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Abstract: Pyroelectric detectors, a typical type of uncooled infrared detectors, are widely used in fields such as
flame and fire warning, moving target sensing, gas detection, temperature measurement, and even terahertz de-
tection, owing to their high sensitivity, fast response speed, low power consumption, and broad spectral re-
sponse. Beyond conventional applications, pyroelectric detectors offer irreplaceable advantages in several special-
ized scenarios, including laser parameter measurement, high-precision spectrometers, spectral response calibra-
tion for infrared detectors, as well as applications in space science such as infrared earth sensors and Earth radia-
tion budget measurement. However, in the compelling field of infrared imaging, pyroelectric detectors indeed
lose the competition against bolometers, which are another important type of uncooled infrared detector. The re-
view summarizes the intrinsic technical challenges faced by traditional pyroelectric detectors in imaging applica-
tions, including difficulties in integration with readout circuits, the requirement for a chopper, and the limitations
in miniaturizing pixel size. This article summarizes two technical solutions that can address the difficulties of tra-
ditional pyroelectric detectors in infrared imaging . the thermal reset mode and the active detection mode. Through
technological development and iteration, pyroelectric focal plane array devices are expected to achieve higher sen-
sitivity and lower cost, securing a place in the application field of infrared imaging technology.

Key words: pyroelectric detectors, uncooled infrared imaging, bolometers, focal plane arrays, thermal reset
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Introduction

With the advancement of technology, uncooled tech-
nology is gradually maturing, leading to a significant
drop in the cost of infrared radiation detection and in-
creasingly lower requirements for the environment,
equipment, and operator skills. It is no longer a special-
ized tool exclusive to cutting-edge fields such as mili-
tary, aerospace, and scientific research!™', but is evolv-
ing into an infrastructure ubiquitous in modern life".
Infrared detection can capture information beyond sight
and touch, such as subtle heat patterns, energy exchang-
es, and early warning signs of equipment failure. Any
object with a temperature above absolute zero emits infra-

red radiation, and the radiation intensity varies with tem-
perature. Based on this principle, infrared detection can
help identify locations of heat loss in concrete structures
in the construction sector, thereby optimizing designs
that are difficult to assess with the naked eye'®'’. In
firefighting, it can penetrate dense smoke to quickly lo-
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cate trapped victims and fire sources
production, overheating of equipment often precedes a
failure; infrared sensors can monitor critical equipment
around the clock, ensuring continuous operation of pro-

duction lines* "™, Furthermore, autonomous driving al-
so leverages infrared detection to pierce through rain and

darkness, providing a critical technical safeguard for the
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perception system“ﬁm.

At the technological core of the above changes lies
the infrared radiation detection device, namely infrared
detectors. The two principal types of infrared detectors
are photon detectors and thermal detectors'**". In pho-
ton detectors, the absorbed photons directly produce free
electrons or holes. In thermal detectors, the absorbed
photons produce a temperature change, which is then in-
directly detected by measuring a temperature-dependent
property of the detector material'*”". From an objective
perspective, the application and widespread adoption of
infrared sensing technology are largely driven by un-
cooled infrared detectors. Compared to cooled infrared
detectors, uncooled infrared detectors offer several ad-
vantages: (1) Small size and light weight: They elimi-
nate the need for cryogenic cooling systems, making
them easy to integrate into portable devices; (2) Low
cost: The core materials and processes are relatively sim-
ple, significantly reducing manufacturing costs; (3)
Low power consumption and fast startup: They can oper-
ate immediately upon power-up, without waiting for a
cooler to cool down; (4) Long lifespan and high reliabili-
ty: With no moving parts like a cooler, the system is
more stable and durable. However, their disadvantages
include relatively lower sensitivity and slower response
speed, and their performance in detecting subtle temper-
ature differences and high-speed moving targets is inferi-
or to that of high-performance cooled detectors. Never-
theless, their performance is already sufficient to meet
the requirements of many civilian applications and some
military needs >,

Uncooled infrared detectors can be subdivided into
several types, including pyroelectric detectors, bolome-

ters, thermopiles, Micro-Electro-Mechanical Systems
(MEMS) , (241, Among them, the most
widely applied are pyroelectric and bolometer detectors.
The performance of pyroelectric detectors and bolometers

Golay cells, etc

is widely debated, with differing views on which outper-
forms the other. Detector performance includes parame-
ters such as responsivity, response speed, spectral re-
sponse range, dynamic range and more. Since pyroelec-
tric detectors and bolometers operate on different princi-
ples and are intended for different application scenarios,
it is difficult to make a direct comparison between the two
using only a few parameters. Pyroelectric detectors oper-
ate on the pyroelectric effect, responding solely to the
rate of temperature change, and thus exhibit alternating
current (AC) response ™. Bolometers, in contrast, op-
erate on the temperature coefficient of resistance and ex-
hibit direct current (DC) response™ **. The distinction
in their operating principles inherently determines that
each demonstrates its respective advantages in different
application scenarios. Currently, infrared imaging tech-
nology is witnessing increasingly extensive applications
and has attracted the greatest attention™. In this do-
main, pyroelectric detectors indeed fall behind bolome-
ters. Although a lot of previous studies have provided
summaries of pyroelectric detectors and their applica-
tions, only a limited few have conducted comparative
analyses between pyroelectric detectors and bolometers.
Furthermore, reports elucidating the reasons why pyro-
electric detectors fall behind bolometers specifically in
infrared imaging technology are quite rare. Neverthe-
less, in numerous specialized fields, pyroelectric detec-
tors continue to serve applications for which they are diffi-
cult to substitute, as shown in Fig. 105280,
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ness, and are therefore used in numerous fields.
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Pyroelectric detectors feature high-sensitivity, high-speed, low-noise, an ultra-wide flat spectral response, and high-robust-
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In this review, firstly we present the operating prin-
ciple of pyroelectric detectors and their significant appli-
cations across different scenarios. Subsequently, we dis-
cuss the development of pyroelectric detectors and bolom-
eters in uncooled infrared imaging technology, as well as
the reasons for the relative inferiority of pyroelectric de-
tectors compared to bolometers. Following that, we pro-
pose technical approaches to overcome the constraints by
limiting pyroelectric infrared focal plane array detectors.
Finally, we offer a perspective on the potential of pyro-
electric detectors in future infrared imaging applications.

1 Principles and characteristics of pyro-
electric detectors

Given that numerous articles and books provide de-
tailed descriptions of the working principle of pyroelec-
tric detectors, interested readers may refer to the rele-

" This review focuses on the structure

vant literatures
of pyroelectric detectors and several key performance pa-
rameters, including responsivity, noise equivalent pow-
er, and specific detectivity. The working principle of the
pyroelectric detector is based on the pyroelectric effect,
which is present in all polar materials that exhibit a
change in electric polarization Ap when a temperature
variation AT is applied uniformly. The polarization
change caused by temperature variation AT can be ex-
pressed as:

P =pAT (1)

where p is the pyroelectric coefficient. The generated py-
roelectric charge () is:

0 = pAAT (2)

where A is the detector area. The corresponding current
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The current responsivity R, is:
R =l (4)
i @0

where @ is the amplitude of the sinusoidal radiation.
This implies an AC-coupled operating mode, where the
response is proportional to the rate of temperature
change: the faster the temperature changes, the greater
the response ™.

A traditional complete pyroelectric detector consists
of a sensing element and a signal amplification circuit.
The sensing element includes both an electrical structure
Fig. 2 (a)) and a thermal structure (Fig. 2 (b)), while
the signal amplification circuit can be further divided in-
to two types: voltage readout and circuit readout configu-
rations (see Fig. 2 (¢) and Fig. 2 (d) ). The perfor-
mance of the detector is determined by two parameters:
responsivity and noise level. The principle for optimizing
device performance is always to maximize responsivity
while minimizing noise. By solving the heat balance
equation:

dAT
th dt
where C, is the heat capacity, G, is the thermal conduc-
tance, and &, is the emissivity of the detector. The tem-
perature change of the thermal detector caused by the in-

cident radiant flux can be obtained as:
&

Y T - (6)
(Gllw*C?)

Combining with Equation (3), the photocurrent is:

c + G AT = &, P (5)

th

&, pAP,w
I, = N (7)
Glh( 1 |C() Tlh )
b Thermal Capacity
Hr=c'Ad
Thermal Conductance G;
Thermal Heat Sink
d

Fig. 2 Thermal and electrical structures of a simple pyroelectric infrared detector: (a) the electrical structure™’ and (b) the thermal
structure'’ of pyroelectric device; The device configurations using (c¢) a voltage amplifier™' and (d) a current amplifier'®’.
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The parameters affecting the responsivity of the de-
tector include the pyroelectric coefficient, dielectric con-
stant, and thermal properties of the pyroelectric materi-
al, while the overall noise level of the detector is mainly
determined by the dielectric loss of the pyroelectric mate-
rial and the noise of the amplification circuit. Regarding
how to select appropriate materials and detector struc-
tures, Whatmore and Ward provided a detailed discus-
sion in an article™™".

