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Abstract: Sensors have recently gathered significant attention owing to the rapid growth of the
Internet of Things (IoT) technology for the real-time monitoring of surroundings and human activities.
Particularly, recently discovered nanogenerator-based self-powered sensors are potential candidates
to overcome the existing problems of the conventional sensors, including regular monitoring, lifetime
of a power unit, and portability. Halide perovskites (HPs), with an excellent photoactive nature,
dielectric, piezoelectric, ferroelectric, and pyroelectric properties, have been potential candidates for
obtaining flexible and self-powered sensors including light, pressure, and temperature. Additionally,
the photo-stimulated dielectric, piezoelectric, and triboelectric properties of HPs make them efficient
entrants for developing bimodal and multimode sensors to sense multi-physical signals individually
or simultaneously. Therefore, we provide an update on the recent progress in self-powered sensors
based on pyroelectric, piezoelectric, and triboelectric effects of HP materials. First, the detailed
working mechanism of HP-based piezoelectric, triboelectric, and pyroelectric nanogenerators—
operated as self-powered sensors—is presented. Additionally, the effect of light on piezoelectric
and triboelectric effects of HPs, which is indispensable in multimode sensor application, is also
systematically discussed. Furthermore, the recent advances in nanogenerator-based self-powered
bimodal sensors comprising HPs as light-active materials are summarized. Finally, the perspectives
and continuing challenges of HP-based self-powered sensors are presented with some opportunities
for future development in self-powered multimode sensors.

Keywords: halide perovskite; nanogenerator; PENG; PyENG; TENG; self-powered sensor; temperature
sensor; pressure sensor; physiological sensor; photodetector

1. Introduction

The wireless networks and devices enable the new technology to collect and share
information through wireless communication systems owing to the rapid development
of the Internet of Things (IoT) and artificial intelligence (AI) technology [1]. Sensors
are the key components in these systems, which can measure and quantify any external
physical features from the various external stimuli, such as light, pressure, temperature,
chemical, and biological property [2-6]. However, most of the sensors are powered by
external power sources, such as batteries. Their usage in sensors is faced with several
issues, including regular monitoring, frequent charging process, limited life cycles, high
maintenance cost, and environmental pollution. Moreover, they also obstruct the con-
struction of flexible sensors due to their rigid nature [7,8]. Therefore, the development of
maintenance-free, self-powered sensors that cannot rely on a conventional power source
is highly necessary to be implemented in next-generation portable (wearable) electronics,
IoTs, and smart cities [9-11]. In recent years, the self-powered operation of such sensors has
been achieved using nanogenerators, in which the harvester converts the ambient energy
into electrical energy and power the sensing unit continuously [9,12]. Nanogenerators can
be categorized primarily into the following three types based on the working mechanism
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to generate electricity: piezoelectric nanogenerator (PENG), triboelectric nanogenerator
(TENG), and pyroelectric generator (PyENG). Nanogenerators have been extensively used
as harvesters—to harvest the available energy from the surrounding environment—and
used as sensors simultaneously [13,14]. Pressure or strain sensors are widely used in
health monitoring, motion detection, robotics, electronic skin, and human-machine in-
teraction [15-20]. Nanogenerator-based pressure sensors are used in dynamic pressure
sensing applications owing to their simple fabrication process, low cost, and easy electrical
signal acquisition [21,22]. Moreover, pyroelectric materials can be used to harvest the
thermal energy to be converted into electrical energy owing to the generation of an internal
polarization in response to changes in temperature [23,24]. In the past decades, numerous
materials, including ceramics (e.g., BaTiO3, PZT, NaNbO3), semiconductors (e.g., ZnO,
GaN, CdS), and polymers (e.g., PVDF and its copolymers) have been investigated in de-
tail to fabricate nanogenerators and sensors [25-31]. Among them, ceramic perovskite
materials are widely used to obtain high-performance and efficient nanogenerators and
sensors owing to their remarkable dielectric, ferroelectric, piezoelectric, and pyroelectric
properties [32-34]. However, the high-temperature syntheses, calcination process, as well
as the brittle and rigid nature of these materials limit their applicability in flexible devices.
Therefore, novel materials with high ferroelectric/piezoelectric properties that can be
produced via cost-effective and low-temperature solution processes are highly desirable.

Halide perovskites (HPs), including both organic-inorganic and inorganic HPs, have
received widespread attention for photovoltaic research. They have obtained high-efficiency
solar cells with the power conversion efficiency (PCE) of over 25% because of their simple
synthesis processes and impressive characteristics such as high absorption coefficients,
band gap tunability, long-carrier diffusion lengths, and long-carrier lifetimes [35-39]. Addi-
tionally, HPs are used to develop various devices, such as a photodetectors, light-emitting
diodes, lasers, nanogenerators, and thin-film transistors [40-43]. The nanogenerators,
capable of producing electricity from ambient unused energy sources, including thermal
gradient and mechanical vibrations, have been recent use of HPs due to their impres-
sive dielectric and piezoelectric properties [44,45]. Numerous flexible nanogenerators,
including PENG, TENG, and PyENG, have been constructed using HP and their poly-
mer composite materials by compositing with various piezoelectric polymers (e.g., poly
(vinylidene fluoride)) and non-piezoelectric polymers (e.g., polydimethylsiloxane (PDMS))
to demonstrate high-performance owing to their mechanical flexibility [44,46,47]. These
HP-based nanogenerators are highly sensitive to various external stimuli, such as pressure,
temperature, and light. Temperature fluctuations and pressure in the nanogenerator can
cause the dipole oscillation in active HP materials, leading to the potential difference across
the device; it would produce electricity [44,48]. Similarly, contact electrification between
two dissimilar triboelectric materials generates the electric signals [49]. Hence, controlling
the performance of nanogenerators under external perturbations would predominantly
enable them to act as a self-powered pressure or temperature sensor without relying on
a battery [48,50]. Moreover, illuminating nanogenerator significantly alters their output
performance owing to the combined properties of piezoelectric or triboelectric and opto-
electronic properties [51,52]. Such light-stimulated performance is highly feasible to detect
light or quantity of light intensity without depending on an external power source [53,54].
Additionally, HPs have diverged towards bimodal/multimode physical signals—light
and pressure—sensing applications owing to their combined light-absorbing property and
piezoelectric/triboelectric effect [51,55].

We provide an update on the recent progress of self-powered sensors based on nano-
generators, which were fabricated using HP materials and their polymer composites.
First, the detailed working mechanisms of PENG, TENG, and PyENG that can operate as
self-powered sensors are discussed. Additionally, the operation of the PENG and TENG
as self-powered photodetectors under illumination is also discussed with the possible
underlying mechanisms. Second, we systematically review HP-based nanogenerators
such as temperature, pressure, physiological sensor, and photodetectors to sense various
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external factors, such as pressure, temperature, and light. Third, an overview of the HP-
based bimodal sensors for simultaneous sensing of pressure and light signals is presented.
Furthermore, we suggest the future projections of the research towards developing single-
structure multimodal sensing devices. Finally, we briefly present perspectives, current
challenges, and future prospects of HP-based self-powered sensors.

