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A traditional thermal conductivity vacuum gauge mainly detects low pressure (the degree of vacuum)
by measuring the temperature change of a filament heated by the electric current. We propose a novel
pyroelectric vacuum sensor that utilizes the effect of ambient thermal conductivity on the pyroelectric
effect to detect vacuum through the charge density of ferroelectric materials under radiation. The
functional relationship between the charge density and low pressure is derived, which is validated in a
suspended (Pb,La)(Zr,Ti,Ni)O; (PLZTN) ferroelectric ceramic-based device. The charge density of the
indium tin oxide/PLZTN/Ag device under 405 nm of 60.5 mW cm™? radiation at low pressure reaches
4.48 uC cm™2, which is increased by about 3.0 times compared with that at atmospheric pressure. The
vacuum can improve the charge density without increasing the radiation energy, confirming the important
role of ambient thermal conductivity on the pyroelectric effect. This research provides a demonstration
for ambient thermal conductivity effectively tuning pyroelectric performance, a theoretical basis for
pyroelectric vacuum sensors, and a feasible route for further optimizing the performance of pyroelectric
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photoelectric devices.

Introduction

In recent years, photodetectors and self-powered devices focus-
ing on ferroelectric materials have attracted scientific interest,
such as a pyroelectric nanogenerator using a typical ferro-
electric material-lead zirconate titanate film, self-powered and
ultraviolet detection with BaTiO, ceramics as the core compo-
nent, and a wavelength-selective pyroelectric infrared detector
of LiTaOj single crystal [1-3]. Photodetection on the basis of
the pyroelectric effect has the advantages of ultrawide spectral
response and the nonuse of cooling facilities [4]. Ferroelectric
materials as an important subclass of pyroelectrics exhibit the
reversible spontaneous polarization under an applied electric
field. The physical mechanism of the photoinduced pyroelectric
effect in ferroelectrics that converts light signals into electric
signals is shown in Fig. 1. When a ferroelectric sample is sud-
denly exposed to or removed from the light illumination, the
polarization changes with the temperature fluctuations, result-
ing in a redistribution of free charges, followed by a photoelec-
tric response [5]. In this process, photoinduced temperature
changes and charge density play important roles.

In pursuit of high performance, the design and modification
of the material composition is a common and useful approach
to optimize the pyroelectric properties. For instance, in the
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hybrid BaTiO5-Ag (silver) nanosystem, the photodeposition of
Ag nanoparticles largely increased the surface charge density
and achieved a 46% pyroelectric coefficient enhancement [6].
The introduction of ZnO into Bi;;Na, ;TiO,-BaZr,,Ti, ;O;
(BNT-BZT) ceramics improved its pyroelectric properties,
thermal conductivity, and energy harvesting performance [7].
In addition, a ferroelectric poly(vinylidene difluoride)-based
pyroelectric device chose graphene ink with high thermal radi-
ation absorbance as one of the electrodes, which improved the
pyroelectric current and the harvested energy [8]. However,
the limitation of these research schemes is also obvious; that is,
each material requires a targeted design, which apparently lacks
universality. In the analysis of pyroelectric detectors, both pyro-
electric properties and thermal conductivity should be considered.
In the photoinduced pyroelectric effect, photoinduced tempera-
ture change is related not only to the radiation intensity but also
to the heat dissipation of the sample. The medium surrounding
the sample has a great influence on the thermal diffusion. Media
with different thermal conductance will cause different photoin-
duced temperature change, thus affecting the electrical signal
output. It is reported that a method of suspending the sample in
a BaTiO;-based device achieves a high charge density of
1.7872 uC cm ™2, which is almost 11.4 times compared with that
of the device on substrate [9]. Their work corroborates important
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Fig. 1. The photoinduced pyroelectric effect. (A to D) Schematic diagram of the
pyroelectric effect and temperature changes in ferroelectric materials before (D),
during (@), and after (@) sample irradiation. The physical mechanism: Bound
charges in a polarized ferroelectric material appear near the sample surface, which
is close to the 2 ends of the polarization vector. In the state of thermal equilibrium,
these bound charges are shielded by the free charge with equal quantity but opposite
sign, and no current is generated (B). When the light irradiation changes the sample
temperature, the rising temperature will increase the oscillation of electric dipole and
resultinadecrease in polarization, thereby changing the ability to attract free charges.
The reduction of the bound charge on the sample surface causes the redistribution of
free charge and then generates an electric signal (C). After removing the stable light,
the declined temperature increases the polarization of ferroelectric sample, and the
increased free electrons form a pyroelectric electric signal (D).

influence of thermal conductance of media on the electrical signal
output in pyroelectric detectors, but the physical mechanism of
the charge density enhancement still needs to be explored in
depth. According to the reported thermal conductivity of various
materials, it can be concluded that gases generally have low ther-
mal conductivity [10-13]. Among them, air as a heat transfer
medium has the advantage of being ubiquitous and readily avail-
able and it can be realized in practice by suspending the sample.
Therefore, we set the medium around the sample to be gas, and
then control ambient thermal conductivity around the sample
through tuning the degree of vacuum, thereby modulating the
pyroelectric output in real time. Conversely, if there is a functional
relationship between the degree of vacuum and the pyroelectric
output, it can be used to monitor the degree of vacuum.