It is precisely the AC operating mode of the pyro-
electric detector that endows it with superior performance
in terms of response sensitivity, response speed, and
bandwidth?*?***" " thereby giving it an irreplaceable
role in some important application areas, such as securi-
ty and surveillance ™™, flame and fire alarms*™*', gas
monitoring*'*".  Particularly, pyroelectric detectors are
broadly reported due to their low power requirement, low
manufacturing, fast response and relatively high sensitiv-
ity over a wide range of temperature and wide spectral
bandwidth. Nowadays, following a fast progress in tera-
hertz (THz) and millimeter-wave (MMW) technologies,
working on the improvement of the sensitivity of pyroelec-
tric detection at longer wavelengths far beyond the infra-
red (IR) range® * *'. There are also other advantages
to pyroelectric detectors that may not be so obvious. For
example, pyroelectric detectors are far more robust than
other detectors in the presence of thermally high-dynamic
scenes. Being AC coupled and therefore lacking offsets,
rapid changes in ambient and scene temperatures pro-
duce little disturbance to operation. Calibration is far
simpler for pyroelectric detector arrays than for microbo-
lometer arrays.

2 Application scenarios of pyroelectric
detectors

2.1 Precision instrument
2.1.1 Laser parameter measurement

Pyroelectric detectors have fast response times and
can measure the energy of pulsed lasers as well as the
power of continuous-wave (CW) lasers"”**, with spec-
tral ranges from 13 to 355 nm and 1. 06 to >3000 pm. In
laser processing, calibration of medical laser equipment,
and scientific research experiments, they are used for re-
al-time monitoring of laser output stability, measuring
the energy of individual laser pulses, and mapping the
power distribution of laser beams. Note that Ophir Op-
tronics is one of the few companies capable of producing
pyroelectric cameras for laser beam mapping analysis,
and the core component of the camera is a LiTaO, (LT)
focal plane array device. Fig. 3 (a) shows a schematic
diagram of a pyroelectric detector measuring pulsed laser
energy . To evaluate its linearity, two methods are ad-
opted. One is comparative measurement with a calorime-
ter, and the other uses the physical law that irradiance is
inversely proportional to the square of the distance. Fig.
3 (b) shows the linearity measurement by comparison to
a LT detector”’. Within the given pulse energy range,
the nonlinear deviation of the detector remains at an ac-
ceptable level, providing a reference for the error range

in measuring pulsed laser energy.
2.1.2 Terahertz detection

Pyroelectric materials are also sensitive to terahertz
radiation (via a thermal absorption mechanism)
30404951 converting extremely low-energy terahertz pho-
tons into heat and subsequently into electrical signals.
Pyroelectric detectors fabricated from LT can detect fre-
quencies from 0. 1 to 30 THz, with noise equivalent pow-
er on the order of nW “**, Fig. 3 (¢) shows a schemat-
ic diagram of a lithium tantalate pyroelectric detector for
THz measurement . The detector exhibits good linear
response within a low pulse energy range. However,
when the pulse energy and fluence exceed a certain
threshold, the response shows sublinear saturation,
which originates from the transient effect of the strong
terahertz electric field on the sensitive element of the de-
tector (Fig. 3 (d) ). It is evident that in the precise
measurement of terahertz radiation, attention must be
paid to the linear response characteristics of the detector
and calibration must be performed.
2.1.3 Precision temperature measurement

Although less common in steady-state precision com-
pared to thermopiles, pyroelectric detectors combined
with choppers (since pyroelectric sensors only respond to
changes, continuous radiation must be modulated into al-
ternating signals) can form highly sensitive radiation
thermometers. Recently a new design for thermal-infra-
red radiation thermometer and sensors has been reported
by National Institute of Standards and Technology
(NIST). Fig. 3 (e) presents a schematic diagram of the
Ambient Radiation Thermometer (ART)"*. Critical opti-
cal elements, such as the field stop, Lyot stop, collimat-
ing lens, and detector (pyroelectric detector) , are
placed inside a thermally stabilized assembly that is con-
trolled using thermo-electric coolers and thermistors.
The assembled radiation thermometer is calibrated using
both variable temperature fluid-bath and heat-pipe black-
bodies from -45°C to 75° C and the use of a modified-
Planck function and these blackbodies. The size-of-
source effect both with and without the Lyot stop has
been measured. This new design, during operations with-
out the need for cryogenic cooling, demonstrates sub mil-
likelvin temperature measurement resolution with few
millikelvin, week-long stable operations while measuring
room-temperature objects (Fig. 3 (f))"*. This new de-
sign can be immediately used to improve standards-quali-
ty radiation thermometers used to validate non-contact
temperature scales at calibration laboratories.
2.1.4 Infrared spectral irradiance and radiance re-
sponsivity calibrations

Absolute measurement of spectral responsivity for
radiance and irradiance in the infrared spectral region
has long been an international major challenge, as it has
been unable to achieve the low uncertainties attainable in
the visible spectral region. Recently, both the NIST in
the United States and the Physikalisch-Technische
Bundesanstalt (PTB) in Germany have made significant
progresses in reducing the measurement uncertainties of
infrared spectral responsivity calibrations ™. NIST has
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Fig. 3 Pyroelectric detectors applied to precision measurements: (a) Experimental setup for measuring the average energy of a la-
ser*”; (b) Linearity measurement by comparison to a LiTaO, detector”"; (¢) Schematic diagram of the experimental setup for THz de-
tection*’; (d) Typical voltage response of the detector to a single-cycle THz pulse. V , and V__ are the voltage minimum and maxi-
mum, and S(I) = AV, is the signal measured for the irradiation flux I'*’; (e) Optical design layout of the ART"*'; (f) ART measure-
ments of the ammonia heat-pipe blackbodies (AHPBB) set at -30  °C. The oscillations originate from the control loop algorithm that
could not fully stabilize the AHPBB temperatures'™*'; (g) The figure shows the light source size as a function of wavelength. On the right
is a schematic diagram of the illumination geometry'™’; (h) Schematic diagram of the test setup for detector calibration. This setup in-
clud{esj a large-area blackbody (LABB) with two transmission filters, and the spectral responsivity is involved in the calibration pro-
cess'™.
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reduced the measurement uncertainty of short-wave infra-
red spectral responsivity to below 0. 3% using pyroelec-
tric detectors, approaching the measurement uncertainty
level of visible spectral region calibrations (Fig. 3 (g))
% PTB has measured the spectral irradiance responsivi-
ty of pyroelectric detectors over a broad infrared wave-
length range (from 1.5 pum to 14 wm) with measurement
uncertainties between 1% and 14% (Fig. 3 (h) ) ™.
These studies demonstrate that pyroelectric detectors can
serve as lransfer standards for the spectral responsivity
calibration of other infrared detectors. By further improv-
ing detector performance and calibration techniques, the
measurement uncertainties can be further reduced, with
the potential to reach the calibration levels achieved in
the visible spectral range.

2.2 Safety monitoring

2.2.1 Security and surveillance

A passive infrared (PIR) system detects motion by
sensing the infrared radiation emitted by moving ob-
jects™. When an object with a temperature above abso-
lute zero moves across the sensor’s field of view, the sen-
sitive pyroelectric material in the sensor undergoes
charge separation induced by the temperature change,
thereby outputting a weak electrical signal™*”. Fig. 4
(a) shows a schematic diagram of the detector identifying
human target movement in three different scenarios®. A
photograph of the PIR is shown in Fig. 4 (b), where the
sensing area is divided into 14 segments, each corre-
sponding to a binary value™. When a human target
moves within the detection area, the segment that re-
ceives the signal outputs 1, while the segment that does
not receive the signal outputs 0. Through algorithmic pro-
cessing (Fig. 4 (¢)), the moving human target can be
accurately identified. Fig. 4 (d) presents a comparison
of the output results after different arithmetic process-
ing®. To improve detection sensitivity and coverage, a
Fresnel lens is usually mounted in front of the pyroelec-
tric sensor in a PIR system. This lens concentrates infra-
red radiation energy from a wide spatial area onto the tiny
sensitive surface of the sensor, significantly extending
the detection range and converting motion patterns from
different zones into differential signals™".

Owing to its passive detection, extremely low power
consumption, and low cost, PIR sensors have been wide-
ly used in intrusion alarm systems, automatic lighting
control, access management, and building energy man-
agement™* ™. Fig. 4 (e) shows a schematic diagram of
the PIR detecting and identifying a moving human tar-
get. The signals when no human target is detected and
when a human target is detected are shown in Fig. 4 (f)
/. By optimizing lens design, considering the tempera-
ture difference between the environment and the target,
and adjusting the partitioning of the sensing area, the ef-
fective detection range of an infrared detection system
can be extended to 40 meters or even further”™.