2. Discussion
2.1. Halide Perovskites (HPs)

Halide perovskite materials consist of three-dimensional ABX;3-type crystal structures
(Figure 1, crystal structure). In ABX3, A denotes the monovalent organic or inorganic cation
(such as MA* = CH3NH;*, FA = CH(NH;),* and Cs*), B represents the divalent cation
(such as Pb?*, Sn*, and Ge?*), and X is the halide anion (Cl, Br, I). In the crystal structure,
cation A is coordinated with 12 neighboring X, and cation B is connected with 6 X anions,
forming cuboctahedral and octahedral geometries, respectively. The structural formability
of the 3D-ABX3 HPs and their stability were determined by the Goldschmidt tolerance fac-
tor (t) and the octahedral factors (1) [56,57]. The tolerance factor, t = (ra + rx)/+/2(rg + rx),
where 14, g, and rx represent the effective ionic radii of A, B, and X in the HP, respectively.
The rg/rx is defined as an octahedral factor (i) and is directly correlated with a BX4 octahe-
dron, playing an important role in multifunctional properties of HP materials. The tolerance
factor values for HP materials were found to be within the 0.8-1.11 range, while the octahe-
dral factor values were in the range of 0.44-0.90 [58,59]. The calculated t values for cubic,
orthorhombic, and hexagonal structured HPs were 0.8 <t < 1.0, t <0.8, and t > 1, respec-
tively [57,60]. Numerous methods have been proposed to fabricate HP thin films, such as
the one-step solution process, two-step sequential deposition, vapor deposition method,
and vapor-assisted solution process [61-64]. Solution methods have been promoted due
to simple and low-temperature fabrication ways and their compliance with flexible and
large-scale devices [36,44]. Furthermore, the solution methods are promising to control crys-
talline formation better, leading to tunable properties at nano/micro-scale [37,65]. These
HP-based materials have been considered to fabricate flexible nanogenerators owing to
their impressive dielectric, ferroelectric, piezoelectric, and pyroelectric properties and bene-
ficial features such as low-temperature and large-scale fabrication routes and controllable
properties [66-70]. In particular, the dielectric and piezoelectric properties of HP-based
materials are remarkable and nearly similar to those of ceramic materials [44,65,66,71-73].
Generally, the dielectric material is electrically an insulator and will readily polarize un-
der an applied electric field. The ability of a material to store the electrical energy can
be estimated by its dielectric permittivity (e;) values. However, the dielectric loss factor
describes the inefficiency of a material to hold the stored energy. Consequently, material
with high loss factor cannot hold the charge completely indicating leaky nature of sample.
Therefore, materials with larger dielectric constant values and low dissipation factor values
tend to generate higher output performance in nanogenerator applications because the
nanogenerators are designed as part of capacitors [72]. Many researchers have demon-
strated the dielectric properties of HP-based materials and also systematically examined the
changes in dielectric properties of compositionally tuned HP materials [44,65,66,73]. The
dielectric polarization mechanism in HP-based materials is nearly similar to well-known
ceramic perovskite materials. The existing organic cation at the center of an HP-crystal
structure (e.x., MA* cation in MAPbI;3) disorders under an applied filed; thus, resulting
in a dipolar polarization in HPs [44]. As depicted in Figure 2a, the most widely used
MAPDI; perovskite revealed an ¢, value of ~52 and low dissipation value of ~0.02 at an
applied frequency of 100 kHz [71]. Moreover, FAPbl; perovskite exhibited an improved
dielectric property due to presence of larger cation (FA™) that has larger dipole momentum
compared to that of MA™* cation [74]. In addition, the dielectric properties of HPs can be
significantly enhanced by partial tuning of its composition. For example, the reported
halide-doped MAPDbI; perovskite samples displayed a notable enhancement in dielectric
properties upon halide doping (either Cl or Br) [66]. In particular MAPbI; Cly displayed a
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high ¢, value of ~90.9. The improved property is not only because of improved grain size
but also the existence of binary systems such as MAPbI3 and MAPbCl; in the final film
which led to interfacial polarizations between two phases. Similarly, the Fe-incorporated
MAPbI; unveiled enhanced ¢, value of ~107 upon partial incorporation of Fe (x = 0.07) [65].
The improved dielectric properties promoted the enhancement in piezoelectric output
performance of the MAPb;_,Fe I3 based PENG. Furthermore, the lead-free Sn-based HP
materials also possess high dielectric properties [45].
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Figure 1. Schematic illustration of ABX;3-type halide perovskite structure and their utility in nano-
generator based self-powered sensing applications.

In addition, the dielectric HPs were used as filler materials in polymer materials and
observed the increment in dielectric properties of polymer materials with lower HP loading
contents [44,45,51,68]. For example, the reported 25 vol% MAPbI;-PVDF composite film
showed much larger ¢, value of ~56 than the neat PVDF film (e, ~12.6) measured at 1 kHz
frequency [68]. Similarly, the 15 wt% MASnBr3;-PDMS composite sample also displayed
a higher ¢, value of ~36.23, which is nearly ten times larger than only PDMS (e, ~3.38)
film [45]. The rapid augmentation in dielectric properties of HP-polymer composites is
predominantly because of existence of Maxwell-Wagner—Sillars (MWS) or interfacial polar-
izations between those two heterogeneous materials interfaces [44,45,51,68]. Furthermore,
in case of HP-PVDF composites with increasing the content of HP material in PVDF matrix,
the orientation of 3-phase of PVDF will be notably improved due to enormous interactions
(hydrogen bonding) between polar groups of HP material and PVDF material, which could
also be another important cause for improved dielectric properties in composite films [68].
The conferred dielectric properties of HP /HP-polymer materials so far are investigated in
dark state conditions. However, HP materials are promising light-active materials with
excellent optoelectronic properties, which may be deliberated for light-dependent effects
in dielectric properties of HPs. However, there have not been many reports elucidated
the light effect on dielectric and piezoelectric properties of HP materials. J. Bisquert et al.
have evidenced for the light-induced giant dielectric properties in MAPbI3 (Cly films in
particularly at low frequency regions upon illumination [75]. The observed giant dielectric
behavior of the sample was probably due to the rapid fluctuations in the perovskite unit
cell and change in polarization emerged by the orientations of polar organic molecule
(MA™ cation) upon illumination. However, there have been no clear investigations for
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this hypothesis; thus, it remains as an under-researched subject. A year later, D. Almond
et al. have provided a clarification for this kind of giant dielectric behavior in a porous
PZT material drenched with water [76]. The study demonstrated that the real part of
relative permittivity values were remarkably greater than 10® at lower frequencies. In
which, the occupied water became a conductive network with in the insulating pores-PZT
host that increased the conductivity or dielectric loss of the sample. Similarly, in case
of HP polycrystalline thin films, the perovskite crystallites are parted from one another
by grain boundaries (GBs) or voids. The defects near GBs are the sources for trapping
carriers, band bending, and depletion layers that result in GB capacitance. Thus, under
illumination the perovskite crystallites surrounded by GBs and voids become electrically
conductive due to rapid generation of charge carriers, which will amplify the dielectric loss
factor there by the dielectric permittivity values. Therefore, the authors suggest that the
light illumination on halide perovskite produces electrically conductive microstructures
within the dielectric host, which is similar to that of water occupied porous PZT samples.
Similarly, in our earlier study we have confirmed the light-effect on dielectric properties of
MAPDI3-PVDEF composite films [51]. As presented in Figure 2b,c, the dielectric properties
of 25 vol% MAPbI3;-PVDF composite films were thoroughly investigated under dark and
illuminations with various intensities of illumination (0.06-3.23 mW/cm?). Where, the &,
and D values were enormously increased with increasing intensity of light intensity com-
pared to dark-state measurement. In which, under dark those values were approximately
similar all over the frequency range, while abrupt changes were observed for composite
films under illumination particularly in the lower frequency range (0.1-1 kHz). This kind
of giant dielectric behavior at low frequencies in MAPbI3-PVDF composite is because of
rapid generation of photo-generated charge carriers in light-active MAPbI; perovskite
under illumination, which may adversely increase the conductivity of the sample leading
to sudden increase in dielectric loss value. Besides, the light-effect on leakage current den-
sity properties of the same composite film was also investigated as depicted in Figure 2d.
Where, the leakage current density of the composite film was gradually increased as the
light intensity increases and reached to ~10~* A/cm? at an applied field of 100 kV/cm
for used light intensity of 3.23 mW/cm?, which is due to photo-generated charge carriers
as aforesaid. The generated free charges not only make the conduction path but also
become as the interfacial defects at the interfaces of sample and electrodes. This type of
light-dependent dielectric behavior could be the reason for attained piezoelectric and tribo-
electric output performance changes in the HP-based nanogenerators upon illumination.
Ferroelectric materials are a subclass of pyroelectric and piezoelectric materials and exhibit
the switchable spontaneous polarization based on an applied electric field. Kutes et al.
experimentally provided evidence for the ferroelectric nature of solution-processed HP
films (3-MAPbI;) for the first time while performing the piezo force microscopy (PFM)
study [69]. There have not been many reports on the ferroelectric properties of HPs;
however, numerous studies have proven the dielectric and piezoelectric properties of HP
materials [65,70,71,77-79]. Particularly, commonly employed MAPbI3 perovskite shows an
average piezoelectric coefficient (dz3) of ~2.7 pm/V for a single crystal and within the range
of 4-5.2 pm/V for polycrystalline films [70,71,77]. Subsequently, compositional tuning of
HPs by a simple solution process has offered a promising platform to design various HPs
with enhanced dielectric, ferroelectric, and piezoelectric properties [65,78,79]. For example,
the synthesized FAPbBr3 nanoparticles fabricated using the solution method demonstrated
notable improvement in ferroelectric properties with high dz3 of ~25 pm/V [78], while
inorganic CsPbBr3 film also revealed a higher d33 value (7.7 pm/V) and improved stability
than MAPbI;3 films [79], whereas the HP-polymer composite materials reveal significantly
larger piezoelectric properties than neat HP materials due to improved dielectric properties
caused by MWS or interfacial polarizations as above discussed [44,45,51]. Moreover, the
composites possess good mechanical properties and flexible characteristics which benefit
them for continuous operation in harsh conditions. With these advantageous features,
HP-polymer composite based nanogenerators are exhibiting remarkable output perfor-
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mances that are comparable to those inorganic materials based nanogenerators [44,51,79].
Likewise, the contact electrification effects, generated due to interaction with other tribo-
electric materials, have been thoroughly investigated for the HP films after the first report
on MAPDI; films [80]. Additionally, the triboelectric properties of HP materials can be
remarkably altered via compositional tuning. For example, Wang et al. demonstrated that
the surface potential of CsPbBr; perovskite material changes owing to significant Ba*
doping in controlled quantity [81]. Therefore, HPs have proven to be highly significant in
various nanogenerators, including PENGs, TENGs, and PyENGs, to harvest several unused
energy sources such as mechanical vibrations and thermal energies due to their excellent
dielectric properties [65,67,68]. These nanogenerators, influenced by the applied energy,
provide source-dependent outputs. Thus, they are considered as self-powered sensors
to identify the applied degree of the source. However, coupling dielectric, piezoelectric,
pyroelectric, or triboelectric characteristics of HPs with their extraordinary photoactive
nature demonstrate their great potential to develop efficient multifunctional devices for
harvesting energies and to detect external signals in self-powered mode. This review
emphasizes and summarizes HP-based nanogenerators and their role as self-powered
sensors to recognize various external stimuli, such as temperature, pressure, light, and
some of the physiological signals (Figure 1).
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Figure 2. (a) Dielectric constants of various frequently used HP materials. Light intensity effect on frequency dependent
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from ref. [51], Copyright 2020, American Chemical Society.



