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ABSTRACT

Pyroelectric infrared detectors (PIRDs) have a number of advantages over other IR sensors, including room-temperature operation, wide
wavelength sensitivity, and low cost, leading to their use in many applications and a market expected to reach U.S.$68 million by 2025.
Physical models that can be used to accurately predict the performances of PIRDs of different types are reviewed in detail. All polar dielectrics
exhibit the pyroelectric effect, so there are many materials potentially available for use in PIRDs. Traditionally, a range of “figures-of-merit”
(FoMs) are employed to aid the selection of the best material to use in a given application. These FoMs, and their utility in determining how
a given pyroelectric material will behave in a PIRD, are reviewed in the light of the physical models and the availability of dielectric data,
which cover the frequency ranges of greatest interest for PIRDs (0.1–100 Hz). The properties of several pyroelectric materials are reviewed,
and models are derived for their dielectric properties as functions of frequency. It is concluded, first, that the availability of full-frequency
dielectric data is highly desirable if accurate predictions of device performance are to be obtained from the models and that second, the FoMs
have practical utility in only very limited circumstances. Thus, they must be used with considerable care and circumspection. The
circumstances under which each FoM is likely to give a good prediction for utility are discussed. The properties of some recently researched
pyroelectric materials, including lead-containing single crystals in the Pb[(Mg⅓Nb⅔)xTi1−x]O3 system and Na½Bi½TiO3–K½Bi½TiO3 based
lead-free crystals and ceramics, are reviewed in the light of this, and their properties and potential for device applications compared with the
industry-standard material, LiTaO3. It is concluded that while there is potential for significant device performance improvements by using
improved materials, especially with the PMN-PT-based materials, factors such as temperature stability, uniformity, and ease-of-processing are
at least as important as device performance in determining material utility. The properties reported for the new lead-free materials do not, as
yet, promise a performance likely to compete with LiTaO3 for mm-scale detectors, a material that is both readily available and lead-free.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0141044

I. INTRODUCTION

Polar dielectrics are insulating materials whose crystal struc-
tures both lack a center-of-symmetry (are “acentric”) and possess a
unique symmetry axis. All polar dielectrics will exhibit the pyro-
electric effect when the temperature is changed, which is the
appearance of electrostatic charge on a surface for which the plane
normal has a non-zero component parallel to the polar axis.

The effect is illustrated in Fig. 1(a). In this schematic structure,
there are parallel layers of cations and anions, with the cations dis-
placed along the polar z axis by an amount δ relative to the charge-
neutral positions (designated by the lines O–O) between the layers
of anions. This creates an electric dipole moment which we define
as spontaneous polarization PS. The displaced position of the

cation layers means that they sit within an asymmetric potential
well [see Fig. 1(b)]. As the temperature increases, the vibrational
amplitudes of the cations within this well will increase, and their
mean positions will tend to move back toward the charge-neutral
plane O–O. This changes the value of PS and gives rise to the pyro-
electric effect. We define the pyroelectric coefficient p(Θ) as [see
Fig. 1(c)]

p(Θ) ¼ dPS
dΘ

, (1)

where Θ is the absolute temperature. If a slab of a pyroelectric mate-
rial with electroded major faces (area A) and short-circuited
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electrodes [Fig. 1(d)] is subjected to a change in temperature, then a
pyroelectric current ip will flow in the external circuit. ip is given by

ip ¼ Ap
dθ
dt

� �
, (2)

where θ is the temperature difference between the element and its
surroundings and dθ

dt is the rate of change of θ with time t. p repre-
sents the component of p(Θ) along the electrode plane normal,
acknowledging that it is dependent on Θ. In most pyroelectric
devices, the electrode surface plane normal is arranged to be parallel
to the polar axis, but in certain circumstances, there may be some
advantages to making these two vectors non-parallel.1,2 This possibil-
ity will not be discussed further in this paper.

Lang3 has pointed out that the first description of observable
phenomena that can be ascribed to pyroelectricity can be traced
back as far as the Greek philosopher Theophrastus (c371–c287
BCE). The electrostatic effects of pyroelectricity were studied by
such historically famous scientists as Linneus, Brewster, Priestley,
Kelvin, and the Curies. The pyroelectric effect is the physical basis
for a wide range of radiation detectors, most notably for infrared
radiation (IR). The first description of a pyroelectric infrared detec-
tor (PIRD) was by Yeou Ta4 who, in 1938, described the use of a
thin piece of tourmaline to detect IR emitted by warm bodies. The
radiation was allowed to warm the tourmaline, and the resulting
pyroelectric current was detected using a sensitive galvanometer. In
1939, Leon Sivian filed a U.S. patent (published 19425), which
described a very similar device.

The basic structure of a simple single element pyroelectric
radiation sensor is shown in the schematic diagram in Fig. 2(a),
with a photograph of a practical device in Fig. 2(b). It consists of a
thin chip of a pyroelectric material (the “element”), sometimes
coated with a layer designed to absorb the radiation of-interest,
placed inside a hermetically sealed package (usually a transistor
“header” of the TO type), and accompanied by an amplifier plus
its passive components. The pyroelectric element is usually made
as thin as possible (typically in the range of 30—50 μm thickness
for a bulk material) and fixed to a mount designed to minimize
thermal conduction to the environment. Both design aspects are
intended to maximize the change in temperature due to the
absorbed energy. One major advantage of these sensors is that
they are sensitive only to the amount of energy absorbed by the
element and not to its wavelength, unlike photon detectors based
on semiconductors. They have been used to detect radiation from
the microwave6 and millimeter7 wave regions of the electromag-
netic spectrum right out to x rays,8 but their use to detect IR radi-
ation at wavelengths longer than a few microns is a particularly
important application. In this region, semiconducting detectors
need to be cooled for best efficiency, often to temperatures below
100 K. IR in the range of 3–5 μm is interesting for, e.g., gas anal-
ysis and flame detection through the detection of the emission
from the hot CO/CO2 gases released by the fire. Longer wave-
lengths in the range of 8–12 μm are used for the detection of
warm targets such as people, as objects around 310 K emit most
of their thermal radiation in this waveband. Note also that the
atmosphere shows high transmission in these two spectral
bands.9 A transparent window on the front of the package is

FIG. 1. Polar crystal structures and
pyroelectricity: (a) a structure in which
layers of cations are displaced along
the z axis by an amount δ relative to
the charge-neutral position O–O; (b)
how the mean cation position (δ)
changes with temperature, which gives
rise to the pyroelectric effect; (c) the
definition of the pyroelectric coefficient
as a change in spontaneous polariza-
tion (PS) as a function of temperature
(θ); (d) a slab of pyroelectric materials
with electroded major faces with area
A, the electrodes are short-circuited
and a pyroelectric current ip generated
by a rate of change of temperature dθ

dt .
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used as both an environmental and electromagnetic seal and to
filter the wavelengths of radiation that can reach the detector
element through a combination of the intrinsic optical proper-
ties of the window and, frequently, an optical coating. It can be
seen from Eq. (2) that ip is proportional to the rate of change of
the element temperature with time, which means that PIRDs are
not sensitive to the unchanging fluxes of radiation. This can be
advantageous in many applications, as they will only respond to
changes in the environment, such as an intruder moving into
the field-of-view of the sensor. However, it also means that if a
PIRD is required to sense a static scene, then provision must be
made to modulate the incident IR, usually with a rotating10 or

vibrating11,12 mechanical “chopper.” Many different types of
PIRDs have been developed and applied, including devices with
“compensation” elements [illustrated in Fig. 2(c)], which help to
minimize interference from effects such as ambient temperature
changes and mechanical vibrations, one-dimensional arrays [see
an example in Fig. 2(d)] for use in applications such as IR spec-
troscopy, and two-dimensional arrays for applications in thermal
imaging.

PIRDs and PIRD arrays13,14 are now widely used and have
been demonstrated in many applications such as intruder
sensors,15 automatic/remote light switches,16 environmental mon-
itors,17 flame detectors,18 medical instrumentation such as

FIG. 2. Illustrating some different types of pyroelectric infrared detectors (PIRDs). (a) A schematic diagram of a single-element PIRD showing the different components;
images of (b) a PIRD using a 2 × 2 mm LiTaO3 element with an in-package JFET amplifier and resistors; (c) a PIRD consisting of two compensated active elements, each
sensitive element being 0.3 × 1.5 mm and the compensation elements 0.45 × 1.5 mm in size; (d) a 1D linear array, each element being 50 × 150 μm with a compensation
element 50 × 650 μm in size.
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capnography,19 fall detection in the care sector,20 retail footfall
counting,21 and thermal imaging.22 PIRD had a market of ca.
U.S.$50 million in 2020, expected to reach U.S.$68 million by
2025, or about 10% of the total infrared detector market.23 This
article will analyze the physics and engineering of these devices
and take a critical perspective on the current state of research into
the pyroelectric materials used to make them.

II. PYROELECTRIC INFRARED DETECTOR PHYSICS

When considering the physics of a PIRD, it is essential to
look at both the electrical and thermal structures of the device.
Figure 3(a) shows the basic electrical configuration. The pyroelec-
tric detector element appears as a capacitor of area A and thickness
d in parallel with a current generator, which represents ip given by

FIG. 3. Thermal and electrical structures of a simple pyroelectric infrared detector: (a) the electrical structure and (b) the thermal structure of the device; the device
configurations using (c) a voltage amplifier and (d) a current amplifier.
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Eq. (2). The capacitance Cp of the pyroelectric element is given by

Cp ¼
A εp εo

d
, (3)

where εp is the dielectric permittivity of the pyroelectric material
and εo is the permittivity of free space. The element also has an
electrical resistance, Rp, given by

Rp ¼
ρpd

A
, (4)

where ρp is the DC resistivity of the pyroelectric material.
Pyroelectric devices only respond to changes in the temperature of
the pyroelectric element, so they are inherently AC in operation
and it is, therefore, necessary to consider the AC electrical conduc-
tance, gp, of the pyroelectric element, which appears in parallel
with Cp and Rp,

gp ¼ ωCptanδp, (5)

where tanδp is the dielectric loss tangent of the pyroelectric
material.

The thermal structure of the element (in this simple case) is
represented as thermal capacitance HT ¼ c0Ad (where c0 represents
the volume specific heat of the pyroelectric material), which is in
series with a thermal conductance GT , as shown in Fig. 3(b). GT is
determined by the design of the device and the materials used to
make it. Assume that the element is illuminated by sinusoidally
modulated radiation with a power W(t) ¼ Woe jωt , where Wo is the
amplitude of the incident radiation, ω is the angular frequency, t is
the time, and j ¼ ffiffiffiffiffiffi�1

p
. In this simple case, the thermal response

can be calculated by using the following heat flow equation:24,25

W(t) ¼ HT
dθ
dt

þ GTθ: (6)

This has the solution

θ ¼ ηWo

GT þ jωHT
e jωt , (7)

where η is the element absorption coefficient or the fraction of inci-
dent radiation power absorbed by the detector. In a practical detec-
tor, η should be made as close to unity as possible within
reasonable manufacturing cost constraints. There are various strate-
gies that can be used to achieve this, including the use of external
absorbing coatings such as gold26 or platinum27,28 blacks, or
carbon nanotubes,29 or simply by using the intrinsic absorption of
the pyroelectric material. In the latter case, the pyroelectric material
should be coated with a thin electrode designed to have the same
electric impedance as free space (377Ω/square).30 Note that, in any
practical detector, the IR transparent window [see Fig. 2(a)] will
have a transmittance <100%. This can be accounted for in the
model by an appropriate adjustment of η, which, then, would
combine both element absorption and window transmission.

ip can be derived using Eq. (2) as follows:

ip ¼ j WoωηAp
GT(1þ jτTω)

, (8)

where τT is the thermal time constant of the detector element,
described by τT ¼ HT /GT (note that the bold type, e.g., ip, is used
to indicate a complex quantity). The current responsivity Ri is
defined as the pyroelectric current per watt of input power,