In the field of long-range security surveillance,
Eltec Instruments has developed an infrared telescope
product based on pyroelectric detectors. Its “IR-EYE”
series long-range passive infrared thermal imaging tele-

scope for security applications can monitor ranges of ap-
proximately 500 feet. It has been widely deployed by var-
ious branches of the U. S. military and multiple govern-
ment agencies for perimeter security, border surveil-
lance, and critical asset protection, and has demonstrat-
ed long-term reliability through years of field applica-
tions.
2.2.2 Smart home and building automation

Utilizes its ability to detect the presence or move-
ment of the human body to act as a trigger switch for auto-
mation systems. Automatic lighting: lights automatically
turn on when a person enters a hallway or restroom and
turn off after a delay when the person leaves. Smart ap-
pliances: when a room is detected to be unoccupied, the
air conditioner temperature is automatically adjusted, or
unnecessary appliances are turned off to save energy.
Smart bathroom mirrors/toilets: ambient lights or func-
tion panels automatically activate upon sensing human
proximity. Smart homes and building automation align
with the concepts of energy conservation, environmental
protection, and green development, offering broad appli-
cation prospects for pyroelectric detectors™ .
2.2.3 Public places and pedestrian flow manage-
ment

A pyroelectric infrared sensor is a passive infrared
detector capable of detecting changes in infrared radia-
tion emitted by the human body, thereby enabling the
perception of moving persons®. When a pedestrian
passes through the sensor’s field of view, the thermal ra-
diation signal is received by the sensor and converted in-
to an electrical signal for subsequent circuit analysis and
counting

Bidirectional counting is a key technology of pyro-
electric detectors. It employs two independent sensors in-
stalled on the inner and outer sides of a doorway and de-
termines the direction of entry or exit by detecting the se-
quence in which the pedestrian triggers the sensors.
When a person passes from different directions, the two
sensing elements receive the infrared radiation in oppo-
site orders, generating alternating signals with opposite
phases, thereby accurately discerning the direction of
motion'®. More advanced array-type pyroelectric detec-
tors can automatically count bidirectional pedestrian flow
by defining virtual counting lines. This technology has
been widely applied in personnel counting, direction
sensing, and area security. Studies have shown that a
personnel counting system based on an eight-element lin-
ear array pyroelectric detector achieves an accuracy of
over 98% for detecting pedestrians passing through a
doorway. In museum visitor monitoring, pyroelectric sen-
sors are used as on-site counting devices™ . Regres-
sion analysis indicates a very small discrepancy from
manual counting, providing reliable data support for visi-
tor management and exhibit layout optimization** *,
2.3 Spectral detection
2.3.1 Applications for spectrometers

Pyroelectric detectors are most popular in IR spec-
troscopy, and they are mainly used in spectrometers in
three forms, the first of which is as the core detector of
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Fourier-transform infrared (FTIR) spectrometers ™.

High throughput (greater than 20% of IR beam reaching
the IR detector) and static experiments are generally run
utilizing a pyroelectric detector, such as deuterated, L-
alanine doped triglycine sulfate (DLaTGS) , because it
gives full, specific detectivity (D*) in high-flux environ-
ments. From an applications perspective, the DLaTGS
detector provides linear response over a wide range of FT-
IR throughput, which is bene ficial in qualitative and
quantitative FTIR sampling””'. Second, it is used as a
reference detector in FTIR spectrometers. To measure
semiconductor-based infrared photon detector spectral re-
sponse, a FTIR is commonly employed with a pyroelec-
tric detector as the reference detector. In this measure-
ment, each wavelength of light is modulated by the FTIR
into an interferogram whose frequency content is propor-

; (b) PIR node™
; (d) Comparlson of the outputs from two algorithms
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; (¢) Processing of signals obtained from the pyroelec-
1; (e) Schematic of detecting human body
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tional to the wavenumber of the source radiation which,
when combined with the frequency dependent response of
the pyroelectric detector, perturbs the reference detector
spectral shape. A correction to this perturbation is dem-
onstrated by using the transfer function of the pyroelec-
tric detector and voltage amplifier system. Fig. 5 (a) is
a schematic diagram of using a pyroelectric detector to
calibrate laser parameters, taking advantage of its ability
to operate stably in a high fluence environment. Fig. 5
(b) shows the actual calibration results, indicating that
the pyroelectric detector exhibits good linear response to
optical signals of different energy densities. The third ap-
plication is the special use of pyroelectric detectors in
portable infrared spectrometers. In 2014, Kim et al re-
ported an ultra-compact attenuated total reflectance spec-
trophotometer whose frequency band was 5.5-11.0 pm
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with a linear variable filter, and a pyro-electric array de-
tector™. When using two-dimensional materials to con-
struct photodetectors, a rational band design can effec-
tively improve the signal-to-noise ratio while significantly
reducing the device footprint'™. However, photodetec-
tors fabricated in this manner have a limited detection
band, making it difficult to achieve a broad spectral re-
sponse. Recently a compact infrared attenuated total refl
ection spectrometer using a pyroelectric detector array
has been evaluated and compared to a conventional labo-
ratory FTIR system for applications in food analysis'™
Of particular interest is the fact that the comparison of
compact devices with conventional FTIR spectrometers
yields similar analytical performance characteristics,
which facilitates a multitier analytical concept combining
medium-resolution in-field data with high-resolution labo-
ratory data.

2.3.2 Industrial and process monitoring

Pyroelectric detectors utilize the characteristic that
the spontaneous polarization of pyroelectric materials var-
ies with temperature, converting changes in infrared radi-
ation into electrical signals to achieve highly sensitive
non-contact detection of dynamic heat sources. Such de-
tectors can operate at room temperature, achieving high
sensitivity without the need for cooling, and exhibit fre-
quency characteristics superior to traditional bolometers,
demonstrating unique application value in industrial pro-
cess monitoring .

Pyroelectric detectors can monitor temperature
changes in real time during industrial equipment opera-
tion, enabling early warning of motor overheating or bear-
ing faults. Their circuit design focuses on exiracting the
AC component of the signal and performing envelope de-
tection to capture temperature trends rather than absolute
values. For overheating phenomena in high-temperature
equipment such as furnaces and engine exhaust devices,
flame sensors based on lithium tantalate single crystals
can timely warning of various fire hazards. Furthermore,
pyroelectric sensors can be used to detect products mov-
ing along production lines that possess specific thermal
characteristics, such as newly manufactured glass bottles
and hot metal castings. Infrared thermography can also
identify crack defects in products on production lines in a

non-contact manner within seconds.
2.4 Space and astronomy applications
2.4.1 Earth sensors

The earth sensor is an important payload in the
space sector, used for attitude control of space vehicles.
The Earth’s atmosphere absorbs and emits infrared radia-
tion at specific wavelengths, while space is cold. Pyro-
electric detectors (often combined with scanning mecha-
nisms) determine the position of the “horizon” by detect-
ing the abrupt boundary of infrared radiation between the
Earth and space. On low-Earth orbit satellites, earth sen-
sors help the satellite determine its orientation relative to
Earth, thereby adjusting the angle of solar panels or the
direction of antennas. Fig. 6 (a) illustrates the working
principle of an earth sensor. During spacecraft opera-
tion, the detector continuously scans within a certain an-
gular range. When the detector scans from space to the
Earth, the signal output changes from a low level to a
high level. Conversely, when the detector scans from the
Earth to space, the signal output changes from a high lev-
el to a low level. Fig. 6 (b) shows the composition of the
earth sensor. The core components are a scanning mirror
system, an infrared telescope, an analogue signal proces-
sor, and a digital signal processor””. Fig. 6 (c) pres-
ents a schematic diagram of the relative position between
the earth sensor and the Earth when the spacecraft is in
correct and incorrect attitudes™. To illustrate the work-
ing principle of the earth sensor more vividly, Fig. 6 (d)
shows a three-dimensional schematic diagram of its oper-
ating principle ™.

Servo Corporation of America is pioneer in Infrared
Detectors, Infrared Subsystems for Satellite Attitude De-
termination and Radio Direction Finding Equipment for
airports and harbors. In the 1980s Servo developed a py-
roelectric detector made of LT, specifically designed for
space flight. Pyroelectric detectors, made of LT, are not
only less expensive to build but they are much more sen-
sitive devices than either the traditional bolometers or
thermopiles. They have introduced an Earth Sensor with
an operational life of 15 years in geostationary earth or-
bit.