Nanoenergy Adv. 2021, 1

2.2. Operational Mechanism of HP-Based Nanogenerators as Self-Powered Sensors

Nanogenerators that produce electricity from renewable sources are distinctly catego-
rized as PENG, TENG, and PyENG based on their working mechanisms. They distinctly
operate as self-powered sensors, including pressure/strain and temperature sensors. These
nanogenerators produce a measurable quantity of electrical signals in response to exter-
nal mechanical energy created by factors such as vibrations, biomechanical moments,
acoustic waves, and wind, and waste heat or thermal energy from the surroundings. HP
materials have received great attention to fabricate self-powered pressure/strain sensors,
temperature sensors, and photodetectors owing to their impressive piezoelectric, pyroelec-
tric, and optoelectronic properties. The working mechanisms of nanogenerators to sense
pressure/strain, temperature, and light are briefly discussed in the following section.

2.2.1. Mechanism of HP-based PENG as a Self-Powered Sensor

PENG-based self-powered pressure/strain sensors can readily detect and quantify
the applied mechanical vibrations with a broad range of applications in various fields,
such as health monitoring, electronic skin, wind speed detection, and human-machine
interface [82-85]. PENG converts applied mechanical energy into electrical energy based
on the piezoelectric effect, typically referred to as a generation of electric potential under
applied pressure or vice versa. The working mechanism of HP-based PENG as a self-
powered pressure and a photodetector is deliberately explained based on the previous
literature, as shown in Figure 3a,b, respectively [51]. When a mechanical force is applied
to the PENG, the deformation of piezoelectric material generates polarization by forming
dipoles in the active layer. Therefore, a piezoelectric potential difference is created between
both the electrodes, pushing the electrons from one electrode to another via the external
circuit producing a positive signal (Figure 3a). Subsequently, generated piezoelectric poten-
tials would vanish when the mechanical force is released from the PENG. Therefore, the
unbalanced potential difference allows electrons to flow back to the initial state through
the external circuit; thus, producing a negative signal. However, the piezoelectric output
from PENG is greatly influenced by operating conditions, such as applied pressure and
frequency. Particularly, the pressure-dependent output characteristics of PENG facilitate
the device’s operation as a pressure or strain sensor. Similarly, the same HP-based PENG
can be operated as a photodetector owing to its continuous, and significant variations in
output upon illumination. When the HP-based PENG is illuminated during its operation,
the deformation of HP under strain generates dipoles, while the illumination produces
electron-hole pairs owing to the light-active nature of HPs (Figure 3b). This photogen-
erated charge carries increases the leakage current/photoconductivity of the perovskite.
Therefore, the generated piezoelectric potentials across the device decrease, leading to
diminished piezoelectric output. The light-stimulated piezoelectric outputs of HP-based
PENG under controllable illuminations and constant applied pressure enable it as a self-
powered photodetector. However, extracting light- and pressure-dependent electric signals
from HP-based PENG without signal interference makes it feasible to operate PENG as a
bimodal sensor for simultaneous detection of pressure and lights [51].

2.2.2. Mechanism of HP-Based TENG as a Self-Powered Sensor

TENG can effectively transform the irregular and randomly distributed mechanical
energy into usable electricity via coupling contact electrification with electrostatic induc-
tion [87]. TENG-based pressure/strain sensors have the potential to be used to sense
movement monitoring, vibration, pressure, and touch [21,88-90]. Figure 3c,d shows the
working mechanism of HP-based TENG as a self-powered pressure sensor and a photode-
tector, respectively based on the vertical contact-separation mode—the first fundamental
TENG operational mode [86]. When the mechanical force is applied on the TENG, the two
dissimilar triboelectric materials—one is perovskite and the other is different material—
have contact electrification at the interface, generating an equal quantity of triboelectric
charges with opposite polarities on both the surfaces due to difference in their electron



Nanoenergy Adv. 2021, 1

10

affinities. For example, in case of HP-carbon TENG, positive and negative charges appear
on the surfaces of HP and carbon materials, respectively upon contacting each other due
to difference in their electron affinities (Figure 3c,d). These surface triboelectric charges
induce charges onto the electrodes with opposite polarity via the electrostatic induction
effect when both the surfaces start to separate from each other, building electric potential
difference between the electrodes. Subsequently, electrons flow through the external cir-
cuit to balance the potential difference, producing an electrical output signal (Figure 3c).
When both the surfaces are fully separated, electric potentials reach an equilibrium state,
restricting the further movement of electrons through the circuit. However, when the top
surface approaches the surface of HP again, the unbalanced electric potentials in both the
electrodes drive the electrons to flow back via an external circuit; thus, generating the
electrical signal with opposite polarity. If the TENG is illuminated during its operation,
numerous electron-hole pairs are generated in light-active HP (Figure 3d). On the other
hand, the contact electrification between HP and counter triboelectric material creates the
triboelectric charges on both surfaces with opposite polarities. The generated photo charge
carriers significantly influence the surface charge density of the triboelectric materials based
on the type of materials used as counterparts in TENG [52,80,81,86]. For instance, triboelec-
tric positive charges are generated on perovskite surface in FTO/perovskite/ /carbon/Ag
TENG, while negative charges appear on carbon surface upon contacting owing to different
electron affinities. On the other hand, a depletion region having a built-in electric field with
an upward direction (from HP to carbon) is generated at their interface when the carbon
surface comes in full contact with the perovskite surface. Furthermore, electron-hole pairs
are generated once the device is illuminated. The formed built-in electric field prompts
the separation of photogenerated electron-hole pairs pushing the flow of electrons and
holes towards the bottom electrode (FTO) and towards the surface of the perovskite, respec-
tively. Therefore, the combined photo charge carriers with triboelectric charges increase
the surface charge density on the perovskite surface, leading to significant enhancement
in TENG output performance under the illumination than the dark-state operation. Ad-
ditionally, a similar trend in triboelectric output performance is observed in TENG with
FTO/TiO, /perovskite/ /PTFE/Cu/Sub [52]. The photogenerated electrons move toward
the electron transport TiO, layer leaving the holes at the surface of perovskite, resulting in
improved triboelectric output performance. On the contrary, they observed the decreased
outputs for the same device under illumination when a triboelectric positive aluminum
was used instead of PTFE—triboelectric negative material. When both the surfaces contact
each other, triboelectric positive and negative charges appear on the surfaces of Al and
perovskite, respectively, because of the strong triboelectric positive nature of Al. The pho-
togenerated holes neutralize the triboelectric negative charge on the surface of perovskite
under illumination and adversely affect the output. HP-based TENGs can be used as self-
powered sensors owing to their pressure and light-controlled outputs (either single-mode
or bimodal sensor) to detect pressure and light signals simultaneously or individually like
HP-based PENGs. However, more theoretical and experimental studies are required to
understand the working mechanism of HP-based TENGs under illumination in detail.

