cycles (sample 5). The electric field was cycled be-
tween 0.2 and 6.0 mv/m. The cold source temperature Tcold and hot 
source temperature Thot were 3°c and 140°c, respectively. The average 
power density over four cycles was 55.26 W/l at 0.125 Hz, correspond-
ing to the largest power density generated by 9.5/65/35 PlZT in this 
study.
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fields. However, it is apparent that the electric displace-
ment span decreased at low electric fields. This behavior 
is consistent with the fact that crack volume is directly 
correlated with polarization loss [62]. The latter can be 
explained by the concentration of defects present in micro-
cracks limiting domain wall mobility [63]. Thus, the num-
ber of dipoles that can switch orientation under electric 
field cycling is reduced, corresponding to a decrease in po-

larization [63]. The degradation of performance with cycle 
number suggests that strategies to improve the electro-
mechanical breakdown strength of PlZT ceramics should 
be explored and implemented in future studies to enhance 
the material and device reliability.

I. Discussion

The power density achieved in this study could be 
further increased by fabricating the samples into single 
or multilayer capacitors with thicknesses on the order of 
micrometers or less to increase the applied electric field 
without sample failure [41] and to promote faster thermal 
response. The power generation capabilities of these thin 
film PlZTs should be compared with their respective bulk 
counterparts.

moreover, the power output of devices using conduction 
[34], convection [28], or radiation [27] could be advanta-
geously enhanced by employing a multistaging technique 
envisioned by olsen et al. [10]. This technique consists of 
placing pyroelectric materials in the order of increasing 
Tcurie between the cold and the hot sources. For example, 
the 9.5/65/35 PlZT material with curie temperature 
around 65°c [51] at zero electric field can be included in 
the same multistage device as 8/65/35 PlZT and 6/65/35 
PlZT with curie temperatures of 113°c [50] and 240°c 
[4], respectively.

Furthermore, the PlZT compositions along the mor-
photropic phase boundary (x/52/48) possess a large di-
electric constant, remnant polarization, and piezoelectric 
coefficient because of strong electromechanical coupling 
[4]. Therefore, the energy and power generation capabili-
ties of these PlZT systems should be evaluated.

Finally, Fig. 1 indicates that a large energy density is 
inherent in materials with large remnant polarization at 
temperature Tcold. In fact, the remnant polarizations of 
2/65/35 PlZT and 8/65/35 PlZT at room temperature 
were reported to be 39 and 35 c/m2, respectively [4]. This 
suggests that energy density generated by 2/65/35 PlZT 
could be larger than the 888 J/l/cycle achieved with 
8/65/35 PlZT [33]. However, the curie temperature of 
x/65/35 PlZT increases as the lanthanum doping level x 
decreases [4]. In fact, Tcurie = 320°c [4] for the composi-
tion 2/65/35 PlZT, and unfortunately it may be prohibi-
tively high for waste heat energy harvesting devices.

v. conclusion

This study was concerned with experimental measure-
ments of the energy and power densities generated by 
subjecting electrostrictive 9.5/65/35 PlZT to the olsen 
cycle. a maximum energy density of 637 ± 20 J/l/cycle 
was generated under quasiequilibrium conditions with a 
250-μm-thick sample and operating temperatures Tcold = 
3°c and Thot = 140°c while the electric field was cycled 
from El = 0.2 to EH = 6.0 mv/m. a maximum power 
density of 55 ± 8 W/l was obtained at 0.125 Hz for the 

Fig. 8. (a) Energy and power densities generated by 9.5/65/35 PlZT 
(sample 6) as a function of cycle number. solid lines represent the 
5-point moving average. The cold and hot source temperature was Tcold 
= 23°c and Thot = 140°c, respectively. The low and high electric field 
were El = 0.2 mv/m and EH = 5.0 mv/m. The average cycle frequency 
was 0.144 ± 0.008 Hz. cracks began to develop within the sample after 
about 72 successive cycles. (b) D-E diagrams of the 1st, 10th, and 82nd 
olsen cycles collected using sample 6.
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same specimen thickness, operating temperatures, and im-
posed electric fields. To the best of our knowledge, this 
power density is the largest achieved among pyroelectric 
single crystals and ceramics using the olsen cycle. The di-
electric strength, and therefore the energy and power den-
sities, of the material increased when the sample thickness 
decreased from 500 to 250 μm. moreover, the electrode 
material was found to have no significant effect on the 
energy and power densities when the samples were subject 
to the same operating temperatures and electric fields. 
However, samples with electrode material possessing ther-
mal expansion coefficients similar to that of PlZT were 
capable of withstanding larger temperature swings. The 
maximum applied electric field and temperature swings 
of the material were physically limited by the samples’ 
dielectric breakdown and thermoelectromechanical stress 
leading to cracks. In addition, a fatigue test showed that 
the power generation gradually degraded when the sample 
was subject to repeated thermoelectrical loading. Future 
work should focus on identifying pyroelectric materials 
featuring high electromechanical breakdown strength and 
large electric displacement span.
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