Ri ¼ ip/Wo ¼ j ωηAp
GT (1þ jωτT )

: (9)

The magnitude of Ri is denoted by Ri,

Ri ¼ ip
Wo

¼ ωηAp

GT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1þ ω2τ2T )

p : (10)

The current responsivity for a typical single-element pyroelec-
tric detector is shown in Fig. 3(c). The device parameters used to
calculate this are indicated in the accompanying table within the
figure. The material properties are those for lithium tantalate
(LiTaO3—LTO), a pyroelectric material widely used in commercial
PIRDs, taken from Schossig et al.31 These properties are listed in
Table I and will be discussed in more detail below. The device
parameters (linear dimensions and thermal properties) are typical
of those for commercial devices. It can be seen from the figure that
the voltage responsivity is constant at high frequencies, with a
value Ri(1) ¼ {ηAp/GTτT}. Ri rolls off as 1/f below
fT ¼ 1/(2πτT ). At this frequency, Ri ¼ Ri( fT ) ¼ Ri(1)/

ffiffiffi
2

p
. We

can define a normalized complex current responsivity as

Γi ¼ Ri

Ri(1)
¼ j τT

(1þ jωτT )
: (11)

The pyroelectric current is presented to an electrical imped-
ance Zg , consisting of a parallel combination of the following
circuit elements: a gate resistor, Rg , Rp, gp [see Eq. (5)], the element
capacitance, Cp, and the amplifier capacitance, Ca. Zg is given by

Zg ¼ R�1
g þ R�1

p þ gp þ jω(Cp þ Ca)
n o�1

¼ R�1
g þ R�1

p þ ωCptanδp þ jω(Cp þ Ca)
n o�1

: (12)

The resulting output voltage is amplified with a unity-gain,
high input impedance voltage amplifier, such as the source follower
junction field effect transistor (JFET) as indicated in Fig. 3(c), to
produce an output voltage Vo,

Vo ¼ Zgip: (13)

Alternatively, it can be passed to a current amplifier, such as
an operational amplifier (OpAmp) with a feedback network con-
sisting of a feedback capacitor Cf and feedback resistor Rf , as
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shown in Fig. 3(d), in which case

Vo ¼ Ξip, (14)

where Ξ is the current-to-voltage transfer function for the amplifier
(in both cases, the amplifier load is represented by a load imped-
ance Zl). Both types of amplifiers are used in commercial PIRDs.
The output voltages defined by Eqs. (13) and (14) can be normal-
ized to give voltage responsivities (RV , in units of VW−1) by
dividing through the relevant expressions by Wo.

There are two main performance-defining parameters used
for PIRDs. The first is the noise equivalent power, or NEP,
defined32 as the input RMS radiation power required to give a
signal equal to the RMS noise in a defined bandwidth, ΔVN . NEP
is defined in units of WHz−½,

NEP ¼ ΔVN

RV
: (15)

The second is the specific detectivity,32 or D*, defined as the
inverse of the NEP, normalized to the square root of the PIRD
element area,

D* ¼
ffiffiffiffi
A

p

NEP
: (16)

D* is generally expressed in units of cmHz½W−1.

A. Voltage amplifier responsivity

In the case of PIRDs using voltage amplifiers, the voltage
responsivity RV can be computed from Eq. (13) as

RV ¼ 1
(R�1

g þ R�1
p þ ωCptanδp þ jω(Cp þ Ca))

:
jωηAp

GT (1þ jτTω)

(17)

If ωCptanδp and R�1
p are small in comparison with R�1

g and
ω(Cp þ Ca), then the magnitude of RV is given by

RV ¼ ωηRgAp

GT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1þ τ2Tω

2)
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(1þ τ2EVω
2)

p , (18)

where τEV ¼ Rg(Cp þ Ca) is the electrical time constant for this
type of amplifier.

In almost all treatments of PIRD physics, Cp and tanδp are
taken as being frequency-independent, but this is very rarely the
case for ferroelectric materials, which is a point discussed in greater
detail in the next section.

Equation (18) is a very well-known expression,13,25,33 which is
plotted in Fig. 4 for an LTO detector with the device parameters
listed in Figs. 3(c) and 3(a). JFET has an input capacitance of
Ca ¼ 7 pF. Ca is much smaller than the element capacitance Cp in
this case, which is around 50 pF. RV maximizes with a value of

RV (Max) ¼ ηRgAp

GT (τT þ τEV )
, (19)

at a frequency fMax ¼
ffiffiffiffiffiffiffiffiffi
fT fE

p
, where fEV ¼ 1/(2πτEV ). At frequen-

cies fT and fEV , RV has a value RV ( fT ,EV ) ¼
ffiffiffi
2

p
:RV (Max). The

voltage responsivity for this modeled device would be typical for a
high-end commercial PIRD and agrees well with the published
datasheet values for, e.g., an InfraTec 316 device. An important
point to take from this figure is that the response of a PIRD maxi-
mizes in the low-Hz to sub-Hz range, dropping off rapidly (as 1/f )
both above and below the turn-over frequencies defined by fT and
fEV . This makes them ideal for use in applications where a good
response at low frequencies is required, such as intruder sensing
and flame detection. The zero response at DC means that they are
insensitive to very slow changes in ambient temperature, and they
do not “see” an unchanging background scene but only respond to
the stimuli of interest. They can also be engineered by changing GT

and Rg to give a flat frequency response over a very wide frequency
range (up to GHz if needed), but this is at the expense of absolute
responsivity, so they are good in applications where there is plenty
of signal available to detect, such as for fast (sub-microsecond to
picosecond) laser pulse characterization.34,35

B. Voltage amplifier noise

The RMS current noise sources in a PIRD can be summarized
as follows:36,37

Input thermal noise, Nθi:

Nθi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(4kΘ2GT )

p
:Ri: (20)

Input amplifier current noise (sometimes called “shot” noise), Niai:

Niai ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2qileak

p
where q ¼ charge on electron and

ileak ¼ input leakage current of amplifier:
(21)

FIG. 4. The voltage responsivity RV of a LiTaO3 PIRD with the characteristics
shown in Fig. 3(c).
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Nia and/or ileak can be specified on the amplifier datasheet. Nia is
usually defined in fA Hz−½. In addition, values for the low noise
JFETs used in PIRDs are in the range of 0.2–0.3 fA Hz−½.

Input resistor Johnson noise, NRgi:

NRgi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(4kΘ/Rg)

q
: (22)

Input pyroelectric chip DC resistance Johnson noise, NRpi:

NRpi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(4kΘ/Rp)

q
: (23)

Input pyroelectric chip AC resistance (tanδ) Johnson noise,
NJi:

NJi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(4kΘωCptanδp)

q
: (24)

Determining an appropriate value of tanδp to use in Eq. (24)
can be problematic. tanδp has been shown to have three
components:31

• tanδi: Loss intrinsic to the pyroelectric material and dependent
on such factors as intrinsic bulk and surface defects together
with species such as mobile charge carriers.

• tanδRS: Loss due to a resistance RS in series with Cp—see
Figs. 3(d) and 3(e), such as the surface and contact resistances of
the electrodes on the pyroelectric. This can be a significant effect
and is dependent on the quality of sample-preparation.

• tanδθ : Loss caused by electrothermal coupling, as discussed by
Nye38 in his discussion of the difference between permittivities
measured under isothermal and adiabatic conditions.

The effects of electrothermal coupling have been discussed by
Stokowski,39 Samoilov and Shchedrina,40,41 and Neumann and
Möhling,42 and it can be shown that

tanδθ ¼ k2θ
ω τT

(1þ (ωτT )
2)
, (25)

where kθ is the electrothermal coupling factor defined by

k2θ ¼
p2Θ
c0εεo

: (26)

The magnitude of tanδθ can be significant, and in some cases,
it can dominate the intrinsic loss, especially if tanδi is small. For
example, Stokowski39 showed that in measurements on a LTO
crystal, at some frequencies, a freely suspended sample gave a tanδp
several times lower than a sample heat-sunk onto a copper block,
concluding that tanδi in this material was about 7 × 10−5. On the
other hand, Schossig et al.31 concluded from measurements on
crystal plates ranging from 100 μm down to 0.55 μm in thickness
that the intrinsic loss for LTO was 1.5 × 10−4 for a bulk material,
rising inversely proportional to thickness for thicknesses below
about 10 μm to a value of about 2.5 × 10−3 at thicknesses below
0.8 μm due to an increase in surface imperfections. The recommen-
dation of these authors is that the intrinsic loss can be measured on

bulk materials at frequencies of about 1 kHz and at ca. 200 Hz for
thin films below 2 μm thickness. However, few authors take
account of electrothermal effects when reporting dielectric loss
measurements on pyroelectric materials, and, given the impossibil-
ity of knowing the thermal conditions under which such measure-
ments are taken, it is very hard to conclude what the true value of
tanδi may be for any given material. Stokowski39 has pointed out
that a measurement of tanδp as a function of frequency for any
practical PIRD element gives all that is needed for a prediction of
NJi in that device, but this does not help an engineer trying to
predict how a new material will behave in a different device design
simply based on the published properties of the material con-
cerned. A further complication comes from the fact that tanδi is
usually frequency dependent, sometimes strongly so in the fre-
quency range of greatest interest for PIRDs (0.1–100 Hz).43 This
frequency dependence needs to be taken account of in any model
for NJi. Unfortunately, many papers that discuss pyroelectric mate-
rials do not report the dielectric properties as functions of fre-
quency, and often the values quoted for permittivity and loss will
have been determined at a single frequency (often at ca. 1 kHz),
which is well above the frequencies at which most pyroelectric
devices are used. While one can take this as an estimate of tanδi
and use this in the responsivity and noise equations, there is no
guarantee that this will give an accurate prediction for device
performance.

The excess loss due to the resistance RS of the surface elec-
trodes can be shown to be

tanδRS ¼ RS
A
d
σ(ω)tanδi þ ωCp

� �
, (27)

where σ(ω) is the AC conductivity of the pyroelectric material,
which is discussed further below.

In addition, we need to take account of the input-referred
voltage noise of the amplifier, en(f ). This has a constant value, en,
at high frequencies, and a frequency dependence such that en(f )

2 /
1/f at frequencies below a value fo (an “elbow” frequency).44,45 In
the general case, en(f ) can be described by an equation of the fol-
lowing form:46

en(f ) ¼ en 1þ fo
f If

� �� �0:5

, (28)

where fo is an “elbow” frequency and If is an “inflection factor”
(typically around 1.3).

Figure S1 in the supplementary material shows en(f ) for two
JFET devices, one taken from the datasheet of a PIRD manufac-
turer (InfraTec) as their standard device JFET47 and one from the
datasheet for a low noise device (JFE150)48 manufactured by Texas
Instruments. Also shown are models used to describe them as func-
tions of frequency. At low frequencies, the InfraTec JFET gives

a frequency dependence en(f )/ fo
f

� �0:175
with en ¼ 8 nVHz�1/2

(at 1 kHz), while the JFE150 gives en(f )/ fo
f

� �0:62
with

en ¼ 0:93 nVHz�1/2. The amplifier voltage noise may be
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represented by an input current noise,

NVi ¼ en(f )
Zi

where Zi ¼ R�1
g þ R�1

p þ ωCptanδp þ jωCp

n o�1
:

(29)

To find the corresponding output RMS voltage noises in an
amplifier as shown in Fig. 3(d), the input current noises should be
multiplied by the complex impedance Zg from Eq. (12). With the
low noise amplifiers currently available, voltage noise is rarely a
problem for PIRDs in the low-medium frequency range.