The degree of vacuum is mainly assessed by measuring the
absolute pressure of a system, because the degree of vacuum
increases as the pressure of the gas in a system decreases. The
general definition of the term "vacuum" designates a given space
filled with gas where pressure is less than atmospheric pressure
(also called low pressure), and any device that monitors pres-
sure in a vacuum system is defined as a vacuum gauge. Since
no single vacuum gauge can sense the entire vacuum range,
measurements can be made using a series of vacuum gauges,
each of which responds within a specific pressure range. The
types of vacuum gauges can be classified according to the phys-
ical properties of the gas, such as the pressure applied by the
gas, the viscosity of the gas, momentum transfer rate, thermal
conductivity, and ionization (Fig. 2) [14]. Traditional thermal
conductivity vacuum gauges work by sensing the temperature
change of the filaments associated with the heat loss caused by
the conduction through the surrounding gas. A typical Pirani
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gauge and thermistor gauge measure the change in filament
temperature with pressure through the change of the resistance,
and a thermocouple gauge measures the temperature of fila-
ment by means of a thermocouple [14]. The thermal conduc-
tivity vacuum gauges have experienced an improvement from
having large volumes and difficulty in mass production to min-
iaturization of gauges by introducing MEMS (Micro-Electro-
Mechanical-Systems) technology [15-17]. However, the MEMS
thermal conductivity gauges have complex structures, and the
fabrication process of some devices may be incompatible with
the CMOS (the complementary metal oxide semiconductor)
process, which increases the cost of gauges and relatively
reduces their performance [17]. Therefore, it is necessary to
develop new types of vacuum sensors with a simple fabrication
process. The pyroelectric vacuum sensor designed in this work
mainly utilizes the relationship between the electric signal gen-
erated by the pyroelectric effect and the low pressure to detect
the degree of vacuum, which is obviously different from the
traditional thermal conductivity vacuum gauges. In addition,
the fabrication of the device is very simple; one just needs to
coat the pyroelectric element with electrodes. This work intro-
duces huge materials with the pyroelectric effect into the vision
of vacuum sensors, which plays an important role in the devel-
opment of vacuum sensors.

The ferroelectric (Pb,La)(Zr,Ti)O; system with outstanding
ferroelectric, piezoelectric, and electro-optic properties and
many constituents has been investigated in the waste heat energy
harvesting originated from the pyroelectric effect [18-21]. As
reported, the (Pb gssLag ;) (Zr, 56Tl 14)O; ceramic with a high
depolarization temperature of 179 °C displays a high pyroelec-
tric coefficient of 520 pC m > K" and the figure of merit (FOM)
for pyroelectric energy conversion can reach 60 J m7K? [22].
These pyroelectric properties are superior to modified lead zir-
conate titanate (PZT) piezoelectric ceramics, which has a pyro-
electric coefficient of 380 pC m™> K" and a FOM of 56 J m ™
K™ [23,24]. In addition, the 0.75Pb(Mg, ,3Nb2,3)03—0.25PbTi03
ceramic has a very high pyroelectric coefficient of 750 pC m™
K" and a lower FOM of 30 ] m™> K2 [25]. In this work, trans-
parent Niz+—doped (Pb,La)(Zr,Ti)O; (abbreviated as PLZTN
hereafter) ceramic shows an ultrahigh pyroelectric coeflicient
of 1,122 pC m~> K" and a good FOM of 58 ] m~> K2, Thus,
PLZTN perovskite ferroelectric ceramics can be a good research
platform to study the charge density of a pyroelectric device
under radiation as a function of the degree of vacuum. The
indium tin oxide (ITO)/PLZTN/Ag device with a suspended
pyroelectric element structure can make the air around the pyro-
electric element as the heat transfer medium, and ambient ther-
mal conductivity can be adjusted by the degree of vacuum. The
quantitative analysis reveals the important role of ambient ther-
mal conductivity in the photoinduced pyroelectric effect. Based
on our study, especially the derived functional relationship
between the charge density and the degree of vacuum, we pro-
pose a new type of thermal conductivity vacuum gauge, namely,
the pyroelectric vacuum sensor.