2.4.2 Earth radiation budget measurement
The Earth Radiation Budget (ERB) refers to, on

Fig. 5 Pyroelectric detectors applied to spectral detection: (a) Schematic diagram of laser calibration; (b) Laser calibration using a py-

roelectric detector.
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one hand, the incoming shortwave radiation from the Sun
(solar radiation) , and on the other hand, the outgoing
longwave infrared energy radiated by the Earth into outer
space. Achieving long-term, continuous, and globally
covered ERB monitoring is the core data source for quan-
tifying climate forcing, evaluating model accuracy, and
predicting future trends™ *". Satellite platforms are the
best means to accomplish this task. Major international
observation systems (such as NASA’ s Clouds and the
Earth’s Radiant Energy System) and the payloads on-
board China’s Fengyun satellites have already been able
to “see” the total balance of this budget from space, typi-
cally using broadband bolometers®". However, to under-
stand how this energy is distributed and evolves, broad-
band Fourier spectrometers are required. Pyroelectric de-
tectors, due to their high sensitivity and fast response
speed, are the best choice for constructing such spec-

Signal output
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trometers. To this end, the European Space Agency
(ESA) has specifically planned the Far-infrared Outgo-
ing Radiation Understanding and Monitoring (FORUM )
mission, whose core payload is a FORUM Sounding In-
strument (FSI) covering the range of 6.25-100 wm,
which will perform the first spectral measurement of
Earth’ s longwave radiation from space™®. The core
component of FSI is a pyroelectric detector®’. Fig. 6
(e) shows a schematic diagram of the pointing unit of the
FSI, which is primarily responsible for controlling the de-
tection direction. The FORUM Embedded Imager (FEI)
also uses this pointing unit. In addition, the FSI and FEI
share a calibration unit, shown schematically in Fig. 6
(f), which is mainly responsible for measurement accu-
racy.

3 Why do pyroelectric detectors lose to
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Fig. 6 Pyroelectric detectors applied to space and astronomy: (a) Schematic diagram of the working principle of an earth sensor; (b)
Composition of the earth sensor””’; (¢) Earth disk as seen from geostationary altitude with the sensor in correct and out of null attitude
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conditions™'; (d) Secant type scanning principle for the Earth Orientation Device

85 (e) Schematic diagram of the pointing unit, which

is responsible for controlling the detection direction; (f) Schematic diagram of the calibration unit, which is responsible for measure-

ment accuracy.
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bolometers in thermal imaging technolo-
gy?

3.1 Uncooled infrared imaging technology

The detectors used for infrared thermal imaging are
all focal plane arrays (FPAs) devices™ *". The first py-
roelectric detector array was producted at Raytheon be-
gan in the mid-1970s in what was formerly the Texas In-
struments Defense Systems and Electronics Group. The
production detector array is based on hybrid technology,
which consists of an array of BaSr, TiO, (BST) pixels
bump-bonded to a readout integrated circuit (ROIC) ,
providing gain and noise filtering for each pixel. The ar-
ray conlains approximately 80, 000-pixels in a 240X320
format. The technology was demonstrated to the military
for the first time in 1979. The noise equivalent tempera-
ture difference (NETD) is the commonly used figure-of-
merit for infrared —imaging systems using FPAs, and the
NETD as low as 40 mK (array average) have been dem-
onstrated with the BST hybrid technology ™ *"'.

At the same time however, another technology was
developed: microbolometer technology. The basic princi-
ple of a bolometer is as follows: a thermistor element
made of a material with a high temperature coefficient of
resistance [such as vanadium oxide (VO,) or amorphous
silicon (a-Si) | absorbs incident infrared radiation, caus-
ing a corresponding change in its resistance. Peripheral
circuitry then converts this resistance change into a quan-
tifiable electrical signal for output, thereby enabling de-
tection of the radiation power™. Currently, the core of
this technology lies in its high level of integration with
the ROIC, that is, fabricating the detector array directly
on the wafer containing the ROIC™". Furthermore, it is
necessary to reduce the noise level of the ROIC and in-
crease its frame rate. The U. S. military provided fund-
ing to develop thermal imaging technology into equip-
ment systems including rifle sights and driver vision en-
hancement systems. They strongly believed in thermal
imaging systems with uncooled detectors and wanted to

further develop both BST and VO, detector technolo-

gy, However, the mainstream technical route for bo-

lometers relies on microelectromechanical — systems

(MEMS) to fabricate microbridge structures on standard
semiconductor production lines, thereby achieving ther-
mal isolation. A typical fabrication process involves se-
quentially depositing a sacrificial layer, a structural lay-
er, a thermistor layer, and electrodes on the readout cir-
cuit, and then releasing the sacrificial layer to form a sus-
pended detection structure®’. In contrast, BST adopts a
different hybrid process, such as flip chip bonding. Be-
cause this process suffers from deficiencies in integration
density and thermal isolation capability, it is gradually
being replaced by the MEMS process. Around late
1990s, convinced of the advantages VO, has over BST,
the US Military decided not to provide any more funding
for research into BST technology. From that point in
time, only further research in VO, was supported®’,
meaning that in the field of infrared thermal imaging tech-
nology, bolometers have completely dominated over pyro-
electric detectors™ *. Today, complementary metal-ox-
ide-semiconductor (CMOS) compatible microbolometer
products with excellent performance have become avail-
able on the market. Benefiting from mature semiconduc-
tor processes, such devices can be mass produced, there-
by effectively reducing the manufacturing cost of bolome-
ters " **, In terms of development trends, increasing the
density of detector arrays by reducing the pixel pitch is
becoming an important technical pathway to further en-
hance integration and lower costs'"'.
3.2 The reasons that pyroelectric detectors lost to
bolometers

In terms of working principle, pyroelectric detectors
have potentially higher sensitivity, faster response
speed, and lower power consumption than bolometer de-
tectors” """, Performance comparison between pyro-
electric detector and bolometer is shown in Table 1. So
why did pyroelectric detectors lose to bolometers in infra-
red thermal imaging technology? The author considers
that pyroelectric imagers lost the competition against bo-
lometers for three major reasons: 1) the need for a chop-
per, 2) the inability to effectively reduce pixel size, and
3) higher difficulty in integrating with ROIC.
3.2.1 The issues brought by the chopper

Pyroelectric detectors usually employ ferroelectric

Table 1 Performance comparison between pyroelectric detector and bolometer.

F* 1 AREBRNIFFNGEH AT A REXT L

Detector type Sensitivity temperature coefficient NETD Detectivity Response time References
Pyroelectric coefficient :
(pCm?K™")
LiTa0,: 180~280 40 mK 10° em Hz'> W' 10 ms R
Pyroelectric detector . n B
LiNbO,: 40~90 ~200 mK ~10° em Hz"> W' ~100 ms
PVDEF: 20~45
PZT: 300~800
TCR:
VOV: 7 172 1
) 30 mK 10" em Hz =W~ 1 ms P, e
Bolometer —2%/K~-5%/K ) P '
= ~100 mK ~10" ¢cm Hz "W~ ~20 ms
a—Si:
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materials having an intrinsic internal polarization that is,
at least to some degree, aligned normal to the plates of
the capacitor. If the temperature of the open-circuit ca-
pacitor changes and then remains constant for a pro-
longed period, the voltage developed will diminish over
time as current leaks through the ferroelectric material
and compensates for the change in polarization. This is
why a chopper is required when a pyroelectric infrared fo-
cal plane array performs staring imaging of a target'"'".

Indeed, the chopped radiation detection mode offers
many advantages, including virtually no thermal drift,
excellent dynamic compensation for thermal shock, un-
equaled noise filtering, high optical resolution, and fast
response times'''". However, the use of a chopper also
brings some negative effects, including reduced exposure
time of the detecting element to the scene, increased dif-
ficulty in reducing the size of the detecting element,
higher cost, and reduced reliability. As the chopper ro-
tates, the temperature of each pixel fluctuates periodical-
ly. Signal is optimized when the time of obscuration is
equal to the time of exposure, leaving only 50% of the to-
tal available time for collecting signal""?. The electrical
signal is generated by clamping the output at one extreme
of the thermal wave and reading the signal at the next ex-
treme. There are therefore alternating positive and nega-
tive signals. The negative signals are inverted and can
then be added to the positive signals for improved respon-
sivity. Although the design of the readout circuit can con-
vert negative signals into positive ones, thereby improv-
ing the responsivity, even an ideal circuit design results
in a signal loss of at least 30%"""".
3.2.2 The difficulty in reducing the size of the py-
roelectric detection element

The large pyroelectric current requires that pyroelec-
tric should possess a large surface area, a large pyroelec-
tric coefficient, and a high rate of temperature change.
Therefore, the inherent requirement for a large sensitive
area in pyroelectric detection conflicts with the demand
for small-pixel, large-scale focal plane arrays*. As the
size of the pyroelectric sensitive element is reduced to a
certain extent, the readout circuit becomes unable to
read the pyroelectric signal. Furthermore, as mentioned
earlier, the use of a chopper reduces the exposure time of
the detector’s sensitive element, leading to a decrease in
responsivity, which also imposes constraints on reducing
the size of the sensitive element to a certain extent""> ",
3.2.3 Difficulty in integrating with ROIC

The earliest pyroelectric focal plane array devices
were developed using BST ceramic materials with a hy-
brid structure™®”. Considering the need to improve sensi-
tivity and reliability, the development of monolithic inte-
grated devices is an inevitable choice. Naturally the
problem of pyroelectric detection structures integrating
into Si-basis of micro- and nano-electronics could not be
solved without the transition from the bulk to the thin film
technologies. However, some pyroelectric thin film mate-
rials with excellent performance, such as PbTiO,, PbZr_
Ti, 0, (PZT), and PbSr, TiO, (PST), require relatively

high growth temperatures, which can easily damage the

o1 . . 115-117] .
silicon-based readout circuit system*"”". This makes

the fabrication of monolithic integrated focal plane array
devices extremely challenging. In the following section,
we will discuss how to address these challenges and
achieve technological breakthroughs.