Figure 5 plots the magnitudes of the different noise sources, as
well as the total noise for a model device consisting of a 2 × 2 mm
area, 30 μm thick LTO element feeding into a low noise JFET such
as a TI JFE150 and employing a 50 GΩ gate bias resistor. The
values of τE and τT are 2.9 s and 150 ms, respectively. The relevant
physical properties of LTO are given in Table I. The relative magni-
tudes of the predicted noise sources are typical for those reported
for this type of device.47 The important things to note about this
are as follows:

• The total noise below about 100 Hz is dominated by the Johnson
noise from the gate bias resistor.

• The “tan delta” noise from the pyroelectric chip only becomes
significant above about 100 Hz in this example. The frequency at
which this noise source will dominate will depend on the precise
design of the device and the magnitude of tanδi for the pyroelec-
tric material being used. This point is discussed further below.

• The voltage noise from the JFET is not important in this fre-
quency range. Even for JFETs with somewhat higher voltage
noise, this noise source is only likely to become important at fre-
quencies above 1 kHz.

• The current noise of the JFET hardly contributes to the total
noise, even at low frequencies, and the thermal noise is
unimportant.

These are important considerations when it comes to judging the
likely usefulness of a given pyroelectric material. For completeness,
Fig. 6(a) plots the predicted NEP and Fig. 6(b) the D* for a device
with the same design. These are also typical for this type of device.47

A further practical consideration when using pyroelectric devices
is the fact that all polar dielectrics are piezoelectric, sometimes strongly
so. This means that a PIRD can generate significant unwanted noise
known as piezoelectric “microphony” when operated in a vibration-
rich environment, such as when used close to vibrating machinery.
There are two piezoelectric modes, which are important in determin-
ing the strength of this response.28 These are the following:

• The “thickness” mode (TM), driven via the piezoelectric d33
coefficient, whereby accelerations perpendicular to the plane of
the detector element produce a microphonic response via
self-loading.

• The “lateral” mode (LM) whereby acceleration-induced mechani-
cal strains in the system are coupled via the PIRD package to
induce lateral strains in the plane of the detector element and
these couple via the piezoelectric d31 coefficient.

In general, the LM is a more significant noise source than the
TM but can be reduced dramatically through good mechanical
design of the element mounting49 and the system in general28 to
minimize lateral stresses on the pyroelectric element. Both TM and
LM can be much reduced through including a “compensation”
element—an unilluminated pyroelectric element included in the
package and wired either in series or in parallel with the detector
element. This acts to provide the common-mode rejection of
unwanted signals such as microphony and ambient temperature
changes. To be effective in reducing microphony, the compensation

FIG. 5. The different magnitudes of noise sources as functions of frequency in a typical PIRD using a 2 × 2 mm area, 30 μm thick LiTaO3 pyroelectric element and a low
noise JFET amplifier (see the text for a full description of the parameters used).
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element needs to be mounted in a mechanical environment that is
closely similar to the detector. The inclusion of a compensation
element generally comes at a cost in the signal-to-noise ratio, the
level of which depends on the size of the compensation element
but would typically be about a factor of

ffiffiffi
2

p
. In general, a good

device design can radically reduce microphony and so this, and the
use of compensation, will not be considered further here.

C. Current amplifier responsivity

The ready-availability at low cost of high input impedance,
low-noise operational amplifiers, which can be operated in a
current-amplifier mode as shown in Fig. 3(d), bring with it a differ-
ent approach to the amplification of the pyroelectric current given
in Eq. (8). This is governed by a different set of equations from the
voltage amplifier.

The responsivity of the current amplifier configuration shown
in Fig. 3(e) can be modeled using the well-known theories describ-
ing the use of an OpAmp as a current amplifier.50,51 Provided the
output resistance of the OpAmp is small, the current-to-voltage
transfer function in Eq. (14) is given by

Ξ ¼ Zf

(1þ (AOLβ)
�1)

, (30)

where Zf is the impedance of the feedback RC network,

Zf ¼ Rf

(1þ jωRf Cf )
¼ Rf

(1þ jωτ f )
and τ f ¼ Rf Cf , (31)

and β is a feedback factor, such that β ¼ Zf

(ZfþZi)
.

Zi is the input impedance presented to the amplifier,

Zi ¼ Rin

(1þ jωRinCin)
¼ Rin

(1þ jωτ in)
, (32)

and Rin ¼ (ωCptanδþR�1
p þR�1

a )�1, Cin ¼ (CpþCa), τ in ¼RinCin.

Note that here, it is assumed that Cp and tanδ are frequency
independent and that Rp is determined by the DC resistivity of the
pyroelectric material.

The OpAmp parameters are

AOL =Open loop gain.
Ra = Input resistance.
Ca = Input capacitance.

AOL rolls off at a rate of 20 dB/decade above a frequency fp.
AOL can be modeled as

AOL ¼ ADC

1þ j
f
fp

� � (33)

where ADC is the amplifier gain at low frequencies.
Equation (30) reduces to

Ξ ¼ AOLZf Zi

Zi(1þ AOL)þ Zf
: (34)

Figure 7(a) shows the voltage responsivity of a 2 × 2 mm
area, 30 μm thick LTO pyroelectric element as described in
Fig. 3(c), connected to a low noise OpAmp with characteristics
similar to that of “OpAmp 2” described by InfraTec in their
“Pyroelectric Library.”47 The feedback network in this case was
set with Rf ¼ 50GΩ and Cf ¼ 0:2 pF. The responsivity of
a similar element feeding into a JFET voltage amplifier [see
Fig. 3(d)] with Rg ¼ 50GΩ is also plotted on the figure. Some
important differences are immediately apparent. The built-in gain
of the OpAmp produces a peak voltage responsivity that is more
than an order-of-magnitude greater for the current-amplified rel-
ative to the voltage-amplified device. Note that while the two
“turnover” frequencies for the voltage-amplified device are fT and
fEV (defined, respectively, by the thermal and electrical time con-
stants, τT and τEV—see above), the corresponding frequencies for
the current-amplified device are fT and fEi, where fEi ¼ 1/(2πτ f )

FIG. 6. (a) Noise equivalent power (NEP) and (b) detectivity D� as functions of frequency for a typical PIRD using a 2 × 2 mm area, 30 μm thick LiTaO3 pyroelectric
element and a low noise JFET amplifier (see the text for a full description of the parameters used).
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and τ f is the electrical time constant of the feedback network
defined in Eq. (31). As Cf � Cp for this size of element, then
τ f � τEV , so the voltage responsivity for the current-amplified
device turns over at a significantly higher frequency than that for
the voltage-amplified device. The higher voltage responsivity and
different frequency response characteristics may be useful to an
end-user in some applications.

D. Current amplifier noise

The input current noises described by Eqs. (20)–(24), includ-
ing the input-referred current noise of the amplifier, must be multi-
plied by a current noise to voltage noise transfer function ΞNi,

which is given by

ΞNi ¼ Zf ZTotalAOL

Zi(1þ AOL)þ Zf
, (35)

where

ZTotal ¼ RTotal

(1þ jωRTotalCTotal)
¼ RTotal

(1þ jωτTotal)
, (36)

FIG. 7. (a) Voltage responsivity RV vs frequency for a PIRD using a 2 × 2 mm area, 30 μm thick LiTaO3 pyroelectric element and a low noise OpAmp in the current mode
with a feedback network consisting of a 50 GΩ resistor and 0.2 pF capacitor in parallel. For comparison, RV for a similar device using a low noise JFET voltage amplifier
and 50 GΩ gate resistor is presented on the same axes. (b) The different magnitudes of the principal noise sources vs frequency for the current-amplified PIRD discussed
in the text. The inset shows a magnified section of the graph from 10 to 100 Hz, to indicate that in this case, the curves for the amplifier current noise and feedback resistor
Johnson noise lie almost on top of one another. (c) Detectivity D� vs frequency for the devices discussed in (a).
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and

RTotal ¼ (ωCDtanδp þ R�1
p þ R�1

a þ R�1
f )

�1
,

CTotal ¼ Cp þ Ca þ Cf and τTotal ¼ CTotalRTotal:

Note that the input-resistor Johnson current noise NRgi

defined in Eq. (22) must be replaced by the feedback resistor
Johnson noise NRfi,

NRfi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(4kΘ/Rf )

q
: (37)

The input-referred voltage noise for the OpAmp must be mul-
tiplied by a different transfer function ΞNV , which is given by

ΞNV ¼ (Zf þ Zi)AOL

Zi(1þ AOL)þ Zf
: (38)

Figure 7(b) illustrates the variations in the most significant
noise sources and total noise with frequency for the
current-amplified 2 × 2 mm LTO device discussed above. The inset
in this figure is a magnified section of the graph from 10 to 100 Hz,
which illustrates that in this example, the amplifier current and
feedback resistor Johnson noises are closely similar. A higher value
of Rf would have produced a significantly lower feedback resistor
Johnson noise. In this design, the device total noise is dominated
by these two noise sources up to just below 100 Hz, above which
the voltage noise takes over as being dominant. From a material
selection point-of-view, the tanδ noise is not significant in this
example. This illustrates the importance of the details of the device
design, and especially passive component selection, in determining
the total noise of the device.

The device detectivity D* can be derived by combining the
responsivity and the total noise. This is plotted as a function of fre-
quency in Fig. 7(c), again compared with the JFET-amplified
device. Note that although the responsivities vs frequency for the
two devices peak at different frequencies and differ by more than
an order-of-magnitude, the detectivities are similar in both magni-
tude and frequency responses. In this case, the JFET-amplified
device is slightly better, with both devices showing a relatively flat
response from 1 to 100 Hz, which is the range of greatest interest
for most applications. Note that a different selection of Rf (say,
100 GΩ) would improve D* for the current-amplified device so that
both devices would have closely similar detectivities. This illustrates
that choosing whether to use a voltage or current amplifier is more
likely to be driven by consideration of the following electronics and
determined by the system requirements and overall cost as much as
signal-to-noise performance.

III. PYROELECTRIC MATERIALS AND THEIR
FIGURES-OF-MERIT

Table SI in the supplementary material lists the basic charac-
teristics of some commercial PIRDs using LTO as the pyroelectric
material. (Note that the characteristics of the example device listed
in Fig. 3(c) are similar to InfraTec 316.) All the PIRD elements are

in the range of 0.5–3 mm in linear dimensions and are typically a
few square mm in area. Most of the devices listed use a JFET as a
voltage amplifier, but some employ OpAmp current amplifiers,
which have much higher voltage responsivities than the voltage
amplified devices but similar detectivities, as discussed above. All
the devices are quite similar in element size and performance, and
they mostly use the same pyroelectric material—LTO. The devices
made by Pyreos use a sputtered thin film PZT-based thin film
material. The ceramic-based devices made by Nippon Ceramic
have been discontinued but are included here for completeness. As
these are all from successful companies, it means that the device
designs and performances satisfy the needs of the market.
Nevertheless, research into new pyroelectric materials is a very
active topic. A recent review of pyroelectric materials by Zhang
et al.52 indicated an average of over 250 papers published per year
since 2000, covering all applications including IR sensing, energy
recovery, and catalysis. About 60% of these were journal articles. A
search on the terms “pyroelectric* and material*” on Web of Science
for this article indicated about 68 papers published in 2000, rising to
nearly 160 in 2021. Restricting this search to topics covering IR
sensing applications still produced an average of about 20 papers per
year from 2000 to the present date, or over 500 journal papers.
Given that this is a substantial amount of research, it is fair to ask
why most commercial PIRDs today use LTO as the active material
when there are thousands of pyroelectrics available.