2.2.3. Mechanism of HP-Based PYENG as a Self-Powered Sensor

PyENG is an energy harvesting device that harvests waste heat and converts it into
electrical energy via the pyroelectric effect [23,91]. The pyroelectric effect is defined as
the change in spontaneous polarization of certain material in response to the temperature
change. The working mechanism of PyENG is discussed according to the literature as
follows [92,93]. No polarization occurs in the pyroelectric material in the absence of
temporal change in temperature in the device (dT/dt = 0). Therefore, it prevents the
generation of pyroelectric output. However, the total spontaneous polarization decreases
with the increasing temperature, resulting in the electron flow from top to bottom electrodes
through the external circuit. Therefore, it generates an electric output signal. Once the
temperature reaches the equilibrium state, no pyroelectric output is generated due to the
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saturated potential difference between electrodes. However, the spontaneous polarization
of the crystals increases when the device is cooled down due to temperature fluctuations,
leading to a change in potential difference. Hence, electrons move back through the external
circuit from the bottom to the top electrode by generating the opposite output signal until
it reaches the equilibrium state. This generation of the pyroelectric output signal is a cyclic
process under applied cyclic temperature changes. Therefore, PYENG can be used as a
temperature sensor owing to the output signal generated based on temperature change to
distinguish the temperature changes. However, there have been no studies reported so far
on the effect of light on pyroelectric properties of HP materials or their PYENGs.
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(c,d) Reprinted with permission from ref. [86], Copyright 2020, Elsevier.
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2.3. Halide Perovskite Nanogenerator Based Self-Powered Sensors
2.3.1. Temperature Sensors

Temperature sensors are needed in various fields, such as environment monitoring,
thermal imaging, biomedical sensing, and thermal monitoring of microprocessors [94,95].
According to the previous studies, HP materials generally reveal temperature-dependent
structural/phase transitions, which can be reflected in their photoluminescence spec-
tra [96-98]. This phenomenon extends their applicability in the field of temperature sensor
technology. However, these devices require steady spatial temperature variations. More-
over, the performance of such systems is significantly affected when the device encounters
temperature variations with time rather than with spatial distribution. Nevertheless,
PyENGs convert time-varying temperature fluctuations into usable electricity. Sultana
et al. reported the first pyroelectric nanogenerator (PyENG) based on HP-polymer com-
posite material and observed the temperature-dependent output performance [48]. Their
nanogenerator was comprised of MAPDbI3-PVDF nanofibers mat that was prepared by
electrospinning of MAPbI3-PVDF composite precursor solution at an applied tip volt-
age of 6.7 kV. The electroactive (3-phase of PVDF polymer significantly augmented up
to ~95% when the MAPbI3 was infiltrated into the PVDF matrix owing to the possible
interactions between HP filler material and PVDF polymer. The neat PVDF films exhibited
only up to ~70% of the 3-phase. According to the authors, the plausible interactions hap-
pened between the iodine atoms from the Pbl; — framework of perovskite and the —CH,
dipoles of PVDF. The improved electroactive 3-PVDF phase would amend the piezoelectric
and pyroelectric output performances of nanogenerators. The pyroelectric nanogenerator
(PyENG) was fabricated by attaching the Ni and Cu-coated fabrics as top and bottom
electrodes onto the MAPbI;-PVDF nanofibers mat, respectively, followed by wiring with
copper wires (Figure 4a). Finally, the generator was sealed with a polypropylene sheet
to increase the mechanical endurance of the device. The pyroelectric performance of the
nanogenerator was studied by measuring the output voltage and currents under applied
temperature changes across the generator with cyclic heating and cooling system. A posi-
tive output current signal was detected with a value of ~15.7 pA after the temperature was
raised from room temperature to 336 K. However, a negative signal with ~18.2 pA was
obtained after the system cooled down to RT (Figure 4b). The pyroelectric coefficient (p) of
the MAPbI;-PVDF composite was calculated to be ~44 pC/m?K from the output current.
The nanogenerator demonstrated a fast response time of ~1.14 s and good reversibility for
output changes throughout the cyclic heating and cooling. Additionally, the linear relation-
ship trend between pyroelectric output performance and dT/dt of the device suggests its
potential use as a self-powered temperature sensor in detecting the temperature changes
(Figure 4c). However, unlike thermoelectric generators (TEGs) these HP-based PYENGs
cannot be applicable to sense the temperature when there is no change in temperature or
constant temperature (dT/dt = 0) since no polarization occurs in the pyroelectric material.
Moreover, HP materials have low Curie temperature (Tc) compared with the conventional
ceramic perovskites. For instance, commonly used tetragonal MAPbI; perovskite exhib-
ited T, of 330 K [71]. Further, the T. of MAPDI; films decreased to 320 K with partial
incorporation of Fe into Pb sites [65]. Although these materials showed the impressive
pyroelectric properties, relatively low T, (i.e., just above the room temperature) of these
HP materials limited their application in pyroelectric devices at higher temperature. In
addition, stability issue of HPs is another major reason that impeding the practical ap-
plication of HP-based pyroelectric devices. However, there have not been many studies
elucidating the pyroelectric properties of these HP materials. The research in the field of
pyroelectric nanogenerators or temperature sensors based on the pyroelectric effect of HPs
is still under consideration.
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2.3.2. Pressure Sensors

A pressure sensor is one of the essential devices for wearable technology; it has a wide
range of applications, such as motion detection, human-machine interaction, speakers,
robotics, and e-skin devices [100-103]. Flexible pressure sensors based on the piezoelectric
effect have gained considerable attention owing to the facile fabrication methods, low
cost, and ease of acquiring electrical signals. The nanogenerators based on piezoelectric
materials can be considered as both power sources and self-powered pressure sensors due
to their pressure-dependent response [104-114]. Although there are several piezoelectric
materials to obtain piezoelectric pressure sensors, recently progressed HP materials have
gained considerable attention from researchers not only due to their dielectric and piezo-
electric properties but also their facile and low-temperature synthesis routes than other
ceramic materials [44,115,116]. Additionally, the piezoelectric acoustic nanogenerator was
reported based on flexible and lightweight MAPbBr3-PVDF composite nanofibers mat
that fabricated via electrospinning procedure has the majority of electroactive 3-PVDF
phase and good crystallinity [50]. The morphology shown in the SEM surface image of
Figure 4d reveals the relatively decent quality of nanofibers without any beads or cracks.
Additionally, incorporating MAPbBr; into the PVDF matrix significantly enhances the
electroactive 3-phase and crystallinity of PVDF polymer due to the beneficial interactions
between perovskite and polymer, as mentioned above. Importantly, during in situ electro-
spinning process or poling process, the induced charge onto the perovskite attracts PVDF
molecules and facilitates their orientation in 3-crystalline form by acting as a nucleating
agent. The fabricated MAPbBr3-PVDF composite-based PENG exhibited an output voltage
and currents of ~5 V and 60 nA, respectively, under finger touch with an applied pressure
of 9.8 kPa. Moreover, the outputs of PENG increased linearly with an applied strain in
the range of 2 to 5.6 kPa, as shown in Figure 4e. It showed the pressure sensitivity of
0.1 V/Pa, making it more appropriate to identify the low-level pressures or finger touch.
Additionally, the device response was verified at a sound pressure level of 85 dB, obtain-
ing the output voltage of ~5 V, to comprehend the feasibility of the nanogenerator as an
acoustic sensor (Figure 4f). The acoustic nanogenerator demonstrated a significantly higher
acoustic sensitivity of ~13.8 V/Pa, making it a high potential candidate for a self-powered
acoustic sensor to detect the surrounding noise pollution levels. Further, many reports
have addressed the viability of HP /HP-polymer composite-based nanogenerators as self-
powered pressure sensors [45,65,99,117-120]. For example, the lead-free MASnI3-based
flexible PENG generated an output voltage of 3.8 V at an applied pressure of 0.5 MPa
(Figure 4g) [99]. Additionally, the output of the same device was gradually increased
by increasing the applied pressure from 0.1 to 0.5 MPa. It exhibited an approximately
linear relationship between applied pressure and output voltage with a pressure sensitivity
value of 6.3 V/MPa as shown in Figure 4h. As illustrated in Figure 4i, the flexible and
eco-friendly nanogenerator based on predominant air-stable MASnBr3;-PDMS composite
is quite capable of achieving a higher piezoelectric output performance of ~18.8 V than a
neat MASnBrj device [45]. An inset SEM image in Figure 4i shows the uniform dispersion
of MASnBrj particles in the PDMS matrix. However, the increased harvesting capability
of the MASNnBr;-PDMS nanogenerator is attributed to the improved dielectric properties
owing to the larger interfacial polarization. Additionally, its output voltage was gradually
increased with increasing the applied pressure from 0.05 to 0.5 MPa (Figure 4j). The de-
vice response to the applied pressure was different for different level of input pressures.
For example, the device demonstrated a superior response with a sensitivity value of
57 V/MPa in the low-pressure region (0.05 to 0.2 MPa) than in the high-pressure region
(23.5 V/MPa) as shown in Figure 4k. Furthermore, the recently reported double halide
perovskites (e.g., TMCM,5SnClg) have also demonstrated the pressure-sensitive output
performance [120]. Such a pressure-sensitive output variation of PENGs under the change
in applied pressure makes them a potential candidate for self-powered flexible pressure or
tactile sensor with wider utility in wearable electronics. The essential parameters including
sensitivity values of the HP-nanogenerator based pressure sensors are summarized in
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Table 1. However, HP-based pressure sensors reported until today are mainly operated
under very low-level pressure conditions (<500 kPa), which may be a limitation for these
sensors to be operated in high-level pressure regions or harsh environments. In addition,
most of the HP-based nanogenerators revealed a high sensitivity at extremely low-pressure
range but they exhibited nearly saturated outputs at applied high pressures (>300 kPa),
which can be another drawback of these sensors as they can give nearly lower pressure
sensitivity values in high pressure regions as afore discussed. However, HP-polymer based
materials can be employed for constructing pressure sensors as they can be predominantly
operated in harsh conditions due to their excellent mechanical and flexible characteristics.