Results

The structure characterizations and electric
properties of PLZTN and its device construction
Figure 3A displays the schematic diagram of the ITO/PLZTN/
Ag pyroelectric device. The core sensing material, PLZTN
ceramic, covered with the top electrode of transparent ITO and


https://doi.org/10.34133/research.0028

Research

Physical proprty of the gas
r - -
F This work! ﬁ Pyroelectric vacuum sensors 1
Comp Pirani gauge |
|
\ i i i |
\_ Viscosity lonization Thermistor gauge |
.
— Thermocouple gauge |

Fig.2.The classification of vacuum gauges according to the physical properties of the
gas and the types of thermal conductivity vacuum gauges including the pyroelectric
vacuum sensor (this work).
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a bottom Ag electrode, forms an almost freestanding state as
shown in Fig. 3B. The scanning electron microscope (SEM)
micrograph of the fracture surface in Fig. 3C demonstrates that
the ceramic has uniform crystal grains and a dense structure.
Figure 3D shows the x-ray diffraction pattern of the PLZTN
ceramic, revealing a rhombohedral R3m phase of lattice param-
etersof a=b=c=4.09 A and a = f = y = 89.91°, which
belongs to an ABO,-type perovskite structure. For further
structure information, Fig. 3E shows the Raman spectra of the
PLZTN ceramic at different temperatures in the range between
100 and 1,000 cm™". These Raman peaks correspond to BO,
stretching/bending vibration modes and the A-O stretching
mode [26,27]. It can be clearly seen that as the temperature
increases, the Raman vibration modes gradually widen and
weaken. It originates from the temperature-driven ferroelectric-
paraelectric phase transition.
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Fig.3.The structure characterization and electrical properties of the PLZTN ceramic and its pyroelectric detector. The schematic diagram of the ITO/PLZTN/Ag pyroelectric
detector (A) and photographs for the front and back of the device (B). The structure and performance characterization of the PLZTN ceramic: (C) SEM micrograph of fracture
surface, (D) XRD pattern indexed by PDF card #29-755, (E) the Raman spectra in different temperature, (F) the polarization-electric field (P-E) hysteresis loop and bipolar/
unipolar electric-field-induced strain at room temperature with 10 Hz, and (G) the temperature dependence of dielectric constant e, and dielectric loss tan 6 at different

frequencies.
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Figure 3F displays a well-developed saturated ferroelectric
hysteresis loop of the PLZTN ceramic and strain-electric field
loops under strain dr1ve (bipolar and unipolar). The coercive
field (E,) 1s 11 kV cm ™! and the remnant polarization (P,) is
31 pC cm™. The positive strain value can reach about 0.28%.
The typical butterfly-like curve reflects the rotation of the ferro-
electric domain driven by the bipolar field and also represents
a good converse piezoelectric performance. The calculated pie-
zoelectric constant from the unipolar strain curve is about
615 pm V™', Figure 3G shows the temperature-dependent die-
lectric properties in the PLZTN ceramic. It can be clearly seen
that the highest dielectric peak corresponding to Curie tem-
perature indicating ferroelectrlc —paraelectric phase transition
shifted from 117 °C at 10° Hz to 125 °C at 10° Hz, and this
dielectric frequency dispersion represents a typical relaxor
behavior. In addition, the transition from a nonergodic relaxor
to an ergodic relaxor state occurs at the second dielectric peak,
whose temperature (89 °C) is the depolarization temperature
(T,) [28]. Below T}, the PLZTN material is in a nonergodic
relaxor state, in which the electric field can induce an irreversible
long-range ferroelectric order, so that high remnant polariza-
tion (Fig. 3F) and no obvious dielectric frequency dispersion
(Fig. 3G) can be observed. When PLZTN is in an ergodic
relaxor state above T, in which the external field can induce a
reversible ferroelectric phase, low remnant polarization in P-E
curves and a sprout shape instead of a butterfly shape in S-E
curves are displayed (Fig. S1), indicating the disappearance of
long-range ordered ferroelectric domains in the relaxor state.
The pyroelectric effect describes the change in spontaneous
polarization induced by the relatively small temperature change,
and for most ferroelectrics, the precondition is the polarized
ferroelectric materials. Therefore, in principle, T, should be the
inflection point where the pyroelectric effect of relaxor ferro-
electrics gradually d1sappears The FOM for pyroelectric energy
conversion is defined as p;*/e,e, (where p; is the pyroelectric
coeflicient, €, is the permittivity of free space, and ¢, is the rel-
ative permittivity) [25]. That is to say, a high pyroelectric
coefficient and a low dielectric constant are required for excellent
pyroelectric energy harvesting, which are difficult to achieve
simultaneously in general ferroelectric materials. The pyroelec-
tric coeflicient of the PZLTN ceramic in the suspended state
calculated from Eq. 5 and F1g 4Eis 1,122 pCm > K 'at 1 atm
and the FOM is 58 Jm ™ K™° (¢, = 2,449 at 1 kHz), showing an
excellent pyroelectric performance. In a word, the PLZTN
ceramic has good ferroelectric, piezoelectric, and dielectric
properties, making it a candidate for applications in pyro-
electric photoelectric detectors, energy harvesting, and so
on [29,30].