The PIRD engineer needs a way to conveniently decide which
pyroelectric to choose to produce the best performance in a partic-
ular application. This problem has traditionally been addressed by
using the device equations discussed above and the relevant materi-
als’ properties to derive “figures-of-merit” (FoM) that are supposed
to be able to rank the possible materials according to their physical
properties. The question was first addressed (as long ago as 1966)
by Burdick and Arnold,53 who derived a FoM for the
signal-to-noise ratio (FD), based on the assumption that the tanδ
Johnson noise [Eq. (24)] was dominant,

FD ¼ p

c0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εoεtanδ

p : (39)

They used this to compare the likely relative performances of
BaTiO3 and triglycine sulfate (TGS). They pointed out the difficul-
ties of reliably measuring tanδ at the lower end of the modulation
frequencies used for their device measurements (15 Hz, 90 Hz, and
1 kHz). Liu54 later referred to two further FoMs, which were
directly linked to FD, the appropriateness of each one depending on
the capacitance of the element Cp relative to that of the input
capacitance of the amplifier, Ca. For small values of Cp, the perfor-
mance was predicted to be proportional to Fi,

Fi ¼ p
c0
: (40)

For large values of Cp, the performance was predicted to be
proportional to FV ,

Fi ¼ p
c0εoε

: (41)
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However, it was considered that it would usually be possible
to optimize the value of Cp by a good device design so that for
most considerations, FD would be the best FoM and, therefore,
that it was important to minimize tanδ by the choice of the
most-appropriate materials, by material design (e.g., through com-
positional doping) or by improvements to material processing.

Table I lists the relevant properties of a selection of some bulk
ferroelectrics that have been used, or considered for use, in PIRDs,
together with their basic properties at room temperature. Most of
the parameters listed in this table already have been defined in this
text. The only one that has not is the depolarization temperature
(Td). This is the temperature at which the material loses its ferro-
electric polarization. Normally, this would be taken as being the
same as the ferroelectric-to-paraelectric transition temperature or
Curie temperature (TC). However, some materials undergo depolar-
izing phase transitions below TC, which leads to a value of
Td , TC . These materials are discussed further below. Note that
the maximum temperature at which a material can be operated or
stored without significant loss of polarization can be significantly
below Td, and such temperatures should include processing tem-
peratures, such as flow-soldering in system assembly.

A relatively small selection of materials out of the hundreds
available has been chosen for consideration in this study. They are
(referring to the materials by their codes for textual brevity) as
follows.

LTO: this is a single crystal ferroelectric that is widely used in
a range of applications in addition to PIRDs, including piezoelec-
tric filters (surface and bulk waves)84 and electro-optic devices.85

Its ready availability, ease of processing, and moderate cost, com-
bined with its high TC , excellent stability, and good performance,
make this the benchmark material for PIRD applications.

DTGS: deuterated triglycine sulfate is another single crystal
material with a very long history of application in PIRDs. It is a
water-soluble material, which makes for relatively easy growth, with
a relatively high pyroelectric coefficient. It was the preferred target
material for the pyroelectric vidicon,86,87 which was at the heart of
an early form of an uncooled thermal imager that was widely used
in firefighting in the 1970s and 1980s. It has a relatively high pyro-
electric coefficient and quite low dielectric constant and has been
widely used in applications such as FTIR instrumentation.
However, the water solubility requires specialist processing and the
relatively low TC means that it needs care in use. Many isomorphs
have been grown (e.g., triglycine fluoberyllate88), and various
dopants such as L-alanine89 have been included in the crystals to
make them less-susceptible to depoling during thermal excursions
that may approach or exceed TC . This thermal resilience is engen-
dered by the formation of an internal bias field caused by the
dopant ion. DTGS is included on this table as a representative of
the family as the room-temperature properties are typical. Some
devices using DLTGS-based materials are available commercially
(see Table SI in the supplementary material).

P(70VDF-30TrFE) copolymer: this is a ferroelectric90 copoly-
mer between vinylidenefluoride and trifluoroethylene. TC varies
from 135 °C for 20%TrFE to 49 °C for 50%TrFE.64 It is character-
ized by having a low p and a low ε, with is major advantages being
the facts that it is chemically inert and easily cast from organic sol-
vents to form thin films on a wide variety of substrates.

PZT25/75: this is an example of an oxide thin film directly
deposited on silicon. It has been extensively researched for
PIRDs91,92 and used in commercial devices.93 Pyroelectric thin film
materials and their use in PIRDs will be considered in another crit-
ical review.

PCT:Mn: this is a ferroelectric ceramic based upon lead tita-
nate that has been widely used for the manufacture of low cost
PIRDs. It is discussed in greater detail in the next section.

PZFNTU: this is a ferroelectric ceramic based upon lead zirco-
nate that has been used for the manufacture of a range of single
element and array-based detectors.22,94 It has the advantage of an
electrical resistivity that can be readily varied through composi-
tional doping. It is discussed in greater detail in the next section.

PMNT-based: these are a class of single crystals based on solid
solutions between lead magnesium niobate and lead titanate that
have been extensively studied for piezoelectric applications.95 They
are characterized by having high pyroelectric coefficients together
with high dielectric constants and low losses. They are extensively
discussed below.

NBT-based: these are materials (ceramics and single crystals)
based on sodium bismuth titanate that are examples of materials
being researched as lead-free pyroelectric materials. The pyroelec-
tric properties are interesting, but reported values of TC are quite
low. They are discussed further below.

Evaluations of the three FoM Fi, FV , and FD have dominated
discussions of the relative merits of different pyroelectric materials
for PIRD applications for some decades, so it is worth undertaking
a review of their practical relevance. All the authors who first
derived the pyroelectric materials’ FoM agree that they can only be
expected to work well in quite specific circumstances. For example,
FV is derived from the expression for RV of a voltage amplified
device [Eq. (17)] and only applies at frequencies that are well above
fT and fE and for devices where Cp � CA.

13 Fi is generally taken to
be most applicable for small area voltage amplified devices where
Cp � CA or for devices using current amplifiers. The assumptions
used in deriving FD mean that it is only applicable at higher fre-
quencies and where the dominant noise source comes from
tanδp.

13 Neumann et al.96 have pointed out that, at low frequencies,
the device noise is dominated by the input resistor Johnson noise
NRgi [see Eq. (22) and Fig. 5] and that Fi is the best FoM to use in
this region, while at high frequencies the amplifier voltage
noise can dominate, so that here FV would be most relevant. At
intermediate frequencies, where the tanδ noise might dominate,
then the best FoM to use would be FD, although this would not
be true once the tanδ noise drops below a certain level, which
is determined by the levels of the other noise sources. At this
point, tanδ becomes less relevant to device performance and it is
pointless to waste effort on driving it lower. Even worse,
over-stressing the importance of FD as a FoM might lead to the
selection of a material that is worse in other ways, such as thermal
stability. Xu et al.76 compared the properties of LTO with a
0.73Pb(Mg⅓Nb⅔)O3-0.27PbTiO3 (73PMNT/27PT) single crystal
material and showed that for devices using 2.5 mm square, 20 μm
thick elements in the 10–100 Hz frequency range, the noise for the
LTO device is dominated by NRgi, while the noise for 73PMNT/
27PT is dominated by the tanδ noise. The inspection of Fig. 5
shows that for a JFET-amplified device with the particular device
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dimensions chosen, the tanδ noise for a LTO device only starts to
dominate over NRgi at frequencies above about 125 Hz. This fre-
quency is easy to calculate by placing NRgi ¼ NJi from Eqs. (22)
and (24), and then the crossover frequency fRgJi is given by

fRgJi ¼ d
2πARgεεotanδ

: (42)

Similarly, a crossover frequency fiaiJi between tanδ noise and
the amplifier current noise Niai from Eq. (21) can be shown to be

fiaiJi ¼ N2
iaid

8kΘπAεεotanδ
: (43)

Table II tabulates these frequencies for three of the materials
selected from Table I. There is a large range of crossover frequen-
cies (from 0.4 Hz to >12 kHz), depending on the material used, the
linear dimensions of the pyroelectric element, and whether the
other dominant noise source comes from the Johnson noise of the
gate input resistor or the current noise of the amplifier. Some of
these frequencies fall within the range over which PIRDs are most-
commonly used (0.1–100 Hz), but some are well-outside. This illus-
trates how difficult it can be to generalize which noise source will
dominate the signal-to-noise performance and, hence, which of the
FoM listed above might be the best one to use. Also note that the
dielectric properties used in this illustration were typically mea-
sured at around 1 kHz, which is clearly inappropriate when the
crossover frequencies concerned are mostly well below this. This
illustrates another important point. There are many papers in
which dielectric properties are measured at around 1 kHz, from
which the authors calculate the pyroelectric FoMs and then go on
to generalize about the likely usefulness of the materials concerned,
often in comparison with other materials reported in the literature.
Frequently, this is done without considering the appropriateness of
the measurement frequency for the dielectric properties relative to

the likely frequency of device use or which of the FoM are likely to
be most representative of signal-to-noise performance, given the
other noise sources in a device. This is a very important consideration
for ferroelectrics, for which the dielectric properties can be strongly
dependent on frequency, especially in the range of 0.1 Hz–1 kHz.
Unfortunately, there are little dielectric property data available for
many pyroelectric materials in the frequency range below 100Hz.
Nevertheless, we can use what data there are to explore how predicted
device performances would change when it is used, rather than
simply relying upon 1 kHz dielectric data and assuming that this is
valid right across the frequency range of greatest interest for PIRDs.

Following Jonscher,97 we can write the AC conductivity σ(ω) as

σ(ω) ¼ σo þ ωεoε
00(ω), (44)

where ε00(ω) is the imaginary part of the relative permittivity and σo

is the conductivity close to DC. We can also express tanδi as a func-
tion of frequency as

tanδi(f ) ¼ σ(ω)
ωεoε0(ω)

¼ σ(f )
2πf εoε0(f )

¼ 2πf εoε00(f )þ σo

2πf εoε0(f )
, (45)

where ε0(f ) is the real part of the relative permittivity.
One of the materials listed in Table I, a ceramic material98

with the following composition: Pb[Zr1−x−y(Fe½Nb½)xTiy]1−zUzO3;
x = 0.2, y = 0.02, z = 0.005, coded PZFNTU, has been used exten-
sively in single element PIRDs72 and PIRD arrays.99 It was engi-
neered to have very good pyroelectric properties as well as a DC
resistivity that was well-controlled in the range of 4–8 × 109Ωm.
This permitted the input resistor at the FET gate (RG) to be elimi-
nated as a discrete component. The ability to eliminate RG is par-
ticularly important when making 1D and 2D arrays, and the
material has seen use in 2D arrays for use in, e.g., thermal imagers
for firefighting100 and commercial footfall sensors.22 The devices
illustrated in the images shown in Fig. 2 were made using this
material. The dielectric properties of this material were well charac-
terized at low frequencies43 (Fig. 8). The AC conductivity (σ(f ))
experimental data [Fig. 8(a)] are modeled using

σ(f ) ¼ σo 1þ f
fo

� �α	 
β
, (46)

where fo is a turn-over frequency and α and β are exponents. The
model fits the data very well with the parameters presented in the
figure. Note that according to Jonscher,97 we would expect σ(f )/
f m with m ¼ αβ , 1. In the case of the parameters used to fit the
PZFNTU data plotted in Fig. 8(a), m = 0.63, as expected for a
system dominated by the hopping conduction of charge carriers.43

The real part of the relative permittivity (ε0(f )) is plotted in
Fig. 9(b). This can be modeled with

ε0(f ) ¼ ε0K 1þ fe
f

� �a	 
b
, (47)

where fe is a turn-over frequency and a and b are exponents. Again,

TABLE II. Crossover frequencies (in Hz) between input resistor noise (NRgi) vs tanδ
noise (NJi) and the amplifier current noise (Niai) vs tanδ noise (NJi) calculated for a
JFET voltage-amplified device from the properties of some pyroelectric materials
selected from Table I (frequencies are fRgJi and fiaiJi, respectively). (The calculations
assume that Rg = 50 GW and NJi = 0.25 fAHz

−½.)