4 How can the bottleneck constraining
pyroelectric focal plane arrays be bro-
ken?

The HIDAD project, which stands for “high-density
infrared detector array” , was a key initiative led by the
U. S. Defense advanced research projects agency (DAR-
PA) from the 1980s to the early 1990s. Its primary goal
was to advance the practical application of uncooled infra-
red focal plane array (UFPA) technology as a replace-
ment for the bulky, expensive, and power-hungry cooled
infrared systems of the time". HIDAD was a large,
classified contract awarded by the U. S. Department of
Defense to Honeywell, Raytheon, and the R&D group
then part of Texas Instruments. The Honeywell R&D
team focused on VO_ microbolometer technology, while
the Raytheon team, in addition to VO, technology, also
developed BST pyroelectric technology™ """,

C. M. Hanson was a core participant in the HIDAD
project and was therefore very familiar with uncooled fo-
cal plane array technology, especially pyroelectric tech-
nology. To overcome the inherent requirement of a me-
chanical chopper in pyroelectric detection and the severe
drawbacks associated with it, Hanson did propose sever-
al solutions for chopper-less pyroelectric detection tech-
nology*” 2! However, these chopperless pyroelectric
detector schemes introduced spatial noise at least as prob-
lematic as that of bolometers, and they also eliminated
the 1/f noise suppression afforded by AC coupling' .
Therefore, such concepts had no practical application
value. In 1996, he proposed a so-called thermal reset
concept to address these problems and filed a patent for
it.  While this promised significant improvement, and
while it was demonstrated in mechanical test pixels, it
was never attempted in any kind of operational device.
Recently, C. M. Hanson has made all the documents of
this patent publicly available and hopes that a research
institution will put his ideas into practice. The R&D
team at Symetrix has developed a pyroelectric detector
with an active detection mode, exhibiting an extremely
high signal-to-noise ratio and a chopper-free de-
sign"” ", The Smart-Cut single-crystal thin film trans-
fer technology enables the fabrication and transfer of fer-
roelectric single-crystal thin films, thereby avoiding the
damage to readout circuits caused by high-temperature
growth of ferroelectric thin films"™. The continuous de-
velopment of the above-mentioned technologies can ad-
dress the inherent shortcomings of traditional pyroelectric
detectors, thereby making the development of monolithi-
cally integrated pyroelectric focal plane array detectors
possible.

4.1 Thermal reset: a novel approach to pyroelec-
tric imaging

Several studies have explored the basic principles of



12 O hh 5 2 K 3 2 R

XX &

thermal reset operation, but it has not yet been engi-
neered in focal plane arrays. On the basis of previous
concepts, this section summarizes their common advan-
tages and looks forward to the challenges of array integra-
tion. A conventional optomechanical chopper alternately
blocks and exposes the detector to the imaged scene. The
chopper is constructed and positioned to provide an edge
that moves vertically past one row at a time. Fig. 7 (a)
shows a typical rotary chopper with an Archimedes spiral
edge to best approximate horizontal edge moving vertical-
ly. The detector array is shown partially exposed and par-
tially obscured by the chopper, and the degree of expo-
sure increases as the chopper rotates clockwise. The de-
sired operation is that the chopper obscuration uniformly
exposes one row at a time, but real choppers can only ap-
proximate that with a blade of practical size''> " ', An
Archimedes spiral is more uniform row-to-row, but the
profile of the edge is curved, leading to a small inefficien-
cy.

As the chopper rotates, the temperature of each pix-
el fluctuates periodically as shown in Fig. 7 (b). Signal
is optimized when the time of obscuration is equal to the
time of exposure, leaving only 50% of the total available
time for collecting signal. The electrical signal is generat-
ed by clamping the output at one extreme of the thermal
wave and reading the signal at the next extreme. There
are therefore alternating positive and negative signals.
The negative signals are inverted and can then be added
to the positive signals for improved responsivity [ Fig. 7
(¢) ]. Even if the negative signal is superimposed onto
the positive signal through circuit design, the theoretical-
ly improved responsivity can only reach 68. 2% of the to-
tal thermal difference.

An alternative approach proposed by Hanson is to
eliminate the chopper and periodically activate each pix-
el electrostatically to touch the substrate, as shown in
Fig. 7 (d), thereby resetting its temperature'””. Since
contact with the substrate shorts the pixel thermal isola-
tion, the thermal time constant during contact is very
short'™ "™ That means that contact time can be very
short, leaving more time for signal collection. The signal
for thermal reset operation is significantly larger than
with a chopper, but the advantage diminishes for longer
exposure times. Both phases of the chopped signal can
contribute to responsivity, although half of the readings
do not contain any new scene information. In what fol-
lows we shall investigate the implications of these ideas.
The amplitude of the waveform, shown in Fig. 7 (e), is
substantially greater than that shown for a chopped sen-
sor, also shown for comparison. The amplitude of the
thermal reset signal is 81. 1% of the total thermal differ-
ence. That amounts to an 18. 9% improvement over the
68. 2% signal for a chopped sensor. The responsivity im-
provement gained from thermal reset stems from the non-
linear rate of change in pixel temperature when the scene
temperature changes“m.

This detector with a thermal reset design not only
eliminates the chopper but also significantly improves re-
sponsivity, which is beneficial for reducing the size of

the detection element. As Hanson claimed, this thermal
reset design of the detector can eliminate all the objec-
tions of traditional pyroelectric detectors with a chop-
per % There are ample reasons to desire a pyroelec-
tric solution for uncooled thermal imaging. However, as
with any technology of this kind, its development will
cost tens of millions of dollars and require about ten years
to complete. The spectacular progress of microbolome-
ters over the past two decades has raised the bar for com-
peting technologies to a level that was unimaginable ten
years ago. Anyone wishing to pursue competitive re-
search and development using the technology described
herein must carefully analyze its performance poten-
tial“35. 136J.

We consider that the key to realizing the thermally
reset pyroelectric detector lies in the design of the me-
chanical thermal exchange between the sensitive detec-
tion element and the substrate. This thermal exchange
design can draw inspiration from the highly efficient elec-
trocaloric cooling design proposed by Ma et al'**. Elec-
trostatic actuation forces are used to achieve rapid ther-
mal exchange of the EC stack between the heat source
and heat sink. Fig. 7 (f) shows that electrostatic actua-
tion brings the EC polymer stack into contact with the top
heat-dissipating aluminum plate. During this process,
heat is transferred from the EC polymer stack to the heat
sink. Fig. 7 (g) shows that electrostatic actuation brings
the EC polymer stack into contact with the aluminum
plate serving as the heat source. During this process,
heat is transferred from the heat source to the EC polymer
stack. Combining these two processes enables rapid heat
exchange. The EC stack could be shuttled rapidly with a
response time of less than 30 ms and total energy con-
sumption of only ~0. 02 W'/,

4.2 Active mode detection with enhanced pyroelec-
tric sensitivity

Recently Colorado based Symetrix Corporation in
collaboration with auto supplier giant Delphi and Ar-
gonne National Laboratory describes a comprehensive de-
velopment program of FPA pyroelectric detectors that in-
corporate active multispectral detection and are capable
of providing greatly enhanced imaging performance using
very low-cost fabrication techniques '™ """, They have de-
veloped a principle prototype and demonstrated several
excellent characteristics: 1) high signal-to-noise ratio re-
sulted from both the enhanced pyroelectric coefficient via
polarization switching and drastic noise reduction'™; 2)
chopper-less design due to the electronic switching in
AC-mode"® ¥ ;. 3) MEMS-less structure with a novel
thermal isolation scheme'™ ™ ; 4) spectral optimization
of responsivity using interferometric approach'” ",