The photoinduced pyroelectric performance at

atmospheric and low pressure
We employed the substrate-free structure of Fig. 3A to measure
the short-circuit currents and open-current voltages by 405-nm
LED (light-emitting diode) excitation at a low pressure of
0.1 Pa and 1 atm, as shown in Fig. 4A and B and Fig.S2. It can
be seen that under light intensities of 10.4, 38.3, and 60.5 mW
?, the output current at 0.1 Pa is higher than at 1 atm, but
not much For 1nstance, the average of the current peaks under
38.3 mW cm™ illumination is 63.8 nA at 0.1 Pa, while it is
63.7 nA at 1 atm (Fig. 4A). The pyroelectric current mainly
depends on the change rate of sample temperature, as shown
in Eq. 4, which is very small under different degrees of vacuum
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in our experimental conditions; thus, the influence of ambient
thermal conductivity on the pyroelectric current is limited,
resulting in small changes in the output current at different
pressures. As shown in Fig. 4B, the average of the voltage peak
is 12.2 'V at 0.1 Pa, and the peak is 9.6 V at 1 atm. The influence
of air pressure on the output voltage is greater than that of
current, but the increase in voltage is obviously suppressed due
to the load resistance. Furthermore, the output power of the
ITO/PLZTN/Ag device loaded with a series of resistance at
1 atm and 0.1 Pa under 3 light intensities of 405-nm illumination
is shown in Fig. 4C and D and Figs. S3 to S5. It can be seen that
under 38.3 mW cm ™ illumination, the maximum output power
can reach 1,271 nW by a loading resistance of 1 GQ at 0.1 Pa,
which is increased by about 1.3 times compared with that at
1 atm (Fig. 4C and D). Similar 2phenomena were also observed
under 10.4 and 60.5 mW c¢cm™" illumination (Figs. S3C and D
and S5C and D). Then, we explored the charge density gener-
ated from the ITO/PLZTN/Ag device under the 405-nm illu-
mination with different intensities (Fig. 4E). The charge dens1ty
of the ITO/ PLZTN/Ag deviceat 0.1 Pacanreach 0.55 uC cm ™ under
10.4 mW cm ™ illumination, 2.51 pC cm™ under 38.3 mW cm™
illumination, and 4.48 pC cm™ under 60.5 mW cm ™ illumi-
nation. Charge densﬁy at 0.1 Pa is increased by about 1.6 times
under 10.4 mW cm™” illumination, 2.1 times under 38 3 mW

m "~ illumination, and 3.0 times under 60.5 mW cm > illumi-
nation, compared with that at 1 atm, respectively. Obviously,
the charge density of the ITO/PLZTN/Ag device under a low
pressure of 0.1 Pa is much higher than that under atmosphere
pressure, because the increase in charge density is mainly
related to the temperature change of the sample. These experi-
mental results reveal that in the photoinduced pyroelectric
output signals, the charge density is the most sensitive to low
pressure, and in detail, the enhancement of vacuum (1 atm =
0.1 Pa) results in a marked increase in charge density.

Quantitative analysis of charge density

under vacuum
A detailed study on the charge density under different degrees
of vacuum was conducted. Figure 5A to C displays the charge
densities of the ITO/PLZTN/Ag device irradiating by 405 nm
with 3 light intensities at a low pressure ranging from 10’ to
0.1 Pa. Extracted from Fig. 5A to C and the corresponding charge
in Fig. S6, the maximum charge density as a function of the
degree of vacuum is shown in Fig. 5D. In the case of 405-nm
illumination with a constant light intensity, the charge density
is related to the degree of vacuum with the most sensitive range
between 100 and 0.1 Pa, which conforms to thermal conduc-
tivity vacuum gauges [31]. In the photoinduced pyroelectric
output, the determinant temperature variation of a pyroelectric
element is closely linked to the thermal conductivity of the
element to the surrounding environment. Hence, we adopted
the suspended pyroelectric element to make the heat transfer
medium around the element mainly air. The change in the
charge density of the ITO/PLZTN/Ag device with the degree
of vacuum is mainly realized by the variation of thermal con-
ductivity of the heat transfer medium air. It is well known that
the change in thermal conductivity of gas with pressure is the
physical basis for thermal conductivity vacuum gauges.
Figure 6 shows the thermal conductivity and simplified elec-
trical circuit sections of a photoinduced pyroelectric detector
in a specific space. If radiation W(t) with periodic frequency
o is incident normal to the surface of the pyroelectric element,
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Fig. 4. Pyroelectric output of the ITO/PLZTN/Ag device under 405-nm irradiation. (A) The output current under 405 nm of 38.3 mW cm™2 illumination at 1 atm and 0.1 Pa for
the ITO/PLZTN/Ag device and (B) the voltage signals by parallel loading 200 MQ. The loading resistance dependence of output current and output power at 1 atm (C) and 0.1 Pa
(D) under 38.3 mW cm~? illumination. (E) The charge density of the device at 1 atm and 0.1 Pa under 10.4, 38.3, and 60.5 mW cm™ illumination.

whose effective emissivity is #, and induces a temperature =~ where H and G are the element thermal capacity and the ther-

change AT, it is described as mal conductance to the surrounding environment (or called
ambient thermal conductivity), respectively [29,32]. The solu-
tion of Eq. 1 is
__d(AT) (1) q AT = _TW®
nW(t)=H + G7AT, Gr+joH )
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The pyroelectric effect refers to the spontaneous polarization
P, with the change of temperature (T), which is expressed by
the pyroelectric coefficient p (a vector) as [29]