Element
linear
dimensions
(mm)

Crossover
frequency
for tanδ
noise vs:

Material

LTO PZFN20T02U005

PIMNT:
Mn (23/
47/30)
(111)

2 × 2 Gate resistor
( fRgJi)

125
Hz

2 Hz 16 Hz

Current
( fiaiJi)

24
Hz

0.4 Hz 3 Hz

0.2 × 0.2 Gate resistor
( fRgJi)

12.5
kHz

186 Hz 61 Hz

Current
( fiaiJi)

2.4
kHz

35 Hz 12 Hz
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the model fits the data very well with the parameters presented in
the figure.

We can use the σ(f ) and ε0(f ) models to calculate a continu-
ous function for tanδi(f ) according to Eq. (45). This is plotted in
Fig. 8(c), together with spot-frequency values of tanδi(f ) measured
separately using capacitance bridges.14,72 There is excellent
agreement between the model-based calculations and the experi-
mental data. We can, therefore, use the σ(f ) and ε0(f ) models with
confidence to give tanδi(f ) values for PIRD performance
predictions.

Putley33 published the performance figures for a 2 × 0.3 mm
by 40 μm thick device using PZFNTU and a BF800 JFET amplifier
with an equivalent input current noise of 0.3 fA Hz−½. (The voltage
noise for this amplifier is not significant in the frequency range
reported.) The results for D* are shown in Fig. 8(d), together with
the model predictions using: first, the dielectric properties

measured at 1592 Hz for this material (see Table I) but assumed to
be constant across the whole frequency range, second the dielectric
properties measured as functions of frequency and shown in
Figs. 8(a) and 8(c) but assuming zero RS, and third, these
frequency-dependent dielectric properties but with RS ¼ 1:33MΩ.
The other material parameters were all as listed for this material in
Table I and the electrode emissivity was set so η ¼ 0:45. The values
of the other relevant device parameters (e.g., GT and τT ) are indi-
cated in the figure and are in reasonable agreement with the values
calculated by Putley33 for this device. It is clear that the use of the
high-frequency, frequency-independent dielectric properties gives
relatively poor agreement with the reported experimental data. The
frequency-dependent dielectric data give good agreement with the
experimental data, up to just over 10 Hz, at which point the predic-
tions start to diverge from the data. The inclusion of the indicated
value of RS [and, therefore, a non-zero value of tanδRS—see

FIG. 8. Dielectric properties of PZFNTU pyroelectric ceramics as functions of frequency: (a) AC conductivity σ(f ) with experimental data43 (open squares) and model
(solid line) fitted according to Eq. (45)—shown in the figure—and parameter values given; (b) real part of the dielectric relative permittivity with experimental data43 (open
squares) and model (solid line) fitted according to Eq. (46)—shown in the figure—and parameter values given; [experimental data in (a) and (b) reproduced with permission
from Whatmore, Ferroelectrics 49, 201–210 (1983). Copyright 1993 Taylor and Francis Ltd, http://www.tandfonline.com]. (c) The intrinsic dielectric loss tangent tanδ i (f ) cal-
culated from the models shown in (a) and (b), together with spot-frequency experimental data;14,72 (d) comparison of the measured D� for a 2 × 0.3 mm area, 40 μm thick
PZFNTU device taken from Putley33 (device 52) with predictions based on different data sets of the dielectric properties (see text). Experimental data in (d) is reproduced
with permission from Putley, Infrared Phys. 20, 139–147 (1980). Copyright 1980 Elsevier.
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Eq. (27)] gives excellent agreement across the whole frequency
range. In the original report, Putley33 had to include a frequency-
constant value of tanδ ¼ 0:016 to get agreement between the per-
formance predictions and experiments. This is much higher than
the value measured at 1592 Hz, but no explanation was given for
this adjustment. The inclusion of an electrode surface resistance RS

gives a reasonable explanation for the higher-than-expected high
frequency value of tanδ, but the RS value needed is high and may
indicate relatively poor electrode manufacture in this case. The con-
clusion from this work is that the dielectric properties of ferroelec-
tric materials can be strongly frequency dependent across the range
of greatest interest for PIRD operation and, therefore, that this
dependence should be measured if good agreement is to be
expected between predictions of performance and experimentally

measured values. However, reports of such measurements are rare.
Only occasionally are point-frequency measurements of dielectric
properties seen at sub-100 Hz frequencies, and complete dielectric
spectroscopy data of the type shown in Figs. 8(a) and 8(b) are even
more unusual.

Modified lead titanate ceramic Pb(1−x)Cax[(Co½W½)yTi1−y]O3;
x = 0.24 to 0.27, y = 0.04 (PCT), doped with various transition
metal ions, is another example of a ferroelectric ceramic for which
some broad-frequency spectrum dielectric data are available. It has
been studied by several authors for piezoelectric and PIRD applica-
tions. Figure 9 plots and compares several sets of dielectric data
taken from the literature. Yamashita et al.101 were some of the first
authors to study the piezoelectric and dielectric properties of PCT
with x = 0.24 and doped 0.3 wt. % MnO and 0.4 wt. % NiO

FIG. 9. Dielectric properties of PCT (Pb(1−x)Cax[(Co½W½)yTi1−y]O3; x = 0.24–0.27, y = 0.04 ceramics as functions of frequency. The ceramics are doped with a variety of
elements as indicated below. (a) Real part of the dielectric relative permittivity, ε0(f ); (b) imaginary part of the dielectric relative permittivity, ε00(f ); (c) AC conductivity σ(f )
derived from ε00(f ) and the DC conductivity reported by Jiménez et al.102; (d) intrinsic loss tangents tanδ i (f ) from the different sources compared with two models. Line X
shows the tanδ i (f ) function calculated from the ε0(f ) model in Fig. 9(a) and σ(f ) in Fig. 9(c). Line Y shows the tanδ i (f ) function calculated from the ε0(f ) model in Fig. 9(a)
and σ(f ) calculated using the model parameters shown in the figure. The graphs include data from a variety of literature sources, which are numbered as follows: 1: PCT
y = 0.24 doped with 1% Mn: data reproduced with permission from Journal of Physics and Chemistry of Solids, 57, 389 (1996); Copyright 1996 Elsevier; 2: Undoped PCT
y = 0.27, 3: PCT y = 0.27 doped with 1 Mol. % MnO2, 4: PCT y = 0.27 doped with 1 Mol. % Ni; data in 2, 3, and 4 reproduced with permission from Ferroelectrics, 118, 111
(1991),68 Copyright 1991 Taylor and Francis Ltd, http://www.tandfonline.com., 5: PCT y = 0.24 doped with 0.3 Wt. % (1.1 Mol. %) MnO and 0.4 Wt. % (1.5 Mol. %) NiO from
Yamashita et al.101 6: PCT y = 0.24 doped with Mn and Ni from Ichinose et al.70
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(corresponding to 1.1 at. % Mn and 1.5 at. %Ni, respectively), while
Ichinose et al.70 were the first to publish the details of PIRDs made
using this ceramic. The broadest frequency data for PCT with
x = 0.24 and doped with 1% Mn comes from Jiménez et al.,102 who
measured the dielectric properties down to 0.01 Hz and give a
value of 8 × 109Ωm for DC resistivity (ρo) implying a DC conduc-
tivity σo ¼ 1:25� 10�10 Sm�1. (The paper does not indicate
whether the ceramic is doped with 1 wt. % Mn or 1 at. % Mn.)
Nadoliisky et al.68 measured the dielectric properties of PCT with
x = 0.27, both undoped and doped with 1 mol. % MnO2 or
1 mol. % NiO at frequencies down to about 20 Hz. Figure 9(a) plots
the real part of the relative dielectric permittivity ε0(f ) as a function
of frequency from all these sources. It can be seen that there is
excellent agreement between them and that the model for ε0(f )
given in Eq. (46) fits the data very well, with the relevant constants
quoted in the figure. Figure 9(b) plots the imaginary part of the rel-
ative dielectric permittivity ε00(f ) as a function of frequency from
Jiménez et al.102 This has been fitted very well to a model,

ε00(f ) ¼ ε00k
fo
f

� �r

þ f1
f

� �s

þ 1

	 
t
, (48)

with the relevant constants given in the figure. Equation (44) can
then be used to derive σ(f ) from ε00(f ) and σo, which is plotted in
Fig. 9(c) and fitted to the model in Eq. (46). The relevant constants
are again quoted in the figure. Finally, tanδi(f ) can be derived from
the σ(f ) and ε00(f ) functions obtained from the models fitted to the
data from Jiménez et al. using Eq. (45). This is plotted in Fig. 9(d).
Values of tanδi(f ) from the other sources mentioned above are also
plotted in this figure. It can be seen that there is good agreement
and overlap between the sets of data from these disparate sources,
but it is interesting to note that the Mn doped sample reported by
Nadoliisky et al.68 and the Mn/Ni doped sample reported by
Yamashita et al.101 have significantly lower losses than the
Mn-doped and Ni-doped samples reported by Jiménez et al.102 The
reasons for this are unclear but could point to differences in
sample preparation, and it is a pity that wider-frequency dielectric
data for the lower-loss samples are unavailable. Nevertheless,
the data available indicate that we can use models of the type
derived from the broad-spectrum data from Jiménez et al.102 for
the predictions of the likely performances of other PCT-type
ceramics in PIRDs and in Fig. 9(d), we show tanδi(f ) modeled
with a modified σ(f ) function designed to fit the lower loss mea-
sured by Nadoliisky et al.68 The constants for this model are
reported in the figure.

Single crystals based on the lead magnesium niobate–lead tita-
nate solid solution system [xPbMg⅓Nb⅔O3-(1−x)PbTiO3—coded
PMNTx/(1−x) in Table I] form a further class of new materials
that has excited considerable interest for applications in PIRDs.
Following-on from studies showing exceptional piezoelectric prop-
erties in single crystals of lead zinc niobate–lead titanate
(PZNT),103 PMNT crystals were also shown to be excellent piezo-
electrics by Shrout et al.95 and their growth and properties have
been studied extensively.104 Davis et al.105 were the first to show
that PZNT and PMNT crystals possessed very high pyroelectric
coefficients (500 μCm−2 K−1 or more). Since then, many authors

have studied the pyroelectric properties and potential PIRD appli-
cations of crystals of PMNT75–78 and xPb(In½Nb½)
O3-yPbMg⅓Nb⅔O3-(1−x−y)PbTiO3 [coded PIMNTx/y/(1−x−y)
in Table I].79,80,96,106,107 The properties of some of these materials
are listed in Table I. Mn-doping has been explored for dielectric
loss reduction in these materials (giving crystals coded: Mn in
Table I), and the frequency dependences of the dielectric losses in
these crystals have been reported,80 together with the detectivities
of voltage and current mode PIRDs made using them.80,96 One
issue with crystals of this type is that their compositions have
usually been fixed to optimize their piezoelectric properties, placing
them close to a rhombohedral-to-tetragonal phase boundary (gen-
erally called a morphotropic phase boundary, or MPB) in the com-
positional phase diagram. The crystals are often in the
rhombohedral phase at room temperature and pass through a
phase transition to a tetragonal phase on heating. They depolarize
at this temperature (Td), which is a serious issue in device manu-
facture and use, as will be discussed below.