2.3.3. Physiological or Biomechanical Sensors

Self-powered sensors have been actively employed as implantable biomechanical
sensors to monitor the biological motions or biomedical signals, such as heart rate, blood
pressure, and respiratory rate. The nanogenerators can be helpful to harvest the motion
energy of organs and have the ability to sense biomechanical movements simultaneously.
Several HP-based nanogenerators have been used as physiological or biomechanical sen-
sors by immediately securing the device onto the human or animal body. For example, in
our previous study, we employed halide (Cl/Br) incorporated MAPbI; perovskite as an
active piezoelectric material and reported the flexible PENG to harvest the energy from
biomechanical motions, as shown in Figure 5a [66]. Among many, the nanogenerator based
on 4Cl-MAPbI; perovskite exhibited higher piezoelectric output performance due to its
enormous dielectric and piezoelectric properties. Furthermore, the device was successfully
subjected to the human body to harvest various human motions, such as finger and wrist
motions with ~2.6 V and ~0.07 V, respectively (Figure 5b,c). Such a motion-sensitive re-
sponse benefits the device to be considered for a biomechanical or physiological sensor
to sense human motions. An eco-friendly nanogenerator based on lead-free MASnBr3-
PDMS composite was also considered to be a potential candidate for harvesting several
biomechanical motions, such as walking, finger, elbow, and wrist movements [45]. The
authors suggested, based on the outcomes, that such motion-sensitive response of de-
vice make the device a potential candidate for a self-powered biomechanical sensor to
be used as wearable health-monitoring devices. Furthermore, Kim et al. described the
utility of inorganic HP material (CsPbBr3) for electromechanical energy harvesting as
well as for recognizing the body movements specifically [79]. The nanogenerator with
PET/ITO/PDMS/CsPbBr3/ITO/PET structure was fabricated and was applied to the
poling process with an applied electric field of 25 kV/cm. The used CsPbBr; film dis-
played the enormous piezoelectric properties (d33 = 40.3 pm/V) after the optimized poling
process owing to the octahedral (PbBrg) distortions of a unit cell under poling field. As
shown in Figure 5d, the device was further secured onto the human body and sensed
selective regular physiological motions, such as eye-blinking, throat actions (coughing
and yawning), and finger motions. The generator could produce distinguishable electri-
cal current signals (~0.6 nA) under eye-blinking motion depending on the frequency of
blinking—one time or multiple times (Figure 5e). Similarly, the device was successful in
identifying throat and finger motions by producing discrete electrical signals for each kind
of movement (Figure 5f). The results demonstrate that the dissimilar electrical signals from
the generator correspond to different motion of body parts, implying the potential physi-
ological sensing capability with higher sensitivity of CsPbBrs3-based nanogenerators in a
self-powered way to identify various body motions. Additionally, other research groups
demonstrated a flexible, self-powered neural-stimulating e-skin based on photosensitive-
triboelectric MAPbI3-PDMS composite films (Figure 5g) [121]. The e-skin operates based
on the triboelectric effect and is effective in harvesting mechanical energy (i.e., human
body actions) and in generating neural-stimulating electrical signals without the need for
any external power supply. Under bending deformation, the prepared e-skin displayed
a gradual increment in triboelectric output performance with increasing bending angle
and obtained higher output for the bending angle of 60° with the voltage and currents of
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0.659 V and 8.94 nA, respectively. The device can be considered as a self-powered pressure
sensor owing to such as strain-dependent behavior. Moreover, the device exhibited light-
stimulated changes in triboelectric output performance owing to the photoelectric nature
of MAPDI; perovskite, as shown in Figure 5h. The device could be operated as a physi-
ological sensor in a self-powered way owing to such light-stimulated energy harvesting
characteristics. For example, the demonstrated animal experiment study represents the
operation of prepared e-skin as a physiological sensor for in vivo characterization of synap-
tic plasticity, as illustrated in Figure 5i. Authors connected the e-skin to the hippocampus
of the mouse brain to demonstrate the sensing application mentioned before. The e-skin
was driven by several trivial body movements, and the output was controlled by light
simultaneously recording the field excitatory postsynaptic potentials (fEPSP) (Figure 5j).
The electrical neural-stimulating process on the mouse brain was controlled by the light
on/off process; the process functioned as a wireless switch to modulate the neural stim-
ulations. This study suggests that the MAPbI;-PDMS e-skin is successful in producing
the postsynaptic responses for in vivo characterization of synaptic plasticity. Prominently,
the e-skin attached to the human body can be used as a power source by scavenging the
human motions, producing specific neural-stimulating electrical signals for the human
brain without relying on a battery (Figure 5k). Such light-operational e-skins are helpful
to fabricate self-powered wireless-controlled physiological sensor units for biomedical
and neuroscience applications. The essential parameters of the HP-nanogenerator based
physiological sensors are summarized in Table 1. All these reports clearly indicate that
these HP materials are highly useful in identifying the biomechanical or physiological
signals efficiently.
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Figure 5. (a) Schematic illustration of halide-doped MAPbI; PENG with photographs while it is attached on the finger
and wrist and (b,c) corresponding output voltage signals generated due to finger and wrist motions. (a—c) Reprinted with
permission from ref. [66], Copyright 2020, American Chemical Society. (d) Schematic diagram of CsPbBrs-based PENG
attached to the human body to monitor physiological movements, (e,f) corresponding electrical signals generated due to
eye blinking and throat motions, respectively. (d—f) Reprinted with permission from ref. [79], Copyright 2020, The Royal
Society of Chemistry. (g) Schematic and fabricated images of MAPbI3-based e-skin, (h) corresponding light-controlled
triboelectric output under various light intensities, (i) the schematic sketch of animal experiment study using e-skin linking
to mouse brain for synaptic analysis, (j) corresponding recorded field excitatory postsynaptic potentials (fEPSP) signals, and
(k) schematic diagram of the e-skin as a photo wireless control unit for neural simulation. (g-k) Reprinted with permission
from ref. [121], Copyright 2020, Elsevier.