_ AP, ,
r="7 3)

When a thin plate of polarized ferroelectric covered with elec-
trode area A on the upper and lower surfaces is selected as the
pyroelectric element, the pyroelectric charge (Q) and the pyro-
electric current i, generated in an external circuit has the form

dQ _ dT
@ P @)

where p; is a component of vector p normal to the sample sur-
face (Fig. 1) [29]. Integrating Eq. 4 with respect to f (time)
generates charge density

lp=

AQ
The substitution of Eq. 2 into Eq. 5 gives

5o iV ®) (6)
"~ Gr+joH'

Since H and p; are the physical properties of the pyroelectric,
the charge density generated in the photoinduced pyroelectric
effect is mainly affected by G; in the case of the given element,
ensuring the same radiation. Thus, in theory, the charge density
can be enhanced by lowering ambient thermal conductivity.

According to reports [33,34], the thermal conductivity of
air in closed space can be approximately expressed as

1 — (Wm™'K™1),
1+ 7.6)([1)0 (7)

Px
Tavg

Kair =Ko X

where k, is the thermal conductivity of air at atmosphere pres-
sure and room temperature, Tuvg represents the average tem-
perature of enclosed space, D is the distance between the
element and heat sink, and P denotes the pressure of air. If the
suspended element within a closed cavity is irradiated with a
constant light power W for a period time at room temperature
(@ = 0), substituting the thermal conductivity of air k;, given
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by Eq. 7 when the thermal conductance G only considers x;,

(Gr=k,;) into Eq. 6 generates
W -5
oo W 1+7.6><éo _ )
Ko Px T

avg

At room temperature and atmosphere pressure, the correspond-
ing charge density is

_ iV )

oz
0 K

o

Substituting Eq. 9 into Eq. 8, the charge density is now expressed as

7.6Xx107°
D ‘ (10)
Px

avg

oc=04-|1

Therefore, through the abbreviated Eq. 10, the charge density
changes with air pressure according to the functional relation-

ship of 6 = 0 - (1 + %) (N is a constant) at a specified tem-

perature. It is the theory basis of pyroelectric vacuum sensors
and vacuum enhancement of charge density in the photo-
induced pyroelectric effect. Additionally, the relationship between
output voltage, current, and power with air pressure is dis-
cussed in Supplementary Note 1.

Incorporating the detector parameters (in Materials and
Methods) into Eq. 10, the charge density of the ITO/PLZTN/Ag
device as a function of the degree of vacuum by irradiating at
405 nm with light intensities of 10.4, 38.3, and 60.5 mW cm
can be respectively expressed as

61=00[10.4 mW/cm?] * (1+0.465/P), (11)
03 =00[38.3 mw/cm?] * (1 +0.464/P), (12)
03=00[60.5 mw/cm?] * (1+0.459/P). (13)

The curves in Fig. 5D, obtained from Egs. 11 to 13, and the
experimental data of the maximum charge density (Fig. 5A to
C and Fig.S6) are good consistent with each other in the range
from 10° to 0.1 Pa.

The device performance

To evaluate the performance of the detector, sensitivity and
response speed are important parameters. It is known that the
sensitivity of a linear sensor is a constant, but for a nonlinear
sensor like the device in this work, the sensitivity S is a variable
in the form of § = dy/dx, and the sensitivity of the ITO/PLZTN/
Ag device is calculated from the derivative of Egs. 11 to 13 with
respect to pressure P, expressed as

0.099

51[10‘4 mW /cm2] = (‘71),=T (PC/Cm2)> (14)

0.434

Sy[38.3 mW/cm?] = (0'2)/ = (hC/em?),  (15)
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0.602

53[60.5 mW/cm?] = (03), = P2 (PC/CmZ) . (16)

Figure 5E shows the sensitivity S as a function of pressure
P according to Eqs. 14 to 16 at 3 irradiation intensities, indicat-
ing that the higher the degree of vacuum, the greater the sen-
sitivity. In addition, the response speed of charge density under
405-nm illumination is shown in Fig. 5F and Fig. S7. Here, the
response speed is expressed by the rise time and decay time,
that is, the time required for the maximum charge density rising
from 10% to 90% under radiation, and the time needed for the
maximum charge density declining from 90% to 10% after
the light is removed [35]. The charts in Fig. S7C to E show that the
rise time is slightly affected by the degree of vacuum and is
within a certain range of values in this experimental condition.
As previously mentioned, the pyroelectric signal is produced
under sudden irradiation. When constant irradiation contin-
ues, the temperature of the sample will eventually reach a new
steady value, and the charge density in the circuit will tend to
be stable in the circuit. According to Egs. 5 and 2, the charge
density of a sample is related to the temperature change induced
by the radiation, so the corresponding response speed depends
on the thermal relaxation time of the pyroelectric element [36],
where H/Gy is a thermal time constant [29]. It is reported that
a BaTiO;-based pyroelectric device has a faster response time
on the substrate than those in suspended state, which is mainly
due to the difference in the thermal conductance to the sur-
rounding environment (Gp) [9]. The response time of the
Pb(Zr,Ti)O, (PZT) film device is 10 times shorter than that of
the PZT ceramic device, because the thermal capacity (H) of
the PZT film device is less than that of the ceramic device [37].
In addition, different radiation sources also have an impact on
the response speed. When the PLZTN device is exposed to a
laser irradiation with a faster response time than LED, the
response speed has been significantly improved, as shown in
Fig. S8. It can also be seen that the response speed at 1 atm is
obviously faster than that at 0.1 Pa, due to the influence of G;.