Figures 10(a) and 10(b) plot the modeled for D* for devices
made with (111) oriented, 30 μm thick slices of PIMNT:Mn23/47/
30 crystals for both voltage and current-amplified devices using
both constant (1 kHz) and full-frequency (FF) dielectric data using
the published materials’ properties. The results agree well with the
published D* data.80 The models have also been used to compare
the relative contributions of the tanδ noise with the amplifier
voltage noise sources in the case of the JFET-amplified device,
which are shown in Fig. 10(c). The model assumes that the size of
the detector element was 2 × 2.2 mm, the material had the basic
properties as listed in Table I, the JFET had similar characteristics
to the standard InfraTec JFET device and that the current amplifier
had similar characteristics to the standard InfraTec OpAmp,47 with
an equivalent input current noise of 0.6 fA Hz−½. The input-
referred voltage noise of the amplifier, en(f ) was modeled with the

function en(f ) ¼ en 1þ fo
f

� �� �
with en ¼ 12 nVHz1/2 and

fo ¼ 20Hz. Note that this value of en, which is required to give
good agreement between the modeled and observed data above
50 Hz, is slightly lower than the datasheet value of 19 nVHz½. This
is not significant in the current discussion. The model for tanδi(f )
was achieved by modeling the AC conductivity σ(f ) using Eq. (46)
with σo ¼ 1:5� 10�10 Sm�1, fo ¼ 14Hz, α ¼ 0:75, and β ¼ 1:25.
In both cases, Rf ¼ Rg ¼ 50GΩ, RS ¼ 300Ω, (which is insignifi-
cant), and τT ¼ 232ms, with η ¼ 0:7 for the JFET-amplified
device and 0.8 for the current-amplified device. In the case of the
voltage-amplified device, there is a small but significant difference
between the 1 kHz and FF model predictions for D* below 20 Hz,
with the FF loss giving better agreement with the experimental
data. The reason for this is clear from Fig. 10(c). Above 15 Hz, the
total noise is dominated by the amplifier voltage noise. Below this
frequency, the tanδ noise is the most significant noise source in the
case of the FF dielectric data. In the case of the 1 kHz dielectric
data, the tanδ noise is also dominant below 14 Hz but is signifi-
cantly lower than the tanδ noise from the FF data. Clearly, in the
voltage-amplified case, it is important to use the FF dielectric data
to get a good prediction of device performance across all frequen-
cies. On the other hand, for the current-amplified device,
both 1 kHz and FF models for D* gave very similar results [see

Journal of
Applied Physics PERSPECTIVE scitation.org/journal/jap

J. Appl. Phys. 133, 080902 (2023); doi: 10.1063/5.0141044 133, 080902-17

© Author(s) 2023

https://aip.scitation.org/journal/jap


Fig. 10(b)] and both agreed well with the published data. This is
because the amplifier voltage noise dominates at all frequencies,
although the tanδ noise also makes a significant contribution [see
Fig. 10(d)]. The other devices using PMN-PT:Mn72/28 and
PIMNT34/34/32 as reported by Yao et al.80 were also modeled
using both fixed (1 kHz) and FF dielectric data, yielding similar
results. This example illustrates that it is vital to take account of all
the noise sources when modeling D*. Having a FF model of the
dielectric properties can be very important if an accurate picture of
the device performance is wanted, but it is also important to take
account of all the other potential noise sources, as the tanδ noise
may not be the most significant source, as is often assumed, even
in the mid-frequency range.

In the case of LTO, there are range of values for the 1 kHz
dielectric loss reported at ambient temperatures (see Table I), but
there is very little data on the low frequency dependence of the
dielectric properties at ambient temperatures. This may be a little
surprising at first sight, given the technological importance of the
material, but the accurate measurement of low losses at very low
frequencies is difficult. Stokowski39 measured tanδ for congruent-
composition LTO down to 10 Hz, and it is possible to subtract the

thermal loss and extract tanδi(f ) from the data presented in this
paper. Schossig et al.31 measured the dielectric loss of this material
as a function of wafer thickness down to 100 Hz. The results of
their measurements are plotted in Fig. 11(a). The loss measured by
Schossig et al.31 is significantly higher than the intrinsic loss
reported by Stokowski,39 especially at low frequencies. The reasons
for this difference are not clear but could be due to differences in
sample preparation between the two sets of work. The report by
Schossig et al. indicates a strong dependence of intrinsic loss as the
thickness falls below 10 μm, an effect which was ascribed to
damaged surface layers. Stokowski’s work indicates a rising loss at
low frequencies. This is easily explained. Consider the effects of
there being a non-zero “DC” conductivity σo ¼ ρ�1

o . Even if the
real (ε0) and imaginary (ε00) parts of the relative permittivity are
frequency independent, tanδi will show a frequency dependence
given by tanδi(f ) ¼ ε00

ε0 þ σo
ωεoε0

¼ tanδi(HF)þ σo
ωεoε0

, where tanδi(HF)

is the intrinsic loss tangent at high frequencies. Two values have
been reported for ρo: 1.15 × 1013Ωm55 and 5.35 × 1012Ωm.108

Figure 11(b) plots the curves for tanδi(f ) calculated by assuming
these values of ρo, together with a curve for ρo ¼ 8� 1011 Ωm.

FIG. 10. Models (this work) for detectivities (D*) of PIRDs made using PIMNT:Mn23/47/30 crystals for (a) JFET voltage and (b) current amplifiers. The models are calcu-
lated using both constant (1 kHz) and full-frequency (FF) dielectric loss data,80 assuming a constant value for ε0(f ) of 570 (see Table I). (c) Comparison of the fractional
contributions to total noise of the JFET-amplified device for the 1 kHz and FF dielectric loss data with the voltage noise. (d) Comparison of the fractional contributions to
total noise of the most significant noise sources in the current-amplified device for the FF dielectric loss data.
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This is a little lower than the literature values but gives a better fit
to the intrinsic loss data derived from Stokowski.39 All of these give
an intrinsic loss that rises rapidly (as 1/f ) at sufficiently low fre-
quencies when σo

ωεoε0
� ε00

ε0 . From Fig. 11(b), this appears to be

between 0.1 and 10 Hz, a range that is of considerable interest for
many real-world PIRD applications and, thus, it is important to
take account of this effect when making device performance calcu-
lations. Neumann et al.96 have compared the responsivities and
detectivities for LTO and PIMNT:Mn23/47/30 (111) PIRDs using
current amplifiers. These data have been extracted and compared
with models of the performance parameters calculated using the
equations above with the full-frequency dielectric data for the two
materials discussed in this paper (see Table I). The comparisons
are given in Figs. 12(a) and 12(b). The device parameters used are
given in the figure caption. There is excellent agreement between
data and models, giving good confidence in both the models used
and the materials data and device parameters. The relative magni-
tudes of the principal noise sources are reported in each case in
Fig. 12(c) for the LTO device and Fig. 12(d) for the PIMNT:Mn23/
47/30 (111) device. It can be seen from these figures that the tanδ
noise is insignificant for the LTO device, with the noise being dom-
inated at low frequencies by the Johnson noise in the feedback
resistor and at frequencies above about 180 Hz by the amplifier
current noise. On the other hand, for the PIMNT:Mn23/47/30
(111) device, the tanδ noise dominates between about 1.4 and
20 Hz, a frequency range where many PIRDs are used.

This case illustrates an important issue when discussing the
possible use of different pyroelectric materials in PIRDs. It is
impossible to generalize and say that one material will be much
better than another in a given application simply because it has a
very low dielectric loss, which gives a high FD [Eq. (39)]. In this

case, the LTO has such a low tanδ that this source of noise ceases
to be important in comparison with two other sources of noise that
are unrelated to the properties of the pyroelectric material. It is
worth, therefore, analyzing the usefulness of the pyroelectric FoMs
in predicting the real-world performance of PIRDs. This analysis is
the subject of the next section.

IV. PYROELECTRIC FoM UTILITY

The above discussion has established confidence in the ability
of our device models to accurately predict the responsivities and
noises for specific device configurations when used with the prop-
erties and FF dielectric data for the materials listed in Table I.
Hence, they can be used to test the usefulness of the pyroelectric
FoMs Fi, FV , and FD [described by Eqs. (40), (41), and (39), respec-
tively] for the “ranking” of pyroelectric materials for use in PIRDs.
When doing this, it must be borne in mind that PIRDs are com-
monly used in detection applications (e.g., for fires or intruders)
where the system is designed to detect a signal that occurs within a
given bandwidth rather than at a single frequency. (An exception
to this would be an application such as IR spectroscopy where the
radiation is modulated at a known frequency and the resulting
output signal detected by an amplifier with narrow bandwidth.)
Accordingly, a test has been designed so that the predicted detectiv-
ity is integrated over a given bandwidth bounded by frequencies f1
and f2, to give an “integrated detectivity” defined as

Di* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AÐ f2
f1
(NEP)2

s
: (49)

This has been done for both voltage and current amplifier
configurations and for different sizes of the detector element. The

FIG. 11. Reported and modeled tanδ i (f ) data for LiTaO3. a) tanδ i (f ) data derived from Stokowski39 for 120 μm thick material and Schossig et al.31 for a 20 μm thick mate-
rial; (b) modeled tanδ i (f ) data using different values of DC resistivities taken from two literature sources and a value, which gives the best fit to the data: (1)
ρo = 1.15 × 10

13Ωm55; (2) ρo = 5.35 × 10
12Ωm108; (3) ρo = 8 × 10

11Ωm when compared to the tanδ i (f ) data extracted from Stokowski.39 Data reproduced with permission
from Infrared Physics and Technology, 63, 7 (2014). Copyright 2014 Elsevier.
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computed values of D*
i for each bandwidth can be compared graph-

ically with the values of Fi, FV , and FD for the different materials
selected for test and a “goodness of fit” evaluated using R2 from
linear regression for each graph. This gives a good test of the linear
correlation between the predicted performance parameter and a
particular FoM. Fi is independent of frequency because it is only
dependent on the pyroelectric coefficient and volume specific heat.
However, FV and FD are frequency dependent. They are often com-
puted using dielectric properties measured at a relatively high fre-
quency (e.g., 1 kHz), because such measurements are simple and
convenient. However, the dielectric properties are not then repre-
sentative of the low frequencies at which PIRDs are most-
commonly used, and therefore, the validity of the resulting FoMs
may be called into question. Alternatively, FV and FD could be
computed using dielectric properties measured at a lower frequency
(e.g., 32 Hz). which would be much closer to the frequencies at
which PIRDs are most-commonly used. However, such low

frequency dielectric measurements are harder to accomplish reliably,
especially for low loss materials. We can use this study to determine
whether it is really necessary to make low frequency dielectric mea-
surements when undertaking an evaluation of the FoMs. D*

i would
be most relevant in applications where the system noise is domi-
nated by the intrinsic noise in the PIRD. The voltage responsivities
Ra

V averaged over the same bandwidths can also be calculated and
tested against the FoM values in a similar way. This would be most
relevant in applications where the system noise is dominated by the
noise in the electronics coming after the PIRD element.

Six materials were selected from Table I for the calculations.
These were LTO, DTGS, P(70VDF-30TrFE), PZFN20T02U005,
PCT24:Mn, and PIMNT:Mn (23/47/30) (111), which are all materi-
als that have been used for practical PIRDs for which reliable
dielectric property data are available over a sufficiently broad range
of frequencies. They also give a wide range of FoM values so that
the correlation can be properly tested. The parameters used for

FIG. 12. A comparison of (a) responsivity, (b) detectivity, and (c,d) noise data for current amplified PIRDs using PIMNT:Mn23/47/30 (111) and LiTaO3 (LTO) single crystal
materials96 compared with models derived using the full-frequency (FF) dielectric data presented in Table II. The experimental data in (a) and (b) were reproduced from
APL Materials 9, 021106 (2021) with the permission of AIP Publishing. (c) fractional contributions of the principal noise sources for the LTO device calculated and (d)
same noise sources for the PIMNT:Mn device, both calculated with FF dielectric data. Note that the same legend is used for the different noise sources in (c) and (d). In
both cases, the device parameters assumed in the models were as follows: dimensions: 1 × 1 mm area and 25 μm thickness; TI TLC2252 OpAmp with 50 GΩ and
0.35 pF feedback resistor and capacitor, respectively, surface resistivity 100Ω/square, thermal conductance and η set at 90 μWK−1 and 70%, respectively, for the LTO
device; 60 μWK−1 and 90% for the PIMNT:Mn device.
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modeling the dielectric properties over the full frequency ranges are
given in Table III.