Conventional thin-film pyroelectric detectors often
suffer from performance degradation of the ferroelectric
thin film (as compared to their bulk counterparts) . In
2007, the research teams of Delphi and Symetrix public-
ly demonstrated an alternative means with an active pyro-
electric detection (APD) mode. Such active approach
yields several distinct advantages over its passive coun-
terparts, including greater effective pyroelectric coef fi
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Fig. 7 A novel approach to thermal reset: (a) Schematic diagram of a rotating chopper''”’; (b) When the chopper is operating, the
temperature of each pixel fluctuates periodically"*""; (c¢) The electrical signal is generated by clamping the output at one extreme of the
thermal wave and reading the signal at the next extreme, which produces an alternating positive-negative signal *"’; (d) Periodically acti-
vating each pixel by electrostatic means to contact the substrate, thereby resetting the temperature; (e) Comparison of the signal from
thermal resetting and the signal from the chopper'”"'; (f) Electrostatic actuation brings the electrocaloric (EC) polymer stack into contact
with the top heat-dissipating aluminum plate. During this process, heat is transferred from the EC polymer stack to the heat sink'"*?'; (g)
Electrostatic actuation brings the EC polymer stack into contact with the aluminum plate serving as the heat source. During this process,
heat is transferred from the heat source to the EC polymer stack'"*’,
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cient and improved signal to noise ratio. traditionally done in ferroelectric random access memory
APD departs substantially from conventional modes (FeRAM) nonvolatile memory devices'™. The individu-
of operation in that the polarization state of the material is al ferroelectric capacitor elements comprising a pyroelec-

interrogated by changing it, analogous to what has been tric FPA are driven by an external potential to switch be-
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Fig. 8 Active mode detection with enhanced pyroelectric sensitivity: (a) Comparison of hysteresis loops of a typical ferroelectric thin
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film at room temperature and 75°C"'*'; (b) The output signal of each pixel is similar to that of a differential circuit '*'; (¢) The ferroelec-
tric capacitor is isolated from the substrate by a novel nanocomposite material.
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tween their positive and negative polarization states at
voltage levels sufficiently large to achieve significant po-
larization switching currents. Fig. 8 (a) compares the
hysteresis responses of a typical ferroelectric thin film ca-
pacitive test structure held at room temperature and then
75 ° C higher'™. The device was excited with a +5 V
peak triangular wave at 10 kHz in a Sawyer-Tower config-
uration. Note that the difference in polarization between
the two curves is quite pronounced. For IR FPA imaging
devices, however, the difference in P_ (due to scene tem-
perature variations at the pixel level, ATP) would be sub-
stantially smaller than that shown in Fig. 8 (a). Each
time the polarization switches between its two extremes,
a charge is supplied from the external power source.
Summing the switched charge for each half-cycle gives
the total charge accumulated over N cycles. The detector
signal can be improved by comparing () scene to the out-
put of a reference element, () reference, which has a sim-
ilar area but is not exposed to radiation. The output sig-
nal per pixel is the charge difference between the scene
element and the reference one, and this idea can be im-
plemented using a circuit analogous to a differential con-
figuration [Fig. 8 (b) ]'"™". Therefore, APD effectively
multiplies up the pyroelectric coefficient by twice the
number of switching cycles. Note, however, that hyster-
etic switching results in heat dissipation due to internal
losses that stem from the reorientation of the ferroelectric
dipoles during cycling. In addition, piezoelectric effects

and their related loss must also be accounted for. In their
study, a strontium bismuth tantalate [ SrBi,Ta,0, (SBT) ]
thin film is used as the ferroelectric and pyroelectric lay-
er, and the switching losses have been measured and
found to be exceedingly small. Notice that the noise di-
minishes with N as 1/N'* as one would expect for ran-
dom, Gaussian, white noise, and it is expected the tem-
perature noise to decrease to the fundamental limit of py-
roelectric detectors with increased N. A 20pm X 20pum
pyroelectric pixel developed and tested at Symetrix pro-
vided an NETD of 23mK, which approaches to that of the
current microbolometers in small-pixel configurations.
Another notable feature of the APD design is that
the sensing mechanism eliminates the need for a costly,
unreliable, and vibration-producing mechanical radia-
tion chopper that is found in the traditional pyroelectric
IR systems """, The APD pyroelectric sensor under devel-
opment by Symetrix does not rely on high-cost MEMS-
based methods for thermal isolation''>. Therefore, reli-
ability can be significantly improved and costs reduced.
As shown in Fig. 8 (c¢), the ferroelectric capacitors are
isolated from the substrate via a novel nanolaminate of
metal/oxide layers. Incorporation of nanoparticles with
the oxide layers provides an oxide-metallic thermal barri-
er that inhibits heat transport via scattering of phonons.
Ti, Nb or Ta layers are grown followed by appropriate an-
nealing to induce the growth of TiO, NbO_, TaO,
nanoparticles. Multiple formations of layered Ta/W or Ta/
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ALO, film will result in a layer with embedded nanoparti-
cles that can impede the phonon propagation, thus ther-
mal transport, leading to an efficient thermal barrier, as
already demonstrated by Symetrix. At present, this mode
is still in the conceptual stage in the field of pyroelectric
imaging, and there have been no specific reports on focal
plane devices.

4.3 Monolithic integrated detectors via a smart cut
thin—film transfer technology

As aforementioned, monolithic integrated devices
will require performing a high-temperature anneal of the
ferroelectric thin films, which was a serious problem in
earlier attempts because of the temperature intolerance of
ROICs. Although a great deal of effort has been made to
lower the temperature for growing ferroelectric thin films,
the annealing temperature is still too high for the readout
circuit to withstand, and the performance of the ferroelec-
tric thin film is more or less compromised. A new devel-
opment should be based on a film-transfer process, an
approach that was considered in earlier efforts but reject-
ed as unnecessary. The film-transfer process would solve
several processing problems, but would not be without
difficulties of its own.

Almost concurrently, in 2001, Wan et al. and the
French company SOITECH introduced the concept of uti-
lizing the smart-cut process to transfer LiNbO, (LN)/ LT)
single-crystal thin films'™* ', Fig. 9 (a) provides a
schematic representation of the smart cut process em-
ployed to produce LN single-crystal thin films. Detailed
technical details of the thin-film transfer process can be
found in the relevant literature. To date, smart cut tech-
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nology has achieved great success in the field of LN thin
films, enabling the fabrication of single-crystal LN thin
films with thicknesses ranging from tens of nanometers to
one micrometer ™. Pyroelectric devices are fabricated
using the single-crystal thin films obtained by this meth-
od. This technology can also be applied to the prepara-
tion of LT thin films. The smart cut technique can be
used to transfer the LT thin film onto a silicon-based read-
out circuit substrate. For LN/LT thin films, a common
preparation method is wafer bonding, which typically
yields films with thicknesses on the order of microme-
ters. The next key challenge is how to achieve intercon-
nection, that is, how to firmly connect the LT electrodes
with the electrodes on the readout circuit. The intercon-
nection between the pyroelectric sensing element and the
readout circuit can be achieved using an anisotropic con-
ductive polymer. An anisotropic conductive film consists
of an insulating polymer matrix and conductive micro-par-
ticles. When the anisotropic conductive film is not sub-
jected to heat or pressure, the conductive particles dis-
persed in the insulating polymer remain separated from
one another, and the entire film is in an insulating state.
When the anisotropic conductive film is softened by heat
and locally compressed vertically, the film is compressed
in the thickness direction, causing the metallic or organ-
ic conductive particles dispersed in the polymer to con-
nect along the thickness direction, thereby achieving ver-
tical conductivity "',

Both the thermal reset and active detection mode de-
signs avoid the use of a chopper, thereby effectively im-
proving the detector’s responsivity and facilitating a re-
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Fig. 9 Atomic lift-off of epitaxial membranes for Pyroelectric detectors: (a) Schematic diagram of the cutting process used to prepare
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duction in the sensing element size. Meanwhile, reduc-
ing the thickness of the ferroelectric thin film helps in-
crease the capacitor’s capacitance, which also has a posi-
tive effect on reducing the sensing element size'* ',
Therefore, the crystal ion slicing (CIS) method men-
tioned earlier is not suitable here. The physical vapor de-
position (PVD) method allows flexible control over the
thickness of pyroelectric thin films, but to maintain the
pyroelectric performance of LN or LT, the adjustable
thickness range is actually limited. In contrast, PZT thin
films maintain excellent pyroelectric properties over a
wide thickness range. Thus, when using PVD to prepare
PZT thin films, the thickness can be adjusted from nano-
meters to micrometers while still maintaining a high pyro-
electric coefficient. The chemical vapor deposition
(CVD) is also a common method for preparing pyroelec-
tric thin films, but the pyroelectric coefficient of the re-
sulting films fluctuates significantly. The sol-gel method
can produce thinner pyroelectric films than the previous
methods, which is very helpful for reducing device di-
mensions. If device miniaturization is not required, then
PZT thick films are the best choice. Their performance
approaches that of bulk materials, showing unique advan-
tages in fields such as uncooled infrared focal plane ar-
rays and high-power laser detection. Currently, PZT
thick films are mainly prepared by screen printing, and
their pyroelectric coefficient can reach 380 wC m* K
(Table 2).