Furthermore, as shown in Fig. S1, PLZTN ceramics display
good and stable ferroelectric and converse piezoelectric prop-
erties below a depolarization temperature of 89 °C, which is a
good prerequisite for pyroelectric output. It can be seen that
the charge density of the PLZTN device has good temperature
stability from room temperature to about 50 °C (Fig. S9). From
the perspective of expanding the range of temperature stability,
we think that ferroelectric materials with higher Curie temper-
ature (such as LiTaO; with a T; of 665 °C [29]) are good alter-
natives as components of a pyroelectric vacuum detector.
Besides, as shown in Fig. S10, when the temperature is above
the depolarization temperature of 89 °C, the pyroelectric effect
of PLZTN disappears. Thus, the PLZTN pyroelectric vacuum
sensor cannot work beyond depolarization temperature. In
addition, Fig. S11 records the charge density of the PLZTN
device at different times under periodic irradiation lasting
12 h, demonstrating good performance stability. As mentioned
above, the charge density has a functional relationship with the

degree of vacuum of air in the form of 6 = ¢, - (1 + %) from

10° to 0.1 Pa in the photoinduced pyroelectric effect. Therefore,
the charge density of the pyroelectric element under radiation
can be used to detect the degree of vacuum, and its essence is
to sense ambient thermal conductivity at different low pres-
sures. In a pyroelectric vacuum sensor, the lighting equipment
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can be installed outside the vacuum system, which is easy to
disassemble and carry, and the device can realize self-powered
electrical signal output without requiring additional power
during operation. In actual use, it is necessary to further opti-
mize the pyroelectric device, correct the parameters of vacuum
detection, and perform calibration.

Discussion

We proposed a novel charge density—pyroelectric vacuum sen-
sor following the formula o = o, - <1 + %) which is verified

on the ITO/PLZTN/Ag device with suspended pyroelectric
element configuration. It is indeed feasible to manipulate pyro-
electric performance by controlling ambient thermal conduc-
tivity. The pyroelectric devices applied to photodetectors can
greatly increase the charge density by improving the degree of
vacuum around the pyroelectric element, which can be achieved
by sealing and vacuuming the device. The charge density of the
ITO/PLZTN/Ag device at low pressure can reach 4.48 uC cm ™
under 60.5 mW cm %, which is increased by about 3.0 times of
that at atmospheric pressure and room temperature. This
method of greatly improving the performance of devices with-
out changing the material itself is expected to be applied to
most pyroelectric devices and has great advantages in perform-
ance optimization.

Materials and Methods

(Pbg o1 Lag40) (Z1y 634 iy 341 Nig 025)O; (abbreviated as PLZTN)
ceramics were prepared by the solid-state reaction method and
hot-pressing technique [38]. The sample was cut into small
pieces that are 0.3 mm thick. The crystalline structure was
measured by x-ray powder diffraction (D8 ADVANCE, Bruker)
with Cu K, radiation. The micrograph of fracture surface was
performed using a field emission SEM (Nova NanoSEM 450).
Raman scattering experiments at different temperatures were
performed on a micro-Raman spectrometer (Lab-Ram HR
Evolution, Horiba) equipped with a Linkam THMSE 600 heat-
ing stage, using a 514-nm laser as an exciting source. A ferro-
electric tester (TF Analyzer 1000, aixACCT) was employed to
test the polarization-electric field hysteresis loop and electric-
field-induced strain. Dielectric properties were tested by using
an impedance analyzer (Concept 40, Novocontrol). The trans-
parent ITO and Ag electrodes were coated on the top and
bottom surfaces of the ceramic plate using the magnetron
sputtering method for photoelectric measurements. The elec-
trode area of the sample is 3.24 cm®. The output current and
voltage signals of the PLZTN device were determined using
the 2611B system sourcemeter (Keithley). A Keithley 6514 sys-
tem electrometer was used to measure the output charge. When
measuring the photoelectric signals at different pressures, the
ITO/PLZTN/Ag device was placed in a closed cavity, and the
distance between the device and the cavity is 4.908 cm.
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Supplementary Materials

Fig. S1. The P-E and S-E curves of PLZTN ceramics at different
temperatures.

Fig. S2. Pyroelectric output current and voltage of the ITO/
PLZTN/Ag device under 405-nm irradiation.