The bandwidths selected for the integration and averaging are

• 0.1 Hz–10 Hz, which covers many of the low-frequency motion-
sensing applications and is a range to which Fi would normally
be applied,

• 10 Hz–100 Hz, which covers the medium frequency range of
some flame sensing applications and some “chopped” applica-
tions such as thermal imaging and is a range to which FD would
normally be applied,

• 100 Hz–1 kHz, which covers high frequency applications such as
pulse detection and is a range to which FV would normally be
applied.

Two sizes of detector element have been chosen: 2 × 2 mm,
which is in the middle of the range for the majority of commercial
PIRDs (see Table SI) and 0.2 × 0.2 mm, which is the same
order-of-magnitude as the element size in many pyroelectric arrays,
e.g., those used in such applications as footfall sensing.13,14 Element
thickness was set at 30 μm, which is appropriate for a bulk material.
For the voltage amplifier, the characteristics were taken from the
datasheet of a PIRD manufacturer (InfraTec) as their standard
device JFET,47 with Rg ¼ 50GΩ. For the current amplifier, the
characteristics were those of a low noise OpAmp similar to that of
“OpAmp 2” described by InfraTec in their “Pyroelectric Library,”47

which is similar to the Texas Instruments TLC2252, with Rf ¼
50GΩ and C ¼ 0:35 pF. The thermal conductance GT of the
2 × 2mm elements was set at 1.5 mWK−1, while for the
0.2 × 0.2 mm elements, GT was set at 0.5 mWK−1. η has been set at
70% for all the devices.

Figure 13 shows a selection of four graphs of this type plotted
for the materials chosen. Also plotted in each graph in this figure is
a straight line fitted to the data using linear regression. The equa-
tion and the relevant R2 value is also given for each line. It can be
seen immediately that the quality of fit is extremely variable. It is
clear from Fig. 13(a) that there is a general trend for D*

i in a
2 × 2mm voltage-amplified device at low frequencies to increase
with Fi, as might be expected, although there is a lot of scatter in
the points, so R2 , 75%, and the trend is far from completely con-
vincing. Looking at Fig. 12(b), the linear relationship between D*

i at
high frequencies and FD (1 kHz) is even less convincing as
R2 , 58%. Looking at Figs. 13(c) and 13(d), which concern a
0.2 × 0.2 mm current-amplified device, we can see from Fig. 13(c)
that there is an excellent linear fit between the average responsivity
Ra

V at medium frequencies and Fi. This is an unsurprising result
because Fi is proportional to the pyroelectric coefficient and, thus,
gives a direct measure of the current produced by the element for a
given amount of energy input. In this case, the quality of the fit is
almost perfect. On the other hand, from Fig. 13(d), it can be seen
that there is no relationship between Ra

V at medium frequencies
and FV (1 kHz), indicating the irrelevance of this FoM to average
responsivity in this case. There are 120 possible graphs of this type
for the range of parameters chosen for the study. This is far too
many to look at individually, but we can tabulate the values of R2

and look at which graphs give values in excess of 75%. Anything
less than this is poor correlation and indicates that the relevant TA
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FoM is not going to give a good measure for how well a device
using this material would perform against the particular perfor-
mance measures chosen. The results of this analysis are shown
in Table IV.

The first thing to note from this table is that there is great deal
of blank space, implying that for most sets of conditions, the device
performance parameters chosen are poorly correlated with the
three FoMs. Of the three, Fi correlates the best with device perfor-
mance. It shows strong correlation with predicted performance for
the small-area elements using both types of amplifiers. This is to be
expected, because of the direct link between Fi and the pyroelectric
current for a given amount of energy input, especially as volume
specific heat does not vary strongly between different materials. For
small area devices, it is desirable to have as much current produced
by the element as possible, regardless of the amplifier type. It is
striking that it works well with the voltage amplified device on
both measures of performance at all frequencies, although it does
not work well for the current amplified device at medium and high
frequencies. For the 2 × 2 mm element with a voltage amplifier, Fi
works poorly (R2 < 75%) at all frequencies. With a current ampli-
fied device, it gives good-to-excellent correlation with responsivity
but poor correlation with integrated detectivity. FV works as a good
FoM only for the average responsivities of the larger-area voltage

amplified devices at medium-to-high frequencies, as would be
expected.13 FD works with moderate correlation for the larger-area
voltage amplified devices at medium frequencies and for the
current amplified devices with both larger and smaller element
areas at medium frequencies, with the strongest correlation for the
smaller area devices, as would be expected from the argument
given above. The only moderate correlation (R2 < 90%) with FD for
the larger area devices in this frequency band is presumably
because the tanδ noise does not play such a large role in determin-
ing overall noise levels. Given that PIRDs are used most-commonly
in the lower frequency band and most devices manufactured use
areas in the square mm range with voltage amplifiers, the message
from Table IV is that the three FoMs generally used by the pyro-
electric materials community are, unfortunately, of dubious overall
utility. One positive message for the community is that in the
restricted areas where FV and FD are actually useful, values com-
puted with the 1 kHz dielectric properties are just as useful as those
computed with dielectric properties measured at lower frequencies.
However, it must be emphasized that the measurement of lower
frequency dielectric data is still needed. The evidence presented
earlier in this paper has indicated strongly that having full-
frequency dielectric data is very important if accurate predictions of
device performance are to be made. Also, even though values of FV

FIG. 13. Graphs of PIRD performance parameters plotted vs different pyroelectric figures-of-merit for six materials selected from Table I. The materials are LTO, DTGS, P
(70VDF−30TrFE), PZFN20T02U005, PCT24:Mn, and PIMNT(23/47/30) (111). The graphs are (a) integrated detectivity D�

i from 0.1 to 10 Hz plotted vs Fi for a 2 × 2 mm
element JFET voltage amplified device; (b) D�

i from 100 Hz to 1 kHz plotted vs FD for a 2 × 2 mm element, JFET device; (c) average responsivity Ra
V from 10 Hz to

100 Hz plotted vs Fi for a 0.2 × 0.2 mm element OpAmp current amplified device; (c) average responsivity Ra
V from 10 Hz to 100 Hz plotted vs FV for a 0.2 × 0.2 mm

element current amplified device. Further device parameters are given in the text.
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and FD computed from 1 kHz dielectric properties are as useful in
comparing different materials as those calculated using low fre-
quency dielectric properties, it is always wise to check that the
dielectric loss does not rise rapidly at low frequencies. Another
important message to take from Table IV is that it is inappropriate
to over-emphasize the importance of increasing p/ε (to increase
FV ) or reducing tanδ (to increase FD) if this is at the expense of the
pyroelectric coefficient (which determines Fi). In the end, making
generalized statements on the basis of the pyroelectric FoMs alone
can lead to poor material development and selection decisions. The
only way to determine properly whether any pyroelectric material
is going to be useful in each pyroelectric application is to use the
right models and full-frequency dielectric data to calculate the
device performance parameters in the frequency ranges of most
interest.

V. OTHER CONSIDERATIONS

Material selection decisions are seldom made based purely
upon device radiometric performance. Other considerations of how
a pyroelectric material will affect device manufacturability and
usability are also very important. A particularly clear example of
this was cited above and in Fig. 12, taken from the work by
Neumann et al.96 in the comparison of the performances of LTO
and PIMNT:Mn (23/47/30) (111) in PIRDs. The devices using

PIMNT:Mn (23/47/30) (111) performed much better than those
based on LTO, especially at low frequencies, by >5× in peak
responsivity and >3× in peak detectivity. However, the detectivity
advantage of PIMNT:Mn (23/47/30) (111) is lost above about

TABLE IV. Tabulation of the of R2 values for the linear correlations between the integrated detectivities D�
i and the average voltage responsivities Ra

V over the low, medium,
and high frequency bands (defined in the table and text) and the three figures-of-merit Fi, FV and FD for 2 × 2 mm and 0.2 × 0.2 mm PIRDs (see text for a full description). FV
and FD have been computed for dielectric properties measured at 1 kHz and 32 Hz (shown, respectively, as the two values separated by “/”). The cells are shaded as follows:
darkest for R2≥ 90%, for which correlation is the strongest and medium for 75%≤ R2≤ 90%. Any correlation graph for which R2 < 75% has been left blank, because such a
low value implies too weak a correlation for the FoM to be useful in those circumstances.

Element area (mm) 2 × 2 0.2 × 0.2 2 × 2 0.2 × 0.2

Fi JFET amplifier Current amplifier

Integrated detectivity 0.1–10 Hz – 0.99 – 0.90
Integrated detectivity 10–100 Hz – 0.99 – –
Integrated detectivity 100 Hz–1 kHz – 0.90 – –
Average responsivity 0.1–10 Hz – 0.94 1.00 0.97
Average responsivity 10–100 Hz – 0.89 1.00 1.00
Average responsivity 100 Hz–1 kHz – 0.86 0.81 0.81

FV (1 kHz/32 Hz) JFET Amplifier Current Amplifier

Integrated detectivity 0.1–10 Hz – – – –
Integrated detectivity 10–100 Hz – – – –
Integrated detectivity 100 Hz–1 kHz – – – –
Average responsivity 0.1–10 Hz – – – –
Average responsivity 10–100 Hz 0.99/0.99 – – –
Average responsivity 100 Hz–1 kHz 0.99/0.99 – – –

FD (1 kHz/32 Hz) JFET amplifier Current amplifier

Integrated detectivity 0.1–10 Hz – – – –
Integrated detectivity 10–100 Hz 0.88/0.77 – 0.86/0.75 0.94/0.87
Integrated detectivity 100 Hz–1 kHz – – – –
Average responsivity 0.1–10 Hz – – – –
Average responsivity 10–100 Hz – – – –
Average responsivity 100 Hz–1 kHz – – – –

TABLE V. Integrated detectivities D�
i (in units of mm/nW) over low (0.1–10 Hz),

medium (10–100 Hz), and high (100 Hz–1 kHz) frequency ranges for 4 different
materials selected from table I. The device design parameters are the same as
those used for the FoM correlation calculations. The material properties are taken
from tables I and IV.

Amplifier
type

2 × 2mm elements

Material Low Med High

LTO Voltage 1.017 0.373 0.049
PIMNT:Mn (23/47/30) (111) Current 1.930 0.325 0.014
PIMNT (41/17/42) (001) Current 1.437 0.219 0.012
91.5NBT–8.5KBT <111> Current 0.866 0.116 0.010

0.2 × 0.2mm elements

LTO Voltage 0.006 0.034 0.013
LTO Current 0.025 0.036 0.014
PIMNT:Mn (23/47/30) (111) Current 0.384 1.247 0.436
PIMNT (41/17/42) (001) Current 0.304 0.927 0.254
91.5NBT–8.5KBT <111> Current 0.289 0.713 0.135

Journal of
Applied Physics PERSPECTIVE scitation.org/journal/jap

J. Appl. Phys. 133, 080902 (2023); doi: 10.1063/5.0141044 133, 080902-23

© Author(s) 2023

https://aip.scitation.org/journal/jap


160 Hz, and while the current amplifier is definitely the best option
for the PIMNT:Mn (23/47/30) (111), it may not necessarily be the
best option for LTO, as will be discussed below.

Table V gives the integrated detectivities D*
i over low (0.1–

10 Hz), medium (10–100 Hz), and high (100 Hz–1 kHz) frequency
ranges for 2 × 2mm and 0.2 × 0.2 mm devices using LTO and
PIMNT:Mn (23/47/30) (111). In this case, the device design
parameters are the same as those used for the FoM correlation cal-
culations. A JFET voltage amplifier has been chosen for LTO, while
the other materials in the table are used with current amplifiers
because they are much higher permittivity materials. In this sense,
the amplifiers have been chosen to best-suit the materials con-
cerned. The material properties are taken from Tables I and IV.

In this case, for 2 × 2mm detectors, the advantage of PIMNT:
Mn (23/47/30) (111) in the low frequency band is clear, although
the improvement is only about 90%, and not the factor-of-three we
would see by only looking at peak detectivity. There is no advan-
tage in the medium frequency band, and in the high frequency
band, LTO is much better. For the small area (0.2 × 0.2 mm) detec-
tors, PIMNT:Mn (23/47/30) (111) in the current mode is much
better than LTO in voltage or current modes at all frequencies.