2.3.4. Photodetectors

Photodetector (PD) is another most significant and widely accessed sensor in di-
verse fields, such as digital imaging, sensor networks, and optical communications [122].
HP materials with enormous optoelectronic properties have emerged as potential en-
trants in developing efficient PDs and self-powered PDs [123,124]. There have been
many reports on HP-based self-powered photodetectors (SPDs) with different mecha-
nisms/structures [125-130]. However, the SPDs based on nanogenerators have gathered
remarkable attention owing to the enormous device stability, flexible characteristics, and
easy and cost-effective fabrication methods, unlike the solar cell structured PDs [51-54].
Both PENG and TENGs reveal light-dependent output variations under illumination, as
mentioned in the working mechanism section, making them self-powered photodetec-
tors without using any power source. For example, the PENG based on MAPbI;-PVDF
composite films displayed notable variations in piezoelectric output voltage and currents
under simultaneous application of pressure and illuminations (Figure 6a) [131]. The device
reported ~42% decrement in the output voltage amplitudes, while ~39% of increment in
the current amplitudes upon illumination compared to dark mode values (Figure 6b,c).
According to the authors, this was due to the rapid generation of electrons and holes in
photoactive MAPbI; material under light, resulting in increasing photocurrent. The elec-
tron cloud enhances the local electromagnetic field within the composite film. It interrupts
the orientation of the dipole, resulting in a lower piezoelectric output voltage than dark
mode. However, there has been no clear study on this subject. Further experimental studies
are needed to corroborate these understandings. The light-sensitive piezoelectric response
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of the nanogenerator unambiguously suggests that the nanogenerator can be operated
as a flexible SPD irrespective of the working mechanism. The reported PENG based on
different organic HP (FAPbBr3) showed similar light-induced variations in piezoelectric
output upon light on/off process, suggesting the potential of the device to recognize the
ambient light in a self-powered way [132]. On the other hand, the HP-based TENGs also
exhibit a light-stimulated response upon illumination without the external power unit
because of the combined triboelectric effect and photovoltaic properties of perovskite mate-
rials, supporting them as SPDs [52,54,80,86]. For example, the TENG based on inorganic
HP material (CsPbBr3) was reported to display a light-reliant triboelectric response upon
illumination while operating TENG [86]. As shown in Figure 6d, perovskite/FTO-glass and
carbon/Ag-tape in fabricated TENG (i.e., FTO/CsPbBr3//Carbon/Ag) act as triboelectric
positive and negative materials, respectively. When the TENG was operated in vertical con-
tact separation mode in a dark state, a very low output current of ~0.3 pA was obtained. It
remarkably increased to ~270 pA when TENG was simultaneously illuminated. According
to the author’s hypothesis, when the carbon surface comes in contact with the perovskite
surface during the TENG operation, a band bending takes place in upward direction at
the surface of perovskite due to mismatch of work functions of both carbon (4.81 eV) and
CsPbBrs3 (3.87 eV) materials. Further, when the TENG is illuminated during its operation,
numerous electron-hole pairs are generated in the perovskite and a depletion region having
an upward direction of build-in electric field is generated at the interface of carbon and
perovskite during complete contact mode. The formed electron-hole pairs will be separated
driven by the internal electric field, where the generated electrons would be collected by
the FTO electrode, and the remaining holes would be moved onto the perovskite surface.
The separation of photo-generated charges results a positive short-circuit photocurrent
that imposes on triboelectric current and photo voltages upon contacting, thus leading
to a significant increment in short-circuit current. However, light-induced outputs will
disappear as the Schottky barrier disappears upon separation. On the other hand, no
such light-dependent changes were observed for the device with a dielectric layer (PVDF)
(i.e., FTO/perovskite/ /PVDF/Ag). This is because electrically insulating PVDF polymer
cannot extract the photogenerated charge carriers despite the accumulation of a huge
number of electron-hole pairs in the perovskite layer upon illumination due to mismatch of
work function. It causes the rapid recombination of electrons and holes, providing constant
outputs. Therefore, results suggest that the light-stimulated triboelectric output can operate
the device as a self-powered light detector. Especially, the light sensitivity of the HP-based
nanogenerators can be significantly enhanced by engineering the structure of the device;
and to the end, many TENG-based SPDs were reported using a variety of HP materi-
als [52,54,80]. Li et al. verified such a light behavior in other types of HP (MAPbI;3)-based
TENG having the structure of FTO/TiO,/MAPbI3//PTFE/Cu. TENG was fabricated
using light-active MAPbI3 and was spin-coated onto the TiO; containing FTO-glass [52].
The compact TiO; was used as a hole blocking layer, and the mesoporous TiO, was used
as a scaffold cum charge transport layer. MAPbI; was used as a triboelectric layer and as a
light-sensitive layer to enhance the triboelectric performance under illumination owing to
the combined properties of photoelectric and triboelectric effects. Additionally, the TENG
holds Cu deposited polytetrafluoroethylene (PTFE) film as a counter triboelectric part. The
FTO and the copper layers were used as current collectors. When the TENG was operated
under light, the triboelectric output voltage (peak-to-peak) amplitudes were rapidly raised
by approximately 11% (~17 V) than the dark-state measurement value (~15.3 V) (Figure 6e).
The obtained light-reliant output performance from the device was mainly because of
light-stimulated variations in surface charge density upon friction, as shown in Figure 6f.
According to the authors, when the pressure was applied vertically on TENG, the contact
electrification between PTFE and perovskite surface generated the surface charges with
opposite polarity on both surfaces. Simultaneously, the electron-hole pairs were generated
in the perovskite layer when the TENG was illuminated. Moreover, the excited electrons
were readily extracted into TiO; by leaving the holes behind on the surface. It amplified
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the triboelectric positive charge on the perovskite surface due to positive holes. Therefore,
it resulted in enriched surface potential. The increment in surface potential increases the
potential difference between both the electrodes; it amplified the output performance
under the state of light. However, the output voltage of TENG notably decreased by ap-
proximately 37.5% (~5 V) immediately after the illumination (i.e., at one sun illumination,
100 mW /cm?) than the dark-state value (Figure 6h) when the copper was used as a tribo-
electric friction layer in the same device structure as a replacement for PTFE film, as shown
in Figure 6g [80]. Furthermore, the device displayed a responsivity of 7.5 V/W with a quick
response time of <80 ms (Figure 6i). It also showed good light on/off switching property,
supporting the device as a self-powered photodetector for a wide range of light detection
from UV to visible regions. Authors examined the surface charge density of perovskite
film to clearly elucidate the light-controlled behavior of TENG using the scanning Kelvin
probe microscope (SKPM) technique after rubbing it with friction film before and after
light-illuminations at an applied bias voltage of 3 V. A positive surface potential of 220 mV
was obtained on perovskite surface before rubbing it with PTFE film. It was increased to
580 mV after 5 min of rubbing it with PTFE because of triboelectrification. Consequently,
when the MAPbI; was illuminated at an intensity of 70 mW/cm?, the surface potential
significantly increased to 730 mV owing to the rapid movement of photogenerated holes
onto the surface as explained in the earlier working mechanism [52]. However, when
the sample was rubbed with a metal electrode; the surface charge density on MAPbI3
readily reduced under the exposure to light, leading to the decrement of TENG output for
Cu-friction or Al-friction layer [52,80]. Additionally, the photoconductivity of perovskite
film, which increased rapidly under illumination, was another factor for reducing the
device output. It was clearly explained by the authors using the AFM study. Therefore,
the authors believe that the altered triboelectric surface charge and photoconductivity
play a vital role in the working operation of the TENG as SPD. Moreover, another group
has reported the robust, broad range (from UV to Visible region) SPD by engineering the
device structure and perovskite material through halide ion tuning [54]. The authors used
various configurations to construct TENGs covering MAPbICl3_, perovskite as a photoac-
tive material and explored their output performances upon dark and illuminations owing
to the combined triboelectric and photovoltaic effects of used perovskite. Among many,
the TENG comprising the structure of FTO/TiO,/MAPbICl;., /pentacene/ /PTFE/Al
revealed higher triboelectric performance under dark and larger voltage change (55.7%)
upon one sun illumination (100 mW /cm?). The voltage in the dark-state increased from
14.64 to 22.80 V upon illumination due to the presence of both electron transport layer
(TiO,) and hole transport layer (pentacene) in TENG, which help to increase the charge
density on the perovskite surface under illumination, as mentioned above. The increase in
output of TENG with increasing light intensity (0.01-100 mW /cm?) promoted the device
to operate as an SPD, consisting of a high photo-responsivity of 119.3 V/W. Furthermore,
the SPD revealed a wavelength-dependent response, making the device suitable for broad
range light detection—from ultraviolet to visible region. The essential parameters includ-
ing sensitivity values of the HP-nanogenerator based photodetectors are summarized in
Table 1. These results suggest that the HP-based nanogenerator—a PENG or a TENG—can
successfully function as a self-powered photodetector without the need for a battery or an
external power supply.
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Table 1. Comparison of sensitivity values and change in output parameters of the HP-nanogenerator based sensors.

. . . Mode of Sensitivity/
Active Material Device Structure Operation Sensor Type Change in Output Ref.
MAPbI3-PVDF Ni-MAPbI3-PVDF-Cu PyENG Temperature 0.41 pA/K [48]
. Pressure and 0.1 V/Paand
MAPDbBr3-PVDF Ni-NF/MAPbBr3-PVDE/Cu-NF PENG acoustic 13.8 V/Pa [50]
MASnI; PI/Au/MASnI;/PDMS/ITO/PET PENG Pressure ~6.3 V/MPa [117]
PI/Au/MASNBr3- Pressure and
MASNBr;-PDMS PDMS/ITO/PET PENG Physiological ~57 V/MPa [45]
TMCM;SnClg Cu/TMCM,SnClg-PDMS/Cu PENG Pressure ~19.2V/N [120]
PI/Au/4Cl- . .

4CI-MAPDI; MAPbI;/PDMS/ITO,/PET PENG Physiological - [66]
CsPbBr3 PET/ITO/CsPbBr3 /PDMS/ITO/PET PENG Physiological - [79]
MAPbDI3-PDMS Cu/MAPDbI3 /Pt PENG Physiological - [121]
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Table 1. Cont.