Fig. S3. Output currents by loading with series resistance and
output power under a 405 nm-illumination of 10.4 mW cm .
Fig. S4. Output currents by loading with different series resist-
ance at 1 atm (A) and 0.1 Pa (B) under a 405-nm illumination
of 38.3 mW cm™.

Fig. S5. Output currents by loading with series resistance and
output power under a 405-nm illumination of 60.5 mW cm ™.
Fig. S6. The detailed charge of the ITO/PLZTN/Ag device at
different pressures under a 405-nm irradiation of 10.4 mW
cm ™2 (A), 38.3 mW cm 2 (B), and 60.5 mW cm ™2 (C).

Fig. S7. The response speed of charge density under a 405-nm
illumination of 10.4 mW cm™> (A, C), 383 mW cm™? (B, D),
and 60.5 mW cm ™ (E) at different degrees of vacuum.

Fig. S8. The response speed of char$e density under a 405-nm
laser illumination of 60.5 mW c¢cm™ at 0.1 Pa and 1 atm.

Fig. §9. Charge density of the PLZTN device at different temper-
atures at 1 atm and 0.1 Pa.

Fig. §10. Charge density of the PLZTN device at 24 and 92 °C
under 1 atm.

Fig. S11. Charge density of the PLZTN device at 0, 3, 6, 9, and
12 h during continuous periodic irradiation for 12 h under 1 atm
and 0.1 Pa, respectively.

Supplementary Note 1. The relationship of output voltage, cur-
rent, and power with air pressure (Supplementary Materials).

References

1. Yang Y, Wang S, Zhang Y, Wang ZL. Pyroelectric
nanogenerators for driving wireless sensors. Nano Lett.
2012;12(12):6408-6413.

2. MaN, Yang Y. Boosted photocurrent in ferroelectric BaTiO,
materials via two dimensional planar-structured contact
configurations. Nano Energy. 2018;50:417-424.

3. Zhang K, Luo W, Huang S, Bai X, Shuai Y, Zhao Y, Zeng X,
Wu C, Zhang W. Wavelength-selective infrared detector
fabricated by integrating LiTaO, with a metamaterial perfect
absorber. Sensors Actuators A. 2020;313:112186.

4. Kruse PW, Skatrud DD. Uncooled infrared imaging arrays and
systems. In: Semiconductors and semimetals. vol. 47, 1st ed.
San Diego: Academic Press; 1997.

5. Zhong W. Ferroelectric physics. Beijing: Science Press; 1996.

6. Liow CH, LuX, Zeng K, Li S, Ho GW. Optically governed
dynamic surface charge redistribution of hybrid plasmo-
pyroelectric nanosystems. Small. 2019;15(36):1903042.

Xu et al. 2023 | https://doi.org/10.34133/research.0028

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Shen M, Zheng A, Lin Y, Li M-Y, Qiu S, Zhang Q, Zhang G,
Jiang S. Electro-thermal synergetic effect in 0.94Bi, ;Na, ; TiO,-
0.06BaZr,,Ti, O5: ZnO pyroelectric composites for high-
performance thermal energy harvesting. Appl Phys Lett.
2019;115(17):173902.

Zabek D, Seunarine K, Spacie C, Bowen C. Graphene ink
laminate structures on poly(vinylidene difluoride) (PVDF)
for pyroelectric thermal energy harvesting and waste heat
recovery. ACS Appl Mater Interfaces. 2017;9(10):9161-9167.
Song K, Ma N, Mishra YK, Adelung R, Yang Y. Achieving
light-induced ultrahigh pyroelectric charge density toward
self-powered UV light detection. Adv Electron Mater.
2018;5(1):1800413.

Chung DDL. Materials for thermal conduction. Appl Therm
Eng. 2001;21:1593-1605.

Zhou W-X, Cheng Y, Chen K-Q, Xie G, Wang T, Zhang G.
Thermal conductivity of amorphous materials. Adv Funct
Mater. 2020;30(8):1903829.

Zhao M, Pan W, Wan C, Qu Z, Li Z, Yang J. Defect engineering
in development of low thermal conductivity materials: A
review. ] Eur Ceram Soc. 2017;37(1):1-13.

Yaws CL, Braker W. Matheson gas data book. 7th ed. Beijing:
Chemical Industry Press; 2003.

Roth A. Vacuum technology. 3rd ed. Amsterdam (New York):
Elsevier Science Pub. Co.; 1990.

Kimura M, Sakurai F, Ohta H, Terada T. Proposal of a new
structural thermal vacuum sensor with diode-thermistors
combined with a micro-air-bridge heater. Microelectron J.
2007;38(2):171-176.

Lei C, Mao H, Ou W, Xue C, Tang L, Yang T, Chen D,

Xiong J. A CMOS-MEMS IR device based on double-layer
thermocouples. Microsyst Technol. 2016;22(5):1163-1171.

Xu S, Zhou N, Shi M, Zhang C, Chen D, Mao H. Overview of
the MEMS Pirani sensors. Micromachines. 2022;13(6):945.
Haertling GH. Ferroelectric ceramics: History and technology.
J Am Ceram Soc. 1999;82(4):797-818.