If we only look at the FoMs for these two materials, then
the comparison of the ratio of Fi for these two materials indicates a
5× improvement for PIMNT:Mn relative to LTO, while the consid-
eration of the FD ratio alone would have indicated that LTO was
2.5× better than PIMNT:Mn (23/47/30) (111), or consideration of
the FV ratio alone would have indicated that LTO was 41% better
than PIMNT:Mn (23/47/30) (111). These do not give a good indi-
cation of the relative performances of the materials in the different
devices. This reinforces the “health warning” given above about the
use of pyroelectric FoMs. The PIMNT:Mn (23/47/30) (111) devices
reported by Neumann et al.96 clearly showed very good perfor-
mance. Nevertheless, the authors point out the potential problems
associated with the use of this material in commercial devices.
These include changes in material processing associated with mate-
rial mechanical properties, the difficulties of keeping processing
temperatures below 100 °C to avoid exceeding Td (see Table I),
material and device production costs, and the variations in compo-
sition and properties along the crystal boule growth axis, which
limit the amount of a boule that can be used while keeping device
uniform in performance. There are also likely to be issues for the
end-users of PIMNT:Mn devices in keeping device temperatures
below 100 °C in both system fabrication (e.g., during flow soldering
processes) and use. The overall conclusion from this paper is that
LTO remains “the material of choice for the majority of demanding
applications using thermal infrared detectors.”96

This is not to say that an alternative pyroelectric material
cannot be developed that will ultimately beat LTO in the PIRD
application. On the contrary, the results from the PIMNT:Mn23/
47/30 (111) devices are very encouraging, and if a similar material
can be developed, which has the advantage of very high pyroelec-
tric coefficient, without the manufacturing and use problems
referred to above, that would be of great interest to the PIRD com-
munity. There is evidence that Td can be raised significantly in this
system, as PIMNT41/17/42 (001) shows a Td of 253 °C, compared
with 115 °C for PIMNT:Mn23/47/30 (111) while only showing
modest (ca. 26%) reductions in the pyroelectric coefficient and Fi

(see Table I). FD is significantly (4×) lower. The predicted inte-
grated detectivities D*

i for this material when used in the selected
device structures in low, medium, and high frequency bands are
given in Table V. While not being as good as PIMNT:Mn23/47/30
(111), it would give about a 44% improvement in a 2 × 2mm device
relative to LTO at low frequencies but be significantly worse at
medium and high frequencies. It would be a good deal better than
LTO in the small area detectors. Whether the low frequency improve-
ment would be sufficiently interesting to a device manufacturer to
embark upon an expensive device development program to use the
material is a moot point, and of course, improving Td would not
change issues like material uniformity and handleability.
Nevertheless, there appears to be considerable promise in the PIMNT
system. Doubling the detectivity relative to the current generation of
devices through better pyroelectric material properties would have a
direct knock-on to ultimate system performance and could be used
either to simplify and cost-reduce system design (through, e.g., allow-
ing the use of simpler, lower-cost optics) or to improve system perfor-
mance (e.g., through improving detection range).

Over the last thirty years or so, there has been increasing pres-
sure on the electronics industry to remove lead from its products
because of the extreme toxicity of the metal and the cumulative
effects in the human body. There has been increasing pressure on
the piezoelectric ceramics community to develop lead-free alterna-
tives to the almost-ubiquitous use of lead zirconate titanate
(PZT)-based compositions in piezoelectric products, leading to a
substantial amount of research in field, which has been valued as
being ca $400M in the last 20 years.109 So far, in spite of this
extensive research,110,111 there have been no credible alternatives
developed that can replace PZT, for most applications. Hence, the
piezoelectrics industry has continued to use PZT, by operating
under a succession of time-limited exemptions from the various
tranches of legislation that would, otherwise, eliminate its use. It
can be seen from Table I that a substantial number of the techno-
logically interesting pyroelectric materials are lead containing.
Hence, there has been an awareness of the need for lead-free pyro-
electric materials and an increasing number of papers have been
published in the last 15 years in this topic area.112 Nevertheless, it
should be remembered that one of the best and most-popular pyro-
electric materials (LTO) is lead-free in any case. At least one manu-
facturer (Nippon Ceramic) no longer makes PIRDs based on PZT
ceramic. It is not known if this is due to the lead-containing issue,
but it is interesting that the devices that have replaced them in their
catalogue are LTO-based PIRDs manufactured by Panasonic, and
the datasheets for these devices make a positive-play about the fact
that the devices do not contain lead.

Some of the more-promising new lead-free materials, as based
on their pyroelectric coefficients and FoMs, have been composi-
tions based on Na½Bi½TiO3 (see Table I). One of these has been
chosen for further study here because of a combination of its good
FoMs (especially Fi) and having a Td of 153 °C, which is higher
than most of the PIMNT family and perhaps at a level, which
might not cause undue concern in fabrication and use, although
one would probably be looking for Td > 200 °C to be safe under
device flow-soldering temperatures. The characteristics of PIRDs
using 2 × 2 mm and 0.2 × 0.2 mm elements of a 91.5NBT–8.5KBT
<111> single crystal material have been modeled using published
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values of the pyroelectric and dielectric properties (including their
frequency dependences).82 The DC conductivity for pure NBT113

was used in combination with these data to model the AC conduc-
tivity model parameters to produce the parameters given in
Table IV. The results for the integrated detectivities based on the
use of a current-amplifier are listed in Table V, to permit compari-
son with the other materials modeled. For mm-scale elements, the
low frequency performance is comparable with (although ca. 15%
less than) the LTO-based device used in the voltage mode, but the
performance at medium and high frequencies is considerably
worse. The material appears to have characteristics, which would
make it favorable as a lead-free material if used in small element
detectors, where its performance is considerably better than LTO,
primarily because of its high pyroelectric coefficient.

VI. CONCLUSIONS

This article has presented detailed mathematical models for
the performances of PIRDs employing voltage and current amplifi-
ers. It has demonstrated that these models can give excellent agree-
ment with the published performance data for devices using a
range of different pyroelectric materials. It has been shown that it
is desirable to use full-frequency data for the dielectric properties of
the pyroelectric materials if good agreement is to be obtained
between the models and the actual performances. It has also been
shown that the frequency dependence of the dielectric constant and
loss can be accurately described using relatively simple models for
the real part of the relative permittivity and the AC conductivity.
An important message is that great care should be taken when
using the standard pyroelectric FoMs to select the best prospective
materials for use in practical devices. It has been known for a long
time that these FoMs have restrictions on their validity; restrictions
that are “hard-baked” into the FoMs because they are inherent to
the way they are derived from the models of PIRD performance.
This review has shown for the first time just how poor the correla-
tion is between the performance parameters of practical devices
using pyroelectric materials and the FoMs for those materials. The
best thing that one can say about the FoMs is that they may be
useful as a “rule-of-thumb” guide to material selection. For
example, it is always a good idea to maximize the pyroelectric coef-
ficient, and having a low dielectric constant (or relative permittiv-
ity) may also be a good idea, but having a high permittivity may
not necessarily be a bad thing, especially if a current-amplifier can
be used and/or one is intending to make devices with very small
elements (in a 1D or 2D array, for example). It is generally a good
idea to minimize the dielectric loss because of its effect on tanδ
noise, but once it is driven down below a certain value, further
reductions may not be beneficial because noise in the device may
be dominated by other noise sources, depending on the details of
the device design and the amplifier components used. There is a
strong message here to researchers studying pyroelectric materials,
which is that it is not sufficient simply to measure the dielectric
properties at 1 kHz. This is a frequency that is almost irrelevant to
the way in which PIRDs are used in practice. Most PIRDs will be
used in the range of 0.1–10 Hz for motion sensing and at 1 Hz to a
few tens of Hz for most other applications. For engineers to be able
to accurately model the performance of PIRDs, they really need the

dielectric property data to be measured at frequencies down to
0.1 Hz, if possible, even though measurements below a few tens of
Hz are challenging, especially for low loss materials. At the very
least, it is important to check that the dielectric loss is not rising
rapidly below 100 Hz. On the other hand, it has been shown here
that the FoMs FV and FD calculated using dielectric properties
measured at 1 kHz are as useful in comparing different materials as
those calculated using dielectric properties measured at a few tens
of Hz. However, that must be viewed with the strong caveat that all
three FoMs are of dubious utility other than as “rules-of-thumb,”
as stated above. Of the three FoMs, Fi is most useful in that it cor-
relates best with overall device performance, but as most materials
have very similar values of the volume specific heat, this is equiva-
lent to saying the pyroelectric coefficient should be as large as pos-
sible, which is a reasonably obvious statement to make when
talking about a pyroelectric device. Ideally, researchers in pyroelec-
tric materials should measure and report full-frequency dielectric
data so that they can be used in the models for device performance
of the type presented here. These can be used to predict the likely
utility of their materials in real devices. This should be done in
preference to simply presenting FoMs calculated on the basis of
dielectric properties measured at 1 kHz. However, it recognized
that this might be a little onerous.

It is also important to make sure that a prospective material
will be stable in use. This means that the depolarization tempera-
ture should not be too low, as, otherwise, there will be severe
restrictions on the way the material can be processed into devices
and/or used in practice. We have seen here that a Td of ca. 110 °C
is probably too low to be comfortable for a device manufacturer.
There are plenty of papers where very high pyroelectric coefficients
are reported where the Curie temperature TC is close to room tem-
perature. Prospectively, such materials can be used under a DC bias
field to stabilize the polarization in so-called “dielectric bolometer”
mode.13 PbSc½Ta½O3 (PST)

114 and (Ba,Sr)TiO3 (BST)115 ceramics
have been used in this way successfully and commercialized in
thermal imagers. However, their use is quite specialized and dielec-
tric bolometer materials have not made it into the large-scale com-
mercial PIRD arena for mm-scale detectors. This is despite the fact
that significant (more than 2×) improvements in D* have been
demonstrated (in PST) relative to more-conventional pyroelectric
ceramics,73 and is probably because of the complexity involved in
providing the DC bias field and potential issues with the pyroelec-
tric material properties ageing under high DC bias fields when
applied for long periods of time.73 Their high permittivities and
high pyroelectric coefficients are also best suited to very small
element detectors used in arrays with large element counts.

The vast majority of commercial PIRDs are now based on the
use of LTO as the pyroelectric material. Of the new pyroelectric
materials that have emerged in the last 15 years, the PIMNT-based
materials are undoubtedly the best. The extensive (and heavily
funded) research that has gone into these materials for their pro-
spective use in piezoelectric applications has made relatively large
(many cm linear dimensions) crystals available. It has also been
shown that their excellent pyroelectric and dielectric properties
translate into significantly improved PIRD performance in proto-
type devices when considered alongside LTO. However, these mate-
rials bring their own challenges of a relatively low depolarization
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temperature, materials uniformity and difficulties of processing and
handling, especially when compared with LTO. There is evidence
that the depolarization temperature can be improved, although the
results presented here indicate that this is at the expense of some
PIRD performance. Nevertheless, the PIMNT-based materials have
an excellent combination of electrical properties, especially the high
pyroelectric coefficient, that make them particularly well suited to
small-area elements of the type that are used for 1D and 2D arrays.
It remains to be seen whether these materials will ever make it into
commercially available devices that can be used by system manufac-
turers. Of the best new lead-free materials reported, there are none
that can yet compete on performance with LTO (which is also lead-
free) for mm-scale detectors, although they would be significantly
better than LTO for small-area detectors if used in the current-
mode. Such small area detectors would be usefully applied in linear
and 2D arrays.

SUPPLEMENTARY MATERIAL

See the supplementary material for a figure describing the
input referred voltage noise (en(f )) of two commercial JFET devices
and a table of some commercially available PIRDs.
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