Very recently Zhang et al introduce a technique that
achieves atomic precision lift-off of ultrathin membranes
without artificial release layers to facilitate the high-
throughput production of scalable, ultrathin, freestand-
ing ferroelectric perovskite systems, as shown in Fig. 9
(b)"'". In their report, a record-high pyroelectric coeffi-
cient was achieved using the thickness effect of freestand-
ing membranes [Fig. 9 (¢) |. And pyroelectric device
arrays with a 100% yield have been fabricated, which
promise cooling-free FIR detectors exceeding the perfor-
mance of conventional HgCdTe-based devices [Fig. 9

(d) ]. Nevertheless, when such an ultrathin membrane
with a high pyroelectric coefficient is employed in a pyro-
electric FPA, it enables a substantial reduction in the
size of the individual sensing elements. With the ad-
vancement of technology, flexible pyroelectric materials
have found widespread applications in many fields,
among which PVDF is the most prominent. At present,
PVDF is mainly prepared by spin-coating, which allows
flexible control of film thickness and pyroelectric coeffi-
cient by varying the number of spin-coated layers. In
contrast, the Langmuir-Blodgett (LB) method can direct-
ly obtain a high content of the [ phase without
post-treatment, yielding films with superior perfor-
mance; however, this method is difficult to scale up for
large-area films and suffers from low throughput (Shown
as table 2). Nowadays, thanks to innovative detector
structure designs and advances in thin-film deposition
techniques, the inherent challenges facing pyroelectric
focal plane array technology are being gradually re-
solved, opening up broad prospects for its development.

5 Emerging trends and future directions

5.1 Integration with artificial intelligence and ma-
chine learning

The integration of single-element and multi-element
pyroelectric detectors with artificial intelligence (AI)
and machine learning (ML) algorithms will bring greater
potential and more applications to traditional pyroelectric
detector applications, enabling higher sensitivity and
faster response in more complex application environ-
ments. [t focuses on the advantages and challenges of tri-
glycine sulfate (TGS) in thermal imaging, gas sensing,
and security systems, and compares the performance of
various long wavelength infrared pyroelectric materials,
such as TGS, PZT, PVDF, and others"*. Future re-
search in this area is likely to focus on developing more
sophisticated Al models tailored to the unique character-
istics of pyroelectric signals, enabling advanced features
such as automatic scene interpretation and anomaly de-

Table 2 Preparation methods of pyroelectric thin films and their corresponding thickness and pyroelectric coefficient.
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Pyroelectric thin film Method Thickness p(pCm>K™M) References
screen printing 10-100 pm 90-380 146-148
PVD 0.8-2 pwm 300 kb 1L
PZT o
CVD 2 pm 50-300 151, 152
sol-gel method 500 nm 290 LEE
CIS 9-10 pm 50 1
) PVD 300-500 nm 71 155
LiNbO, .
‘ CVD 120-500 nm — 150
sol-gel method 970-1400 nm 27-45 1Efo el
CIS 0.1-1 pm 200 159
LiTaO, PVD 400 nm 40-60 160, 161
sol-gel method 500 nm 400 162, 163
LB 90 nm 26.7 o
PVDF o0 168
spin—coated 1.7 wm 20 100, 165
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tection in various applications.

Although pyroelectric detectors have encountered
many difficulties and challenges in infrared imaging ap-
plications, research and development of related technolo-
gies have not ceased. In the industrial sector, Tanaka et
al. demonstrated a high-speed thermal imaging system
for production line monitoring, utilizing a linear array of
1024 TGS detectors™. The system operated at frame
rates up to 1 kHz, enabling real-time detection of ther-
mal defects in products moving at speeds of 10 m/s.

5.2 Ultrafast response

A pivotal trend in the advancement of pyroelectric
infrared detectors is the transition from conventional ther-
mal detection limits to achieving ultrafast response
times, effectively overcoming the inherent speed con-
straints imposed by the thermal diffusion process. Tradi-
tional pyroelectric detectors, which rely on a relatively
thick absorption layer and the subsequent diffusion of
heat to the pyroelectric element, are fundamentally limit-
ed to response times on the order of microseconds to milli-
seconds. This bottleneck has historically precluded their
application in scenarios requiring high-speed signal ac-
quisition, such as real-time spectroscopy and high-fre-
quency event detection. Recent breakthroughs, howev-
er, have demonstrated a paradigm shift by integrating
nanophotonic structures, most notably plasmonic meta-
surfaces, into the detector architecture'™. The advance-
ment of two key technologies, namely the fabrication of
ultrathin pyroelectric functional layers and the applica-
tion of metallic metasurfaces, ensures ultra-high re-
sponse speed in future pyroelectric detectors. Research-
ers at the Fraunhofer Institute and Massachusetts Insti-
tute of Technology have demonstrated that atomic-layer
deposition (ALD) and atomic lift-off techniques can pro-
duce ultra-thin pyroelectric films with record-breaking
performance. For example, single-crystal PMN-PT films
just 10 nanometers thick exhibit a pyroelectric coefficient
as high as 1.76 x 10> C/(m*+K) , two orders of magni-
tude higher than conventional thin films"®. Meanwhile,
ALD-grown La: HfO, films are fully CMOS-compatible,
offering a practical path to monolithic integration with sil-
icon readout circuits"* ™. This atomic-level engineer-
ing of materials enables wafer-scale uniformity and the
ability to tailor pyroelectric properties with unprecedent-
ed precision. Future imagers will be built on a founda-
tion of “ideal” pyroelectric materials that combine ultra-
high sensitivity, low dielectric loss, and high Curie tem-
perature, essential characteristics for high-performance
infrared detection without cryogenic cooling. In addi-
tion, Duke University’s recent breakthrough proves this
is not an inherent limitation of the pyroelectric effect it-
self, but rather a constraint of conventional device archi-
tectures'”’. By integrating a plasmonic metasurface,
composed of silver nanocube arrays on an ultra-thin gold
film, the Duke team achieved a pyroelectric detector
with a bandwidth of 2.8 GHz, corresponding to a re-
sponse time of just 125 picoseconds. This is thousands of
times faster than traditional pyroelectric devices. The
metasurface confines incident light energy within a sub-

wavelength volume through plasmonic effects, allowing
the use of an extremely thin pyroelectric layer with mini-
mal thermal mass. This elegant design bypasses the clas-
sical trade-off between optical absorption and thermal re-
sponse time"'7". As a result, high-speed, uncooled infra-
red imaging becomes feasible, enabling applications
such as high-frame-rate thermal video, microsecond-
scale transient event analysis, and even thermal light de-
tection and ranging (LiDAR) , applications traditionally
dominated by expensive, cryogenically cooled photon de-
tectors.

Therefore, it is reasonable to infer that employing
the atomic lift-off (ALO) technique for growing pyroelec-
tric functional thin films, together with integrating metal-
lic metasurfaces into the detector architecture, can yield
pyroelectric infrared detectors possessing ultra-high sen-
sitivity and ultra-fast response, rivaling the performance
of conventional cooled infrared photodetectors.

5.3 The future directions of pyroelectric detectors
in infrared imaging

The convergence of several breakthrough technolo-
gies, including atomic-layer-grown pyroelectric thin
films, plasmonic metasurface integration onto pyroelec-
tric detection elements, thermal reset mechanisms, and
active mode detection, is poised to fundamentally trans-
form pyroelectric infrared imaging'™. No longer con-
strained to cost-sensitive, low-performance applications,
the pyroelectric detector is evolving into a high-speed, in-
telligent, and versatile imaging platform. These advanc-
es directly address the fundamental limitations of conven-
tional pyroelectric detectors, namely poor sensitivity,
slow temporal response, inability to image static scenes,
and dependence on mechanical choppers. Collectively,
they herald a new era for uncooled infrared technology.