Lee FY, Goljahi S, McKinley IM, Lynch CS, Pilon L.
Pyroelectric waste heat energy harvesting using relaxor
ferroelectric 8/65/35 PLZT and the Olsen cycle. Smart Mater
Struct. 2012;21(2):025021.

Chin TK, Lee FY, Mckinley IM, Goljahi S, Lynch CS, Pilon L.
Direct thermal to electrical energy conversion using 9.5/65/35
PLZT ceramics in the ergodic relaxor phase. IEEE Trans
Ultrason Ferroelectr Freq Control. 2012;59(11):2373-2385.

Lee FY, Jo HR, Lynch CS, Pilon L. Pyroelectric energy
conversion using PLZT ceramics and ferroelectric-

ergodic relaxor phase transition. Smart Mater Struct.
2013;22(2):025038.

Qiao P, Zhang Y, Chen X, Zhou M, Wang G, Dong X.
Enhancing pyroelectric properties in (Pb, , 5,.La,)(Zr ¢ Tiy14)
O, ceramics through composition modulated phase transition.
Ceram Int. 2019;45(6):7114-71109.

Sharma HD, Tripathi AK, Chariar V, Goel TC, Pillai PKC.
Dielectric and pyroelectric characteristics of PZT doped with
gadolinium. Mater Sci Eng. 1994;25(1):29-33.

Guggilla P, Batra AK, Currie JR, Aggarwal MD, Alim MA,
Lal RB. Pyroelectric ceramics for infrared detection applications.
Mater Lett. 2006;60(16):1937-1942.

Sebald G, Seveyrat L, Guyomar D, Lebrun L, Guiffard B,
Pruvost S. Electrocaloric and pyroelectric properties of
0.75Pb(Mg, ;NDb,,3)O0;-0.25PbTiO; single crystals. ] Appl Phys.
2006;100(12):124112.


https://doi.org/10.34133/research.0028

Research

26.

27.

28.

29.

30.

31.

32.

33.

Xu L, Wang Z, Su B, Wang C, Yang X, Su R, Long X, He C. Origin
of structural change driven by A-site lanthanide doping in
ABOj;-type perovskite ferroelectrics. Crystals. 2020;10(6):434.
Bajpai KK, Sreenivas K, Gupta AK, Shukla AK. Cr-doped lead
lanthanum zirconate titanate (PLZT) ceramics for pyroelectric
and energy harvesting device applications. Ceram Int.
2019;45(11):14111-14120.

Jo W, Dittmer R, Acosta M, Zang ], Groh C, Sapper E, Wang K,
Rodel J. Giant electric-field-induced strains in lead-free
ceramics for actuator applications - status and perspective.

] Electroceram. 2012;29(1):71-93.

Whatmore RW. Pyroelectric devices and materials. Rep Prog
Phys. 1986;49(12):1335-1386.

Bowen CR, Taylor J, LeBoulbar E, Zabek D, Chauhan A, Vaish R.
Pyroelectric materials and devices for energy harvesting
applications. Energy Environ Sci. 2014;7(12):3836-3856.
Umrath W. Fundamentals of vacuum technology. Leybold,
Cologne: Leybold Vacuum Products and Reference Book; 1998.
Cooper J. Minimum detectable power of a pyroelectric thermal
receiver. Rev Sci Instrum. 1962;33(1):92-95.

Escriba C, Campo E, Estéve D, Fourniols JY. Complete
analytical modeling and analysis of micromachined

Xu et al. 2023 | https://doi.org/10.34133/research.0028

34.

35.

36.

37.

38.

thermoelectric uncooled IR sensors. Sensor Actuat A.
2005;120(1):267-276.

Wu H, Grabarnik S, Emadi A, de Graaf G, Wolffenbuttel RE
Characterization of thermal cross-talk in a MEMS-

based thermopile detector array. ] Micromech Microeng.
2009;19(7):074022.

Teng F, Hu K, Ouyang W, Fang X. Photoelectric detectors
based on inorganic p-type semiconductor materials. Adv
Mater. 2018;30(35):1706262.

Ivanov SD, Kostsov EG, Sobolev VS. Nanosecond detector of
infrared radiation based on thin pyroelectric films. ] Commun
Technol Electron. 2017;62(9):1057-1060.

Akai D, Hirabayashi K, Yokawa M, Sawada K, Taniguchi Y,
Murashige S, Nakayama N, Yamada T, Murakami K, Ishida M.
Pyroelectric infrared sensors with fast response time

and high sensitivity using epitaxial Pb(Zr, Ti)O; films on
epitaxial y-Al,O,/si substrates. Sensor Actuat A.
2006;130-131:111-115.

Huangfu G, Xiao H, Guan L, Zhong H, Hu C, Shi Z, Guo Y.
Visible or near-infrared light self-powered photodetectors
based on transparent ferroelectric ceramics. ACS Appl Mater
Interfaces. 2020;12(30):33950-33959.

10


https://doi.org/10.34133/research.0028