Mode of

Sensitivity/

Active Material Device Structure Operation Sensor Type Change in Output Ref.
42% change
MAPbI3-PVDF PET/ITO/MAPDI5- PENG photodetector (Vdgark =14V and [131]
PVDF/Carbon tape
Viight = 0.8 V)
38% change
FAPbBr;-PVDF FTO/FAPbBr;-PVDF/Ag PENG Photodetector (Vg =262Vand  [127]
Viigh = 16.1 V)
900% change
CsPbBr FTO/CsPbBrs/ /Carbon/A TENG Photodetector ~ (ddark =03 wAand
3 3 & ight = 270 pA in
one sun)
11% change
MAPbI; FTO/TiO,/MAPbI;/ /PTFE/Cu TENG Photodetector (" dark =15:3 Vand
Viight =17 V in one
sun)
MAPbI; FTO/TiO, /MAPDI3//Cu TENG Photodetector 75V/W [80]
119.3 V/W and
. 55.7% change
MAPbI,Cls FTO/Ti0;/MAPDLCls./ TENG Photodetector (Vdark = 14.64 V [54]
pentacene/ /PTFE/Al -
and Vlight =228V
in one sun)
MAPbI; Glass/AAA/MAPbl3/Si0,/AAA PENG Bimodal (Pressure g 43 v /kPa [55]
and light)
Bimodal
MAPbL;-PVDF  PET/MAPbI;-PVDF/Au-IDEs PENG (Pressure and 0.107V/kPa and [51]
. 1292 V/mW
light)
~5.1V.em2/N
and 145% change
) Bimodal (Pressure  (Vgar = 2.27 V and
CsPbBr3 PET/PEDOT:PSS/CsPbBr3/Au TENG and UV light) Viight = 5.56 V [53]
under 100
mW /cm?)

2.4. Halide Perovskite Nanogenerator-Based Self-Powered Bimodal Sensors

Recently, several emerging sensor technologies have been developed to detect single-
mode external stimuli, such as light, pressure, temperature, and humidity [133-136]. How-
ever, emerging a flexible single sensor unit capable of sensing multiple signals simulta-
neously is of great significance. Stacking or incorporating single-mode sensor units to
build a multimode sensor can be constrained by the signal-interference of different sensor
units and disparities in their mechanical properties [137,138]. Therefore, it is of prodigious
importance to fabricate a flexible single-structure bi/multifunctional sensor capable of
perceiving various external signals using flexible materials in simple and low-cost methods.
Hence, HP materials are the potential entrants to develop bi/multifunctional sensor devices
in facile ways owing to the combined properties such as optoelectronic, piezo/ferroelectric,
pyroelectric, and thermoelectric properties [37,71,139-141]. Eom et al. constructed the
first HP material-based self-powered bimodal sensor (i.e., pressure cum light sensor) cov-
ering the PENG structure of glass/AAA/MAPDI;/SiO,/AAA (Figure 7a) (Here, AAA
is AZO-Au-AZO multilayer) [55]. The MAPbI; perovskite thin film was prepared using
the chemical vapor deposition (CVD) technique to study its long-term air-stability. The
sputtered thin SiO, layer helped to prevent the electrical short-circuit of the device. The
nanogenerator poled at 60 kV/cm exhibited a linearly increasing trend in piezoelectric out-
put with increasing applied pressure from 5 to 70 kPa and obtained the pressure sensitivity
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value of ~8.43 mV /kPa (see Figure 7b). The device was simultaneously exposed to light
while applying strain (30 kPa) to explore the bimodal sensing (pressure and light) features
of the nanogenerator. It was observed that the device displayed a notable dependency
on the intensity of focused light (Figure 7c), signifying the ability of the device to identify
different intensities of light in a self-powered way. Another research group has also verified
the multimode sensing (i.e., light and pressure signals sensing) ability of inorganic HP
material-based TENG [53]. The reported light-stimulated e-skin-based TENG has the struc-
ture of PET/PEDOT: PSS/CsPbBr3/Au. It was operated based on combined photoelectric
and triboelectric effects of CsPbBrz material, as illustrated in Figure 7d. Under repeated ver-
tical contact-separations of the e-skin by finger tapping, the triboelectric output was notably
increased with increasing applied force, indicating the low-level pressure sensing ability
of the nanogenerator in a self-powered way (Figure 7e). Additionally, authors have used
the same device to identify the various intensities of light by illuminating the e-skin using
UV-light (~365 nm) for 8 s at an applied force of 0.3 N. They observed the light-dependent
responsivity of the device, as shown in Figure 7f. Furthermore, it is believed that the e-skin
can be successfully implemented as a memristor to comprehend the human-machine inter-
faces in emerging artificial intelligence systems. Improving the long-term stability of HPs
is imperative and remains a key challenge irrespective of their great potentiality as active
sensing materials. Recently our group has found the tremendous bimodal sensing applica-
tion of HP-polymer composite by emerging long-term stable single-structure device using
a simple and cost-effective approach [51]. The flexible single-structure multifunctional de-
vice capable of mechanical energy scavenging and simultaneous sensing of multi-physical
signals—light and pressure—was constructed using spin-coated MAPbI3-PVDF composite
film onto the flexible plastic substrate followed by sputtering of gold-inter digitated elec-
trodes (gold-IDE) (Figure 7g). The reported nanogenerator was successfully operated as an
energy harvester. Furthermore, it was simultaneously operated as a self-powered light and
pressure sensors in both piezoelectric and triboelectric modes of operation owing to the
combined photovoltaic and piezo/triboelectric effects of the active composite film. It was
observed that the piezoelectric output of the device under a dark state increased linearly
with increasing applied pressure. It displayed high output voltage of ~33.6 V at an applied
pressure of 300 kPa, making the device a potential candidate to be used as a self-powered
pressure sensor with excellent pressure sensitivity of 0.107 V/kPa (Figure 7h). The output
in dark-state for PENG mode (double electrode mode-SPPD) decreased significantly during
illumination with increasing light intensity within 0.06-3.23 mW /cm? range. It exhibited
a large voltage change (AV) of ~90% at intensity of 3.23 mW/cm? (Figure 7i). On the
contrary, the output obtained in dark-state for TENG mode (single electrode mode-STPD)
notably increased with increasing illumination intensity. It showed a AV of ~51% at a high
intensity of 3.23 mW/cm?. The nanogenerator in PENG-SPPD and TENG-STPD modes
showed notable photo-responsivity values of 129.2 and 79.7 V/mW at the lowest light
intensity of 0.06 mW/cm?, respectively. These results indicate outstanding light-detecting
ability in both piezoelectric and triboelectric modes of nanogenerator with a small quantity
of MAPbI; (25 vol%) in PVDF matrix. We conducted the PFM study for MAPbI3-PVDEF com-
posite film under dark and illuminations (optical microscope light) to study the working
principle of nanogenerator as a self-powered photodetector. We observed the decrement
(~13%) in piezoelectric coefficient (d33) from ~14.58 (dark-state) to ~12.68 pm/V under
illumination owing to the rapid generation of photogenerated charge carriers that increase
the leaky nature of the film. We believe that detailed research is required to evidently
portray the light-stimulated piezo- and triboelectric effects in light-active HP materials.
Additionally, the nanogenerator demonstrated good light on—off switching properties,
outstanding mechanical endurance, and significantly good air stability (more than six
months). The authors also achieved the real-time applications of the reported nanogenera-
tor as a self-powered bimodal sensor (pressure cum light sensor) by exposing the device to
real environs besides the laboratory measurements (Figure 7j). It was observed that the
nanogenerator displayed a notable voltage change (AV) with different light environs and
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times of a given day, indicating its excellent light perceiving ability (Figure 7k). Therefore, it
was established that the pressure-dependent and the light-controlled response of the nano-
generator allow the device to be operated as a pressure and photodetectors (i.e., bimodal
sensor), respectively, in a self-powered way. Furthermore, the nanogenerator performance
in both PENG and TENG modes was significantly altered by the external matter to exert
pressure due to the contact electrification effect, suggesting the device’s potential for e-skin,
IoT, and Al electronic device applications. The bimodal sensors based on HP materials
have been used to detect both pressure and lights simultaneously or individually owing to
the combined piezo/triboelectric and photovoltaic properties. The essential parameters
including sensitivity values of the HP-based bimodal sensors are summarized in Table 1.
However, in case of bi-modal/multi-mode sensors, it is very important to eliminate the
interference effect on the multi-mode signals during its operation. In case of HP-based
bimodal sensors, light was detected in terms of change in piezoelectric or triboelectric
output performance of the nanogenerators in which light-induced pressure-dependent
piezoelectric or triboelectric output is clearly observed. However, both PENG and TENG
under only illumination generate very lower or negligible outputs when compared with
the pressure-dependent outputs. Therefore, when the device is operated as a bimodal
sensor there may be a negligible interference effect in the output performance of sensor. In
addition, another possibility to eliminate the interference effect is to fabricate the device
with number of arrays and measure the output performances individually using both
the sources. Later the device should be exposed to multiple sources and characterize the
performance. When the device was applied as a sensor in real environments the variations
in level of output signals will decide the type and amount of input signal. However, more
efforts are needed in terms of technological or electrical aspects to minimize such effects in
bimodal sensors. The reported bimodal sensors based on HP materials until today have
been used to detect only pressure and lights. However, studying other properties of HPs,
such as pyroelectric or thermoelectric properties together with optoelectronic properties,
may provide a way to develop temperature cum light bimodal sensors. Additionally, ex-
tending the research to combine three or more properties may still pave the way to fabricate
multimode sensors. For example, our group reported HP material-based TPS-fusion energy
harvester capable of harvesting multiple energy sources such as thermal, mechanical, and
light energies owing to the multiple properties of comprised MAPbI; material [118]. The
flexible TPS-nanogenerator was fabricated on a flexible plastic substrate by spin-coating
of MAPDI; followed by sputtering of CuyO, ZnO, and ITO thin film IDEs and operated
individually under three different energy sources—temperature, pressure, and solar light.
The TPS-nanogenerator as a thermoelectric nanogenerator demonstrated the high ther-
moelectric output voltage of 0.12 V at AT of 14.9 °C. The nanogenerator as a piezoelectric
nanogenerator achieved the piezoelectric voltage of ~1.47 V under periodically applied
pressure of 0.2 MPa. However, the same TPS device as a solar cell generated an output
voltage of 0.77 V under one sun illumination. Therefore, it is suggested that a thorough
and simultaneous investigation of these three properties may develop a trimodal sensor
(i.e., temperature, light, and pressure) using single material and single-structure device.
Therefore, all the matter discussed above explicates the potential of HP or HP-polymer com-
posite materials in emerging self-powered sensors without the need of any external power
supply to perceive external stimuli, such as pressure, temperature, and light independently
or simultaneously.