Ultra-high sensitivity combined with GHz speed be-
comes possible when atomic-layer-grown films provide
the material foundation for Duke’s metasurface architec-
ture. The resulting detector can capture subtle tempera-
ture differences at microsecond timescales, enabling ap-
plications such as early-stage inflammation detection in
medical diagnostics or microsecond-resolution combus-
tion analysis in industrial research''®. Chopper-less, all-
solid-state operation is achieved through Symetrix’ s ac-
tive mode detection (AMD) technology' ™. Without mov-
ing parts, the imager becomes compact, rugged, and
power-efficient, ideal for deployment in drones, wear-
able devices, and space missions where reliability and
low mass are paramount. The elimination of the mechani-
cal chopper also removes a major cost driver, making
high-performance thermal imaging more accessible. True
static scene imaging finally becomes practical through
the combination of thermal reset and AMD"*". The clas-
sical “dynamic-only” limitation of pyroelectric detectors
is overcome, enabling staring-mode operation for surveil-
lance, medical thermography, and industrial inspection
without mechanical scanning or external modulation. On-
chip multi-spectral and hyperspectral imaging emerges
naturally from the metasurface approach’. Duke’ s
structure is inherently wavelength-selective; by integrat-
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ing pixels with different metasurface geometries on the
same chip, a single focal plane array can simultaneously
capture infrared “fingerprints” at multiple wavelengths.
This enables material identification, gas detection, and
precision agriculture monitoring without external filter
wheels or tunable sources. Adaptive, intelligent vision
becomes the defining feature of future pyroelectric imag-
ers. AMD’ s dynamic partitioning capability allows the
sensor to mimic biological retinas through a foveated ar-
chitecture. The imager can allocate high resolution, high
sensitivity, and high frame rates to regions of interest,
such as a pedestrian in a night-driving scene, while mon-
itoring the background at low power and low data rate.
When combined with on-chip Al accelerators, the sensor
becomes an intelligent perception engine rather than a
passive image transmitter ",
5.4 Difficulties and challenges for future pyroelec-
tric FPA technology

While recent breakthroughs have dramatically ad-
vanced pyroelectric FPA technology, several significant
challenges remain on the path to widespread adoption
and high-performance applications. These challenges
span materials science, device physics, manufacturing,
and system integration (Table 3).
5.4.1 Materials and fabrication challenges

Although atomic lift-off techniques have demonstrat-
ed record pyroelectric coefficients of 1.76 X 10* C*m™-
K™ in ultra-thin single-crystal PMN-PT membranes, tran-
sitioning these laboratory-scale demonstrations to wafer-
level, high-throughput manufacturing remains formida-
ble'"™. The atomic lift-off process relies on precise con-
trol of epitaxial growth and interface chemistry, specifi-
cally the weakening of chemical bonds using lead ele-
ments at the interface. Reproducing this with high yield
across 200 mm or 300 mm wafers presents substantial en-
gineering hurdles.

Uniformity across large arrays

For large FPA containing over 1000, 000 individual
sensitive elements, pixel-to-pixel uniformity in pyroelec-
tric coefficient, dielectric constant, and thermal isola-
tion is essential. Any variation manifests as fixed pattern
noise (FPN) that degrades image quality. Achieving sub-
percent uniformity across large-area arrays using emerg-
ing materials like ALD-grown La: HfO, or transferred sin-
gle-crystal membranes remains an unsolved chal-
lenge''™ ™. Even the 10 nm thickness variations can sig-
nificantly alter device performance.

The RC time constant bottleneck

The Duke University metasurface-enhanced detector
achieved 2. 8 GHz bandwidth, corresponding to a 125 pi-
cosecond rise time . However, the same study revealed
that even their smallest devices are limited by resistance-
capacitance (RC) time constants rather than thermal dif-
fusion. As pixel dimensions shrink to increase spatial
resolution, the capacitance decreases, but readout para-
sitics become increasingly dominant'™'. Finite element
simulations suggest thermal response times as fast as 30
ps may be achievable, but realizing this will require revo-
lutionary advances in readout circuit design and pixel-

level impedance matching.

The sensitivity-speed trade-off

High-speed operation inherently competes with sen-
sitivity. The signal-to-noise ratio of a pyroelectric detec-
tor scales with the temperature change rate—faster sig-
nals produce larger currents. However, at gigahertz fre-
quencies, the integration time becomes extremely short
(nanoseconds or less) , collecting far fewer photons per
pixel compared to conventional microsecond-scale inte-
gration. Achieving NETD competitive with microbolome-
ters (typically <50 mK) at GHz frame rates requires ei-
ther dramatically higher pyroelectric coefficients or novel
signal integration schemes ',

Thermal reset and static scene imaging

CM Hanson's thermal reset technique addresses the
classical limitation of pyroelectric detectors, specifically
their inability to image static scenes without modula-
tion'””. However, implementing thermal reset across an
entire FPA while maintaining uniform reset timing and
avoiding image artifacts introduces significant ROIC com-
plexity'™. The reset mechanism must be carefully syn-
chronized with the frame readout, and any timing mis-
match creates spatial noise patterns. Moreover, the reset
process itself injects charge noise that must be man-
aged """,
5.4.2 Manufacturing and yield challenges

Wafer-level testing and calibration

Pyroelectric FPAs require extensive non-uniformity
correction (NUC) calibration to compensate for pixel-to-
pixel variations. Each device must be characterized
across multiple temperature setpoints, with gain and off-
set correction matrices calculated and stored in on-chip
memory. For high-volume manufacturing, this calibra-
tion process must be automated and completed within pro-
duction takt times. The thermal and electrical precision
required, often millikelvin temperature stability and sub-
picoamp current measurements, pushes the limits of au-
tomated test equipment.

Packaging and thermal management

Pyroelectric detectors respond to any temperature
change, including self-heating from the ROIC and ambi-
ent temperature fluctuations. The package must provide:
(1) a vacuum or low-thermal-conductivity environment
to thermally isolate each pixel, (2) an infrared-transpar-
ent window (typically germanium or chalcogenide glass)
that maintains optical quality across the operating temper-
ature range, and (3) efficient heat sinking for the ROIC
without creating thermal gradients across the FPA. Meet-
ing all three requirements while maintaining low cost and
high reliability is nontrivial """,
5.4.3 System integration challenges

Chopperless operation trade-offs

AMD eliminates the mechanical chopper by electri-
cally modulating the pyroelectric material’s polarization
state™. While this reduces size, weight, and power
(SWaP) , it introduces new constraints. The modulation
scheme must be carefully designed to avoid aliasing with
the scene’s temporal dynamics. Furthermore, the electri-
cal modulation consumes power and can generate heat
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Table 3 Challenges and corresponding strategies of pyroelectric detectors.

Challenges Questions

Materials and Fabrication
Challenges

* 4 ¢ 0

Uniformity Across Large Arrays

The RC Time Constant Bottleneck

The Sensitivity-Speed Trade-off
Thermal Reset and Static Scene Imaging

Strategies

Precision thin-film process

Reduce circuit impedance

Minimize component size

Novel materials and novel mechanisms

¢ 6000

Active optical modulation or electronic reset

4+ Develop on-chip/self-calibration structures
Manufacturing and Yield 4 Wafer-Level Testing and Calibration 4 Enhance process testability
Challenges 4 Packaging and Thermal Management # High-quality vacuum packaging
4 Low-thermal-resistance heat dissipation
4 Chopperless Operation Trade-offs 4+ Active modulation and intelligent algorithms
System Integration 4 Multispectral Capability and Complexity 4 Multi-channel discrete hybrid integration
Challenges 4 Cost Competitiveness 4 Preference for low-cost materials
4 Thermal Diffusion Limits 4 Systematic thermal management design

that affects detector performance. For low-power applica-
tions (e. g. , drones, wearables' ™™ ) | this trade-off be-
tween eliminating the chopper and the power cost of
AMD must be carefully evaluated"™’.

Multispectral capability vs. complexity

Metasurface-based wavelength selectivity offers the
tantalizing prospect of on-chip multispectral imaging.
However, integrating multiple metasurface geometries
across a single FPA, each optimized for a different spec-
tral band, requires complex, multi-step nanofabrication
processes. The metasurface structures (silver nanocubes
spaced 10 nm above a gold film) are extremely sensitive
to process variations'®"”. Any deviation in nanocube
size, spacing, or alignment shifts the resonant wave-
length, creating spectral crosstalk between pixels intend-
ed for different bands.

Cost competitiveness

Despite the potential performance advantages, pyro-
electric FPAs must compete with mature, high-volume
microbolometer technology. Uncooled microbolometers,
while slower, benefit from decades of manufacturing opti-
mization, established supply chains, and proven reliabil-
ity. Pyroelectric detectors will need to demonstrate clear
performance advantages in specific applications (e. g. ,
high-speed imaging, multi-spectral detection) to justify
the development costs and overcome the incumbent tech-
nology’s inertia.

Thermal diffusion limits

Even with metasurface-enhanced light trapping, the
fundamental process of heat diffusion from the absorber
through the pyroelectric layer sets a lower bound on re-
sponse time ™. The Duke team’s simulations suggest
thermal response times as low as 30 ps may be achiev-
able , but this approaches the regime where phonon
transport becomes ballistic rather than diffusive''™. At

these time scales, traditional continuum thermal models
break down, and quantum thermal transport effects may
impose new limits""" ",

The future of pyroelectric FPA technology is extraor-
dinarily promising, with recent demonstrations proving
that fundamental limitations of speed and sensitivity can
be overcome through metasurface engineering, atomic-
scale materials synthesis, and advanced readout architec-
tures. However, transitioning these laboratory break-
throughs to robust, manufacturable, and cost-effective
commercial products requires solving substantial chal-
lenges in materials integration, uniformity control, high-
speed readout, and system-level optimization. The path
forward lies in cross-disciplinary collaboration between
materials scientists, circuit designers, packaging engi-
neers, and application developers to address these chal-
lenges systematically.
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