Nanoenergy Adv. 2021, 1 24

a & b Applied force (N) (o}
Press o 1 2 3 4 § 6 7 8 2.0
) 500 T e T T s - ———20001x —— 3000 Ix
Light miviy AU @151 ——— 6001x ——1000 Ix
AZO/AWAZO (100 nm) S 4001 /o =) Dark 200 Ix
| _ 800 o Z10b Al
i 4 1 1
Lol gnzoo L b g § 0.5 =\
MAPbI; (500 nm) = p (=
3 ; ool o = 0.0 |
Glass sub. L *  Sensitivity : 8.43 mV/kPa Ooo5t K
00 10 2'0_ 30 40 50 60 70 80 01 2 3 456 7 8
Applied pressure (kPa) Time (sec)
d e,. _f
¢! : - = '
+ » aare ' 0.1N -9
AN N / VY & 2.07:' _ —§3-0 K e 1
T 8 o Y 7’ i
wﬁ‘ﬂ:ﬁ - (S 15 125 9’ :
- 35 < =
> s
0196 ‘i"' <o $10- 13 20 g T
. Bv \ g 0 5 g //
9 931 1@15] 7 ]
PET Q o
@ PEDOTPSS ihd 0.0 . . ’ o . . . r .
/ i:vuannvs 0.1 0.2 03 20 40 60 80 100
Force (N) Intensity (mW/cm?)
g 1 SEBS B PET sub. h 4  PENG under Drak . | 120 —m— AV (SPPD) -w-AV (STPD) 1502
1 Au Bl MAPbL-PVDF ® PENG under Light . °|€ |% —* RePPD) -e- R(STPD) §
comp. ~ 30 P =% " -
2/ $,=0.107 V/kPa s El 5/5/ 100 b
8, % R?=0.983 P >° 60l ® - é
o . =
s o’ £ E/ —v g
S °.’ S,=0.014 V/kPa 2 e - e L 50 %
10 - R2=0.98 >-x 30 v e
=° e---0| B = S
. L "7.7”.,/,'.» - S , \t§*=‘=tg: o E’
T T T T o
0 50 100 150 200 250 300 0.06 0.27 0.68 1.25 1.98 2.60 3.08 3.23 >
Applied pressure (kP Light intensity (mw/em’)
DY sppD (PENG)
B2 stro (TenG)

Room Light Mid-day Sun Evening Sun

Figure 7. (a) Schematic illustration of MAPbI3 PENG-based bimodal sensor, (b) corresponding pressure dependent output
voltages revealing the pressure sensitivity, and (c) light-controlled piezoelectric output current signals at an applied constant
pressure of 30 kPa. (a—c) Reprinted with permission from ref. [55], Copyright 2018, The Royal Society of Chemistry.
(d) Schematic representation of CsPbBrs TENG-based bimodal sensor, (e) corresponding pressure dependent output voltage,
and (f) responsivity of the device under various light intensities. (d-f) Reprinted with permission from ref. [53], Copyright
2021, The Royal Society of Chemistry. (g) Schematic sketch of MAPbI3-PVDEF-based bimodal sensor in PENG mode,
(h) corresponding pressure sensitivity under dark and illumination, (i) corresponding voltage change and responsivity
with respect to light intensities, (j) digital images of various light environments used for real-time operation of the device,

and (k) corresponding change in voltages. (g—k) Reprinted with permission from ref. [51], Copyright 2020, American
Chemical Society.

3. Conclusions, Outlooks, and Opportunities for Future Development

HPs have been recognized as potential entrants in numerous research fields, including
solar cells, LEDs, nanogenerators, and photodetectors. Among these, the nanogenerators
are the recent application of HPs. They are highly sensitive to various external perturba-
tions, such as pressure, temperature, and light. Hence, controlling the performance of a
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nanogenerator under external perturbations such as temperature and pressure predomi-
nantly enabled it to be used as a self-powered temperature or pressure sensor, respectively,
without dependency on a battery. Additionally, illuminating nanogenerator significantly
changes their output performance owing to the combined optoelectronic properties with
piezoelectric property, or triboelectric effect. Such light-stimulated performances of nano-
generators prominently enabled them to be used as self-powered photodetectors to detect
the type of light or quantity of light intensity. This progress report briefly discussed the
structural, piezoelectric, pyroelectric, and triboelectric properties of nanogenerators of
HP materials. After that, we discussed the working mechanisms of several nanogener-
ators, including PENG, TENG, and PyENG as self-powered pressure and temperature
sensors. We discussed the operation of PENG and TENG, as self-powered photodetectors
under light illumination and present the possible underlying mechanisms to deliver the
light-controlled outputs. Thereafter, we provided an overview of the exploration of using
HP-based nanogenerators to sense various external factors such as pressure, temperature
changes, and light. It is seen from the examples discussed above that when a nanogenerator
is subjected to a controlled exposure to these external stimuli, continuous output voltage
and current change linearly, which is a prerequisite for realizing reliable sensing systems.
The recently emerging bimodal/multimodal sensing applications of HPs were also re-
viewed in addition to the single-mode sensor devices. We suggest the future projections of
the research towards developing single-structure multimodal sensing devices.

Improving sensitivity, performance, and long-term stability of HPs is challenging de-
spite many studies involving HPs as active sensing materials in self-powered nanogenerator-
based sensors. Therefore, we identify potential directions and opportunities for future
research. Recently, numerous methods, such as surface passivation, compositional tuning,
fine-doping, and polymer-composites, have been used to improve the air-stability of HP
materials [45,51,68]. Furthermore, it has been demonstrated that the layered 2D-HPs have
significantly good air and moisture stability than the 3D-HPs because of long-chain organic
molecules [142,143]. Additionally, these 2D-HPs offer extremely high piezo/ferroelectric
properties, helping to construct flexible, high-performance nanogenerators and reliable sen-
sors with high sensitivity and stability [120]. Additionally, the development of eco-friendly
HP material-based self-powered sensors has been highly prioritized to alleviate the envi-
ronmental and human health risks. Additionally, extending the investigation to combine
three or more properties may be helpful in developing trimodal /multimodal sensors to
detect multiple physical signals simultaneously using a single-structure device without
any signal interference. For example, our group has reported a single-structure TPS-fusion
generator capable of harvesting multiple energy sources, such as thermal, mechanical, and
light energies owing to the multiple properties of comprised MAPbl3 material [118]. Finally,
the flexible and stretchable self-powered sensing systems have significant potential to be
for e-skin and wearable electronic device applications in the future. In this regard, consid-
erable research should be conducted on HP materials to develop self-powered stretchable
multifunctional devices that can continuously operate in harsh environs.
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